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FOREWORD

ln the last three decades, many geologists in South America have turned their attention to
isotopic geology as a tool in the wider context of the Earth Sciences. As a result, it has been
proposed that a series of symposia on the South American Isotope Geology (SSAGI), organized
every two years, would provide the appropriate forum for discussion of methods and applications of
stable and radiogenic isotopes in the Earth Sciences. In these symposia, progress made in this
field in South America would be assessed, encouraging scientific interaction at both national and
international levels.

We are very pleased the IV SSAGI has met very good interest from the national and
international community reflected by 212 Scientific contributions from 15 countries. They were
selected for oral and poster sessions and distributed in seven thematic sessions: (i) Methodology
and Application of Isotope Geology; (ii) Crustal Evolution of South America; (Hi) Temporal Isotopic
Variation and Chemostratigraphy; (iv) Environmental Geology and Water Resources; (v) Genesis
and Evolution of Igneous and Metamorphic Rocks; (vi) Metallogenesis and Mineral Exploration;
and (vii) Oil Exploration. These contributions, with the seven invited lectures on selected themes,
compose these Short Papers volumes.

To prepare the volumes the organizers utilize the original files sent in by the authors.
However, sorne modifications have been suggested by the Editorial Board in order to improve the
text. Most of the papers were not returned to the authors and modifications have been performed
by the organizers of the volumes looking for standardization. Ali figures and references were not
edited. The final quality of figures, photos and tables presented here reflect the quality of the
originals forwarded by the authors.

The Organizing Committee gratefully acknowledges the financial support from the
Government of the State of Bahia, the major sponsor of this Meeting, that has deemed timely to
provide the site and sponsorship, reasserting with the Companhia Baiana de Pesquisa Mineral
(CBPM) its longstanding practice of fruitful interaction with the Earth Sciences community. Thanks
are also due to the Sociedade Brasileira de Geologia (SBG-Nucleo Bahia-Sergipe), Brazilian
Council for Scientific and Technological Development (CNPq), CAPES and also to CPRM
(Brazilian Geological Survey) , Sinc do Brasil (Micromass), Finnigan and Geologia e Sondagens
(GEOSOL) for their financial support. We thank the Institut de Recherche pour le Développment
(IRD), forpublishing these volumes, and to Dr. Augusto Pedreira for a final review. We also
recognize the efforts of Dr. Alcides Sial from the Stable Isotope Laboratory (LABISE) at Federal
University of Pernambuco to have the IV SSAGI at the Northeastern Brazil.

The Organizing Committee wishes to welcome ail participants and that ail of them have a
enriching and a pleasant stay in Salvador. The success of the meeting is due to both inovating
ideas and very productive discussions among the participants. The high quality of the papers
presented in these issues provide a good guarantee that in forthcoming years new SSAGI will
prolong the dynamics of this field.

IV SSAGI Organizing Committee
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THE SMALLER THE SAMPLE, THE BIGGER THE STORY? DEVELOPMENTS AND TRENDS
IN ISOTOPE ANALYSIS
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There is virtua11y no part of geology that is not
critica11y dependant on high-quality and high precision
isotope analysis and geochronology. Time is the essential
parameter in deciphering how Earth and it's solar system
have evolved. To understand this evolution requires high
quality age determinations and isotopic analyses to
calibrate geological processes and rates of change. The
measurements of absolute time may be on a very sma11
scale, such as the lifespan of a magma chamber, or the
rate of diffusion of an element in a crystal, to the larger
continental-scale phenomena associated with plate
tectonic processes.

Geochronology has seen great advances in the past
few decades, made possible by improvements in
established techniques and by the introduction of new
technological developments and methodologies. This talk
will review sorne of these advances and trends in isotope
analysis and geochronology highlighting problems we
currently face and how future deve10pments might
address these.

There is no doubt that whatever the analytical
technique, the major recent advances in geochronology
have been due to the recognition that geological materials
are heterogeneous on a11 scales, and that there is a need to
analyse sma11er and sma11er samples or domains. To be
able to translate what is observed in petrographic detail
to, for example, the establishment of a P-T-t path for a
metamorphic terrane, is now possible through
microsampling and analysis. These advances in micro
analytical techniques have been achieved either by
improving existing methodologies (e.g. the "Krogh"
technique of zircons analysis); by the development of
new technologies which a110w in situ analysis, such as the
SHRIMP (Sensitive High Resolution Ion MicroProbe)
and the LA-ICP-MS (laser ablation ICP mass
spectrometry); or by innovative use of established
technology - such as CHIME method of dating of
monazites using the electron microprobe.

ln geochronology there have been major
improvements in the application of aIl "traditional"
methods (Rb-Sr, Sm-Nd, Pb-Pb and K-Ar) plus the
application of relatively new techniques, such as Re-Os
method. But there has been no development more
dramatic than the advance in the application of the U-Pb
dating technique to zircons and other U-bearing accessory
mineraIs. Given the unique advantages of the double 238U
- 206Pb and 235U - 207Pb decay schemes and the relative
certainty of their decay constants, the U-Pb method is
undoubtedly the premier geochronometer currently
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available and the natural benchmark to compare against
other techniques.

There have been two major para11e1 developments in
U-Pb geochronology that have a110wed geologists to
work on rocks spanning the whole time-scale of the Earth
with unprecedented precision and accuracy. One of these
was the deve10pment of low-blank IO-TIMS methods by
Tom Krogh and co11eagues at the Royal Ontario Museum
that enabled geochronologists to get high-precision dates
from very sma11 samples (single grains or parts of grains)
of zircon. This, combined with developments in abrasion
and leaching techniques has a110wed geochronologists to
largely overcome the problem of discordance in U-Pb
zircon analyses. Zircon is a remarkably resilient mineraI,
but this feature is bath its strength and its weakness. On
the positive side, the ability of zircon to retain its isotopic
integrity and to thereby record original age information
even through high temperature metamorphism or
anatexis, or to survive the rigours of erosion,
transportation and sedimentation, makes it unique. The
negative side is that zircons can be preserved, either as
inherited cores (Fig. 1), or caught up as xenocrysts in a
magma, potentia11y giving spurious or mixed ages even
on a single grain sample size.

The second major development grew from the need to
do analyses in situ to avoid these problems and to
decipher the commonly complex geological history of a
zircon population. This was the development of the
SHRIMP at the Australian National University, the first
ion microprobe built specifica11y for the analysis of
geological samples. Although unable to obtain the high
precisions possible using 10-TIMS techniques, SHRIMP
U-Pb dating of zircons and other accessory mineraIs has
had a remarkable impact on bath our understanding of the
behaviour of these mineraIs under various geological
conditions and on U-Pb geochronology in general.
Advantages of SHRIMP U-Pb dating include its ability to
accurate1y date very sma11 «30llm) areas within grains.
Thus it is possible to determine multiple ages within a
zircon population which might have inheritance or rims
of metamorphic zircon. Sorne rocks have been shown to
preserve as many as four different generations of zircon
growth, each recording a specific event in the history of
the host rock (e.g. Black et al., 1986). Ir is also a virtually
nondestructive method, allowing in situ age
measurements to be made of different generations of
mineraIs in thin or polished sections. Thus the analyst can
relate recorded ages to observed petrographic
relationships. The routine use of cathodoluminescence
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(CL) has added integrity to zircon dating. A number of
studies (e.g. Hanchar & Millar, 1993; Varvra, 1994;
Varvra et al., 1996; Rubatto & Gebauer, 2000) have
shown how this imaging technique can reveal detailed
internai structures, and CL has become an essential and
routine part of the pre-analysis preparation. Clearly it
should not only be applied to the SHRIMP technique, but
to any U-Pb zircon analysis. Unfortunately this is not
always the case.

Figure 1. Cathodoluminescence image of a zircon from the
Seapoinl Granite (Cape Town) showing the 542 Ma zoned

magmatic zircon enclosing an inherited core.

Inheritance and other internai complexities are not
unique to the minerai zircon. Nevertheless, it is onJy
recently that SEM imaging techniques have also been
applied to the other U-bearing minerais commonly used
in geochronology. Backscatter electron imaging of
titanites and monazites also show both inheritance and
multi-generational growth (Fig. 2). Titanite ages can be
combined with major-element chemistry and backscatter
imaging to trace multiple episodes of growth, not al ways
recorded in the coexisting zircons (e.g. Aleinikoff et al.,
2002).

The increasing use and relevance of monazite as a
means of dating metamorphic rocks has led to the greater
usage of the total Pb or CHIME method of dating,
originally developed by Suzuki et al. (1991). This is a
potentially usefuJ technique that has been enthusiastically
adopted by some laboratories and can be useful for
determining high spatial resoJution in situ ages in
monazites, xenotime, zircon and thorianite (e.g. Asami et
al., 2002), with obvious applications to metamorphic
petrology or to the understanding of the closure of the U
Th-Pb system in monazite (e.g. Cocherie et al., 1998).
Unfortunately the statistical reporting of some published
CHIME data sets has been far tao optimistic and the
rigorous assessments of the ages applied to other
techniques needs to be applied to this method too.

One of the more recent exciting applications of the U
Pb technique has been the dating of authigenic xenotime
in sediments (McNaughton et al., 1999). This requires
very high spatial resolution (commonJy <lSllIn) and is
only realistically possible using the SHRIMP (or electron
microprobe for CHIME dating) on well-characterised
samples.
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Figure 2. Backscattered SEM image of a titanite grain from a
phonolite at the Cripple Creek gold deposit, USA, showing a
~1350 Ma inherited core (dark, mottled titanite) overgrown by

~29 Ma rnagmatic titanite.

This requires very high spatial resolution (commonly
<lSllm) and is only realistically possible using the
SHRIMP (or electron microprobe for CHIME dating) on
well-characterised sampi es. The xenotime occurs as tiny
overgrowths on detrital zircon and is thought to develop
very early in diagenesis, thus providing a potentially
accurate (minimum) estimate of the age of sedimentation.

U-Pb dating of detrital zircons (or monazite, rutile)
and 40Ar/39Ar dating of muscovites are becoming
increasingly relevant in tectonic reconstruction studies,
stratigraphic correlations, and in the establishment of
maximum age constraints on sediments. This is a very
powerful tool useful for the study of sedimentary
sequences that were previously unsuitable for analysis by
the other more conventional techniques.

The development of LA-ICP and it's application to U
Pb geochronology is rapidly fïnding favour in
laboratories which don't have the specialist clean
laboratory facilities required for IO-TIMS analysis or
expensive SHRIMP instrumentation. This provides a
relatively inexpensive method of dating zircons, and once
such problems as resolving high interferences on the
204 Pb are solved this will be an increasingly pOPular
technique which will find ifs own niche in isotope
analysis and geochronology.

Stable isotope geochemistry has its own special
analytical requirements, but as with the study of
radiogenic isotopes, sample size and the resolution of
small-scale heterogeneity is important. The ability' to
assess and quantify these heterogeneities for sulphur
isotope studies has long been recognised (Eldridge et al.,
1987), and more recent studies on oxygen isotopes have
convincingly demonstrated the importance of these
studies on such diverse targets as speleothems (Yehoshua
et al., 2003) or ancient detrital zircon grains (Mojzsis et
al., 2001; Wilde et al., 2001).

Future developments in isotope geochemistry will
undoubtedly see more emphasis placed on the inter
relationship between petrography (textures), petrology



and geochronology. This will require new
instrumentation developments and innovations. Unique
experiments aimed at obtaining invaluable extra
terrestrial samples will soon set new challenges for
analytical geochemists. The recognition of the
importance of the scale of sample heterogeneity and the
relevance of the information contained therein, plus the
physical limitations on sorne sample sizes (e.g.
extraterrestrial material) will set new goals. Sorne new
and potential developments in this regard will be
discussed. In any event, it is clear that the way forward
in the future is to develop and use techniques that allow
the fine-scale heterogeneities observed in geological
samples to be measured with accuracy and precision.
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melting have low Re/Os, in sorne cases approaching zero,
but high Os contents (Fig. 1).

INTRODUCTION
Two radiometric systems, involving the same

daughter element, that have seen recent dramatic
expansion of their use invol~e isotopie variations in 1860S
and 1870S generated, respectively, by the decay of 187Re
(half life = 41.6 Gyr) and 19°Pt (half life = 449 Gyr)
(Shirey & Walker, 1998). Primarily responsible for the
accelerating use of this system was the application of
negative thermal ionization mass spectrometry (Creaser
et al. 1991; Volkening et al., 1991) that improved Os
ionization efficiency by at least 2 orders of magnitude
and allows the precise isotopie analysis of Os sample
sizes extending into the sub-picogram level. Of similar
signiticance were developments in the chemistry
laboratory that slowly migrated Os separation techniques
from cumbersome, and dirty, distillation methods to clean
and reproducible extraction techniques that can be
performed with inexpensive apparatus available to most
isotope geology laboratories (Reisberg & Meisel, 2002).

0.1

Os 0.01
Cone.
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0.001

0.0001

Cratonie Mantle
III Fertile Mantle
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10 100
Nd Concentration (ppm)

Figure 1. Re and Os concentration variation in a variety of
terrestrial materials in comparison to a lithophile trace element

like Nd.

DATING MANTLE LITHOSPHERE FORMATION
Because of the high Os concentrations of peridotites,

and the low Os concentrations of most melts, the Os
isotopie composition of mantle peridotite is less sensitive
than other radiometric systems to the metasomatism that
commonly affects mantle samples. With care, Os
measurements can be used to date the time of melt
extraction responsible for the formation of the Ca, AI and
southern Africa compared to those erupted from three Fe
depleted peridotites that are found beneath most old
continental terrains (Fig. 2). Studies of mantle xenoliths

• MORB.
Average Continental Crust

0.220.14 0.18
147Sm/144Nd

Komatiite •

Carbonaeeous Chondrite.
Fertile Mantle

• Cratonie Mantle

0.10

0.1
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Re-Os ABUNDANCE VARIATION
High-sensitivity, low blank, analysis procedures are

critical for Os isotopie work because the abundance of Os
in most natural materials is a factor of 103 to 106 lower
than more familiar trace elements, for example Nd (Fig.
1). Fortunately, variations in Re/Os ratio also are sorne 2
to 3 orders of magnitude larger than the variability in
SmlNd ratios (Fig. 1) with the result that Os isotopie
compositions are reported in percent deviations relative to
estimates of bulk-earth evolution:
(ros = «C870s/1880Ssample/1870s/1880Sbulk_earth) - 1)*100)
(Walker et al., 1989) rather than in parts in 10000 as used
for Sr, Nd and Hf. During melting, Os is compatible, but
Re is mildly incompatible. In essentially aIl other
radiometric systems, bath parent and daughter element
are incompatible during melting. Very high degree
mantle melts, such as komatiites (Walker et al., 1988,
1991 a), will have Re/Os ratios ranging from close to the
mantle source to as much as a factor of 20 higher,
whereas lower degree melts, such as basalts, can have
187Re/1880S ratios approaching 1000 compared to a
mantle ratio of 0.43 (Meisel et al., 1996). During
fractional crystallization of a matie magma, the Re/Os
ratio will increase until oxide phases such as magnetite
crystallize and begin removing signiticant Re from the
magma (Righter et al., 1998). Consequently, Re/Os ratios
peak in evolved basaltic compositions, but remain much
higher than mantle values in more evolved magmas
ranging from andesite through granite. Mantle residues of
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Figure 2. Re-depletion ages for peridotite xenoliths from
kimberlites that erupt through the Archean Kaapvaal Craton of
kimberlite groups erupted through the sUITounding Proterozoic

mobile belts.

and tectonic peridotites commonly provide Re-Os ages
indicative of ancient melt depletion showing that stable
lithospheric mantle keels can persist beneath old crustal
sections (Walker et al., 1989; Pearson et al., 1995;
Reisberg & Lorand, 1995; Handler et al., 1997; Carlson
et al., 1999; Peslier et al., 2000; Hanghoj et al., 2001;
Irvine et al., 2003), but at least sorne cratons, notably
China (Gao et al., 2002) and the Wyoming (Carlson &
Irving, 1994) cratons appear to have had their keels
removed by sufficiently intense tectonic events.
Recently, techniques have been developed that allow in
situ analysis of high Os content sulfides found in mantle
rocks (Pearson et al., 2002). These detailed analyses
confirm much of the previous whole rock results (Pearson
et al., 1995; Griffin et al., 2002), but also show the
complexity of mantle processes by being particularly
sensitive to sampling the metasomatic history of the
mantle (Alard et al., 2002). Single-grain Re-Os studies
also have been carried out on sulfide grains extracted

from diamonds (Pearson et al., 1998a, b, 1999; Pearson &
Shirey, 1999; Shirey et al., 2001) revealing new
chronological information on the formation of diamonds
including the connection of diamond-forming events with
circumcratonic subduction (Richardson et al., 2001;
Shireyet al., 2002).

DEFINING MAGMA SOURCE COMPOSITIONS
Because of the dramatic distinction between peridotite

and melt Re/Os ratios, the Os isotopic system is a very
sensitive tracer of the presence of mafic materials in the
mantle sources of magmas. Os isotopic studies show that
sorne Na-rich mafic alkalic magmas have very radiogenic
Os indicative of a mafic source; other potassic magmas
with unradiogenic Os appear to derive from phlogopite
metasomatized peridotitic sources (Carlson et al., 1996;
Araujo et al., 2001; Carlson & Nowell, 2001). This
approach also has been applied to the study of ocean
island basalts (OIB). Certain groups of OIB, particularly
the HIMU islands, have radiogenic Os isotopie
compositions possibly indicative of recycled subducted
oceanic crust in their mantle source regions (Pegram &
Allegre, 1992; Hauri & Hart, 1993; Reisberg et al., 1993).
The alternative explanation to recycled crust to explain
the elevated Os isotopic composition of sorne OIB is that
their sources include a small contribution from the outer
core (Walker et al., 1995). Based on iron meteorite
analogs, crystallization of the inner core should result in
increasing Re/Os and Pt/Os in the outer core with the
consequent increases in radiogenic 1870S and 1860S. If
even a very small amount «0.5%) of outer core were
entrained in the plumes that may be supplying these
OIBs, then the resultant magmas could have the
radiogenic Os signatures observed in places like Hawaii
(Brandon et al., 1999) and the Siberian flood basalts
(Horan et al., 1995).

ORE GEOCHRONOLOGY
Another important distinction of the Re-Os isotope

system is that the abundances of Re and Os during partial
melting and fractional crystallization are controlled
primarily by sulfides, chromites and PGE alloys rather
than the silicate phases that determine lithophile element
partitioning. As a result, the Re-Os system has proven
particularly useful for: 1) defining the conditions of
chromite crystallization in ophiolites (Walker et al.,
2002), alpine peridotites (Becker et al., 2001) and layered
mafic intrusions (Lambert et al., 1994; Marques et al.,
2003); 2) determining whether the platinum-group
elements in PGE (McCandless & Ruiz, 1991) and Ni
(Walker et al., 1991b, 1994; Foster et al., 1996) ore
deposits derive from crustal or mantle sources; and 3)
dating a variety of ore deposits ranging from PGE
(McCandless & Ruiz, 1991) to gold (Frei et al., 1998;
Kirk et al., 2002). Molybdenite, in particular, has proven
to be a particularly good chronometer since it contains
high Re concentrations but almost no Os, except that
produced by the decay of Re (Luck & Allegre, 1982;
McCandless et al., 1993; Stein et al., 2001).
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The Pt-Re-Os isotopie systems thus form an important
complement to other radiometric systems by providing a
radiometric tracer for the chemical evolution of the non
lithophile eIement component of the Earth. With the
continually improving ease of Re-Os measurement
techniques, this system likely will be incorporated as a
staple of isotope geochemistry.
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The Superior province (Fig. 1) is Earth's largest
preserved fragment of Archean crust and has been an
important area for testing theories of early crustal
development (Card, 1990). Its formation around 2.7 Ga
occurred during a unique period in Earth's history when
the bull< of juvenile continental crust may have been
extracted from the maotle. The same style of orogeny is
seen in early Proterozoic orogenies such as the 2.1 Ga
Transamazonian and Eburnean of South America and

platform while the komatiites may be products of
Mesoarchean plumes.

A resurgence of magmatism in the period 2750-2650
Ma generated the bulk of exposed rocks and also
reworked older terrains. Events during this period show a
bimoda1 age distribution. The first peak largely comprises
arc-related volcanics and associated tonalite plutons. Arc
volcanism ended at about 2700 Ma and was

Figure 1. Generalized map of Superior province showing major
subprovinces from Card & Ciesielski (1986).

Africa. This period may represen t the transition From an
early small-scale permobile plate tectonic regime to one
dominated by large scale interaction of rigid plates.
Zircon has played a preponderant role in understanding
the Superior province because of its unique
characteristics as an effective V-Pb geochronometer as
weil as its capacity to preserved primary petrogenetic
information through Hf and 0 isotopes.

The oldest rocks known in the Superior province
extend back to 3.8 Ga (Bohm et al., 2000) and are found
near the northern edge of the craton. Zircon dating shows
an uneven but near continuous record of magmatism from
about 3.1 Ga to 2.65 Ga (Fig. 2). Areas older than 2.8 Ga
often contain komatiite - quartz arenite sequences and
associated basement plutons. These form thin but
widespread units in the northern half of the province
(Thurston & Chivers, 1990). Detrital zircons from quartz
arenites often show uniform ages similar to the
underlying basement. These sedimentary rocks 1ikely
resulted from intense weathering of an eady continental

Ca. 2.69-2.63 Ga
Orogenie collapse

Ca. 2.71·2.68 Ga
Main deformation and orogenie sedimentation

Ca. 2.75-2.70 Ma
Main arc construction

Figure 2. Compilation of U·Pb zircon ages from the Superior
province made by surnming gaussian en-or curves.

Ca. 3.0-2.8 Ga
Ear1y arc & rift·plalform environment

591 Ages

replaced by large scale meJting of crust and
metasomatized mantle, giving the younger age peak.
Regional deformation, thickening and uplift during this
period resulted in the rapid deposition of large volumes of
orogenie sandstones now preserved in the major
metasedimentary subprovinces such as English River,
Quetico and Pontiac (Fig. 1). Events that formed
individual greenstone belts and basins are often
compressed ioto a few 10's of m.y. or Jess. The rapidity
of major orogenie processes presen ted a sign itïcan t
challenge to geochronology from the beginning and was
the main impetus for developing methods of high
precision, high sensitivity V-Pb dating.

Superior province consists of )ithologically and
metamorphically distinct terrains. Its southern half shows
a large-scale east-west trending belt structure defined by
alternating granite-greenstone and metasedimentary
dominated subprovinces (Fig. 1). Two decades ago, it
was commonly believed that greenstone beJts in the
Superior province formed by eruption and collapse of
large volcanic edifices and that modern-style plate
tectonics did not play a major l'ole. The discovery that
older rocks are restricted to the more northerly parts of
the province led to the first suggestions of that it formed
by accretionary processes (Langford & Morin, 1976).

km

o 250.
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melting and differentiation of metasomatized mantle
(Shirey & Hanson, 1984). Sanukitoid magmas intruded
during regiona1 deformation, often into dilatent structures
such as the hinge zones of large folds where they show a
cresentic shape. The oxygen isotopie signature of zircons
from the sanukitoid plutonic suite is slightly but distinctly
higher than that from other arc-related plutons (King et
al., 1998) indicating a crustal component. Such studies
have shown that zircon is often the only cornmon mineraI
to preserve its primary oxygen isotopie signature through
Archean metamorphism. Primary sanukitoid magmas
may have been produced by an influx of hot
aesthenosphere into previously metasomatized supra
subduction zone mantle following slab breakoff or
delamination. Varying degrees of fractionation and
crustal assimilation generated the magmatic suite. The
final magmatic events involved emplacement of J and S
type crustal melts, which form extensive plutons within
the granitoid and metasedimentary belts. Rare exposures
of the deep crust, discussed below, record high grade
metamorphism and orogenie collapse during his period.

Hf isotopes in zircon as weil as age inheritance and
Nd whole rock isotopie data show that the granite
greenstone belts consist of terranes formed in at least
three distinct environments that were juxtaposed during
assembly of the craton (Corfu & Stott, 1993, 1996; Corfu
& Noble, 1992; Davis et al., 2000; Henry et al., 2000).
The Sachigo subprovince consists partiy of an older
juvenile 3.0 Ga terrane, the North Caribou block, which
may have acted as a protocontinenta1 nucleus. This
terrane was reworked sporadically over a 300 m.y. period
in what is suggested to have been an Andean-type active
margin now preserved as the Uchi subprovince (Stott &
Corfu, 1991). The Winnipeg River subprovince to the
south contains a deep level exposure of a still older
terrain containing gneisses at least 3.3 Ga old with mantle
extraction ages that extend to 3.5 Ga. Younger rocks
within this terrane record the earliest phases of
Neoarchean accretion at 2715 Ma. This age may
correspond to collision of a continental fragment with the
North Caribou block. It is coincident with deposition of
the earliest orogenie sandstones within greenstones of the
adjacent western Wabigoon subprovince. Periods of
deformation in both terrains are coeval. The Wabigoon
subprovince as a whole is a complex amalgamation of
terranes. It con tains juvenile Neoarchean green stone belts
in the west, rocks that are isotopically similar to the
Winnipeg River subprovince in the north and a terrane
similar to the North Caribou block in its south-central
part (Tomlinson et al., 2003). The Wawa and Abitibi
subprovinces on the exposed southern margin of the
craton consist mostly of juvenile 2.73-2.66 Ga rocks.
They may in part represent a once continuous 2.72 Ga arc
that collided with the accretionary margin shortly after
2700 Ma along with fragments of younger arc and back
arc systems.

Hf isotopie analysis of single detrital zircons, along
with U-Pb dating, is a powerful method for tracing
provenance. Detrital zircons in the Quetico subprovince,
deposited at about 2700 Ma, show evidence for sources in

Pontiac

\Vawa

-

Quclico
Agi'
(Ma)
2670 Sachigoll Vchi
2680

2690

2700

Figure 3. SOllthward progression of ages for Jale orogenie
sedimentation aeross the Superior province.

Later work showed that ages of magmatic rocks are quite
variable but the ability to precisely date single detrital
zircons in sandstones furnished decisive evidence in
support of the accretionary model. Because uplift and
erosion occurred during widespread magmatism, detrital
zircons in metasandstones and cross-cutting intrusions
often tightly constrain ages of deposition. They also give
important information on provenance. Systematic dating
of detrital zircons in different subprovinces has shown a
generally consistent younging of deposition from north to
south over the narrow time span 2.71-2.67 Ga,
synchronous with diachronous onset of regional
deformation (Fig. 3). This is clearly evident for the
metaturbidite-dominated subprovinces. Metasedimentary
rocks within green stone belts usually form thin, fault
bounded units that sometimes mark age reversaIs within
the volcanic sequences, suggesting that thrust tectonics
played a ro1e in their emplacement (Davis et al., 1988,
1989). These orogenie sandstones appear to represent
foreland basins formed in front of an advancing thrust
complex during assembly of the craton (Davis, 1998,
2002).

~ Timiskaming-Iypc unilS (pull-aparl basins)

• Accrclionanlrorcland basin unilS

Arc-as..-;ocii-lted nJetlJ\oltanic ullits

3000
North Sourh

The later structural regime was one of dextral
transpression that led to formation of large E-W trending
strike-slip faults. Alluvial conglomerates and alka1ine
volcanic rocks are often localized along these faults and
are known as Timiskaming-type sequences. These are
thought to have formed in wrench basins associated with
transcurrent fault movement and are an important host for
gold mineralization.

Another unique rock type associated with this period
is the sanukitoid magmatic suite. This consists of plutons
that vary from gabbro to quartz monzonite but show
enrichment in both compatible and incompatible
elements. They are suggested to have formed by partial



the Winnipeg River terrane, indicating that early rocks
within this teffane must have been exposed to erosion at
this time and may have been deposited onto juvenile arc
rocks accreting from the south.

Seismic reflection profiles, acquired from the eastern
and western Sl!perior province as part of the Lithoprobe
program show generally north dipping reflectivity
beneath what are thought to be accreted terranes. There is
sorne evidence for mantle reflectors that could represent
fossil subduction zones. Reflecti vity changes

Quetico 47 Ages

o Pontiac 51 Ages

2800 2850 2900 2950 3000 305C

Figure 4. Normalized detritaJ zircon age distributions for the
Quetico and the Pontiac subprovinces.

to south-dipping beneath the contact between the
accretionary complex and the supposed Mesoarchean
protocontinental nucleus to the north. Seismic reflectivity
in lower crustal regions of the Superior province crust is
largely subhorizontal in contrast to corn mon steeply
dipping structures in mid-upper crust.

Areas of Proterozoic upJift, such as the Kapuskasing
structural zone between the Abitibi and Wawa
subprovinces, provide a window into the Archean lower
crust. Zircon dating in the Kapuskasing structure has
shown that steep fabrics were cross-cut by subhorizontal
fabric at about 2670 Ma (Moser et al., 1996). This age
corresponds to emplacement of late crustal me1ts and may
reflect deep crustal extension during collapse of the
orogen possibly associated with delamination. Sorne of
the lower crustal sequences consist of alternating layers
of metasedimentary rock and mafic granulites. Detai led
dating of different generations of metamorphic zircon in
mafic granulites suggests that the crust was constructed at
least partly by successive under thrusting of mafic slabs
followed by metamorphism (Krogh, 1993) Fluid released
during metamorphism apparently re-hydrated earlier
granulites at higher crustal paleo-Ievel, growing a new
generation of metamorphic zircon around earlier
metamorphic cores. Such fluids may represent one source
for late Archean Iode gold deposits. The underthrusting
scenario is supported by the presence of conglomerate in
the lower crust whose clasts give ages that are younger
than the youngest supracrustal rocks preserved in the
upper crust.

The existence of the belt structure in the southern half
of the Superior province has often been considered a
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primary effect of accretion, the different granite
greenstone belts representing accreted terranes and
subprovince boundaries in sorne cases representing suture
zones. In detail, however, this simple picture~breaks
down. Sorne subprovinces contain a variety of distinct
teffanes while in other cases areas that could belong to a
single terrane are found in different subprovinces. The
Winnipeg River subprovince represents a deep level
exposure of an old teffane that likely extends weil into
the Wabigoon subprovince. The south-central part of the
Wabigoon subprovince may represent a thin fragment of
the 3.0 Ga North Caribou terra ne that was thrust
southward over the accretionary margin. The Wabigoon
subprovince contains volcanic assemblages that are
similar in age and magmatic provenance to those found in
most other terranes.

A1though volcanic sequences may be locally
conformable, there has apparently been significant lateral
transport and interleaving of crust during diachronous
formation of an extensive foreland basin. The
metasedimentary Pontiac subprovince is the
southernmost exposed terrane and was deposited at close
to 2685 Ma. Except for the youngest detrital components,
its provenance is similar to that of the Quetico
subprovince, found between the Wabigoon and Wawa
subprovinces which was deposited 10-]5 m.y. earlier
(Fig. 4). Seismic evidence indicates that these
metasedimentary rocks dip beneath adjacent greenstone
belts, suggesting that the metasedimentary subprovinces
represent exposed parts of a linked foreland basin over
which late-Archean arc volcanic assemblages that now
form the Wawa, Abitibi and perhaps parts of the
Wabigoon subprovinces were thrust. If so, the present
map pattern of subprovinces may represent the effect of
late differentia1 uplift of a complexly layered accretionary
complex, rather than that of early collisional processes
(Davis, 1998). In this case the search for suture zones at
surface may be futile, the important problems being to
identify fragments of collided terranes and to determine
how they were assembled to form the crust. Without
access to precise geochronology and isotope
geochemistry from zircon we wouJd have little hope of
solving these problems.
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INTRODUCTION
The Neoproterozoic (-1000 - 543 Ma) experienced

the most widespread and severe glaciations in Earth's
history. The occurrence of extensive cap carbonates
directly atop the glacial deposits and paleomagnetic
evidence (e.g. Sohl et al., 1999) that ice sheets breached
the tropics present the clirnatic paradox that distinguishes
these glaciations from those of the Phanerozoic. The
coincidence of extreme variation in the l3C-composition
of marine carbonates with these glaciations attests to an
intimate link between the global carbon cycle and
climate. The snowball Earth hypothesis, as rearticulated
by Hoffman et al. (1998), has been challenged from many
sideses, but remains the only comprehensive explanation
for the various characteristics of the low-latitude
glaciations.

A lingering challenge to testing the snowball
hypothesis and, more generally, to reconstructing
Neoproterozoic Earth history, is the paucity of useful
radiometric ages and biostratigraphy for this time period
(Knoll, 2000). The fragmented geochronology has made
it difficult to correlate glacial deposits and other strata
globally, establish time scales for the glaciations and ol3C
anomalies, and answer the fundamental question of how
many ice ages occurred during the Neoproterozoic.
Chemostratigraphy has long held promise as a tool that
might help cinch up the chronology, but has not solved
this question. Here, we propose a new correlation scheme
for the Neoproterozoic that is based in large part on
recognition of globally consistent and distinct
stratigraphic and isotopic boundary conditions to the
Sturtian- and Marinoan-aged glaciations. Correlations
between Svalbard, northern Namibia, and northern
Norway lead to the conclusion that there were three
distinct glaciations after -750 Ma, the youngest hereafter
to referred to as the Gaskiers events. The connection
between the Svalbard and Namibian successions is the
basis for a new, high-resolution ol3C record that spans
over half of the Neoproterozoic. Additional data is tacked
onto the record to extend it to the Precambrian-Cambrian
boundary.

THE SVALBARD-NAMIBIA CONNECTION
Previous ol3C compilations for the Neoproterozoic

(e.g. Hayes et al., 1999) have consisted of data from
various successions joined together on the basis of poorly
constrained correlations. The strength of the o13C
composite presented here is that it principally consists of

data from just two stratigraphic successions: the Otavi
Group in northern Namibia and the Akademikerbreen and
Polarisbreen groups in northeastern Svalbard. The
overlap between the two successions is adventitious
insofar as it results in nearly 4 km of almost continuous
carbonates (barring glacial periods), likely spanning over
200m.y.

The Otavi Group of northern Namibia contains the
glacigenic Chuos and Ghaub formations, which separate
the carbonates of the Ombombo, Abenab, and Tsumeb
subgroups. The older (Sturtian) Chuos Formation is
commonly the thicker and more widespread of the two
diamictites on the Otavi platform. It is overlain by the
Rasthof cap carbonate sequence, which exhibits a sharp
rise in o1JC from - -4%0 at its base to > +5%0. The
younger and presurnably Marinoan-aged Ghaub
diamictite (Kennedy et al., 1998; Hoffman & Schrag,
2002) is only patchily preserved on the platform, but is
ubiquitous in slope settings. The Ghaub glaciation was
presaged by a large (>10%0) but graduaI decline in ol3C
in the upper Ombaatjie Formation (Halverson et al.,
2002) and was followed by deposition of the Maieberg
cap carbonate sequence. The basal dolostone of the cap
carbonate (Keilberg Member) exhibits a slight decrease
in ol3C upsection from -3 to -4%0 and contains unusual
accretionary oscillation megaripple (AOM) and tube-like
structures (Hoffman & Schrag, 2002). The dolostone is
bound above by a flooding surface, which corresponds to
a sharp decline in ol3C of 1 to 2%0, coincident with a shift
from dolomite to calcite. Locally, build-ups of seafloor
aragonite cements occur just above the flooding surface
(Hoffman & Schrag, 2002). The isotopic trends and
sedimentology of the lower Maieberg Formation are
characteristic of inferred Marinoan cap carbonates
globally.

Whereas most Marinoan cap dolostones are overlain
by shales, carbonates persist for >1400 m (Tsumeb
Group) above the glacial interval in Otavi platform
sections and provide a rare glimpse of the post-Marinoan
carbon-isotopic evolution of seawater. Significantly,
following a recovery to highly 13C-enriched compositions
in the upper half of the section, o13C declines again to
negative values just beneath a major unconformity
marking the contact with the overlying Mulden Group
siliciclastics.

The upper Hecla Hoek Succession of northeastern
Svalbard contains two distinct glacigenic intervals. The
Petrovbreen Member and Wilsonbreen Formation
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diamictites are separated by over 200 m of strata and
occur within the middle of the mixed carbonate
siliciclastic Polarisbreen Group. Like the Ghaub
diamictite in Namibia, the older Petrovbreen is presaged
by a large negative o13C anomaly (Halverson et al.,
2003), rests atop an erosional disconformity, consists
predominantly of clasts from the immediately subjacent
strata, and is thin to patchily preserved. The Petrovbreen
lacks a transgressive cap carbonate and is instead overlain
by a thick (200 m) stack of very finely laminated olive
green to black rhythmites (Macdonaldryggen Member).
The younger Wilsonbreen Formation is not associated
with a large erosional surface. It is much thicker (-100 m

. on average), contains abundant extrabasinal clasts, and is
overlain by the Dracoisen cap dolostone. The 5-15 m
thick, yellow weathering dolostone contains distinctive
peloids and AOM structures. o13C through the Dracoisen
cap dolostone is consistently -3 to -4%0. The dolostone is
transgressed by red then green and black shales, and its
overal resemblance to Marinoan cap dolostones is
striking (Halverson et al., 2003).

Correlation of 1) the o13C anomalies beneath the
Petrovbreen and Ghaub diamictites and 2) the Dracoisen
and lower Maieberg cap dolostones indicates that both
Polarisbreen diamictites are Marinoan in age. Indeed, the
two diamictites and intervening strata may provide a
window into the evolution of a snowball Earth
(Halverson et al., 2003). This hypothesis, which implies
sedimentation, including deposition from dynamic, wet
based glaciers, persisted through the snowball, is
supported by recent ice-sheet modeling by Donnadieu et
al. (2003).

If both Polarisbreen diamictites are Marinoan in age,
then it follows that the Sturtian glaciation or proxy
thereof should occur in the underlying stratigraphy in
Svalbard (Knoll, 2000). No glacial deposits have been
found either in Svalbard or in the correlative succession
(Eleanor Bay and Tillite groups) in East Greeland.
However, we suggest that the equivalent of the Sturtian
cap carbonate occurs at the base of the Polarisbreen
Group (lower Russ0ya Member). Though the negative
o13C anomaly has not been found in Svalbard, a sharp rise
in o13C is preserved in this organic-rich sequence that
bears similarities to Sturtian cap carbonate sequences
elsewhere. Furthermore, a negative anomaly occurs in the
equivalent interval in East Greenland (Fairchild et al.,
2001).

Beneath the Polarisbreen Group, the Akademiker
breen Group provides a nearly continuous record of o13C
evolution through 2 km of marine carbonates. This
interval is typically 13C-enriched, but the trend is
interrupted by a major negative anomaly in the upper
Grusdievbreen and lower Svanbergfjellet formations (Fig.
1). The implication of the above correlation that this
anomaly predates and is not related to Sturtian glaciation
is supported by strong similarities in carbon and
strontium isotopie profiles between the lower
Akademikerbreen Group and the Bitter Springs
Formation (Hill et al., 2000) in central Australia. which is
unambiguously pre-Sturtian in age.
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THE NORTHERN NORWAy LINK
The Neoproterozoic Vestertana Group in Finnmark,

northem Norway contains two distinct, well-studied
glacigenic formations separated by hundreds of meters of
sandstone and shale. The Smalfjord and Mortensnes
diamictites are commonly correlated with the diamictite
pairs in Svalbard and East Greenland (e.g. Hambrey,
1983). However, both sedimentological evidence and
recent isotopie data argue against this correlation. The
older Smalfjord Formation is preceded by a negative o13C
anomaly (upper Grasdal Formation) and overlain by a
distinctive cap dolostone (basal Nyborg Formation), with
o13C of -2 to -4%0. The simplest conclusion is that the
Smalfjord Formation records the Marinoan glaciation and
the Mortensnes diamictite a younger glacial episode. The
Mortensnes diamictite is preceded by o13C values < -8%0
and lacks a cap carbonate.

THREE NEOPROTEROZOIC GLACIATIONS
Correlation of diarnictites in northem Namibia,

northeastem Svalbard, and northern Norway supports
recent speculation (Knoll, 2000; Hoffman & Schrag,
2002) that there were three distinct glaciations during the
latter half of the Neoproterozoic. This conclusion differs
from Kennedy et al. (1998) who proposed that there were
only two glaciations, though we do agree with these
authors that the two older glaciations (Sturtian and
Marinoan) may be distinguished in sorne successions by
the sedimentological and isotopie characteristics of their
respective cap carbonates. In our correlation scheme, we
further consider pre-glacial isotopie and stratigraphie
features to distinguish between the three glaciations.
Because the glacial deposits are highly variable and often
absent, they do not prove as useful in establishing
correlations.

Available data suggest that the Sturtian glaciation was
preceded by a positive carbon isotopie trend. The cap
carbonate to the Sturtian glaciation is commonly organic
and/or sulfide-rich, shows evidence of syn-depositional
slumping, contains abundant microbilites, and is
isotopically negative at its base (Kennedy et al., 1998).
When compared to the Marinoan cap carbonate, the
Sturtian cap appears bottom-truncated (Hoffman and
Schrag, 2002); in sorne sections, the negative anomaly is
absent altogether. Thus, isotopically, it may be best
distinguished by a sharp rise in o13C to > 5%0 in the lower
part of the sequence.

Notable and unequivocally Sturtian glacial deposits
occur in northwest Canada, Australia. and Namibia, but
are absent in the present day north Atlantic region. The
Sturtian glaciation is constrained to post-date 746±2 Ma
in Namibia from an V-Pb zircon age on volcanics 700 m
beneath the Chuos Formation (Hoffman et al., 1996).
Brasier et al. (2000) produced an age of 723 +16/-10 Ma
from a purported ash bed within Sturtian glacial deposits
in Oman. No undisputed radiometric age tightly
constrains the end of the Sturtian glaciation.

Glacial deposits of Marinoan age appear to be the
most widespread of the three glaciations, but are highly
variable and frequently absent in continental shelf
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Figure 1. Composite Ûl3C section for the Neoproterozoic.
Bracketed numbers are radiometric age constraints

discussed in text.

beneath the Mortensnes diamictite and the occurrence of
the b'JC minimum beneath the oldest Wonoka canyon
(Calver, 2000) suggest that like the Marinoan, the
Gaskiers glaciation may have followed a massive release
of methane.

-10

A COMPOSITE Ol3C SECTION
Figure 1 presents a new composite b l3C section that

spans much of the Neoproterozoic. The lower part of the
record is derived from the Akademikerbreen Group,
which is only constrained to be less than 946 Ma from the
age of basement granites (Gee et al., 1995). The data
between the Sturtian and Marinoan glaciations are from
the Abenab Group in Namibia, while presumed syn
Marinoan data are from the inter-diamictite strata in
Svalbard (Halverson et al., 2003). No single record links
the Marinoan and Gaskiers glaciations. However, it is
postulated here that the decline in the upper Tsumeb
Subgroup in Namibia marks the onset of the Wonoka
anomaly, and thus that the trend joins with a detailed
profile from the Huqf Supergroup in Oman (Burns &
Matter, 1993) that spans the anomaly. The Terminal
Proterozoic profile has been established by previous
authors; here, we use data from northeastern Siberia
(Pellachaty, 1998) to extend the composite section to the
Precambrian-Cambrian boundary.

settings. It is proposed here that diamictite pairs in
Svalbard, East Greenland, and Death Valley (Kingston
Peak Formation) jointly belong to the Marinoan. The
glaciation is preceded by an impressive but graduai
decline in b 13C of> 10%0 (Halverson et al., 2002) that is
best documented in northern Namibia (Hal verson et al.,
2002), but is also found in Svalbard (Halverson et al.,
2003), northern NOf\.vay (Rice & Halverson, unpublished
data), South Australia (McKirdy et al., 2001),
northwestern Canada (Hoffman & Schrag, 2002), and
Scotland (Brasier & Shields, 2000). Halverson et al.
(2002) argued that the anomaly is best explained by a
protracted release of methane from marine clathrate
reservoirs.

The thick cap carbonate sequence to the Marinoan
glaciation includes a basal 5 to 15 m-thick cap dolostone
with b13C invariably -2 to -4%0. The typically yellow or
cream-colored dolostone is distinguished by peloids,
AOM, and less commonly, tube structures and
isopachous cements (Hoffman & Schrag, 2002). The
dolostone commonly passes upward into fmely laminated
Iimestone or shale, but in sorne locations also contians
barite and/or aragonite seafloor cements.

The age of the Marinoan glaciation is constrained to
be younger than ~50 Ma from detrital zircons in the
Enorama Formation (lreland et al., 1998), which occurs
below the Elatina Formation in South Australia.
Assuming the Port Askaig Tillite in Scotland is Marinoan
(contra Brasier & Shields, 2000), then this glaciation is
older than the 601 ±4 Ma Tayvallich Volcanics (Dempster
et al., 2002).

The youngest Neoproterozoic glaciation is named
after the glacigenic Gaskiers Formation in eastern
Newfoundland, which is constrained to lie between 595
Ma (assuming correlation with the Squantum diamictite
in the Boston Bay Group to the south; Thompson &
Bowring, 2000) and 565 Ma (Benus, 1988). Other
inferred Gaskiers-aged glacial deposits include the
Mortensnes diamicite in northern Norway, the Loch na
Cille Boulder Bed in Scotland, and the Hankalchough in
western China. However, as the Gaskiers glacial deposits
lack appear to lack proper cap carbonates, it cannot be
concluded that this glaciation ended synchronously.
Indeed, given the drift of the continents to the high
southerly latitudes late in the Neoproterozoic (Torsvik et
al., 1995), it is reasonable to surmise that this ice age was
not global, but rather diachronous, analogous to the
Permo-Carboniferous glaciation.

Several latest Proterozoic successions contain deep
paleovalley incisions, which may record the
glacioeustatic response to the growth of vast polar ice
sheets. Significantly, paleovalleys in the Wonoka
Formation in South Australia (Calver, 2000) and the
Johnnie Formation in Death Valley (Corsetti & Kaufman,
2003) are at least temporally a'ssociated with the most

extreme negative b 13C anomaly in the Neoproterozoic.
The "Wonoka" anomaly, also well-documented in Oman
(Burns & Matter, 1993) spans several hundred meters of
section and features b l3C values < -10%0 (Calver, 2000).
Correlation with the highly 13C-depleted carbonate
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CONCLUSIONS
A new correlation scheme proposed here supports

recent suggestions (Knoll, 2000; Hoffman & Schrag,
2002) that there were three Neoprotertozoic ice ages after
-750 Ma. The correlations are consistent with available
radiometric, Sr-isotopie, and biostratigraphic data.
Whereas all three events appear to be related to major
perturbations in the global carbon cycle, the magnitude
and timing of the related negative ô13e anomalies is
different for each glaciation. The largest (Wonoka)
anomaly coincides with the youngest (Gaskiers)
glaciation, which appears to lack a cap carbonate and
may have been diachronous.

The correlation scheme is the basis for a ô13e
composite section for the Neoproterozoic. The strength of
this compilation is that the data are derived almost
entirely from just two successions (Namibia and
Svalbard) correlated along multiple tie points. The record
is not complete as it does not cover the earliest
Neoproterozoic, and it is as yet poorly calibrated.
Nonetheless, this new ô13e chronology helps put into
perspective not only the three Neoproterozoic glaciations,
but also impressive biogeochemical perturbations that
occurred earlier in the era.
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Geologists have long recognized that Gold deposits,
excluding placers, are found in environments where there
is material transfer from the mantle to the crust, such as
island arcs. An evaluation of deposits in the geologic
record clearly has shown that orogens where there is little
addition of mande material, such those produced by the
Grenville Orogeny do not contain significant gold.
Environments where there is significant juvenile material,
such as those of Alaska and the circum-pacific, in general,
contain much gold. Another observation is that gold
deposits also have a close spatial relation with thick
sequences of shale. The two observations suggest that
gold deposits can be formed from gold transferred from
the mantle directly in arcs but can also be form when gold
is recycled and concentrated in shales. What has not been
evaluated before, however, is whether there is a variation
in time as to the type of source for the gold. In other
words, the question is whether the gold in the Proterozoic
is typically juvenile, and typically recycled in the
Phanerozoic, or whether there is no difference.
Understanding this issue can constrain the models for the
extraction of gold from the mantle and can also help
exploration models for gold in a very broad sense.

In the past, answering the question posed above was
not possible since gold could not he traced in the geologic
environment by isotopie methods as other elements and
mineraIs. This was because aIl the isotopie systems used
where typically lithophillic and not concentrated in gold.
However, now that Re and Os and their isotopie ratios can
be measured accurately even in very low concentrations,
it is possible to examine the sources of gold assuming that
Re and Os behave similarly to gold in the geologic
environment. This seems like a reasonable assumption
since gold and platidoids, such as Os have similar
chemical behavior.

Gold contains measurable amounts of Re and Os that
vary according to its environment of deposition. The
isotopie ratio of Os can be used to trace its source and
therefore may constrain the extraction rates of gold from
the mantle through time.

Our data show that gold from systems that are strictly
hydrothermal and associated with igneous rocks, such as
many base metal porphyry copper deposits, have Os
concentrations between 7 and 30 ppt, and Re between 200
ppt to 10 ppb. If the hydrothermal systems also involve
shale-rich sedimentary sequences, then Re and -Os
concentrations can be much higher

Here 1 will describe the Re-Os isotope systematics
from the Witwatersrand Supergroup (WSG) of South

Africa and the Grasberg deposit in Papua New Guinea. In
these deposits Os clearly shows that gold can be extracted
from different geologic reservoirs and still be
concentrated to form giant gold deposits.

The Witwatersrand basin has been the focal point of
studies devoted to the evolution of the atmosphere and
gold mineralization because of the large accumulation of
gold and the presence of uraninite and sulfides in the
sediments of this Archean basin. Understanding if the
gold, uranium and sulfides are detrital or were introduced
to the basin by hydrothermal fluids has been at the center
of debates for -100 years (see recent reviews by Frimmel
& Minter, 2002; Phillips & Law, 2000). As recently as at
the last Geological Society of America, Holland (2003),
discussed the importance of the age of sulfide
sedimentation of the Witwatersrand basin to constrain the
question of whether the early Archean atmosphere was
more reduced than that of the present atmosphere. Simply
put, sulfides and uranium mineraIs require a more
reduced atmosphere than we have at present for them to
survive as detrital mineraIs during weathering and
transport. Regarding the gold mineralization, detrital gold
concentrations require exploration models that are based
on sedimentology, while exploration based on
hydrothermal models focus on possible structural controis
and patterns of hydrothermal alteration. In order to
constrain these models, we dated the gold and sulfides of
the Witwatersrand basin using Re-Os isotopes.

The Witwatersrand basin in South Africa hosts the
largest concentration of gold on Earth, is an Archean
system that contains gold and rounded pyrite. The gold
contains much higher concentrations of Re and Os,
mostly in the high ppb to ppm range, suggesting an
entirely different mechanism for the formation of this
gold from that of Grasberg. Samples from the Vaal Reef
conglomerate of the WSG, yield a Re-Os isochron age of
3.03 ± 0.02 Ga and an initial 1870S/1880S ratio of 0.1079 ±
0.0001. Ages of gold and rounded pyrite are older than
the 2.89-2.71 Ga conglomerates that host them, indicating
that the gold is mostly detrital (Kirk et al., 2002). A
possible source would be the Murchison Greenstone belt,
which is 3.03 Ga old, and occurs just north of the
Witwatersrand basin. Other younger Proterozoic
paleoplacer deposits in Brazil and show that gold was not
entirely juvenile. The Re-Os data on aIl the gold deposits
analyzed suggest that large quantities of gold was
extracted early and recycled in the crust and that based on
the Re and Os systematics the gold in the Witwatersrand
could have been nagnatic at 3.0 Ga.
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-In contrast to the Witwatersrand, the Grasberg in the
South Pacifie is distinguished from similar base metal
porphyry deposits by its high gold content.

The Ertsberg district consists of both stockwork and
contact controlled mineralization, porphyry copper type
deposits, related to the Grasberg and Ertsberg intrusion
centers. High-grade gold skarn mineralization exists on
the periphery of each of the ore bodies (Kucing Liar, the
massive sulfide on the periphery of the Grasberg
Intrusive Complex (GIC), and the Dom, DOZ/IOZlGBT
surrounding the Ertsberg Intrusive System (EIS». In
order to resolve the genetic and geochronologic links of
the peripheral sediment-hosted ore bodies and the
intrusion-hosted ore bodies we examined the Re-Os
isotopes of the ores and certain sub adjacent Precambrian
to Tertiary crust. Molybdenite geochronology was used to
resolve the age relationships of the ore bodies. The
Grasberg and Kucing Liar deposits have roughly similar
molybdenite mineralization ages of 2.88 ± 0.01 Ma and
2.97 ± 0.01 Ma, respectively; whereas the Ertsberg
molybdenite has an age of 2.54 ± 0.01 Ma. These data are
in accord with Ar chronologies (Pollard & Taylor, 2000)
of the alteration associated with mineralization, and also
indicate that mineralization of the Grasberg and Kucing
Liar molybdenites are c10sely similar, and older than the
that of the EIS.

An isochron plot of the low Re-Os concentration
sulfides and oxides (pyrite, chalcopyrite, and magnetite)
for the stockwork, intrusion-hosted, mineralization from
the Ertsberg provides an errorchron (MSWD 6.06) age of
1.8 ± 0.7 Ma with an initial 1870S/1880S ratio of O.4l±
0.04. None of the samples from the peripheral ore
deposits plot on the isochron developed for the EIS or
GIC (Mathur et al., 2000), rather they form a distinct
mixing trend. The initial 1870S/1880S of the peripheral
ores range from 0.69 to 1.2. Data from the Kucing Liar
deposit (a skarn) and the massive sulfide (sulfide ores
close to the intrusion and wall rock of the Grasberg ore
deposit) form a mixing trend with the Grasberg
stockwork mineralization. This relationship implies a link
between the mineralizing fluids for these different types
of mineralization associated with emplacement and
cooling of the Grasberg intrusive complex. The Os initial
ratios of the stockwork mineralization ofthe Ertsberg and
skarn mineralization of Dom lie off of the mixing trend of
the Grasberg, indicating a significant genetic difference
between the Grasberg and Ertsberg ores. Thus,
geochronologic and genetic evidence indicates that
mineralization in these two proximal porphyries are not
related to one system at a shallow depth, rather these
adjacent hydrothermal systems evolved independendy
during a short interval.

The initial 1870S/1880S ratios of ail ores of the district
are highly radiogenic and indicate a significant crustal
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source for Os and by inference the other base metals. The
mixing diagrams reveal that the mineralizing fluid
acquired Os from a higher concentration (>500ppt), and
more radiogenic source than the stockwork. In order to
resolve the source of this end member, we analyzed
sedimentary rocks from seven formations of Proterozoic
through Jurassic-Cretaceous age that the porphyries
intruded. The units vary lithologically from black shale to
sandstone to carbonate. The rocks contain Os
concentrations that range from 5 to 452 ppt, and
measured 1870S/1880S of 0.52 to 3.81. Concentrations of
gold in the sedimentary rocks ranged from 5 (average
continental crust) to 151 ppb. The presence of relatively
higher concentrations of Au in sorne of the sedimentary
rocks and the radiogenic/ concentrated Os signatures in
these rocks provide strong evidence for two different
crustal sources for metals in the district. The data
suggests a model in which the continental crust may have
supplied a major portion of the metals during both the
magma genesis in the lower crust and another source in
surrounding sedimentary rocks.

In summary, it has been known from previous work
that gold resources are typically related to orogenie
systems and that gold mineralization has been episodic
throughout geologic time (e.g. Goldfarb et al., 2001). The
main periods for gold mineralization based on the age
dating of the deposits were 3400-3100, 2800-2555 Ga,
2100-1800 Ga and then continuously from 0.6 Ga. The
Re-Os data supports this general model bu c1early shows
that about 40% of the known gold resources were
extracted from the mande at about 3Ga related to the
formation of the Kaapval craton. The Phanerozoic
deposits, even if they are in orogenie belts contain
significant gold that has been recycled in the crust.
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Zircon is a common accessory mineraI in interrnediate
to felsic igneous rocks and also occurs in sorne mafic
rocks. Analysis of zircon provides the most reliable
record of magmatie 0J80 as weIl as U-Pb age (see Valley,
2003). High temperatures of mineraI stability and
melting, slow diffusion rates for cations and anions,
chemical inertness, hardness, and small crystal size aIl
combine to create a robust and retentive geochemical
record if attention is paid to avoid excessive radiation
damage. Zoned magmatic zircons serve as time capsules,
preserving isotopie, trace element and mineraIlmeIt
inclusion evidence of evolving magmatic conditions. No
other mineraI perrnits 0180 (magma) to be confidently
deterrnined and coupled to age of crystallization.

1:18 fi ..The interpretation of u a values or magmatIc zircon
is aided by recent deterrninations of the diffusion rate of
oxygen in zircon (Watson & Cherniak, 1997; Peck et al.,
2003) and the fractionation of oxygen isotopes between
zircon and rock forrning mineraIs (Valley, 2003; Valley
et al., 2003). At magmatic temperatures, ~180 (whole
rock-zircon) - 1 to 2%0 for interrnediate to felsie
compositions, respectively.

Magmatic zircons of known age (3600 to 0.2 Ma)
have been analyzed for 0180 by laser fluorination at the
University of Wisconsin from over 700 rocks worldwide
to test the generality that Archean magmas had values of
0180 similar to the mantIe while younger magmas were
more variable (King et al., 1998; Peck et al., 2000). In
addition to laser analyses of zircon concentrates (1 -3 mg),
single detrital zircons (4400 to 3000 Ma) from the Jack
Hills, Western Australia were analyzed in situ (30 Ilm
spot, -2 ng) by ion microprobe (Fig. 1).

The range· and variability of 0180 in aIl Archean
samples is subdued (0180(ZrC) = 5 to 7.5%0). Most
samples at -2.7 Ga are from the Superior Province of
Canada and average 0180 is consistent with high
temperature equilibrium with zircon from the mantIe
(5.3±O.3%0, Valley et al., 1998). Only sanukitoids have
slightIy evolved, higher values (Fig. 2; King et al., 2(00).
No magmatie zircons have been analyzed from the
Archean with 0180 above 8%0. This incIudes samples
analyzed by laser fluorination from the Lewisian of
Scotland. (2.7 Ga), Slave Province (2.7 Ga), and
Barberton (3.5 to 2.7 Ga). Samples analyzed by ion
microprobe from the Jack Hills are indistinguishable
within uncertainty. The oldest zircon shows the same

range of 0180 values with the mildly evolved, higher
value (7.4%0) interpreted to result from exchange of
magmatic protolith with surface water (Peck et al., 2001).

Values of 0180 are significantly more variable from
the Proterozoie and Phanerozoic. Many values are above
8%0 suggesting that magmas with 0180 (WR) > 9-10%0
became common after 2.5 Ga. Such high 0180 magmas
can only forrn through remobilization of high-ol80
crustal rocks. Values of 0180 (Zrc) > 10 have been found
in a small group of plutons in the Grenville Province
(Peck et al., 2003), but are not common elsewhere.
Likewise, samples with 0180 < 5 %0 are over represented
in Figure 1 due to intense study of low 0180 sub-volcanic
granites from the British Tertiary Igneous Province
(Gilliam & Valley, 1997; Monani & Valley, 2001) and
IOW-O I80 rhyolites from Yellowstone (Bindeman &
Valley, 2001).

The Archean-Proterozoic boundary approximately
coincides with a first order increase in the variability of
the oxygen isotope ratios of interrnediate to felsic
magmas. Since fractionation of oxygen isotopes to values
higher or lower than the mantle requires lower
temperatures where fractionation is large, the greater
variability in 0180 must reflect recycling of supracrustal
lithologies. The dominant sources of high-0180 are
sediments, and rocks weathered or altered at low
temperatures. Low values of 0180 come largely from
rocks that have exchanged with heated meteoric or
seawater. Clearly such protoliths have increasingly been
involved in magma genesis for younger rocks.The nature
and exact timing of the Archean-Proterozoic transition in
0180 is not yet known due to limited data between 2.5
and 2.0 Ga. This may be a sharp transition at the end of
the Archean or at sorne time within the next 500 Ma, or it
may be a graduaI change. In either case, one would
expect many samples to have a mantle-like 0180 value
and more samples must be analyzed to deterrnine if
higher 0180 magmas existed in this period. Possible
causes of the transition to higher 0180 in younger
magmas include: changes in the composition and
abundance of sediments available for recycling due to
increased sedimentary environments at the end of the
Archean; the onset or acceleration of subduction at the
end of the Archean; or differences in weathering as the
atmosphere became more oxygen rich.
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Figure 1. Compilation of ÔISO(Zrc) vs. age for zircons from over 700 rocks with published age. Oxygen isotope ratios were analyzed
by laser fluorination at the University of Wisconsin (most samples) or in situ by ion microprobe at the University of Edinburgh

(Jack Hills zircons). Samples range in age from 4400 to 0.2 Ma and come from many terranes on seven continents. A
remarkable uniformity is seen in the Archean, values c1uster near the mantle (ÔISO(Zc) = 5.3 ±0.3%0) with some

values as high as 7.5 due to recycling of supracrustal material. High ôl8a, above 8%0 becomes comnlon until
after 2 Ga, reflecting recycling of high ÔISa sediment and maturation of the crust.

Oxygen isotope data are from referenced sources.
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INTRODUCTION
Quantifying rates of surficial processes, weathering

and erosion, is a CUITent and challenging area for isotope
geochemistry and geochronology. The open system
nature of the surficial environment, the superposition of
processes, and the lack of experience of the
geochronological community in applying radiogenic
isotopie techniques to mineraI species present in the
surficial environment (oxides, clays, sulfates, etc.) have
prevented or delayed advances in this research.. ·area.
However, despite the odds, progress during that past
decade has been considerable.

One of the most encouraging areas is the application
of noble gas geochemistry to the study of surficial
processes. Expansion on the application of 40ArP9Ar
geochronology of supergene manganese oxides and
sulfates has provided important insights on the longevity
of weathering profiles, on rates of weathering and
erosion, and on mechanisms shaping the Earth's surface.
These studies have also provided new means for testing
models of landscape evolution. Recent advances in (U
Th)/He dating of hematite and goethite provides a new
tool for understanding the formation of weathering
profiles. When this approach is coupled with exposure
dating by measuring cosmogenic 3He generated on iron
oxides, it creates a powerful tool that combines
weathering geochronology and erosion rate
measurements in the sarne mineraI phase. 1 will present
below results from sorne of these applications and discuss
new developments.

GEOCHRONOLOGICAL TOOLS IN SURFICIAL
STUDIES
K-Ar AND 4°Arp9Ar

Weathering geochronology by the K-Ar method has
been available for several decades (Chukhrov et al., 1969;
Gustafson & Hunt, 1975; Ashley & Silberman, 1976;
Varentsov & Go1ovin, 1987; A1pers & Brimhall; 1988;
Bird et al., 1990). However, high-reso1ution laser-heating
40ArrAr dating of single crysta1s of alunite, jarosite, and
clusters of K-Mn-oxides has provided the technological
edge necessary to enab1e weathering geochrono1ogy to
deve10p as a significant research area (Vasconcelos et al.,
1992, 1994a, b, 1995; Ruffet et al., 1996; Vasconcelos,
1998, 1999a, b; Dammer et al., 1996, 1999; Hénocque et
al., 1998; Hautmann & Lippolt, 2000; Mote et al., 2001).
This single-crystal or single-grain approach, possible due
to the high spatial reso1ution and low blanks inherent to
laser extraction systems, allows the study of weathering
profiles where K-bearing supergene mineraIs occur as
minor phases. The incremental heating 40ArP9Ar method

also provides information on the Ar and K retention
history of the mineraI analyzed, an important
determination in weathering profiles where mineraIs are
continuous1y exposed to weathering solution fluxes.
Finally, the full automation in modem 40ArP9Ar systems
enables rapid ana1ysis of several sarnp1es from each site,
providing a comprehensive database.

(U-Th)/He
Simi1arly, in theory, (U-Th)/He geochrono1ogy of

supergene Fe oxides is not new (Strutt, 1910), and it has
been recently revived by Wernicke & Lippolt (1993),
Bahr et al. (1994) and Lippolt et al. (1998), who
demonstrated that hematite and goethite contain
significant U and He and can be dated by the (U-Th)/He
method. In practice, however, a major limitation of (U
Th)/He dating of supergene oxides is the lack of
appropriate He retentivity information and uncertainties
about the sites where U resides in these phases. Recent
incremental-heating experiments on supergene goethite
and cryptome1ane provide quantitative information on the
He retentivity of goethite and cryptome1ane (Shuster et
al., 2000). Moreover, recent experimenta1 investigation
on uranium co-precipitation with Fe oxides provides
compelling evidence that U is incorporated into oxide
structures and is not simply adsorbed onto mineraI
surfaces, rendering (U-Th)/He dating results more
re1iab1e (Duff et al., 2(02).

Preliminary studies support the re1iabi1ity of
weathering ages obtained by the (U-Th)/He method in
goethite (Shuster et al., 2000). Supergene cryptomelane
and goethite from the Igarapé Bahia profile, PA, Brazil,
and weathered pegmatites in eastem Brazil, contain
significant U (1-400 ppm) and radiogenic He (5-400
ncc.mg- l

). Goethite samp1es from the Igarapé Bahia
profile yield internally consistent (U-Th)/He ages
(Shuster et al., 2000). The internaI consistency of the (U
Th)/He ages and the stratigraphie consistency between
(U-Th)/He and 40ArP9Ar ages suggest that goethite may
yie1d reliable (U-Th)/He results. Using natura1 4He and
proton induced 3He, diffusion experiments on distinct
fragments of goethite (one BAH-F124-111.2m and two
BAH-F124-114m grains) yield reproducible results and
roughly linear on Arrhenius plots, suggesting near1y
quantitative 4He retentivity for goethite.

COSMOGENIC 3He ON IRON OXIDES
Stable cosmogenic 3He produced in olivine, pyroxene,

and plagioclase has been used to measure exposure
history and erosion rates (Gosse & Phillips, 2(01).
However, these mineraIs are not resistant in the
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weathering environment. Thus, developments on the
application of stable cosmogenic 3He measurements on
supergene mineraIs, such as hematite and goethite, may
provide a useful combination of a geochronometer (U
ThlHe) and an exposure history chronometer. Iron oxides
exposed to cosmie ray neutrons undergo production of
measurable amounts of spallogenic 3He (Shuster et al.,
2002). Further development in quantifying the He
retentivity of iron oxides, combined with improved
quantification of the 3He production rates on iron oxides,
will permit widespread application of these minerais in
weathering geochronology and exposure history studies.

UNDERSTANDING LANDSCAPE EVOLUTION
THROUGH WEATHERING GEOCHRONOLOGY

Laser-heating 40ArP9Ar dating of weathering profiles
in Australia and Brazil demonstrates that weathering
geochronology permits the numerical correlation of land
surfaces on a local, regional, and possibly cratonic scale
(Vasconcelos, 1998; Vasconcelos & Conroy, 2003).
More complex and ancient weathering profiles are found
at higher topographie levels (table and ridge tops), while
nearby lower elevation profiles preserve only post
Miocene supergene minerais. The results demonstrate
that stepped landscapes, such as those found in Australia
and the Carajâs region, Brazil, preserve a complex history
of weathering, partial dissection, and reweathering. The
results also show that older weathering profiles are
preserved in areas of greater tectonic stability (e.g., the
centre of the Mount Isa block, Australia; the Carajâs
Plateau and the Qudrilatero Ferrifero Regions, Brazil),
while more tectonically active areas (e.g., the Charters
Towers, Canarvon Gorge, SE Queensland, etc.) only
preserve a more recent record (Feng & Vasconcelos,
2001, in press; Li & Vasconcelos, 2002; Carmo &
Vasconcelos, this symposium).

The combination of weathering geochronology by the
40ArP9Ar method with erosion rate measurements IJsing
cosmogenic isotope studies (lOBe, 26AI, and 36Cl) also
reveals that, in ancient stepped landscapes in Australia,
rates of erosion are small «3 m.Ma-1) in the high
elevation sites containing the most ancient weathering
profiles, while low-elevation sites containing more
recently formed weathering profiles are characterized by
relatively large erosion rates (5-20 m.Ma- l

) (Stone &.
Vasconcelos, 2000).

INSIGHT INTO PALEOCLIMATES FROM
WEATHERING GEOCHRONOLOGY

Independent studies reveal episodicity in the history
of supergene mineraI precipitation (Vasconcelos et al.,
1994a; Dammer et al., 1996, 1999; Ruffet et al., 1996;
Hénocque et al., 1998; Hautmann & Lippolt, 20(0).
However, there is disagreement on the factors controlling
weathering and the episodic precipitation of minerais
during weathering. We interpret this intermittent
precipitation of supergene minerais as evidence for
paleoclimatic control on weathering. Since the amount of
rainfall, ambient temperature, and the abundance and type
of vegetation changes with climate, weathering rates
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should also vary with climate. The volume of newly
formed mineraIs in a weathering profile should be large
during warm humid climates, when conditions of high
fluid/rock ratio and reactive organic-rich solutions
prevail, and relatively small during unfavorable arid
conditions. Comparisons between the frequency of
minerai ages and independent climatic records (oceanic
0180, fossil record, etc.) show good correlation between
peaks of mineraI precipitation and other climatic
indicators (Feng & Vasconcelos, 2001, in press; Li &
Vasconcelos, 2002; Carmo & Vasconcelos, in press).
Other researchers, however, propose that the intermittent
precipitation of minerais in the weathering record
primarily reflects tectonic controIs and the enhanced
physical and chemical weathering associated with
mountain building processes (Hautrnann & Lippolt,
2000).

The debate on whether climate or tectonics provides
the ultimate control on rates of chemical weathering is
crucial to establish the effect of varying pC02 on global
climates. Any feedback control on the accumulation of
greenhouse gases in the atmosphere depends on a direct
link between climate and weathering (Berner, 1994). This
link is difficult to establish by studying current
weathering processes. Studies on the solution chemistry
of modern rivers often leads to inconclusive or
controversial results (White & Blum, 1995; Edmond et
al., 1995; Berner & Berner, 1997; Edmond & Huh, 1997;
Gaillardet et al., 1999; White et al., 1999). Attempts to
use the marine 87Sr/86Sr and the 1870s/1860S oceanic
record as paleoclimatic indicators also lead to
inconclusive results (Raymo & Ruddiman, 1992; Richter
et al., 1992; Peucker-Ehrenbrink et al., 1995; Sharma et
al.,1999).

Sorne of the discrepancies resulting from the use of
87Sr/86Sr and 1870S/1860S isotopie composition of oceanic
sediments as proxies for the intensity of chemical
weathering in the past may result from the fact that the
increase in these isotopes on oceanic basins result from
chemical erosion, which is not necessarily coupled with
chemical weathering. In sorne cases, weathering profiles
may in fact behave as reservoirs for mobile species.
Highly mobile cationic species such as Ca, Mg, and Sr
maybe released from primary silicates during weathering,
Q.ut may be retained in weathering profiles as supergene
carbonates, phosphates, sulfates, and clay mineraIs for
considerable periods of time. This behavior is weil
established in the case of supergene ore systems, where
desirable metals such as Cu, Mn, Mg, Fe, Ni, and AI are
stored in weathering profiles as supergene enrichment
zones. Supergene Cu systems, for example, exhibit thick
Cu-carbonates (malachite/azurite) horizons. Similarly,
supergene Mg-carbonate and Ni-silicates are common in
weathered ultramafic rocks. Decoupling between
chemical weathering and chemical erosion may
complicate or even prevent the use of the oceanic record
as a direct indicator of active continental weathering
rates. Weathering geochronology, where the timing of
precipitation of the products of silicate weathering are
measured and quantified, provides an independent and
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more direct way to determine the variation of weathering
rates in the past. This information, coupled with paleo
CO2 concentration estimations (Pearson & Palmer, 2000;
Kump et al., 2000), may thus provide a more reliable test
linking the accumulation of greenhouse gases in the
atmosphere and increased silicate weathering.

To address the problems above, a detailed and
comprehensive chronology of formation of weathering
profiles is necessary. Despite advances in understanding
the continental weathering history in sorne parts of
Australia, South America, and Africa, many continents
still remain to be studied in detail. A summary of
weathering geochronology studies in weathering profiles
from around the globe will be presented and the current
and future developments will be discussed.
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operation con inons.

RFPower 1050W

Plasma gas flow rate 17Lmin,1

Auxiliary gas flow rate 1.2 Lrnin'

Nebulizer gas flow rate 0.9Lmin,1

Sample uptake rate 1.0mLmin"

Scan mode Peak hopping

Lens scanning Enabled

Detector mode Dual - Pulse and Analog

Table 1. Perkin-Elmer SCIEXELAN 6000 ICP-MS
d"

factors may be responsible for this variability, but the
most important factors affecting the precision are those
regarding sample matrix effects .and chemical steps
associated with the method other than with the
instrumental technique itself (Pomies et al., 1998; Halicz
et al., 1996; Weiss et al., 2000).

In the present work, the application of quadrupole
ICP-MS for the determination of lead isotope ratios has
been evaluated aiming its application on dating of
monazites, using U-Pb, Th-Pb and Pb-Pb methods.

MONAZITE SAMPLES
Buena monazite sample: A pure monazite concentrate

sample from Buena (Sao Francisco de Assis county), in

EXPERIMENTAL
INSTRUMENTATION

A Perkin-Elmer SCIEX ELAN 6000 ICP-MS was
used for the Pb isotopic measurement equipped with the
original cross flow nebulizer. A peristaltic pump
performed the solution aspiration. The ICP-MS
instrumental operating conditions were automatically
optimized by the instrument using the SIMPLEX method
and were in agreement with the conditions proposed by
Halicz et al. (1996). They are summarized in Table 1.

REAGENTS AND STANDARD SOLUTIONS
All reagents used were of analytical-reagent grade or

higher purity and de-ionized water was further purified
using a Millipore Milli-Q water purification system.
Certified lead isotopic standard materials (SRM 981) and
(SRM 982) were purchased from the National Institute of
Standards and Technology (NIST, USA).

INTRODUCTION
. Considering the four stable isotopes of lead, only

204Pb is non-radiogenic. Since the other three, 206pb, 207Pb
and 208Pb, are end-members of the 232Th (208Pb), 235Ue07pb) and 238U e06pb) radioactive decay chains,
different minerals show different isotopic compositions
according to their age and the initial Th and U contents of
the source rock (lager & Hunziker, 1979). Monazite has
been proposed for dating since it is more resistant to
physical and chemical change than zircon and offers the
advantage of generally higher U and Th content
(Machado & Gauthier, 1996).

For the purpose of lead dating, thermal ionization
mass spectrometry (TIMS) using a magnetic sector mass
analyzer has been the conventional method for high
precision isotopic analysis with relative standard
deviations (RSD) lower than 0.05% when applied to
reference materials (Hoven et aL, 1999; Thirwall, 2000).
However, the precision values obtained for real samples
are in the range of 0.1-0.3% (Pomies et al., 1998; Halicz
et aL, 1996; Weiss et aL, 2000). Moreover, the relatively
high cost of TIMS instrumentation and the (necessary)
extensive chemical pre-treatment of the sample prior to
analysis have imposed serious limitations on the routine
use of TIMS techniques in geochemical exploration
applications (Towsend et aL, 1998; Wannemacker et aL,
2000).

Although the quadrupole inductively coupled plasma
mass spectrometry (ICP-MS) shows an inferior precision
in comparison with TIMS, it has some important
advantages, such as (i) simple sample pre-treatment, (ii)
high sample throughput and simple sample introduction
and (iii) widespread availability (Prohaska et al., 2000).

Quadrupole based ICP-MS instruments have been
used in many studies to measure Pb isotope ratios. The
precisions measured in reference materials are typically
0.1- 0.3% RSD (Heumann et aL, 1998; Platzner et al.,
1999; Becker & Dietze, 2000; Begley & Sharp, 1997),
whereas for real samples, a precision in the range of 0.2 
0.5% RSD (Halicz et aL, 1996; Weiss et al., 2000;
Barbaste et al., 2001; May et al., 1999) is usually
obtained. Despite of the fact that quadrupole based
instruments may offer a precision 100 times worse than
that obtained with TIMS for reference materials, the
precision values obtained for real samples are similar in
comparison with that determined by TIMS (Pomies et al.,
1998; Halicz et aL, 1996; Weiss et al., 2000). Several
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Figure 1. Relative error for Pb isotope ratios measurements
after mass bias correction.

Table 2. Reproducibility observed for a IOllg L- I SRM 981
solution.

effects as can be observed. It can be seen that, as 20spb is
the most abundant lead stable isotope, it is more
subjected by dead time effects.

According to Platzner et al. (1999), it is possible to
reduce RSD in isotope composition deterrninations using
a quadrupole ICP-MS by consecutive measurements.
This procedure of multiple deterrninations was performed
employing a solution of 10 Ilg L-I of SRM 981 to nine
sequential deterrninations. For a sample containing 10 Il!!
L'lof lead, a sample volume around 20 ml is necessary
If nine measurements should be carried out, it would b,'
necessary circa 200 ml of sample solution. It means that.
dealing with real samples, in the future, the aliquot takel
should contain 2 Ilg Pb. The results obtained with thl
SRM 981 solution are shown in Table 2 and demonstrate
that a relative error of the mean lower than 0.1 % is
obtained in aIl three-isotope ratios.

The previous procedure was repeated after calibrating
the equipment regarding mass discrimination with a
solution of 10 Ilg L- I SRM 981 and using 10 Ilg L,I SRM
982 as "unknown", which has an isotope composition
similar to the expecting isotope compositions, low Pb
204 (non-radiogenic) and Pb-206IPb-204, Pb-207IPb-204
and Pb-208IPb-204 ratios similar to the expected
compositions. The results obtained are demonstrated in
Table 3 and show that precision better than 0.1 % as weIl
as accuracy in the range of 0.1 to 1% can be achieved.

204/206 207/206 2081206
Reference value 0.059042 0.91464 2.1681

Mean value (n=9) 0.058761 0.913525 2.188593
RSD (%) 0.25 0.18 0.33

Relative error ofthe
0.08 0.06 0.11

mean (%)
Relative bias (%) -0.47 -0.13 0.95

the north of the Rio de Janeiro State (Brazil), was
obtained from INB (lndustrias Nucleares Brasileiras).

Sugar Loaf Hill and Black Sand Beach samples: ln
both locations (Urca beach, Rio de Janeiro/RJ and Black
Sand beach, GuaraparilES), the area with the highest
radioactivity was localized with a cintilometer and circa 5
kg sand samples taken. The monazite fraction was
separated as described by Barling et al. (2000).

SAMPLE DISSOLUTION AND ANALYSIS
Three 25 mg aliquots, for each sample, were weighed,

transferred to a 10 ml platinum crucible, 500 ilL of
phosphoric acid added and heated to the red for a few
minutes applying a Meker bumer. A clear solution was
observed after that and it was diluted, with 7.2M nitric
acid, to 10 ml. One milliliter was taken and diluted to 50
ml with 2% nitric acid.

Using this .solution, lead, uranium and thorium
content were deterrnined by ICP-MS. Lead and thorium
results were also confirmed by Inductively coupled
plasma atomic emission spectrometry (lCP-AES). Based
on the lead content, the sample solution dilution was
calculated in order to obtain a lead concentration around
20 Ilg L- I.

RESULTS AND DISCUSSION
ISOTOPE RATIO DETERMINATIONS

Many factors directly control the signal acquisition
process on the ELAN 6000 ICP-MS. However, several
ones are autornatically optimized through the Simplex
method. Others can be manually set-up, among them, the
dwell time, the number of sweeps/replicate and the
number of replicates/analysis. These three parameters
were selected in this study in order to determine the best
operation condition. InitiaIly, the default operation
conditions were applied and a high RSD was obtained.
Considering the different isotope ratios involved, better
results were achieved applying different dwell time for
each isotope, higher for 204pb, the least abundant, and
lower for 2ospb, the most abundant, according Platzner et
al. (1999).

Based on the ELAN 6000 operation manual (1997),
the dwell time for each isotope was calculated in order to
obtain 106 counts/replicate, using 200 sweeps/replicate.
Also based on that, it was chosen ten replicates/analyses.
As the sample volume required and the time expended for
each sample were too high, the same calculation was
performed for 500.000 counts and 6 replicates/analyses. It
was also included 202Hg, because of a potential isobaric
interference of 204Hg, a dwell time equal to that of 204pb
was chosen.

A 100 mg L'I' stock solution was prepared starting
from the NIST SRM 981 and diluted to 1.5, 7.5, 15, 30
and 45 Ilg L'I. InitiaIly, the isotope ratio was deterrnined
without a mass bias correction. Similarly, the same
procedure was performed using the results of the 10 Ilg
L'I standard solution to correct mass discrimination. The
results shown in Figure 1 demonstrate the efficiency of
this procedure. Nevertheless, lead concentration cannot
he higher than 20 Ilg L"1 in order to avoid dead time
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Table 3. Reproducibility observed for a lO~g L- I SRM 982
solution.

204/206 2071206 208/206
Reference value 0.027219 0.46707 1.00016

Mean value (n=9) 0.027782 0.46550 0.997151
RSD(%) 0.39 0.12 0.19

Relative error of the mean 0.13 0.04 0.06
(%)

Relative bias (%) 2.1 -0.34 -0.30

REAL SAMPLES
The lead, uranium and thorium contents of the three

analyzed monazite samples are shown in Table 4 and the
observed lead isotope ratio in Table 5. The observed
elevate RSD, for the lead isotope ratios and for the
elemental concentrations, reflect much more the sample
inhomogeneity than the analytical techniques themselves.
The monazite ages were calculated applying the U-Pb,
Th-Pb and Pb-Pb methods and the obtained values are
shown in Table 6. The agreement between the individual
results for each dating method as welI as among the
dating methods is very good. Moreover, the obtained ages
are in agreement with Brasiliano orogeny (Babinski et al.,
1999; SolIner & Trouw, 1997; Leite et al., 2(00). The
obtained Sugar Loaf Hill U-Pb age is in agreement with
the 560 My value announced during the 31 st International
Geological Congress (2000) using the SHRIMP method.

Table 4. Mean lead, uranium and thorium content of the
analyzed monazite sampIes (values in g kg- I

). "

Sample Lead Uranium Thorium
Buena 1.23 1.72 45.2

(1.7%) (0.3%) (1.7%)
Sugar Loaf Hill* 1.45 1.83 47.4
Black Sand Beach 2.31 1.20 58.9

(3.4%) (7.3%) (5.4%)
*Only two ahquot analyzed

Table 5. Mean observed lead isotope ratio.

Sample 2041206 207/206 208/206

Buena 0.00264 0.09786 7.9320
(8.0%) (3.1 %) (0.41%)

Sugar Loaf 0.00420 0.12072 8.3067
Hill (3.6%) (2.0%) (0.23%)
Black Sand 0.000624 0.06592 15.5244
Beach (29%) (5.8%) (1.9%)

Table 6. Obtained monazite ages (values in Ma).

Sample UlPb ThlPb PblPb Mean
a2e

Buena (542±2) (532±l) (544±3) (539±6)
Sugar Loaf Hill (560±7) (593±7) (601±37) (585±22)
Black Sand (535±13) (544±19) (527±50) (535±9)
Beach

Each Black Sand beach sample aliquot was analyzed
only once whereas the aliquots of the two other samples
were analyzed three times, and consequently, better
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isotope ratio preClSlons were obtained. Also, the
association of a higher thorium contentwith a lower
uranium concentration lead to a low 2°?Pb signal and to a
large standard deviation related to the Pb-Pb age.

Since the lead, uranium and thorium contents are
different; REE compositions were determined in order 10

clarify the genetic origins. The chondrite-normalized
REE content is shown in Figure 2. Ali monazite samples
have patterns with negative europium anomalies and with
similar light REE compositions. The HREE are
divergent, the largest difference being found for the
heaviest elements.

1'" ,---------;::========:::::;-)----....,.... &Ipr LoofHI
_.eue.

LII Ce '" NIl sm Eu Gd Tb 0, Ho Er T.. Yb lu

R.-_element

Figure 2. Rare-earth elements concentration, norrnalized to the
Chondrites, in the studied monazite samples. Chondrite values

are taken from Anders & Grevesse (1989).

Finally, the method was tested with older samples. A
thorianite sample from Amapa was obtained from the
Brazilian Nuclear Energy Commission. Three 10 mg
aliquots were taken, after total dissolution with HNOr
HF-HCI04, they were analyzed in the same way as the
monazite samples. The Th-Pb, U-Pb and Pb-Pb ages
obtained were 2152 ± 53 My, 2032 ± Il My, 2044 ± 6
My respectively, with a mean value of 2076 ± 66 My.
This value is coherent with the 2.08 ± 0.02 Gy age of the
Bacuri complex, Amapa, reported by Pimentel et al.
(2002).

CONCLUSIONS
The present study showed that, it is possible to obtain

useful monazite dating regarding precision and accuracy
when the acquisition setting parameters of the ICP-MS
Perkin Elmer-Sciex ELAN 6000 are optirnized.
Moreover, the use of monazite allows the direct
determination of lead isotope ratios without the need of a
chemical separation.
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INTRODUCTION
Apatite flssion-track thermochronology (AFIT) is a

temperature-sensitive technique applied to the
understanding of burial and exhumation of basement
rocks and sedimentary basins (e.g. Naeser et al., 1989;
Foster & Raza, 2002). This study describes the
application of AFIT to the southern Precordillera of
Argentina (Fig. 1), near the town of Potrerillos (Mendoza
Province), in order to constrain the thermal and tectonic
evolution of this area. Rock units developed in diverse
tectonic settings from the Paleozoic to the Cenozoic crop
out, limited by structures generated by Andean teotonics
(Ramos, 1999).

METHODOLOGY AND SAMPLlNG
Apatite fission track thermocronology (AFTT) is a

powerful tool for constraining the low-temperature
history of rocks over a range of 3-5 km (Raab et al.,
2002). Thus, AFIT can reconstruct the cooling history of
rocks as they approached the surface in response to
erosion and tectonic processes, and represent an ideal
method for studying the morphotectonic effects of
deformation.

AFTT is based on the spontaneous decaying of 238U
by nuclear fission, process that causes linear damage
tracks (the fission tracks) in the U-bearing minerai (in this
case, apatite). The number and density (number/area) of
spontaneous fission tracks is proportional to the 238 U
content of the apatite sample. This is compared to the
235U content, which can be achieved by irradiating the
sample in a nuclear reactor and inducing its fission and
the appearing of new tracks (induced tracks). This
isotopic relationship provides the fission-track (FT) age
of the studied sample.

We collected nine samples of different ages for
AFIT. They are Permian igneous rocks (granodiorites,
syenogranites and breccia vo1canic), Triassic volcano
sedimentary rocks of the Cuyo Basin and Miocene
sedimentary rocks (Fig. 2).

The Fission Track analyses have been carried out at
the LabQrat6rio de Geologia Isot6pica of the
Universidade Ferderal do Rio Grande do Sul. Apatites
were separated using convention al heavy liquid and
magnetic techniques, mounted in epoxy resin and etched
for 30s at 20°C in 0,5N HNü3. Neutron irradiation was
carried out in the IPEN-CNEN Reactor, in Sao Paulo,
Brazil. Ages were measured using the external detector
method (Naeser & McKee, 1970) with Kapton®

................ "-, .

1",".1 Sierras Pampcanas

* Sludyarea

IOOkm

Figure 1. Morphoteetonic units of the western Argentina and
location of the studied area.

detectors to record induced track densities. Thermal
neutron fluxes were monitored by measuring the track
density in muscovite mica attached to CN-I and SRM
612 standard glasses. Track counting was perfomed in
transmitted light at a total magnification of 1000 x (oil
immersion). Ages were calculated using the zeta
calibration method, and are expressed as central ages
(Galbraith & Laslett, 1993). The lengths of spontaneous.
fully etched, confined, horizontal fission tracks were
measured in four sampJes. The FT ages and track lengths
were lIsed to model thermal histories by using the Monte
Trax program (Gallagher & Sambridge, 1994). This
program applies the re!ationship between FT length
shortening and FT density redllction, as a function of
time/temperature conditions, based on the annealing
mode! obtained by Laslett et al. (1987) for the Durango
fluorapatite (0.4% wt of Cl).



RESULTS AND DISCUSSION
The obtained results (Fig. 2) demonstrate that the

central block (Permian basement samples Cuy-l, Cuy-59,
and Triassic Cuyo basin volcano-sedimentary samples
Cuy-3, Cuy-6 and Cuy-7), bounded by thrust (northwest)
and inverse (southeast) faults, contain the older central
ages (between 179 and 133 Ma). On the other hand, the
basement samples situated in the northwestern and
southeastern blocks (granitic bodies) yielded FT ages of
23 and 17 Ma, respectively. Ali these samples display FT
ages younger than their stratigraphie ages, representing
cooling (uplifting or denudation) events. Sample Cuy-17
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consists of andesitic c1asts from the framework of
conglomerates deposited at around 15.7 - 15.4 Ma
(Irigoyen et al., 2002). Its FT age (64.9 ± 7.6 Ma) is older
than the depositional age, probably representing a
provenance age (FT age of the source rocks).

The results suggest that the central block (older FT
ages), composed of volcanic and sedimentary units, and
passed through the partial annealing zone (PAZ) before
the lateral blocks, where granitoids crop out. The
juxtaposition of rocks of different crustal levels would
have occurred during the compressive Andean tectonics,
in the Tertiary.

D Qualernary sediments

: ': . Miocene continental sediment

Permo-earboniferous marine sediments

Paleozoie granodiorites

o Early Paleozoic marine sediments

2,5 Km

69"20'W 69"10'W
Figure 2. Geologieal map of the Potrerillos region, located in the southern Preeordillera of Argentina, showing the rock units (Early

Paleozoie to Cenozoic), the location of the analyzed samples and the fission-track ages obtained in the present work.
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Figure 3. Fission-track data mcxJelling obtained from Monte
Trax program for the Cuy-7, Cuy-6, Cuy-59 and Cuy-17

samples: best-fitting thermal history curves showing the four
different evolutionary phases for this samples. TRZ = total
retention zone; PAZ = partial annealing zone; TAZ = total

annealing zone. PI - P4 correspond to the phases cited in tex!.

The application of the annealing models (Fig. 3)
through the integration of FT ages and confined lengths
suggest four different evolutionary phases for the
volcano-sedimentary and basement rocks of the
Potrerillos region:

PHASE 1: during the Triassic, the thermal history of
the Cuyo Basin volcano-sedimentary samples shows a
progressive heating until they reached the PAZ (Early
Triassic). Synchronous uplifting of rift shoulders is
marked by a cooling trend obtained for the basement
samples.

PHASE II: the Jurassic is characterized by processes
of isostatic compensation between the rift shoulders
(where temperature increases) and depositional areas
(where a cooling trend is observed)' The shifting of bath
trends is related to the geostatic load balance between
basin and source areas.

PHASE III: from Cretaceous to Early Cenozoic, the
studied region apparently passed through a stabilization
phase, without significant tectonic and thermal
modifications. A slight increase of the temperature may
be related to changes in geothermal gradient.

PHASE IV: in the Miocene, an important change in
the evolution of the Potrerillos region can be inferred.
This period is marked by the transition from extensional
to compressi ve conditions, associated with the change in
the subduction angle of the Nazca plate beneath the South
American continent. This is weil constrained in the
thermal history modellings, which show a progressive
temperature decrease, possibly related to the differential
uplift of crustal blocks bounded by thrust and in verse
faults. During this time, there was probably the
juxtaposition of rock units formed in different crustal
levels, reflected in the difference between FT ages (17
and 23 Ma for granitoids and between 175 and 100 Ma
for volcano-sedimentary rocks) in contrasting blocks.
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CONCLUDING REMARKS
Apatite fission track thermochronology data provided

an important base for the characterization of the main
subsidence and uplift phases of igneous and sedimentary
rocks of the Argentine Southern Precordillera during
Mesozoic and Cenozoic times. During the Triassic,
thermochronological data refer to the evolution of the
Cuyo Basin, with subsidence and burial of volcano
sedimentary units and concomitant uplift of rift
shoulders. This phase was followed by isostatic
compensation (Jurassic) and a long period of tectonic
quiescence (Cretaceous to Early Cenozoic). A significant
uplift occurred during the upper Miocene that may be
related with changing from extensional to compressive
tectonic regimes. A differential uplift of blocks was also
distinguished, where a central block characterized by
volcanic and sedimentary rocks was juxtaposed with
basement blocks situated to northwest and southeast.
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INTRODUCTION
In the last decades, beachrock deposits have been

investigated in coastal zones around the world. Usually,
these deposits are identified in the coastline or near to
ri ver mouths in the tropical to subtropical littoral region
and are indicators of paleo-coast!ine markers. In the
global scenario, several researchers (e. g. Craig, 1961;
Stoddart & Cann, 1965; Alexanderson, 1972; Hudson,
1977; Suhayda et al., 1977; Holail & Rashed 1992;
Bezerra et al. 1998; Chaves, 2000) have discussed the
mechanisms governing their formation and significance
in recent littoral environment. Beachrocks are regarded as
the most common Holocenic feature and their relative
distribution in relation to the coastline attests to sea level
fluctuations during the Quaternary. Ground penetrating
radar helps investigating the architecture of outcrops that
are partially or totally buried. Carbon and oxygen
isotopes are used to estimate precipitation and post
depositional conditions and allow correlating these
deposits with sea level variation.

Several beachrock strings are known in northeastern
BraziJ (e.g. Bahia, Pernambuco and Rio Grande do
Norte). Barros & Sial (2001) described systematic
discontinuous beachrock alignments concordant with the
coastline configuration in the Cearâ littoral zone and
investigated carbon and oxygen isotope composition of
the beachrock carbonate cement. The outcrops are
exposed in a narrow intertidal zone, near river mouths or
as buried paleochannels. GeneraJly, they constltute
tabular bodies with gentle seaward dips, variable grain
size, and variable widths and lengths.

This study aims at investigating the isotope behavior
of carbonate cements of beachrocks located at Lagoinha
and Uruau beaches, State of Ceara. Comparison of
features observed in bath localities may inform the
temporal distribution and processes of beachrock
cementation on regional scaJe.

COASTAL GEOLOGICAL SCENARIO
Some morphological features of the Cearâ littoral

zone have been strongly dissected by internai and
external agents. The Lagoinha and Uruau beaches are part
of the scenario (Fig. 1). The geological units are similar
in these sites and are composed by Ban'eiras Fm
(Tertiary) and some quaternary deposits (marine terraces,
fixed and mobile coastal dunes and beachrocks).
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Figure 1. LagoirLha (A) and Uruau (B) beachrock outcrops,
State of Ceanl.

The tertiary Barreiras Fm. comprises uncon-so!idated,
coalescing alluvial fans that form gently seaward-dipping
surfaces. ln some places, these deposits reach the
coastline, forming active diffs that extend by several
meters. Massive detrital material composed of quartz and
angular feldspar grains in ferruginous matrix form
paleochannels in depressions in Barre!ras Fm,. which
represents an episodic sedimentation dunng the pflnclpal
deposition in littoral zone.

Quatemary marine terraces are composed by very fine
to coarse-grained, unconsolidated sandy sediments and
shell fragments. The aeolian deposits are formed by
active or fixed sand dunes which normally cover more
ancient sedimentary units and are composed by fine to
medium-grain size quartz sands; white in the recent dunes
and yellowish to orange in paleodunes. The fixed dunes
were installed as strandline shore over the cliffs on the
Barreiras Fm. sediments. The fixation of the aunes of
older generation is responsible for pedogenic processes
and vegetation. The younger unit (beachrock deposit)
presents some different features in these sites.

The sand stone beachrocks are compased of
terrigenous detritus sediments (e.g. quartz, feldspar,
heavy mineraIs), with medium to coarse-grain size, as
weil as biogenic fragments (e.g. molluscs, algae, coraJs)
whereas beachrock cement may vary from aragonite to
Mg-calcite (Stoddart & Cann, 1965; Alexanderson,
1972).

At the Lagoinha beach, two beachrock lines are
present. The outer !ine between the lower foreshore an.d
the upper shoreface zone is formed by tabulaI' beds, and IS
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composed of medium to coarse sandstone, sometimes
cong1omeratic, weakly cemented. The inner line is
partially buried by an aeolian strand1ine. Castro et al.
(2001), using ground penetration radar (GPR), mapped
two buried layers, one at 1.S and other at 4 meters below
unconsolidated quaternary sediments. The buried
outcrops have been truncated along the frontal boundary,
a feature that resulting from recent extensional
movements.

In Uruau beach, the outcrops forrn a l.Skm-Iong
body, parallel to coastline, exhibit subhorizontal bedding,
and are sometimes, covered by unconsolidated sediments.
A l.Sm thickness is exposed at ebbtide, and the body is
SOm wide in backshore zone.

The upperrnost surface of the outcrops has an
irregular shape due to erosion by tidal oscillations, wind
action and biochellÙcal agents. Potholes and cracks are
the most cornmon erosional features. Elongate potholes
are shallow structures that reflect the action of differential
erosion sometimes filled with rock or shell fragments and
beach sediments. Cracks are disposed in two preferential
directions, one perpendicular to the length of the outcrop
and another parallel to the coastline. The onset of these
structures could be associated to the mechanical action of
the waves, or to tectonic reactivation of the Meso
cenozoic coastal basins of the eastern portion of
northeastern Brazil. Sorne cracks are filled with lithified
sediments that suggest a late cementation, evidencing two
sedimentation events. Conglomerate layers composed by
rock and shell fragments occur intercalated in the
sandstone. Sedimentary structures include plane-parallel
lamination and mesoscale cross-bedding structures,
associated to tida1 environment.
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At the Lagoinha beach (Fig 2), Ô13C ranges from +1.9
to +3.1%OpDB whereas in Uruau beach, Ô13C values from
+O.S to +3.4 %OpDB were obtained. AlI Ô13C values are
positive, confirrning precipitation from a 13C-enriched
seawater. At the Lagoinha beach, these data reflect a
precipitation in shallow warrn seawater whereas, a carbon
isotope values at Uruau beach show a broader range, that
will be signifying a freshwater influx caused alteration in
the carbonate cement associated to exposure after
coastline regression or uplift correlated to quatemary
tectonic activity.

It has been proposed that positive Ô13C values for
marine deposits are possibly related to transgression
periods whereas negative values are correlated to
regression periods. The C-isotope systematic may be
proves to be a valuable tool in tracking sea level variation
during the quaternary.

Sedimentary structures observed in these outcrops,
such as mesoscale cross-bedding and plane-parallel
lallÙnation are diagnostic of partially-submerged beach
under low tide conditions, and under high tide,
respectively. Sedimentary structures in this study as well
as Ô13C values, support the assumption that carbonate
cement precipitated a transgressive marine environment.
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Figure 2. ô13e and ÔISO behavior in carbonate cement in the
two studied beachrock localities.

The results for carbonate cement in Lagoinha beach
present ÔISO values from -O.S to +O.4%OPDB, whilst in the
Uruau outcrops, Ôl80 ranges from -1.8 to +1.2%oPDB (Fig.
2). In both localities, oxygen isotope values vary from
positive to negative.

Applying the thermometric equation by Epstein at al
(1963) to estimate paleotemperature (TOC), temperatures
in the Lagoinha beach range from 15° to 19°C, while at
Uruau, temperatures vary from 14° to 24°C (Fig. 3).
Larger variation in Uruau beach may reflect one or more
successive phases of carbonate cement precipitation,
whilst in the Lagoinha beachrock, a progressive
temperature range was observed.

Although beachrocks at both localities were formed in
intertidal environment, the carbon and oxygen isotope
data reveal differences between the carbonate cements of
the two localities. It is likely that at Uruau, C and a
isotope data have undergone sorne post-depositional
modification.

CARBON AND OXYGEN ISOTOPE DATA
Lagoinha and Uruau beachrock outcrops were studied

and sampled. Stable isotopes were analyzed in beachrock
cements of a total of 29 samples from the two studied
localities. The samples were carefully prepared and
analyzed due to small quantity cement enclosing the
grains or filling void.

Samples were split into two populations, grains
cement and shells. To avoid the influence of carbon from
shells, samples contain shell fragments were discarded.

Norrnally, 20 to SOmg of powdered carbonate cement
samples were reacted with a 100% orthophosphoric acid
at 2SOC ovemight and the released COz gas, after
cryogenically cleaned, was analyzed in a SIRA II mass
spectrometer at the Stable Isotopes Laboratory
(LABISE, Federal University of Pemambuco) at Recife,
Brazil.

OXYGEN AND CARBON RESULTS
Temperature and salinity are parameters to lead the

carbon-oxygen isotopie behavior in the seawater, than
Climatic and environmental changes will be monitories
through beachrock carbonate cement studies. The oxygen
isotopie behavior reflects climatic changes, while carbon
isotopie behavior is associated to environmental
conditions during cement precipitation.
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Figure 3. Plot of variation of 8180 with temperature in both
localities.
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INTRODUCTION
.Isotopie dating of metamorphism in areas with

polymetamorphism and/or polyphase deformation at
high-T and moderate pressure is still a challenge in
geochronology. The construction of internaI (mineraI)
isochrons, e.g. in the Sm-Nd or Rb-Sr isotope systems,
requires three or more mineraIs with sufficient spread in
their SmlNd or Rb/Sr ratios in the peak-metamorphic
mineraI assemblage to demonstrate isotopie equilibrium,
i.e. that the mineraIs of the peak assemblage remained a
closed systems during slow cooling from high-T or
multiple heating. Zircon is generally suitable for dating of
high-T processes in the V-Pb system due to the
insignificant diffusion of Pb at most geologically relevant
temperatures (e.g. Mezger & Krogstad, 1997). However,
new growth of zircon in metasedimentary and
metaigneous rocks frequently occurs as overgrowths on
cores of inherited zircon, and dating of whole grains
using conventional V-Pb methods gives discordant
results. In situ V-Pb age deterrnination by high resolution
SIMS technology partially overcomes this problem, but
resetting of the V-Pb system in overgrowth patterns may
be incomplete if processes such as leaching or solid-state
recrystallization have taken place (Mezger & Krogstad,
1997; Hoskin & Black, 2000) and caleulated concordant
V-Pb ages from such overgrowth pattern are difficult to
interpret.

Titanite is a common metamorphic mineraI in
calesilicate rocks, which has long been recognised as
suitable for V-Pb dating. Having a closure temperature >
650 oC (review in Frost et al., 2000), titanite is suitable
for dating events up to upper amphibolite facies. This
case study from western Argentina presents V-Pb ages of
metamorphic titanite mainly from cale-silicate rocks that
occur within uniform upper amphibolite to granulite
facies rocks. The sampling strategy was aimed at
providing a regional documentation of the timing of peak
metamorphism over a wide area (c. 400 x 100 km; Fig.
1). Four to eight fractions of euhedral titanite from each
sample were analysed to evaluate the reproducibility of
the V-Pb ages, to check for the influence of accidentaI
inhomogeneity of the sample, different types of titanite in
the same sample, and analytical bias. The new age data in
combination with the interpretation of titanite chemistry
and observation of the mineraI assemblage and
metamorphic fabric show that: (1) titanite retained its

chemical composition and V-Pb signature once acquired
even under long-standing high-T conditions; (2) the
driving force for reequilibration of the V-Pb system in the
titanite was recrystallization during localized deformation
and not Pb - loss by diffusion in most samples; (3)
geodynarnic interpretation of a small number of ages may
be misleading in long-standing high-T regimes with
multiple thermal peaks and/or deformations, e.g. in the
mid-crust of continental magmatic arcs.

GEOLOGICAL FRAMEWORK AND PETROLOGY
The western margin of Proterozoic Gondwana has

been substantially reworked by metamorphism and
magmatism in an Early Palaeozoic mobile belt (ca 18° 
32°S) active from Cambrian to Silurian times (Fig. 1;
recent summaries for the area c. 30° - 32°S, Pankhurst &
Rapela, 1998; and for c. 18 - 2rS, Lucassen et al., 2000).
The metamorphism with widespread anatexis and
extended crust-derived magmatism indicates high
temperatures at a midcrustal level. High pressure rocks
typical of collisional teetonie regimes are unknown. The
mobile belt north of ca 28°S and the area east of the
Argentine Precordillera and south of ca 28°S formed part
of Gondwana throughout its thermo-tectonic evolution,
whereas the Argentine Precordillera is considered as an
exotic terrane (Fig. 1) with a possible Early Ordovician
docking age (e.g. Casquet et al., 2001). Published ages of
high-T metamorphism are c. 510 Ma in the southern Puna
(Fig. 1) and c. 470 - 460 Ma, with a possible continuation
of the high-T metamorphism into the Silurian - Devonian
(Fig. 1; Lucassen et al., 2000). Similar Late Cambrian
and Mid-Ordovician ages of metamorphism are reported
from the eastern Sierras Pampeanas south of c. 300 S
(Pankhurst & Rapela, 1998).

In the southern Puna and in the western Sierras
Pampeanas the bulk of the high-grade metamorphic rocks
have silici-clastic protoliths and form monotonous gneiss
- migmatite areas with little lithological variation. The
mineraI paragenesis of the gneiss-migmatite is quartz 
plagioclase - biotite - minor gamet with increasing modes
of potassic feldspar, alumino-silicate and cordierite in the
more pelitic compositions. Marbles, calesilicate rocks and
amphibolites occur locally within this unit, and are
common in a belt from the southern Puna stretching into
western Sierras Pampeanas. Their thickness varies
between dm and tens to hundreds of meters.
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Figure 1. Geological map, sample locations and sample
numbers. For titanite U-Pb ages see Table 1.

The typical minerai paragenesis of the caJcsilicate
rocks is calcite -uartz - plagioclase - clinopyroxene 
gamet and accessory titanite with epidote, scapolite and
amphibole in sorne sampIes. The temperature of
metamorphism at ail sample locations was above the wet
granite solidus as indicated by widespread anatexis of
pelitic compositions. The peak metamorphic paragenesis
is commonly preserved withoul thorough retrogression.
Deformation occurs at T close to peak-metamorphic
conditions in ail sample areas with subsequent high

Border of the Palaeozoic
, Mobile Belt

U-Pb AGES
The average values of 206pb/238U and 207Pb/235U ages

of five to eight different titanite fractions from each
sample are listed in Table 1. The titanite shows a high
content of radiogenic 206Pb ( 206Pbp04 pb > ca. 200 - 700)

in most calcsilicate rocks. Therefore, the uncertainties in
the common lead correction are minor. Most samp1es and
fractions plOI on or very close 10 the U-Pb concordia and
only one sample is clearly discordant. Differenl size
fractions of euhedral titanite from one sample yield
identical ages and no influence of the cooling history or
possible reheating is seen in their U-Pb systematics. In
addition, the chemical homogeneity of the titanites and
their appearance in the metamorphic fabric without
reaction textures largely exclude a multistage
development of titanite. The foJlowing discussion is
based on lhe assumption lhat the U-Pb ages present the
age of formalion of the titanite.

temperature recovery of lhe microfabric. Subsequent
deformation is located in shear zones (cm - km scale) and
overprints lhe annealed fabrics al high T and wilh no
change of the mineraI paragenesis.

U-Pb DATING
TITANlTE CHARACTERISTICS

Euhedral titanite forms part of the slable IIÙneral
paragenesis in the calcsilicate rocks. Optical zoning is
absent. Major element patterns from electron microprobe
analysis indicate no overgrowths, inheriled cores, or
graduaI core-rim diffusion zoning. We conclude from the
texturaI position of lhe titanite and from its compositional
pattern that il formed close to upper amphibolite facies
conctitions and has not been altered during retrogression.
Tborough deformation at high temperature in shear zones
is observed in the field and in the development of
microfabrics. DynaIIÙc recrystall.ization of the
metamorphic IIÙneral assemblage during deformation at
high-T leaves the stable mineraI assemblage unchanged
bul may reset the U-Pb isolope system in the titanite.

DISCUSSION
Reliable age dala of high grade metamorphic rocks

from Sierras Pampeanas and the Puna Plaleau are scarce
and only recenlly few U-Pb and Sm-Nd ages using
metamorphic mineraIs became available (norlhern Sierras
de Pampeanas; Büttner et al., in revision; 21-2rS;
Lucassen et al., 2000; ca 30-32°S; southern Sierras
Pampeanas and Argentine Precordillera: in Pankhursl and
Rapela, 1998). The Neoprolerozoic - Gambrian Pampean
orogeny and lhe Ordovician - Silurian Famatinian
orogeny have been previously constrained by lhe ages of
two distincl magmatic - sedimentary cycles (def. by
Aceiï.o1aza and Tose11i, 1976; see also Rapela et al.,
1998). Pampean (530 - 510) and Famalinian ages (470
420) are now weil eSlablished in the high temperature
metamorphic rocks in the soulhern Puna and weslern
Sierras Pampeanas (Fig. 1; Table 1). Famatinian ages
have been also found in high grade melamorphic rocks of
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the Chilean Precordillera at ca 21 oS (ca 470 - 420 Ma, U
Pb ages on titanite; unpublished data of F. Lucassen).

Table 1. Titanite average U-Pb ages of the samples in Figure
1. Sample AN-25 is a granite from the Archibarca

intrusion / Salar de Antofalla. Errors are 2 cr.

et al., 2001), high-T metamorphism and deformation
occurred after the possible collision of the Precordillera at
c. 460: 440, 430 and 420 Ma and possibly in the Early
Devoman, contemporaneous with metamorphism of the
Famatinian orogeny in the Sierras Pampeanas, the
southem Puna, and N Chile. Pampean and Famatinian
metamorphism and magmatism formed a large mobile
belt with more than 1400 km N-S extension of high-T
metamorphic rocks and mainly crustal-derived magmatic
rocks at the western edge of Gondwana. The observed
age patterns of metamorphic rocks imply that the inferred
accretion of the old and cold continental crust of the
Precordillera had no traceable effect on the thermal
regime and the focus of the magmatic arc at the former
leading edge. Further, inherited Laurentian 'Grenville'
ages are indistinguishable from inherited 'Sunsas' ages of
the Brazilian Shield and cannot be used to distinguish
between a Laurentia or Gondwana origin of the
Precordillera metamorphic rocks. The absence of
Neoproterozoic or Cambrian ages in the U-Pb
overgrowth pattern (c. 460 Ma) of 'Grenvillian' 1.1 Ga
zircons from a Precordillera migmatite is considered
typical for Laurentian Palaeozoic metamorphic rocks
(Casquet et al., 2001). These ages can be also interpreted
as autochthonous South American 'Sunsas' which has not
recorded any second thermo-tectonic event before 460
Ma (or 430 Ma in the case of sample 00-125). Terrane
accretion cannot be proven by the available petrological
data and would introduce additional complications to the
interpretation of the observed continuity of the thermal
regime. .

The ages of metamorphism and crustal-derived
magmatism indicate high temperature in the crust over a
time span of at least 50 Ma in Ordovician and Silurian
possibly 110 Ma from the Cambrian onwards. The bes~
here for the general geotectonic setting is a continental
magmatic arc, which provides the heat for metamorphism
and crust-derived magmatism along the considerable N-S
extent of the early Palaeozoic mobile belt (e.g. Rapela et
al., 1998; Lucassen et al., 2000). In the Ordovician 
Silurian, the observed age differences between the
samples are small but well defined and are interpreted to
represent different events of titanite crystallization. Age
differences (10 - 20 Myr) occur even at outcrop scale
(Sierra Torro Negro; Sierra de Maz) in the same rock
unit. Variations in the metamorphic grade are small and
mineraI compositions represent peak-metamorphic
conditions without complex compositional zoning and
little or no influence of retrogression. Metamorphic
conditions and fabrics show no variation with the
different ages. Spatially varying thermal peaks within the
magmatic arc could explain the different ages of
metamorphism between the distant outcrops. At the
outcrop scale, this explanation is less convincing because
relict mineraIs and textures of a previous stage of
metamorphism are absent. A commonly observed feature
is, however, the gradual transition of migmatite texture
into gneiss by deformation without changing the
metamorphic mineraI paragenesis. A feasible process to
create age differences at the outcrop scale would be
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(Ma)
514±2
525±3
523±7
515±6
452±1O
464±6
449±5
446±3

(Ma)
515±2
528±3
520±8
517±6
454±4
463±3
451±4
444±3

454±3

Rock Type

calcsilicate 432±2 433±5
calcsilicate 465±1 465± 1
calcsilicate 466±1 465±1
calcsilicate 425±4 424±5
calcsilicate 422±5 421±5
amphibolite 401±18 426±17
calcsilicate 443±3 443±2
calcsilicate 535±4 539±4

Intercepts at 432 ± 15 & 1208 ± 38 Ma
calcsilicate 428+6 43l±3

Location/Sample
Southern Puna
Hombre Muerto / 4-164 calcsilicate
El Penon /01-22 calcsilicate
01-24 calcsilicate
7-100 calcsilicate
Salar Antofalla / AN-25 granite
Cerro Plegado / AN-3-39 migmatite
Cazadero Grande / 01-35 calcsilicate
01-43 calcsilicate
Western Sierras Pampeanas
Sierra Toro Negro /01- calcsilicate
54
01-60
Sierra Espinales / 01-69
01-70
Sierra Umango / 01-80
01-89
Sierra De Maz / 01-108
01-111
01-116
01-125
01-128

Proterozoic ages of metamorphism seem to be absent in
the whole area. The age gap of ca 40 Ma between
Pampean and Famatinian metamorphism might be an
artefact of the still scarce data. The ages of Famatinian
crust-derived magmatism of Sierras Pampeanas and
south-eastern Puna (ca 495 - 460 Ma; e.g. Pankhurst et
al., 2000) suggest a continuation of the Cambrian high T
conditions in the crust during the Early Ordovician.

IS IT POSSIBLE TO DERIVE A GEOTECTONIC
SCENARIO?

Age data of metamorphic rocks have been used to
support. petrological evidence in the controversy
concermng the Laurentian origin and early Palaeozoic
accretion history of the Argentine Precordillera terrane
(Fig. 1; e.g Casquet et al., 2001). The new ages of
metamorphic rocks from Sierras de Maz, Umango,
Espinal, and Toro Negro (Fig. 1) show the complexity of
age relations: concordant V-Pb ages of c. 530, 460, 440,
430, 420 Ma and lower and upper intercept ages of c. 430
and 1200 Ma from strongly discordant titanite document
polymetamorphism and/or polyphase deformation.
Provided the proposed eastern boundary of the
Precordillera terrane is correct, the Sierras de Maz,
Umango, Espinal, and Toro Negro formed part of the
western leading edge of Gondwana (Fig. 1).
Metamorphism occurred in Sierra de Maz at c. 530 Ma,
before docking of the Precordillera terrane, and
contemporaneous and at similar high-T and moderate-P
as in the Pampean orogen of the eastern Sierras
Pampeanas, southern Puna, and N Chile. Given that the
docking age of the Precordillera was >460 Ma (Casquet
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recrystallization of titanite during repeated local
defonnation at distinct times but under similar P-T
conditions leaving the stable mineraI assemblage
unchanged. The presence of rigid matrix mineraIs such as
epidote, plagioclase, hornblende and clinopyroxene
makes recrystallization of the accessory titanite during
defonnation possible. Preferred orientation of titanite in
the metamorphic fabric is present in many samples. A
second important prerequisite for validity of this process
of local dynamic recrystallization at similar P-T
conditions but at different times is the absence of
important volume diffusion in titanite at temperatures of
the upper amphibolite to granulite facies and the absence
of unconstrained, inherited initial lead. Substantial
volume diffusion or significant heterogeneity of the
initial Pb can be excluded in most of our titanite samples.
Repeated defonnation is common in high-grade shear
zones in aIl sample areas and described in detail in the
northern Sierras Pampeanas (Büttner et al., in revision)
and southeastern Puna. Polyphase deforrnation is also
present in the Neoproterozoic to Cambrian sedimentary
rocks and their low to medium grade metamorphic
equivalents from Sierras Pampeanas (Willner et al.,
1987).
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INTRODUCTION
The Guaritas Formation (Robertson, 1966) crops out

in south-central Rio Grande do Sul State, near the town of
Santana da Boa Vista (Fig. 1). This unit comprises red
colored, arkosic, immature conglomerates, sandstones
and siItstones deposited under continental semi-arid
climate (De Ros et al., 1994) in the latest stages of the
Brasiliano!Pan-african Cycle (900-S00 Ma). The
sedimentation was accompanied by alkaline basaltic
magmatism, represented by the Rodeio Velho Member
(470 ± 19 Ma, Hartmann et al., 1998).

The Guaritas sedimentary rocks were deposited by
fluvial, fan-deltaic, lacustrine and eolian systems in a NE
trending, strike-slip or extensional basin (the Guaritas
Hemi-Graben, Paim et al., 2000). Stratigraphically, the
Guaritas Formation shows, at the base, alluvial and
fluvial deposits interlayered with the Rodeio Velho
basalts. Two desertic sequences (corresponding to the
Pedra Pintada Alloformation of Paim et al., 2000), with
predominant eolian dune and wet interdune deposits,
unconformably overlie the basal section. Laterally, the
eolian deposits are interfingered with lacustrine, fan-

deltaic and fluvial facies associations. At the top of the
sedimentary succession, an erosively unconformable
fluvial sequence (corresponding to the Varzinha
Alloformation) records inversion of paleocurrents and the
definitive outfilling of the basin.

Integrated provenance analysis of conglomerates
(clast-counting in outcrops), sandstones and siltstones
(petrography and isotopic analysis) would make it
possible to draw a model concerning the available (and
active) sediment source areas during the different stages
of deposition of the Guaritas Formation. Preliminary Sr
and Nd analyses were performed in 8 (eight) samples
corresponding to one interval located near the base of the
first desertic sequence, near the present-day eastern limit
of outcrop, near Santana da Boa Vista (see Fig. 1). The
sampled rock is a Scm-thick bed of a very indurated,
reddish siltstone (with grayish to greenish portions),
which caps red-colored sandstones of fluvial origin. The
results shown here indicate the appropriateness of
applying these isotopic systems to provenance studies in
the Early Paleozoic basins of southern Brazil.
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METHOnS AND PRELIMINARY RESULTS
The Sm-Nd isotopic system has been succesfully

applied to provenance studies of sedimentary rocks since
the early work of Nelson & DePaolo (1988). Different
terranes or crustal blocks show distinct 143Nd/I44Nd ratios,
ENd parameters and TDM model ages. When mechanically
disaggregated by weathering processes, the resulting
sedimentary load preserves the Nd isotopic signature of
the source rocks, allowing the recognition of the
provenance of detritus (e.g. McLennan et al., 1990). On
the other hand, the behavior of the Rb-Sr system is more
comp1ex during surface processes. For sedimentary rocks
with low content of c1astic detritus, high percentage of
newly-formed mineraIs (humid c1imate at the source area)
and deposited under the influence of ha1mirolysis and low
depositiona1 ratios, the Rb-Sr ana1ysis can provide the
depositiona1 age of these rocks (e.g. Thomaz Fi1ho, 1976;
Mizusaki, 1992). The prevai1ing conditions during the
deposition of the Guaritas Formation are exactly
opposite: semi-arid c1imate, dominance of physica1
weathering, absence of vegetation and soi1 profiles, long
1ived dry periods and short-lived rainstorms (flash-flood
dominated depositiona1 processes), and high subsidence
and burial rates. Associated with that, the fine-grained
rocks are, in fact, siltstones and not shales, and their
content of newly-formed (authigenic) minerais is very
low. These characteristics favor the application of
strontium contents and 87Sr/86Sr ratios (integrated with
petrography and Nd analyses) to the determination of the
provenance signal of the sedimentary rocks of the
Guaritas Formation.

AlI the procedures of sample preparation and analysis
were carried out at the Laborat6rio de Geologia Isot6pica
(LGI) of the Universidade Federal do Rio Grande do Sul
(Porto Alegre, RS). The samples show a high Rb content
(226 to 245 ppm) if compared to Sr (70 to 83 ppm), with
very high 87Sr/86Sr measured ratios, which range from
0.777791 to 0.793590. The Sm content ranges from 6 to
14 ppm, and the Nd varies between 39 and 85 ppm. The
143Nd/144Nd ratios spread from 0.511936 to 0.512028, the
ENd(O) is about -13 and the ENd(t=480Ma) concentrates
around -7, with TDM ages of lA to 1.5 Ga.

DISCUSSION AND CONCLUSIONS
The obtained results for the Guaritas sampies (plotted

in Figs. 2, 3) suggest a potassic source for these
sediments (high Rb/Sr ratios). This is coherent with the
dominance of K-feldspar (original average 13%) over
plagioclase (5%) in Guaritas sandstones pointed out by
De Ros et al. (1994). The very high 87Sr/86Sr ratios and
the absolute Rb and Sr contents (in ppm) find
correspondence mainly in the easternmost segment of the
Sul-rio-grandense Shield, the Dom Feliciano Belt
(Chemale Jr., 2000).

The syn-transcurrent (meta-)granitoids of the Dorsal
de Canguçu Transcurrent Shear Zone (DCTSZ in Fig. 1)
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(Quitéria, Arroio Francisquinho and Cordilheira), studied
by Koester et al. (1997), display similar Rb-Sr data (Fig.
2). The same rocks have Nd parameters (143Nd/144Nd and
ENd values, Frantz et al., 1999) compatible with the data
obtained here (Fig. 3), despite the older TDM ages of the
Quitéria granitoids (around 2.0 Ga). The contribution of
these syn-transcurrent granitoids to the framework of the
Camaqua Group conglomerates (in the Rincao dos
Mouras region, Fig. 1) was suggested by Caravaca
(1998), who stated that these rocks comprise 51 % (34%
turmaline-granitoids and 17% muscovite-granitoids) of
the counted c1asts.

The volcanic samples of the Acampamento Velho
Formation upper felsic association (see Almeida et al.,
2002 and this symposium), which are presently poorly
exposed in the focused region, also have Sr and Nd data
that fit very weIl with the Guaritas samples (Figs. 2 and
3). This inc1udes TDM ages of 1.3 to 1.6 Ga. In fact, the
presence of rhyolitic fragments in the sandstone
framework of the Guaritas Formation (maximum 11.8%)
was cited by De Ros et al. (1994).

Sorne samples of the Encruzilhada do Sul granitoids,
the results of which were presented by Cordani et al.
(1974) and Teixeira (1982), show similar Sr values and
are plotted in Fig. 2. One sample of the Encruzilhada do
Sul granitoids (a syenogranite) was analyzed for Sm and
Nd and yielded a lower 143Nd/144Nd ratio (0.511449) and
an oIder TDM age of 2.08 Ga (Babinski et al., 1997). The
contribution of sorne granitic facies of the Encruzilhada
do Sul granitoids, however, is not discarded, since this
unit shows a very wide compositional and texturai
variation (Vasquez, 1997), which could be reflected in
isotopic diversity (?). In terms of Nd parameters, sampies
from the Pinheiro Machado Intrusive Suite, also studied
by Babinski et al. (1997), have values that fit with the
Guaritas samples (inc1uding TDM ages of 1.37, lAI and
1.69 Ga).

By considering the obtained isotopic Sr and Nd
preliminary results for the Guaritas Formation, a
sedimentary influx provenant from an eastern outcrop
belt located near the Dorsal de Canguçu Transcurrent
Shear Zone is suggested. This sediment catchment area
would certainly not be composed by a single source rock,
but by variable lithologies and units. The predominant
sources would be the syn-transcurrent granitoids
(Quitéria, Arroio Francisquinho and Cordilheira),
volcanic felsic rocks (Acampamento Velho Fm.), and
subordinated collisional (Pinheiro Machado) and post
collisionai (Encruzilhada do Sul) granitoids (Fig. 4).
Other presently exposed units in the focused region, such
as the Encantadas Gneisses (more mafic and oIder) and
the Porongos Group (few data), should have been buried
or not available to be eroded during the deposition of the
studied interval of the Guaritas Formation.
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INTRODUCTION
The depth and stratigraphy of weathering profiles in

SE Brazil vary systematically from the interior towards
the coast. Along a 400 Km traverse, from Belo Horizonte
(Quadrilâtero Ferrifero region) to Rio de Janeiro (Fig. 1),
weathering profiles vary from deep (200 m on average,
and up to 400 m) and complete lateritic profiles in the
interior to shallow and incipient profiles at the coast. The
transition zone (Brazilian Atlantic Plateau) between those
two extreme profile types hosts truncated weathering
profiles with 40-80 m average depths, characterized by
deep saprolites capped or not by detrital cover, usually
composed of transported fragments of duricrust and other
weathered and unconsolidated materials.

Since time is one of the factors controlling the
formation of weathering profiles, we raise the hypothesis
that the variation in weathering profile depth may be
related to their ages. If this hypothesis is correct, older
weathering profiles should be preserved in the
Quadrilâtero Ferrifero (QF) region, intermediate age
profiles should occur along the Brazilian Atlantic Plateau,
and weathering profiles along the coast should be the
youngest. To test this hypothesis, we dated, by 40Ar/39Ar
method, 146 grains of K-bearing manganese oxides from
9 different weathering profiles from three distinct
geomorphological zones.

SAMPLING AND ANALYTICAL PROCEDURES
We selected 40 hand specimens from 9 weathering

profiles from 3 distinct weathering zones: (i) 4 lateritic
profiles in the QF region, (ii) 3 deep saprolites devoid of
hardcaps or sedimentary cover in the Brazilian Atlantic
Plateau, and (iii) 2 saprolites in the Parafba do Sul Valley
(Fig. 1).

Sorne samples were divided into 2 or more sub
samples, according to the presence of distinct generations
or growth bands of Mn-oxides in the same hand
specimen. A total of 54 samples (samples or sub
samples) were analyzed. Ali the sarnples were crushed,
and washed in ultrasonic bath (ca. 1 hour) with absolute
ethanol. For each sample, approximately 20-30 grains
(0.5-3 mm) of suitable Mn-oxides were hand-picked
under a binocular llÙcrosCOpe. Optical and electron
llÙcroscopy on polished thin sections provided
information on the llÙneralogy and paragenesis of Mn
oxides, and the possible presence of contallÙnants llÙxed
with the datable phases. After the scanning electron
llÙcroscope (SEMlEDS) analysis, representative grains
underwent spot electron llÙcroprobe analysis to quantify
the potassium content of the grain population selected for

argon geochronology. We used the facilities of the Centre
for Microscopy and Microanalysis at the University of
Queensland (CMM-UQ) for the llÙneralogical studies
(Scanning Electron Microscope Phillips XL30 and
Electron llÙcroprobe JEOL 8800L).

After petrographic and llÙneralogical analyses, 0.5-2
mm grains from the samples detefnùned to be K-rich and
devoid of primary contallÙnants were picked for
4OArp9Ar laser heating geochronology. These grains were
mounted in a 21-pit alullÙnum disk together with Fish
Canyon sanidine neutron fluency monitors, as shown in
Vasconcelos et al. (2002). Sorne of the disks (containing
38 samples/sub-samples) were irradiated for 30 hours at
the IPEN/CNEN IEA-Rl nuclear reactor (at The
University of Sao Paulo - USP) and analyzed at the
CPGeo-USP Argon Laboratory. A second set of disks
(containing 16 samples/sub-samples) were irradiated for
14 hours at the Oregon State University Triga Reactor
(OSU - CUCIT Facility) and analyzed by the laser
incremental heating 4OArP9Ar method at The University
of Queensland Argon Geochronology in Earth Sciences
(UQ-AGES) Laboratory. A total of 146 grains were
analyzed with 2-3 grains from each sample or sub
sample. The analytical procedures followed those given
by Vasconcelos (1999) and Vasconcelos et al. (2002).
Correction factors for samples irradiated at the IPEN
reactor are provided by Vasconcelos et al. (2002). We
also analyzed a series of international K-Ar and 4OAr/39Ar
standards: Aider Creek sanidine - 1.194 ± 0.007 Ma, GA
1550 biotite - 98.79 ± 0.54 Ma (Renne et al., 1998), and
HB3gr hornblende - 1072 ± Il Ma or 1079 ± 1 Ma
(McDougall & Harrison, 1999). Ali standards analyzed as
unknowns yield results within error from the
internationally accepted values.

RESULTS
Most of the grains analyzed are cryptomelane or

hollandite, yielding reliable geochronological results.
Space constraints do not pefnùt showing results for ail
grains analyzed. Representative data from each site are
illustrated in Fig. 2. The results we obtained from the
three distinct weathering zones (Quadrilatero Ferrifero,
Brazilian Atlantic Plateau, and Parafba do Sul Valley)
support the proposed hypothesis that older weathering
profiles are found inland, whereas weathering profile
ages decrease towards the coast.

In the QF region (Fig. 1), we sarnpled three different
sites along Serra da Moeda and one site at Sapecado
Mine (MBR Co.), located at the western and eastern
flanks of the Moeda Syncline, respectively. Surface
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samples 40-60 m below the top of the Serra da Moeda
(Varanda de Pilatos and Moeda Road sites, 1440 m and
1480 m elevation, respectively) yield plateau ages
ranging from 55.1 ± 0.7 Ma to 34.3 ± 1.3 Ma (Fig. 2.la).
Samples from 100 m below the top of the plateau (Serra
da Moeda Mine, southem part of Serra da Moeda) yield
results ranging from 24.5 ± 1.1 to 13 ± 4 Ma (Fig. 2.lb).
Surface samples from the Sapecado Mine (l400 m
elevation) yield plateau or forced plateau ages between
67 ± 3 and 59.1 ± 0.5 Ma (Fig. 2.lc). These results range
from terminal Cretaceous to Miocene, suggesting a
protracted history of weathering for the Quadrilâtero
Ferrifero profiles.

Three distinct sites (Barbacena, Sâo Joâo dei Rei, and
Dom Silvério; Fig. 1), in the Brazilian Atlantic Plateau,
distant up to 200 Km from each other, yield younger
results than those obtained for the Quadrilâtero Ferrifero
region. Incremental-heating .wArP9Ar analyses for grains
of Mn-oxides yield dates ranging from 9.97 ± 0.16 to
8.28 ± 0.05 Ma for the Barbacena profile (Fig. 2.2a),
12.74 ± 0.05 to 5.18 ± 0.08 Ma for the Sâo Joâo deI Rei
profile (Fig. 2.2b), and 10.31 ± 0.04 to 9.8 ± 0.3 Ma for
the Dom Silvério profile (Fig. 2.2c). AH three profiles
studied in this region yield compatible results, indicating
that the profiles preserved in the region contain supergene
mineraIs precipitated from the Miocene to Pliocene.

Two different sites, also approximately 200 Km apart,
were sampled at the Parafba do Sul Valley - Volta Grande
region and Resende Basin (Fig. 1). Manganese oxide
plateau ages from Volta Grande range from 4.2 ± 0.2 to
1.5 ± 0.7 Ma (Fig. 2.3a). One sample from the Resende
Basin yields a plateau age of 1.45 ± 0.04 Ma (Fig. 2.3b).
Despite the smaHer number of sampIes analyzed for this
region, the results obtained are consistently younger than
the results obtained for the Quadrilâtero Ferrffero and the
Brazilian Atlantic Plateau.
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CONCLUSION
The ages obtained for ail 146 grains so far analyzed

confirm the proposed hypothesis that weathering profiles
in southeastem Brazil increasein age from the coast
towards the interior. The results also indicate that the
depth and complexity of weathering profiles reflect the
longevity of their exposure to weathering conditions.
Stratified lateritic weathering profiles composed of
indurated hardcap, a moule zone, and deep saprolites are
older than 40 Ma. Deep saprolites (40-80 m), devoid of
major hardcap horizons have formed in the past 13 Ma,
and shallow weathering profiles, exposed at the saprolite
stage, are younger than 5 Ma.

The underlying mechanisms controlling the variation
in weathering profile ages are not yet determined. A
possible explanation for the trends observed is that
erosion rates are lower in the Quadrilâtero Ferrifero,
intermediate at the Brazilian Atlantic Plateau, and higher
at the Parafba do Sul valley. Further studies, using
techniques suitable to the measurement of erosion rates
(apatite fission track thermochronology, cosmogenic
isotopes, etc.), are necessary to test this hypothesis.

REFERENCES
McDougall, 1. & Harrison, T. M. 1999. Geochronology and

therrnochronology by the 40ArP9Ar method. Oxford Univ.
Press. 269 p.

Vasconcelos, P. M., 1999. 4OArp9Ar geochronology of
supergene processes in ore deposits. Economie Geology 12,
73-113.

Vasconcelos, P. M.; Onoe, A. T.; Kawashita, K.; Soares, A. J.;
Teixeira, W. 2002. 40ArP9Ar Geochronology at the Instituto
de Geociências, USP: Instrumentation, Analytical
Procedures, and Calibration. Anais da Academia Brasileira
de Ciências, 74(2),297-342.

50



Shorl Papers - IV Soulh American Symposium on /solope Geology

W46' W45' W44' W43' W42' W41' W40'

S18'

S19°

S2<)'

S21"

S22'

S23'

S24'
o

B 10 H izOflfi

50 100 150 200
i

Kilometers

• City

• Sa mpling sile

m

2720

2180

1630

1090

546

Figure 1. A regional digital elevation model for southeastern Brazil (source: TOP030, USGSIEROS Data Center) provides an
overview of the three weathering zones sampled in this study (black squares): Quadrilatero Ferrffero region - 1a- Varanda de

Pilatos, 1b- Moeda Road, 1c- Serra da Moeda Mine, 1d- Sapecado Mine; Brazilian Atlantic Plateau - 2a- Barbacena,
2b- Sao Joao dei Rei, 2c- Dom Silvério; Paraîba do Sul Valley - 3a- Volta Grande, 3b- Resende Basin.

SI



Short Papers -IV South American Symposium on Isotope Geology

.. '"N....
• d

QFSAP·2cGrain 2485-021S.QFMSM·2·1

2Ut:1.1 Ma~

Grain 0425-a1/Sam • QFMO·2-4

Grain 0219-021Samllie CDl-2b Grain 681-021SamDle SJFCa-3 Grain 0250-02fSarngle Tx6-3b

J
....

i--"'""""""

2a 2b 2c

10.12:t0.15 M.

~8.68:t0.03 M. L ~7.2.uO.12 Ma-\7.64tD.15~ ]:b ~r -,,~ D • G
~ H

-
l_fedAlNI·'.70*O.03 ... ltII-.dAae. 7.44 * 0.01 MlI "._fedA".·'O._*O." ...

o ......__-""';z;:=.:;:A~•..;60.="::.:*::.;O:;;;.,:.:.'..;.,.::=.._--' ......_-..;==;;==_.,;.;31;.;*::.:'.,.;MlI;;;;;;;.. ....... L.__"::::E:=~==::':"=- -I

4

o

..:
1__======:=:;:;:;:::======:==~".0lH1------------~__tI------------~~1" • d

la lb i 87
:t3 MIIJl11C

20

20

",'"
N

•••
• d

10100tGo5
eumulllllWl "'-Ar Illla..ed

Grain 1970-02JSamDle VG-1-1 Grain 1983-01/Samole VG·2-2d Grain 0208-01/SamDIe Mod-12
1

1~
3a 3a 3b

3.63 :t 0.08 Ma 4.00 :t 0.01 M.

,- ~

li
G H

j
D E '-r

1A6 t: 0.04 Ma

----r-' IntearafedAtle- ;.'1*0.08 Ille

t

Inleœ'8ted Aae • 3..*0.01 Ille IntearatedAae. 4.00*0.08 Ma
• •o

o

10

Figure 2. Ineremental-heating speetra for representative samples from the nine weathering profiles seleeted for this study:
la- Moeda Road, lb- Serra da Moeda Mine, le- Sapecado Mine; 2a- Barbacena, 2b- Sâo Joâo deI Rei, 2e- Dom Silvério;

3a- Volta Grande, 3b- Resende Basin.

52



Short Papers - IV South American Symposium on Isotope Geology
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INTRODUCTION
Time between accretion of the Earth (4.56 Ga) and

the first extensive rock record (-3.8 to 4.0 Ga) is known
as the Priscoan. This >600 Ma period witnessed sorne of
the most important events in the planet' s evolution,
including accretion and formation of the core, initiation
of the magnetic field, the mega-impact that formed the
moon, the loss of the proto-atmosphere and stabilization
of the hydrosphere. These events had a major influence
on the subsequent geological evolution of the planet and
on development of the biosphere.

Unfortunately, the record of Earth's early Archaean
crustal growth is cryptic and incomplete. Evidence from
achondritic meteorites indicates that growth of protocrust
and core formation on planetesimals occurred essentially
contemporaneously, within <35 Ma of the formation of
the solar system (Schoenberg et al., 2002a). Although
detrital zircons of up to 4.4 Ga occur in much younger
Archean sedimentary rocks in the Jack Bills of the
Yilgarn craton (Nelson et al., 2000; Wilde et al., 2001),
the only direct record of existence of rocks oIder than 4
Ga are granodioritic Acasta gneisses from the Slave
craton, Canada (Stern & Bleeker, 1998; Bowring &
Williams, 1999).

The age of the oldest terrestrial rocks is not an issue
of rock formation, but one of preservation given that
Earth's Priscoan surface environment would have been
extremely dynamic due to meteorite impacts (Greive,
1980; Abe, 1993). As a result, it is likely that (basaltic?)
protocrust would have been efflciently recycled into the
mantle with the onset of subduction. Thus the oldest
crustal rocks must have formed in an environment that
promoted preservation. This most likely relates to the
formation and stabilizing effect of sub-continental
lithospheric mantle that acts a mechanical and thermal
boundary layer, preserving crust from recycling into the
mantle. As a result, preservation of the oldest terrestrial
rocks must be related to the dynamics of Priscoan and
post-Priscoan magmatic and tectonic processes.

Discoveries that have provided information regarding
the character of Priscoan crust include:
• - 4.0 Ga zircons in granodioritic gneisses in the Acasta
Gneiss Complex in the Slave craton, Canada (Stern &
Bleeker, 1998; Bowring & Williams, 1999);
• Extremely ancient zircon grains (up to 4.4 Ga) in
quartzites and conglomerates from Western Australia
(Wilde et al., 2001). In addition to preserving a Pb
isotope record of periodic thermal reworking (Nelson et

al., 2000) these ancient zircons also show O-isotope
compositions interpreted to indicate involvement of low
T fluids in melt generation (Peck et al., 2001).
Importantly, many of these >4 Ga zircons contain
inclusions of quartz and monazite (Maas et al., 1992)
which indicates presence of silicic lithologies on the
Priscoan Earth;
• The recent revised 176Lu decay constant (Scherer et al.,
2001) requires reinterpretation of Hf-isotope data for
terrestrial crust via remelting of Priscoan crust with
relatively low Lu/Hf (Kramers, 200 1);
• 142Nd isotope anomalies in clastic metasediments from
the Isua Greenstone Belt (Harper & Jacobsen, 1992)
require the Priscoan mantle reservoir to have had an
elevated SmJNd ratio. This ultra-depleted reservoir had
been identified previously with Nd isotopie data for early
Archaean ultramafic rocks from the North Atlantic
Craton (Collerson et al., 1991; McCulloch & Bennett,
1994);
• Pb-isotope composition of galena (Frei & Rosing,
2001), metasediments and> 3.8 Ga tonalite gneisses
(Kamber et al., 2003) from SW Greenland and Northern
Labrador requires coexistence of melt sources with UlPb
different to the contemporary mantle. These Pb isotopie
compositions are interpreted to reflect existence of a
moderately high 0 mantle source as weIl as remelting of
high UlPb Priscoan crust, possibly older than 4.3 Ga;
• Existence of negative 182W isotope anomalies in
metasediments from the North Atlantic Craton
(Schoenberg et al., 2002b) are the only direct evidence of
the lunar late heavy meteorite bombardment on Earth (cf.,
Tera et al., 1974). This discovery requires weathering of
Priscoan crust and supports the evidence provided by
anomalous 142Nd-isotope ratios in Isua sediments;
• Nbrrh and Nb/U ratios clearly indicate fluid-enhanced
element transport into the supra-subduction zone source
of the oldest TTG gneisses by -3.75 to 3.8 Ga (Collerson
& Kamber, 1999, Kamber et al., 2002). They contrast
with the plume-like geochemistry of -3.9 Ga Fe-rich
Nanok orthogneisses from Northern Labrador.

The cryptic record of the oldest rock suggests that
during initiation of subduction, terrestrial protocrust was
largely recycled into the mantle, because of the lack of a
stabilising mantle lithosphere. Prior to subduction, the
rigid protocrust formed a single plate without a deep
lithospheric mantle root (Collerson & Kamber, 1999).
The essential requirement for preservation of aIl :::3.8 Ga
terrestrial crustal material was the intrusion of
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voluminous TIG granitoids. These arc generated
magmas formed via subduction of hydrated oceanic
lithosphere and in the process induced creation of a
lithospheric keel from the buoyant depleted mantie
wedge that represents the residue of melt extraction
(Frankland et al., 1998).

THE NORTH ATLANTIC CRATON
Altbough gneisses in the North Atlantic Craton (Fig.

1) experienced a complex igneous and tectonothermal
history between --4. and ~ 1.8 Ga, regional mapping has
shown existence of low strain domains where protolith
relationships and relative stratigraphies can be inferred
(e.g., Collerson et al., 1976; Myers, 2001). These
domains preserve sorne of the most important sequences
for establishing processes of early Earth evolution (e.g.
Nutman & Collerson, 1991; Collerson et al., 1991;
McCullach & Bennett, 1994; Frei & Rosing, 2001;
Kamber et al., 2003; Schoenberg et al., 2üü2b; Nutman et
al., 1999; Rosing 1999). Although > 3.8 Ga gneisses in
West Greenland have yielded important information
about the early Earth the potential of similar age
sequences in Northern Labrador has largely been ignored,
due mainly to logistics of field work in the area.

Ketllidlan
Orogen

~tlantic Ocean

1.00 km

Figure 1. Pre-drift reconstruction of the North Atlantic Craton.
Early Archean crust occurs in the Saglek Block in Labrador,

and in the A.kulleq and Maniitsoq lerranes in West Greenland
The craton is surrounded by Paleoproterozoic and

MesoprOLerozoic orogens. (Nter James et al., 2002).

LABRADOR RELATIVE CHRONOLOGY
Deciphering the crustal history of the gneiss complex

has been based on a relative chronology, established
using intrusive relationships between protoliths and on
the occurrence of a distincti ve suite of feldspar-phyric
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mafic dykes which were emplaced at ~ 3.2 Ga (Collerson
et al., 1984). These Saglek and Amerilik dykes are
ubiquitous in crust dominated by early Archean gneisses
in the Saglek Black and the Akelluq terrane in Labrador
and Greenland respectively (Fig. 1). The relative
chronology of events in the evolution of early Archean
crust established in coastal exposures of the Saglek Block
between Saglek and Hebron is given in Table 1.

Table 1. Relative Pre-Saglek Chronology in Northem Labrador

(8) Emplacement of protoliths of Uivak II gneiss
(~3.4 Ga).

(7) Thermotectonism and intercalation of
supracrustals and orthogneisses (3.5 - 3.6 Ga).

(6) TIG protoliths of Uivak 1 gneiss (~3.7 Ga).
(5) Emplacement of mafic dykes.
(4) Thermotectonism and intercalation of

supracrustals and orthogneisses (3.8 Ga).
(3) Intrusion of Mentzel igneous suite - gabbro &

anorthosite.
(2) Erosion of Priscoan crust and deposition of

protoliths of supracrustals (pre-3.80 Ga) clastic,
BIF, chemical, biogenic sediments & eruption of
komatiite and basait.

(1) Emplacement of Fe-rich monzo-dioritic
protoliths of pre-3.95 Ga Nanok gneisses
(Collerson, 1983) into pre-existing Priscoan
crus!.

This chronology forms the basis for continuing
research on aspects of Earth's early evolution in the
gneiss complex of Saglek-Hebron of the North Atlantic
Craton. Several highlights of this research are
summarized below.

W ISOTOPIC EVIDENCE OF DEBRIS FROM THE
LATE HEAVY METEORITE BOMBARDMENT

Extensive carly Archean TTG gneisses in SW
Green land and Northern Labrador potentially preserve
enclaves of Priscoan crust, or its erosion products. This
possibility was suggested by Harper & Jacobsen (1992)
and Caro et al., (2002) using existence of anomalous
142NdlI44Nd [caused by the decay of short-lived 146Sm (T
I12=J 03 Ma)] in sediments from lsua. It was recently
confirmed by Schoenberg et al., (2002b) who reported
anomalous 182W isotopie compositions [retlecting decay
of 182Hf (T 112=9 Ma)] in pre 3.75 Ga cJastic and chemical
metasediments from Northern Labrador and Greenland.
Sediments containing these isotopie anomalies were 'not
derived from the supracrustal units, but have a source
component derived from Priscoan protacrust that
contained meteorite-derived debris (Fig. 2).

Basins in which these sediments were deposited
con tained Priscoan zircons in reworked quartzites
(Nutman and Collerson 1991). These metasediments thus
hold clues to the nature of the weathered and eroded pre
3.8-4.0 Ga crus!.
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Figure 2. Covariation between DW and Crrri. Sediments
define a log fit (r2=O.92) passing through the compositions of

carbonaceous and eÎ1statite chondrites.
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protocrust with a 238VP04Pb (Jl) that was ca. 20-30%
higher than coeval mantle. The high-Jl signature is most
evident in metasediments (that formed at the. Earth's
surface). The Pb-isotope evidence for a long-lived
protocrust complements similar Hf-isotope data from the
Earth' s oldest zircons, which also require an origin from
an enriched (1ow LulHf) environment.

With the initiation ofterrestrial subduction at ca. 3.75
Ga, most of the ~ 3.8 Ga basaltic she11 (and its
differentiation products) was recycled into the mantle,
becausè of the lack of a thick stabilising mantle
lithosphere. The key event responsible for preservation of
a11 ~3.8 Ga terrestrial crust was intrusion of voluminous
granitoids fo11owing initiation of global subduction, with
preservation possible because of complementary creation
of a lithospheric keel.

THE EARLY BIOSPHERE
Figure 4 shows that laminated calcsilicates from pre

3.8 Ga supracrustal sequences from Northern Labrador,
that contain anomalous W isotopie compositions, have
identical REE patterns to those described from
Palaeozoic Proterozoic and Late Archean carbonates by
Kamber and Webb (2001. There is close resemblance and
a strong indication that the >3.6 Ga sample has preserved
its chemical integrity. lt is an approximation to the REE
chemistry of very ancient seawater (with positive La, Eu,
Gd and Y anomalies). This exciting finding must be
corroborated with further samples from outcrops with
carefu11y described relative age relationships. These REE
signatures are an excellent proxy for seawater providing
valuable information about the chemistry of the early
hydrosphere and the antiquity of the biosphere.

100. 10

Uivak feldspars:
model 2 date = 4583±100 Ma

MSWD= 385

Nanok feldspars:
model2 date = 4242±120 Ma

MSWD = 187
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Figure 3. Secondary Pb-isotope regression lines for Nanok
(grey solid circles) and Uivak gneiss (open circles) feldspars.

Regression line shown is for Nanok feldspars.

Pb ISOTOPIC' EVIDENCE FOR PRISCOAN
CRUST

Comparison of initial Pb-isotope signatures of several
early Archaean (3.65-3.82 Ga) lithologies (orthogneisses
and metasediments) and mineraIs (feldspar: Kamber et
al., 2003; and galena: Frei and Rosing, 2001) implies the
existence of substantial isotopie heterogeneity in the early
Archean, particularly in the 207PbP 04pb ratio. A high JlI
source is evident from the secondary feldspar isochrons
obtained for >3.8 Ga Nanok and Itsaq gneisses (Fig. 3).

15.0 ,-----,------,-----,----,------,-----,--~

Although the slope of such 'isochrons' has no direct
age significance (being the result of Pb-isotope
rehomogenisation at ca. 1.85 Ga), the important
observation is that the Nanok regression line does not
intersect the mantle evolution curve near the protolith
age, but at a much younger mantle model age. This
indicates derivation from a high Jl source, as discussed by
Kamber et al. (2003). The magriitude of isotopie
variability at 3.82-3.65 Ga requires source separation
between 4.3 and 4.1 Ga, depending on the extent of V/Pb
fractionation possible in the early Earth. If V/Pb
fractionation was similar to that experienced by lunar
rocks, the minimum age of Priscoan crust is ca. 4.1 Ga, if
it was less severe, crust-mantle separation must have
occurred between 4.3 and 4.4 Ga. The isotopie
heterogeneity probably reflects separation of a terrestrial

0.001
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Figure 4. Shale normalised REE+Y pattern for an early
Archaean Nulliak Assemblage cale-silicate rock (solid squares)
is very comparable 4> un-metamorphosed 2.54 Ga Gamohaan

stromatolites from South Africa (Kamber & Webb, 2001)
shown as open drcles.

CONCLUSIONS
Cryptic evidence for Priscoan crust in the North

Atlantic Craton yields information regarding: (1) the
nature of pre-subduction zone igneous rocks that hosted
the oldest terrestrial mineraIs (zircon); (2) the surface
environment during late heavy meteorite bombardment;
(3) the nature of the early hydrosphere and biosphere.
These observations are clearly important for mode1s of
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Earth's early evolution. Results clearly have implications
in the search in other cratons for remnants of Priscoan
crust. They also provide useful information relevant to
planetary comparison.
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INTRODUCTION
Ce~ozoic continental basin deposits of southeastem

Brazil contain sediments that were derived primarily from
the Precambrian crystalline basement during several
pulses of uplift, subsidence and erosion during the
Phanerozoic. The crystalline rocks that make up the
basement in this region represent a mosaic of different
crustal blocks that were amalgamated and tectonized
during the Brasiliano Orgeny at the end of the
Neoproterozoic. Because the different crustal blocks
within this region are quite heterogeneous in terrns of
their Nd isotopic signatures, we decided to study the
relationship between basement rocks and Cenozoic
deposits using Sm-Nd studies in order to understand
sediment provenance and to evaluate the degree of
intermixing between different sources during erosion,
transport and deposition. In this study we present Nd data
obtained from crystalline basement rocks, Cretaceous
alkaline intrusions and minor Cenozoic continental
deposits in southeast Brazil and discuss the significance
of these findings.

PRECAMBRIAN BASEMENT
The rocks that make up the Precambrian crystalline

basement in southeast Brazil include Archean to
Paleoproterozoic orthogneisses and paragneisses,
Paleoproterozoic to Neoproterozoic supracrustal rocks
and Neoproterozoic plutons generated during Brasiliano
orogenesis. Our Nd data obtained from these different
rocks display a wide range of isotopic signatures and are
in line with other Nd studies of the regional crustal
architecture (e.g. Sato, 1998; Cordani et al., 2000; Dantas
et al., 2000). Archean and Paleoproterozoic gneisses yield
T(DM) model ages between 3.28 and 2.25 Ga, with
epsilon Nd (t=O) values from -42.9 to -19.5, respectively.
Supracrustal rocks and brasiliano granitoids display
T(DM) model ages between 2.28 and 1.30 Ga and epsilon
Nd (t=O) values from -23,8 to -7.2 (Table 1). The
granitoids and supracrustal rocks with older Nd
signatures indicate the influence of older crust in their
formation, while younger values indicate asthenospheric
mantle contributions (in the case of granitoids), or
sediments derived from juvenile Neoproterozoic island
arcs.

CRETACEOUS ALKALINE INTRUSIONS
A series of late Cretaceous alkaline bodies intrude the

basement along the 1250 AfZ lineament running from
Poços de Caldas, MG to Rio de Janeiro, RJ. Although the
emplacement ages and sizes of these intrusions are
variable, Nd analyses of nine different samples along this
lineament show a remarkable consistency in their isotopic
signatures. T(DM) model ages occupy an interval
between 0.90 and 0.75 Ga (with most mode1 of the ages
between 0.80 and 0.84 Ga; see Table 1) and the epsilon
Nd (t=O)values range from -7.1 to -4.6. In addition to
their relatively homogenous isotopic signatures of these
bodies, they are also distinctly different from the Nd
values of the Precambrian basement. The uniqueness of
these younger signatures makes them useful in that their
eroded remains should be easily identifiable in younger
Cenozoic deposits. We attribute the homogeneous
signatures of these alkaline intrusions their derivation
from a homogenous mantle source, probably the
Trinidade plume, and their rapid emplacement, hence
minimal interaction with the sUITounding country rocks.

CENOZOIC DEPOSITS
In this study, we sampled and perforrned Nd analyses

on Cenozoic sediments from the Tanque Basin and other
local continental deposits in the region (see Table 1). The
results obtained thus far show the local deposits to have a
relatively high degree of isotopic heterogeneity. On an
outcrop scale, it is possible to observe large differences in
Nd signatures from one layer to the next. The most
notable example is seen in sample outcrop SB-36 of the
Santa Isabel-Igarata deposit (table 1) where two distinct
layers, A and B, yield T(DM) mode1 ages of 3.07 and
1.67 Ga and epsilon Nd (t=O) values of -39.5 e -18.9,
respectively. In principle, layer A would have been
derived from an Archean source, while layer B probably
reflects derivation from a brasiliano granitoid. Other
examples of the variable isotopic signatures in these
deposits can be seen in Table 1. These altemating sources
suggest that the infilling of these smaller basins involved
pulses of deposition in which clastic material came from
various individual sources, being eroded and transported
during discrete events in local hydrographic basins.
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Table 1. S~d results from crystaIline basement and Cenozoic deposits insoutheast Brazil.

Sample Locale! Basin

H540 ortogneiss Faixa Alto Rio Grande 46.7 8.1 0.10460 0.511428 -23.6 2.26
H543 ortogneiss Faixa Alto Rio Grande 8.4 1.7 0.11850 0.511641 -19.5 2.25
H587A ortogneiss Faixa Alto Rio Grande 20.9 4.3 0.12320 0.511129 -29.4 3.28
H601 ortogneiss Faixa Alto Rio Grande 38.9 6.0 0.09352 0.510692 -38.0 3.02
H607A ortogneiss Faixa Alto Rio Grande 34.9 5.2 0.09077 0.510438 -42.9 3.28
H620 ortogneiss Faixa Alto Rio Grande 7.7 1.5 0.11710 0.511594 -20.4 2.30
H684 ortogneiss Faixa Alto Rio Grande 139.2 26.6 0.11540 0.511553 -21.2 2.29
Precambrian crvstalline rocks - Brasiliano granitoids and supracrustal rocks (sorne examples)
H360 granitoid Piedade-SP 184.6 25.1 0.08224 0.511420 -23.8 1.88
H514 granitoid Ibiuna-SP 239.8 36.1 0.09105 0.511507 -22.0 1.91
H535 granitoid Inconfidentes-MG 10.3 1.7 0.10060 0.511941 -13.6 1.48
H597 gqlIlitoid Igarata-SP 43.0 6.1 0.08624 0.511459 -23.0 1.90
H687A schist CambuQueira-MG 20.0 4.1 0.12420 0.512271 -7.2 1.30
H511A metapelite Sao Roque-SP 35.9 6.5 0.11030 0.511500 -22.2 2.28
Cretaceous alkaline intrusions (sorne examples)
H696 alkaline Pocos de Caldas-MG 44.6 7.0 0.09530 0.512404 -4.6 0.82
ATF5 alkaline Passa Quatro-MG 243.0 31.2 0.07760 0.512338 -5.9 0.80
ATF6 alkaline Passa Quatro-MG 87.1 11.3 0.07870 0.512313 -6.4 0.83
ATF7 alkaline Passa Quatro-MG 101.3 13.0 0.07730 0.512300 -6.6 0.84
ATF8 alkaline Passa Quatro-MG 144.7 18.8 0.07860 0.512382 -5.0 0.75
HE 987 alkaline ltatiaia-RJ 239.0 32.6 0.09060 0.512359 -5.4 0.80
CAAlB alkaline ltauna-RJ 86.2 ILl 0.07800 0.512338 -5.9 0.80
CAA2 alkaline Marapicu-RJ 24.1 3.2 0.81200 0.512276 -7.1 0.88
CAA3 alkaline Morro dos Gatos- RJ 1055.6 174.2 0.09970 0.512370 -5.2 0.90
Cenozoic sediments (TanQue basin and local desposits)
SB02A sediment TanQue 8.4 54.0 0.09350 0.511606 -20.1 1.81
SB04 sediment TanQue WU 16.1 0.09650 0.511595 -20.4 1.87
SB07 sediment Vargem 104.6 13.4 0.07730 0.511751 -17.3 1.44
SB 13 sediment B.J. dos Perdoes 26.1 3.5 0.08090 0.511622 -19.8 1.63
SBI4 sediment BJ. dos Perdoes 38.4 6.3 0.09890 0.510456 -42.6 3.46
SBI5 sediment Dom Pedro-Jarinu 46.8 4.6 0.05980 0.511356 -25.0 1.67
SBI9 sediment BJ. dos Perdoes 14.0 2.3 0.10040 0.511884 -14.7 1.56
SB20 sediment Santa Isabel-Igarata 224.1 35.0 0.09450 0.511429 -23.6 2.06
SB21 sediment Santa Isabel-Igarata 44.9 7.2 0.09730 0.511626 -19.7 1.85
SB2A sediment Santa Isabel-Igarata 54.0 8.4 0.09350 0.511606 -20.1 1.82
SB36A sediment Santa Isabel-Igarata 39.5 6.1 0.09320 0.510615 -39.5 3.11
SB36B sediment Santa Isabel-Igarata 54.7 8.0 0.08842 0.511671 -18.9 1.67
SB4lB sediment Santa Isabel-Igarata 33.1 4.8 0.08847 0.511719 -17.9 1.61
SB41C sediment Santa Isabel-Igarata 42.3 6.3 0.09063 0.51165 -19.3 1.73
SB43C sediment Santa Isabel-Igarata 29.4 4.2 0.08635 0.511782 -16.7 1.51
SB45 sediment Atiabaia-Jarinu 33.0 5.3 0.09747 0.511648 -19.3 1.83
SB50 sediment Batatuba 41.9 6.8 0.09740 0.511522 -21.8 1.99
SB51 sediment Batatuba 14.2 1.9 0.07940 0.511464 -22.9 1.79
SB53 sediment Santa Isabel-Igarata 31.5 5.1 0.09780 0.511479 -22.6 2.06
SB59 sediment Pinhalzinho 51.8 8.3 0.09730 0.511784 -16.7 1.65
SB63 sediment Pedra Bela 55.5 8.6 0.09360 0.511484 -22.5 1.98
SB64 sediment Pinhalzinho 40.9 5.4 0.07970 0.511699 -18.3 1.53
SB65 sediment Rio Jaguari 114.1 18.5 0.09790 0.511648 -19.3 1.84
SB71 sediment Jarinu 38.4 5.8 0.09190 0.511546 -21.3 1.87
SB72 sediment Jarinu 11.7 2.0 0.10130 0.511768 -17.0 1.73
SBJ 01 sediment Jundiai 42.9 8.1 0.11390 0.511739 -17.5 1.99
SBJ02 sediment Jundiai 26.3 4.1 0.09331 0.511516 -21.9 1.94
SBJ03 sediment Jundiai 18.8 2.9 0.09418 0.511633 -19.6 1.80
SBJ04 sediment Jundiai 27.9 4.7 0.10060 0.511541 -21.4 2.03
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In eontrast, transport via a major fluvial system, or
mixing in a large lacustrine setting, would have the
tendeney to homogenize sediments from various
sources, resulting in more unifonn isotopie signatures
in the deposits. This homogenizing phenomena is seen
to a fair extent in the sediments of the Taubaté basin
(Sant'Anna et al., this symposium) where many
sediments in the central part of the basin display
T(DM) model ages between 2.2 and 1.8 Ga.
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Table 1. Sites, vegetation types and geographic coordinates
of COz sampling.

large source of uncertainty in global carbon cycle models
(Trumbore, 1993) and, presently, there is no adequate
model describing the 14COz distribution in soils.
Therefore, a better understanding of 14COz distribution in
soils would have very important implications in the study
of organic carbon cycling in soils and other knowledge
(Nepstad et al., 1994; Trumbore, 1993; Wang et al., 1993,
1994).

Here we show sorne data of soil COz and organic
matter isotopie composition (Ôl3COz and 14COz). The
results are part of an on going research whose main aim is
to characterize (Ôl3COb A14COz and flux of COz and
C~) the carbon cycle soil gases in two tropical and a sub
-tropical soil in Brazil. These soils have different
vegetations and land uses (Table 1). Samples were aIl
collected in 2001 and 2002.

In order to collect soil COz from the soil surface we
used a metal chamber (39-cm diameter and 20-cm high)
with appropriate connections (Fig. 1). To limit direct
contact with the outside atmosphere, the chamber was
usually hammered ca. 7 cm into the uppermost layer of
the soil. The air was pumped from the chamber,
circulated through a system with two traps (1 Leach)
filled with drying agent (silica gel) and a trap (l L) filled
with synthetic sodium aluminosilicate zeolite (Type 13 X,
beads 12-mesh, Aldrich Chemical Company, Milwaukee,
USA). To obtain information about the isotopie
composition of soil COz from different depths (l-m and
2-m), the soil air was pumped through the same system,
but instead of using a chamber, the air was pumped from
the desired depth through a pipe inserted into the soil. In
both situations the air was pumped at specified intervals
using a diaphragm pump for ca. 10 days. Experimental
set-up used is shown in Fig. 1.

Each trap (cartridge) of molecular sieve was activated
to eliminate any adsorbed HzO, COz and organic

INTRODUCTION
Carbon isotopes ezC, l3C, 14C) provide a powerful

tool to elucidate carbon dynamics in soil and are widely
used to understand ecosystem carbon budgets (e.g.
Camargo et al., 1999; Trumbore et al., 1993, 1995), gas
flux from soil (e.g. Davidson, 1995; Dorr & Münnich,
1980, 1986), decomposition of organic matter (e.g.
Balesdent et al., 1993; Martin et al., 1990; Wedin et al.,
1995) and paleovegetation dynamics (e.g. Freitas et al.,
2001 ; Pessenda et al., 2001).

Carbon dioxide is produced in soil through biologieal
processes (organic matter decomposition and root
respiration) and it is transported to the overlying
atmosphere via molecular diffusion. Research has
focused on both the isotopie composition of respirated
COz (COz that diffuses across the soil-atmosphere
interface) and soil COz (COz that exists at any given soil
depth). While much remains to be learned about the
natural variations in the isotopie composition of soil and
respired COz, interest in this topic will increase due to the
magnitude of soil respiration on a global scale, and its
role in the process controlling the isotopie composition of
atmospheric COz (Amundson et al., 1998).

The carbon isotope ratios in soil COz are deterrnined
by the mixture of COz derived from three sources: inward
diffusion from the overlying atmosphere, respiration of
live roots and the oxidation of soil organic matter (SOM)
by soil microorganisms (Nordt et al., 1996). It is
recognized that most soils at quasi-steady state, have the
same C isotopie composition of respired COz as that of
biologieal sources in the soil, although carbon isotopes
ratios in the plant-derived component of soil COz can
change during decomposition. This change is mediated
by the isotopie composition of the chemical constituents
of SOM as weIl as discrimination during decomposition
by soil microorganisms (Boutton, 1996). In addition, the
diffusion coefficients for 12COz and l3COz in soil, differ,
producing at least a 4.4 %0 or greater enrichment in l3C to
soil COz, relative to soil-respired COz (Davidson, 1995;
Dorr & Münnich, 1980; Cerling et al., 1991). However,
studies have shown that enrichment in BC to soil COz can
be considerably less than 4.4 %0 if the difference between
the Ô13C of atmospheric COz and soil-respired COz is
smaIl, or greater than 4.4 %0 for soils where the Ô13C of
organic matter is less than about -12.5 %0 (Davidson,
1995).

The magnitude and timing of the response of the soil
carbon reservoir to changes in land use or climate is a

Site

Porto Velho

Pontes e Lacerda

Piracicaba

Vegetation

Tropical
forest/savanna

Tropical
forest/pasture
Sub-tropical

forest/sugar-cane

Geographic
coordinates

8°!1' S/63°49' W

15°19' S/59°13' W

22°42' S/47°39' W
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contarninants present, by evacuating the cartridge in a
fumace to 550 Oc and vacuum (l0" atm) for at least 3 h.

After each collection, the CO2 was recovered from the
molecular sieve by placing a cartridge in the fumace and
connecting it to the vac·uum !ine. The CO2 was condensed
in liquid-nitrogen-cooJed CO2 traps. Before heating and
condensing the CO2, the cartridge and the !iquid
nitrogen-cooled CO2 traps were pumped (l0" atm) at
room temperature. The ol3C02 was deterrnined by mass
spectrometry and the 14C02 by liquid scintillation or
accelerator mass spectrometry (AMS), depending on the
amount of CO2 available. The 13C02 results were
expressed as ÙpOB (%0) and analytical precision ± 0.2 %0.
J4C02 results were expressed as pmc (percent of modem
carbon, with respect to oxalic acid standard) and
normalized to a ol3C value of -25%0.

Figure 2. The bJ3C of SOM, b13C02, total organic carbon and
14C02 variation with depth at (a) forest and (b) savanna soils,

in Porto Velho.Sod surface
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Figure 1. Sampling system used for flux and isotopie
composition of soi! CO2 from soi! surface. To obtain CO2 at

deeper layers a pipe inserted into the soil replaced the chamber.
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RESULTS AND DISCUSSION

The SOM and CO2 isotopic composition, as weil as
soil organic carbon content results are presented in the
Table 2 and Figs. 2a, b, 3a, b.

Table 2. Results of 14C02 and Sl3C02 of the soils under
forest and sugar-cane at Piracicaba.
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The atmospherie COz measured 2 m above ground
(Figs. 2a, b, 3a, b), showed the influence of tropospherie
COz (::::: -8 %0) and respired COz (whieh depends on the
SOM been deeomposed and vegetation isotopie
composition). It is in good agreement with other studies
(e.g. Buehmann et al., 1997). The ô13COz values ranged
from -11.0 to -8.9 %0 at forest and savanna, respeetive1y,
in Porto Velho. The value 100.0 pme for the 14COZ at
savanna in Porto Velho is expeeted to be the closest to the
actua1 atmospherie 14COZ in this region.

The soil surface 14COZ data show very similar values
for the soils in Piraeieaba (Table 2) and Pontes e Laeerda
(Figs. 3a, b), ranging from 102.1 pme (forest in
Piracieaba) to 107.4 pme (pasture in Pontes e Lacerda).
These values indieate that the most important COz source,
at these places, is the deeomposition of recently fixed C
(whieh includes root respiration, rapid deeomposition of
root exudates and labile organie matter) (DoIT &
Münnich, 1986; Trumbore et al., 1995). The 310.0 pmc
14COz (Fig. 2b, savanna in Porto Velho) is an unexpected
value. This result will be interpreted after additional soil
14C and 14COZ data of the profile. The 14COZ values were
usualIy a 1ittle enriched with depth but contrasting with
the SOM 14C whieh were depleted in 14C (Table 2, Fig.
2a), indicating that the bulk organic matter did not
contributed significantly to soil COz composition. The
soil 14COZ values at depth are higher than the obtained for
the atmospheric COz, indicating that deeomposition of
organic matter, which was fixed by plants several years to
decades ago when atmospheric 14COz was higher,
contributes significantly to COz fluxes (Trumbore et al.,
1995).

AlI ô13COz values on the surface were more enriehed
than the ô13C liter fraction. The difference ranged from +
6.2 (forest in Porto Velho) to +0.8 %0 (pasture in Pontes e
Lacerda). Camargo et al. (1999) observed larger
differences in pasture soils. In addition, the isotopic
composition of soil COz reflected the 013C of the present
vegetation (C3 - forest - or C4 - savanna, pasture or
sugar-cane). These results reinforce the hypothesis that,
on the soil surface, the main source of COz is the
decomposition of recently fixed organic matter. For
deeper soil layers, no variation was observed in 13COz,
even at the pasture in Pontes e Lacerda (Fig. 3b), in spite
of the enriched SOM ô13C value, which was -19 %0 in the
uppermost stratum (0-10) and -22.7 at 200 cm depth,
indicating that old C3 derived carbon decomposition was
not an important COz source at this depth.

Our preliminary conclusions are: a1though the origin
of the organic matter being decomposed may differ
between C3 and C4 plants, the 14C content of the material
being decomposed were usualIy similar; the isotopie
compositions (Ô13q of COz in soil profiles up to a depth
of 2-m were similar but heavier compared to that of the
vegetation above ground.

Short Papers - IV South American Symposium on Isotope Geology

REFERENCES
Amundson, R.; Stem, L.; Baisden, T.; Wang, Y., 1998. The

isotopie composition of soil and soi!-respired COz.
Geoderma 82,83-114.

Balesdent, J.; Girardin, C.; Mariotti, A, 1993. Site-related o13C
of tree leaves and soi! organic matter in a temperate forest.
Ecology 74,1713-1721.

Boutton, T.W. 1996. Stable carbon isotope ratios of soil organic
matter and their use as indicators of vegetation and climate
change. In: Boutton, T.W. & Yamasaki, S. (Ed.). Mass
spectrometry of soi!s. New York: Marcel Dekker,. pp.47-82.

Buchmann, N.; Guehl, J.M.; Barigah, T.S.; Ehleringer, J.R.,
1997. Interseasonal comparison of COz concentrations,
isotopic composition, and carbon dynamics in an
Amazonian rainforest (French Guiana). Oecologia 110, 120
131.

Camargo, P.B.; Trumbore, S.E.; Martinelli, L.A; Davidson,
E.A; Nepstad, D.C. et al., 1999. Soi! carbon dynamis in
regrowing Forest of eastern Amazônia. Global Change
Biology 5, 693-702.

Cerling, T.E.; Solomon, D.K.; Quade, J.; Bowman, J.R., 1991.
On the isotopie composition of carbon in soi! carbon
dioxide. Geochimica et Cosmochimica Acta 55,3403-3405.

Davidson, GR, 1995. The isotopie composition and
measurement of carbon in soi1. Geochimica et
Cosmochimica Acta 59, 2485-2489.

DOIT, H. & Münnich, K.O., 1980. Carbon-14 and carbon-13 in
soi! COz, Radiocarbon 22, 909-918.

DOIT, H. & Münnich, K.O., 1986. Annual variations of the 14C
content of soil COz. Radiocarbon 28,338-345.

Freitas, H.A; Pessenda, L.C.R.; Aravena, R.; Gouveia, S.E.M.;
Ribeiro, A.S.; Boulet, R., 2001. Late Quaternary vegetation
dynamic record in southern Amazon infeITed from carbon
isotopes in soi! organic matter. Quaternary Research 55,39
46.

Martin, A.; Mariotti, A.; Balesdent, J.; Lavelle, P.; Vuattoux,
R., 1990. Estimate of organic matter turnover rate in a
savanna soil by 13C natural abundance measurements. Soil
Biology and Biochemistry 22, 517-523.

Nordt, L.e.; Wi!ding, L.P.; Hallmark, e.T., 1996. Stable carbon
isotope composition of pedogenic carbonates and their use
in studying pedogenesis. In: Boutton, T.W. & Yamasaki, S.
(Ed.). Mass spectrometry of soils. New York: Marcel
Dekker, pp. 133-154.

Pessenda, L.e.R.; Boulet, R.; Aravena, R.; Rosolen, V.;
Gouveia, S.E.M. et al., 2001. Origin and dynamics of soi!
organie matter and vegetation changes during the Holocene
in a forest-savanna transition zone, Brazilian Amazon
region. The Holocene 11,283-287.

Trumbore, S.E., 1993. Comparison of carbon dynamics in
tropical and temperate soi!s using radiocarbon
measurements. Global Biogeochemical Cycles, 7, 275-290.

Trumbore, S.E.; Davidson, E.A.; Camargo, P.B.; Nepstad, D.C.;
Martinelli, L.A, 1995. Belowground cycling of carbon in
forests and pastures of eastern Amazonia. Global
Biogeochemical Cycles 9,515-528.

Wang, Y.; Amundson, R.; Trumbore, S., 1993. Processes
controlling the 14C content of soi! carbon dioxide: model
development. Chemical Geology 107,225-226.

Wedin, D.A; Tieszen, L.L.; Dewey, B.; Pastor, J., 1995.
Carbon isotope dynamics during grass decomposition and
soi! organic matter formation. Ecology 76, 1383-1392.

- 62-



Short Papers - IV South American Symposium on Isotope Geology

NEW V-Pb AGES FOR HOST ROCKS, MINERALIZATION AND ALTERATION OF IRON
OXIDE (Cu-Au) DEPOSITS IN THE COASTAL CORDILLERA OF NORTHERN CHILE

Gelcich, S.H. l
; Davis, D.W.2 and Spooner, E.T.C.3

1. SERNAGEOMIN (Chile) - University of Toronto, Ontario, Canada. gelcich@geo1ogy.utoronto.ca
2. Earth Science Department, Royal Ontario Museum, Toronto, Ontario, Canada

3. Department of Geology, University of Toronto, Ontario, Canada

Keywords: Iron oxide deposits, V-Pb dating, Coastal Cordillera Northern Chile, Manto Verde, Carmen

INTRODUCTION
The Coastal Cordillera of northem Chile is a very

fertile province in terms of Fe-oxide deposits, including
Kiruna typ~ and hydrothermal systems rich in Fe, Cu and
Au. One of the main metallogenic features of the Coastal
Cordillera in northern Chile is the Chilean Iron Belt
(Cm), a 600 km N/S belt that includes - 50 iron deposits
(Nystrom & Henriquez, 1994). These deposits are of
massive magnetite-apatite type; they occur as veins,
irregular and pseudo stratiform bodies and are always
hosted in volcanic and/or plutonic suites that record
magmatic activity in the early Andean Stages (Jurassic
Early Cretaceous). A number of hydrothermal iron oxide
Cu-Au deposits are spatially related to the pure iron
deposits; e.g. Manto Verde (Vila et al., 1996; Zamora &
Castillo, 2001). The age of the mineralization and related
alteration is poorly constrained.

The Coastal Cordillera in the area ofChafiaral (Fig. 1)
has been the subject of recent studies including: regional
geology (Godoy & Lara, 1998: Lara & Godoy, 1998);
geochronology (Dallmeyer et al., 1996; Gelcich et al.,
2002); structural geology and batholith architecture
(Brown et al., 1993: Grocott & Taylor, 2002). This work
presents new preliminary V-Pb ages of intrusive rocks
and related mineralization in two areas in the Coastal
Cordillera ofChafiaral: Manto Verde and Carmen (Fig. 1).

METHODS
V-Pb analyses were carried out at the Royal Ontario

Museum. Zircons were dissolved .in teflon bombs
according to methods described in Krogh (1973, 1982).
Apatites and titanites were dissolved in Savillex vials. V
and Pb were separated using HCI for zircon analysis
Krogh (1973) and HBr for titanite and apatite (Corfu,
1988). Precise ages on Mesozoic minerais must rely on
the 206Pb/238V_decay system. Ali errors are given at 2
sigma levels. Current Pb blank levels of less than 1
pieogram permit precise analyses of fractions consisting
of one (zircons) or several grains (titanite and apatites).
The isotopie composition of initial Pb was estimated
using the model of Stacey & Kramers (1975). Titanite
and apatite ages are especially sensitive to the inferred
initial Pb isotopic composition. Further analyses are
required on low V/Pb coexisting minerai phases in order
to get a better estimation of the common lead component.

RESULTS AND DISCUSSION
New ages have been obtained in the Manto Verde

(Cu-Au) and Carmen (Fe) areas. The new record includes
V-Pb zircon ages for spatially associated plutons and
minor stocks and V-Pb mineralization ages from titanite
(Manto Verde) and apatite (Carmen).

CARMEN MINE
Carmen is an irregular magnetite body elongated in a

west-east direction, with a length of about 550 m, a width
of between 30 and 50 m and a depth greater than 250 m
(Henriquez et al., 1991). It is hosted by volcanic rocks of
the La Negra Formation affected by contact
metamorphism related to the intrusion of the early
Cretaceous Sierra Aspera pluton (131.3 ± 0.4 Ma (Fig.
2a); Gelcich et al., 2002). Mineralization in Carmen
consists of magnetite with variable contents of apatite and
actinolite. This minerai suite forms massive and breccia
type bodies (Henriquez et al, 1991). Apatite from a distal
magnetite-apatite dyke located 500 m south of the main
pit in Carmen was dated at 129.8 ± 3.0 Ma (Fig. 2b); this
is the first reported dating of apatite associated with
massive magnetite ore in the CIB. The 3-m wide dyke is
subvertical and has a general NS strike. It shows sorne
banded intergrowth textures of magnetite and wedge
shaped apatites. The dyke has fine grained borders, and
magnetite stockworks developed as halos in the volcanic
host rock. Zircon from a mineralized quartz diorite stock,
in the northern pit of Carmen Mine was dated at 130.6 ±
0.3 Ma (Fig. 2c). These two new ages are in the range of
zircon V-Pb ages in the Sierra Aspera pluton (Gelcich et
al., 2002).

MANTOVERDE
Manto Verde is the largest and the main economic

deposit in the area of Chafiaral. Cu mineralization is
present mainly as oxides, products of oxidation of
original Cu sulphide hypogene mineralization in
specularite-rich hydrothermal breccias. At deeper levels
the main iron oxide in association with Cu sulphide
mineralization is magnetite (Zamora & Castillo, 2001).
Cornejo et al. (2000) inferred a series of metasomatic
hydrothermal stages for the hydrothermal alteration
assemblages at Manto Verde, starting with potassic
metasomatism, followed by hydrothermal magnetite
sulphide, hematite-sulphide stages, and a later carbonate
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phase. The host rock in Manto Verde is mainly composed
of andesitic lavas of the La Negra Formation that are
intruded by a number of small dykes. These rocks define
a structural block limited by the central and eastern
branches of the Atacama Fault System. The Manto Verde
structural Block is bounded on the west by the Las Tazas
North Pluton (134.1 ± 0.4 Ma; Gelcich et al., 2002) and

on the east by the Sierra Dieciocho Pluton (129.6 ± 0.3
Ma, Fig. 2d; Gelcich et al., 2002). A primary zircon U-Pb
crystallization age of 128.9 ± 0.6 Ma (Fig. 2e) was
obtained for a quartz monzodioritic to granodioritic dyke
(felsic intrusive or "pseudo aplite" in the terminology of
Zamora & Castillo, 2001).

t
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Figure 1. Geological map of the Coastal Cordillera of Chafiaral, with the location of Manto Verde and Carmen.
The main plutons are labeled. From Godoy & Lara, 1998; Lara & Godoy, 1998.

- 64-



Short Papers -IV South American Symposium on Isotope Geology

Carmen
SierraAlpero l'luton !Zircon)

132

13.1

""Pb/'''U.021

.0208

,0206

""Pb/'''U

,(12 r-------,."-------I

8) Carmen tclUlI1 Ma\iJlellte-Apalted~ lapatilel

120 ,0204

,018
110

l1202

,016 'ID 129.8+3.01-3.0 Ma 128 130.6 + .3/-.3 Ma
''''Pb l ""U ,00 ''''Pb,'''U

,1 .12 .14 .16 ,18 .134 ' 136 .138 .14 .lJl2

024

,026

.022

146

140

136
,(12\

.02
12lI

,019 IZJ

,018 131.3 +.4/-.4 Ma
''''Pb1"·U

,12 ,13 .14 ,15

,023 "'"Pb l'''U

,022

Mantoverde
EJ 'Felaie intuli_p$ll'ldOClpfil,,', Manto Verde lzi'conl fi 'relaie ntusilte' (aIteto1ion fi1anitej

""Pb/ ....U 129

126.4 +0.51-0.5 Ma
""Pb/'''U

""Pb 1"'U

1'9 13 131 13' .133 .134 ,135 .136

0196

,02

.0194

.0198

.14514135

126.9 +.6/-.6 Ma

""Pb l'''U
13.125

120

""Pb ""U

.02

019

,021

.0205

,0195

,0215

.0185

,15

146

140

,14

136

129.6 +.3/-,3 Ma

"'Pb/'''U
,13

126

,12

.02

,021

,(122

.023
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This unit shows pervasive potassic alteration (Stage 1
in the Cornejo et al., 2000, mode1), including titanite as a
major phase. According to Cornejo et al. (2000) titanite
represents the alteration product of primary ulvospinel,
with a consequent liberation of Fe to the hydrothermal
fluids, which finally precipitated as iron oxides
accompanying the main sulphide mineralization. Titanites
were dated giving a concordant age of 126.4 ± 0.5 Ma
(Fig. 2f). U-Pb data from this area define a closely spaced
succession of thermal events. They indicate that
mineralization in Manto Verde is most probably related
to the cooling and differentiation of the Sierra Dieciocho
pluton.

Both massive magnetite-apatite (Carmen) and
Hydrothermal Fe-Cu-Au (Manto Verde) deposits show
clear temporal relationships to stocks or dykes that
intruded volcanic coyer sequences. These later intrusive
units represent more differentiated phases that can be
temporally and compositional related to the main plutonic

units in the area. Thus, Fe oxide mineralization in the
coastal Cordillera can be genetically related to the
extensive Jurassic to Early Cretaceous plutonism of the
Coastal cordillera.
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INTRODUCTION
The metamictization of zircon has been the subject of

extensive research (Nasdala et al., 1999; Wopenka et al.,
1996; Hartmann et al., 1997; PoIler et al., 1997; Balan et
al., 2(01). Understanding how the zircon structure
responds to radiation damage is important for both the
storage of high-level radioactive waste (Ewing et al.,
1995) and the use of U-Th-Pb isotopic systematics. In the
latter case, the fracturing due to volume expansion that
accompanies metamictization may lead to diffuse loss or
heterogeneous redistribution of radiogenic Pb (Pidgeon,
1992).

The metamictization of zircon can be characterized by
Raman spectroscopy (Knittle & Willians, 1993; Jolliff et
al., 1995). This method of analysis ha~ the advantage that
little or no sample preparations is necessary, and analysis
can be done in a reasonable time. Particularly important
is the ability of Raman spectroscopy to determine the
crystallinity of micro-areas, allowing information by
profiling across zircon grains (Jolliff et al., 1995) to be
obtained. In addition, BSE images give complete
information about internaI structures of zircon grains
(PoIler et al., 1997). As earlier investigations have shown
(Harchar & Miller, 1993), the parallel use of BSE pre
investigating method allow to distinguish inherited cores,
desorbed areas and magmatic zonation. Thus, BSE is an
important tool to solve the main problem for the
successful zircon dating: Selection of appropriate grains.

We present results of a detailed investigation of
zircons from a Mesoproterozoic granite from SW
Amazonian craton, using a combination of back scattered
electron (BSE) imaging, thermal ionization mass
spectrometry (TIMS) and Raman spectroscopy. The
objective of this work is to study the correlation between
metamictization and U-Pb isotopic discordance of zircon.

PROCEDURES
For the U-Pb analyses, separation of zircon was done

using standard procedures of the Isotope Geochemistry
Laboratory (IGL), Department of Geology, University of
Kansas (USA). Procedure details are found in Geraldes et
al. (2001). Decay constants used were 0.155125 x 10-9

year-1 for 238U and 0.98485 x 10 -9 year- l for 235U (Steiger
& Jiiger, 1977). Zircon data were regressed using the
ISOPLOT program of Ludwig (1998). Uncertainties in
concordia intercept ages are given at the 2 sigma (cr)
level. The zircons grains from the same sample were

analyzed in a CCD T64000 Jobin-Yvon laser-Raman
microprobe in the Fluid Inclusion Laboratory of the
Institute of Geosciences of the State University of
Campinas (Brazil). The laser Ar+ wavelength was 5145
(green). The theoretical diffraction-limited focal spot
diameter at the sample surface is about 1 !lIIl for the
Olympus 80x long distance objective. The laser power at
the sample surface is 10 mW, which is typically
nondestructive to samples of geologic interest. For BSE
the 1800 backscattered light was detected with a 1 in.,
1024 element optical diode-array detector.

ID·TIMS DATING
U-Pb (single grain) zircon geochronology was

undertaken on a granitic sample. The analyzed zircon
grains were clear, slightly caramel with rounded ends and
short prismatic lateral faces. The grains present multiple
sizes with large, medium and small grains. Six zircons
were analyzed and the results when plotted in the
concordia diagram yielded an upper intercept age of
1423.0 ± 3.8 Ma (Fig. la), which may be interpreted as
crystallization age of the rock, as discussed below. Each
one of the analyzed zircon grains presented different
weight and when the analytical results were plotted in the
concordia diagram the heaviest zircon grain (0.018 mg)
was the more concordant (99%). With the purpose of
better understanding the isotopic patterns of the zircons
grains, a second diagram was made (Fig. 1b) using Grain
Weight (mg) versus 205Pb/235U Age Concordance (%).
The results when plotted in such diagram indicate that U
Pb isotopes are volume-dependent in the studied zircon
grains.

BSEIMAGING
BSE reveals contrasts in average atomic number of

regions of a phase: the higher the number, the more
electrons will reflect and the brighter it will appear. BSE
imaging is used for a variety of geologic studies and is
recognized as a powerful tool for studying zonation in
accessory mineraIs (Hanchar & Miller, 1993). In zircons,
Hf is the main element responsible for the variation in
BSE intensity, with U having a secondary effect. Both
elements have much higher atomic number than the
principal constituents of zircon (Zr, Si and 0), so the
substitution of Zr by U and Hf results in increased
brightness.

- 67 -



Short Papers -IV South American Symposium on Isotope Geology

Upper Intercept al 1423 +/- 3.8 Ma

Lower Interœpt al -91 +/- 210 Ma

MSWD =2,9

0,020,0150,005 0,01

welght(mg)

lB
•

•
•

•
•

8 0,99
c:

"Ë 0,98
8
& 0,98
l'CI

~ 0,97

~t- 0,97

0,96

o

1,00

0,99

3,103,06

,
, 0,016

, 0,015

0,010

2,94

,
, 0,001

, 0,002
0,006

2,90

0,250 A
0,246

:?
IL 0,242
,Q
Q...

:;:
0,238

0,234

"..

0,230

2,86

Figure 1. a) U-Pb isotopie results plotted in the concordia diagram. b) Grain Weight (mg) versus 2ospb/235U Age Concordance (%).
Weight values are in mg. Concordance was calculated with respect to the upper intercept age (1423 ± 3.6 Ma).

Different observations can be made on the scanning
electron microscopy (SEM), but to geochronologic
purposes the most important one is BSE imaging of each
single zircon. Figure 2 illustrates BSE images of zircons
grains from the granite sample used in this study. The
zircons have a euhedral external shape and fine-scale
euhedral oscillatory zoning. Purely magmatic zoned
zircons were found, indicating that the granitic" sample .
did not suffer metamorphic heating or any other process
forming new phases. Another noteworthy point about
zoning observed under BSE is the lack of evidence of
discordant zoning and color-zoned areas, which
corroborates the hypothesis that zircons grew during one
episode, according to Pidgeon (1992) and Vavra (1993).
In addition BSE images can give further information,
especially in the case of inclusions. Such inclusions are
frequently apparent in the sampled zircons and might
cause problems to V-Pb dating and to Raman analysis.

RAMAN MONITORING
Raman spectrum of zircon is sensitive to its degree of

metamictization. With decreasing crystallinity, the
Raman bands become less intense (peak half-width
variation), increasingly broadened (peak area variation),
and show lowered frequencies (wavelength shift). In
synthetic single crystal of zircon there are 36 modes first
order Raman-active modes and they can be subdivided
into internaI and external vibrations. External vibrations
are related to complex massive silicate rotatory and
translatory motions; and internaI vibrations involve
silicon-oxigen and metal-silicate bonds and sites. We
analyzed the degree of metamictization using half-width
of the Raman bands calculated in three different (modes)
peaks: (Eg) 360 cm,l, (Al g) 978 cm-I and (BIg) 1012 cm-I.
The objective was to identify the best or the Raman
parameter most sensitive to metamictization.

Conventional Raman spectroscopy in zircon analyses
are concerned with the peak shift, half-width and peak
area. In this study we used, from the Raman spectra, a
plot of the intensity of the inelastically scattered radiation
(measured in photons per second) as a function of the
half-width in each analysed spot. The mechanical

configuration of the high-resolution monochromator in
combination with the argon ion laser as excitation source
makes it possible to monitor the Raman shift within the
scale of the profile at the zircon surface.

In this way, Raman technique had the objective to
obtain vibrational spectroscopic characteristics from the
zircon lattice correlative to punctual structural variations.
The individual measurement spots are shown in the
backscattered electron images (Fig. 2). Three zircon
grains were analysed with profiles through the zoning
areas of the zircon surface. The results (Fig. 3) indicate
that the increasing width of the internaI (B Ig mode)
vibration (antisymmetric strenching of Si04 tetrahedra) is
sensitive enough to determine the increasing degree of
metamictization. Furthermore, evidence for
metamictization is given in Figure 3. The results display a
marked heterogeneity of half-width values of the
represented three peaks comprised of a decreasing
trending from center to the border in the three analyzed
grains.

DISCUSSION AND CONCLUSIONS
We reported results of a combined ID-TIMS and

Raman microprobe study of the correlation between
metamictization and V-Pb isotopic discordance of zircon.
The spatial resolution of the Raman probe allows a direct
comparison of V-Pb isotopic discordance and
metamictization of zoned areas within zircon crystal. The
combination of the two measurements also gives
informations on the Pb loss. We found that the degree of
V-Pb isotopic discordance correlates closely with the
volume of the zircon grain. The data, in addition to the
lateral degree of metamictization detected by the Raman
technique, indicate that the loss of radiogenic Pb may be
linked to continuous diffusion of this element.

The correlation of V-Pb discordance and
metamictization makes Raman spectroscopy analysis of
zircon prior dating a helpful tool for geochronologists.
Since discordant isotopic ratios may give ambiguous
ages, it is advantageous to select zircons with well
ordered lattices for age determinations measurements.
The investigation here reported also suggests that linear
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array of data points on the concordia diagram is not only
linked to the magnetic suscepbility of the zircon grains,
but that the Pb loss, in response to metamictization, is
found to be inversely proportional to grain volume (as
pointed out by Krogh, 1973).

Oscillatory zoning is a conunon feature in zircon from
acid igneous rock and is believed to form during
crystallization of zircon from magma. The ID-TIMS and
Raman here presented indicate that Pb diffusivity in
sJightly damaged zircon is not negligible and Pb loss is
not restricted to zircons that have experienced episodic
Pb loss (U-Pb minerai systems opened during a
secondary event) or a protracted Jow-temperature
(annealing) history. The data points lying on a discordia
here reported corroborates the hyphothesis in which the
radiogenic lead was lost by continuous diffusion and the
upper intercept age c10sely approaches the age of
formation of the rock.
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Figure 2. Backscattered images of zircon grains. Raman analyses were ta ken in the cross section showed on the grains. The zircons
have a euhedral external shape and fine-scale euhedral oscillatory zoning indicates igneous origin.
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Figure 3. Raman results for three zircon grains profiles (shown in Figure 2), Three peaks were studied
(360 cm-l, 978 cm-1 and 1012 cm- 1

) using half-width as pararneter. Evidence for metamictization

is given by a marked heterogeneity of half-width values.

- 70-



Short Papers - IV South American Symposium on Isotope Geology

FISSION-TRACK DATING OF JANKOV MOLDAVITE USING U AND Th THIN FILM
NEUTRON DOSIMETRY

Guedes, S.l; lunes, P.J.l; Bigazzi, G.2
; Hadler Neto, J.C.I

; Laurenzi, M.A.2
;

Balestrieri, M.L.2
; Norelli, P.2

; Osorio, A.M.A.3
; Tello, C.A.S.l,5 and Paulo, S.R.4

1. Instituto de Fisica Gleb Wataghin, Universidade Estadual de Campinas, UNICAMP, 13083-970,
Campinas - SP, Brazil. guedes@ifi.unicamp.br

2. Istituto di Geoscienze e Georisorse, C.N.R., Area della Ricerca di Pisa, Via G. Moruzzi 1,56124 Pisa, Italy
3. Departamento de Ffsica, Quîmica e Biologia, Universidade do Estado de Sao Paulo, 19060-900 Presidente Prudente - SP, Brazil

4. Instituto de Ciências Exatas e da Terra, Universidade Federal do Mato Grosso, UFMT, 78070-900 Cuiabâ - MT, Brazil
5. Departamento de Ffsica, Quîmica e Biologia, Universidade do Estado de Sao Paulo,

UNESP, 19060-900 Presidente Prudente - SP, Brazil

Keywords: Fission-track dating, neutron dosimetry, U thin film, Th thin film, moldavite

where Â is the 238U ~-decay constant; PsiPI is the
spontaneous to induced track areal density ratio; Cm
(C238) is the mU e38U) abundance in natural U; ÂFis the
238U spontaneous fission decay constant; NThlNu is the
ThIU ratio of the sample; Am, A238 and Am are the
number of fissions per mU, 238U and 23~h target nucleus,
respectively. The following values for the constants of
equation 1 were adopted: Â= 1.55125 X 10-10 a-l, C238 =
0.99275 and ÂF= 8.46 x 10-17 a- l

• This ÂFvalue is in close

EXPERIMENTAL
Neutron irradiations were performed in three nuclear

reactors: IPEN/CNEN - Sao Paulo, Brazil (irradiation
I27MD and I32MD), LENA - Pavia, Italy (irradiation
P4MD) and IPEN - Lima, Peru (irradiation L19MD). The
sample-set present in these irradiations was made up by
Th thin films, natural U doped glasses (Cornig glass CN1
in irradiations I32MD and P4MD, and Cornig glasses
CN2 and CN5 in irradiations I27MD and L19MD,
respectively) and two Moldavites (MJ1 and MJ2) from
the Middle Miocene deposit of Jankov, southern Bohemia
(Bouska, 1994). Moldavite MJ1 and MJ2 were included
in irradiation I32MD, only MJ1 was included in the other
irradiations. Only in case of irradiation I32MD Moldavite
samples were pre-heated for 10h at 560°C in order to
erase spontaneous tracks.

Ages were computed using the following equation:

where, Ru = C235~35 + C238~38 '

where, RTh = ~32

(1)

(2)

(3)

(4)

-1-1

R = R +(NThJR
MUN Th

U

1
T=-1n

Â

where,

INTRODUCTION
During the last decade most fission-track (FT) age

detenninations were performed using the zeta calibration
(Hurford & Green, 1983). The use of the zeta calibration
is a way of overcoming difficulties related with i)
uncertainties on the fundamentals (such as the value of
the 238U spontaneous fission decay constant or the
approach to be adopted for an adequate neutron
dosimetry) as well as on parameters related to sorne
experimental procedures (such as the external detector
method). However, the zeta calibration makes the FT
method dependent on the other isotopic techniques used
for dating the age standards used for the detennination of
the zeta factor. For this reason research on procedures
devoted to enable FT dating to be an independent system
with an absolute calibration was encouraged (see, for
instance, Hurford, 1998).

One of the crucial points in obtaining an absolute
system calibration is the neutron dosimetry. Bigazzi et al.
(1999) have shown that the use of natural U and Th thin
films can be an efficient alternative for a correct neutron
dosimetry. In addition, it has been shown that U and Th
thin films make it possible to app1y the FT method also
when only low thermalization irradiation facilities are
available, such as in many research nuclear reactors. The
International Union of Geological Sciences (I.U.G.S.)
had discouraged the use of such facilities (Hurford,
1990), because of the difficulties related to the
detennination of the contribution of the U and Th fissions
induced by epitherrnal and fast neutrons to the induced
track density.

Recently neutron dosimetry based on U and Th thin
films was adopted for dating Durango apatite (lunes et
al., 2(02), one of the age standards recommended by the
I.U.G.S. Subcommission on Geochronology (Hurford,
1990). Our result, 29.7 ± 1.1, was consistent with the
reference age, 31.4 ± 0.5, recommended based on other
dating methods.

ln the present work, the neutron dosimetry based on U
and Th thin films was used for dating Moldavite, the
central European tektite also recommended as an age
standard for glass (Hurford, 1990).
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agreement with a mean of five detenninations carried out
using a neutron dosimetry based on natural U thin films,
(8.35 ± 0.24) x 10-17 a- I (Guedes et al., 2000).

The RM values used in the present work were
computed from the determinations of Ru and RTh, using in
equation 2 a ThIU ratio of 4.41 for Jankov Moldavite
(Bouska, 1994).

The Ru values were obtained through natural U doped
glasses present in the irradiations quoted above. The
calibration of these glasses was carried out irradiating
them together with natural U thin films (Bigazzi et al.,
1999), which played the role of primary calibrators.

The RTh values were obtained through Th thin films,
also present in the irradiations (Bigazzi et al., 1999).

RESULTS AND DISCUSSION
Results of age determinations of Moldavites Mn and

MJ2 from the Jankov deposit are shown in Table 1. These
samples showed a certain degree of reduction of the
spontaneous track size in comparison with the induced
ones (DsfDI < 1). Reduced track sizes indicate that the
glass suffered a certain amount of partial annealing of
spontaneous tracks. In this work the Plateau Method
introduced by Storzer & Poupeau (1973) was used for
correcting thermally lowered ages. For applying this age
correction technique, two splits from each sample - one
for spontaneous track counting and the irradiated one 
were heated for 24h at 350°C. This heating step produced
a significant reduction of track densities. The attainment
of the plateau condition - an equal revelation efficiency
for spontaneous and induced tracks - is proved by the
DS/D1 ratio value that became close to 1.

Considering only the plateau age determinations of
irradiation 132MD, the weighted mean of the Ps!PI ratios
is 0.422 ± 0.019. Using this value and the RM value of
Table l, a mean plateau age of 13.31 ± 0.83 Ma is
computed through equation 1.

For irradiation P4MD two. thermal treatments were
imposed for the plateau age detènninations - 4h and 24 h
at 350°C, respectively. In both cases the plateau condition
was attained (DS/D1 -1). The weighted mean of the PS/PI

.ratios is 0.688 ± 0.043, and the corresponding mean
plateau age is 14.2 ± 1.1 Ma.

Considering the mean ages of irradiations 132MD and
P4MD and the ages determined through irradiations
L19MD and I27MD as independent determinations, the
weighted mean of these four plateau ages is 13.98 ± 0.58
Ma, with a ').} of 2.2 for three degrees of freedom (pO}) 
0.50). In other words, the four independent
deterrninations agree within experimental errors.

The mean value of the plateau FT ages of the Jankov
Moldavites studied in this work agree with the mean
value of 17 determinations made using the KIAr and
4°Arp9Ar methods before 1995 (14.82 ± 0.32 Ma; Storzer
et al., 1995) and with a recent datum based on several
determinations on Moldavites from different sediments,
including the Jankov deposit (14.37 ± 0.37 Ma, 4°ArP9Ar
method; Laurenzi et al., 2001).
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CONCLUSIONS
The age of the Moldavite from the Middle Pliocene

deposit of Jankov determined in this work is in close
agreement with the more recent independent 40ArP9Ar
detennination made on Moldavites. The results of this
work confirm those previously obtained through the
analysis of another age standard - Durango apatite - and
indicate that a neutron dosimetry based on natural U and
Th thin films tums to be a reliable tool to be used for an
absolute approach in FT dating.
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Table 1. Fission-track dating of Moldavites from the Middle Miocene deposit of Jankov. RM is the value computed through equation
(2); Heating is the thermal treatment imposed for the plateau age determination; Ns (NI) and ns (ni) are the number of spontaneous
(induced) counted tracks and the corresponding number of observed fields of view; P(X2

) is the probability of obtaining ').} value
testing induced track counts against a Poisson distribution; Ps (PI) is the spontaneous (induced) track density; Ds / Dl is the O'r 1.

* Values refer to PS+I measurements.

Irradiation RM Sample Ns P(X2
) Ps NI P(X2

) Pl Ds/DI T
(x 10'9) (Heating) ns (x 104 cm'2) ni (x 104 cm'2) (Ma)

Mn 342 0.30 1.145 577 0.50 2.76 0.901 13.1±1.0
(no heating) 80 (±5.4%) 56 (±4.2%) (±3.1%) (±8.0%)

Mn 515 0.20 0.689 505 0.50 1.788 0.991 12.23±O.92
132MD 2.65 (24h350°C) 200 (±4.4%) 76 (±4.4%) (±3.0%) (±7.5%)

(±4.2%)
MJ2 950 0.50 1.304 788 0040 3.01 0.876 13.66±0.87

(no heating) 195 (±5.1%) 70 (±3.6%) (±3.3%) (±6A%)

MJ2 537 0.60 0.959 452 0.60 2.017 0.985 15.0±1.2
(24h350°C) 150 (±4.3%) 60 (±4.7%) (±3.5%) (±7.7%)

Mn 322 0040 0.880 538* 0.75* 1.30 0.985 14.0±1.5
P4MD 1.733 (4h350°C) 98 (±5.6%) 66* (±8.2%) (±3.2%) (±1O.9%)

(±4.6%)
Mn 497 0.60 0.752 835* 0.75* 1.081 1.061 14A±1.3

(24h350°C) 177 (±4.5%) 122* (±6.7%) (±3.1%) (±9.3%)

Ll9MD 0.949 Mn 540 0.90 0.750 627* 0.10* 0.512 1.021 16.5±2.2
(±5.2%) (24h350°C) 193 (±4.3%) 133* (±11.5%) (±2.5%) (±13A%)

I27MD 1.591 Mn 352 0040 0.742 923* 0.60* 0.962 0.957 14.6±1.5
(±5.3%) (24h350°C) 127 (±5.3%) 145* (±7.1%) (±3A%) (±10A%)
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Agglutination and break-up of West-Gondwana has
to be understood considering different tectonic and
stabilization stages that occurred at the end of the
Proterozoic and during the Phanerozoic. For that purpose
parts of the South American Platform in southeastern
Brazil were studied concerning the exhumation and
denudation histories in the last 650 million years. This
was done by obtaining thermal, tectonic and denudation
histories of the Precambrian basement in three transects
crossing different regions of the Ribeira and Brasilia belts
(Fig. 1). Geocronological and thermal data (UlPb,
SmlNd, KJAr, Ar/Ar and corrected Apatite Fission Track
ages) (Table 1) were used for that purpose. According the
literature, available data and field observations a pre
collisional history can be considered starting at 650 Ma
for the region (Hackspacher et al., 2003). Collision and
lateral escape tectonics (630 and 610 Ma), associated
with granithogenesis, succeed the geological evolution of
the region (Hackspacher & Godoy, 1999).

U-Pb zircon and monazite ages between 610 and 595
Ma (Fig. 2) were obtained in igneous bodies associated
with transpressional tectonics. The rapid exhumation was
related to huge vertical displacement along shear zones
(Hackspacher & Godoy, 1999) in the brittle-ductile
transition zone, under greenschist grade conditions (ca.
450 to 300 oC). K-Ar ages on biotite and hornblende
between 600 and 580 Ma, are also confirmed by a Sm-Nd
mineraI isochron.

Figure 2 shows that a regional exhumation process
between 610 and 580 Ma yields cooling rates of ca.
liCfMa, related to collisional and escape tectonics of the
Brasiliano Orogeny throughout the Mantiquèira Province,
in the Ribeira and Brasilia belts tHackspacher et al.,
2003). The intrusion of the'Itu Granite marks the post
tectonic history. 40ArP9Ar biotite ages between 560-550
Ma obtained on muscovite in paragneiss mark the end of
the Neoproterozoic with the West-Gondwana
agglutination and exhumation processes.

Up to that time a long stabilization phase started, with
low exhumation, and cooling rate around 0.25°CfMa.
Apatite Fission Track analysis of a sample collected near
Jundiai, at the Itu-Jundiuvira Shear Zone, shows a
corrected Fission Track Age of 477 Ma, and the region is
interpreted as a stabilized area not affected by later
denudation processes. The stabilization finished in the

Mesozoic with the opening of the South Atlantic Ocean.
The three transects registered the Mesozoic Rifting

Phase at 120 Ma (Tello et al., 2003) The Rifting Phase
accelerated the cooling process with strong uplift of the
Mantiqueira Mountain System reflecting an intense
exhumation.

At the Lower Tertiary, at 65 Ma, an acceleration of
the uplift and denudation affected the entire region, with
reworking of the South American Surface with cooling
rate of 1.5°CfMa (Fig. 2).

The studied profiles aIl registered the later uplift.
Corrected Fission Track ages younger than 65 Ma were
registered at the Serra do Mar Mountain range with ages
around 40 Ma and younger (Hackspacher et al., 2003),
interpreted 'as the age of the origin of that mountain
range, associated with lateral erosional processes causing
long-term scarp retreat (Almeida & Carneiro, 1998),
combined with an intense progressive denudation towards
the continent of about 3 km.

The time-temperature models for the South American
Platform at the Mantiqueira Province shows a similar
cooling history. The assembly and break-up of the West
Gondwana are confirmed through the isotopic and
corrected fission track data. Local, Phanerozoic magmatic
and tectonic activ~to be studied in detail.
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Table 1. V-Pb Monazite and corrected Apatite Fission Track Data of paragneiss from the Ribeira and Brasflia belts, SE Brazil.

Samples U/Pb SmlNd Ar/Ar Ar/Ar Corrected
monazite mineraIs muscovite biotite Apatite Fission

Track ages
H692 59û±2 Ma
H693a 6I4±6Ma

GUAXUPÉ - H693c 613±8Ma
VARGINHA H695 634±3Ma
TRANSECT TF - 381 115±IOMa

TF - 382 93±2IMa
TF - 383 69±14Ma
TF - 384 118±I5Ma

~

pausa ALEGRE - H687b 598±7Ma 568±8Ma 523±9 Ma
ITAJUBÀ TF -110 37±5Ma

TRANSECT TF -96 86±l5Ma
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METHODOLOGIES NOWADAYS EMPLOYED IN
FTMDATING

The number of spontaneous tracks per unit area, p"
depends on the age of the minerai as follows:

a similar insight independently (Cox et al., 2000; Hasebe
et al., 2002; Barry Khon, personal communication).
However this fact does not fade the originality and
opportunity of our approach since our methodology
involve the direct determination of the track observation
efficiency, through neutron dosimetry by thin films of
uranium and thorium.

[3]

[1]

[2]

~J
PI

ÂF r A.t L
P s = Nue 238 T Le - 1jt' 238

P 1 = Nue 235 (Y 0 f/J 0 ê 235

Where: Nu is the number of uranium atoms per unit
volume, Cm is the isotope concentration of 238U in
natural uranium, Àr is the 238U spontaneous fission decay
constant and t238 is the detection efficiency, representing
the ratio between the number of spontaneous fission
tracks observed in a unit surface of the minerai and the
number of spontaneous fission which took place in unit
volume.

To avoid the determinations of Nu and t238, the
minerai is irradiated with a fluence <\>0 of thermal
neutrons. This irradiation induces fission of 235u. The
induced fission per unit area, Ph is given by:

where C235 and t235 refer to 235U but are analogous to C238
and tm defined above and 0'0 is the cross section for 235U
fission induced by neutrons.

Assuming no annealing, spontaneous and induced
efficiencies can be put equal, i. e. t238 = t235. In this way,
the age of the minerai can be obtained from equations 1
and 2:

INTRODUCTION
In general, minerais contain several ppm of uranium

as impurity. The most abundant of its isotopes, 238U,
decays by spontaneous fission. The energy of this process
(-180 MeV) goes mainly to two fragments which
produce a disarranged zone - the latent track - in the
crystalline structure of the mineraI. Latent tracks are
continuously produced inside minerais. But action of
temperature can lead to reconstruction of the crystalline
structure near the latent tracks; this process is called
annealing of the fission tracks.

If the minerai is submitted to a suitable chemical
etching, latent tracks are amplified so that they can be
observed at the optical microscope. By analyzing the
density and lengths of the tracks it is possible to infer the
"age" when tracks began to be recorded by the mineraI.
This age might represent the time of minerai formation,
or of an event which caused annealing that erased aIl the
fission tracks prior to il.

The spontaneous track length distribution gives
information about the thermal history of minerais that is
important for sorne geological applications. For instance,
due to the fact that condition for hydrocarbons can be
transformed in petroleum (temperature between -60 to
120°C for several tens of Ma) is roughly the same as
fission tracks in apatite suffer decrease in amount and
length that can be easily measured, this minerai largely
studied during the last two decades (Gleadow et al.,
1983). Our research group has been worked in this area
(Amaral et al., 1995; 1997; Bigazzi et al., 2000; Guedes
et al., 1999; 2000; Hadler et al., 1993; 1995; 2001; Tello
et al., 2003). Our approach is based in the methodology
of the Australian School (Laslett et al., 1987) with sorne
modifications, i. e. laboratory annealing data, software,
and the grouping of samples with similar geological
features.

The usual methodology of dating by FTM requires the
use of a nuclear reactor where the neutron irradiation role
is to determine the product of mU amount and fission
track observation efficiency for the mineraI. Then, in the
cases where an ICPMS can determine with great
precision the amount of 238U a new FTM approach is
possible, if the fission track observation efficiency is
know.

This idea was born inside our group in the end of
2000. It is important to mention that other researchers had
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What was summarized up to here resulted from the
pioneering work of Fleischer, Price and Wlaker in the
beginning of the sixties (Priee & Walker, 1962 a-d; 1963;
Aeisher & Price 1963).

To avoid the explicit use of cj>o and À{, considered in
the eighties the main source of systematic error of FfM,
the majority of the researchers prefer to adopt a neutron
fluence determination called Zeta calibration (Hurford &
Green, 1983). In this case the neutron dosimeter is an
uranium doped glass calibrated through a minerai of
known age. However several fission track groups employ
different approach to determine neutron dosimetry (Van
den Haute et al., 1988; lunes et al., 2002a)

where

RM~Ru+(::JR~

where,

R U = C 235 A 235 + C 238 A 238

[ 5 ]

[6]

[7 ]

Below, the procedures that make possible the
determination of NU238 and E235 and the age correction

in case of E235 *- E238 are described.

DETERMINAnON OF E235
ln the equation 2, only the 235U fission due to thermal

neutrons were considered. However, besides uranium, the
thorium can he also found as accessory in rocks. In
addition, at most irradiation positions, the mU fission
induced by epithermal and rapid neutrons cannot be
ignored (lunes et al., 2002).

Considering also the not weIl thermalized, equation 2
can be generalized to give (lunes et al., 2002):

PROPOSITION OF A METHODOLOGY TO
SUBSTITUTE THE NUCLEAR REACTOR BY A
ICPMS

It was shown above that the nuclear reactor is
employed in the FfM to avoid the determinations of Nu
and E238. However, the minerai age can be obtained using
only the equation l. Taking into account that NuC238 is
the number of 238U atoms per unity volume, Nu238 , and
that E235 = E238 ' the minerai fission-track age can be
written as

DETERMINAnON OF NU238

ln the scope of FfM, the most suitable equipment to
the direct determination of NU238 is the laser ablation
ICPMS. In this case, the measurement precision and
accuracy are very high compared with other methods.

NormaIly, the samples to he dated through the FfM,
are presented as extensive surfaces (in this case, natural
glasses are the most dated) or as grains (for instance,
zircon, epidote and apatite). In the case of grains, the
laser ablation ICPMS makes possible the determination
of NU238 even in grains as thick as sorne tens of microns

(the hole in the sample is about a few microns
thick).Therefore, this equipment allows the determination
of ages grain-by-grain

[8 ]A ThR Th

and

where RM represents the number of fissions per uranium
target nucleus in the minerai, taking also into account its
thorium content (Nu~ is the total number of fission per
volume unit occurred in the minerai due to the neutron
irradiation), Ru represents the number of fissions per
target nucleus in natural uranium, considering 238Uand
mU isotopic concentrations, RTh is the number of fissions
per target nucleus of Th-232 (RTh = ATh because Th-232
is the only isotope of thorium), Am (A238) is the number
of fissions per target nucleus of 238U (mU) that took
place due to the neutron irradiation and NTh / Nu is the
thorium-uranium ratio in the minerai

Through equation 5, Em can be obtained if Pl is
measured and RM and Nu are known. Nu can be obtained
from direct determinations of NU238 , Num and NU234
using an ICPMS or measuring NU238 via ICPMS and
using the isotope concentration of 238U in natural uranium
as constant.

RM can be obtained from direct determinations of Ru
and RTh, if the ThlU ratio of the minerai is knonw. This
ratio can be found using an ICPMS and Ru and RTh
through thin films of uranium and thorium (Bigazzi et al.,
1993; 1995; 1999).

AGE CORRECTION WHEN E235 :;t; E238
It is usual to find in nature minerais whose fossil track

lengths were shortened due to their thermal history, i. e.

E235 *-. E238. In these cases their age can be corrected, in

principle, using methods developed to this purpose (for
instance, Bigazzi, 1967; Storzer & Wagner, 1969; Storzer
& Poupeau, 1973).

ln the çase of apatite, it is intended to employ the size
correction method via the correction curve presented in
Tello (1998). Another approach that can he adopted for
this minerai is based in the data set for track densities
also presented Tello (1998).

CONCLUSIONS
This new methodology can represent independence of

the use of nuclear reactor and, besides, it will bring an
increase of the age accuracy, since the statistical errors
related with neutron dosimetry and induced track count

[4]t=~ln[l+--Â--pSJ
Â Â f N U 238 E 235
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will not he propagated into the age equation.
The advantages from the practical point of view are

many. For instance, conceming the quickness of this new
approach, age and thermal history of a petroleum weIl
can he obtained almost siffiultaneously to its drilling.
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INTRODUCTION
The isotopic geology has been used as the main tool

in the study of pedogenetic process (e.g. soil generation
rates), as weIl as age of different mechanisms in earth
crust. Researches utilising Pb isotopie composition
changes in natural soil have focused on tracing
anthropogenic Pb (Erel et al., 1997; Sernlali et al., 2000,
2001), as weIl as estimaties of soil ages (Erel et al., 1994;
Harlavan et al., 1997).

The main purpose of this paper is to present a
preliminary study of Pb isotopic ratios in soil profile from
basaIt and gabbro rocks. Weathering of basaIt and gabbro
in northern Rio Grande do Sul, Brazil results in the
formation of well-developed soils. The basait is typical of
the basic rocks of the Serra GeraI Formation, and the
gabbro is related to Lomba Grande Basic Complex. Both
are Mesozoic magmatic components of the Parana Basin.
In order to study the changes of the Pb isotopic
composition, three profiles were selected and different
horizons were analysed.

The Parana Basin is located at the centre and south of
South America. An extensive volcanie pile named Serra
GeraI Formation covers around 75% of the Devonian
Triassic sedimentary rocks. The mean thickness of the
volcanics over the whole basin is about 350 m, and about
1,000 m are present in the sampled area. The Serra GeraI
Formation is represented by different rock-types, i.e.
tholeiitie basalts, tholeiitic andesites, rhyodacites
rhyolites (Melfi et al., 1988). These basaltic flows are
covered by, or intercalated with acids flows, and have an
age around 130 Ma (Renne et al., 1992; Ernesto et al.,
1999). Geochemical characteristics define three main
groups according to their TiOz content (high and
intermediate ~ 2% TiOz and low ~ 2% TiOz) (Montovani
et al., 1988). There is an intrusive magmatism related to
the flood volcanism of the Parana basin, essentially
basaltic in composition. These intrusions occur in the pre
volcanie sediments and have thickness ranging from few
to hundred meters. They also are contemporaneously to
volcanic activity.

The studied weathering profiles correspond to three
sampling station located in two distinct regions. The first
region, in which two sampling station were described (A
and B), is located in Gravataf District, and is represented
by olivine-gabbro of Lomba Grande Basic Complex. The

olivine-gabbro is characterised by aphanitic groundmass
and olivine + clinopyroxene mega-crystals. According
Viero & Roisenberg (1992), it has high MgO, Cr, Ni, and
Co concentrations and low K, Rb, Ba, il, REE
concentrations. The REE pattern is similar to the P
MORB and the K-Ar ages are 160 Ma, interpreted as
crystallisation age. The second region is located in Très
Forquilhas River valley, a volcanic sequence of Serra
GeraI Formation. The volcanie rocks are basics in its base
end acids in its top (Jesus, 2002). The studied volcanic
sequence is constituted of microporphyritic basalts with
zeolites as amigdales, plagioclase, olivine and pyroxene.
The soils are composed of carbonate and silicate mineraIs
(kaolinite-smectite c1ays, quartz, plagioclase, pyroxene
and olivine) oxide and organic matter.

ANALYTICAL METHODS AND RESULTS
At the sampling stations A and B three soil samples

were taken from different depths, as weIl as, respective
rock samples. At the sampling station C it were taken five
soil samples beyond four rock samples. The soil of A and
B stations consist of well-developed "Argissolo" profiles,
moreover the C station consist of "Cambissolo" profile,
according Soil Map of Rio Grande do Sul (Streck et al.,
2002).

In station A and B, one sample was taken from A
Horizon, B-Horizon, and C-Horizon. At the station A and
B the uppermost leached part of the soil, the A-Horizon,
is generally c.a. 10 cm thick, characterised by organic
matter enrichment. The B-Horizon is characten.sed by red
colour and more fine texture, and was c.a. 40-60 cm
thick. The C-Horizon is undisturbed original soil
characterized by red colour and unconsolidated material,
and was c.a. 40-70 cm thick.

At the station C, the A-Horizon, rich in organic
matter, is generally c.a. 10 cm thick, the E-horizont has
sand texture and was c.a. 40-50 cm. B-Horizon is
characterised by red colour and clay texture, and has c.a.
60-70 cm thick. The C-Horizon is undisturbed original
soil characterized by red colour and is c.a. 80-120 cm
thick. In station C, one sample was taken from the A
Horizon, E-Horizon, B-Horizon, B-C-Horizon limit, C
Horizon, two samples of weathered rock, one of fresh
basait and one of fresh-basalt with amigdales.
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Deph m. Code 200Pb/2°''Pb Unc.(:t:) 208Pb'204j>b Unc.(:t:)

Table 1. Isotopie composition of lead in whole soil (W.S.),
fraction < 21lID (A-F), and rock samples of three station.

(W.R. Weathered Rock, Une. uncertainties).

B-Horizon to E-Horizon and increasing to A-Horizon can
be expIain by increasing plagioclase in E-horizon and
decreasing of claymineral related to eluvion process in
this horizon.

The arnigdales 208Pbp04Pb isotopie composItIOn is
smaller than basaIt composition, which shows that there
was an interation of different isotopic composition fluids
during the amigdales generation process.

The enrichment of Pb ratios from weathered rock 2 to
weathered rock 1 at the C station (Table 1) probably can
be explained by the decresing of quartz concentration.

The < 2 lJlI1 fraction isotopie data of C station (Fig. 2;
Table 1) show a similar behaviour to A and B stations. A
sequence of increasing-decreasing-increasing isotopie
ratio is observed from rock to C-Horizon, C- to B
Horizons, and B to A-Horizons. This behaviour is also
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The soil samples were dried, hand desegregated and
quarted. A fraction of this material was used for analyses
as whole-soil (W.S). Other fraction was sieved in order to
obtain a material with particle size < 2 lJlI1 (A.F.). X-Ray
diffraction analyses were performed in aIl material. The
rock samples were milled to powder. The Pb isotopic
compositions were measured using a multi-collector VG
SECTOR 54 mass spectrometer at the LGI, Universidade
Federal do Rio Grande do Sul. Samples were completely
digested in a combination of HN03, HCI, and HF, and Pb
was separated using anion exchange columns and HBr
0,6N. Lead isotopic rations were corrected for mass
fractionation using PblPb = 0.01 %.

Soil, rock and clay fraction (A.F), isotopic data
analysed in this stuir, are shown in Table 1. The
206pbP04pb and 208PbP Pb of whole soils and rocks of A,
B and C stations versus the horizon code, (1 = A
Horizon, 2 = E-Horizon, 3 = B-Horizon, 4 = B+C
Horizon, 5 = C-Horizon, 6 = Weathered Rock, and 7 =
Unweathered Rock) are shown in the Figure 1. The
Figure 2 shows the 206pbP04Pb and 208Pbp04pb of fration
clay versus horizons code. The Table 2 shows the
mineralogical composition of the samples, by X-Ray
diffraction analysis, with qualitative results.

The whole soit of A-station shows Pb isotopie ratios
enrichment with decreasing depth (Fig. 1), which
probably reflects the increasing of weathering. This linear
behaviour is indicative of exogenous Pb incorporation in
the horizons, decreasing with soit depth. Semlali et al.
(2000), studying of lead isotopes in soils, attributed this
behaviour to the incorporation of exogenous Pb. The Pb
isotopic ratios of the whole soil and rocks of B station
remain constant throughout the profile (Fig. 1), from the
rock (the parent material), to the upper horizon. Harlavan
et al. (1998), studying soils from glacial granitic terrains,
attributed the isotopic constancy to the parent material.

Despite of the same lithologic composition of the rock
that generated the weathering profile, the different
isotopic behaviour in the A and B stations can be
explained through the different levels of weathering that
is higher in A station and lower in the B station. This is
shown in the mineralogical composition (Table 2) of C
Horizons that reflects the stronger parental material in B
station compared to A station.

In the isotopie data of < 2 Jlm fration (Table l, Fig.
2), the behaviour is similar between A and B profile,
which show the decreasing of the isotopic ratios of C
Horizons to B-Horizons and enrichment from rock to B
horizon. This behaviour is related to the Fe-oxide and
clay mineraI concentration in this fraction however there
is not connection between isotopie ratios and Fe-oxide
and clay mineraI ratios. The finest fraction of A and B
station, that containg more secundary constituints, exhibit
the highest isotopic values than whole soil.
The isotopic variation in the whole-soil fraction of C
station is shown in Figure 1. There is an enrichment of Pb
ratios from rock (7) to weathered rock 2 (6), following a
smoth enrichment to C, C+B, and B horizons. This
enrichment is related to the formation of clay mineraIs
and quartz concentration. The decreasing of Pb ratio from
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related to the Fe-oxide and claymineral concentration
present in this fraction.

The results of this preliminary study show that Pb
ratio is usefull tool to determinate same weathering
process.
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Depth (m) Code Pig. Olv. Prx Ghot. Bernt. Caul. Qtz Mag. Sme. Zeol. Cale.
Station A

WS-A 0.40 1 0 0 0 0 12 24 64 0 0 0 0
WS-B 1.40 3 0 0 0 45 22 33 0 0 0 0 0
WSC 2.70 5 43 0 0 0 0 57 0 0 0 0 0
AF-A 0.40 1 0 0 0 26 20 54 0 0 0 0 0
AF-B 1.40 3 0 0 0 0 15 85 0 0 0 0 0
AF-C 2.70 5 0 0 0 35 0 65 0 0 0 0 0
Gabbro 3.20 7 60 16 24 0 0 0 0 0 0 0 0

Station B
WS-A 0.35 1 0 0 0 29 0 22 38 11 0 0 0
WS-B 1.60 3 0 0 0 40 0 24 0 0 36 0 0
WSC 2.40 5 24 29 19 0 0 12 0 0 16 0 0
AF-A 0.35 1 0 0 0 35 0 29 0 0 0 0 0
AF-B 1.60 3 0 0 0 48 0 52 0 0 0 0 0
AF-C 2.40 5 0 0 0 29 0 47 0 0 24 0 0
Gabbro 3.00 7 53 23 19 0 0 5 0 0 0 0 0

Station C
WS-A 0.05 1 20 0 0 0 9 10 41 0 20 0 0
WS-E 0.40 2 43 0 0 0 8 16 14 0 19 0 0
WS-B 0.90 3 34 0 0 0 8 23 15 0 20 0 0
WS- B+C 1.30 4 32 0 0 0 0 21 16 0 31 0 0
WSC 1.90 5 18 0 0 0 0 24 39 0 19 0 0
W. R. 1 2.20 6 34 0 22 0 0 14 0 0 19 11 0
W.R.2 2.30 6 33 0 0 0 0 28 0 0 39 0 0
AF-A 0.05 1 20 0 0 0 8 11 47 0 14 0 0
AF-E 0.40 2 9 0 0 0 0 23 55 0 13 0 0
AF-B 0.90 3 0 0 0 0 0 26 38 0 36 0 0
AF-B+C 1.30 4 0 0 0 0 0 35 25 0 40 0 0
AF-C 1.90 5 0 0 0 0 0 46 0 0 54 0 0
AF- W.R.l 2.20 6 0 0 0 0 0 42 0 0 58 0 0
AF- W.R. 2 2.30 6 0 0 0 0 0 25 21 0 54 0 0
BasaIt 2.50 7 49 0 33 0 0 0 0 0 11 7 0
Amigdales 2.50 7 0 0 8 0 0 0 32 0 0 51 9
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INTRODUCTION
We describe the experimental procedure in use at the

Laboratory of Isotope Geology (Para-Iso) of the Federal
University of Para, at Belém for the U-Pb dating of
accessory mineraIs like apatite and rutile, based on
methods deveIoped such as Parrish et al. (1987) and Tera
& Wasserburg (1975), respectively and adapted to our
laboratory conditions. Examples of application of U-Pb
dating on apatites and rutiles from the kimberlites are also
presented.

ANALYTICAL TECHNIQUE
DIGESTION AND SPIKING

The selected single grains of apatite and rutile and
multigrain fractions of rutile, after being previously
photographed, were transferred to small PTFE Teflon
beakers. The apatite grains were washed in bi-distilled
methanol in an ultrasonic bath (20 min) and rinsed 3
times with pure water. The rutile grains were cIeaned in
bi-distilled methanol (20 min), followed by hot (70°C)
3N HCI (20 min), both in the ultrasonic bath, and rinsed 3
times with pure water. After drying, the samples were
weighed in aluminum foil boats using microbalance and
loaded in PFA Teflon Savillex microcapsules.

For analysis of 0.05 - 0.5 mg of rutile we added to
each microcapsule and weighed on the same
microbalance 2-5 III of 23SUJosPb spike from the
geochronological laboratory of the University of Brasilia.
For apatite analysis, 0.07-0.23 mg of sample were mixed
with 1 III of "IPGG" 23SU_20SPb spike after apatite
dissolution and aliquoting. The 23SUJosPb spike was used
for apatite analyses because 23SUJosPb spike was not
available at that time

Rutile digestion was perforrned in Ludwig design
microcapsules with 30 III of hydrofluoric acid. A set of 12
microcapsules was arranged in a l20-ml PTFE Teflon
bomb encIosed in a stainless steel jacket Model 4748,
Parr Instrument, following the method outlined by Parrish
(1987). 5 ml of HF was added into the PTFE liner and the
whole assembly was cIosed and heated during 24 h in an
oyen at 240-245°C. The complete dissolution of the
rutile was checked under a binocular microscope and the
sample solutions evaporated to dryness. Then the fluoride
salts were digested overnight at 200°C with 3 N HCI, 30
60 III in the capsules and 5 ml in the liner.

For apatite digestion we used Parrish design PFA
Teflon Savillex microcapsules filled with 60 III of a
mixture of 6N HCl + 14N HN03 during 6 hours on a hot
plate at 100°C.

LEAD AND URANIUM SEPARATION
For analyses of single crystals of apatite and rutile we

used a miniaturized and modified procedure after the
method of Parrish et al. (1987), which is based on
cIassical technique by Krogh (1973). We used hand-made
shrinkable Teflon micro-colurnns with an internaI
diameter of 1.8 mm and II mm height, with reservoir for
1.5 ml (diameter = 6 mm). The colurnns were filled with
40 III of previously washed Dowex® AG Ix8 200-400
mesh resin. When new, the colurnns with resin were
washed 20-40 times with 6N HCI and H20, alternately.
Between each sample separation, colurnns were washed
8-10 times with 6N HCl and H20. For counting the
volume of acid, we used 30 ml Nalgene™ drop
dispensers for which one drop corresponds to about 30 Ill.
The sequence of element separation with micro-colurnn is
the following: a) Resin media equilibration: 2x3 drops of
3N HCI; b) Loading 3N HCI sample solution; c) Sample
washing: 1+2+2 drops of 3N HCI; d) Pb Elution: 10
drops of 6N HCI (collection in PFA Teflon 3 ml beaker);
e) U Elution: 10 drops of H20 (collection in the same
beaker as Pb); f) Addition of 5 III of a silica gel + H3P04

mixture in beaker and evaporation.
For analyses of 0.1- 2 mg of multigrain fraction of

rutile, we used the technique proposed by Terra and
Wasserburg (1975), with modification. The chIoride
solution was evaporated, 10 III of concentrated HBr were
added and evaporated again. After addition of 3-5 drops
of 0.6N HBr, the HBr solution was heated in closed
microcapsule on hot plate at 100°C, passed 20 min in
ultrasonic bath and centrifuged.

The separation sequence for Pb was the following: a)
Resin media equilibration: 2x3 drops of 0.6 N HBr; b)
Loading 0.6 N HBr sample solution / collecting solution
1; c) Sample washing with 2+2+2+ 10 drops of 0.6N HBr
/ collecting solution 1; d) Elution of Pb with 10 drops of
6N HCI (collection in PFA Teflon 3 ml beaker); e)
Addition of 5 III of a silica gel - H3P04 mixture in beaker
with Pb and evaporation.

Uranium can be separated from solution 1 by the
same method as mentioned for apatite separation in HCI
and R20 or by the following RN03 technique: a)
Evaporation of the solution 1, conversion to nitrate by 2
drops 14N HN03, evaporation; b) Addition of 5 drops of
7N HN03, transfer to microcapsule, heating during 30
min at 100°C, centrifugation; c) Washing of the colurnn 3
times with H20 and 6N HCI; d) Resin equilibration with
3x5 drops of 7N HN03; e) Loading 7N HN03 sample
solution; f) Sample washing with 2+2+2+4 drops of 7N
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HN03; g) Elution of U: 15 drops of 0.25N HN03

(collection in PFA Teflon 3 ml beaker); h) Addition of 3
111 of silica gel - H3P04 mixture in beaker with U and
evaporation.

MASS SPECTROMETRY
Isotopic compositions of Pb and U are measured on a

Finnigan MAT 262 variable multicollector mass
spectrometer equipped with 7 Faraday cups and 1 ion
counter (lC). The lead-uranium fraction mixed with the
silica gel - phosphoric acid solution is loaded in HEPA
air environment to a single degassed rhenium filament.
For sample transference to the filament it 1 111 of pure
water is used. Then the filament is heated slowly from 0.7
to 2.2 A until it glows pink.

The Pb analyses were carried out in static mode on
Faraday cups e06pb, 207Pb 2ospb) and IC e04Pb). In case
of low signal of Pb, the measurements by IC are run in
peak jumping mode. The filament with sample is heated
during 10 min and analyzed at a temperature interval of
1400 - 1500°C with maximum of signal at 1470°e. The
total time required for collection of 5 blocks of data is
about 30 min. The mass fractionation correction for lead
is 0.12 ± 0.01 % a.m.u.- l calculated from 25 analyses of
NBS 982 standard.

The U was analyzed as U02 just after lead
measurement from the same filament. Depending on the
signal level, U02 was analyzed either in static mode on
Faraday cups or in peak jumping mode on le. The initial
temperature for U02 measurement is 1500 - 1530°C and
maximum temperature is 1570°e. The acquisition time
for 3 blocks is about 15 min. The mass fractionation
correction for U02 was not applied because of its
insignificant small value (~ 0.002 - 0.03 % a.m.u: l

)

determined from NBS-500 analyses.

DATA PROCESSING
The initial statistical data reduction is performed by

the custom made laboratory software "Finres2" by Dr
Thomas Scheller. This program calculates the measured
isotope ratios and their 2a errors. The data is entered to a
PbDat-compatible format file. After that the data set is
processed by the PbDat (version 1.24) program (Ludwig,
1993), whichproduced PbIU and Pb/Pb isotope ratios
corrected for blanks and common lead. Finally the data
are processed by the Isoplot for Excel program
(lsoplotlEx version 2.4ge - Ludwig, 2001) and plotted in
the Concordia diagram.

The common lead correction for apatite samples was
made by taking initial 206pbp04pb and 207Pbp04pb ratios
from U-Pb isochrons. The common Pb correction for
rutile samples was carried out with using Stacey-Kramers
(1987) model for t =0 Ma.

BLANKS
The total blanks (digestion, U-Pb separation and

loading) for HCI-H20 chemistry are 20-30 pg for Pb and
0.1-0.5 pg for U. For HBr-HCI-HN03, chemistry total
blanks are 60 pg (Pb) and 0.1 pg (U). The blanks of
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filament loading procedure are 2 pg for Pb and < 0.1 pg
for U.

APPLICATION TO KIMBERLITE
GEOCHRONOLOGY

The U-Pb systematic of zircon is widely considered as
the best method for dating the emplacement of magmatic
rocks. However, dating of kimberlitic eruptions using
zircon is a challenge for geochronologist because of the
presence of zircon xenocrysts from the wall-rocks and
crystals derived from the mantle. Due to its high closure
temperature, estimated to be at least 900 - 1000 oC (Lee
et al., 1997; Cherniack & Watson, 2000), the U-Pb zircon
chronometer furnish ages which may be unrelated to the
kimberlite emplacement. Apatite and rutile, when present
in the kimberlitic paragenesis, can be considered as
magmatic and U-Pb dating of theses minerais can be a
reliable tool for the deterrnination of the age of kimberlite
emplacement. As their closure temperatures are
significantly lower than those of zircons (apatite: 400
500°C, Cherniack et al., 1989; rutile: 380-430°C,
Metzger et al., 1991) problems of inheritance are
drastically minimized when compared to U-Pb system of
kimberlitic zircons. Taking into account that cooling of
kimberlites occurs very quickly after emplacement,
apatite or rutile U-Pb ages can be considered as
crystallization ages despite their low closure temperature.

ln West Africa, several generations of kimberlite with
different ages have been identified. In southeastern
Guinea, Liberia and Sierra Leone a cretaceous age has
been admitted while in Ivory Coast and Mali, the
emplacement ages are supposed to be in the 1100 - 1400
Ma range (Bardet, 1966). Contrasting with these field
evidences of dyke emplacement, the numerous diamonds,
found in alluvionary sediments covering Paleoproterozoic
(Birimian) sequences in Ivory Coast and Ghana, as well
as in Birimian "detrital sequences", have been hitherto
considered as indirect arguments for the existence of
Paleoproterozoic or Archean primary host-rocks.

ln order to deterrnine the age of eruption of the two
generations of kimberlite, two samples have been
selected for U-Pb dating on apatite and rutile. Sample
ZW-52 come from a kimberlite located in the Bir Arnrane
prospect (Mauritania) own by Rex Mining Company. The
kimberlite is intensively recrystallized (calcretization) but
the silicified and carbonatic paragenesis also contains
relics of phlogopite, Cr-pyrope and Mg-ilmenite.

Sample 02GH8 was collected from a tufficic dyke at
the Beduara prospect in the Akwatia region (southern
Ghana) which represents the biggest diamondiferous
alluvionary prospect in Western Africa with 100 million
carats produced so far. These dykes correspond to
suprakimberlitic facies and are oriented in NE-SW
direction, according to the main Paleoproterozoic
regional structural pattern. They constitute an
anastomosed network, which crosscuts Birimian
sediments formed between 2.2 Ga and 2.1 Ga (Milesi et
al., 1989). The dykes include sorne clasts of these
sediments. Excepting diopside, no typical mineraI of
kimberlite paragenesis has been identified in the matrix
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that mainly consists of quartz, feldspar, micas and rutile.
The latter was selected for U-Pb geochronology.

U-Pb analyses have been perforrned on five single
grains of apatite from the ZW-52 sample of Bir Amarane
kimberlite. In the Concordia diagram (Fig. 1) analytical
points are fitting on a straight line which defined a lower
intercept of 154.3 ± 5.8 Ma (2a) and a upper intercept
age of 2278 ± 570 Ma (2a) (mswd = 1.19). Four of the
five grains are concordant and one point is slightly
discordant. Concentrations range between 1.07 ppm and
3.29 FJ?,m for U and from 0.69 ppm to 1.90 gr.m for total
Pb. PbP04Pb are very low (21.97 < 2 PbP04Pb <
197.49)

The. age of 154.3 Ma is considered as the age of
emplacement of the kimberlite while the age of 2.28 Ga
corresponds to a minimum age for an inherited lead
component incorporated by apatite during crystallization.
This age of 154.3 Ma confirrns a Mesozoic age of the Bir
Arnrane kimberlite but it is significantly older than the
previous Cretaceous ages obtained on kimberlite from the
West African Craton (Bardet, 1966) and indicates that
kimberlitic activity began at the limit between middle and
upper Jurassic.

Seven single grain and multi-grain fractions of rutile
from dyke GH8 have been analyzed (fig.2). As for
apatites, U and total Pb concentrations are low (U: 1.39
1.97ppm; Pb tot : 0.77-9.81ppm) as weIl as 206pbP04Pb
ratios (25.45 < 206pbP04pb < 48.15). Six of the analytical
points defined a linear array which crosscuts the
Concordia curve at 2029 ± 22 Ma (mswd = 1.5). The
seventh point fumished a younger age at about 1.81 Ga.
Most of the points display a very elongated error ellipse
which account for the uncertainty of the UlPb value of
blank used for common lead correction. The age of 2029
Ma is interpreted as the age of emplacement of the dyke
in good agreement with structural features and
relationships of the dyke with Birimian country rock,
which favored a late-birimian age.

Concluding, despite the low 206pbP04Pb ratios related
to significant amount of common lead, apatite and rutile
can provide confident and precise U-Pb ages and
constitute useful geochronological tools for dating
emplacement of kimberlites and related dykes.
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IN SITU lOBe PRODUCED FROM A STONE-LINE OF THE JARDIM RIVER
BASIN - DF, BRAZIL ..

Lima, C.V.I
; Brancher, R.2

; Gaspar,J.c.3 and Bourlès, D.4

1. Instituto de Estudos S6cio-Ambientais, Universidade Federal de Goiâs, Goiânia - GO. claudia@iesa.ufg.br
2. Centre Europèen de Recherche et d'Enseignement de Gèosciences de l'environnement, France. braucher@cerege.fr

3. Instituto de Geociências, Universidade de Brasilia, Brasilia - DF. gasp@unb.br
4. Centre Europèen de Recherche et d'Enseignement de Gèosciences de l'environnement, France. bourles@cerege.fr

Keywords: Cosmogenic nuc1ides, erosion, stone-line, creeping rate

10e.ollUOO :

C(x,t) = Pn.PO.e(-x/\) / (fiAn + À) x [l _ e(-t(fi\ + ï.,))] +
+ Pll .Po.e(-x/\) / (fiA

Il
+ À) x [l - e(-I(fiAIl + ï.,»] + Coe(-ï.,t)

OmIM.

IIIIIM•

.._-4------ 100 mIM.

L-
IllO 1.001

llOllO

1.

10.00I.0lI0 ,

: t.,
1

: UNmIM.
1
1

10. 1.~000 1.•..00·_··-••.0.0.100
EIJ'OSII't~ (yr)

Figure 1. Theoretical I~e conee.lJ.tration evolution with
exposure time for different erosion.rates (Braucher, 1998).
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In this study we have used lOBe data in quartz from a
stone-lîne of the Jardim rivet basin (Federal District,
Brazil) to determinate rate production values and
evolution of profile alteration. Quartz is the ubiquitous
mineraI for analysis hecause it is constituted by the main
target of lOBe production, and is resistant to erosion (LaI
& Arnold, 1985; LaI, 1991b; Siame et al., 2000).

The Jardim river basin is located to the southeast of
Federal District, Brazil between latitude ISO40' and
16°02' S, and longitude 47°20' and 47°40' W. The
geology of the area is represented by terrains of the
Paranoa, Canastra and Bambui Groups.

The samples were collected in a quartz vein and a
stone-line exposed in a road cut (15°51'68"S,

where An (150 g/cm2) and AI! (1300 g/cm2) represent the
characteristic attenuation for neutrons and muons
(Brown et al., 1995); pn and PI! cefer to the neutrons and
muons contribution for the total production of the
cosmogenic nuclide (pn + PI! = 100%); Co is the numher
of atoms in the heginning of the exposure and Po
represents the production rate of the cosmogenic nuclide
in the surface.

....'.~ 1.00II.0lI0F 4----------r:::;:::oo----IIIIIIM.

INTRODUCTION
Cosmogenic nuc1ides are produced by nuclear

reactions induced by cosmic rays. In the atmosphere lOBe
(T1I2 = 1.5 Ma) is produced by interactions of primary
cosmic rays (protons and a. particles) and secondary
particles (neutrons and muons) with atmospheric nuclei
of 14N and 160. Although most of the cosmic energy
dissipates in the atmosphere, lOBe may also occur in the
lithosphere as a result of spallation reactions of 160, 27Al,
28Si and 56Fe (LaI & Peters, 1967; Nishiizumi et al.;
1989; Raisbeck & Yiou, 1984; LaI, 1988, 1991a).

lOBe (and also 26Al) has heen used to quantify erosive
processes, denudation rates and burial processes. It is
useful to elucidate mechanisms involving evolution of
the landscape and formation of soils. The application of
the in-situ produced cosmogenic nuclides to quantify
geomorphological processes is based on the fact that the
production rates are extremely depth dependent (LaI et
al., 1996; Brown et al., 1995; Cerling & Craig 1994;
Braucher et al., 20ooa, b; Siame et al., 2(01). lOBe can
also he used as a parameter to distinguish autochthonous
from allochthonous processes during soil formation
(Brown et al., 1994).

The production rates of lOBe and 26Al have been
estimated at 10 and 37 atom/g/Si02/year, respectively
(Nishiizumi et al., 1986, 1989; Bierman, 1994).
However, production rates for any latitude and altitude
can he calculated using a third degree polynom deduced
experimentally from glacial polished surfaces (LaI,
1991a).

A cosmogenic nuclide concentration increases with
its exposure time until a steady-state, a balance œtween
production and losses due to the erosion and radioactive
decline is achieved. This dynamic allows us to determine
the minimum exposure age of a surface or to calculate
the maximum erosion rate (Fig. 1).

Erosion processes induce a loss of lOBe or 26Al.
Braucher et al. (1998a, b, 2000a) used cosmogenic
nuclides in quartz veins and stone-lines to calculate
erosion rates and the formation dynamics of lateritic
profiles in tropical environment. The evolution of the
cosmogenic nuclides concentration considering a certain
surface submitted to an erosion rate, during a time
interval, at a depth can he expressed as follows
(Braucher et al., 20ooa):
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Samples CV-16, 17 and 18 were excluded from the
displacement calculation because they are located on the
plateau area. Such samples present similar lOBe
concentrations suggesting that the area reached a steady
state.

Cosmogenic nuclides produced in situ constitute an
important tool to quantify surficial processes. lOBe
concentrations of the surficial samples indicate that the
area reached the steady state and the average erosion rate
is 5 rnlMy. The systematic increase in lOBe concentration
observed in the quartz from the stone line in function of
the distance of the quartz vein indicates a continuous
lOBe accumulation during their migration from their
original location. This indicates an autochthonous
process for the development of the stone-Ii ne with a
creeping rate of approximately 50 rnlMy.

Table 1. Concentrations of in situ-produced I~e along the
Jardim River stone-line and a quartz vein.

Sample Depth Distance Density lOBe (104

(cm) from (g/cm 3
) at/g)

Quartz vein
(m)

CL-Ol 220 0 1.8 0.56 ± 0.10
CL-02 200 0 1.8 0.73 ±0.1O
CL-03 180 0 1.8 0.88 ± 0.10
CL-04 160 0 1.8 0.93±O.l2
CL-05 180 1.3 1.8 0.93 ± 0.25
CL-06 180 2.0 1.8 1.02 ± 0.14
CL-07 160 2.2 1.8 1.09±0.16
CL-08 160 2-3 1.8 1.27 ± 0.14
CL-09 160 2.5 1.8 1.16 ± 0.10
CL-JO 140 2.8 1.8 1.63 ± 0.19
CL-Il 150 3.0 1.8 1.23 ± 0.10
CL-12 110 3.2 1.8 1.70 ± 0.15
CL-13 70 3.6 1.8 1.96 ± 0.20
CL-14 50 4.0 1.8 2.95 ± 0.28
CL-15 50 7.2 1.8 3.93 ± 0.37
CL-16 30 11.0 1.8 8.54 ± 0.56
CL-17 30 13.2 1.8 9.17 ± 0.64
CL-18 15 15.2 1.8 9.74 ± 0.87
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Figure 3. In situ-produced lOBe concentrations as a function of
depth along the quartz vein and a stone line from the Jardim

River basin.
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Figure 2. Sample distribuition at Jardim River.

47028'42"W) where slates belonging to the Bambui
Group predominate (Fig.2). lOBe analyses were
performed by accelerator mass spectrometry (AMS) at
the Tandétron AMS Facility at Gif-sur-Yvette, France.
Analitical incertainties of 5% were assumed based on
counting statistics, as weil as 15% incertainities related
to rate production values (Lai, 1991 a).

16m

RESULTS AND DISCUSSION
In the studied area the lOBe production rate is 7

atoms/g/year (based on Lai polynom; Lai, 1991 a) and the
mean erosion rate is 5 miMa (using the surface samples).

lOBe concentrations (Table 1) measured along the
quartz vein show a decrease as a function of depth (Fig.
3). According to Brown et al. (1995) and Lai (199Ia)
this behaviour indicates an in situ development resulting
from the reduction of the cosmic radiation.

lOBe concentrations along the stone line allow an
estimation of the displacement velocity "f quartz cobbles
from their original position (Fig. 4). The systematic
increase in the lOBe content as a function of the distance
from the quartz vein suggests that the quartz samples in
the stone line quartz have accumulated lOBe continually
during their migration. Such data can be used to evaluate
the rate of lateral creeping, assuming that the samples of
the stone-line resulted from the breaking down of the top
of the quartz vein and that the production rate was
constant during the migration of the quartz cobbJes
(Braucher et al., 1·998a, b). In this case, the difference in
the lOBe concentration comparing two successive
samples represents the maximum exposure time to coyer
the downslope interval between those samples.
Considering the muon contributions to the lOBe
production rate, the displacement is 53 rn/My. If muons
are discounted, the displacement is 50 rn/My (Fig. 5).
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INTRODUCTION
A Rb-Sr minerai isochron from a plutonic rock

commonly exhibits poor alignment of data points; a large
MSWD indicates that the data points scatter about the
best-fit regression line more than analytical error alone
can account for. This is the case even for rocks lacking
any evidence of later geochemical disturbance.

While a deeply buried pluton is yet at high
temperature, aIl of the minerais are above their respective
closure temperatures for retention of Sr. Rapid diffusion
continuaIly "Ievels" the value of 87Sr/86Sr amongst the
minerai species that are in grain-to-grain contact. As
cooling proceeds, diffusion eventually ceases in the
minerai species with the highest closure temperature. Il
becomes an isolated chemical system, in which the rate of
further growth of radiogenic Sr is proportional to Rb/Sr in
that minerai, not in the whole rock, which was the
situation before closure. Meanwhile, rapid diffusion of Sr
prevails throughout the "residual whole rock"-all of the
remaining minerai species having lower closure
temperatures.

The process continues as each minerai species
becomes a closed system in succession. FinaIly, after the
residual whole rock has been reduced to only two
participating minerais, communication ceases when the
minerai with the higher closure temperature becomes
closed, regardless of the intrinsic diffusion properties of
the other mineraI.

Giletti (1991) postulated this process of cooling and
closure. The isochron concept assumes that aIl minerai
species became closed at the same moment whereas for a
plutonic rock, closure had occurred incrementally over a
prolonged interval of slow cooling. This more complex
history is reflected in a poor alignment of data points on
an isochron diagram.

THEORETICAL BASIS
Dodson (1973) developed a mathematical relationship

of the closure temperature to the diffusion coefficient,
activation energy, effective diffusion radius for the
crystal, and rate of cooling (closure temperature being
higher if cooling is more rapid). Giletti (1991), Giletti
and Casserly (1994), Cherniak and Watson (1994) and
other workers have determined the diffusion
characteristics of common silicate minerais as a function
of temperature: the empiricaI data that are applied to the
Dodson formulation.

Figures 1a-d show the increase of 87Sr/86Sr from the
time that a whole rock becomes a closed isotopie system,
until the present day. Consider a hypothetical rock that
consists of three minerais. It contains titanite (ti), which
closes first, at highest temperature. K feldspar (Kt) closes
next, and finally biotite (bio). Rb/Sr in titanite is
approximately zero; Rb/Sr in K feldspar is "Iow," and
Rb/Sr in biotite is "high." To clarify details of the
process, the diagrams assume that each minerai is a large
Rb-Sr reservoir, such that closure to diffusion induces a
substantial change in Rb/Sr in the residual whole rock.

Figure la is simple: 87Sr/86Sr in the whole rock
increases monotonically until the present day at a rate
proportional to Rb/Sr. Titanite (Fig. lb) experiences the
whole-rock rate of increase until it closes, after which
there is no further increase of 87Sr/86Sr. Because the
closure of titanite has removed Sr, but not Rb from the
budget of the residual whole rock, 87Sr/86Sr subsequently
grows at a faster rate until K feldspar closes (Fig. le).
Following closure, 87Sr/86Sr continues to increase in K
feldspar according to ils Rb/Sr. Biotite (Fig. Id) is forced
to close at the same time as K feldspar because diffusion
exchange cannot occur unless a co-existing minerai is also
diffusionally active.

The whole rock consists of a set of minerai Rb-Sr
"reservoirs" whose sizes depend upon elemental and
isotopie concentrations and modal abundances. When a
reservoir cools to its closure temperature it ceases to
communicate. We calculate the proportional sizes of the
remaining reservoirs, which continue to communicate
until the next one drops out, and so on. Our objective is
to devise a cooling history that accommodates aIl of the
data, which are: the age of the whole rock (determined by
an independent method such as V-Pb on zircon), Rb and
Sr concentrations and 87Rb/86Sr and 87Srl6Sr in the whole
rock and each minerai, minerai modal abundances, and
for each minerai species the diffusion coefficient,
activation energy, and effective diffusion radius estimated
from crystal size. Interactive spreadsheet calculations
simulate a pathway of Rb-Sr development-the steps
illustrated generically in figures 1a-d.

If cooling is sufficiently slow, each minerai becomes
closed at a significantly different time and temperature.
The variables are the temperature at which the whole rock
became a closed system, and the rate of cooling. The
cooling rate influences the Dodson (calculated) closure
temperature, and also the intervals among minerai closure
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Figure 1. Rb-Sr isotopie elosure ofwhole rock and minerai speeies during slow eooling.

ages. The starting temperature determines how far the
temperature must drop (i.e., how much time passes)
before the first mineraI closes; its value adjusts th.is range
of closure ages up or down in an absolute sense. With
correct choices of the fixed data (isotopic concentrations,
modal abundances, diffusion parameters) and of starting
temperature and rate of cooling, the calculated Rb-Sr data
can be made to match the scattered, non-Iinear data
plotted in an isochron diagram.

APPLICATION TO CJS PLUTON
The unfoliated, post-tectonic Coronel Joao Sa (CJS)

granodiorite pluton, Bahia, is emplaced into host schist of
the Macururé domain of the Sergipano Foldbelt (Fig. 2).
We collected a fresh sample from a centrally located
active quarry for isotopic analyses of whole rock and the
chief mineraI reservoirs of Rb and Sr, which are titanite,
plagioclase, K feldspar, apatite, and biotite. U-Pb
analysis of zircon provides a concordant 625 ± 2 Ma age
of emplacement. U-Pb ages of titanite are younger and
slightly discordant, approximating 621 Ma.

Unfortunately, the calcuJations are compatible with a
range, not a single unique combination of cooling
rarameters. Largely this is because the growth of
7Sr/86Sr in titanite, apatite, and plagioclase (low Rb/Sr

minerais) is so insensitive to the passage of time that the
data fit various cooling scenarios almost equally weIl.
Further constraint is provided by U-Pb data from zircon
(Tclosure "" 800°C at 625 Ma) and titanite (Tclosure ""

660-700°C at 621 Ma). The U-Pb and Rb-Sr data, taken
together, give an excellent match (Table 1) to a beginning
temperature of 840°C, and a cooling rate of 36°C/million
years. Qualitative estimates of paleo-pressure are on the
order of 4-5 kbar (12-15 km paleodepth), roughly
consistent with a cooling rate of 36°C/million years.

38°
.-...--_......._--...... :.'

N

f
Figure 2. Location of Coronel Joâo Sâ pluton.

The calculated initial temperature (840°C) is
surprisingly high, and in fact, experiments by Naney
(1983) on artificial granodiorite melts indicate that the
Coronel Joao Sa rock would have been partially molten at
that temperature. However, the Giletti procedure for
calculating successive closure temperatures does not
require that the whole rock be entirely solid, but only that
it be a closed system. MineraIs that closed late during
cooling may not even have existed when early
crystallized minerais became closed.
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Table 1. Optimum calculated Rb-Sr cooling history of Coronel Joào Sa sample CJS 20.

Closure Age (Ma) Tc(°C)
87SrJ"6Sr Today

Measured Calculated

Whole rock 625 840 0.7126 -

Titanite 622 737 0.7083 0.7082

Plagioclase 617 561 0.7082 0.7082

K-feldspar 614 449 0.7116 0.7116

Apatite 609 249 0.7082 0.7084

Biotite 609 249 1.9129 1.9129
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INTRODUCTION
The Namibian continental margin records tectonic

activity.trom the Proterozoic to the present. The collision
of Congo and Rio de la Plata plates during the Pan
AfricanlBrasiliano Cycle (Neoproterozoic to Early
Paleozoic) gave rise to NNW-trending crustal
discontinuities in the Kaoko Belt, Namibia. These pre
existing structures were active during the Phanerozoic,
playing a very important role in the tectonic evolution of
the Namibian continental margin and of the passive
margin Walvis Basin.

In order to study the different uplift and erosion
events in the Namibian continental margin Apatite
Fission Track Thermochronology was applied to granitic
and gneissic rocks from the central part of the Kaoko
Bell.

GEOLOGICAL SETTING
The studied area is located in the NW portion of

Namibia, central zone of Kaoko Belt, in the vicinity of
Purros Mylonitic Zone (PMZ) - a sub-vertical shear zone
of crustal scale (Fig. 1). PMZ has a NNW trend paraJlel
to the Namibian passive margin with a approximately 500
Km of length. Based on field geology we recognize that
this shear zone underwent Phanerozoic tectonic
reactivation, which is characterized by the direct contact
between the Proterozoic basement and Etendeka Basait,
and the occurrence of remylonitization processes in the
vicinity of this lineamenl.

The SW Africa offshore margin is composed by four
passive marginal basins called, from south to north:
Orange, Lüderitz, Walvis and Namibe. In this context the
Phanerozoic reactivations are also manifested in the
Walvis marginal Basin through unconformities along the
deposicional sequences.

The continental basement area studied here is adjacent
to the Walvis Basin which is marked by Paleozoic to
Cenozoic sedimentation formed essentialy by Syn-Rift
(Permian to Early Triassic), Early Drift (Aptian to
Cenomanian) and Late Drift (Turonian to Recent)
Sequences (Fig. 2). The Walvis Basin is a typical post-rift
wedge shaped basin, with the geometry of a passive
margin and water depths of 150-3000 m, which is an
unexplored basin. Recent drilling results prove elements
of aviable petroJeum system (Bray et al., J998).
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Figure 1. Map showing the studied area with the transects
where were collected the fission track samples. 1. Cunene

River; 2. Hoarusib River; 3. Hoanib River; 4. Uniab River;
5. Huab River and 6. Ugab River. PMZ: Purros MyJonitic

Zone and ST: Sesfontein Thrust.

METHODOLOGY AND SAMPLING
Apatite Fission Track Thermochronology is a

powerful tool over a temperature range between 60°
110°C which characterizes the upper few kiJometers of
the Earth's crust (Raab et aL, 2002). This technique is
based on fission track (Ff) dating method that compares
the densities (Ff number/area) of spontaneous track
(generated by the fission of 238U) with induced tracks
(produced by irradiation the samples with thermal
neutrons in nuclear reactor). The Ff ages are generally
younger than the stratigraphie age expected for the
sampJes which is explained by the low stability of the
Ffs in minerais when exposed to increasing temperature
during a significant geoJogieal time span (Bigazzi, 1967).
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Based on fission track thermal history modeling (Fig.
3) five main events have been recognized in the studied
area, which occurred in Permian, Neocornian, Turonian,
Eocene-Oligocene, and Miocene, respectively. These
events are weil correlated with the main stratigraphic
discontinuities in the Walvis Basin (Fig. 2). Special
attention is given to the Miocene Event because it has not
yet recorded in the earlier studies in the Namibian
margin.

The reduction of track length, density and FT age is
called thennal annealing that is the disordering of the
ordered structure of the mineraI that was affected by the
passage of the heavy particles originated in the uranium
fission (Borba et al., 2002).

We collected seven outcrop samples of Proterozoic
granites and gneisses through two transects along the
Hoanib and Horusib valleys.

The Fission Track analyses have been carried out at
the Laboratôrio de Geologia Isotôpica of the
Universidade Federal do Rio Grande do Sul. The apatites
grains were concentrated by conventional magnetic,
heavy liquid, and hand-picking techniques and mounted
in a epoxy resin. After, the mineraIs were po1ished and
etched in 0.5% HN03 at 22°C for 45s to reveal the
spontaneous FTs. The apatite mounts were covered with

Kapton® (polyethylene-glycol) sheets to obtain FI ages
using external detector method (Gleadow, 1981). Neutron
irradiation was carried out in a poorly-thermalised M 23
position of the IPEN-CNEN reactor (Instituto de Pesquisa
em Energia Nuclear - Centro Nacional de Energia
Nuclear - Sao Paulo, Brasil). Thermal neutron f1uencies
were monitored by measuring the track density of the
mica attached to CN I and CNz standard glasses. After
this, the Kapton® detectors were etched in a NaOCI
(14%) + NaCI (12%) solution for 8 minutes at a boiling
temperature to reveal the induced FTs. Fission tracks
were counted in transmilted Iight using a 100 x oil
immersion objective at a magnification of 1000 x on a
OIympus BX40 microscope. As a rule, 50 individual
crysta1s were analysed by sample and a set of 50-130
confined tracks were measured. Fission track ages were
calculated using the zeta calibration method and
expressed as central and pooled ages with percent
variation (Galbraith & Laslett, 1993). The calculated

values of the zeta factor (Ç) is 89.04 ± 6.82 and 159.07 ±
10.5 to the CN 1 and CNz standard glasses respective1y.
Track lengths were measured in each samples, as
recomended by Gleadow et al. (1986), on1y the fully
etched, horizontal, confined tracks in prismatic sections
were measured using a digitizing table. The thermal
histories were modeled using the Monte Trax program
(Gallagher, 1993). The fission track anal ysis were
performed In Fission Track Laboratory of the
Universidade Federal do Rio Grande do Sul.

FISSION TRACK RESULTS AND DISCUSSION
The FT data showed apparent FI ages ranging from

34.8 ± 3.3 to 133.6 ± 9.6 Ma with a decreasing in
direction to the Purros Mylonitic Zone. The tracks

lengths ranged from 12.47 ± 2.51 to 10.50 ± 2.31 ~m

with a standard deviation between 2.08 and 2.83 Ilm. The
track length distribution and the apparent FT ages are
quite important to understand the thermal histories
underwent by the samples. Thermal histories were
modeled using the Monte Carlo and Genetic Algorithm
probabilistic simulations proposed by Gallagher &
Sambridge (1994) and after assembled in Monte Trax
program (Gallagher, 1993).

Figure 2: General stratigraphie column of Walvis Basin
showing the correlation between the main unconformities
of the sedimentary register with the main events detected

by apatite fission track thermochronology analysis
(Modified from Bray el al., 1998),

The Permian Event is an important regional tectonic
mark detected in the Precambrian continental basement as
weil as basement rocks for the Walvis Basin units (Fig.
2). The FI data suggest here the Neo-Paleozoic Samfrau
Orogeny influence above the Kaoko Belt basement
generating half-graben structures. This Orogeny is also
registered in Walvis Basin through Pre-Rift Sequence
marked by continental sedimentation with marine and
1acustrine oil-prone.
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The Neocomian Event has also regional magnitude
detected in the continental basement and in the Walvis
Basin through unconformity presence in the base of the
Syn-Rift Sequence. This event is associated with the
South Atlantic opening through generation of a strong
crustal uplift and than basic magmatism widely observed
in South America (Serra Gerai) and SW Africa
(Etendeka).

After a long period of graduai cooling occurred an
accelerated period of crustal cooling here called Miocene
Event. This event has influenced also the sedimentary
record in the Walvis Basin with the generation of a
regional unconformity of Miocene age and further
deposition of truck sedimentary section (at least 1000
meter thick). Therefore it may have contributed to
generation of oil reservoirs.
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The Turonian Event was marked by a regional
tectonic quiescence where the important thermal events
were restricted to the passive marginal basins and
adjacent continental areas. At this time a resurgent basic
magmatism occurred in northern portion of Walvis Basin
called Walvis Igneous Centre which may have caused the
heating of adjacent continental basement.

The Eocene-Oligocene Event is an important local
scale event that marked a crustal cooling period ranging
from 30 to 50 Ma which is interpreted a result of gentle
uplift of the continental margin and a decrease on the
amount of denudation. This event is manifested in the
Walvis Basin through the presence of an important
Tertiary unconformity in the sedimentary record.
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In recent years the importance of a through
investigation of the internaI textures and (where possible)
the distribution of minor elements in zircon crystals used
for U-Th-Pb or Pb-Pb dating has become very clear.
Cathodoluminescence (CL) represents one of the means
for texture investigations. We present here our experience
of the use of the Luminoscope, a simple and robust
accessory easily mounted on conventional optical
microscopes, for this type of study. We examined about
75 zircon concentrates each containing from around 10 to
more than 30 grains, about 20 large single crystals, as
weIl as numerous uncovered or polished thin sections and
rock slabs. The second author contributed to the study of
about 30 of the grain concentrates.

The grain concentrates were usually prepared by
magnetic separation of heavy mineraI frations, hand
piced according to shape, colour and extent of fracturing.
Heavily metamict zircon grains are usually excluded
during the hand-picking process, so we have had no
opportunity to study the effects of metarnietization On CL
patterns, and the possibility that Urrh act as activators for
CL.

The rock samples include medium- to high-grade,
polymetamorphic gneisses and granulites of Archaean
and Proterozoic ages, and a few mainly Neoproterozoic,
mostly granitic plutonic rocks. A few of the results have
already been published (McReath et al., 2002) or
otherwise communicated, and others are presented in
detail in other communications to this symposium.

CL is excited when an electron bearn is directed onto
suitably activated crystals. The light usually originates
from the top 2-31lm layer, and may be observed visually
and recorded by conventional or digital cameras, or
analyzed by a spectrometer. We use a Luminoscope
ELM-3R made by the Nuclide Corporation, which
operates stably with electron beams generated by
excitation at ~15kV and ~lmA, producing focused
elliptical spots with diameters between a few mm and a
few cm. Although rustic, with totally manual operation of
potentiometer controis and selector switches, with meter
readouts of operating conditions of the power supply, and
only simple controls for X-Y adjustment of the sample
position ion the vacuum charnber, the equipment is easily
serviced since the electronic circuits are simple and
contain components which have equivalents easily found
in Brazil, and the vacuum chamber has very simple
mechanics easily maintained by machine shop technician.

Sample grains are mounted in epoxy resin discs. The
resin burns under higher power loads, so most CL images

are obtained at 7.5kV/0.4ma using a defocussed beam
with diameter around 1 cm. Under certain conditions (see
later), the resin appears to be reflective/refractive, but is
sufficiently clear to permit examination of the grains in
transmitted light.

Microscopes used for visual/photographic observation
include a zoom stereomicroscope for large crystals up to
about 1 cm, and a binocular research or a simple
monocular microscope for other imaging or spectrometric
work. For the latter, best results are obtained with large
aperture objective lenses and high transmission "straight
through" optical systems with the minimum of lenses or
prisms between the objective and the eyepiece. We find
the Olympus UMPlanFl 5x objective with an effective
aperture of 0.15 to be adequate, but the Gamma Scientific
700-10 -4A 2.9x objective with adjustable effective
aperture up to 0.36 is better when the emitted CL is weak.
The necessary combinations of effective aperture,
working distance between ojective and sample, and the
geometry of the Lumionoscope vacuum chamber severely
restirct the choice of objectives. So far we have found
only one 25x objective which is satisfactory for imaging
purposes, but not for spectrometry since its effective
aperture is very low.

The spectrometer is a dual grating ARC SpectraPro
150, connecected to the microscope using a special ocular
with a collecting fibre which transmits the light to the
spectrometer via glass fibre. The sampled area is between
about 50llm and l501lm, depending On the ocular
magnification and the fibre diameter. The digital camera
is a -0.3 megapixel Media Cybernetics Pro-Series 3 chip
color camera with appropriate capture kit which allows
realtime visualization ofthe field-of-view, which is about
0.92xO.68mm with a 5x objective and a 3.3x camera
eyepiece, while that for the 2.9x objective with a lOx
eyepiece is 1.4x1.0 mm. With an adequately prepared
resin mount, these fields-of-view allow the simultaneous
observation of number of zircon grains. Maximizing the
optical and digital magnifications up to the limit in which
pixels appear allows the enlargment of an image of a
200llm long crystal to around 20 cm.

A lack of CL in zircon is often observed, at least in
parts of, if not in the whole crystal. Pale or intense blue,
deep to medium violet, yeIlow, yellow-orange and green
CL colours have aIl been reported (Marshall, 1988)
although the identification of the activator elements is
sometimes far from unanimous. In contrast, images
obtained with most CL attachments for microprobes or
SEM are only false color, usually rendered in black and
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white. Zoning is also a common feature. Repeated fine- to
medium-scale concentric zoning around a euhedral core
is common in zircon crystals in igneous rocks, and is
frequently preserved with slight modification in the form
of zone broadening after medium- to high-grade
metamorphism. The latter feature has also been recorded
by Connelly (2000). Most of the sampies with these
features which have also been analysed for the VlPb
system are slightly to strongly discordant. The repeated
CL zoning may mimic color zoning in transmitted light.
Variations in the widths of dark and light bands are
common, ranging from a type with broad dark bands and
very thin bright bands to another with broad bright and
dark bands have been observed. Repetitions of zoning
patterns vary from abundant to rare. In cases where few
repetitions are present, the zoning may appear to he
restricted to parallei bands, though this pattern could also
be a consequence of grain fragmentation. AIl these
features have been discribed by Hoskin (2000) in his
systematic study of the evolution of zoning patterns in
zircon from a zoned pluton. At present, we have had no
opportunity to perform a similar study. Sector zoning
including the hourglass type is also common in zircon
from kimherlites, and hourglass zoning is sometimes seen
in other igneous and in metamorphic rocks. In a few of
these cases, the colour zoning in transmitted light repeats
the CL pattern.

Various special situations affect the validity of zircon
geochronology: (i) the presence of inherited cores older
than the crystallization age of an igneous rock; (ii) the
presence of overgrowths younger than crystallization or
metamorphic ages; and (iii) redsitribution of material by
leaching along fractures or other mobilization processes.
Exactly what consitutes an inherited core is not always
obvious, but we believe that a few unequivocal cases with
different characteristics have been observed. Examples of
elliptical nuclei without CL have heen seen for which the
long axes do not coincide with the axes of the repeatedly
zoned external part. Cracked nuclei with brighter CL and
zoning patterns different from those in the overgrowths
are sometimes observed. In transmitted light these nuclei
are darker and apparently more metamict than the zoned
part.

The identification of overgrowths is made difficult
when the preparation of the grain mount is imperfect.
IdeaIly, the grains should he ground down to "waist
level" so that the conacts between grains and resin are
vertical. Where "waist level" is not reached the contacts
are inclined and produce shadows over the unexposed
portions of the crystals which are usually seen in
transmitted light images, while the edges of the resin may
apprear as thin, bright and continuous CL lines
symmetrical with the crystal outlines. This might be
confused with a thin overgrowth. For this reason, each
grain mount should contain only fractions of similar grain
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size, and the preparation should include grinding and
polishing in stages, with checks on the adequacy of the
mount after each grinding stage until a satisfactory finish
is achieved. What we helieve to be overgrowths
frequently do not completely surround the rest of the
grain, and may he brighter or darker than the edge of the
main mass of the grain. The outline of the main
overgrown grain may or may not be rounded at the
apexes. Another consequence of not attaining an adequate
depth of cutting is that the working face may be
dominated by a single exposed igneous zone and due to
the shallow depth of origin the CL image will appear to
he rather uniform.

Fractures are often accompanied by the interruption of
repeated CL zoning. They may he darker or lighter than
the underlyingCL pattern. Patches of darker or lighter
material may sprout from the fractures. These features
may sometimes de seen in the transmitted light images.

IdeaIly, the CL studies should be complemented by
the obtention of back-scattered electron images and,
where possible, by secondary X-ray maps of the grains
for elements such as Hf, V, Th etc. In the few cases that
we have been able to study in detail, it is clear that zoning
of other elements does not necessarily follow the zoning
of CL activator elements. Fractures may be accompanied
by local loss or gain of one or aIl of the other analysed
elements, and the anomalous patches representing either
deficiencies or concentrations of the element are also
present. It has not yet been possible to check whether
these features are also accompanied by changes in VlPb
ages, or in the degree of concordance.

Although monocrystal Pb-Pb evaporation or V-Pb
geochronology using grains selected by optical CL will
obviously not substitute SHRIMP or other point analysis
methods, the combination offers a useful alternative for
dating of zircon grains which do not present registers of
complex evolution.
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INTRODUCTION
In past decades it was established the existence of two

metabolic pathways for higher plants. The most common
one fix atmospheric CÛ2 in the form of intermediate
compounds of 3 carbon atoms, following the well-known
Calvin Benson cycle. This process introduces a large
fractionation in carbon isotopes, leading to highly depleted
values in the synthesized organic matter in comparison with
the source, atmospheric COz. As a general cule, if we
assume a value of ô13C1=-8 %0 vs. V-POB (see foomote)
for COz in the atmosphere, these plants (called C3) reach
values normally distributed around ô13C = -26%0 vs. V
POB, and constitute most of the trees and plants all over the
world. More recently, a second group of plants with a
different photosynthetic pathway has been described. They
are adapted to arid environments and strong sunshine and
present a characteristic foliar anatomy in the form of a
"crown" (Kranz in German). They follow the metabolic
pathway described by Hatch-Slack and receive the name of
Kranz or C4 plants, since they fix COz in the form of
intermediate compounds of 4 carbon atoffiS. Their organic
matter is less depleted in 13C than in C3 plants, having ôI3C
values between -14 and -9 %0 vs V-POB. In this group we
find maize, sugar cane, sorghum, etc. There is also a third
group called C.AM. (Crassulean Acid Metabolism)
represented by cactus and orchids, that present values
whether of C3 or C4 plants or intermediates.

Hairs of animaIs reflect closely the isotopic composition
of the diet during its growing period. Seasonal and also
monthly variations in the composition of diet are registered
in every centimetre ofhair. The isotopic enrichment factor
relative to diet, which is slightly over 5 %0 in collagen,
decreases to 1%0 in hair (Minson et al., 1975; DeNiro &
Epstein, 1978; Jones et al., 1981; Tieszen et al., 1983). In
the case of natural feeding, fractionation is greater,
around 1.3%0 and 3.4%0 (Nakamura et al., 1982; Schoeller
et al., 1986; Katzenberg & Krouse, 1989; White, 1993;
Fernandez et al., 1999, Panarello & Fernandez, in press).

Where:
ô13C isotopie deviation in per mil, %0
13C112C isotope ratio

S =sample
R= referenee standard

This work compares 13C11ZC ratios on hair of two Inka
mummies found in the Aconcagua and Chuscha mounts,
Argentina and makes a preliminary interpretation of why
it occurred in this way.

THE INCA MUMMY OF MOUNT CHUSCHA
In recent years a new speciality, the "high mountain

Archaeology", has investigated the so called "high
altitude sanctuaries" that are sites located at more than
5000 m high, found between southern Pen! and central
Chile and Argentina. Up to the moment, about 140 of
these sites have been found, 15 of them bearing
mummies. They belong to the Inca expansion period,
1475-1532, thus their age round 500y bp. The rather good
preservation of these bodies, allows obtaining valuable
biological information that is not possible in other kind of
human remains. The same happens with textiles and
cultural elements found together.

The mummy of Mount Chuscha was encountered by
local people in the time span comprised between 1920
1922, towards the top of the Nevado de Chuscha at about
5200 m a. s. level. The city of Cafayate, in the south of
the Salta province, is the nearest locality to this site (Fig.
1). Mummy consists of a dried dead body of a girl (ca. 8
years old) dressed with an "unco" (an Andean tee-shirt)
and accompanied of sorne adorns and ritual elements.
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Figure 1. Location map showing the site where Chuseha
mummy remains have been eneountered.
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As in the case of the mummy of Mount Aconcagua
(Fernândez et al., 1999) and other similar cases, it is
interpreted as a human sacrifice, an atavism called
"capacocha". In this ceremony, children between 6 and
15 years old were offered to the deities presided by the
sun, the imperial god.

MATERIALS AND METRODS
In order to study the relative proportion of C3 and C4

plants in the Chuscha's mummy diet, a thread ofhair was
washed with petroleum ether to remove rests of eggs of
insects and fat. The thread was then cut in 15mm sections
and combusted in accordance to the technique of
Panarello (1987). 13C/12C ratios in each section were
contrasted in a Finnigan Delta-S, McKinney type, and
triple collector mass spectrometer with the internaI
reference INGEIS-l, Carrara Marble and are expressed as
(j%o against V-PDB standard (Table 1).

Table 1. Isotopie values of the samples of Chuscha mummy.

Laboratory # Distance to head Ô
13C

[mm]
AIE 12316 0-15 -12.1
AIE 12317 15-30 -10.8
AIE 12318 30-45 -10.8
AIE 12319 45-60 -13.0
AIE 12320 60-75 -15.2
AIE 12321 75-90 -15.8
AIE 12322 90-105 -17.1
AIE 12323 105-120 -18.9
AIE 12324 120-135 -19.1
AIE 12325 135-150 -20.0
AIE 12326 150-160 -21.7

DISCUSSION
Figure 3 shows the vanahons in the isotopic

composition of carbon starting in the head and going
away in 15 mm interval towards the tip.

Starting at the length of 160 mm, the oldest hair
shows a value of -21.7 %0 corresponding to a diet
composed mainly of C3 plants (ca 80%). As we
approximate to the head the values become more and
more positives, reaching the value -10.8 %0 at 15 mm,
corresponding to a pure C4 diet. It is interpreted in the
sense that from a determined moment, perhaps at the
beginning of her trip to the sacrifice site, the mummy was
fed with corn and derivates beverages till any signal of C3

plants disappears.
Fernândez et al. (1999) used carbon, nitrogen and

sulfur isotopes in order to decode the ethnic origin of the
Mummy of the Mount Aconcagua. Particularly, (jl3C on
haïr presented cyclical variations that could be interpreted
as alternating between C4 (corn) (and marine food?) and
C3 plants derived aliments, perhaps due to the non
possibility of store grains out of the season of harvest.
Fig. 2, modified from Fernândez et al. (1999), shows
those results.
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Observed differences found in (j13C of hair from the
two mummies may be due to the provenance of
individuals. In the case of the Aconcagua mummy, it
seems that it was living near the site of sacrifice, thus she
ate cultivated corn during the months following the
harvest. If the culture had not storing possibilities, when
corn was over, mainly C3 plants were consumed and thus
the hair isotope composition became more depleted. The
final segment of the curve shows an increase in BC,
which in this case may be due to continuation of the cycle
or to the special diet given to the "messengers of deities".

The Chuscha mummy has probably been taken from a
distant region, where corn was not significant for its diet
(other ethnical origin?) and the journey to the sacrifice
point started earlier. Since that moment, C4 diet i.e. corn
and derivate beverages, is responsible of the l3C increase.
Although, it is not possible to discard foods of marine
origin.

CONCLUSIONS
l3C content of hair in well-preserved mummies is an

excellent tool to trace the palaeodiet of the so-called
messengers of deities i.e. children sacrificed in order to
calm the anger of gods.

Different behaviors are found in the diet of the
Chuscha and the Aconcagua mummies. The former
shows a barely descendent pattern, while the latter
exhibits a cyclical one.

One probable explanation is the different place where
mummies originally lived: near the sanctuary of sacrifice
that of the mount Aconcagua and the Chuscha one in a
distant zone. The discussion about the ethnical origin of
individuals continues.

Taking into account that BC of C4 plants can be
indistinguishable from that of certain marine foods;
futures studies involving (j15N and (j34S will help to
determine the relative contribution of every sources of
alimentation.
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Figure 2. I3C variations in the Mummy of Mount Aconcagua (after Femandez C. et al., 1999). Note the cyclical sequence.
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Figure 3. ol3C variations along the hair of the Chuscha mummy from the head to the tip.
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INTRODUCTION
Most of the studies on palaeoenvironmental

reconstruction during the late Quaternary and the
Holocene have been based on pollen record obtained
from lacustrine sediments.The regions investigated
include, the Amazon (Absy & Van der Hammen, 1976;
Van der Hammen & Absy, 1994), central (Ledru, 1993;
Salgado-Laboriau et aI., 1998) and southeastern and south
regions (Roth & Lorscheitter, 1993; Behling, 1995,
1997a, b). Carbon isotopes technique in soil organic
matter have also been applied to reconstruct
palaeovegetation changes in south, southeastern
(Pessenda et aI., 1993, 1996a), central (Gouveia et al.,
2002) and northern region of Brazil (Gouveia et aI., 1997;
Freitas et al., 2001).

Few palaeoclimate studies have been developed in the
northeastern region, probably due to the difficult to find
stable and perennial lakes. One of these studies carried
out in the leatu river valley located in the semi-arid
region of Bahia state, documented vegetation and climate
changes during the last 11,000 years BP (De Oliveira et
aI., 1999), with a humid and cold period during the late
Pleistocene and drier climate during the early to mid
Holocene. Other studies based on pollen data collected at
Lagoa do Ca~6, Maranhao state, show higher frequencies
of Podocarpus at the end of the Pleistocene than today,
suggesting a late-glacial increase of moist and cool
climatic conditions (Ledru et al., 2001). From the early to
mid Holocene (ea 6000 yrs BP) the Ca~6 lake level rose
gradually (Sifeddine et al., in press) and the presence of
microscopic charcoal fragments (Ledru et al., 2001),
indicated that the humid phase was interrupted by dry
phases.

In this paper we present the first comprehensive
carbon isotope record of vegetation dynamics in the
northeastern region of Brazil, covering the late
Pleistocene and Holocene. This study is part of a major
research program carried out at the Centre for Nuclear
Energy in Agriculture (CENA), whose aim is to evaluate
vegetation dynamics during the last 20,000 years in
Brazil using carbon isotopes (Pessenda et al., 1996a,
1998a, b, c, 2001a; Gouveia et al., 2002; Freitas et aI.,
2001).

STUDY AREA
A mean annual temperature of around 26°C and a

mean annual precipitation of around 1400-1500 mm
characterize the climate of the region. The study area is
located at an altitude between 100 and 120 m.

Soil samples were collected from eight points on a 78
km transect including Forest (F) and Cerrado (C)
vegetations (woody savanna), along the road between the
cities of Barreirinhas (referenced as km zero) and Urbano
Santos (Fig. I). The sites are denominated Fl5 (the
numbers represent km), Fl6 (transition), C16 (transition),
C17, C20, C25, F46, C54 and F78.

Figure 1. Map of Brazil showing the study site.

The study transect is located between the coordinates
2°52'S/45°55'W, corresponding to km 15 covered by
"Restinga", the steppe vegetation along Brazil's coast
which is dominate by Manikara sp, Capaifera martii,
Platonia insignis and Dimorphandra gardneriana in the
arboreal extract and 3°11'S/43°22'W in the km 78,
covered by a Cerradao - semi deciduous forest (Pessenda
et al., 1998). The sandy "Cerrado" savanna vegetation is
located between the km 16 in an ecotone with Restinga
vegetation and km 54, and is characterized by short trees
« ·10 m) as Curatella americana, Byrsonima
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verbascifolia, Annona coriacea Mart. and., grasses as
Andropogan bicomis L., Aristida longfolia Trin,
Panicum sp and Paspalum sp. Soil samples and buried
charcoal fragments were also collected in a semi
deciduous forest located 200 m (F2oo) from Caç6 lake
(2°58'S/43°25'W), and approximately 10 km
northwestem from the ecosystem transect of 78 km.

METHOOS
The soil of the study sites was classified as sandy soil

(Typic Quartzipsament) over eolian sand. Soil samples
were collected from trenches or with a hand-auger

From trenches, up to 5 kg of material were collected
in 10 cm increments to a maximum depth of 300 cm. For
o13C lmalysis, about 0.5 kg of soil and about 0.2 kg in
case of samples collected by a hand auger was sieved (5
mm), dried at 50°C to a constant weight and root
fragments were discarded by hand picking. The dry
samples were sieved again (210 /lm) and any remaining
debris was removed by tlotation in hydrochloric acid 0.01
M and wet sieved (210 /lm). For 14C analysis, the buried
charcoal fragments in the soil received the conventional
acid-alkaline-acid treatment (Pessenda et al., 1996a) and
dried to a constant weight.

The grain size analyzes were carried out at the Soil
Science Department of the Escola Superior de
Agricultura "Luiz de Queiroz", Piracicaba, Brazil, on
sieved through a 2 mm samples of dry soils. The results
are expressed in percentage (%).

The carbon analyzes on soils (013C, total C) were
carried out at the Stable Isotope Laboratory of CENA.
Results are expressed as o13C with respect to PDB
standard using the conventional 0 (%0) notations:

013 C (%0) = R sample - R stan dard X 1000
Rstan danl

12" . f hwhere, Rsample and Rstandard are the CI' C raUo 0 t e
sample and standard, respectively. Analytical precision is
± 0.2%0.

The 14C analyzes on charcoal fragments collected at
site F 200 were carried out by AMS at Isotrace
Laboratory, University of Toronto, Canada. Radiocarbon
ages are expressed in years RP, normalized to a ol3C of
-25%oPDR

RESULTS
SOIL PROPERTIES AND TOTAL ORGANIC
CARBON CONTENT

The grain-size analyses showed that the clay content
was low (around 6 to 14%) in the six locations, with
exception to km 46 (forest) that presented up to 28% of
clay. The carbon content data show a general decrease
with depth, similar to that observed in other studies in
distinct regions of Brazil (Pessenda et al., 1998a, b, c).
Values range from 1.42% in the shallow part of the soil to
0.04% in the deepest sampie levels (Pessenda et al.,
200Ib).
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CHARCOAL CHRONOLOGY AND SOM o13C
These data are presented in Fig. 2. The radiocarbon

dates range from about 1890 yrs BP (30-40 cm) to about
9000 yrs BP at 230-240 cm soil depth. Significant carbon
isotopic variations were observed in sorne points of the
study transects. The o13C values of soil surface
characterized very weil the distinct vegetation cover. ol3C
values of -27%0 to -25%0 represent the predominance of
C} forest vegetation (FI5, F16, CI6). The o13C values of
-21.4 to -17.7%0 showed the contribution of C4 plants

(C20, C25, C54), and soil under cerradiio vegetation
(C78) characterized by a 0 l3C value of -25.3%0. Litter
samples from each location presented more depleted ol3C
values up to 0.9%0 (C54) and 3.5%0 (C78) compared to
the shallow soils.

The cerrado sites (Cl?, C20, C25 and C54) show a
wide range in isotopie composition that varies between
-26.1%0 and -16.9%0. The forest sites (FI5, F46 and F78)
also show a wide range, with more depleted values, from
-29.6 to -21.9%0. The soil at transition sites (F16 and
C16) show more enriched values (-22.1 to -20.2%0) at the
lower section (100-90 to 80-70 cm) than in shallow
depth.
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Figure 2. Ô13C variation of SOM of ecosystem transect and 14C
age of charcoal fragments.

DISCUSSION
CHARCOAL CHRONOLOGY AND ODC
VARIATIONS

Based on extrapolation of the radiocarbon dates
obtained with the charcoal fragments, it is possible to
postulate that the carbon isotope record represents the last
15,000 yrs BP.

It was observed that since 330-320 cm (approximatel'y
between 12,000-11,000 yrs BP) up to approximately 70
60 cm (around 3000 yrs BP), there was a tendency of
isotopic enrichment in several points of the soil transect.
This is clearly observed in the locations of more dense
cerrados in the km 17, 20 and 25 (-26.1 %0 up to -16.9%0)
and in the open cerrado in the km 54. The enrichment
trend (-28.9%0 up to -21.9%0) in case of in km 78 is
observed from approximately 4600 yrs BP until
approximately 3000 yrs BP. The exceptions occurred in
the forest in the km 15 and the forest LCF46, located
around 10 km southeast of cerrado site km 54.
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The results also indicated that mainly from 250-240
cm (approximately 9000 yrs BP) up to 70-60 cm (around
3000 yrs BP)the 013C vaIues were clearly more enriched
(up to -17%0), indicative of the presence of C4 plants in
several points of transect, aspect that can be associated
with a drier climate in the region.

It is interesting to emphasize that the value of
-19.5%0 at 300 cm for C54, probably characterize the
presence of an open vegetation from late Pleistocene/
early Holocene. The isotopic enrichment up to -17.4%0 at
50 cm soil depth (around 2500 yrs BP) followed the
general tendency and reinforces the presence of a
paleocerrado in that location.

In terms of vegetation dynamics it was verified that
approximately since the late Pleistocene up to the early
Holocene, arboreal vegetation probably related to forest,
covered most of the ecosystem transect of 78 km
constituted of forest-cerrado-restinga ecotone on the
Barreirinhas region. Afterwards, since approximately
8000 yrs BP until around 3000 yrs BP the cerrado
expanded, probably related to the presence of a drier
climate. From 3000 yrs BP to the present, more depleted
013C of SOM in several points of soil transect were
interpreted as a forest expansion over the cerrado, due to
the return to a humid climate and probably similar to the
present.

The paleoclimatic interpretations for this study is in
agreement with the article of De Oliveira et al. (1999),
where a probable dry period dominated the north region
of Bahia from the early Holocene (around 9000 yrs BP)
up to mid-Holocene (4000-3000 yrs BP), following a
more humid period and probable similar to the present.

In Carajâs (PA), central Amazon region, around 1400
km west from Barreirinhas region, Sifeddine et al. (1994)
verified through pollen anaIysis em lacustrine sediment, a
dry period between approximately 7000 yrs BP and 4000
yrs BP, reinforcing the interpretations.

Other studies based on used carbon isotopes of SOM
in an ecosystem transect of a ecotone forest-savanna in
the Humaitâ region, southern part of Amazonas State,
approximately 3000 km west from Barreirinhas) verified
that in the period of 17,000 yrs BP to 9000 yrs BP the
transect was covered by forest vegetation (Gouveia et al.,
1997; Pessenda et al., 1998a, c, 2oola; Freitas et al.,
2001). From about 9000-8000 yrs BP up to
approximately 3000 yrs BP, several locations in the study
transect were substituted by savanna vegetation (C4

grasses), probably due to the presence of dry climate.
Since approximately 3000 yrs BP up to the present, the
isotopic data indicated the predominance of C3 plants,
related with the presence of a humid climate. Similar
palaeovegetation and palaeoclimatic reconstruction were
documented by Pessenda et al. (1998d) in the
southeastern part of Rondônia State, south Amazon
region.

It is important to high light different paIaoevegetation
and palaeclimatic signaIs were observed in the southeast
and south regions of Brazil, in the late Pleistocene/early
Holocene.
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Isotopic data of Salitre, western region of Minas
Gerais State (Pessenda et al., 1996a, 1998d), Piracicaba,
Sào Paulo State and Londrina, Paranâ State (south)
(Pessenda et al., 1996b, 1998d) and Jaguariuna, Sào
Paulo State (Gouveia et al., 1999, 2002) indicated the
significant presence of C4 grasses since approximately
Il,000 yrs BP till about 4000 yrs BP, that was associated
to the presence of a dry climate. Palinological data from
lake sediments also indicated a dry climate in similar
period in sites located in the south of Brazil (Ledru et al.,
1996; Behling, 1997a, 1998).

A hypothesis for the occurrence of these climate
changes could be related with the position of Intertropical
Convergence Zone (ITCZ) between 12,400 and 8800
calendar yrs, which correspond to approximately 10,500
yrs BP and 7300 yrs BP. According with Martin et al.
(1993), the present precipitation over the South America
continent is amply controlled by seasonal movements of
ITCZ. During the summer, the ITCZ moves to the south
due to the heating of continent. In the period 12,400 yrs
and 8800 yrs, the east part of the Amazon received
substantial humidity, while in the Bolivian Altiplano
(located more in the south and to the east) was arid. The
authors suggested this pattern was related to the ITCZ
position more in the north during the summer, in relation
to the present days. In similar form in the mentioned
period, the northeastern and Amazon regions presented
higher precipitations than the south region, occurring
situations of more humid climate in the north and drier in
the south, between approximately 10,500 yrs BP and
7300 yrs BP.
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AJluvial sand of the mouth of large rivers is composed
of the mineraI grains originated from various areas within
the fluvial basin, forming a general mixture of the region.
They are constituted predominantly by quartz, but contain
also small amount of heavy minerais, such as ilmenite,
magnetite, zircon, rutile, monazite, tourmaline, and rarely
microdiamond. Among them, zircon is a highly stable
one against chemical and physical weathering during
fluvial transportation. ln this sense, detrital zircon of river
outlet represents that of whole continental crust rocks of
the fluvial basin.

In case of a very large river of continental extension,
such as the Amazon, the La Plata, the Mississippi, and
the Macknzie, river mouth detrital zircon represents a
huge area, corresponding sometimes to entire craton or a
half of the continent. Therefore, the geochronological
studies of detrital river mouth zircon of main continental
scale ri vers of the world can reveal continental crust
growth history of the Earth. This paper presents partial
results of this worldwide research project, applied to
Amazon River.

In generaI, orogenic belts of the late Proterozoic and
the Phanerozoic occupy about 50% of continental area. In
case of South American Continent, the Pan-African
orogenic belts (about 600 Ma) constitute a well
developed network, surrounding old continental crust
massif, so-called craton or terrain. These old continental
platforms are made up of granite and orthogneiss,
showing two important tectonic cycles: the Trans
Amazonian (2000-2200 Ma) and the Jequié (about 2700
Ma). However, recent studies revealed that the ages of the
cratonic rocks are much more complex (e.g. Tassinari et
al., 2000).

On the other hand, the orogenic belts of the
Phanerozoic and the late Proterozoic are composed
dominantly, more than 90%, of sedimentary or meta
sedimentary rocks. The zircon grains present in these
rocks were derived from oider granitic rocks of the source
area. ln this sense, either in the regions in which granitic
rocks are directly exposed at the surface, or in the areas
covered by sedimentary or meta-sedimentary formations,
the river mouth zircon grains contain geochronological
information related to their primary continental crust
formation event of the fluvial basin.

During metamorphic events, original igneous zircon
overgrows on the surface of the grains (Fig. 1). By means
of multiple metamorphic experiences, multiple-zoning

structure can be formed. ln order to get the age of
juvenile continental crust formation age and to elaborate
continental crust growth history, the U-Pb or Pb-Pb spot
(pinpoint) dating must be realised at the core domain of
the zircon grains. This purpose can be performed by
means of SHRIMP or LAICPMS.

Figure 1. Cathode-luminescence image of a zircon grain
collected from the mouth of Amazon River, showing zonal

structure formed by overgrowth.

Goldstein et al. (1997) presented a pioneer study
based on above-mentioned conception, dating 49 detrital
zircon grains collected from Orinoco River sand with
help of SHRlMP. ln spite of small number of grains
analysed, the U-Pb spot ages showed a sharp and clear
fingerprint of the tectonic history of the continental crust
basement of Orinoco River fluvial basin. The age
histogram affirmed prominent age populations of 2800
Ma (Alto Guyana Imataca event), 2000-2200 Ma (Trans
Amazonian one), and 1000-1200 Ma (Grenvillean one).

However, in order to establish highly reliable tectonic
fmgerprint of a very large area, such as Amazon River
fluvial basin, a much larger number of detrital zircon
dating is required. Although SHRIMP is high precision
U-Pb dating equipment, it takes too much time for spot
dating of hundreds of zircon grains. Therefore, a rapid
U-Pb spot dating is desired.

To achieve the purpose, the authors adopted LNICP
MS installed at Tokyo Institute of Technology. The mass
spectrometer is a ThermoEIemental YG PlasmaQuad 2
quadrupole based-ICP-MS equipped with S-option
interface (Hirata & Nesbitt, 1995, 1997). With
application of the chicane ion tens, the elemental
sensitivity is enhanced by factors of 3 to 4, and the
instrument has count rates about 2 x 108 cps/J.l.g goI for U
(Hirata, 2002), while the background counts was
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Figure 2. Concordia plot diagram of V-Pb spot dating with help
of LAlCPMS for 368 grains of detrital zircon collected from the

mouth of Amazon River. The error bar corresponds to la.
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More than 70% of Amazon fluvial basin belong the
Amazon Craton. Pan-African continental collision zone,
Tocantins belt of about 600Ma, is present in southeastem
part of the fluvial basin, and Phanerozoic one, Andes
orogenic belt, takes place along the western margin.

In the Central Amazonian region, mid-downstream of
Amazon fluvial basin, the oldest rocks of the Amazon
Craton, 2300 to 3100 Ma, are distributed. To the west, the
radiometric ages of basement rocks tend to become
gradually younger: in Maroni-Ilacaiûna region,
midstream, 1950 to 2200 Ma; in Ventuari Tapajas region,
mid-upstream, 1800 to 1950 Ma; Rio Negro region,
upstream, 1550 to 1800 Ma; Rondonian - San Ignacio,
south-west upstream, 1300 to 1500 Ma; Sun sas, south
west end of the Amazon Craton, 1000 to 1250 Ma. The
last group is correlated to the Grenvillean cycle (Teixeira
et al., 1989; Tassinari, 1999; Tassinari et al., 2000).

In total, 369 spots of detrital zircon grains are dated.
More than a half of the data falls close to the concordia
curve. However, but sorne of them fall significamly to the
right (Fig. 2) due probably to Pb loss during the tectonic
events after igneous formation of these zircon ~rains. ln
order to solve above-mentioned problem, 2ü7 Pb- 06p b age
histogram also has been elaborated.

The U-Pb age histogram shows existence of three
prominent age populations (Fig. 3a). The highest peak,
that occupies 34% of a1l data, is of 1800-2200 Ma. This
event is correlated to the Trans-Amazonian cycle and the
rocks are found in Maroni-Ilacaiûna region, of the
midstream. The second highest one, 22%, is of 2400
2700 Ma, of Central Amazon region. The third one, 7%,
is of 900-1100 Ma, of the Sunsas region of the
Grenvillean event. Also observed two plateaux, of 1300
1800 Ma and of 2700 to 3200 Ma, which correspond
respectively to of the Rio Negro - San Ignacio regains of
the upstream and Central Amazon region of the mid
downstream. Only four grains show an age littJe older
than the Pan-African evenl. The oldest 238 U_206pb age is
3401±54 Ma.

The 206Pb-2ü7 Pb age histogram shows a similar pattern
of the U-Pb one, but presents more c1early tectonic
fingerprint with higher and narrower age population
peaks and lower background (Fig. 3b). The highest one,
37% of ail data, is of 2000 to 2300 Ma of the Trans
Amazonian cycle, the second one, 29%, is of 2500-2800
Ma of the Central Amazon event, and the third one, 6%,
is of 1000-1200 Ma of the Grenvillean. These peaks are
slightly older than those of the U-Pb histogram, with
difference of about 100 million years. A low plateau of
2700-3400 Ma, takes place, however the plateau of the
Rio Negro - San Ignacio, 1300-1800 Ma, is not clearly
observed. No Pan-African like peak is detected. lt is
worth noting that three grains older than 3500 Ma are
present, and the oldest 2ü7Pb_206pb age is 3523 ± 41 Ma.
This is one of the oldest radiometric ages of South
America Continent.

368 grains
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significantly minimized. Typical background counts for
mid-mass range (80-150 amu) is about 5 cps, and for high
mass range (220 Dalton) is 2~5 cps. The slightly higher
background in mid-mass range is mainly due to detection
of scattered Ar-related polyatomic ions. Moreover, the
chicane ion lens has the added advantage of minimizing
the oxide formation.

The laser ablation system is of MicroLas production
(Gottingen, Germany) GeoLas 200CQ. This system
utilizes Lambda Physik (Gottingen, Germany) COMPex
102 ArF excimer laser as a 193 nm DUV (deep
ultraviolet) light source. The instrumental sensitivities
achieved by the present LNICP-MS are 1.5 x 104 cps//lg
g-1 for Pb and U on NIST 610 SRM from a diameter of
20 /lm pit size ablated by 5 Hz repetition rate with source
pulse energy of 140 ml.

Ali measurements are carried out in peak jump
acquisition mode. For U-Pb age determinations, the peaks
2ü2Hg, 2ü4 Pb eÜ4 Hg), 2ü6Pb, 2ü7 pb, and 238U are monitored.

A major problem associated with the analysis of 204pb
using the LNICP-MS is 204Hg isobaric interference. Il is
recognized that Hg is mainly originating from Ar gas,
since the Hg signais have Jong duration and does not
decay away with time. Twenty-two 204 Hg are corrected
for by measuring 2ü2Hg (which can reach 800 cps) and
subtracted an appropriate number of counts from total
signal intensity at 204 Dalton. Typical bulk error for the
standard of about 1000 Ma is less than 3%. No statistic
correction to improve apparent dating precision is applied.

The detrital zircon of Amazon Ri ver has been
collected at Santana Island, about 30km west south west
of Macapa, State of Amapa. In total, 20kgs' natural river
sand has been collected. The heavy minerais have been
concentrated up to 20 times by means of in place panning.
ln Jaboratory, zircon grains are extracted using the ZR
2001 zircon separation system, wh ich is installed at
Tokyo Institute of Technology.
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A. U-Pb age histogram

In case of Orinoco River, the V-Pb dating of detrital
zircon showed sharp age histogram in comparison with
other method of radiometric dating (Goldstein et al.,
1997). ln case of Amazon Ri ver, the age histogram of

detrital zircon, especially that of 207PbPo6Pb method, also
shows very sharp age population peaks, indicating c1early
continental crust formation events in comparison with the
studies based on Sr (Cordani et al., 1988) and Nd
(Cordani & Sato, 1999; Cordani et al., 2000) isotopes. lt
is noted that almost no Pan-African ages are detected in
both the V-Pb and the Pb-Pb histograms, and the Rio
Negro - San Ignacio age plateau in the Pb-Pb histogram.
The fact suggests that the spot ages of zircon
core,especially of Pb-Pb ones, are stable and maintained
even in later metamorphic event. Therefore, the V-Pb
dating by means of LAICPMS of detrital zircon grains of,
continental size large ri vers is useful for the purpose of
continental growth history study.
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THE ANALYTIC METHOD
The leaching technique was used to treat metamict

zircons showing overgrowth rims and high uranium
concentration. Petrographie studies using
cathodelurninescence (CL) and transmitted light (TL) was
carried out in order to evaluate the method efficiency.
Crystals (around 10) of the same typology were
photographed. These crystals, previously washed with
HN03, were then put in a savillex cup and attacked by an
with 600~1 of concentrated HF. The saviJlex cup was
placed inside a microwave oyen at temperatures not
higher than 130 Oc and 4 cycles of 90 minutes of heating
and 10 minutes in stand-by (oven turned off) were
applied in order not to overload or damage the
microwave. After 360 minutes of heating, less than 5% of
the acid solution evaporated from the savillex cup. With a
micropipette the acid solution containing Pb and U
leached from zircon rims was carefully separated from
the remaining crystals and transported to another c1ean
savillex cup, to which 20Spb spike and H]P04 were added.
HF was completely evaporated on a hot plate, remaining
only H]P04 and leached material at the bottom of the cup.

To the first savillex containing partially leached
zircons a reload of acid solution containing 600 III of
concentrated HF was again added and the whole
procedure was repeated for 4 times (1, II, III and IV).

Before the final chemical attack, the grains were
recounted and photographed. The dissolution using HF
and HNO] took place in a digestion bomb with a special
stainless steel protector placed inside a resistive oyen
kept at 180 oC during 3 days for a complete chemical
digestion of the zircons. Pb and U were purified using the
ion exchange column. The resulting H,P04 solution
containing Pb and U was loaded with silicagel on the Re
filament and the isotopes ratio were measured by
Finnigan MAT 262 Thermal Ionization Mass
Spectrometer (TlMS).

DESCRIPTION OF THE SAMPLES
For the proposed experiment, 3 zircon fractions were

seJected from the two different zircon typologies
observed in the leucosome veins present in the Atuba
migmatites from Atuba quarry (north of Curitiba). These
rocks are located in the Atuba Complex - SE BraziJ.

- Group 1: coarse-grained zircons, of average sizes

between 200 and 400 Ilm x 130 ~m, prismatic habit,
relatively homogeneous, soft brown in reflective light and
dark in transmitted light.

- Group Il: Sirnilar to group 1 in habit and in size but
with intense metarnictization. The grains are dark brown
and inhomogeneous in reflective Iight and opaque in
transmitted light

Figure 1 illustrates the above-mentioned
characteristics using cathodelurninescence images (CL).
The CL images show grains generally homogeneous, but
locally with hints of oscillatory zoning parallel to the
grain boundaries. There are sorne recrystallisation
domains which appear bright and homogeneous in the
images. Ali SHRIMP analyses show high U content
(3000 - 7000 ppm, Sato et al., 2003), with variable and
generally high common Pb content. The Fig. 2 show
TeraWasserburg concordia diagram from SHRIMP
analysis. One zircon yielded the oldest 207Pb/206Pb date of

795 ± 15 Ma. A group of four analysis yielded a weighted
mean 207Pb/206Pb date of 573 ± 55 Ma with 96.5%
confidence and MS WD of 0.4.

Figure 1. Cathode luminescence image.

DISCUSSION OF THE RESULTS
The grains were completely destroyed after 2 leaching

phases of 6 hour cycles for each phase (Fig. 3).
Il is possible to see in the Fig. 4a that U content goes

down in the exponential form. These results may to
indicate a preferentiaJ U leaching or of a possible higher
U concentration in the zircon rim. The total amount of Pb
and U extracted for the 4 leaching stages exceed 85% for
Pb (Fig 4b). The values of 207Pb/206 x mU pU6Pb ratios of

the 3 initial phases plot on a straight fine that intercepts
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Figure 2. TeraWasserburg diagram. SHRIMP zircon analyses.

Figure 3. Leach residue after IV step. The zircons are
completely destroyed in very small fragments.

the concordia curve between 700 and 800 Ma (Figs 5 a, b,
c, d, e, f). This value is very close to the zircon age
obtained by SHRIMP (Fig. 2, 207PbP06Pb age of 795 ± ) 5
Ma). The large age variation are due: very large amounts
of common Pb, intense metamictization, continuous lead
loss and also mixture age between inherited zircon
(around 1700 Ma, Fig. 6) and the Neoproterozoic
overgrowths around 570 Ma (SHRIMP ages; Sato et al.,
2003). In addition for each leaching step it also is
possible to see high U for step 1 (normal discordance)
and decreasing ta low U content for step IV (reverse
discordance).

The final leaching fractions (attack in the bomb)
yielded the UlPb age (upper intercept) of 1635 ± 25 Ma
(Fig. 6). These values registered in the residue material
may reflect a mixed age with major contribution from
inherited Paleoproteozoic material.

FINAL CONSIDERATIONS
The partial chemical attack using HF and HN03 was

done in savillex cup and microwave oven. NormaHy the
dissolution occur only in the zircon rim due low
temperature « 130 oC), but highly metamictic zircons the
chemical digestion was very strong (>85%). The initial
leaching fractions indicate Neoproterozoic ages (~ 750
Ma). These ages are probable a mixture between the
Neoproterozoic recrystallized gram and the
PaJeoproterozoic inherited material that was evidenced in
the final residues after the dissolution in the bomb.
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INTRODUCTION
Geochronological and isotopie data represent

important tools to help unraveling the geological and
metalogenetic evolution of large areas of the continental
crust. Good quality isotopie data has been progressive1y
more used as a fundamental piece of information for
scientific research as weB as for mineraI exploration
programs and the existence of easy-to-use and up-to-date
geochronological databanks have been demanded by both
the academic and mining sectors.

The absence of a national geological database in
Brazil, including the isotopie record, led several
institutions, geochronology laboratories and private
exploration companies to produce isolated, non-re1ational
and incomplete geochronological databanks. The most
comprehensive of them was that produced by the
CPGEOlUniversidade de Silo Paulo (Mellito et al., 1997).
However, since the early 90's these efforts did not
respond to the growing necessity and demand of the
academic and industrial sectors for a complete and up-to
date isotopie data bank. In 2001, a larger initiative carried
out by the Geological Survey of Brazil - CPRM, in
association with the universities of Brasilia, Silo Paulo
and Para, and sorne private mining companies started the
setting up the first national geochronological database in
the country. The major difficulties in building such a
large database are: i) the size of the country; ii) the lack
of precision on the location of the data produced before
the introduction of GPS tool; iii) the very large amount of
available data, by far the largest isotopie databank in
Latin America, and, iv) the lack of a national
management group aBowing permanent feeding of the
database and deve10pment routines. The recent
accomplishment of the "Geological, Tectonic and
Mineral Resources Map ofBrazil, Scale 1:2,500,000" and
the "Geological Chart of Brazil, 1: 1,000,000" on a GIS
basis by the Geological Survey of Brazil (CPRM),
highlighted the necessity of organizing the Brazilian
gechronological data, fragmented between several
individual databanks. As a consequence, a group of
researchers are presently modelling the first national GIS
based geochronological database (CHRONOBANK),
which represents a specialized module of the CPRM's
national geological databank (GEOBANK). The work is
supported by an agreement between the Ministry of
Science and Technology (MCTIFINEP), the isotopie
laboratories from the universities of Silo Paulo (VSP),
Para (VFPA) , Brasilia (VnB), the Agency for the

Development of the Brazilian Mineral Industry (ADIMB)
andCPRM.

ORGANIZING THE NATIONAL GEOCHRO
NOLOGIC DATABASE, ON A GIS: THE
PROBLEM OF ASSESSING PRECISE SAMPLE
LOCATION

The major problem that had to be tackled during the
initial data coBecting phase was the scarcity of precise
sample location data. To make the compiling process
faster, the availability of precise location information was
used as a criterion for quality control of the data. The
analyses were divided into three classes: a) those located
by means of a GPS; b) those which had been plotted on
accurate location maps and; c) those plotted on inaccurate
maps or for which no location information was provided
(Table 1). The procedure to include samples from group
'b' consisted in scanning and geo-referencing the
available map, using the ArcView tool to extract the
approximate coordinates. In the present stage only
samples with relatively precise location (groups 'a' and
'b', Tab.l) were included into the CHRONOBANK
(Tab.l). Samples from the last group (group 'c', Tab.l)
were catalogued but their inclusion in the bank depends
on a posterior attempt to obtain more precise location
data trough direct contact with the authors and/or
laboratories.

Table 1 shows the number of registered data in each
situation.

Table 1: Total stored data in the initial phase of the project: (a)
samples with field-measured coordinates (GPS) or located in
ArcView georeferenced maps, (b) samples with maps to he
georeferenced; (c) samples with no precise location. The

GEOBANKICHRONOBANK system was developed with
three-layer architecture: &#61623: Client - interface with user

in the internet, &#61623: Applying - definition and
development of the applying of interface with user - Oracle

91AS, &#61623: Data Storage - Data Bank Oracle 91.

Group (a) (b) (c)
Ar-Ar Pooled Age 51 10 22
V-Pb (TIMS) Pooled Age 150 144 78
V-Pb (SHRIMP) Pooled Age 157 133 114
Sm-Nd (isochronic) 15 39 5
Sm-Nd (TDM) 570 258 182
Pb-Pb (evaporation) 10 78 19
Pb-Pb (Laser ablation) 10 6 12
Total stored analyses 733 401 303
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MAIN CHARACTERISTICS OF THE BANK
The basic focus of the modelling is on the relational

nature of the bank, based on the inter-linking of several
key-data colurnns and on the portability of the bank, in
order to permit its insertion in any platform. Other main
characteristic of the bank is its easy-to-use nature heing
accessible in multiple media, including the internet,
perrnitting even easy raw data reprocessing. Owing to the
very large amount of information to he joined and
analyzed, this initial modelling phase priorized the
conventional V-Pb, SHRIMP V-Pb, Sm-Nd, evaporation
and laser ablation Pb-Pb data produced in the last decade
(Table 1).

ln the present modelling phase the bank was fed by
the data available in the literature, primary data from the
isotopie laboratories or even, unpublished data, when
authorized by the researchers. In this experimental phase
the bank was submitted to multiple modelling tests under
distinct situations and analytical peculiarities. In order to
become useful to a wide universe of users, with different
needs, a complete list of general, isotopie and equipment
analytieal information is provided. The information is
stored in sixteen normalized linked tables, separated into
three groups of entrance data. The first group contains
general information common to aIl the analyzed samples:
identification of the sample according to the GEOBANK
sample/outcrop code, geographic location (coordinates)
geologic and stratigraphie data and source references.
When available, original geological and location maps,
outcrop photos, etc, are also stored. The second group of
entrance data contains analytical data with information on
the age calculation, uncertainty, value of statistical
parameters indicating the quality of the data, etc. The

Short Papers - IV South American Symposium on Isotope Geology

third group of entrance data includes the measured
contents of the elements, isotopie ratios, images of the
analyzed mineraIs and concentrates, diagrams
(isochrones, concordias, etc).

To make the feeding process easier and more
homogeneous, lists of options were created for the fields:
"Geologieal Vnity", " Pooled Age", "Interpretation ofthe
Age: crystallization, metamorphism, Inheritance,
hydrothermal alteration, source, etc", "Position of the
Spot", "Statistical Parameters", "Standards Parameters",
"Laboratory", "Analyzed Material" and "Reduction
Program". AlI ages are recorded and registered in Ma,
even in the case of the model ages.

The access to the stored data will he available to aIl
internet users as soon as the operational routine for the
bank is established. Insertion of new data, as weIl as
updating of the stored data will also he available in the
internet to authorized users, as soon as the system starts
working in routine. Any interested user will have access
to a specifie electronic storage form created for this
purpose. The user interaction control will he made
through selective password getting in touch with
CPRMlUnBIUSP/UFPA scientific administrators of the
bank (Ors. Luiz Carlos da Silva: luizcar@unb. br;
Mârcio Martins Pimentel: marcio@unb.br; Celso
Colombo Gaeta Tassinari: ccgtassi@usp.br; Michel
Lafon: lafon@ufpa.br).
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INTRODUCTION
The application of the K-Ar-dating method on

muscovites and biotites of medium to high-grade
metamorphic basement rocks is used to characterise the
post-metamorphic cooling history of orogenie processes.
However, in polyphase deformed basement rocks the
method may he handicapped by subsequent
deformational events combined with either a regional
reheating of the basement or disturbance of isotopie
systems by regional scale ductile shearing. Those
processes may partly or entirely reset the isotopie system.
Therefore, the interpretation of cooling ages could he
established only with a profound knowledge of the
regional structural evolution as well as microstructural
studies of the dated sample material.

We will present an outline of our research on the
structural and thermal evolution of the Sierras de San
Luis (Steenken et al., in prep). The presented isotopie
data is part of a huge data collection of more than 71
biotite and muscovite K-Ar cooling ages. The basement
complex was subjected to the K-Ar dating method in
order to unrave1 differences in the cooling history of the
different domains. Although it appears that the whole
basement complex suffers a common post-Famatinian
cooling history a vast spread of biotite and muscovite K
Ar ages have to he explained in a sound geological
framework.

GEOLOGICAL SETTING
The Sierras Pampeanas generally forms north-south

striking mountain ranges representing a metamorphic
basement complex that is partly overlain by
Carboniferous to Permian terrigenous sedimentary rocks
outcropping within the Cenozoic sedimentary coyer of
central and northwestern Argentina. The tectono
metamorphic and magmatic history of the complex
documents the polyphase accretion of cratonic fragments
and terranes along the active continental margin of
southwestern Gondwana during Proterozoic and Early
Paleozoic times (Ramos, 1988, 1991). Different models
were proposed for the collisional history along the
southwestern margin of Gondwana (i.e. Dalla Salda et al.,
1998; Quenardelle & Ramos, 1999; Stuart-Smith et al.,
1999; Rapela et al., 2(00). They share the accretion of the
Pampean Terrane that was followed by the Famatinian

orogeny, i.e. the collision of the Precordillera (Cuyania)
Terrane. The lack of detailed time constraints on those
events is the main deticiency of those mode1s. Collisional
activity ceased after the Achalian orogeny during the
Devonian with the accretion of the Chilenia Terrane
(Stuart-Smith et al., 1999; Siegesmund et al., in review).

The present paper is focused on the basement rocks of
the Sierra de San Luis that forms the southernmost tip of
the Eastern Sierras Pampeanas. This basement block
comprises three variable NNE-SSW striking basement
domains of medium to high-grade metamorphic gneisses,
schists and migmatites. Namely from west to east the
Nogoli, Pringles and Conlara metamorphic complexes
(Sims et al., 1998). Those are largely separated by an
assemblage of lithic wacke sandstones and phyllites (San
Luis formation of von Gosen & Prozzi, 1996) where P-T
conditions never exceed lower greenschist facies
conditions. The whole basement complex was invaded by
numerous magmatic intrusions of (ultra-)matic to granitic
composition during at least two distinguishable events of
Ordovician and Devonian age (L6pez de Luchi et al., in
prep.).

Hauzenherger et al. (2001) suggested a back-arc
setting for the sedimentation of the high-grade
metamorphic rocks of the Pringles complex and the lower
grade equivalents of the San Luis formation. The timing
of sedimentation is still a matter of discussion. Sims et al.
(1998) deduced from SHRIMP analyses of zircon cores
of a rnigmatitic rock of the Pringles complex a maximum
age for the sedimentation of about 530 Ma. A similar
sedimentation age was reported by Sollner et al. (2000)
on the basis of U-Pb zircon dating for the low-grade
metamorphic volcanic rocks within phyllites. Prior to
peak metamorphism under granulite facies conditions at
about 460 Ma (Sims et al., 1998 - SHRIMP monazite
dating) the sedimentary pile underwent a deformational
event that led to the development of a penetrative SI
foliation. This was followed by the emplacement of matie
to ultra-matie rocks as well as granitoid and pegmatoid
intrusions that are widespread within the Pringles
complex. Hauzenherger et al. (2001) concluded on the
basis of geothermo-barometric results that those maties
intruded an environment already in amphibolite facies
conditions. Granulite facies conditions with a near
isobaric P-T slope could he the result of the emplaced
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Figure 1. Schematic map of the Sierra de San Luis Proterozoic to Palaeozoic units (based on L6pez de Luchi, 1993; von Gosen &
Prozzi, 1998; Sims et. al., 1998 and references therein), Presented is a selection of new muscovite (white boxes) and biotite

(brownish boxes) KIAr-cooling ages, The different frames of the boxes denote to the significance of cooling ages concerning the
posl-Famatinian history (see inserted references),

mafic rocks, Subsequently the whole basement complex
underwent a second deformational (D2) event, that results
in small seale and up to JOm to IOOm wide tight to
isoclinal folds that partly merge into sheath-fold

geometry (von Gosen, 1998), The newly developed
pervasive S2 foliation generally strikes NNE-SSW, Late
stage tectonics are recorded by crustal scale ductile shear
zones,
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ANALYTICAL RESULTS
K-Ar age dating was performed in the

Geowissenschaftliches Zentrum of the University in
Gottingen. For analytical precision and standards the
reader is referred to Wemmer (1991). In general the
obtained K-Ar muscovite ages (n=26) of aIl rock samples
show a wide spread ranging from 345 Ma to 447 Ma,
while K-Ar biotite ages (n=23) coyer a somewhat
younger spectrum from 319 Ma to 418 Ma. However, aIl
data can he explained together with other isotope data in
their geological context.

A first survey of K-Ar muscovite ages allows the
separation into three groups of a different cooling
history. The oldest group (n=13) exhibits cooling ages in
the range from 417±9 Ma to 447±9 Ma (Fig. 1). This
group is largely represented by huge pegmatoids and
solid-state deformed granites that are present in aIl the
basement domains, except for the San Luis Formation.
The western areas of the Pringles complex seem to lack
K-Ar ages of the oldest group (Fig. 1). Cooling ages for
the gneissic country rocks are difficult to establish, since
the high-grade metamorphic paragenesis lacks
muscovite. Furthermore, lower-grade metamorphic rocks
exhibit a widespread post-deformational overgrowth of
muscovite plates that is probably related to the Devonian
intrusive activity. Ages are generally slightly younger
than those of the neighbouring pegmatoids but overlap
within error. It is assumed that the archived ages are
mixed ages due to a partial resetting during the
Devonian. Younger K-Ar muscovite ages (n=8) are
restricted to the western areas of the Pringles complex.
Pegmatoid ages range from 395±8 Ma to 408±9 Ma (Fig.
1). Even younger ages down to 358 Ma are obtained
from mylonitic shear zone samples (n=4).

K-Ar-biotite ages show a high spatial and temporal
variation. The lower limit of the age spectra of about 315
Ma correlates with K-Ar ages obtained on fine mica
fractions of the two phyllitic helts (Wemmer et al., in
prep). The highest ages of about 415 Ma were archived
by two migmatite sampies of the Pringles and Nogoli
complexes. Intermediate ages ranging from 335 Ma to
383 Ma were obtained for the Ordovician tonalitic
intrusions as weIl as for the gneissic country rocks.
Again, huge biotite crystals of pegmatoids yield higher
ages than the adjacent host.

DISCUSSION AND CONCLUSION
The clear-cut separation in to three groups based on

the KIAr muscovite data is not straight forwarded by
structural observations. Young pegmatoids show a high
variability of contact relationships with their host. Highly
deformed and partly mylonitic bodies are concordant to
the S2-foliation, whereas narrow undeformed pegmatitic
dikes cross-cut the penetrative foliation. For the latter it
appears reasonable to relate the cooling age with their
time of intrusion. Those pegmatoids might he in
connection with the Devonian emplacement of large
granitoids like the La Escalerilla batholith (Sims et al.,
1998).

Short Papers - IV South American Symposium on Isotope Geology

A characterisation of the oider group of pegmatoids
concerning their state of deformation is not easy to
establish since the invading pegmatoids exhibit an
enormous dimension. During deformation they hehave as
rigid bodies within the host and hear a marginal
deformation, only. However, their age scatter in hetween
420 Ma to 445 Ma rnight he related to the regional
cooling of the basement. This is supported by few
muscovite cooling ages on the metamorphic country
rocks that overlap within analytical error those pegmatoid
cooling ages.

In contrast, part of the younger pegmatoid group has a
pervasive high temperature solid-state deformation.
Those will probably not retain any information
concerning their intrusion time. Mylonitisation in
connection with the recrystallisation of plagioclase
requires a minimum temperature of at least 450 oC (Tullis
& Yund, 1992). Time constraints for this deformation are
difficult to establish, since the impact of the Achalian
deformation on the basement complex is so far poorly
understood. It is assumed that the first deformation took
place subsequent to the granulite facies metamorphism
during the Famatinian orogeny. Therefore, the closure of
the K-Ar isotopic system for large 'muscovite-books' at
395 Ma will approximate the cooling helow the 350±50
oC isotherm of the basement domain in this area. Though,
Late Devonian to Early Carboniferous KlAr muscovite
ages of the mylonitic shear zones along the eastern
margin of the Pringles complex have to he related to the
Achalian accretion of the Chilenia Terrane (see also Sims
et al., 1998). Therefore, it is indicated that Famatinian
shear zones were reactivated during the Achalian event.

Additionally, the young K-Ar muscovite cooling age
of 395 Ma for the high ternperature solid-state deformed
pegmatoids rnight point to a differential exhumation of
this basement domain. Even though the amount of a
probable resetting of this age is unknown, since adjacent
biotite cooling ages are slightly older (see below). This
hypothesis is in accordance with the continuity of the
structural cross-section in the eastern part of the Pringles
complex (Steenken et al., 2002). Furthermore, the
transition from the lower-grade country rocks in the east
of the La Escaierilla pluton towards the granulite facies
rocks of the Pringles complex is controlled by a numher
of wide mylonitic belts with a prominent E-side up shear
indication. As it turns out, the outcropping rocks of the
Pringles complex could he regarded as a crustal cross
section from the lower-crust to the rnid upper-crust.
AdditionaIly, the hypothesis of basement tilting is
supported by the spatial distribution of mafic and higher
fractionated granitoids within the complex (Fig. 1).

K-Ar biotite ages usually document the cooling
history below 300±50 oC. Unfortunately the analysed
samples ~xhibit a variable degree of resetting. The
highest ages archived by migmatites of the Pringles and
Nogoli complexes are about 25 Ma younger than adjacent
muscovite cooling ages. Those are regarded to represent
cooling below the 300±50 oC isotherm after the
Famatinian orogeny. The lower limit of obtained K-Ar
biotite ages marks the end of Achalian shear zone
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activity. However, the range of ages in between cannot
he explained by local shearing or by a differential
exhumation of the basement block. Huge pegmatoid
biotite crystals generally yie1d higher ages than those of
their host rocks that range about 340 Ma. Furthermore,
cooling ages of tonalitic and granodioritic intrusions in
the range between 361 Ma and 383 Ma cannot he related
to their emplacement since U-Pb SHRIMP zircon data
(Sims et al., 1998) point to an emplacement during the
Ordovician. Consequently, intrusive rocks may suffer a
common cooling history with the basement. It is strongly
suzgested that those intermediate ages are the result of a
partial resetting during the Devonian. Though, regarding
the highest pegmatoid K-Ar biotite ages of the Conlara
complex as closest approximation to the basement
cooling below 300±SO oC, the whole complex had to be
differentially exhumed. However, the high variability in
biotite ages has to he addressed to the differences in grain
size of the analysed mineraIs and the resulting thermo
dynamic properties (Villa 1998). However, the variability
in resetting indicates that during the Achalian defor
mation the whole basement suffered an additional major
temperature input apart from local shearing.
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INTRODUCTION AND GEOLOGICAL SETTING
Arche~m and Proterozoic events have played an

important role on the geodynamic evolution of the
Amazonian craton, whose tectonic stability took place at
the end of the Late Mesoproterozoic (Cordani & Brito
Neves, 1982).

The Archean Imataca Complex (lC) occurs in the
Venezuelan NW corner of the Amazonian Craton and
forms a ENE-trending, fault-bounded block adjacent to
the Palaeoproterozoic Maroni-Itacaitinas Belt. IC rocks
are intensely deformed, by folding, thrusting and
shearing. Transcurrent faults (like the Guri Fault) are
important. along the southeastem edge of the le. Imataca
Complex (IC) comprises mostly medium- to high-grade
facies quartz-feldspathic paragneisses (e.g. Sidder &
Mendoza, 1995); granitoids and calc-alkaline gray
gneisses of igneous derivation are also present, as well as
dolornitic marbles, mafic/intermediate granulites and
BIFs that constitute huge iron ore deposits of Algoma
type. Several quartz-monzonite sills and granitoid plutons
(e.g., Encrucijada granite) were emplaced into the IC
during the Transamazonian orogeny, between 2.2 and 2.0
Ga, (e.g. Gibbs & Barron, 1983; Onstott et al., 1989).

Geophysical and isotopic evidence, coupled with the
recognized polyphase tectonic framework of the Archean
crust, indicate that the IC is an allochthonous block which
was juxtaposed to the Maroni-Itacaiunas belt during Late
Paleoproterozoic times (Onstott & Hargraves, 1981;
Tassinari & Macambira, 1999). Therefore,
Transamazonian events play an essential role on the
development of major petrologic and tectonic features of
le. Accordingly, this study starts by characterizing
Transamazonian granulitic metamorphism in the San
Felix - Upata area. New petrological and isotopic data
will be used to discuss the age/nature of protholiths and,
particularly, their thermochronologic evolution during the
Transamazonian event. In this respect our new data
complements and updates previoius studies by Onstott et.
al. (1989) and Swapp & Onstott (1989) on Imataca
Complex.

METAMORPHISM
Rocks from the Imataca Complex of Venezuela

record high temperature regional re-crystallization at
granulite facies peak metamorphism during the Trans-

Amazonian Orogeny (Dougan, 1974; Swapp & Onstott,
1989).

Within the collecting area, the general strike of
metamorphic foliation is close to E-W (steeply the
dipping to S) and predates the development of NE-SW
left-lateral shearing, representing local expressions of the
main Guri and El Pao regional fault zones. Four samples
were selected for detailed petrological and isotopic
analysis, because they contain convenient assemblages
for geothermobarometric and thermochronological
determinations, and/or reflect structural relations that
constraint relative timing of metamorphism and
deformation. Of the four selected samples, two (63A,
63B) are gamet + orthopyroxene + plagioclase +
Kfeldspar + biotite bearing granulites, 65A is a two
pyroxene + plagioclase + Kfeldspar + homblende +
biotite + quartz granulite, and 65-1 is a felsic
"blastomylonite" collected from a (metric) shear zone that
cuts across previous metamorphic structures.

Sample 65-1 is composed of quartz + plagioclase +
Kfeldspar + biotite ± muscovite. It has a distinctive
planar fabric defined by aligned biotite and ribbons of
quartz; feldspars have experienced grain size reduction
and sorne grains have been deformed into sigmoid-shaped
crystals. Shearing was associated with retrograde
development of (secondary) muscovite, contrasting with
the observations of Swapp & Onstott (1989) at El Pao
mine.

Two pyroxene granulite 65A has typical
granuloblastic texture and relatively homogeneous
minerai compositions.

Gamet granulites have granoblastic texture,
particularly well equilibrated in sample 63A. Sample 63B
has higher modal amounts of gamet and displays gneissic
structure due to altemating gamet + biotite- and feldspar
richer layers. Orthopyroxene and (particularly) gamet
contain abundant biotite inclusions (especially, in sample
63B) and larger orthopyroxene crystals surround (earlier)
gamet, separating it from plagioclase; these features,
coupied with complex plagioclase + K-feldspar
intergrowths, suggest that the decompression P-T path
followed by these rocks may have reached conditions that
were close to those of biotite dehydration melting (biotite
+ quartz --7 orthpyroxene + K-feldspar + liquid).
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THERMOBAROMETRY: PEAK METAMORPHIC
CONDITIONS AND P-T PATH

Previous estimates of Trans-Amazonian peak
metamorphic conditions in the Imataca Complex have
been reviewed by Swapp & Onstott (1989), who
suggested T and P in the range of 750 - 800 oC and 8 - 8.5
kbar for granulites at El Pao mine.

Overall geothermobarometric data indicates that San
Felix granulites reached similar peak metamorphic
conditions at 750 - 800 oC, 6 - 8 kbar, followed by
decompression and cooling.

Petrographie evidence to constraint the prograde P-T
evolution of San Felix granulites has been mostly erased
by subsequent reactions. However, our data is consistent
with that of Swapp & Onstott (1989) and both suggest a
clockwise P-T path involving decompression and heating
to peak conditions; the general absence of early kyanite in
Imataca rocks (Dougan, 1974; Swapp & Onstott, 1989)
limits the amount of decompression to < 2 kbar. A
constraint on the retrograde P-T path cornes from noting
that 3qz + gr + 2alm = 6fs + 3an equilibrium has an
almost constant slope for the investigated compositions.
Thus, the retrograde path was defined as to follow that
line down to about 600 oC, at - 15 bars/degree oc.
Regardless of the actual meaning of the estimated
retrograde P-T path, it is worth noting that the San Felix
granulites must have remained at relatively high
temperatures for long enough to allow the observed
retrograde re-equilibration.

ISOTOPE GEOLOGY
GEOCHRONOLOGY

Several radiometric studies were performed in the
Imataca Complex (IC) (Hurley et. al., 1976,
Montgomery, 1979, Montgomery et al., 1977, Onstott et
al., 1989; Tassinari et. al.. 2001). The geochronological
pattern indicates that the IC comprises na Late Archean
(- 2.8 Ga) reactivated during the Transamazonian
orogeny (2.2 - 2.0 Ga)

40ArP9Ar data (Onstott et al., 1989) on El Pao mine
(IC) high-grade gneisses range from 1.97 to 1.76 Ga,
recording the warning stages of the Transamazonian
orogeny (uplift and cooling.), whereas 1.4 - 1.1 Ga dates
indicate further reactivation during the Mesoproterozoic.

During this study new SHRIMP zircon U-Pb age
determinations were undertaken on banded granulitic
rocks from San Felix-Upata area. Dominant oscillatory
zoned, prismatic, zircons from a quartzo-feldspathic
segregation vein yielded a core 207Pbp06Pb date of 3229 ±
39 Ma (MSWD = 5.2), pointing towards an Archean age
for the granulite igneous protolith.

Sm-Nd whole rock analysis indicates extensive
isotope homogenization during Transamazonian granulite
metamorphism; an average model age for this crustal
segment is about 3 Ga, suggesting that the mantle
differentiation episode occurred shortly before the rock
forming event.
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THERMOCHRONOLOGY
- Petrological cooling rates:

The theory and methods that use chemical zoning in
mineraIs to infer cooling rates (referred to here as
"petrological cooling rates" according to Spear & Parrish,
1996) have been discussed at length by a large number of
workers and they will not be repeated here.

The method adopted in this study follows the
technique developed by Spear & Parrish (1996) that uses
diffusion modeling of Fe-Mg exchange between host
garnet and biotite inclusions to assess cooling rates of
their respective host rocks. As it should be expected, the
results indicate that there is a broad correlation between
inclusion biotite size and garnet-botite closure
temperatures (550 - 720 CO). Using a slight modification
of the technique proposed by Spear & Parrish (1996),
regression of the data and comparison with controlled
diffusion modeling experiments suggest that San Felix
granulites cooled at a rate approaching 50 - 100 °C/Ma
over the first 150 oC (800 - 650 oC), followed by much
slower cooling.
- Geochronological Cooling Rates:

Previous thermochronological studies in the IC
(Onstott et al., 1989) used Ar/Ar dating on metamorphic
hornblende, biotite and Kfe1dspar and adressed the lower
temperature range of the retrograde Transamazonian
metamorphic path. In this study we used a multi-isotope
system (UlPb, SmlNd and Rb/Sr) aproach in order to
assess higher-T conditions, complementing the existing
data.

The age of peak metamorphism is still not precise1y
defined. New SHRIMP spot analysis in zoned zircons
yielded a 207Pbp06Pb age range from 2.63 - 2.82 Ga on
core areas to 2.21 - 2.05 Ga on metamorphic
overgrowths. The younger age is consistent with both
whole rock Rb-Sr at 2.02 Ga (Montgomery and Hurley,
1978) and new WR-CPX Sm-Nd at 1.98 Ga, all
indicating that peak metamorphic conditions may have
lasted unti12 Ga (however, the available data does not put
any constraints on its duration). Gt-WR Sm-Nd also
cluster at 1.90 - 2.00 Ga , whereas biotite Rb-Sr ages
from the same samples range from 1.77 to 1.72 Ga.
Coupled with Onstott et al. (1989) Ar-Ar hornblende ages
at 1.95 - 1.97 Ga, and considering typical closure
temperatures for the respective isotope-mineraI systems,
the data requires that the San Felix granulites cooled very
rapidly during the initial 200 oC (800 - 600 oC), followed
by a drastic decrease in cooling rates to about 1 °C/Ma
down to 350 oc. Geochronological and. petrological
cooling rate results are therefore consistent; in this
respect, it is worth noting that congruence between the
two thermochronological techniques, which are based on
independent and quite distinct experimental data, strongly
support the general reliability of both methods.

On this study we have also attempted to assess the age
of the main shearing (mylonitic) event in the area.
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Towards this aim, Rb-Sr isotope analysis have been
perforrned on biotite - feldspar - WR from mylonitic
sample 65-1, which was collected on discrete shear zone
from the same outcrop as the granulites discussed above.
Results indicate that shearing has promoted complete Sr
isotope resetting at 1.39 Ga. This result suggests that the
Ar-Ar biotite ages (1.45 - 1.25 Ga; as weIl as the 1.3 - 1.1
Ga Kfeldspar ages) attributed by Onstott et al. (1989) to
the so-called Nickerie Orogeny, could instead represent
local repeated reactivation related to the main Guri
transcurrent fauU system. Indeed, (except for specifie
igneous bodies) aIl the available radiometric data on the
Guyana Shield within this time span has been attributed
to dynamic overprinting (Berrangé, 1977; Gibbs &
Barron, 1983), which we interpret as a consequence of
late (Greenvillian; Sadowski & Bettencourt, 1996)
collision between Laurentia and Amazonian Craton.
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INTRODUCTION
The fission-track method, MTF, in apatite, was

applied to samples collected in the Serra da Mantiqueira
(Mantiqueira mountain range), in the Serra do Mar (Mar
mountain range), in regions next to these mountain ranges
and in the coastal region hetween Ubatuba and Santos in
the State of Siio Paulo, Brazil, to study the
thermochronology of the South American Platform in
Southeast Brazil and its influence on Santos and Campos
basins.

ln order to obtain ages through the MTF, it was
utilized a neutron dosimetry via natural uranium and
thorium thin films (lunes et al., 2002), along with a value
of Àt (238U spontaneous fission decay constant)
determined using fission-track techniques (Guedes et al.,
2003). This allows the age computation in a direct
fashion without the need of utilizing a standard sample as
in the case of Zeta Calibration. (Hurford & Green, 1983).

The methodology of fission-track annealing
(shortening of tracks as a function of temperature) in
apatite was utilized to determine a thermal history
through the model developed by Laslett et al. (1987) and
the socalled inverse model from Lutz & Omar (1991)
with sorne modifications. These modifications, carried
out by our research group, are based on the hypothesis
that samples presenting similar geological features should
have experienced, in principle, the same thermal history
(Amaral et al., 1997; Guedes et al., 2000; Hadler et al.,
2001; Tello et al., 2003). I.e., it is analyzed a group of
samples collected in regions geologically compatible.
Thus, it is intended to reach the same results as those
obtained when a large numher of sampies are individually
analyzed.

RESULTS AND DISCUSSIONS
ln Table 1, the results of the apparent, Tap, and

corrected ages, Tcorr (in which the annealing effect is
taken into account), obtained in each region where
samples were collected, are shown. The ages were
computed using the equation 10 from lunes et al. (2002)
(see also Tello et al., 2003) and a value of Àt = (8.35 ±
0.24) X1O'l7 a'l (Guedes et al., 2003). In Table 2, the
weighted means and the results of the X2 test for each
sample group are ShOWll. These groups were determined
taking into account geological constraints (same type of

rock, tectonic data, geomorphologic data and compatible
ages) among the samples. The values of X2v and P (X2v)
for each region indicate that these groups have
statistically compatible ages. The geological constraints
together with these results allow the sample treatment in
groups in which a common thermal history can he found
for each group. A comprehensive description of the
thermal history methodology can he found in Tello et al.
(2003). In Figure l, the thermal histories of each studied
region are shown.

The weighted mean of the corrected ages from high
Mantiqueira, (121 ± 6) Ma, coincide with the South
Atlantic opening. The fact that the thermal history shown
in Fig. 1a starts at a relatively low temperature (- 80 ° C),
suggests that the age of - 120 Ma would he the formation
age of Serra da Mantiqueira due to a rapid pulse, in which
tracks had no time to be retained at the closure
temperature, that is - 120 oc. This hypothesis is
strengthened by the age and thermal history results (not
shown in this work) of the region of Jundiaf. After this,
the thermal history indicates a small heating from - 80 to
- 90 oC in the time interval of 120-60 Ma, followed by a
linear cooling until the present days. Il is worth noting
that the Low Mantiqueira starts its history at - 60 Ma (
Fig. 1b). In this Figure, it can he observed that the low
Mantiqueira experiences a cooling from - 100 to - 85 oC
in the time interval of 60-20 Ma followed by a faster
cooling in the last 20 Ma.

The Serra do Mar presents a more complicate thermal
history (Fig. lc) with several reactivations indicated by
the changes in the slope of the cooling curve. In this case,
also the fact that the Serra do Mar thermal history starts at
a relatively low temperature, - 70 oC, suggests that its
corrected age of - 80 Ma, is its formation age. In
addition, this age coincides with a discordance observed
in Santos basin, reflecting an uplift correlated with the
formation of the Serra do Mar (Almeida & Carneiro,
1998). Soon after this, the thermal history indicates a
cooling from - 70 to - 60 oC in the time interval of 80-45
Ma followed by a heating from - 60 to - 90 oC in the
time interval of 45-25 Ma and, finally, a linear cooling in
the last 25 Ma. Note that the changes in the slope of the
thermal history coincide with discordances observed in
stratigraphic profile of Santos basin (Pereira & Feij6,
1994). On the other hand, in the coastal line hetween
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Ubatuba and Santos, it can be observed (Table 1) ages
varying between 10 and 80 Ma indicating the complexity
of the Serra do Mar thermotectonics. The samples from
llha Bela present thermal histories (not shown in this
work) compatible with those from Serra do Mar.

The ages and thermal histories from Pouso Alegre and
Socorro (not shown) can be related with a heavy erosion
occurred in this region, which originated the Japi surface
(Almeida & Carneiro, 1998).
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Table 1. Results of ages obtained in each studied region.

Area Sample Ru xlO-9 LsIL, 10238 / 10 Ps Ip, Tap (Ma) Tcorr (Ma)

3.371 0.79 0.74 1.97 79.6 107
TF-l (±4%) (± 1.6%) (± 10%) (±9.7%) (± 11%) (± 15%)

3.371 0.76 0.70 1.99 80.4 115
TF-9 (±4%) (± 1.6%) (± 10%) (± 10%) (± 11%) (± 15%)

3.371 0.76 0.70 2.20 88.9 126
TF-1O (±4%) (± 1.8%) (± 10%) (±7%) (±8%) (± 13%)

3.371 0.75 0.67 2.65 106.9 159
High TF-Il (±4%) (± 1.6%) (± 10%) (± 12.5%) (±13%) (± 16%)

6.958 0.74 0.67 1.28 107 160

Serra da CT-l (±4%) (± 1.6%) (± 10%) (± 13%) (± 14%) (± 17%)
6.958 0.71 0.64 0.86 72 113

Mantiqueira
CT-2 (±4%) (± 1.6%) (± 10%) (±9%) (± 10%) (± 14%)

6.958 0.72 0.64 1.30 83 130
CT-3 (±4%) (± 1.8%) (± 10%) (± 11%) (± 13%) (± 16%)

(> lOOOm) 6.958 0.75 0.70 2.65 86 123
CT-5 (±4%) (± 1.6%) (± 10%) (± 12%) (±13%) (± 16%)

6.958 0.69 0.63 0.80 67 106
CT-6 (±4%) (± 1.4%) (± 10%) (± 11%) (± 12%) (± 16%)

3.371 0.85 0.80 1.329 53.8 67.2

Low TF-4 (±4%) (± 1.3%) (± 10%) (± 8.0%) (± 9.4%) (± 14%)
3.371 0.82 0.77 1.05 42.5 55.1

Serra da
TF-5 (±4%) (± 1.4%) (± 10%) (± 7.5%) (± 8.9%) (± 13%)

3.371 0.82 0.77 1.12 45.4 58.9
TF-12 (±4%) (± 1.2%) (± 10%) (± 7.5%) (±9%) (± 13%)

Mantiqueira . 3.371 0.78 0.72 1.22 49.4 68.5
TF-13 (±4%) (± 1.4%) (± 10%) (± 12.5%) (±13%) (± 16%)

«1000m) 6.958 0.74 0.67 0.463 39 58
CT-4 (±4%) (± 1.3%) (± 10%) (± 8 %) (± 10%) (± 14%)

3.844 0.74 0.65 1.54 71.0 108.9
TF-17 (± 3.5%) (± 1.8%) (± 10%) (± 12.9%) (± 14%) (± 17%)

3.844 0.78 0.72 1.23 56.8 78.7
TF-22 (± 3.5%) (± 1.4%) (± 10%) (± 8.8%) (±9.9%) (± 14%)

3.844 0.76 0.70 1.34 61.8 88.2
TF-29 (± 3.5%) (± 1.6%) (± 10%) (± 12.3%) (± 13%) (± 16%)

3.844 0.80 0.74 1.14 52.6 71.0
TF-30 (± 3.5%) (± 1.4%) (± 10%) (± 11.3%) (±12.1%) (± 16%)

Serra do Mar 2.251 0.83 0.77 2.73 74 96
TF-31 (±4%) (± 1.0%) (± 10%) (± 13%) (± 14%) (± 17 %)

2.251 0.82 0.77 2.25 61 79
TF-32 (±4%) (± 1.1%) (± 10%) (± 9.3%) (±1O %) (± 14%)

2.251 0.82 0.77 2.36 64 83
TF-33 (±4%) (± 1.5%) (± 10%) (± 10%) (± 11%) (± 15%)

2.251 0.81 0.74 1.61 44 59
TF-34 (±4%) (± 1.2%) (± 10%) (± 11%) (± 12%) (± 16 %)

2.251 0.82 0.77 1.89 51 66
TF-35 (±4%) (± 1.2%) (± 10%) (± 15%) (± 18%) (± 21 %)

2.251 0.81 0.74 1.83 50 67
TF-39 (±4%) (± 1.0%) (± 10%) (± 9.7%) (± 10%) (± 14%)

2.323 0.77 0.70 1.48 41 59
CT-9 (±4.5 %) (± 1.6%) (±4%) (± 11%) (± 13%) (± 14%)

Coastalline 3.844 0.76 0.70 0.15 6.95 9.9
TF-20 (± 3.5%) (± 2.6%) (± 10%) (± 7.9%) (±9.1%) (± 13%)



Short Papers - IV South American Symposium on Isotope Geology

Table 1. Continuation

3.844 0.76 0.70 0.87 40.2 57.4
TF-21 (±4%) (± 1.6%) (± 10%) (± 8.9 %) (± 10%) (± 14%)

Coastalline 2.251 0.77 0.70 2.26 61 87
TF-45 (±4%) (± 1.2%) (± 10%) (± 10%) (± 11 %) (± 15%)

6.958 0.68 0.60 0.53 45 66
CT-7 (±4%) (± 1.8%) (± 10%) (± 13%) (± 14%) (± 17%)

6.958 0.72 0.64 0.68 57 89
CT-8 (±4%) (± 1.4%) (± 10%) (±9%) (± 10%) (± 14%)

2.251 0.81 0.74 1.45 39 53
TF-42 A (±4%) (± 1.1%) (± 10%) (± 7.0%) (±9%) (± 13%)

Ilha Bela 2.251 0.80 0.74 0.63 17 23
TF-42 B (±4%) (± 1.4%) (± 10%) (± 10%) (± 11 %) (± 15%)

Pouso Alegre 5.382 0.78 0.72 0.96 62 89
TF-51 (± 3%) (± 1.5%) (± 10%) (± 10.5%) (±11%) (± 15%)

3.790 0.74 0.65 2.20 100 142
TF-24 (± 3.5%) (± 1.7%) (± 10%) (± 11%) (±12%) (± 16%)

Jundiaf 3.790 0.74 0.65 4.05 183 259
TF·25 (± 3.5%) (± 1.4%) (± 10%) (± 8.7%) (± 10%) (± 13%)

5.281 0.74 0.65 4.07 254 387
TF-52 (± 3%) (± 1.8%) (± 10%) (±7%) (± 8%) (± 13%)

5.281 0.75 0.67 1.21 77 114
TF-53 (±3%) (± 1.7%) (± 10%) (± 10.7%) (± 11%) (± 15%)

Hu-SP 5.281 0.72 0.64 0.87 55 86
TF-54 (±3%) (± 3.7%) (± 10%) (± 24%) (± 25%) (± 27%)

5.281 0.73 0.64 0.39 25 39

Socorro TF-55 (±3%) (± 1.6%) (± 10%) (± 13.6%) (±14 %) (± 17%)
5.382 0.75 0.67 0.33 22 32

TF-56 (± 3%) (± 1.4%) (± 10%) (± 10.3%) (± 11%) (± 15 %)

Table 2. Results of the weighted mean values of the X: test in the studied regions.

Valores médios Teste do '12

Tap ± la Tcorr ± la
Area (Ma) (Ma) Idade aparente (TaD) Idade corrigida (Tcorr)

"iy p(x,2y) '12y p(y2y)

Serra da 75 ± 3 121 ± 6 1.485 "" 0.20 0.826 "" 0.60
Mantiq. alta (v = 8) (v = 8)
Serra da 45 ±2 61 ±4 1.546 "" 0.20 0.734 "" 0.55
Mant. Baixa (v = 4) (v =4)

53 ±2 72±3 2.310 "" 0.01 1.196 "" 0.30
Serra do Mar (v =10) (v = 10)

[(!te)

"

r(2C)

"

«2C)

t<MtU t(MA) t<MA)

a) High Mantiqueira b) Low Mantiqueira c) Serra do Mar
'1

Figure 1. Thermal history of the studied regions.
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INTRODUCTION
The majority of municipal solid waste, composed of

paper and paperboard products, yard trimmings, glass,
metals, plastics, wood, and food wastes still ends up in
landfills. Prior to the adoption of good practices,
municipailandfills commonly accepted a wide variety of
hazardous and industrial wastes. As a result of such non
discriminatory waste disposaI practiees, municipal solid
waste landfills are repositories of large amounts of toxic
and hazardous waste.

Once waste is deposited in a landfiIl, biologieal and
chemieal processes act to change its structure and
characteristics in a natural process. The time frame for
waste decomposition varies greatly depending upon the
nature of the waste (its physical and chemical
composition) as weIl as the conditions present in the
landfill. The process of waste degradation produces
byproducts that can endanger the health of humans and
the environment. Naturally occurring microorganisms
such as bacteria biologieally break down sorne waste
components, emitting methane, other gases and chemical
byProducts in the process. Modern landfills are built in
cells at a time over years period, with each typieal cell
containing the amount of waste deposited in one day.
Since the waste in sorne cells was placed in the landfill
years or even decades before the waste in newer ceIls,
different parts of the same landfill may undergo different
stages of decomposition simultaneously, making the
leachates and gas quality differ greatly between old and
new cells.

For many of the microbial byproducts, there are large
differences in the isotopic compositions of compounds
produced from bacterial degradation of hydrocarbons and
those produced from other substrates, such as soil organie
matter (Conrad et al., 1996, 1997; Whiticar et al., 1986;
Suchome1 et al., 1990). In several studies, changes in the
stable isotope ratios of soil gas COz have been cited as
evidence of intrinsic biodegradation of hydrocarbons
(Landmeyer et al., 1996).

We present the first results from a soil-COz survey
using 13C isotopes in soil-gas C02, focussed in a
Municipailandfill as part of a multidisciplinary approach
(Orgeira et al., 2003) for understanding the evolution,
processes and decomposition stage of the landfill.

LOCATION AND GEOLOGICAL SETTING
The landfill is located at Gualeguaychu, Entre Rios

Province (Fig. 1), and is operated by a Municipal service.
We analyzed a three years old landfiIl, without references
on classification of waste and presence of hazardous
ones.

Holocene outcrops belonging to Punta Gorda Group
(Pampean Loess) are exposed and are the substratum for
the landfill. A geophysical survey (Figs. 2, 3) detected the
inactive cells and the presence of leachates.

Water table levels, sampling topography and
background reference samples were also taken.

METHODOLOGY
A soil gas probe (emplaced to depths of

approximately 25 cm), coupled with a manual vacuum
pump and also a battery pump was used for sampling the
soil COz. Before sampling, three volumes of gas were
purged from the sampling tube. After purging, 7.5 Lof
gas was collected at a flow rate of 100 mUminute. The
COz reacted in a 1 N NaOH and was converted to BaC03

and dried. To perform carbon isotopic analyses, samples
were reacted in 100% H3P04 acid at 60°C for two hours.
The carbon isotopic ratios of evolved COz gas were
determined in a Delta S Finnigan Mat triple collector
mass spectrometer, at INGEIS. The isotopie composition
is reported as deviation per mil (0%0) relative to the V
PDB standard. Analytical uncertainty is 0.1%0 (±2cr) for
013e.

RESULTS
The first results are shown in Table 1 and Fig. 3. The

values range from -34%0 to -13%0. The areal distribution
is shown in Fig. 3, overlapped with the water table level
and the magnetometric survey.

Table 1. Location of samples and analytical data.

x y ol3C HC03'(w)

5636883 6342812 -13.5 1159
5636114 6342748 -34.7 3294
5636907 6342688 -22.0 1189
5636777 6342671 -27.4 1433
5636974 6342668 -30.6
5636805 6342841 -20.6
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DISCUSSION
The heterogeneity of values suggests different sources

for soil CO2, associated with three variables that we
consider closely associated. The spatial distribution of
ODC values reflects an inverse relationship with
bicarbonate concentration of water (lowest values of
ODe, higher values of bicarbonate).

The bicarbonate concentrations are at least twice the
values present in neighboring wells, marking an essential
alteration of groundwater geochemistry by the landfill.
The inverse correlation seems to be related with CO2

generation by CH4 oxidation in anaerobic conditions
(Conrad et al., 1999). The CO2 generated in this process
is retained in water, and the resulting CO2 is depleted. On
the other hand, ODC of CO2 is enriched to the north, as a
consequence' of oil gas CO2 controlled by carbonate
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dissolution (= 8 per mil) by leachates. We suggest that
acid leachates are being neutralized by the soil carbonate.
Resistivity models (Fig. 2) also suggest a limited amount
of acid leachates that are buffered by the soil-.substrate
response. Further research is in progress to monitor gas
concentrations and isotopie variations during the year.

CONCLUSIONS
The first results of Ol3C on soil gas CO2 in the

Gualeguaychu landfill reflects heterogeneity and mixing
of sources. The enrichment in Ol3C values coupled with
higher concentrations of bicarbonate in groundwater
could be explained by methane oxidation under anaerobic
conditions. Enriched val ues can be associated with
carbonate dissolution by acid leachates, responding to a
natural attenuation process.

Figure 1. Location map

Resistivity Model

x ( )
Figure 2. Resistivity mode!. Arrow: detected leachates.
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5636860 5636910 5636960 5637010 5637000
Figure 3. 8l3c curves, piezometric surface overlapped to

magnetometric survey.
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INTRODUCTION
Several geochronology laboratories in Brazil have

been built in the last decades. The first mass spectrometer
(AMS-2) was installed at the IPEN (Instituto de
Pesquisas Energéticas e Nucleares) in 1958. The first
geochronology laboratory was built at the Universidade
de Sao Paulo in 1962, when a Reynolds mass
spectrometer started to run K-Ar analyses. In 1973 the
second mass spectrometer (STH-5) was installed to run
Rb-Sr analyses. In the Universidade Federal de Para
(Belem) was installed the next isotope laboratory
specifically for geologic materials, equipped with a VG
mass spectrometer in 1981. During the 90's four Finnigan
mass spectrometers were installed (including two new
isotope laboratories): at the Universidade Nacional de
Brasilia (Brasilia), the Universidade Federal do Rio
Grande do Sul (Porto Alegre), the Universidade Federal
do Para and the Universidade de Sao Paulo.

This contribution has the objective to describe a new
geochronology laboratory under construction at the
Universidade do Estado do Rio de Janeiro (UERJ).

Thermal ionization mass spectrometry (TIMS) is a
powerful method to measure very small concentrations of
radio nuclides in different materials. However, the
isotopic measurement of elements in low concentration is
only possible by eliminating the natural contamination
during the preparation and analysis procedures.
Therefore, special construction standards for so-called
clean laboratories have been developed in the last
decades and presently there exist several facilities around
the world which are specifically dedicated to isotopic
analyses. In addition, low laboratory blanks are better
obtained by using small amounts of high-purity reagents
and miniaturized vials, beakers and ion exchange
columns.

The architectural outline, mass spectrometer
configuration and the operational facilities of the
Laboratory of Geochronology and Isotope Geochemistry
(LGIG), the fifth TIMS laboratory in Brazil, are briefly
described.

ARCHITECTURAL OUTLINE
The LGIG is located on the forth floor of the

Faculdade de Geologia, Universidade do Estado do Rio
de Janeiro. The LGIG has external dimensions of 3lm x
6m and comprises following compartments (Fig. 1):
entrance room, clean room 1, clean room 2, two

weighting rooms, sample-loading room and mass
spectrometer room (Fig. 1).

The entrance room is to be used for changing clothes
and also houses an oven and a refrigerator. The clean
room 1 is equipped with three laminar flow hoods, one
exhaustion hood and water distillation units. The clean
room 2 contains an exhaustion hood and acid distillators.
One of the two weighting rooms is dedicated to whole
rock and the other one to grain samples. The sample
loading room is equipped with a small horizontallaminar
flow hood. The mass spectrometer room also houses a
computer and the degassing unit. In this room, the beads
and filaments are also prepared.

In order to maintain a positive air pressure,
refrigerated and filtered air is pumped into all the rooms.
Three separate pre-filtering and refrigerating systems
work for the clean rooms, spectrometer room and the
entrance aisle respective1y, collecting 100% of the air
from the external environment. The cooler system is
characterized by fan-coils that perform heat transfer with
cold water ducts distributed from the central cooling unit
of the University building.

In the clean rooms, the air undergoes a second
filtering process with HEPA (high efficiency particulate
air) type filters.

The combination of air inflow with the exhaustion
system, which withdraws air from near-floor levels, is
designed to result in a positive pressure of 2.5 mmCA,
automatically controlled with pressure sensors.

MASS SPECTROMETER CONFIGURATION
The Triton TI is a magnetic sector thermal ionization

mass spectrometer from Finnigan MAT™. This model
incorporates sorne new characteristics, such as automated
vacuum system, zoom optics featuring two quadrupoles
and sample turret with 21 positions. The collector array
(Table 1) consists of a fixed ion counting device (SEM)
in the axial position, with a piggy-back Faraday cup and
eight movable collectors. Three Faraday cups are placed
on the high-mass side and four on the low-mass side. The
lowest mass position is equipped with two MIC channe1s
placed in tandem.

This configuration is suitable for measurement of
isotopie composition of the most cornmon elements used
in geology research (Nd, Ca, Hf, Pb, U, Th, Sr).

Further software and hardware features and model
innovations are available from the manufacturers.
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Table 1. Collector array of the Finnigan Triton Tr mass spectrometer and possible mass configurations for the most common
applications in radiogenic isotope geology.

L5 lA L3 L2 LI Axial Hl H2 H3
Faraday cup F F F F F F F F
Ion counting SEM
MIC channel MIC 1 MIC
Var/fixed var var var var fixed var var var var

Nd 142 143 144 145 146 147 148 150
Nd 142 143 144 145 146 147 150
Ca 42 43 44
Hf 174 176 177 178 179 180
Pb 204 205 206 207 208
U 233 234 235 236 238
Th 230 232
Sr 84 85 86 87 88

ISOTOPE SYSTEMATICS AND POTENTIAL
APPLICATIONS

The LGIG is designed to run, in the first moment, the
U-Pb, Sm-Nd, Pb-Pb and Rb-Sr systematics. Equipment
and lay-out were planned to run these four procedures,
but other methods (e.g. Re-Os, U-Th series, etc.) may be
developed in the future.

The LGIG is backed by another laboratory (Geologie
Laboratory of Sam pie Processing- LGPA), which is in
routine work at UERJ. Facilities include rock crushing,
milling (disk- and ball-mills), sieving and gravimetric
(panning and WiIfley table) and magnetic (Franz)
separation. In addition, minerai grain hand-picking under
binoculars is performed in the LGPA. Ali the above
procedures are carried out in compliance with the
requirements of minimized inter-sample contamination.

The laboratory incorporates recent improvements that
minimize environ mental contamination, such as sub
boiling distillation of water and acids, the use of Teflon
bombs for sample dissolution in HF (oven or microwave)

and the use of micro-columns in the chemistry
procedures. LaminaI' flow hoods with HEPA filters also
provide local particle-free environments for sample
manipulation.

These systematics allow the LGIG facilities to a broad
range of applications, such as igneous, metamorphic and
sedimentary petrology. Research in metallogenesis,
environmental sciences, hydrogeology and petroleum
geology are potential fields of applications.

ACKNOWLEDGEMENTS
The construction of the laboratory was made possible

with funding from: FINEP/CT-INFRA (0921/01) for the
mass spectrometer; the Universidade do Estado do Rio de
Janeiro for the facility construction; FAPERJ (Proc. E
261170-684/00, Proc. E-261170-523/00 and Cientistas do
Nosso Estado- Proc. E-261151.91512000) and CNPQ
(Proc. 46817/2000-0) for the chemistry laboratory
equipments and supplies.

- 132-



Short Papers -IV South American Symposium on Isotope Geology

Window
t- 1,5m--t

10

--'"
'" .

112 .-. .
••

r-....- ......r-----r;l •••

Cleon
room l10

10

3 10 1 l Moss spectrometer

Moss .........

spectrometer
2 Computer

room
3 Sample loading room

....................

.......,....y.... 4 4 Degassing unit

5
5 Oven

'"Entrance ........

room 6 Weighting room
11 (zircon)

.... 7 1 Weighting room
....

'. (whole rock)............. 0-

.J
8 Water and acid

destillation units
•••••••••n .................

9' Exhaustion hood6 / 91

~1O Laminar 1'Iow hood•
Cleon •

7 .•.. 12 ••'. room 2 •..-..... ••••• ,11 Machinery room
19

'.••..
......

............. 12 Emergencyexit

11

.............}.. , .

...~ Entrance

\i::::;;==::::t

Air duct with
HEPA filter outlet

Total area = l 86 m 2

Figure 1. Architectural outline of the Laboratory of Geochronology and Isotope Geochemistry at UERJ.
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INTRODUCTION
We integrated four analytical techniques to

understand the geochronological and structural evolution
of detrital zircon crystals from the Porongos Complex,
southern Brazilian Shield - sensitive high resolution ion
microprobe (Beijing SHRIMP 11), cathodoluminescence,
photoluminescence and Raman spectroscopy.

The Porongos Complex is a major geological unit and
has been variably interpreted as cratonic cover (1ost &
Bitencourt, 1981) or back-arc association (Fernandes et
al., 1992; Fragoso-Cesar, 1991) of the Brasiliano Cycle.
It is made up mostly of metapelites and quartzites,
intensely recrystallized in the greenschist and low
amphibolite facies. Deformation is intense and affected
bath this c1astic unit and its gneissic basement
(Encantadas Compiex). Provenance determination of the
quartzites is of major significance for the understanding
of the relationship of the unit with the Neoproterozoic
Brasiliano Cycle (0.90-0.55 Ga) and the Paleoproterozoie
Trans-Amazonian Cycle (2.26-2.00 Ga).

The geochronology of zircon is more reIiable when
based on the observation of the internai structure of the
analyzed crystal (Vavra et al., 1999; Hartmann et al.,
2000). Cathodoluminescence images show the internai
structure in fine detail.

The cathodoluminescence and optical images can be
used for the precise location of a laser beam, so the
micro-Raman spectroscopie characteristics of zircon can
be evaluated. Because the incidence of an ion beam
(SHRIMP II) does not modify significantly the structural
properties of the crystal, the laser beam can be located
near the ion probe spot for the integrated evaluation of
the structural and isotopie characteristies.

Our objective is to characterize the provenance of the
detrital zircon crystals and the relationship between
internai structure and isotopie composition of the crystals.

RESULTS AND INTERPRETATION
The SHRIMP II isotopie results (Fig. 3) of the zircon

crystals (six rock samples) are remarkably confined to
Paleoproterozoic ages (one Archean age). This implies
the presence of a continent of this age in the region and
that the Porongos Complex sediments were deposited on
a stable platform.

The cathodoluminescence images show a variable
Iight emission behaviour from fine euhedral zonning to
no zonning and strong light emission to very weak light
emission. Figure 2a shows an example of a grain (Grain
5-1) with fine euhedral zonning and portions with broad
bands with no defined zonning distribution. Figure 2b
show another example of a grain (Grain 5-7) with very
weak Iight emission and a remaining euhedral zonning

The micro-Raman spectroscopy results of the points
indicated in Figure 2 of the zircon crystals are shown in
Fig. 4. Predicted Raman lines located at 202, 214, 225,
355, 439, 975 and 1008 cm- l (Zhang, 2000) were
observed in the grain 5-1. The same lines are also
observed in grain 5-7, but with very low intensity and
line-broadening at the position 975 and 1008 cm- I in the
spectra of different points.

The low intensity of Raman lines located at 975 and
1008 cm-l, the decreasing in the frequency when
compared to theorectical prediction (975 to 964 cm- I and
1008 to 997 cm- I in grain 5-7) and the observed line
broadening are ail indicative of sorne degree of radiation
damage induced on the structure of the zircon by the (l

decay process.
Photoluminescence spectra for grains 5-1 (point 3)

and 5-7 (point 1) are shown in Figures 5a and 5b,
respectively. Lines are indicative of the occurrence of Er,
Dy and Pr rare earth elements (Dieke, 1968) in variable
amounts.

The integrated use of four analytical techniques for
the investigation of zircon crystals from the Porongos
Complex led to the determination of the Paleoproterozoic
ages of the geological unit and the description of the
internai structure of the crystals. The damage degree and
the identification of REE of the whole set of SHRIMP
dated grains is under evaluation. This is a fertile
methodology for the study of complex crystals and
geological terrains.
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a) b)
Figure 2. Cathodoluminescence images of zircon crystals from the Porongos Comp/ex quartzites dated by U-Pb SHRIMP and

investigated with Raman spectroscopy. Spots analyzed by Raman spectroscopy are shown as small white circles.
Sample 5 of a) grain 5-1 and b) grain 5-7.
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Figure 3. Concordia diagram of dated (Beijing SHRIMPII) Porongos Complex quartzite (sample 5) zircon crystals.
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Figure 4. Raman spectra of dated (Beijing SHRlMPII) Porongos Complex quartzite zircon crystals.
Sample 5 of a) grain 5-1 and b) grain 5-7.

Figure 5. Photoluminescence spectra of dated (Beijing SHRIMPII) Porongos Complex quartzite zircon crystals.
Sample 5 of a) point 3 of grain 5-1 and b) point 1 of grain 5-7.
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INTRODUCTION
The 4(JArp9Ar methodology is an applicable tool to a

wide spectrum of geological problems (McDougall &
Harrison, 1999; Renne, 2000). In the case of
thermocronology of shéar zones (Goodwin & Renne,
1991; Dunlap, 1997) and mylonitic dating (West & Lux,
1993; Freeman et al., 1998; Kligfield, et al., 1986)
important results were obtained.

The main goal of the present work is to verify the
feasibility of the 40ArP9Ar methodology in the study of
tectonic reactivations of shear zones using the new
installed Ar-Ar equipment in the Centro de Pesquisas
Geocronol6gicas in the Institute of Geosciences at the
University of Silo Paulo, Brazil. To reach the proposed
objectives, deformed, neo-formed and recrystallized
mineraIs were used from igneous and metamorphic rocks
of the Romeral fauIt system in the northem part of the
Central Cordillera of Colombia. Fine muscovites and
biotites found in mylonitic rocks and in hydrothermal
alteration areas generated during the main tectono
magmatic episodes supplied the main keys for obtaining
deformational ages. K-Ar analyses in mylonitic, volcanic
and hydrothermalized rocks were carried out to yield
complementary resuIts.

The main advantage of the method consists on the
possibility of obtaining reliable results with little amount
of material, such as individual crystals or small mineraI
concentrates of fine micas carefully selected by
handpicking.

DATING MYLONITIC ROCKS
The knowledge of the deformational textures and the

role of the different mineraI species in the deformational
fabric becomes necessary in order to deterrnine which
minerais can supply resuIts with geological meaning. In
addition, the understanding of the deformational
mechanisms and temperatures reached during the process
is necessary to establish that such results represent
deformational and not cooling ages. Because of their
good Ar retentivity, analyses of pure concentrate of neo
formed potassium micas have a potentiality to yield
deformational ages in greenschist facies conditions.

Neo-crystallization of micas during deformation is a
widely recognized phenomenon and is the most important
process in the Ar-Ar dating, because usually these crystals
should not contain 40Ar in relevant amount at the moment
of deformation (Reddy & Potts, 1999). Micas offer a
considerable potential to date crustal deformations

because of their stability in a wide spectrum of
metamorphic conditions. Therefore, from a practical point
of view, the most important limitation to meaningful
resuIts is the appropriate concentration of the minerai of
interest, so much for the amount of sample available as
for its grain size, because the amount of gas to be
obtained in the ar extractions should be weIl above the
level of blank of the extraction system.

In this work, strongly deformed and mylonitized rocks
with generation of neo-formed potassium micas are key
samples to obtain deformational ages. Intensely altered
rocks, products of fluid activity, are a second objective
for complementary results.

SAMPLING AND EXPERIMENTAL METHODS
The sampling area for this study is located WSW of

Medellin, Colombia within the Romeral fauIt system.
Four metamorphic rocks, six mylonitic rocks and two
igneous rock samples were crushed, ultrasonicated in
ethanol, and dried. Ten to fifteen single crystals of biotite
or muscovite from each sample were picked with metal
tweezers, placed in wells in Al-irradiation disks, and
irradiated, together with Fish Canyon sanidine fluence
monitors, in the IEA-RI nuclear reactor at IPEN, Silo
Paulo, Brazil. Mter 2-3 weeks, three grains from each
sample or concentrates of 10-15 grains for fine micas
were analyzed by the laser incremental heating 40ArP9Ar
method at the CPGeo-USP laboratory. Irradiation,
analysis, and interpretation procedures follow the
methodology presented in Vasconcelos et al. (2001).
Additionally, K-Ar whole rock analysis for six mylonitic
rocks and three hydrotermalized volcanic rocks for
comparison purposes were carried out (Table 1).

The final selection of samples for Ar-Ar analysis was
defined during a detailed petrographic study supported by
X ray and SEM studies, especially for the finest grained
rocks.

THE PROBLEM OF GRAIN SIZE AND
ANALYTiCAL ASSESSMENT

Sample size requested for analysis 40ArP9Ar is one of
the main advantages of the method, because in
deformational areas neo-formed micas are usually very
fine, about 25 to 50 !lm. The amount and size of the
minerai of interest in mylonitic rocks frequendy prevent
the concentration of enough material for analysis.

The amount of sample necessary for Ar-Ar analysis
depends fundamentally of the amount of radiogenic 4(JAr*
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1,OOE-04 1

Age

Figure 1. Curves representing the acceptable minimun values
for appropiate Ar-Ar analysis in terms of amount of sample

vs. Age according to the obtained experimental results.
Values of 40Ar released 50 times the blank of the

system for 7 and 5% K are represented.

Samples collected from the basic volcanic
Quebradagrande Fm., correspond to centimetric mylonitic
bands within the sequence, presenting variable degree of
deformation.

A tuffaceous mylonitic rock of intermediate
composition yields a weIl defined plateau age in sericite
above 90% of the total gas released of 74 ± 2 Ma,
interpreted as a deforrnational age because the
temperatures reached are probably below 4500 C. This
age is close to a whole rock K-Ar apparent age of 69 ± 2
Ma for the same sample. Similar results were obtained
from a phyllonite with fine grained sericite generation. In
spite of the little quantity of gas released, it was possible
to obtain an amount of gas critically above the blank
value in the first two steps of the degasification process.
One of the concentrates yields a plateau age of 72 ± 4 Ma
for 80% of gas released, considered as a reliable value,
because is concordant to a whole rock K-Ar analysis of
65 ± 3 Ma (Table l) for the same sample. This age value
is interpreted as directly related to the activity of the fault
system, indicating a time of deformation. The reached
temperatures would be in the interval corresponding to
the greenschist facies, given the presence of neoformed
chIorite and sericite and formation of ribbons textures in
quartz with appreciable recovery, confirming a
temperature for deformation compatible with
metamorphism of medium to high greenschist grade
(Simpson, 1985). The integrated ages around 34 Ma are
considered as due of the heterogeneity of the spectrum,
without geological significance.

A basic mylonitic rock within the same
Quebradagrande formation was analyzed using a
concentrate of graphite-bearing sericite grains, given the
reduced size of the sericites. The amount of gas obtained
was very low, with generation of gas just above blanks
value for the initial steps. The obtained spectrum is of low
analytical quality and the integrated age of 84 ± 4 Ma and
the K-Ar whole rock age of 66 ± 3 Ma (Table 1) barely
reflect the deformational episode of the upper Cretaceous,
recorded for sorne others regional samples. A sample of
more matic composition in the same volcanic rocks shows
a high homogeneity for 80% of gas released and yields
biotite plateau ages of 89.8 ± 1 Ma and 87.8 ± 0.7 Ma,
considered as cooling ages of an Albian-Cenomanian
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that allows the measurement of the 40Ar/39Ar age
spectrum with appropriate resolution. The most important
factors that rule the generation of enough gas are the age
and the concentration of K in the sample.

For the analyses made in this work, the argon
extraction line in the 4OAr/39Ar equipment at CPGeo-USP
reached blank values in the order of 10-16 moles of 40Ar
varying between 1.73xlO-16 and 1.40xlO-15 moles, with ~
average value of 2.79xlO- l6 moles of 4°Ar. Individual
grains with size among 0.5-1.0 mm and weight between
of 10-3 and 10-5 gm, yielded values between 1.99xlO-11

and 5.46xlO-l4 moles of 4°Ar for biotite, 1.31xlO-11 and
2.97x1O-13 for muscovite, and 1.2lxlO-13 and 2.OlxlO-15

for amphiboles. Biotite and muscovite crystals yielded
levels of released 40Ar up to two magnitude orders higher
than blanks.

Concentrates of about 10-15 grains of fine micas from
deformed and mylonitic rocks with approximate total
weights of lxlO-5 gm, corresponding to individual grain
sizes amonf 25 to 50 flm, yielded values between lxlO-l4

and lxlO-l moles of 40Ar. Such amount of gas is at the
limit of the analytical possibilities of the equipment, and
the obtained spectra varied greatly in quality. Sorne
samples could not release gas above blank values.
However, most of them yielded enough gas in the initial
steps, and the age spectra could be considered
geologically meaningful.

The curves of figure l represent acceptable minimum
values in terms of amount of sample vs. age according to
the obtained experimental results. About 50 times the
amount of gas in moles of 40Ar above the blank of the
system was considered acceptable for appropriate
determinations. Analyses with slightly lower amounts of
gas released didn't yield good quality step heating spectra.
Additionally to the minimum values suggested in this
work for appropriate analyses, other difficulties related to
the size of the material to be analyzed and to the amount
of atmospheric argon present in the sample were found.
An additional problem is the difficult manipulation of
very small grains and the risk of contamination during the
operation at the nuclear reactor and in the handling of
samples in the holder.

From the results, were confident that a concentrate of
15 to 20 grains of fine micas (25-50 flm.), with an
average percentage of K of 7% and oIder than 10 Ma
could yield a reliable age (Fig. 1).

DEFORMATIONAL AND RESETTING AGES
Mylonitic rocks are direct representatives of activation

episodes of fault systems in ductile intermediate crustal
levels. Very good spectrums were obtained from
mylonitic rocks in neo-formed fine mica concentrates
yielding in most cases concordant plateau ages fo;
different samples and similar K-Ar ages (Table 1).
Mineral concentrates were analyzed instead of individual
grains because of the fine grain size and the necessity of
obtaining enough gas for reliable measurements.

- 139 -



Short Papas -IV South American Symposium on Isotope Geology

Table 1. Ar-Ar and K-Ar results of deformed and hydrothermalized rocks.

Unit Mineral Inteerated Aee (Ma) Plateau Age (Ma)
Tuffaceous mylonitic rocks of Quebradagrande formation Ser 86±2 74±2

84.9± 1.3 81±5
Bi 96.6±1.l 89.8±1.l

83.2±0.7 87.8±0.7
Ser 93±14

89±5
Sabaletas schist Ser 102±3

115.9±1.6 127.5±2.0
Phylonite of Quebradagrande formation Ser 32±5 72±4

34±15
Mylonite basic rock of Quebradagrande formation Ser 84±4

70±30
Santa Barbara metagabbro Amp 119±5

141±7
Sabanalarga batholith Arnp 152.7±0.7

145.9±0.5
Arnp 145.1±0.7

90±20 89.9±0.6
Arnp 92±3 92±2

108±4 106±3 /95±4
Palmitas gneiss Bi 67.95±0.11 68.13±0.12

68.09±0.14
Arnphibolite of the Arquia group Bi 4.5±0.4 5.6±0.4

0.3±1.1 4.5±1.l

Unit Material %K %4UArAtm Age (Ma)

Gabbro Quebradagrande formation WR 0.20 56.45 102±7
WR 0.94 34.19 64.7±3

Tuffaceous mylonitic rocks of Quebradagrande formation WR 1.73 19.66 73±2
WR 4.04 12.49 62±1
WR 1.95 18.19 69±2

Basic pyroclastic rock of Quebradagrande formation WR 0.31 58.58 68±5
Mylonite basic rock of Quebradagrande formation WR 1.08 39.82 66±3
Phylonite of Quebradagrande formation WR 0.59 47.67 65±3
Mylonitic band bordering metric unaltered lenses of WR 0.59 42.66 86±16
Triassic quartzodioritic material of the Cambumbia stock

rock defonnation episode. However, a whole K-Ar age of
62 ± 1 Ma was obtained for the same sample, clearly
discordant in relation to the previous results, suggesting
that this age is not weIl constrained. To complete the
picture, a tuffaceous mylonitic rock of felsic composition
collected in the same outcrop yields a very heterogeneous
spectrum. The amount of gas obtained for this sample was
critical, and it was possible to obtain an amount of gas
above blank levels only in the first stages of fusion.

The ages obtained when about the 90% of the gas was
released, are considered as hardly reflecting a not weIl
constrained regional deformational episode about 100
Ma. Integrated ages of and 89 ± 5 Ma are considered as a
reasonable approach for this deformational episode, and
they agree within experimental errors with values
registered for other samples in the same area. However,
were obtained K-Ar whole rock discordant results of 73 ±
2 Ma suggesting again that the age is not very weIl
constrained.

One sample from the Sabaletas quartz micaceous
polymetamorphic schist yielded a sericite plateau age of
127.5 ± 2.0 Ma registered when the largest amount of gas

was released. This age coincides in general with values
obtained for the concentrate of a second analyzed minerai
of the same sample. A precise age was not obtained, and
the plateau age is here considered to be close of the
deformational metamorphic event that fonned the
sericites.

Analyses for the Palmitas gneiss show very weIl
defined plateaus, indicative of a complete resetting of the
system because the complete recrystallization of biotite.
The plateau age obtained of 68.13 ± 0.12 Ma may reflects
the intrusion of the Antioquian batholith and or the upper
cretaceous weIl constrained defonnational event.

A defonned amphibolite of the Arquia Group,
relatively altered, yields very low amount of gas and
spectra with high associated error and complex
geometries. However, one of the analyzed grains yielded
a plateau age in biotite for 50% of released gas of 5.6±0.4
Ma, interpreted as a reflex of the deformation that wouId
have recrystallized the biotites, being coincident with the
intrusion ages of neo-Tertiary bodies in the proximities.
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CONCLUSIONS
The most important advantages of the use of the

40ArP9Ar methodology in dating defonnational episodes
are: (1) the possibility to work with potassium micas,
which commonly define deformational fabrics; (2) the use
of a small amount of sample and (3) the possibility to
interpret adequately the spectrum obtained.

In order to obtain satisfactory results we shall observe:
(1) the usefulness of working with highly defonned and
highly hydrothennalized rocks with neofonned potassium
micas and (2) the need to carefully isolate micas from the
most defonned segments of the hand sample. FinaIly,
complementary K-Ar whole rock analyses in the case of
fine grained, hydrothermalized and mylonitic rocks may
yield important infonnation.

An amount of 50 times of 40Ar moles above the
system blank was considered acceptable as a lower limit
for reliable analysis, provided that the amount of
atmospheric argon in the extraction system be sufficiently
low.

Concentrates with 15 to 20 grains of fine micas with K
concentration of 7% and grainsize between 25 to 50 ~m,

may yield significant results for samples older than 10
Ma.

For fine micas from mylonitic rocks, with fain size
between 25 to 50 ~m, between lxlO-14 e IxlO-1 moles of
40Ar were obtained at the limit of the analytical
possibilities of the equipment. Most samples yielded
enough gas for analysis in the initial steps of the fusion
process, where it was possible obtain geologically
meaningful results.

The strong concordance observed between K-Ar
whole rock ages and mineraI Ar-Ar results from the same
samples, and samples of the same area, indicate that the
results obtained have geological meaning and show that
Ar-Ar analysis for small concentrates of potassium micas
yield good results.

Lower Cretaceous deformational events were recorded
in a quarzo-sericite schist, hydrothermal ages of the
Sabanalarga batholith and amphiboles from a
metagrabbro.

On the basic volcanic sequences of Quebradagrande
formation of lower Cretaceous age, a K-Ar total rock age
of 102 ± 7 Ma in a catac1astic gabbro was interpreted as
hydrothermal alteration age indicative of the fault system
activity in Albian - Cenomanian times. 40Arp9Ar analyses
from the same sequence yielded biotite and sericite
plateaus ages between 87 and 90 Ma of poor
interpretative value.

In the same volcanic sequence were obtained apparent
Ar-Ar plateau ages about 72 Ma very weIl constrained
with whole rock K-Ar results, being this the better

Short Papers - IV South American Symposium on Isotope Geology

recorded defonnational event. Another whole rock K-Ar
ages between 66 and 73 Ma confinn the lower cretaceous
defonnational event. 4OArP9Ar biotite plateau ages of
5.6±0.4 Ma obtained for an arnphibolite, recorded the last
important activation episode of the Fault System.
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Anisotropy of magnetic susceptibility (AMS) and
isotopie data (V-Pb, Sm-Nd) were combined to study the
emplacement and tectonic setting of the Esperança pluton
in the Borborema Province (NE Brazil). It is included in
the high-K metaluminous calc-alkaline plutons
(Guirp.araes et al., 1998) that usually occur emplaced near
the major shear zones that run cross the province. The
Esperança pluton is intrusive into Early Neoproterozoic
rocks of the Alto Pajeu "terrane" that, approaching the
Atlantic coast, occurs between Paleoproterozoic gneisses
(Brito Neves et al., 2001). The limit of these
chronologically different rock sequences is marked by
regional-scale lineaments, such as the Patos shear zone
that juxtaposes the Alto Pajeu belt against the Sao José de
Campestre gneisses and migmatites to the north.

The Esperança pluton is forrned by sheet-like
granitoids that, along with its host rocks, dip moderately
(- 40°) to the SE. These tilted sheets allow the internai
architecture of the pluton to be observed. It consists, from
the top to the bottom, of coarse porphyritic granite,
leucogranite, equigranular syenogranite and tonalite.
Biotite and hornblende are the main mafic minerais. The
AMS was deterrnined in 136 sites distributed within the
central and western part of the pluton. Sampling was
avoided to the northeast due to deep alteration of the
regional rocks. The granitic sheets normally have
susceptibility lower than 0.35 x 10-3 SI, indicating that
Fe-silicates control the AMS. The orientation of the
magnetic fabric is very uniform in the upper sheets. In the
coarse porphyritic granite and leucogranite the foliation
dips moderately while the lineation strikes NE-SW
parallel to the pluton elongation. In the lower sheets the
foliation dips uniformly to the south. The lineation of the
syenogranite and tonalite forms an anticlockwise
trajectory, rotating progressively from SSE to E as it
approaches the dextral Campina Grande shear zone. The
fabric pattern of the lower sheets is consistent with a
transtensional tectonic setting, which probably made
room for pluton emplacement.

Wall rocks beneath the pluton floor near Pocinhos
consist of variably migmatized orthogneisses. T(DM)
model ages of the gneissic paleosomes range between 2.1
and 2.4 Ga with ENd (t=O) values around -22 (Table 1).
Similar isotopie data are found in the Paleoproterozoic
Sao José de Campestre block situated at north of the
Patos shear zone (Dantas et al., 1998). The gneisses
above the pluton roof gave V-Pb zircon ages between925

and 940 Ma (Brifo Neves et al., 2001). The corresponding
T(DM) model ages range between 1.4 and 1.8 Ga with ENd
(t=O) values around -16 (Table 1). Preliminary V-Pb
zircon data from the syenogranite yield a nearly
concordant age of 585 Ma, attributed to the timing
magmatic crystallization. In the leucogranite, Guimaraes
et al., (1998) obtained an V-Pb zircon age of 581 Ma. The
pluton shows ENd (t=O) values norrnally higher than -15
and T(DM) model ages in the range of 1.6 and 1.4 Ga for
the tonalite and syenogranite, and of 1.6 up to 1.9 Ga for
the coarse porphyritic and leucogranite. Similar isotopie
results were documented to the southeast in the Campina
Grande pluton (Almeida et al., 2002).

These combined results indicate that the regional
structures of the eastern Alto Pajeu belt were formed in a
tectono-thermal event in the Brasiliano, around 580 Ma,
and that includes the low angle regional foliations and
folds and the strike-slip shear zone system. The high-K
calc-alkalic syn-kinematic plutons of Esperança and
Campina Grande seem to have emplaced occupying
principally the contact zone between the Paleoproterozoic
and Early Neoproterozoic rocks. T(DM) model ages and
ENd values indicate that these granitoids were
contaminated during their emplacement by partial
melting of the regional host rocks. The entire rock
sequence forrns a stacked sheet pile dipping to the
southeast, with the Alto Pajeu belt sandwiched between
the older Paleoproterozoic basement.
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Table 1. Sm-Nd data of the Esperança pluton and its host rocks. 1. This work, 2. Brito Neves et al. (2001).

Rock SmI47/Ndl44 Nd l43/Nd l44
eNd(O) TDM(Ma) ref

Esperança pluton

tonalite 0.1187 0.512047 -11.53 1.595

syenogranite 0.0830 0.511891 -14.57 1.344

porphyritic granite 0.1299 0.512127 -9.97 1.662 2

Nortthem host rock

bi gneiss 0.0936 0.511397 -24.21 2.092

augen gneiss 0.1136 0.511497 -22.26 2.363

Southem host rock

mus. bi gneiss 0.1283 0.512252 -7.53 1.406 2

augen gneiss 0.1310 0.512079 -2.92 1.774 2
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INTRODUCTION
The Cuyo Basin rift is located in the northwestern

Mendoza Province (NW-Argentina), as part of the
Argentine Precordillera. It is a Triassic basin which has a
very dynamic evolution controlled by climatic and
tectonic events during the geological time. Such events
influenced directly the basin inception, geometry and
depositional evolution, Ieading to correlation between
strata in different regions to be a very difficuit task.

The Cacheuta sub-basin consists in one of the most
important depocenters of the Cuyo Basin, especially due
to its economic potential in hydrocarbon exploration
(Chebli et al., 2001). The Cuyo Basin displays a general
NW-SE trend, mostly controlled by pre-existing
structures (Ramos, 1992) (Fig. 1). The eastern limit of
this basin coincides with an important suture generated in
the Silurian through the amalgamation of the Cuyania
Terrane to the southwestern margin of Gondwana. On the
other hand, the western border is a structure that
represents the Devonian accretion zone of the Chilenia
and Cuyania terranes (Ramos & Kay, 1991) (Fig. 1).

According to Mpodozis & Kay (1990) the extensional
tectonic setting of the southwestern Gondwana at the
Permianffriassic boundary is related to processes of
crustal thinning, which occurred after the end of the
Paleozoic collisional phenomena, as already mentioned.
This extensional event was accompanied by an extensive
acidic-intermediate volcanism, characterized by
andesites, rhyolites, and breccias (Choiyoi Group of
Rolleri & Criado Roqué, 1968). The inception of the
Cuyo basin, whose sediments were unconformably
deposited upon Choiyoi volcanics and Paleozoic
sediments, is also result of this generalized extensional
setting (Ramos & Kay, 1991).

The aim of this study is to characterize the
depositional history of the sedimentary and volcaniclastic
deposits related to the active faulted margin of the
Cacheuta sub-basin, Cuyo Basin, located near the town of
Potrerillos. This work deals with (i) the sequence
stratigraphie arrangement of the depositional systems; (ii)
the geochronoJogy of the volcaniclastic rocks that occur
interlayered with the sedimentary deposits; and (iii)
investigation of sediment provenance using Sm-Nd
isotopes.

Figure 1. Main exotic terranes and sutures of NW Argentina
and location of the subsurface portion of Cuyo Basin. The

numbers indicate the approximate ages of the sutures
(Ramos, 1995). Star designates the study area.

DEPOSITIONAL SEQUENCES
The composite stratigraphie profile was perforrned in

the Potrerillos section, which comprises the coarse
grained deposits related to the active faulted margin of
the Cacheuta sub-basin. The depositional stages
correspond to the Jowstand, trangressive, and highstand
systems tracts of a second-order depositional sequence
(the whole record of the Cuyo Basin).

During the initial stages (Jowstand systems tract 
LST), the active margin of the Cacheuta sub-basin was
controlled by tectonic processes that influenced directly
in the subsidence rate and quantity and type of material
from source areas. The LST encompasses thick
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Figure 2. Sequence stratigraphie division ehart of the Caeheuta
sub-basin faulted margin, showing the staeking pattern,

depositional eharaeteristies and the sampie location.
(1) Kokogian et al., 1993.

V-Pb SHRIMP ZIRCON DATING
The selected sample for the application of U-Pb

SHRIMP (Sensitive High-resolution Ion Microprobe)
zircon dating is a pumice-rich, Jithoclast-free, acidic
ignimbrite (pyroclastic flow deposit) interlayered with the
basal alluvial fan facies association (lowstand systems
tract). The sample was crushed, miJled, sieved, and the
zircon crystals were separated by conventional magnetic
and heavy liquid methods. Zircons were mounted in an
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conglomerate succession associated with coarse-grained
alluvial fans (sheetflood and debris-flow deposits) and
pyroclastic flow deposits unconformably deposited upon
pyroclastic rocks of tile Choiyoi Group. Reddish-brown
colored, poorly sorted, crudely stratified or massive,
c1ast- and matrix-supported conglomerates, and
interlayered conglomeratic sandstones comprise this basal
section, which corresponds in the lithostratigraphy to the
Rio Mendoza Formation as described by Borrello (1962).
The conglomerate clasts are dominantly of volcaruc
origin (andesites, rhyolites, pyroclastic rocks), and reach
up to 30 cm in diameter (mean diameter around 5 cm).
The matrix is coarse sand-sized, and composed also of
voJcanic fragments. Interlayered with these deposits are
rhyolitic, pumice-rich pyroclastic rocks. Expressive
action of sheetflood- and debris-flow-dominated alluvial
fans was responsible for the initial phase of the deposition
in the Cacheuta sub-basin. Tectorucs, basin-related
volcanism, climate, and source area mateoal were the
primary con trois on the active faulted margin
sedimentation.

The transgressive surface is clearly delineated upon
the lowstand deposits. The transgressive systems tract
(TST) is composed of at least four parasequence sets
which display an overall retrogradational trend. Clast
supported, massive and cross-bedded conglomerates and
conglomeratic sandstones dominate the base of the
package, while fine-grained sandstones and siltstones
with horizontal and climbing ripple laminations are more
common towards the top. The volcaniclastic contribution
in the TST is very expressive, in the matrix and
framework of the congJomerates and sandstones. Shards
and pumice are present also in the finer-grained rocks.
The TST corresponds, in the lithostratigraphy, to the
Cerro de Las Cabras (FrengueJli, 194~) and Potrerillos
(Truempy & Lhez, 1937) formations.

The maximum flooding surface was traced on
lacustrine black shales of the Cacheuta Formation
(Truempy & Lhez, 1937). These rocks have high content
of organic matter and constitute the principal source rock
for the hydrocarbon accumulations in this basin (Chebli
et al., 2001).

The transition from black (Cacheuta Formation) to
reddish (Rio Blanco Formation, Fossa-Mancini, 1937)
siltstones and shales marked the onset of a progradational
trend that characteozes the highstand systems tract. This
prograding section begun with the establishment of
oxidizing conditions, and continued with the
progressively increased sedimentary influx to the basin
depocenters by means of lacustrine deltas, which
deposited sigmoidal- and cross-bedded sandstones
associated with finer-grained rocks. The trend culminated
with the deposition of a high-sinuosity, sandy, fluvial
facies association, when the sedimentary influx overcame
the creation of accommodation space. This phase is
associated with thermal subsidence, corresponding to a
"sag" basin (Kokogian et al., 1993), and the volcanic
contribution in this portion of the succession is
subordinated.
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epoxy disk with SL-3 and FC-I standards and studied
using petrographie microscopy, BSE and CL images. The
U-Pb SHRJMP Zircon analyses were carried out at the
Research School of Earth Sciences, Australian National
University.

The analyzed zircons are euhedral and inclusion-free
crystal s, and they are interpreted as havi ng a juvenile
magmatic origin. Seven spot analyses in six zircon
crystals yielded a 243 ± 4.7 Ma age (Fig. 3), positioning
the lowstand deposits of the Cacheuta sub-basin (the Rio
Mendoza Formation) in the Early to Middle Triassic.

obtained for a granodiorite of Silurian age (t = 417 Ma,
Cingolani, pers. comm.), exposed in the SE of Potrerillos
town. A volcanic breccia of the Choiyoi Group (t = 260
Ma), exposed in the NW of Potrerillos town yielded a

Sm-Nd model age of 990 Ma and tNd (1) value of -3.1. A
model age (TDM) of 867 Ma and an eNd (1) of -1.27 were
obtained for a Permian syenogranite intrusive in the
Silurian granodiorite.

The volcano-sedimentary samples of the Cacheuta
sub-basin, black shales, sandstones and tuffs, yield Sm

Nd model ages ranging from 0.90 to 1.34 Ga and eNdl

values from -5.03 to -0.61.
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CONCLUDING REMARKS
U-Pb SHRJMP zircon dating of a Iithoclast-free

ignimbrite interlayered with basal alluvial fan facies of

Cuyo Basin yielded a magmatic age of 243 ± 4.7 Ma, and
positioned these lowstand deposits in the Eotriassic to
Mesotriassic boundary.

Sm-Nd model ages (TDM) of 0.87 to 1.16 Ga and
negative eNd (1) values (-3.) to -1.27) obtained from
samples of basement rocks indicate that they are derived
from reworked Mesoproterozoic crust (Grenvillian
rocks). The volcano-sedimentary samples of the Cacheuta
sub-basin show T DM model ages ranging from 0.90 to

1.34 Ga and eNd (1) values from -5.03 to -0.61, which are
similar to the basement samples and, consequently,
indicates that the sediment source areas for the Cacheuta
sub-basin were located on igneous rocks from reworking
of the Cuyania Terrane.
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Figure 3. U-Pb SHRIMP zircon Concordia diagram for
ignimbrite interlayered with the basal alluvial fan

facies association of the Cacheuta sub-basin.
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Sm-Nd ISOTOPES
Samples selected for the application of the whole-rock

Sm-Nd isotopie analyses comprise: three basement rocks
of the Cacheuta sub-basin (Silurian and Permian) and
eleven samples of volcano-sedimentary rocks distributed
through the sedimentary package (Fig. 2).

Rock powders for Sm-Nd analysis were spiked with
mixed J49Sm_150Nd spike and dissolved using an HF
HN03 mixture and 6N HCL in teflon vials, warmed in
hot plate until complete dissolution. The REE were
extracted using a standard AG-50W cation resin; Sm and
Nd were extracted using HDEHP-coated Teflon powder.
Isotopie compositions were measured with a YG Sector
multicollector mass spectrometer at the Laborat6rio de
Geologia lsotôpica of Universidade Federal do Rio
Grande do Sul. Sm was loaded on Ta filament and Nd on
external Ta triple filament (Ta-Re-Ta) with 0.25N H 3P04.
Ali analyses are adjusted for variations instrumental bias
due to periodic adjustment of collector positions as
monitored by measurements of our internai standard; on

this basis our analyses of La Jolla Nd average 0.511859 ±
0.000010. During the course of the analyses Nd and Sm
blanks were lesser than 750 and 150 pg, respectively.

Sm-Nd data are illustrated in figure 4. Three basement
samples of different ages were analyzed. A Sm-Nd model

age (TDM) of 1159 Ma and eNd(!) value of -2.1 were
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mE ARCHEAN BLOCKS
Each aforementioned segment is well discriminated by

Sm-Nd model ages as well as the distribution in the ENd X

ESt diagram, supporting their distinct origin, evolution and
metallogenetic characteristics.

In the Gaviao Block two groups of TTG rocks
constituted the early continental crust into the
amphibolite facies. The first with age varying between
3.4-3.2 Ga has been considered, as originated from the
melting of tholeiitic basalts. The second with age of 3.2
3.1 Ga, had similar origin but with some crustal
contamination (Martin et al., 1991; Santos Pinto, 1996;
Cunha et al., 1996; Bastos Leal, 1998). The greenstone
belts in the greenschist facies (Contendas Mirante,
Umburanas, Mundo Novo) (Marinho, 1991; Mascarenhas
and Silva, 1994; Cunha et al., 1996), have been formed in
intracratonic basins of the early TTG crust, with basal
komatiites, pyroclastic rocks, chemical exhalative
sediments and tholeiitic basalts with pillow-lava (3.1 Ga).
The 2.8-2.7 Ga granitic-granodioritic-migmatitic crust,
metamorphosed under amphibolite facies conditions is
interpreted as products of partial melting of the TTG
(Santos Pinto, 1996) during the closing of these basins.
Calc-alkaline volcanics (2.6 Ga), granite intrusions (2.5
Ga) and mafic-ultramafic intrusions (2.4 Ga), besides
phyllites and grawackes occur associated with the
Archean greenstone belts (Marinho, 1991).

The Itabuna-Salvador-Curaca Belt is composed by at
least three tonalite/trondhjemites groups with 2.7-2.6 Ga
(Silva et al., 1997). These rocks are interpreted, by the
REE geochemistry, as result of the tholeiitic oceanic crust
melting. Reequilibrated in the granulite facies, also
include chamockite bodies, stripes of intercalated
metasediments (quartzites with garnet, AI-Mg gneisses
with sapphirine, graphitites and manganesiferous
formations) and ocean-floor/back-arc gabbros and
basalts. These latter ones are originated from mantle
sources (Teixeira, 1997). 2.4 Ga old, shoshonitic
monzonites occur in this belt as important intrusive
bodies (Ledru et al., 1994). The island-arcs, back-arc
basins and subduction zones were the dominant
environments during the construction of this belt
(Barbosa, 1990,1997).

The Jequie Block is characterized by migmatites with
supracrustal bodies (the oldest component, with 3.0-2.8
Ga) and granodioritic-granitic intrusions (the youngest
component, with 2.8-2.7 Ga). The oldest component is
mainly constituted of granitic rocks that form the
basement of the rift-type intracratonic basins, where

basalts and andesitic basalts, cherts, banded iron
formation, graphitites and kinzigites were accumulated.
The youngest component is constituted of multiple
intrusions of granodiorites and granites of high to low Ti
that eventually contain megaenclaves of the oldest
component.

In the NE, occurs the Serrinha Block with c.a, 2.9 Ga
old orthogneisses and migmatites, which represent the
basement of the Paleoproterozoic greenstone belts. This
orthogneisses and migmatites are granitic to granodioritic
composition, with gabbroic enclaves, metamorphosed
under amphibolite fades conditions.

THE PALEOPROTEROZOIC COLLISION
During the Paleoproterozoic (c.a. 2.3-2.0 Ga) (Barbosa

& Dominguez, 1996), these four crustal segments
collided resulting in the formation of an important
mountain belt. The evidences of this collision are found
not only through the structural elements, but also in the
pre- and syn-tectonic Paleoproterozoic rocks that are
present in the above mentioned crustal segments.

In the Gaviao Block it was identified: (i) the Jacobina
Group (foreland basin) formed by schists, banded iron
formations, manganesiferous formations, quartzites and
metaconglomerates with intrusions of mafic-ultramafic
rocks (Mascarenhas et al., 1992), where the siliciclastic
metassediments contain detrital zircons with ages 2.1 Ga
and (ii) the Areiao Formation constituted of arkoses and
sands containing also detrital zircons dated 2.1-2.2 Ga,

In the Itabuna-Salvador-Curaca Belt, the most
important paleoproterozoic lithologies are: (i) tonalites
and trondhjemites, with zircons dated approximately 2.1
Ga (Sabate et al., 1994, Silva et al., 1997); (ii) Caraiba
norites and Medrado gabbros, both with ages slightly
older than 2.0 Ga (Oliveira and Lafon, 1995); and (iii)
syntectonic granites dated about 2.1 Ga (Sabate et aL,
1990).

In the Serrinha Block occurs the Greenstone Belts Rio
Itapicuru and Capim, formed from back-arc basins (Silva,
1992; Winge, 1984) where: (i) the lower unit of basaltic
lava (2.2 Ga) is constituted by tholeiitic basalts and
maffic tuffs, associated with banded iron formation,
cherts, and graphitic phyllites; (ii) the intermediate unit is
formed mainly by felsic rocks (2.1 Ga), with its
composition varying from andesites to calcalkaline
dacites; and (iii) the upper unit is composed by thick
packages of psefites, psamites and pelites. These
paleoproterozoic greenstone belts are essentially different
from the Archean greenstone belts of the Gaviao Block
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mainly because they lack significant proportion of
komatiitic vo1canic rocks.

The Paleoproterozoic collision occurred with the
movement of the four blocks in the NW-SE sense,
identified by the presence of large thrusts and
transcurrence zones, in general sinistral, as the kinematics
of the late ductile shear zones demonstrate (Figs. 1, 2).

The Paleoproterozoic high grade metamorphism has
average pressures of 7 kbar and temperatures of about

850 oC, with its peak occuring at about 2.0 Ga (Barbosa,
1990, 1997). It is interpreted as originated from the crust
thickening related to the tectonic superposition of blocks
during the collision. Along the Itabuna-Salvador-Curaça
Belt, this metamorphism reached the granulite grade and
the obduction of the Itabuna-Salvador-Curaça Belt over
the Jequié Block transformed the Jequié rocks, from
amphibolite to granulite facies. The presence of coronitic
reactions with destruction of gamet-quartz or gamet
cordierite, producing simplectites of orthopyroxene
plagioclase, are observed in the high degree gneisses,
both in the SSE, SSW, and NE. They have been
interpreted as suggestion of pressure release. This fact
reinforces the presence of these collision processes and of
great thrusts, that. brought blocks of rocks from deep
zones to the more surficial parts of the crust. PTt
diagrams elaborated for these metamorphites show a
trajectory of the metamorphism of the clockwise type,
confirming the collision context (Barbosa, 1990, 1997).

It is also worth while to observe the late chamockitic
and granitic intrusions that crossed the segment of rocks
stacked by the tectonic. Chamockitic bodies with ages of
about 2.1 Ga intruded the northem part of the Jequié
Block, in aIl the other blocks, granitic bodies, in general
with peraluminose characteristics (Sabaté et al., 1990).
With a major concentration in the NE of Bahia, these
granites exhibit, in general, ages of about 2.0 Ga and can
be assumed to have origin from the melt of hydrated
rocks of the amphibolite facies, tectonically placed under
rocks of the granulite facies as aforementioned.

Late deformations have formed retrograde shear zones
in the Archean blocks under consideration. It is assumed
that alkaline syenitic bodies, with minimum ages of 1.9
Ga, have been emplaced in these shear zones (Conceiçao,
1993). The syenites intruded the granulites after these
rocks reached the amphibolite facies crustal environment.
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Figure 1. Postu1ated position of the archean b10cks prior to collision.
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Figure 2. Display of the Archean blocks after collision during the Paleoproterozoic Transamazonian Cycle.
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GENERAL GÈOLOGICAL FRATURES
In the central domain of the Borborema Province,

from the PemambucolPiaui boundary (to the SSW) up to
the coastal area, north of Joào Pessoa (to the ENE, Mari
municipality) occurs a fold belt of ca. 700 km long (over
100 km wide, at sorne places), with a WSW-ENE general
trend, Early Neoproterozoic in age. This fold beltlterrane
called Alto Pajeu is mostly composed of volcanic
sedimentary and immature sedimentary supracrustal
assemblages ("Complexo Sào Caetano do Navio") which
are pierced by dozens sheets and small bodies of
orthogneisses (so-called "Cariris Velhos Orthogneisses").

This orogenic system was developed in the early
beginnings of the Neoproterozoic time (990-930 Ma),
which includes aIl their evolutionary stages, since the
complex system of paleogeographie realms (small ocean
basins??) up to the main defocmational events
(contracional defocmation was rather important). Later
on, during the Neoproterozoic III and Cambrian times,
this belt was submitted to important overprint of the
Brasiliano collage and their related extrusional events
(Brito Neves et al., 2000).

There are sorne recent signs of occurrences of
additional branches of the Alto Pajeu belt to the south of
the central domain ("Zona Transversal") of the
Borborema, in the Pemarnbuco-Alagoas massif as weIl as
in the northem part of the Sergipano Belt ("Southem
Domain"). These possibilities are being matter of
geological investigations in the present moment by
researchers of the UNICAMP. To the north of the Zona
Transversal ("Rio Grande do Norte Terrane"or "Northem
Domain" of the Borborema Province), no indication for
these orogenic development has up to now been noticed.

The main area of occurrence of this orogenie system
is bounded by important shear zones, as Serra do Caboclo
and Patos (to the northwest and north) and Afogados do
Ingazeira (partially) and Congo shear zones (to the south
and southeast).

Even though the structures of this orogenic systme are
diagonally reaching the shore line and the continental
shelf, the continuity of this development (to the
Cameroon?) in the African territory has not been
recorded. Actually, it is necessary to state that geologic
analogues for the Alto Pajeu Belt (ages and composition)
were not pointed out in the South America continent, so
far.

The supracrustal assemblages ("Sào Caetano do
Navio") are mostly banded rocks, with biotite and

muscovite (+ gamet) schists and metagraywackes
predominating, with intercalations of metadacites (sorne
metabasalts), metarhyolites (metafelsites) and sorne local
metacarbonates, under amphibolite facies of
metamorphism. Migmatites have broadly been generated
in many places (like Guarabira and north Floresta areas),
so increasing the banded features of these rocks. Many
small bodies, sheet-like bodies of othogneisses occur
somehow crosscutting these supracrustal assemblages.
These are (usually) rocks with high SiOz and KzO
contents and high Rb/Sr ratios, with biotite and
muscovite (+ sillimanite) as common mineraIs for
orthogneisses (so-called "Amb6", "Recanto" etc. leuco
orthogneisses), which use to present modal composition
of syenogranites, granites, monzogranites and (minor)
granodiorites. In spite of the few amounts of supracrustals
xenoliths in these gneisses, in many places their structural
relationships as younger intrusive bodies seem to be
clear.

From the point of view of the regional structunil
geology, these rock assemblages were involved in a very
important contractional event (what is confirmed by the
geochemical data of the orthogneisses), probably as result
of a collisional event. Such event (Dn+l ) and the
predominating foliation (Sn+l) then generated were clearly
produced by a second (superposed) generation of tectonie
movements. Such tangential deformation, with
kinematics indicators towards NW and NNW is pervasive
along important part of the "Transversal Zone",
particularly to the southeastem and central-eastem part of
the Paraiba State, and to the central-north and southwest
part of Pemambuco State (Brito Neves et al., 2001). This
tangential framework occurs affecting both the
Paleoproterozoie basement rocks and the Early
Neoproterozoic assemblages, and it was later or involved
in the Brasiliano phases of deformation

A preliminary interpretation for this framework
sugestes an outstanding collisional process, between the
Alto Moxot6 terrane (Paleoproterozoic, to the south) and
the Rio Grande do Norte terrane (to the north) in the
aftermaths of a period of B subduction ("Pedras Pretas
magmatism"/ ophiolitic rernnants?, accretionary calc
alkaline volcanism of "Lagoa das Contendas" etc.,
described by Santos, 1995). Part of the the Cariris Velhos
orthogneisses are probalble to be generated by fusion of
the supracrustal assemblages during that collisional
process, what is a conclusion placed in advance, but that
will partially be reiterated by the lithogeochemical data.
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The structural patterns obtained by the collisional
events were wide1y affected by the tectogenic
(taphrogeneses and orogeneses, magmatisrn) processes of
the superposed Brasiliano Cycle. Several ways of
Brasiliano overprint (two up to three phases of
deforrnation) may he observed, from discontinuous or
local processes of folding up to huge events of shearing
and strucutural transposition. The Brasiliano heating
processes used to be widespread, as it will be later on
discussed, therefore making difficult to point out
absolutely unaffected Cariris Velhos domains. Many
Brasiliano processes of lateral and vertical accretion are
well known (many references available, see Brito Neves
et al., 2000) for the Borborema Province as a whole,
being specially relevant the events associated to the final
extrusional phases (shearing and granitogenesis s.l.) that
gave the final geometric-geologic outlines of the Province
as a whole. Brasiliano tectonic-magmatic episodes have
been recorded the beginnings of the Cryogenian period
(taphrogeneses and magmatism) up to the early
Ordovician (extrusional shearing and cooling processes).

Thus, the (Early Neoproterozoic) Alto Pajeu terrane is
actually only part of a fold belt that couId he
discriminated in the complex basement of the Brasiliano
Borborema Province (Middle Neoproterozoic - Early
Ordovician development)

The compositions of the Cariris Velhos orthogneisses
varies - most of all - from syenogranites, monzogranites
and granodiorites. Muscovite and muscovite-biotite (+
gamet) are common. Gamet, apatite, turrnaline and zircon
occur as accessory mineraIs (monazite is particularly rare
âs accessory). These orthogneisses use to crop aout as
small bodies (stocks) and sheet-like bodies, these latter
positioned in structural concordance with the
contractional tectonic that characterize most of the Cariris
Velhos terrane. Mosdy in the southeast of Pernarnbuco
(Floresta area) and northeast of Paraiba (Guarabira area)
there are widespread occurrences of migmatized facies of
these rocks. Banding from compositional features as well
as due to sorne migmatizations processes are rather usual
for these rock assemblages.

PRELIMINARY GEOCHEMICAL DATA
The geochemical analyses of the orthogneisses

display high contents of SiOz (> 7%), Alz03 (> 13%) and
NazO (5,3%), and the Ba contents are variables (from 100
up to 1100 ppm). These and other characteristics may
point out these rocks either for the group II of Harris et al.
(1986) or the MPG group (between MPG and the CPG
group) of Barbarin (1999). In both cases, the small
amounts of monazite (as above mentioned) and the
frequency of sphene were not expected, but they are
understandable when the large possibilities/variety of
sources are took into account.

These rocks are positioned in the metaluminous (most
of them) to peraluminous and sub-alkalines fields. In the
spidergrams normalized for primitive mande, the final
results obtained for these leuco-orthogneisses is coherent
with those of Santos (1995, in Floresta-PE area), i. e.,
exhibiting typical depletions in Ba, Nb, Sr and Ti, and so

Short Papers -IVSouth American Symposium on Isotope Geology

presenting general geochemical data and characteristics
of collisional granites, according to Thompson et al
(1984), so reiterating the previous petrographic
assumptions according to Barbarin (1999, MPG group).
Even sorne sheet-like bodies of orthogneisses (that use to
occur circumscribing the main batholiths, resembling ring
complexes) keep these sarne general pattern of
geochemical data.

The use of discrimination diagrams present sorne
controvertial features. The distribution of points fans in
different fields (Pearce et al., 1984), from volcanic arc (+
syn- Co1g) up to anorogenic granites, with major
concentration of points in the "within plate" field. The
use of the diagrarn of Pearce et al. (1986), most of the
granites fan in the "post-Co1g" field. In recent thesis,
Kozuch (2003, unpublished) made analyses of many
Cariris Velhos orthogneisses (different sarnples) and she
got geochemical results very similar to these granites of
Andean and Japan arcs, using the sarne discrimination
diagrarn. So, without discarding the problern existence, it
is necessary to consider that there are many aspects to be
faced: the nature and paradigms of the diagrarns, the
present (still small) critical mass of data, the overprint of
metarnorphism (Cariris Velhos and Brasiliano), and of
other still unsuspected processes.

GEOCHRONOLOGICAL DATA
The orthogneisses of the Alto Pajeu display coherent

set of Rb-Sr isochronic diagrams. Different parts of the
terrane have been sampled and presented ages values 915
Ma, 954 Ma and 966 Ma. Particularly the isochrons with
age values over 950 Ma are more frequent and with better
analytical quality (high Rb/Sr ratios). Even regarding the
general nature and characteristics of this method, these
values are significant because of their consistency (and
the correspondence with V-Pb data), and because they
were preserved in spite of the widespread overprint of the
Brasiliano processes

The results obtained with V-Pb method in the Alto
Pajeu terrane- both from conventional method and from
SHRIMP analyzes are still deserving a refining in their
knowledge and interpretation. Age values have been
obtained since from 920 Ma (large errors involved) up to
995 Ma (small amount of errors), with the most important
set of ages around 950 Ma (sheets of othogneisses
enclosed by metagraywackes). So doing, these age values
are repeating those obtained by Rb-Sr methodology. It is
necessary to emphasize the importance of these data
which support the existence of an Early Neoproterozoic
orogenic event in the Borborema Province, but the origin,
number and sucession of events still remain as open
questions.

Sm-Nd data for both the Cariris Velhos orthogneisses
and for their enclosing metagraywackes and schists ("S.
Caetano do Navio Complex") disp1ay similar behavior.
For the cases of metragraywackes de T(DM) values varies
from 1300 up to 2500 Ma, but in the majority of the cases
this upper limit is below 2000 Ma. The ENd values use to
be positive between (+1) and (+2) for the cases with the
lowest values of T(DM), and they are moderate1y negative,
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between (-7) and (-10), for the cases with highest values
of T(DM)' So, the admittance of sorne cases of juvenile
sources for the formation of theses rocks seems to be
reasonable. Otherwise, there are sorne few particular
cases of very high values of T(DM) (between 2500 and
3600 Ma), and negative values of ENd indicating sparse
contribution of older source rocks, even from far Archean
domains.

For the orthgneisses themselves the range of values
for T(DM) is mostly between 1300 and 1900 Ma, with
sorne rare cases of values over 2000 Ma. The values for
ENd use to show remarkable regularity, with the lowest
values between (-0.12) up to (+2.0), i.e. near zero, for the
cases of lowest values of T(DM)' and the negative values
around (-3.0) and (-5.0) for the case of high T(DM) values,
over 1700 Ma. According to these data it is possible to
assume important juvenile contribution in the formation
of part of the Cariris Velhos orthogneisses.

Just sorne few Ar-Ar data were run in samples of
these rock assemblages, in order to evaluate the behavior
of the Alto Pajeu Terrane (Fold Belt Pajeu-Paraiba)
during the subsequent events of the Brasiliano Collage.
The choosen samples were collected from areas where
(apparently) the events of the Brasiliano were of lesser
importance, far from Neoproterozoic intrusives and
shearing domains. The results from amphibole (S. José
do Egito, amphibolite), 623 ± 15 Ma; muscovites (S. José
do Egito, metagraywacke and Lagoa do Meio
metadacite), 512 ± 3 Ma; and rhyolite, whole rock (Serra
do Machado rhyolite, intrusive in Cariris Velhos
orthogneiss) give an idea of widespread occurrence of the
Brasiliano events and different times of cooling, as weil
as they are clearly showing the difficulty to state sorne
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unaffected areas, preserved of the thermal events of the
superposed Brasiliano Cycle.

REFERENCES
Brito Neves, B.B.; Santos, E.J.; Van Schmus, W.R. 2000.

Tectonic History of the Borborema Province. In: U.G.
Cordani; E.J. Milani; A. Thomaz Filho; DA Campos (eds.)
Tectonic Evolution of South America.Rio de Janeiro, 31 th
International Geological Congress, 151-182.

Barbarin, B. 1999. A review of the realtionships between
granitoid types, their origin and their geodynarnic
environment.Lithos, 46:605-626.

Harris, N.B.W.; Pearce, JA; Tindle, AG. 1986. Geochemical
characteristics of collision aonde magmatism. In: M.P.
Coward & AC. Ries (eds.) Collision Tectonics.London,
Geological Society Special Publication, 19: 67-81

Pearce, J.A 1996. Sources and settings of granitic rocks.
Episodes, 19: 126-133

Pearce, J.A.; Harris, N.B.W.; Tindle, AC. 1984. Trace e1ements
discrimination diagrams for the tectonic interprettion of
granitic rocks. Journal of Petrology, 25:956-983.

Rollinson, H. 1994. Using geochemical data: evaluation,
presentation, interpretation. New York, Longman
Scientifphic and Technical, 352 p.

Santos, E.J. 1995. 0 Complexo Granftico Lagoa das pedras.
Floresta (Pernambuco): acresçao e colisao na Provfncia
Borborema, Nordeste do Brasil. Tese de Doutoramento,
Instituto de Geociências da Universidade de Sao paulo,
219p.

Thompson, R.N.; Morrison, MA; Hendry, G. L.; Parry, S.J. Na
assessment of the relative roles of crust and mantle in
magma genesis. Phil. Trans. Royal Society of London, A
310:549-590.

Van Schmus, W.R.; Brito Neves, B.B.; Hackspacher, P.c.;
Babinski, M. 1995. UlPb and SmlNd studies of the eastern
Borborema Province, Northeast Brazil: initial
conclusions.Journai of south American Earth Sciences,
8:267-288.

- 157 -



Short Papers - IV South American Symposium on Isotope Geology

V-Pb ZIRCON AGES OF SOME CLASSIC GRANITES OF THE BORBOREMA PROVINCE

Brito Neves, B.B!; Passarelli, C.R.2
; Basei, M.A.S! and Santos, E.J.3

1. GMG- Instituto de Geociências - Universidade de Sao Paulo. bb1eybn@usp.br, baseimas@usp.br
2. CPGeo - Instituto de Geociências - Universidade de Sao Paulo. crpass@usp.br

3. Centra de Tecno1ogia e Geociências - Universidade Federal de Pernambuco. ediltonjsantos@terra.com.br

Keywords: Borborema Province, granitic plutonism, "Conceiçao"- type granites, "Itaporanga"-type granites

INTRODUCTION
The Borborema Structural Province, in Eastern

Northeast of the South American Platforrn, is a branching
system of orogens which evolution was developed during
the Neoproterozoic among different descendents of the
Rodinia supercontinent (such as "Pamaiba Block", Sao
Luis-West Africa and Sao Francisco-Congo-Angola
Craton). Its extension in the Mrican continent (Pan
African Systems) has been recognized - by many
different authors - in the area between Togo and Gabon.

First of aIl, sorne main characteristics may be
mentioned to this province: (i) the participation of the
reworked Paleoproterozoic basement (basement inliers,
with different sizes and roles in the geotectonic
evolution), (ii) different types of fold belts (in terms of
different tectonic behavior and lithostratigraphic
assemblages), and (iii) the remarkable granitic plutonism.
A recent synthesis for the evolution of this province may
be found in Brito Neves et al. (2000).

About 35 years ago a previous and classical paper by
Almeida et al. (1967) had prelirninarily discrirninated a
series of granitic typologies, as "Conceiçao" type,
"Itaporanga" type and so on, mostly based upon general
geological features and petrographie grounds. A
numerous and outstanding group of scientific articles has
since then been developed on these granites up to present,
with remarkable enrichment of new petrological, isotopie
and geochernical data. Additionally, many new granites
occurrences have been reported in that structural
province, where that prelirninary classification has
somehow been preserved. The papers of Sial (1986),
Ferreira et al. (1998), Santos & Medeiros (1999) and
Brito Neves et al. (2000), may be suggested as good
syntheses on this subject, among a very rich and
proliferating bibliography. It is necessary to remark the
special emphasis on this subject given by the group of
petrologists (NEG-LABISE) of the Department of
Geology of Universidade Federal de Pernambuco, with
remarkable bibliographie documentation available (e.g.
Almeida et al., 2002; Guimaraes et al., 1998; Guimaraes
& Almeida, 2001).

THE GRANITIC PLUTONISM
The granitic plutonism of the Borborema Province is

rather important and widespread in terrns of occurrence.
Many granitic occurrences intrude supracrustal belts of
Eo-Neoproterozoic (Cariris Velhos Orogeny) and Mid
and late Neoproterozoic (Brasiliano collage). Other
granitic occurrences are intrusives in the basement inliers

of Paleoproterozoic, sometimes forming large batholiths.
Sorne other granites are clearly related to the linear shear
belts, which gave the final geometric-geologic shape to
the Borborema Province. Even, in the distal reworked
marginal zones of the cratonic nuclei of Sao Francisco
("Sobradinho Massif', to the south) and Sao Luis
("Granja Massif', to the north) granitic occurrences has
been recorded. This remarkable granitic plutonism has
been matter of outstanding number of bibliographic
references, so including many Master dissertations and
PhD theses, as weIl as it has been subject of scientific
articles of important national and international symposia
(e.g. ISGAN 1and II; Hutton symposium).

GEOCHRONOLQGICAL DATA
Samples of these classical types of granites, collected

in their typical localities, were subrnitted to
geochronological determinations by U-Pb method, in
order to fulfill a demand of the geological community,
because most of the previous determinations were run
with methods of lower accuracy. These new obtained data
were now reunited with sorne preexisting U-Pb data from
other granitic bodies (most of them run during the last
decade), in order to try to make possible to recognize the
main stages of granitic plutonism of the Borborema
province as a whole.

With aIl data assembled - and having the geological
development of the province in rnind - it was possible to
distinguish three major stages of granitic plutonism
(Table 1): 650-625 Ma, 580-560 Ma and 540-520 Ma.
The first two groups of ages use to assemble those
granites that have many times been related to arc
plutonism, while the latter time interval assembles those
granites in close association to the events of escape
tectonics of the Brasiliano-Pan African collage (Jardim de
Sa et al., 1999), which has preceded the assembly of a
supercontinental landmass (Western Gondwana).
Actually, these span of time of these intervals are far
from the wishable table, but this is the result that can be
stated at the present moment of geochronological
knowledge (at reconnaissance scale). The idea was to
draw this prelirninary and realistic approach, in order to
establish a first basis that could step by step be improved
with the advent of further data.
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Table 1. Main geochronological determinations (Ma) of granitic rocks of Borborerna Province (V-Pb and Pb-Pb).
* Rb-Sr age ** Sm-Nd age; # of these work

NWCEARA
NORTHERN DOMAIN

CENTRAL CEARA R. G. NORTE
TRANSVERSAL

ZONE
SOUTHERN

DOMAIN
505 ± 4 (Palmeira)

f----,--,--------1 517 ± 18 (Jati/Bodoc6)
530 ± 54 *
(S.A1godao)

507 ± 36 (Meruoca)

532 ± 4

532 ± 6 (548 ± 24 *)
(Mucambo)

563 ± 17
(Tucunduba)

574 ± 32
(NW S.Quitéria)

557 ± 13 *D. Inês

540-520 (Diversos)

551 (Tuparetama)

570 ± 10 (S. Joao)
570 ± 24 (Queimadas)
572 ± 20 (S. Branca)
573 ± 45 #
(Catingueira)
574 ± 54 (Solidao)

528 ± 4 (Aguas
Belas)

555 ± 20 *
(Rajada)

580 ± 4 # (ItaporaDl~a)

581 ± 2 (C. Grande)

576 ± 24 (Caraubas)
578 ± 14 ** (Caxexa)
579-555 (Acari)
579 ± 7 (S. Rafael)
580 ± 4 (Tourao) 583-591 (Brejo M.

i---=c::-:-----:::----:::----:-----:c-::---t------------i Deus)
585 ± 5 (Quixada) 585 ± 2
587 ± 19 (Anil) 588 ± 12 (Faz. Nova)

591 ± 10 (Chaval)

612 ± 9 * (Tabira) 613 ± 8 (S. Catu)
614 ± 18 (c. Joao
Sa)

f------:-----::::--,---------i 616 ± 4 (Caiçara)
621 ± 14 (Tabira) 624 ± 5 (A

Branca)

630 ± 18 (NW Ceara)

599 ± 16 (Poço Verde)

614 ± 2 (Central Ceara)
622 ± 4 (Sul Fortaleza)

660± 15 (S. Quitéria)
665± 40 (W Ceara)

593 ± 5 (Vmarizal)

628 ±11 (Macaiba)

592 ± 7 (B. Jardim)

> 620 (Teixeira)
635 ± 9 # (Conceiçiio)
638 ± 5 (Brejinho)
644 ± 5 (Timbauba)
651 ± 15 # (Tavares)
750 ± 20 (Riacho Ic6)

593 ± 5 (Correntes)
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Nd DATA FROM CENTRAL CEARA DOMAIN: ARCHEAN RELICTS, PALEOPROTEROZOIC
RECORD AND NEOPROTEROZOIC CRUSTAL REWORKING

Castro, N.A!; Basei, M.A.S! and Sato, K.2

1. Universidade de Sao Paulo, Instituto de Geociências, Dep. Geoqufmica e Geotectônica.
neivaldoac@hotmai1.com, baseimas@usp.br

2. Universidade de Sao Paulo, Instituto de Geociências, CEPEGEO (Centro de Pesquisas Geocronologicas)

Keywords: Nd, juvenile, Borborema, Archean, Paleoproterozoie, Neoproterozoic

New geological interpretations based on Nd isotopie
results for rocks situated south-southeast of the
Transbrasiliano Sobral-Pedro Segundo Lineament and
north-northwest of the Senador Pompeu Lineament
(Central Cearâ Domain of Brito Neves et al., 2000 or
subprovince 2 of Van Schmus et al., 1998) are here
presented. The Central Cearâ Domain (CCD) is 'situated
in the northwestern portion of Almeida' s et al. (1981)
Borborema Province, being its counterpart in the African
side the Nigerian Province Precambrian rocks (Fig. 1). In
CCD, isotopie studies by Fetter (1999) indicated the
existence of an Archean nucleus (Tr6ia-Pedra Branca
Mombaça, with zircon V-Pb ages between 2.69-2.83 Ga
and Nd TOM between 2.69-3.04 Ga) surrounded by rocks
of ages varying between Paleo and Neoproterozoic. Caby
and Arthaud (1986) and Ar-Ar studies carried out in the
State of Cearâ by Monié ef al. (1994) stressed out the
importance of the Neoproterozoic orogeny. Martins
(2000), studying the Quixadâ western region (Algodoes
Choro Metamorphic Suite), found new informations that
proved the existence of Paleoproterozoic rocks,
apparently formed in an island arc environment. Fetter et
al. (2003) considered the Santa Quitéria Complex as the
record of a Neoproterozoic magmatic arc, and the
Martinopolis Group supracrustal rocks, located north
northwestwards, as deposited under a fore-arc regime
around 0.77 Ga (V-Pb in zircons from probable meta
rhyolites). In this context, the supracrustal rocks situated
south-southeast of the Santa Quitéria Complex must have
deposited under a back-arc regime (zircon V-Pb age of
,..Q.77 Ga of a probable meta-rhyolite from the
Independência region). Sm-Nd data confrrm such mode},
with the majority of TOM ages yielding values
intermediate to those found for the Paleoproterozoie
basement and the oldest Neoproterozoic zircon V-Pb ages
for granitoids identified within the Santa Quitéria
Complex.

In this work a set of new Sm-Nd data is presented,
expressed in the form of TOM ages and ENd, This data set
encompasses Paleoproterozoie rocks (situated west of the
region studied by Martins, 2000), here named Madalena
Algodoes-Chor6 Complex (MACHC); supracrustal rocks
found west of MACHC, here named Rio Curu-Itataia
Independência supracrustal rocks (RCIISC), and a small
volume of rocks representing the eastern margin of the
Santa Quitéria Granitic-Migmatitic Complex (SQGMC).
Figure 1 presents the spatial distribution of the different
lithotectonic units. Table 1 contains the results of the

analyses available. These data will be in the future
complemented by V-Pb (zircons and monazites) and Ar
Ar dating of micas and amphiboles.

The Archean TDM ages correspond to biotite and
hornblende-bearing migmatitic nuclei exposed within
RCIISC and MACHC supracrustal rocks. In the first case
a TOM age of 2.73 Ga, with corresponding ENd(O) of -22.4,
was found. For the migmatitie nucleus present in the
MACHC sediment-derived association the TOM interval
falls in the 2.6-2.8 Ga interval, with ENd(O) from -19.1 to
-15.2.

MACHC encompasses two distinct lithologie
associations, one of them sediment-derived, mainly
constituted by gamet-bearing biotite gneisses,
hornblende-biotite gneisses and smaller volumes of
muscovite-biotite gneisses, quartzites, occasional
gondites, and contribution of basie voleanics
(amphibolites). The second association is represented by
orthogneisses of quartz-dioritic to tonalitic composition,
with variable hornblende and biotite proportions, here
considered as intrusive in the sediment-derived
association. For the sediment-derived association, the
interval of TOM model ages ranged from 2.41 to 2.36 Ga,
with ENd(O) values between -25.8 and -21.7. In the
sediment-derived association, two deterrninations made
in muscovitelbiotite gneisses yielded TOM ages in the 2.38
to 2.23 Ga interval, with ENd(O) between -19.7 and -18.3.

The predominant RCIISC lithotypes (- 60% in
volume) are locally migmatized biotite gneisses, with
variable amounts of muscovite, gamet, sillimanite and
kyanite. The other -40% are (pure, or muscovite- or
feldspar-bearing) quartzites, cale-silicate rocks and gray
to whitish marbles and usually gamet-rich amphibolites.
TDM values found for the gneisses/migmatites fall in the
1.1-2.4 Ga interval, with less negative ENd(O) values being
associated with younger ages (-5.48 and -6.55).
Conversely, more negative ENd(O) values are associated
with older TDM ages (-19.5 and -23.8). It is worth pointing
out that out of three analyses, which correspond to
amphibolites considered representative of syn
depositional magmatism, two samples yielded positive
tNd(O) values, respectively +3.18 and +5.16.

The study region includes only the eastern margin of
the Santa Quitéria Batholith studied by Fetter (1999) and
Fetter et al. (2003), and in this context, part of the
granitoids and migmatites analyzed for the present work
could have originated from protoliths with important
participation of RCIISe. Remains of cale-silicate rocks
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and sillimaIÙte gneisses found in the center of SQGMC,
seem to reinforce this hypothesis. In the study region,
SQGMC is preferentially composed of rIÙgmatites that
usually contain biotite and less frequently hornblende,
with mesosomes of granodioritic to monzogranitic
compositions. In the more diatexitic portions that grade to
nebulitic granitoids, monzo to syenogranites are found.
West of Taperuaba, an approximately circular isotropic
biotite granite stock is polyphase, with concentric phases
of monzo- to syeno-granitic composition. These are the
SQGMC post-orogenic granitoids, apparently correlated
with the Serra da Barriga stock. It is also worth pointing
out the occurrence of isotropic to weakly foliated
leucograIÙtoids (Fazenda Mem6ria and Serrote de Sao
Paulo) within SQGMC, which certainly represent partial
melting condItions and/or protoliths distinct from those
present in the genesis of other SQGMC granitoids. The
available Nd isotopic information indicate three distinct
groups, compatible with the petrographic characteristics
and mode of occurrence in the field: a) rocks of the
metatexite-diatexite transition, with TDM in the 1.68-1.74
Ga interval and €Nd(O) varying between -16.9 and -6.1; b)
characteristically diatexitic rocks - TDM in the 1.18-1.38
Ga interval, with €Nd(O) varying between -15 and -11.6; c)
post-orogenic granitoids, corresponding to the Serrote
Sao Paulo leucogranitoid, situated north of Santa Quitéria
city, with TDM model age of 2.2 Ga (double-stage
calculation) and €Nd(O) of -4.05.

Resulting from the analysis of Nd data, five main
points can be listed: a) for the gneissic-rIÙgmatitic nuclei
that occur within the supracrustal rocks, Archean TDM

ages were found, indicating that these rocks may be
correlated with the Archean nucleus located ca. 50 km
south of the studied region (Tr6ia-Pedra Branca
Mombaça Complex); b) the Paleoproterozoic (Nd, Sr and
U-Pb) results obtained for MACHC rocks, including
Martins' (2000) data and airbone geophysical, enable to
extend it to the Madalena region and to consider a
juvenile Paleoproterozoic origin for MACHC; c) the TDM

age interval found for SCRCn evidences a conspicuous
participation of the Paleoproterozoic basement in the
genesis of the supracrustal rocks in question, opposite to
what happens in the region situated north-northwest of
SQGMC (Martin6polis Group), considered by Fetter et
al. (2003) the record of SQGMC fore-arc; d) two major
groups of TDM ages (1.74 to 1.68 and 1.38 to l.l8) were
found for SQGMC. Both intervals, also identified by
Fetter et al. (2003), are interpreted, by now, as indicative
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of rIÙxing, respectively involving less and more amounts
of juvenile material in the generation of the magmatic arc
in question during the Neoproterozoic orogeny.
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Figure 1. Geological simplified map of the Central Ceani Domain in the region coyer by the Taperuaba and ltatira 1: 100 000
maps. (1) Santa Quitéria Granitic-migmatitic Complex (SQGMC), (2) SQGMC pos-orogenic granitoids, (3) Rio

Curu-Itataia-Independência Supracrustals (RCnSC), (4) Madalena-Algod6es-Chor6 Complex (MACHC),
intrusive quartz-dioritic to tonalite gneiss, (5) MACHC, paraderived association with anphibolites and
gondites, (6) Nd analysis, (7) Nd analysis, Archean, (8) pos-nappes thrusts and (9) faults and contacts.

Minnor figure on the upper right corner: study area (black filled cirde) on the West-Gondwana
context, with Major Neoproterozoic cratonic areas: A (Amazonas), WA (West-Africa),

SF (Sào Francisco), C (Congo), RP (Rio de La Pl~ta), K (Kalahari), Z (Zimbabwe).
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Table 1. Sm-Nd whole rock analysis from Central Ceani Domain (northeast Brazil, Borborema Province),
region cover by the Taperuaba and Itatira 1: 100 000 maps. For sample location, see map on the Figure l.

ENd(O) calculated with 143NdJl44Nd today=O.512638, with data normalized to 146NdJl44Nd=0.72190.
CHUR (DePaolo, 1981). TDM (DePaolo, 1981). DS (double stage of Sato, 1998).

GEOLOGICAL MARK /
SAMPLE Rock

NEOPROTEROZOIC "REWORK"
SANTA QUITÉRIA GRANITIC-MIGMATITIC COMPLEX

pos-orogenic granitoid
NCC-392 (biotite)-muscovite-granite 2.2 (OS, 0.53Ga) -4.05
diatexites
NCC-39B biotite-gneiss with gamet UO 0.1
NCC-200B biotite-granite foliated 1.38 -15.09

biotite-gneiss/foliated
NCC-36A granite U8 -11.89
NCC-197 biotite-granite foliated 1.24 -11.63

Metatexite to diatexite
NCC-193C hornblende-biotite-gneiss 1.74 -13.90
NCC-346A biotite-horblende-gneiss 1.70 -6.15

biotite-gneiss/foliated
NCC-346B granite 1.73 -8.77
NCC-337 (hornblende)-biotite-gneiss 1.70 -14.27
NCC-83 biotite-gneiss 1.68 -16.19

RIO CURU-ITATAIA-INDEPENOENCIA SUPRA-CRUSTALS
metasediments

gamet-biotite-muscovite
NCC-05A feldspar schist/gneiss 1.97 -15.00
NCC-17 muscovite-biotite-gneiss 2.45 -23.87

NCC-213 sillimanite-biotite-gneiss 2.26 -19.25
sillimanite-muscovite-

NCC-31O biotite-gneiss 2.12 -18.94
gamet-sillimanite-biotite-

NCC-358A gneiss 1.6 (OS, 0.65Ga) -6.55
NCC-90A biotite-gneiss U2 -5.48

metabasic rocks
gamet-hornblende-

NCC-268A anphibolite 0.55 (OS, 0.65Ga) 5.16
gamet-hornblende-

NCC-331 anphibolite gneiss 1.25 3.18
gamet-hornblende-

NCC-lOlB anphibolite 1.8 (OS, 0.65Ga) -8.49
PALEOPROTEROZOIC RECORD
MADALENA-ALGOOOES CHORÔ COMPLEX
Quartz-dioriteic to tonalitic

gneiss
NCC-149A biotite-hornblende-gneiss 2.38 -22.73
NCC-ME hornblende-biotite-gneiss 2.36 -24.40

NCC-140B hornblende-biotite-gneiss 2.36 -21.75
NCC-139B hornblende-biotite-gneiss 2.41 -25.85

supra crustal rocks
biotite-gneiss

NCC-55 (meta-riolite?) 2.22 -18.37
NCC-306 biotite-muscovite-gneiss 2.38 (OS, 0.65Ga) -19.75

ARCHEAN RECORD (basement inliers)
hornblende-biotite-

NCC-304 gneiss/migmatite 2.60 -19.10
NCC-29lB biotite-hornblende-gneiss 2.80 -15.29

NCC-19 biotite-gneiss/diatexite 2.73 -22.45
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Sr ISOTOPIC COMPOSITION AND Pb-Pb AGE OF NEOPROTEROZOIC-LOWER PALEOZOIC
CARBONATE SEQUENCES AT SALINAS HILL AND PIE DE PALO RANGE,
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INTRODUCTION
Il is weil known that isotope stratigraphy is one of the

most powerful tools in Upper Precambrian to Lower
Paleozoic chronostratigraphy. The Sr isotope composition
of seawater for this age interval is characterized by a

. . f 87S /86S th . . d bcontmuous mcrease 0 r r at IS Interrupte, y
sharp rises, which represent important changes in the
Earth history. During Late Cambrian to Early Ordovician
LUlle the 87Sr/86Sr seawater ratio is high and close to the
modern value of 0.70907 (Kaufman et al., 1993; Veizer et
al., 1997; Jacobsen & Kaufman, 1999; Montafiez et al.,
2000). The Pb-Pb isotopic dating technique have been
refined and successfully applied to a variety of geological
problems (Jahn & Cuvellier, 1994, Babinski et al., 1999).
We examine in this paper carbonate sequences from the
Precordillera or Cuyania Terrane that are located at the
Salinas Hill and Pie de Palo Range ÇFig. 1), as a part of
the "Angaco Bel!" (Vujovich & Ramos, 1994). Also for
comparison, we use two samples from the fossiliferous
:.uwer to Middle Cambrian carbonates in the Eastern
Precordillera (La Laja Fm.). We have studied their
87Sr/86Sr composition and compare it to global Sr isotope
secular variation curves and we present new Pb-Pb
isotope analyses on carbonate samples from Salinas Hill.
The aims of the study were to constrain the timing of
deposition/diagenesis and of subsequent metamorphisrn/
deforrnation of the carbonate levels from the Caucete
Group.

GEOLOGICAL SEITING AND PREVIOUS
ISOTOPIC DATA

The study area enCompasses the eastern side of the
Precordillera from San Juan and the western foothills of
the Western Pampean Ranges (Fig. 1) as a part of the
Precordillera or Cuyania composite Terrane. Lower
Cambrian-Ordovician platform limestones characterize
eastern Precordillera. The western sector of Pampean
Ranges at Pie de Palo area has a low to high metamorphic
basement with two different sequences: the Pie de Palo
Complex that consists of an ophiolitic assemblage, schists
and gneisses of Grenvillian-age and the low grade
metamorphic rocks "Angaco BeH" represented by the
Caucete Group, that is characterized by platform clastic
to carbonate sequence of uncertain age between
Neoproterozoic to Lower Paleozoic (Ramos & Vujovich,
2000). The contact between both units is tectonic. Pioneer
work On this region was produced by Schiller (1912) who

mentioned the limestone rocks as a Lower Paleozoic belt.
The Caucete Group (Puntilla Blanca, Angaco, Pie de Palo
and El Quemado Fms.) was defined by Borrello (1969) as
an 'Infracambrian' sequence. Linares et al. (1982) using
statistical methods on C and 0 data found a similar
isotopic composition that suggests a same depositional
environment for the precordilleran "Zonda Limestones"
and "Pie de Pal0 Limestones". Dalla Salda and Varela
(1984) mentioned these carbonates as a Vendian age
rocks. The "Angaco Bel!" outcrops are extended from
western Pie de Palo Range to Salinas Hill towards the
South, where were defined by Vujovich and Ramos
(1994). Ramos & Vttjovich (2000) mapped part of the Pie
de Palo Range, and discussed the possibility that the
Caucete Group could be Neoproterozoic to Lower
Paleozoic in age. Bordonaro et al. (1992) on the basis of
trace fossils suggest a Neoproterozoic-Cambrian age for
the Angaco Fm. Sial et al. (2001) studied C and Sr
isotopic composition On sorne carbonate rocks of the
Caucete Group and suggest a Vendian to Cambrian time
of deposition. Finally, SHRIMP U-Pb detrital zircon ages
comprise two populations that fall between c. 1.2 and c.
0.67 Ga, from El Quemado quartzites, were obtained by
van Staal et al. (2002).
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Figure 1. Regional geological map showing the sampie

locations.
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Figure 3. Sr87/Sr86 vs. Mn/Sr diagram. Arrows indicate the
trends between Primary and Diagenetic end-members

(Jacobsen & Kaufman, 1999).

sample with high Mn and Fe content goes up to 0.7094.
At the Salinas Hill the southern end of the Angaco Fm.
yield ratios from 0.7091 to 0.7099. For comparison, the
two sampIes from the unmetamorphosed Cambrian
fossiliferous La Laja Fm. (Precordillera) range in
between 0.7088-0.7089, in agreement with seawater
curve (Veizer et al., 1997).

The values of 87Sr/86Sr were plotted versus Mn/Sr
ratio according to the fIuid-rock interaction models
proposed by Jacobsen & Kaufman (1999). It is shown
(Fig. 3) that the samples are outside of the primary sector
and in coïncidence with diagenetic open system.

Figure 2. Fe/Sr vs. Mn/Sr diagram.
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RESULTS
Sr ISOTOPIC DATA

Major and trace element distribution and XRD
analyses are used to identify carbonates that are most
likely to have retained the original seawater 87Sr/86Sr
(Denison et al., 1994, Jacobsen & Kaufman, 1999). The
accurate definition of the 87Sr/86Sr in seawater with time
depends on three major factors: analyticaJ accuracy,
retention of the original ratio and the precision of the
biostratigraphic assignment. Diagenetic or metamorphic
alteration is clearly a major cause of scatter and this
increase with time. Twenty two carbonate samples from
Angaco Fm. outcropped in the western side of Pie de
Palo Range were stratigraphically collected (in vertical
and horizontal profiles) from La Petaca, El Gato, El
Quemado and Pirquitas creeks and twenty carbonate
sampIes from the Salinas Hill as a southern end of the
Angaco Fm. (Fig. 1). Based on the Fe, Sr, Mn contents
(Table 1) determined by XRF in compacted powdered
samples using international reference standards (lNGEIS,
University of Buenos Aires) and excluded samples with
high dolomitic contents detected by XRD (CIG, La
Plata), we finally selected four samples from Pie de Palo
(CaA l, CaA2, QEQ 1 and Qpir1), and ten from Salinas
Hill (CS' 1v, CSI v, CS2v, CS3v, CSlh, CS2h, CS3h,
CS5h, CS6h, CS7h). For comparison two carbonate
samples from La Laja Fm. at the Zonda Creek classical
eastern Precordillera Lower to Middle Cambrian outcrop
(MCM 1, MCN 1) has been studied. As we can see on the
Fe/Sr vs. Mn/Sr diagram (Fig.2) only two samples
(CaA2, QEQ1) both from Pie de Palo Range, are far from
the recommended values for primary isotopie studies
(Jacobsen & Kaufman, 1999). As shown in Table 1 the
87Sr/86Sr ratios of the Angaco Fm. outcropped at Pie de
Palo area, range from 0.7089 to 0.7091, only the QEQ 1

ANALYTICAL PROCEDURES
Sr sample preparations were carried out at the Centro

de Investigaciones Geol6gicas (CIG), University of La
Plata. Ail whole-rock carbonate samples were crushed
and dissolved in HCI 0.5N for no more than 5'. After that
the Sr was concentrated in cationic exchange colurnns.
The mass spectrometer measurements and PblPb analyses
were carried out at Laborat6rio de Geologia Isot6pica,
UFRGS, Porto Alegre, Brazil. For, Pb-Pb method, nearly
1 gr of sample were weighed and leached with HCI O.lN.
The residue was leached again with HCI 1.0 N and 5 ml
of the leached solution were used to determine the PblPb
isotopie ratios. Pb was separated with AG 1X8 anion
exchange colurnn with 0.6 HBr and extracted with 6M
HCL Isotopie analyses were carried out with a
multicollector VG Mass spectrometer at UFRGS. The Pb
isotopie composition ratios were corrected to a
fractionation factor based on successive determinations of
NBS 981 Standard. Isochron regressions were done using
the ISOPLOT program of Ludwig (1990).
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Table 1. Sorne major element ratios and Sr isotopie data.

Field N° Fe203 (%) MnO(%) Fe (pprn) Mn (pprn) Sr (pprn) Mn/Sr Fe/Sr (
87SrJ'l6Sr)o' Error(%)

ANGACO Fonnation (Pie de Palo Range)

CaA 1 0.040 0.006 280 46 193 0.24 1.45 0.709112 0.0013

CaA2 0.134 0.019 937 147 207 0.71 4.53 0.708919 0.0022

QEQ 1 0.486 0.059 3399 457 471 0.97 7.22 0.709471 0.0020

Qpir 1 0.112 0.005 783 39 428 0.09 1.83 0.708986 0.0018

ANGACO Formation (Salinas Hill)

CS' 1 v 0.046 0.006 322 46 272 0.17 1.18 0.709247 0.0021

CS 1 v 0.037 0.006 259 46 212 0.22 1.22 0.709448 0.0015

CS 2 v 0.046 0.008 322 62 187 0.33 1.72 0.709294 0.0019

CS 3 v 0.133 0.ül5 930 116 267 0.43 3.48 0.709929 0.0012

CS 1 h 0.047 0.003 329 23 202 0.11 1.63 0.709661 0.0022

CS 2h 0.ü25 0.008 175 62 191 0.32 0.92 0.709163 0.0018

CS 3 h 0.043 0.009 301 70 287 0.24 1.05 0.709376 0.0017

CS5 h 0.ü28 0.006 196 46 202 0.23 0.97 0.709213 0.0020

CS 6h 0.035 0.006 245 46 204 0.23 1.2 0.709280 0.0013

CS 7 h 0.033 0.005 231 39 201 0.19 1.15 0.709150 0.0016

LA LAJA Fonnation (Precordillera)

MCNI 0.234 0.006 1637 46 719 0.26 2.28 0.708958 0.002

MCMI 0.177 0.008 1238 62 639 0.1 1.94 0.708837 0.002

Mean of ±IOO isotopie ratios, static mode, 1.0 V ionie intensity and multicollector, with 86 in axial collectoI.

*Normalized from 86Sr/87Sr: 0.1194 and adjusted for bias.
srCo3 NBS-987 assumed (87Sr/86Sr) n=O.71025.

NBS 981- 0,001% IU.m.a.

Average of more than 50 isotopie ratios, ionie intensity 0.5 V for 206pb
multicollector with 206 axial collectaI.
.= LGIlUFRGS... = International

Pb-Pb ISOTOPIC AGE
The Pb-Pb isochron method has provided a useful

technique for determining ages on carbonate rocks and to
obtain ages of sedimentation or metamorphic activity
(Jahn et al., 1990). Ten analyses from Angaco Fm. at
Salinas Hill outcrop, define a good linear trend in the
207Pbp04Pb vs. 206pbp04Pb diagram (Fig. 4) that
corresponds to an age of 546±74 Ma (MSWD=11,8). The

Angaco Formation (Salinas Hill)

CSI'v 20.064 0.019 15.689 0.019 38.106 0.019

CSlv 21.300 0.023 15.772 0.023 38.173 0.024

CS2 v 30.824 0.ül8 16.308 0.018 38.130 0.019

CS3 v 27.145 0.023 16.119 0.024 38.321 0.025

CSlh 21.412 0.016 15.779 0.016 38.191 0.016

CS2h 20.119 0.026 15.693 0.026 38.071 0.026

CS3 h 20.742 0.017 15.717 0.ül8 38.102 0.017

CS5 h 19.926 0.019 15.687 0.019 38.073 0.019

CS6h 19.697 0.017 15.663 0.018 38.147 0.017

CS7 h 20.670 0.ül8 15.725 0.018 37.959 0.ül8

1.002 1.003 1.004

NBS981' 16.877 0.008 15.421 0.008 36.498 0.008

NBS981, 16.937 15.491 36.721

Table 2. PblPb isotopie data.
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Figure 4. Pb-Pb isoehron diagram for Salinas Hill rocks.

isotopie data of Pb-Pb ana}foses of Angaco Fm. are
presented on Table 2. 206Pb/ 04pb values have a range
between 20 to 31. If we consider the isochron error range,
the age could be from Upper Neoproterozoic to Lower
Ordovician time.

DISCUSSION
Many authors have suggested a sedimentation age for

the Angaco Fm. as a range in between the Neoproterozoic
to the Lower Paleozoic time. The lack of accurate fossils
from the Caucete Group, with the exception of trace
fossils, was an important stratigraphie limitation. Our
87Sr/86Sr isotopie ratios from 0.7089 to 0.7099 are in

(%)

error

(%)(%)

Field 206pb/204Pb error Z07pb/204Pb error 2ô8pb/204Pb
N°
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coincidence with data obtained by Sial et at. (2001) in Pie
de Palo Range. Those ratios are rather high for the best
known Neoproterozoic seawater curve but are close to
Middle and Late Cambrian 87Sr/86Sr values that rose to a
maximum 0.7091. However we interpret these high
values as a result of secondary alteration (diagenetic or
metamorphic events) as we shown in the fluid-rock
interaction models, or influence of continent
sedimentation in the seawater during the carbonate
deposition. The good aligneament on Pb-Pb isochron of c.
546 Ma determined from carbonates is interpreted as a
last diagenetic/metamorphic event affecting the Angaco
Fm. at Salinas Hill area. This suggests that the
depositional àge of this unit could be older, and range the
Neoproterozoic time. If we consider the c. 670 Ma U-Pb
detrital zircon age obtained by van Staal et al. (2002) in
the El Quemado siliciclastic rocks, the deposition age of
the Angaco Fm. could be constrained in between 670 and
546 Ma.
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INTRODUCTION
The Paraguay Belt in Central Brazil is a large fold

belt surrounding the SE border of the Amazon Craton.
The Cuiaba Group is the most extensive lithostratigraphic
unit of the belt and consists mainly of low grade
metasedimentary rocks including phylites, quartzite,
carbonate and glacial sediments, interpreted as deposited
in a passive margin enviroment (Alvarenga & Trompette,
1999, 2002). Since the 1960's, the stratigraphy of the
Cuiabâ Group has been described (Almeida, 1968),
metavolcanic rocks are rare and poorly known, occurring
only in the Nova Xavantina region, where they are
individualize as the Araés metavolcano-sedimentary
sequence (Pinho, 1990; Martinelli, 1998). Several authors
consider this sequence as an extension of the Cuiabâ
Group, while others consider as an independent basal unit
of the Paraguay Bell. Contact relationships are poorly
constrained and their stratigraphic position is still a
matter of debate and is controversial.

Ediacara-like fauna present in the Paraguay Belt
suggests an Upper Vendian age for this unit (590-545
Ma) (Zaine & Fairchild, 1985; Alvarenga & Trompette,
1992). This fossil record is in agreement with the few
geochronological data available for these rocks (Hasui &
Almeida, 1970; Tassinari, 1981), allowing consideringa
Neoproterozoic age at around 549 Ma, as related to the
main metamorphic event occurring in the region. The
Cuiabâ Group is intruded by ca. 503 Ma Sao Vicente
granite. The absolute age of the Paraguay Belt rocks is
still an open question.

The aim of this paper is to present news Nd isotopic
data from the Araés metavolcano-sedimentary rocks and
discuss their significance in terms of geotectonic
evolution of the Paraguay Bell.

GEOLOGICAL FRAMEWORK OF THE NOVA
XAVANTINA REGION

A detailed geologic mapping in the Araés gold
deposit (Nova Xavantina region) revealed the presence of
well-preserved metasedimentary and metavolcanic
sequence (Martinelli, 1998).

The basal unit is composed of metabasalt and by basic
metatuffs, lappili tuff, meta-andesites and quartz-serieite
chlorite schists. The basic rocks occur as thick layers
intercalated in phyllite and are the host rocks of the gold
deposit. A clastic-chemical sequence is formed by layers
of banded iron formations (BIFs), dark earbonaceous
rocks, phylites and metacherts, occurring mainly
associated with the metavolcanic rocks, which is
estimated in average thickness of 250 m (Martinelli,

1998). An upper clastic unit formed of dominantly
psamitic rocks (including metarenites and quartzites) and
pelitic rocks (phyllites and metargillites).

Cenozoic colluvial and alluvial sediments largely
lateritized coyer the metamorphic rocks, inhibiting the
continuity of its exposition.

Several authors have proposed a correlation between
the Araés or Nova Xavantina sequence and the Cuiabâ
Group (Pinho, 1990; Alvarenga et al., 2002) however the
lithological components found in this region are atypical
when compared to those described in other exposures of
the Cuiabâ Group. Also, contact relationships between
the metavolcanic association and other metasedimentary
rocks are not well constrains to elucidate this relationship.

RESULTS AND DISCUSSION
Nd isotopic data from the Araés metavolcano

sedimentary sequence in the Nova Xavantina region are
shown in Table 1. Rocks from the entire stratigraphic
column of the area were sampled.

Rocks from the clastic unit present TDM model ages
varying between 1.7 and 2.3 Ga, suggesting a dominantly
paleoproterozoic source area. Possible sources are in the
Amazon Craton exposed to the northwest of the study
area. Similar TDM model ages were obtained in chemieal
sediments. However, the highly fractionated 147Sml143Nd
ratios in these rocks, suggests that their isotopic system
has been open by fluids interaction.

TDM model ages in the metavolcanic rocks range from
1.5 to 2.4 Ga, suggesting a more complex Nd isotopie
evolution than the metasedimentary rocks. A mixing of
Paleoproterozoic and younger sources is required to
explain this variation. Also, sorne kind of continental
contamination for an oider crust is necessary to explain
the highly ENd negative values recorded on the more
basic volcanic rocks. A poorly constrained Sm-Nd
isocron age of ca. 570 Ma was obtained on the samples of
metabasic rocks and tuffs. Despite the fact that this age
shows a large error, it is a reasonable estimation for the
chrystallization time of these rocks.

Our results demonstrate that the rocks from the Araés
metavocano-sedimentary sequence have a dominant
Paleoproterozoic source and, although our data are
preliminary, il is Neoproterozoic in age. The available
data do not allow concluding wheter these rocks are part
of the Cuiabâ Group or an independent unit, even
considering that they have similar provenance sources.
The source area for the Cuiabâ Group determined by
Dantas et al. (2002) point the Amazon Craton as the main
supplier of detritus to fill up the Paraguay basin.
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Table 1. Nd isotopes results from the Araés Metavolcano-sedimentary sequence.

Sample Rock Type

Metavolcanic Unit

NX 1 Metabasic rock 6.76 36.29 0.1124 0.511439 (28) -23.4 2.40

NX2 Tuff 7.02 33.5 0.1267 0.511790 (12) ·16.54 2.18

NX3 Metabasic rock 3.5 9.77
-

0.2166 0.512053 (26) -11.41 --
---

___.

NX6 Metabasic rock 1.41 4.71 0.1815 0.511942 (30) -13.58 _.

NXIS Metabasic rock 3.03 8.5 0.2156 0.512063 (16) -11.23 --

NX16 Tuff 8.18 46.4 0.1067 0.511928 (17) -13.86 1.57

NX 163 Tuff 7.05 37.45 0.1138 0.511824 (l7) -15.87 1.84

NX 17 Tuff 3.5 17.24 0.1228 0.512037 (06) -11.73 1.67

NX18 Tuff 7.0 36.46 0.1175 0.511705 (06) -18.2 2.10

NX19 Tuff 7.9 44.96 0.1063 0.511433 (16) -23.51 2.27

NX30 Lapilli tuff 2.9 12.79 0.1375 0.511746 (09) -17.4 2.59

Clastlc-chelRlcal Umt

NX4 BIF 4.67 23.02 0.1226 0.511791 (21) -16.51 2.08

NX8 Jasper 3.52 14.91 0.1431 0.511581 (15) -20.63 3.19

NX9 BIF 3.53 10.94 0.1959 0.512024 (16) -11.98 --
NX20 Carbonate rocks 0.12 6.33 0.1264 0.511852 (10) -15.33 2.06

Clastic Unit

NX7 Psarnitic rock 2.21 11.07 0.1208 0.511988(06) -12.67 1.71

NXI0 Pelite rock 7.28 38.96 0.1129 0.511649 (06) -19.3 2.09

NX 11 Pelite rock 16.63 99.24 0.1013 0.511761 (17) -17.11 1.72

NX12 Ardose 14.25 74.77 0.1152 0.511779 (12) -16.76 1.94

NX 13 Metarenite 10.23 47.33 0.1308 0.511772(13) -16.89 2.32
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INTRODUCTION
In southeastem Brazil there is an important juncture

between two major West Gondwana orogenie systems,
the Southem Tocantins Orogenic System (Brasûia Fold
Belt) and the Mantiqueira Orogenic system (Ribeira Fold
Belt). The Tocantins Orogenie System is related to the
dosure of the Goianides Ocean along the westem
southwestem margin of the Sao Francisco Craton,
whereas the Mantiqueira Orogenic system is associated
with the dosure of the Adamastor Ocean to the east
southeast of the craton (Campos Neto, 2000). The
interaction between these two orogenic systems during
the assembly of West Gondwana generated a vexing
array of structural features, whieh have led to the
development of different tectonie models to explain them
(e.g. Hasui, 1982; Campos Neto et al. 1984; Ebert &
Hasui, 1998, Hackspacher & Godoy, 1999; Campos Neto
& Caby, 1999). In this paper we present new preliminary
Ar-Ar data from the Socorro-Guaxupéffrês Pontas
Varginha nappe system that shed new light on the
chronology of the late tectonic evolution of this part of
southeastem Brazil during the assernbly of West
Gondwana.

GEOLOGIC SETTING
The southem part of the Tocantins Orogenie system

consists of a series of flat-Iying packages of nappes,
displaced to the ENE, collectively known as the Socorro
Guaxupéffrês Pontas-Varginha nappe system (Campos
Neto & Caby, 1999). To the southeast of this nappe
system is the Central Ribeira Belt, a mosaic of different
crustal domains that are separated and crosscut by a series
of NE-SW trending transCUrrent shear zones, first
described by Braun (1975) as the Rio ParaIba do Sul
Zone, that developed during a transpressional tectonic
regime (Ebert & Hasui, 1998; Hackspacher & Godoy,
1999). A number of V-Pb geochronologieal studies have
shown that the dosure of the respective oceanie domains
in both orogens was both diachronous and complex, and
involved various episodes of precollisional magmatism
(e.g. Machado et al., 1996; Ebert et al., 1996; Janasi,
1999; Schmidt et al., 1999; PimentaI et al., 2000;
Hackspacher et al., 2000; Janasi et al., 2001; Cordani et
al., 2002; Heilbron & Machado, 2002; Negri, 2002).

Nonetheless, is has been recognized that the main
orogenic period in the Ribeira Belt is younger than that
observed in the Southem Tocantins Province (Campos
Neto ..& Figueiredo, 1995, Trouw et al. 2000).
Specifically, peak metamorphism and collisional
magmatism, followed by post orogenic uplift and
magmatism occurred in the Socorro-Guaxupéffrês
Pontas-Varginha nappe system between 630 - 620 Ma
(Tôpfner, 1996; Janasi, 1999) and 610 - 590 Ma (Vlach et
al., 1990; Janasi, 1993; Tôpfner, 1996; Wemick, 1998),
respectively. In contrast, the Ribeira Belt is marked by
several main pulses of orogenie magmatism and
metamorphism along its length. From the Central Ribeira
Belt (Sao-Paulo State) southwestward, 610 - 600 Ma
peak orogenic magmatism is dominant (Janasi et al.,
2001), whereas two major pulses between 590 - 565 Ma
and 535 - 520 Ma are recognized to the east and
northeast in the belt (Machado et al., 1996, Schmidt et al.,
1999). Post orogenic uplift and magmatism from the
Central Ribeira Belt northwards has been documented
between around 520 and 480 Ma (Wiedemann, 1993;
Heilbron & Machado 2002).

While precise V-Pb (zircon and monazite)
geochronology done in recent years has helped to resolve
the timing of major tectonothermal events in southeastem
Brazil, the formation of sorne key structural features in
the orogen have not been not been weIl deterrnined.
SpecificaIly, ages of strike slip shear zones and
transpressional structures in the southem part of the
Socorro-Guaxupéffrês Pontas-Varginha nappe system
are lacking. Consequently, it has remained undear
whether these structures were generated during the
emplacement of the nappe system, as suggested by
Campos Neto & Caby (1999), or if they were the result of
the transpressional tectonic regime of the Ribeira Belt, as
proposed by Ebert et al. (1996), Ebert & Hasui (1998)
and Hackspacher & Godoy (1999). New preliminary
39Ar-40Ar data obtained from biotite schists and
paragneisses from the Socorro-Guaxupéffrês Pontas
Varginha nappe system now provide age constraints on
both the primary cooling of the complex through the 350
Oc isotherm and on the development of transpressional
features in its southem portion.

- 170-



Shon Papers - N South American Symposium on Isotope Geology

SAMPLING AND Ar-Ar DATA
For this study we collected 19 samples of

paragneisses and schists throughout the Socorro
GuaxupéfTrês Pontas-Varginha nappe system for 39Ar
40Ar .analyses of biotite and muscovite. Samples were
collected from a variety of outcrops, sorne where the
rocks are imprinted solely with a low-angle tectonic
fabric related to amphibolite facies metamorphism, while
other sample locations show transpressional features as
weIl. Following initial separation and handpicking of
mineraI separates, biotite and muscovite fractions were
irradiated at USP' s research nuclear reactor and analyzed
via gas mass spectrometer in the Institute of Geosciences
at USP. Although analyses of aIl 19 samples have yet to
be realized, 9 initial analyses (uncorrected ideogram ages;
Table 1) done so far permit us to draw sorne preliminary
conclusions regarding the late tectonic evolution of the
studied region.

Samples from the northem part of the nappe system
(Fig. 1; Table 1) yield a fairly tight cluster of cooling
ages, from 594 to 580 Ma. These data indicate that the
exhumation of the northem part of the nappe system
through the 350°C isotherm was, by and large, a
synchronous event. These data are also in line with
conclusions surnrnarized by Janasi et al. (2001), stating
that post orogenic uplift and magmatism affected this
region between ca. 610 and 590 Ma. As expected, the
39Ar_40Ar ages are somewhat younger than the magmatic
zircon ages in the region.

, In the southem portion of the nappe system (from the
Senador Bento shear zone southward), the 39Ar-40Ar data
show a different story. The oldest uncorrected ideogram
ages obtained in this region are somewhat younger,
around 571 to 559 Ma (Table 1, Fig. 1). In addition,
samples associated with transpressional structures yield
ideogram ages from 518 to 489 Ma (Table 1, Fig. 1). The
two samples with ages of 518 and 517 Ma are associated
with NE-SW trending strike slip shear zones within the
interior of the nappe system, whereas the sample with the
age of 489 Ma is located adjacent to a major shear zone
(the Pinheiros-Rio Preto Lineament) along the
southeastem margin of the nappe system. The ages along
strike-slip shear zones from the interior of the southem

nappe system suggest that they are related to the later
transpressional tectonic regime in the Ribeira Belt, not
the initial emplacement of the nappe package. We
attribute the youngest age of 489 Ma to its proximity a
major Ribeira Belt shear zone, which probably took
longer to cool than subordinate related structures. The
older ages of 571 and 559 Ma, which are younger than
those to the north, may reflect either a later initial cooling
than the northem region or partial resetting during the
transpressional tectonic regime. As we acquire additional
39Ar-40Ar data from this region, we will be able to
evaluate this question more thoroughly.
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INTRODUCTION
The Eastern Dom Feliciano Belt (Frantz & Botelho,

2000) is formed by granitic rocks and supracrustal rocks
evolved during Neoproterozoic ages. This helt was built
in the southermost part of Brazil during the Brasiliano
Cycle.

The main geological associations in the Eastern Dom
Feliciano Belt developed during a continental collision
about 800 Ma (Frantz & Botelho, 2000) and during an
intracontinental transpressive period hetween 658 Ma and
625 Ma that resulted in the building of the Dorsal de
Canguçu Transcurrent Shear Zone (DCTSZ). The
transcurrent shear zone was active until around 600 Ma as
a transtractive environment.

The present paper discusses the U-Pb SHRIMP zircon
ages from granitic magmatism associated with the
temporal evolution of the DCTSZ in the Eastern Dom
Feliciano Belt.

The granitic rocks associated with the transpressive/
transtractive periods are separated in two units: Arroio
Moinho Intrusive Suite and Cordilheira Intrusive Suite.

The main structures generated during the
transpressive period are a steep dipping foliation and a
sub-horizontal stretching lineation associated with
heterogeneous deformation in the DCTSZ. During the
transtractive period the structures evolved to brittle
conditions, quartz stretching and mica orientation.

V-Pb isotopic analyses were performed using the
SHRIMP II at the Curtin University of Technology,
Australia. The procedures used were similar to those
detailed by Compston et al. (1992). Common Pb was
corrected and composition deterrnined following the
model proposed by Cumming & Richards (1975). Errors
presented in ages were quoted at ± 20'. Decay constants
used were those suggested by Steiger & Jager (1977).

GEOLOGICAL SETTING
The granitic rocks intruded in the DCTSZ are

heterogranular, with K-feldspar phenocrysts and scarce
plagioclase. Equigranular textures can he subordinated in
sorne granitoids.

The composition can vary from granodiorites to
syenogranites, with a high proportion of monzogranites.
The granitic rocks can he separated into two groups: the
calc-alkaline granitoids of the Acroio Moinho Intrusive

Suite and the crustally derived peraluminous two-mica
granites of the Cordilheira Intrusive Suite.

CALC-ALKALINE GRANITOIDS
The calc-alkaline granitoids from the Arroio Moinho

Intrusive Suite are composed by quartz, K-feldspar,
plagioclase, biotite and amphibole with minor titanite,
alanite, magnetite, zircon and apatite. Epidote, chlorite
and muscovite are associated with low-temperature
reequilibration.

Syn-transpressive intrusions were submitted to higher
temperature deformation. The main structures and
textures resulted from deformational phases. Solid-state
deformation .has generated texturaI changes in different
degrees, with production of K-feldspar augen, sometimes
surrounded by biotite. Mortar and shadow-pressure
textures, disrupted grains, ondulatory extinction and sub
grains formation are common in K-feldspar and
plagioclase. Also cornmon are recrystallization and size
reduction of quartz and feldspars grains, foliation and
stretching lineation developed on the entire intrusion.
Grain size reduction, segregation of quartz-feldspathic
and mica beds and asymmetrical folds are common in the
higher strain zones. Quartz occurs as ribbon aggregates or
polygonized aggregates, which resulted from
recrystallization of recovered grains. Plagioclase has
reactive borders in rocks submitted to higher strain
deformation. Biotite and amphibole are oriented
according to the foliation. Biotite and feldspar
phenocrysts can he oriented accord to the magmatic flow.
Foliation can evolve laterally to mylonitic zones, owing
to the heterogeneous deformation. The texturaI features
indicate P-T conditions in the high greenschist facies, the
main characteristic is the change from brittle to ductile
deformation in feldspars which occurs about 450°C to
500°C (Tullis, 1982; Ord & Hobbs, 1989).

Late-transpressive to syn-transtractive intrusions were
submitted to lower temperature deformation. Quartz is a
stretched and ondulatory extinction mineraI and sub
grains and new grain formation are common. K-feldspar
and plagioclase show mainly brittle fabric. Biotite occurs
as oriented grains, or aggregates mainly in the evolved
transtractive intrusion.

Magmatic flow structures are defined by the
orientation of K-feldspar phenocrysts, amphibole, biotite,
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dioritic autoliths, and by the increase concentration of
phenocrysts and biotite around autoliths and xenoliths.
Magmatic flow structures are common in tbe syn
transpressive intrusions of the calc-alkaline granitoids,
similar to the Quiteria Granite. Magmatic flow structures
usually evolve to solid-state structures with the same
orientation. Late-transpressive and syn-transtrative
intrusions are characterized by low concentration of flow
structures, probably owing to a progressive decrease of
the tensional field during the transcurrence.

PERALUMINOVS GRANITES
The Cordilheira Intrusive Suite (Frantz & Nardi,

1992) is composed by K-feldspar, quartz and plagioclase
leuèosyenogranites to leucomonzogranites with
muscovite, biotite, tourmaline, garnet, apatite and zircon.
Chlorite, titanite and hematite result from
recrystallization associated to deformation or
hydrothermal alteration. Blite and fluorite are
hydrothermal only.

The textures are highly variable in each intrusion.
Porphyrytic and pegmatitic zones are common and show
an increase in the amount of tourmaline, muscovite and
magmatic flow structures. These features resulted from
local accumulation of a volatile-rich phase.

Syn-transpressive peraluminous granites and. higher
strain zones show solid-state deformation as
recrystallization and reduction of quartz and feldspars
grains, ribbon quartz and segregation of mica beds.
Quartz aggregates with granoblastic fabric indicate local
recrystallization with recover. K-feldspar occurs with
ondulatory extinction along grain borders and with patch
pertitic exsolution when submitted to recrystallization
conditions and grain reduction. Plagioclase has mortar
arrangements, rounded grains, and reduction in the grains
borders as a consequence of deformation. Muscovite and
biotite occur as oriented lamellae along the foliation.
Biotite is common in syn-transpressive intrusions whilst
muscovite is frequent in more evolved late-transpressive
to syn-transtractive intrusions. Muscovite occurs
associated here with gamet and quartz, and K-feldspar
and tourmaline are more abundant.

Late-transpressive to syn-transtractive peraluminous
intrusions show mainly textures with grains indicating
brittle fabric. Chlorite and white mica replacing biotite
and feldspars are compatible with low greenschist facies
P-T conditions for deformation and metamorphism of
these granites. Quartz has ondulatory extinction and
recrystallization, with sub-grain and grain formation.
Magmatic flow structures are common in these intrusions
and are defined by orientation of tourmaline, muscovite
and K-feldspar. The differentiation in the peraluminous
granites occurred associated with an increase in the
volatile contents implicating in an increasing volume of
muscovite, tourmaline, greisens, tourmalinites and
pegmatitic zones.

The extensive formation of segregated mica beds
during the mylonitic deformation (Frantz et al., 1984;
Frantz & Remus, 1986) on the peraluminous granites of
the Cordilheira Intrusive Suite is probably related to their
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compositional characteristics and higher fluid amount
present in these granites (White et al., 1980; Ramsay,
1982).

TEMPORAL EVOLUTION OF THE DCTSZ
The mylonitic deformation generated duringthe

evolution of the transpressive tectonic period can be
classified as a heterogeneous deformation. It developed a
steep dipping foliation and sub-horizontal stretching
lineation, with a NE-SW mass transport, parallel to the
elongation of the Dom Feliciano Belt (Frantz et al., 1984;
Jost et al., 1984; Fernandes et al., 1989).

The transcurrent tectonic regime (Frantz et al., 1984)
was responsible for parallel dislocations along the belt
(Jost et al., 1984). This mechanism controlled the calc
alkaline granitoids and the crustal melted granite
injections of the Arroio Moinho Intrusive Suite and the
Cordilheira Intrusive Suite, and also the intrusions of
mafic dykes (Frantz & Remus, 1986). Additionally,
geological units of different ages, structural and
metamorphic evolution were placed in contact at the
same stratigraphie level (Frantz & Botelho, 2000).

Geologic features observed in the mylonitic zones are
equivalent to a peak of greenschists facies metamorphic
conditions. Development in a large scale of white mica,
stable biotite and gamet paragenesis, and the
deformational characteristics of the syn-transpressive
granitoids are consistent with that P-T condition.

The studied granitoids were intruded during the
tectonic evolution of the DCTSZ and represent syn- to
late-transpressive intrusions, transitional intrusions and
syn-transtractive intrusions. The granitoids that
characterize the beginning of the transpressive period are
the calc-alkaline intrusions of the Arroio Moinho
Intrusive Suite. The granites that are the best examples of
the evolutionary history of the transpressive period,
transition period and transtractive period up to the end of
transcurrent tectonic regime are the crustal melted
peraluminous granites from the Cordilheira Intrusive
Suite. The intrusions selected to constrain the evolution
of the transcurrent shear zones are the Quiteria Granite
from the Arroio Moinho Intrusive Suite, and the
Francisquinho, the Cordilheira, the Cerro Agudo and the
Figueiras granites from the Cordilheira Intrusive Suite.

The beginning of the transpressive period corresponds
to the intrusion of the first calc-alkaline granitoid, the
Quiteria Granite. The emplacement of this granite
occurred during the peak of the deformation. The V-Pb
SHRIMP age of 658 ± 4 Ma to the Quiteria granite
represents a concordia plot of 13 analytical results
(Fig. 1).

The tectonic evolution of the transcurrent shear zones
was recorded by the emplacement of the calc-alkaline
granitoids from the Arroio Moinho Intrusive Suite until
the end of this evolution. However, the crustal melted
peraluminous granites from the Cordilheira Intrusive
Suite are the best markers for the evolutionary history of
the DCTSZ. Biotite-muscovite granites represent the first
intrusions. The evolution of the granitic rocks from the
Cordilheira Intrusive Suite follow the evolution of the
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transcurrent tectonic regime with the emplacement of
increasingly evolved granitic intrusions showing
progressively lower temperature deformation. These
granites indicate changes that occurred during the
evolution of aIl transcurrent tectonic activity, from a
transpressive deformational condition, through a
transitional period and a final evolution of a transtractive
period. Muscovite-tourmaline granites are the last
intrusions.

The first intrusions of biotite-muscovite granites
occurred under transpressive conditions, resembling the
Francisquinho Granite. The V-Pb SHRIMP age of 634 ±
6 Ma to the Francisquinho Granite represents a concordia
plot of 10 analytical results (Fig. 2).

The transition from transpressive period to
transtractive period was defined by the attenuation of the
ductile deformation with a progressive deve10pment of
brittle features (Frantz & Fernandes, 1994). The
emplacement of the Cordilheira Granite represents the

beginning of the transition from the transpressive period
to the transtractive period. The evolution of this change is
characterized by the intrusion of the Cerro Agudo
Granite. The V-Pb SHRIMP age of 625±6 Ma to the
Cordilheira Granite represents a concordia plot of 12
analytical results (Fig. 3). The V-Pb SHRIMP age of
617±8 Ma to the Cerro Agudo Granite represents a
concordia plot of 12 analytical results (Fig. 4). These two
granitic intrusions represent a transition about 8 Ma from
a transpressive to a transtractive period in the OCTSZ
evolution.

The clearly transtractive period defined in the DCTSZ
evolution is characterized by the emplacement of the
Figueiras Granite. Its structural and textural aspect
exemplifies a typical brittle deforrnation. The V-Pb
SHRIMP age of 605±8 Ma to the Figueiras Granite
represents a concordia plot of 12 analytical results
(Fig. 5).
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Figure 2. Francisquinho Granite Concordia plot represents the
first syn-transpressive peralurninous crustal melted intrusion in

the DCTSZ under transpressive conditions.

Figure 4: Cerro Agudo Granite Concordia plot representing the
evolution of the transition from transpressive to transtractive

conditions in the OCTSZ.
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Figure 5. Figueiras Granite Concordia plot represents a
transtractive condition to the DCTSZ.

CONCLUSIONS
The geochronological relationships between a variety

of granitic intrusions, with emplacement controlled by the
action of transpressive and transtractive periods in the
DCTSZ evolution, have sorne implications that must be
considered in any evolutionary or tectonic model for the
Brasiliano Cycle in southernmost Brazil, particularly, for
the Eastern Dom Feliciano Belt.

The V-Pb SHRIMP data for the granitic intrusions
related with the DCTSZ denote the existence of an
intracontinental trascurrent tectonic activity from 658 to
605 Ma. This tectonic activity was active over 50 m.y.
and does not comprise the continental collision that
preceded the transcurrence.

The processes involved in the generation ofthe crustal
melted peraluminous granites were active during the last
30 m.y. of the transcurrent tectonic regime, from 634 to
605 Ma.

The first record of the crustal melted granites occurred
20 m.y. after the beginning of the transpressive period.
The reasons for that can be related with the necessity of
additional thermal gradients. It occurred only after a
significant volume of ca1c-alkaline granitoids had been
intruded in the transcurrent shear zones.

Moreover, the crustal melted granites had their main
volume intruded during the tectonic mitigation phase in
the DCTSZ. It can be perceptible by the end of the
transpressive period and by the transition to the
transtactive period. During that transition, the decreasing
of pressure represented the most important mechanism
that controlled the crustal melting. It can be confirmed by
the deformational history (changes in type and intensity)
correlated with the ages of the Cordilheira, the Cerro
Agudo and the Figueiras granites.
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The difficulty of dating oceanic plateaus accreted to
old continents is overcome in this investigation by the use
of the sensitive high resolution ion rnicroprobe (Beijing
SHRIMP II) for the V-Pb isotopic analyses of zircon
crystals from associated chert. We dated two zircon
crystals (four analyses) previously separated from 3 kg of
chert from the Mina da Palma basalt-limestone-chert
association (Strieder et al., 2000). The rocks are part of
the juvenile Neoproterozoic Vila Nova Belt (Babinski et
al., 1996; Hartmann et al., 2000) in the southern Brazilian
Shie1d (Figs. 1 - 2), and share many geological and
geochemical characteristics (e.g., Kent et al., 1996; Kerr
et al., 2000; Condie et al., 2002; Kerr, 2(03) with oceanic
plateaus such as the Kerguelen (Figs. 3, 4), inc1uding
rock association, juvenile arc setting, incompatible trace
element contents of basalts between oceanic island and
mid-ocean ridge, lack of Nb anomaly and LaN/N~ < 1.1
(Lopes & Hartmann, 2(03). The association is also
comparable to the Neoproterozoic (900 Ma) oceanic
plateau described by Stein & Goldstein (1996) in the
Arabian-Nubian Shield.

The concordia age of three SHRIMP analyses (Figs.
5 - 6) is 705 ± 2 Ma, and the two analyzed zircon crystals
have ThIU ratios = 0.9, Hf = 1.0 wt% and Y = 0.06 wt%
(12 electron microprobe analyses). We interpret the data
as the age of deposition of chert and consequently of
oceanic plateau formation, because the high ThlU ratios
and low Hf and Y contents are typical of basaltic or
tonalitic zircon. We thus specify the age of the newly
discovered Mina da Palma oceanic plateau, a remnant
basalt-limestone-chert association in the Neoproterozoic
juvenile environment of an old PaleoproterozoiclArchean
continent, and demonstrate a procedure for dating old
oceanic crust.
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Figure 5. Two zircon crystals from the Mina da Palma chèrt dated by U-Pb SHR.Il'v1P. Four analyzed spots shown as
white circles. 206pb/238U ages also indicated.
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TECTONIC SETTING AND OBJECTIVES
The Ribeira belt of southeastern Brazil occupies a

central position in Western Gondwana and is one of the
key units for reconstructing the history of this
supercontinent. Recent geological data for the central
Ribeira belt reveal a complex history with the accretion
of a cordilleran arc and the collision of at least two
terranes onto the eastern margin of the Sao Francisco
plate (Heilbron et al., 2000; Trouw et al., 2000; Brito
Neves et al., 1999). The Oriental terrane is the firstly
accreted one and is the locus of the cordilleran magmatic
arc (Tupinambâ et al., 2000) that collided with the Sao
Francisco Plate at ca. 580 Ma. Compared to the other
tectonic terranes of the belt, very few geological and
geochronological data have been reported for the Oriental
Terrane, especially concerning the region of the Rio de
Janeiro State. This contribution presents new ID-TIMS
U-Pb isotopie data, which combined with detailed
geological data support the proposed tectonic evolution of
the central segment of the Ribeira belt. Finally, a
comparison with the other terranes of the belt and the role

of this terrane within the Western Gondwana
amalgamation are discussed.

TECTONIC ORGANIZATION OF THE ORIENTAL
TERRANE

The Oriental terrane can be subdivided into three
tectonic domains: the Cambuci domain, the Costeiro
domain and the Halva klippe (Fig 1). The Cambuci
domain represents the basal thrust sheet of the Oriental
terrane at the Northern portion of the Rio de Janeiro
State. The Costeiro domain overrides the Cambuci
domain and the Occidental terrane. The Halva klippe
represents the uppermost thrust slice of the Oriental
terrane and overrides the Costeiro domain

LITHOLOGICAL UNITS
The lithological associations of the three structural

domains of the Oriental terrane are presented on Table l.
Analyzed samples are also pointed with bold letters on
this table.

Table 1. Lithological associations of the Oriental Terrane.

Major litholo~icalassociations of the Oriental terrane
Rock type Cambuci domain Costeiro domain Italva k1ippe
Non-foliated Leucogranites Dikes of Favela granite (g) Leucogranites
granitoids Pedra Branca granite (f)

and similar granites
Late-collisional Serra dos Orgaos
slightly foliated granodiorite Bela Joana and
granitoids Ilha Grande charnockites

and charno-enderbites
Syn-collisional Leucosomatic veins "Facoidal" augen gneiss (d)
foliated granitoids and diatexites (e) Leucogneiss Leucosomatic veins
Foliated granitoids Tonalites,
ofunknown charnockites, Angelim hornblende biotite Halva hornblende biotite
stratigraphic porphyritic granites tonalite gneiss
position and leucogranites
Pre-collisional Rio Negro tonalitic to
foliated granitoids ---------------------- dioritic ortho-gneisses (b,

c)
Sill-gamet-biotite Biotite gneiss and Biotite gneisses,

Metasedimentary banded gneisses with kinzigitic gneiss (i) with marbles interlayered
Successions marble, gondite and quartzitic and calcsilicatic with amphibolites (a)

calcsilicate layers lavers
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Figure 1. Tectonic Map of the Oriental Terrane. subdivided in the Cambuci, Costeiro and halva domain. Sample locations are
represented by numbered dots. Asterisks with lettered symbols present previous V-Pb data, T-Tupinamba, 1999; S-Schmitt,

2000; Si- Silva et al., 2000. 1- Metasediments of the Cambuci klippe; 2 Metasediments and amplUbolites of the halva
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ANALYTICAL TECHNIQUES
Samples were crushed and pulverized with standard

equipment under clean conditions and the heavy minerais
concentrated by panning at the Laborat6rio de Preparaçao
de Amostras (LOPAG) of the Ouro Preto Federal
University, Minas Gerais. The heavy minerai
concentrates were passed through a Frantz magnetic
separator to extract monazite, sphene and zircon. Zircon
was further separated into four magnetic and two
diamagnetic fractions, the latter being preferred for hand
picking. Following the procedure of Krogh (1982), most
of the anaJyzed zircon fractions were abraded between
-72 h and 120 h. Mineral dissolution, chemical extraction
of U and Pb, and mass spectrometric analyses were
carried out following the procedures described in
Machado et al. (1996). Total procedural blanks average
were LO pg for Pb and 2 pg for U for zircon analyses and
15 pg for Pb and 5 pg for U for sphene and monazite
analyses. The uncertainties in isotopie ratios were
calculated with an error propagation program that takes

into consideration the analytical precision of the
measured isotopie ratio. Regressions were calculated and
concordia diagrams plotted using the Isoplot-Ex Version
2 (Ludwig, 2000). Errors are represented at the 1(J level
but ail ages are quoted at the 95% confidence interval.

RESULTS
We selected to analyses the most important magmatic

episodes, as weil as some of the metasedimentary units.
The complete data set is to be found in Heilbron &
Machado (2003, in press). The results are summarized
below.

BASIC MAGMATISM
a) Three zircon fractions of an amphibolite layer

within the carbonatic rocks of the Ttalva domain yeJded a
discordia with an upper intercept (UI) at 848 ± Il Ma,
and a lower intercept (LI) at 500 ± 7 Ma. One zircon
fraction analysis is concordant (CA) at 501 ± 7 Ma.
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PRE-COLLISIONAL MAGMATISM AND
METAMORPHIC OVERPRINT

b) Five fractions, including one single and one
monazite of a tonalitic gneiss of the Rio Negro Complex,
10catOO at Rio de Janeiro city, resultOO in a discordia with
an VI of 792 ± 12 Ma and a LI 493 +6/-5 Ma. One zircon
and monazite grain yelded concordant analysis at,
respectively, 792 ± 2 Ma and 494 +61-5 Ma. Two other
discordant zircon fractions gave 207Pb/206Pb minimum
ages of 808 Ma and 733 Ma.

c) Three zircon fractions of another tonalitic gneiss
located nearby the Cantagalo town yelded a discordia
with an VI of 633 ± 5 Ma. One fraction of large prismatic
zircons is discordant, with a 207pbP06pb age of 845 Ma,
similar to the age of the amphibolite of the ltalva
association.

OROGENIC MAGMATIC EPISODES
Syn-collision 1 magmatism:

d) Several analyses of the Facoidal augen gneiss
result on a discordia with VI of 578 ± 19 Ma. Other
fraction is discordant and indicates inheritance
components e07PbP06pb ages of 600,634, 643, 702 and
967 Ma). A single monazite grain is concordant at 552 ±
2 Ma, indicating the metamorphic overprint.

e) A Leucogneiss lense within the tonalites of the Rio
Negro Complex resultOO in a discordia with an DI of 576
± 2. One monazite grain is concordant at 571 +14/-15
Ma, and another zircon is concordant at 612 ± 15 Ma,
suggesting inheritance from arc rocks.

Post-collision 1 and syn-collision 2 magmatism:
f) The Pedra Branca leucogranite yielded a discordia

with an UI of 513 ± 5 Ma. Discordant zircons yelded
207PbP06pb minimum ages of 524 and 579 Ma, also
suggesting sorne degree of crustal contamination.

Post-collision 2 Magmatism:
g) A granitic dike of the Favela suite, in the Costeiro

domain, yelded two concordant fractions at 484 +9/-11
Ma and 480 +8/-7 Ma, (482 ± 6 Ma mean)

METAMORPHIC AGES OF THE
METASEDIMENTARY SEQUENCES

h) A leucosomatic vein of the high-grade pelitic
gneisses of Cambuci Domain resuIted in a discordia with
an VI of 623 ± 5 Ma, probably reflecting an inheritance
component from the Rio Negro arc.

i) The gamet gneiss of Costeiro domain resuIted on a
discordia with DI of 576 +20/-21 Ma, with a concordant
analysis of 573 +21/-20 Ma. Contrasting with the other
granitoid rocks of the Oriental terrane, discordant
fractions gave 207PbP06pb miniI~lUm ages of 665 and 1906
Ma, suggesting the participation of a Paleoproterozoic
crust. The obtainOO results are consistent with
unpublished 207PbP06pb laser-ablation ICPMS data for
detrital zircons of quartzites interlayerOO with the pelitic
gneiss.
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DISCUSSIONS
The data presented in this work, together with

previous field, structural, geochemical and other
geochronological data (Heilbron, et al. 1995, 2000;
Machado et al., 1996; Schmitt, 2000; Tupinamba et al.,
2000) suggest that the Ribeira beIt may have evolved
through the following stages (Fig 2)

1) Although no ocean floor has been recognized in the
central sector of the beIt, the occurrence of MORB-type
magmatism as the oldest magmatic event is compatible
with the existence of an ocean between the Silo Francisco
margin and the Oriental Terrane at ca. 848 Ma. This age
is similar to the 816 ± 72 Ma Sm-Nd isochron age for a
unit interpreted to represent ocean floor in the Araçuai
Belt (Pedrosa-Soares et al., 1998). Thus, break-up of a
former supercontinent, generally admitted to have
occurred at ca. 900 Ma based in part on the age of mafic
dikes of the Silo Francisco craton (e.g. Machado et al.,
1989), was followed by the generation of ocean floor
between the craton and a continental landmass to the east
between ca. 848 Ma and ca. 790 Ma, the age of the oldest
arc rocks.

2) Convergence between the eastem continent
(Oriental terrane) and the Silo Francisco craton 100 to
eastward subduction and the formation of one or more arc
complexes starting at ca. 790 Ma. The main Rio Negro
arc complex would have been generatOO in the 640-620
Ma interval and possibly lasted until ca. 590 Ma when
collision with the Silo Francisco margin was initiated.

3) Collision of the Oriental terrane with the Silo
Francisco margin led to the reactivation of the basement
associated with north-westward thrusting of foreland
crustal blocks, and to the generation of granitoids and of
the main structures (the main foliation and large-scale D2
recumbent folds) in the Oriental terrane, between 590 Ma
and 550 Ma.

4) Continued convergence led to the first Cambrian
event represented in the central Ribeira belt: the
deve10pment of major dextral transcurrent fauIts and
associated metamorphism in the foreland thrust
complexes at 540-520 Ma. Partially overlapping in time,
the collision of the Cabo Frio terrane with the already
accreted Oriental terrane occurred during the Cambrian
Ordovician at 530-490 Ma and generated granitoids as
young as Lower Silurian (Schmitt, 2000).

5) East-vergent late deformational and post-collisional
granitoids may represent the collapse of the orogenic
building (ages < 510 Ma).
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Figure 2. Schematic time-space diagram with the major events
recorded at the different terranes of the Ribeira belt. Only U-Pb
data were compiled and combined with the data presented in
titis work. Data from West Congo and Kaoko belts are shown
for comparison. Data from: Cordani et al., 1973; Machado et al.,
1996; Seth et al., 1998; Solner et a1.l991; Tupinamba 1999;
Luck Tack et al., 2000; Pedrosa Soares et al., 2000; Schmit,
2000; and this paper).
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INTRODUCTION AND TECTONIC SETING
The external portion of the Paleoproterozoic Orogen

is weIl constrained ai eastern border of the Sâ.o Francisco
craton (Machado et al., 1996; Alkmin & Marshak, 1998;
Teixeira et al., 20(0). The Paleoproterozoic oolt is also
called the Mineiro OOlt and was built during the
Transàmazonian Cycle (ca. 2.2-1.9 Ga). As previously
described, the orogen is characterized by a passive
margin sequence (Minas Supergroup) that OOgan
deposition at ca. 2.5 Ga along the Archaean continental
margin. Both sequences were deformed as a thrust and
fold OOlt vergent to northwest OOtween 2.125-2.0 Ga. Pre
collisional rocks have ca. 2.2 Ga and late granitoids ca.
1.9 Ga. Dome-and-keel structures have OOen descriOOd as
the effects of the orogenic collapse at 2.095 Ga, at the
Iron Quadrangle region (Alkmin & Marshak, 1998). A
molasse succession (Sahara formation) overlays the
passive margin sequence and is supposed to 00 deposited
within a foreland tectonic setting, with contribution of the
orogen at that time (Machado et al., 1996).

The internaI domain of the Paleoproterozoic
(Tranzamazonian) oolt is exposed futher north, at the
northeastern segment of the Sâo Francisco craton, at
Bahia state (Teixeira et al., 2000) and as tectonic slices
disrupted and reworked during the Neoproterozoic
tectonic episodes of the central RiOOira belt (Heibron et
al., 2000,2003).

In spite of the high metamorphic grade and
deformation, the combination of detailed geological
mapping and geochronology allow the distinction
OOtween basement and cover within the high grade
gneisses and granulites that outcrop within the central
RiOOira OOlt (Heilbron et al., 2000). This paper reports
new LA-ICPMS and ID-TIMS from pre-1.8 Ga basement
associations of the Occidental terrane and combined the
data with the available geochemical and geological data.
The discussion of the data addresses to important
questions related to the internaI portions of the
Transamazonian orogen, that now are hidden within the
RiOOira belt.

CENTRAL RIBEIRA BELT: TECTONIC
ORGANIZATION

The TEKTOSIUERJ research group has recently
reviewed the proposed structural organization of the
central segment of the Ribeira helt (Heilbron et al., 2000;

Trouw et al., 2000) within four different tectono
stratigraphic terranes progressively accreted to the Sâo
Francisco margin. From NW to SE, these terranes are: a)
the reworked margin of the SFC, defined as the
Occidental Terrane; b) The Parafba do Sul K1ippe that
overthrusts the Occidental Terrane c) the Oriental
(Costeiro or Serra do Mar) Terrane that probably includes
another cratonic block or microplate (Campos Neto &
Figueiredo, 199) and is the locus of the RiOOira
magmatic arc (Tupinamba et al., 2000); and d) The Cabo
Frio Terrane lately (ca. 520 Ma) accreted to the oolt
(Schmit et al., 1999). The contact OOtween the Occidental
and Oriental terranes ii; given by a conspicuous NW
dipping shear zone that can 00 traced continuously for at
least 200 km from the coast of Sâo Paulo state to the
Serra dos Orgâos region at the Rio de Janeiro state
(Central Tectonic Boundary).

BASEMENT ASSOCIATIONS OF THE
OCCIDENTALTERRANE
AUTOCHTHONOUS DOMAIN

The Autochthonous domain borders the southern
portion of the Sâo Francisco craton and comprises
Archaean and Paleoproterozoic basement complexes
overlain by metasedimentary successions in greeschist to
amphibolite facies. The basement includes Archaean
granite-greenstone oolt associations (Barbacena Complex
and Rio das Velhas Supergroup), orthogneisses,
migmatites and granulites of unknown age but presumed
to 00 Archean (Piedade, Mantiqueira complexes) and
Paleoproterozoic granitoids generated during the
Transamazonian Cycle (2.2-1.86 Ga; Machado et aL,
1992; Machado & Carneiro, 1992; Teixeira et aL, 2000).
The lower metasedimentary sequence is represented by
the Sâo Joâo deI Rei rift sucession, and is followed
upwards by a carbonatic sequence (Carandai) and by the
Andrelândia passive margin succession (RiOOiro et aL,
1995; Trouw et aL, 2000). The ages of the youngest
detrital zircons limit the maximum age for the deposition
of the lower sequence at 1.81 Ga and at 1.0-1.1 Ga for
the Andrelândia sequence (Valladares et al., 2001).

ANDRELÂNDIA DOMAIN
The Andrelândia Domain composes the basal

allochthonous thrust sheet of the central RiOOira OOlt and
comprises the Mantiqueira basement complex and the
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Andrelândia passive margin successions both in
amphibolite facies. Map-scale folds of the basement
coyer contact, two phases of isoclinal to tight folds
related to the developmemnt of the main schistosity and
two phases of open to tight subvertical folds are the main
structural features of this domain. Detailed structural
investigation indicates that the basement association has a
more complex tectonic evolution, with at least one older
deformational phase.

Figure 1. Tectonic map of central Ribeira belt, modified from
Heilbron & Machado (2003). Dark gray- Andrelândia domain,
Pale gray- Juiz de Fora domain. Filled circ/es· U·Pb analyses
from the basement associations, Filled diamonds- U·Pb data

of detrital zircons From the coyer rocks.

The Mantiqueira Comple.x is a very heterogenous unit
that comprises cale-alkaline gneiss-migmatitic suites with
amphibolitic layers, intruded by granitic plutons and by
younger felsic and mafic dykes. Alkaline felsic plutons
also intrude the gneisses. Available Rb-Sr data indicate
Paleoproterozoic ages and suggest derivation from older
Archaean protoliths (Teixeira et al., 2000). The SmlNd
model ages reported by Fischel et al. (1998), Ragatky et
al. (1999) and Bruekner et al. (2000) also suggest
reworking of an oider Archaean crust (Table 1).

Based on detailed geological and geochemical
investigation carried out at the Juiz de Fora region,
Duarte (1999) proposed the subdivison of the
Mantiqueira complex within four cale-alkaline groups
and one very heterogeneous tholeiitic group, listed from
the older to the youngest unit: a) tonalitic to granodioritic
banded orthogneisses with amphibolites; b) tonalitic to
granodioritic weakly foliated orthogneisses; c) tabular
sheets and dikes of amphibolite; d) intrusive
leucogneisses; and e) augen gneisses of granitic
composition cJearly intrusive in ail above mentioned
units. Ail of the four groups of cale-alkaline
orthogneisses are compatible with continental-arc and
collisional settings of acti ve tectonic margins. The basic
rocks comprise E-MORB ([LaJYb]N ca. 1.0 - 3.0) and
intraplate continental basalts subdivided in the tholeiitic
group with lower ([LaJYb]N ratios ca. 3.5 - 5.0, and an
alkaline group with higher [LaJYb]N ratios ca. 13-18).

Short Papers -IV South American Symposium on Isotope Geology

JUIZ DE FORA DOMAIN
The Juiz de Fora Domain is defined as an intensely

imbricated thrust system that overthrusts the Andrelândia
Domain. It is considered a crustal scale duplex (Heilbron
et al., 2000). The basement complex is termed the Juiz de
Fora Complex and the metasedimentary coyer succession
is correlated with the Andrelândia passive margin
sequence. Both are in upper amphibolite to granulite
metamorphic facies.

The Juiz de Fora Complex comprises orthogranulites
of a wide compositional range, with a predominance of
enderbites and charno-enderbites over charnockites and
basic rocks.

The felsic granulites comprise two distinct cale
alkaline geochemical groups (Heilbron et al., 1988). One
is a medium-K group that comprises a wide range
composition, from diorites to granodiorites; and the other
is a high-K group (K20 up to 4.1 %) represented only by
acid rocks (granites and subordinated granodiorites). The
field relationships indicate that the charnockitic group is
younger than the other one. The chemical composition of
both groups also indicates convergent tectonic settings
with the suggestion of a progressive chemical maturity, as
observed in modern magmatic arcs, with enrichment in
Alk and in the total LILE from medium to high-K
calcalkaline groups.

The most abundant basic rocks of the Juiz de Fora

Complex are low-Ti02-P20 5 tholeiitic basic rocks. The
second basic group comprises alkaline to transitional
basic rocks enriched in Ti02 > 3.3%; KzO 1.1-1.7%;

FeO* > 10%; P20 5 > 0.58% and in ail incompatible
elements. The chemical signature is consistent with an
intracontinental tectonic setting.

ANALITICAL PROCEDURES
New U-Pb analyses were carried out at the Centre de

Recherche en Géochimie et Géodynamique (GEOTOP
UQAM-McGiJJ), Université du Québec à Montréal,
Canada. We selected samples from geochemical groups
of rocks of the Mantiqueira and Juiz de Fora complexes.
Both Isotope Dilution Thermal Ionization Mass
SpectroUletry (IO-TIMS) and Laser Ablation Multi
Collection Inductively Coupled Plasma Mass
Spectrometry (LA-MC-ICPMS) methodologies were
applied.

For the LA-MC-ICPMS the selected grains together
with fragments of in-house standard zircon (UQ-Z8) were
mounted on epoxy known to be devoid of Pb and U from
previous analyses and manually polished on alumina
(AlzO) lapping film. Due to the poor precision of the
measured zU7Pbp35U values obtained for the youngest
zircons « 1 Ga) ablated in an Ar atmosphere, the resuJts
are presented on Z38 U/2ü6Pb vs. 2ü7 Pb/206Pb concordia

diagrams.
For the TIMS-IO methodoJogy, and following the

procedure of Krogh (1982), most of the analyzed zircon
fractions were abraded between ~72h and 120h. Mineral
dissolution, chemical extraction of U and Pb, and mass
spectrometric analyses were carried out foJJowing the
procedures described in Machado et al. (1996).



Age calculations and plotting were done with Isoplot
Ex Version 2 (Ludwig, 2000). The precision of the
isotopic ratios is reported and plotted as standard error of
the mean at the 1 sigma level but ail ages are quoted at
the 95% confidence interval.

SAMPLED UNITS AND RESULTS
We select to analyze different rock types of the

Mantiqueira and the Juiz de Fora complexes. They
represent, respectively, the basement associations of the
Andrelândia and Juiz de Fora domains of the Occidental
terrane. The description of the rock type and the obtained
results are reported in Table l, togheter with other
available V-Pb data from Machado et al. (1996), Cordani
et al. (1973) and Sm-Nd data from Ragatkyet al. (1999),
Fischel et al. (1999) and Brueckner et al. (2000).

DISCUSSIONS
The integration of the new V-Pb data with the

previously reported geochronological data support the
following conclusions:
a) The Mantiqueira association includes calc-alkaline arc
related banded gneisses (c.a 2.2 Ga) and collisonal
granitoids (ca. 2.15 Ga). Isotopic data indicate an
Archaean crustal component suggesting a cordilleran
tectonic setting. A metamorphie episode at ca. 2.04 Ga is
also detected. Both units are cut by bimodal composite
dikes still undated.

b) To the east and outcroping at the Juiz de Fora
Domain, the Juiz de Fora Complex is represented by
ortho-granulites with a wide range of compositions. The
major lithologîcal units are two arc-related calc-alkaline
suites (ca .2.1) withjuvenile isotopie signature and minor
tholeiitic basic rocks (ca. 2.4 Ga) with both ocean floor
and island arc geochemical signature. The data suggest a
juvenile terrane accreted to the Tranzamazonian belt.

c) The Juiz de Fora association is also intruded by
alkaline basic rocks (ca. 1.7 Ga) related to subsequent
rifting of the Sao Francisco paleocontinent that resulted
in the development of the Sao Joao dei Rei and
Espinhaço rift basins.

d) The Neoproterozoic orogenic overprint is
characterized by amphibolite facies metamorphism and
by several folding phases identified at the Mantiqueira
Complex at ca. 590 Ma. Granulite facies metamorphism
and a pervasive mylonitic foliation indicate relatively
more intense Neoproterozoic reworking of the Juiz de
Fora complex that is located at the internai segment ofthe
Neoproterozoic Ribeira orogen.

The new data suggest that the basement exposed at
the Occidental terrane of Ribeira belt represents the
extension of the Sao Francisco paleocontinent
amalgamated in the end of the Tranzamazonian Cycle.
The Mantiqueira Complex represents the reworked
margin of the Archaean paleocontinent in a cordilleran
tectonic setting, white the arc(s)-ocean floor (plateau??)
associations of the Juiz de Fora complex indicate juvenile
component and were probably developed within an
oceanic setting. At this time and to the west on the
cratonie foreland, the deformation of the Minas passive
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margin and the development of the Sabara basin were in
course (Alkmin & Marshak, 1998; Machado et al., 1996).
The Juiz de Fora Complex was probably accreted to the
the active margin of the paleocontinent during the latest
stages of the Transamazonian Orogeny around ca. 2.05
Ga resulting on the deformation and metamorphism of
the Mantiqueira Complex.

After the Transamazonian Orogeny, the basement
associations were intruded by alkaline and basic rocks
related with the distinct extensional phases that result on
the opening of the intracratonic Paleo and
Mesoproterozoic basins at ca. 1.7 and 1.3 Ga, and at ca.
1.0-0.9 Ga related with the development of the
Neoproterozoic Andrelândia passive margin. As
suggested before by Heilbron et al. (2000), the
Transamazonian suture located between the Mantiqueira
and Juiz de Fora Paleoproterozoic terranes could have
controlled the Neoproterozoic passive margin tectonics
and the development of a major thrust during the
Neoproterozoic/Cambrian Brasiliano convergence.

Although less precise than ID-TIMS data, these
results also illustrate the applicability of the LA-MC-ICP
MS method to unravel the history of polyphasic
metamorphic terrains.
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52, p. 71.

Table 1. Geochronological data from the basement complexes of the Occidental terrane, central Ribeira belt. New data is from this
work. Compiled data from: I-Machado et al. (1996), 2- Cordani et al (1973), 3- Brueckner et al. (2000), 4- Fischel et al. (1998)

and 5- Ragatky et al (1999).

Vnit and tectonic Lithology V-Pb ResuUs TDM (2.1-2.0)
domain method. and reference

Tonalitic banded gneiss LA-ICPMS Population I-Discordia with 2206± 17 Ma and 2.8-2.7 Ga (3)
with amphibolite lenses 734±93 Ma intercepts 3.3-3.0 Ga (4)
and leucosomatic veins Population2- Concordant zircons at 2041±8 Ma

Andrelandia domain Population3- 207Pbp06Pb ages of 2781 Ma
Mantiqueira Complex Granodioritc gneiss with LA-ICPMS Populationl Discordia with 2101 Ma 2.6 Ga (5)

dioritic lenses Population2 207Pbp06pb ages of2.3 Ga.

ID-TIMS Titanites: 569 Ma (8% discordant), 565 Ma (3%
discordant) and 604±4 Ma (1)

Granitic augen gneiss Discordia with VI of 2170 Ma 2.5 Ga (5)
Tholeiitic basic granulite ID-TIMS Discordia with intercepts at 2427±9 Ma and
mvlonitic 654±12 Ma
Enderbitic granulite ID-TIMS Discordia with intercepts at 2070±70 and 600
mylonitic Ma (2)

Juiz de Fora domain Charnockitic granulite ID-TIMS Discordia with intercepts at 2134 and 579 Ma
Juiz de Fora complex mylonitic (1)

Charnockitic granulite LA-ICPMS Concordant age of2138±47 Ma
granoblastic
Alkaline basic granulite LA-ICPMS Discordia with intercepts at 1707+/-36 Ma and 2.2 Ga (5)
mylonitic 619±21 Ma

One concordant analysis at 599±2 Ma.
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fracture zones (Cande & Leslie, 1986). The subduction
collision process has exposed the following units in the
continental margin:

5
Baserncnlo LaIe PZ'C1lrly Ml

[]ccrclionary complcx

Inlfllsive bodies

o Graniloids

Figure!. Geological map of the Taitao Peninsula.

(1) The Taitao ophiolite: a succession of partly
serpentinized peridotites (ultramafic tectonites), gabbros,
and bimodal sheeted dyke complex and volcanic produCls
(Main Volcanic Unit (MVU), Bourgois et al., 1993;
Lagabrielle et al., 1994) intercalated with marine
sediments of Miocene to Pliocene age (Forsythe et al.,
1985; Forsythe & Nelson, J985).

(2) A series of calcalkaline plutons with TTG
affinities (Veloso, 200J), the Cabo Raper, Central, Seno
Hoppner, Barrientos and Estero Cono plutons, which
intrude the ophiolite or its immediate surrounding rocks.

(3) The Chile Margin Unit (CMU) (Bourgois et al.,
1993) of Late Pliocene to Pleistocene age, Contrary to
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INTRODUCTION
The Taitao Peninsula of the continental margin of

southern Chile (460 15' S) is located 40 km south of the
present day Chile Triple Junction (CTJ) of the Nazca,
Antarctic and South America plates. South of this triple
point, the active oceanic ridge has been progressi vely
subducted below South America, starting at the southern
tip of the continent at 14 Ma (Cande & Leslie, 1986). The
peninsula is characterized by the presence of the Taitao
ophiolite (Forsythe & Nelson, 1985; Bourgois et al.,
1992), a unique occurrence of this rock association along
the Pacific margin of Chile. The ophiolite was emplaced
in a segment of the continental margin where fossil
accretionary complexes of Late Paleozoic to Early
Mesozoic age predominate.

ln Taitao Peninsula there are several small « 10 km2
)

granitoid plutons, considered to have adakitic affinities
(Lagabrielle et al., 2000; Veloso, 2001) (Fig.l). Sorne of
these have been previously dated as Late Cenozoic by the
K-Ar method (Mpodozis et al., 1985; Bourgois et al.,
1992, 1993; Guîvel et al., 1996).

As the exact geological significance of these ages is
unclear, zircons from two sampJes of the Cabo Raper
pluton, which intrudes the Taitao ophiolite, were dated by
the SHRIMP U-Pb method on zircon to establish their
crystallization ages. The thermochronological history of
three of the plutons was further investigated by fission
track dating of zircon and apatite. The dating of the
crystallization and the cooling history of these intrusive
rocks will help to constrain the tectonic evolution of the
continental margin in this region.

GEOLOGY
The Taitao Ophiolite has been interpreted as

emplaced as part of the collision processes between the
Chile Rise and the Andean margin (e.g. Forsythe et al.,
1986; Nelson et al., 1993; Lagabrielle et al., 1994,2000;
Veloso, 2001). During the last 14 Ma the Chile Triple
J unction (CTJ) has migrated northwards from the extreme
south of the continent (Cande & Leslie, 1986), and is
located at present 40 km north of the Taitao Peninsula at
46° 05' S. Since the Pliocene, this area has experienced
successive subduction, with partial overlap, of three short
segments of the Chile Rise that are separated by oceanic

- 190-



previous interpretations, these authors consider this unit
to be unrelated to the effusive products of the ophiolite
(MVU), based on outcrop and geochemical differences.

Forsythe & Nelson (1985) showed that the ophiolite is
limited to the north by low grade metamorphic rocks
belonging to the Chonos Metamorphic Complex, which is
of Late Triassic depositional age (Hervé & Fanning,
2000). The ophiolite is intruded by the Cabo Raper
granodiorite pluton and by the Central Pluton, while the
Estero Cono granodiorite pluton, the Bahia Barrientos
and the Seno Hoppner plutons intrude the basement rocks
in the immediate vicinity of the ophiolite (Mpodozis et
al., 1985), and perhaps the ophiolite itself in inaccessible
internaI areas of the peninsula.

The generation and emplacement ages of the ophiolite
are not weIl established. A Late Miocene K-Ar age in a
coarse amphibole vein cutting the gabbro section of the
ophiolite (Bourgois et al., 1992) indicates a Late Miocene
minimum age for its generation. The age of the cross
cutting Raper pluton constrains the emplacement of the
ophiolite on the continental margin. Emplacement took
place either by localized obduction from the otherwise
nonnally subducting oceanic crust or by in situ
generation in an extensional environment in the
continental margin (Nelson & Forsythe, 1985; Nelson et
al., 1993, Bourgois et al., 1993). The ophiolite was
affected by brittle defonnation after emplacement
(Veloso,2001).

PETROGRAPHY OF THE ANALYSED SAMPLES.
The Cabo Raper Pluton crops out in the southwestern

part of the Taitao Peninsula, and covers an area of ca. 30
km2

• It intrudes the peridotite and gabbro facies of the
ophiolite (contacts not seen). Grain size varies from 0.5 to
6.0 mm, with granular to porphyritic texture. It
corresponds to a granodiorite. It is composed of
plagioclase (35%), alkali feldspar (10%), quartz (25%),
biotite (20%) and hornblende (10%). Zircon and apatite
are accessory mineraIs. Secondary mineraIs are white
mica, chlorite, smectite and epidote.

The Estero Cono pluton covers approximately 6 km2

at the northern end of the ophiolite and, where it intrudes
the basement rocks. It is a tonalite, with granular and
porphyritic texture, similar to the Cabo Raper
granodiorite, but poorer in alkali feldspar.

GEOCHRONOLOGY
Previous radiometric datings of rocks of the area, aIl

by the K-Ar method, are presented in Table 1 and Fig. 2.
Results obtained during the present investigation are

presented in Table 2 and Figs 3 and 4.
SHRIMP U-Pb zircon ages were obtained at the

Australian National University in Canberra, and Fr ages
by ST at the Ruhr-University in Bochum, Germany.
Methodologies at these two centres were the same as
presented in Williams (1998) and Thomson et al. (2001),
respectively.

The U-Pb SHRIMP zircon ages obtained on clear tips
of euhedral crystals are 3.84 ± 0.09 Ma (TPO 127) and
3.97 ± 0.14 Ma (TPO l28b). The first sample has
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inherited zircon components of ca. 5, 105 and 295 Ma,
though other such inheritance was not specifically
targeted during the analytical session.

The Fr ages are in consistent with the U-Pb ages,
with the Fr zircon ages being slightly younger, and the
apatite ages further so.

DISCUSSION
Subduction processes in the area of the Taitao

peninsula have been very complex in the last 6 Ma. The
Chile Rise is segmented by fracture zones, which are
oblique to the margin. Thus events in which fracture
zones are subducted, with the CTl migrating slowly
southwards, alternate with others in which segments of
spreading ridge are subducted and the CTl migrates
rapidly northwards. The timing of these events has been
established by Cande and Leslie (1986), and we examine
below the possible correlation between the crystallization
and cooling of the studied plutons with these different
subduction events.

The U-Pb SHRIMP age deterrninations in zircons
indicate that the Cabo Raper pluton crystalHzed at 3.9 Ma
during the Early Pliocene, in the Zanclean stage
according to the IUGS Time Scale (lUGS, 2000). This
age is: (a) younger than two of the previous K-Ar ages on
the Cabo Raper pluton (Guivel et al., 1996), (b) within
the large errors of four other previous determinations
(Mpodozis et al., 1985), and (c) older than the three
others, two of which do not have reported errors. Thus,
the relationship between the K-Ar and U-Pb ages is not

. systematic. The Seno Hoppner pluton, not dated in this
study, has older K-Ar ages of 6.8 ± 0.2 and 5.2 ± 0.3 Ma,
but the geological significance of these are not precisely
established. The crystallization ages of the plutons are
similar, within error, to five of the eight K-Ar ages of the
volcanic rocks of the CMU, suggesting that they
represent closely related events and that the emplacement
of the CMU continued after the intrusions had
crystallized.

One of the zircon Fr ages of Cabo Raper is
concordant within error with the U-Pb SHRIMP
crystallization age, and the other (TPO l28b) is only 0.06
to 0.53 Ma younger than the crystallization age. The data
point to a very rapid cooling to below ca. 250°C after
crystallization of these plutons. The apatite Fr age for
both Cabo Raper and Estero Cono are significantly
younger than the crystallization ages, but the other apatite
Fr age is within error of the obtained crystallization ages.
These data indicate that cooling of the plutons in the
Taitao Peninsula area from crystallization temperatures
(ca. 650°C) to below 60°C occurred in an interval no
longer than 2 Ma, during which the volcanic rocKs of the
CMU were emplaced.

Samples TPO 137 (Seno Barrientos pluton) and TPO
173 (Estero Cono pluton) yield similar Fr zircon ages,
and though no SHRIMP U-Pb ages have been obtained in
these samples, they very probably have similar
crystallization ages to the Cabo Raper pluton.
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Table 2. New (U-Pb SHRIMP and FT) age determinations on
theTaitao Peninsula plutons.

Table 1. Previous age determinations of rock units in the Taitao
Peninsula. (1) Bourgois et al., 1992 (2) Munizaga, 1970, (3)
Mpodozis et al., 1985 (4) GUlvel et al., 1996, (5) Bourgois

et al., 1993, (6) Lemoigne, 1994, (*) nannofossil age. Sample Unit U-Pb zircon FT zircon FT apatite
(Ma ± 20) (Ma ± !o) (Ma ± !o)

Weighled Mean ~bJ~18U

0.6 =3.97 ± 0.14 Ma
13 analyses

M,SWO = 0.43. probabllity = 0 95

J.85 ± 0.56
288 ± 0.76
3.14 ± 1.30

""PbI"'U Age (Ma

4.05 ± 0.29
3.51 ± 0.26
3.47 ± 0.22
3.49 ± 0.27

o 1=:::I?~Ll...Ll-.y.~
2.0

3.84 ± 0.09
3.97 ± 0.14

Cabo Raper
Cabo Raper
Seno Barriento
Estero Cano

0.1

0.5

TPO 127
TPO 128t
TPO 137
TPO 173

DA
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206Pb 0.3

02
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(Ma) (2 a)

Gabbro (1) 13.8 2.6
C Raper(2) 32
C Raper(2) 30
C Raper(3) 4.1 2.4
C Raper(3) 36 06
C Raper(3) 3.4 08
C Raper(3) 33 03
C Raper(3) 3.2 1.2
C Raper(4) 5.0 JO
C Raper(4) 4.8 03
S.Hoppner(3) 5.5 0.4
S Hoppner(3) 52 03
S Hoppner(4) 5.9 05
S Hoppner(4) 6.8 0.2
CMU(5) 2.3(*) 1.3
CMU(3) 4.6 JO
CMU(3) 4.4 1.0
CMU(3) 4.4 0.6
CMU(3) 3.7 06
CMU(3) 3.0 0.8
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Figure 3. Tera & Wasserburg Concordia plot of SHRIMP U-Pb
zircon data for sample TPO 1-28B (calibrated, total ratios plotted

as la error ellipses). lnset is a relative probability plot with
stacked histogram.

Figure 4. Tera & Wasserburg Concordia plot of SHRIMP U-Pb
zircon data for sample TP0127 (calibrated, total ratios plotted as

1a error ellipses). lnset is a relative probability plot with
stacked histogram.
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According to Cande & Leslie (1986) the Tres Montes
Fracture Zone was being subducted in the interval
between 5-6 and 3 Ma, when the Cabo Raper pluton was
emplaced, and very probably also the Estero Cono and
Seno Barrientos plutons. This apparently triggered the
intrusion of the granitoid bodies. The LIL-depleted
adakitic characteristics of these granites are probably
related to this scenario. Defant & Drummond (1990)
advocate genesis of adakite by melting of young
subducted oceanic crust, whereas Petford & Atherton
(1996) suggest melting of lower crustal underplate
beneath a thickened volcanic arc. Either possibility would
be compatible with the rise of excess heat or hot fluids
along the fracture zone as it was subducted to the partial
melting zone. When the later subduction of a short
segment of the Chile Rise occurred (3 to 2.8 Ma), the
granitoid. bodies had already cooled to below 250°C. This
cooling was probably induced by associated rapid uplift
and erosion of the continental margin, which is known to
be produced by subduction of a spreading ridge (Cande &
Leslie, 1986).

Similar very young (7 to 2 Ma) FT ages on apatite
have been obtained by Thomson (2002) near to the
southem terrnination of the Liquifie-Ofqui fault zone
(shown by dashed lines in Fig.l) which implies that the
ridge collision was a major force driving late Cenozoic
transpression in the area.
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INTRODUCTION
The syn- to post-orogenic stages of the Brasiliano

orogeny in central Brazil were characterized by the
emplacement of numerous mafic intrusions that occur
either associated with larger volumes of K-rich granitic
intrusions, within the Neoproterozoic Goüis Magmatic
Arc or as individual mafic-ultramafic layered intrusions
within the arc and in the so-called Anâpolis-Itauçu high
grade Complex, to the easl. Until recently, very few
geochronological constraints existed for the emplacement
ages of these mafic intrusions, and they were mainIy
indirect ages based on Rb-Sr data for the associated
granites (Pimentel et al., 1996). Recent V-Pb zircon and
Sm-Nd isotopic data, allied with previous regional
geological knowledge, indicate that the Neoproterozoic
matic magmatism played an important role in the
Brasiliano tectonic evolution in Central Brazil, and was
probably closely related to the heating, crustal re-melting
and high temperature metamorphism in both Goiâs
Magmatic Arc and Anâpolis-Itauçu Complex.

REGIONAL GEOLOGY
The Brasilia Belt is a large Neoproterozoic orogenic

belt developed along the western margin of the Sâo
Francisco Craton, Central Brazil. It is composed of four
main tectonic segments: (i) a thick Meso-Neoproterozoic
metasedimentary/sedimentary pile comprising typical
passive margin (Paranoâ and Canastra groups) and back
arc (e.g., Araxâ and Ibiâ groups) sucessions, and a
younger unit (Bambuî Group) probably representing a
post-inversion, foreland sequence; (ii) a large
Neoproterozoic juvenile arc in its western portion (Goiâs
Magmatic Arc); (iii) a micro-continent (or allochthonous
sialic terrain) formed mainly by Archaean rock units (the
Crixâs-Goüis granite-greenstones) and Paleo- to
Mesoproterozoic mafic-ultramafic high-grade complexes
(Barro Alto, Niquelândia and Canabrava complexes), and
(iv) a metamorphic core complex comprising felsic
granulites and sillimanite-garnet and hypersthene-bearing
gneisses and intrusive peraluminous granite, known as
the Anâpolis-Itauçu Complex, in the central part of the
belt.

Two distinct high-grade metamorphic events are
constrained in the southern (Anâpolis-Itauçu Complex)
and northern parts of the Brasilia Bell. While high-grade
metamorphism in the northem complexes occurred

between ca. 740-780 Ma (Ferreira Filho et al., 1994;
Suita et al., 1994; Correa et al., 1997), granulites in the
Anâpolis-Itauçu Complex are younger and metamorphic
recrystallization took place at ca. 650 Ma (Fischel et al.,
1998; Piuzana et al., 2002). Sm-Nd isotopic signature and
SHRIMP V-Pb metamorphic ages of the Araxâ
metasediments and the Anâpolis-Itauçu granulites and its
intrusive granites (650-640 Ma) are aIl very sirnilar
(Pimente! et al., 1999a; Fischel et al., 1999a, b; Seer,
1999), suggesting that the granulites rnight represent
high-grade equivalents of the Araxâ metasedimentary
rocks and that at least sorne of the intrusive peralurninous
granites are partial melt products of this metasedimentary
protolith (Pimente! et al., 1999a; Fischel et al., 1999a).
Mineral assemblage containing sapphirine and quartz in
garnet-orthopyroxene-sillimanite granulites of that
complex indicates metamorphism at ultra-high
temperatures (ca. 1050°C at 10 Kbar) (Moraes et al.,
2001), compatible with extensive re-melting of the crust.
These new geochronological and isotopic data, therefore,
suggest that the Anâpolis-Itauçu complex may be now
considered to be the metamorphic core complex of the
Brasilia Belt and not the sialic basement of the Araxâ
Group (Piuzana et al., 2002). Mafic-ultramafic bodies
remained, however, undated, and their tectonic
significance, uncertain.

The Goiâs Magmatic Arc, in the westernmost part of
the Brasilia Belt, consists of a large Neoproterozoic
juvenile terrane formed by arc-type volcano-sedimentary
rocks and tonalite/granodiorite gneisses. It comprises two
main magmatic terranes - the Aren6polis and Mara Rosa
arcs, located in western and northern Goiâs, respectively
(Pimentel & Fuck, 1992; Fuck et al., 1994; Pimentel et
al., 1997, 2000a, b). In both areas, geological evolution
started at ca. 900-860 Ma with the crystallization of very
primitive ca1c-alkaline vo1canics and associated
tonalites/granodiorites (ENd values between ca. +3 and +6,
and TDM values mostly between ca. 0.8 and 1.1 Ga;
Pimentel et al., 1991, 1997, 2000; Pimentel & Fuck,
1992). Geochernical and isotopic data from suggest that
the original magmas were formed in an intraoceanic
multi-arc system (Pimentel, 1991, Pimentel et al., 1997).
Calc-alkaline igneous activity lasted until ca. 640 Ma, and
the main deformational-metamorphic episode occurred at
ca. 620 Ma, as indicated by V-Pb titanite and Sm-Nd
gamet ages (for a review, see Pimentel et al., 2000).
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During the waning stages or immediately after the last
Brasiliano defonnation, a number of small mafic
ultramafic layered complexes, gabbro-dioritic intrusions,
.and large granite plutons were emplaced into the Goiâs
Magmatic Arc (Pimentel et al., 1996). In the Arenopolis
region, Rb-Sr and U-Pb data suggest that the Brasiliano
granite magmatism took place in two distinct episodes: (i)
an older event between ca. 590 and 560 Ma, and (ii) a
young event dated between ca. 508 and 485 Ma (Pimentel
et al., 1996).

THE MAFIC-ULTRAMAFIC INTRUSIONS IN THE
ANÂPOLIS-ITAUÇU COMPLEX

Layered, mafic-ultramafic intrusions in the Anâpolis
Itauçu Complex form NW-SE elongated bodies, parallei
to the regional defonnational fabrics of the granulitic
country-rocks. Examples of mafic-ultramafic bodies are
(i) the Goianira-Trindade Complex, which is made up of
pyroxenite, garnet-hypersthene pyroxenite, metagabbro,
amphibole schist, and is associated with supracrustal
cale-silicate rocks (Nilson & Motta, 1969) and the (ii)
Taquaral zoned intrusion comprising gabbros and
peridotites marginal to main pyroxenitic and gabbroic
units, positioned in tectonic contact with granulite
gneissic rocks (Silva, 1997). They frequently display weIl
developed foliation and mylonitic fabrics, however, relict
features such as cumulate textures and igneous layering
are found in most of the intrusions, attesting to their
originallayered character (Silva, 1991, 1997).

SYN- TO POST-OROGENIC MAFIC AND
ULTRAMAFIC INTRUSIONS IN THE GOIAS
MAGMATIC ARC

ln a broad regional scale, the syn- to post-orogenic
igneous activity in the Goiâs Magmatic Arc is typically
bimodal, including large bodies of K-rich cale-alkaline
granites (e.g., Serra Negra, Serra do Iran, Caiapo, Iporâ,
Sanclerlândia and Serra do Impertinente granites)
associated with minor gabbo-dioritic end-members. Small
mafic-ultramafic layered complexes (e.g., Americano do
Brasil and Corrego Lageado complexes) occur as
individual bodies. The gabbro-dioritic intrusions and
mafic-ultramafic layered complexes are either only
slightly deformed or completely free of any pervasive
defonnational fabric. The gabbro-diorites have typical arc
geochemical signature and commonly display magma
mixing features with gabbro "globules" enclosed in
granitic rocks.

ANALYTICAL PROCEDURES
U-Pb analysis were carried out using SHRIMP 1 and

II at the Research School of Earth Sciences, Australian
National University, Canberra. Data were collected and
reduced as described by Williams & Claesson (1987) and
Compston et al. (1992). Uncertainties are given at 1 0'
leve!, and final age was quoted at 95% confidence level.
Reduction of raw data was carried out using Squid 1.02
(Ludwig, 2001a). U/Pb ratios were referenced to the
RSES standard zircon FC1 (1099 Ma,
*206PbPJ8U=0.1859). U and Th concentrations were
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deterrnined relative to those measured in the RSES
standard SLl3.

Sm-Nd isotopic analyses followed the method
described by Gioia & Pimentel (2000) and were carried
out at the Geochronology Laboratory of the University of
Brasilia. Sm and Nd samples were loaded on Re
evaporation filaments of double filament assemblies and
the isotopic measurements were carried out on a multi
collector Finnigan MAT 262 mass spectrometer in static
mode. Uncertainties for Sm/Nd and 143Nd/I44Nd ratios are
better than ± 0.4 % (10') and ± 0.005% (10') respectively,
based on repeated analyses of international rock standards
BHVO-l and BCR-l. 143Nd/I44Nd ratios were nonnalized
to 146Nd/I44Nd of 0.7219 and the decay constant (Â) used
was 6.54 x 10,12. Isochron ages and parameters were
caleulated using Isoplot/Ex 2.47 (Ludwig, 2001b).

SHRIMP AND CONVENTIONAL U-Pb RESULTS
Samples from four mafic intrusions - Rio Caiapo

gabbro and Serra do Iran diorite, and the Corrego
Lageado and Americano do Brasil complexes were
selected for U-Pb analyses.

RIO CAIAPO GABBRO
Zircon grains from this gabbro are pink, euhedral to

subhedral and show strong concentric compositional
zoning. Cathodoluminescence imagens reveal oscilatory
zoning and cores of possibly inherited zircon. Only the
zoned rims and crystals were analysed. Six analysis have
produced a discordia indicating the upper intercept age of
589±19 Ma (MSWD =0.9).

SERRA DO IRAN DIORITE
Zircon fonn pink, prismatic stubby crystals.

Cathodoluminescence imaging shows thick magmatic
concentric compositional zoning. Core might be present,
but these were not analysed. Ten spot analysis defined a
discordia with an upper intercept age of 623±16 Ma,
which agrees with previous Rb-Sr data indicating the
isochron age of ca. 622 Ma (Pimentel et al., 1996).

CORREGO LAGEADO COMPLEX
Zircon grains are colourless to light pink forming very

clear, fracture- and inclusion-free crystals.
Cathodoluminescence imaging shows well-developed
sector and subordinate concentric compositional zoning.
Fourteen analysis yielded concordant results which
indicate a concordia age of 672±6 Ma.

AMERICANO DO BRASIL COMPLEX
Most of the grains are long and tabular displaying

thick zoning typical of crystals fonned in mafic magmas.
Cathodoluminescence images show no obvious inherited
cores. Magmatic cores are surrounded and embayed by
thin and very bright rim, which certainly have low U and
Th, and might represent late stage crystallization from the
mafic magma.

Eight spot analysis yielded a concordia age of 631±6
Ma. Sm/Nd analysis of mafic and ultramafic rocks from
this complex define an isochron (MSWD = 0.9)
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indicating the age of 616±81 Ma (20'), with ENd (T) of
+2.4. The large uncertainty in Sm-Nd isochron age is
caused by the limited spread in SmlNd ratio of the
samples used.

GOIANIRA-TRINDADE COMPLEX
Zircon grains separated from one leucogabbro sample

of this complex were analysed by ID-TIMS. Three
concordant analysis yielded the concordia age of 626±2
Ma which is interpreted here as the best estimate for the
crystallisation age of the complex.

Sm-Nd ISOTOPIC RESULTS
Sr and Nd isotopic analyses were carried out on

thirteen representative samples of the mafic magmatism
in Goiâs Magmatic Arc, seven of them from the syn- to
late-orogenic gabbros and diorites (Rio Caiapo, Serra do
Iran, Iporâ, Israelândia), and six from the Corrego
Lageado and Americano do Brasil mafic-ultramafic
complexes. These samples exhibit a relatively narrow
range of initial 87Sr/86Sr ratios from 0.70262 to 0.70363,
excluding one sample from the Serra do Iran gabbro with
87Sr/86Sr ratios of 0.7056. ENd values calculated for their
respective U-Pb crystallization ages vary from slightly
negative (-0.75 to -0.32) to positive (+2.1 to +5.5). The
Iporâ diorite presents moderately negative ENd value of 
2.14, calculated for ca. 500 Ma crystallization age
deterrnined fOf a contemporaneous and spatially
associated granite. 147Sm/l44Nd ratios ranging from 0.11
to 0.153 combined with higher than 0.5118 143Nd/I44Nd
ratios provide TDM ages between ca. 1.1 and 0.88 Ga,
closely coeval with the rocks from the Neoproterozoic
juvenile Goiâs Magmatic Arc. TDM ages higher than 1.1
Ga for the Iporâ, Serra do Iran and Israelândia diorites
seem to indicate sorne incipient contamination with older
crustal rocks.

Sm-Nd isotopic analysis were also carried out in
samples from the Goianira-Trindade mafic-ultramafic
Complex. These are metamorphosed into amphibolite to
granulite facies, however samples used in this study are
from outcrops in which igneous textures and structures
such as compositional layering and cumulate textures are
preserved. Seven samples define an "errorchron"
(MSWD = 6.1) with age of ca. 621 Ma. The ENd (T) value
is close to zero (-0.3), suggesting sorne degtee of crustal
contamination of the original magma.

CONCLUSIONS
The SHRIMP U-Pb zircon ages for mafic rocks

within the Goiâs Magmatic Arc and the Anâpolis-Itauçu
granulite Complex presented in this study represent the
first geochronological constraint for the emplacement age
of these rocks. The data suggest that mafic magmatism
was important between ca. 670 and 590 Ma, and probably
played an important role during the final stages of the
Neoproterozoic evolution of this orogen.

Within the Goiâs Magmatic Arc, mafic rocks
associated with the Serra do Iran, Rio Caiapo and Iporâ
granite intrusions and both Corrego Lageado and
Americano do Brasil complexes indicate that mafic
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magmatism was important mainly during late- to post
orogenic stages. Nd isotopic data for these rocks reveal
mostly positive ENiT) values between ca. +5.5 and +2.1,
indicating the depleted nature of the mantle source and
little contamination with oIder continental crust.

AlI ages presented in this study overlap with U-Pb
titanite and Sm-Nd gamet (between ca. 600 and 630 Ma)
ages for metamorphic rocks of the Goiâs Magmatic Arc
(Pimentel et al., 2000) and with SHRIMP U-Pb ages for
granite emplacement and high-grade metamorphism in
the Anâpolis area (Piuzana et al., 2002). This suggests
that final metamorphism and mafic magmatism took
place roughly within the same time interval, and were
coeval or shortly followed by uplift, extension and
erosion of the orogen (Pimentel et al., 1996, 2003). URlift
was probably more pronounced in the Anâpolis-Itauçu
Complex allowing exposure of high grade rocks, and also
of a larger amount of mafic intrusions, when compared
with the Goiâs Magmatic Arc.

It is likely that the late Neoproterozoic mafic
magmatism have underplated important fractions of the
central and western parts of the Brasilia Belt continental
crust, and may have been responsible for the development
of ultra-high temperature metamorphic mineraI
assemblages, observed in the Anâpolis-Itauçu Complex.
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INTRODUCTION
The Goiâs Magmatic Arc was formed by accretion of

island arc systems to the western margin of the Sao
Francisco Craton during ca. 280 Ma; since ca. 890 Ma
until ca. 610 Ma (Pimentel & Fuck, 1992, Pimentel et al.,
2000). Particularly in the Mara Rosa area, in the northern
section of the arc, the earlier magmatic activity has heen
dated at approximately 860 Ma, and is represented by
juvenile rocks with island arc signature (Pimentel et al.,
1997). The younger ages, at approximately 560 Ma, refer
to post-tectonic granites. Peraluminous, syntectonic
granites, as weH as one diorite intrusion are in the age
interval hetween ca. 640-615 Ma. Sm-Nd garnet ages and
titanite U-Pb ages at 610, 600, 630 and 760 Ma are
indicative of the main metamorphic events (Junges et al.,
2oo2a, b). In this study we report new U-Pb zircon ages
indicating a very young episode of juvenile magmatism at
ca. 600-640 Ma in the western part of the Mara Rosa arc,
leading to new considerations about the Goiâs Magmatic
arc evolution in ,Mara Rosa, mainly regarding the timing
of tonalitic magmatism and arc building episodes.

GEOLOGICAL SETTING
The Goiâs Magmatic Arc in the Mara Rosa area is

characterized by three NE-SW trending helts of
supracrustal rocks separated from each other by tonalitic
terrains (Fig. l, Arantes et al., 1991). AH rocks units are
metamorphosed under amphibolite facies conditions but
have kept major geochemical and isotopic features
indicating the juvenile, mantle-derived nature of the
igneous protoliths (Pimentel et al., 1997; Junges, 1998;
Junges et al., 2002). The supracrustal helts include mainly
amphibolite and feldspar schist. Mylonitic and
peraluminous granites are associated with ductile shear
zones. Late to post-tectonic gabbroic and dioritic
intrusions intrude into the supracrustal rocks.

The very primitive chemical nature of the
amphibolites suggests that the protoliths were calc
alkaline basalt and andesite. Also, subalkaline tholeiitic
basalt has been identified in the area (Kuyumjian, 1994;
Palermo, 1996; Junges, 1998). The tonalitic rocks show
vo1canic arc chemical characteristics and positive ENd

values, pointing to a depleted mantle component. TDM

mode! ages for the arc rocks range from 900 to 1200 Ma,
with isotopic signatures typical of rocks generated in an

island arc enviroment (Kuyumjian, 1989; Viana &
Pimentel, 1994; Junges et al., 2oo2a).

The oldest U-Pb zircon ages in the arc are about 860
Ma and refer to a tonalitic gneiss and one mylonitic
granite, in the eastern helt (Pimentel et al., 1997).
Mylonitic granites and a syn-tectonic diorite, in the
western helt, show ages of 645 Ma' and 630 Ma. Two
main metamorphic events are recorded in theses rocks,
with approximate ages at ca. 760 and 630 Ma (Table 1).

RESULTS AND DISCUSSION
Two amphibolite samples were dated, one from an

elongated body at the west limit of the arc (MR-150) and
another from the western supracrustal helt (MR-144) (see
Figure 1 for sample location). Both amphibolite samples
show coarse grain size, indicating the intrusive nature of
the protoliths. Three tonalitic orthogneiss units (MR-143,
MR-128, MR-135; Fig. 1) in the vicinities ofthe western
belt of the arc were also investigated.

Zircons grains from MR-144 sample are very clear,
prismatic and form short to medium prisms. They yielded
a concordia age of 638 +/-2 Ma (Fig. 2a). Zircon grains
from MR-150 are dark pink to brown, prismatic and
medium to long in size. They indicated an upper intercept
age of 603 +/-6 Ma (Fig. 2b). Zircon crystals from the
tonalite rocks are mainly light pink, prismatic and short to
medium. MR-135 has a concordia age of 807 +/-5Ma
(Fig. 2c); MR-143 crystallized 629 +/-5 Ma ago (Fig. 2d)
and MR-128, in a Tera-Wasserburg diagram shows an
age of 622 +/-3 Ma, (Figs. 2e and 2i).

The identification of metaigenous rocks, with island
arc signature in the west portion of the Mara Rosa arc,
which are ca. 250 Ma younger than the rocks from the
eastern portion, raises sorne new hypothesis about the
evolution of the Goiâs Magmatic Arc in this region:
1) The two sets of ages point to island arc rocks formed
in two distinct episodes; one generated at ca. 860 Ma at
the east and the other formed at approximately 630 Ma in
the western part of the arc;
2) Rocks with ages at about 640 Ma to 600 Ma seem have
a more significant role in the arc evolution in terms of
magma volume and possibly heat flow;
3) The Goiâs Magmatic Arc is a very expressive tectonic
unit in Central Brasil. In the Mara Rosa region, magmatic
activity started at ca. 860 Ma and ended at ca. 560 Ma,
with an apparently important peak at ca. 630 Ma.
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Figure 1. Mara Rosa geologic map (after Arantes et al., 1991).

Table 1. Main. and new, Mara Rosa region ages.

Sample Rock Age (Ma) Method
MR-46 Pau de Mel granite, eaest of the arc 2,176+ 12/-9 U-Pb in zircon
MR-65 millonitic granite, Posse mine 862+/-8 U-Pb in zircon

632+/-4 U-Pb in titanite
MR-3 tonalitic orthogneiss 856+13/-7 U-Pb in zircon
MR-135 New tonalitic orthof!neiss 807+/-5 V-Pb in zircon
MR-137B fine feldspathic schist 765+/-75 Sm-Nd minerai isochron
MR-137A coarse feldspathic schist 760+/-75 Sm-Nd mineraI isochron
MR-I64 millonitic granite 645+/-9 and 2,249+/-32 U-Pb in zircon
MR-144 New coarse amDhibolite 638+/-2 V-Pb in zircon
MR-104B millonitic granite vein 635+/-12 U-Pb in zircon
MR-3IB subvulcanic diorite 630+/-3 U-Pb in zircon
MR-128 New tonalitic orthof!neiss 623+/-2 V-Pb in zircon
MR-143 New tonalitic orthogneiss 629+/-7 V-Pb in zircon
MR-IOIA feldspathic schist 610+/-52 Sm-Nd minerai isochron
MR-173 feldspathic schist 604+/-66 Sm-Nd minerai isochron
MR-150 New coarse amphibolite 603+/-3 V-Pb in zircon
MR-132 Faina postectonic granite 576+/-6,4 U-Pb in zircon
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INTRODUCTION
The Pemambuco-Alagoas Terrane (PAT) was

proposed by Santos (1995) to the unit previously defined
by Neves (1975) as the Pemambuco-Alagoas Massif.
This unit is limited to the north by the Rio Capibaribe,
Alto Moxot6 and Alto Pajeu Terranes and to the south by
the Sergipano System and the Sao Francisco Craton.
Silva Filho et al. (2002) characterized several batholiths
of the PAT where the Aguas Belas-Canindé Batholith
(ABCB) is the larger one, located into the Agua Branca
Crustal Domain.

The ABCB occupies an area of ca. 5,000 sq. km,
showing a NE-SW trending axis. It makes making contact
to the south and to the east with the Sergipano Fold
System, through low-angle faults, and to the west and to
the north with the metassediments of the Cabrob6
Complex, through the Ouro Branco low-angle fault. The
contacts with the Cabrob6 Complex are sharp and marked
by the Tanquinho Granitic Complex. Geochemical
signature showed by various granitic plutons from the
ABCB suggests the same evolved during two processes,
subduction and a later collisional process, respectively.
Same fault was later reactivated as a transcurrent one.
This work evaluates the significance of the Aguas Belas
Canindé Batholith during the Brasiliano and the pre
Brasiliano orogenies which might have occurred in the
area, based on field and isotopic geology.

GEOLOGIC SETTING AND PETROGRAPHY
Geologic mapping 1: 100.000 have recently been

done, supported by remote sensing imagery and
petrographic studies. It reveals the existence of dozens of
granitic plutons and stocks, mainly late tectonic, intruded
into tonalitic to syenogranitic diatexites. Sorne have been
dated (Silva Filho et al., 2002), yielding Neoproterozoic
ages. The diatexites form nucleus around Fazenda Nova
Village, to the SE of Dois Riachos town and around Poço
das Trincheiras town, totaling ca. 200 km2

• Metatexites
occur to the south of Inhapi, along the contact with the
Cabrob6 Complex, grading into diatexites and forming a
complex of ca. 200 km2

• Orthogneisses of metaluminous
composition occur only in the Fazenda Nova village.

Preliminar petrographical and field work data show
the granites, together with previous works, are either
peraluminous and metaluminous. The peraluminous super
-suite is represented by medium to high-K and high-K
granites. The medium to high-K, peraluminous plutons
are represented by Serra do Boqueirao, Carneiros (one of

the largest plutons of the batholith), Lagoa do Correio,
Ouricuri, Fazenda Ribeira de Baixo, Serra da Capela, Rui
Palmeira, Dois Riachos, Sao José da Tapera, Serra do
Poço, Serra do Macaco, Serra do Almeida, Lagoa do
Tanque and Manuel da Costa. The syn-tectonic plutons
show NE-SW trends. They are mainly quartz-diorites to
quartzmonzonites, biotite quartzmonzodiorites to
granodiorites, tonalites, biotite monzogranites, biotite
granodiorites, syenogranites and monzogranites. The
mineralogy is comprised by biotite, ± muscovite,
plagioclase, quartz, zircon, ± apatite, microcline and ±
opaques. No one shows either gamet or alumino-silicates.
The high-K, peraluminous plutons are the Serra das
Lagoas pluton and Fazenda Gameleira stock. They are
biotite quartzmonzonites and quartzsyenites, and
syenogranites in composition, respectively.

The metaluminous super-suite is represented by
medium to high-K plutons and stocks, high-K plutons,
shoshonitic affinity plutons (ex: the Serra do Catu
Complex). The medium to high-K series is represented by
the Lagoa do Correio pluton and the Fazenda Supapo
stock. They are quartzdiorite, quartzmonzodiorite,
quartzmonzonite, granodiorite, tonalite, and
monzogranite in the composition. The texture ranges
from equigranular to inequigranular. When porphyritic,
they show phenocrystals ranging from 1 to 5cm long. The
main minerais are plagioclase, alkali feldspar and quartz.
The accessories are amphibole, biotite, titanite, opaques,
apatite, zircon, ± epidote, ± leucoxene, ± allanite, ±
sericite, ± carbonate, ± rutile and ± muscovite. The high
K suite is represented by the Tanquinho Complex (Serra
Negra, Sao Raimundo, Serra dos Bois and Maravilha
plutons), Moita stock and the syn-tectonic stock of
Santana do Ipanema. The Tanquinho Complex occupies
ca. 600 km2 of area, being among the major one in the
Borborema Province. It is comprised by four plutons of
quartz-monzonitic, granodioritic, monzogranitic and
syenogranitic composition. They have medium to coarse
inequigranular texture, with phenocrystals ranging from 2
to 5 cm long. Sorne plutons show dioritic enclaves. The
main minerais are quartz, plagioclase and alkali feldspar.
The accessories are amphibole, pyroxene, titanite, apatite,
zircon, opaques, magmatic epidote, allanite, chlorite,
carbonate, rutile and leucoxene. Rapakivi texture is
common. The shoshonitic affinity suite is represented by
the Serra do Catu Complex, Serra da Caiçara and
Fazenda Branquinha stocks, Santana do Ipanema dykes
and Ribeira do Capiâ megadykes. The Serra do Catu
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Complex is comprised by porphyritic to inequigranular
quartz-monzonites, syenites and quartz-syenites. They
commonly show matic enclaves. The main mineraIs are
alkali feldspars, quartz and plagioclase. The accessories
are calcic amphibole, alkali amphibole, clinopyroxenes,
opaque, sphene, allanite, apatite, secondary epidote and
zircon. The Serra da Caiçara stock is comprised by
porphyritic syenogranites. The megadykes are comprised
by porphyritic syenogranites, quartzsyenites and syenites.
The mineralogy of the Serra da Caiçara and of the
megadykes are similar to that showed by the Serra do
Catu Complex. They till a NE-SW fracture system.

ISOTOPIC GEOLOGY
Twenty tive samples of granites and three of

migmatites from the Aguas Belas-Canindé Batholith have
been analysed in the Isotope Geochemistry Laboratory of
the University of Kansas, following the procedures of
Patchet & Ruiz (1987). The results show the granites
from the batholith groups three-fold; (1) Metaluminous
and peraluminous granites with TDM ranging from 0.90Ga
to 1.23 Ga. and ENd (t=0.6 Ga.) ranging from -2.0 to +3.0;
(2) Metaluminous and shoshonitic granites showing TDM

ca. 1.40 Ga and ENd ca. --6.0 (t=0.6 Ga.). (3)
Metaluminous and peraluminous granites with TDM

ranging from 1.90 Ga to 2.10 Ga and ENd (t=0.6Ga.)
ranging from -8.0 to -12.0. The analyzed migmatites are
diatexites with metaluminous amphibole bearing non
restitic matic phase. They show TDM age ranging from
1.16 Ga. to 1.33 Ga. and ENd (t=0.6 Ga.) ranging from
0.7 to -2.8. The mineralogy and preliminary whole-rock
geochemistry of the Group 1 plutons favors the
hypothesis that their protoliths were mainly igneous
rocks, either volcanic or plutonic. These data, associated
with the Sm-Nd isotopic geochemistry, suggest that the
best candidate for their protolith are: (1) mixture of
juvenile material associated with the Cariris Velhos cycle
and a small amount of older (Paleoproterozoic) crust, or
(2) juvenile material of Neoproterozoic age, mixed with
Paleoproterozoic or Cariris Velhos crust, giving rise to
magmas which evolved through an AFC process. The
syenogranites to monzogranites represents the most
differentiated members. Amphibole ± biotite granitoids
(metaluminous) with composition ranging from diorites
to granodiorites of Group 1 granitoids show Nd
signatures and tectonic setting similar to the
peraluminous intrusions. Thus, different crustal
compositions with similar Nd isotope signature were
involved in the protolith of the ABCB, suggesting a
vertically zoned crust in the area. The tectonic setting
suggests the ascent of a primitive magma occurred
through an existing shear zone system, reactivated during
a Brasiliano transtensional event. Suites similar to the
Tanquinho complex have been identitied in others
batholiths from the PAT, attesting the similarities
between the batholiths and the importance of
underplating magmas during the Brasiliano cycle. Plutons
from Group 2 granites show high-K to shoshonitic
composition (Serra do Catu, Serra da Caiçara and the
megadykes) and TDM ages around 1.40 Ga. The
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correlation between their Nd isotopes, geologic setting
and geochemistry (Silva Filho et al., 1995, 1996) suggest
the possibility of similar protoliths. An enriched
lithospheric mantle is the best candidate for the protolith
of the high-K calc-alkaline to shoshonitic magmas. The
similarities between their isotopic signatures and related
migmatitic country rocks suggest they came from same
lithospheric layer. The plutons that comprise Group 3,
require a variation to the previous described model. These
plutons show different Nd isotope and trace element
geochemical signatures with TDM around 2.14 Ga. and ENd

(t=0.6 Ga.) around -12.4, which reflects a small degree of
partial melting of a matic Paleoproterozoic crust.

DISCUSSION AND CONCLUSIONS
The geochemical, geological and isotopic data from

Group 1 granites suggest matic underplating during the
late Meso and Neoproterozoic in the PAT. These granites
show volcanic arc signature (Silva Filho et al., 2000). Nd
isotope associated with the arc signature suggests that the
matic magma may have been a mixture from a
subducting oceanic slab (1.0 Ga.?) and older lithospheric
mantle. The matic magmas differentiated to yie1d a zoned
lower crust, explaining the geochemical differences
among the granitoid magmas subsequently derived from
it.

The Group 2 granites show a narrow range of ENd

(t=0.6 Ga.) data, suggesting they came from a
homogeneous source. They show as well similar isotopic
signature to their migmatitic country rocks. The best
hypothesis so far identitied for generating process of
these granites, based on Nd x Sr isotopic data, is melting
of matic rocks derived from enriched mantle,
incorporated into the lower crust during the Brasiliano
cycle. These matic rocks might have been originated
from a mantle enriched by the subduction of a 1.5 Ga., or
even older crust.

The Nd isotopic signatures of Group 3 granites are
associated with high LILE contents (Silva Filho et al.,
1996). They show inherited zircons and high and
restricted SiOz values. Evidence of mantle metasomatism
during the Trans-Amazonian Orogeny within the
Borborema Province has been reported by various
authors. Thus the best candidate for the protolith of these
granitoids is a mantle material, enriched in incompatible
elements during the Trans-Amazonian Orogeny. They
might have incorporated (with sorne assimilation) into the
crust during the Brasiliano cycle, or during the later
stages of the Trans-Arnazonian Orogeny.
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INTRODUCTION
The geotectonic model of evolution for the

Amazonian craton admiuing a sequence of Proterozoic
provinces surrounding an Archean nucleus was first
proposed in the seventies (Cordani et al., 1979), and has
been established as the best appropriated model to explain
the main geological features of the craton. Since then, this
model has been updated and followed, but it is not yet a
consensus (e. g. Lima, 1984; Teixeira et al., 1989;
Tassinari & Macambira, 1999; Santos et al., 2000;
DaIrAgnol et al., 2000).

The limits of these provinces encompass important
changes in timing, tectonic regime and products, and are
key-regions for the understanding of the evolution of the
craton as a whole. However, generaIly, the geology of
these regions is poorly known, specially the nature and
geographical location of the boundaries. One of these
regions is the boundary between the Archean Carajâs
Mineral Province and the Paleoproterozoic domain to the
north (Maroni-Itacaiunas or Transamazonian Province).
Cordani et al. (1984), based on K-Ar and Rb-Sr data,
suggested that it is located nearby the 5° S parallei.
Further mappings, as those improved by CPRM (Oliveira
et al., 1994), show that in this region, the rocks are similar
to those of the Carajâs Province, and are, probably,
Archean. Tassinari et al. (2000) keep this limit but they
have introduced sorne incertitude about its geographical
location. On the other hand, sorne Archean ages obtained
on granulites and granitoids from the basement of the
Amapâ State, as weIl as on detrital zircons from a
quartzite of the French Guyana (e. g. Lafon et al., 1998)
induced Santos et al. (2000) to propose the boundary of
the Archean domain as located at the central Amapâ. For
these last authors, the central-southern part of the Amapâ
State and the Carajâs region make part of a single
province (Carajâs-Imataca), encompassing the Imataca
region, in Venezuela.

This work presents new isotope data for the rocks
outcropping in the region at the north of the Carajâs
Mineral Province, Parâ State, in order to characterize the
nature of these rocks and provide addicional information
for the establishment of boundary between the Archean
and Paleoproterozoic domains of the southeastern part of
the Amazonian craton.

GEOLOGICAL SETTING
The study region represents a 250 km NW band

linking the Novo Repartimento and Belo Monte (Xingu
river margin) towns, crossed by the Transamazonian

route. The rocks of the region are mainly composed by
granitoids covered, to the north and east, by sedimentary
sequences of the Phanerozoic Amazon and Parnafba
basins, respectively. To the west, the granitoids seem to
be associated with a set of metamorphic rocks yielding
Rb-Sr ages between 1.9 and 2.0 Ga, and covered by the
volcanic rocks and crosscut by the plutonic rocks of the
Uatuma Supergroup (Santos et al., 1988). As noted
above, the Archean rocks of the Carajâs Province occur to
the south, but the location of the limit and the nature of
the relationships between these two domains are not yet
established.

The geology of the study region is relatively
monotonous and composed by granitoids previously
reported by Reis et al. (1974). They are mainly medium
grained, pink to grey, and monzogranitic to granodioritc
in composition. Locally they show heterogranular and
porphyritic textures, and aplitic veins. Macambira et al.
(2001) reported additional descriptions and propose a
syntectonic regime for the emplacement of these
granitoids based on their structural and texturaI features.
These authors also reported an age obtained by zircon
evaporation method of 2076 ± 6 Ma (2 sigmas), for a gray
granodiorite sampled 9 km west from Novo Repartimento
town.

ZIRCON GEOCRONOLOGY
Two additional samples of granitoids were analyzed

by the zircon evaporation method in the Para-Iso
Laboratory of the Federal University of Para (Belém,
Brazil) using a Finnigan MAT 262 mass spectrometer.
The first one was a pink monzogranite collected 6 km
west from Novo Repartimento town. Three zircon grains
yielded a confident age of 2075 ± 3 Ma (2 sigmas),
confirrning the previous age reported by Macambira et al.
(2001). As pointed out by these authors, this age is
correlated with that of the Transamazonian Cycle, which
is supported by the syntectonic signature of the granitoids.
The other sample was collected in the extreme west of the
region. It represents a pink banded granitoid outcropping
on the Xingu river margin. Five crystals from this sample
yielded an age of 2154 ± 4 Ma (2 sigmas) and probably
express another moment of the Transamazonian Cycle.

Nd ISOTOPES
Four granitoids, including the three dated samples

mentioned above, were selected to a Sm-Nd study in the
Para-Iso Laboratory using a Finnigan MAT 262 mass
spectrometer. The fourth sample is a monzogranite
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collected similarly nearby Novo Repartimento town. This
sample showed higher Sm and Nd contents (25 and l71
ppm, respectively) than the other samples (average of 3
and 25 ppm, respectively). The Nd model ages are
comprised between 2.25 and 2.35 Ga, while the eNd(t)
values range from +0.83 to -0.6, except the fourth sample,
which yielded a model age of 2.57 Ga and an eNd(t) value
of -4.12. The behavior of the fourth sample is not weIl
understood, but is probably related to the more evolved
character of this sample. In spite of its 147Sm/l44Nd
(0.08903) similar to those of other samples, the model age
of this sample (2.57 Ga) is quite different and it was
neglected in these preliminary considerations.

DISCUSSION AND CONCLUSIONS
Taking into account our field survey, the study rocks

express a domain of coeval granitoids emplaced in a
syntectonic regime probably related to the
Transamazonian Cycle, 2.07 B.y. ago. The sample from
the Xingu river is somewhat older (2.15 Ga), but it could
represent an early magmatism in the same cycle. The Nd
isotopes indicate that these rocks were extracted from the
mantle just before their emplacement and are mainly
composed by material with restricted crustal contribution.

The comparison of the rocks from the study region
with similar rocks occurring in the Maroni-Itacaiunas or
Transamazonian provinces, in French Guyana, suggests a
similar evolution in both regions. It could include crustal
shortening, anatexis and emplacement of granitic plutons
along shear zones, as the modem orogenies, such as
proposed by Vanderhaeghe et al. (1998) for the Guyana
shield. For the study region, it lacks petrological and
structural investigations to propose a more consistent
model. Anyway, the volume of rocks is expressive and
this region certainly represents a distinct tectonic domain
from those of Carajas Province and central-southem part
of the Amapa State, as previously proposed by others (e.
g. Tassinari & Macambira, 1999). Altematively, it could
represent a magmatic arc which had blended the Archean
domains occurring to the north and south.
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Figure 1. Main tectonic units of the Uruguay (After Bossi et al ..
1998). PAT - Piedra Alta Terrane, NPT - Nico Pérez Terrane.
DFB - Dom Feliciano Bell. SYL - Sarandi dei Yi Lineament,

SBSZ - Sierra Ballena Shear Zone.

INTRODUCTION
The Precambrian basement rocks of the Uruguay can

be grouped in three main tectonic units: Piedra Alta
Terrane (PAT), Nico Pérez Terrane (NPT) and Dom
Feliciano Belt (DFB). These units are separated by crustal
scale tranSClUTent shear zones named Sarandi dei Yi
Lineament and Sierra Ballena Shear Zone (Fig. 1).

Piedra Alta and Nico Pérez terranes make up together
the Rio de La Plata Craton in the Uruguay, whereas the
PAT represent the unreworked cratonic nuclei and the
NPT the cratonic margin reworked at Neoproterozoic by
BrasilianolPan-African cycle. PAT has lithotectonic units
with ages ranging from 2.2 to 2.0 Ga and NPT from 3.4
to 0.5 Ga. The eastern Dom Feliciano Belt is the
southernmost extension of Brasiliano (0.65 to 0.5 Ga)
granitic-gneissic rocks from Brazil (Chemale JI'., 2000)
and includes a 0.9 to 1.1 Ga Mesoproterozoic terrane
named Punta dei Este (Preciozzi et al., 1999).

This work focuses on the southern NPT (Fig. 2),
providing a new U-Pb SHRIMP zircon data for myJonitic
granite from the Carapé Complex, a Sm-Nd whole-rock
isochronic age for Lavalleja basic volcanic-derived rocks
and Sm-Nd analyses for some key-units. 012
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Figure 2. Geologic map of the Nico Pérez Terrane (modified
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Figure 4. V-Pb SHRIMP isochronic age for Carapé mylonitic
granite.

0.36 ,..-------------------:1

Australian National University, and procedures are
sim.ilar to those described in Armstrong and Wilson,
2000.

Zircon crystals are prismatic, has 200 !-lm mean length
and 2x 1 axes relations. No metamorphic recrystallized
rims are present. Twelve SHRlMP spots in 9 zircon
crystals (central portions) provides a 207PbP06pb

isochronic age of 1754 ± 6.8 Ma with MSDW of 0.72,
interpreted as the magmatic crystallization age of the rock
(Fig. 4).

0.34

Carapé mylonitic granite
Sample NP-154

Sm-Nd ISOTOPE GEOCHEMISTRY
Sm-Nd TDM model ages, calculated using De Paolo

(1981) model, for sorne igneous- and sedimentary
derived whole-rock samples of the Nico Pérez Terrane
(Fig. 5) presenting a bimodal distribution, with a
Paleoproterozoic (1.6 to 1.9 Ga) and an Archean (2.6 to
3.1 Ga) group.

For the central Nico Pérez Terrane, except the
Zapican diorite which yield a TDM model age of 1.8 Ga,
the other units yield model ages between 2.6 and 3.1 Ga
(metatonalite of La China Complex, undivided
metagranite and meta-arenite of Las Tetas Complex)
(Fig. 5).

For the southem Nico Pérez Terrane, a Carapé
Complex metagranite (the same of SHRIMP data) yield
an Archean TDM model age with strong negative eNd(t)
value, and an intrusive Brasiliano granite in the Carapé
Complex yieJd a Paleoproterozoic model age (sample
NP75b). Two T DM model ages populations were
recognized for Lavalleja igneous-derived rocks: an
Archean and the other Paleoproterozoic (Fig. 5).
Estimated eNd(t) values for Archean model ages of the
Lavalleja Metamorphic Complex are slight negative, and
probably indicates crustal contamination. In contrast,
Paleoproterozoic population show estimated eNd(t)
values close to the CHUR or slight positive, with two
different fractionation paths (more and less flat). So, this
model age population probably represents the less

NP21::1

0:ï115

-0
Z
~

05125

----0
Z

'":!
05115

0.5145,..-------------------,

Lavalleja Basic
Volcanic-derived Rocks

SllllNd age = 1~12 ± 360 Ma
1nitial i'JNdJluNd = 0.51042 ± u.OOO4

MSWD= 1.10

Sm-Nd GEOCRHONOLOGY OF THE LAVALLEJA
METAMORPHIC COMPLEX

Lavalleja Metamorphic Complex is a meta-volcano
sedimentary sequençe exposed along NE-SW-trending
belt in the southwestern Nico Pérez Terrane (Fig. 2). [t
comprises basic metavolcanic rocks and few occurrences
of metagabbros and acid volcanic rocks interlayered with
cherrtical and clastic meta-sedimentary rocks (Sanchez
Bettucci et al., 2001).

Eigth whole-rock sampIes of basic volcanic and
subvolcanic-derived rocks from this unit were analyzed
by Sm-Nd method at the Laborat6rio de Geologia
[sot6pica, Universidade Federal do Rio Grande do Sul,
using a thermal ionization VG Sector 54 mass
spectrometry after isotope dilution procedures. The data
plotted in a Sm-Nd isochron yields an age of 1812 ± 360
with MSWD of 1.10 (Fig. 3). ln spite of the large error
data, this age is here interpreted as an estimated age of
magmatic activity of this basin, and can be corroborated
by Sm-Nd model ages (see Sm-Nd discussion),
positioning the formation of Lavalleja basin in the
Paleoproterozoic.

05105 L--_-'--_ _'__-'-_---'__~_ _'___ _'__-J

O.O~ 010 0.12 014 0.16 0.18 020 0.22 0.24

147 Sm! I44 Nd

Figure 3. Sm-Nd isochronic age of Lavalleja basic voJcanic
derived rocks.

V-Pb SHRIMP ZIRCON GEOCHRONOLOGY OF
THE CARAPÉ COMPLEX

Carapé Complex constitutes a granitic-gneissic unit
exposed along NE-SW trending belt in the southeastem
Nico Pérez Terrane (Fig. 2). [t comprises several
generations of granitic rocks deformed mainly at
Neoproterozoic. Carapé Complex is intruded by sin- to
late Brasiliano granites (Sanchez Bettucci et al., 2003)
and thrusted over Lavalleja Metamorphic Complex.

A flat-Iying myJonitic, gray-colored, fine-grained
biotite-muscovite sienogranite was collected along Ruta
60 (10 .km south of Ruta 81 crossing point, Fig. 2).
Zircons were separated after crushing, milling and
conventional heavy liquids and magnetic procedures, and
mounted in an epoxy disk to cathodolurrtinescence and
BSE observations. U-Pb zircon SHRIMP analyses were
carried out in the Research School of Earth Sciences,
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modified mantle source for basic magmatism, and can
provide an estimated age of volcanic activity. Coarse
grained meta-sediments from Lavalleja Metamorphic
Complex show TDM model ages close to the
Paleoproterozoic, whilst fine-grained meta-sediments
show mixing model ages between Archean and
Paleoproterozoic source areas.

CONCLUDING REMARKS
We have the following conclusions:

1. The Sm-Nd isochronic age around 1.8 Ga obtained for
volcanic-derived rocks of the Lavalleja Metamorphic
Complex and the Sm-Nd TDM model ages close to this
value for sorne samples with juvenile characteristics,
point to the time of basin formation during the late
Paleoproterozoic.
2. The U-Pb SHRIMP zircon age of 1754±6.8 Ma
obtained for a mylonitic granite from the Carapé
Complex extends the Rio de La Plata Craton in the
Uruguay up to the Sierra Ballena Shear Zone.
3. Bimodal distribution of Sm-Nd TDM model ages in the
Nico Pérez Terrane could be distinguish two principal
periods of crust generation in the Uruguay: the Archean
and the Paleoproterozoic.
4. The Sm-Nd TDM model ages suggest that Lavalleja
basin was formed over a composed
ArcheanlPaleoproterozoic crust, and present different
degrees of crustal contamination and juvenile
contribution (ENd t values close to the CHUR hne). And,
Carapé Complex was formed as result of a reworked
Archean crust.
6. The NPT presents a complex structural framework
characterized by thrust stacked units with different ages
and tectonic settings. We are interpreting these structures
as a consequence of the interaction between the Rio de La
Plata and Kalahari cratons during the BrasilianolPan
African collage. So, these rocks represent a reworked
margin of the Rio de La Plata during the Neoproterozoic.
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INTRODUCTION
The obduction of oceanic plateaux and their

preservation in orogenic belts throughout the Earth' s
evolution is the subject of current international debate
(Polat et al., 1998; Puchtel et al., 1998; Kerr et al., 2000;
Condie, 1999,2001; Condie et al. 2002). Because of their
thickness weil in excess of 10 km oceanic plateaux are
less buoyant than normal oceanic crust and tend to
subduct. However, if they are younger than 20 Ma, and
still hot, they become more buoyant than oceanic crust
and are thus prone to obduction (e.g. Nur & Ben
Avraham, 1982; Closs, 1993). Although Condie (1999)
argued that accreted oceanic plateaux are relatively
uncommon in the geological record, several descriptions
of oceanic plateau basalts worldwide (see Table 2 of Kerr
et al., 2000) suggest that they may be more common than
previously thought. A complete section of an oceanic
plateau is not known, and most of the information about
its architecture derives from ocean drilling projects and
tectonically uplift margins of the Caribbean-Colombian
Oceanic Plateau (Kerr et al., 1998) and Ontong-Java
Plateau (Neal et al., 1997). The identification of oceanic
plateau basalts in ancient terranes is not straightforward.
According to Kerr et al. (2000) the salient features are:
predominance of massive lavas, low abundances of
voleaniclastic deposits, deep to shallow marine sediments
may be associated, occurrence of high-MgO lavas,
chemically homogeneous basalts with relatively fiat
chondrite-normalized REE patterns and primitive mantle
normalized low LalNb ratios.

In this paper we report geochemical and isotopic data
for the recently discovered Algod6es Amphibolites,
Central Ceara domain, which have the potential to be the
first remnants of a Palaeoproterozoic oceanic plateau in
the Borborema Province, Northeastern Brazil.

GEOLOGIC FRAMEWORK
The studied area is situated in the eastern portion of

Central Ceara Domain (CCD), a typical sector of the
Borborema Province situated between the Transbrasiliano
Lineament and the Senador Pompeu shear zone. The
CCD is composed mainly of the minor fragment of
reactived Archaean crust named the Troia Massif, which
is partially overlain by quartzite-pelite-carbonate units of
the Ceara Group. Neoproterozoic-Early Palaeozoic units
are represented by syn- to late tectonic cale-alkaline
batholiths (e.g., Quixada-Quixeramobim, Itapage,
Tamboril granite complexes) and post-tectonic alkaline to

peralkaline stocks (Barriga, Serra Aguda, Sao Paulo e
Morrinhos bodies). Martins et al. (1998) and Fetter et al.
(2000) reported orthogneisses with 2.1-2.2 Ga in the
central and northwestern parts of this domain.

CCD lies in contact to the east with the Rio Grande do
Norte terrane (RNT) and to the west with the Médio
Coreau Domain (MCD). The RNT comprises a
Neoproterozoic plataformal sequence (Serid6 Belt), the
1.8 Ga rift suite (Oros belt), 2.1-2.0 Ga high-grade gneiss
of basement complexes, minor and isolated Archaean
nuclei and voluminous Brasiliano/Pan-African granitic
bodies (Sa et al., 1991; Van Schmus et al., 1995; Souza et
al., 1993). The MCD crops out beyond the
Transbrasiliano Lineament and comprises a
Neoproterozoic plataformal sequence (Martinopole
Group), 2.4-2.3 Ga high-grade orthogneisses of the
basement complexes, early Palaeozoic molassic basins
(Ubajara and Jaibaras Groups), minor syn- to late
tectonic cale-alkaline granites and post-tectonic granites.

A sequence of amphibolite-paragneiss and associated
orthogneisses has been mapped in the eastern part of
CCD. It is referred to here as the AIgod6es Sequence and
is the main interest of this study. This sequence
comprises the following lithological units: Algod6es
Amphibolite - a thick pile of massive, fine-grained
amphibolite layers with occasional horizons of
garnetiferous amphibolite and lenses of coarse grained
hornblendite; Choro paragneisses - fine grained, massive
to banded gneisses with minor layers of mica-schists,
cale-silicate rocks, quartzites and metaconglomerates;
Cipo orthogneisses tonalite-granodiorite-granite
gneisses occurring as stocks and dykes intrusive into the
previous units.

The Algod6es amphibolite generally crops out
surrounding the Cipo orthogneisses or as concordant
layers interleaved in the Choro paragneisses. The best
sections of amphibolites are found along riverbeds on the
western hillside of the Serra do Estevao. Here the
amphibolites crop out continuously for several
kilometres, and the whole sequence may rich up to 2-3
km in thickness. Field relationships suggest that the
AIgod6es amphibolites may be a thick pile of basaltic
lavas, tuffs and sills, such as the common intercalation of
garnet-bearing and garnet-free amphibolites (lavas of
different composition), lenses of cumulate hornblendite,
and occasional occurrences of variolitic structures.

The Choro paragneisses are composed of cream
coloured types enriched in feldspars, grey types enriched
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in biotite and biotite-hornblende banded gneisses. The
Cip6 tonalite gneisses cqntain amphibolite enclaves and
are cut by felsic dykes of trondhjemite composition. The
granite gneisses occur as ellipticai bodies partially
migmatised and crosscut by amphibolite to felsic dykes.
The Cip6 gneisses suite also comprises kilometre-long
sheets of granites that crosscut the Chor6 paragneisses.

ANALYTICAL TECHNIQUES
Major and trace element data were obtained on a XRF

spectrometer at the Geosciences Institute of State
University of Campinas (Unicamp). Th, Nb, Ta and the
rare earth elements were analysed on the ICP-MS
laboratory of Sao Paulo University (USP). Analytical
data for Sm and Nd isotopes along with U-Pb data for
zircons of a tonalite orthogneiss intrusive in the
amphibolites were obtained on a VG mass-spectrometer
at the Isotope Geochemistry Laboratory (IGL),
Department of Geology of Kansas University.

GEOCHRONOLOGY
Sm-Nd ISOCHRON OF ALGODOES AMPHIBOLITES

Six samples were analyzed. A four point isochron
(samples GM-19A, GM-3l-A, GM-58-A and GM-59-A)
yielded the age 2,236 ± 55 Ma (Fig.l). Because the rocks
are metamorphic this age is interpreted as a minimum age
for the crystallization of the igneous protoliths. The
depleted mantle Nd-model ages fall in the time span 2.26
2.57 Ga and ENd(t=2.24Ga) values range from +1.65 to
+2.90.

ZIRCON AGE AND Sm-Nd OF THE CIPÔ TONALITE
ORTHOGNEISS

Three fractions of a single zircon population of
sample GM-16 give a concordant upper intercept age of
2,131 ± 11 Ma (cf. Martins et al., 1998). Depleted mantle
Nd model ages for this unit range from 2.23 Ga to 2.25
Ga, with ENd(t) values between +1.63 and +1.89.

TRACE ELEMENT GEOCHEMISTRY
GeneraIly, the Algodôes amphibolites have MgO

contents between 5.5% and 7.5%, Nb/Zr from 0.05 to
0.09, Nb/Y between 0.1 and 0.25, and Zr/Y in the range
1.5-3.8, a characteristic of oceanic plateau basalts. Their
mantle-normalised multi-element diagrams (including the
rare earth e1ements) are predominantly fiat, with
(LalNb)N < 1. In this aspect they are very akin to basalts
of the Ontong-Java plateau (Fig. 2). Similarly, on the
La/Yb vs. ZrlTh diagram (Fig. 3) they fall mostly in the
field of ocean plateau tholeiites.

DISCUSSION AND CONCLUSIONS
The Algodôes amphibolites have several similarities

with Phanerozoic oceanic plateau basalts. They are fine
grained, massive metabasalts with occasional variolitic
structure. LocaIly, they have chemical sediments (BIF)
and coarse-grained gabbroic lenses associated. Most
diagnostic is their fiat patterns on mantle-normalised
multi-element plots, as weIl as their low La/Yb and high
ZrlTh ratios. The whole-rock Sm-Nd isochron of the
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Algodôes amphibolites indicate a Palaeoproterozoic age
(ca. 2.4 Ga), which we interpret as a minimum age for the
igneous protolith. This age estimate is consistent with the
observed field relationships between amphibolites and the
2.13 Ga-old calc-alkaline tonalites of the Cip6 unit, the
latter clearly intrusive into the former. The Nd-model
ages of the Cip6 orthogneisses (2.23-2.25 Ga) and their
positive ENd(t) values are also compatible with an origin
by partial melting of mafic crust or mantle wedge in an
island arc tectonic setting, as suggested by Martins et al.
(1998). The identification, for the first time, of rernnants
of accreted oceanic plateau basalts in the Borborema
Province opens a new perspective for understanding the
evolution of Palaeoproterozoic orogenic belts in South
America with implications for mineraI deposits
exploration and the reconstruction of the the Atlantica
supercontinent (cf. Rogers 1994).
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INTRODUCTION
The San Marcos fauIt area is located in Sierras

Pampeanas Orientales (also named as Eastern Pampean
Ranges in English literature), Central Argentina, more
than 700 km far from the tectonically active west Andean
border of Southern South America (Fig. 1), coinciding
with 28°S-33°S South Central Andes flat slab subducted
segment (Barazangi and Isacks, 1976). Eastern ward, this
mountain chain defined the west morphostructural
boundary of the extended Chaco-Parana Basin plains.

ln the Province of C6rdoba, the Sierras Pampeanas
Orientales concentrates an important number of weIl
known fauIt segments with neotectonic activity, as
mentioned in previous works (Massabie et al., 2000;
Massabie and Szlafsztein, 1991, among others). AIthough
initial studies (Schlagintweit, 1954; Lencinas and
Timonieri, 1968; Massabie, 1976, 1987, among others)
postulated a broad span of Late Cenozoic ages for the
youngest faults movements, recent works afford
evidences about a more restricted and modem activity for
the latest neotectonic fauIting at Sierras Pampeanas
Orientales during Late Holocene times (Massabie et al.,
2001; 2002). Assessment of modifications on fluvial
channel pattern and landscape modifications associated
with neotectonic fauIting have a special value in present
steps of these studies, but at the same time emphasize the
tight correlation of Quaternary landscape evolution with
neotectonic fauIting in the area.

The classic geologic methods used to deterrnine the
age of a structure and its rate of formation are of lirnited
use in this case because of the short time span involved in
neotectonic movements. As a resuIt, a whole new set of
techniques could be devised to augment the traditional
methods.

The aim of this work is focused on isotope constrains
and radiocarbon dating applied to the relationships
between Holocene neotectonic fauIting and associated
landscape changes at San Marcos Sierra foothills area.
These studies are supported by isotope data evaluation
and radiocarbon ages obtained for two selected places
situated along Sierra Baja de San Marcos fauIt scarp
(Fig. 1).

GEOLOGY OF SAMPLED SITES
The oldest basement rocks cropping out in the area

are represented by Precambrian to Early Paleozoic
granites, granodiorites and tonalities with common
cataclastic to rnilonitic textures, which were assigned to
the San Marcos Formation (Massabie, 1982). These rocks
are overlaying by mainly fluvial sediments of Quaternary
age which comprised three ancient agradation levels
named Level 1, Level II and Level III (Fig. 1). In the
southern sector, local eolian deposits overlaying pond
sediments in the tectonic damming up area of the River
Quilpo were described by Massabie and Limarino (1996)
and Massabie et al. (2001). The San Marcos oblique fauIt
(SMF) (Fig. 1), a master fauIt which extends with
northwest strike along the area, was tectonically
characterized as a transpressive Andean fauIt (Massabie,
1982; Massabie et al., 2000).

The sites that were sampled for radiocarbon age and
isotope analysis are located along SMF, and are separated
by 8,8 km. At Site 1, located in the southern region
(Fig. 1), lirnnic gastropod shells, assigned to
Odontostomus (Spixia) columeraris Parodiz;
Odontostomus (Plagiodontes) dentatus (Wood); Lymnaea
cf. L. beatrix d'Orbigny; Bulimulus (Bulimulus)
apodemetes d'Orbigny and Odontostomus
(Scalarinella)?, were sampled for palaeontologic and
isotopie studies in palaeolacustrine deposits. A 14C age of
2560 ± 120 bp was obtained from the shells (Massabie et
al.,2ool). The dating deposits are located in the footwall
block of the SMF and lack later deformation evidences.

The other locality, Site 2, is placed near the
northwestern end of SMF (Fig. 1). Here, a cross trench
was caved in order to investigated the fauIt continuity in
this place and, as a resuIt, the tip of the propagating fauIt
was localized in Quaternary terraces (Level III of
Massabie et al., 2002). Both trench sides shown that SMF
cuts basament rocks and Quaternary alluvial terrace
deposits, but is covered by a dark brown organic soil
without any tectonic deformation. FauIt zone, about 15 m
thick, is composed of crush breccia derived from light
grey tonalitic San Marcos Formation sheared rocks. Red
clay seams filling interlaced small rninor fauIts and
fissures are also present.
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The thick fault zone (70°, 50°) is a transverse
impervious barrier for the phreatic ground water flowing
from east and southeast into Levels II and III of alluvium
terraces lying over fractured basement in the hanging
wall of SMF (Fig. 1). As a consequence, phreatic surface
elevates in the back slope just behind the fault and
reaches topographie surface forrning local springs named
"mallines". Here, dissolved salts were concentrated due
to direct evaporation. Because this process, the
conglomerates with sandy matrix of Level III were
cemented by carbonate (named "tosca") precipitated from
over-saturated phreatic water. Samples containing detritic
diagenetic carbonate ("tosca") precipitated from phreatic
water, were taken from the organic soil standing over the
fault zone and Level III without any deformation. Isotope
anaIysis over carbonates of these samples gives a final
corrected 14C age of 1800±l40 bp.

LANDSCAPE CHANGES ASSOCIATED WITH
NEOTECTONIC SMF ACTIVITY

In the San Marcos Sierra foothills area of northwest
C6rdoba Hills, the Holocene activity of the SMF is
associated with two main landscape modifications. In a
first step its activity originated the elevation of the
basement in SMF which give rise to a natural dam over
the River Quilpo and, as a consequence, a transitory pond
extended over the foot wall block around the sharp curve
of the water channel (Site 1, Fig. 1).

If we broadly assumed an elapse time of 500 to 1500
years for the accumulation of fluvial and lacustrine
deposits laying between bedrock and 14C dated bed
(2560±120bp), (2850-2480) bp (1cr), (Fig. 2), the
neotectonic activity of SMF could be placed around 4000
to 3000 bp.

Later on, repeated movements in SMF displaced the
tip point to the northwest, modifying the flow path of
phreatic water in Level III mainly over the hanging wall
block, partiaIly confining it, and causing massive
diagenetic carbonate cement formation in the sandy
gravel terrace. Basement core of Sierra Baja de San
Marcos, which extend beneath Level II and Level III
Quatemary terraces, defines a transverse local watershed
over River de la Costa banks to the northwest. The river

itself crosses it in a narrow gorge where faulted basement
of SMF crops out (Fig. 1).

The 1800±140 bp radiocarbon age, correponding to a
calibrated (1920-1550) bp (1cr), (Fig. 2) obtained from
carbonate in present organic soil laying over SMF zone
(Site 2, Fig. 1) short after this final Late Holocene
landscape modification due to SMF activity in the area,
could be placed around 2000 bp for a one meter thick
cemented bed of Level III sandy gravels with 20%
efective porosity.

AGE AND ISOTOPIC METHODS
14C analyses on the biogenic carbonate were made at

INGEIS by liquid scintillation counting on benzene
obtained from the samples, norrnalized to 8 1IC=-25%0
content and corrected using the Oxcal 2.5 programme,

. 2 13C d 180Bronk Ramsay (2000), (FIg.). an were
deterrnined also at the INGEIS laboratories barely
following the technique of Panarello et al. (1980) i.e.
reacting the carbonate material with 100% phosphoric
acid under, but at a temperature of 60°C; previously,
thermal treatment (350"C, under vacuum) was made to
eliminate organic matter interferences that could reduce
the accuracy of measurements. The obtained COz was
then contrasted with COz from Carrara marble in a
FINNIGAN Delta-S, triple collector, multiport inlet
system, mass spectrometer. Isotopie enrichments are
expressed as usuaI ip 8 (%0) vs. the V-PDB for 13C and V
SMOW for 180 standards. The overall error is ± 0.1 %0.

RESULTS AND DISCUSSION
In a previous work Massabie et al. (2001) obtained

2560±120 bp 14C age for damming up of River Quilpo
(Site 1) due to SMF Holocene first step of activity and
8180= +0.4%0. This result was influenced by high
evaporation rates in a marshy pond leading the isotopie
composition to more enriched values.

The obtained 8180 value on the 1800±140 bp soil
carbonate (Site 2) here presented (25,5%0) reflects the
equilibrium with water of about -5.4 %0 in the V-SMOW
scale (Gonfiantini, 1978; Hut, 1987). 8180 average on
rain is ca -5.5%0 for this region in present days (INGEIS
- National Network for Isotopes in Precipitation, included
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in the GNIP database: http://isohis.iaea.org)) therefore, if
the climatic conditions have not significantly changed,
this could be the value for meteoric water in the phreatic
layer when the carbonate was deposited. No evidences of
stagnant water as in the 2850-2480 bp (lcr), (Massabie et
al., 2001) are reflected by this value. This fact reinforces
the hypothesis of free water circulation.

o13C== -3.2%0 value reflects equilibrium between
circulating water and atmosphere in open system
conditions. Since it is not probable the presence of
ancient 14C -free limestone input, the initial activity of the
CO2 forming the diagenetic carbonate would correspond
to the 100% of modem carbon for that moment, thus
making reliable the calculated age.

CONCLUSIONS
Validity of l800±140 bp radiocarbon age of the

carbonate in the organic soil laying on SMF is supported
by o13C== -3.2%0 and 0180== -5.4 %0 values in equilibrium
with circulating water and atmosphere in open system
conditions.

Late Holocene activity of SMF determined direct
landscape modifications due to its barrier effect over
surface and under surface water flow in the San Marcos
Sierra foothills area of C6rdoba, Central Argentina.

Based on radiocarbon ages, isotope analyses and
morphostructural control of Late Quatemary fluvial and
phreatic deposits, two final neotectonic activity steps of
SMF are placed between 4000 - 2000 bp.

The first step could be constraint between 4,000 
3,000 bp. It controled the avulsion of River Quilpo
associated with a (256Ü±120 bp) transitory lacustrine
paleoenvironment due to neotectonic darnrning up in the
foot wall block of SMF.

The second SMF neotectonic step around 2000 bp,
lengthend to the northwest a transverse local watershed
over River de la Costa banks introducing an aditional
modification of Late Holocene fluvial lanscape around
San Marcos Sierra foothills of Cordoba.

Two direct paleoenvironmental evidences of the last
SMF tip point displacement to the northwest have been
detected: firstly the tectonicaly controled attitude of
erosive planes on both sides of fauIt scarp, and secondly
the flow path changes of phreatic water in Level III over
SMF hanging wall block which caused massive carbonate
precipitation (l800±140 bp) due to groundwater
evaporation in the atmosphere.
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The Patagonian adakitic volcanoes take place in the
arc region of the southern end of South America
Continent, forming the Austral Volcanic Zone, and are
attributed to slab melting caused by on-going active Chile
Ridge subduction below South America continental plate
(Stern & Killian, 1996). On the other hand, in the back
arc region, two sma!1 dacitic adakite bodies, the Cerro
Pampa (Ramos et al., 1991; Kay et al, 1993) and the
Puesto Nuevo (Ramos et al, 1994) are exposed (Fig. J).
Their peculiar occurrences are of a great interest to
understand the tectonic setting of adakitic magma
generation.

The previous works show that the K-Ar radiometric
age for the Cerro Pampa (Ramos, et al., 1991; Kay, et al,
1993) and the Puesto Nuevo (Ramos, et al, 1994) were
widely different. The Cerro Pampa body has Middle
Miocene age (12.1 ± 0.7Ma and 12.0±0.7Ma, whole
rock), obtained by the Sernageomin, Chile (Ramos, et al.,
1991). The Puesto Nuevo body has late Cretaceous ages
(84.5 ± 6 Ma and 76.7 ± 5Ma Ma, in hornblende)
obtained in the late seventies in the Cambridge University,
UK. Because of these Mesozoic ages, the Puesto Nuevo
adakitic body was attributed to possible existence of an
old ridge subduction, and interpreted to have no relation
to on-going Chile ridge subduction.

The authors performed U-Pb dating from spot
(pinpoint) analyses of single zircon crystal grains for both
adakitic bodies with help of laser abiation-ICP Mass
Spectrometry at the Earthquake Research Institute of the
University of Tokyo. The laser ablation system utilises a
frequency-quadrupled Nd-YAG UV laser (266 nm
wavelength) and produces an ablation pit size of 30-35

~m. Detail of the analytical procedure is described by
Orihashi & Hirata (2003). No statistic correction to
improve apparent dating precision is applied.

Il has been dated 25 spots in 21 zircon grains of the
Cerro Pampa adakitic body. Among them, 23 spots are
plotted close to the concordia curve (Fig. 2). Only two
spots have higher 206pb/238U ratio than the Concordia
CUfve due to Pb loss and/or common Pb contamination.

Ali of the 23 206pb_207Pb ages are significantly older than
the above-mentioned K-Ar age (Fig. 3A), and therefore,
they are considered to be recycled zircon grains
originated from the country rocks. These ages are
subdivided into the following six groups:

Figure 1. Locality map of the Cerro Pampa and the Puesto
Nuevo adakilic rock bodies.

A) 123-129 Ma (3 spots), common age in the adjacent
Patagonian Batholith;

B) 139-168 Ma (12 spots), these most abundant zircons
between 139 and 168 Ma represent an important
period of arc magmatism and crustal melting related to
the andesitic and rhyolitic rocks of the Jurassic to early
Cretaceous El Quemado Complex that underlies the
Puesto Nuevo adakite;
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C) 187-188 Ma (2 spots) of unknown sources in the
region;

0) 227-263 Ma (2 spots), the age of the late Paleozoic
granitic rocks that are emplaced during the
metamorphic basement;

E) 714Ma (1 spot) a possible detrital zircon derived from
the Deseado Massif

F) 1410-1766Ma (3 spots), zircons of middle Proterozoic
age, derived from the continental crust basement,
which should be present below the Paleozoic
basement.
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The last group, of the Middle Proterozoic, is
interpreted to be of the continental crust basement, which
should exist below the sedimentary formations.

From the Puesto Nuevo body, 21 spots in 21 zircon
grains have been extracted and dated, in which eight
spots indicate concordia age. They are Cretaceous (1
spot), early Miocene (1 spot), and Middle Miocene (6
spots). The middle Miocene concordia ages range from
1l.3 to 15.3Ma, with average of 13.3 ± I.3Ma (1 cr). The
datings that are not on the concordia curve are due to
common Pb contamination, and therefore, the 206pb/238U
ages are considered to be near equal to the concordia.

Th 238U/206e Pb ages are of Cretaceous (1 spot),
Oligocene (2 spots), and Middle Miocene (10 spots). The
M 'ddl M' 238U 2061 e IOcene - Pb ages range from 11.6 to
18.2Ma, with the average of 14.1 ± 3.6Ma (1 cr). The high
concentration of the Middle Miocene zircon grains on U
Pb age suggests that the intrusive age of the Puesto
Nuevo adakitic rock body is at Middle Miocene, and not
Cretaceous (Fig. 3B). The grain of oldest spot age, e.g.
109± 13Ma (2cr) of the concordia, is interpreted to be
recycled zircon originated from the basement country
rocks. In order to fix above-mentioned age contradiction,
the authors performed fission track dating of zircon
grains for both rock bodies, with help of the facility of
Kyoto Fission Track Co. Ltd. Either magmatic in-situ
zircon grains or recycled ones, fission track may indicate
age of magma cooling. The resuIt for the Cerro Pampa

body is 1l.9 ± 0.6Ma (lcr), being close to the K-Ar age of
Kay, et al (1993),12.1 ± 0.7Ma and 12.0 ± 0.7 Ma. This
fission track age confirms that the Cerro Pampa adakitic
rock body is of Middle Miocene, and that the adakitic
magma was generated about 12 million years before the
ridge collision at la Ma.

It should be also pointed out that the fission track
dating for the Puesto Nuevo body indicates 15.9±0.6Ma

(1 cr), that is, of the Middle Miocene. This age is close to
the 238U-206Pb age of in-situ zircon grains, 14.1 ±3 .6Ma,
suggesting strongly that the Puesto Nuevo adakitic body
is also of the Middle Miocene. Considering the sil!
occurrence of the Puesto Nuevo adakitic body, an excess
argon effect could lead to the Late Cretaceous age
reported in previous paper.

Il is interpreted that the Puesto Nuevo adakitic body is
also related to on-going Chile Ridge subduction event,
and the adakitic magma generation occurred about 14 tp
16 million years before the ridge collision.
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INTRODUCTION
The Tocantins Province, in central Brazil, is a large

orogenic system formed during the assemblage of the Sao
Francisco, Amazon and Paranapanema cratons (Pimentel
& Fuck, 1992) (Fig 1). In the central-southern part of the
province, in the vicinities of the towns of Sao Luis de
Montes Belos, Jussara and Mossâmedes, Neoproterozoic
orthogneisses of the Goiâs Magmatic Arc are in faulted
contact with Archean gneisses of the Uvâ Complex, along
sub-vertical mylonitic zone, known as the Moiporâ-Novo
Brazil shear zone. This is, in fact, a set of extensive
lineaments very clearly marked in radar images for more
than 250 km in the NS orientation. Another expressive
lineament branch out to NNE in the form of open arc,
concave to the SE.

Along the Moiporâ-Novo Brasil shear zone, mylonitic
gneisses with Neoproterozoic model ages are tectonically
interleaved with rocks displaying Paleoproterozoic and
Archean model ages (Pimentel et al., 1996; Gioia, 1997;
Rodrigues et al., 1999). The nature, kynematics and
tectonic significance of this contact is still poorly
understood.

The main objective of this work is to investigate the
tectonic significance of these lineaments through a
detaiIed structural analysis and geochronological study in
order to understand their significance in the tectonic
evolution of the southern part of the Tocantins Province.
In this paper preliminary field and U-Pb and Sm-Nd
isotopic results are presented and discussed.

REGIONAL SETTING
The major tectonic constituents of the Tocantins

Province are: Archean and Paleoproterozoic gneissic
basement rocks, Neoproterozoics supracrustal fold belts
such as the Araguaia, Paraguai and Brasilia belts, and
Goiâs Magmatic Arc (Almeida et al., 1977; Pimentel et
al., 1991, 1992; Fuck et al., 1994).

TTG and granite gneiss rocks togethel' with
greenstone belt sequences comprise the Archean rock
units in the Uvâ Complex. The Goiâs Magmatic Arc is
characterized by metaplutonic rocks, including tonalite
and granodiorite association with volcano-sedimentary
sequences formed in an oceanic island arc system during
the Neoproterozoic (Pimentel & Fuck, 1992, Pimentel et
al., 1996).

The metamorphic rocks of the Goiâs Magmatic Arc
are intruded by a number of K-rich granitic and gabbro-

dioritic intrusions, forming a typical late- to post
orogenic bimodal magmatic suite.

LOCAL GEOLOGY
Between Sao Luis de Montes Belos, Jussara and

Mossâmedes, four distinct tectonic blocks are recognized:
1 - Orthogneisses of the Goiâs Magmatic Arc; 2 - TTG
gneisses of Uvâ Complex; 3 - Fazenda Nova-type
mylonitic gneisses; 4 - Hornblende gneisses type
Sanclerlândia of the Goiâs Magmatic Arc.

tu~:~
. 1- ....

1 /
nem~ 1

.'%: ...... /
S'~. . '.' ,1000 km

I
~···.,·
• . ~Andina OrogenywJf/ 0 Phane~zoic Basin

~
~.:?' LZI Patagonlca Platafonn

~ Exposed orogeny
W of the Brasilian

'/ El Cratons (pré-Brasilian)

Figure 1 - Tectonic Map of the South
Américan. Modificad the Almeida et al

(1981)

The contact between the Uvâ Complex and
Sanclerlândia gneiss is covered by quartzites and
muscovite quartz schists of the Serra Dourada and
Mossâmedes sequences. Garnet-schists are interlayered
with quartzites, along the NE direction, parallel to the
Serra Dourada ridge. These rocks were correlated with
the Araxâ Group and Aral Group (Dardenne, 2000).
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Three groups of intrusive igneous rocks are identified
in the region. Calc-alkaline to alkali-rich granite
magmatism is represented by the large Serra do
Impertinente and Israelândia intrusions. These post
orogenic bodies are exposed west of the Moipora-Jussara
lineament. Late- to post-orogenic granites to the east of
the Moipora-Jussara lineation form small intrusions such
as the Corrego do Ouro, Novo Brasil, Messianopolis,
Itapirapuâ and Fazenda Nova granites. Pre to syn-tectonic
granite intrusions are recognized in the Sanclerlândia
region and are known as the Buriti de Goias, Sâo Mateus
and Mossâmedes granites. The first two are elongated in
the NE direction and the Mossâmedes granite is stretched
in the EW orientation. Mafic-ultramafic magmatism is
intrusive into the Sanclerlândia gneisses. Two of these
bodies are associated with the Sâo Luis de Montes Belos
lineament. Alkaline magmatism is represented by
Cretaceous and Tertiary volcanic e sub-volcanic rocks.

STRUCTURAL ANALYSIS
The Moipora-Novo Brasil shear system is formed by

five large lineaments. The Sâo Luis de Montes Belos
Sanclerlândia lineament forms a narrow ridge in the NS
direction. The Corrego do Ouro Lineament is marked by
the alignment of quartz-gamet schists and mylonitic
quartzite of the Serra Dourada and Mossâmedes
sequences, along the NE direction. The Moipora-Jussara
Lineament, in the NNW direction, is formed by mica
schist layers. In the NS Cachoeira de Goias-Itapirapuâ
shear zone quartzite beds are exposed along the Serra do
Facâo ridge, and between the towns of Fazenda Nova and
Itapirapuâ, it represents the contact between gneissic
rocks of different nature. The NE-trending strike-slip
Faina Fault displays dextral movement.

The kynematics and structural analysis of those
lineaments carried out using conventional movement
indicators and interpretation of satelite images in
association with radiometric ages, suggest an oblique
collision between the Sanclerlândia and Uva blocks, with
vergence from south to north causing the rotation of the
Sanclerlândia block.

U-Pb AND Sm-Nd ANALYSIS
Samples were analyzed at the Geochronology

Laboratory of the University of Brasilia.
TDM model ages for the Sanclerlândia hornblende

gneisses show values between 0.98 to 1.1 Ga, whereas
orthogneisses of the Goias Magmatic Arc, west of
Sanclerlândia, have model ages between 1.13 and 1.29
Ga. Rocks from the Uva Complex have TDM model ages
in the interval between 2.85 and 3.28 Ga. The Fazenda
Nova Gneisses have TDM model ages between 2.25 and
2.33 Ga.

TDM models ages for syn- to post-orogenic granites
fall in three groups: 0.97 to 1.49 Ga, 1.91 to 2.25 Ga and
2.53 to 2.61 Ga.

Two samples of ultramafic rocks present TDM ages of
1.97 and 2.83 Ga and two mafic rocks have model ages of
0.95 and 1.18 Ga.

Fine-grained orthogneisses to the NW of Sâo Luis de
Montes Belos, wall rock of mafic-ultramafic complex,
have TDM models age of ca. 1.28 Ga.

Metassedimentary rocks present model ages of 0.95
and 2.68 Ga, indicating provenance from both
Neoproterozoic and J\!chean sources.

SHRIMP U-Pb age for the pos-tectonic Messianopolis
granite yield a crystallization age of 540 Ma and
conventional U-Pb data for the Sanclerlândia hornblende
gneiss yield a crystallization age of 820 Ma.
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Figure 2. Histogram models age TDM values for rocks in the Sao L. M. Be1os-Jussura-Mossâmedes. region southwestem Goias.
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CONCLUSIONS
Preliminary structural and isotopie data for the rocks

in the region of the Moipora-Novo Brasil shear zone
allows a better understanding of the geological evolution
of this important lineament system. Our results indicate
the presence of rocks belonging to the Goias Magmatic
Arc in this region. Different crustal blocks have been
recognized in the area, representing several main events
of mantle differentiation to produce the continental crust
in this region.

The SHRIMP V-Pb age of 542.3 ± 4.4 Ma for the late
to post-tectonic Messian6polis granite, characterizes the
last displacement of the Moipora-Novo Brasil shear zone
system and represents the upper limit for the Brasiliano
event in the region.

The Moipora-Novo Brasil shear system may represent
a very important descontinuity within the Neoproterozoic
Goias Magmatic Arc and also between the arc and older
terranes. Addtional studies are necessary to understand
the detailed structural evolution of tbis strucuture. The
main question is to address whether this structure
represents the limit between crustal blocks, a suture zone
or simply limits of terranes, with possible tectonic
reactivations during the Phanerozoic.
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Table 1. Pb-Pb zircon ages. Uncertainties are given in 2 o.
Abbreviations of the geologic units are in figure 1.
Zr#. number of zircons used in the age calculation.

1- Klein & Moura (2001),2- Klein & Moura
(in press), 3- Palheta (2001).

Pb-Pb ZIRCON AGES
In the domain of the Sao LUIs Craton there are three

units of distinct ages. The AzGp whose metapyroclastic
rock gave zircon ages of 2240 ± 5 Ma; the TrnISt whose
magmatism took place between 2150 and 2165 Ma; and,
finally, the S-Type granites of the TcISt emplaced around
2080-2090 Ma (Table 1).

GEOCHRONOLOGYANDISOTOPEGEOLOGY
ANALYTICAL TECHNIQUES

Pb-Pb zircon analysis were perforrned in the Para-Iso
(CG-UFPA) using a Finnigan MAT 262 mass
spectrometer, following procedure described in Costi et
al. (2000). Sm-Nd analyses were also performed in the
same instrument following the analytical procedure
described in Palheta (2001). Model ages were ca1culated
based on DePaolo (1988) and the Pb-Pb zircon ages were
used to compute the values of ENd(l). Rb-Sr analyses were
perforrned in the single collector VG-54E mass
spectrometer of the Para-Iso.

INTRODUCTION
Since the early Rb-Sr and K-Ar geochronological

studies of Hurley et al. (1967), Almeida et al. (1968) and
Cordani et al. (1968) the regions of NE-Para and NW
Maranhao states, in northem Brazil, has been divided in
two geotectonic units: the Sao Luis Craton and the
Gurupi Bell. The former has been considered a small
Paleoproterozoic fragment of the West African Craton
and the latter a surrounding Pan-AfricanIBrasiliano bell.
Recent systematic single zircon Pb-evaporation dating
(Pb-Pb zircon) and Sm-Nd isotope investigation, mainly
in the granitic rock, and sorne additional Rb-Sr
geochronology, suggest a more complex geologic
evolution where the Gurupi Belt may be a
paleoproterozoic unit reworked in the Brasiliano (Klein &
Moura, 2001; Palheta, 2001; Klein & Moura, in press).
These geochronological data are reviewed in this paper
and their implications for the lithostratigraphic
framework and geologic evolution are discussed.

REGIONAL GEOLOGY
The main lithostratigraphie units recognized in the

Sao LUIs Craton and Gurupi Belt are shown in the figure
1. The Tentugal Shear Zone would mark the limit
between the cratonic and mobile regions. In the Sao LUIs
Craton occur metavo1cano-sedimentary rocks of the
Aurizona Group, ca1c-alkaline granitic rocks with TTG
affinity grouped in the Tromai Intrusive Suite, and S-type
granites of the Tracuateua Intrusive Suite (Lowell, 1985;
Pastana, 1995). The metavo1cano-sedimentary rocks of
the Gurupi Group compose the main lithostratigraphic
unit of the Gurupi bell. Orthogneisses of TTG affinity
and associated paragneisses and migmatites are grouped
in the Maracaçumé Complex. Mylonitic leucogranite
(with minor andaluzite) named Maria Suprema Granite is
associated with this complex. The Itamoari Tonalite is a
strongly deforrned rock nearby the Tentugal Shear Zone.
The Cantao Granite is a biotite monzogranite intrusive in
the rocks of the Gurupi Group rocks. A number of two
mica granites occur along the Gurupi bell. Sorne are of
Paleoproterozoic age (Ourém, Jonasa and Japiim) and
one is Neoproterozoic (Ney Peixoto Granite). A
nepheline syenite is also associated with the Gurupi Belt
(Boca Nova Syenitic Gneiss). Precambrian and/or
Eopaleozoic molassic coyer (Vizeu, Igarapé de Areia and
Piria formations) complete the rock units associated with
the evolution of the Sao LUIs Craton and Gurupi Bell.

Uoits
AzGp
TrnISt
TrnISt
TrnISt
TrnISt
TrnISt
TcISt
TcISt
ItTn
GuGp
GuGp
MaCx
MaCx
CnGr
JoGr
JaGr
NPGr

Rock type
metapyroc1atic
trondhjemite
monzogranite

tonalite
monzogranite
syenogranite
monzogranite

folial. monzogranite
foliated tonalite

felsic metavo1canic
metadacite

tonalitic gneiss
leucogranite

monzogranite
folial. granodiorito

granodiorite
monzogranite

Zr# Age (Ma)
5 2240 ± 5
5 2165 ± 2
5 2163 ± 3
4 2149 ± 5
1 2152±3
4 2149±4
4 2080 ± 2
6 2091± 5
5 2148 ± 4
4 2148 ± 1
5 2160±3
1 2135±4
1 2128 ± 16
1 2163 ± 4
2 2073 ± 4
4 2084 ± 5
7 549 ± 4

Ref.

2
2
3
3

2
2
3
3
3
3
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Figure 1. Simplified geologic map of the Silo Luis Craton and Gurupi Belt based on Hasui et al. (1984), Rodrigues et al. (1994)
Pastana (1995) and Klein and Moura (2001).

ln the domain of the Gurupi Bell tmee groups of ages
have been recognized. The oldest one incJudes the ItTn,
GuGp, CnGr and the MaCx.The deformed tonalite (ItTn).
gave an age around 2150 Ma, and it may be coeval with
the TTG rocks of the TmISt. The metavolcanic rocks of
the GuGp yielded zircon ages of 2148 ± 1 Ma and 2160 ±

3 Ma, strongly suggesting that this volcanism and the
TTG plutonic event may be contemporary. A small
granitic pluton intrusive in the GuGp is also part of this
older magmatic event (CnGr = 2163 ± 4 Ma). The
gneissic rocks of the MaCx (2135 ± 4 Ma) and an
associated leucogranitic mobilizate (2128 ± 16 Ma),
whose zircons probable yielded minimum ages complete
this first group of units. The ages of the Iwo-mica granites
JaGr (2084 ± 5 Ma) and JoGr (2073 ± 4 Ma) are similar
to those of the S-type granites of the TcISt in the Silo
Luis Craton. The zircon ages of the OuGr, a1though not
weil defined, are situated around 2.0 Ga suggesting that it
may be part of this magmatic event. Finally, the NPGr
with an age of 549 ± 4 Ma is the only Brasiliano age
granitic pluton identified, so far, in this belt.

Inherited zircon crystals were found in the MaCx
(2607 ± Il, 2509 ± 5 Ma and 2580 ± 4 Ma); JoGr (2325
± 10 Ma, 2374 ± 6 Ma, 2387 ± 5, 2446 ± 7 Ma); JaGr

(2351 ± 12 Ma) and OuGr (2459 ± 16 Ma). Detrital
zircon grains of the Vizeu Formation gave ages between
2.0 and 2.1 Ga, whiJe the zi l'con ages of the Igarapé de
Areia Formation grouped in two populations. The older
grains gave minimum ages around 2.0 Ga. The younger
ones, the most abundant, provide ages mainly between
600 and 650 Ma permitting tO constraint the maximum
age for the deposition of the Igarapé de Areia Formation.

Sm-Nd ISOTOPE DATA
TDM ages of the TclSt suggest a Paleoproterozoic

crustal formation age for this region. However, the
slightly positive or negative ENd(!) values of these granitic
rocks may indicate some contribution of older crust. The
Sm-Nd isotope data for the Paleoproterozoic granites in
the Gurupi Bell also permit similar interpretation (Table
2). The contribution of older crust is confirmed by the
presence of inherited zircon crystals in these granites, but
its age is undefined. It may be an older Paleoproterozoic
crust ("" 2.4 Ga based on the inherited zircon ages) or
even Archean.

The Neoproterozoic NPGr, have high negative ENd('J
values indicating a previous crustal history for its
protolith (Table 1). The surrounding Paleoproterozoic
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crust is the natural candidate for source of this pluton,
however, Sm-Nd fractionation, or sorne contribution of
juvenile Neoproterozoic 0) sources, has to be argued to
account for the younger TDM ages (1.7-1.6 Ga).

Rb-Sr ISOTOPE DATA.
Rb-Sr whole rock isochron for the CnGr gave age of

2051 ± 165 Ma (MSWD == 0.69), with 87Sr/86Sr initial
ratio of 0.70213 (191), confirming the Paleoproterozoic
age of this rock. Rb-Sr internai isochron (rock + feldspar
+ muscovite) calculated for the JoGr yielded age of 523 ±
21 Ma (MSWD == 9.16) indicating the effect of Brasiliano
age thenno-tectonic events in this rock unit. Similar
approach was used for the MSGr (Fig. 1), a leucogranite
fonned by partial melt of the rocks of the MaCx during
the formation of the Gurupi Belt (Pastana 1995). Rb-Sr
age (rock + feldspar + muscovite) of 1710 ± 32 Ma
(MSWD == 0.02) was obtained, suggesting that the
Brasiliano event did not play an important role in the
generation of this rock unit.

Table 2. Sm-Nd model ages ENd(t) for granitie roeks of the Sao
Luis Craton and Gurupi Belt ater Palheta (2001).

Unit Rock type TOM (Ga) ENd(t)
TcISt Monzogranite 2.46 0.19
TcISt Monzogranite 2.50 -1.33
TcISt foliat. Monzogranite 2.32 0.97
TcISt foliat. Monzogranite 2.31 l.l5
loGr foliat. Granodiorite 2.40 -l.l5
loGr foliat. Granodiorite 2.09 3.17
JaGr Granodiorite 2.22 1.89
CnGr Monzogranite 2.48 -0.93
CnGr Monzogranite 2.21 2.68
NPGr Monzogranite 1.78 -8.50
NPGr Monzogranite 1.60 -7.83

DISCUSSIONS AND CONCLUSIONS
LITOSTRATIGRAPHIC IMPLICATIONS

The isotope data presented here contributes to
understand the litostratigraphic framework of the Sao
Luis Craton and Gurupi Belt and to constraint the ages of
the studied geologic units. Although there are sorne
inherited Neoarchean zircon crystals in the rocks of the
MaCx, the Paleoproterozoic age of this complex is
stressed by the zircon ages. Thus, the suggested Archean
age for this unit is not confirmed. The granitic rocks of
the TmISt (Sao Luis Craton) and of the ItTn, CnGr
(Gurupi Belt), as weIl as the volcanic rocks of the GuGp
seem to be coeval since their ages are in the same range
(2150-2160 Ma). Thus, the relationship among these
different magmatic events must be investigated. The ItTn,
for instance, may represent a deformed portion of the
TmISt. A widespread peraluminous granitic magmatism
took place in this region around 2080 Ma generating a
number of intrusive plutons, presently exposed in both
cratonic and belt domains (TcISt, JaGr, loGe and OuGr).
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As a result of the Brasiliano defonnation, that reworked
the rocks of the Gurupi belt, a small granite pluton
(NPGr) intruded the paleoproterozoic rocks. The detrital
zircon ages of the Igarapé de Areia Fonnation, mainly
between 600 and 650 Ma, constraint to the
Neoproterozoic (Vendian) the maximum age for the
deposition of the molassic coyer occurring nearby the
Gurupi Belt. The Vizeu Formation, which occurs near the
AzGr (Fig. 1), may be contemporary cratonic coyer,
however, an oIder age cannot be ruled out since the
detrital zircon ages of their rocks concentrated in the
Paleoproterozoic.

GEOLOGIC EVOLUTION
The rock of the Sao Luis Craton and Gurupi Belt

seem to share a common Paleoproterozoic evolution. By
analogy with the Paleoproterozoic domains of the West
African Craton this crustal segment is a result of
amalgamation of oceanic plateau and island arc (and the
associated back-arc basins) to the pre-existent Archean
crust (Libéria, South Para and Amapa for example). This
evolution may have begun around 2.3 Ga, as suggested
by sorne inherited zircon crystals. The older age of the
metapyroclastic rocks of the AzGp (2.24 Ga) also
suggests an older history, but the main period of rock
formation is around 2.16 Ga. This Paleoproterozoic
collage resulted in metamorphism and defonnation of the
metavolcano-sedimentary sequences (GuGp for
example), in addition to the partial melt forming
peraluminous granitic magmas, that intruded these
sequences around 2.08 Ga. Subsequent stabilization was
achieved until the assemblage of Gondwana has started.
However, an incipient intracratonic fragmentation may
have occured prior to this event to account for the
presence of the nepheline syenite of Boca Nova (Fig.1)
with a minimum Rb-Sr age of 720 Ma (Villas, 1982). The
amalgamation of Gondwana resulted in the formation of a
number of Pan-African/Brasiliano belts, sometimes
involving both the accretion of new crust and reworked
crustal segment. The exhumed portion of the Gurupi Belt
is a Paleoproterozoic crust reworked during the
Brasiliano by transcurrent shear zones (Tentugal Shear
Zone) that accommodate mass displacement during
Gondwana assemblage. The rock deformation and
metamorphism associated with this shear zone reset, in
sorne places, the Rb-Sr and K-Ar minerai system and led
to localized partial melt forming granitic magmas
(NPGr). Since the Gurupi Belt is covered by phanerozoic
sediments to the south, it is not known if it is associated
with younger rocks. However, the presence of detrital
zircon grains of Brasiliano age in the molassic cratonic
coyer (lgarapé de Areia Formation) nearby the Gurupi
Belt, requires the presence of younger (Brasiliano age)
rocks in the neighborhood of the belt.
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INTRODUCTION
Neodimium isotope data for clastic sediments of

orogenie belts may provide important insights into the
potential sources from which they derived. Of particular
interest are fine-grained clastic sediments that are
generally assumed to represent the mean composition of a
large continental segment (e.g. Allegre & Rousseau,
1984; lahn & Condie, 1995). The similarity of REE
patterns in several clastic sedimentary rocks has been
taken to imply that little fractionation of Sm-Nd
accompanies the generation of clastic sedimentary rocks
from their precursors. Consequently, model ages
calculated from Sm-Nd data for sedimentary rocks may
be expected to ref1ect the average residence age of the
crust feeding sedimentary basins (McCulloch &
Wasserburg, 1978). Conversely, the Nd mode! age of a
sedimentary rock is a maximum estimate for its
deposition.

The Canindé Domain is one of the seven tectonic
domains that make up the Sergipe orogenie belt. It
consists of a metavolcano-sedimentary sequence crosscut
by a gabbroic complex and granites. The genesis of the
mafic rocks of the Canindé Domain has been a matter of
intense debate. They have been interpreted as an ophiolite
sequence (Silva Filho, 1976), continental-type
magmatism (Oliveira & Tamey, 1990), and intra-oceanic
arc sequence (Bezerra, 1992; Silva Filho, 1998).
However, little has been commented on the sedimentary
rocks, their diversity and provenance.

In this paper we report a Pb-Pb isochron for marble
samples and Nd isotope data for associated
metasedimentary rocks. In order to discuss sediment
provenance we present additional Nd isotope data for
island arc-type granites and amphibolites of the Canindé
Domain, and gneisses from the adjacent Poço Redondo
Domain and Pernambuco-Alagoas Massif.

GEOLOGICAL UNITS
The Sergipe orogenie beH trends ESE-WNW and is

thought to have originated by the collision between the
Pernambuco-Alagoas Massif to the north and the Sâo
Francisco craton to the south during the Pan African
Brasiliano Orogeny (Brito Neves et al., 1977; Davison &
Santos, 1989; D'el-Rey Silva, 1995). It represents the
Brazilian continuation of the Neoproterozoic
Oubanguides Fold Belt in Africa (Trompette, 1994), and
comprises seven fault-bounded lithotectonic domains:
Sul-Alagoas, Canindé, Poço Redondo, Maranc6,

Macururé, Vaza Barris e Estância (Santos & Souza, 1988;
Davison & Santos, 1989; Silva Filho et al., 1997).

The Canindé Domain is made up of volcano
sedimentary rocks of the Novo Gosto and Gentileza units.
The latter is crosseut by enclave-rich granodiorite of the
Lajedinho Granite, porphyritic granodiorites and
rapakivi-like granites. These units are crosscut by the
Canindé layered Gabbroic Suite, the Xing6, Boa
Esperança and Serrota leucogranites and other minor
granite types. To the south the Canindé domain lies in
contact with migmatites, gneisses and granites of the
Poço Redondo Domain along a high-angle shear zone. To
the north it is in contact with rocks of the Pernambuco
Alagoas massif.

The Novo Gosto unit is made up of fine-grained
amphibolites intercalated with metapelites, metasiltites,
metacherts, graphite schists, cale-silicate rocks and
marbles. These rocks are crosscut by mafic and felsic
dykes, and by Fe-Ti-rich gabbroic bodies. Field
relationships along riverbeds show that the amphibolites
are interleaved with marble lenses and fine-grained
metagreywacke and metasiltites. They are tightly folded
with axial plane foliation dipping 40o NE. Granites of the
Gentileza Unit and gabbros of the Canindé Suite crosscut
this sequence.

The Gentileza Unit is mainly formed by amphibolites
and dolerite dykes, with minor gabbroic bodies and
offshoots of porphyritic granodiorite and stocks of the
Xing6 and Serrota leucogranite.

The Canindé Suite trends E-W and is composed of
massive and layered gabbroic rocks with igneous layering
dipping 55°SE. They range in composition from
peridotite through olivine-gabbronorite, norite, gabbro,
pegmatitic gabbro to leucotroctolite and anorthosite.
These rocks display nicely preserved intergranular and
cumulate textures.

Three additional types of granitic bodies are also
known in the Canindé Domain. They are the Serrota,
Lajedinho and Boa Esperança granites. Amongst them,
the Boa Esperança granite is the most abundant; it is a
weakly to non-deformed fine- to medium-grained
leucomonzogranite that usually crops out in close
association with basic rocks of the Novo Gosto and
Gentileza units. The Serrota Granite differs from the Boa
Esperança in both structure and composition. It consists
of deformed granodiorite, often with gneissic structure
and porfiroclastic texture. The Lajedinho Granite crops
out close to the Xing6 dam and corresponds to a
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porphyritic monzogranite to granodiorite with superb
flow structure defined by mafic enclaves; these features
render comparisons with island-arc granitoids.

ANALYTICAL PROCEDURES
Whole-rock Sm-Nd isotope analyses were done at the

Laboratory of Geochronology of the University of
Brasilia following the analytical procedures of Gi6ia &
Pimentel (2000). Depleted-mantle Nd model ages (TDM)

were calculated using the model of DePaolo (1981). Pb
isotope data were obtained on marble samples from a
single outcrop; Analyses were carried out at the
Geochronological Research Center of the University of
Sao Paulo following the analytical procedures described
in Babinski et al. (1999).

RESULTS
The Pb-Pb isochron (Fig. 1) of four marble samples

from the Novo Gosto unit yields the age 963 ± 20 Ma
(la). Because deformation and metamorphism can affect
the Pb isotope system (Babinski et al., 1999), this age
must be interpreted as the time of metamorphic
recrystallization of the marble protolith.

Sm-Nd isotope data for metasediments, amphibolite
and granitic rocks of the Canindé domain are presented in
Figure 2. Data for a migmatite from the Poço Redondo
Domain (Silva Filho et al., 1997) and representative
samples from the Pernambuco-Alagoas Massif (Silva
Filho et al., 2002) are also shown for comparison, as
these two regions are potential sources for sediments of
the Canindé Domain. The depleted-mantle Nd-model
ages (TDM) for metasediments of the Novo Gosto Unit
cluster in two groups, namely around 1.1 Ga and between
1.3 Ga and 1.5 Ga. The amphibolite to which several
marble lenses are associated present Nd-model age of
1.12 Ga, whereas the Lajedinho Granite yields the age
1.22 Ga. If we consider the 960 Ma age as the minimum
age for the deposition of the marbles, then the
recalculated ENd(I=Ü.96Ga) value of the amphibolite is +4.2,
suggesting a primitive, mantle-derived origin for this rock

DISCUSSION
The isotope data presented here have several

implications for the geologic evolution of the Canindé
Domain.

Firstly, the Pb-isochron age (ca. 960 Ma) found for a
marble lens indicates that the geological evolution of the
Canindé Domain must have started at least in the
Mesoproterozoic. It is also a minimum estimate for the
associated amphibolites, because field relationships
between amphibolite and marble on the Riacho dos
Porcos suggest that both rock types may be coeval. This
is particularly likely because the marble occurs as several
narrow lenses (up to 30 cm thick) interleaved with fine
grained amphibolites, and no structural repetition of these
rocks by folding or thrusting is observed. On these
grounds, we suggest that the amphibolite protoliths were
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basait flows separated from each other by deposition of
limestones. Initial ICP-MS trace element data for these
amphibolites and comparable rocks elsewhere in the
Canindé Domain, combined with their positive ENd(t=Ü.96Ga)

values point to a complex and diverse evolution for this
domain, with basalts similar to oceanic plateaus, MORBs
and island arc tholeiites aIl occurring in a single teetonie
domain. The most likely tectonic setting for the close
association of these distinct basait types is the
accretionary wedge of an island-arc system. The
occurrence of graphite schists sandwiched in clastic
sediments of the Canindé Domain may be an additional
evidence for such teetonie setting, because they could
weIl be the metamorphosed equivalent of modem
methane hydrate found in accretionary complexes
(Hyndman, 1992; Windley, 1995).

Secondly, the bimodal distribution of Nd model ages
observed on the Novo Gosto metasediments, i.e. ca. 1.1
Ga and 1.3-1.5 Ga, indicates contribution of at least two
main sources for their protoliths. In general, each
metasediment Nd model age is interpreted as source
mixtures. For the metasediments that present TDM close
to 1.1 Ga a likely source is the Novo Gosto amphibolites
(TDM=1.12 Ga), which could also have acted as basement
for sediment deposition. The Nd model ages for the
second group, on the other hand, must be explained by
mixing of two or more sources, one old and another
young. Amphibolites of the Novo Gosto or of the arc-like
Lajedinho Granite (TDM=1.22 Ga) are potential
candidates for the young source, whereas the Poço
Redondo migmatites (TDM=1.75 Ga; Silva Filho et al.,
1997) and gneiss (TDM=1.67; our data), or migmatites and
gneisses of the Pernambuco-Alagoas Massif (TDM=1.55
2.51 Ga; Silva Filho et al., 2002) are the most likely old
components. Whether these two latter areas have actually
contributed sediments to the Canindé domain basin is an
open question because the original geographic position of
this domain is uncertain. Many modem orogenie beIts are
composed of exotic terranes that may have travelled
several thousands of kilometers from their site of origin.

ln summary, our initial findings suggest that the
Canindé Domain of the Sergipe orogenie beIt is a
Mesoproterozoic destructive plate margin sequence,
possibly similar to that of western North- and South
America or Southeast Asia. During its subsequent
collision with the Poço Redondo and/or Pernambuco
Alagoas microcontinents syntectonic granites were
emplaced. Later extension made room available for
emplacement of the Canindé gabbroic complex and minor
rapakivi-like granitoids.
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INTRODUCTION
MetaQasic rocks and amphibolite are commonly

associated with metasediments of Sao Roque, Serra do
Itaberaba and Itapira Groups, in the central east portion of
Sao Paulo State, Ribeira Belt, Brazil. Geochemical
studies of these mafic rocks (Souza, 200 1) show their
igneous nature and tholeiitic E-MORB basaIt affinity
suggesting their relationship with a back-arc type basin.
New 40ArP9Ar analyses of metabasic rocks and
amphibolites that crop out near Alumfnio and Hermida, in
the vicinities of Sorocaba and Jundiai are now presented
and discussed in order to contribute to the geological
history of the Ribeira belt. The analyses were performed
at the Geochronological Research Center (CPGeo) of
University of Sao Paulo, Brazil, following Vasconcelos et
al., 2002.

GEOLOGICAL SETTING
The Itapira Group, in the central-east part of the State

of Sao Paulo, is tectonically juxtaposed with the Sao
Roque and Serra do Itaberaba Groups - by means of the
Jundiuvira shear zone. In the vicinity of Jundiai,
amphibolite crops out in the region of Hermida,
associated with quartzite, schist and migmatite and
intruded by granitic rocks (Hasui et al., 1978; Oliveira et
al., 1987; Souza, 1997; 2001). A K-Ar analysis for one of
these amphibolite yields an age of 1046 ± 45 Ma (Hasui
& Hama, 1972). In addition, U-Pb determinations (zircon
and monazite) of a granitic intrusion, that represents a
tangential transpressive tectonic event, yield ages of 625
and 610 Ma, respectively. These ages constrain the time
of metamorphism and tectonism in the central part of the
Ribeira belt (Hackspacher et al., submitted).

The metamorphic units of Sao Roque and Serra do
Itaberaba Groups crop out along the southern portion of
the Jundiuvira shear zone, within the Sao Roque tectonic
domain, limited to the south by the Taxaquara shear zone
(Hasui et al., 1969; Hasui et al., 1970; Hasui, 1975). The
Serra do Itaberaba Group makes up the basal section of
the Sao Roque Group and include schist units with
abundant amphibolite intercalation (Juliani et al., 1986;
Juliani & Beljavski, 1995). The Sao Roque Group
consists of phyllite, quartzite, metaconglomerate and
metabasic rocks intruded by granitic plutons (Hasui,
1975; Oliveira et al., 1998; Souza, 2001). Only a few
isotopie determinations are available for these area: i) two
metamorphic events at 1.4 and 0.8-0.7 Ma (Rb-Sr and Pb-

Pb) for the Sao Roque metassedimentary sequence are
described by Tassinari et al., 1988; ii) a matie
metavolcanic from Pirapora do Born Jesus Formation
(Sao Roque Group) has a U-Pb monazite age of 628 ± 8
Ma which is interpreted as the crystallization age
(Hackspacher et al., 2000); iii) the deposition time of the
Serra do Itaberaba Group is constrained by U-Pb zircon
age of 1395 ± 10 for a metandesite (Juliani et al., 2000).

The Hermida amphibolite (Itapira Group) comprises
three small lenticular bodies oriented parallel to the
regional foliation, composed essentially of andesine and
hornblende, with diopside, gamet, quartz and opaque
mineraIs. The metamorphic equilibrium corresponding to
this association indicates temperatures between 700 and
830°C and pressures of 6-7 kbar, in coherence with
amphibolite facies (Souza, 1997,2001).

The Alumfnio amphibolite is part of the Serra do
Itaberaba Group. This body is cross eut by transcurrent
faults, whilst its W-NW portion is intruded by the Sao
Francisco granitic massif, emplaced between 0.7 and 0.55
Ga (Tassinari et al., 1988). It shows varied petrographie
types such as hornblende amphibolite, hornblende
actinolite amphibolite, actinolite amphibolite, and olivine
amphibolite. Two metamorphic peaks are recorded in this
rock: one with temperatures between 450 and 550 oC and
pressures between 2 and 4 kb (greenschist facies),
whereas the other has temperatures in the interval of 550
and 700 oC and pressure between 5 and 7 kbar
(amphibolite facies; Souza, 2001).

RESULTS AND DISCUSSION
The Hermida amphibole (hornblende - SH-lB) yields

Ar-Ar plateau ages of 614 ± 8,579 ± 5 and 582 ± 6 Ma,
and a mean age of 591 ± 19 Ma (Fig. 1). This mean age
constrains the minimum age of metamorphism, which is
roughly consistent with the time of transpressive
tectonics and metamorphism affecting the Ribeira belt at
between 620-610 Ma ago (Hackspacher et al., submitted).
In addition, this new Ar-Ar age implies that a previous
reported K-Ar age for the Hermida amphibolite (Hasui &
Hama, 1972) is probably meanless, due to excess argon.

Two Ar-Ar analyses were performed in the Alumfnio
amphibolite, but yielded discordant apparent age patterns.
SA-81 sample exhibits a Ar-Ar plateu age (one analysis)
of 1312 ± 6 Ma, but the other two step heating analyses
showed varied isotopie disturbance, which is a common
feature of analyses in actinolite (Fig. 2). Particularly the
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plateau age may be considered as the minimum age for
the regional metamorphism - in agreement with the idea
that deposition of the Serra do Itaberaba Group started at
ca. 1395 Ma ago (Juliani et al., 2000).

Sample SA-142 (homblende-actinolite) yields much
younger ages - a plateau age of 780 ± 10 Ma, and two
comparable integrated ages of 799 ± 6 and 852 ± 7 Ma,
with a mean age of 800 ± 20 Ma (Fig. 3). Tassinari et al.
(1988) describe for the Silo Roque meta-
volcanossedimentary sequence two metamorphic
superimposed events at lA and 0.8-0.7 Ma, based on Rb
Sr and Pb-Pb detenninations. Recently an age of 811 ± 13
Ma is reported for the Ribeira belt rocks (Embu
Complex), by Cordani et al. (2002) and interpreted as the
age of crystallization of granodiotitic-tonalitic gneiss,
cropping near Silo Lourenço da Serra, 50 Km SE of
Aluminio. The meaning of this age is considered by the
authors as re1ated to a magmatic arc activity and later
allochthonous terrane assembly, during closure of the
Adamastor ocean. So the ages of 1312 ± 6 and 800 ± 20
Ma now obtained may represent minimum ages for two
metamorphic events occurred in this area.

ACKNOWLEDGEMENTS
To FAPESP (Project 99/05137-5) for financial

support and to Artur T. Onoe for his dedication to the
analyses.

REFERENCES
Cordani, U. G.; Coutinho, J. M. V.; Nutman, A P., 2002.

Geochronological constraints on the evolution of the Embu
Complex, Sao Paulo, Brazil. Journal of South American
Earth Science, 14: 903-910.

Hackspacher, P. c.; Dantas, E. L.; Spoladore, A; Fetter, AH.;
Oliveira, M. A. F., 2000. Evidence for Neoproterozoic back
arc basin development in the Central Ribeira Belt,
southeastern Brazil: new geochronological and geochemical
constraints from the Sao Roque-Açungui Groups. Revista
Brasileira de Geociências, 30(1): 110-114.

Hackspacher, P. c.; Ribeiro, L. F. B.; Ribeiro, M. C. S.; Fetter,
AH.; Hadler Neto, J. c.; Tello, C. S.; Dantas, E. L.,
submitted. Consolidation and break-up of the South
American Platform in southeastern Brazil: tectonothermal
and denudation histories. Gondwana Research,

Hasui, Y, 1975. Geologia da folha Sao Roque. Boletim IG
USP,6: 157-183.

Short Papers -IV South American Symposium on Isotope Geology

Hasui, Y. & Hama, M., 1972. Geocronologia do Grupo sao
Roque pelo método potâssio-argônio. Revista Brasileira de
Geociências,2: 18-24.

Hasui, Y.; Penalva, F.; Hennies W. T., 1969. Geologia do
Grupo Sao Roque. In: XXIII Congresso Brasileiro de
Geologia, Anais, Salvador, 101-135.

Hasui, Y.; Tognon, A. A.; Soares, L., 1978. Geologia e
tectônica da Serra do Japi. Boletim IG. Instituto de
Geociências, USP, 9: 17-24.

Juliani, C. & Beljavskis, P., 1995. Revisao da litoestratigrafia da
faixa Sao Roque-Serra do Itaberaba, SP. Revista Instituto
Geol6gico, 16(1/2): 33-58.

Juliani, C.; Beljavskis, P. Schorscher, H. D., 1986. Petrogênese
do vu1canismo e aspectos metalogenéticos associados:
Grupo Serra do Itaberaba na regiao de Sao Roque, SP. In:
XXXIV Congresso Brasileiro de Geologia, Anais, Goiânia,
2: 730-747.

Juliano, c.; Hackspacher, P. c.; Dantas, E. L.; Fetter, AH.,
2000. The Mesoproterozoic vo1cano-sedimentary Serra do
Itaberaba Group of the central Ribeira Belt, Sao Paulo,
Brazil: implications for the age of the overlying Sao Roque
group. Revista Brasileira de Geociências, 30(1): 82-86.

Oliveira, M. A. F. de; Batista, J. J.; Morales, N., 1987.
Caracterizaçao geoquimica de rochas anfiboliticas do Grupo
Itapira nas folhas de Atibais e Jundiai (SP). In: VI Simp6sio
Regional de Geologia, Anais, Sao Paulo, 1: 23-32.

Oliveira, M. A F. de; Godoy, A M.; Hackspacher, P. c.;
Morales, N., 1998. Geologia da folha Sao Roque (SP) em
1:50000. Geociências, 17(2): 371-398.

Souza, S. C. A, 1997. Anfibolitos ortoderivados do Complexo
Itapira e do Bioco Sao Roque nas folhas Cabreuva,
Sorocaba, Hu e Sao Roque (SP): petrografia, litoquimica,
quimica minerai e termobarometria. Instituto de
Geociências e Ciências Exatas, Universidade Estadual
Paulista, Dissertaçao de Mestrado, 137pp

Souza, S. C. A, 2001. Petrologia dos corpos anfiboliticos de
Herrnida, Alurninio e Pirapora do Born Jesus, SP. Instituto
de Geociências e Ciências Exatas, Universidade Estadual
Paulista, Tese de Doutorado, 178pp.

Tassinari, C. C. G.; Kawashita, K.; Van Schmuss, R.; Taylor, P.
N., 1988. As idades das rochas e dos eventos metam6rficos
da regiao sudeste do estado de Sao Paulo. In: XXXV
Congresso Brasileiro de Geologia, Anais, Belem, 6: 2840
2853.

Vasconcelos, P. M.; Onoe, A. T.; Kawashita, K.; Soares, A J.;
Teixeira, W., 2002. 40Ar/39Ar geochronology at the Instituto
de Geociências, USP: instrumentation, analytical
procedures, and calibration. An. Acad. Bras. Ci., 74(2): 297
342.

- 234-



Short Papers -IV South American Symposium on Isotope Geology

952-01 / SH-1B / Hornblende / Plateau 952-01 / SH-l B / Hornblende / Plateau

A

40 g
1

20 r
e,

80 %
R

40 a
d

Age (Ma)

Cumulative %39Ar Released

952-01+02+03/ SH-1B / Hornblende /Ideograma

ln
614+ 8

Mal

1------.

c 0 E

Il
0

Integrated Age = 560 ± 50 Ma
10 20 30 40 50 50 70 80 9QGlI ~oo

030

020 . .
010

.
= . . :. .

580.3
20

15

V[10

05 5193--- >---< 591 ,,1
00

1200

1400

1000

200

2=

M

fa
~o

3
0

90
A,

ë 1000

~ 800
o
~

o 1600

:?'
ID

~

80 %
R

40 a
d

80 %
R

40 a
o d

Cumulative %39Ar Released

Cumulative %39Ar Released

952-03/ SH-1B / Hornblende / Plateau

~ Il

~582 ,,6 tv'o ----;

c ,ç '"T

Integrated Age," 597! 10 Ma
10 20 JO 40 50 60 !(J' SO 1 )

ln
614 + 8 Ma

1
f-------,

c 0 E
1

~Integrated Age ~ 560 ± 50 Ma F
0

10 20 30 40 50 50 70 80 90 H J

200

200

400

800

600

400

1800

1600

1400

2CXXJ

,=

1800

1600

2=

1200

o
:?'
ID
~ 1200

o
:?'
ID 1.400

~

Figure 1. Incremental heating analyses of hornblende of the Hermida amphibolite (Sample SH-lB).
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INTRODUCTION
The Borborema Province (Almeida et al., 1977) is

located in the NE Brazil, comprising an area of
aproximately 450,000 sq km. It corresponds to the
western part of a great Pan-African-Brasiliano fold belt
formed at 600Ma, through the convergence of the cratons
Siio Luis, West Africa, Siio Francisco and Congo-Kasai.
The convergence and aglutination of these cratonic
masses during the Neoproterozoic formed the
supercontinent Western Gondwana (De Witt et al., 1988).
The subsequent break-up of Western Gondwana during
the Mesozoic occurred due to the South Atlantic opening.
The Borborema Province evolution is closely related to
its African counterpart, namely provinces Hoggar,
Nigerian, Central Africa and the Pharusian belt (Van
Schmus et al., 1995). Geochronological studies have
confrrmed the occurrence of the orogenies
TransamazonianlEburnean (Paleoproterozoic) and
BrasilianolPan-African (Neoproterozoic) in both
continents. New concepts on the evolution of the
Borborema Province during pre-Brasiliano times and
correlations with the African counterpart have recently
been drawn, together with possible connections between
the evolution of the Rodinia supercontinent and the
Cariris Velhos event. New Nd isotopie data of
metamorphic rocks have been produced in order to better
understand the crustal evolution of the Pernambuco
Alagoas Complex (Silva Filho et al., 2(02) during pre
and syn-Brasiliano times.

GEOLOGICAL SETTING
The Pernambuco-Alagoas Complex (Silva Filho et al.,

2002) belongs to the Southern Tectonic Domain of the
Borborema Province (Brito Neves et al., 2000) (Fig. 1). It
is limited to the north by the Pernambuco shear zone and
to the south and to the southwest by the Sergipano and
Riacho do PontaI fold belts. It is comprised by high
grade ortho- and para-derived metamorphic complexes,
of possible Mesoproterozoic age (Santos, 1995; Medeiros
and Santos, 1998), intruded by Neoproterozoic granites
(Silva Filho et al., 2002). The Pernambuco-Alagoas
Complex have been divided into two crustal domains
namely Garanhuns and Aguas Belas, with TDM model
ages ranging respectively from 2.40 to 1.80 Ga and from
2.1 to 0.9 Ga. (Silva Filho et al., 2002). Pessoa et al.
(1978) obtained a Rb-Sr reference isochron yielding age
of 1.45 Ga. on metatexites in contact with garnet-gneisses

(Cabrob6 Complex) located 30Km to the NE end of the
area. Cross sections done recently show the metatexites in
contact with the metassediments. The study area is
located on the limit between the crustal domains Agua
Branca and Garanhuns.

FIELD RELATIONS AND PETROGRAPHY
Geological mapping in the scale 1: 100,000 of a ca.

2,000 sq km area have been done, aiming to characterize
the metamorphic complexes, plutonic and metaplutonic
rocks and their stratigraphie relations. The mapping
revealed a metassedimentary sequence, a migmatitic
granitic complex and various syn- to late-tectonic plutons
of granitic composition.
1. The metassedimentary sequence corresponds to the
Cabrob6 Complex (CC), recently defined for the eastern
part of the Pernambuco-Alagoas Complex by Medeiros
and Santos (1998). This complex, in the approached area,
is the main unit. It is comprised by garnet-biotite
gneisses locally migmatized, muscovite-biotite-gneisses,
quartzites, garnet-cale-silicates, and lenses of amphibolite
and metabasic rocks. The sequence is divided into two
parts by a migmatitic-granitic complex, described below
(Fig. 2). The contacts between the migmatitic-granitic
complex and the metassedimentary sequence are sharp
and partially marked by a transcurrent shear zone. One
deformation phase is characterized by recumbent and
isoclinal folds, with vergence towards NW. The sequence
is eut by various syn- to late-tectonic granitic plutons,
mainly garnet bearing, of tonalitic to granodioritic
compositions. Sorne of them show dioritic enclaves and
cuspate contacts between them and their host facies,
suggesting that magma rnixing process acted during their
genesis. The sequence is cut by bodies of syn-tectonic
and migmatizes diorites.
2. The Migmatitic - Granitic Complex (MGC) crosses
NE-SW the whole area, sectioning the metasediments,
following a late transcurrent shear zone. It is mainly
comprised by (1) Metatexites with dioritic and amphibole
bearing mesossome, and tonalitic to granodioritic
leucossome (Fig. 2); (2) Metatexite to diatexite, of
leucossome of sienogranitic composition. The later facies
is eut by syn-tectonic bodies of diorites, apparently
controlled' by high-angle shear zone. They grade to the
high-K sienogranite leucossome, which can evolve to
hundred meters stock. Few granitic plutons and stocks eut
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this complex. They show granodioritic to monzogranitic
composition, without gamet.

ISOTOPIC DATA
Nd isotopic data were obtained in the Isotope

Geochemistry Laboratory, University of Kansas. The
table 1 shows the new data from samples from the
approached area. Other data are from Silva Filho et al.
(2002). There are available 3 samples of gamet-biotite
gneisses from the Cabrob6 Complex, located within and
close to the study area. They show TOM ages ranging
from 2.12 Ga up to 2.60 Ga, and ENd ranging from
-17.08 to -20.9 (T=0.6 Ga). It was analysed 2 samples
which belong to the MGC. They show TOM ages with
values 1.41 and 1.34 Ga, and ENd (T=0.6Ga.) respectively
-13.2 (ortho-gneiss) and -1.~4 (metatexite). There are
available 3 Nd isotopic data -from granites intruded into
the Cabrob6 Complex (SCB-l, AB-3', and AB-8), and
located within and around the study area. The Serra da
Caatinga Branca pluton (SCB-l) cuts the Cabrob6
Complex, shows tonalitic to granodioritic composition
and is gamet bearing. Furthermore, its isotopic signature
is close to that showed by the metassediment, sample
VENT-6. The Aguas Belas granite is intruded in contact
with the Cabrob6 Complex, showing TOM age of 2.14 Ga
and ENd (T==0.6 Ga) of -12.4, suggesting hybrid nature.
The Curral Novo pluton (AB-3') show even more
contrasting result, with TOM age of 1.15 Ga and ENd (t==0.6
Ga.) of -2.0.

CONCLUSIONS
1.The CC metassediments Nd isotopic signature suggests
a heterogeneous source for it. Their ENd (T==0.6 Ga.)
suggest a major Paleoproterozoic protolith for them, with
minor or none MesolNeoproterozoic crustal contribution
for them. The Serra da Caatinga Branca pluton shows a
similar Nd isotopic signature to the metassediments,
evidencing that its protolith is mainly crustal and that
middle to high crust partial melting process was very
significant in the central to the northem part of the
Pemambuco-Alagoas Complex. It is expected that similar
process acted during the genesis of the others granitic and
gamet-bearing plutons intruded into the Cabrob6
Complex.
2.The MGC analysed rocks are ortho-derived ones and
their TOM ages should represent (1) Mixture of
Mesoproterozoic juvenile magma which interacted with a
Paleoproterozoic crust, or (2) Mesoproterozoic juvenile

Short Papers -IV South American Symposium on Isotope Geology

magmatism with minor crustal interactions and extracted
from an enriched lithospheric mantle. The possible age of
ca. 1.45 Ga for the Cabrob6 Complex suggests that the
MCG should represent a pre- to syn-tectonic juvenile
magmatism of similar age.
3. The MGC shows TOM much younger, and much higher
ENd (T=0.6 Ga) than that showed by the Cabrob6
Complex, evidencing that it can not be underlying il.
Both ENd (T==0.6 Ga) showed by the analysed samples are
evidence that different proportions of lower mafic crust
and mantle protolith interacted, producing a dioritic
batholith, later intruded into the CC and rnigmatized
during regional metamorphism. The migmatization is
syn-transposition. Later extraction of magma, with
producing of tonalitic stocks has been observed.
4.The MGC records a calc-alkaline magmatism of
intermediate composition, typical of active continental
margin, possibly of Mesoproterozoic age.
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Figure 1. Simplified geoJogie map of the Pernambueo-Alagoas Complex (Silva Filho et al. 2002). 1. High-K ealc-alkaline garnet
bearing granites; 2. High-K eale-alkaline peralurninous monwgranites; 3. High-K ealc-alkaline metaluminous porphyritie

granodiorites; 4. Shoshonilic affinity granitoids; 5. Undifferentiated granites; 6. Sergipano fold belt rocks;
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10. Ortho derived migmatites and tonalitie granites; lI. Archean basement.

Table 1 . Nd isotopie data ofrepresentative rocks of the Pernambueo-Alagoas CompJex. * Denotes new isotopie data and ** denotes
isotopie data eompiled of Silva Filho et al. (2002).

Sample Li toiogy
TDM
(Ga)

95-266 Garnet-biotite-gneiss 54,67 9,54 0,10549 0,51/21 9 -27,8 -20,9 2,60**
VENT-6 Garnet-biotite-gneiss 72,59 Il,86 0,09876 0,511379 19 -24,56 -17,08 2,20*
VENT-9 Garnet-bioti te-gneiss 34,65 4,84 0,08439 0,511234 55 -27,39 -18,8 2,12*

Granites

.. ef' GM'

seB-1 Garnet-beari ng 65,96 8,76 0,08031 0,51/22 9 -27,6 -18,7 2,08**
granite

95-268 Diatexite 8,05 1,43 0,10734 0,51159 9 -20,5 -13,7 2,09**
AB-8 Sienogranite 21,26 4,12 0,11710 0,51169 9 -18,5 -12,4 2,14**
AB-3' Granodiorite 22,83 3,44 0,09107 0,51212 9 -10,1 -2,0 1,15**

Igma ItIC· rarntIc omplex
VENT-8 Garnet-bearing 37,89 1,5 0,02388 0,511283 51 -26,4 -13,2 1,41*

gneiss
BUQ-6 Metatexite with 35,81 7,46 0,12594 0,512265 41 -7,27 -1,84 1,34*

hornblende dioritic
mesosome
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Sm-Nd system. 1. Tona!itic to monzogranitic granites, 2. Biotite-hornblende-gneisses, 3. Migmatites metatexite to diatexite of

leucosome of sienogranitic composition, 4. Migmatites metatexite and diatexite with dioritic and hornblende-bearing
mesosome and tonalitic to granodioritic leucosome, 5. Quartzites, 6. Muscovite-biotite-gneisses,

7. Garnet-biotite-gneisses, 8. Faults, 9. Geologie contacts, 10. Nd isotopie data compiled of
Silva Filho et al. (2002), J J. New Nd isotopie data, 12. Village and IOwn.
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(PARAMILLOS ALTOS), SOUTHERN MENDOZA, ARGENTINA

Ostera, H.A.1
; Cagnoni, M.C.I

; Rarnos, A.1
; Haller, M.2

; Linares, E.1 and Joensen, V.

1. Instituto de Geocronologia y Geologia Isot6pica (INGEIS). Pabe1l6n INGEIS. Ciudad Universitaria. Ciudad Aut6noma de Buenos
Aires. Argentina. ostera@ingeis.uba.ar; mariana@ingeis.uba.ar; adriana@ingeis.uba.ar; Iinares@ingeis.uba.ar

2. UNPSJB - Centro Regional Patag6nico (CENPAT). Puerto Madryn. Chubut. Argentina. haller@cenpat.edu.ar

Keywords: Arc magmatism, Paramillos Altos, Mendoza

INTRODUCTION
Paramillos Altos Intrusive Belt (PAIB) (Ostera, 1996)

is located in the thick skinned folded-tbrust belt of
Malargüe, southwestem Mendoza, Argentina (Fig. 1).
Geochemical, geochronologic and isotopic studies were
cartied out (Ostera, 1996, 1997; Ostera et al., 1999,2000,
2001) and in this work we present new isotope and
geochernical evidences to identify the contribution of the
different reservoirs to the arc magmatism.

GEOCHEMISTRY
The study of magma sources at convergent margins

presents several difficulties, since geochemical variations
acquired during the later evolution obscured primeval
characteristics. In this study we focused the
characterization of the reservoirs that contribute to the
magmatism of Lower Miocene Calle deI Yeso Dyke
Complex (CYDC, Ostera et al., 1999; Joensen, 2001).

CYDC is composed of Lower Miocene sills and
dykes intruding Cenozoic sedimentary sequences of the
Neuquen Basin, in the southeastem border of Paramillos
Altos Intrusive Belt (PAIB). The rocks are principally
basaltic andesites, andesites, trachyandesites, dacites and
minor rhyolites associated. They are calc-alkaline rocks,
metaalurninous to slightly peralurninous (Ostera et al.,
20(0). Mafic enclaves (gabbro-amphibolite) have been
identified. Complete chemical analyses are presented in
Joensen (2001). Major and trace elements variation
diagrams show coherent correlations trends. The rocks
follow a calc-alkaline trend in an AFM diagram and they
are classified as medium to high K andesites. The REE
chondrite - norrnalized plots (Fig. 2) present a LREE
enrichment. The trace element MORB-norrnalized
diagram (Fig. 3) shows enrichment in LILE and
depletions in HFSE (troughs in Nb-Ta) related to other
incompatible elements.

Sr, Nd AND Pb ISOTOPES
Sr, Nd and Pb isotope ratios are presented in Table 1.

Sr isotopes show a wide range of values (0.704120
0.706359). We can distinguish two groups, one
characterized by the lowest isotopic ratios and correlation
with the lowest strontium abundances (Group 1) and other
with higher 87Sr/86Sr ratios and the highest strontium
contents (Group II) (Fig. 4).

Nd-isotope ratios varies between 0.512465 and
0.512862, with ENd values ranging from -3.37 to +4.36.
The Sr-Nd correlation diagram, shows that most of the

samples lie in the high strontium-high neodyrnium field
(Fig. 6). Nd TDM model ages range between 500-700 Ma
with a maximum value of 1084 Ma for the sample with
the highest 87Sr/86Sr, probably indicating intracrustal
processes that could involve older crustal components.

Lead isotopes show a restricted variation (less than
1%) from 18.7 to 18.588 for 206 PbP04pb, 15.65 to 15.626
for 207Pbp04pb and 38.651 to 38.588 for 208Pbp04Pb ratios
(Table 1). 206 PbP04Pb shows almost no variation with
87Srl6Sr and 143Nd/l44Nd (Figs. 7,8).

SOURCES
The complex contributions to the arc magmatism are

not easily solved by simple models. Although the mantle
wedge remains the main control of primary compositions,
The crust roIe and the possibility of interaction with
fluid/melts derived from the hydrothermally altered
oceanic crust and slab sediments must be considered.

The distribution of the samples in the 87Sr/ 86Sr vs
143Nd/l44Nd diagram (Fig. 6) points out to possible
different source compositions. Added to a modified
mantle composition (1), sorne samples (II) show a shift
towards higher strontium and neodyrnium isotopie ratios
(except one evolved sample which has lower neodyrnium
ratios). The wide range in 87Srl6Sr ratios could indicate
rnixing of a modified mantle derived-magma with lower
crust components enriched in Sr and depleted in Nd
contents. An isotopic modeling, adjusted to the observed
values (Joensen, 2(01), indicates that the lower crustal
component should have an isotopie composition for Sr of
0.7062 and 0.51267 for Nd ratios. A lower crust with
such characteristics could have been produced by the
extraction of partial melts during the extensive Perrnian
Triassic magmatism of the area. Additional geochernical
data reinforce the lower crust influence, like the REE
lower crust-norrnalized diagram, which shows a smooth
pattern with values close to the unit (Fig. 5).

Pb-isotopic values show a lirnited variation and
exhibit shifts to high values 207Pbp04Pb and 208PbP04Pb
relative to MORB-type Pb and Nazca Plate sediments
(Hildreth & Moorbath, 1988). In accordance with this, the
reservoir dorninating the Pb-isotope signal is likely to be
the continental crust.

AlI these evidence point out to at least three
components, with different degrees of involvement in the
petrogenesis of the unit: a m9dified mantle, a lower-crust
and the upper crust. In this case, the main contribntors
seem to be the lower crust and the modified mantle,
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whereas the influence of the upper crust is limited to the
most evolved samples (Figs. 5, 6). However, we cannot
discard the input of fluids and partial meUs from the
subducted slab, responsible of the mantle modification.
Other geochemical evidences, on less evolved samples,
are in evaluation and the present data are not definitive to
elucidate undoubtedly the question.

CONCLUSIONS
Chemical and isotopie evidences suggest that the

sources at Calle del Yeso Dyke Complex are mainly
represented by a mixture of a modified mantle and lower
crustal meUs, that controls the early stages of evolution of
Paramill!>s Altos Intrusive Bell. Upper crust inputs seem
to be a rninor and restricted source for Calle deI Yeso
Dyke Complex.
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Table 1. Analytical data. Samples analyzed at Para-Iso, Brazil.

Sampie "'SrI'6Sr (J '''''Nd! Nd (J «"'Pb!''''' Pb (J LU'Pb!""Pb (J LU"!,," Pb (J

2 0.70412 0.000006 0.512748 0.000065 18.678 0.015 15.646 0.Q16 38.627 0.05
4 0.704742 0.000036 0.512727 0.00005 18.63 0.012 15.641 0.Q15 38.567 0.049
6 0.705938 0.000053 0.512802 0.000052 18.615 0.014 15.65 0.Q16 38.648 0.051

16 0.705606 0.000066 0.51284 0.000049 18.634 0.013 15.648 0.Q15 38.635 0.048
25 0.704917 0.000032 0.512771 0.000048 18.671 0.014 15.63 0.016 38.558 0.05
26 0.706359 0.000072 0.512749 0.000053 18.588 0.014 15.645 0.016 38.624 0.05
27 0.706282 0.000031 0.512862 0.000067 18.622 0.012 15.641 0.Q15 38.627 0.048
34 0.706356 0.000053 0.512465 0.000032 18.61 0.012 15.626 0.015 38.605 0.048
39 0.70473 0.000057 0.512656 0.000082 18.7 0.013 15.634 0.015 38.651 0.049
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Figure 1. Geological map (Joensen, 2001).
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INTRODUCTION
Although recognized as part of the metarnorphic

basement in the NE Rondônia (Scandolara et al., 1999),
only recently the paragneisses has been unambiguously
identified as a distinct lithologic unit (Payolla et al.,
2002). Within the studied area, the paragneisses are
exposed as a distinct NW belt across the Machadinho
river basin, intruded by granitoids, mangerites,
chamockites and matic rocks of the Serra da Providência
Intrusive Suite (1.60-1.53 Ga; Bettencourt et al., 1999)
and granitoids of the Santa Clara Intrusive Suite (1.08
1.07 Ga; Bettencourt et al., 1999). Further west, they
occur as minor thin layers and lenses in deformed
granitoids and chamockites of the Serra da Providência
Intrusive Suite and fine-grained granitic gneiss and
chamockitic granulite (1.43-1.42 Ga; Payolla et al.,
2002). U-Pb zircon and monazite, Sm-Nd whole-rock
gamet and hornblende 40ArP9Ar ages demonstrate that at
least two high-grade tectonometamorphic episodes
affected this region at 1.33-1.30 Ga (Tassinari et al.,
1999; Payolla et al., 2002; Santos et al., 2002) and 1.20
1.10 Ga (Tohver et al., 2001).

Conventional and SHRIMP-RG U-Pb zircon ages
bracket the deposition of the paragneiss protolith between
1660 and 1590 Ma (Payolla et al., 2002, this symposium).
As such, the paragneisses probably do not represent high
grade metamorphic equivalents of the 1740-1700 Ma
volcano-sedimentary Beneficente and Roosevelt groups
(Santos et al., 2000) exposed just to the southeast, but a
younger sedimentary sequence deposited after the
Juruena Orogeny (1750 Ma; Santos et al., 2001).

Monazite, which is a common minerai in anatectic
metapelites, is a powerful tool for the precise dating of
anatectic processes and high-grade metamorphism
because it is often devoid of any inherited Pb and
commonly shows concordant behavior in U-Pb systems
(Foster et al., 2000). This study presents U-Pb monazite
isotopic data from two high-grade migmatitie
paragneisses separated by about 50 km, to place
additional constraints on the high-grade metamorphism
that affected these rocks. The 1.54 Ga monazite ages
obtained for the paragneisses are interpreted as the time
of monazite formation under peak metamorphic
conditions, spatially and temporally related to the

emplacement of plutons of the Serra da Providência
Intrusive Suite.

ANALYTICAL TECHNIQUES AND RESULTS
Initial preparation of monazite minerals for isotopic

analysis was done at the Universidade Estadual Paulista 
Departamento de Petrologia e Metalogenia in Rio Claro,
Sao Paulo. Single monazite crystals, spiked with a zospb_
235U tracer solution, were dissolved using a solution of
concentrated ultrapure HzS04 (5 uL), 6M HCI (40 uL)
and 7M RN03 (40 uL). Samples were then conditioned
with 3.1 M HCI prior to microcolumn chromatography
modified from Krogh (1973). Isotopie ratios were
measured using the Finnigan MAT-262 multi-collector
mass spectrometer at the Geochronology Laboratory of
the University of Brasilia. Both Pb and U isotopie
compositions were analyzed on single Re filaments and
corrected for average mass discrimination of 0.12 ±
0.05% per mass unit for multi-collector analyses (based
on replicate analyses of common Pb standard SRM 981).
Uranium fractionation was monitored by replicate
analyses of SRM U-5OO. Uncertainties in UlPb ratios due
to uncertainties in fractionation and mass spectrometry
were around ± 0.5%. Radiogenic Pb isotopes were
calculated by correcting for modern blank Pb and for
original nonradiogenie original Pb corresponding to
Stacey & Kramers (1975) model Pb for the approximate
age of the sample. Uncertainties in radiogenic Pb ratios
are typically ± 0.1 %. Decay constants and isotopie ratios
used in the age calculations are those listed by Steiger &
Jliger (1977). The U-Pb monazite data were regressed
using the ISOPLOTIEX program of Ludwig (1999). For
both samples, forced Model 1 regressions were
perforrned as the analytieal points were either concordant
or nearly concordant with little spread in the data.
Uncertainties in concordia intercept ages are given at the
2-sigma level.

Sample WB-152 (Fig. 1) is from a banded high-grade
metapelitic migmatite which consists of black or gray 1
to 10 mm wide layers of variable amounts of sillimanite,
gamet, biotite, cordierite, orthopyroxene, hercynite and
Fe-Ti oxides aluminous melanosome and 5- to 50 mm
wide layers and irregular patches of pink K-feldspar,
plagioclase, quartz and gamet leucosome. Monazite



occurs 10 both melanosome and neosome domains.
Individual monazite grains are clear, pale yeIlow,
subhedral to euhedral and unzoned. Grain sizes range
from approximately 50 to 150 J.UIl. Three monazite grain
ana1yzed are high in V (4214 - 10,150 ppm) and plot in
the concordia, suggesting 1itt1e disturbance to the V-Pb
isotopie system (Fig. 2). These data define an upper
intercept of 1545 ± 4 Ma, and is considered to he the
formation age of the monazites in the paragneiss.

Sample WB-140 (Fig. 1) is from a migmatitic
metape1ite that crops out up near the margin of a granitic
pluton of the Santa Clara Intrusive Suite. The migmatite
consists of gray mesosome layers of sillimanite,
cordierite, gamet, biotite, plagioclase, quartz and K
feldspar and pink to gray irregular patches of plagioclase,
quartz, K-fe1dspar and gamet neosome. Monazite occurs
in the mesosome as subhedra1, 20 to 100 J.UIl grains. The
V-Pb system of monazites from this samp1e is disturbed
and the two grains analyzed are discordant (Fig. 3). The
discordia regression intercepts concordia at 1542 ± 4 Ma.

DISCUSSION AND CONCLUSIONS
The monazite ages from both paragneiss samp1es are

mutual1y indistinguishab1e and, as a result, records a
well-defined monazite growth episode at 1545 Ma, under
high-grade metamorphic conditions. In the samp1e WB
152, three generations of 10w-ThIU metamorphic
overgrowths on the zircon give ages at 1590, 1545 and
1524 Ma (Payolla et al., this symposium). The monazite
formation age is the same as the intermediate generation
of zircon overgrowth. The zircon overgrowths and
monazite ages of the paragneisses agree weIl with the
interva1 of age emplacements of the intrusive within-p1ate
granitoids, the chamockites and basic rocks of the Serra
da Providência Intrusive Suite (1.60-1.53 Ga). This
suggests a temporal and spatial relation between 1.60
1.53 Ga magmatism and high-temperature metamorphism
and anatexis in NE Rondônia. The discordance shown by
monazites from samp1e WB-140 may be associated with
the subsequent 1140 Ma tectonometamorphic event, on
the basis of a gamet-whole rock Sm-Nd isochron age for
the same rock.
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INTRODUCflON
The SW Amazonian craton is a multi-orogenic region

characterized by successive episodes of magmatism,
metamorphism, and deformation between 1.80 and 0.97
Ga (Tassinari et al., 2000; Payolla et al., 2002). The age
and stratigraphy of the metavolcano-sedimentary units in
this region were only partially established by Tassinari et
al. (2000) and Santos et al. (2000), though in Rondônia
state they have been divided into the Beneficente and
Nova Brazilândia groups, both related to the Juruena
Orogenic Cycle (1.76-1.72 Ga) and Sunsas Orogenic
Cycle (1.20-1.10 Ga), respectively (Santos et al., 2(01).

Meanwhile, the high-grade paragneisses previously
considered as part of the metamorphic basement remain
poorly investigated. Only recently they have been
unambiguously identified as a distinct lithologic unit in
the NE part of Rondônia (Payolla et al., 2002). They
extend across the Preto and Machadinho rivers region,
but minor discontinuous zones are observed to the west
(Fig. 1). The paragneisses were intruded by granitoids of
the Serra da Providência (1.60-1.53 Ga), Rio Crespo
(1.43-1.42 Ga) and Santa Clara (1.08-1.07 Ga) intrusive

. suites (Bettencourt et al., 1999; Payolla et al., 2(02), and
affected by at least two high-grade tectonometamorphic
events at 1.33-1.30 Ga and 1.20-1.10 Ga (Tohver et al.,
2001; Payolla et al., 2002). Conventional U-Pb detrital
zircon ages and an intrusive granitoid bracket the
deposition of paragneiss protoliths between 1.67 and 1.57
Ga (Payolla et al., 2002).

In this paper we report and discuss SHRIMP-RG U
Th-Pb analyses of zircons from two high-grade
paragneiss samples (WB-152 and JWB-24/A) from NE
Rondônia state (sample WB-152 was also previously
studied by Payolla et al., 2(02). We show that in both
parageneiss samples there was new zircon growth or
recrystallization during the early Mesoproterozoic, and
that the paragneisses contain distinct Paleoproterozoic
components, but none older than -1940 Ma.

ANALYTICAL TECHNIQUES
Zircon U-Pb geochronology was carried out on the

SHRIMP-RG (sensitive high-resolution ion microprobe
reverse geometry) ion microprobe at the Stanford
University. The SHRIMP-RG employs magnetic analysis
of the secondary ion beam before electrostatic analysis to
achieve greater mass resolution compared with previous
SHRIMP designs (Clement & Compston, 1994). The -8
nA primary beam of 160 2- ions primary beam produced
-30 ~m diameter, -1 ~m deep, flat-bottomed analytical
pit. Concentration data were standardized against Sri
Lanka zircon standard SL-13 and Duluth Gabbro zircon
standard AS57, and isotope ratios were calibrated against
AS57, with an assumed age of 1099 Ma.

RESULTS
Sample WB-152 is from a banded, high-grade

metapelitic migmatite collected 20 km NE from Oriente
Novo (Fig. 1), which consists of black or gray 1- to 10
mm-wide layers of Sil, Grt, Bt, Crd, Hm, Mag, SpI and
Opx melanosome and 5- to 50-mm-wide layers of
crearny-pink Ksp, Qtz, Pl and Grt leucosome.

The zircon grains from this sample are 70-200 !lm in
length and generally have the rounded external forms
common in zircon from high-grade rocks (Williams &
Claesson, 1987). The SEM-CL (scanning electron
microscope cathodoluminescence) imaging shows that
the zircon crystals contain a main core characterized by
euhedral oscillatory zoning and a homogeneous, weakly
luminescent overgrowth of variable thickness «10-30
!lm). Sorne cores are homogeneous and highly
luminescent. The core-overgrowth interface is commonly
sharp, and displays embayments that truncate the internaI
core zone structure.

Twenty-six analyses of cores are very heterogeneous,
U contents ranging from 53 to 776 ppm, most being
between 140 and 377 ppm, and ThIU ranging from 0.30
to 1.32. In the probability distribution diagram (Fig. 3)
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the 207Pbp06pb ages range from 1940 to 1644 Ma, and
yield distinct concentration of ages at 1924 Ma, 1868 Ma,
1844 Ma, 1805 Ma, 1769 Ma and 1662 Ma. The analyses
that define the two main concentrations yield weighted
mean 207Pbp06Pb ages of 1772 ± 6 Ma (n=6;
MSWD=0.70) and 1805 ± 8 Ma (n=5; MSWD=0.29).

In only a few grains were the overgrowths wide
enough (-30 J.1m) to permit SHRIMP analysis. Of the
nine spots done, the overgrowths show moderate to high
V (360-1340 pfom) and low ThlU (S; 0.06). The data
obtained yield 07Pbp06Pb ages in the range 1595-1519
Ma, apart from one point that yielded ca. 1454 Ma (Fig.
3). Four analyses yield a weighted mean 207Pbp06pb age
of 1545 ± 8 Ma (MSWD=0.16), but the other ones
produce minor concentrations at ca. 1589 Ma and 1524
Ma (Fig. 2).

Sample JWB-24/A was collected from an outcrop of
pelitic migmatite along the BR-364 highway, 37 km NW
from Jaru (Fig. 1). In this site, the migmatite occurs as a
metric-sized band within fine-grained granitic gneiss and
charnockitic granulite (1.43-1.42 Ga) and granitic and
charnockitic augengneiss (1.60-1.53 Ga). The migmatite
contain bands of leucosome composed of coarse-grained,
garnet-bearing quartz-feldspatic pegmatite and fine
grained leucogranite. The investigated sample was
separated from a homogeneous dark gray mesosome
portion consisting of Bt, Sil, Grt, Pl, Qtz and Ksp.

The zircon grains from this sample are 100-300 J.1m in
length. Most grains have rounded external forms, but
many preserve an overall prismatic shape. The SEM-CL
images show that most zircons are similar to those of
sample WB-152 and have CL-dark overgrowths
surrounding cores with oscillatory and linear zoning.

The analyses of nine cores yield V contents that range
between 148 and 498 ppm, and ThlU ratios varying from
0.25 to 0.75. In the probability distribution diagram (Fig
3) h

207 206 .
t e Pbl Pb ages range from 1829 to 1686 Ma, and

yield distinct concentration ages at 1797 Ma and 1730
Ma.

The overgrowth data (n=8) have high V (670-1140
ppm) and low ThlU (S; 0.09). The data f<0ints are
concordant to normally discordant and yield 07Pbp06Pb
ages between 1648-1551 Ma, apart from one analysis that
yielded ca. 1382 Ma (Fig. 4). Four 207Pbp06Pb ages
clustered near 1590 Ma (Fig. 5) yield a weighted mean
207Pbp06Pb age of 1589 ± 19 Ma (MSWD=O).

DISCUSSION
Most of the zircons in each paragneiss consist of a

Paleoproterozoic cores surrounded by early
Mesoproterozoic overgrowths. The core ages show a
significant range from 1644 Ma to 1940 Ma. The
oscillatory zoning, V contents and ThlU ratios of the
cores are diagnostic of a felsic igneous origin (Hanchar &
Miller, 1993). The zircon overgrowths have very low
ThIU values «0.1), a feature commonly associated with
zircons crystallized at high metamorphic grade (Williams
& Claesson, 1987). The overgrowth ages also show a
significant range from 1619 Ma to 1382 Ma, but most
analyses are between 1590 and 1520 Ma.
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Our geochronological data constrained the timing of
deposition of sedimentary protoliths between -1660 Ma
and 1590 Ma, weIl in agreement with Payolla et al.
(2002). The maximum age of about 1660 Ma is based on
the youngest component identified in the core age
spectra. The zircons that characterized this age
component show oscillatory zoning interpreted as
igneous in origin. The minimum age of 1590 Ma were
obtained from the oldest analyzed metamorphic zircon
overgrowth.

Age of source components is studied using the core
age spectra. The number of analyzed grains in paragneiss
WB-152 (n=26) is considered sufficient to yield a
reasonable approach of aIl possible age components.
However, this is not valid for the sample JWB-24/A
(n=IO). Although the spectrum of core ages obtained in
both samples of paragneiss (Figs. 2, 4) is exclusively
Paleoproterozoic (1940-1644 Ma), each paragneiss shows
distinct age components. This suggested that there were
different components in each paragneiss protolith or that
this distinc!ion reflects the insufficient number of core
analyses in sample JWB-24/A. The former implies in a
more local and restricted source area for JWB-24/A
protolith (ca. 1730 and 1800 Ma) compared with that of
paragneiss WB-152 (ca. 1930, 1870, 1840, 1800, 1770
and 1660 Ma).

Our age component data suggest that the detrital
zircons in the paragneisses were derived from erosion of
a Ventuari-Tapaj6s (1950-1800 Ma; Tassinari et al.,
2000; Santos et al., 2000) and Juruena (1800 to 1700 Ma;
Santos et al., 2000) type basement, exposed just to the
northeast and east. On the other hand, the source for the
-1660 Ma detrital zircons in this region remains unclear.
The tonalitic and enderbitic gneisses of the studied area
(1750 Ma and 1730 Ma, respectively; Payolla et al.,
2002) contributed with small amount of zircon to
paragneiss WB-152, but the latter were a main
component in paragneiss JWB-24/A.

As such, the paragneisses do not represent high-grade
metamorphic equivalents of the volcano-sedimentâry
Beneficente Group exposed just to the southeast, but a
younger sedimentary sequence deposited after the
Juruena Orogeny (1.75 Ga; Santos et al., 2001).

The zircon population in the paragneiss WB-152
records, at least, three periods of zircon overgrowth at ca.
1590, 1545 and 1524 Ma. Single monazite grains in the
same rock have V-Pb age of 1545 Ma (Payolla et al., this
symposium). In the sample JWB-24/A only one period of
zircon overgrowth at ca. 1590 Ma was recorded. These
ages match the interval of age emplacement of the within
plate granitoids, mangerites, charnockites and basic rocks
of the Serra da Providência Intrusive Suite (1.60-1.53 Ga;
Bettencourt et al., 1999). The timing of the early
Mesoproterozoic metamorphism and magmatism in the
NE Rondônia supports the conclusion that the paragneiss
protoliths were metamorphosed and partially melted at
extremely high temperatures during the 1.60-1.53 Ga
Serra da Providência magmatism. The different
overgrowth phases are, either associated to at least three
discrete metamorphic events referred to distinct intrusive
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episodes, or a quasi-continuous magmatic-thermal
anomaly which affected the paragneisses during the span
of time of emplacement of the Serra da Providência
Intrusive Suite.
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INTRODUCTION
The Gaviao block, in the Sao Francisco craton, is one

of the oldest register of the continental crust in South
America Plataform with crustal history recorded at 3.4
3.1 Ga (Martin et al., 1991; Nutman & Cordani, 1993;
Santos Pinto, 1996; Martin et al., 1997; Bastos Leal et al.,
1998; Santos Pinto et al., 1998), 2.9-2.8 (Nutman &
Cordani, 1993; Marinho, 1991; Bastos Leal et al., 1998)
and 2.0-1.8 Ga (Santos Pinto, 1996; Santos Pinto et al.,
1998; Bastos Leal et al., 2000). The aim of this paper is
to present new SHRIMP U-Pb zircon age determinations
and contribute to the knowledge of the geochronological
evolution of this region.

GEOLOGICAL SETTING
The basement of Sao Francisco Craton is almost

completely exposed in Bahia State, Northeast of Brazil. 1t
is made up of two Archaean crustal blocks (Jequié block
and Gaviao block) separated by a 600Km long, N-S
linear, Palaeoproterozoic trending Jacobina - Contendas
Mirante belt (Cuney et al., 1990; Sabaté et al., 1990,
1992).

The Gaviao block crops out to the west of
Paleoproterozoic belt. It is composed of medium-grade
supracrustal gneiss-Ieptinite-amphibole associati<;ms,
Archaean plutonic tonalite-trondhjemite-granodiorite
(TIG) gneisses and Palaeoproterozoic (Transamazonian)
granites with sorne rernnants of supracrustal rocks as is
the Umburanas greenstone belt (Cunha & Frocs, 1994).
Most ofthese rocks suffered important migmatization.

ln the southern part of the Gaviao block, Santos Pinto
(1996) and Santos Pinto et al. (1998) distinguished three
domains on the basis of zircon and monazite z07PbP06Pb
ages, Sr-Nd isotopic data and major and trace element
geochemical modelling:
1- An Archaean juvenile domain made up of TTG
(Bernada Massif) emplaced at a minimum age of 3.33 Ga.
These rocks are assumed to be generated through partial
melting of an Archaean tholeiite transformed into garnet
bearing amphibolite or eclogite.
2- A mixed Archaean domain partly juvenile and partly
recycled. It consists in trondhjemitic grey gneisses
(Aracatu Massif) and K-rich calc-alkaline granitic
gneisses (Mariana and Eixo Massifs). Their z07PbP06Pb
minimum zircon ages are respectively 3.24, 3.26 and 3.16
Ga while model ages range between 3.5 and 3.3 Ga. They

probably had a juvenile ongm by the melting of an
Archaean tholeiite transformed into garnet-bearing
amphibolite or eclogite (Serra do Eixo and Aracatu
Massifs). However, Nd isotopic compositions may
indicate an enriched mantle source or, more probable,
crustal contamination processes. In sorne cases, data are
also consistent with the melting of the young juvenile
crust (ENd'" 0) (Eixo and Mariana Massifs) as proposed
for the Sete Voltas Massif (Martin et al., 1991). The Eixo
Massif has been intruded by an alkaline granite of a
minimum age of ca.2.6 Ga. 1t is interpreted as derived
from the partial melting of the type 1 Eixo REE-rich
gneisses.
3- A Palaeoproterozoic recycled domain. 1t consists
mainly of the Umburanas peraluminous granite which
yielded inherited zircons ages ranging from 3.13 to 2.57
Ga whereas the monazite age is 2.05 Ga. The Aracatu and
Mariana Massifs were intruded by K-rich calc-alkaline
granites at 2.03 and 1.94 Ga, respectively. The Serra da
Franga Massif yielded a 2.04 Ga zircon age. This large
scale crustal melting and granitogenesis is result of the
Transamazonian collision between the Jequié and Gaviao
blocks, leading to crustal thickenning.

The occurrence of younger events is indicated by Rb
Sr biotite-whole rock ages on the Serra do Eixo Massif
(533 ± Il Ma) and Aracatu Massif (508 ± 10 Ma) both
marking the Brazilian orogeny thermal influence.

PETROGRAPHIC, GEOCHEMICAL AND
GEOCHRONOLOGICAL CHARACTERIZAnON

ln order to better understand the crustal evolution of
Gaviao block, we perfomed new U-Pb zircon ages using
SHRIMP at Australian National University (AND
Camberra), in samples of the Bernada Massif (Archaean
juvenile domain), Aracatu grey gneisses (mixed Archaean
domain), alkaline granite Serra do Eixo (ca 2.6 Ga) and
Aracatu granite (Palaeoproterozoic recycled domain). AH
new ages are Z07PbP06Pb weighted averages, quoted at 2
sigma, using the Isoplot 2.49 calculation program
(Ludwig, 2(01).

Bernada grey gneisses form a group of three massifs
that intrude the heterogeneous metatexites (Sabaté et al.,
1988). They are TIG made up of plagioclase (Anz4-3z),
quartz, K feldspar, biotite, apatite, opaque minerais,
sphene and zircon. Secondary mineraIs are epidote,
sericite and carbonate. They also contain biotite-bearing
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mafic enclaves of monzogabbroic composition. Zircons
from sample BER-120.1 were S25 high temperature
zircon type of Pupin (1980). Five sub-concordant zircons
define an age at 3378 ± 6 Ma but two grains are slightly
older at 3404 ± 10 Ga (Fig. 1).

The Aracatu grey gneisses, with a mineralogy similar
to that observed for Bernada grey gneisses, are strongly
foliated and intensively migmatized. They have a
trondhjemitic composition, REE patterns display high
LREE contents (LaN= 80 to 170), low HREE contents
(Ybr.= 1 to 4) and a weak negative Eu anomalies
(Eu*/Eu= 0.57 - 0.70). They are very similar to the Sete
Voltas grey gneiss (Martin et al., 1991, 1997) except that
they are more HREE depleted. Zircons from sample
ARA-78.1 are of the S9, SB and S18 types of Pupin
(1980). Cores and rim complex structures are observed.
One set of zoned magmatic zircons defined a sub
concordant age at 3325 ± 10 Ma, a set of cores exhibits
an age of 3371 ± 14 Ma and one slightly discordant core
defines an age of 3500 ± 9 Ma while an overgrowth
defines a younger age of 2506 ± 10 Ma (Fig. 1).

The Late Archaean alkaline granitic gneiss Serra do
Eixo is a K-fe1dspar augen gneiss, LREE rich (LaN= 114
- 263), with low HREE (y~= 1.8 - 6), LaIYb(N) = 10 and
with pronounced negatives Eu anomalies (Eu/Eu* = 0.40
to 0.55). Zircons from sample GA-299 are typical ofhigh
temperature types (S24 and S25) of Pupin (1980). On
Fig. l, excepting grain spots 9.1, with high discordance,
and 14.1, which indicates an age ca 2.6 Ga, aIl the others
analyses defines a weighted mean 2°?PbP06pb age of
2695 ± 10 Ma.

Aracatu granite is intrusive into the southern part of
the Aracatu grey gneisses and it is composed of
plagioclase (An25-29), quartz, microcline, biotite, opaque
mineraIs, sphene, apatite, zircon, secondary muscovite,
epidote and carbonate. It contains migmatitic and gneiss
enclaves and schliriens. With a calc-alkaline composition,
the REE patterns show LaN= 47 - 61, y~= 2.3 - 10,
(LaIYb)N= 4.7 - 21.7 and negatives Eu anomalies
(Eu/Eu*= 0.64 - 0.73). Zircons from sample ARA-l70
are brown, partiaIly metamitic, of S4, S5 and S9 type of
Pupin (1980). Despite careful choosing analyses sites, 3
grains have high common lead content but grain 1 has a
slightly discordant core with a 2°?PbP06Pb age of 3245 ±
25 Ma. Grain 2 is an overgrowth with a 2°?PbP06Pb age of
2061 ± 9 Ma (Fig. 1).

DISCUSSION
As expected in such metamorphic rocks, SHRIMP

zircon ages obtained during this work are generaIly oIder
than those performed with the single zircon evaporation
method however the range of age is broadly respected.
This work also aIlowed to recognize older inherited cores,
witness of the occurrence of an earlier continental crust
ca 3.4 and 3.5 Ga.
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Results obtained for Bernarda and Aracatu grey
gneisses indicate magmatic stages at 3370 and 3325 Ma
which can be correlated to the TIG massifs of Sete
Voltas (Martin et al., 1997) and Boa VistaIMata Verde
(3353 ± 5 Ma) (Nutman & Cordani, 1993) which occur as
tectonic slices within the supracrustal sequences of the
Contendas-Mirante belt and are the oldest rocks
recognized in the Gaviào block (Martin et al., 1991,
1997; Sabaté et al., 1990, 1992; Nutman & Cordani,
1993). The age of 3325 Ma may be also correlated to the
age 3300 ± 45 Ma found by Bastos Leal et al. (1998) to
the TIG gneisses with incipient migmatization in Block
Gaviào by evaporation analyses on single zircon. The
occurrence of inherited cores indicates sorne crustal
contamination processes in the genesis of these rocks and
the occurrence of old precursors up to 3.40 and 3.50 Ga
old. The 3.40 Ga age is similar to that of 3403 ± 5 Ma
found by Nutman & Cordani (1993) for the tonalites of
Sete Voltas. These authors also recorded the occurrence
of a 3345±1O Ma overgrowth in a zircon with an
inherited core of 3473 ± 8 Ma in the same sample. The
single zircon evaporation yielded younger ages (2284 to
3240) than the ion probe method in sample ARA-78.1.
They were interpreted as lead loss from magmatic zircon
grains related to Palaeoproterozoic partial melting
processes. The 2506 ± 10 Ma SHRIMP zircon age
suggest recristalIisation at that time which could be
related to metamorphic event not yet recognized.

The alkaline granitic gneiss of Serra do Eixo is
emplaced at 2695 ± 10 Ma and it is a good evidence of
crustal reworking processes ca 2.7 Ga (Nd model ages ca
3.3 Ga) in the Gaviào Block, in agreement with previous
Rb-Sr ages of gneisses and associated granites (Marinho
et al., 1979; Cordani et al., 1985).

The Palaeoproterozoic Aracatu granite resulted of
partial melting of Archean precursor (Nd model ages ca.
3.5 Ga). The age of a core at 3245 ± 25 Ma is in the range
of age obtained for the surrounding Aracatu grey gneisses
(sample ARA 78-1) and the age of 2061 ± 9 Ma is related
to the partial melting event which is in agreement with
the monazite age of 2049 ± 6 Ma obtained on similar
granites (Santos Pinto, 1996; Santos Pinto et al., 1998).
On the other hand, REE elements petrogenetic modeIling
indicates that a liquid with the composition of sample
ARA-170 could be produced by 50% of melting of a
grey gneiss with the ARA-78.1 sample composition with
a residue of 68.00 % plagioclase, 29.31% quartz, 2.06%
magnetite, 0.34% sphene, 0.14% biotite and 0.15% of
aIlanite (Santos Pinto, 1996). In summary, this study
aIlowed to precisely determine Archaean magmatic
stages in the Gaviào Block at 3378 ± 6 Ma, 3371 ± 14 Ma
and 3325 ± 10 Ma with the evidence ofinheritage ca 3.40
and 3.50 Ga. A late Archaean alkaline granitic stage was
emplaced at 2695 ± 10 Ma. AlI these rocks were partiaIly
metamorphosed and melted at ca 2061 ± 9 Ma as
indicated by anatectic granites.
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INTRODUCTION
The Ribeira belt (Almeida et al., 1973), on the coast

of Brazil, extends for 1400 km from the south of Bahia,
in the north, to Parana state, in the south (Fig. 1). It
constitutes a Neoproterozoic to Early Paleozoic orogenic
belt developed along the southern and southeastern
borders of the Sao Francisco craton during the Brasiliano
Pan-Afriean collage (700 - 450 Ma). This is the result of
the collision between three plates or microplates: Sao
Francisco, Serra do Mar and another inferred block
presently underlying the Paleozoic sequences of the
Parana basin (Brito Neves & Cordani, 1991; Campos
Neto & Figueiredo, 1995; Heibron et al., 2000).

The studied region is located near Sao Paulo city, in
the homonymous state. It consists of Brasiliano
orthogneisses and granitoids intruding several
metavolcanosedimentary sequences such as the Piracaia

:Complex, the Sao Roque and Serra do Itaberaba groups
and the Embu Complex (Hasui et al., 1981; Campos Neto
& Basei, 1983; Juliani et al., 1986). These granitoids
have sizes varying from batolithic to relatively small
(stocks) bodies, showing distinct deformation degrees
and geochemical and isotopic signatures from different
tectonic environments (Janasi & Ulbrich, 1991).

LOCAL GEOLOGY
In Sao Paulo state, the Ribeira belt is characterized by

the presence of terrains of different lithostructural
features, limited by high angle shear zones of
predominantly northeastern direction (Fig. 1). From
northwest to southeast, the Jundiai, Sao Roque and EmbU
domains can be identified.

At the eastern Sao Paulo state, the Roque domain
(Fig. 2) is constituted by rocks of the homonymous
metavolcanosedimentary sequence and the underlying
Serra do Itaberaba Group. The former displays
greenschist metamorphism while the latter underwent
amphibolite facies metamorphism (Juliani et al., 1986).
Hackpacher et al. (2000) interpreted the lithological,
metamorphic and deformational features of the Sao
Roque Group as characterizing a retro-arc basin
developed during the collisional phase of the Brasiliano
Orogenesis (628-605 Ma). In the focused region, the
basement rocks of metavolcano-sedimentary sequences
are unknown. Several brasiliano granitoids are intrusive
in these rocks

The Morro do Pao granitoid (MPG), target of the
present work, is located near Igarata city. It is a NW
elongated body that crosscuts the metavolcano-

sedimentary sequence of the Sao Roque Group. Campos
Neto et al. (1983) characterized this body as a syntectonic
one.

The more mafic facies is coarse-grained and
characterized by the presence of naked eyes visible clots
of hornblende crystals. In this facies, elongated crystals
of hornblende and biotite defined a weak foliation.
Hornblende crystals enclose plagioclase and quartz.
Plagioclase occurs as anhedral grains. Fine grained
quartz, biotite and plagioclase are minor components of
this facies.

The felsic facies shows plagioclase and microcline as
anhedral crystals and biotite as the only mafic mineraI.

The main accessory mineraIs, common to both facies,
include abundant titanite as euhedral and anhedral
crystals, apatite, allanite, zircon, epidote and opaque
phases. The Morro Azul granitoid (MAG) and the
Machado granitoid (MG), near the MPG, show matic
enclaves similar to the MPG mafic facies.

RESULTS AND DISCUSSION
LITHOGEOCHEMISTRY

Eight samples from the MPG and two samples from
the MAG and MG enclaves were analyzed for major and
trace elements, including rare earth elements (REE). The
analysis were 'made in the ACTLABS laboratories
(Canada).

The composition of the MPG vary from monzonite to
granite (Fig. 3). The silica values from the MPG vary
between 50.5% and 65.4%, with a gap of about 56% 
63%. They are metaluminous (A/CNK from 0.65 to
0.95), sub-alkaline rocks of calc-alkaline character (Fig.
4). KzO values range from 2.2%, in the more mafic terms,
to 4.4%, in the more felsic ones, while CaO values
decrease from 8.36% to 3.0%, Fez03 values from 9.5 to
5.0 %, and MgO values from 7.9 to 1.6 %. Two samples
display relatively high concentrations of TiOz (about
2.2%) and PzOs (about 1.0%).

Based on the major elements and the REE patterns
(normalized by chondritic values of Boynton, 1984) three
groups of rocks were defined: 1) LaNlYbN between 8.5 to
27.6; 2) LaNlYbN from 48.7 to 70; and 3) the two samples
ofhigh Ti and P, with LaN/YbNof 44.2 and 46.6.

Plotted in tectonic discriminant diagram (Fig. 5) the
majority of the samples fall into the volcanic arc granites
field with a trend to the intra-plate granites field.

The enclaves samples of MG and MAG are
geochemically undistinguishable from those of the MPG
(Figs. 2, 3, 4).
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AGE OF THE MORRO DO PAO GRANITOID:
RELATIVE GEOCHRONOLOGY

The crystallization age of the MPG is not available.
However, the field observations described above allows
us to make sorne inferences. The presence of mafic
enclaves in the MAG and the MG of similar aspect and
geochemical features as the MPG suggest that the last
could be older than the other two granitoid bodies. The
MAG have an age of 532 ± 20 Ma. Another c10seby
granitic body, the Imbiruçu Granite (lG) displays an age
of 598 ± 21 Ma (Rb-Sr whole rock isochronic age,
Ragatky et al., in press). The latter displays geochemical
features of volcanic arc granites while the former shows
transitional geochemical characteristics from volcanic arc
to within-plate granites (Ragatky et al., in press). Based
on these observations, the age of the MPG couId be of ca.
532 Ma or older. Considering that sorne facies of the
MPG have chemical characteristics of volcanic arc
granites, similar to that of the IG, it is possible that both
granites are contemporaneous.

ISOTOPIC DATA
Three samples of the MPG and one sample of the

mafic enclave from the MAG were analyzed for Sr and
Nd isotopes. The analyses were performed at the
Geochronological Research Center of Sào Paulo
University (CPGeo - USP). The three samples of the
MPG display depleted mantle model Sm-Nd age (T0/>,;) of
1.4 - 1.5 Ga. The values of ENd for 598 Ma are -5.4, -7.5
and -8.1. The initial 87Sr/86Sr ratios vary from 0.70620 to
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0.70836. The enclave of the MAG displays a T DM age of
1.65, a ENd(058) value of -9 and a 87Sr/86Sr ratio of 0.70860
(Fig. 6).

The T DM values of the MPG are considerably lower
than those of most granitoids of this area, which display
T DM values between 2.1 and 1.8 Ga (Ragatky, 1998). The
TDM values of the MPG suggest that the parental magma
was generated by a mixture with a greater proportion of
juvenile neoproterozoic materials. Additionally, the T DM

values of the MPG are similar to that obtained for the IG
(Ragatky et al, in press).

Indeed, the identified facies of the MPG present the
same TDM values which it suggests that the magmatic
differentiation occurred from a homogeneous parental
magma without the participation of crustal contamination
processes.

CONCLUSIVE REMARKS
At the studied region no spatial zoning magmatism is

observed. However, as pointed out by Barbarin (1997), in
sorne areas the succession of different granitoid types is
not spatially controlled, as in the Andes, but is temporal
controlled. The present data suggest that the intrusion of
the MPG preceds the emplacement of the MAG and the
MG. The isotopic characteristics, together with its
geochemical signature, are consistent with a greater
participation of the mantle source on the generation of the
magma rather than only the involvement of basement
rock sources of about 1.4-1.5 Ga as described by luliani
et al. (1998).
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Figure 1. SimpJified geologicaJ map of the east of Sao Paulo state (modified al'ter Campos Neto, 2000) Symbols: 1- Phanerozoic
cover; 2- Mesozoic alkaline intrusions; 3- Brasiliano granitoids; 4- Piracaia Complex; 5- Serra do Itaberaba Group; 6- Sao Roque
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INTRODUCTION
The geochemical and isotopie composition of

metavolcanic rocks is a relevant tool to identify tectonie
environments in areas where tectonic and metamorphic
events have obliterated the primary features of
volcanosedimentary sequences.

In this way, Sr and Nd isotopes of metavolcanic basic
rocks provide an important insight into the origin of
magmatism and its environment of extrusion. The Rb-Sr
method allows an additional parameter to constrain the
age of volcanism through its initial 87Sr/86Sr ratio.

This work presents the first isotopie results of the
metabasic rocks from a long-term project about the
lithogeochernical and isotopie characteristics of the
metavolcanosedimentary covers from the central segment
of the Ribeira bell. The paper focuses on the
orthoamphibolites hosted in the metasedimentary rocks of
the Paraîba do Sul Group, in the homonymous domain.

TECTONIC SETTING
The Ribeira belt (Almeida et al., 1973) is a

BrasilianolPan-African belt that resulted from the
agglutination of the Gondwana supercontinent (750-500
Ma). Its central segment comprises several tectonic
domains, most of them presenting pre-1.8 Ga basement
rocks and distinct Proterozoic siliciclastic covers. During
the Neoproterozoic, both basement and coyer were
intruded by granitic plutons.

The major tectonic organization of the central
segment of the Ribeira belt is defined by four tectono
stratigraphie terranes (Heilbron et al., 1998, 2000) a) the
Occidental terrane represents the passive margin of the
Silo Francisco paleoplate; b) the Paraîba do Sul klippe is
the uppermost thrust slice; c) the Oriental terrane is the
locus of the Ribeira magmatic arc (Tupinambâ, 1998),
which intruded a passive margin sedimentary coyer; d)
the Cabo Frio terrane presents an ordovician magmatism
and metamorphism and is the youngest tectonic terrane
(Scmitt, 2001). The contact between the Occidental and
Oriental terranes is given by a conspicuous NW dipping
shear zone, the central tectonic boundary (Almeida et al.,
1998).

THE PARAmA 00 SUL KLIPPE
The pre-l.8 Ga rocks of the Paraîba do Sul klippe

comprise granitic to granodioritic orthognaisses with
basic and calc-silicatic enclaves (Quirino Complex) of
Paleoproterozic age. The overlying metasedimentary
rocks belong to the Paratba do Sul Group. In the southern
segment of Rio de Janeiro State, a subdivision of this

group was proposed by Almeida et al. (1993) into three
units: basal psammites with calc-silicatic rocks, marble
and pelitic intercalations; intermediate pelites; and a
stratified top unit with psammitic and pelitic layers with
abundant marble, calc-silicatic and Mn-rich rocks. Both
basement and metasedimentary rocks are intruded by
Brasiliano granitoids.

The amphibolites occur as centimetric irregular
lenses, layers and boudins and as decametric to metric
tabular bodies. They are interpreted as metamorphosed
dykes and sills (dos Santos Marins & Duarte, 2000).

Based on geochemical data and comparing with
modern environments, dos Santos Marins (2000) and dos
Santos Marins & Duarte (2000) identified two groups of
amphibolites: a) a major group constituted by tholeiitic
continental flood basalts; and b) E-MORB type basalts.

The stratigraphie relationship between pre-l. 8 Ga
rocks of the Quirino Complex and the cover is not clear
and the time interval of sedimentation of the Paraîba do
Sul basin is unknown. But the presence of
metasedimentary hosted rocks with depleted mande
model Nd age (TDM) of 1.7 Ga (Ragatky et al., 2000) and
the intrusive granites with 0.53 Ga (Machado et al., 1996)
restrict the sedimentation to this interval (1.7 - 0.53 Ga).
Additional data about the metasedimentary rocks of the
Paraîba do Sul Group were provided by Valladares et al.
(1999) through laser-ablation Pb-Pb deterrninations in
detrital zircons. The provenance ages obtained fit into
two classes: between 2.0 - 2.2 Ga and 2.5 - 2.7 Ga
intervals.

Recent paleogeographical reconstructions (Heilbron et
al. 2000, Tupinambâ & Heilbron, 2002) relate the Paraîba
do Sul basin to the passive margin of Oriental terrane
associated to the Rodinia supercontinent break-up. Also
they correlate the Paraîba do Sul basin with the Italva
basin at the Oriental Terrane. U-Pb zircon isotopie data
yielded a 840 Ma crystallization age for an amphibolite
from the Italva Group (Heilbron et al., in press).

RESULTS AND DISCUSSION
Eigth representative samples of amphibolites were

selected for Rb-Sr and Sm-Nd isotopie studies. The
analyses were performed at the Geochronological
Research Center - Silo Paulo University (CPGeo-USP).

As argued above, the initial 87Sr/86Sr ratio imposes a
constraint to the age of orthoamphibolites since these
values cannot be lower than the evolution line defined by
the BAB! (BasaIt Achondrite Best Initial) value, that is,
0.698990 ± 0.000047 (Papanastassiu and Wasserburg,
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1969) and the mantle value at the time of their magma
generation.

With the exception of two samples, consistent values
of the initial 87Sr/86Sr ratios for the 840 Ma (age of the
amphibolites of the Italva Group) were obtained. They
vary from 0.70669 to 0.71169. The other two samples
present coherent results of initial 87Sr/86Sr ratios for more
recent ages.

The values of initial 143Nd/144Nd ratios for the same
age show a wide range varying from 0.51176 to 0.51126,
corresponding to eNd values of 4.2 to -5.5, respectively.
These variations are observed in the diagram of Figure 2.
The data of the two samples of the Quirino Complex
basement rocks (Ragatky et al., 2000 and unpublished
data) are plotted in the same diagram.

In general terms, the location of the samples in the
143Nd/144Nd versus 87Sr/86Sr diagram (Fig. 2) correlates
with the groups detined by Marins (2000) and Marins &
Duarte (2000). According to the description of Faure

(1986) related to this diagram, the following observations
could be made:

1. the data show large variations in the isotopie
compositions;

2. one sample plots in quadrant l, which displays
higher Sm/Nd ratios than CHUR and lower
Rb/Sr values than UR. These features
correspond to the depleted mantle
characteristics;

3. two samples plot in quadrant II, detined by
143Nd/144Nd and 87Sr/86Sr ratios greater than their
values in CHUR and UR, respectively. These
relations are contrary to the geochemical
behavior of these elements (Faure, 1986). The
relatively high 87Sr/86Sr values could be due to
incorporation of Sr by sea water.

4. three samples plot in quadrant IV, characterized
by relatively high 87Sr/86Sr and low 143 Nd/I44Nd
ratios.
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calculated from the following parameters at the present time, respectively: '43Nd!'~d=
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CONCLUSIVE REMARKS
The opening and the closure of the Parafba do Sul

basin are Iimited by the 1.7 Ga (given by the TDM age of
metassedimentary rocks, Ragatky et al., 2000) and 530
Ma (age of granitic intrusion in the Parmba do Sul Group
rocks, Machado et al., 1996). The initial 87Sr/86Sr ratios
from the amphibolites yie1d sorne clues for a more precise
time interval. As the Italva and Parafba do Sul basins can
he corre1ated as back-arc and fore-arc basins, respectively
(Tupinambâ & Heilbron, 2002), the obtained results of
the present work are consistent with the previously
determined age of 840 Ma for the Italva basin (U-Pb in
zircon of amphibolite, Heilbron et al., In press).

The location of the Quirino Complex basement rocks
samples in quadrant IV (Fig. 2) suggests that they could
he the contaminant of the magma derived from residual
solid in quadrant II. Another possible contaminant, to he
investigated, could he the metasedimentary hosted rocks.
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INTRODUCTION
The Precambrian terrains of Sao Francisco Craton

basement in the Bahia State consist of three ancient
nuclei: (i) the Serrinha Nucleus, in the east; (ii) the
Remanso Nucleus, in the central area; and (iii) the
Guanambi Nucleus, in the west. The "Serrinha Nucleus"
(SerN) is a wedge-shaped terrain about 300 km long and
up to 70 km wide, that comprises an Archaean gneissic
migmatitic basement, covered by volcano-sedimentary
rocks of the Rio Itapicuru Greenstone Belt (lRGB) and
Capim Group. It is intruded by numerous granitic rocks.
The principal aim of this work is to present a new
stratigraphical proposaI for these granitic rocks based on
V-Pb and Pb-Pb studies on single zircon crystals,
lithogeochemical analyses and Nd-Sr isotopic data.

Granitoid rocks are the principal component of
continental crust and at SerN the term "granites" can
include not only the most common magmatic rocks types
(granites and TTGs) but also the high- to medium
metamorphic grade terrains of the basement, which are
represented by migmatites and gneisses. In the past years,
diverse studies have revealed the diversity of SerN
granites and resulted in a number of proposaIs for their
geological subdivision. Matos & Conceiçao (1993) were
the first, presenting a proposaI based on field mapping
and few geochemical data. They subdivided these rocks
into five types (GI to G5) according to texturai and
structural differences observed. This terminology was
also adopted by Alves da Silva (1994) and Rios et al.
(1998), who also subdivided them into two main groups:
Pre- to Syn-tectonics and Post- to Tardi-tectonics one.

THE NEW PROPOSAL
New geochronological, lithogeochemical and isotopic

data (Rios, 2002) require a review of these proposaIs.
Table 1 summarizes the principal geochemical and
isotopic characteristics of the granitic rocks from SerN
and emphasizes their separation based on these criteria.

In the SerN Rios (2002) found evidence of a cryptic
Paleoarchaean crust, which is represented by xenocrystic
zircon crystals aged> 3.6 Ga, which represent the oldest
zircon ages found from magmatic rocks of the South
America continent. Most granitic rocks in this area range
from Mesoarchaean (3.15 Ga) to Paleoproterozoic (>
2.07 Ga). Two distinct lithologic groups can be

identified: (i) the Archaean rocks, including the gneissic
migmatic basement and transitional TTG/calc-alkaline
Archaean granites; and (ii) Paleoproterozoic granites,
which are represented by TTG/calc-alkaline, shoshonites
and potassic-ultrapotassic bodies.

ARCHAEAN MAGMATISM
WeB studied Archaean cratons worldwide usuaBy

show a classical lithologic trilogy: gneisseslTTGs,
greenstones belts and post-tectonic potassic granites
(Windley, 1995; Moyen et al., 2001). This typical
association had still not been identified in the SerN
probable due to the scarcity of data from its Archaea~
rocks and the destructive effects of tectonism at 2.7 and
2.2 Ga.

Basement rocks are stiB poorly characterized, but the
first results show an interesting pattern:

(i) Amphibolitic rocks identified in the SerN
basement are chemicaBy similar to tholeiitic basalts of
Capim Group and IRGB. These less differentiated rocks
have igneous protoliths and occur intercalated with calc
alkaline phases in the basement. The lithogeochemical
data and ages available for the volcano-sedimentary rocks
from Capim Group (2793 a 2519 Ma; Oliveira et al.,
1999) allow us to correIate them to this magmatism and
now to those amphibolites and the "mafic dykes of Vaua
Capim Group rocks" which have been interpreted as
possible mafic relicts of Archaean greenstones.

(ii) The studied Archaean granitic plutons (ArchG) 
Araci, Ambrôsio and Requeijao - are characteristically
highly foliated bodies with calc-alkaline to TTG
signature. There is evidence for at least two granitic
magmatic episodes du ring the Archaean in the SerN: the
first one occurred from 3.09 to 3.07 Ga and the second, at
about 2.9 Ga. Zircon xenocrysts (3.17 Ga) are evidence
of the involvement of an older Archaean crust in their
generation, probably the present gneissic basement.
These granitic magmas are chemically similar to the
gneisses and migmatites of the basement (Rios, 2002).
They are similar to the TTG suites from East Finland
although SerN rocks are more aluminous. They are LILÈ
enriched in relation to HFSE and show prominent
anomalies of Nb and Ti as weIl as highly fractionated
REE patterns, which are usually taken as evidence of
subduction related magmatism. Sorne previously
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unclassified plutons and almost aIl of the granites
previously designated as Gland G2 can he grouped here.

The 3.6 Ga zircon xenocrysts and similar model ages
found by Martin et al. (1997) in the Remanso Nucleus,
suggest the existence of an Early Archaean crust into
which the 3.15-2.80 Ga Mesoarchaean granites were
emplaced. A Paleoarchaean episode of continental crust
formation is also indicated in sorne areas of West Africa
(Kroner et al., 2001 and references therein). Sr and Nd
isotopes from the Mesoarchaean granites (Table 1) give
close to depleted mande values at the time of their
emplacement, suggesting that Paleoarchaean rocks made
only à limited contribution, if any, to their genesis. The
Transamazonian event produced zircon overgrowths and
metamorphic zircons in the age range 2.09-2.07 Ga in
sorne of these rocks (Table 1).

PALEOPROTEROZOIC MAGMATISM
Since the Paleoproterozoic, SerN has been a relatively

well-preserved part of the Sào Francisco Craton, which is
why it is easier to identify the magmatic sucession during
this period. At least three distinct magmatic events are
identified:

(i) Calc-alkaline Paleoproterozoic Granites (CaG):
These rocks are chemically similar to the Archaean
plutons (calc-alkaline and TTG associations) although
they were emplaced almost 1 Ga later. Eight massifs have
been studied: Eficéas, Quijingue, Lagoa dos Bois, Cip6,
Teofilândia, Barrocas, Nordestina and Trilhado. The
geochronological and isotopic data available for the
group (Table 1) show that this magmatic episode was
active for almost 30 m.y (2.16-2.13 Ga). Their
lithogeochemical features indicate they are related· to a
collisional event (Rios et al., 1998) suggesting that these
rocks could have formed during closure of a back arc
basin, that is pardy preserved as the IRGB (2.1 to 2.2 Ga;
Silva, 1992). If so, they can he considered as plutonic
equivalents of the felsic volcanic rocks in IRGB. 2.15 Ga
most likely marks the end of extensional magmatism
responsible for the generation of the Itapicuru basin and
the heginning of its closure. Xenocrysts aged 3.6 Ga and
2.9 Ga are found in rocks of this group and indicate that
Archaean crust was involved in their generation (Table
1). Two groups ofmodel ages (TDM) have been found: 2.2
to 2.3 Ga and 3.3 Ga. Most of the rocks from this group
show Paleoproterozoic TDM ages (epsilon Nd +1.64 to
+2.45) as weIl as low and variable initial Sr ratios
[87Sr/86Sr = 0.7017-0.7025]. These data indicate
magmatic generation from a dep1eted mantle with only
small contributions from older crust. Archaean TDM ages
were observed only in the Quijingue Massif, the same
area where the 3.6 Ga xenocrysts have heen identified,
showing higher initial Sr ratio (0.7051) and negative
epsilon Nd (-11.6), and suggesting an origin where older
crustal material predominated. Ring-shaped overgrowths
and a younger zircon population (2.09 to 2.05 Ga)
indicate a Transamazonian thermal event, strong and
intense enough to recrystallize zircons. This event is a1so
registered in the Archaean granites as metamorphic
zircon overgrowths (2.07-2.08 Ga) and new zircon grains
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and may he related to the heat flux that accompanied
emplacement of Transamazonian alkaline magmas.

(ii) The Alkaline Magmas (SyG, ShMG and ShKG):
In the SerN, silica saturated, potassic alkaline magmas
were emp1aced over the time span 2105-2070 Ma. These
massifs intrude aIl the oIder granitic types. Three distinct
sub-groups have been observed: syenite (SyG),
shoshonitic monzonite (ShMG) and shoshonitic K-rich
peraluminous granite (ShKG).

The syenitic massifs Morro do Afonso, Morro das
Agulhas-Bananas and Serra do Pintado have
crystallization ages ranging from 2.08 to 2.10 Ga. These
are small plutons (12-30 kmz) in the southwestern part of
SerN, distributed along the 38° coordinate. They are
composed of porphyritic alkali-fe1dspar syenite that
shows magmatic flow patterns. The presence of
orthocumu1ates suggests that their evolution involved
fractional crystallization processes. Plagioclases are
absent and together with lamprophyric dykes (minettes
and voguesites) this feature is interpreted as a lamproitic
signature. Mixing hetween felsic and mafic magmas is
also thought to he an important process in the evolution
of these rocks. The syenites are LILE enriched, and have
low contents of HFSE, Nb, Ti and moderate values of
Alz03. These features are common in magmas from
orogenic environments, where partial melting of
subducted crust occurs in the garnet stability zone. The
variable and low to moderate initial Sr ratios (0.7022 to
0.7042), as weIl as negative epsilon Nd values (-2.36 to
4.17) suggest a high-Nd enriched mande source and
storage over a long period in the sub-continental
lithosphere. Their model ages (2.58 to 2.69 Ga; TDM) are
older than those observed for the CaG, and this may
indicate that a subducted slab different from the one
related to IRGB generation was associated with the
generation of the potassic magmas. Zircon xenocrysts
aged 2.6 Ga have been observed and are interpreted as a
residue of the magmatic source. Lithogeochemical
features indicating a significant interaction with
continental crust were not observed.

Shoshonitic magmatism at SerN is represented by
metaluminous monzonites (ShMG) and peraluminous K
rich granites (ShKG). These magmas were emplaced over
the age range 2106-2071 Ma, and are temporally and
spatially associated with the syenitic magmas.

Four monzonitic massifs (ShMG) have heen
investigated: Euclides, Araras, Cansançâo and Itareru. At
Araras and Euclides massifs, both located at the Eastern
SerN, borders are foliated but the cores are isotropic. The
monzonitic rocks from western SerN are less
differentiated and occur as separate oval-shaped stocks.
These rocks are distinguished from the syenites by the
presence of plagioclase crystals. They have similar
geochemical characteristics, but are distinct due to their
low amounts of alkalis and lower KzO/NazO ratios. Their
LILE enrichment (more prominent in the less evolved
rocks), high and variable contents of Rb, Sr, Ba, Zr, Nb,
Th, Pb, LREE and Y, together with high values for
volatile elements suggest that these monzonites could
have formed from the same ultrapotassic alkaline



magmas that generated the syenites, but with different
degrees of assimilation of silica-rich crust. The presence
of zircon xenocrysts aged 3.6 Ga (Euclides Massif) and
2.16 Ga (Hareru Massif) also indicates crustal
contamination of the shoshonitic magmas. These rocks
show variable negative values of epsilon Nd (-2 to -8)
and moderate to high initial Sr ratios (0.7030 to 0.7058),
which supports 'the idea of differential assimilation of
older material. Their model ages (TDM =2.55 to 2.96) are
a somewhat older than the ones found in the syenitic
rocks (Table 1), also suggesting a shallow origin for
shoshonitic magmas.

The shoshonitic peraluminous K-rich granites (ShKG)
are the last expression of granitic magmatism in the SerN.
They were emplaced over a short time span (2.07-2.08
Ga) as numerous small circular or oval shaped stocks and
dykes that intrude ail other lithologies described above at
SerN. The six massifs studied - Marmota, Alto Bonito,
Fazenda das Bananas, Maravilha, Barroquinhas and
Pedra Vermelha - have post-collisional nature and arc
signatures, indicating a strong influence of AFC
processes in their evolution (Peixoto, 2000). These are
highly fractionated rocks (SiOz > 69%) with a fine
texture in which biotite is the predominant mafic mineraI.
They show variable enrichment in REE, Th, Sr and Zr,
as weil as negative anomalies of P, Nb and Ti, with
smaller amounts of Rb and Sr than the monzonitic rocks.
The ShKG show rather low initial Sr ratios (0.7029) but
negative epsilon Nd (-4.07 and -10.54), with Archaean
model ages (TDM = 2.7 and 3.1 Ga) older than the ones
observed in the monzonitic and syenitic rocks of SerN
(Table 1).

FINAL REMARKS
Granitic rocks of SerN can be divided into two groups

as a function of their ages: (1) Archaean (ArchG) and (II)
Paleoproterozoic (CaG, ShMG, SyG, ShKG).

Archaean granitic rocks (ArchG: 3.1-2.8 Ga, with
xenocrysts as old as 3.6 Ga) show calc-alkaline and
subordinate TTG signatures. They are represented by
most of the so called GI-G2 granites and granitic
gneisses and migmatites from SerN basement.

Paleoproterozoic rocks are more diverse. They were
formed during two episodes. The first was a calc
alkalinerrTG event (CaG - 2.16 to 2.13 Ga for most of
the previously called G3 granites), which is probably
associated with the closure of the IRGB basin. This was
followed byan alkaline event (2.11-2.07 Ga for ail of the
previously called G4 and G5 bodies) which is preserved
as potassic/ultrapotassic (SyG), shoshonitic-monzonitic
(ShMG), and shoshonitic peraluminous K-rich (ShKG)
granitic plutons.

The SerN was formed during a Paleoproterozoic
orogenic cycle that involved reworking of an Archean
terrane with an extensive history as weil as accretion of
juvenile crust. The character of its magmatism at any
given time is probably a function of crustal thickness,
thermal structure and proximity to active subduction.
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Table 1. Summary of isotopie data now available for SerN and the new subdivision of its granites.

Crystallization - Single V-Pb Ages Data from Single

Present Former Massif Zircon AKes (Ma) TDM
ENd Sri Zircon (Ma)

V-Pb 1 ~~ 1 SHRIMP
(Gal Lower 1 1Intercept Overgrowth X

ARCHAEAN MAGMATISM

Gneiss 3102±5 3.28 c - 0.57 0.7010
1763 2093

Basement c

Diorite 2793 c 2.75 + 2.89 0.6994 2078

GI Araei -3070 3.12 + 0.93 0.6302 310

ArehG
G2 Arnbrôsio 3088±6 557 2077 a 3169

G2 Pedra Alta 3.17 + 0.23 0.7000

G1 Requeiiâo -2870 570

PALEOPROTEROZOIC MAGMATISM

G5 Cipô 2164±2
2165

886 2088
±3

G3 Efieéas 2163 ±5 2.33 + 1.64 443
3614

10

G1 Quijingue 2155 ± 3 3.27 - 11.6 0.7051 300 3620
and

CaG
2891

? Trilhado 2155±9 2.22 a +2.4I a 0.702a

GI Teofilândia 2130±7 2.18 " + 2.45" 0.703"

GI Barrocas
2127
±5 b

G3 Nordestina
2088
±24

G3 Lagoa dos Bois
2067 ± 315

142

? Itareru 2106 ± 2 2162

G3 Cansançâo
2105 2.55 d - 2.01 0.703d

ShMG ±2
GI Euclides 2097 ±8 2.87 - 6.64 0.6940 864 3654

? Araras 2076±2 2.96 - 8.12 0.7052 525

? Serra do Pintado 2097 ±2 2.69 - 4.17 0.7022
2098

G4 Morro do Afonso
±4 2.56 - 2.36 0.7039

2641SyG 2081 2.58 - 2.80 0.7042
± 13

G4 i\gulhasfBananas
2086
±9

GI Pedra Vermelha 2080±7 452

G5 Alto Bonito 2076 ±6 470

? Barroquinhas 2073 ± 1 3.13 - 10.54 0.6882

G5
Faz.Bananas

2072± 1 410
ShKG (GML)

2098
? Maravilha 2071 ± 1 2.67 - 4.07 0.7029 and

2087

G5 Marmota (GML)
2003

3002
±2

Now == Nomenclature related to this i\etual Stratigraphieal ProposaI for SerN Granites;
Before == Nomenclature proposed by Matos & Conceiçâo (1993) and Rios et al. (1998);
ArehG == Arehaean Granites; CaG == Calc-alkaline Granites; ShMG == Shoshonitie
Granites; SyG == Syenitie Granites, ShKG - Shoshonitie peraluminous K-rieh Granites
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BRAZIL, BASED ON ZIRCON AGES AND Nd ISOTOPES
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Figure 1. Schematic geoJogical map of the lnajâ Range area,
southeasthern Amazonian Craton

(after Neves & Vale, 1999).

Range (Rolando & Macambira, 2002). The other Archean
granitoid that crops out in the study area is Mata Surrao
Monzogranite which is a medium-grained equigranular
pink and weakly deformed. This was dated by Pb-Pb
zircon method, in the northern part of the Inaja Range, at
2.85 Ga (Rolando & Macambira, 2002). Other
lithostratigraphic units reported in the region correspond
to Paleoproterozoic clastic sedimentary cover (Rio Fresco
Group) and 1.8 Ga anarogenic granite plutons (Neves &
Vale, 1999).

INTRODUTION
During the past ten years, several authors using V, Pb

and Nd isotope data considered the Carajas Metalogenic
Province (CMP) the result of successive events of crustal
growth from 3.10 Ga to the end of Archean. The southern
part of the CMP is formed by Rio Maria, Gradaus and
Inaja ranges areas. According to Rolando & Macambira
(2002), the Rio Maria and Inaja Range regions could
have one similar evolution during the Archean, based on
geochronology of granitoids. In the Inaja Range area,
there is not clear field relationship, and the
geochronological studies are only based in Rb-Sr and Pb
Pb results on whole rocks and minerais (Barbosa &
Lafon, 1996).

In this study, we define seven new ages for granitoids
and one for meta-basaIt using Pb-Pb and V-Pb on zircon
and the Sm-Nd on whole rock from granite-greenstones
of the Inaja Range area.

GEOLOGICAL SETTING
The Archean terrain of the Inaja Range area (Fig. 1)

consists of tonalites-trondhjemite (Arco Verde Tonalite),
green stone sequence (Serra of Inaja Group) and calc
alkaline granitoids (Mata Surrao Monzogranite and Rio
Maria Granodiorite). Evidence of pre-3.0 Ga crust was
not reported in the Inaja Range, but in Rio Maria area is
attested by inherited zircon in magmatic rocks (Machado
et al., 1991) and detritical zircons (Macambira &
Lancelot, J991).

The Arco Verde Tonalite is a typical tonalite
trondhjemite suite with an emplacement age of2.95 Ga in
the Inaja Range region (Rolando & Macambira, 2002).
These rocks have isotropie igneous to strongly foliated
textures. The green stone belt sequence (Serra of Inaja
Group) is composed by meta-ultramafic, metamafic
(basalts and gabbros) rocks, and BIF (Neves & Vale,
1999). The stratigraphie position of these vol cano
sedimentary sequences is correlated with that of the Rio
Maria area, where the age was established between 2.90
and 3.00 Ga (Pimentel & Machado, 1994; Macambira &
Lancelot, 1996; Souza et al., 2001). Vsing Nd isotope
composition, Souza et al. (2001) showed that partial
melting of depleted mantle produced the rocks of the
greenstone belt in the Rio Maria region.

The Rio Maria Granodiorite is weakly fo1iated and
mainly predominantly granodioritic in composition. A
Pb-Pb zircon age of 2.87 Ga has been determined for a
granodiorite sampIe from the northern part of the Inaja
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ANALYTICAL METROnS
Analyses of Pb-Pb on zircon, and U-Pb and Sm-Nd

on whole rock (Table 1) were carried out at the Para-Iso
Laboratory of the Federal University of Para, Brazil.
Isotopie ratios were determined using a multicolector
Finnigan MAT 262 mass spectrometer.

RESULTS
Pb-Pb AND U-Pb RESULTS

A mafic metavolcanic rock from the Serra of Inaja
Group (MP-24, see sample localization on Fig. 1) was
analyzed by U-Pb zircon method. Granites of Mata
Surrao type out crop nearby this metavolcanic rock and
provocated an amphibolite metamorphism. The sample is
poor in zircon and only five crystals were analyzed. Four
grains are discordant on a concordia diagram, except one
concordant crystal that yielding an age of 2.988 ± 4 Ma.

Four samples of the Arco Verde Tonalite yielded age
of 2.948 ± 7,2.981 ± 8,2.965 ± 1 and 2.988 ± 5 Ma, and
established a period of ca. 30 and 50 m.y. to this granite
genesis.

Two samples of the Mata Surrao Monzogranite,
located at northern of the Inaja Range yielded ages of
2875 ± 11 Ma and 2881 ± 2 Ma. The presence of the
xenocrystals yielding ages between 2.90-2.98 Ga in these
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samples indicate the interaction of the magma with older
rocks, possibility the Arco Verde Tonalite.

The samples MP-05, PA-02, PPA-20 and PPA-05
from the Rio Maria Granodiorite yielded ages of 2877 ± 6
Ma, 2880 ± 4 Ma, 2881 ± 8 Ma and 2875 ± 7 Ma,
respectively. The PPA-05 sample was collected from a pit
in the Fourquilha gold mine (Fig. 1), where the contact
with greenstone host rock is unknown. The zircon from
this rock shows a variety of form and size, and usually
composed of rim and nucleus. These crystals presented at
the highest temperature of evaporation the ages up to 3.10
Ga. The crystals that defined the age of crystallization of
the granodiorite (2.88 Ga) seem to not have nucleus.

Sm-Nd RESULTS
The samples of the greenstone volcanic rocks present

143Nd/144Nd ratios between 0.5117 and 0.5130, and
147Sml144Nd ratios between 0.1486 and 0.2036. The tND(t)

values calculated to 2.99 Ga are positive between 1.67
and 5.78. It was only possible to calculate the TDM for the
sample PPA-03 (3.02 Ga) due to for the high 143Nd/I44Nd
ratios. It was not possible to calculate an isochron with
the samples from the greenstones because the lack of the
correlation.

Table 1. Pb-Pb, and U-Pb on zircon and Sm-Nd on whole-rock isotopie data for granitoids, metabasalts and metagabbros from the
granites-greenstone terrain of the Inaja Range region, southeastem Amazonian Craton. Zr: zircon; 1age of xenocrystal.

Sample Rock type Method Age (Ma) 147Smll44Nd 14JNd/144Nd
tND(t) TDM

Greenstone helt (Serra do [naja Group)
MP-21B Metabasalts 0.20359 0.513029 5.02
MP-24 Metabasalts U-Pb (Zr) 2.988 ±4 0.17866 0.512577 5.78
PA-04 Metagabbro 0.19673 0.512783 2.84
PPA-03 Metagabbro 0.14863 0.511777 1.67 3.02
Arco Verde Tonalite
MP-07 Tonalite Pb-Pb (Zr) 2.948 ± 7 0.06553 0.510136 1.56 3.02
PPA-18 Tonalite Pb-Pb (Zr) 2.981 ± 8 0.09800 0.510783 1.72 3.01
PPA-14 Saprolite Pb-Pb (Zr) 2.965 ± 1
MP-19 Tonalite Pb-Pb (Zr) 2.988 ± 5
Mata Surriio Monzogranite
MP-09 Monzogranite Pb-Pb (Zr) 2.881 ± 2

2930-2960 1 0.06062 0.510156 1.89 2.90
MP-17 Monzogranite Pb-Pb (Zr) 2.875 ± Il

2900-2980 1 0.13699 0.511535 0.56 3.05
Rio Maria Granodiorite
MP-05 Granodiorite Pb-Pb (Zr) 2.877 ± 6 0.09616 0.510706 -0.53 3.07
PA-02 Diorite Pb-Pb (Zr) 2.880 ±4
PPA-20 Granodiorite Pb-Pb (Zr) 2.881 ± 8

3070 ±6 1 0.08484 0.510556 0.74 2.97
PPA-05 Tonalite Pb-Pb (Zr) 2.875 ± 7

2970-31001

MP-22 Granodiorite 0.09768 0.510731 -0.61 3.07
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The Archean granitoids of the Inaja Range region
show model ages concentrate between 2.90 and 3.07 Ga
(Table 1). Two samples from the Arco Verde Tonalite
show 143Nd/144Nd ratios between 0.5107 and 0.5110.
END(I) between +1.56 and +1.72, and model ages (TDM)

between 3.01 and 3.02 Ga. The 143Nd/I44Nd ratios of the
Rio Maria Granodiorite and Mata Surrâo Monzogranite
are between 0.5101 and 0.5115, END(I) between -0.61 and
+1.89, and model ages (TDM) between 2.90 and 3.07 Ga.

DISCUSSION
The Nd isotopic compositions obtained for the Arco

Verde Tonalite and mafic rocks from the greenstone belt
of the Inaja Range show that these rocks derived mainly
from the mantle. The EN~l)' values confirm a depleted
mantle source for their protoliths.

Rocks older than 3.00 Ga were not reported in this
region of the Amazonian Craton, but xenocrystals and
zircon with nucleus up to 3.10 Ga are observed in two
samples (PPA-20 and PPA-05) from the Rio Maria
Granodiorite. The model age (TDM) of the analyzed
granitoids show that the extraction from the mantle was
in the period between 2.97 and 3.07 Ga.

According to preliminary data, the age of 2988 ± 4
Ma (U-Pb on zircon) for mafic metavulcanic of the Serra
of Inaja Group indicated that these rocks are coeval with
those of the Andorinhas Super-Group of the Rio Maria
region (PimentaI and Machado, 1994). The intervals for
the formation of the Arco Verde Tonalite, between 2.40
and 2.99 Ga, overlap that proposed to the emplacement
of volcanic and sedimentary rocks that conform the
greesntone belt of the Inaja Range.

The Sm-Nd model ages and the Pb-Pb zircon ages of
the samples of the Arco Verde Tonalite are coherent and
demonstrate that the magma was extracted from the
mantle ca. 3.00 b.y. ago closed its emplaced into the crust
(2.94-2.99 Ga). The Rio Maria Granodiorite and Mata
Surrâo Monzogranite rock source was separated from
mantle at 2.90-3.07 Ga and was finally emplaced at 2.87
2.88 b.y. ago. The Rio Maria Granodiorite shows
evidences of crustal contamination as sorne TDM values
lightly negative (-0.6), and the presence of xenocrystals.

Finally, the obtained zircon ages and the Sm-Nd data
for the Archean Inaja Range granite-greenstone terrain

Short Papers - IV South American Symposium on Isotope Geology

confirm the similarity between this region and Rio Maria
regions.
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INTRODUCTION
Following the global changes occurred at the K!f

boundary, the Paleogene was marked by worldwide
paleogeographic reorganizations (Pomerol, 1982;
Berggren et al., 1985). At this time, the opening of the
South Atlantic Ocean was still in progress, resulting in
the generation of several sedimentary basins along the
Brazilian coast. The sedimentary rocks of the Continental
Rift of Southeastern Brazil (CRSB) are the most
complete record of the geological events developed in the
onshore area during this period. The provenance of these
sedimentary deposits was studied, with emphasis placed
on the mineraIogy of the clay mineraIs and recognition of
their possible source areas based on Nd isotopic
signatures of whole rock and clay (finer than 2 microns)
fraction from the central segment of the CRSB.

GEOLOGICAL SETTING
The Continental Rift of Southeastern Brazil (CRSB)

(Riccomini, 1989), of Cenozoic age, is an ENE-trending,
elongate, narrow trough, about 1000 km long, that
stretches from Curitiba (Parana) in the WSW to Barra de
Sao Joao (Rio de Janeiro) in the ENE (Fig. 1). The CRSB
was formed as a result of late processes related to the
break-up of Gondwana, separation of South America
from Africa and the opening of the South Atlantic Ocean.
ln the early Tertiary, NNW-SSE regional extension,
related to thermomechanical tilting of the adjoining
offshore Santos basin, reactivated ENE shear zones
within the Precambrian basement leading to the
generation of continental half-grabens.

The sedimentary filling, syn-tectonic to the NNW-SSE
extension, is mainly represented by Eocene-Oligocene
alluvial siliciclastic rocks (conglomerates, sandstones and
mudstones) deposited in an alluvial fan system.
Oligocene lacustrine c1aystones and shales are
interfingered with the alluvial sediments in the central
portion of the CRSB.

MATERIALS AND METHODS
The studied samples were collected in several

outcrops in the central segment of the CRSB (Taubaté
and Resende basins) and in a core drilled in the central
part of the Taubaté Basin (Fig. 1).

Mineralogical analyses, including petrographic
studies, X-ray diffraction and scanning electron

microscopy, were developed in the laboratories of the
IGUSP. Ali Nd isotopic analyses were carried out in the
Geochronology Laboratory of the UnB, after sample
dissolution in the laboratories of the IGCEIUNESP.

MINERALOGICAL AND GEOCHEMICAL
RESULTS

Mudstones and c1aystones in the CRSB are massive
and made up essentially of detrital smectite and
interstratified iIIite-smectite (IlS). Mica and kaolinite
occur in variable proportions and quartz and feldspar are
the main sand-grained c1asts in these rocks. The smectite
and liS are platy and relatively coarse-grained (plates
coarser than 5 microns in diameter), with slightly
undulated boundaries (Sant'Anna, 1999).

TDM model ages obtained for whole rock mudstones
and c1aystones of the central segment of the CRSB vary
between ca. 1.8 and 2.2 Ga (Table 1). These values
indicate the Precambrian basement as the main source
area, for which Proterozoic to Archean TDM model ages
were already recorded (e.g. Sato & Campos Neto, 1996;
Tassinari & Sato, 1996; Cordani & Sato, 1999). The
analyzed clay fraction of lacustrine c1aystone also
displays Proterozoic model age (ca. 1.9 Ga). Younger
model age of ca. 1.3 Ga was obtained only for whole rock
of alluvial mudstone probably derived from mixed source
areas, the Precambrian rocks and Late Cretaceous
alkaline massifs (which have TDM model ages around
0.8 Ga).

DISCUSSIONS AND CONCLUSIONS
At the end of the Late Cretaceous and beginning of the

Paleogene the relief was low due to the development of
the South American Planation Surface (King, 1956). In
this geomorphologic context, the origin of the detrital
smectite and Ils is attributed to chemical weathering
processes forming paleosols by the alteration of the
Precambrian basement rocks of CRSB probably during
the Early Tertiary. Late Cretaceous alkaline massifs may
have contributed only locally. The smectitic paleosols
were transported into the continental half-grabens by
mudflows in an alluvial fan system during the Eocene
Oligocene, passing laterally and upwards to lacustrine
conditions, in the OIigocene (Riccomini et al., 1996;
Sant'Anna, 1999).
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Eocene sediments of the offshore basins, Sao Paulo
Plateau and Rio Grande Rise are abundant in detrital
smectite, considered as supplied from emerged South
American continent (Robert, 1987). Geological,
mineralogical and geochemical data obtained for the
smectitic clay minerais of the eRSB indicate that
landmasses in southeastern Brazil probably acted as a
major source area to the detrital clay sedimentation in
western South Atlantic during this time.
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Figure 1. Regional context of the CRSB (Riccomjni et al., 1996): 1) Precambrian basement; 2) Paleozoic and Mesozoic sedimentary
deposits of Parana basin; 3) Mesozoic flood basalts, Serra Gerai Formation; 4) Tertiary basins and associated deposits of the CRSB

(1- [taborai basin, 2- Barra de Sao J030 graben, 3- Macacu basin, 4- Volta Redonda basin, 5- Resende basin, 6- Taubaté basin,
7- Sao Paulo basin, 8- Sete Barras graben, 9- Pariqüera-Açû Formation, 10- Alexandra Formation, [1- Curitiba basin,

12- Guaraqueçaba graben); 5) Precambrian shear zones, partially reactivated in the Mesozoic and Cenozoic.

Table 1. Sm-Nd data of sedimentary rocks from the Taubaté and Resende basins.

Sample nO, Basin Sm(ppm) Nd(ppm) 147Sm/l44Nd J43Ndl l44Nd (± 2SE) e(o) TOM (Ga)
TB50C Taubaté Il,11 57,89 0,1160 0,51 1800±32 -16,34 1924

CNP96 Tallbaté 7,998 42,752 0,1131 O,511771±13 -16,91 1913
TB534RA Taubaté 6,632 36,345 0,1103 0,1 1767±22 -16,99 1867

TB534RA « 2~m) Tallbaté 6,724 37,043 0,1097 0,511738±10 -17,56 1900
QZ18 Taubaté 56,088 378,44 0,0896 0,511975±21 -12,93 1304

CNP 270 Taubaté 6,772 37,223 0,1100 0,511743±06 -17,46 1897
CNP 314 Taubaté 6,699 36,968 0,1095 0,5J 1727±O9 -17,77 19J2

CN"? 688 Taubaté 3,965 23,054 0,1040 0,51 J731 ±09 -17,69 1809

CNP711 Taubaté 6,691 36,03 0,1123 0,51 1730±O6 -17,71 1959

CNP738 Tallbaté Il,315 65,818 0,1039 0,5 11728±07 -17,74 1812

CN"? 763 Taubaté 5,90 34,16 0,1044 0,51 J752±06 -17,28 1786

CNP806 Tallbaté 5,34 34,10 0,0946 0,5 117 17±25 -17,96 1685

CNP 818 Taubaté 9,76 55,45 0,1064 0,51 1693±07 -18,44 1904
RE 10A Resende 13,072 82,43 0,0959 0,5 1201 0±07 -12,26 1328
CNP33 Taubaté 4,418 25,502 0,1047 0,51 1703±08 -18,23 1860
CNP46 Taubaté 6,116 35,44 0,1043 0,51 1727±O6 -17,77 1821

CNP 148 Taubaté 5,743 32,49 0,1068 0,51 J675±32 -J 8,78 1937
CNP 289 Taubaté 5,123 28,71 0,1079 0,51 1725±07 -17,81 1884

RE 14 Resende 5,508 32,85 0,1013 0,51 1536±O6 -21,50 2032

RE 16 Resende 24,274 122,325 0,1200 O,511707±O6 -18,16 2160
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INTRODUCTION
Concepts recently developed in the Borborema

Province, Northeast Brazil, has envisaged a complex
evolution in which terranes of different ages were
amalgamated by several events culminating in two
successive orogenies in the Late Precambrian. Around
three major subprovinces are recognized (Van Schmus et
al. 1995; Brito Neves et al. 2(00), each one of them
comprising terranes of different teetonie patterns and ages
(Santos 1996). The Northem subprovince is greatly an
wide basement composite terrane involving Archean and
Paleoproterozoic blocks and Neoproterozoic linear belts.
The Transversal subprovince is made up mainly by
Stenian to Tonian terranes placed tectonically side by
side to Brasiliano belts, which surround Paleoproterozoic
inliers. The Southem subprovince corresponds to the
extemal marginal domain relative to the Sào Francisco
cratonic area in the south, including foreland and
hinterland monocyclic belts. The Transversal subprovince
includes several supracrustal belts mainly of Cariris
Velhos (around 1,0 Ga) and Brasiliano (ca. 0,6 Ga) ages
(Brito Neves et al., 1995) but high grade terranes contains
also a sedimentary component of unknown age. One of
these paragneisses is referred as Sertânia Complex,
described originally in the region of the Rio Moxot6
valley, state of Pernambuco (Santos, 1977). The Sertânia
Complex is formed essentially by high grade migmatitic
supacrustals that are typical of the Alto Moxot6 terrane
(figure 1), although sorne questions about the
relationships with the Sao Caetano Complex of the
Cariris Velhos age yet remain in sorne areas. This paper
presents the first geochronologic data of the Sertânia
Complex, in order to aid the tectonostratigraphic
comprehension of this important lithotectonic domain of
the Borborema Province.

LITHOSTRATIGRAPHIC PATTERNS
The Sertânia Complex is a sedimentary sequence

including a subordinate voleanic component,
metamorphosed in upper amphibolite conditions,
occurring in the Alto Moxot6 terrane, Transversal
Subprovince of the Borborema Province (figure 3). In the
type area environs of the Sertânia town, the complex is
formed essentially by migmatites of metapelitic
protholith, including sillimanite-in or sillimanite-out
gamet-biotite schists, in places carrying a volcanoclastic
component, interlayered with marble, minor quartzite,
cale-silicate rock and amphibolite (figure 1). In the Sumé

(PB) region, the gamet-biotite schists contain abundant
lenses of marble and they are lesser migmatized. In the
westemmost the supracrustals grade to quartzite-rich
facies, and includes also BIF's and mafic metavoleanics.
According to Santos et al (2002), the Sertânia Complex
was intruded by tonalitic and trondhjemitic sheets, in
places described as Camalau suite. One sample of alkali
feldspar granitic orthogneiss and two ones of migmatitic
metagraywacke and schist of were collected at the region
of Aroeiras (PB) (figure 3) for geochronologic purposes.
The sample of the Sào Luis farm (SPP-GN-FSL) is a
gamet-biotite-plagioclase schist with disperse quartz
porphyroblasts, besides titanite, apatite, zircon and
opaque mineraIs. The zircon of this sample shows weil
crystallized crystals largely with an oscillatory zoning
parallel to margin of crystals (figure 2) suggesting a
magmatic or volcanoclastic origin (probably dacitic to
quartz andesitic tuffs). Another sample of the same
region (SPP-GN-BXS) is a plagioclase-rich gneiss,
including also quartz and Ti-rich biotite and occasional
sillimanite with a similar composition. The sample SPP
GN-PER is a microcline-rich migmatite with a dominant
leucosome matrix and relict of a gamet-plagioclase
quartz schist mesosome, typically of sedimentary origin.

ANALYTICAL PROCEDURES
SHRIMP operating calibrations of data, analytical

errors and caleulation of dates Zircon U-Pb isotopie data
were obtained from the Australian National University
(ANU) SHRlMP 1 instrument using a ca. 25 Ilm spot with
a mass-filtered 02-primary ion beam. A mass resolution
of 5,500 to 6,000 (at 1% peak height) was used for
analysis. Details of the analytical procedure are presented
by Stem (1998) and Williams (1998). Due to effects such
as the differential yield of metal and oxide species
between elements during sputtering, inter-elements ratios
are calibrated with a standard, where the ratios are known
by isotope dilution thermal ionisation mass spectrometry
(IDITMS). This calibration method is explained fully by
Stem (1998) and Williams (1998). Thus 206pbp38U ratios
have an error component (typically 1.5 to 2.0%) from
calibration of the measurements using the standard
zircons. U abundance was calibrated against 238 ppm U
(<±10%) fragments of the single crystal SU 3 standard
and PblU was calibrated against the multicrystal standard
AS57 of 1,100 Ma; Paces and Miller 1993). Ali errors
take into account non-linear fluctuations in ion counting
rates beyond that expected from counting statistics (e.g.
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Stem 1998). The decay constants and present-day
238U1235V value given by Steiger & Jager (1977) were
used· to calculate dates. For suites Neoproterozoic zircons
of 10wer V (::;;1,500 ppm), the most reliable dates
considered to be those derived from 206pbP38V ratios,
following correction for common Pb by the 207Pb method
(Compston et al 1984) and use of the Cummings &
Richards (1975) model Pb composition for the likely age
of the zircons. For Neoproterozoic higher V zircons
suites, where matrix contrasts with the standard zircons
can make the calibration of VfPb unreliable, most
confidence is placed in 207pbP06Pb dates, following
correction for common Pb based on measured 204Pb. For
assessment of dates on older zircons, most reliance is
placed on 207pbp06pb dates on sites with close to
concordant dates, following correction for common Pb
based on measured 204Pb. Pooled dates calculated in this
paper are weighted means (analysis inverse-variance
weighted, 95% confidence and rounded to the nearest
million year), basing on grouping of sites interpreted
from CL (cathodoluminescence) images to belong to one
generation of zircon. The dates were calculated using the
program Isoplot/Ex of Ludwig (1998). V abundances and
Th/V of analyzed sites are only discussed when
considered important for interpretation of isotopie data.
Data are presented as 238Vp06Pb versus 207PbP06Pb "Tera
Wasserburg" plots.

GEOCHRONOLOGIC DATA
It were analyzed zircon populations of the SPP-GN

FSL and SPP-GN-PER. The SPP-GN-FSL sample
yielded mostly prismatic zircons, up to 200f.lm long. In
CL images many of these display oscillatory zoning
subconcordant to the exterior of the grains (figure 2).
They commonly have thin partial overgrowths, which
appear bright and homogeneous in CL images. A
minority of the grains show oscillatory zoning strongly
truncated at grain boundaries. Nine analyses are
undertaken on 9 grains. AlI 6 analyses of oscillatory
zoned zircons yielded a 207PbP06Pb weighted mean date
of 2, 126±26 Ma (95% confidence, MSWD=0.14) (figure
3). One analysis of a bright homogeneous rim yielded
dates within error of this, whilst analyses of two other
grains also of bright rims yielded younger discordant
dates. The sample is clearly dominated by
Paleoproterozoic zircons of igneous origin and restricted
age, which were affected by subsequent metamorphism
and disturbance, probably in the Neoproterozoic. The
sample SPP-GN-PER contained oval to somewhat
rounded prismatic zircons, up to -250f.lm long (figure 2).
In CL images many grains display oscillatory zoning.
This is generally subconcordant with the exterior of the
grains, but in sorne cases it has been truncated. Sorne
grains have overgrowths, which appear homogeneous to
weakly oscillatory-zoned in CL images. Sixteen analyses
were undertaken on 15 grains. Most sites on oscillatory
zoned zircon yielded close to concordant dates, with
207PbP06Pb dates between -2,200 and 1,950 Ma (figure
3). These grains are interpreted as derived from a
Paleoproterozoic terrane dominated by rocks formed in a
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short period. Given the apparent lack of abrasion of these
grains, they were probably not transported far in a
sedimentary system. Two analyses of overgrowths
yielded much younger dates. Although these not define a
precise date, they clearly indicate zircon overgrowth
during metamorphism in the Neoproterozoic. The SSP
GN-BJL sample (orthogneiss) data (8 analyses) aIl
produce a model 1 regression of 2,016±27 Ma, 393±150
Ma intercepts, MSWD=0.6 (figure 3). Alternatively, the
4 closest to concordant analyses give a weighted mean
207PbP06Pb date of 2,008±21 Ma, 95% confidence,
MSWD=0.8. The ca. 2,000 Ma dates are alternative
calculations on the age of igneous zircons in this sample.
The 393±150 Ma lower intercept in the regression is an
indication of early Palaeozoic to Late Neoproterozoic
disturbance. The behavior of Nd isotopie data of both
orthogneisses and supracrustals of the Alto Moxotô
terrane is also similar. The Aroeira and Sertânia samples
show model ages Nd TDM of 2,4 Ga, however samples of
other localities exhibit ages around 2,6 Ga, all with
negative ENd parameter, clearly indicating an Archean
source yet not known in this terrane. The most of Rb-Sr
data of the Alto Moxotô rocks plots on reference isochron
of 2,190 Ma (Brito Neves et al 2001), supporting the
influence of the Transamazonian event in this terrane.

DISCUSSION AND CONCLUSIONS
The ages obtained for orthogneisses and supracrustals

of the Alto Moxotô terrane confirm this tectonic segment
represent a distinct domain within the Transversal
subprovince framework, which is dominated by Cariris
Velhos and Brasiliano belts. However recent
chemostratigraphic and Pb-Pb ages obtained in marbles
of the Alto Pajeu and Alto Moxotô terranes have
suggested a Cariris Velhos age for sedimentation and
metamorphism of the supracrustals of both terranes (V.H.
Santos et al 2002). We believe these more new ages
resulted of metamorphic disturbances operating in 0 and
C systems under influence of the Cariris Velhos and/or
Brasiliano events acting on both domains.
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(a) (b) (c)

Figure 1. Stromatic and folded migmatites of the Sertânia Complex from the type area: (a) general view of the folded migmatite; (b)
preserved piece of metavolcanoclastics in migmatized gamet-biotite schist developing a pegmatitic leucosome along the contact

between both two lithologies; (c) amphibolite relict in folded mimatite with metapelitic mesosome.

Figure 2. Cathodoluminescence images of zircons of the supracrustals of the Sertânia Complex. Sample SPP-GN-FSL volcanoclastic
schist of the Sao Luis farm; SPP-GN-PER gamet-biotite schist of the Pereiro farm.
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INTRODUCTION
The northwestem Roraima region - the Parima

Mountains - is one of the least lmown regions in the
world. Reconnaissance studies identified two main units
in the Parima region basement: The Urariqüera Complex
(Pinheiro et al., 1981; CPRM, 2002) and the Parima
Group (Arantes & Mandetta, 1970). Parima Group is an
association of green schist facies volcano-sedimentary
rocks and amphibolite facies paragneisses. The
Urariqüera Complex is an amphibolite facies orthogneiss
unit including amphibolites and granitoid. Based on
reconnaissance field data, the Parima Group was
interpreted as a greenstone belt of Archean (Pinheiro et
al" 1981) or Paleoproterozoic (Reis et al., 1994; Gaudette
et al., 1996) age. Sorne authors (Tassinari & Macambira,
1999; Tassinari et al., 2000) propose the existence of a
large Archean block in northem Roraima and
southeastem Venezuela (the Roraima block), while others
include the Parima Group in the Trans-Amazonian
Orogeny (Reis et al., 1994; Gaudette et al., 1996). To
investigate the question of the basement age in
northwestem Roraima region (Archean or Trans
Amazonian) we dated two zircon samples of the Parima
Group by U-Pb SHRIMP and seven whole rock samples
of the Urariqüera Complex and two samples of the
Parima Group using Sm-Nd isotopes.

This abstract reports the results of the U-Pb and Sm
Nd dating and provides a new interpretation for the
Parima Group as weIl as for the Amazon Craton
evolution.

REGIONAL GEOLOGY
The Parima Group crops out in the basins of the

following rivers: Parima, Auaris, and Mucajaf, Catrimâni
and Urariqüera headwaters (Fig. 1). The unit is
geographically associated to the Urariqüera Complex
composed by orthogneiss, metabasalt and granitoid. Both
units are cut by Mesoproterozoic rapakivi granites
(Surucucus suite) and mafic-ultramafic bodies
(Tapuruquara magmatism) and covered by
Mesoproterozoic sedimentary outliers (Serra Surucucus
Formation; Santos et al., 2003a). Field and remote
sensing data indicate dominant NW-SE to E-W
lineaments and sinistral transcurrent movements (Reis &
Fraga, 2000). The rocks present at the type-area (lower
course of Parima River) are green schist facies meta
andesite, meta-rhyodacite and meta-pyroclastic rocks
(Arantes and Mandetta, 1970). Amphibolite facies rocks

are present in Couto Magalhaes, Parima, and Uatatas
rivers headwaters (mostly sillimanite-cordierite
paragneisses; Nunes, 1992). The stratigraphie relationship
between Parima Group and Urariqüera Complex is
unlmown and both units show the same style of
deformation. The orthogneisses are referred to the
complex and the paragneisses are associated to the group.

Uatatas quartzite sample is from Uatatas River
headwater (Fig. 1) and was collected in a green schist
facies meta-sedimentary sequence compose by orthoclase
quartzite, quartz-biotite phyllite, and carbonate quartzite,
light to dark grey and fine grained. This sequence is weIl
laminated and interpreted as turbiditic (Reis et al., 1994).
Prainha meta-andesite cornes from Prainha Creek, a
Mucajaf River tributary (Fig. 1). It displays an E-W
nematolitic foliation is has actinolite-andesine
assemblage (green schist facies).

METHODS
We dated zircon from two samples and integrate the

results will aIl available U-Pb data of the region (Table
1). The two selected samples for U-Pb study are a meta
andesite from Prainha Creek (J02) and a low grade
metamorphosed fine sandstone (LM6). Zircon analyses
were carried out on the SHRIMP II at the Curtin
University of Technology following standard procedures
(Smith et al., 1998; Santos et al., 2000). Reference
standard was CZ3 zircon (564 Ma; 206Pbp38U=0.0914).
AlI presented U-Pb ages are 207PbP06pb ages. Sm-Nd
analyses (Table 2) were done on the Isotopic Geology
Laboratory at the Federal University of Rio Grande do
Sul. Decay constants used are those recommended by
Steiger and Jagger (1977).

RESULTS AND DISCUSSION
The Prainha meta-andesite (J02) zircons are clear

prisms without evidence of older cores. They compose a
single population and 13 of 14 analyses are concordant
and group at the 207PbP06Pb age of 1946 ± 7 Ma
(MSWD=1.6; Fig. 2). This age is about 20-10 m.y.
younger than the ages of the rocks formed during the
Creporizao orogeny (Santos et al., 2003b), such as the
Surumu Group and the Pedra Pintada suite (Orocaima
volcano-plutonism, Reis et al., 2000). It is comparable to
the ages of several rocks from eastem Roraima State (Rio
Urubu Complex, this paper), such as the Tracaja
Granodiorite (1941 ± 4 Ma; recalculated from Gaudette et
al., 1996) and two metamorphic rocks: the Mucajaf



Gneiss (1938 ± 8 Ma; J.O.S. Santos, unpublished data),
the Barauana anatexite (1943 ± 7 Ma; J.O.S. Santos,
unpublished data), and the Vilhena mylonite (1937 ± 7
Ma; J.O.S. Santos, unpublished data).

Nineteen zircon crystals from the Uatatas quartzite
(LM6) yield concordant to sub-concordant results and
two grains are Archean (2869 ± 7 Ma and 2795 ± 9 Ma).
Disregarding the eventual removal of large areas of the
Amazon Craton since the Archean, the only possible
source for those two grains is the Imataca Belt of
Venezuela, located about 650 km to the north-northeast.
The remaining 17 analyses form four populations with
ages from 2203 to 1968 Ma (Fig. 3). Three age groups of
2203 ± 6 Ma (n=5), 2141 ± 5 Ma (n=2), and 2097 ± 14
Ma (n=5) are probably derived from the Trans
Amazonian belt to the north-northeast. The younger
group is clearly post-Trans-Amazonian in age (1968 ± 7
Ma) considering the duration of that orogen as 2.26-2.01
Ga (Santos et al., 2003b). This age constrains the
maximum possible age for the Uatatas quartzite and the
Parima Group. There are two possible main sources for
this population. One possibility is the volcano-plutonic
rocks cropping out to the east and northeast of the Parima
Group Basin, such as the Pedra Pintada Suite and the
Surumu Group (1966 Ma; Schobbenhaus et al., 1994).
Another possibility is the metamorphic rocks from the
Cauarane Group such as the Taiano gneiss molten at 1969
± 4 Ma (J.O.S. Santos, unpublished data). The ages near
1968 Ma (Surumu, Pedra Pintada, Uatatas) are correlative
to the rocks formed during the Creporizao orogeny of the
Tapaj6s domain. Distinctly from the Tapaj6s domain, the
Creporizao orogeny in Roraima is formed not only by
volcano-plutonic rocks in a continental arc environment,
but it encloses metassedimentary rocks produced in a
collisional setting (Uatatas quartzite), Which may be
correlative to the Muruwa (Guyana) and Los Caribes
(Venezuela) Formations (Gibbs & Barron, 1993; Reis et
al., 2000).

The Sm-Nd data for the Urariqüera Complex (Table
2) suggest a derivation from Trans-Amazonian rocks
(TDM model ages of 2178-2022 Ma) and a short crustal
residence interval (eNd greater than zero). The TDM model
ages of two Parima Group paragneisses correspond to one
Late Neoarchean age (2502 Ma) and one Early Siderian
age (2485 Ma), Table 2. These paragneisses may have
several sedimentary sources, as shown in the Uatatas
quartzite and the two model ages of 2502 and 2485 Ma
probably have no geological meaning being the result of a
mixture of Nd isotopes of several sources, Archean and
Paleoproterozoic.

CONCLUSIONS
The isotopic results indicate that the Parima and

Urariqüera units are not Archean nor Rhyacian (Trans
Amazonian) in age, but much younger, Orosirian (ages
between 1.97-1.94 Ga). This fact has important
implications for the interpretation of the Amazon Craton
evolution and for the absence of a large Archean block
named the Roraima Block (extension of the Central
Amazon Province) in northern Roraima-southeastern
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Venezuela region (Tassinari et al., 2000). There are two
main possibilities for the Archean Roraima Block: a) the
rocks older than 2.3 Ga form very small bodies
undetected by the regional mappings or b) Archean rocks
are totally absent and the Roraima Block crust was
formed after ca. 2.1 Ga.

The interpreted sources to the Uatatas quartzite
deposition were Trans-Amazonian and Archean rocks
located far to the north-northeast (about 650 km) and
Orosirian rocks located relatively close (300-150 km)
from the Creporizao orogeny to the east and northeast.
The maximum age of 1968 Ma precludes any correlation
of the Parima Group to Archean or Trans-Amazonian
rocks as stated in the pasto The absence of detrital zircon
crystals having similar ages to the neighboring Prainha
meta-andesite (J02) may suggest that the Uatatâs
quartzite was deposited before 1940 Ma during the 1968
1940 Ma period. The age of the youngest population
(1968 ± 7 Ma) of detrital zircon and the ages of the
Orocaima volcano-plutonism (Reis et al., 2000) are
typical ages of the Creporizao orogeny of the Tapaj6s
domain, which is dominated by a continental arc
environment. The data here presented suggest an
extension of that orogeny to the Parima domain.

The Prainha andesitic volcanism at 1946 ± 7 Ma is
synchronous with both magmatic (Tracaja and Rio
Urubu) and metamorphic (Taiano, Barauana, and
Vilhena) events to the east of Roraima State. These
events are post-Creporizao in age and no equivalents
have been found in the Tapaj6s Domain. They represent
another orogeny in the Tapaj6s-Parima Orogeny between
the Crepozizao (1970-1960 Ma) and Tropas (1900-1890
Ma) orogenies. This orogeny has an important collisional
component and is here named the Tracaja orogeny.
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Table 1. Ages and data of rocks discussed along text.

Sample Rock Unit U-Pb age MSWD zircon type Event Reference

J02 Meta-andesite Parima group 1946 ± 7 1.60 igneous Tracajâ This work
JOI Granodiorite Tracajâ 1941 ± 4* 0.25 igneous Tracajâ Gaudette et al. (1996)

SR6 Anatexite Barauana 1943 ± 7 1.90 igneous Tracajâ J.O.S. Santos, unpublished
CA47 Mylonite Vilhena 1937 ± 7 2.60 igneous Tracajâ J.O.S. Santos, unpublished
MF6 Gneiss Mucajaf 1941 ± 5 1.40 igneous Tracajâ J.O.S. Santos, unpublished

LM6 Quartzite Parima 1968 ± 7 1.50 detrital Orocaima This work
SURI Rhyodacite Surumu 1965 ± 4* 2.40 igneous Orocaima Schobbenhaus et al. (1994)
JOSPlb Paragneiss Taiano 1969 ± 4 0.13 metamorphic Orocaima J.O.S. Santos, unpublished
SR109 Gneiss Rio Urubu 1966±37 igneous Orocaima Fraga et al. (1997)**
NRI7 Monzogranite Igarapé Azul 1960 ± 21 igneous Orocaima Almeida et al. (1997)**

JOl80 Monzogranite Creporizào 1957 ± 6 1.46 igneous Creporizao Santos et al. (200 1)

Location of most samples shown in Figure 1. MSWD=Mean Standard Weighted Deviation; (*) recalculated age; (**) Pb-Pb data

Table 2. Sm-Nd data of Urariqüera Complex and Parima Group

TDM
Sample Rock TTnit Latitude Longitude model ages ENd

EC-130B meta-tonalite Urariqüera 2.76275 -62.07874 2022 +2.04

GM-116 Gneiss Urariqüera 4.07650 -64.35228 2116 +0.73

EC-1l8 meta-tonalite Urariqüera 2.77987 -61.99956 2090 + 1.47

WW-lll Gneiss Urariqüera 3.98505 -64.41337 2096 + 0.63

SP-34A meta-diorite Urariqüera 3.56576 -63.17108 2136 + 0.79

NR-49B meta-tonalite Urariqüera 3.06571 -62.57815 2172 + 0.01

EC-26 Gneiss Urariqüera 2.79648 -63.11364 2178 + 0.82

WW-125 two mica gneiss Parima 3.98075 -64.27467 2485 - 4.37

AB-47 cord-sill gneiss Parima 3.85390 -63.74418 2502 - 4.86
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INTRODUCTION
The characterization of major orogenies in the SW

Amazon Craton is an issue of major importance for the
evolution of the craton and Amazonia continent. The
Southwestem Amazonian Craton contains the Rondônia
Juruena (1850-1540 Ma) and Sunsas (1450-980 Ma)
provinces (Santos et al., 2(00), which inc1ude both
orogenic and post-orogenie rock associations. Two
domains compose the Rondonia-Juruena Province: the
Jamari Domain to the west and the Roosevelt-Juruena
Domain to the east (Fig. 1). The Jamari Domain is
formed by two main units: the orogenic Jamari Complex
(1.76-1.75 Ga; Tassinari et al., 1996; Santos et al., 2000)
and the post-orogenie Serra da Providência Intrusive
Suite (1.58-1.53 Ga; Tassinari et al., 1996; Santos et al.,
2000; Bettencourt et al., 2001; Payolla et al., 2(02). The
Serra da Providência Suite inc1udes rapakivi-like granites
and chamockitoids, which are not discriminated in the
geologieal maps. The Jamari Complex has two main
groups of rocks formed in two distinct environments: a
tonalite-quartz diorite association possibly related to an
island arc environment and an assemblage of high
metamorphie grade metassedimentary rocks, such as
kingzigite and paragneiss suggestive of a collisional
orogenie environment. Both Serra da Providência and
Jamari units are strongly affected by a much younger
collisional event of the Sunsas Orogen producing
mylonite gneisses and augen gneisses and making
difficult the discrimination between the orogenic and
post-orogenie rocks. This paper investigates the Jamari
Complex to establish: a) the timing of the older collision,
which formed the kinzigite-paragneiss association, and b)
the timing of the younger collision affecting both Serra da
Providência and Jamari units.

METHODS
We present the results of zircon geochronology offive

rock samples and integrate the results with all available
V-Pb isotopic data in the region (Table 1). The five rock
sarnples se1ected for this investigation are three samples
from Jamari Complex (JL78, GR59 and GR35); one
sarnple from Serra da Providência (GR333), and one
sample from the Sunsas belt (JS39). We used BSE
images to select zircon for U-Pb analyses, pieking grains
showing evidence of possible metamorphie rims. Zircon

analyses were carried out on the SHRIMP II at the Curtin
University of Technology following standard procedures
(Smith et al., 1998; Santos et al., 2(00). Reference
standard was CZ3 zircon (564 Ma; 206PbP 38U=0.0914).
We present here only 207pbP06Pb ages. Sm-Nd isotopes
were analyzed in the Laborat6rio de Geologia Isot6piea,
Universidade Federal do Rio Grande do Sul, Porto
Alegre. Decay constants used are those recommended by
Steiger & Jagger (1977).

RESULTS AND DISCUSSION
The Jamari Complex zircon crystals have the

following magmatic ages (Table 1): 1752 ± 14 Ma
(JL78), 1755 ± 9 Ma (GR59), and 1761 ± 3 Ma (GR35).
The Sm-Nd mode! ages are slightly older: 1957, 1838,
and 1947 Ma and indicate a short crustal residence (Table
2). The magmatic ages correlate to the age of 1752 ± 2
Ma determined by Tassinari et al. (1996) on zircon from
tonalitic gneiss (A338a). Sample A338a, however, has a
much older Sm-Nd TDM model age (2200 Ma) than the
results presently reported. Sample GR35 has one
metamorphic rim formed at 1632 ± 6 Ma (grain d2;
ThIU=O.OI; Fig. 2) and sample GR59 has another
population of magmatic zircon formed at 1677 ± 12 Ma
(Fig. 3). These two ages are about 80 to 120 m.y. younger
than the age of the Jamari Complex and are similar to
several ages recently determined in the Jamari Domain:
Ouro Preto Paragneiss (1675 ± 12 Ma; Santos et al.,
2(00), Machadinho Paragneiss (1677 ± 5 Ma; Payolla et
al., 2002), Paraiso Farm granulitic gneiss (1655 ± II Ma;
Bettencourt et al., 2(01), and Presidente Médici garnet
gneiss (1634 ± 8 Ma; Bettencourt et al., 2(01). Sample
JL78 (1752 ± 14 Ma, Fig. 4) was affected by high-grade
metamorphism identified in zircon metamorphic rims
(ThIU=0.09; Fig. 5) at 1335 ± 2 Ma (Fig. 4). This age is
typical of the Candeias Orogeny of Sunsas Orogen
(Santos et al., 2002) and is equivalent to the age of
Ariquemes kinzigite (1331 ± 8; Tassinari et al., 1999).

Zircon crystals from Serra da Providência Granite
(GR333) were formed at 1547 ± 13 Ma and recrysta1lized
by metamorphism at 1349 ± 8 Ma (Th/U=0.009-0.015;
Fig. 6), associated to the Candeias Orogeny. Santos et al.
(2002) identified four main orogenies in the Sunsas
Orogen based on detrital zircon geochronology. The
Candeias Orogeny is the second orogeny of the Sunsas
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Orogen and developed during the 1370-1320 Ma range
according to the ages of populations of detrital zircon
grains from the following sedimentary units: Pacaas
Novos (1368 Ma), Nova Brasilândia (1351 Ma),
Palmeiral (1330 Ma), and Iata (1320 Ma). Another

èxample of the Candeias metamorphism is the
metamorphic age of 1326 Ma determined in monazite
from 1526 Ma old WB44 augen gneiss (Payolla et al.,
2002).

The Ariquemes Granite (1333 ± 8 Ma old; Santos et
al., 2000) and other granites are correlated to the Alto
Candeias Batholith (1330 ± 12 Ma; Bettencourt et al.,
1999) in Central Rondônia State. Another sample (JS39)
from that batholith was investigated to determine its U-Pb
age. It has a single igneous zircon population formed at
1339 ± 7 Ma (Fig. 7). This age is within error of the
previous age determined for the Ariquemes Granite
(Santos et al., 2000), and correlates with the age of
metamorphism affecting both Serra da Providência Suite
(1349 Ma, sample GR333) and Jamari Complex (1336
Ma, sample JL78).

CONCLUSIONS
The Jamari Complex includes two main groups of

rocks: a) an older tonalite-quartz diorite association
generated in ajuvenile environment at 1.76-1.75 Ga with
minor contamination from continental crust (TDM Nd
model ages of 1.95-1.84 Ga); and b) a younger (1.67-1.63
Ga) association of high metamorphic grade
metassedimentary rocks derived from crustal reworking
(TDM Nd model ages of 2.20 Ma and 2.13 Ga)
representing a collisional event. The collisional rocks can
be separated from the Jamarî Complex and included in
younger units such as Machadinho and Ouro Preto. The
Machadinho-Ouro Preto collision is a regional orogeny
affecting the Rondônia-Juruena Province because it is
identified not only in the Jamari Domain (western zone),
but also in its central and eastern zones. In the eastern
Juruena region, metamorphic rims on Monte Verde
Arnphibolite zircon are 1653 ± 42 Ma old (Mârcio
Pimentel, 2003, personal communication), and in the
Aripuana River region (Colniza-Mureru area, Fig. 1),
Pinho et al. (2003) identify a metamorphic granodiorite
(PI8) with an age of 1669 ± 13 Ma.

The Candeias Orogeny of the Sunsas Orogen was
developed during 1370-1320 Ma and it is compose by
two groups of rocks: a) collisional rocks, such as local
kinzigite, such as R08 (Tassinari et al., 1999) and
mylonites and gneisses generated by high-grade
metamorphism over previous rocks, mostly from Jamari
Complex and Serra da Providência Suite; and b) monzo
to syenogranite batholiths probably generated in a
continental arc environment; the Candeias Batholith and
the Ariquemes Granite are the best examples.

We identify in southwestern Amazonian Craton three
main collisional orogenies: The Ouro Preto orogeny
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(1670-1630 Ma) in the Rondônia-Juruena Province; and
the Candeias (1370-1320 Ma) and Nova Brasilândia
(1100 Ma; Rizzotto et al., 1999) orogenies related to the
Sunsas Orogen (l450-11oo Ma; Santos et al., 2002).
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Figure 1. GeologicaJ map of southwestem Amazonian Craton showing provinces, domains, and location of samples with U-Pb data.

Table 1. List of rocks dated by U-Pb (this and previous work).

Sample Rock Unit U-Pb age 1 2 MSWD zircon type TDM(l) ENd
Referencen n cr

WB44A Augen gneiss Jaru 1326 ± 2 4 1 2 metamorphic 1840 +0.50 Payolla et al. (2002)
R08 Kinzigite Candeias 1331 ± 8 4 4 2 n.a. metamorphic Tassinari et al. (1999)

JL78 Tonalite Jamari 1336 ± 7 4 4 2 2.10 metamorphic 1947 + l ,04 This work

JS39 Granite Alto Candeias 1339 ± 7 7 6 2 \.70 magmatic This work

GR333 Meta-granite S, Providência 1349 ± 8 2 2 2 metamorphic 1990 -0,69 This work

PI8 Meta-granodiorite Colniza 1669 ± 13 4 3 1 5.00 metamorphic 2160 -0.30 Pinho et al. (2003)
GR59 Tonalite Jamari 1677 ± 12 2 2 2 magmatic 1838 +2.33 This work

WBI52 Paragneiss Machadinho 1677 ± S' 3 3 1 1.70 metamorphic 2129 -1.19 Payolla et al. (2002)

PTI2 Paragneiss Ouro Preto 1675 ± 12 4 3 2 0.41 metamorphic Santos et al. (2000)

JWBIO Granulitic gneiss Ouro Preto 1655 ± II 4 4 2 33,00 metamorphic Bettencourt et al. (2001)

PSI71 Amphibolite Monte Verde 1653 ± 42 4 4 2 n,a, metamorphic 2001 +0.16 Marcio Pimentel (pers, comm.)

JWB3a Gamet gneiss Ouro Preto 1634 ± 8 4 4 2 14.00 metamorphic Bettencourt et al. (2001)
GR35 Quartz diorite Jamari 1632 ± 6 1 1 2 metamorphic 1957 + 1.89 This work

JL78 Tonalite Jamari 1752± 14 4 4 1 1.40 magmatic 1947 + 1.04 This work

A338a Tonalitic gneiss Jamari 1752 ± 2* 4 4 2 0.02 magmatic 2200 -1.50 Tassinari et al. (1996)
GR66 Quartzite N.Brasilândia 1753 ± 18 2 2 2 detrital Santos et al. (2000)

GR59 Tonalite Jamari 1755 ± 9 3 2 2 1.19 magmatic 1838 +2.33 This work

GR35 Quartz diorite Jamari 1761 ± 3 9 8 1 0.32 magmatic 1957 + l ,89 This work

WB152 Paragneiss Machadinho 1762 ± 4 1 1 2 inherited 2129 -1.19 PayoUa et al. (2002)

Table 2. Sm-Nd data of dated samples.

Samp1e rock Unit Sm (ppm) Nd (ppm) 147Smll44Nd 143Nd/144Nd T(Ma)
ENd

T DM

GR35 quartz-diorite Jarnari 2.0510 8.8010 0.13455 0.512016 1761 +1.89 1957
GR59 tonalite Jamari 8.4093 45.3861 0.10736 0.511725 1755 +2.33 1838
GR333 meta-granite Providência 7.4800 35.2100 0.128 0.511916 1547 -0.69 1990
JL78 IOnalite lamari 8.5100 48.1500 0,10690 0.511669 1752 +1.04 1947
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INTRODUCTION
The Borborema Province (BP) of northeast Brazil

(Almeida et al., 1981) represents the western part of a
major Brasi1ianolPan-African orogenie belt that can be
traced into Central Afriea based on pre-drift
reconstructions (Caby, 1989; Trompette, 1994). The
Borborema Province comprises a number of distinctive
crustal domains, ranging from Archean to Neoproterozoic
in age, that were deformed during the convergence of the
West African-Sâo Luis, Amazonian, and Sao Francisco
Congo cratons around 600 Ma (Brito Neves & Cordani,
1991). In the northern half of the BP, north of the Patos
lineament (Fig. la), the basement architecture is
dominated by midd1e Paleoproterozoie gneisses that
contain severa1 smaller inliers of Archean crusta1
fragments (Dantas et al., 1998). Overlying these
basement gneisses is a number of supracrustal sequences
ranging from Pa1eoproterozoic to Neoproterozoic in age.
Neoproterozoic to Cambrian granitoids (622 to 532 Ma)
intrude both basement and supracrustal rocks that were
generated during Brasiliano orogenesis (Fetter, 1999).

Three major crustal b10cks form the north portion of
the Borborema Province, Rio Grande do Norte Terrane,
Ceara Central and Médio Coreau Domain. These areas
are corre1ated with the Dahomey Province, in the
southern part of West Africa.

The Rio Grande do Norte Terrain is situated between
the Patos Lineament to the south and the Senador
Pompeu Lineament to the west. This terrain encloses
Archean and Paleoproterozoic basement and
Neoproterozoic supracrustal rocks (Serid6 Fo1d Belt)
(Dantas et al., 1998). Additionally, in Ceara there is the
north-south Or6s fo1d belt, a late Pa1eoproterozoic
vo1cano-sedimentary sequence (ca. 1.8 Ga, Sa et al.,
1995).

The Ceara Central Domain is situated between the
Senador Pompeu Lineament and Transbrasiliano
Lineament and is represented by Pa1eoproterozoie
gneissic basement with the inclusion of an Archean
nucleus (Tr6ia-Taua Massif). Based on field investigation
and geochrono10gical studies Fetter et al. (2003) have
recognized a Neoproterozoic continental magmatic arc
inthis domain, the Santa Quitéria Comp1ex, which is the
resu1t of southeastward subduction of an oceanic realm
during convergence between the West Afriean-Sao Luis
craton and NW Ceara. Felsic vo1canic rocks located to
the southeast and northwest of the arc are interpreted as

fore-arc (Martin6po1e Group) and back-arc
(Independência Group) sequences, respective1y. In both
sequences the U-Pb zircon crystal1ization age is ca. 777
Ma, while the granodiorite, diorite, migmatite and
metarhyolites from the Santa Quitéria Batho1ith present
ages between 665 and 614 Ma (Fetter et al., 2(03). In
addition, Nd mode1 ages of the batholith and re1ated
metasediments show values between 2.33 and 0.87 Ga
(Fetter et al. 2(03). These authors suggest that the age
disparity between the oldest magmatism yet identified in
the Santa Quitéria Batholith and the Martin6pole and
Independência vo1canism maybe a reflection of the
1imited geochonologieal study in the batholith.

The Itataia Group corresponds to a metassedimentary
sequence located between the Santa Quitéria Batho1ith
and Sao José da Macaoca Pa1eoproterozoic basement.
This group was highly deformed and metamorphosed
during the Brasi1ianolPanafriean orogeny.

The aim of this paper is to present Nd isotopie data of
the rocks of the Itataia Group and adjacent gneiss
terrains. We have studied the provenance source of this
unit and its importance for the tectonic ev~lution of the
Ceara Central Domain.

GEOLOGICAL SETTING
The Médio Coreau Domain is composed of ear1y

Pa1eoproterozoic gneisses, migmatites and granulites, and
overlain by vo1cano-sedimentary sequences, with ages
from 1ate Paleoproterozoic (Saquinho Sequence) to
Neoproterozoic (Martin6pole Group). These rocks were
intruded by granitoids emplaced during the Brasi1ianol
Panafriean orogeny.

The Ceara Central Domain, which contains the Itataia
Group, includes Archean basement, large
Pa1eoproterozoic accretionary terrains, Santa Quitéria
terrain and Neoproterozoie supracrusta1 rocks (Fetter,
1999). Metabasalt, IIiafic-ultramafic sills, schist and
quartzite compose the Archean basement, with U-Pb
zircon ages of 2.77 - 3.04 Ga and Nd mode1 ages of 2.81
- 2.92 Ga with ENd between +2,1 and -0.2 (Fetter, 1999).
The Pa1eoproterozoic terrain yie1ds U-Pb zircon age of
2.10 to 2.14 Ga and Nd mode1 ages of 2.22 to 2.44 Ga
(Fetter, 1999). The Sao José da Macaoca basement is
composed of tonalite and granodiorite that present
crystallization zircon ages of ca. 2.13 Ga and Nd model
ages of2.36 to 2.44 Ga (Fetter, 1999).
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The Santa Quitéria Batholith (Fetter et al., 2003), an
adaptation from the term "Santa Quitéria Massif' (Santos
& Brito Neves, 1984), is a Neoproterozoic continental
magmatic arc composed of several granitoid types.

The Itataia Group occurs in a block delinùted by two
strike-slip faults: the Rio Groairas dextral fault to the
west separating it from the Santa Quitéria Batholith and
the Hatira sinistral fault to the east, which separates it
from the Sao José da Macaoca Paleproteroz6ic basement
(Fig. 1). The metasediments of this group are of medium
to high metamorphic grade (with sillimanite, staurolite,
kyanite). lt is subdivided in four formations: from base to
top, Serra do Céu (gneiss and nùgmatite); Laranjeira

(sillimanite quartzite and muscovite quartzite); Barriga·
(garnet gneiss and migmatite) and Alcantil (marble \Vith
uranium nùnerallization).

The main tectonic features of the Hataia Group
resulted from a southeastward to southward convergent
regime that developed a flat-lying foliation, thrust fault
with top to south and a stretching lineation that rotates
gradually from NW-SE to NE-SW (Fig. 1). A second
deformation event, progressive, is responsible for a
northward movement of extensional nature. Associated
with the deformation there is a high-grade metamorphism
with crystallization of sillimanite, kyanite, gamet and
amphibole.
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Figure 1. Simplified geological map of the Itataia region (A). Geological map of the Itataia block with location of analyzed samples
(8). Lower number in box corresponds to TDM whereas upper number to sample numbers.
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Figure 2. Nd evolution diagram of the rocks Itataia Group.

Table l, Sm-Nd isotopie data for Itataia region, Ceara Central Domain, Borborema Province..
Sample Unit Sm Nd 141Smll44Nd 14~Ndl144Nd

END TDM Rock Coordinate
(ppm) (ppm) (0) (Ga) UTM

P-159c Silo José Macaoca 9.50 51.19 0.1121 0.511677±28 -18.74 2.04 Tonalite 0428469
gneiss 9484226

P-160 Silo José Macaoca 6.09 28.49 0.1293 0.511911±26 -14.19 2.03 Paragneiss 0430048
9483772

P-159b Silo José Macaoca. 4.51 24.74 0.1103 0.511619±11 -19.87 2.09 Paragneiss 0428469
9484226

P-60 Santa Quitéria block 9.53 52.97 0.1087 0.511900±13 -14.4 1.65 Amphibole 0396535
gneiss 9491174

P-158 Itataia Group -Serra 8.81 67.71 0.0789 0.511458±10 -23.02 1.78 Gneiss 0422746
do Céu Fm. 9487722

P-155a Itataia Group - Il.08 68.61 0.0976 0.511510±17 -22,01 2.00 Migmatite 0411831
Barriga Fm 9494186

P-155b Itataia Group - 3.74 20.00 0.1130 0.511653±09 -19.22 2.09 Gneiss 0411831
.Barriga Fm 9494186

P-156 Itataia Group - 2.95 15.59 0.1142 0.511589±22 -20.46 2.22 Marb1e 0415192
Alcanti1 Fm. 9495458

P-157 Itataia Group - 5.57 29.05 0.1159 0.511606±22 -20.12 2.23 Marble 0414627
Alcantil Fm. 9495790



Nd ISOTOPIC DATA AND CONCLUSIONS
The Nd isotopie analyses were carried out in the

Geochronology Laboratory of Vniversidade de Brasilia,
following Gioia & Pimentel (2000).

We present new Sm-Nd isotopie data of nine rock
sarnples from the Itataia Group, from neighboring
basement gneiss and from the Santa Quitéria region
(Table 1).

The oldest TDM model age was obtained from an
orthogneiss from Sâo José da Macaoca basement, which
yields a value of 2.04 Ga that characterize a
Paleoproterozoic source for these rocks. This value is
younger than those obtained in the region by Fetter
(1999), which ranged between 2.24 and 2.44 Ga. Thus,
this rock may have a more juvenile source than the other
basement analyzed until now.

The 'amphibolite gneiss from Santa Quitéria shows
TDM mode! age of 1.65 Ga, suggesting a hybrid mixture
between Neoproterozoic and Paleoproterozoic sources.

AlI analyzed samples of the Itataia Group present TDM

model ages between 1.77 and 2.23 Ga. A dominantly
Paleoproterozoie source is evident. This indicates that,
the rocks of the southern part of Itataia Group were not
derived from the erosion of the Neoproterozoic Santa
Quitéria arc (Fig. 2), unlike those of the group analyzed
farther to the north (Fetter et al., 2(03) A possible source
of the original sediments of the southem Itataia Group is
the Sâo José da Macaoca basement and similar gneisses
of Ceara Central Domain.

The presence of material derived from the Santa
Quitéria Arc in the Itataia Group is not likely, meanwhile
the delimitation this Group at northward is uncertain,
principally because there is TDM in that region with 900
Ma (Fetter et al., 2(03) and that certainly evidence a
contribution of Neoproterozoic material. In the west side,
however, the Rio Groafras fault corresponds to an
important crustal boundary between the Itataia block and
Santa Quitéria Arc.

A poorly constrained Sm-Nd isochron age (621±160
Ma) of sample garnet paragneiss from the Barriga
Formation (whole rock and gamet results) is interpreted
to mark the timing of metamorphism of the Itataia Group.
Additional studies using more precise methods, such as

Short Papers - N South American Symposium on Isotope Geology

Ar-Ar biotite and V-Pb monazite methods should yield
better constrains on the timing of Brasiliano
metarnorphism.
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INTRODUCTION
The Sierra de San Luis is located in the southern part

of the Eastern Sierras Pampeanas. The most conspicuous
orogenic events (arc magmatism, deformation and
metamorphism) took place during the Lower Paleozoic
Famatinian orogeny, overprinting the metamorphic and
sedimentary rocks already delineated by the previous
Pampean orogeny (Proterozoic? to Early Cambrian).

The granitoids were c1assified into pre-, syn- and
post-orogenic plutons on the basis of their structural
relationship with the penetrative NNE-SSW trending
Ordovician structures, attributed to the main Famatinian
phase (Ortiz Suarez et al., 1992; Llambias et al., 1998).
Available data constrain the low- to high-grade regional
metamorphism associated with the deformation mainly
within the Early to Middle Ordovician (see synthesis in
Sato et al., 2(02).

In this contribution we offer new V-Pb ages obtained
from granitoid plutons of the southwestern part of the
Sierra de San Luis. The new ages together with the
already existing data, allow us to understand the
magmatic evolution of the Famatinian orogen in relation
to the structural and metamorphic events.

GEOLOGICAL OUTLINE OF THE SOUTH
WESTERN SIERRA DE SAN LUIS

The southwestern part of the Sierra de San Luis (Fig.
1) is dorninated by the Nogoli Metamorphic Complex
(Sims et al., 1998). It comprises micaschists, meta
quartzites, paragneisses and migmatites, with minor
orthoamphibolites, komatiites to high-Fe tholeiitic
basalts, marbles, ca1csilicates and banded iron formation
(Ortiz Suarez, 1999; Gonzalez, 2000; Gonzalez et al.,
2002). Although the conspicuous NNE-SSW trending
structures are related to the Ordovician deformation and
metamorphism, rernnant NW-SE trending foliations,
attributed to pre-Famatinian deformations, are preserved
in a few places. The Early Mesoproterozoic Sm-Nd
isochron age of c.1500 Ma (Sato et al., 2001a) obtained
from amphibolites and komatiites might represent either
the age of their original crystallization or that of the crust
mantle differentiation, but it has not been confirmed by
other isotopic methods. The high-grade metamorphism
associated with the penetrative deformation of this region
was constrained by Ar-Ar plateau ages (476 and 457 Ma)
and a Sm-Nd isochron (445 ± 21 Ma) for amphibolites, as
weIl as conventional V-Pb age (458 ± 3 Ma) and electron

microprobe age (470 ± 15 Ma) on monazites from a
sillimanite paragneiss (Gonzalez et al., 2002). This
Ordovician regional metamorphism was followed by
ductile shear zone deformations that acted until Early
Carboniferous times. Broad mylonite zones are
particularly conspicuous in this western part of the Sierra
(e.g. Rio de los Bayos and Funes shear zones).

The newly dated Famatinian granitoids (Fig. 1) show
different structural relationships. The Pantanos Negros
Granodiorite is an elongated pluton that intruded cutting
the old NW-SE structures of the Nogoli Metamorphic
Complex. It is heterogeneously affected by the NNE
SSW foliation and by parallel shear zones. The
composition is mainly leucogranodioritic, with minor
tonalitic facies. For this pre-orogenic pluton we have no
previous dating.

The El Molle pluton forms a circular post-orogenic
intrusion together with the Barroso pluton (Gonzalez &
Sato, 2000). They cut the NNE-SSW foliation of the
country rock, and produce a concentric aureole foliation
parallel to the magmatic foliation of the border zones.
Monzonitic series dorninate over granitic series in their
composition. Although their emplacement postdates the
Ordovician penetrative deformation and metamorphism,
the plutons affect and are also affected by the ductile
shear zones developed in the late stages of the Famatinian
orogeny. Previous isotopic dating for these plutons
inc1ude Rb-Sr whole rock isochron (378 ± 48 Ma), Sm
Nd minerai and whole rock isochron (348 ± 35 Ma), and
K-Ar date on biotite (380 ± 7 Ma) (Sato et al., 200 lb).

U-Pb RESULTS AND MAGMATIC EVOLUTION
Four zircon fractions (elongated prisms) from the

Pantanos Negros Granodiorite align on a discordia line
with an upper intercept at 477 ± 3 (± 5) Ma (MSWD =
3.2) (Fig. 2). This date is interpreted as representing the
magmatic crystallization age of the pluton.

Five prismatic zircon fractions from the El Molle
Monzonite define another discordia line with upper
intercept at 417 ± 6 (±7) Ma (MSWD = 3.3). The two
most concordant fractions were subjected to air ablation.
We consider this age as that of the crystallization of the
pluton.

The crystaIlization age obtained for the Pantanos
Negros Granodiorite is weIl within the range of the
remaining pre-orogenic granitoids of the Sierra de San
Luis, and it shares the same structural and compositional
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features. Regionally, the pre-orogenie granitoids are
located mainly in the central and western parts of the
Sierra and their Rb-Sr and U-Pb dates coyer a time span
of 512 to 468 Ma, being the Early to Middle Ordovician
the most important interval of emplacement. Tonalitic
and granitic compositions are the major ones, and when
both are exposed together, the granitic plutons intrude the
tonalitic ones. They belong to typical calcalkaline series
and are affected by the penetrative foliation.

Associated with the Ordovician peak metamorphism,
small and numerous anatectic plutons were emplaced
following the penetrative structures of the higher grade
complexes. They were mostly studied in the central
region of the Sierra, and dates around Middle Ordovician
predominate for their emplacement (Llambias et al.,
1991, 1996, 1998; von Gosen et al., 2002; Lapez de
Luchi, 1987; Lapez de Luchi & Cerredo, 2001).

AlI these peak orogenie processes (arc magmatism,
regional metamorphism and penetrative deformation)
have been related to a collisional history (collisional
Famatinian orogen), in which the Sierra de San Luis is
considered as part of the Gondwana autochthon.

Regional metamorphism is no more registered in the
post-Ordovician evolution of the Sierra de San Luis, and
only ductile shear zones accompany the outlasting
compression of the region, producing local
metamorphism. The crust thickened in this way favored
the production of late to post-orogenie granitoids, which
form large anular plutons and batholiths. The monzonitie
El Molle pluton is one example of this magmatism, and
the crystallization age of 417 ± 6 (± 7) Ma (Late Silurian)
places it as one of the earliest late-orogenie plutons of the
Sierra de San Luis, whereas the remaining plutons are
mainly Devonian to Early Carboniferous. The structural
relationship with the shear zones also is in accordance
with this early stage emplacement. The Middle to Late
Devonian K-Ar, Rb-Sr and Sm-Nd dates of the same
pluton suggest the local metamorphism associated with
the ductile shear zones. This final stage of the Famatinian
orogeny was also referred to as the "Achalian orogeny"
(Sims et al., 1998), but based on the lack of regional
metamorphism (only local metamorphism related to shear
zones) and the lack of arc magmatism (only transitional
to anorogenie granitoids), we consider more appropriate
to define it as a Famatinian post-orogenie stage.
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INTRODUCTION
A Cambrian collisionai event, the Btizios Orogeny,

was recently recognized in the Cabo Frio Tectonic
Domain (CFTD), southeastern part of the Ribeira Belt, in
Rio de Janeiro State, Brazil (Schmitt et al., 1999a,
Schmitt, 2001, Schmitt et al., submitted) (Fig. 1). This
event took place between 525 and 480 Ma, according to
U-Pb ages of zircon, monazite, titanite and rutile from
high-grade orthogneisses and paragneisses. New
SHRIMP U-Pb data presented here reveals that the
sedimentation of the paragneisses occurred after 620 Ma.
Therefore not only the tectonic events from the CFTD are
younger than Neoproterozoic events in Brazil, but also
the deposition of the original detrital sediments.

The CFTD paragneisses constitute the Supracrustal
Unit, divided in three compositional groups
corresponding to the original sedimentary facies (quartz
feldspathic, aluminous with kyanite/sillimanite and
calcsilcate rocks), interleaved with amphibolite bodies.
The contact with the basement units (Paleoproterozoic
orthogneisses) is always strongly tectonized due to the
Cambrian deformation. The supracrustals constitute
successions of at least 500 meters thick. The
compositional layering of these gneisses is interpreted to
reflect the original bedding; therefore these rocks were
subdivided in two main sedimentary successions based
on the frequency of the interbedded lithotypes.

The Buzios Succession is a thick aluminous
metasediment package (sillimanite-kyanite-garnet-biotite
gneiss) with numerous calc-silicatic and amphibolitic
intercalation. The Palmital Succession is constituted
mainly of quartz-feldspathic metasediments (paragneiss),
more than 300 meters thick, presenting sorne aluminous
intercalations, as weIl as a few calc-silicatic and
feldspathic quartzite layers. The paragneiss shows a
regular compositional layering varying from 5 to 30 cm,
determined by felsic layers and biotite-rich layers with
kyanite and sillimanite.

The two successions are interpreted to have been
deposited in the same basin (Buzios-Palmital basin).
Minor layers of garnet-quartz gneiss and feldspathic
quartzite within both successions may represent
interdigitations of chert-like deposits. Based mainly on
facies descriptions, the lithotypes are thought to be
derived from turbiditic hemipelagic to pelagic sediments

of submarine fans. The quartz-feldspathic dominated
Palmital Succession may represent deposits of the
medium portion of the fan, and the pelitic Btizios
Succession may correspond to the pelagic distal facies.
The calcsilicate layers might represent chemical deposits
from precipitation due to water conditions and volcanic
events. The amphibolites, interpreted as matic
subvolcanic intrusions and/or lava flows, are restricted to
the pelagic environment of the Btizios Succession.

ISOTOPE GEOCHEMISTRY
TDM model ages for metapelites samples of the Btizios

Succession range from 1.7 to 1.4 Ga (Fonseca, 1993;
Schmitt, 2001). Sm-Nd data from whole-rock samples of
the amphibolites within the Btizios Succession indicated
TDM model ages of 1.0 Ga, interpreted as maximum ages
for the basin formation (Schmitt et al., 1999b).

Conventional ID-TIMS U-Pb analyses were
developed at the Isotope Geochemistry Laboratory
(University of Kansas/USA), in a thermal ionization mass
spectrometer (TIMS) (VG-Sector multicolector),
following the U-Pb standard technique (Krogh, 1973,
1982; Parrish, 1987). The detailed procedure is described
in Geraldes et al. (2001).

Four detrital zircon single grains analyses, from a
paragneiss sample of the Palmital Succession (BUZ-20
01; location at Fig. 1), indicate 207Pbp06Pb ages between
950 and 700 Ma (Fig. 2a). Although discordant, sorne
fractions plot very close to the concordia, suggesting that
these could be derived from neoproterozoic source areas.

One monazite crystal from the same sample is clearly
detrital, with a 207pbp06Pb age of 1471 ± 50 Ma.
Metamorphic monazites grains from this same sample are
concordant at 505 and 497 Ma.

The more accurate data came from SHRIMP U-Pb
analyses on the same paragneiss sample (BUZ-20-01).
Ion microprobe analyses were carried out using SHRIMP
RG at the Research School of Earth Sciences, Australian
National University, Canberra, Australia. Zircon grains
were mounted in epoxy resin and polished. Transmitted
and reflected light rnicroscopy, as weIl as scanning
electron microscope cathodoluminescence imagery was
used to investigate the internaI structures of the zircon
crystals prior to spot analysis. Data were collected and
reduced as described by Williams & Claesson (1987) and
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Compston et al. (1992). Uncertainties are given at 1 a
leve!, and final age is quoted at 95% confidence level.
Reduction of raw data was carried out using Squid 1.02
(Ludwig, 200Ia), and final ages and concordia plots were
calculated using Isoplot-Ex (Ludwig, 2001 b). UfPb ratios
were referenced to the RSES standard zircon FCI (1099
Ma, '206PbP38U=0.1859), U and Th concentrations were
determined relative to those measured in the RSES
standard SU3.

The cores of the detrital zircons yielded at least four
age groups related to the source rocks: 2.5 Ga; ~2.0 Ga;
~1.0 Ga and a younger and most abundant population
with ages ranging from 800 to 620 Ma (Fig. 2b, c). The
metamorphic overgrowth is normally very thin and
allowed only four spot analyses giving an upper intercept
age of 511 ± 31 Ma (Fig. 2d). Although the large
uncertainty, the age is coherent with those for
metamorphic monazites, indicating the age of the
metamorphic peak of the Buzios Orogeny,
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DISCUSSION
This new SHRIMP V-Pb data indicate that there are

severa1 different Neoproterozoic detrital zircon
populations in the Pal mitaI paragneiss. These pink
crystals present mainly acicular to cat-eye shapes. The
metamorphic zircons from the CFTD exhibit very distinct
morphology, they are rounded, pristine and small,
yielding concordant ages close to 520 Ma. These
granulitic zircons accur only in the kyanite metamorphic
zone. The sampie analyzed here is from the kyanite-out
zone, and presents no metamorphic zircons.

In the Oriental terra ne, a NE-SW oriented tectonic
domain, located to the west of the CFfD (Fig. 1), detrital
zircons from supracrustals analyzed with laser ablation
ICPMS show ages distributed between 2.9 Ga and 600
Ma (Valladares et al., 1999). The youngest
neoproterozoic Pb-Pb ages were ascri bed to partial
resetting of the V-Pb system by BrasiJiano metamorphism
(Valladares et al., 1999).

Considering the discrimination between detrital and
metamorphic zircons in the CFfD, it is possible that
some Pb-Pb neoproterozoic ages from the Oriental
terrane couJd represent the source area.

The main conclusion From the SHRlMP data is that

the sedimentation in the Buzios-Palmital basin occurred
at least in part after 620 Ma. Therefore, the
neoproterozoic evolution of the CFfD started with the
deposition (sediments) and crystallization (voicanics) of
the supracrustais in a marine sedimentary basin after 620
Ma (Pb-Pb age in the core of detrital zircons) and before
525 Ma (Buzios Orogeny).

A candidate to represent the source area of the
Palmital Succession sediments may be the Rio Negro
magmatic arc (part of the Oriental terra ne). This arc was
generated at ca. 620 Ma as a result of eastward
subduction of the passive margin of the Sào Francisco
Craton (Tupinamba et al., 2000; Heilbron et al., 2000).
The sedimentation in the Buzios-Palmital basin postdated
the arc activity. Actually it was approximately
simultaneous with the collision between the Rio Negro
arc (within the Oriental terrane) and the Occidental
terrane to the west at ca. 590 Ma (Heilbron et al., 2000).

Consequently the Buzios-Palmital basin developetJ
close ta an active continental margin. A continental crust
was the source area for the sediments of the turbiditic
submarine immature fans (Pamital Succession). Whether
this basin was a fore-arc basin, an accretionary prism or
some other similar basin, is uncertain.
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The existence of this basin corroborates with the
younger tectonic evolution of the CffD, where the
Cambrian Buzios orogeny was characterized (Schmitt,
2001; Schmitt et al., submitted). Nevertheless, the most
striking conclusion is that at the transition from the
Neoproterozoic to the Cambrian, there was still an active
marine basin located in a region that would become the
central part of West Gondwana. The agglutination ofthis
supercontinent was only finished at the end of the
Cambrian, resulting from the amalgamation of several
continental blocks and subsequent closure of
neoproterozoic-cambrian oceans/seas.
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40ArP9Ar analyses, coupled with V-Pb and Rb-Sr
radiometric data were performed on basic rocks, granites
and gneisses that occur along a 1000 km transverse (Fig.
1), in the Southeastern part of the State of Rondonia. This
area embraces parts of the Rio Negro-Juruena (1.75 - 1.55
Ga), Rondonian (1.48 - 1.41 Ga) and Sunsas (1.36 - 0.97
Ga) provinces - SW sector of Amazonian Craton. This is
a key-area for understanding the tectonic and magmatic
processes re1ated to the agglutination of Rodinia (1.20 
1.00 Ga), as weil as for global correlation of late
Mesoproterozoic intraplate features, wide1y reported
within the broad Greenville province, such as: recurrent
bimodal magmatism of AMCG suites, supracrustal
sequences, intracontinental shear zones, and rift-basins.
Nevertheless, despite the remarkable increase of the
geologic knowledge in the SW Amazonian Craton during
the last decade there are many open questions regarding
the crustal evolution: i) the age and nature of the primary
crust, and ii) the number of crustal/ juvenile accretion
events that took place in this area during the
Mesoproterozoic - among others.

The new 40Arp9Ar radiornetric data, combined with
the geochronologic background and geologic setting, are
used to constrain the timing of significant processes of
extension tectonics and associated bimodal magmatism,
and crustal reworking during the Mesoproterozoic,
particularly associated with the Rondonian and Sunsas
provinces. In addition, such a framework is used for
global implications by means of the Eastern Laurential
Baltica - SW Amazonia connection.

Mafic and felsic plutonic rocks, located in the
northern part of the area, yield 40ArP9Ar ages in the range
of 1.51 - 1.58 Ga, correlatable with the ages of the Serra
da Providência Intrusive Suite. The interpretation of the
new data is credit to an intraplate episode that originated
the oldest phase of MCG magmatism, intrusive into the
Rio Negro-Juruena province.

In the southeastern sector of the Rondonian province,
the new 40ArP9Ar ages of arnphibolites, paragneisses and
granites range from 1.36 to 1.30 Ga. Such rocks comprise
the Colorado Metamorphic Suite (CMS), which is older
than the evolution of the Nova Brasilândia Group (1.12 
1.00 Ga). The latter sequence tills one of the rift-basins
ascribed to be related to the Sunsas oragen. Vndeformed

metagabbros of the CMS, as well as the neighbouring
gneissic rocks yield V-Pb and Rb-Sr ages of 1.35 and
1.36 Ga, respective1y. These data are therefore indicative
of a tectonomagmatic event Uuvenile accretion and
metamorphism) in the SW Amazonian craton. This
interpretation is also supported by comparable SHRIMP
V-Pb zircon ages that have been reported for the peak of
regional granulitic metamorphism in north-central
Rondônia, as well as for the time of emplacement of
sorne of the intrusive ~lutons.

A third group of 0Arp9Ar ages for matic and felsic
rocks of the Nova Brasilândia sequence (western portion
of the rift-basin) yielded plateau ages (horblende and
biotite) between 1125 - 980 Ma. Sorne of these ages (i.e.,
1110 - 1000 Ma) probably ref1ect the tectonic c10sure of
this basin, and the timing of associated shearing and
hydrotermal episodes, resulted from the tectonic overprint
of the Sunsas events. The youngest 40Arp9Ar ages (980
Ma) also agree with the time of emplacement of the
"Younger Granites" of Rondônia.

Finally, sorne scattered arnphibolites yield
constrasting 4°ArP9Ar ages: 1.08 Ga; 1.13 - 1.15 Ga; 1.16
- 1.17 Ga and 1.25 Ga. These apparent ages compare weil
with the range of K/Ar and Rb-Sr ages available for
country rocks in Central Rondônia (Rondônia-San
Ignacio province), which have been reworked due to the
Sunsas orogen. Nevertheless, sorne of these ages may
have somewhat been inf1uenced either by emplacement of
the Alto Candeias Intrusive (1.34 - 1.33 Ga) and Santa
Clara (1.08 - 1.07 Ga) plutonic suites, or by the evolution
of the Ji-Parana shear zone (1.08 - 1.05 Ga) - an
important tectonic feature of the Rondonian-San Ignacio
province, representing a strike-slip motion accompanied
by thrust and granite emplacement associated with the
Sunsas tectonic overprint.

As a whole, the geochronologic and geologic scenario
is consistent with the proposed link between Eastern
Laurential Baltica and SW Amazonian Craton during the
Mesoproterozoic, signed by the Grenville-Sunsas collage.
This assessment has implications for establishing the
paleocontinental margin during the final agglutination of
Rodinia (1.2 - 1.0 Ga), mirrored by the investigated MCG
magmatism, tectonic basins and shear zones.
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Figure 1. Geological sketch map of part of the SW seetor of the Amazonian Craton, showing the study area. 1) Polycyclic basement;
2) Roosevelt voicano-sedimentary sequence; 3) Mutum Parana metavolcano-sedimentary sequence; 4) Beneficiente Group; 5)

Intrusive granitoid suites; 6) Colorado metamorphic suite; 7) Nova Brasilândia Group; 8) Nova Brasilândia Group mafic
rocks; 9) Mafic rocks of the Nova Floresta Formation; 10) Supracrustal sequences of the SunsaslAguapef orogeny;

II) Post-tectonic granitoids of the SunsaslAguapei orogeny; 12) Paleozoic cover; 13) Mesozoic cover;
14) Recent; 15) Main tectonic structures. Inset: Main provinces of the Craton: A) Central Amazônia;

B) Maroni-Itacaiunas; B) Ventuari-Tapaj6s; D) Rio Negro - Juruena; E) San Ignacio-Rondonian;
F) Sunsas-Aguapei.
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INTRODUCTION
The purpose of this work is to contribute to better

understand the development of the passive margin of the
Sao Francisco Paleocontinent by studying detrital zircons
of metasedimentary units in the southern Brasflia belt and
foreland zone south of the Sao Francisco craton (Fig 1).
New U-Pb data were both obtained with Isotope Dilution
Thermal Ionization Mass Spectrometry (lD-TIMS) and
Laser Ablation Multi Collection Inductively CoupIed
Plasma Mass Spectrometry (LA-MC-ICPMS).

21~ S

Socorro
nappe

Figure 1. a) Tectonic domains mentioned in this work and
sample location (in part). Black arrows: direction of tectonic
transport; RB: Ribeira Bell. Adapted From Valeriano et al.

(2000). b) The southem Brasilia belt in the context of West
Gondwana. Adapted From Almeida et al. (2000).

The results yield a Neoproterozoic age for the
sedimentation of the Araxa, Canastra and Andrelândia
Groups. The data also reveal an unexpected variety of
Mesoproterozoic sources, still undetected in the southern
Sao Francisco Craton.

SOUTHERN BRASILIA BELT
The Southwestern portion of the Sao Francisco craton

comprises an Archean-Paleoproterozoic basement, which
is mostly covered by autochthonous and para-
autochthonous pelitic-carbonatic rocks of the
Neoproterozoic Bambuf Group and older
metasedimentary successions. In the adjacent orogenie
belts (Brasilia and Ribeira) an External Domain is
composed of thrust systems of thick low-grade passive
margin successions (Canastra, Ibia and Paranoa, proximal
Andrelândia Groups) and subordinate basement slivers.
This domain is tectonically thrusted by the metamorphic
nappes of the Internai Domain (e.g. Araxâ, Passos,
Lumimirias nappes) composed of distal passive margin
and sIope sedimentary deposits (Araxa and Andrelândia
Groups).

PASSOS NAPPE
Samples from the Araxa Group in this nappe were

collected from the lower to the upper structural levels
(named units A to 1). The lower level was affected by
greenschist facies metamorphism whilst the intermediate
and the upper levels are at amphibolite and granulite
facies, respectively. Results are presented from the lower
to the upper levels of the nappe.

UNIT B - FURNAS QUARTZITE
The Fumas Quartzite oceurs along the basal levels of

the Passos Nappe. lt is a 50 m thick layer of white, fine
grained, laminated and micaceous metarenite. Except for
subordinate small euhedral grains, detrital zircons from
this sample are weil rounded and pitted and are devoid of
metamorphic overgrowth. A total of 24 detrital grains
were analyzed, 8 by IO-TiMS and 16 by LA-MC
ICPMS.
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Six of the zircons dated by ID-TIMS yielded ages
between 2144 Ma and 1919 Ma and are most likely
derived from rocks formed or metamorphosed during the
Transamazonian Orogeny. Another one yielded an age of
2480 Ma. The largest of the euhedral zircons yielded a
concordant age of 1335 Ma but with relatively large
uncertainties in the 207PbP06pb value. Therefore, the
1336+6/-7 Ma 206pbPJ8U age is more reliable.

A rounded and pitted detrital monazite grain yielded a
207Pbp06pb age of 2117 Ma (-1.8% discordant). This
result indicates that low grade metamorphism did not
disturb the U-Pb system of detrital monazite. Thirteen of
the zircons dated by LA-MC-ICPMS c1uster in the 2.2
2.0 Ga interval, probably derived from units related to the
Transamazonian Orogeny. One zircon yielded a
minimum age of 2388 Ma and two others yielded
minimum ages of 3362 Ma and 3381 Ma. These Archean
zircons are older than the oldest documented rock in the
southern Siio Francisco craton, an anorthositic layer in a
layered intrusion in the Piumhi greenstone belt (3116
+10/-7 Ma; Machado & Schrank, 1989) but are coeval to
others found in detrital rocks of the Rio das Velhas
Supergroup and the Minas Supergroup (Quadrilatero
Ferrifero area; Machado et al., 1996). Therefore, although
rock exposures older than 3.1 Ga are not known in the
presently exposed sectors of the Siio Francisco craton,
detrital zircons indicate their occurrence.

UNIT E - MICACEOUS QUARTZITE
Sample 1040 was collected from a coarse-grained

gamet-biotite-muscovite quartzite at amphibolite facies,
in the intermediate portion of the Passos Nappe.

The zircons are rounded and pitted and display
incipient pyramidal outgrowths. This is the lowest level
of the Passos nappe where zircon overgrowths are
observed. Those features indicate that the metamorphic
conditions affecting the quartzite were compatible with
the generation of new zircon population.

Seven detrital zircons were analysed by ID-TIMS.
One yielded a concordant age of 2916 +21/-20 Ma, the
large uncertainty probably related to high common Pb.
The other six grains yielded ages between 1323 +8/-9 Ma
and 1160 Ma, one of which is concordant at 1296 +6/-5
Ma.

Twenty one zircons were analysed by LA-MC
ICPMS indicating 207Pbp06pb ages between 2463 Ma and
907 Ma. Nine are concordant at 1924 ± Il, 1806 ±6, 1794
±11, 1756 ±11, 1756 ±9, 1565 ±5, 1506 ±8, 1224 ±9 and
907 +69/-72 Ma.

Sorne of the zircons are derived from known sources:
those dated between 2053 Ma and 1863 Ma are inferred
to be from Transamazonian rocks, and those dated at ca.
1750 Ma are most likely derived from igneous rocks
related to Statherian rifting events documented in the Siio
Francisco Craton (Espinhaço rift). The sources of zircons
with Mesoproterozoic ages ranging from 1565 Ma to
1224 Ma are intriguing since no rocks of these ages are
known in the Siio Francisco craton or in the surrounding
areas. However, these ages are significant because they
indicate for the first time the presence of
Mesoproterozoic magrnatism, possibly of anorogenic
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character. Although it could be argued that sorne of these
zircons are older and were affected by Neoproterozoic
metamorphism, the fact that sorne grains are concordant
(e.g. 1565, 1506 and 1223 Ma) supports the inference that
they are derived from rocks of these ages. The youngest
concordant zircon, dated at ca. 907 Ma provides the first
reliable maximum age of sedimentation for the Araxa
Group.

Sample 1041 is from a quartz-schist intercalation
within the predominant metapelitic schists of Unit E, in
the intermediate portion of the nappe. Zircon grains are
also typically detrital - rounded and pitted with incipient
pyramidal outgrowths. A colorless, small zircon was
analyzed by 10-TIMS and yielded a minimum age of
2152 Ma (3.2% discordant). Most of the twenty grains
analyzed by LA-MC-ICPMS yielded ages clustering in
the 2259 Ma to 2041 Ma interval, probably derived from
rocks formed or metamorphosed during the
Transamazonian Orogeny. The youngest grain yielded a
minimum age of 1039 Ma (6.7% discordant).

UNIT H - ORTHOQUARTZITE
Sample 1042 is from a weIl recrystallized

orthoquartzite intercalation within paragneisses of Unit
H, in the upper portions of the nappe, with metamorphic
grade at the amphibolite-granulite facies transition. The
predominant zircon morphology is represented by grains
with weIl preserved rounded, presumably detrital cores
and distinct euhedral overgrowths. Small equant,
euhedral, multifaceted and colorless crystals typical of
granulite facies rocks are less abundant. Grains
containing two or three cores surrounded by new zircon
(synneusis) are also observed.

Five small equant grains were selected for ID-TIMS
analysis. In spite of extended abrasion, aIl five analyses
are discordant (12% to 44%) and yield minimum ages
between 2057 Ma and 1697 Ma. Cores were not observed
when selecting these crystals under a binocular
microscope. However, cathodoluminescence imaging of
several crystals of this type carried out after the isotopie
analysis, revealed the presence of cores and explains the
discordance pattern. The three most concordant analyses
define a reliable discordia with intercepts of 2123 ±7 and
658 ±21 Ma, indicating that the cores are derived from
rocks of Transamazonian age and underwent
Neoproterozoic metamorphism.

The detrital cores of thirty-one zircons were analyzed
by LA-MC-ICPMS and, with the exception of an
Archean grain, they scatter along a discordia band
between ca. 2.2 and 0.6 Ga, indicating derivation from a
Paleoproterozoic source and strong Pb loss due to
Neoproterozoic high-grade metamorphism.

EXTERNAL DOMAIN - ARAXA SEGMENT
A fine-grained orthoquartzite of greenschist facies

was collected from the upper portion of the Canastra
Group (sample HS4l), in the classical region where this
unit was originally defined (Barbosa, 1954). Colorless to
dark pink-purple zircon grains are sub-rounded to weIl
rounded, pitted and devoid of metamorphic overgrowth.
The ages of twenty grains analyzed by LA-MC-ICPMS
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fall into three main groups: Archean (2875 ±3, 2583 and
2581 Ma), Paleoproterozoic (2237-1743 Ma) and
Mesoproterozoic (1536-1180 Ma). The youngest grain
yielded a 207pbP06pb age of 1226 ±8 Ma. Archean and
Paleoproterozoic sources have already been referred to
above for the Araxa Group metasediments. The 1536
1180 Ma ages are similar to those found in the Araxa
Group and confirrn the previous inference for the
occurrence of Mesoproterozoic sources in the Sao
Francisco craton. The youngest zircon (ca. 1226 Ma)
provides an upper limit for the sedimentation of the
Canastra Group.

EXTERNAL DOMAIN - FURNAS SEGMENT
The External Domain, to the east of the Passos nappe,

consists of an imbricated thrust system (Ilicinea-Piumhi
thrust system, Valeriano et al., 1995) comprising from
bottom to top sheets of felsic metavolcanic rocks (Costas
schist), metasedimentary sequences (Serra da Boa
Esperança sequence; Valeriano, 1992), Archean granite
greenstone basement slivers (Piumhi greenstone belt,
Schrank, 1982) and chromitite-bearing serpentinites,
which are overlain by an upward-coarsening
metasedimentary sequence (Serra da Mamona unit). All
rock units are in the chlorite zone of the greenschist
facies. Results are presented from the lower to the upper
structurallevels.

SERRA DA BOA ESPERANÇA SEQUENCE
The basal thrust sheet of this sequence comprises

gray, coarse-grained micaceous metarenite from which
two samples were collected (1044 and 1046). Zircons
extracted from the first sample are colorless or exhibit
different shades of pink and display typically detrital
morphological features. Two analyses by ID-TIMS
yielded minimum ages of 2081 Ma and 1946 Ma (both
2% discordant), a third one is concordant at 1445 ±2 Ma.
Twenty four analyses by LA-MC-ICPMS cluster in the
following age groups: one Archean eO?PbP06pb ages of
2768-2694 Ma); three Paleoproterozoic (2324-2278 Ma
and 2012-1841 Ma and a concordant analysis at 1728 ±28
Ma); one Mesoproterozoic with six grains between 1397
Ma and 1331 Ma and one Neoproterozoic, with the two
most concordant grains yielding 2°?PbP06pb ages of 1072
Ma and 989 Ma. Detrital zircons from sample 1046, pink
and colorless rounded, were analyzed by ID-TIMS and
yielded minimum ages of 1948 Ma and 1396 Ma.

Sample 1128 is a meta-arkose that forrned along the
sole thrust of the External Domain (near the locality of
Santo Hilario). The results of two single-grain analyses
by ID-TIMS and of twenty five by LA-MC-ICPMS plot
in the same age groups as defined by the previous
samples. One of the grains is concordant at 1234 ±7 Ma
and the youngest age obtained is 1086 Ma (8.7%
discordant).

The Archean and Paleoproterozoic provenance ages
are similar to those found for the Araxa Group and can be
attributed to the sources previously mentioned. It is worth
noting that the 1.2-1.4 Ga old zircons were also found in
the Araxa Group, reinforcing the occurrence of a
magmatic (or metamorphic) event in that age range. The
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1086 Ma and 989 Ma old zircons bracket the upper limit
for the sedimentation of the Serra da Boa Esperança
sequence.

SERRA DA MAMONA UNIT
The upperrnost thrust-sheet of the External Domain is

represented by the upward-coarsening Serra da Mamona
unit (Valeriano, 1992). Basal BIF intercalations within
carbonaceous metapelite grade into metarenite and
overlying quartzitic metaconglomerate. This thrust-sheet
rests on a tectonic lens composed of chromitite-bearing
serpentinites and talc-schists. Detrital zircons extracted
from a metaconglomerate layer (sample 1084) are
typically pink-colored, rounded and pitted. Two ID-TIMS
analyses yielded minimum ages of 2976 Ma (15%
discordant) and 2817 Ma (2.2% discordant). The ages of
24 zircons dated by LA-MC-ICPMS are between 3060 ±7
Ma and 2685 Ma, including another concordant zircon at
2906 ±2 Ma. The. exception is a grain with a minimum
age of 2197 Ma (20% discordant) with a probable age
between 2.2 Ga and 2.3 Ga indicating that the deposition
of the Serra da Mamona unit is Paleoproterozoic or
younger.

EXTERNAL DOMAIN SOUTH OF SFC
This area constitutes a transition zone between the

autochthonous southemmost Sao Francisco craton and
the external allochthons. It is composed by both
autochthonous and allochthonous units of the
predorninantly metasedimentary Andrelândia Group and
its Archean-Paleoproterozoic basement. These
allochthons may have been affected by the development
of both Brasilia and (younger) Ribeira belts.

The age of sedimentation of the Andrelândia Group is
limited by the Paleoproterozoic age of its basement and
by metamorphic age given by a ca. 567 Ma discordia
10wer intercept (Sollner & Trouw, 1997). Samples ITA-2
and ITA-3 are from a thin thrust sheet of the Andre1ândia
Group whilst ITA-l is from the underlying intense1y
folded but autochthonous Andrelândia Group. The three
samples are orthoquartzites representing typical units of
this group at lower amphibolite facies. Zircons extracted
from these samples are typically detrital. Thirty zircon
analyses by LA-MC-ICPMS (sample ITA-l), yielded
ages clustering in the same Archean and Paleoproterozoic
groups already mentioned. A series of concordant zircons
in the 1484-1246 Ma range was also found. Given that
the unit sampled is in the Autochthonous domain and that
zircons show no overgrowth, these ages certainly
document the presence of Mesoproterozoic sources in the
Sao Francisco craton. In addition, zircons with ages in the
1.0-1.1 Ga range, including a concordant one at 1011
+39/-40 Ma, are the best estimate for the upper limit for
the sedimentation of the Andrelândia Group.

Zircons from sample ITA-3, also from the
allochthonous portion of the Andrelândia Group,
analyzed by the same method, yielded a similar pattern of
ages. Two rounded monazite grains with rough surface
were analyzed from the same klippe of Andrelândia
Group quartzites. One yielded a minimum age of 588 Ma
(1.7% discordant, ITA3-2) and the other 2027 Ma (16%
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n = 51

discordant, ITA2-1). A discordia line constructed with the
two grains yields an upper intercept at 2104 Ma and
indicates that the latter is probably detrital and was
affected by Neoproterozoic metamorphism. It is noted
that in spite of the growth of new monazite in sample
1TA3, the detrital zircons analyzed do not show Pb loss
related to the Neoproterozoic metamorphism. The data
for this sample thus bracket the sedimentation of the
Andrelândia Group in the Neoproterozoic between the
age of the youngest detrital zircon - ca. 1011 Ma - and the
age of metamorphism at ca. 588 M.

DISCUSSION
The Araxâ, Canastra and Andrelândia Groups are

consensually interpreted as part of the sedimentary
succession of the Neoproterozoic passive margm
bordering the western and southern parts of the Silo
Francisco craton. A common feature of the clastic rocks
from these units is the similarity of zircon provenance
ages. The Archean and Paleoproterozoic ages are
compatible with erosion of the Silo Francisco craton.
Particularly interesting are the Mesoproterozoic
provenance ages between ca. 1.2 Ga and 1.6 Ga. with a
cluster at ca. 1.3 Ga (Fig 2).

10 Detrital zircon - southern Brasilia belt
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Figure 2. Provenance of passive margin units around SW and S

Sâo Francisco craton, given by U-Pb ages of concordant
detrital zircons.

Several zircons with ages in this range are concordant
to sub-concordant, indicating that these ages are not due
to the effect of Neoproterozoic metamorphism on
Archean-Paleoproterozoic grains. Therefore, one of the
main conclusions of this work is that Mesoproterozoic
sources must be present in the Silo Francisco craton but
its exposures have yet to be identified. These sources may
be located underneath the Bambuf Group, which covers
most of the southern Sào Francisco craton, or at the
western margin of the Silo Francisco Paleocontinent,
which is presently overridden by the external and internai
allochthons. The latter hypothesis would imply that the
locus of the Neoproterozoic continental break-up
occurred preferentially along Mesoproterozoic rift
systems. The ages of the youngest detrital zircons from
the Araxâ, and Andrelândia Groups and the Serra da Boa
Esperança Sequence lie between 1.0 Ga and 0.9 Ga and
provide the upper limit for the sedimentation age. The
lower limits are the metamorphic ages of ca. 630 Ma for
the Araxa Group and of 588 Ma for the Andrelândia
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Group. Because of the lack of sedimentation age
constraints and of reasonable stratigraphic correlation, the
Serra da Boa Esperança sequence was individualized
(Valeriano et aL, 2000). However, a Neoproterozoic age
for the Serra da Boa Esperança sequence supports the
inclusion of this unit amongst the proximal successions
around the Silo Francisco craton. The age limits for the
sedimentation of the Canastra Group remain poorly
defined and it can only be stated that it must be younger
than the youngest zircon dated at 1266 Ma.
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INTRODUCTION
The Sierra de Umango (29°()(),S-68°40'W) was

interpreted as part of a northernmost Grenvillian-age
rocks of Laurentian-derived terrane, accreted to the
southwestern margin of Gondwana. The most important
tectono-metamorphic and magmatic processes related to
this collision occurred along the N-S trending Famatinian
orogen since the Ordovician to Devonian (e.g. Dalla
Salda et al., 1992, 1998; Ramos et al., 1998; Astini, 1998;
Casquet et al., 2001), overprinting the magmatic and
metamorphic rocks already affected by previous
Grenvillian history.

In this paper we present new U-Pb ages that extends
the outcrops of Grenvillian rocks to the north of the well
known localities with Mesoproterozoic rocks, and also
constrain the age of the subsequent overprinting events.
The new ages together with the already existing data,
allow us to understand the geological evolution of the
Sierra de Vmango in relation to the Lower Paleozoic
Famatinian Orogeny.

GEOLOGICAL OUTLINE OF THE SIERRA DE
UMANGO

The Sierra de Umango (Fig. 1) is located in the
northern part of the Western Sierras Pampeanas
(Carninos, 1979) and the Grenvillian basement rocks are
composed of medium to high grade orthogneisses of
basic to acid composition (1uchi Orthogneiss of Varela et
al., 1996). The conventional V-Pb data (granitic
orthogneiss) of l108±13 Ma was interpreted as magmatic
crystallization age (Varela et al., in press) as well as Rb
Sr whole rock isochron of 1030±30 Ma from the same
rock was related to overprinting amphibolite-granulite
facies metamorphic event (Varela et al., 1996). A
garnetiferous orthoamphibolite has given a K-Ar
hornblende age of 539±14 Ma and 442±15 Ma, consistent
with post-intrusion amphibolite facies metamorphic event
(Vare1a et al., in press).

The Grenvillian basement rocks are separated by
shear zones from medium to high grade silicic1astic and
calcareous sequence (Tambillo Metamorphites),
composed mainly of schists and marbles with
orthoamphibolites and minor gneisses and pegmatites.
This sequence was interpreted as a platform covering the
Mesoproterozoic cratonic basement (Vare1a et al., 2001).

The initial ratio 87Sr/86Sr and ol3C from marbles suggest a
sedimentation age in the range 640-580 Ma (Varela et al.,
2001). The Rb-Sr whole rock+minerals isochrons of
379±41 Ma and 373±7 Ma from two foliated pegmatites
were interpreted as the age of the latest metamorphism
and ductile deformation event (Varela et al., 2002). The
Sm-Nd whole rock+minerals isochron of 392±50 Ma
from an amphibolite intercalated in the sequence, also
confirm the tectonothermal event at Middle to Late
Devonian times.

The El Penon Granite intruded the Tambillo
Metamorphites of possible Neoproterozoic sedimentation
age, and is composed of foliated granodiorites and
granites. The conventional U-Pb zircon crystallization
age of 473±17 Ma (Varela et al., in press) from El Penon
Granite was overprinted at least by two metamorphic
events, at -469 Ma (Rb-Sr whole rock isochron; Varela et
al., 2000) and 409-381 Ma (K-Ar, muscovite; Vare1a et
al., in press). The Early Ordovician metamorphism age
was confirmed with the new U-Pb results (see below) and
the Early to Middle Devonian ages partly overlap the
time span of 392-373 Ma from the pegmatites and
amphibolite.

NEW U-Pb RESULTS AND DISCUSSION
New conventional V-Pb data (zircon) from two

tonalitic orthogneisses yielded ages of 1090±35 Ma 
MSWD 0.038- and 1216+29/-16 Ma -MSWD 1.9- (Fig.
l, Table 1). These Mesoproterozoic datums are
interpreted as representing the magmatic crystallization
age of the igneous protolith of the Juchi Orthogneiss, and
are also consistent with previous geochronological data.

Five zircon fractions from a biotitic paragneiss define
a discordia line with upper intercept at 1139±82 Ma 
MSWD 40- and lower intercept at 447±36 Ma (Fig. 1,
Table 1). We consider the Mesoproterozoic data as that of
the heritage age of the Tambillo Metamorphites (related
to Grenvillian basement) and we interpret the Late
Ordovician data as the metamorphic overprint related to
Famatinian Orogeny.

Three monazite fractions from a mylonitic paragneiss
define an 238U_206Pb age of 452±6 Ma, -MSWD 0.47
(Fig 1, Table 1). This data is interpreted as representing
the same Late Ordovician metamorphic event of biotitic
paragneiss.
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The new conventional V-Pb ages from the Juchi
Orthogneiss confrrm the Mesoproterozoic Grenvillian age
previously reported, and also extends the outcrops of the
orthogneisses to the north of Agua de Juchi section. Early
to Late Ordovician regional metamorphism and
deformation were interpreted as the orogenic event that
affected the Mesoproterozoic basement during the
collisional history of the Famatinian orogen. The Middle
to Late Devonian ages were also interpreted as shear zone
metamorphism (Varela et al., 2(02).

AlI these Early Paleozoic orogenic processes
(metamorphism and deformation) have been related to the
collisional history of Famatinian Orogeny, in wich the
Sierra de Vmango is considered as part of the Laurentian
derived allochton. Further south to the Sierra de Vmango
at Sierra de Pie de Palo, Casquet et al. (2001) delineated a
comparable tectono-metamorphie history related to the
Early Paleozoic Famatinian events that overprinted the
allochton basement of Grenvillian-age.
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Table 1. New U-Pb zircon and monazite ages from Sierra de Umango.

Geologie unit Locality Dated rock type Dated process Method - Material Age (Ma)

Orthogneiss
La Champa creek

tonalitie magmatic V-Pb - zircon in
1090 ± 35

Juchi orthogneiss crystallization magnetic fractions

Orthogneiss
La Pereza creek

tonalitic magmatic V-Pb - zircon in
1216 +29 / -16

Juchi orthogneiss crystallization magnetic fractions

Tambillo metamorphism V-Pb - zircon in
lower int.: 447 ±

Puesto La Falda biotitic paragneiss 36 & upper int.:
Metamorphites and heritage age magnetic fractions

1139 ± 82

Tambillo
La Troya river

mylonitic
metamorphism V-Pb - monazite 452± 6

Metamorphites paragneiss
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quartzites. These quartzites clearly overlay the cWorite
muscovite-biotite schists of the Nova Lima Group. Il is
worth noting that the later rocks contain fibrous white
1TÙca after' sillimanite. Several muscovite leucogranites
are concordand with the main Nova Lima schistosity.

These schists show a high metamorphic gradient
towards the Baçao granite-gneiss complex and, after
about ca. 200 m., the 1TÙneral paragenesis reaches up to
amphibolite facies, with peak poT conditions of about
6500 C and 8 kbar (TEEWQU, Berman, 1991). The
typical rocks are quartz-poor schist displaying fresh cm
sized gamet and prismatic sillimanite in a groundmass
containing cordierite (?), andalusite, red biotite and
andesine. Rutile, graphite, ilmenite, monazite, and relict
of prograde staurolite preserved both in plagioclase and
sillimanite, are the accessory 1TÙnerals. This ITÙneral
assemblage is syn-kinematic; kyanite appears as post
kynematic porphyroblasts. Monazite forms xeno- and
idioblastic crystals, appearing as inclusions in the main
1TÙnerals and as isolated crystals in the matrÎx.

INTRODUCTION
Th-U-PbT dating of monazite by high spatial

resolution techniques as the electron-probe 1TÙcroanalyser
(EPMA) is a valuable tool for understanding the
geochronological patterns of metamorphic events within
the continental crust (e.g., Vlach and Del Lama, 2002)
and, in connection with texturai and che1TÙcal data for
equilibrated metamorpic 1TÙnerals, can aJso provide useful
constraints on P-T-t paths.

We present che1TÙcal and dating results of monazite
from an amphibolite-grade aureole metamorphism over
the regional metapelites of the Nova Lima Group, Rio das
Velhas Supergroup, Quadrilâtero Ferrffero (MG), due to a
strong thermal imprint caused by Paleoproterozoic
regional granite intrusions.

GEOLOGICAL SETTING AND SAMPLING
The last deformation and metamorphism events in the

Quadrilatero Ferrffero rocks were controlled by the
Brasiliano front of the Araçuaf Orogen. Fold-and-thrust
belt deformation presents a decreasing polarity towards
W and is associated with white 1TÙca, kyanite, and
pyrophyllite linear growth.

The granite-gneissic rocks of the Quadrilatero
Ferrrffero Archaean basement (Figure 1) are roughly
coeval with the Rio das Velhas Super Group
metavulcanosedimentary sequence, with ages in the 2.6
2.8 Ga range (Teixeira et al., 2000; Machado et al.,
1992). The sedimentation of the basal units of the Minas
Supergroup appears to have occurred in the Siderian
Paleoproterozoic (ca. 2.4 Ga, Babinski et al., 1995). The
metasediments of the Sabara Group, discordantly
overlying these sequences, and the uppermost Itacolo1TÙ
Group, present detritic zircon dated at 2.1 and 2.0 Ga,
respectively (Machado et al., 1996).

Local contact aureole metamorphism dated at about
2.06 Ga (internai SmlNd isochron) occurs in the Sabara
Group rocks (CHUR model Sm/Nd ages about 2.2 Ga)
near the Belo Horizonte granite-gneissic dome
(Brueckner et al., 2000). Si1TÙlar contact aureoles are
widely distributed in the Nova Lima Group.

The structural relationships between the Nova Lima
Group and the Moeda Formation of the Minas
Supergourp are weil exposed at the northern downhill
side of the Serra de Ouro Preto (Dorr, 1976). Along the
Vitoria-Minas railroad, near the Funil Station, white 1TÙca
crystallization defines a fine schistosity concordant with
the compositional banding in the first layer of the Moeda
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ANALITYCAL AND DATING METHODS
Monazite EPMA analyses were made in conventional

carbon-coated polished thin-sections at the microprobe
lab at the Instituto de Geociências, Vniversidade de Sfio
Paulo, with a 5-WDS spectrometer JEOL JXA-8600
machine, following general procedures and instrumental
settings described by Vlach and Gualda (2000). The
WDS analyses were made after BSE imaging of grains
se1ected under the microscope by texturaI criteria.

Almost complete monazite analyses were obtained for
35 spots along single traverses and over high-contrast
BSE areas in 5 crystals, representing gamet and
plagioclase inclusions and isolated grains. Spectral lines
for the age determining elements were Ma for Th and Pb
and M~ for V; detection limits were close to 130,90, and
110 ppm, respectively. Th and Y (on Pb) and Th (on VO
interferences were corrected on-line. Synthetic ThSi04,

V02, and PbCr04 were used as elemental standards. Two
homogeneous monazite crystals from high-grade
metapelites, with 625 Ma (conventional monazite UlPb)
and 790 Ma (zircon SHRIMP age); respectivley, were
used as age-reference standards. Total deviations for
these elements were taken as counting deviations, adding
2% to account for other errors. Matrix effects were
corrected with a l>ROZA program.

Chemical (Th*-Pbr) isochrons were computed with
the IsoPlot software (Ludwig, 1998). Our iesults are
reported on the basis of a 95 % confidence level.

CHEMICAL AND DATING RESULTS
Representative WDS analytical monazite results,

molecular proportions of the main components, Th, V,
and Pb contents and spot ages are presented in Table 1.
BSE imaging of monazite grains reveals contrasted
zoning patterns (Figure 2): the inclusions in gamet and
fe1dspar show typical dissolution-recrystallization
features, while the isolated crystals present a more normal
zoning, Th and V contents step-increasing towards crystal
rims.

The studied monazite is a Ce-rich variety with
variable amounts of the huttonite, xenotime, and
brabantite molecules, depending on texturaI setting. So,
the grains included in gamet and the cores of grains
included in feldspars are typically richer in monazite and
xenotime and poorer in huttonite and brabantite than the
isolated crystals or the rims of grains included in
fe1dspars.

These chernical variations are weIl correlated with the
calculated spot ages and the analytical spots with higher
xenotime contents give also older ages (Figure 3). The
higher xenotime contents correspond rnainly to grains
included in gamet and the cores of the grains included in
feldspar. The apparent ages suggest to sorne extent a
bimodal data distribution (Figure 4). A chemical cationic
isochron (Th* - the measured Th added to the equivalent
in Th from the measured V content - vs PbT), considering
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all analytical data yelds a mean age of about 2.06 (± 0.02)
Ga, with a good MSWD value.

If we consider, however, a bimodal age distribution,
weIl supported by our chemical data, the isochron
computations give an age of about 2.08 (± 0.02 Ga, grains
included in gamet and cores of grains included in
feldspar) and another one of about 2.04 (± 0.02 Ga, rims
of inclusions in feldspar and isolated crystals). The
statistical fit parameters (probability of fit and MSWD)
will be significantly better (Table 2).

Table 1. Representative WDS data and apparent spot ages of
monazite from the studied prophyroblastic schist (c = core,

r = rim, b.d. = below detection limit).

Inclusion in Grt Isolated crystal
Grain 2,c 2,r 1, c 5,r
Si02 0.08 0.13 0.34 0.52
Th02 2.55 4.74 6.79 10.59
V02 1.49 0.70 0.73 0.44
La203 13.91 14.63 12.80 10.28
Ce203 27.84 28.64 28.29 25.70
Pr20 3 3.03 3.20 3.16 3.31
Nd20 3 lLlI 11.95 12.55 13.36
Sm20 3 2.06 1.99 1.95 2.40
Gd20 3 1.79 1.40 0.90 0.85

DY20 3 0.81 0.11 bd 0.10
Yb20 3 0.05 bd bd bd
Y20 3 2.44 0.11 0.03 0.04
FeO 0.22 0.18 0.11 0.05
CaO 0.97 1.21 1.41 2.07
PbO 0.77 0.68 0.86 LlO
P20 S 30.86 30.50 30.05 29.55
Total 99.99 100.16 99.97 100.35

Molecular proportions
Huttonite 0.03 0.05 1.4 2.1
Monazite 83.0 87.0 85.0 78.9
Xenotime 8.5 2.2 1.2 1.3
Brabantite 8.2 10.2 12.4 17.8

Age determining elements and deviations (ppm)
Th 22370 41690 59630 93070
20' 508 893 1255 1930
V 13173 6151 6435 3891
20' 298 172 176 143
Pb 7157 6344 8021 10178
20' 187 175 206 247

Spot age (Ma) and deviations
Age 2108 2086 2046 2024
20' 53 59 56 57
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Figure 2. BSE images showing typical compositional zoning patterns of two monazite grains. Left: idioblastic isolated crystal with
regular pattern (Th and U step-increase towards crystal rims). RighI: rounded inclusion in gamet, showing a complex irregular

pattern, suggesting dissolution-recrystallization mechanisms; darker areas are more xenotime-rich than the c1earer ones. White circles
are WDS spot locations (not to scale).
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Figure 4. Cationic isochron diagram for all monazite data;
computations after Ludwig (1998), fitting through the origin.

Inset: apparent spot age distribution. L:Y is the sum of density of
probability functions of each spot.

Table 2. lsochron results for monazite from the Nova Lima Schist. Computations after Ludwig (1998), drawing the fit trough origin.
Errors are quoted to the 95 % confidence level.

Sampled spots

Age (Ga)
MSWD
Prob. fit
N

Ali data

2.06 ± 0.02
0.95
0.55
35

High xenotime contents (inclusions in
gamet and sorne cores l'rom inclusions in

l'elspars)
2.08 ± 0.02

0.40
0.99
19

Low xenotime contents (isolated
grains and rims l'rom inclusions

in l'eldspar)
2.04 ± 0.02

0.57
0.90
16



DISCUSSION
The mean monazite chemical age of the aureole

metamorphism over the Nova Lima Group herein
reported is identical to the internal SmlNd isochron age
obtained by Brueckner et al. (2000) for aureole
metamorphism in the Sabara Group. On the other hand,
our data bring sorne additional geochronological
constraints to this event.

The chemical EPMA dating results support a bimodal
age distribution for the metamorphic event, a point
strongly reinforced by both micro-structural and chemical
contrasted features of monazite grains occurring included
in gamet, in plagioclase, and as idioblastic isolated
crystals. A better statistical fit for the bimodal case gives
additional support to this interpretation. If both texturaI
monazite generations were formed during an almost
continuous contact metamorphic event, we should
conclude that such thermal imprint lasted during a time
interval up to 40-60 Ma. This metarnorphic event is
distributed overall the Quadrilatero Ferrifero.
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INTRODUCTION
Glacial events are well documented during the

Sturtian-Rapitan (from -760-700 Ma) and, the Varanger
or Marinoan (from -620-580 Ma) periods around the
world (Hoffinan et al., 1998; Kennedy et al., 1998). Both
glacial events, appear to have reached very low latitudes
(Hoffinan et al., 1998; Kennedy et al. 1998; Hyde et al.,
2000; Jacobsen, 2001; Kennedy et al. 2001), have been
widely identified in central Brazil, where they are always
overlain by cap carbonate sequence.

The older cap carbonate sequence covers large areas
of the Sâo Francisco Craton and of the surrounding
Neoproterozoic folded belts (Rio Preto, Araçuai, Ribeira
and Brasilia). This cap carbonate comprises the basal part
of the Bambui and Una groups, which overlie glacial
diamictites of the Jequitaf and Bebedouro formations,
respectively, as well as the Macaubas Group (Dardenne,
1978; Misi & Veizer 1998; Uhlein et al., 1999; Santos et
al., 2000). These diarnictites are considered to be ca. 700
800 Ma old (Misi & Veizer, 1998, Santos et al., 2000)
and were, therefore, correlated with the "Sturtian" event.

Another carbonate sequence is recognized in the
Paraguay Belt and presents Ediacaran-like fauna with
Corumbella werneri and Cloudina Lucianoi (Tamengo
Formation) (Hahn et al., 1982; zaine & Fairchild, 1985)
suggesting an upper-Vendian (590-545 My) age (zaine &
Fairchild, 1985; Alvarenga & Trompette, 1992). It
overlies late Neoproterozoic Varanger-Marinoan glacial
sediments (Alvarenga & Tromgette, 1992).

Carbon-isotope and 87Sr/8 Sr stratigraphy have been
widely used to correlate cap carbonate strata overlying
Sturtian and Varanger-Marinoan glaciogenic rocks
worldwide (Kennedy et al., 1998). Isotope stratigraphy in
South America Neoproterozoic limestone are available
for rocks of the Sâo Francisco Basin (Bambui and Una
groups) overlying Sturtian glacial diarnictites (Iyer et al.,
1995; Misi & Veizer, 1998; Martins, 1999; Santos et al.,
2000), and for the Paraguay Belt rocks (Boggiani et al.,
1997; Alvarenga et al. submitted).

ln this study, we present new C-O and Sr-isotope data
for samples collected systematically along continuous
limestone profiles of the Bambui Group on the border of
the Sâo Francisco Craton (Bambui Group rocks) and of
the Araras Formation on the border of the Amazon
Craton and in the Paraguay Belt (Fig. 1). The main
objective is to correlate the isotopie signature for these
rocks with isotopic record available for similar sequences
around the world.

RESULTS
The Ôl3CPDB values of Araras carbonates vary between

-10.5%0 and -2.7%0 within a short stratigraphic interval of
cap dolomite (12 m), near the border of the basin (Fig. 2).
The isotopic profile across the basal 200 m of laminated
microcrystalline limestone and cIay-limestone, overlying
glacial diamictites and interpreted as being deposited in a
deep shelf environment, is also characterized by negative
Ô13CPDB (-5.3%0 and +0.6%0). In contrast with the lower
portion of the carbonate sequence, thick shallow-water
dolostone covering this horizon present uniform and
positive Ô13CPDB values (+ 1.9%0 to +2.4%0) for more than
800 m. Dolostone and sand-bearing dolostone from the
upper parts of the Araras Formation have high Ô13CPDB
values (+4.1%0 to +9.6%0). This is followed by an abrupt
decrease in ô13C values, down to -1.0%0. The carbonates

. . ed b 87S /86Sof the Araras Formation are charactenz y r r
ratios ranging from 0.70753 to 0.70960, comparable to
cap carbonates overlying Varanger-Marinoan glacial
deposits in other neoproterozoic sequences.

ln the Bambui Group, negative Ô13CPDB values are
found only within the lowermost meters of the sequence,
which are immediately followed by positive values
(+0.9%0 to +3.3%0) within the lowermost portion of the
Sete Lagoas Formation (Fig. 3). The upper carbonates of
the Bambui Group (upper portion of the Sete Lagoas and
Lagoa do Jacaré Formations) present an extensive
positive carbon isotope excursion (values ranging from
+6.9%0 to +16.0%0). 87Sr/86Sr ratios in limestone of the
Bambui Formation range from 0.70580 to 0.70760 and
are comparable with data present in other studies (Misi &
Veizer, 1998).

DISCUSSION AND CONCLUSIONS
The carbon isotope profile of the Paraguay Belt

(Araras Formation) is very different from that of the
Bambui Group carbonates, although both carbonate
sequences overlie glacial sediments. The Ô13CPDB profile
observed across the Araras Formation exhibits an
approximately 200 m thick section of carbonates with
low Ô13CPDB values while in the Bambui Group the
negative values are not frequently present in the cap
carbonates.

Strontium isotopes evolution curves for
neoproterozoic carbonates show that post Sturtian
sediments present strontium ratios ranging between
0.7063 and 0.7074, whereas post VarangerIMarionan
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carbonates present strontium ratios ranging from 0.7068
to 0.7087 (Jacobsen & Kaufman, 1999). Our isotopie data
support the hypothesis that diarnictites underlying the
Bambui basin are related to the Sturtian glacial event,
whereas diamictites of the Araras Formation are related
to the worldwide Varangian/Marionan glaciation.

The data presented here indicate that two distinct
glacial events are present in Central Brazil. In terms of
geodynamic implications to supercontinent reconstruction
models, the Varanger/Marionan glaciation was preserved
only in the southeastern border of Amazon Craton.
Evidence of this event was probably eroded from higher
latitude regions, such as the border of the Sao Francisco
Craton, where is preserved only the Sturtian glaciation
event.
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INTRODUCTION
The Vazante Group (Dardenne et al., 1998), which

occurs in the northwest part of Minas Gerais State, hosts
the most important zinc non-sulfide (Vazante) and sulfide
(Morro Agudo) deposits known in Brazil. This group
represents one of the metasedimentary units of the
southern segment of the Brasilia Fold Belt, which extends
for more than 1000 km over a width of 300 Km along the
western margin of the Sâo Francisco Craton (Fig. 1).

Brasilia Fold Belt (BFB)

~ Granulites and Orthogneiss

1 Parano" Group

:r:;,":] Canastra Group

100 ~E]~.I· City~ 0 Zn-(Pb) deposits

Figure 1. Geologiea] map of the southern part of the Brasfl ia
Fold Bell (Dardenne, 2000).

The tectonic setting of this unit, however, is
controversial. Recent studies indicate that the Vazante
Group could represent the sedimentation in a rapidly
subsiding zone forming a depression in the Brasilia Fold
Belt initial thrust fronts (Dardenne, 2000), in a similar
setting ta that of the Bambui Group, or might correspond
to top of the meso/neoproterozoic passive margin
sequence, represented mainly by the Paranoa Group
(Pimentel et al., 2001).

The Vazante Group is composed by a thick
sedimentary sequence and its depositional age is still
disputable. The available geochronological data do not
give reliable constraints on the depositional age of the
sequence, but indicate that it was metamorphosed during
the Brasiliano Orogeny (Amaral & Kawashita, 1967).
Recently, however, metamorphosed basic dikes cutting
the sedimentary sequence were found and their geologic
relationship showed promise for constraining the
minimum depositional age of the sediments and timing of
the mineralization event. Here we present U-Pb, Pb-Pb,
and Sm-Nd isotopie data obtained from these mafic dikes,
along with petrological, geochemical and C, 0 and Sr
isotopie studies.

GEOLOGICAL SETTING
The Vazante Group is composed, from base to top, of

metapelitic units with phosphorite occurrences (Retiro
and Rocinha Formations), metapsamo-pelitic units and
stromatolitic bioherm facies (Lagamar Formation), gray
slates (Serra do Garrote Formation), dolomite, slates,
sericite phyllite and maris (Serra do Poço Verde
Formation), stromatolitic bioherm facies (Morro do
Calcario Formation), carbon aceou s slate, phyllite,
dolomite and quartzite lenses (Lapa Formation)
(Dardenne, 2000).

Minor magmatism associated with the Vazante Group
is represented by small bodies of metabasic rocks,
identified mainly at the Vazante zinc mine (Fig. 2). In
this deposit, the metabasic rocks (Fig. 2) occur, within the
Vazante Shear Zone, tectonically imbricated with
hydraulic breccias, hydrothermally altered rocks, and
with zinc ore, composed mainly of willemite (Zn2Si04)'

This lithotype was described initially as diabase dikes
of Cretaceous age (Rigobello et al., 1988). However, the
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Figure 2. Cross - section of the Vazante ore wne showing the
spatial relationship between metabasites, host sequence and the

Vazante Fault Zone (simplified from Monteiro. 2002).

presence of a metamorphic mineraI assemblage
(described below), and mylonitic fabric, which is not
recognized in the Brazilian cretaceous rocks, are fealUres
that indicate that this unit was affected by the regional
Brasiliano deformation event (Monteiro, 1997).

The metabasites and ore bodies are off-set by normal
and reverse faults and also eut by late hydrothermal
veins, which are likely to have caused complex
relationships between ore bodies and the host sequence.

Relative loss of Fe203 (~ 33%), Ba and Sr (~ 60%) are
also observed.

The zinc ore, in tectonic contact with metabasic rocks,
shows a different minera! association cbaracterized by the
Zn-ricb chlorite, hematite, talc, and apatite.

Along the contact with metabasite, the dolomites are
bleached and metasomatical1y altered and display also
great differences in the isotopie compositions
(8180vSMOW= +21.4 to +16.7%0 and 8 13C= -0.2 to -1.5%0)
relative to unaltered dolomites (8180vSMOW= +26.2 to
+27.2%0 and 8 13C= -\.O to+2.7%0).

The 87Sr/86Sr ratios ofthese bleached rocks (87Sr/86Sr=
0.732660) are also more radiogenic than the unaltered
dolom.ites (87Sr/86Sr= 0.709239 to 0.709764) and the
altered dolomites (87Sr/86Sr= 0.712948 to 0.715980)
(Monteiro, 2002).

The calcite of tbis bleached metadolomite has the
most distinct 8 13C value (-10.3%0), in relation to the
byclrothermal carbonates within the faultzone (8 13C= -5.9
to + 1.7%0) (Monteiro et al., 1999).

Figura 3. Back-scattered SEM image, showing the formation of
titanite, which replaces igneous euhedral ilmenite.

RELATIONSHIPS BETWEEN THE METABASITE
AND ZINC ORE

The metabasic rocks occur mainly within the Vazante
Shear Zone, juxtaposed to dolomites and slates of the
Vazante Group. Tbis makes the recognition of the
relationship between this metabasite and the host
sequence difficult. However, there is evidence that tbis
rock was affected by hydrothermal processes similar to
those responsible by the zinc ore formation, which is
coeval with the Vazante Shear Zone development
(Monteiro, 1997; Monteiro et al., 1999).

Mass balance calculations and stable isotopie studies
(Monteiro, 1997; Monteiro et al., 1999) indicate that the
Zn- and Pb-rich f1uids affected tbe metabasic rocks.
Metasomatic processes affected metabasite, dolomites
and zinc ore, indicating also strong fluid-rock interaction
along the tectonic contact zones.
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The metabasic rock exhibits relicts of sub-ophitic
igneous texture and remnants of igneous mineraIs, such
as plagioclase, pyroxene and ilmenite, which are replaced
by a typical low greenschist facies assemblage. Sericite,
clinozoizite, chlorite and carbonates replace plagioclase.
Pyroxene exhibits strong chloritization, whereas ilmenite,
initially zoned, is replaced by leucoxene, rutile and
titanite (Fig. 3). Biotite remnants indicate early
potassification, possibly preceding the mylonitization of
this rock.

HYDROTHERMAL ALTERAnON
Besides the low greenschist facies metamorphism,

mylonitization and hydrotherma1 activity related to f1uid
flow within the Vazante Sbear Zone also affected the
metabasic rock. Chlorite (penninite), chrysotile and
apatite formation, related to S-C structures, overprints the
potassification. Late dolomitization associated with the
formation of titanite, leucoxene, rutile and hematite,
within brittle structures, accompany the total destruction
of igneous textures and mineraIs.

Mass balance calculations (Monteiro, 1997) indicate
that the mylonitized metabasite displays sligbtly mass
increase (3%) relative to least-mylonitized metabasite.
This mass increase is related mainly with MgO (~60%),

CO2 (- 60%), Pb (- 174%) e Zn (- 212%) enrichments.
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GEOCHRONOLOGY
Samples of the metamorphosed matic dikes were

recovered from drill cores. Three whole rock samples
were powdered and Sm-Nd isotopic analyses were carried
out. The TDM model ages are between 1.16 to 1.21 Ga,
and the ENd(O) varies from +0.16 to -0.41. Because the
Sm/Nd ratios are very fractionated (0.16) these T DM ages
are overestimated and represent the maximum
crystallization age of the dikes. In addition, crustal
contamination during magma ascent, which could
increase the TDM ages, cannot be roled out.

Zircon and titanite grains were separated from two
different cores.

The samples were crushed, sieved, and the < 100 mesh
heavy minerai fraction was concentrated. Sample VZ-l
yidded a reasonable quantity of small pink clear zircons.
Another sample (VZ-2) had very low yield of zircons
(also small pink clear ones); however a great amount of
titanite was recovered from this sampie.

The titanite grains are creamy brown in color, have a
sugary texture, and are opaque (due to their
microcrystalline texture).

Five small zircon fractions with different
morphologies (from euhedral to rounded grains) of
sample VZ-I were analyzed, and ail of them are
discordant (Fig. 4). The zircons yielded 207Pb/206Pb
minimum ages ranging from 2096 to 2398 Ma; the oldest
age was determined on euhedral acicular zircons. A
single fraction of euhedral zircons was recovered from
sample VZ-2 and it yielded a 207Pb/206Pb minimum age of
2092 Ma with a very large error. However, this age is

similar to ages obtained from two fractions of sample
VZ-l (Fig. 4). The U-Pb ages determined on zircons
recovered from the matic dikes are too old and indicate
that the zircons were assimilated by the magma from the
basement rocks. Although the results show sorne scatter
on the U-Pb diagram, sorne fractions detine a discordia
that yields an upper intercept age of 2100 ± 25 Ma
indicating the presence of a Paleoproterozoic basement
for the Vazante Group. Furthermore, because of the older
207Pbp06Pb ages determined on sorne fractions, we can
suggest that either the magma passed through crust
composed of magmatic rocks older than 2.1 Ga or that
metassedimentary rocks containing zircons from different
sources are part of the basement in the area.

Seven single-crystal fractions of titanite were
analyzed. Surprisinly, ail the samples contained only
common non-radiogenic Pb. The isotopic ratios are
uniform and do not present a large variation. The
206Pb/204Pb values range from 17.68 to 17.92, 207Pb/204 Pb
from 15.60 to 15.70, and 208Pb/204Pb from 36.90 to 37.19,
and most of them have large errors. The obtained results
are in agreement with Pb isotopic ratios reported for
galenas from the Pb-Zn deposits of Morro Agudo,
Vazante, Ambrosia e Fagundes (Cunha et al., 2002; 2003)
indicating that hydrothermal fluids responsible for the
mineralizations might have affected the metabasic rocks.
ln addition, the presence of common Pb in the titanite,
which typically has high U/Pb ratio, contïrms the
petrographic observations that this mineraI is
hydrothermal and it is coeval with the timing of Pb-rich
fluid percolation.
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CONCLUSIONS
The metabasite was affected by epigenetic

hydrothermal processes similar to those responsible for
the Vazante zinc non-sulfide mineralization, which is
closely linked to the Vazante Shear Zone development.
The similar Pb isotopie composition of hydrothermal
titanite from this metabasite and galena from the others
zinc sulfide deposits hosted by the Vazante Group, could
reinforce the importance of epigenetic-hydrothermal
processes associated with the late Brasiliano event for the
genesis of the zinc deposits in the Vazante-Paracatu Zn
(Pb) district.
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INTRODUCTION
The dawn of the Phanerozoic Eon (-544 Ma) was

marked by the rapid development of animal phyla, termed
the "Cambrian Explosion," which must somehow relate
to vast changes in Earth's surface climate in the
preceding Neoproterozoic Era. Clues to the
environmental perturbations of the "Cryogenian" and
terminal "Neoproterozoic III" (Knoll & Walter, 1992) are
recorded in the widespread deposition of glacial rocks in
sorne cases down to equatorial latitudes systematically
overlain by enigmatic dolomite and limestone deposits,
known as the "cap carbonates (e.g. Kennedy, 1996)," as
well as strong temporal anomalies in ol3C and 87Sr/86Sr of
seawater proxies (Kaufman et al., 1997).

Severa1 models have been developed to explain the
pre-Phanerozoic ice ages along with the cap carbonates
and associated biogeochemical anomalies, including the
"snowball Earth" hypothesis (Kirschvink, 1992;
Hoffmann et al., 1998; Hoffman & Schrag, 2002), which
advocates that the planet was completely entombed in ice
resulting in extreme albedo; recovery from the frozen
Earth required the multi-million year buildup ofvolcanic
COz, and must have happen at least twice in the interval
between 750 Ma and the Precambrian-Cambrian
boundary. Existing radiometric data constrain the older
glacial epoch, called the Sturtian and best represented by
iron-rich deposits in Australia, Namibia, and arctic
Canada, to have occurred between 760-700 Ma (e.g.
Hoffman et al., 1996). The younger glacial epoch is
called the Marinoan in the southern hemisphere or
Varanger in the peri-North Atlantic region and is
temporally poorly constrained, but is likely to have
occurred between -625 and 585 Ma (Saylor et al., 1998;
Thompson and Bowring, 2000). Tests of the snowball
scenario demand stricter controls on the relative and
absolute timing of the ice ages. While the former may be
provided by chemical stratigraphy (Kaufman et al.,
1997), precise ages of the diamictites are rare (Brasier,
2000; Thompson & Bowring, 2000; Gorokhov et al.,
2001), and the caps, non-existent.

In Brazil and surrounding countries lithologic records
of both Sturtian and Varangian ice ages are preserved,
including distinctive cap carbonates with extreme
biogeochemical anomalies. In this paper we present the
first direct dating of a cap carbonate from the Bambui
Group in southern Brazil on the Siio Francisco Craton,
which is texturally and isotopically indistinguishable
from the Maieberg Formation cap in the Otavi Group on
the Congo Craton. Our Pb-Pb isochon age for these caps
supports the view that the Sturtian epoch included at least

two discrete ice ages. Application of this geochronometer
to well-preserved cap carbonates throughout the
Neoproterozoic should pave the way toward a better
understanding of the tempo of Neoproterozoic climatic
cycles, as well as the evolution of metazoan life.

GEOLOGICAL SETTING
The Siio Francisco basin is sorne 200-350 km wide

and 800 km long and contains an extensive sedimentary
cover of Neoproterozoic clastic and carbonate
sedimentary rocks of the Siio Francisco Supergroup. The
supergroup is divided into two groups, the Macaubas and
the overlying Bambui. The older Macaubas Group
includes widespread glacial diamictites (Dardenne, 1978;
Karfunkel & Hoppe, 1988), shales, and quartzites. The
younger Bambui Group consists of two main sequences:
a lower slope to platform interval of marine strata and an
upper succession of shallow-water to alluvial strata. The
lower sequence is divided into four formations: Sete
Lagoas, Serra de Santa Helena, Lagoa do Jacaré, and
Serra da Saudade, which correspond to cycles of
carbonate and pelitic-psamitic sedimentation. The Sete
Lagoas Formation contains well preserved stromatolites
and seafloor cements. In the Lagoa do Jacaré Formation
beds of, oolitic and pisolitic carbonates occur. Pelitic to
psamitic sediments of the Serra de Santa Helena and
Serra da Saudade formations represent clastic cycles
within this sequence. Overlying the lower sequence is a
clastic shallow-marine to alluvial unit, the Três Marias
Formation, which was deposited in a foreland basin
associated with the ca. 600 Ma Brasiliano Orogeny
(Marshak & Alkmim, 1989; Brito Neves & Cordani,
1991).

Deformation in the Siio Francisco Supergroup
increases progressively towards the Brasilia and Araçuai
fold belts on the west and east, respectively (Chemale et
al., 1993). Metamorphism reaches greenschist facies at
the eastern border of the basin but decreases rapidly
towards the center where two undeformed regions (CI
and Cz sub-zones) are recognized (Alkmim et al., 1989).
These regions are probably related to pre-Brasiliano
topographic highs that played an important role during
the deposition and inversion of sediments in the Siio
Francisco basin (Chemale et al., 1993).

Studied limestone samples from the Sete Lagoas
Formation (Pedro Leopoldo facies) were collected at
Sambra quarry about 60 km northwest of Belo Horizonte
in the Cz sub-zone. The contact of this facies with the
lower Sete Lagoas beds is unclear; sorne authors suggest
that the area represents a structural high point in the basin
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(Chemale Jr. et al., 1993) and the carbonates were
deposited directly over Archean basement. From the base
of the exposure, the Sambra carbonates consist of cm
scale layers of gray-to-black acicular seafloor cements
draped by red-to-cream colored microsparite (Peryt et al.,
1990) that continue for about 8 meters. The irregularly
crosscut cements are composed of feathery precursor
crystal bundles with squared-off growth zones; ghosts of
an original fibrous material, hexagonal in cross-section, is
observed. The thickness of individual layers of these
seafloor cements range from 3 to 98 mm, but most are
between 10 and 35 mm. Based on morphologic
characteristics and Sr abundances, Peryt et al. (1990)
suggested that these inorganic seafloor precipitates were
originally composed of aragonite. Similar carbonate
fabrics are described in the Maieberg Formation cap
carbonate atop the Ghaub diamicitite in the Otavi Group
of northem Namibia (Halverson et al., 1999; Hoffman &
Schrag, 2(02). In the lower Sambra quarry, the
precipitate interval is overlain by -20 m of ribbon
laminated and massive beds of limestone and dolomite.
A second upper quarry, which exposes another 40 m of
massive and evaporitic grey to green carbonates, lies
stratigraphically above the lower exposure. For this study
we collected samples of precipitate and microspar
couplets from the banded portion of the lower quarry, as
weIl as massive carbonates from the upper quarry.

ANALYTICAL PROCEDURES
The Pb isotope analyses were carried out at the

Geochronological Research Center, at the University of
Sâo Paulo, following the analytical procedures of
Babinski et al. (1999). Pb isotopic compositions were
corrected for a mass fractionation factor of 0.12% amu·1

determined based on analyses of common Pb standard
NBS 981. Pb blanks were 30-50 pg and have negligible
effect on the Pb measured isotopic compositions. Pb-Pb
isochron ages were determined using the Model 1
regression ofIsoplot (Ludwig, 1999). Errors are reported
at 95% confidence level.

Stable carbon and oxygen isotopic compositions of
carbonates were determined with a Micromass Isoprime
mass spectrometer coupled with a MultiPrep inlet system
for on-line acidification and transfer of sample gases at
the University of Maryland. Uncertainties of sample
measurements based on the analysis of multiple standard
materials are better than 0.1 %0 (20) for both C and 0
isotopes.

Strontium was isolated from carbonate samples by
repeated leaches with 0.2M ammonium acetate prior to
sample dissolution in 0.5M acetic acid; solutions were
then passed through Sr-SPEC resin and the Sr collected
for mass spectrometric analysis. The Sr was loaded with
Ta02 on a Re filament and analyzed between 1400-1600°
C with a VG Sector-54 thermal ionization mass
spectrometer at the University of Maryland. Repeated
measurements of NBS-987 during the period of sample
analysis had an average 87Sr/86Sr of 0.710240 ± 0.000008
(20).

Short Papers - IV South American Symposium on Isotope Geology

RESULTS AND DISCUSSION
The isotope results determined on the carbonate rocks

from Sambra Quarry show o13C excursion from the base
at -4 to near 0%0 sorne 8 meters higher on the sequence
(cf Peryt et al., 1990; Iyer et al., 1995); carbonate carbon
isotope values remain relatively constant above this
transition zone, in a succession that shows evidence for
sorne shallowing and an upsection increase of siliciclastic
detritus. In the lower part of the quarry insoluble residues
compose less than 5% of the rock, which increase to 10%
above the transition zone. Over the same interval, 0180
values appear to co-vary with carbonate 13C abundance;
from the base of the exposure to the 8-meter mark,
oxygen isotope values rise from ca. -lOto -6%0, and then
again remain constant to the top ofthe exposure. Organic
matter is anomalously enriched in the 13C near the base,
with remarkably constant values of ca. 18 to 20%0,
resulting in strongly reduced carbon isotope
fractionations (Ao) between inorganic and organic phases,
ranging from 12 to 14%0 (Kaufman, 2000; Kaufrnan et
al., 2(01).

Elemental abundances and ratios (i.e. Mn/Sr)
determined on the carbonates suggest that the best
preserved samples correspond with precipitate textures in
the lower reaches of the quarry. These sampies contain
Sr concentrations up to 3000 ppm, and the Mn/Sr close to
zero. Above this level in dolomitic samples, Sr
concentrations are < 300 ppm and Mn/Sr increases up to
1-2. The 87Sr/86Sr ratios from the best-preserved
limestone samples show constant values of 0.7074.

Based on the negative o13C compositions at the base
of the exposure, Iyer et al. (1995) suggested that the
Pedro Leopoldo facies accumulated in a locally evaporitic
environment unrelated to post-glacial transgression,
insofar as diamictite has not been found beneath the
carbonate in the Belo Horizonte area. In contrast, we
suggest that the negative o13C values in the Sambra sea
floor precipitates are consistent with other cap carbonates
deposited during deglaciation. Furthermore, the 87Sr/86Sr
of 0.7074 measured on the Sambra carbonates are in
close agreement values determined in similarly textured
and Sr-rich limestone rhythmites from the Maieberg
Formation cap carbonate (atop Ghaub Formation
diamictite) in Namibia (Schrag et al., 1999), suggesting
that these deposits were contemporaneous.

Eight carbonate samples were selected for the
geochronology study; six from the lower quarry and two
from the upper quarry. Four of the lower quarry samples
contained both precipitate and microspar components;
these were analyzed separately. AlI other samples were
composed of homogeneous microspar. Samples from the
lower quarry yielded variably radiogenic Pb isotopic
compositions with 206Pbp04pb ratios ranging from 19.1 to
32.8, 207Pbp04pb from 15.68 to 16.56, and 208Pbp04Pb
from 38.1 to 39.0. The fibrous precipitates presented the
most radiogenic Pb ratios. Samples from the upper
quarry revealed uniform and non-radiogenic Pb ratios
e06PbP04pb = 18.8; 207PbPo4Pb = 15.65), and the results
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of these two samples were not used for regression. In the
Pb-Pb diagram the Pb ratios obtained from the samples
from the lower part of the sequence defined a straight
line, which yielded a very precise Pb-Pb isochron age of
740 ± 22 Ma (95% confidence level). Because the rocks
of this outcrop are extremely weIl preserved and
undeformed, suggesting that the Pb isotopie system was
not disturbed by later events, we interpret this as a
depositional age for this cap carbonate. If the correlation
of the Sete Lagoas cap carbonate from the Sambra Quarry
with the Maieberg is correct, the Pb-Pb age from Brazil
constrains two discrete ice ages in Gondwanaland
(represented by the Ghaub and Chuos diamictites in the
Otavi Group of Namibia and equivalents) to between
about 760 and 720 Ma. This supports the view that the
Sturtian glacial epoch includes multiple and distinct ice
ages (Kennedy et al., 1998).

REFERENCES
Alkmim, F.F., Chemale, F., Bacellar, L.AP., Oliveira, J. and

Magalhiies, P.M., 1989. Arcabouço estrutural da porçào sul
da Bacia do Sào Francisco. In: Simp. Geol. Nuc\eo Minas
Gerais, 5; Simp. Geol. Nuc\eo Brasilia, 1, Belo Horiwnte.
Anais, SBG, p. 289-293.

Babinski, M., Van Schmus, W.R. and Chemale, F., 1999. Pb
Pb dating and Pb isotope geochemistry of Neoproterowic
carbonate rocks from the Sào Francisco basin, Brazil:
implications for the mobility of Pb isotopes during
tectonism and metamorphism. Chem. Geol., 160:175-199.

Brito Neves, B.B. and Cordani, U.G., 1991. Tectonic evolution
of South America during the Late Proterowic. Precambrian
Res., 53:23-40.

Brasier, M.D., McCarron, G., Tucker, R., Leather, J., Allen, P.
and Shields, G., 2000. New U-Pb zircon dates for the
Neoproterowic Ghubrah glaciation and for the top of the
Huqf Supergroup, Oman. Geology, 28: 175-178.

Chemale, F., Alkmim, F.F. and Endo, 1., 1993. Late
Proterowic tectonism in the interior of the Sào Francisco
craton. In: R.H. Findley et al. (Eds.), Gondwana Eight
Assembly, Evolution and Dispersal, Balkema, pp. 29-42.

Dardenne, M.A, 1978. Sfntese sobre a estratigrafia do Grupo
Bambuf no Brasil Central. In: Congr. Bras. Geol., 30,
Recife. Anais, SBG, v. 2, p. 597-610.

Gorokhov, I.M., Siedlecka, A Roberts, D., Melnikov, N.N. and
Turchenko, TL., 2001. Rb-Sr dating of diagenetic illite in
Neoproterowic shales, Varanger Peninsula, northern
Norway. Geol. Mag., 138: 541-562.

Halverson, G.P., Kaufman, AJ., Hoffman, P.F. and Soffer, G.,
1999. Stratigraphy and carbon isotopie record through the
Neoproterozoic Rasthof Formation cap carbonate, Otavi
Group, Northwest Namibia. Geol. Soc. Am, Abstract with
Programs, 31 :486.

Hoffman, P.F. and Schrag, D.P., 2002. The Snowball Earth
Hypothesis: testing the limits of global change. Terra Nova,
14:129-155.

Hoffman, P.F., Hawkins, D.P., Isachsen, S.E. and Bowring,
S.A, 1996. Precise U-Pb zircons ages for early Damaran
magmatism in the Summas Mountains and Welwitschia
inlier, northern Damara belt, Namibia. Geol. Sury. Namibia
Comm., v. 11, p. 47-52.

Short Papers - IV South American Symposium on Isotope Geology

Hoffman, P.F., Kaufman, AJ., Halverson, G.P. and Schrag,
D.P., 1998. A Neoproterowic snowball Earth. Science,
281 :1342-1346.

Iyer, S.S., Babinski, M., Krouse, H.R. and Chemale Jr., F.,
1995. Highly 13C-enriehed carbonate and organic matter in
the Neoproterowic sediments of the Bambuf Group, Brazil.
Precambrian Res. 73, 271-282.

Karfunkel, J. and Hoppe, A, 1988. Late Proterowic glaciation
in central-eastern Brazil: synthesis and model. Palaeogeog.,
Palaeoclimat., Palaeoecol. 65:1-21.

Kaufman, AJ., Knoll, AH. and Narbonne, G.M., 1997.
Isotopes, ice ages, and terminal Proterozoie Earth history.
Proceedings of the National Academy of Sciences, 94:6600
6605.

Kaufman, AJ., 2000. The biogeochemical aftermath of
Snowball Earth conditions. In: Int. Geol. Congress, 31 st ,
Rio de Janeiro, Brazil. CD Abstracts.

Kaufman, AJ., Varni, MA, Misi, A and Brito Neves, B.B.,

2001. Anomalous Ô34S signatures in trace sulfate from a
potencial cap carbonate in the Neoproterowic Bambuf
Group. In: IGCP 450 Meeting, Proceedings, Belo Horiwnte,
Brazi\, p. 62-65.

Kirschvink, J.L., 1992. Late Proterowic low-Iatitude global
glaciation: the snowball Earth. In: The Proterozoic
Biosphere (Eds. Schopf, J.W. and Klein, C.), pp. 51-52.
Cambridge University Press, Cambrigde.

Kennedy, M.J., 1996. Stratigraphy, sedimentology, and
isotopie geochemistry of Australian Neoproterozoic
postglacial cap dolostones; Deglaciation, /)13C excursions,
and carbonate precipitation. Journal of sedimentary
Research,66:1050-1064.

Kennedy, M.J., Runnegar, B., Praye, AR., Hoffmann, K.-H.
and Arthur, M.A, 1998. Two or four Neoproterozoie
glaciations? Geology, 26: 1059-1063.

Knoll, AH. and Walter, M.R., 1992. Latest Proterowie
stratigraphyand Earth history. Nature, 356:673-678.

Ludwig, K.R., 1999. User's manual for IsoplotlEx Version 2.
A geochronological toolkit for Mierosoft Excel. Berkeley
Geochronological Center Spec. Publ. la, 47p., Berkeley,
CA USA

Marshak, S. and Alkmim, F.F., 1989. Proterowic
contraction/extension tectonics of the southern Sào
Francisco region, Minas Gerais, Brazil. Tectonics, 8:555
571.

Peryt, T.M., Hoppe, A, Bechstadt, T., Koster, J., Pierre, C. and
Richter, D.K., 1990. Late Proterowic aragonitic cement
crusts, Bambuf Group, Minas Gerais, Brazil.
Sedimentology, 37:279-286.

Saylor, B.Z., Kaufman, AJ., Grotzinger, J.P. and Urban, F.,
1998. A composite reference section for terminal
Proterowic strata of Southern Namibia. J. Sedim. Res.,
68(6):1223-1235.

Schrag, D.P., Hoffman, P.F. and Bowring, S.A, 1999.
Geochemical and isotopie implications of the snowball
Earth hypothesis. Geol. Soc. Am. Program with Abstracts,
v. 31, p. 372.

Thompson, M.D. and Bowring, S.A, 2000. Age of Squantum
"tillite', Boston Basin, Massachusetts: U-Pb zircon
constraints on terminal Neoproterowic glaciation. Am. J.
Sei., 300: 630-655.

- 323 -



Short Papers - IV South American Symposium on Isotope Geology

THE CAP CARBONATE OF THE PUGA HILL (CENTRAL SOUTH AMERICA) IN THE
CONTEXT OF THE POST-VARANGER GLACIATION

Boggiani, P.C!; Ferreira, V.P.2
; Sial, A.N.2

; Babinski, M.3
; Trindade, R.I.F.4

;

Aceîiolaza, G.5
; Toselli, A.J.5 and Parada, M.A.6

1. IG-USP - Instituto de Geociências - USP, Rua do Lago, 562, 05508-080, Sao Paulo-SP, Brasil boggiani@usp.br
2. NEG-LABISE - UFPE - Dept. Geology c.P. 7852, 50670-000 Recife-PE, Brasil. valderez@npd.ufpe.br, ans@mail.ufpe.br

3. IG-USP - Instituto de Geociências - USP, Rua do Lago, 562, 005508-080, Sao Paulo-SP, Brasil. babinski@usp.br
4. Departamento de Geofisica, Instituto de Astronomia, Geoffsica e Ciências Atmosféricas, USP, Rua do Matao, 1226,055508-090,

Sao Paulo-SP, Brasil. rtrindad@iag.usp.br
5. INSUGEO - S. M. De Tucuman, Miguel Lillo, 205, Argentina, 4000

6. Univ. Chile - Santiago, Chile

Keywords: Cap carbonate, Corumbâ Group, Varanger Glaciation, stable isotopes, Brazil

INTRODUCTION
The cap carbonates are thin, laterally persistent

carbonate layers that usually cover the Neoproterozoic
glacial deposits, without significant hiatus. These
deposits typically have Ol3CPDB values in the range of 0 to
-5%0, and exhibits anomalous sedimentary structures
(Kaufman et al., 1993, 1997; Kennedy et al., 2001;
Hoffman & Schrag, 2002). These ubiquitous negative
anomalies in C isotopes together with the low-latitude of
glacial deposits derived from paleomagnetic data, and the
anomalous occurrence of banded iron formations (BIFs)
associated with these rocks are the main evidence in
support tothe Snowball Earth hypothesis put forward by
Kirschvink (1992) and Hoffman et al. (1998).

If the Neoproterozoic glaciations have attained
tropical latitudes over millions of years, as suggested by
the paleomagnetic results from Elatina Formation in
Australia (Sohl et al., 1999), then the global oceanic
circulation would he inhibited resulting in a stratified
ocean. The build up of atmospheric COz along this time
span would trigger a strong greenhouse event, rapidly
melting the ice cover. Recovering of the oceanic global
circulation would promote the deposition of iron in BIFs;
the increase in ocean alkalinity associated to the strong
weathering of the Earth surface would promote the
precipitation of mostly inorganic, and thus IZC depleted,
cap carbonates.

ln central South America, all these key features
(glacial deposits, BIFs and cap carbonates) are present
within the Neoproterozoic-Cambrian Corumbâ basin
context. Here we present pre1iminary results of an
isotope, paleomagnetic and sedimentological study on the
Puga Hill region, where Vendian glacial deposits of the
Puga Formation are covered by carbonate rocks of the
Corumbâ Group (Boggiani, 1998; Gaucher et al., 2003).
Also discussed are the implications of these results to the
Snowball Earth debate.

STRATIGRAPHY
The Corumbâ Basin (500-km-long and NNW

oriented) was developed along the eastern border of the
Rio Apa Block (Amazonian Craton). It comprises
Varanger glaciomarine sediments of the Puga Formation
(Alvarenga & Trompette, 1992), and the terrigenous and

carbonate sediments of the Corumbâ Group (Almeida,
1965). The lower units of the Corumbâ Group (Cadiueus
and Cerradinho Formations) were deposited in a fault
limited, confined basin. The shallow-water dolomitic and
phosphatic rocks of the overlying unit (Bocaina
Formation) have spread along a larger area, covering the
other units and also the granitic-gneissic basement.
Subsequent regression eroded part of these sediments and
re-deposited them as slope breccia. Carbonaceous
limestones and shales of the Tamengo formation, with
Cloudina and Corumbella, cover these deposits (Fairchild
& Zaine, 1987). They have positive 013CPDB of +5%0.
These limestones are covered by shales of Guaicurus
Formation, under unconfined oceanic conditions. In this
context, the Corumbâ Basin is interpreted as associated to
the contemporaneous lapetus opening (Cawood et al.,
2001). It has closed/inverted as a result of the Brasiliano
collision.

THE PUGA HILL CAP CARBONATE
The carbonates of the Puga Hill are located at the

right margin of Paraguay River (19°37'20"S,
57°31'40"W), where the underlying glacial deposits of
the Puga Formation were first descrihed by Maciel
(1959). These diamictites contain abundant carbonate
clasts and the presence of these could he a cause of a high
matrix carbonate content, considering the relative
softness of carbonate mineraIs.

The studied section is a ca. 12 m thick section located
in the northen sector of the Puga Hill (Fig. 1). It consists
of alternating pinkish and grey, larninated limestone
(rhythmite), alternating peloidal and microcrystaline
carbonate.

Since, the Puga Hill is isolated from other carbonate
occurrences, its stratigraphic position within the Bocaina
Formation (Corumbâ Group) is a matter of discussion.
The Bocaina Formation (Almeida, 1965; Boggiani 1998)
is a 30 tb 80 m thick dolomitic carbonate unit, at the base
of the carbonate succession of the Corumbâ Group. These
sediments were deposited shallow-water, under warm
water conditions. They comprise stromatolitic path reef,
shoal and lagoonal ooides, and phosphorite rocks formed
by the arrivaI of upwelling fluxes (Boggiani et al., 1993).
ln contrast, the Puga Hill carbonates were probably
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deposited at deep-water conditions. They have distinct
isotopic signature; the cap carbonates of the Puga Hill
showing homogeneous values of Ôl3CPDB near -5%0, while
the dolomites of the Bocaina formation exhibit values
near zero (Ôl3C between -1.0 and +0.6%0).

RESULTS AND DISCUSSION
We collected a 12-m thick series of samples from the

entire rhythrnite unit, with sampling spacing of 1 to 2 m
(Fig. 2). Distribution of Ôl3CPDB values in the section is
homogeneous and close to -5%0 (Fig. 2). Paleomagnetic
samples were collected at only two layers. Negative
inclinations between 1()" and 250 obtained for one of
these sites suggest low paleolatitudes for deposition of
these sequences.

These results are in agreement with those obtained for
the Mirassol d'Oeste quarry, located 600 km northwards
along the margin of the Amazonian Craton. In the
Mirassol d'Geste region, cap carbonates of the Araras
Group coyer diamictites of the Puga Formation (Nogueira
et al., 2003). The contact between the diamictite and the
carbonate was plastically deformed, implying a short time
between the end of glaciation and the deposition of
platform carbonates. Previous work by Boggiani et al.
(1997) has interpreted the Araras carbonate facies as
related to a sedimentation in a restricted sea, without
communication with neoproterozoic global ocean
according to their C and 0 isotope signature. The Araras
and Corumbâ succession have contrasting lithological
palaeontological record; the metazoan fossils being
exclusively found in the Corumbâ Group.

The negative values of Ôl3CPDB observed on the Puga
Hill cap carbonate and on several other Varanger-type
cap-carbonates are similar to the isotopic composition of
the mantle-derived carbon (Ôl3CPDB = -6 ±l%o). Strongly
negative Ôl3CPDB values would be generated by the
following processes (or more probably the combination
ofthem): (a) millions of years oflow organic productivity
during snowball events; (b) high rates of carbonate
sedimentation due to the intensive silicate weathering in
the ultra-greenhouse aftermath; (c) Rayleigh distillation
of atmospheric carbon source as the large CO2 reservoir
is transferred rapidly to the ocean; (d) ocean overturn,; (e)
enhanced organic weathering, and (e) massive methane
burst (Hoffman et. al. 1998; Kennedy et al. 2001; Higgins
& Schrag, 2003).

Prave et al. (2001) have examined in detail the
Varanger and Sturtian cap carbonates on three cratons
(southeastern Congo, northwestern Kalahari and
southwestern Laurentia) in terms of their isotopic record.
They have found a great variability in Ôl3CPDB trends of
as much as ±1O%0); the isotopic signatures showing
strong differences for different sedimentary succession
and palaeogeographic settings (shelf, slope, basinal). If
cap carbonate deposition was synchronous worldwide
then wide variability in Ôl3C trends indicates that Earth's
oceans in the immediate aftermath of Neoproterozoic
glaciations were not sterile, -5%0 realms, but rather a
richly isotopically varied world whose local diversity was
captured in the rapidly precipitating cap carbonates. In

Short Papers - IV South American Symposium on Isotope Geology

contrast to Prave's findings, the isotopie record derived
from different facies of the Puga Hill and the correlative
Mirassol d'Oeste indicate that the isotopic composition of
the ocean' s water was rather constant and similar to the 
5%0 mantle-carbon values. These results are consistent
with a 3-box model recently run by Higgins and Schrag
(2003). Increased alkalinity was derived from the extreme
surface water, but also by oceanic overturn. In the Puga
Hill, the association of glacial sediments with BIF's of
Jacadigo Group (Urucum Massif), and the occurrence of
phosphatie rocks in the top of the Bocaina Formation
suggest the influence of oceanic overturn in increasing
alkalinity. In this scenario, the ocean re-oxygenate and
dissolved Fe oxidizes to form iron formation.

The inconsistencies in the isotopic record found by
Prave and co-authors may lay in the lack of a complete
sedimentological and stratigraphic characterization of
carbonates topping glacials around the world. Different
isotopic values may arise if not true cap carbonates are
compared to true ones, as occurs on most of the Bocaina
Formation outcrops, where upper carbonates overlie
diamictites; only the Puga Hill occurrence, described
consists of a true post-glacial cap carbonate.

CONCLUSION
The values of Ôl3C observed in the Puga Hills, close

to -5%0, are against the Praye et al. (2001) conclusion,
that find a strong variability in Ôl3CPDB trends in different
caps carbonates, and favor a global-scale homogeneity of
the C isotopes in these carbonates.
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Figure 1. Geological sketch of the Puga Hill cap carbonate occurrence.
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INTRODUCTION
An important interval in the global climatic and

cryospheric development of the Cenozoic was the early to
middle Miocene, from 17 to 12 Ma. The climatic
optimum near the early/middle Miocene was followed by
global cooling at around 14 Ma, the latter being
concomitant with the expansion of the east Antarctica ice
sheet (Savin et al., 1985; Billups & Schrag, 2002). Thus
the middle Miocene is characterized by climatic changes,
which resulted in a rapid shift from relative high-Iatitude
warmth to high-Iatitude refrigeration.

In this study molluscs and brachiopod shells have
been used to evaluate palaeoclimatic parameters for a
shelf environment during the middle Miocene times. The
studied outcrop, which is stratigraphically weIl
documented, belongs to the Miocene of the Styrian basin.
This basin was part of the Central Paratethys realm, a
land-Iocked rernnant sea which formed subsequent to the
collision of Europe and Africa-derived microplates.

GEOLOGICAL POSITION
There are several published studies concerning the

stratigraphy, lithology and palaeogeography of the
Styrian basin deposits (Ebner & Sachsenhofer, 1991;
Rogl, 2001). The sedimentation started in Ottnangian
times (Early Miocene); the preserved thickness of the
deposits reaches c. 4 km.

The "Retznei Zementwerk" quarry is situated not far
away from the border to Siovenia. The lithology and
faunal assemblage have been described by Friebe (1990,
1991) and Fritz & Hiden (200 l) and are of Badenian age
(for the Paratethys timescale, see Rogi (1996». From
bottom to top the following lithofacies were found: 1)
Sands and silts with mari boulders of Karpathian and/or
Badenian age with Gastrochaena and Lithophaga. For
this facies, Friebe (1991) assumed deposition in a sub- to
intertidal environment; 2) and 3) Coral carpets (with
Porites, Tarbellastraea, Acanthastraea, Montastraea,
Sparidae, Balistidae and shark teeth) with intercalations
of sand with crustaceans; and 4) Aigai debris. According
to Friebe (1991), lithofacies 2, 3 and 4 were deposited at
a depth above the fair weather-wave base; 5) Bioclastic
rhodolith limestones with various fossils e.g. scallops,
oysters, red algae; 6) Marly limestone; 7) Sands and silts
with molluscs and crabs.

At the base of lithofacies 7, a discontinuous tuff.
intercalation was described. The tuff contains unaltered
phenocrysts of feldspars and fresh biotites, and was

deposited during an eruption of one of the volcanic
centers situated farther to the east (e.g. Ebner &
Sachsenhofer, 1995 (cum. lit». The lithofacies levels 5, 6
and 7 were deposited at depths less than the storm waves
base. For lithofacies 7, a Ichnofauna (Ophiomorpha,
Scolithos and Planolites) was described by Hiden, 1995.
This fauna is characteristic for the transition from
nearshore to shoreface, and indicates depths around 10 m
(Dodd & Stanton, 1990). Facies 1 to 6 are characterized
by the occurrence of various coral fauna. In contrast, this
coral fauna is not found in the facies 7, but echinoids
(Schizaster), crustaceans (Calianassa, Portunus) were
found. This change is interpreted as indicating a transition
from a subtropical to a temperate faunal assemblage.

METHODS AND MATERIAL STUDIED
In this study we analyzed large calcitic shells of

benthic organisms as Macrochlamys sp., Flabellipecten
sp. and an indeterrninate terebratulid collected from
different horizons of the outcrop. The scallop shells
consist of an externat foliated layer, an intermediate fine
crystalline layer and an internai foliated layer. Study of
thin sections under polarized light shows preservation of
the internai structure of the scallop shells. Microbeam
analyses indicate that aIl measured shells consist entirely
of low-magnesium calcite, implying that the primary
mineralogical composition has been preserved.
Cathodoluminescence may also serve as an indicator of
eventual alteration because the manganese content, the
common activator of luminescence in calcite, increases as
skeletal carbonates are diagenetically altered (Brand
&Veizer, 1980). Thin sections of the studied shells show
no luminescence. For these reasons we consider that the
effect of diagenesis was minimal and the data can be used
for palaeoclimatic reconstructions.

Samples of powdered shell of Macrochlamys sp.,
Flabellipecten sp. and the terebratulid were analyzed for
8180 and 813e. A total of c. 270 analyses were performed.
The shells were sequentially sampled along the dorso
ventral axis (average sample separation 1.5-2 mm) using
a 0.5 mm drill bit. Isotopic analyses were performed
using an automatic Kiel II preparation line and a Finnigan
MAT Delta Plus Mass Spectrometer. NBS-19 and an
internai laboratory standard were analyzed continuously
for accuracy control. Standard deviation was 0.1%0 for

. bath 8180 and 813e. AlI isotopic results are reported in
per mil, relative to the Pedee belernnite standard (PDB).
The 40ArP9Ar laser-ablation technique was applied to
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several fresh ,grains of biotite phenocrysts from the tuff
level (sample AVB-2). The technique is described in
detailed by Liu et al. (2001). The biotite concentrate of
sample AVB-2 records a plateau age of 14.2 +/- 0.1 Ma.
Neither extraneous argon nor disturbance of the age
pattern were detected. The age is, therefore, considered to
be geologically significant, recording the age of the
volcanic eruption.

RESULTS
The resulting 0180 and o13C values are plotted on the

y-axis against shell length from the origin of growth. The
0180 values of Macrochlamys species show cyclical
patterns ranging between approximately -3.5 to 0%0. The
o13C values in the shells range between 0 to 2.2%0. For
Flabellipecten and the terebratulid, the 0180 values range
from -1 to 0%, and o13C values from 0.5 to 2.2%0.

DISCUSSION AND CONCLUSIONS
Previous studies have shown that scallops grown in

various c1imatic settings, such as tropical and subtropical
(Jones & Alimon, 1995; Hickson et al., 2000), temperate
(Krantz et al., 1987; Hickson et al., 1999) and Antarctic
(Barrera et al., 1994), precipitate their shells in
equilibrium with the seawater. Moreover scallops as weil
as brachiopods populate only environments with little
salinity variation. Consequently, when their shells are not
diagenetically altered, the 0180 values of calcite can be
interpreted in terms of seasonal changes in water
temperatures, with 10wer values calcite representing
summer and higher values representing winter.

Palaeotemperatures were calculated using the
equation of O'Neil et al. (1969) for water-calcite system.
Taking into account that at that time, Paratethys was
related to the oceanic domain, and that within the Styrian
realm there was no massive fresh water input, we assume
a typically interglacial value of 0%0 for the 0180 value of
water. For Macrochlamys the calculated temperatures
range between approximately 1rand 30° C and indicate
a subtropical environment with strong seasonal
variations. Previous studies have shown that for
temperate regions, growth cessations, marked by
prominent rings on the shell surface, occur during the
cold season (Hickson et al., 2000). The studied
Macrochlamys shells show that growth began during the
warm season, and that growth interruptions on the
external surface were associated with the next warm
season. The growth interruptions are Iikely related to the
warm season because during these periods the scallops
used their energy for the growth and maturation of
gonads (Amler et al., 2000; Mandic, personal
communication). If the cycle in oxygen isotopes reflects
growth rate, then the scallop shells analyzed in this study
reached their preserved length within approximately 1-2
years.

At about 14 Ma, a significant change in the 0180 of
the ocean occurred due to a major widespread of the
Antarctic ice sheet. Thus, for calculating temperature
distribution within FI and BI, we assumed a 0.8%0 value
of water. In this case, the temperatures calculated from
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the 0180 isotopic profiles across both FI and BI show
much lower values, between 17 and 23°C. When the 0180
value of water is kept at 0%0 , the temperatures calculated
for FI and BI are between 15 and 21°C. The data
indicate change in annual temperature distributions
across, below and above the tuff Ievel.

Radiogenic dating of the tuff layer situated in the
uppermost part of the marly Iimestone layer make it
possible to correlate this c1imatic shifi with the world
wide palaeoceanographic events at that time. 39ArrOAr
dating of the fresh biotites gives a plateau age of 14.2 ±

0.1 Ma. The position of this sample is within the c1astic
deposits, just below the sand layers where the
Flabellipecten sp. and the terebratulid come from. The
radiogenic data fit weil with the beginning of the
widespread of the Antarctic ice sheet, for which an age of
c. 14 Ma has been assumed (Shackleton & Kennett, 1975;
Savin, 1985; Billups & Schrag, 2002). Thus, we consider
that the shifi from a subtropical c1imate to much cooler
annual temperatures, as weil as the shift from biogenic
carbonates to the dominantly c1astic deposits, are related
to the widespread of the East Antarctica ice sheet. This
event constituted one of the major palaeoceanographic
events of the Miocene times.

The ol3C values of brachiopods and molluscs are
usually similar to those of ambient dissolved inorganic
carbon (DIe), but cases of o13C depletions also occur
(Epstein et al., 1952; Mook, 1971). These depletions, due
to skeletal incorporation of respired COz into the shell
skeleton, are related to metabolic activities (Aharon,
1991; Wefer & Berger, 1991; Tanaka et al., 1986; Krantz
et al., 1987). More recent studies (McConnaughey et al.,
1997; Hickson et al., 1999) have shown that aquatic
invertebrates using respiration incorporate little respired
COz into their shells. However, this issue is still under
discussion (Owen et al., 2002). Thus, for this group of
organisms, the ol3C values of the shells are primarily
controlled by the o13C of dissolved inorganic carbon
(DIC), and secondary by the metabolic rates.

For marine waters, the main inorganic dissolved
carbon species is HC03', the occurrence of dissolved COz
being subordinate. Thus the o13C values of shells will
reflect the o13C composition of dissolved HC03'. The
calcite-bicarbonate fractionation is not temperature
dependent for carbon (Romanek et al., 1992), but the
isotope fractionation between dissolved HC03' and air
COz is temperature dependent (Mook, 1974). For the
analyzed shells, the amplitude of temperature dependent
LlHC03'-COz values fit the amplitude of ol3C values
measured in calcite. Moreover, sorne of the o13C profiles
show cyclicity, in phase with the 0180. Therefore for
temperatures calculated using the calcite thermometer, we
have statistically tested the presence of the correlation
between the calculated LlHC03'-COZ and the measured
ol3C values along the shells, using both the Pearson and
Spearman tests. The data indicate that for sorne of the
measured shells there is a correlation between the two
data sets. In this case the cyclical fluctuation of o13C
values of calcite may be explained considering the
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temperature dependent fractionation between dissolved
HC03 - and air COz. Relatively low water depths and a
favorable mixing of waters may have also favored the
seasonal equilibration between C02 and HC03-. For two
of the measured sheIIs the correlation between the two
data sets is poor, most probably due to local, seasonal
events which can be poorly documented.
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Figure 1. Generalized geologic map of the Colombian Central
Cordillera showing location of Rio Lejos area. Modified from

Nivia el al. (1996) and Mojica el al. (2001).

lithoc1astic limestones and pellet-limestones. Sorne of
these sediment horizons were affected by thermal
metamorphism whereas most of ail have underwent
dynamic metamorfism. The recrystallization of
Iimestones may be due to diagenetic effecls or dynamic
melamorphism.

SAMPLES AND METHODS
Due to the structural complexily of the sludied area

only a limited number of carbonate samples was possible
to sample.

A total of twenty bulk-rock samples were assayed for
their ol3C e 0180 isotopic composition. Thirteen
limeslone sampIes were stratigraphical1y collected in the
Puente Nuevo Section and seven samples in the Puente
Tabla Section. C and a isotope analyses were performed
at LABISE - Stable Isotope Laboratory, Federal Univ. of

INTRODUCTION
Stable isotope studies of o13C and 0180 secular

variations in Cretaceous pelagic, hemipelagic, shallow
water carbonates and fossils from different latitudes have
been usually used to monitoring paleoambiental changes.
0180 values have been used to investigate oceanic
paleotemperatures and to assess Cretaceous climatic
trends (Norris and Wilson, 1998; Clarke and Jenkyns,
1999). o13C fluctuations are ascribed to primary
variations in the carbon isotope composition of sea water
during Cretaceous lime and are thus related to paleo
oceanographie events (Scholie and Arthur, 1980;
Vahrenkamp, 1996). Carbon isotope composition is more
and more accepted as a valuable tool to improve
stratigraphie resolution in Cretaceous marine carbonates
and to establish correlation among marine basins (Scholie
and Arthur, 1980, Grbtsch et al., 1998).

This paper presents isotopic o13C and 0180 data for
Cretaceous pelagie carbonates of Colombian Central
Cordillera, specifically from Iimeslones of Rio Lejos
sedimenlary sequence. This study was geared to assess
the behaviour of carbon and oxygen isotope in sorne Laie
Aptian carbonates of Colombia. This study aimed also to
compare the o13C and 0180 values From Colombia with
those from other locations in the world for this time span.

GEOLOGICAL SETTING
Rio Lejos sedimentary sequence occurs in the western

side of Colombian Central Cordillera in the Quindio
Department to the southwest of Pijao town (Fig. 1). The
sequence crops out as tectonic slices in a faulted contact
with igneous and metamorphic rocks. This sequence was
interpreted as a segment of a major discontinuous
volcano-sedimentary belt known as Quebradagrande
Complex, which exhibits oceanic affinity and it was
formed during Early Crelaceous (Mojica et al., 2001).

Rio Lejos sequence is composed of three units: c1ay
sandstone, pyroc1astic-cJay and carbonate successions.
The biostratigraphy has shown to be Late Aptian after the
identification of the fossil Riedelites obliquum (Mojica et
al., 2001). The petrographie and palaeontologic evidences
indicate that sedimentation occurred in an oxygen-poor
deep-marine water environment, which was affected by
the influence of turbidilic currents. Mojica et al. (2001)
pointed out that sedimentation was contemporaneous
with sea-floor vulcanism.

The studied area corresponds to a carbonate pile,
which comprises recrystallized micritic Iimestones,
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Carbonates in Puente Tabla Section occur as fragments
associated to shales layers and as continuous limestones
packages. Exarnples of the first are observed about 85m and

93m from base of column (Fig. 3). These sarnples yielded ol3e
negative values between -2.9%0 and -2.1%oPDB and 0180
values between -14.7%0 and -14.4%opDB' The other
carbonate occurrence is about 128m from the base of the
section. This portion is characterised by 50m-truck
recrystillized micritic limestones. Pellet limestones and
tuffs are eventually intercalated. Isotopie data obtained
here display ol3e variation from +0.05%0 to +2.7%oPDB
and 0180 variation from -14.8%0 to -13.6%opDB (Fig. 3).

Figure 3. oJ3C and 8180 (%0 PDB) in carbonates rocks along
the stratigraphie column of Puente Tabla Section.

DISCUSSION
Aptian and Albian carbonates carbon and oxygen

isotope data available in the literature have consistently
shown positive ol3e values, which range from +0.5%0 to
+4.0%0PDB and are generally higher than +2%OPDB (Scholie
and Arthur, 1980; Grotsch et al., 1998). 0180 values range
from -4.0%0 to -6.0%opDB in pelagie carbonates from Jow
latitudes (Scholie and Arthur, 1980). Pelagie and
hemipeJagic carbonates from rugh-Iatitudes usually
exrubit 0180 ranging from +0.5%0 to -1.5%opDB in (Clarke
and Jenkyns, J999).
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C AND 0 ISOTOPE COMPOSITION
Three packages of carbonates occur in the Puente

Nuevo Section, wruch exhibit ol3e values from -2.1 %0 to
+3.2%OPDB and 0180 values from -15.3%0 to -13.O%opDB
(Fig. 2).

The first bed located 5m from bottom is made up of
pellet and recrystallized liÙcritic limestones. A pellet
Iimestone sample shows ol3e and 0180 values of +2.3%0
and -14.8%oPDB respectiveJy. The next carbonate portion
begins 17m from the bottom of the profile. It consists of
recrystallized liÙcritic limestones, with minor lithoclastic
Iimestones, pellet-limestones beds and a 1 meter truck
marble layer, at the base, where carbonates are in the
intrusive contact with gabbroic rocks. In this bed, a oDe
and 0 180 continuous curve was obtained from a 30m-tick
carbonates package (Fig. 2), which displays ol3e
variation from -0.9%0 to +3.2 %OPDB and 0180 variation 
15.1%0 to -14.3%opDB' The third limestone occurrence in
Puente Nuevo Section consists of fragments enclosed
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An explanation of the o13C and 0180 values of JGP-II
sample is that its original isotopie composition was
probably affected by interaction with isotopically "light"
fluids within a shear zone.

In the Puente Tabla Section the o13C of four samples
may represent primary values, whereas the other three
samples may have undergone disturbance of its carbon
isotope composition. The PT-Il sample has a low o13C
positive value possibly by reaction with fluids circulating
in shear zone. The o13C values for the Pf-43 and PT-45
samples could be interpreted as primary or secondary.
The ol3C values could be primary because these
limestones are closely associated to shales and so the
isotopie characteristics could reflect different depositional
conditions to those of the others limestones. The ol3C
values would be secondary due to the proximity of these
samples to shear zones and also by the fact that they
possibly belong to olitostromes, where it is possible to
occur the interaction with fluids of distinct isotopie
composition.

CONCLUSIONS
The carbon stable isotope studies reported here

indicate that most of o13C values obtained in Rio Lejos
sequence limestones apparently reflect original isotopie
composition, as they are similar to those reported from
others Albian-Aptian limestones of low-Iatitude in the
world. On the other hand the low o13C values in sorne
Puente Nuevo carbonates can be ascribed to
decarbonation processes during thermal metamorphism.
0180 values of aH analysed limestones of both sections
indieate that their oxygen isotopie systems were disturbed
by post-depositional processes.
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Figure 4 presents the o13C and 0180 cross plot, which
shows that most o13C values are clustered within the
range for Aptian-Albian as mentioned above and that all
0180 values lie outside the range for the same time span.
This suggests that oxygen isotopie system in aH analysed
carbonates was opened and that they have undergone
isotopie alteration. In the case of ol3C, values ranging
from +1.6%0 to +3.2%OPDB should represent primary o13C
signatures, whereas those samples with the least positive
values and yet negative indicate disturbance in their
primary carbon isotopie composition.

Crossplot of ol3C and 0180 for Puente Nuevo section
show that there is a positive correlation for sorne samples
(JGP-22, 1GP-2Ü, 1GP-21 e 1GP-Il), which indicate
secondary overprint of the 0 and C isotope values. In the
case of the first three samples (JGP-22, JGP-2ü, JGP-21)
it is possible to explain low ol3C and 0180 values (Fig. 2)
through decarbonation processes, as they are believed to
be formed by contact metamorphism.

Shieh and Taylor (1969) concluded that contact
metamorphic decarbonation reactions produce a net
lowering of 0 18/016 in the rocks of a contact aureole.
They also pointed out that the contact metamorphic
marbles that are low in 0 18/0 16 also tend to be low in
C13/C12, indicating that the COz liberated during
metamorphic decarbonation reactions is enriched in both
0 18 d C13 l'an re atIve to the carbonates. These types of
marbles are generally associated with cale-silicate
mineraIs (Shieh and Taylor, 1969).

The marbles from Puente Nuevo section exhibit low
o13C and 0180 values and also tremolite that is the likely
result of thermal metamorphism. A possible contact
metamorphic decarbonation reaction in these samples
would be:
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INTRODUCTION
The oxygen isotopic analysis of tests of microfossils

plays a major role in studies of paleoceanography and
paleoclimatology. The isotopic and elemental studies of
benthic foraminifera species are very important to the
knowledge of the circulation and chemistry of the oceans
in the past, and are used to reconstruct variations in the
models of circulation of the deep waters and its intensity
in tenus of glacial-interglacial variations. An assumption
implicit in aIl paleoceanographic isotopic studies is that
the oxygen isotopic composition of the rnicrofossil
accurately reflects the temperature and oxygen isotopie
composition of the sea water in which it grew. Thus, the
precise calibration of variations in ÔISO of Recent
samples with modern oceanographic conditions is a
necessary precondition for the quantitative interpretation
of down-core isotopic record.

The ÔISO in forarninifera has been thought as a
"paleothenuometer" because the ÔISO of calcite (8ISOc)

increases as calcification temperatures decrease
(Emiliani, 1955). Glacial-interglacial fluctuations of
foraminifera ÔISO combine signais of changing
temperature and changing ÔISO of seawater (ÔISOw)' This
is because the ôlSOc also reflects the ÔISO of the water in
which the forarninifera grew. To solve for temperature,
we must choose among available isotopic equilibrium
equations. The fractionation between calcite precipitated
inorganically and the water which it fonus increase by
0.2%0 for every 1°C decrease in temperature (O'Neil,
1969; Kim & O'Neil, 1997). In general, the isotopic
composition of benthic forarninifera precipitated in
seawater shows this relationship with temperature as weIl
(Shackleton, 1974; Herguera et al., 1992), but the
absolute value of ôlSOc may be shifted from predicted
inorganic value depending on the species analyzed
(Lynch-Stieglitz et al., 1999). The exact ÔISO value of
equilibrium calcite precipitation (ÔISOeq) depends on the
choice of equilibrium equation.

Previously, benthic forarninifera genus Cibicidoides
were believed to not precipitate its tests in equilibrium
with ôiSOw • The ÔISO of Cibicidoides appeared to have
consistent "vital effect" offset of 0.64%0 (Shackleton &
Opdyke, 1973) or 0.83%0 (Herguera et al., 1992) from
ÔISOeq calculated using equations as the one from O'Neil
(1969). Sirnilarly, for many years the benthic
forarninifera genus Uvigerina was widely believed to
precipited its test in oxygen isotopic equilibrium with

ambient water (Shackleton, 1974). However, core-top
Uvigerina from NW-Pacific (Keigwin, 1998) are more
depleted in ISO than is predicted by Shackleton's
equation, and recent evaluation of the problem indicates
that Uvigerina are not in equilibrium (Bernis et al., 1998).
Recent studies (Lynch-Stieglitz et al.,l999) concluded
that Cibicidoides species do precipited their tests near
equilibrium.

Analysis of core-top samples of benthic foraminifera
is the most straightforward approach to evaluating the
paleoclimatic and paleoceanographic utility of isotopie
measurements in forarninifera. This sort of studies have
been made progress toward calibrating benthic
forarninifera isotopic measurements with modern
oceanographic conditions in Pacific (Keigwin, 1998),
Indian (McCorkle et al., 1998) and North Atlantic
(Lynch-Stieglitz et al., 1999) core-top samples. However
little attention is paid to South Atlantic.

Our approach in this study has been to test one
isotopic equilibrium equation (Kim & O'Neil, 1997)
using South Atlantie core-tops and water column data to
determine oxygen isotope fractionation in the
forarninifera genus Cibicidoides and Uvigerina as
function of temperature. Therefore, the relationship of
isotopic variation in benthic foraminifera in this data set
with modern physical oceanographic parameters (e.g.
temperature and salinity) can provide a realistic
framework within whieh down-core isotopic records can
be interpreted.

METHODS
We have analyzed the isotopie composItIOn of two

genus of benthic forarninifera picked in the top
centimeter of four cores of Brazilian Continental Margin,
and used three additional core-tops to comparison (Tab.
1). The core-top calibration studies are based on
comparison of forarniniferal data and modern physical
oceanographic parameters from similar water depths at
nearby Geochemical Ocean Sections Study (GEOSECS)
stations (Bainbridge, 1981).

The core-top samples were disaggregated in distilled
water at room temperature and dry-sieved on a O.l50J.lIIl
sieve. Oxygen isotope analysis was perfonued at the
Para-Iso (CG-UFPA) using a Finnigan MAT 252 mass
spectrometer. CO2 extraction of single forarninifera tests
was done using an on line KIEL-III system coupled to the
instrument. Isotope rations are reported relative to PDB,

- 334-



based on analysis of NBS-19 carbonate standard which
was reacted with each set of samples. Results are reported
in the standard Ô (%0) notation relative to Chicago PDB
standard. The precision of these forarniniferal isotopie
analyses is better than 0.08%, based on replicated
analysis of carbonate standard.

Table 1. Core locations and water depths.

core Latitude Longitude depth (m)
MP-Ol 21°08'18"S 400 1O'21"W 900
MP-02 21°08'24"S 400 10"13"W 1000
MP-03 21°08'18"S 400 1O'16"W 1100
MP-04 22°20'04"'S 41°26'04"W 1200

CMU-14 14°24'S 38°49'W 965
PAR-40 07°29'S 34°20'W 1261

. PAR-36 08°22'S 34°27'W 1315
GEOSECS54 15°2'S 29° 32'W
GEOSECS56 21° O'S 33°0'W

DATA
Prior to estimating the Ôl80eq for the South Atlantic,

the regional ôl80 w-salinity relationship should the
established. The Ôl80 w of sea water primarily reflects
patterns of evaporation and fresh water influx to the
surface of the oceans. Because salinity also reflects these.
same process, salinity and Ôl80 w are often weIl correlated
in the ocean. Although the exact correlation varies in
different areas of the surface ocean (Paul et a1.,1999), the
vast majority of the surface and subsurface water warrner
than 5°C fall along the surface water trend. The linear
relationship between Ôl80 w and salinity was estimated
here using GEOSECS data station 54 and 56 (Fig. 1), and
the equation resulting from linear regression of observed
Ôl80 w and observed salinity in the South Atlantic may be
written relative to the SMOW standard as follows:

ÔI80 w(SMOW)= (0.460 x salinity) - 15.884 (1)

1,2 •
0,8 ....

~
~ 0,4
0
CIl...

0

-0,4 +----,-----,-----,-----,-----,----,----1

34 34,5 35 35,5 36 36,5 37 37,5
salinity

Figure 1. Plot of ôlSOw (%0) values versus salinity (%0) from
GEOSECS station 56.

Using ÔI80 w values calculated from equation.1,
expected isotopic values for calcite precipitated in
equilibrium with surface conditions at each core-top
location have been calculated using the Kim and O'Neil
(1997) paleotemperature equation that is function of
temperature T(oq and Ô

I80 w(SMOW) converted to PDB
scale by subtracting 0.27%0:

Ô
I80 eq(PDB) = Ô

I80 w (SMOW) - 0.27 + 3.25 - (0.2 x T) (2)
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The oxygen isotopie varlahon observed in benthic
forarninifera and the expected isotopie values for calcite
precipitated in equilibrium with surface conditions
calculated from equation.2 are presented in table 2 and
figure 2.

Table 2. Observed and calculated oxygen isotopie values for
foraIIÙnifera by core-top and Ô1SOeq by water depth.

Core genus ÔI80 (%0) ÔI80 en (%0)
MP-Ol Cibicidoides 2.3 2.22
MP-02 Cibicidoides 2.21 2.26
MP-03 Cibicidoides 2.19 2.27
MP-04 Cibicidoides 2.48 2.29
MP-Ol Uvigerina 2.9 2.22
MP-02 Uvigerina 2.94 2.26
MP-03 Uvigerina 2.88 2.27

CMU-14 Cibicidoides 2.36 2.23
PAR-40 Cibicidoides 2.35 2.29
PAR-36 Cibicidoides 2.26 2.32

180eq.
0 2 3 -- stat.56

200 -sta.54

400
~

• MP-01/Cib

• MP-02/Cib
600 ", • MP-03/Cib

800 • MP-04/Cib

:[1000
• • MP-01/Uvig

• • MP-02/Uvig
J:: •~200 • MP-03/Uvig

"C x CMU-14
1400 x PAR-36

x PAR-40
1600

1800

2000

Figure 2. A comparison of ô"O(%o) values from core-top
benthic foraminifera Cibicidoides (diamonds) and

Uvigerina (squares) with ôlSO predicted values
calculated using equation 2.

DISCUSSION
It is apparent from figure 2 that the observed ÔI80

values for Cibicidoides generally fall within 0.07%0 of
calculated equilibrium values. We consider this a
relatively small deviation and conclude that these
forarninifera species precipitated their tests close to
oxygen isotopie equilibrium with sea water. In contrast,
the ÔI80 values observed for Uvigerina are -0.66%0
higher than ÔI80 eq calculated.

The scatter within data is probably easily
accommodated by forarninifera calcification,
imperfection of our ÔI80 w -salinity relationship and post
depositional physical or chernical alterations. The
enrichment of Uvigerina tests relative to Cibicidoides
would be consistent with the habitats differences of the
genus. For instance, Uvigerina is infaunal and
experiences low pH and decreased C02

,) concentration in
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pore waters, whereas Cibicidoides inhabits the sediment
surface where bottom water pH and COz-3 concentration
are higher (McCorkle & Keigwin, 1990). In such
scenario the isotopie offset between the foraminifera
genus should partially reflect of COz-3 concentration
gradient in the sediments.

Our conclusions about equilibrium forarninifera test
precipitation in South Atlantic, using Kim and O'Neil
(1997) paleotemperature equation, are substantially in
agreement with other studies of oxygen isotopie
variations of benthic foraminifera (McCorkle & Keigwin,
1990; Keigwin, 1998; Lynch-Stieglitz et al., 1999).

CONCLUSIONS
We have developed a new relationship between oJ80 w

and salinity for South Atlantic mid-latitude using
GEOSECS data. Mter, we were able to estimating the
0180eq using Kim & O'Neil (1997) paleotemperature
equation for the waters covering Brazilian Continental
Margin - South Atlantic.

Given the agreement between forarniniferal
Cibicidoides oxygen isotopie data and predicted
equilibrium isotopie values, the linear equation applied
here is the most accurate for estimate predicted isotopie
values in this region of South Atlantic Ocean. In addition
this agreement suggest that this genus precipites its tests
near oxygen isotopic equilibrium, whereas Uvigerina
tests are relativelly enriched in 180.

The results presented here in core-top samples have
the potential to improve paleoceanographic
interpretations from foraminiferal 0180 values.
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INTRODUCTION
The Sergipe Basin, southern half of the

Sergipe/Alagoas Basin (Fig. 1), contains one of the most
extensive Late Cretaceous marine carbonate successions
of aIl the South Atlantic basins (Viviers et al., 2000).
However, the exact location ofthe Cenomanian-Turonian
(C-T) Boundary at this basin still remains uncertain.

-The C-T sedimentary succession in the Sergipe Basin
is found within the Cotinguiba Formation (Sapucari
Member), which is formed mainly by
limestone/marlstones couplets that have been related to
orbital-climatic driven cycles (Cunha & Koutsoukos,
2(01).

The C-T boundary is known worldwide as a
prominent oceanic anoxic event of the Cretaceous, with
sedimentary records in all the ocean basins (PPG report,
1998). This event is related to sharp changes in marine
and terrestrial biota marked by pronounced turnovers of
ca1careous nannoplankton, radiolaria, planktonie
foraminifera, benthic foraminifera, ammonites, bivalves
and even angiosperms (PPG report, 1998). Such
extinctions are considered associated to abrupt
modifications in the distribution of carbon isotope related
to the above anoxie event (with carbon isotopie variations
of 2-2.5 0/00).

According to Takaki & Rodrigues (1993), the co
variation of the carbon isotope data of the organic matter
of the pelagic sediments and the corresponding shallow
carbonate facies points to closely related phenomena,
caused by global oceanic anoxic events. Isotopic
variations oceur in relatively short time span. Therefore,
OI3C and 0180 distributions constitute good markers being
widely used in stratigraphie correlations of Cretaceous
geologie sections.

The oI3C curves for the whole C-T interval
generically show a pre-excursion background, a build-up
OI3C values, a recovery phase and a new post-excursion
background thereafter. In addition, the more negative
0180 for the same stratigraphic interval suggests that the
anoxie event took place under mild climatic conditions,
associated with a relatively higher water temperature.
These carbon isotope fluctuations, turning gradually less
positive in the Turonian and earlier sequences, might
reflect a decrease in organic productivity of the ocean,
probably linked to the progressive cooling (greater 0180)
of oceanic waters towards to the end of Cretaceous (e.g.
Takaki & Rodrigues, 1993).

The study area of this research is an onshore portion
ofthe Sergipe Basin, at the Laranjeiras region (SE), about
18 km north of Aracaju (Fig. 2), where the Sapucarî
Member crops out.

Tupinambâ (2000) and Tupinambâ et al. (2002)
caracterized sedimementary cycles and deposicional
systems of three sedimentological profiles using detailed
stratigraphic description and geochemical data (total
organic carbonlTOC and insoluble residuelIR) for the
same area. According to these authors, the sediments
were deposited under the influence of turbidity flows.
These flows are related to the sea level variation, which is
controlled by the Milankovitch cycles (Tupinambâ et al.,
2002). The Cohab quarry is one of the referred profiles
(thickness of 12 m). It presents a weIl marked limit
defined by the contact among a set of marlstone, that
dominates the base of the studied section, and
limestone/marlstone couplets, whieh predominate at
intermediate and the top levels. In this limit, C-Tage
ammonites are found.

OBJECTIVE
The purpose of this paper is to link geochemical

changes that took place at the scale of global cycles, such
as those expressed in the typical excursions in stable
isotope curves (o I3C e 0180), to bio- and lithostratigraphic
data in order to refine global correlation of the C-T
boundary in the Sergipe Basin.

BIOSTRATIGRAPHY
The microfossil assemblage in Cohab quarry suggests

an external neritic environment explaining the absence of
keeled planktonic foraminiferal, which need a deeper
water to develop its complete cycle of life (written
information, Oscar Strohschoen Jr, 2(03).

The biochronostratigraphy of the quarry has been
established on the basis of ammonites (Tupinambâ, 2000;
Tupinamba et al., 2(02) and planktonic foraminiferal.
The identified association of the foraminiferal
Whiteinella aprica, Guembelitria cenomana and
Heterohelix sp., is characteristic of the uppermost
Cenomanianlmiddle Turonian interval.

Furthermore, the section yields planktonic
foraminifera of the W. archeocretacea - Heterohelix
reussi Zone, assigned to the uppermost
Cenomanianllowermost Turonian (e.g. Koutsoukos &
Bengston, 1993), at 6 meters in the profile.
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CARBON AND OXYGEN ISOTOPES
The isotopic analyses were carried out by mass

spectrometry, using samples spaced 20 cm.
The 013C values (whole rock) shows a continuous C l3

decrease towards the top of the Cohab section. In detail it
was observed two sharp isotopic increases at 3.0 and 6.0
meters, respectively. The first one coincides with those
observed in the TOC and IR curves, as weIl as the
described facies change (Fig. 3). This shift is considered a
chemostratigraphic marker, and it was interpreted as a
lirnit of 4th order sequences by Tupinamoo et al. (2002).
The second one occurs close to the suggested top of the
W. Archeocretacea-H. reussi Zone.

The 0180 values turning gradually less positive to the
top section (Fig. 3) are linked to the progressive cooling
(greater 0180 values) of oceanic waters towards to the end
of Cretaceous.

Compared to isotope curves for entire Cretaceous
sequence (e.g. Jenkyns et al., 1994) , the observed 013C
and olga excursions correspond to the recovery phase of
the C-T Boundary event (Figs. 4, 5).

STATISTICAL TREATMENT OF THE DATA
The spectral analysis is considered as an appropriate

tool to identify ciclieity patterns in stratigraphie sections
(Tupinamba et al., 2002; Cunha & Koutsoukos, 2(01).

At the periodogram of 013C spectral analyses for
Cohab quarry, the most significant frequencies found are
related to the periods of 4.13; 2.81 and 2.21.

Accumulation rates have been calculated on the basis
of the frequencies associating the isotope patterns to the
Milankovitch astronornical cycles. Assuming these
hypoteses, the period of 4.13 would be related to the
precession cycle of 19 Ma and the period of 2.81 to the
cycle of Il.52 Ma cycle (half precession cycle).

The following formula was applied:
(4. 13X20)/19.00 = 4.35 cm/ka
(2.81X20)/11.52 = 4.89 cm/ka

An average accumulation rate (4.62 cm/ka)
corroborates those found by TupinamM et al. (2002) and
Chaves et al. (2002) for the TOC values of the same
quarry.

CENOMANIAN-TURONIAN BOUNDARY
Based on the integration of isotope results with

available biostratigraphy and faciological data, the C-T
boundary may be placed between 3.0 and 6.0 meters in
the studied section.

CONCLUSIONS
A correlation of isotope data to TOC and IR values

confirms the existence of a chemostratigraphic marker at
the base of the Cohab quarry section.

In spite of low values 000), the 013C and olga
statistical study confmns the periodicity of the
sedimentation cycles, related to Milankovitch precession
cycles, and the accumulation rates previously found by
Tupinambâ et al. (2002) and Chaves et al. (2002).

The terminal phase of the recorded event is show by
the carbon isotope distribution with a recovery phase of
the C-T interval positive excursion.
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FinaIly, the association of the stable isotope results
with biostratigraphic data allows the proposition of a
global stratotype for the C-T boundary in the Sergipe
Alagoas Basin.
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Figure 1. Location of the Sergipe/Alagoas Basin
(Mendes, 1988).
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Figure 2. Location of the study area (1) (24L 0701339/
805316 UTM).
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Figure 3. Chemostratighraphic curves of the Cohab quarry (TOC, S, IR, 813 C and 8'80). The hatched straight lines mark the carbon
isotope shifts referred in this paper.
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INTRODUCTION
In Portugal, the Lower Jurassic sediments crop out in

two different geo-structural settings, both bounded by the
Iberian Hercynian Massif: the Algarve Basin, in the south
of Portugal and in the Lusitanian Basin (west-central
Portugal). In this last basin, the Lower Jurassic
corresponds to a thick carbonate succession (dolomites,
limestones and marly limestones), can reach more than
500 m. In this context, the Upper Liassic (Toarcian) is
continuous and well exposed in several points of the
basin (Duarte, 1997). Generally it is dominated by
marllmarly limestone and limestone alternations, usually
characterised by a rich and diverse necktonic (ammonites
and belemnites) and benthic (mainly brachiopods,
bivalves, crinoids and siliceous sponges) macrofauna
(Duarte, 1995, 1997; Duarte et al., 2001).

The hemipelagic nature (marlllimestone alternations)
of the Portuguese Toarcian sediments, supported by an
accurate ammonite biostratigraphic chart, constitute a
good context for carbon an oxygen stable isotope studies.
In this kind of sediments, particularly in pelagic
environments, these isotopes have been widely used as an
important stratigraphic tool or as an important
palaeoceanographic/palaeoclimatic indicator (Scholle &
Arthur, 1980; Shacleton & Hall, 1984; Weissert 1989;
Follmi et al., 1994; Weissert et al., 1998; Jenkyns et al.,
2002). The interesting record of carbon stable isotope
signal in the Toarcian sediments of the Lusitanian Basin
proves this parameter as a useful tool in sequence
stratigraphy analysis.

STRATIGRAPHIC CHART
In the Lusitanian Basin, the Toarcian successions are

very rich in ammonites and calcareous nannofossils that
allow a good biostratigraphic control of the series (Elmi
et al., 1989; Rocha et al., 1996; Perilli & Duarte, 2003).
The studied succession crops out in northern part of the
basin (Coimbra area), where the Toarcian is more thick
and hemipelagic (Duarte, 1997). It belongs to the S. Giiio
Formation (Duarte & Soares, 2002), ranging in age from
the Early Toarcian (Polymorphum Zone) up to Late
Toarcian (Meneghinni Zone). Based on the vertical facies
arrangement and the stratigraphical distribution of the
macrofauna, this unit can be subdivided into five
members (Fig. 1), easily recognizable across a large area
of the Lusitanian Basin. Only the first following four
units were analyzed in the present study: Marly
limestones with Leptaena facies Member (MLLF), Thin

Nodular Limestones Member (TNL), Maris and marly
limestones with Hildaites and Hildoceras Member
(MMLHH), Maris and marly limestones with sponge
bioconstructions Member (MMLSB).

These units are organised into three third-order
depositional sequences (STl to ST3), bounded by four
(DTl to DT4) isochronous regional discontinuities
(Polymorphum Zone, Polymorphum/Levisoni Zone
boundary, intra-Bifrons Zone and around Bonarellil
Speciosum Zone boundary). The STl-ST3 sequences
have been deposited in the differentiated context of a
homoclinal carbonate ramp system dipping towards the
northwest (Duarte, 1997).

CARBON STABLE ISOTOPES
METHODS

To investigate oJ3C stable isotopes, 38 samples of
bulk-rock micritic carbonate sediments from calcareous
levels belonging to the several Toarcian units were
analysed. The total carbonate content of each sample was
analysed through the Bernard calcimeter. The final
isotopic composition of carbon (and also oxygen) was
obtained using a Finnigan MAT 252 mass spectrometer at
Petrobras Research Center (Cenpes, Brazil), following
the traditional procedures (McCrea 1950). AlI the values
are reported in parts per mil (%0) notation (0) relative to
the PDB (Pee Dee Belemnite) international standard
(Craig, 1957). Carbon-isotope ratios of Lower to
lowermost Middle Toarcian series are plotted along the
stratigraphic section in figure 1.

RESULTS
The carbon stable isotope values range between 

0.24%0 and +3.93%0. Despite the low number of
analysis, significant oscillations are observed within and
between each member or depositional sequence. The
isotopic variation curve of ol3C roughly agrees with the
trends observed in other sections of the Lusitanian Basin,
as pointed out by Duarte (1995, 1998); the achieved
results also support the o13C as a good stratigraphic tool.

As outlined in figure 1, the lower part of the
succession is characterized by two positive trends
observed within the MLLF (0.56 to 2.6%0) and between
TNL and the base of MMLHH Member (-0.24 to
3.93%0), both separated by a minimum values found in
the TNL Member (base of Levisoni Zone). Besides, the
greatest Toarcian change occurs at the boundary between
those first units (from 2.6 to - 0.24%0).
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Biostratigraphy, Lithostratigraphy, Sequence
Stratigraphy and Main Sedimentological Features

1:9
0

~
ÇQ

~

~ ~
,.....

Mt ~ .,....
s:::

~
0

50
CFJ.,....
>
.3

l

R

S

0 1 2 3 4

[ Mu. ''''e.'ooe -D Discont in uity
g Ammonites l'C'I Thin-~elledBivalves

Mari ~ Ripple marks ~ Belemnites S> Thalassinoides

Calcisilt ite/fine Lamination 61 Rhynchonellida ~ Zoophycos
Calcarenite -

Figure 1. Synthetic stratigraphie and sedimentological chart for the Lower and base of Middle Toarcian of the Lusitanian Basin
northem sector (Coimbra region). Sequence stratigraphy, transgressive-regressive cycles and carbon-isotopie record.

MLLF - Marly limestones with Leptaena facies; TNL - Thin nodular limestones; MMLHH - MarIs and
marly limestones with Hildaites and Hildoceras. T - Transgressive phase; R - Regressive phase.

In the other side, the highest ol3e occurs in the rniddle
part of the Levisoni Zone (base of MMLHH Member),
with values around 3.90%0. Fluctuations in ol3e are
generally negative in the upper part of the MMLHH
Member (Bifrons Zone; from 3.1 to 1.79%0) and
throughout the MMLSB Member (uppermost Bifrons
Zone to Bonarellii Zone; 1.89 to 0.48%0).

ODC AND SEQUENCE STRATIGRAPHY
INTERPRETATION

Facies analysis and stable isotopes, in particular, are
useful tools to identify the major transgressive-regressive
cycles and sequence evolution, mainly based on the
recognition of the main discontinuities (sequence

boundaries) and flooding surfaces (Duarte et al., 2003;
Fig. 1).

STl: this sequence corresponds to the MLLF Member,
and is the most argillaceous unit of the entire Toarcian
succession. This sequence is very asymmetric, and a large
part of it is interpreted as a transgressive system tract
(Duarte et al., 2002). This transgressive trend is weil
documented by the ol3e evolution values. The maximum
excursion (2.6%0) is interpreted as the maximum
flooding surface, also weil documented by a condensed
Dactylioceratid-rich horizon (Duarte et al., 2003).
Besides, the smaJ! trends observed within the MLLF
Member seem to be related with fourth-order depositional
sequences.
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ST2: this sequence begins with brownish clays and marIs
that characterize the base of TNL Member. Upwards, this
sequence grades into thin silty to sandy limestone
altemations with niârly clay interbeds that corresponds to
the typical TNL Member in whole the basin. These facies
show tempestitic-turbiditie features, observed in the other
sections of the Lusitanian Basin, and related to tectonic
trigger mechanisms (Duarte, 1997). The carbon-isotope
evolution in these levels shows an abrupt decrease, which
support the lowstand system tract interpretation, through
the increase of lighter continental l2C in the depositional
system.

The overlying part of ST2, coincident with the
MMLHH Member, is composed of a thick (around 90m)
marl/limestone decimetric to metric altemations. The
base of this unit is interpreted as a transgressive event
(transgressive system tract), shown by an increase in
marly deposits and a positive carbon-isotope excursion
(values above 3.00 %0) (Fig. 1). This event ends with
sorne evidences of pelagic deposition (tôp of the Levisoni
Zone). In fact, the maximum flooding surface is shown
by thin-shelled bivalve-rich (Bositra sp.) horizons (Fig.
1). The transgressive system tract is overlain by a thick
agrading/prograding package. The series become
progressively more calcareous and the vertical facies
association, compared with the evolution recognized in
other points of the basin (Duarte, 1997), illustrate a
shallowing-upward evolution (highstand system tract).
This trend is corroborated by the o13C record, showing a
negative excursion (from 3.1 to 1.79%0), interpreted as
the result of an increase in continental l2C than a
decrease in marine productivity.

ST3: this unit is correlatable with the MMLSB Member.
The increase of bioclastic remains at the top of this
sequence, easily recognizable in the southeastem
(proximal) part of the basin (Duarte, 1997), suggests an
important regressive phase (highstand system tract). In
ST3 of Coimbra section, the regressive trend is
correlative of a slight negative trend in the ol3C record
(from 1.89 to 0.48%0).

DISCUSSION AND CONCLUSIVE REMARKS
The carbon-isotope (ol3q record shown herein

confirrns the trends illustrated in Duarte (1998), for other
regions of the Lusitanian Basin. The first main
conclusion of the observed variations is that the link with
the sequence analysis previously established, should
indieate a mechanism of a primary nature. The isotopie
variation curve clearly shows remarkable changes at the
boundaries between the several depositional sequences.
The large positive fluctuations correspond to
transgressive periods. With the exception of ST!, which
is truncated at the top (erosional surface), the upperrnost
part of ST2 and ST3 shows graduaI negative shifts,
associated with regressive phases. As demonstrated in
previous work (Duarte, 1998), the good correlation
between the sequence development and the carbon
isotope variation can be explained by the interplay of IZC
of continental origin. In fact, the increase of lighter
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carbon-isotope in the carbonate sediments confirrns the
continental influence on deposition and consequently a
regressive phase. A good example can be seen at the base
of STI (TNL Member), where the lowest values of ol3C
are observed (Fig. 1). As demonstrated above, the detrital
facies and other features present in the TNL Member
indieate lowstand deposition.

With these results the ol3C is confirrned as an
important tool in sequence stratigraphic interpretation of
Toarcian marl/limestone a1temations of Portugal.
Besides, sorne of these events (positive and negative
excursions) are also recognized in sorne other European
basins (Jenkyns & Clayton, 1986; Jenkyns et al., 1994,
2002; Jiménez et al., 1996; Hesselbo et al., 2000;
Beerling et al., 2002).
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INTRODUCTION
Carbon and oxygen isotopes are important sensors for

c1imatic changes and constitute important tools in the
study of geologic time boundaries. Important
environmental changes have been observed in many
basins 'at most geological boundaries, among them the
Cretaceous-Tertiary (K-T) transition, a time of very
important worldwide massive faunal extinction. One of
the characteristics of this boundary is negative excursion
in the .sDC values right before the transition, followed by
a positive excursion suggesting an important cooling at
the K-T transition. Important environmental changes have
been detected in many basins where the K-T transition
has been investigated using C and 0 isotopes. This
transition was recorded by carbonates only in few places
in South America. Among these localities are
Pernambuco-Paraiba coastal basin, NE Brazil, the
Yacoraite and Neuquen basins, Argentina, and Navidad,
Algarrobo and Magellan basins, Chile. Carbon and
oxygen isotope data for carbonates from the K-T
transition are available for the Pernambuco-Paraiba
coastal basin (Albertiio & Kotsoukos, 1994, Albertiio et
al., 1994, Ferreira et al., 1994), and for the basins in Chile
(Sial et al., 2001a). Preliminary C and 0 isotope data
were reported by Sial et al (2001a, b) for one section of
the Yacoraite Fm near Cabra Corral, Argentina. They
found positive .s13C values up to +2%0 PDB and a shift to
negative values down to - -5%OPDB followed by a graduaI
increase, in the contact with a red sandstone, believed to
mark the beginning of the Paleocene.

We examine here the behavior of C and 0 isotopes
and chemistry (Si, Mg, Ca, Sr, Fe and Mn) in another
section of the Yacoraite Fm carbonates, not studied
before, and compare these data with the data previously
reported by Sial et al. (2001a) and with the C e 0 isotope
patterns from elsewhere in the world.

GEOLOGICAL SETTING
The K-T transition has been recorded in NW

Argentina by sediments ofthe Salta Group represented by
the Yacoraite (Maastrichtian)-Olmedo and Mealla
(Paleocene) Fms. (Fig. 1) that extend into Bolivia and
Paraguay. This Group has a long evolutionary history
(Lower Cretaceous-Middle Paleogene) and comprises a

great variety of sedimentary environments whose
deposits reach a total thickness of more than 5,OOOm
(Marquillas et al., 1999). The Salta Group encompasses
the Balbuena (older) and the Santa Barbara (younger)
Subgroups. Salfity et al. (1998) regarded the Yacoraite
Fm. as part of the Balbuena Subgroup, overlying the
Lecho Fm. and overlain, in turn, by the Tunal Fm., which
is the base of the Santa Barbara Subgroup. The deposition
of the Salta Group from the Neocomian to the Campanian
was controlled by rift environment, while the post-rift
environment was marked by a deep Maastrichtian marine
ingression (Marquillas et al., 1999) that marked the
termination of the arid environment and installed a
carbonate system, which persisted until the Early
Paleocene. Presence of sorne foraminifer and fish species
in the Yacoraite Fm. implies a marine influence, a likely
assumption if taken into account sea level rise during the
Late Cretaceous and that these marine faunistic elements
could have undergone adaptation to continental
conditions. Excellent exposures of limestones of the
Yacoraite Fm. can be observed at Cabra Corral dam, 70
km south of Salta, where the K-T transition is recorded.
A few kilometers east from this outcrop, down the
Juramento river, late Maastrichtian dinosaur tracks are
found in the yellow limestone (Alonso, in preparation).

THE CABRA CORRAL SECTION
Carbonates of the Yacoraite Fm were sampled along a

weIl exposed road cut next to the Cabra Corral dam, in a
section parallel to the one described by Sial et al (2001a).
The section in this locality is characterized by repetition
of strata due to faults associated with topography,
position of the road cut, and erosion. The most
continuous, thicker (over 80m) and best exposed section
was sampled for this study. It encompasses about 20 m of
yellow limestones that pass into greenish marIs. The
contact between these two major lithologies is marked by
red impure sandstone whose top shows bioturbation that
constitute an excellent layer guide in the Cabra Corral
zone, and is believed to mark the Cretaceous-Paleocene
transition. Above this layer shales are intercalated with
fossiliferous limestones, which locally show hammock
and oolitic structures.
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Figure 1. (A) Sites of occurrence of the Yacorite and El Tunal Formations in Jujuy and Salta Provinces, NW Argentina.
(B) Geologie map of the Cabra Corral area, south of the town of Salta (after Salfity et al., 1998).

METHODOLOGY AND EVALUATION OF
SAMPLE QUALITY

Around sixty carbonate samples were stratigraphically
collected along the road eut with distances between
samples varying from 0.2 to 3.3 m (most samples spaced
between 1 and 2 m). Samples were collected from the
Yacoraite Fm up to the red sandstone (total thickness of
20m in this section) through the top of the section (total
thickness around 60 m). These samples were eut and
powered for whole rock chemical analyses. Major and
trace elements analyses were determined at the
Department of Geology, Federal University of
Pernambuco (UFPE) by X-ray fluorescence in a Rigaku
RIX 3000 unit, using fused beads prepared with Li
tetraborate. Carbon and oxygen isotope analyses were
done at the Stable Isotope Laboratory, Department of
Geology, UFPE. Powders for these analyses were
obtained by microdrilling of samples with no apparent
veins, recrystallization or silicification. CO2 gas was
extracted on a conventional high vacuum line after
reaction with 100% orthophosphoric acid at 25°C,
following the method described by McCrea (1950), The
CO2 released, after cryogenie cleaning, was analyzed in a
double inlet, triple collector mass spectrometer. Results
are in the 8 notation (%0, PDB).

Post-deposition alterations such as diagenesis and
metamorphism can alter the original isotopie composition
and before interpreting the isotopie variations these data

must be evaluated to assure the values are primary. There
is no correlation between 8 '3C and Mn/Sr as weil as
between 8180 and Mn/Sr (Fig. 2), as expected for samples
not affected by meteoric alteration that tends to increase
Mn contents while decreasing Sr COntentS. There is nO
correlation between 813C and 8180 values, although an
apparent trend of positive correlation seems to accur,
suggesting a secondary overprint of the a isotope values.
Mn/Sr ratios for these samples, however, are « JO (0.09
to 2.56), an indication of little secondary alteration.

GEOCHEMICAL AND ISOTOPIC DATA
Ali studied samples are limestones with low dolomite

cOntents. Sampies have highly variable Mn (153-1808
ppm), Sr (360-2000 ppm), and Fe (2803-46116 ppm)
COntentS. Mg/Ca ratios (which reflect the dolomite
content) are cyclic at the lower part of the studied section,
and above the red sandstone layer there is a
predominance of calcitic carbonates. Oxygen isotope
values are highly variable (8180 from -8.7 to +6.0%OPDB)
as well as 813C values (from -3.7 to +2.2 %OPDB), but most
samples have negative 8 13C values. From the base of the
studied section to the top, bath oxygen and carbon
isotope values are positi ve and gradually decrease to the
top of the yellow limestones reaching a mininum at the
red sandstone layer. At this layer 813C reachs its lowest
value (-3.7%0) after which values are ail negative and



oscillate for about 32 m until the middle part of the
greenish marIs, when they shift to positive values for ca.
20 m, and shift again to negative values. The shif to the
most negative o13C value at the red sandstone layer is
accompanied by important shifts in Si, Ca, Mg, Sr, Mn
and Fe (Fig. 3). Considering these values as primary, they
suggest cooling followed by an important temperature
increase right after the transition.

DISCUSSION AND CONCLUSIONS
Negative carbon isotope excursions in marine

carbonates are usually interpreted as indicating low
relative burial of organic matter and decrease in the
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organic production. The negative o13C values for the
studied carbonate suggest incorporation of considerable C
of organic origin, and the most negative values at, and
right above the red sandstone layer, which is believed to
represent the K-T boundary, are compatible with the
pattern observed elswhere in the world in the K-T
boundary. These negative carbon isotope excursions have
been interpreted as indicative of climatic changes as a
consequence of either intense volcanism or to the impact
of a meteorite that led to the formation of a huge dust
cloud leading to sun black and greenhouse effect,
affecting the biogeochemical cycling of carbon.
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Figure 2. 013C, 0180 and Mn/Sr variations in carbonates of the Yacoraite Formation, atthe Cobra Corral section,
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INTRODUCTION
The Arroyo deI Soldado Group (ASG) is a 5 km

thick platform succession unconformably overlying a
mainly Archean to Mesoproterozoic basement (Nico
Pérez Terrane), occurring in central-eastern Uruguay
(Gaucher et al., 1996, 1998; Gaucher, 2000). The group is
characterized by an alternance of mainly siliciclastic
(Yerbal, Cerro Espuelitas, Barriga Negra and Cerros San
Francisco Formations) and carbonatic units (Po1anco and
Cerro Victoria Formations, Fig. 1). Volcanic,
volcaniclastic and pyroclastic rocks are completely
absent. Carbonatic units represent pericontinenta1, storm
dominated carbonate ramps. Siliciclastic units were
deposited in a basin with gentle palaeos1ope, sandstones
being texturally and mineralogically mature
quartzarenites or subarkoses (Gaucher, 2000).
Alltogether, these facts strongly indicate a stable,
Atlantic-type continental p1atform as the geotectonic
setting of the Arroyo deI Soldado basin (Gaucher, 2000).

The ASG is notable for its extensive and very thick
carbonate deposits, namely (a) the Po1anco Formation,
more than 900 m in maximum thickness, (b) tlIe Cerro
Victoria Formation (CVFm), composed of up to 400 m of
stromatolitic, oolitic and micritic limestones, and (c)
various isolated do1ostone and limestone strata in the
lower Cerro Espue1itas Formation and upper Yerbal
Formation (Fig. 1). Carbon and oxygen isotopic data
from carbonates of the ASG have been previous1y
reported by Boggiani (1998), Kawashita et al. (1999),
Gaucher (2000) and Gaucher et al. (2002, 2003).
Kawashita el al. (1999) present four Sr-isotopic
determinations from the lowermost Po1anco Formation.
,-.~ report here the resu1ts of a series of 32 C- and 0
iSOtOpIC deterrninations on carbonates of the CVFm,
which imply that tlIe PrecambrianlCambrian boundary is
located in the upper ASG.

CERRO VICTORIA FORMATION
Montana & Sprechmann (1993) were the first to

recognize tlIe existence of stromatolitic communities in
Uruguay, which were grouped into the Cerro Victoria
Member. Gaucher et al. (1996) give this unit the rank of a
formation and include it in tlIe Arroyo deI Soldado
Group. The main outcrop area is located approximate1y 8
km NW of the town of Illescas, in the Florida
Department. The contact of the CVFm with the
underlying Cerros San Francisco Formation is transitiona1
(Figs. l, 2), and is characterized by tlIe occurrence of
mature, medium-grained quartz-arenites, followed by

sandstone interbedded witlI centimetric limestone beds
and stromatolites, which sometimes exceed 1,5 m in
diameter. Up section, ca. 150 m of p1anar and LLH-S
strornatolites interbedded with micritic, gray 1imestones
occur. Sheet-like bioherms up to 4 m in height occur,
alternating with deeper water ramp muds. The middle
part of the unit presents mainly planar, but a1so domic
and co1umnar stromato1ites interbedded with subordinate
oolitic calcarenites and micritic limestones. Domic
stromato1ites reach maximum diarneters of 0.75 m. The
upper 150 m are formed by a1most pure stromato1itic
1imestones. Stromatolites in growth position and up to 1
m in diameter predominate, including microdigitate
forrns, and are often partially silicified. Broken fragments
and stromato1itic breccias a1so occur. Micritic limestones
are rare, as weIl as black cherts containing abundant
organic mater. Trace fossils occur in this part, burrows
reaching large diarneters of 4 - 7 cm by diagenetic
growtlI, representing concretions formed by replacement
of the micrites by fine-grained flint. Finally, in the
uppermost 30-50 m, micritic limestones become again
more abundant and are interbedded with planar
stromatolites.

Colour of carbonates is mainly pale red to purple at
the base, reddish gray to medium gray in the middle and
light gray at the top (Fig. 2). Micritic limestones are
common at the base of the CVFm, becoming rarer up
section. Montana and Sprechmann (1993) interpreted the
CVFm as a shallowing-upward sequence, but tlIere seems
to he more than one superimposed cycle. The unit records
shallow subtidal to supratidal conditions.
Palaeobathymetry is remarkably stable throughout the
unit, witlI a tendency to slightly shallower environments
towards the top. This fact indicates that sedimentation
rate matched subsidence in tlIe latest Arroyo deI Soldado
basin. Occurrence of evaporites (halite and possibly
gypsum), oolites and common dessiccation (tepee)
structures indicate a tropical climate for the CVFm.

AGE OF THE ASG
Age of the ASG is geochronologically constrained

by: (a) a maximum U-Pb SHRIMP II age of 633 ± I2 Ma
for tlIe Puntas deI Santa Lucia pluton (Bossi et al., 2001),
which is overlain with erosional unconforrnity by the
ASG; and (b) a minimum Rb-Sr isochron age for the
Guazunambi Granite of 532 ± Il Ma (Ro=0.70624:
Kawashita et al., 1999), which intrudes into the ASG
causing contact-metamorphism. Biostratigraphic data also
point to an upper Vendian age for tlIe lower-middle ASG,
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and a lowennost Cambrian age for the CVFm (Fig. 1).
An assemblage of skeletal fossils containing Cloudina
riemkeae Genns, Titanotheca coimbrae Gaucher and
Sprechmann (1999) and at least five other genera- and
species occurs in the uppennost Yerbal Formation of the
ASG (Gaucher and Sprechmann, 1999; Gaucher, 2000;
Fig. 1). Cloudina is recognized as an index-fossil of the
upper Vendian (Grant, 1990), and has a global
distribution in rocks of that age. A low-diversity, high
abundance assemblage of organic-walled microfossils is
preserved in the ASG as weil (Gaucher et al., 1996, 1998;
Gaucher, 2000). The genera Bavlinella and
Soldadophycus are dominant in the siliciclastic units
(Gaucher, 2000), while in the Polanco Formation a
slightly more diverse assemblage (Leiosphaeridia
Lophosphaeridium assemblage) occurs. These data are in
accordance with an upper Vendian age for the lower
middle ASG, specially considering the absence of large
sphaeromorphs and acantomorphs (Knoll, 2000).

The CVFm has been placed in the lowennost
Cambrian using following criteria:
(a) Large ichnofossils with complex burrow systems,
classified by Sprechmann et al. (submitted) as
Thalassinoides igen, occur . This behavioural pattern is
absent in the Proterozoic (Crimes, 1992), and indieates a
maximum Cambrian age for the CVFm. They are
associated to other ichnofossils whose ichnofabrics
follow the characteristic lowennost Cambrian pattern
(Droser et al., 2002); (b) absence of Conophyton, a
characteristic stromatolite morphogroup of the
Proterozoic, whieh disappears in the Cambrian
(Altennann, 1999); (c) the low-diversity stromatolite
community, formed by non-branched morphogroups, is
typieal for Upper Vendian and Phanerozoic communities
(Altennann, 1999; Pratt et al., 2001); (d) thrombolites
occur, whieh were rare in the Proterozoie but abundant in
the early Paleozoic (Pratt et al., 2001); and (e) tropical
climate reported for the CVFm (Montana and
Sprechmann, 1993) correlates better with the Lower
Cambrian global warming.
Deposition of the CVFm must, therefore, have taken
place in the Nemakit-Daldyn stage. Chemostratigrapic
data presented below confinn this age assignment.

CHEMOSTRATIGRAPHY
We sampled continuous sections of the CVFm at its

stratotype, located along the Arroyo de la Pedrera. A
negative ô13C excursion (-0.5 %0 PDB) is recorded at the
Cerros San Francisco-Cerro Victoria contact (Fig. 2). Up
section, values become more negative, reaching a plateau
around -1.0 to -1.3 %0 PDB. After ca. 110 m of
carbonates yielding negative ô13C values, a transition to
positive values around +0.3 %0 PDB is recorded. This
positive excursion shows fairly constant values for ca.
180 m of mainly stromatolitie carbonates (Fig. 2). Peak
values occur 300 m above the base of the CVFm, yielding
+0.64 %0 PDB. Up section, Ipw-amplitude oscillations are
recorded in trace fossil-bearing limestones. Finally,
negative values of up to -LI %0 PDB characterize
uppennost carbonates of the CVFm, concomitant to an
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increase in the frequency and thickness of intercalated
micritic limestone beds.

Ôl80 values show no direct relationship with Ô13C in
the section studied (Fig. 2), implying that Ô13C values in
most of the analyses reported here represent primary or
near-primary isotopie ratios.

DISCUSSION
The ô13C curve obtained for the CVFm is remarkable

for the low amplitude of the oscillations observed, around
2 %0 PDB. This situation contrasts with values obtained
for the lower and middle Arroyo deI Soldado Group, in
which a series of impressive, large amplitude Ôl3C
excursions (up to 9 %0 PDB) occur (Fig. 1). In fact, ô13C
oscillations show a persistent tendency towards smaller
amplitudes towards the top. Falling amplitudes of ô13C
excursions characterize Vendian to Lower Cambrian
successions worldwide (Derry et al., 1994; Knoll, 2000;
Walter et al., 2000). A Vendian age for the Yerbal,
Polanco and Cerro Espuelitas Fonnations is further
indieated by biostratigraphie data (see above) and
87Sr/86Sr determinations (Kawashita et al., 1999).
Gaucher et al. (2002) interpreted Ô

I3C data of the lower
ASG as consistent with the global ô13C curve for the late
Vendian. The data presented here for the CVFm strongly
resemble ô13C curves of lowennost Cambrian (Nemakit
Daldyn) carbonates in Siberia (Yudoma Formation: Derry
et al., 1994), Mongolia (Brasier et al., 1996) and
Argentina (lower La Laja Fonnation: Sial et al., 2003).
According to the detailed ô13C curve presented by Derry
et al. (1994: fig. 5) for carbonates from the Siberian
craton, the CVFm spans the interval 540-533 Ma.
Geochronologic constraints of the mentioned curve rely
on many U-Pb zircon dating coupled with detailed
biostratigraphic data (Bowring et al, 1993; Brasier, 1996).

Given the above interpretation of the negative Ô13C_
excursion of the basal CVFm as representing the upper
part of the negative W anomaly of Brasier and Lindsay
(2001), the PrecambrianlCambrian boundary might be,
therefore, preserved in the upper-middle Cerros San
Francisco Fonnation. Absence of carbonates in the unit
prevent the precise location of the boundary with
chemostratigraphic tools, but micropalaeontology might,
however, enable deterrnination of its position. These
results are encouraging, because they imply that the
boundary is actually preserved in the ASG, contrary to
previous suggestions that located it at the basal erosional
unconforrnity of the Cerros San Francisco Fonnation, as
known from many succesions elsewhere (Brasier and
Lindsay, 2001).

CONCLUSIONS
C- and O-isotopie data for the Cerro Victoria

Formation are discussed in the framework of previously
reported C-, 0- and Sr-isotopie data for the lower-middle
ASG. ô13C values are interpreted to represent primary or
near-primary seawater composition. Falling amplitudes of
ô13C fluctuations recorded in these carbonates are in
accordance with the trend observed in Vendian-Lower
Cambrian successions worldwide. The curve obtained for

- 350-



Short Papers -IV South American Symposium on Isotope Geology

o

UtbostmUgrapby

_-~-~-_-.-_- -_-4-.-.-.-.

1
~

l

Key
~C«tglcrn 0

~ OO!IOfle

G~jte

Ei:!l . ~1 rlll!

B3DolOlf~ ~

§E:IIF nd dll::11

Ha-.·lw<!IJv·
S()f~·lt.\

bla~

urr-:y>lrao·ril./itl
~ Lopf .'i1J<H!rWiNJJf

bl~

HntmtfDIfJ

Vrwnrlœue

~H iccidal
ic.hll()(, • Is

Figure 1. Litho, bio and chemostratigraphy of the Arroio dei Soldado Group.

..

l,
1

..

oISO 'l'ouPDB
-12 -10 -8

oIlc %oPDI:l
-1 0 +1

light

Sh Si San de
1 1 1" il i 1

mrTc::..:..o':.:o..:;ulr~~;;l~

P?aJ3,
eiLi :;'.:;:':'j.).:.~

Key
~ Oolitic ~''''''''''''''J ~ Trough "" Tepee structure~ calca reni te .. : : '.' Sandstone cross-st raI. n ft

0
- -..HUlTllllocky~ Ichnofossils(TtTtTtl fy1icritic Sh 1 ~- - - hllleSlOne :-:-:. a e cross-slral. ~ Paleocurrents

~ Stromatoli,ic Wave ripples
~limeSlOne ~ Siromaioliles Current ripples 0 Halite casts

; Cial 'allaminites C.S.F.: Cerros San Francisco Formalion

400

ç:

"0 0

0
'" 300
E

0
u..

'" '"
E

"' 0200
z u

>

0

.0 "' 100
E U

U

u;
(/)

0
0

Figure 2. Stratigraphy eollumn of the Cerro Victoria Formation, showing C- and 0- isotopie data.

- 351 -



the Cerro Victoria Formation paraUels curves reported for
the Nemakit-Daldyn stage of the Lower Cambrian.
Considering the detailed carbon isotopie data from Lower
Cambrian carbonates of Siberia (Derry et al., 1994;
Brasier and Lindsay, 2001), the Cerro Victoria Formation
was entirely deposited in the lower-middle Nemakit
Daldyn stage, between 540-533 Ma. In South America,
carbonates of the lowennost La Laja Formation
(Argentine Precordillera) show sirnilar ol3C values. On
the basis of the above mentioned data, we suggest that the
PrecambrianiCambrian boundary is located in the upper
rniddle Cerros San Francisco Formation of the ASG. This
implies that the ASG is one of the few units worldwide,
where this important boundary is preserved. More
biostratigraphic and Sr-isotopie data are required,
however, to precisely locate this important event.
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INTRODUCTION
The objective of this case study in Argentine

Neoproterozoic successions is twofold. On one hand we
want to add stable isotope data combined embedded in a
diagenetic study to correlate these outcrops with similar
lithologies of the Neoproterozoic world-wide.

The Tandilia System is a 350 km long, northwest
southeast orientated orographic belt, located in the
Province of Buenos Aires (Fig. 1), which is comprised by
an igneous metamorphic basement and a Neoproterozoic
to Lower Palaeozoic sedimentary coyer. In the Olavarria
area, this Neoproterozoic sedimentary succession is
composed of the Villa Monica, Cerro Largo and Loma
Negra formations (Sierras Bayas Group) and the Cerro
Negro Formation (Poiré, 1993; see Fig. 2). These
lithostratigraphic units were grouped into four
depositional sequences: Tofoletti (1), Malegni (II) Villa
Fortabat (III) and La Providencia (IV) sequences
(Spalletti and Poiré, 2000).

The Neoproterozoic rocks are not affected by
metamorphism, nearly undeformed and overlying
unconformably basement rocks.

The oldest depositional sequence (Tofoletti, 52 m
thick; Fig. 2) is equivalent to the Villa Monica
Formation, and shows two sedimentary facies
associations: (a) quartz-arkosic arenites at the base and
(b) dolomites including shallow marine strornatolitic
dolomites and shales at the top. The dolomites and shales
facies association (36 m thick), is composed by laminated
stromatolitic dolomites, interdolomitic green shales and
supradolomitic red shales with associated mudstones.
Eight sedimentary facies have been recognized along
these vertical sections. The dolostones of the Villa
Monica Formation support a very good assemblage of
stromatolites, which is composed of Colonella fm.,
Conophyton ?resotti, Conophyton fm., Cryptozoon fm.,
Gongylina fm., Gymnosolem fm., lnzeria fm.,
Jacutophyton fm., Jurusonia nisvensis, Katavia fm.,
Kotuikania fm., Kussiella fm., Minjaria fm., Parmites
fm., Parmites cf. cocrescens and Stratifera fm. (Poiré,
1993). An 800-900 Ma age for the stromatolite
assemblage of Villa Monica Formation has been
suggested by Poiré (1987, 1989, 1993), based on world
wide stromatolite biostratigraphy (e.g. Semikhatov,
1986).

The 793 ± 32 Ma radiometric age (Cingolani and
Bonhomme, 1988), for the diagenesis of Villa Monica

Formation coincide with the proposed age of the
stromatolites by Poiré (1993).

The second depositional sequence (Malegni, 75 m
thick; Fig. 2) consists of a basal succession composed of
chert breccia, fine-laminated glauconitic shales, and fine
grained sandstones, fol1owed by cross-bedded quartz
arenites which are in tum covered by siltstones and
claystones. This sequence represents a shallowing upward
succession from subtidal nearshore to intertidal fiat
deposits. A depositional age of older than 730 Ma has
been interpreted by Rb-Sr analyses on whole rock
samples (e.g. Kawashita et al., 1999)..

The youngest pre-Vendian depositional sequence
(Villa Fortabat; Fig.2) is a 40 m thick unit composed
almost exc1usively of brownish (lower section) and black
(upper) micritic limestones, originated by suspension fall
out in open marine ramp and lagoonal environments.

On top of the Sierras Bayas Group a regional
unconforrnity is recognised (Barrio et al., 1991). This
surface has been related to a eustatic movements.
Meteoric dissolution of the carbonatic sediments is
interpreted as a karstic surface on which residual clays
and brecciated chert have been accumulated.

The Vendian Cerro Negro Formation (La Providencia
depositional sequence; Fig. 2) appears on top of the
above described unconforrnity. It is a more than 100 m
thick unit characterised by claystones and heterolithic
fine-grained sandstone-claystone intercalations, mainly
formed in upper to lower intertidal fIats. The lower part is
composed by marIs and mudstones (Fig. 2). Through
radiometric dating on whole rock samples with Rb-Sr a
depositional age older than 730 Ma could be established
(Kawashita et al., 1999).

DIAGENESIS AND C-O ISOTOPES
The dolomites of the Villa Monica Formation show a

complex diagenetic history. The early diagenetic
dolomite mosaic has grown from primitive LMC
(protonuclei), placing them in the field of secondary
dolomites. Later, different cements filled voids and
fractures, and could be differentiated in three principal
stages:

(1) Dolomitic cement constituted by macrosparitic
rombohedral crystals of dolomite, partly with an
iron-rich nuclei, and sizes between 200 to 750 !-lm,
coating the pore walls.
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Figure 1. Location map (after Poiré et al., 2003).

(2) Silica cement which covers the porewalJs in a
geode form, closing partly or completeJy the pore
space.

(3) High-Mg-calcite cement grew as anhedral to
euhedral macrosparitic crystals.

These cements are filling voids and fractures up to 15
cm in diameter, and their origin have not been determined
yet.

The Iimestones show homogeneous micritic to sub
sparitic calcite with a xenotopic texture. Microprobe
analysis shows that crosscutting veins are filJed by
sparitic to sub-sparitic calcite and very fine-grained cherI.
While, irreguJar styJolites are filled by illite, chlorite and
different Fe-oxides. The following diagenetic processes
are interpreted:

(1) ChemicaJ dissolution that generates veins and
cavities.

(2) Cementation of voids and cavities by calcite
cements.

(3) Pressure solution which produces the irregular
stylolites and their mineralogical components.

(4) Silicification by the precipitation of silica gels
along the veins and as replacement of carbonate
crystals.

However, the silicification processes have affected
more intensiveJy the upper section (black micritic

] imestone) than the lower section (brownish micritic
Jimestone).

Using CL two different classes of veins could be

c1assified. One generation « 250!J.m wide) shows a very
low orange luminescent calcite, and a second generation

(±30 ~m wide), which crosscuts the first, and contains
bright yellow Juminescent calcite. The veins are mostly
vertical to the stratification and could reflect extensional
conditions probably caused by diagenesis.

The carbonate rocks of the Loma Negra Formation
(Fig. 2) contain a TOC (total organic carbon) value
between -0.15% and 0.35%, TIC (total inorganic carbon)
between 8.41 % and Il.30%, TC between 8.42% and

11.58%. ô l3CCarb between +2.77 and +4.54%0, and
ôlROCarb between -14.13 and -7%0. These data are only
slightly different From preliminary values measured by

Valencio (1985). The Ô13C"rg lies constantly between
-27.1 and -28.1%0.

The dolomites of the Villa Monica Formation show
TOC value between 0.37% and % 1.22, TIC between
3.97% and J 1.89%, and TC between 4.34% and 12.79%.

ln a Ô13Cc:.llb - ô l80Carb diagram (Fig. 3) From Loma
Negra Formation it is possible to distinguish three fields,
according to the kind of rock analyzed: brownish micritic
limestones, ii) black micritic limestones, and iii) red
marls.
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Figure 3. ô13CCarb versus ôl80carb (%0 PDB) plot of samples
from Loma Negra Formation and its transition to Cerro

Negro Formation.
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DISCUSSION
In figure 2, the C-O isotopic values are correlated

with the stratigraphie framework: Loma Negra Formation
and its transition to Cerro Negro Formation.

First, preliminary stable isotope data from the upper

cycle (Loma Negra Formation) shows that the Ô180 carb
(%0) values are ail negatives but in the middle part of the
profile the curve shows a less negative excursion. The

curve of ô13C show very low fluctuations, however, it is
possible to observe an increase (peak) in the brownish
micritic limestones and two negative peaks in the black
micritic limestones.

These ô13CCa'b - Ô
l80Carb values are quite similar to

those from Sete Lagoas Formation, Bambuf Group,
Brazil (Santos et al., 2000), Polanco Formation,
Arroyo deI Soldado Group, Uruguay (Kawashita et al.,
1999) and the Upper Proterozoic successions in Namibia
(Kaufman, 1999), which were part of the South-western
Gondwana margin during the Upper Proterozoic.

Further investigation on C-O isotopes of the lower
cycle (Villa Monica Formation) and the major and trace
element geochemistry of the carbonates and the
siliciclastic sedimentary record as weil as detailed
microprobe analysis on single grains will give more
insight in the complex diagenetic history and the source
areas for the clastic rocks. C-O-S data for the whole
group and combined with a provenance analysis of the
clastic record will complete this study in the near future
to correlate the section with those in Brazil, Uruguay and
southern Africa.
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INTRODUCTION
Beachrocks have been widely recognized in the

Brazilian littoral. A number of theories have been invoked
to explain the origin of the beachrock cement, including
precipitation at the water table, precipitation from mixed
meteoric and marine waters, and precipitation directly
from seawater. A detailed petrographie and isotopie
analysis of beachrock was conducted to determine the
origin of these deposits and to identify processes
responsible for their early diagenetic alteration.

The littoral of tbe state of Alagoas (Fig. 1), likewise
tbe littoral of Pernambuco, is limited by a relative shallow
shelf, which supports a wide variety of carbonate
producing organic communities. Coastal landforms range
from cliffs of sandy beaches between rocky headlands.

probably erosion features. These are commonly filled with
debris sucb as broken glass and bits of steel which are
cemented to the bottoms of the pits. Sediment grains in
beachrock are identical to those of adjacent, unlithified
beach sands, consisting of foraminifers, bivalve,
gastropod, red and green algal, coral fragments, as weil as
Iithoclasts. Grain sizes range from fine to very coarse
sand. Large slabs of beachrock and otber rock types may
also be cemented onto tbe beacbrock surface, forming an
intertidal conglomerate.

High temperatures and rates of evaporation on the
beach evidently create Ideal environments for inorganic
carbonate precipitation just below the sediment/water
interface. The conditions for precipitation may be
augmented further by daily metabolic activity of
endolithic algae or otber microorganisms known to
coJonize carbonate sediments once tbey have been
stabilized by early cementation.

DIAGENETIC FACIES
Petrographie and isotopie analyses of cements and

other early diagenetic features furnisb a basis for the
classification of tbe beachrocks of Alagoas. Tbese
features reflect tbe age and diagenetic history of the
beacbrocks.

Beachrock of the Alagoas littoral are nearly identical
in outcrop appearance. Petrographically, this beachrock is
characterized by high-calcite cement, micritized grains,
and micritic envelopes, a1l of which are products of
marine-phreatic diagenesis. Carbon and oxygen isotopie
compositions of beacbrock and uncemented sand are
nearly identical; ù13C is approximately +3.0%OPDB, and
Ù

l80 is approximately -O.I%OPDB (Table 1).

Table 1. S13C and SI~O values are given as
%0 vs. the PDB standard.

Figure 1. Location map.

Many of tbese beaches favor beachrock increase.
Younger beachrock units are forming in the intertidal
zone. These comprise 40-50 cm thick, indurated slabs of
beach sand, jointed normal and para1lel to the shoreline,
wbich sI ope 5° to 10° seaward. Exposures begin at the
high-tide level and may extend a few meters seaward of
law-tide level. Beachrock surfaces grade from yellow in
the lower-intertidal zone to brown in the upper-intertidal
zone, a color zonation that has been attributed to the types
of algae that colonize tbe beachrock. Tbese surfaces are
commonly pitted from tbe grazing of gastropods tbat feed
upon algae. Larger pits (up to 50 cm in diameter) are

Sample Location

Pontai 1
Pontai 2
PontaI 3
Pontai 4
Bitingui

Japaratinga
Marceneiro
Sao Bento

-0.37
+0.04
-0.24
-0.08
-0.48
-5.69
-0.07
-0.19

+2.55
+2.59
+2.92
+2.52
+1.90
-8.10
+2.14
+3.24
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Many beachrock allochems are partially to completely
micritized. Micritization of grains is most extensive at,
and in sorne cases limited 10, grain boundaries, and results
in development of a micritic rim or envelope around each
grain.

Evidence of endolithic actlVlty is extensive in
beachrock. Small pits are apparent in thin sections. In
addition, algal filaments are common in intertidal
beachrock. In sorne cases, these occupy microborings.

The exclusive presence of high-calcite cement in the
beachrock suggests that lithification of beach sediments is
predominantly a marine process. There is no petrographic
evidence of meteoric groundwater influence in the
precipitation of these beachrock cements and, therefore,
no need to invoke seawater/groundwater mixing models to
explain the cementation process. The isotopic composition
of cement also indicates precipitation from normal
seawater. The rapid growth of calcite crystals in beach
sediments is readily accounted for in terms of seawater
supersaturation and enhancement of conditions for
precipitation by elevated temperature, evaporation, and
perhaps by fluctuations of pH and PC02 due 10
photosynthesis by algae living in and on the sediment
grains.

The algae are also responsibJe for micritization. The
formation of micritic cement has long been attributed to
the filling of algal borings with minute crystals of
secondary calcium carbonate. ln sorne beachrocks, micrite
suggest two separate phases of endolithic activity
followed by growth of calcite cement.

DIAGENETIC MODEL
The diagenetic cements of intertidal beachrock indicate

sediment alteration in a variety of diagenetic
environments. Relict micritic rims, although rare, indicate
early diagenesis in a marine-phreatic environment. Blocky
spar cements are characteristic of meteoric-phreatic
diagenesis. This environment must have developed after
early diagenesis in the marine-phreatic zone, because
neomorphic calcite replaces aragonite needles. The
isotopic composition of the vadose features (random
needle-fiber calcite, micritic networks, and calcified algae
filaments) indicates that they were not precipitated from
the same water as the spar cement, and, therefore, the
precipitation of spar cement was not contemporaneous
with formation of the vadose features.

The following model for a progressive, diagenetic
sequence is proposed for beachrocks that pass through a
cycle of eustatic sea-Ievel changes (Fig.2).

Stage 1 is typified by rocks like that of the Holocene
beachrock facies. Calcite cement is evidence that marine
phreatic processes are dominant in the intertidal zone and
that lithification occurs in this zone. The even coaling of
calcite cement on sediment grains indicates that these
crystals precipitated from pores filled with normal
seawater. Colonization by endolithic algae and subsequent
micritization of grains and cement alter the newly lithified
beachrock and result in the formation of well-defined
micritic rims around each grain.
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Oiagenelic
environmenl
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ô"C ;-2.5'}'_"" Meleoric phrealic

8''0 ;-5.(k~ interslilial zone

Figure 2. Schematic sequence of diagenetic events for
beachrocks during euslatic fall and rise of sea leveJ.

As long as the beachrock occupies the intertidal zone,
growth of calcite cement and endolithic activity will
continue. New sand, cobbles of older Iimestone, corals,
and other debris are cemented onto the beachrock surface.
In this earliest stage of diagenesis, beachrock surfaces are
commonly eroded by grazing intertidal organisms.

ln stage 2, a lowering of sea level moves the shoreline
seaward, leaving beachrock deposits in a more landward
situation relative to that of their deposition. During this
interval, the sediment is in contact with meteoric
interstitial water. This meteoric water was probably
contained in a micro-phreatic environment within the
vadose zone, rather than an extensive groundwater lens, as
evidenced by the discontinuous distribution of the spar
cements. The most important process in stage 2 is,
probably, neomorphic replacement of early calcitic
cement by larger crystals of low-Mg calcite, and
precipitation of low-Mg calcite in pores. Reduction of
porosity is greatest in stage 2 because low-Mg calcite
completely filJs sorne pores.

With further lowering of sea level, the beachrock
deposits are left even farther inland. ln this environment,
and erosion processes act during this third stage. In this
stage, numerous organic filaments become encrusted with
microcrystalline calcite and thus becorne preserved within
interstitial pores. These calcified filaments are thought to
be related to the formation of the micrite networks which
are seen in th in section. Random needle-fïber calcite also
occurs in association with micritic networks. ù13C values
indicate that aIl of these features form as a result of
vadose diagenesis in areas where organic-rich
environments also form. The presence of enJarged pores
indicates that leaching also occurs in this stage -of
diagenesis.

ACKNOWLEDGEMENTS
This study is part of Project n.. 300656/00-9, granted to

NCG by the National Council for Scientific and
Technological Development (CNPq). This the NEG
LABISEcontribution n. 217.

- 358 -



Short Papas - IV South American Symposium on Isotope Ce%gy

CARBON ISOTOPIC EVIDENCE FOR NEOPROTEROZOIC GLACIAL CYCLES DRIVEN BY
IRON- AND PHOSPHOROUS-STIMULATED PRODUCTIVTY

Kaufman, A.J. l
; Varni, M. A. l

; Hebert, c.L. l
; Wing, B.l

; Misi, A.2
; Babinski, M.3

;

Halverson, G.P.4 and Corsetti, F.A.s

1. University of Maryland, Geology Department, College Park, MD 20742-4211, USA. kaufman@geol.umd.edu
2. Instituto de Geociências, Universidade Federal da Bahia, Salvador, Brazi.l. misi@utba.br
3. lnstituto de Geociências, Universidade de Sao Paulo, Siio Paulo, Brazi!. babinski@usp.br

4. Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, USA. halvers@fas.harvard.edu
5. Department of Earth Sciences, University of Southern California, Los Angeles, CA 90089, USA. fcorsett@usc.edu

Keywords: Carbon isotope, fractionation, productivity, Neoproterozoic, glaciation

Carbon isotopie evidence for sustained blooms in
primary productivity before and after Neoproterozoic ice
ages suggest that cljmate cycles were likely modulated by
iron and phosphorus availability in the ancient oceans.
The productivity spikes are noted in equivalent organic

rich, pre-glacial, carbonates with extreme positive ol3C
compositions (up to +16%0, V-PDB) in northem Namibia
and Brazil (Fig. 1), and in post-glacial organic-rich cap
carbonates in northern Namibia (Fig. 2), BraziJ (Fig. 3),
and the United States that record profound reductions in
the biological fractionation of carbon isotopes.
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Figure 1. Litho- and chemostraligraphy of lhe organic- and
limeslone-rich Neoproterozoic Bambuf Group in Brazi!.

Figure 2. Carbon isotopie compositions of carbonate and co
existing organic matter in the Rasthof and Maieberg cap

carbonates from lhe Otavi Group in Namibia. The notable "C
enrichment of the organic C results in anomalously low

.6.8 values, which are inlerpreted lo reflect extreme growth rates
and carbon limitation in nUlrient-rich post-glacial oceans .

Il is suspected that high primaI)' productivity,
sustained throughout most of the Neoproterozoic by the
hydrothermal delivery of reductants to the deep ocean,
stimulated glaciation by pumping CO2 out of the
atmosphere and into sediments. The 13C enrichment of
organic matter in these caps are unlikely to be
metamorphic or diagenelic artifacts, but may be caused
by carbon limitation jniliated by rapid iron and
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phosphorous stimulated growth of photoautotrophs (cf.
Bidigare et al., 1999) in the immediate aftermath of
Neoproterozoic glaciation.

By increasing the flow of energy in the
biogeochemical carbon cycle, the sustained productivity
events would also stimulate heterotrophic communities
that could overprint Rubisco based fractionations by the
further metabolic redistribution of carbon. Under
conditions of high seawater alkalinity the rise in
temperatures and the photosynthetic uptake of CO2

during blooms allowed for the rapid deposition of cap
carbonate lithofacies. Through the same stimulated
process O2 would be released to the oceans and
atmosphere, as recorded in our study areas as iron-rich
sediments, terrestrial red beds, and oxidized paleosols.
Iron enrichment in the Neoproterozoic oceans is linked to

the hydrothermal dominance of seawater chemistry (as
evidenced by mantle related 87Sr/86Sr values in marine
carbonates, during discrete rifting events that fragmented
Rodinia, and mass extinction of photoautotrophs, which
lowered primary O2 fluxes, thus spreading oceanic
anoxia.
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INTRODUCTION
Upper Jurassic to Cretaceous evaporitic sequences of

the Neuquén Basin in the central western Argentina and
eastern Chile, between 34° and 41 ° S.L. have a wide
distribution in southern Mendoza Province. These
evaporites include: a- the Rio Blanco Formation
(Triassic); b- the Tabanos Formation (Callovian) and the
Auquilco Formation (Oxfordian) of Jurassic age, the last
one deposited during an episode of lirnited marine
connection; and c- the Huitrin and Rayoso Formations of
the Middle Cretaceous.

Sorne authors (i.e. Groeber, 1947; Groeber et al.,
1953; Stipanicic, 1969), have linked the huge amounts of
gypsum deposited in these formations with a possibility
of a magmatic/volcanic source rather than a primary
origin due to an evaporitic origin. Recent papers by
Brodtkorb et al. (1999), Brodtkorb and Danieli (1999)
and Del Blanco and Barbieri (1999), had focussed the
research in the sulfur and strontium isotopes studies of
the baritine, celestine and gypsum deposits of the Basin.
In these papers, the cited authors proposed that the
celestine and gypsum deposits are of evaporitic origin,
and that the baritine ones were probably formed, due to
the very low content of barium in the sea waters, by sorne
volcanogenic sources related to the volcanic rocks
erupted in these areas in the interval Triassic to
Cretaceous.

The aim of this paper is to present the first data
obtained in evaporites principally gypsum, from the
Auquilco Formation at the Malargüe fold and thrust belt,
whose stratigraphic position is weIl known and
documented, as a part of a project that includes the
elucidation of the genesis of these massive evaporite
sequence.

ANALYTICAL TECHNIQUES AND
METHODOLOGY

Detailed profiles from a 200 m thick outcrop located
at arroyo Negro, near Malargüe city, southern Mendoza
(Fig. 1) were taken. The main sequence in arroyo Negro
is composed of gypsum levels of variable thickness,
overlaying basal carbonate-evaporite meteorized beds.
Lower thin levels (5 mm to 10 cm) of milky gypsum
increase their thickness at the top, forming massive and
homogeneous beds up to 3 m, showing

contraction-dissecation evidences. They are composed by
weIl crystallized and fine-grained gypsum and crop in
jointed and fractured layers. Fine larninated beds of
probably biogenic origin (5 mm) are interstratified within
the massive horizons. ConSpicuous grey to dark grey
amorphous silica concretion with quartz nucleous are
interbedded.

Careful separation and X-ray diffraction was done on
selected samples collected on several outcrops of the
Auquilco Formation of the area. Sulfate samp1es were
converted first to AgS and then to sulfur dioxide
according with the techniques described in Panarello and
Dapefia (1986) and analyzed using a VG-602D and
Finningan-delta S mass spectrometers, and CTA for
standard geochernical analysis. Delta values are referred
to CDT in the common usual expression:

RESULTS
The results obtained during the present research are

presented in the Table 1.

Table 1. Ô
34S %0 of the samples analyzed.

Sample N° Ô %0 34S (corr.) %0
Al 15.6 ± 1
A2 15.7 ± 1
A3 15.2 ± 1
A4 14.9 ± 1
A5 15.2 ± 1

Mean 15.3 ± 1

DISCUSSION AND PRELIMINARY
CONCLUSIONS

Sample results agree weIl with the previous reported
values for the Jurassic-Lower Cretaceous sequences
(Claypool et al. 1980; Strauss, 1997). Also, the main
value obtained in this research is sirnilar to those obtained
by Del Blanco and Barbieri (1999) for gypsum deposits
outcropping in the same basin in Neuquén and to the
south of Malargüe in the Sierra Azul.
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Figure 1. Geological map and location.

Figure 2. Sulfur isotopie composition of seawater in Phanerozoic times (from Strauss, 1997). Black quadrangle: samples.



There were not detected vertical variations in the delta
34S values, suggesting that during the evaporite
deposition, the sulfate source was constant in
composition. These values agree with a sedimentary
evaporitic origin, owing to the relationships with the
global marine sulfate curve for the Oxfordian times.
Although an additional data processing is in progress,
there is no isotopie evidences at this point for a
magmatic/volcanic source for the sulfur of the evaporite
sequence of the Auquilco Formation at the Malargüe fold
and thrust belt. These results confirm a depositional
pattern of hypersaline marine conditions for the Auquilco
Formation and the basin restriction in the Late Oxfordian.
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INTRODUCTION
The positive Ô13C anomaly in Paleoproterozoic

carbonate sequences in continents that once were part of
Gondwanaland demonstrates that the "Lomagundi
phenomenon" was recorded in every continent which was
once part of this supercontinent. Among the successions
that recorded this event, besides the Lomagundi belt
carbonates in Zimbabwe, one finds the Pretoria Group
and Transvaal Succession, South Africa (Buick et al.,
1998; Bekker et al., 2001), Francevillian province,
Gabon, of west Africa (Gauthier-Lafaye and Weber,
1989) and Western Australia basins (Lindsay and Brasier,
2002).

The Paleoproterozoic Ô13Ccarb positive excursion has a
global character, but no occurrence in South America and
India had been thus far registered until recently.
Maheshwari et al. (1999) and Sial et al. (2000) reported
the presence of Paleoproterozoic Ô13Ccarb positive
excursion for the first time in India and Brazil
subcontinents. Sreenivas et al. (200 l) also provided C
isotope data for Paleoproterozoic carbonates from
Aravalli Supergroup, India. This study discusses the C
isotope anomaly in early paleoproterozoic shallow-water,
marine carbonates of India and Brazil.

C-ISOTOPE STRATIGRAPHY
EVALUATING DATA QUALITY

In regional meta-morphic terrains, Ôl80 and Ô13C
depletions are generally less pronounced (Rye et al.,
1976; Valley, 1986) and the cause and timings of the
isotopie depletions are less clear. In the Adirondacks,
granulite facies marble has oxygen and carbon isotopie
compositions that are sirnilar to those of
unmetamorphosed Grenville-age limestones (Valley and
O'Neil, 1984). In contrast, metamorphosed carbonates in
other regional metamorphic terranes are variably depleted
in Ôl80 as a result of synmetamorphic fluid infiltration
(Wickham and Taylor, 1987; Cartwright et al., 1995);
premetamorphic magmatism (Buick and Cartwright,
1996), premetamorphic diagenesis (Rumble et al., 1991),
or a combination of these processes. Ô13C is much more
difficult to change than ÔI80 in a rock system-the relative
masses of C in rock vs diagenetic fluids is typically such
that Ô13C compositions will be buffered to rock values
(Banner and Hanson, 1990). As -such, oxygen isotopic
compositions of the carbonate will be altered upon

diagenesis at a much quicker rate than carbon isotopie
compositions.

There is no correlation between Ô13C and Mn/Sr as
weIl as between Ôl80 and Mn/Sr for aIl studied samples,
as expected for samples not affected by meteoric
alteration that tends to increase Mn contents while
decreasing Sr contents.

BRAZIL
The Minas Supergroup, Brazil, encompasses, from

bottom to top the Caraça, Habira and Piracicaba Groups.
The Ô13C stratigraphy of carbonate sequences from Minas
Supergroup examined in this study includes the
Gandarela Formation (top of the Habira Gr.), the
Cercadinho Fm (base of the Piracicaba Gr.) and the
overlain Fecho do Funil Fm. The 2.42Ga-old Gandarela
FlP consists of red carbonate BIF at the base of the
st..J.uence, gradually replaced upwards by buff dolomites,
and limestones, locally stromatolitic, in light and dark
gray alternating bands. Carbonates display Ô13Ccarb from
-1.6 to +O.4%OPDB (n=58), the most negative values found
in red dolomites in contact with the underlying, finely
laminated, Cauê banded iron formations. Gandarela
carbonates from the Heargraves quarry yielded Ô13Ccarb
from -1.4 to -0.6%OPDB (n=28). In the Cercadinho Fm.,
Ô13Ccarb varies from +3.3 to +4.2 %OPDB (n=IO), and
values decrease erratically with depth (Fig. la).

The Fecho do Funil dolomites (2.11 ± 0.11 Ga,
deformation/metamorphic age) were probably deposited
within the time span for the Lomagundi positive
excursion age of the Kaapval craton, Africa. The sampled
section of this Formation consists, at the base, by fine
grained, stromatolite-rich white and pink dolostones, and
then by fine-grained white marble. Stratigraphically
collected samples show positive and remarkably
homogeneous Ô

13Ccarb values (+6.0 to +6.5%oPDB, n=47)
(Fig. lb). Oxygen isotopes are also fairly constant (-9.7 to
-1O.8%oPDB) and show a trend that is rather antipathetic to
the variation in C isotopes. These high Ô13Ccarb
carbonates show little scatter, relatively shallow trend on
Ô13Ccarb vs Ôl80 diagram, consistent with low-grade
metamorphic decarbonation. The elevated C-isotope
values were least reset and probably reflect their protolith
composition, rather than subsequent diagenetic or
metamorphic processes. Carbonates from the Fecho do
Funil and Cercadinho formations are a proxy, in South
America, for the global Lomagundi phenomenon.
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Figure 1. C- and O-isotope chernostratigraphic curves for the Cercadinho Fm (Fig. 1a) and Pecho do Funil (Fig. ] b) Fm.,
Minas Gerais, Brazil.

INDIA
Carbon-isotope measurements have been carried out

on nearly 150 carbonate samples from different localities
of the early Proterozoic Aravalli craton, western India
(Fig. 2). Although Aravalli Supergroup carbonates are
dolomitic in composition, dolomite is generally
considered as a diagenetic mineraI. Nonetheless, there is
growing evidence that precipitation of dolomite in the
Precambrian was either coeval with calcite or that
dolomitization was an early diagenetic phenomenon
caused by waters isotopically comparable to that of
seawater (e.g. Veizer and Hoefs, 1976; Veizer et al.,
1992; Kah, 2000).

The Aravalli rocks of study areas have suffered low to
very low grade of regional metamorphism to greenschist
facies (Sharma, 1988). Oxygen isotopie compositions
preserved in Aravalli Group carbonates are fairly
consistent with "Ieast altered" isotopie compositions from
many other Precambrian carbonate successions and
suggest that the rocks have undergone relatively lit~le

post-depositional exchange. Therefore, it is unlikely that
the carbon isotopie compositions have changed much
from their primary depositional compositions.

Carbonate rocks from Bari Talab are characterized by

o13C values up to 4.4%OPDB. Although 0 180 values of Bari
Talab carbonates are quite low (-12.6 to -16.4%oPDB),
these values may be attributed to their intimate
association with Delwara volcanic rocks as contact
metamorphosed carbonate rocks corrunonly exhibit large
depletions in 0 180 (Valley, 1986). Iswal dolomites 'show

8J3C values up to Il.2%oPDB with an average o13C of +

9.1 %0 with o13C values ranging between +8 and

+ lO%opDB' 0 180 in Iswal dolomi tes ranges from -12.4 to 
8.1 %OPDB' The carbonates from Babarmal have relatively
high 8180 values (-7.0 to -12.1%0, averaging -8.0%OPDB)
and 813C values between + 0.05 and +3.2%oPDB'

The C-isotopic values from Babarmal (up to
+3.2%oPDB) and Bari Talab (up to +4.4%0 PDB) are
significantly lighter than values recorded in Iswal strata
(+ 11.2%opDB)' The difference in C-isotopic values of
carbonates from different study areas are most likely
attributed to their different stratigraphie position within
the Jhamarkotra Formation of Aravalli Supergroup.
Carbonates strata from the study areas do not occur as a
continuous sequence. In the absence of age constraints,
the stratigraphie position of these carbonates has been
deciphered mainly from field observations. The Iswal
dolostones, however have been assigned an age of 2.1 Ga
(Sreenivas et al., 1999). On the basis of lithological
setting, the Bari Talab carbonates are interpreted as
stratigraphically lower than Iswal carbonates, and the
Babarmal carbonates are interpreted to be youngest strata
among study areas. This stratigraphie observation also
gets support from the fact that the carbon isotopie
compositions of Bari Talab carbonates are clearly
enriched with respect to the Babarmal region. The overall
trend of the carbon-isotopie profile along three studied
stratigraphie sections shown in figure 2 indicates that the
carbon isotopie compositions in Jhamarkotra Formation
of Aravalli Supergroup varies from ~3%0 to >9%0 within a
short stratigraphie interval.
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Figure 2. C-isotope chemostratigraphic curves for Paleoproterozoic Fms., Aravalli craton, India.

DISCUSSION
Instead of being primary depositional feature, elevated

o13C values could be due to diagenesis. However, bunal
and meteoric diagenesis typically results in shifts toward
lower o13C values (Marshall, 1992; Saltzman et al.,
1998). Moreover, studies of Paleoproterozoic carbonates
suggest that diagenetic shifts in o13C are typically
markedly smaller « 1%0) than in Phanerozoic equivalents
(Strauss et al., 1992). Similarly, dolomitization of ~2 Ga
Proterozoic mixed dolomite-calcite carbonates elsewhere
appears to be associated with very slight lowering of o13C
values (-1%0; Schidlowski et al., 1976) and, therefore,
are unlikely to have resuJted in the elevated ol3C values
observed in this study.

The high positive ol3C values up to + Il.2%oPDB, from
the early Proterozoic Aravalli Craton, western India,
coincide with the appearance of stromatolites and the
development of 'red beds'. These observations support
global paleoenvironment change during the
Paleoproterozoic, as reported from other parts of
Gondwana-land.

One possible interpretation for this positive o13C
anomaly in the lndian carbonates is that it is a
consequence of a large-scale sequestration and/or bunaJ
of organic 12C in the lower compartment of a stratified
ocean that progressively increased the heavy complement
in the surface waters (Schidlowski and Todt, 1998).
Melezhik et al.( 1999) presented a detaiJed overview on
the record and characteristics of the Lomagundi
phenomenon and pointed that there is a close association
of l3C-rich carbonates with abundant stromatolites, and
that it corresponds with substantial increase in the level of
atmospheric O2.

No c1ear evidence was found for the triad early
paleoproterozoic glacial events of the (2,45 -2.22Ga
interval) recognized in North America. C-isotope patterns
for carbonates of the Minas Supergroup suggest that the

Gandarela Fm. was deposited around 2,4Ga; the moderate
C-positive anomaly of the Cercadinho carbonates
suggests deposition around 2.3 and the Fecho do Funil
carbonates were deposited probably around 2.2 Ga.

The carbon isotopic compositions of Paleoprotero
zoic carbonates of the Aravalli craton and Fecho do Funil
and Cercadinho Formations of Brazil and their
similarities with Paleoproterozoic strata from other
continents strongly support current hypotheses suggesting
significant global paleoenvironmental change during the
Paleoproterozoic. The new C and 0 isotopic data
generated under the present study contribute to the
knowledge of the geochemistry of the global ocean
during the Paleoproterozoic.
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GEOTECTONIC SETTING
The deposition of the Neoproterozoic sedimentary

sequences in South America, sorne of which are hosting
base metal deposits, took place as a consequence of
extensional events that occurred during the fragmentation
of the Rodinia supercontinent between 900 and 600 Ma.
Although associated with the closure of the Pan-African
Brasiliano rift system (-900 to 500 Ma, Porada, 1989),
the Neoproterozoic basins were essentially formed by
extensional processes. In this sense, Condie (2002)
suggested that the overall processes that led to the
Rodinia formation and breakup, along with the
subsequent assembly of Gondwana may be considered a
unique cycle, although overlaps between each stage did
occur. The diachronie history of the Pan African
Brazilian orogeny in South America was pointed out by
Brito Neves et al. (1999).

The Neoproterozoic sedimentary basins are shown in
Figure 1. The sequences are distributed in the following
geotectonic settings:

1. Carbonatic and siliciclastic sequences deposited
on tectonically stable terranes (cratonic areas): (a)
on the Sao Francisco Craton (Brazil): Bambuf and
Una groups (Sao Francisco, Irecê and Una-Utinga
Basins) and Rio Pardo Group (Rio Pardo Basin);
(b) on the Amazonas Craton: Alto Paraguay,
Corumba, Murciélago, Itapucurni, Tucuvaca,
Jacadigo, Boqui groups and Araras and Puga
Formations, in the marginal basins of the
Paraguay Belt; (c) on the Rio de La Plata cratonic
area: Arroyo deI Soldado, Puncoviscana and La
Tinta or Sierras Bayas groups.

2. Intensely deformed siliciclastic and carbonatic
sequences in passive margin basins surrounding
the cratonic areas: Cuiaba Group (Paraguay Belt),
Ibia and Vazante groups (Brasilia Fold Belt),
Miaba, Canudos and Vasa Barris groups (Sergipe
Fold Belt), Açungui Group (Ribeira Fold Belt),
Macaubas Group (Araçuaf Fold Belt), and
Porongos Group (Dom Feliciano Belt).

3. Siliciclastic + volcanic-volcanoclastic infills in
basins associated with fold belts in tectonically
active settings: Born Jardim, Camaqua, Fuente deI
Pluma groups (Dom Feliciano Belt).

AGE CONSTRAINTS
The most significant age constraints available for the

Neoproterozoic sediments are the following:
• V-Pb SHRIMP age of 950 Ma obtained in detrital
zircons extracted from basal diarnictite of glacio-marine
origin within the Araçuaf fold belt may be considered
the upper age lirnit of the glaciation. Pedrosa Soares et
al. (2000) attributed this value to a magmatic episode
during a rifting event.
• Based on Rb-Sr age deterrnination Macedo (1982) and
Macedo and Bonhomme (1984) suggested a time
interval of 667 ± 30 to 932 ± 30 Ma for the glaciogenic
basal sediments of the Una Group (Bebedouro Fm.).
• From the Rb-Sr isotopie dating of pelitic sediments
the same authors suggested a time interval of 560 to
770 Ma for the sedimentation of the carbonate sequence
above the glaciogenic units of the Una Group.
• Babinski et al. (2002) obtained a Pb-Pb isochron age
from well-preserved carbonates of the Bambuf Group of
740 ± 22 Ma. (MSDW = 0.66), and interpreted it as the
depositional age.
• The lower age lirnits are represented by Vendian
fossils of the genus Cloudina and Corumbella (580 to
543 Ma.) reported in the Corumba and Arroyo deI
Soldado groups by Zaine (1991), Boggiani (1998) and
Gaucher et al. (2003), among others.

CHEMOSTRATIGRAPHIC CORRELATION
High resolution isotope stratigraphy may be a

powerful tool for solving important controversies of the
Neoproterozoic successions, specially related to regional
and global stratigraphie correlations, and to the age of
sedimentation. Adequate use of chemostratigraphic data
depends on the existence of high quality stratigraphie
sections and of detailed petrographie and geochernical
investigation, allowing for accurate interpretation of
diagenetic processes and extent of sample alteration. In
this study we have used samples with clear indication of
good preservation, on the basis of trace element
deterrnination. Only samples retaining the lowest Mn/Sr
ratios « 1) and/or the highest Sr concentration (>500ppm)
were selected, specially in consideration of their 87Sr/86Sr
ratios. The preservation of the carbon isotope signal is
possible, even in conditions not favorable for 87Sr/86Sr
preservation. On the other side, for the oxygen isotopes,
the signal is reseted during recrystallization.
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Figure 2. 1)t)C and 87Sr/86Sr evolution of Neoproterozoic seawater according to Jacobsen and Kaufman (1999). V J, V2: upper and
lower Vendian glaciations; SI, S2: upper and lower Sturtian glaciations. 1 - Range of 87Sr/86Sr least radiogenic values in the
following groups: Anoyo deI Soldado (Yerbal Fm.), Cuiabti (Araras Fm.), Vazante, Bambui and Una. 2 - Least radiogenic

values of 87Sr/86Sr in the Corumbâ Group. 3 - Range of 1) DC positive excursions in the Groups: Vazante (Upper
Pamplona Fm.), Bambui (Lagoa do Jacaré Fm.) and Una (AI Unit). The black dot, indicates the only samples

with unequivocal geochronological markers (Vendian fossils) from the Corumbâ Group.

Three mega-stratigraphic sequences are represented in
the cratonic as weil as in the passive margin basins (1 and
2 above) by the following respective mega-sequences:
The Glaciogenic Sequence, the Carbonate/Siliciclastic
Sequence and the Molassic-Type Sequence. They are
separated by unconformities, and within each mega-unit
there are other secondary boundaries that may be useful
for regional correlation purposes (Misi, 2001).

At least two transgressive-regressive marine cycles
appear to have occurred during the evolution of the
Carbonate/Siliciclastic Sequence above a glaciogenic
diamictite (Sturtian glaciation?). They are represented by
two shallowing-upward sub-sequences. The first sub-unit
initiated with cap dolomites and laminated limestone and

terminated by an extensi ve sub-aerial exposure with the
occurrence of dolostone with tepee structures. The zinc
lead deposits of the Vazante, Bambul and Una groups are
associated to the end of this first cycle (Misi et al., 1999).
The second sub-sequence is represented by mar! and
shale followed by black oolitic and pisolitic limestone. A
glaciogenic diamictite is present in the Corumbâ Group at
a stratigraphic position probably situated at the end of the
first sub-sequence, but there is no direct evidence of this
second glaciation (Varengerian?) in the other sections,

except for the negative S13C values in the Upper
Pamplona Fm. (Vazante Gr.) and in the B 1 Unit of the
Una Group.
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87Sr/86Sr determinations of weIl preserved carbonate
samples permit a better correlation. Excepting for the
Corumbâ Basin, the 87Sr/86Sr least radiogenic set of data
range from 0.70684 to 0.70780 suggesting that the age of
sedimentation are between the Sturtian (~750 Ma) and
the Varanger ice age of ca. 600 Ma ago, or have been
deposited immediately after the tirst Varanger glaciation
(Jacobsen and Kaufman, 1999) (Fig. 2 B). In the
Corumbâ Basin, the best preserved carbonates of the
Polanco and Tamengo Formations (Corumbâ Group)
show ratios around 0.70850 (Boggiani, 1998), suggesting
that the sequences are younger (Fig. 2 B). This is
contirmed by the presence of Vendian fossils (Boggiani,
1998; Gaucher et al., 2003).

oUC and olSa studies in the same sequences revealed
sorne remarkable excursions that may also be used for
stratigraphic correlation:

a. oUC negative excursion with values ranging from
-2 to -6%0 PDB in different sections, present in the
cap carbonates at the base of the Vazante, Bambui
and Una groups. These negative excursions are
normaIly observed in post-glacial Neoproterozoic
carbonates worldwide. Another negative carbon
isotope excursion appear to occur in dolostone at
the top of the tirst sub-sequence, suggesting the
existence of a second glaciation at the end of the
tirst transgressive-regressive cycle. This could be
represented by the diamictites of the Puga
Formation (Corumbâ), but the only possible
indication in the other sequences are the negative
o13C excursions in the Vazante and Una groups.

b. o13C positive excursion ranging from +4 to +14%0
PDB in different sections, immediate1y above
dolostone with teepee structures in the second
cycle, present in the Vazante, Bambui and Una
groups (Fig. 2 A).

c. Increase in the olSa positive values observed in
the shallow water dolomite at the top of the tirst
sub-sequence, contirming the evaporative nature
of the sedimentary environment due to sub-aerial
exposure.

The 034S data obtained from sulfate mineraIs and trace
sulfates of carbonate samples from most of the sequences
- varying from +15 to + 46%0 CDT - are consistent with
known Neoproterozoic changes.
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INTRODUCTION
The Neogene successions of the Santa Maria-Hualffn

Basin, Argentina (Fig. 1) have yielded consistent
evidences of Ô13C and Ô 180 paths that could be used to
adjust correlation between stratigraphic sections (Fig. 2a).
Isotopic changes at 9-3 Ma interval were assigned to
moisture stress responsible for C3 to C4 vegetation
transition (Latorre et al., 1997) that was assumed to be
global for the Neogene times. Kleinert and Strecker
(2001) analyzed the Santa Maria Valley data (a composed
12-3 Ma section 180 km to the NNE of the study area),
and concluded that the observed changes in the C and 0
isotope composition are related to the uplift during the
Andean Orogeny that induced a climate shift toward
aridity. They also aceepted the possibility that a
vegetation change from C3 to C4 occurred into the 9 to 3
Ma interval. The paleogeographic evolution of the basin
from an extensional regime (shallow hernigraben style of
basin filling) to a tectonic inversion around 4.5-5 Ma
elevated the eastem border mountain ranges (Bossi et al.,
2001). This uplift reduced progressively the influence of
the southeastem hurnid winds coming from the Atlantic
Ocean, which is the main supply of rain for NW
Argentina in the present time climate. The moisture stress
induced the vegetation shift from grasses (C3) to a scarce
cover of spiny bushes, trees and shrubs (C4) or a mixture
of C3/C4 components (Quade et al., 1993). Through 9 to
4 Ma interval, the basin was defined as savannah plain
(Marshall and Patterson, 1981) with dense cover of
grasses and tree patches being the main support of the
rich vertebrate fauna of the Santa Maria and Puerta de
Corral Quemado sections. The fauna was assigned to
Huayquerian mammal age. The fauna persisted up into
younger times (4 Ma) and became mostly relictic after 6
Ma. Probably the tectonic inversion located in 5-4 Ma
time showed in paleogeographic modification leading up
to progressive aridification. Many changes operated in
vegetation population, rivers' regime and relief lead to a
decline and final extinctions of the fauna.

METRODS
Samples were taken in the field as carbonate nodules,

calcretes (normally sandy irregular bodies) and
rhyzoconcretion (sandy to massive carbonate with gross
cylindrical shapes). Many fine sandstone and siltstones of
floodplain deposits present pedogenic carbonates. Most
of them are also associated with root clayish fillings
and/or mottled massive sediments.

Table 1: Stable isotope composition of calcretes, carbonate
rhyzoconcretion and nodules from Cerro Pampa section.

Stratigraphie Profile . p180 .Ô13C
Sample Units height PDB PDB

(Formations) (m) (%0) (%0)

C-36 Hualffn 21.46 -7.43 -4.50
C-34 Hualffn 53.36 -11.52 -5.94
C-37 Hualffn 70.86 -11.00 -6.05
C-38 Hualffn 105.04 -9.82 -6.60
C-35 Hualffn 134.14 -10.56 -8.06
C-32 Hualffn 231.39 -9.81 -8.33
C-31 Hualffn 318.16 -9.05 -7.67
C-30 Las Arcas 341.10 -11.97 -8.09
C-29 Las Arcas 431.89 -10.83 -6.83
C-28 Las Arcas 441.09 -9.88 -7.53
C-27 Las Arcas 481.47 -10.42 -7.10
C-41 Las Arcas 524.67 -9.07 -7.16
C-42 Las Arcas 581.65 -9.04 -7.74
C-43 Chiquirnil 691.62 -7.66 -7.44
C-13 Chiquirnil 732.91 -6.56 -9.89
C-44 Chiquimil 743.34 -7.91 -9.44
C-45 Chiquimil 746.71 -6.88 -10.31
C-14 Chiquimil 814.06 -8.81 -11.51
C-15 Andalhuala 888.31 -9.56 -5.84
C-16 Andalhuala 912.11 -7.83 -9.28
C-17 Andalhuala 941.51 -7.43 -8.68
C-20 Andalhuala 1079.16 -7.09 -7.50
C-22 Andalhuala 1216.68 -6.27 -7.29
C-25 Andalhuala 1340.10 -5.62 -7.27
C-26 Andalhuala 1350.60 -4.78 -7.65
C 5-2 Andalhuala 1359.34 -5.95 -7.70
C-3 Andalhuala 1359.49 -12.51 -8.15
C-23 Andalhuala 1361.96 -5.57 -8.30
C 39-6 Andalhuala 1388.05 -5.42 -7.09
C 65-7 Andalhuala 1411.92 -6.05 -7.17
C 80-8 Andalhuala 1426.42 -5.29 -6.87
C95-9 Andalhuala 1442.10 -5.51 -8.34

The isotope analysis (A.N.S. at the NEG-LABlSE,
UFPE, Recife, Brazil) started with 10-20 mg of powdered
sample reacted with 100%-ortophosphoric acid by 2
hours. The liberated CO2 was collected through a vacuum
extraction line and the Ô13C and Ô180 values analyzed
with a mass spectrometer SIRA II (VG-ISOTECH). Data
are reported in the Ô notation in %0 relative to PDB, and
presented in Table 1 and also as curves (smoothing of
three points) with individual points in figure 2b.
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THE CERRO PAMPA SECTION
The Cerro Pampa section (Fig. 1) is a Tertiary

stratigraphic succession (Fig. 2a). The reduced
stratigraphic thickness (1,600 m) and the disconformities
that punctuated the succession indicate a position on the
ramp of a hemigraben, developed to the west, which has
its maximum thickness around the town of Puerta de
Corral Quemado (located around 20 km to the WNW).
The section (Fig. 2a) could be correlated with the Puerta
de Corral Quemado (and Villavil) successions using
several stratigraphic similarities and three prominent
stratigraphic markers (Fig. 2 a,b). (I) The contact (and
disconformity) at the base of Las Arcas Formation (red
fine sandstone and shale), located at 10.7 Ma (Kleinert y
Strecker, 2001); (2) The contact (or disconformity)
between the Chiquimil Formation and the Andalhuala
Formation (known also as the yellow line) that define the
final decline of the andesite intrabasinal volcanism. The
age of the limit is marked by the proximity of the 7.14
Ma tephra (Latorre et al., 1997). (3) The disconformity,
(an angular unconformity at Cerro Pampa area) at the
base of the Corral Quemado Formation, defined by the
massive entrance of conglomerates derived from
Crystalline Basement. This limit was located around 3.5
Ma in Villavil-Corral Quemado area (Muruaga, 1998,
2001) and at 3 Ma by Kleinert and Strecker (2001) at
Santa Maria Valley. Many other regional and
stratigraphic considerations support also those contact
ages.

The Cerro Pampa section shows many primary
sedimentary features in their facies that indicate a
progressive aridity toward the upper units. The ol3C and
0180 data, taken from calcretes, rhyzoconcretions and soil
nodules along the section, produced a clear signature that
is consistent with the Puerta de Corral Quemado path
(Latorre et al., 1997). In Latorre et al. section, there are
also sorne age inconsistencies that arose with the actual
location of the 7.14 Ma tephra. According to the
magnetostratigraphy of Butler et al. (1985), it should be
located in a long reverse interval around 7 Ma (GMTS of
Cande and Kent, 1992, 1995) but it was positioned in
front of a thick normal interval placed weIl below the
normal 7 Ma interval of the CK92 scale.

Comparison between the isotope curves of Puerta de
Corral Quemado, Valle de Santa Maria and Cerro Pampa
sections were made using equal interval distance for the
stratigraphic markers (disconformities and/or low angle
angular unconformities in the Cerro Pampa section)
mentioned above. The allostratigraphic correlation
produced two positive effects: a) equalized the three
sections to be compared, and b) produced a reasonable
event time scale for the 9-3 Ma interval not complicated
by individual age extrapolation for every soil carbonate
sample.

Figure 2b presents the ol3C and 0180 smoothed paths
of the compared three sections and confirmed the
correlation potential of the C and a isotope data. Latorre
et al. (1997) located the C3-C4 vegetation transition at
ol3C = -8.0%0 limit value. Such a transition is also present
in the Cerro Pampa data, but is a minor detail considering
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other variation features of curves as a whole (Fig. 2b).
First, there is a strong correlation between pebble
composition of the Cerro Pampa section and the stable
isotope paths (Figure 2b). The curves have three
important negative excursions both for C and a isotopes
around the correlation stratigraphic markers, being peak
of marker (2) the most prominent (Fig. 2b). The
correlation is particularly strongly positive with the
volcanic pebble composition. Associated with this peak,
there is a higher dispersion of individual data, a feature
repeated in the three considered sections (Cerro Pampa,
Puerta de Corral Quemado and Santa Maria Valley). The
peak of marker (2) represents also the massive onset of
clastic material from volcanic sources.

The isotope path of lower units below 9 Ma is poorly
correlated probably because ages are coming from
indirect evidences and regional correlations and need to
be adjusted.

The isotope curves of the two complete sections
(Cerro Pampa and Santa Maria Valley) present a very
complex pattern which explanation goes far than a simple
shift between the C3 and C4 vegetation types and
moisture stress. This factor could explain only the
behavior of the upper third of the curves. The data
dispersion of the lower two third should be related with
the contributions of relief (affecting in turn the climate
and moisture levels), changes of volume, texture,
chemical and mineralogical compositions of the source
materials.

It is important to remark the vicinity of the Puerta de
Corral Quemado and the Cerro Pampa sections to the
huge volcanic center known as Farall6n Negro Complex.
The volcanic centre was active during the Il to 6 Ma
interval (Caelles et al., 1971). The Villavil section
(Muruaga, 1998, 2001), located 20 km north of Puerta de
Corral Quemado, presents a very similar pebble
composition with Cerro Pampa succession. The Puerta de
Corral Quemado section is located between the two of
them.

It is obvious that the intrabasinal volcanism is in part
responsible for the observed isotope paths. The strong
volcanism could induce part of the climatic and soil
modifications that affected the ol3C and 0180 paths in
carbonates around 9 Ma. After the tectonic inversion
started (5-4 Ma, Bossi et al., 2001), the ol3C ançl 0180
paths should be related to uplift and climatic changes by
emplacement of mountain barriers.

Finally we confirmed the power of defined
allostratigraphic markers combined with stable isotope
data as a tool to refine stratigraphic correlations.
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INTRODUCTION
The reconstruction of the original stratigraphy of

Precambrian sequences, whose sedimentary structures
and original relationships of their strata have been
masked or obliterated by metamorphism and
deformation, is very complex. Lack of fossil record is an
additional complication and precludes dating of the
sedimentation as weIl as, inter- and intra-basinal
stratigraphic correlation. Petrographical, geochemical and
structural studies are, sometimes, tools to minimize these
problems, allowing inferring, beyond deforrnation and
metamorphism, the nature of protoliths and their original
relationships. C and Sr chemostratigraphic studies
applied to Precambrian marbles have helped to establish
stratigraphic correlation between strata and also to
estimate the age of sedimentation (Melezhki et al., 2001).
Radiogenic dating methods applied to sedimentary
carbonate rocks that have undergone thermal events,
generally yield the age of the last thermal event. The
combined use of C and Sr isotopic composition of
carbonatic rocks, instead represent an additional tool that
can be used to estimate depositional ages. Ages of
deposition of marine carbonates, submitted to
metamorphism at variable degree, have been estimated by
comparing their C and or Sr isotope chemostratigraphic
curves with the global, secular C and Sr variation curves
for seawater (e.g. Melezhki et al., 2001).

GEOLOGICAL SEITING
The Serid6 Belt, localized in the northeastem part of

the Borborema Province in northeastem Brazil (Fig. 1),
has been the target of several studies in the last two
decades. This Belt encompasses a vuleanosedimentary
sequence that was deposited on a Paleoproterozoic
basement. It was subsequent!y affected by strong
transpressional deformation, intrusion of. voluminous
granitic magmatism and reworking by transcurrent
structures that imparted a N-NE trend to the Belt (Fig. 1).
Intense deformation poses sorne difficulty in the
reconaissance of original stratigraphic relationships and
has led to divergent interpretation of the age of
sedimentation, stratigraphy and evolution of the
supracrustal rocks.

The stratigraphic column proposed for this Belt
(Jardim de Sa and Salim, 1980) includes aIl
metasedimentary rocks in the Serid6 Group, subvided in
three formations, from base to top (Fig. 1): (a) the
Jucurutu Fm. (gneisses with intercalations of marble,

quartzite, micaschist, cale-silicate rocks, iron formations,
metavoleanic rocks and basal conglomerate); (b) the
Equador Fm. (quartzite with meta-conglomerate lenses,
cale-silicate rocks and paragneisses) and finally, (c) the
Serid6 Fm. (feldspathic or aluminous micaschists, with
subordinate marble, cale-silicate rocks, paragneiss, basic
metavo1canic rocks, quartzite and meta-conglomerate).
The association of marble, iron formation, and the
ca1citic-quartzitic tendency of the paragneisses of the
Jucurutu Fm. (quartzite-pelite-carbonate association)
point to deposition in a shallow marine environment. The
Equador Fm. represents the terrigenous component of this
shallow marine association (still in the quartzite-pelite
carbonate association), perhaps deposited under stable
condition, whereas micaschists of the Serid6 Fm.
represent a thick package of turbiditic, flyschoid deposits
(graywacke-greenstone association with predominance
the sedimentary component) marking the inversion of the
basin (Jardim de Sa, 1994).

The age of the Serid6 Group rocks has been
investigated in several studies. Sm-Nd isochron data for
basic metavo1canic rocks of the Jucurutu and Serid6 Fms
yielded extremely old ages (3.027 ± 0.525 Ma and 1.399
± 0.110 Ga, respectively - Jardim de Sa, 1994). Indirect
dating of supracrustal rocks was obtained from granitic
orthogneisses, regarded as intrusive into the Serid6 Group
with ages between 2.0 and 1.9 Ga (Rb-Sr and V-Pb).
However, the relationships between these intrusions and
their metasedimentary hosts are far from unequivocal
because contacts are usually marked by shear zones
(Archanjo and Legrand, 1997). Detrital zircon ages for
Serid6 micaschists indicate contribution from sources as
younger as 650 Ma (Van Schmus et al. 2000), and
establish a late Neoproterozoic maximum age for the
deposition of the original sediments.

Considering the difficulty in establishing a
chronological sequence of events in the Serid6 Belt based
on radiogenic methods, we suggest that Sr and C-isotope
chemostratigraphy applied to the Serid6 marbles may
contribute to address this problem and help establishing
the age of sedimentation.

PETROGRAPHY OF THE SERIDO BELT
Lenses of marble are largely distributed within the

Serid6 Bell. In the Jucurutu Fm., marble lenses are
abundant and occur in two or three stratigraphic levels,
one of which near the base of the sequence (Jardim de Sa,
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1994). In the Serido Fm., due to the tectonic nature of the
original basin, considered to be an inversion sequence,
marble lenses are scarcer and are found only near the
base of the sequence.

Marbles of the Jucurutu Fm. occur as metric to
decametric lenses of predominantly massive, in places
compositionally banded (white and gray bands in a zebra
like pattern) rocks. In the seven marble lenses sampled
for this study (Jucurutu, Sao Rafael, Caico-Jardim do
Serido, Vârzea-Sao Joao do Sabugi, Ipueira, Messias
Targino and Almino Afonso lenses; Fig. 1) the silicate
minerals are observed and are more abundant close to
contacts wich pelitic metasedimentary rock. Amphibole
is the most abundant among the silicate minerais and
varies from tremolite to Mg-hornblende and edenite.
Pyroxene is usually represented by diopside, and
wollastonite .was found in lenses near granitic plutons,
and in marbles with intercalations of cale-silicate rocks
and pegmatite dikes. Phlogopite, clinozoisite and
forsterite were found in sorne lenses as rare accessory
phases.

In the Serido Fm., only two marble lenses have been
sampled: Sao Mamede and Serra do Cruzeiro da
Maniçoba (Fig. 1). The Sao Mamede is compositionally
banded, and has been tightly and asymmetrically folded.
It is constituted by calcite marbles with tremolite and
sillimanite, the latter disposed according to the fold axial
planes, in the contact zone with schists. The Serra do
Cruzeiro da Maniçoba marble lens consist of pure
marbles, essentially caleitic, with sorne quartz and
opaques as rare accessory phases.

C- ISOTOPE GEOCHEMISTRY
Three stratigraphically distinct levels of carbonate

lenses can be recognized in the Jucurutu Fm. based on
their 013C values. The first one is observed in the
Jucurutu, Caico-Jardim do Serido, Ipueira and Vârzea
Sao Joao do Sabugi marble lenses, with 013C values
between +2.8 and + 11.8%0 PDB and 0180 between -20.3
and -5.6%0 PDB. Silicate minerais are more common in
marbles near their contact with pelitic metasedimentary
rocks. Comparing the C-isotope and mineralogical
compositions of the marbles, there is a close relationship
between the amount of silicate and the depletion in 13e. If
altered samples are discarded (013C <7.8%0 PDB) the first
carbonate sedimentation level of the Jucurutu Fm.
displays 013C between +8.3 and + Il.8%0 PDB (Fig. 2).

The Almino Afonso marble lens represents the second
level of carbonate sedimentation. o13C in this lens varies
from -l.l to +8.7%0 PDB and 0180 from -19,1 to -5.7%0
PDB. The negative values are found at the base of the
section, in marbles with wollastonite and pegmatitic veins
and cale-silicate nodules. The mineralogical constitution
of the samples more depleted in 13C (sample with
wollastonite and cale-silicate nodules), demonstrates a
large amount of fluid infiltration. This fluid allowed, by
means of decarbonation reactions, the formation of
wollastonite and subordinate Mg-olivine, resulting in the
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modification of the original o13C and 0180 isotope
signatures. In samples consisting of essentially by caleite

13 'o C values vary from +7.6 to +8.7%0 PDB (Fig. 2) and
0180 from -10,9 to -5.7%0 PDB.

The Sao Rafael and Messias Targino marble lenses
define the third level of carbonate sedimentation. The
Messias Targino marbles present a very homogeneous
isotope composition with 013C values from +2.3 to 3.7%0
PDB that apparently were not affected by modification of
the isotopic composition (Fig. 2). The Sao Rafael
marbles, on the other hand, are characterized by strong
variation of their C and a isotopic compositions. The
ol3C varies from -8.9 to +3.8%0 PDB and 0180 from -10,3
to -2.8%oPDB. Excluding the altered samples o13C and

18 'o a values for the Sao Rafael marbles, are between +0.7
and +3.8%oPDB (Fig 2) and -10.3 to -5,5%0 PDB
respectively.

In the Serido Fm., the two lenses sampled gave
distinct 013C composition. The Sao Mamede lens has
013C values between +4.4 and +10.7%0 PDB and 0180
from -9,4 to -6.9%0 PDB, with lowest values located near
the contact with the host schist. In these samples, the
silicate mineralogy is represented by tremolite,
phlogopite and sillimanite in the more 13C-depleted
samples. If altered samples were discarded, 013C would
be in the interval between +8.9 and + 10.7%0 PDB (Fig. 2)
and 0180 between -9.4 to -6.9%0 PDB.

The samples from the Serra do Cruzeiro da Maniçoba
lens have negative 0 13e. The 013C values are very
homogeneous, varying from -4.0 to -4.6%0 PDB (Fig. 2)
and 0180 from -16.4 to -15.2%0 PDB. Silicate minerais
are absent in these marbles.

Sr-ISOTOPE GEOCHEMISTRY
Th 87S 186 • .e r Sr ratIOs have been determmed for the

Jucurutu and Messias Targino lenses, intercalated in the
Jucurutu Fm., and Sao Mamede and Serra do Cruzeiro da
Maniçoba lenses, intercalated in the Serido Fm..

The Jucurutu and Messias Targino lenses, although
display variable o13C compositions, and gave similar Sr
isotopic ratios (87Sr/86Sr ratio between 0.7074 and 0.7075;
Fig. 2). The Sao Mamede marble lens, although
intercalated in the Serido Fm., yielded Sr isotope
composition similar to the stratigrafically older marble
lenses of the Jucurutu Fm. (87Sr/86Sr ratios between
0.7041 and 0.7056). In the section of the Serra do
C . dM' b 87S 186S' .ruzelro a amço a, r r IS hlgher and more
variable, with values between 0.7077 and 0.7094 (Fig. 2).

In the Serra do Cruzeiro da Maniçoba lens section, the
gradational increase in 87Sr/86Sr indicates different
degrees of isotopic exchange. When compared to those of
the remaining chemostratigraphic sections it, leads us to
conclude that the isotope exchange was rather limited in
samples with 87Sr/86Sr <0.7080, and by comparison with
the composition of sampies in the Sao Mamede lens
section, samples with 87Sr/86Sr <0.7080 from the Serra do
Cruzeiro da Maniçoba section, have not been discarded
from the chemostratigraphic studies (Fig. 2).
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AGE OF SEDIMENTATION OF THE SERIDO
CARBONATES INFERRED FROM C AND Sr·
ISOTOPE STRATIGRAPHY

The majority of Ôl3C values for the Jucurutu Fm.
lenses are between +8.3 and + 11.8%0 PDB, despite their
distinct geographic locations and the compositional
mineralogical variations. This suggests that the carbonate
sedimentation was spatially and temporally homogeneous
in the Serid6 Belt. The characterization of three
compositional plateaus of ôl3C, characterize more than
one stratigraphie level of carbonate rocks deposition in
the Jucurutu Fm., as already suggested by Jardim de Sa
(1994). The correlation with stratigraphie profiles
proposed by Jardim de Sa (1994), in the region of Sao
José do Sabugi and Ipueira, allows inferring that the
Ipueira marble lens is the oldest, and it is probably
equivalent to the Caic6-Jardim do Serid6, Jucurutu and
V<irzea-Sao Joao do Sabugi marble lenses, as they exhibit
similar C-isotope compositions.

According to the secular C-isotope variation curve
(Hoffman et al. 1998), continuous and vigorous
oscillation in Ôl3C values, from + 11.8 to -4.6%0 PDB, is
restricted to the Neoproterozoic. These are also the
extreme Ôl3C values found in the marbles of the Serid6
Group. A zoom in the Neoproterozoic is seen in the
Fig. 1OA, with vertical areas iIIustrating the composition
interval of the marble lenses studied. Taking into account
the plateau between +8.3 and +11.8%0 PDB as the lowest
depositional level of the carbonate sedimentation in the
Serid6 Beh, a comparison with Hoffman et al (1998) C
isotope variation curve, suggests that the Almino Afonso
lens represents the intermediate stratigraphie level (Ôl3C
between 7.6 and 8.7%0 PDB) and the Sao Rafael lens
forms the upper stratigr~phic level (Ôl3C between 0.7 and
3.8%0 PDB) of the Jucurutu Fm..

In the Serid6 Fm., the intervals of variation of Ôl3C
also demonstrate the existence of more than one
depositional level. Likewise the Jucurutu Fm., the
gradational decrease of Ôl3C values towards the top,
suggests that Sao Mamede lens (Ôl3C = +8.9 to +10.7%0
PDB) represents the base of the Serid6 Fm. and the Serra
do Cruzeiro da Maniçoba marble lens (Ôl3C = -4 to -4.6%0
PDB) represents an upper depositionallevel (Fig. 3A).

The age estimate for the original carbonate
sedimentation of the Serid6 Beh, obtained from the ÔI3C
fluctuations in marble lenses compared with the C
isotope secular variation curve (Hoffman et al., 1998),
suggests that the carbonate sedimentation of the Serid6
Group ocurred in the late Sturtian to early Vendian (640
to 570 Ma, Fig. 3A). However, regarding the general
tendency for a decrease of l3C upsection in ail of the
studied Serid6 Group marbles, the age interval for
deposition of these carbonates most probably lies within
the early Vendian (590 to 570 Ma, Fig. 3A-Imin).

Sr-isotope composition also supports a
Neoproterozoic age for the Serid6 Beh marbles. 87Sr/86Sr
values of 0.7074 to 0.7079, in Precambrian sedimentary
carbonates are typical for the Neoproterozoic. In figure
3B, ages estimated by Ôl3C and by 87Sr/86Sr for the
Jucurutu and Messias Targino marble lenses (Jucurutu
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Fm.) and Sao Mamede and Serra do Cruzeiro da
Maniçoba (Serid6 Fm) are compared.

The 87Sr/86Sr ratios suggest a shorter age interval,
between 610 and 590 Ma according to the trend of
Melezhik et al. (2001) and 580 to 570Ma according to the
global trend of Azmy et al. (2001) (Fig. 3B). In both
cases, the ages estimated lie within the maximum age
interval estimated from C-isotope stratigraphy.

The slight difference in the ages observed for
carbonate deposition in the Serid6 Belt obtained from the
C chemostratigraphy, couId result from the difference in
residence time of Sr and C in the oceans. The residence
time for Sr is estimated to be around 4 Ma (Kaufman and
Knoll, 1995), while for C it is around 105 years (Kump
and Arthur, 1999).

CONCLUSIONS
The progressive decrease of Ôl3C values towards the

top, suggests a continuous sedimentation for the Serid6
Group and synchronism during a certain time interval
between the sedimentation of upper carbonate levels of
the Jucurutu Fm. and the sedimentation ofthe basalleveIs
of the Serid6 Fm.. The age interval (590 to 570 Ma) for
the deposition of the Serid6 Group is in agreement with
U-Pb ages obtained for detrital zircons from the Serid6
Fm. (650 Ma; Van Schmus et al., 2000). These data also
are in agreement with 40ArP9Ar studies of mica and
amphibole by Figueiredo et al. (1992) in supracrustal
rocks that indicate two metamorphic events, the earlier of
high temperature with 544±3 Ma a later event of low
temperature with minimum age of 505-500 Ma.
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Isotopie variations of seawater have been used as
paleoenvironmental markers in the chemostratigraphy of
Neoproterozoic successions and for correlation among
cratonic regions worldwide (Knoll et al. 1986, Dercy et
al. 1992, Narbonne et al. 1994, Kaufman et al. 1997,
Saylor et al. 1998, Walter et al. 2(00). In this paper, we
present carbon (013C) and strontium (87Sr/86Sr) isotopie
data for the carbonate rocks of the late Neoproterozoic
Araras Group, exposed on the southem border of the
Amazon craton and within the North Paraguay Belt. The
Araras Group (Almeida 1964) is more than 600m thick,
and overlies the diamictites of the Puga Formation
(Fig.l). It consists of four formations (Mirassol d'Oeste,
Guia, Serra do Quilombo and Nobres) surnrnarized in a
composite section representative of deep to shallow
platform deposits that crop out around Mirassol d'Oeste
and Caceres, Mato Grosso, Brazil (Fig. l).

The o13C values along the Araras carbonate
succession are interpreted as representatives of the
original ocean water chemistry (0130 > -8%OPDB)' It
exhibits a monotonie trend with strongly depleted 0 l3C
values at the base and enriched compositions towards the
top of the succession (Fig. 2). The deep platform deposits
constitute two units of cap carbonate, the cap dolomite
(Mirassol d'Oeste Formation) and cap limestone·
cementstone (Lower Guia Formation) that show depleted
o13C values around -5%OPDB (Nogueira et al. 2003). The
anoxie deep platform limestone succession (Guia
Formation) that covers the cap succession presents a
homogeneous behavior of 13C isotopie curve, with values
around -2.50 to -1%0. The overlying platform dolomitic
succession (lower Serra do Quilombo Formation) shows
slightly positive values (+0,14 to +0,26%OPDB) in the
shoreface to shallow platform deposits (uppermost part of
the Serra do Quilombo Formation), and oscillates to
slightly negative values in the peritidal facies (Nobres
Formation). The 87Sr/86Sr follows the general trend of C
isotopes, with values increasing upsection (Fig. 2).

Although the values reach 0.7082 at the base of the
succession (Mirassol d'Oeste Formation), a clear
increasing is verified upwards, reaching 0.7081 in the
Guia and Serra do Quilombo formations, and 0.7088 in
the Nobres Formation. Anomalous ol3C values around 
9%0 or higher, and the striking shifts in 87Sr/86Sr up to
0.7113 are observed close to discontinuity surfaces
(Fig.2).

87Srf6Sr values above 0.7081 far from any key
surface at well preserved cap carbonate rocks suggest that
the Puga glaciation correlates to the younger event of the
VarangerlMarinoan glaciation (-575-570 Ma). The
increasing of the 87Sr/86Sr values upsection, as observed
in the Araras Group, is similar to others Neoproterozoic
successions in Narrnbia and Canada, generally interpreted
as post-glacial continental influx to the oceans related to
the Brasilian-Pan-African orogeny (e.g. Hoffman et al.
1998, Jacobsen & Kauffman 1999).

Each strong negative isotope excursion is associated
with a sequence boundary and/or a marine flooding
surface and may provide an independent tool for
estimating ancient eustatic sea-levels. The correlation
o13C and the relative sea-level curves reinforces the idea
of a close association between the paleoceanographic
changes and the paleoenvironmental evolution of the
Araras carbonate platform. Sharp shifts in the isotopie
values record changes in the carbon cycle as well as of
upwelling of deep water masses depleted in ol3C at times
of rapidly changing sea-level caused by post
VarangerlMarinoan déglaciation. The composite C and Sr
isotope stratigraphy of the late Neoproterozoic Araras
carbonate platform records the dramatic
paleoceanographic changes that preceeded the irradiation
of metazoans in Cambrian times.
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Figure 1. Location and geologic map.
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INTRODUCTION
In this paper geochronology and graptolite

biostratigraphy of the Early Paleozoic from Cuyania
Terrane, are used to address its geotectonic and
paleogeographic evolution. The Cuyania Terrane (Ramos
et al., 1986) is a tectono-stratigraphic unit placed in the
central-western part of Argentina, which includes the
Precordillera of La Rioja, San Juan and Mendoza
Provinces (Furque & Cuerda, 1979), the Sanrafaelino
Pampean geological Province (Criado Roque & Ibâfiez,
1979), including the San Rafael and Las Mahuidas
Blocks, and the Angaco Belt (Vujovich & Ramos, 1994),
as part of the western Sierras Pampeanas. This terrane has
special significance in the Early Paleozoic geotectonic
evolution of Western Gondwana (Ramos et al., 1984,
1986; Astini et al., 1996). In this scenery, the widely
accepted model of the Cuyania (=Precordillera) terrane as
an exotic Laurentia-derived fragment, is mainly based on
stratigraphic and paleobiologic similarities of their
correlative cambrian until early ordovician carbonate
bank (Astini et al., 1995; Thomas & Astini, 1996; Astini
et al., 1996), besides its basement, though as Grenvillian
type (Kay et al., 1996), also it is considered as argument
to support the Laurentian connection of Precordillera.
Since the Penrose Conference heId in 1995 at San Juan,
many workers have provided additional geological
evidence in order to support such model, known as the
"funeral ship" model. Other alternative models to explain
the allochtonous character of Precordillera were
suggested by Dalziel (1997) and Dalla Salda et al. (1992).
On the other hand, formerly Baldis et al. (1989)
suggested a para-autochthonous model for the
Precordillera, as a displaced terrane from Gondwana.
Additional data were provided by Aceiiolaza et al. (1999,
2002) to support this para-autochthonous model.

Chemostratigraphic data combining neodymium
isotope studies and graptolite stratigraphy from Middle
Upper Ordovician from Precordillera at San Juan
province (Gleasson et al., 2001) provided sorne evidence
about the connection of Precordillera with western
Gondwana on that time. Recently, new geochronologic
data from U-Pb age obtained from individual detrital
zircons (Finney et al., 2002, 2003), from Cambrian and
Upper Ordovician rocks, and paleobiologic study of
Upper Ordovician graptolite fauna from Precordillera and
San Rafael Block (Peralta and Finney, in press), have
provided strong evidences to support Gondwanan

affinities for the Cuyania Terrane, challenging the widely
accepted Laurentian origin. U-Pb ages (Finney et al.,
2003) were acquired from quartz sandstone beds of the
Early Cambrian Cerro Totora Fm., and Late Ordovician
Las Vacas Fm. in the Argentine Precordillera, at La Rioja
Province, and from the lowest Ordovician La Cébila Fm.,
in the Sierra de Ambato, northwestern Sierra Pampeanas,
at Catamarca Province.

Paleobiologic data were obtained by mean of the
study of graptolite faunas of several Upper Ordovician
(Caradocian), lithostratigraphic units of Precordillera and
San Rafael Block. The analyzed graptolite faunas belong
to N. graciUs and C. bicomis Zone showing a warm
Pacific province signature, like that of the Laurentia
continent. In this case, sampled sandstones for U-Pb age
data are associated with one other of these faunas. In this
paper,' geochronological data are from Finney et al.
(2003), Nd isotope data from Gleason et al. (2001) and
graptolite biostratigraphy from Peralta & Finney (in
press).

GEOLOGICAL SETTING
The geological province of Precordillera includes

three morpho-structural units: the Eastern Precordillera,
characterized by westward vergence, like Western Sierras
Pampeanas; the Central Precordillera, showing eastward
vergence, and the Western Precordillera with eastward
vergence (Baldis et al., 1982). U-Pb age came from
sandstone beds of the Cerro Totora and Las Vacas
Formations in the Central Precordillera, at La Rioja
Province (Fig. lA). Graptolite biostratigraphy is
considered to La Cantera Formation in the Eastern
Precordillera, and Los Azules and Las Chacritas
Formations in the central Precordillera, besides the
Portezuelo deI Tontal Formation in western Precordillera,
all of them placed in San Juan province . Additional
graptolite data were taken from the Las Vacas Fm. and
Las Aguaditas Fm., at central Precordillera, and from the
Yerba Loca Fm., at western Precordillera, besides the
Empozada Fm. in the eastern belt of the Mendoza
Precordillera, though as an extension towards south of the
Central Precordillera of San Juan Province (Baldis and
Peralta, 1999). In the northwestern Sierras Pampeanas, a
sample was colleted from the La Cébila Fm, placed at the
southern end of the Sierra de Ambato, at Catamarca
Province (Fig. lA).
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In accordance with Finney et al. (2002, 2003), in the
northern part of the central Precordillera a sandstone bed
from the upper part of the Cerro Totora Fm., sampled
for U-Pb age in zircon detrital grains indicates a
BrasilianolPan-Mrican age (0.55-0.80 Ga), but the most
abundant population of zircons is Early Proterozoic,
Transamazoninan - Birimian - Eburnian provenance,
between 2.00 and 2.25 Ga. This· sample also includes a
substantial population of Archean grains (2.40-2.80 and
2.67-2.75 Ga). These data indicate clearly lack of any
Laurentian signature, raising serious questions regarding
the ~ffinity of the Precordillera basement. It is noteworthy
that the detrital zircon age population of the Cerro Totora
Formation, is remarkably similar to that of exotic early
Paleozoie sedimentary rocks in the Florida basement
(Suwannee basin, Fig. lB).

The quartz-sandstone sample collected from the Las
Vacas Formation is interbedded with conglomerate
deposit in the upper member of the unit of Early
Caradocian age (c. bicomis Zone). The acquired age
zircons are concentrated between 1.0 and 1.5 Ga, with
peaks at 1.19, 1.30 and 1.45 Ga. A large population of
Grenvillian-age zircons are similar to that of the La
Cébila Fm., and different of the Grenvillian zircons
population from the Ordovician of Ouachita orogen and
Appalachian region. It is noteworthy the absence of
detrital zircons less than 520 Ma (Fig. lB) which
suggests that the Precordillera terrane was not at its
present location close to the Sierra de Famatina during
Early Caradocian. On the other hand, detrital zircon age
and regional comparisons, for the Cerro Totora
Formation, indieate a Gondwanan provenance besides a
Gondwanan affinity for the Precordillera basement, in
accordance with Finney et al. (2002, 2(03).

An other additional sample was taken from the La
Cébila Formation, outcropping in Sierra de Ambato, to
the east of the Famatinan System, at Northwestern Sierras
Pampeana. This unit is composed mainly by interbedde
metasandstones and metapelites d, deposited in shelf
environrnent. Zircon-age from the sampled sandstone fall
into three broad groups indicating the following sources:
0.48-0,72 Ga likely derived from intrusions of the
Pampean Orogeny, reworked from Puncoviscana
Formation, and possibly sediment derived from
Brasiliano-Pan-African orogenie belts; 1.05-1.48 Ga
grains indieating provenance from Sunsas orogenie belt
of the Amazonian craton or the Kibaran belts of the
Congo and Kalahari cratons; and 1.90-2.30 Ga, grains
likely derived from older Transamazonian/Birimian age
terranes. The age distribution of detrital zircons from La
Cébila Formation presented here, indicates a Lowest
Ordovieian «480) age, and it might correlate, at least in
part, with other Gondwanan units, such as Balcarce Fm.
in the Tandilia terrane and Jagüelito Fm. in the North
Patagonian massif.

Additional U-Pb zircon-age were obtained recently
(Finney et al., in progress) from both Caradocian La
Cantera Formation (Nemagraptus gracilis time), in the
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eastern Precordillera at San Juan Province, and the
Empozada Formation (Climacograptus bicomis time), in
the Eastern Belt of the Mendoza Precordillera. The data
set support a Gondwanan provenance for these units
which are consistent with the zircon age previously given
for Cerro Totora, Las Vacas and La Cébila Fm.

In accordance with Gleason et al. (2001), Nd
graptolite stratigraphy of ordovician shales from
Gualcamayo, La Cantera and Don Braulio Formations, at
Don Braulio creek, eastern Precordillera, and from
Gualcamayo and Los Azules Formations at cerro La
Chilca, in Central Precordillera, at San Juan Province, are
remarkably homogeneous in composition (ENd =-II± 0.5
present; -6.5±O.5 initial), which would appear to favor an
orogenie sourge (e.g., Famatina Range) rather than
localized sources. In contrast, late Middle and Late
Ordovician graptolites shales (N. gracilis and younger) of
the Yerba Loca and Alcaparosa Formations (n=4), at
western Precordillera, San Juan Province, show greater
variation «ENd =-8 to -12 present; -4 to -8 initial),
indicating that less well-mixed material was entering the
western basin (trench fore-deep assemblage?) (Gleason et
al., 2001). This material does no represent distal deposits
of the orogenie sources supplying sediment to the eastern
part of the Precordillera, nor does it match the more
homogeneous composition of late Middle and Late
Ordovician shales of the Laurentian margin. The most
likely source was an approaching arc of continental
affinity (Famatinian orogen?).

On the other hand, Peralta and Finney (in press)
suggested that Caradocian graptolite faunas from
Precordillera geologieal province and San Rafael block,
show strong affinities whieh that from Ordovician
Alabama basin at Ouachita region, indicating that both
terranes were in close proximity at low latitude (Fig. le).
This means combining geochronologieal and
paleobiological data, that Precordillera stated at low
latitude close Laurentia, at least up to Caradocian (N.
gracilis and C. bicomis Zone). Current-controlled this
way, faunal similarities might be explained by oceanic
migration as suggested by Acefiolaza et al. (2002) and
Finney et al. (2003).

DISCUSSION
It is clear that the stratigraphie, faunal and

paleomagnetic data used to support an allochthonous
model for Precordillera as a Laurentian-derived fragment
can be also used , in fact, to explain these phenomena as a
result of close paleogeographie proximity, such as
suggested by Finney and Peralta (2000) and Finney et al.
(2003). The strong affinity of graptolite fauna with the
Caradocian Laurentian Pacifie realm (Peralta and Finney,
in press) is not consistent with the suggested collision in
the late Early Ordovieian (Astini et al., 1995; Thomas and
Astini, 1996). In agreement with regional considerations,
likely Precordillera reached its present position on post
Ordovician (Silurian or Devonian) time, in agreement
with Keller (1999). In this scenery, early Late
(Caradocian) Ordovician basins of the Cuyania terrane
could be though as transtensive, pull-apart basins, as a
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Figures 1A, B, C, taken from Finney et al (2003)
Figure 1 A: Index map the location of La Cébila, Cerro Totora, and Las Vacas samples in Sierras Pampeanas and
Precordillera of norweest Argentina.
Figure 18: Relative age-probality curves showing U-Pb individual detrial zircon age spectra for La Cébila Fm. (Upper
Cambrian? To Lower Ordovician), and Las Vacas Formation (Iower Upper Ordovician). Shown for eomparison are U-Pb
individual detrial zircon age data for US modern Appalaehian rivers, Quaehita orogen Paleozoie sandstone of Gondwanan
affinity from the Florida subsurfaee Suwannee basin. Number of grains analyzed in eaeh sample is shown in parentheses
ln this figure, eaeh eurve ineorporates the age and analytical uneertainty for eaeh grain as a normal probality disrtibution.
Eaeh eurve is th en normalized to the number of grains analyzed resulling in eurves of equal area
Figure 1C: Early Cambrian (- 500 Ma) paleogeographie reeonstruetion,showing the Gondwanan model for the
Preeordillera terrane,and the present position (reetangle)of Famatina System and Preeordillera relative to Precambrian
eratons and orogenie belts of South America. (See Finney et al., 2003, for referenees).
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result of distensional or transcurrent teetonie regime,
according to Baldis et al. (1989), Aceiiolaza and Toselli
(1999), and Aceiiolaza et al. (2002). This model explains
accurately the latitudinal movement of the Cuyania
terrane, from low (Pacifie realm) to high latitude
(Atlantic Realm), from Early Cambrian until Silurian or
Devonian time. It is noteworthy that Porcher et al. (2003)
on the basis of the presence of TDM ages in the 2.6-2.0
Ga, acquired from metamorphic Maz Complex, point out
this interval is not typical of the Grenvillean rocks of
Laurentia being similar to the ones reported by Finney et
al. (2003) for rocks of Gondwana. On the other hand,
recently sedimentologic and biostratigraphic data
obtained from the' Late Ordovician of the western
Precordillera, at Sierra deI Tontal, discard previous
interpretation of continental margin emplacement on the
western border of Precordillera, taking into account that
sùch deposits have evolved on a shelf environment
(Basilici et al, 2(03). These data set suggests a clear
Gondwanan affinity for the Cuyania terrane, and a close
paleogeographie proximity to Laurentia until Caradocian.
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INTRODUCTION
Here, we present preliminary results on an ongoing

investigation of the Paraguay Belt. This paper focuses on
C- and O-isotopic composition of carbonates from the
Cuiabâ Group and Araras Fm..

The purpose of this paper is to contribute to the
records of isotopie data from the Neoproterozoic
carbonatic units and to locate the carbonate rocks of the
Paraguay Belt on the Neoproterozoic secular variation
curves of Carbon.

GEOLOGIC SETTING
The Paraguay belt has been defined in two main

structural domains, the Metamorphic Brazilides and the
Non-metamorphic Brazilides (Almeida, 1984). It is an
approximately 1500 km long arc, located on the
southeastem margin of the Amazonian Craton, and
eastern Iimit of the Rio Apa cratonic block. The studied
part of the belt is located in the Mato Grosso
state (Fig. 1).
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Figure 1. Paraguay Belt in the Mato Grosso state, Brazil, with carbonate rocks and location of the sampling
sites (modified after Alvarenga, 1990).



The Metamorphic Brazilides is represented by the
Cuiabâ Group to the E of the belt, that is considered to
start to be deposited during the Vendian (-610-570Ma)
(Pimentel et al. 1996). The boundary with the Non
metamorphic Brazilides has been described as a gradation
to the glacial and glaciomarine sediments of the Puga
Formation.

The Non-metamorphic Brazilides includes the Puga
Fm., a carbonate marine sedimentation with alternation of
siliciclastic sediments to the top, wich overlies
conformably the Cuiabâ Group and the Puga Fm.. The
carbonate sequence is named Guia Fm. when in the
Metamorphic Brazilides Domain, and Araras Formation
in the Non-metamorphic Brazilides Domain. A
si1iciclastic sedimentation known as Alto Paraguay Group
(Raizama and Oiamantino Fms.), represents the top
sequence of the Paraguay Bell.

Basei and Brito Neves (1992) defined the Paraguay
Orogeny (540 to 490 Ma), when the Paraguay Belt rocks
were deformed and metamorphosed. The Cuiabâ Group
has been intruded by post-tectonic granites during the
Cambrian and by alkaline complexes and granites during
the Cretaceous. The Sao Vicente granite that yielded
KiAr in biotite age of 504 ± 12 Ma (Almeida and
Mantovani, 1975), is an example of these intrusions.
Volcanic sequences have been described in Nova
Xavantina, northeastern portion of the Paraguay Belt
(Pinho and Pinho, 1990).

The Araras and Guia formations are the main subject
of the present work. Luz and Abreu Filho (1978)
estimated that the Araras Fm. has approximately 1200m
thick of limestones and dolostones. In most part of the
belt this unit is represented by a basal portion is
composed of limestones that grades to dolostones to the
top. Limestones are up to -250m thick, grey to black in
color and finely laminated. Oolostones show hundreds
meters thick, mainly clear gray and present no c1ear
stratification. To the top, siliciclastic sediments and black
cherts are common. In sorne areas, as in Mirassol
O'Oeste, the sequence starts with a pink dolostone
overlying the Puga Fm.

STABLE ISOTOPE RESllLTS
We present in this paper 90 (ninety) C; 13C and C; 180

deterDÙnations for carbonate rock sampI es from six
different sites of the Metamorphic Brazilides and of the
Non-metamorphic Brazilides domains (Table 1).

Carbon and oxygen isotopic compositions of the
carbonate rock samples were obtained in the NEG
LABI5E, and the results are show in the Table 2.

When samples from the Table 2 are plotted on a C; 13C
vs. C; 180 diagram in Figure 2, three major fields named A,
Band C are identified.
- Field A: represents dolostone samp1es of the Araras

Fm. and sorne samples of the Guia Fm. Part of this
field is overlaying the Field B. These samples define
the range +21.9%0 to +30.2%0 (C; 180 - SMOW) and 
1.1%0 to +2.7%0 (C;uC - POB).

- Field B: represents limestones samples of the Araras
and Guia Fms. These samples define a narrow range
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+20.3%0 ta +25.2%0 (C; 180 - SMOW) and -2.8%0 ta
-0.4%0 (C;I3C - POB).

- Field C: represents samples of the Metamorphic
Brazilides carbonate rocks (Guia, Jangada and Poconé).
These samples define a wide range +17.9%0 to +25.2%0
(C; 180 - SMOW) and -6.9%0 ta +5.7%0 (C;uC - PDB).
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Figure 2. &. 13C vs. i5 IXO diagram for 90 carbonate rock
samples of the Paraguay Bell. Field A=doloslones of
the Araras Fm. and Guia, Field B=limestones of the
Araras Fm. and Guia, and Field C=carbonate rocks

from Jangada. Poconé and Guia, representing the
Metamorphic Brazilides.

DISCllSSIONS
Apart from the Guia Formation samples the

dolostones carbonate rock samples of the Metamorphic
Brazilides, show a large C;UC - POB range that is
expressed by the field C (Fig. 2). This variation can be
caused by metamorphic processes. The C-isotopic
composition of a carbonate rock sample can be altered by
re-equilibration with fJuids of different isotopic
composition during neomorphism or recrystallization, by
the addition of isotopically distinct carbonate to the rock,
or by decarbonation reactions in the presence of
siliciclastic rocks (Shieh and Taylor, 1969). Most of the
samples from Jangada and Poconé appear to have C; 13C
altered by recrystallization, that is an intense process
affecting them. However, for the most parth of the
samples from Guia, C;UC - POB values remain close ta
-1%0.

Samples of the Araras Fm. show C; 13C - POB values
close to zero, with some incursions of Iimestones for
negative values and sorne incursions of doJostones for
positive values.

Gaucher et al. (2003) described negative Ô13C - POB
peaks for the Tamengo and Corumbâ formations in the
southwestern portion of the Paraguay Belt and related this
fact to the negative peak that is globally associated with
the first occurrence of relatively diverse Ediacaran fossils
and Claudina (Narbonne et al. 1994 and Saylor et al.
1998).
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Table 1. Samples distribution in the Paraguay Belt.
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Camil Câceres-MT. Araras Fm. Low Limestone 10

angle limestones grading to Dolostone 12
dolostones.

Copacel Nobres-MT. Araras Fm. Grey to Limestone 10
black limestones, Serragem
river. Dolostones from Copacel- Dolostone 12
Nobres

Império Rosario D'Geste-MT. Araras Dolostone 8
Fm. A dolomitic breccia.

Guia Guia (Cuiabâ-MT). Limestone 19
Metamorphic Brazilides. Dolostone 7

Poconé Poconé-MT. Metamorphic
Brazilides. Sillicified carbonate
rocks, overlying sulfide rich General 4
black shales.

Jangada Jangada-MT. Metamorphic
Brazildes. Breccia with Genera18
fragments of carbonate rocks.

Positive (l l3e - PDB values are only related to
dolostones in the analyzed sarnples, and can he caused
during dolomitization process. Sheppard and Schwarcz
(1970) stated that dolomite in isotopic equilibrium with
calcite will he enriched in l3e by about 2%.

For the 90 analyzed samples, 70% presented ô l3e 
PDB values ranging from -2 to 0 %0. These values plotted
on the diagram of secular variations in (l

l3C - PDB in the
Neoproterozoic to basal Cambrian carbonates (-850 to
530 Ma) (Fig. 3), related Paraguay Belt carbonate rock
samples to the Post-Varanger terminal Proterozoic
interval (-590 to 550 Ma), as was confirrned before (e.g.
Boggiani 1998; Alvarenga et al., 2002; Nogueira et al.,
2002; Gaucher et al., 2(03).
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Table 2. Carbon and Oxygen isotopie data of carbonates roeks sarnples of the Paraguay Bell.

0180 0180 013C Sample
0180 0180 013C

Sample
SMOW PDB PDB SMOW PDB PDB

IMP 1 +26,7 -4,0 +1,0 COPD3A +27,5 -3,2 +0,4
IMP2 +26,9 -3,7 +1,6 COPD3B +27,5 -3,2 -0,0
IMP3 +27,2 -3,5 -0,0 COPD3C +27,3 -3,3 +0,0
IMP4 +25,9 -4,7 -0,0 COPD4A +27,2 -3,5 +0,4
IMP5 +23,9 -6,6 -0,0 COPD4B +26,4 -4,2 -0,0
IMP6 +29,8 -0,9 +2,2 COP D4C +27,0 -3,6 +0,5
IMP7 +28,6 -2,1 +1,7
IMP8 +30,2 -0,6 +2,7 MTG 1 +17,9 -12,9 -6,9

MTG2 +22,2 -8,3 -2,4
CAMILCl +22,9 -7,6 -2,4 MTG3 +23,0 -7,5 -1,6
CAMILC2 +23,0 -7,5 -2,3 MTG5 +22,6 -7,7 -1,4
CAMILC3 +22,3 -8,2 -2,1 MTG6 +23,0 -7,5 -1,2
CAMILC4 +23,1 -7,4 -1,7 MTG7 +23,3 -7,3 -1,6
CAMILC5 +23,0 -7,6 -1,6 MTG8 +23,5 -7,0 -1,3
CAMILC6 +22,4 -8,1 -1,6 MTG9 +23,7 -6,9 -1,1
CAMILC7 +22,2 -8,3 -1,5 MTGI0 +22,9 -7,6 -1,9
CAMILC8 +23,5 -7,0 -1,2 MTG Il +23,4 -7,2 -1,0
CAMILC9 +22,1 -8,4 -1,3 MTG 12 +23,6 -7,0 -0,8
CAMILCI0 +23,2 -7,3 -1,7 MTG 13 +22,7 -7,8 -1,5

MTG14 +24,3 -6,2 -0,4
CAMILDIA +26,5 -4,2 -0,0 MTG 15 +23,9 -6,7 -0,8
CAMILDlB +25,6 -5,0 +0,0 MTG16 +22,4 -8,1 -1,7
CAMILDlC +25,8 -4,8 -0,0 MTG17 +23,6 -6,9 -0,2
CAMILD2A +26,3 -4,4 +0,0 MTG 18 +22,9 -7,6 -1,5
CAMILD2B +24,3 -6,2 +0,0 MTG19 +23,9 -6,7 -0,5
CAMILD2C +25,1 -5,4 +0,2 MTG20 +23,7 -6,8 -0,8
CAMILD3A +25,1 -5,5 -0,4 MTG21 +23,1 -7,5 -0,5
CAMILD3B +25,0 -4,6 +0,0 MTG22 +23,2 -8,3 -0,2
CAMILD3C +24,7 -5,9 +0,0 MTG24 +22,5 -8,0 -0,8
CAMILD4A +25,0 -5,6 -0,8 MTG26 +20,3 -10,1 -1,4
CAMILD4B +21,9 -8,6 -1,1 MTG27 +21,2 -9,2 +1,8
CAMILD4C +23,6 -6,9 -0,2 MTG29 +19,8 -10,6 -2,8

MTG30 +22,1 -8,4 -0,5
COPCI +23,1 -7,4 -2,4
COPC2 +21,2 9,2 -1,2 9BEC 1 +26,5 -4,2 +2,3
COPC3 +22,3 -8,2 -1,3 9BEC2 +27,6 -3,1 +1,2
COPC4 +23,4 -7,1 -2,7 9BEC3 +18,2 -12,2 +1,1
COPC5 +21,3 -9,1 -1,0 9BEC4 +24,0 -6,6 +3,2
COPC6 +22,8 -7,7 -1,3 9BEC 5 +24,7 -5,9 +3,5
COPC7 +20,8 -9,7 -1,3 9BEC6 +29,0 -1,7 +1,3
COPC8 +23,1 -7,4 -2,4 9BEC7 +27,9 -2,8 +1,4
COPC9 +22,4 -8,1 -1,1 9BEC8 +24,4 -6,2 +3,5
COPCIO +25,2 -5,4 -0,6

POCCI +21,3 -9,219 +5,7
COPDlA +27,2 -3,5 -0,2 POCC2 +20,5 -9,984 +1,5
COP DIB +26,5 -4,2 +0,1 POCC3 +22,2 -5,436 +3,5
COPDIC +27,1 -3,5 +0,3 POCC4 +25,5 -5,107 +3,6
COPD2A +27,2 -3,4 -0,0
COPD2B +26,4 -4,2 -0,1
COPD2C +26,8 -3,8 -0,1
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INTRODUCTION
The highly oscillatory C-isotope record of the Late

Neoproterozoic coincides with major glacial to
interglacial fluctuations. Except for a glaciation at the
VendianiCambrian boundary coincident with a large I3C
negative excursion (Bertrand-Sarfati et al., 1995), in the
Cambrian period "greenhouse" conditions seem to have
predominated (Tucker, 1992). In addition, the widespread
occurrence of phosphorites in the Early Cambrian suggest
vigorous oceanic circulation and upwelling (Cook and
Shergold, 1984). The falling amplitude of C-isotopic
values between 7S0 and SOOMa may be related,
somehow, to the change from glacial "icehouse"
conditions in the Cryogenian to "greenhouse" conditions
in the Middle Cambrian. C-isotope oscillations in the
Early Cambrian result, probably, from climatic
oscillations either than from glaciations that have not
been proved to have occurred (Brasier and Sukhov,
1998).

A large and global positive excursion in Ô13C of Late
Cambrian (Steptoean) carbonates has been reported from
North America, Kazakstan, South China and Australia
that begins at a worldwide extinction of trilobites
(Saltzman et al, 2000). This Steptoean positive C-isotope
excursion (+S%OPDB), baptized as SPICE (Saltzman et al.,
1998) represents a major perturbation of the Cambrian
carbon cycle -SooMa and, as a peculiarity, a mass
extinction coincides with the onset of the positive shift,
rather with the rising limb of the excursion. The peak of
faunal diversity (Saltzman et al. (2000), correlates in
North America with the peak of the SPICE excursion.
The Cambrian-Ordovician boundary is characterized by
synchronous change in sea-Ievel, conodont biozones and
Ô13C of marine inorganic carbon (Ripperdan et al., 1992).

The Sr-isotope composition of the seawater in the
Cambrian interval is characterized by a continuous
increase of 87Sr/86Sr that is interrupted, several times, by
sharp rises representing important changes in the Earth
history (Montafiez et al., 2000). The shape of the Sr
secular variation curve allows, in many cases, estimating
the depositional age of Cambrian carbonates.

We examine here, cambrian carbonate-dominated
sequences at Sierra Chica de Zonda (Early to Middle
Cambrian), San Juan province, and at Cerro La Silla and

Quebrada de La Flecha (Late Cambrian) in the
Precordillera, proxies for cambrian geological evolution
in the southern edge of the South America continent. We
have studied the C- and Sr-isotope stratigraphies of
representative sections, examining: (a) the
paleoenvironmental conditions under which carbonates
were deposited; and (b) searching for the Steptoean
positive C-isotope excursion in western Argentina.

GEOLOGIC SETTING
(a) Early to Middle Cambrian: The Precordillera is an
elongated geological province, located between the
Andean belt to the west and the Pampean Ranges to the
east. In the Precordillera basin, San Juan province, a
continuous sequence of carbonates with regressive cha
racteristics developed from the Early Cambrian
(Ollenelus zone) to the base of the Ordovician, at which
point a transgressive stage started (Baldis et al., 1984).

La Laja Fm. is the oldest unit of the carbonate plat
formai succession and consists of several large-scale se
dimentary sequences which have two main components, a
siliciclastic interval and a calcareous one (Keller, 1999).
The lower boundary of this Formation is poorly known
due to tectonic disturbance. The upper boundary is drawn
at the transition between limestones and dolomites of the
Zonda Fm. (Bordonaro, 1980). Siliciclastic intervals have
been used by Bordonaro (1980) as marker horizons to
define the members of this Formation. These cycles were
formed in an open, shallow platform, with clean and
warm water with free circulation, by fluctuation of the
sea level, which suffered an important lowering during
the deposition of the upper portion of the La Laja Fm..
(Baldis and Bordonaro, 1982). Four members are recog
nized in the La Laja Fm. with a total thickness of about
1400m: Early Cambrian- De La Roza (black lutites and
limestones), Soldano (maris and mudstones); Bernadino
Rivadavia (homogeneous set of black limestones) and
Juan Pobre (oolitic limestones and black limestones). The
De La Roza member lower boundary is unknown due to
faulting, and no fossil has been found.
(b) Late Cambrian: Cerro La Silla represents a
significant outcrop of Cambrian rocks in the northern
Precordillera (ISO km north of San Juan town, central
Precordillera). The Cerro La Silla section includes a thick
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Late Cambrian to Early Ordovician carbonate sequence,
dipping westward and comprises Zonda, La Flecha, La
Silla and San Juan Fms, the last one overlain by
siliciclastic Silurian deposits.

La Flecha Fm. is almost totally composed of small
scale, shallowing upward cycles (l-Sm) and exhibits a
great variety of stromatolites, and cryptalgal laminites to
gether with subtidal to supratidal lithologie types (Keller
et al., 1999). A high amount of chert and chalcedony
replaces, sometimes, the biogenic structures (assigned to
Thalassinoides isp. This ichnogenera is referred to
feeding structures of living decapod crustacea, and
representative of intertidal to upper part of subtidal zone
in marine environment) as weIl as oolite beds. The
shallowing upward cycles are peritidal in origin and
conform small-scale, staçked successions (PeraIta, 2000).

The Cerro La Silla is the type locality for the Silla
Fm. where it shows a thickness of 3S0m. This Formation
is predominantly calcareous with dolomites mainly in
sparse biolaminated horizons. The succession is compos
ed of an aIternation of peloidal grainstones, intraclast
grainstones and mudstones with abundant bioturbation.
Distribution of facies seems to be random and no cycle or
sedimentary rhythm could be demonstrated to date (Pe
ralta, 2000).The San Juan Fm. of Late Tremadoc and
Early Arenig, has a thickness of -3S0m limestones and
its lower boundary being characterized by an open marine
fauna (Peralta, 2000).

CHEMOSTRATIGRAPHY
We examined and strati-graphically sampled

continuous sections at Quebrada de Zonda and Quebrada
de La Flecha in Chica de Zonda Range (Eastern
Precordillera) and at Cerro La Silla locality (central
Percodillera). Samples were collected along traverses,
perpendicular to the strike of the carbonate strata, at a
metric scale.

Knowledge on the behavior of Rb, Sr, Mn and Fe
helps selecting samples that have undergone liUle or no
aIteration (Kaufman and Knoll, 1995; and Kha et
al.,1999). Among aIl the parameters used to make such
an evaluation, it seems that the simplest and one of the
most effective is the Mn/Sr ratio. Limestones or dolo
stones with Mn/Sr<1O commonly retain near primary
o13C abundances according to these authors. Mn/Sr ratios
for carbonate rocks from La Laja, Zonda, Flecha and Silla
Fms. carbonates are much lower than 10 (usually <O.S).
In the o13C and 0180 crossplots for both Formations,
apparent scatter rather than co-variance seems to
predominate. These observations imply in that the o13C
values in most of the analyses reported here are primary
values.

(a) Quebrada de Zonda Section. Thirty-five samples
have been stratigraphically collected (-700m) from
carbonates of the La Laja Fm. along the Quebrada de
Zonda section (El Estero, Soldano, Bernardino Rivadavia
and Juan Pobre Members), west of San Juan town and 8
samples for ISm at the Cerro de Marquesado, in the
northern portion of the Chica de Zonda Range (from El
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Estero Member). Carbonate rocks in tms section are
characterized by dark limestones with intercalation of
layers of less than one-meter thick, fine-grained
sandstones, in the Soldano member (for -120m). This
situation is followed by -IOOm of pure limestones (Si02

content decreases while CaO increases towards the top).
The next 200m are characterized by marly limestones
(distal facies) which are followed in the upper-most
portion of this section by 160m-thick fossiliferous (with
bioturbation) buff dolomitic limestones, deposited in
open sea. In sorne portions of this section, rocks show
well-developed cleavage caused by pervasive fauIts and
mesoscale drag folds whose axes dip almost vertically.
As the structural pertubations make the precise strati
graphie position of samples difficuIt, sampling from these
portions has been omitted to avoid ambiguities.

The chemostratigraphic section at Chica de Zonda
Range (not shown) displays an overall o13C variation
from -2 to + 1%OPDB. The C-isotope curve for the lower
most portion of the profile (limestones/sandstones
intercalations) shows much stronger oscillations, with
values varying from +1 to -2%OPDB . For the next 100m
upsection, tms C-isotope chemostratigraphic proflile is
characterized by progressively more negative o13C, reach
ing a minimum of about -2 at approximately 2S0m from
the base of the section. For the next 3S0 m upsection,
o13C values are around -O.S.

At Cerro de Marquesado, o13C values vary from -1 to
-3 %OPDB is observed. The C-isotope profile for the La
Laja Fm., when compared to that for the Vendian
Tommotian transition elsewhere (e.g. Magaritz 1989;
Magaritz et al. 1991; Brasier et al. 1994), suggests that
El Estero (De La Rosa facies) carbonates of La Laja Fm.
may have recorded this transition (a value of -3%OPDB was
recorded at one of the lowermost samples in this section).

Apparently, in the uppermost portion of this section.
dolomitic limestones do not show any substantial change·
in the C-isotopic composition in relation to the under
Iying marly limestones.

Eight samples from the lower 3S0m of this carbonate
section were also analyzed for Sr isotopes and 87Sr/8bSr
values vary from 0.70926 to 0.709S0 with the exception
of one sample (>0.7100). The higher 87Sr/86Sr value is
recorded at the basal portion of the section which
coincides with sandstone intercalations. ln the lowermost
80m of the section, Sr isotope ratios drop from an initial
value slightly higher than 0.71000 to 0.70926 and, there
after, it rises to 0.7098S. Such differences in the carbo
nate Sr isotopie signatures between the lowermost and
upper portions of the section indicate a signifieant
variation in the depositional environment and can be
correlated with possible Precambrian-Cambrian transition
that the La Laja Fm. carbonates, at the basal portion of
the Formation, may have recorded.

(b) Cerro La SilIa. Fifty samples from Cerro La Silla
were analyzed for C and a isotopes, including carbonates
from Zonda, Flecha, Silla and San Juan Fms..

The C- and a-isotope profiles display clear differen
ces in the isotopie behavior of these twu formations.
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According to Ramos et al. (1999), La Flecha Fm. was
deposited in a shallow environment of 10w-energy
conditions, with water of restricted circulation and
periodical subaerial exposure, with only little or no
terrigenous sediment input. Such characteristics imply, in
principle, that these carbonates should display sorne I3C_
and J80-enrichment, when compared with isotopic signa
tures of coeval marine carbonates.

Ali ôl3C values obtained in the entire section in the
present study are negative, except one (very close to
O%OPDB)' In this ôJ3C stratigraphic profile, 5 small positive
excursions are observed (labelled from 1 through V in
Fig. la).

The Ôl80 values are slightly higher (mostly - -5%OPDB,
with few exceptions, defining two groups, - -7 and 
8%OPDB; Fig. la) than those observed in La Silla Fm.

Such well-defined trends suggest that most Ôl80
values are primary and imply that environments in which
these two Formations were deposited differed from each
other, La Flecha Fm. environment being more restricted,
of hypersaline tendency, approaching a sabkha.

Five samples from La Flecha carbonates and four
from La Silla, were analyzed for Sr isotopes and 87Sr/86Sr
va-lues vary from 0.70710 to 0.70980 with just one

exception (0.71011). The highest value was found in La
Flecha carbonates by the transition between these two
Formations. Flecha Fm. carbonates exhibit values from
0.70914 to 0.71011, with one exception (0.70710) while
La Silla Fm. displays values from 0.70898 to 0.70980.
Values for la Silla Fm., except one, are more in conso
nance with globally reported Late Cambrian seawater
87Sr/86Sr and, therefore, were little affected by secondary
alteration.

(c) Quebrada de la Flecha. Eighty samples were
collected from the carbonates at this locality. At this
section, the lower boundary is characterized by stroma
tolites (LLH and SH types) and thrombolites and the
upper boundary is drawn where the content of stroma
tolites decreases and dolomites predominate. Likewise in
the Cerro la Silla, the Ôl3C stratigraphic profile revealed 5
discrete positive excursions (labelled 1 through V in Fig.
lb) with the uppermost one in the dolomites of the top of
this Formation (SPICE anomaly?). The cyclicity of this
Fm. is weil refJected in the C-isotope profile (Fig. lb).

The behavior of ÔI80 is less uniform than at Cerro La
Silla. An important drop in the ÔI80 values are well
recorded towards the top of this Formation.

(a) Cerro la Silla

-3 -, 0

"ô C o/~

••

400

O,_.-,----,.L----,--J L,-_,--..L...,-j.-!

-11 -Q 18 -7 ·5 -5

Ô 0 °/~

(b)

-iSiHa..fill.
J Flecha F

80
m;tJ 1 \~--::/-==::::=::>-,

--------=-=

...imesb1e 'II*' reeIaI fnCIOoOIecca wJJol
5t\.ClieI{bf:hr!rmIj lTlaWi't

"o C °/~
''l''

>

·7 -5-3o.
o 0 o/~POO

CL,
·9

1000

-200

-600

UJ

Figure 1. Lithostratigraphic profile and C- and 0- variations for the Cerro la Silla (a) and Quebrada la Flecha (b) carbonate
sequences, PrecordiIJera, western Argentina. See text for explanations on the 1 through VU roman letlers.
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CONCLUSIONS
The combined C-, 0- and Sr-isotope data for Chica

de Zonda, Cerro La Silla and Quebrada La Flecha allow
an insight of the isotopie record of most of the Cambrian
history in the Precordillera of western Argentina.

The BISO variation curve at Cerro La Silla, shows an
average difference of about 2%OPDB between La Silla and
La Flecha Fms. carbonates. This divergence simply
reflects the variation in the Mg/Ca composition of the
corresponding carbonates, which in turn may reflect
different depositional environments. La Flecha carbo- .
nates are more dolomitic, BISO averaging -S%OPDB and
representing hypersaline, restricted, sabkha environments,
while in La Silla· Fm., BISO averages -7%OPDB, represent
ing open marine conditions.

The Bl3C in the entire Cambrian section analyzed is
slightly negative without large fluctuations, except in La
Flecha Fm where more pronounced excursion is
observed. Carbonates in the De la Rosa facies (El Estero
Member) display values as low as -3%OPDB and the top of
the La Flecha Fm. delineates a positive excursion, here
interpreted as probably the time when the SPICE
anomaly was globally developed. Bl3C at Quebrada de La
Flecha ranges mostly from -2.7 to -O.6%OPDB' At Cerro
La Silla, about 200km to the north, Bl3C shows less
negative values, ranging from -lA to +0.1%OPDB. At
Guandacol, La Rioja, about IS0km further north, La
Flecha Fm. may have recorded more positive Bl3C values
and the SPICE anomaly might be unambiguously
represented.
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INTRODUCTION
The Neoproterozoic, poly-deformed and poly

metamorphosed, Sergipano belt is located at the southem
border of the Borborema Province. Around the south
central part of this belt and its interface with the northem
margin of the Sao Francisco craton, sedimentation took
place at a passive continental margin (D'el Rey da Silva,
1999). Two cycles of sedimentation were recognized in
this area, both with a continental to shallow marine, basal
siliciclastic megasequence, overlain by a carbonate
sequence.

The lower siliciclastic megasequence is represented
by the Juetê (arkosic sandstone, conglomerate lenses,
diamictites), Itabaiana (conglomerates, quartzites,
metasiltites) and Ribeir6polis Fms. (silty phyllites,
metagreywa-ckes, pebbly phyllites, diamictites) and the
lower carbo-nate megasequence, by the Acaua and Jacoca
Fms. These two megasequences form the Estância-Miaba
Group. The upper siliciclastic megasequence (Simao Dias
Group) is represented by the Lagarto-Palmares, the Jacaré
and the Frei Paulo Frns.. This megasequence is overlain
by meta-sediments of the Vaza Barris Group that
comprises dia-mictites of the Palestina Fm. and the upper
carbonate me-gasequence (Olhos D'Agua Fm.).

THE LOWER CARBONATE MEGASEQUENCE
The Acaua Fm. conformably overlies the Juetê Fm.

and unconformably the basement gneiss (D'el Rey da
Silva, 1999). It consists of basal limestone, dolomite,
calci-argillite with lime-stone lenses and layers of
limestone and dolomites with intercalations of cross
bedded red sandstone and green argillite.

The Jacoca Fm. overlies the pebbly phyllites/
conglomerates of the Ribeiropolis Formation and
comprises two lithofacies: metacarbonates and a mixed
lithofacies of metasiliciclastics and metacarbonates (D'el
Rey da Silva, 1995). The metasedimentary carbonates are
<300m thick around the Itabaiana dome with the best
exposures, in the Capitiio Farm, along the Salgado and
Vaza Barris rivers, southwest of Macambira village. A
typical section of the Jacoca Fm., as described in the
Capitao Farm by D'el Rey da Silva (1995), starts with a
thick layer of laminated white to gray, 1-3cm thick beds
of dolomites containing pyrite and chalcopyrite. This is
followed upsection by a 15m thick layer of laminated
dolomites, and dark gray to black phyllites and about
Wm thick of massive dolo-mites. This unit is overlain by
a 40m thick sequence of gray limestones, calcarenites and
dark gray to black phyllites. Finally, a sequence of gray
metadolomites, 200m thick, is observed.

AlI of these rocks spread continuously across the
craton margin into the Sergipano belt where they occur
around the. Itabaiana and Simao Dias basement domes
and are overlain by a metadiamictite formation and a
metacarbonate formation of the upper megasequence.
According to D'el Rey da Silva (1999), basement and
cover undeIWent the same Neoproterozoic compressive
deformation under sub-greenschist facies.

UPPER CARBONATE MEGASEQUENCE
The upper silicilastic megasequence (Simao Dias

Group) is represented by mudstones, siltstones,
sandstones and lithic wackes (Lagarto-Palmares Fm.),
metasiltites to meta-sandstones (Jacaré Fm.) and silty
phyllites with intercalations of metasandstones,
metacarbonates and wackes (Frei Paulo Fm.).
Metasediments of the Vaza Barris Group (diamictites of
the Palestina Fm. and the upper carbonate mega
sequence) overlie the upper siliciclastic megasequence.

The thick OIho D'Agua Fm. is composed of a
sequence of marbles and interbedded green, calcareous
chlorite-schists and silty phyllites of the Vaza Barris
Group and overlies the thick diamictites, pebbly meta
greywackes of the Palestina Formation. Marble beds are
interbedded with blue to black, fine-grained
metalimestone and gray metadolomite. Individual marble
beds vary from one to 40m thick in the lower part of the
Formation with only local one meter-thick beds in the
upper part. Thicker and more abundant carbonate beds
are observed in the south limb of the Pinhao anticline.
The thick carbonates around the Simao Dias dome pass
upward into supertidal-intertidal facies with oolites, and
wave-reworked structures indicating a near shore
environment (D'el Rey da Silva, 1995).

C-AND O-ISOTOPE STRATIGRAPHY
Thirty-one samples of Jacoca carbonates were

stratigraphically sampled from a section along the Vaza
Barris River (Capitao Farm) for almost 70m. C and 0
isotopes were analyzed at the stable isotope Laboratory
(LABISE), Recife, Brazil, using a conventional high
vacuum extraction line and a SIRA II mass spectrometer.

8 l3C varies from -6.4 to -8%OpDB, with majority of
values - -4%CPDB' 8180 values are mostly - -8%OpDB (Fig.
1). C- and O-isotope oscillations are more intense at the
first 5 to 10m from the base of this section. Strong
oscillations are also observed in Mg/Ca, Si, Fe, Mn and
Rb in this portion of this profile. Mn/Sr is <0.5 which
suggest that it is very possible that the C- and O-isotope
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Table 1. 87Sr/86Sr (1 sigma) for Olho D'Agua and Jacoca
carbonates.

These two Formations display similar Sr-isotope (Ta
ble 1) ratios, Jacoca averaging 0.707974 and Olho
D'Agua, 0.707922. A temporal variation of 87Sr/86Sr in
Neoproterozoic carbonates compiled by Jacobsen and
Kaufman (1999) using screened database (Siberian
Canada, Namibia, Svalbard and Greenland) from best
preserved marine limestone samples, improved the
87Sr/86Sr record for the late Neoproterozoic to Early
Cambrian.

If one compares the average 87Sr/86Sr for the Olho
D'Agua Fm. carbonates with the 87Sr/86Sr temporal
variation curve by Jacobsen and Kaufman (1999), it is in
very good agreement with values reported for seawater at
ca. nOMa supporting what was deduced from C
isotopes.

The average 87Sr/86Sr for the Jacoca carbonates,
however, it is a bit too high for the seawater at ca.
740Ma, age inferred from the C-isotope signatures,
discussed above. In the compilation made by Jacobsen
and Kaufman (1999), one observes that the curve for
87Sr/86Sr around 740Ma is not so weIl constrained.

CONCLUSIONS
C isotopes suggest that Jacoca-Acaua Fms. were

deposited -740Ma, on top of diamictites (Ribeiropolis,
Jacarecica Fms.) correlatable, perhaps, to the lower
Sturtian glaciation episode. Values of Ôl3C - -4%OPDB are
observed in both Fms. and no positive Ôl3C value was
recorded, although only about 70m of carbonates of this
Formation were examined. Metacarbonate lenses of the
Frei Paulo Fm. show positive Ôl3C (average +5%OPDB)

and, based on the temporal ôl3C variation curve compiled
by Jacobsen and Kaufman (1999) a depositional age of
-nO-n5Ma may be inferred. Olho D'Agua carbonates
seem to have been deposited after the Upper Sturtian
glaciation, between 700 and no Ma.

The depositional and temporal picture deduced from
Jacoca, Acaua, Frei Paulo and Olho D'Agua carbonates
in this central portion of the Sergipano belt needs a
confirmation from the western extension of the belt (west
of the Tucano basin), in the state of Bahia, where a large
amount of carbonates equivalent to Jacoca and Olho D'
Agua are known since long ago (Jordan, 1971).

record examined is rather primary. Very high Sr values
(above .IOOOppm in sorne cases) suggest that aragonite
was formed and later converted to calcite.

The Ôl3C for twenty-one carbonate samples from the
Acaua Fm. (not shown) stratigraphically collected at
Brejinho Farm, 10 km southeast from Lagarto village,
tend also to group - -4%OPDB and ÔI80 spreads within the
same range as for Jacoca carbonates, with stronger
oscillation of values upsection. Mn/Sr ratios are always
<7 and, therefore, there is a possibility that these isotope
values are primary. The C-isotope behavior of the Acaua
and Jacoca sequences confirms the assumption made by
Del Rey (1995) that these carbonates of the Acaua and
Jacoca Fms. were deposited simultaneously. If the 0- and
C-isotope variations are compared to the temporal Ôl3C
and Ô

I80 variation curves of Jacobsen and Kaufman
(1999), they point to probable depositional age -740Ma.

Five samples from a IOm-thick (meta) marI to marly
carbonate lens intercalated in phyllites of the Frei Paulo
Fm., which underlies Palestina diamictites were collected
north of the Pinhao village. The Ôl3C varies from +3 to
+8%OPDB and Ô

180, from -9 to -6 %OPDB. This isotope
behavior suggests a carbonate deposition between the
lower (740-750Ma) and upper (nOMa) Sturtian glacial
events, probably - 730Ma.

The Olho D'Agua Fm. is formed by marbles and
interbedded calcareous chlorite-schists and silty phyllites
of the Vaza Barris Group and overlies the diamictites,
pebbly metagreywackes of the Palestina Fm.. About 120
samples of Olho D'Agua carbonates were collected,
starting from the contact with the Palestina
diamictite/pebbly metagreywackes (Fig. 2). Basal marIy
and dolomitic carbonates, near the contact with Palestina
diamictites (first 50m of the section), display strong
oscillations of Ôl3C with values as low as -4.7%oPDB,

increasing up-section (0 to 1%OPDB)' Towards the top of
the sequence, Ôl3C changes dramatically to values around
+ 8%OPDB (values as high as +1000PDB are occasionally
found). This vigorous isotope fluctuation suggests that
environmental conditions during deposition at the base of
this sequence were in contrast to those for carbonates at
the top, allowing for an enormous C-isotope oscillation.
This Ôl3C trend, in which negative values are abruptly
replaced by strong positive excursion is typical of
Sturtian post-glacial cap carbonates (Kennedy, 1996,
Hoffman and Schrag, 2002), suggests that Palestina
diarnictites are correlatable to Upper Sturtian glacial
episode (nO-n5Ma). ÔI80 values vary from -7 to -10
%OPDB, a range typical for carbonates deposited in this
Sturtian interval.

Three minor negative excursions (1, II and III in Fig.
2) in the top portion of this section are, perhaps, the result
sea-level oscillation.

Sr ISOTOPES
Three carbonate samples from the Jacoca Fm. and

three from the Olho D'Agua Fm. were analyzed for Sr
isotopes at the Federal University of Para, Belem, Brazil.

Fonnation

OlhoD' Agua

Jacoca

Sample 87Srfl6Sr

3ûD-I 0.70798 (03)
3ûD-4 0.70799 (04)
3ûD-6 0.70778 (04)

JACCAP22 0.70811 (05)
JACCAP25 0.70810 (03)
JACCAP20 0.70769 (02)
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INTRODUCTION
The aim of this work is to constrain the depositional

time interval of sorne stratigraphic units that belong to the
Sergipano fold belt (SFB), northeastern Brazil. Based on
a review of the existing radiogenic and stable isotope
data, as weIl as on field stratigraphic considerations, a
new startigraphic position for the Macururé (MA) and
Araticum (AT) groups is proposed as weil as their
relationship with other stratigraphie units.

The SFB belongs to the Borborema Geotectonic
Province and is located in the northern margin of the Sao
Francisco Craton (SFC) (Fig. 1). A generalized
stratigraphic division of this belt was proposed by
Humphrey & Allard (1962, 1969), in which they
identified that the Miaba (MI) and Vaza Barris (YB)
groups are located in the SFB itself and that the Estâneia
(ES) Group is located overlying the (SFC). North of this
area, the saille authors also identified biotite-garnet
schists surrounding sorne granitic stocks, and considered
them as hornfelses. On the other hand, Barbosa (1970)
characterized the Canudos (CA) Group, west of the
Tucano basin, which is equivalent to the MI and YB.
Additionally, this author characterized the MA, which is

composed by siliciclastic metasediments and is
correlative with the hornfelses of Humphrey and AJlard
(1969). According to Silva Filho & Torres (2002) the
Araticum eomplex comprises the Araticum, Timbauba e
Batalha units from Silva Filho et al. (1981) and is
correlatable with the homfelses from Humphrey and
Allard (1969), which then were eharacterized as pellitic
(Traipu) and quartz-feldspar (Jaramataia) hornfelses.
Additionally, Silva Filho & Torres (2002) separated the
AT from the MA and proposed different age and
depositional environments for them, based on the
presence of amphibolites (MORB metabasalts) and some
BIF in the AT tbat are not present in the MA.

D'el-Rey Silva (1995), modified the stratigraphic
division from Humphrey & Allard (1969) and a new
stratigraphy was proposed for the SFB. Nevertheless,
Davison & Santos (1989) came up with another
subdivision in which tbe Estância Domain and its
respective foreland basin (ES); the Yaza Banis Domain
including the MI and YB; the Macururé Domain
including the MA; the Poço Redondo Domain; Marane6
Domain and the Canindé Domain were proposed based
on tectono-stratigraphic considerations.
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Silva Filho & Torres (2002), recognized the above
mentioned domains, as weIl as the Rio Coruripe (RC)
Domain, including the AT and the Pemambuco-Alagoas
(PE-AL) Domain, which comprise Meso-Neoproterozoic
metaplutonic and metasedimentary rocks and
Neoproterozoic granitoids. These authors also stated that
the YB, MA and RC belong to an ensialic fold belt (SFB)
and that the others to an oceanic fold belt, known as the
Sul-Alagoano fold belt respectively, which amalgamated
along the Jeremoabo-Belo Monte shear zone.

PROBLEM CHARACTERIZATION
Based on geo~hronologic data in sorne granites which

show ages around 0.6 Ga, the SFB has been considered as
part of a group of fold belt affected by the Brasiliano
orogeny (Brito Neves et al., 1978; Santos et al., 1998).
.However, sorne 1.04 and 1.0 Ga (UlPb) ages were
obtained in felsic metavolcanic rocks from the MA and
other of 0,98 Ga from sorne orthogneiss that intrude the
Cabrobô Complex (CC) in the PE-AL (Van Schmus, et
al., 1995; Silva Filho et al., 1997) .

The time span of deposition of the MA and AT
sequences is a topic of continuous debate. The existing
discrepancies are based on the lack of fossils and
radiogenic data. For instance, the MA was considered
oIder than the CA by Barbosa (1970), while Silva Filho et
al. (1978) and Santos et al., (1998) considered it as the
coeval deep water equivalent of the VB and MI and
proposed a Neoproterozoic age. Silva Filho & Torres
(2002) considered the MA as correlative of the MI, both
of Mesoproterozic age. Davison & Santos (1989)
proposed a Neoproterozoic age for the previously
mentioned domains, but without following any
stratigraphic consideration. The AT was separated from
the MA, but was considered as correlative of the CC
assigning a Meso-Neoproterozoic age (Silva Filho and
Torres, 2002).

STABLE vs. RADIOGENIC ISOTOPES
Sial et al., (2000), analyzed several carbonate

sequences located in the SFB using C and a stable
isotopes and compared the resulting C-isotope data with
preexisting C-isotope secular variation curves (Hoffman
et al., 1998 ; Kha et al. , 1999). These authors collected 25
samples in a 80m thick marble sequence in the Batalha
city (Al) region and obtained fluctuating positive 0 l3C
values between + 3 a + 4 %0 PDB and two slight shifts to
values as low as 0 %0 (Fig. 2). According to Silva Filho
and Torres (2002) these marbles belong to the AT and
therefore the secular variation curve proposed by Sial et
~l (2000) rnight represents Meso-Neoproterozoic ages
mstead of solely representing Neoproterozoic ages. On
the other hand, Silva and Sial (2003) found sirnilar 0 l3C
pathways in marbles from the Sao Caetano Complex
whose age range between 1.1 and 0.98 Ga.

Sial et al. (2000) also sampled the Acaua Formation
of the ES, the Jacoca Formation of the MI and the OIhos
D'Agua Formation of the YB. In the A~aua Formation
21 samples were collected by these authors and ol3C
values arround -4 °/00 , as weIl as sorne small shift in the
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Figure 2. C-Isotope ehemostratigraphie profile of the Meso
Neoproterozoie Araticum eomplex. (Isotopie data after

Sial et al., 2000).

top, were found (Fig. 3a). In the Jacoca Formation a
300m thick carbonate sequence was studied and 31
samples collected. The ol3C values vary between -6,4
and -2,8 °/00 PDB with a mean of -4 °/00 PDB (Fig. 3b). The
ol3C record of the Acaua and Jacoca formations confirm
the contemporaneous age proposed by Silva Filho et al.
(1978). The Frei Paulo Formation, is currently considered
as the result of facies lateral variation of the Jacoca
Formation and present carbonates stratigraphically
overlaying the latter formation. The ol3C values obtained
by Sial et al. (2000) vary from +3 to +8% 0 PDB and from
9 to -6% 0 PDB. suggesting that they are postglacial cap
carbonates.

The OIhos d'Agua Formation is overlaying diarnictite
sediments of the Palestina Formation. 130 samples were
collected by Sial et al. (2000) in discontinuous marble
outcrops, covering the whole sequence from the contact
with the diarnictite to the Pinhao anticline. The ol3C
values oscillate between -7%

0 and -1 °/00 PDB. at the base,
and shift to values around 0 and -1 °/00 PDB , and then shift
to values as high as 10°/00 PDB at the top (Fig. 3c). These
s: l3C h ..u c aractenstIcs as weIl as the underlying diarnictite
led Sial et al. (2000) to propose a post glacial origin (cap
carbonates).

The composition of the ol3C values obtained in the
AT (Fig. 2) with the general C-isotope secular variation
curve proposed by Kah et al. (1999) (Fig. 4a), suggests
that the AT deposition time interval spans from the late
Mesoproterozoic to early Neoproterozôico. According to
Silva Filho and Torres (2002) this sequence deposited in
a rift-like basin and its chronostratigraphic correlation
with the CC is plausible given that the latter is intruded
by Cariris Velhos orthogneiss ( 0.98 Ga).

Given that the MA is not intruded by the Cariris
Velhos orthogneiss (0.98 Ga) but by sorne leucogranites
of 0.76 Ga age (Rb-Sr) (Amorim, 1995) the age for the
deposition of this complex can be restricted between 0.98
and 0,76 Ga. The presence of the 0.76 Ga leucogranites
characterizes the first NW trending deformation event
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that affected this group. (Dextro et al., 1993; Silva Filho,
et al., 2002).

Figures 3b and 3c show the Ol3C curve for the Jacoca
and Olhos d'Agua formations. Cornparing these curves
with the curve in figure 4, Sial et al. (2002) proposed the
ages 0.74 and 0.72 Ga respectively for these groups, and
that they registered the Sturtian glaciation in the brasilian
shield. The age of the Canindé Cornplex (0.748 Ga - K-

Ar) (Bezerra et al., 1992}, as weIl as the anorogenic
environrnent assigned by Oliveira & Tarney (1990) allow
to the staternent that there probably were sorne
extensional rnovernents coeval with the deposition of the
Ribeir6polis Formation. Figure 4b shows the strong
correlation between the stratigraphy of the Otavi Group
in Narrubia (Hoffrnan et al., 1998a,b) and the
stratigraphie units in the SFB.
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Figure 3. C-Isotope chemostratigraphic profiles of sorne Neoproterozoic sequences in the Sergipano Bell. (a) Acauii (b) Jacoca (c)
OIhos D'Âgua. (Sial et al., 2000).
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CONCLUSIONS
The C-isotope data of carbonate (limestone/marble)

sequences are useful for the deIimitation of depositional
intervals. Based on the data published by Sial et al (2000)
and other published radiogenic data, it was possible to
propose a stratigraphic framework for sorne units located
in the Sergipano fold belt as fol1ow:
a- The Araticum Complex not only represents

Neoproterozoic ages but late Mesoproterozoic to
early Neoproterozoic ages.

b- The Jacoca and Olhos d'Agua formations were
deposited at 0.74 and 0.72 Ga, respectively.

c- It is suggested that the Jacarecica diamictites were
diacronic with sorne expreading movements (an
orogenic) registered in the Canindé Domain, which
are represented by the stratified gabbroic Canindé
Complex.

d- It is proposed that in the Macururé Domain not only
exist present metasedimentary rocks from the
Macururé Group (0.98 and 0.76 Ga), but also
metasedimentary rocks from the Ribeir6polis
Formation.
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values averaging 3.5±0.5%oPDB, with pulses between 
2.7%0 PDB and +4%OPDB (Fig. 2a). ) (e.g. Knoll et al., 1995;
Kah et al., 1999; Kah et al., 2001; Bartley et al., 2001;
among others).

Bartley et al. (2001) supplemented the C-isotope data
reported by Kah et al. (1999) with data from carbonate
sequences from Canada and a well-constrained C-isotope
secular variation curve was, then, compiled for the Meso
Neoproterozoic transition (Fig. 2b). These authors, as
weil as Knoll et al. (1995), studied the Middle to Late
Riphean transition and two trends with important o13C
fluctuations were identified. These trends encompass
values in the -2 and 0%0 range for the Middle Riphean,
and between -2.4%0 and 3%0 for the upper Middle-Late
Riphean, which are separated by an autonomous increase,
from O%OPDB to nearly 2.5%OPDB. that characterizes the
Meso-Neoproterozoic boundary (Knoll at al., 1995;
Bartley et al., 2001). According to Kah et al. (1999) these
trends are related to the agglutination and break-up of
Rodinia (1.2-0.85 Ga) which caused an increase in the
Corg burial rates and high ocean-water oxygenation
levels, leading to the di versification of life and ol3C
increase.

Figur•. 2 (a). S.culor C '·I.illion cllr""" propuscd b)' Khi tlol" (1'199) for tht .\l''1r
'1toproltrowic "oD<ilion in ('aDodot b). ('·iSOIOpc< rhtmo."rotigrophic cu",t fOllnd
in Sibcria by Oarth')'., al., (2001).
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CARBON ISOTOPES AND THE NEO-MESOPRO
TEROZOIC TRANSITION

The C-isotope composition of ancient oceans has been
a topic of continuous debate among the geoscientific
community. Biological evolution, atmospheric
oxygenation levels, tectonic events and, to sorne extent,
unusual global climate episodes have been regarded as
factors controlling the primary composition of this stage
of earth's hydrosphere. Throughout the Precambrian, the
C-isotope composition of ocean water was shaped mostly
by the above-mentioned factors. From this, new
perspectives for the complex paJeotectonic, paleoclimatic
and paleobiological conditions that have dominated our
planet during that time have been pursued.

Well-constrained C-isotope data have been used to
construct a secular variation curve (Fig. 1). Nevertheless,
for the Mesoproterozoic this curve is less well
constrained. It is weil known that this Era was
characterized by biochemical ecstasies and high tectonic
activity.

Few studies have supplied reliable C-isotope
chemostratigraphic information for this period (e.g
Bartley et al., 2001; Kah et al., 1999,2001; Knoll et al.,
1995).Carbonate sequences from Australia, United States,
China and Siberia (Bartley et al., 2001 and references
therein) have demonstrated that Early to Middle
Mesoproterozoic (1.6-1.3 Ga) is characterized by a
narrow variation of o 13C values which jumps around
O%OPDB. This behavior is replaced In the Late
Mesoproterozoic-Early Neoproterozoic transition by a
new pathway characterized by slightly stronger C-isotope
fluctuations, which roughly coincide with the onset of the
Grenville orogeny. The chemostratigraphic pathways
observed for this interval (1.2-0.85Ga) dispIay oUC

- 402-



Short Papers - IV South American Symposium on Isotope Geology

E

B

- .........---D

4
.~
0
N
0....
<1>...
0....
0...
~
Z

2
3

1

1u
'0
N
0.....
<1>...
0.....
0..
0
rn
<1> A
~

-1 -2 0 2 .. 0 2 8

Figure 3. Composite Il'' C chemostratigraph)'c section and variations ln the
relative graphite content of the SAo Caetano Complex. Numbers represent
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3.7%oPDB (V) ln the Rodiador sections those positive
values sporadically decrease to values near -1.8%oPDB (VI,
VII), whereas in the Santa Rosa section, those positive
values (2.7%oPDB) are preserved and present not negative
shifts (VII).

Since the C-isotope composition of carbonate
sequences can be tied to changes in the global Corg burial
during sedimentation (Bartley, et al., 2001 and references
therein), variations in the 8 13C values were contrasted
with variations in the relative content of graphite (Fig. 3).
Large amounts of graphite were observed in Ihe analyzed
samples. In the Piedra de cal locality, graphite contents
range from 0% to 4.7% (A) but some shifts to near 2%
are also common (B). The Malutagem and Sitio dos
Nunes sections present more fluctuating patterns with
graphite contents shifting from 0 to 7% (C,D) and, in
some cases, from 0 to 4% (B). The Santa Rosa and
Rodiador sections start with high contents of graphite
(-7%) (E), that decrease up section to values near 1.5%
(F,H) to finally increase to values near 8.5% (1) .

After comparing C-isotope and graphite content
variation curves, an opposite behavior can be noted. For
instance in the lower part of the stratigraphie section,
increases in the content of graphite (A, B) coïncide with
decreases in the 8 13C values (1, Il); whereas in the upper
part of the section large enrichment in the graphite
content (D, E, G, 1) coincide with depletions in the 8 13C
values (IV, VI, VII, IX) and viceversa (G,VllI).
Likewise, in the middle part of the stratigraphie section a

GEOLOGICAL SETTING AND CHEMOSTRATI
GRAPHY
The Sâ:o Caetano Complex (SCC) is a volcano
sedimentary sequence characterized by the presence of
gamet-biotite paragneiss, quarzite, marble,
metagraywacke, metadacite, metarhyolite, metapelite and
metabasalt, metamorphosed under the amphibolite-facies
conditions during the Brasiliano orogeny (0.75-0.5 Ga.)
(Brito Neves et al., 2(02). The SCC is Iocated in the Alto
Pageu terrane (APT), and makes part of the Cariris
Velhos belt (CVO) developed between 1.1 and 0.95 Ga in
the Borborema Province. Regionally, it is associated to
some metavolcanic sequences as weil as to some MORB
mafic and ultramafic suites (e.g Riacho-Gravata belt and
Serrote das Pedras Pretas) that have been interpreted as
part of a mid-oceanic rift sequence developed ~ 1.0
Ga.(Brito Neves et al., 2002 and references therein). The
SCC is also intruded by various Neoproterozoic plutonic
and orthoderived suites and associated to some
metamorphic Paleo-Mesoproterozoic belts (Brito Neves
et al., 2002). The older age assigned to the SCC is quite
uncertain and is inferred from some sedimentary zircons
of Archean to Late Mesoproterozoic age. The younger
age obtained for the SCC is 0.96 Ga (V-Pb) from a
Cariris Velhos granodioritic-biotite orthogneiss that
intruded the SSC to the north of the study area (Britto
Neves et al., 2002).

Five continuous marble stratigraphie sections near the
Flores Town (Pedra de Cal, Santa Rosa, Rodiador,
Malutagem) and Sitio dos Nunes town, Pernambuco,
were examined and 120 samples were analyzed for C
isotopes. 8 13C chemostratigraphic pathways were
obtained and used to correlate the five stratigraphie
sections and to construct a composed C-isotope variation
curve (compound stratigraphie section ~250m) for the
studied marbles (Fig. 3). The thicker and most complete
stratigraphie section (Pedra de Cal locality) consists of 44
samples that correspond to nearly 110 m. The sequence
starts with very oscillating 8 13C values, which vary from
2%OPDB to 3.6%OPDB and present some depletions to values
around 1%OPDB (1). Those values remain constant,
averaging 2.3%oPDB. then decrease to values as low as 
2.2%oPDB and finally establish around -1.5 %OPDB (II).
However, some positive shifts of no more than 0.5%OPDB
are also noticeable. A sole enrichment, from 0 to near
1.8%oPDB (III) characterizes the upper part of the section
just before falling to values around 0 and -1 %OPDB (IV).

The Malutagem (2) and Sitio dos Nunes (3) sections
(Fig. 3) present predominant negative 813C values. Both
sections start with oscillating values in which shift from
near -2.6%oPDB to near l%opDB are identified (II). This
pathway is interrupted by a very pronounced enrichment
from -1.5 to 2.5%oPDB (III), which then is followed by a
decrease to values near -2%opDB (IV)

The Santa Rosa (4) and Rodiador (5) sections (Fig. 3)
provided the most positive 8 13C values of this study and
comprise the uppermost part of the composite
stratigraphie section. Both sections start with negative
813C values, varying between - I.8%OPDB and 1.5%OPDB
(IV), which then increase up-section to values as high as
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CONCLUSIONS.
An alternative sequence of events is, thus, proposed

to explain the oscillating trend of SCC al3c secular
variation curve, which can be subdivided into four stages
as follows:

(1) A combination of global Corg burial and
sequestration during uplift and widespread
development of subduction zones. These
processes generate al3c positive excursions as
those found in the lower most part of the SCC
sequence (1). The positive excursion can be
related to the onset of the Grenville orogeny
(-1.3-1.1 Ga.) elsewhere, in which widespread
large orogenU: belts and subduction zones
development have been amply identified.

(2) Addition of large amounts of volcanic IZC
enriched COz. General rifting event have been
related to the separation of the San Francisco,

organic matter into the ocean system (Des Marais, 1994;
Kah et al., 1999; Bartley et al., 2(01). Moreover, depleted
al3c values can be also expected during periods of
oceanic rifting and spreading, as weIl as to superplQme
events, in which depleted volcanic COz is released into
the ocean water (Lindsay and Brasier, 2(02)

As it was mentioned previously, secular variations in
the Meso-Neoproterozoic al3c has been considered as the
result of an enhanced Corg matter burial that occurred
during the agglutination and later break-up of Rodinia
(Kah et al., 1999; Bartley et al., 2(01). According with
these authors, that enhancement in the Corg burial should
have prevented the oxidation of large amounts of IZC rich
organic matter and incorporation of the available IZC into
the ocean water. This should have generated high ocean
water oxygenation levels that led to an increase in life
diversification, which in turn, contributed to that general
al3c increase due to high IZC biological consumption.

Augments in the content of graphite in the Sâo
Caetano Complex marbles, whieh might represent
increases of Corg burial in a marine carbonate platform,
coincide with depletions in the al3c values (Fig. 3b
compared with 3a). This characteristic is not in agreement
with the generalized assumption of Bartley et al. (2001)
in which high organie matter burial was related to
decreases in the al3c, and viceversa. Therefore, other
variables such as carbon tectonic sequestration, changes
in sea level, ocean spreading and closure and/or local
seawater stratification should be regarded as alternative
factors controlling the SCC al3c paths.

Oscillatory al3c pathways encountered in the
carbonate sequences world-wide have been attributed, in
the long term, to high tectonic activity during whieh
inputs and outputs of available IZC strongly changed as
consequences of Corg burial and sequestration (Lindsay
and Brasier, 2002; Bekker et al., 2(03). Likewise, short
term phenomena such as upwelling, relative sea level
changes, ocean water stratiphieation, among other; can
also generate fluctuating al3c paths by locally controlling
the C-cycle as proposed by Mitchell et al. (1996) in
Phanerozoie sections

negative shift in the graphite content (C) coincides with
an increase in the al3c values (III).

ôl3C SECULAR VARIATIONS: REGIONAL AND
GLOBAL IMPLICATIONS.

The general Mesoproterozoic al3c secular variation
curve presents an almost invariant pathway, with values
near 0 and 1%OPDB; resulting from a period of relative
stable tectonies in which the ocean-water geochemical
composition remained in a widespread steady state (Fig.
1) (Lindsay and Brasier, 2002; Beklœr et al., 2(03).
Nevertheless, by the Meso-Neoproterozoie transition, that
steady state seems to have changed and a more varying
pathway should have resulted from biological ecstasies
during a period of high tectonies associated to the
agglutination of the supercontinent Rodinia (Fig. 2a,b)
(Bartley et al., 2001).

The al3c secular variation pathways encountered in
the SCC (Fig. 3) seems to match with those encountered
in Meso-Neoproterozoie carbonate sections from Canada
and Siberia (Figs. 2a,b). Nevertheless, sorne short term
variations are identified in the former due to the high
resolution method adopted during sarnpling in this work
(sample collection spacing-lm in average). Two different
al3c values trends were found in the SCC marbles, one
decreasing from 4%OPDB to -2.2%OpDB (1-11) and another
increasing from nearly -2%OpDB to 3.7%OPDB' (IV-IX),
which are separated by a slightly positive anomaly with
values as high as 2.7%OpDB (III). The same secular
variation was found in carbonate sequences located in the
Uchur-Maya and Turukhansk regions (Siberia) (Fig 2b)
in which both the decrease and later increase in al3c are
separated by slightly positive anomaly (-2.4%OpDB)'
Meanwhile, in carbonate sequences from the Bylot
Supergroup, Canada, those different al3c' trends are
separated by a positive anomaly with values near
2.7%OpDB (Kah et al., 1999) According to Bartley et al.
(2001) that anomaly marks the Meso-Neoproterozoie
passage and can be considered as having occurred sorne
time between 1.035 and 1.03 Ga., based on weIl
constrained U-Pb and Sm-Nd geochronological data
found in sorne mafic sills intruding those stratigraphic
sections. These similarities were thus taken in to account
to (1) propose a contemporary sedimentation for these
two sequences, spanning from 1.3 to 0.95 Ga, and (2)
state that the Meso-Neoproterozoic passage was
registered by the SCC original carbonate sequence.

Highly fluctuating al3c values in carbonate sequences
are expected during periods of ocean rifting and high
tectonie activity (Des Marais et al., 1992, 1994). For
instance, enriched al3c values have been attributed to
periods of high tectonic activity during which Corg burial
cause high levels of ocean oxygenation and high biologie
diversification (Des Marais 1994). These kinds of values
are also expected in periods of high Corg sequestration
during widespread subduction and oceanic closure
(Lindsay and Brasier, 2002, Bekker et al., 2003).
Oppositely, low al3c values are associated to periods of
stable tectonies; in whieh low Corg burial contribute to
the oxidation and incorporation of the available IZC rich
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Congo, Sao Luiz Craton, just before Rodinia
agglutination. (-1.1-1.0 Ga.) This process should
have added large amounts of 12C enriched CO2
through degassing and generated a general
depletion in the o13C of ocean water. This event
was probably registered by the lower part of the
SCC (II).

(3) Rapid Corg matter sequestration through
subduction. This phenomenon should have heen
associated to the CVO in the Borborema
Province, north of the Sao Francisco craton, and
generated the rapid and sharply positive excursion
registered during the Meso-Neoproterozoic
transition (-1.0 Ga.) in the SCC (III). This
subduction event is supported by the existence of
eclogites associated to the SCc. (Brito Neves et
al., 2002 and references therein). Nevertheless,
the onset of the CVO should have also generated
high Corg burial due to high continental erosion
rates during rapid uplift.

(4) 12C rich organic matter sequestration during
subduction and posterior ocean closure (1.0 and
0.96 Ga.). After the Meso-Neoproterozoic
passage, the SCC carbonates sequences should
have registered an oceanic basin closure during
the accretion of the Riacho Gravata complex to
the Paleproterozoic supracrustal blocks of the B.P.
(from 1.0 to 0.96 Ga.), which was accompanied
by subduction (Brito Neves et al., 2002). This
closure led to a pronounced increase in the ol3C
values due to Corg sequestration (IV-IX).
Nonetheless, fluctuating and slightly positive o13C
values (V-VII) are also encountered and can be
interpreted as the result of oceanic stratification,
associated to relative sea level changes and ocean
closure, that rnight have also controlled the C
cycle.

From this panorama, it can be stated that the o13C
secular variation curve for the SCC and, in general, the
Late Mezoproterozoic- Early Neoproterozoic C-isotope
curve; seem to have been controlled by tectonic events
such as Grenville orogeny (1-11) and CVO (III). However,
local changes in the ocean geochernistry such as oceanic
water stratiphication and relative sea level changes (IV
VII) should have shaped the C-cycle during the SCC
deposition by sequestering and adding the organic and
inorganic carbon present in the ocean system.

Nevertheless, sorne differences between this curve
(IV, VI and VII) and the curve from Bartley et al. (2001),
above the proposed Meso-Neoproterozoic transition, can
he partially related to the presence of silicates in sorne
protions of the marble sequence. Those silicates could
have generated depletion patterns in the ol3C due to the
release of depleted CO2 during the amphibolite facies
metamorphism.

Finally, there is a clear coincidence between the time
span comprising the sedimentation of the SCC and the

Short Papers - N South American Symposium on Isotope Geology

assumed age for the agglutination of supercontinent
Rodinia (1.0 Ga.). If the data obtained in the SCC
represent the above-mentioned conditions and time span,
the agglutination of Rodinia would had not involved
sorne ancient continental blocks belonging to the
surrounding Transversal Zone.
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The Rodinia supercontinent was broken around
750Ma and the East Gondwana (India, Australia and
Antarctica) separated from West Laurentia (Powell et al.,
1993). The Baltika, Africa and South America occupied
the other side of the Rodinia. The Neoproterozoic rifting,
breakup of Rodinia and fragmentation of the
Gondwanaland, low latitude glaciation and global
warming events have been recorded from the Lesser
Himalaya of India (Tewari, 2(02). The Carbon and
Oxygen isotopie variation and chemostratigraphy of the
Lesser Himalayan carbonate formations reflect global
palaeoclimatic and palaeobiological events (Tewari,
2001). The Neoproterozoic early Cambrian
chemostratigraphy of the Blaini - Krol - Tal succession
strongly supports the Precambrian - Cambrian transition
lies in the Lower TaI Formation (o13C = -4%0 PDB). The
Krol belt in the Lesser Himalaya is characterised by
positive o13C value (+1 to 6%0 PDB). The emergence of
multicellular Ediacaran life in the Upper Krol is
consistent with an increase in atmospheric oxygen
(0180=+30%0 SMOW). The oxygen isotope supports that
oxygen played a major role in metazoan evolution and
Cambrian explosion. The base of the Terminal
Proterozoic System in the Lesser Himalaya is established
in the Blaini Formation (Tewari, 2001). The pink cap
carbonate of the Blaini Formation shows negative ol3C
value (-3%0 PDB) and corre1ated with Varanger glacial
event. A comparison of the available carbon and oxygen
isotope curves from other regions of the Eastern
Gondwanaland and South China, parts of Siberia and
North Africa suggest that the Neoproterozoic - early
Cambrian chemostratigraphy is consistent in the isotopie
variation. There is carbon isotopie similarity between
Neoproterozoie Bambui Group in Central Brazil, South
America and the Krol Formation of the Lesser Himalaya
India.

Consistency in the C-isotopic composition during the
geological past has been observed in the critical sections
world widely. Schidlowski et al. (1976) developed a weH
constrained carbon isotopie evolution curve. The concept
of C-isotope chemostratigraphy is based upon the
assumption that C-isotopic ratios fluctuate with time,
largely in response to the changes in net rate of organic
burial and climatic variations (availability of atmospheric
oxygen).

In the NE Lesser Himalaya, India Neoproterozoic
sedimentary succession shows well developed carbonate
sequence - the Buxa (Menga) Dolomite (Fig. 1). The
recent discovery of microbialites and organic walled
microfossils (Tewari, 2002; photo 1 and 2) conflfffi
Terminal Neoproterozoie age for the Buxa Dolomite. The
C-isotope chemostratigraphy of the Buxa (Menga)
Dolomite is shown in figure 2. The C-isotopic ratios are
significantly positive and quite consistent with the o13C
(carbonate carbon) values ranging from + 3.7 to + 5.4%0
(PDB) in the Buxa Dolomite. The O-isotopic data also
shows remarkable consistency with the 0180 values
fluctuating within a narrow range between -8.9 and
-7.2%0 (PDB). The significantly positive C-isotopic
results correspond to the Terminal Proterozoic C-isotopic
evolution, followed by oscillations during the
Precambrian - Cambrian transition in the Lesser
Himalaya.

Terminal Proterozoic glaciogenic deposits have been
recorded from aH the continents. They were formed by
breakup of Rodinia supercontinent. Recent carbon
isotopie studies of Phanerozoic and Terminal Proterozoic
glaciogenic deposits in general has suggested that
palaeoclimate changes on Earth over the last 650 Ma is
directly related to atmospheric COz fluctuations
(Jacobson, 2001; Tewari, 2001, 2003). The snowball
Earth model suggests that during global glaciation there
may be a short lived change in the carbon isotopie ratios
of the ocean because of elimination of marine life. Hence
the o13C in marine carbonates will drastically decrease to
-6 ± 1%0 (PDB) (Jacobsen, 2001). The deglaciation event
is also weH recorded in the carbon isotope variation from
pink cap carbonate indicating end of the Terminal
Proterozoie glaciation (Tewari, 2001, 2(03). Kaufman et
al. (1997) have observed that ol3C values in cap
carbonates globally range from 0 to -5%0 (PDB). The
ol3C values of the pink Blaini Limestone also range from
o to -3%0 (PDB) confirming the global event. The major
palaeoclimatic changes, carbon isotopie fluctuations,
biotic extinction-evolutionary events, and sea level
changes recorded from the Lesser Himalaya, India has
been discussed in the present paper in detail.
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Figure 1. Gelogical map of the Menga area eastem Himalaya. Photos. Microphotograph of microstromatolite and organic
walled micro-fossiles.
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INTRODUCTION
This study is a new contribution to the facial/

microfacial and geochemical characterization (Cabaleri et
al., 2001, in press) of the marine jurassic carbonates of
Calabozo Formation. This unit, of Early Callovian age,
crops out in the Neuquina basin of southwestern
Mendoza province, Argentina. It is exposed from Salado
River in the north to the Bardas Blancas region in the
south. This work deals with chemical, I3C and 180
analyses in order to reconstruct the palaeoenvironment
and post-depositional history of Calabozo Formation at
arroyo El Plomo (Fig. 1). Also, isotope strontium
detenninations were done to compare the
chemostratigraphic age given by the global jurassic
seawater curve with the Early Callovian biostratigraphic
age of the succession.

GEOLOGICAL SETTING
Sedimentological analyses in El Plomo creek sections

(Fig. 2) indicate that limestones of Calabozo Formation
were deposited on an extended shallow-water ramp.
Facies associations are indicative of mid and inner ramp
subenvironments (Cabaleri et al., in press). Carbonate
facies were deposited on a delta plain (Lajas Formation).
On this substrate, during the Callovian transgression,
began the sedimentation of Calabozo Formation with a
basal floatstone. Afterwards, prograding parasequences
were developed producing subtidal facies characteristic
of a mid-ramp subenvironment. Three shallowing-upward
cycles are identified: the lower and the middle ones are
typieally mid-ramp, whereas the upper cycle finishes with
a characteristic facies association of an inner ramp. The
mid-ramp facies is composed by wackestones,
packstones, packstone with channels and floatstones,
while the inner ramp is characterized by grainstones and
boundstones. Restriction of the basin becomes more
evident towards the upper levels of the Calabozo
Formation with the deposition of restricted circulation
facies, on top of which the evaporitic succession of
Tâbanos Formation is developed.

ANALYTICAL TECHNIQUES
Limestones were collected in two profiles (Fig. 2).

Samples are composed principally by calcite with small
quantities of magnesium calcite and dolomite crystals
with calcite nucleus, suggesting more than a process of
re-crystallization under different conditions. Isotopic and

chemical analyses were performed on bulk rock samples,
since it was not possible to carry out the separation of the
different carbonate components.

The trace elements were detennined by wavelength
dispersive X-ray fluorescence using standard techniques
on bulk rock compacted powder. XRF analyses were
done at INGEIS with a Philips PW 1410 spectrometer.
International standards NBS-lb, NIST-lc, NIST- 88b,
JLs-1 and JDo-1 were used as reference materials.
Analytical uncertainties are: ± 2% for Sr, ± 7% for Fez03
T, ± 12% for MnO.

Carbon and oxygen isotopie analyses were carried out
by the usual techniques. Isotopic ratios were detennined
in a Delta S Finnigan Mat triple collector mass
spectrometer, at INGEIS. The isotopic composition is
reported as deviation per mil (0 %0) relative to the V-PDB
standard. The analytical error is 0.1%0 ( ±2cr) for both
013C and 0180.

Strontium isotopes were anall,zed at the Centro de
Geociencias, UFPA, Brazil. 7Sr/86Sr ratios were
detennined with a thermo-ionization multicollector mass
spectrometer Finnigan Mat 262. Results were normalized
to the standards Eimer & Amed: 0.70800 and NBS-987:
0.710250.

RESULTS AND DISCUSSION
Trace element contents of this sequence do not

present high variations (Table 1). Their concentrations
keep a pattern of variation within each sedimentological
cycle in agreement with depositional conditions. Contents
reflect syn-depositional fluctuations in the best preserved
carbonate rocks of profile 1. They also evidence
superposed post-depositional modifications related to
pore fluids during burial and late diagenetic fluids. The
latter have been more active in the high energy levels
containing reworked biogenic materials. According to
Brand and Veizer (1980), Mn/Sr ratio is used as a
geochemical tracer. The more marked modifications are
indicated by a rise in Mn/Sr ratios and a weak increase in
Fe contents as is observed towards the end of the middle
cycle and at the beginning of the upper one. In these
levels more evaporative conditions begin to prevail under
sub-superficial environment.

The isotopic composition through the carbonate
succession in profile 1 (Fig. 2), do not show a high span:
013C values vary between 0.8%0 and 2.0%0 and 0180 ones
between -11.3%0 and -9.9%0 (Table 1). The latter
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Figure 2. Correlation between faciallmicrofacial and geochemicaJ data of limestones at arroyo El Plomo.

parameters are quite depleted in comparison with those of
the coeval unaltered marine carbonates (Veizer et al.,
1999). This indicates episodes of post-depositional
interaction with very depleted fluids (Popp et al., 1986),
like water coming from high altitude in the Andes range,
similar to Mendoza and Tunuyan ri vers (Panarello and
Dapena, 1996). Despite this diagenetic overprint, 1)

180
values still keep a variation pattern that reflects the
environmental conditions prevailing during deposition.
Otherwise, I)I3C proved to be less or not sensitive to
diagenesis under the same waterlrock interactions.

Carbonate sedimentation in the basin deepest areas is
represented by the facies association of the lower cycle in
the mid-ramp. Limestones are weil preserved according
to the geochemical parameters (Table 1) and their carbon
13 composition is almost constant (1.9%0 to 2.0%0) and
within the highest frequency (2%0 - 4%0) in the estimated
range for CaJ10vian unaltered marine carbonates
(Anderson et al., 1994; Veizer et al., 1999). Oxygen-18
values (-11.3%0 to -10.9%0) show a very small shift to a
more positive value at the top of the cycle, in
concordance with its shallowing-upward tendency.

Cycle SampleN" l5'Jc 15'80 "SrI"Sr Error (2<» Srppm Mnppm MnlSr Fe%

PERAL 1 LOWER CAP4 1,9 -11,1 0.707005 0.000036 540 163 0.30 0.247

CAPS 2,0 -11.3 440 116 0.26 0.365

CAP 6 2,0 -11,1 514 178 0.35 0.266

CAP 8 2,0 -10.9 379 108 0.28 0.343

MIDDLE CAP 9 1,8 -11.2 0.706994 0.000031 549 124 0.23 0.110

CAP 10 1,4 -10.6 374 124 0.33 0.110

CAPll 1,4 -10.7 366 4llO 1.31 0.245

UPPER CAP 12 0,8 -10,8 298 588 1.97 0.309

CAP 13 1,4 -lU 387 441 1.14 0.423

CAP 14 0,9 -9.9 423 434 1.03 0.209

CAP 15 1,0 -10.0 352 248 0.70 0.171

CAP 17 1,6 -11,1 0.706943 0.000030 398 147 0.37 0.084

CAP 18 1,2 -10,8 505 266 0.57 0.064

CAP 19 1,1 -10.1 0.707083 0.000037 377 85 0.23 0.086

PERAL LOWER CAP21b 1,1 -11.7 341 194 0.57 0.473

CAP21a 0,9 -11.5 252 163 0.65 0.631

UPPER CAP 23 1,2 -10,8 360 224 0.62 0.120

CAP 24 1,1 -11,1 0.707011 0.000030 408 170 0.42 0.158

CAP 25 0,7 -11.5 268 968 3.61 0.121

~5

• • •
JJ 1,5 /'-", •1 •

0.5
A 6"0

0 ~---

-'2 .11,5 -11 -10,5

2,5-

2-

t'lU 1.5- t
".0 ,- • t '"./.

0.\

B 6"0
0

-12 ·t1,5 ." -10,5 .,. .9,5

Table 1. Chemical and isotopic data of limestones in profile 1 and 2 at arroyo El
Plomo.

Figure 3. BUC vs &'"0 of samples of
profile 1 and 2 showing the diagenetic
trend. A. Lower cycle. B. Upper cycle.
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In the oùddle cycle, also characteristic of the oùd
ramp, Ù13C values range upward from 1.8%0 to 1.4%0,
probably due to the incorporation of small amounts of
isotopieally light carbon derived from the oxidation of
organie matter (Kaufman et al., 1992). On the other hand,
Ùl80 values become enriched (-11.2%0 to -10,6%0)
towards the top of the cycle, indieating more intense
evaporative conditions. The shifts observed in both
isotopes evidence once more, the shallowing-upward
tendency of each cycle after a new transgression in the
basin and the establishment of more conspicuous shallow
water conditions.

In the upper cycle, developed in the oùd and in the
.inner ramp, more variation in the values of both isotopes
is observed (ù 13e: 0.8%0 to 1.6%0; Ù180: -9.9%0 to
-11,1%0). At the beginning of the cycle (CAP 12), the
13C/12C ratio becomes lighter in 0.6%0 compared to the
signal of the limestones at the top of the oùddle cycle.
This sample shows the highest evidence of post
depositional changes (Mn/Sr: 1.97) that oùght justify this
variation. The high organic productivity and the organic
matter oxidation in this level, should have produced a
reducing media and waters depleted in oxygen content.
Under these conditions, Mn divalent is more probably
concentrated in the early diagenetic phases (Jenkins et al.,
2002) . The 13C depletion is not accompanied by the
oxygen-18 composition, that remains almost in the same
value that at the top of the above cycle. Going up in the
stratigraphic succession, carbon-13 of CAP 13 returns to
almost the same signal registered at the end of the oùddle
cycle, indicating the beginning of a new transgression.
From there, 180/160 ratios become heavier while I3C/IZC
ratios more depleted, remarking the shallowing trend of
the carbonatic sequence, that produce an increase in the
evaporative conditions (Frank et al., 1997) and in the
biological productivity with the further oxidation of the
organie matter. There are petrographic evidences of
subaereal exposure in CAP 14, pointed isotopically by
the incorporation of soil gas COz and the lost of 160 due
to evaporation. This is remarked by the shifts to more
positive Ù13C and more negative Ù!80 for samples below
it (Allan and Matthews, 1982). The same pattern is
observed at the upper levels of the profile in the inner
ramp, where stromatolitie mats grew in the shallower
areas and the circulation of water was locally restricted.
These areas underwent recurrent episodes of subaereal
exposure and evaporation (Cabaleri et al., in press).

Petrographic and geocheoùcal tracers indicate that
limestones in profile 2 show higher evidences of Eost
detE0sitional changes than those in profile 1. The ù! C vs
ùl 0 cross-plots (Figs. 3A,B) for samples of the lower
and upper cycle in both profiles, show a positive
correlation that mark the general diagenetic trend
followed by carbonate sediments in profile 2.

Table 1 shows the strontium isotope data for the
Calabozo Formation. As it was not possible to carry out
deteroùnations in all samples, analyses were performed
on the best preserved ones of each cycle according to the
geocheoùcal tracers. Two samples of the upper levels
were also processed in both profiles. The values are
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slightly scattered and the most divergent ratios are those
of samples CAP 19 (profile 1) and CAP 24 (profile 2)
that correspond to the upper levels of the successions and
therefore present evidence of subaereal exposure.

The level of resolution of the Jurassic strontium
isotope record varies from the Early to the MiddlelLate
Jurassic. The Early Jurassic seawater curve is well
constrained and shows a oùnima in the Pliensbachian
Toarcian boundary associated with an Ocean Anoxic
Event (OAE) (Jones et al., 1994, 2001). The isotope data
for the MiddlelLate Jurassic do not define a clearly curve
because the values are scarce and divergent.
Consequently, the stratigraphic resolution for this section
of the Jurassic seawater curve is reduced. Jones et al.
(2001) present a oùnima in the interval Callovian
Oxfordian but, as it lasts a long period of time (30 My)
and does not return to the pre-excursion isotope ratio,
they do not consider it as a short term event.

The strontium isotope values for the Calabozo
Formation correspond, within the analytical errors, to the
Late Bathonian-Early Callovian boundary (Jones et al.,
1994,2001).

CONCLUSIONS
A good agreement between the facial/oùcrofacial

(Cabaleri et al., in press) and the cheoùcal and isotopic
data is observed in the reconstruction of the
palaeoenvironment during deposition of the carbonatic
succession of Calabozo Formation, at El Plomo creek.
Although these carbonates undergone more than a post
depositional process, petrographic and geocheoùcal
deterrninations indicate that they did not highly affected
these rocks. Oxygen isotope system, the most sensitive
indicator of diagenesis, show 0-18 compositions quite
depleted, indicating they are obliterated by later post
depositional events. Despite of this, Ù180 still maintain a
variation pattern that reflects the environmental
conditions prevailing during deposition. A shift to
enriched values is observed towards the upper levels of
each shallowing-upward cycle, indieating the
establishment of more intense evaporative conditions and
the progressive restriction in the water circulation, with
the consequent loss of 160. On the other hand, carbon
isotope system retained best the primary isotopie
characteristics. Limestones deposited in the deepest areas
of the basin (lower cycle), are the best preserved and their
13C signature is in concordance with the Callovian
unaltered marine carbonates. A grow to isotopically
lighter carbon is observed through the shallowing-upward
levels of the oùddle and upper cycles, remarking the
input of organically derived carbon and episodes of
subaereal exposure.

Within the grade of resolution of the Bathonian
Callovian seawater curve, chemostratigraphic age of
Calabozo Formation is sioùlar to the biostratigraphic one.
Taking into account the resolution of this section of the
curve, we can not affirm if the little variations in the
87Sr/86Sr ratios reflect diagenetic alteration or represent
real isotope fluctuations.
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FOREWORD

ln the last three decades, many geologists in South America have turned their attention to
isotopie geology as a tool in the wider context of the Earth Sciences. As a result, it has been
proposed that a series of symposia on the South American Isotope Geology (SSAGI), organized
every two years, would provide the appropriate forum for discussion of methods and applications of
stable and radiogenic isotopes in the Earth Sciences. In these symposia, progress made in this
field in South America would be assessed, encouraging scientific interaction at both national and
international levels.

We are very pleased the IV SSAGI has met very good interest from the national and
international community reflected by 212 scientific contributions fram 15 countries. They were
selected for oral and poster sessions and distributed in seven thematic sessions: (i) Methodology
and Application of Isotope Geology; (ii) Crustal Evolution of South America; (iii) Temporal Isotopie
Variation and Chemostratigraphy; (iv) Environmental Geology and Water Resources; (v) Genesis
and Evolution of Igneous and Metamorphic Rocks; (vi) Metallogenesis and Mineral Exploration;
and (vii) Oil Exploration. These contributions, with the seven invited lectures on selected themes,
compose these Short Papers volumes.

To prepare the volumes the organizers utilize the original files sent in by the authors.
However, sorne modifications have been suggested by the Editorial Board in order to improve the
text. Most of the papers were not returned to the authors and modifications have been performed
by the organizers of the volumes looking for standardization. Ali figures and references were not
edited. The final quality of figures, photos and tables presented here reflect the quality of the
originals forwarded by the authors.

The Organizing Committee gratefully acknowledges the financial support from the
Government of the State of Bahia, the major sponsor of this Meeting, that has deemed timely to
provide the site and sponsorship, reasserting with the Companhia Baiana de Pesquisa Mineral
(CBPM) its longstanding practice of fruitful interaction with the EarthSciences community. Thanks
are also due to the Sociedade Brasileira de Geologia (SBG-Nucleo Bahia-Sergipe), Brazilian
Council for Scientific and Technological Development (CNPq), CAPES and also to CPRM
(Brazilian Geological Survey), Sine do Brasil (Micromass), Finnigan and Geologia e Sondagens
(GEOSOL) for their financial support. We thank the Institut de Recherche pour le Développment
(IRD), for publishing these volumes, and to Dr. Augusto Pedreira for a final review. We also
recognize the efforts of Dr. Alcides Sial from the Stable Isotope Laboratory (LABISE) at Federal
University of Pernarnbuco to have the IV SSAGI at the Northeastern Brazil.

The Organizing Committee wishes to welcome ail participants and that ail of them have a
enriching and a pleasant stay in Salvador. The success of the meeting is due to both inovating
ideas and very productive discussions among the participants. The high quality of the papers
presented in these issues provide a good guarantee that in forthcoming years new SSAGI will
prolong the dynamics of this field.

IV SSAGI Organizing Committee
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RADIOMETRIC CHARACTERIZATION OF SEDIMENTARY ROCKS AT CORUMBATAI
RIVER BASIN, SAO PAULO STATE, BRAZIL
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INTRODUCTION
This study was realized at Corumbataf River basin,

Sao Paulo State (Brazil), comprising most of the
stratigraphic units from the giant Parana sedimentary
basin (Palaeozoic-Caenozoic), which covered 70% of the
whole Sao Paulo State. This state produces much of the
Brazilian sugar cane, and, consequently, a large quantity
of fertilizers is involved in the agricultural activities.
Applications of chemical fertilizers increase the
phosphate and uranium concentrations in soils, resulting
in impacts on natural systems, such as increasing nutrient
and uranium concentration in surface waters, soils and
sediments. In order to evaluate the natural "background"
of radionuclides, it is important to measure their
maximum natural concentrations in rocks located in this
area, which is intensively utilized by sugar cane crops.
Thus, the objective of this work was to evaluate the
concentration and variability of 238U, 234U, 226Ra, 23~h
and 40K in different sedimentary rocks from Corumbataf
River basin. The results obtained were discussed in terms
of the spatial representativity of the various formations
present in the area. Moreover, sorne indexes sorne
contamination index have been applied to provide a basis
for comparison of potential radionuclide hazards.

PHYSIOGRAPHIC FEATURES
The Corumbataf River basin extends over an area of

about 1,710 km2 in the middle-east part of the Sao Paulo
State (Fig. 1). The Corumbataf River flows from the
cuestas zone to the confluence with the Piracicaba River.
Rio Claro city is the most important municipality in the
basin, with 170,000 inhabitants. The tropical climate of
the region is characterized by a wet summer (October
through March) and dry winter (April through
September).

The Corumbataf River basin is a sub-basin of the giant
Parana sedimentary basin, that extends over an area of
1,700,000 km2 (1,000,000 km2 in Brazilian surface).
Several stratigraphic units of the Parana basin (Palaeozoic
- Caenozoic) crop out in it (IPT, 1981): the Tubarao
Group comprising the Itararé Subgroup (sandstones,
conglomerates, diamictites, tillites, siltstones, shales and
rythmites) and Tatuf Formation (siltstones, shales, silex
and sandstones with local concretions); the Passa Dois
Group comprising the Irati Formation (siltstones,
mudstones, black betuminous shales and limestones) and
Corumbataf Formation (mudstones, shales and siltstones);
the Sao Bento Group comprising the Piramb6ia
Formation (sandstones, shales and muddy sandstones),

Botucatu Formation (sandstones and muddy sandstones),
Serra GeraI Formation (basalts and diabases) and related
basic intrusives; different types of Caenozoic covers such
as the recent deposits, terrace sediments, and the Rio
Claro Formation (sandstones, conglomerate sandstones
and muddy sandstones).

SAMPLING AND METHODS
Rock samples (20 samples) were coIlected throughout

the whole basin, taking into account the geological
context, the rock types and their abundance or spatial
representativity. Uranium concentration and isotopic
composition of aIl samples were deterrnined using
standard alpha spectrometric technique. The 238U
concentration was calculated by isotope dilution from the
counting rates of 238U and 232U peaks, and 234UP38U AR
was calculated from the counting rates of 238U and 234U
peaks. The gamma spectrometry was utilized to measure
the 226Ra, 232Th and 40K activities concentrations for aIl
samples. The 226Ra activity was evaluated through
1.76 MeV gamma ray emission of its daughter 214Bi;
23~h was deterrnined through the 228Ac gamma ray line
at 2.62 MeV; 40K was directly measured from the 1.46
MeV peak energy. The Ra.,q is related to the external
gamma dose and the internaI dose due to radon and its
daughters, representing a single quantity that takes into
account the radiation hazards. The Ra.,q assumes that 370
Bq 22~aJkg, 259 Bq 23~hIkg and 4810 Bq 40Klkg
produce the same gamma dose. The R<teq of a sample is
defined as (Berekta & Mathew, 1985):

R<teq = ARa + 1.43ATh + 0.077AK ,

where: ARa' ATh and AK are the specific activities of 226Ra,
23~h and 40K (Bqlkg), respectively.

RESULTS AND DISCUSSIONS
The activities concentrations of 238U, 234U, 226Ra,

23~h, 40K and 238Up34U and 226Ra/238U activity ratios in
these sedimentary rocks are represented in Table 1. Table
2 presents weighted mean activities concentration, Ra.,q
and exposure rates of aIl formations.

The weighted mean activities concentrations of 238U in
sedimentary rocks from Corumbataf River basin is 109
Bqlkg. The highest activity concentration was obtained
for sample FM-7 (398 ± 49 Bqlkg), representing a
siltstone from Corumbataf Formation, and the smallest
activity concentration was found for sample FM-12
(19 ± 4 Bqlkg), referring to a sandstone from Piramb6ia
Formation. The samples FM-7 and FM-9 (upper portion
from Corumbataf Formation) present an elevated 238U
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activity concentration when compared with samples FM
8 and FM-I0 (lower portion from Corumbataf
Formation). Despite aIl samples have been deposited in
superficial marine environment, the different oxidizing
and reducing conditions controlled the behavior of 238U
during the deposition of these sedimentary rocks.

Wedepohl (1969) and Gabelman (1977) report that
normally the uranium concentration is greater in
siltstones and claystones than in sandstones, being this
fact related with the grain size of these sedimentary rocks
and the differential behavior of 238U into their mineraIs.
The 238U activity concentration in the analyzed
sedimentary rocks is dependant of the lithology, so that
siltstones and claystones (Cbrumbataf, Tatuf and Irati
Formations) have higher uranium concentration than
sandstones (Piramb6ia and Botucatu Formations). Such is
reinforced when the two samples from Itararé Subgroup
Itararé are considered, i. e. the sample FM-1 (diamictite)
and FM-2 (sandstone) whose 238U activity concentration
corresponds to 140 ± 17 Bq/kg and 49 ± 7 Bq/kg,
respectively. Wedepohl (1969) and Gabelman (1977) also
considered that limestones should have 238U activity
concentration lower than 24.66 Bq/kg (or 2.00 ~glg), but
this fact is not verified for limestone from Irati Formation
(238U activity concentration = 191 ± 36 Bq/kg). This
higher 238U activity concentration must be associated with
the limestones composition, i. e. limestones layers
(superficial marine environment) intercalated by black
betuminous shales (basin restrictions), rocks that are
norrnally more enriched in 238U than other sedimentary
rocks. Sorne similarities and differences exist for 23~h e
40K in relation to 238U activity concentration.

The weighted mean 238UP34U AR is 1.08, indicating
1 'l'b . b 238U d 234U .near secu ar eqUl 1 num etween an Isotopes

at least over the last 1 million years. The weighted mean
226Rap38U AR is lower than 1.00, suggestini a higher
solubility and mobility of 226Ra in relation to 23 U in these
rocks.

If we considered the average annual effective dose
from natural sources as 2.4 mSv per year (UNSCEAR,
1993), then, the maximum Raeq would be 544 Bq/kg. AlI
formations found at Corumbataf River basin show Raeq
activity concentration lower than allowed, indicating low
radioactivity level in these sedimentary rocks. Exposure

Short Papers -IV South American Symposium on Isotope Geology

rate is the radiation effect in the air above 1 m of the area,
estimated using dose-rate conversion factors (DRCF)
adopted by UNSCEAR (1993). The weighted mean value
of 36 nGyh-1 represents 65% of the world average
outdoor exposure due to terrestrial gamma radiation (55
nGyh- l

, according to UNSCEAR, 1993). Thus, the
radioactive impact and the additional external radiation
exposure for population due to sedimentary rocks are
negligible and, consequently, the possible increase of a)
radon flux from the soil; b) uptake by plants; c) natural
alpha activity of food products must be minimal.

If we know the geology of the area and the exposure
rate for aIl formations found at Corumbataf River basin, it
is possible to obtain the map of exposure rate in air 1 m
above the area of Corumbataf River basin (Fig. 1). The
south-east portion of the area has higher exposure rate
due to the occurrence of sedimentary rocks from
Corumbataf, Irati, Tatuf and Itararé formations. Rio Claro
city is located in this portion and, consequently, its
inhabitants are subjected to exposure rates higher than
that of others municipalities at Corumbataf River basin.
The lower exposure rates are mainly related to the
presence of sandstones and muddy sandstones from
Piramb6ia and Botucatu formations, as weIl diabases
from Serra GeraI Formation.
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Table 1. Activities concentrations of radionuclides and 234UP38U and 226Ra/238U activity ratios in
sedimentary rocks from Corumbatai River basin, Sao Paulo State, Brazil.

Amostra
238U 234U 226Ra 232Th 40K

234U1238U 226Raf38U
(Bq/kg) (Bq/kg) (Bq/kg) (Bq/kg) (Bq/kg)

FM-l 140 170 44 58 395 1.22 0.31
FM-2 49 45 9 21 169 0.91 0.18
FM-3 138 112 34 16 143 0.81 0.25
FM-4 181 132 63 25 113 0.73 0.35
FM-5 85 102 21 38 169 1.20 0.25
FM-6 191 210 51 <4 <5 1.10 0.27
FM-7 398 573 93 122 369 1.44 0.24
FM-8 75 67 7 23 395 0.90 0.10
FM-9 244 288 63 51 339 1.18 0.26
FM-1O 87 83 8 25 256 0.95 0.10
FM-li 70 80 7 16 199 1.14 0.10
FM-12 19 18 2 5 56 0.94 0.11
FM-13 76 80 9 15 113 1.05 0.12
FM-14 34 36 4 9 169 1.05 0.12
FM-15 23 28 8 5 113 1.22 0.35
FM-16 43 46 11 10 226 1.07 0.26
FM-17 47 53 6 36 169 1.12 0.13
FM-18 35 38 5 22 143 1.10 0.14
FM-19 55 62 8 12 <5 1.13 0.15
FM-20 123 144 19 31 <5 1.17 0.16

Table 2. Weighted mean of activities concentrations of radionuclides, RlIeq, exposure rates and 234UP38U and 226Ra/238U activity
ratios of aH formations at Corumbatai River basin, Sao Paulo State, Brazil.

Formation
% of 238U 226Ra 232Th 40K Raeq Exposure rate* 234U/238U 226Ra1234U
area (Bq/kg) (Bq/kg) (Bq/kg) (Bq/kg) (Bq/kg) (nGyh'l)

Itararé 5 95 27 40 282 105 48 1.07 0.25
Tatui 4,5 156 49 21 128 89 40 0.77 0.30
Irati 3,5 138 36 21 85 73 33 1.15 0.26

Corumbatai 30,5 201 43 55 340 148 60 1.12 0.18
PirambOia 31,5 50 6 Il 134 17 16 1.05 0.11
Botucatu 6,5 33 10 8 113 30 14 1.14 0.31

Serra Gerai 8 41 6 29 156 59 27 1.11 0.14
Rio Claro 9,5 89 14 22 <5 44 20 1.15 0.16

Grupo Bauru 1
Weighted mean 109 22 29 191 78 36 1.08 0.17

* Estimated using DRCF = 0.0414, 0.623 and 0.461 nGyh" per Bq/kg of 4OK, 232Th and 226Ra, respective1y (UNSCEAR, 1993).
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INTRODUCTION
The phosphate rocks used as raw material for

fertilizers production is enriched in uranium, thorium and
their daughters, which were deposited as calcium
phosphate mineraIs during their formation. The principal
phenomeoon is the isomorphic substitution, where the
natural uranium can be substituted for calcium in the
phosphate rocks structure. The apatite on the phosphate
rocks concentrated is destroyed by action of sulfuric acid
during the production of superphosphate, concentrating
the radionuclides in final phases. This industrial process
can disrupt the radioactive equilibrium found in the
phosphatic rocks, taking their redistribution and
fractioning in the industrialized products. The use of
phosphate fertilizers and their by-products can
redistribute and elevate the radionuclides concentration
throughout in environmental systems, constituting an
additional source of radiation exposure for workers and
members of the public when applied in agricultural soils.
Thus, the objective of this work was to evaluate the
concentration and variability of 238U, 234U, 226Ra, 232Th
and 40K in different samples of phosphate rocks until the
final products (MAP - monoammonium phosphate, DAP
- diammonium phosphate, SSP - simple superphosphate,
TSP - triple superphosphate), their by-products
(phosphogypsum, H3P04 and H2SiF6), and in phosphate
fertilizers and amendments (carbonate failings, KCl and
phosphogypsum) utilized in the sugar cane crops at Siio
Paulo State, Brazil. Moreover, sorne contamination
indexes have been applied to provide a basis for
comparison of potential radionuclides hazards.

SAMPLING AND METRODS
Samples of phosphate rocks were collected from two

bigger Brazilian mines located at Cataliio city (southeast
of Goiâs State) and at Tapira city (west of Minas Gerais
State). Sampling was also performed represented aIl
production process, since the phosphate rocks, passing to
the phosphate concentrated and reject, until the final
products MAP, DAP, SSP, TSP, H3P04, H2SiF6 and
phosphogypsum. The phosphate fertilizers (NPK type or
5% of N, 25% of P and 25% of N), limestone, KCl and
phosphogypsum utilized in the sugar cane crops were
collected in a sugar cane mill at Piracicaba city, Siio
Paulo State.

Uranium concentration and isotopic composition of aIl
samples were determined using standard alpha
spectrometric technique. The 238U concentration was
calculated by isotope dilution from the counting rates of

238U d 232U 234 238an peaks, and UI U AR was calculated
from the counting rates of 238U and 234U peaks. The
gamma spectrometry was utilized to measure the 226Ra,
232Th and 40K activities concentrations for aIl samples.
The 226Ra activity was evaluated through 1.76 MeV
gamma ray emission of its daughter 214Bi; 23~h was
determined through the 228Ac gamma ray line at
2.62 MeV; 40K was directly measured from the 1.46 MeV
peak energy. The Ra"q is related to the external gamma
dose and the internaI dose due to radon and its daughters,
representing a single quantity that takes into account the
radiation hazards. The Ra"q assumes that 370 Bq
226Ra/kg, 259 Bq 23~h/kg and 4810 Bq 40K/kg produce
the same gamma dose. The Raeq of a sample is defined as
(Beretka & Mathew, 1985):

Ra"q = ARa + 1.43ATh + O.077AK,

where: ARa, ATh and AK are the specific activities of 226Ra,
232Th and 40K (Bq/kg), respectively.

RESULTS AND DISCUSSION
PHOSPHATE ROCKS AND THEIR (BY) PRODUCTS

The activities concentrations of 238U, 234U, 226Ra,
232Th, 40K and Raeq in the Cataliio and Tapira phosphate
rocks and their industrial products are represented in
Tables 1,2 and 3. The phosphate rock samples show 238U
and 226Ra activities concentration within the world range
(Pfister et al., 1976), whereas 232Th and 40K activities
concentrati'on are higher (Menzel, 1968). The 23~h.

abundance, probably, may be explained due to its
enrichment during weathering processes.

Th 234U/238U .. .. T· h h ke actIvlty ratIo III aplra p osp ate roc s
is lower than 1 (0.87) due to the preferential leaching of
234U relative to 238U, a typical result for weathered rocks.
For the Cataliio phosphate rocks, the 234UP38U activity
ratio is practically 1 (1.03), suggesting secular
radioactivity equilibrium. The 226Ral238U activity ratios
lower than 1 indicate a higher solubility and mobility of
226R· 1· 238Ud " th"a III re atIon to unng wea enng processes.

The radium-equivalent activity of the Cataliio and
Tapira phosphate rocks indicates that these depoSits have
high radioactivity content,· mainly due to high 232Th
activities concentration accumulated by weathering
processes. Exposure rate is the radiation effect in the air
above 1 m of the area, being estimated using dose-rate
conversion factors adopted by UNSCEAR (1993)
(DRCF = 0.0414, 0.623 and 0.461 nGyh-1 per Bq/kg to
40 232-"h 226.,. .K, 1 and Ka, respectIVely). Exposure rates
corresponding to 2184 and 874 nGyh-1 can be estimated
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for Tapira and CataHio area, respectively, considering the
obtained mean radionuclides activities concentration for
phosphate rocks (Tables 1, 2). Thus, these areas may be
considered as high background areas, because of their
external gamma radiation greater than 230 nGyh-1

(UNSCEAR, 1993).
The first step to obtain the industrialized products

derived from Tapira and CataHio phosphate rocks is the
flotation-separation process, where the apatites are
concentrated. The apatite is destroyed by action of H2S04
during the production of SSP and H3P04, originating
H2SiF6 and phosphogypsum as by-products. The TSP is
obtained with the phosphate concentrated being attacked
by H3P04 and the MAP and DAP by H3P04 mixed with
ammonium. The radionuclides activities concentrations in
the industrialized products are within the values range
obtained around the world (Pfister et al. 1976; Sam et al.,
1999). The 238U is concentrated in SSP, TSP, MAP and
DAP in relation to phosphogypsum, whereas 226Ra tends
to be incorporated preferentially in the phosphogypsum.
The H3P04 and H2SiF6 produced get rich in 238U, 23~h
and deficient in 22~a in relation to concentrated, as
reinforces the 226RaP8U AR (Tables 1, 2, 3).

PHOSPHATE FERTILIZERS AND AMENDMENTS
UTILIZED AT SAO PAULO STATE

Table 4 and figure 1 show the activities concentrations
of 238U 234U 226Ra 232Th 40K and R" in phosphate, , " ..aeq

fertilizers (NPK) and amendments (carbonate failings,
KCl and phosphogypsum) used in sugar cane crops.

The phosphate fertilizers (NPK) and amendments
contribute with different inputs of radionuclides to the
soils. The 40K activities concentration in phosphate
fertilizers NPK used in sugar cane crops are higher than
in phosphate rocks due to KCl incorporation in the final
formula. If we consider the average annual effective dose
from natural sources to 2.4 mSv per year (UNSCEAR,
1993), then, the maximum Raeq would be 544 Bqlkg.
Phosphate fertilizer NPK and KCl possess Raeq higher
than this maximum due to 40K included in KCl.

The dominant agricultural production at Sâo Paulo
State is the sugar cane, where are applied 500 to 600
kg/hec (24,400 m2) of phosphate fertilizers NPK, 2
ton/hec of limestones, 200 kg/hec of KCl and 1,5 ton/hec
of phosphogypsum per year (Joâo Américo Beltrame,
personal communication). Under this figure, it is possible
to deduce that an average of 26, Il, 10 and 359 Bqm-2of
238U, 226Ra, 23~h and 4OK, respectively, will be
distributed per unit arable land. These values are lower
than in many parts of the world such as Marroco, Florida
(USA), Taiba-Togo, Bu-Craa (Western Sahara), Kola
(URSS), Uro and Kurun (Sudan), where untreated ground
ph0s.Ehate rocks have been used as plant fertilizers, being
the K the exception (Pfister et al., 1976; Sam et al.,
1999). Considering these annual inputs of 238U, 226Ra,
23~h and 4OK, and since these radionuclides are

homogeneously distributed in the upper 10 cm of the soil
with an apparent density of 1.5 glcm3 (Bolivar et al.,
1995), an increase in about 0.17, 0.07, 0.07 and 2.39
Bqlkg of soil is estimated to 238U, 22~a, 23~h and 4OK,
respectively. The added amount of 238U does not reach
0.68% of the normal content of 238U in an undisturbed
soil (world average of 25 Bqlkg). For the estimation of
external radiation exposure caused by phosphate
fertilizers NPK and amendments used in sugar cane crops
at Sâo Paulo State, a value of 0.17 nGyh- 1 at 1 m above
the ground level (DRCF = 0.0414, 0.623 and 0.461 Gyh- I

per Bqlkg to 4OK, 23~h and 226Ra, respectively, adopted
by UNSCEAR, 1993) would generated, just representing
0.31 % of the world average outdoor exposure due to
terrestrial gamma radiation (55 nGyh- 1

, according to
UNSCEAR, 1993). Thus, the radioactive impact and the
additional external radiation exposure for population due
to phosphate fertilizers NPK and amendments are
negligible and, consequently, the possible increase of a)
radon flux from the soil, b) uptake by plants and c)
natural alpha activity of food products must be minimal.
These concerns are very important in agricultural systems
traditionally having a "clean" image, like Brazil, where
low agrichemical inputs of these radionuclides by
phosphate fertilizers NPK and amendments are used in
the sugar cane crops at Sâo Paulo State, Brazil.
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Table 1. Activities concentration of radionuclides (Bq/kg), RlIeq (Bq/kg) and activities ratios of 234U/238U and 226Ral238U in industrial
products and by-products from Tapira, Minas Gerais State, Brazil.

Sample 238U 234U 2uRa 23~h <MX Raeq
234U/238U 2uRa/238U

Phosphate rock 1270 1105 295 3344 1303 5177 0.87 0.24
Phosphate rock 1356 1166 217 3131 1100 4779 0.86 0.17

Reject 274 284 195 579 504 1061 1.04 0.71
Reject 353 339 214 631 532 1157 0.96 0.60

Concentrated 394 394 140 588 132 991 1.00 0.35
Concentrated 577 583 189 557 140 996 1.01 0.33

SSP 1007 997 304 286 <5 713 0.99 0.30
SSP 690 690 262 272 <5 651 1.00 0.37
TSP 857 848 7 408 <5 590 0.99 <0.01
TSP 538 527 9 311 <5 454 0.98 0.02
MAP 613 607 <1 200 <5 286 0.99 <0.01
MAP 1159 1124 <1 221 <5 316 0.97 <0.01

Phosphogypsum 210 210 180 206 60 479 1.00 0.86
Phosphogypsum 178 178 169 185 63 438 1.00 0.95

Table 2. Activities concentration of radionuclides (Bq/kg), Ra.q (Bq/kg) and activities ratios of 234U/238U and 226Ral238U in industrial
products and by-products from CataHio, Goiâs State, Brazil.

Sample 238U 234U 2uRa 23~h 40K Raeq
234U/238U 2uRa/238U

Phosphate rock 872 898 342 1232 282 2125 1.03 0.40
Phosphate rock 863 889 289 1070 291 1841 1.03 0.34

Reject 801 785 364 989 276 1799 0.98 0.45
Reject 624 636 297 1081 255 1862 1.02 0.47

Concentrated 392 396 327 385 143 888 1.01 0.83
Concentrated 606 612 514 520 134 1268 1.01 0.85

MAP 1849 1849 Il 65 <5 104 1.00 <0.01
MAP 1615 1615 Il 41 <5 70 1.00 <0.01
DAP 953 924 Il 42 <5 70 0.97 <0.01
DAP 1398 1440 Il 34 <5 60 1.03 <0.01

Phosphogypsum 321 321 292 172 53 542 1.00 0.91
Phosphogypsum 234 229 213 151 48 433 0.98 0.91

Table 3. Activities concentration of radionuclides (BqlL) and activities ratios of 234U/238U and 226Ral238U
in H3P04 and H2SiF6 derived from Tapira and Catalâo.

Sample
238U 238U 232Th 232Th 226Ra 40K

234UP38U 2URa/238U(BqlL) (ppm) (BqlL) (ppm) (BqIL) (BqlL)
H3P04

J 157 12,757 158 38,566 12 <5 1.02 0.08
H3PO/ 375 30,387 458 111,829 26 <5 1.01 0.07
HzSiF6

Z 0.5 41 2.5 625 <1 <5 1.01 <0.01
1 - Catalâo, 2 - Tapira

Table 4. Activities concentration of radionuclides (Bq/kg), Ra.q (Bq/kg) and activities ratios of 234U/238U and 226Ral238U in phosphate
fertilizers and amendments utilized in sugar cane crops at Sâo Paulo State.

Sample 238U 234U 2URa 23~h <MX R~ 234Up38U 2URa/238U

NPK 587 587 13 20 8915 728 1.00 0.02
NPK 588 588 14 31 8936 746 1.00 0.02
KC1 <0.1 <0.1 <1 <1 19341 1489
KC1 <0.1 <0.1 <1 <1 20204 1558

Carbonate fai1ings 191 210 69 <1 56 73 LlO 0.36
Carbonate failings 10 9.8 7 <1 62 12 0.98 0.70
Carbonate failings Il 11.3 8 <1 45 Il 1.03 0.73
Phosphogyspum 126 126 106 183 199 383 1.00 0.84
Phosphogyspum 155 155 137 147 169 360 1.00 0.88
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Figure 1. Activity concentration of 238U, 226Ra, 232Th and 40K (Bqlkg) in phosphate fertilizers and amendments
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INTRODUCTION
The area is located in the centre north of the

Patagonian Massif. The studies presented in this paper are
part of the University of Buenos Aires projects UBACYT
X 164 and X 628. The aim of these investigations is to
gain a better comprehension of the hydrological system in
the area of the Pampa de Gan Gan and the surrounding
ranges using environmental stable isotopes eH and 180 ),
and to make a first approach to the origin of natural
Chubut province, Argentina (42°00'-42°30' S; 69°00'
6r15' W) (Fig. 1).

The region is formed by several elevated ranges and
displays a typically broken morphology, dissected by
ephemeral streams and creeks ("arroyos"). The surface
waters formed temporary and permanent lakes. The
highest points are Sierra de Chacays (1400 m), Sierra de
Talagapa (1600 m) and Sierra Pire Mahuida (close to
2000 m) (Fig. 1). Gan Gan town is located over an old
depressed plain surrounding by those highest ranges. The
water circulation from the higher to lower altitudes flows
through the fractures in hard rocks and alluvial fans close
to the border of the ranges. Spring waters generally flow
along the surface or subsurface before they infiltrate
through the detrital sediments or basalt flows. Small
alluvial deposits coyer depressed areas.

Gan Gan town has a phreatic well drilled in alluvial
sediments, which provides drinkable water.

The equilibrium of the system is very fragile; the
hydrologic balance is usually negative so the evaporation
predominates over the inputs (precipitation, stream flow,
infiltration and surface runoff). Occasionally, sorne
recuperation of the water lake level is observed during
higher rainy years. Infiltration is high due to volcanic
rocks fissures and soil characteristics. The insufficient
number of water wells reduces the groundwater
interpretation of the global area.

The region has a cold arid climate with a dry cold
season. Although the region cannot be considered to be
homogeneous , the lack of available information allow us
to use the few meteorological data which are assumed to
be representative for the whole area. However, it is
known that a snow coyer is common during the winter
season. The mean annual precipitation (rain and snow) is
frequent below 200 mm, but the distribution is
heterogeneous. Precipitation is higher in winter and snow
remains until November. Summer is warm and very dry.

The mean annual temperature is 13°C, January being the
warmest month (20°C) and July the coldest « 5°C ). The
region is very windy, predominantly from the West.

The precipitation-evaporation balance is usually
negative in summer promoting an increase in the water
content of dissolved solids and enrichment in the isotope
stable composition.

Precipitation (snow and rain) is the variable contribution
to the whole system and local infiltration the only recharge
process.

GEOLOGICAL REGIONAL SETTING
The area is emplaced in the Somuncura Massif

(Ramos, 1999), Extra Andean Chubut (Fig. 1). On
regional scale, the basement consists of metamorphic and
igneous rocks of Paleozoic age, and a Mesozoic sequence
integrated by volcanic and sedimentary rocks. The marine
deposits of the Upper Cretaceous - Lower Tertiary are
represented by the Chubut Group and Colonia Formation.
The Tertiary magmatic sequence includes in the lower
level the basic intrusive bodies of the El Buitre Formation
(Ardolino and Franchi, 1993; Ardolino et al., 1995) of
Paleocene-Eocene age and olivine basaltic flows with a
possible link in age with the intrusive bodies (Bechis,
2003).

The Quifielaf Super Unit (Oligocene-Miocene)
represents the main structure of the range (Franchi et al.,
2001). This unit is integrated by basic and mesosilicic
lava flows and hipabisal rocks.

The lava flow of the Plan Luan volcano outcrops
overlying the deposits of the Colhue Huapense
(Sarmiento Group, Simpson, 1941). The volcanic rocks
of Plan Luan are Miocene according to Corbella and
Barbieri (1989).

Sandstones and conglomerates deposits of Miocene
Pliocene? age (Ardolino, 1987) compose the Pampa
Sastre Formation (out of the map).

Alluvial, colluvial, lake deposits and gravity slumps
represents the Quaternary stratigraphy.

MATERIALS AND METHODS
During April, 2000, seven water samples were

collected from springs, surficial water and groundwater.
Temperature, electric conductivity (CEE) and pH

were determined in field by means of a portable

- 423-



conductivimeter, pH meter and the positioning of samples
with GPS technology (datum WGS84).

Isotopic analyses were done at INGEIS Laboratories.
2H in water samples was measured by Coleman et al.
(1982) procedure and for the measurement of ISO was
used the methodology described in Panarello and Parica
(1984). Isotope ratios were measured with a
multicollector McKinney type rnass spectrometer,
Finnigan MAT Delta S.

The results are expressed like 0%0 defined as:

8 = 1000 Rs - Rp %0
Rp

~: isotopic deviation in %0
S: sample P: international standard
R: isotopic ratio eHJIH; 180/60).

The standard is Vienna Standard Mean Ocean Water
(V-SMOW) (Gonfiantini, 1978). The analytieal errors
were ±O.l%o and ±I.O%ofor 0 ISO and 02H respectively.

RESULTS AND DISCUSSION
The spring waters (M4, M7), small streams

("arroyos") M2 and MS, phreatic water from Gan Gan
weIl, Verde (M3) and Gan Gan (MI) lakes were sampled
to perform isotope analyses esO, 2H) (Fig. 1).

The pH shows slightly variations, from 7 to 7.5, only
M3 is strongly alkaline, probably related to presence of
carbonates. Conductivity ranges from 700 to 1700~S/cm,

indicative of low to medium salinity. The water
temperature is very cold (Table l) showing good
correlation with the ambient temperature.

Table 1 shows the isotopic values for OISO, 02H,
conductivity and water temperature of the analyzed
samples. In addition, Figure 2 exhibits a scatter plot OISO
vs 02H of samples, global meteoric water line (MWL),
02H. = 8*01SO +10%0 (Craig, 1961) and sorne individual
precipitation from Comodoro Rivadavia city. During
1985 sorne rain samples were collected at this city (
Levin et al., 1988). Southwards, the precipitation
collector station Los Altares has a very short isotope
record, with sorne OlSO values (-13.6 to -1.8%0). It
belongs to the National Network of Isotopes in
Precipitation (RNC) of Argentina and the Global
Network for Isotopes in Precipitation (GNIP) (Dapefia
and Panarello, 1999; IAEAlWMO, 2(02). Today, it is
out of service.

Springs, streams and phreatic water show very
depleted isotopie values (Table 1; Fig. 2).

The depletion of the heavy isotope content of
precipitation as a function of altitude and latitude,
designate "Altitude effect" and "Latitude Effect" were
defined by Dansgaard (1964) and has been most usefully
applied in hydrologie research (Gat and Reitti-Shati,
1999).

The spring M4 shows the most depleted values (OISO=
-12,9%0, 02H= -109%0) indicating probably hi~her

altitude. MS and M2 have values also depleted (0 1 0=
-ll,l%o, -10,5%0) but lower than M4 probably showing
different altitude recharge or a selective precipitation.
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The Gan Gan weIl has 0 ISO= -12,4%0 and reflects the
mixing from waters corning from the surrounding ranges.

The lake waters have the most enriched isotope values
indicating high evaporation. They fit on an evaporation
line: 02H=5,4; 01S0= -31,5.

These evidences support the idea that meteoric waters
are the main source of recharge for surficial waters and
groundwater. Local meteoric rainwater could play a
minor role by direct infiltration through fractured
volcanic rocks. In addition, the snow cover represents an
important water source.

CONCLUSIONS
We propose that the main sources of recharge are

related of the phreatic level in Gan Gan are related to
meteoric waters, which isotopic composition represents
the rnixing of snowfall or rainfall in the higher levels of
the surrounding ranges. The different values obtained for
different points of the hydrological system are closely
related to "Altitude Effect" and "Latitude Effect".
Evaporation is mainly represented in lakes by large
isotopic enrichment.
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Table 1. Location, water temperature, conductivity, isotope values.

#Lab Sample Latitude Longitude ~180±O.I%o ~2H ±1%o TOC CEE J.1S/cm

11531 MI 42°31'15" 68°16'45" 1.3 -23 7.0 700

11532 M2 42°40'44" 68°00'30" -10.5 -85 9.1 700

11533 M3 42°30'35" 67°58'22" -1.6 -42 5.9 1700

11534 M4 42°39'05" 68°14'08" -12.9 -109 8.7 600

11535 M5 42°37'21 " 68°03'20" -lU -93 7.6 1300

11536 M6 42~1'52" 68°17'18" -12.4 -93 9.6 700

11537 M7 42°53'16" 67~9'17" -9.6 -78 7.2 1200
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INTRODUCTION
The behavior of C and 0 isotopes in coral skeleton

was investigated by the first time by Keith and Weber
(1965). In addition, Fairbanks and Dodge (1979)
estabHshed that temperature variations could be estimated
in coral skeletons by examining O-isotope ratios. The
variation of Ol3C in coral skeletons is directly related to
the zooxanthellar density and/or productivity, in such a
way that the denser the algae, the heavier the Ol3C in the
skeletons. The hermatypic corals, however, appear to
have a limit to this value indicating a connection between
the zooxanthellar activity and the C- and O-isotope
fractionation.

The 0180 of the biogenic calcium carbonate
precipitated in isotopic equilibrium with seawater,
decreases in about 0.22%0 for each 1°C increase in
temperature of the seawater. Corals that suffer thermal
stress start to segregate skeletons depleted in I3C.
Therefore, negative 013C anomalies in corals are due to
the physiologic stress and bleaching. This implies that the
distribution of o13C in skeletons of scleractinia depends
on the contents of COz derived from breathing during
dinoflagellata photosynthesis in the seawater used in
skeletonization (Swart, 1983). An assessment of the
exchange between the biota and the environment depends
on our knowledge of the climatic variation patterns, and
corals give such information.

METHODOLOGY
Coral samples were sliced, microdrilled and collected

powders were placed in reaction vessels and were left to
react overnight with 100% orthophosphoric acid. Next
day, reaction vessels were placed in a high vacuum
extraction line and the COz released from each sample,

after cryogenically cleaned, was analyzed in a dual inlet,
triple collector mass spectrometer (SIRA II) in stable
isotope laboratory (LABISE) at Recife. C- and O-isotope
ratios are reported on the PDB scale.

Assuming isotopic equilibrium between aragonite and
seawater, temperature for each coral sample was
estimated using the Horibe and Oba (1986) equation and
OI80%OPDB'

RESULTS AND DISCUSSION
ln this study, is regarded as anomalous any estimated

temperature equal or above 30°C. Temperature estimates
are found in Table 1. We analyzed 0 isotopes in
specimens of F. gravida. specie, along the skeletons of
the specimens. Results indicate that skeletons developed,
in the majority of the analyzed specimens, above
anomalously high temperatures.

Table 1. C and 0 isotope ratios (%oPDB) and temperature
estimated from Horibe and Oba (1986) equation.

Year Locality I)13C 1)180 T'C Specimen
1993 -0.2 -4.4 34.6 1

- -0.0 +4.2 33.6 2
Tamandaré -0.8 -4.1 33.1 1

1995 (Pernambuco) -0.8 -3.8 31.7 2
-1.2 -4.4 34.6 3
-2.3 -4.1 33.6 4
-0.9 -4.2 33.6 5
-1.9 -4.1 33.1 1
-0.8 -4.1 33.1 2

Maracajau -1.6 -4.3 34.1 3
2000 (Rio Grande +0.1 +3.9 32.2 4

do Norte) -1.3 -3.8 31.7 5
-0.7 -4.0 32.6 6
-1.3 -4.1 33.1 7
-1.3 -3.6 30.7 8
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Figure 1. Specimens collected in Tamandaré beach, state of Pernambuco (1993).
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CONCLUSIONS
Corals are excellent temperature bioindicators and can

be used to monitor climatic changes. Sorne coral species
appear to provide more reliable results than others, when
o isotopes are analyzed in their skeletons used for
thermometric determinations. C isotopes attest to
zooxantellar activity, high OCl3 values found whenever
zooxantellar activity is high. The F. gravida species
appears to be sensitive to temperature variations and
records thermal stress.
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INTRODUCTION
Natural tires probably started on the surface of Earth

since the times when terrestrial plants becarne abundant
enough to accumulate fuel for tire propagation (between
400-350 Myr ago, Andreae, 1991). The onset of natural
tires depends on appropriate c1imatic conditions (duration
and intensity of the dry seasons) as weil as on ignition
sources, such as lightning. These factors are, in general,
of short duration (Goldammer, 1991). Reconstruction of
tire history may be carried out with the quantitative
deterrnination of charcoal particles in the sediments,
combined with palynologieal analysis.

This study uses the geochronological and
palynological background available for the Lagoa Feia
sediments to reconstruct the atmospheric Pb isotopic
composition in Central Brazil during the last 6,000 yr. In
special, the relationships between atmospheric Pb
isotopic composition and the occurrence of natural tires
are considered.

Pb ISOTOPES, ENVIRONMENT POLLUTION AND
CORRELATION WITH FIRE

Large amounts of Pb were added to the atmosphere by
coal burning during and after the industrial revolution.
Before this period, several anthropogenic and natural pre
industrial sources were available. Natural sources incIude
windblown dust, plant exudates, volcanic eruptions,
forests tire; meteorite impact, radioactive decay and
steams of seawater (Faure 1986). Anthropogenic sources
are represented by mining and foundry of lead as far as
4,500 yr. BP in Asia. Romans produced strong Pb
contamination between 2,100-1,800 yr. BP. They used Pb
in domestic utensils, cosmetics and mainly in the
production of "sapa", the base of Pb acetate, which was
added to sweeten and to avoid deterioration of wine
(Lessler, 1988). Hong et al. (1994, 1996) found lead
contamination during 2,500 and 1,600 yr. BP and
Rosman et al. (1997) showed that the Spanish mines were
the principal source of Pb, also in that period under
Roman occupation.

Pb pollution is recorded in several environments
especially in the polar ice (MurOZUlni et al., 1969; Hong
et al., 1994, 1996). These authors demonstrated the
increase of Pb concentration associated with the decrease
of the 206pbP07Pb ratio between 600 BC. and 300 AC. As
weil as the ice, lake sediments have been used as records
of the history of the pre-industrial atmospheric pollution

(Renberg et al., 1994). Atmospheric Pb pollution from
12,000 yr. BP was investigated in a Swiss mountain peat
bog (Shotyk et al., 1998) and 6,000 yr. BP in marshes
from SW France (Alfonso et al., 2001).

Lake sediments serve as a natural record of
anthropogenic Pb contribution along time, varying in the
stratigraphical colurnn, as the history of regional
pollution (Kober et al., 1999). The anthropogenic lead in
sediments corresponds to Pb adsorbed by grains, which
may be extracted by acid leaching in the laboratory. The
natural composition will probably correspond to the Pb
isotopie composition in the rocks exposed in the areas
adjacent to the lake (Kober et al., 1999). In the case of
paleosediments, adsorbed Pb might be signiticant if the
amount of lead added to the atmosphere by pollution is
expressive, and therefore the paleosediment record will
work as the historical record of the atmospheric Pb
contamination during a certain period of time.

In this study we investigate paleosediments of Lagoa
Feia, deposited in the period between 164 and 5,280 yr.
BP. The geochronological record, as weil as the
variations in Pb isotopic composition and concentration
was compared with the amount of coal particIes, whose
palynological record has been described by Ferraz
Vicentini (1999). This study is relevant to investigate the
behaviour of Pb with respect to natural tires which are
very frequent in the Distrito Federal area, and to look for
correlation between isotopic and palynological data that
could be used in future studies.

SAMPLE LOCATION AND LOCAL GEOLOGY
The Lagoa Feia is located near Formosa, 60 km east

of Brasilia, 831m above sea level. It is a 5km long lake
elongated in the NE-SW direction. It represents a
rainwater collector, without a feeder stream. The natural
vegetation is an open arboreal savannah ("cerrado").

The main rock associations exposed in the vicinities
of Formosa are the Meso-neoproterozoic Carbonatic
Psamo-pelitic unit of the Neo-Mesoproterozoic Paranoa
Group, the Neoproterozoic Paraopeba Subgroup of the
Bambuf Group, and Tertiary-Quaternary lateritic coyer
sediments and sediments.

RESULTS AND DISCUSSION
The combined use of lead isotopic composition and

charcoal fragment data for 15 sediment samples of the
Lagoa Feia - GO (Fig, 1) shows evidences of changes in
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Figure 1. Variation in e06pbI207Pb) with age ('4C) and
charcoal particles counting (Ferraz-Vicentini 1999) for

profile samples from Lagoa Feia.

THE NATURAL PERlOD
The background corresponds to the period with high

206pbP07Pb ratios between 5,280 and 2,774 14C yr. BP.
The 206pbP07Pb values are between 1.222 and 1.196,
similar to isotopic composition of other sediment samples
from the Northern Hemisphere (Fig. 2) (Alfonso et al.,
2001; Shotyk et al., 2001; Hong et al., 1994). Some
isotopic variations can be explained by the degree of
efficiency of lead extraction during sample digestion step
and by variations in relative proportions of organic and
detrital material (Alfonso et al., 2001). During this period
the soil dust and vegetation tires were probably the main
sources of lead.

High values of the isotopic ratio are coincident with
the high charcoal fragment counts, indicating the
accretion of natural Pb in the sediments during the fire,
around 5,000 yr. BP in central Brazil. 206pbp07Pb values
for pre-industrial sediments of Lagoa Feia are very
similar, but slightly more radiogenic than, those found in
the Northern Hemisphere. For example, in two cores of
the coastal marshes of France, the mean ratio measured as
background value is approximately 1.1903-1.198, and in
a Switzerland peat bog (Shotyk et al., 2001) this period is
marked by 206pbP07Pb between 1.193 and 1.179. Similar
ratios in a Saharan Holocene loess (1.199) correspond to
a natural lead source in the Northern Hemisphere. The
corresponding composition for the Southern Hemisphere
remains unknown, although one can assume that the main
natural source is probably represented by a combination
of contributions from volcanic emissions and from crustal
rock and soil dust. We can admit a natural contribution
similar in composition to Holocene sediments, since their
isotopic composition roughly coincide with our results
(Fig. 3), except for the anomalous points as discussed
below.

isotopic composition in association with fire events in the
"cerrado".

The isotopic record found in the profile, between 164
and 5,280 14C yr. BP, shows a positive correlation
(Fig. 1) between 206pbP07Pb ratio and the charcoal
particle number (millionJcm\ The results allow to
distinguish between natural from anthropogenic periods.

ANTHROPOGENIC PERlOD
The expressive decrease in the 206PbP07Pb ratio

observed at 2,222 yr. BP. is indicative of some lead
pollution accretion (Fig. 2).

A vailable sources in South America are unknown for
this period, but this decrease in good agreement with well
marked anthropogenic events in the Northern
Hemisphere. The lowest ratios were observed in a
Greenland ice core between 2,600 and 1,700 BP., with
2061207 around 1,201 for the background and 1,183 at
2,000 yr. BP (Rosman et al., 1997). Similar variations
were recorded in environments like marshes (Alfonso et
al., 2001), lake sediments (Brannvall et al., 1997) and
peat bogs (Shotyk et al., 1998). These studies suggested
the influence of another source in the Southern
Hemisphere at that time: Roman mining.

During the Inca Empire very rarely lead and mercury
were used. Only native copper, gold, silver, and tin were
alloyed to form bronze (Mason, 1991). Consequently, in
the absence of another source in the Southern
Hemisphere at that time, one can suggest the transport of
aerosol from the Northern Hemisphere.

Between 1,597-1,025, the Pb isotopic composition
tend to became more radiogenic, equivalent to the period
of time corresponding to the decline of the Roman
Empire and consequent decrease in lead production
(Settle & Patterson, 1980). At 1,025-829 BP., another
decrease in 206pbP07Pb value is observed corresponding
to the medieval period. In fact, sil ver production from
Europe lead mines started around 1,000 yr. BP (Alfonso
et al., 2001).
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CONCLUSIONS
In this study, the temporal evolution of lead isotopie

composition in a sediment profile from the Lagoa Feia
GO, between 5,280 and J64 BP, was established. The
results can be divided into two groups: (i) Pre
anthro~ogenic (> 2,774 yr. BP.) with high charcoal and
206PbP 7Pb between J.196 and J.222; (ii) anthropogenic
(beginning in 2,222 until 164 yr. BP) with low quantity of
charcoal and 206PbP07Pb between J. J82, and J.204 during

At 326 BP, the lowest charcoal particles counts per
cm3 and 206PbP07Pb values are observed (Fig. 1),
similarly to the period between 3,000-2,000 BP.,
suggesting addiction of lead to the atmosphere by an
anthropogenic source. At approximately 164 BP, this
unknown source disappeared or was reduced in the
environment. A second hypothesis would be soil dust
contribution with a high flux sedimentation, with lead
radiogenic isotopie composition, as reported by Turcq et
al., (2002).

Comparing with similar studies, the analyses of
sediments attacked by leaching are more effective to
extract lead adsorbed by sediments (Fig. 3), although the
results are not too different from the bulk attack, used in
Shotyk et al. (2001) and Alfonso et al. (2001). The
combined use of lead isotopes and charcoal particles
counts indicates (Fig. 1) that the presence charcoal
~articles coincide with result of more radiogenic
06pbp07Pb values. By normalising the isotopie ratios by

the number of charcoal particles we can identify more
clearly the major anthropogenic events and the
background composition for the Lagoa Feia sediments
(Fig. 4),

The similarity between this results with other found in
the Northem Hemisphere suggest important Inter
hemispheric exchange, traditionally considered to be an
unlikely process (Bollh6fer & Rosman, 2000), because of
the air barrier formation ITCZ (Inter-Tropical
Convergence Zone) and the short residence time of Pb
aerosols in the troposphere « 14 days) (Turekian et al.,
1977). In trus case, the interchange can be explained by
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Figure 4. Plot of measured lead isotopic composition
e06Pb/207Pb) vs. Iead concentration (ppm)/number

of charcoal particles (EF).
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the Roman period and 1.170-1.201 during the industrial
period.

Further studies to assess the mass-air exchange
between the hemispheres are required. Our understanding
of this process will certainly benefit in the future from the
study of other sediment profiles in the Southern
Hemisphere.
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INTRODUCTION
The Paranoa Lake, in Brasilia, is a forty year-old

artificial reservoir. The poilutant sources in Brasilia are
limited and the major causes of sediment pollution are: (i)
inadequately treated domestic sewage, (ii) location of the
sewage treatment plants (from Water and Sewage
Company of Brasilia - ET south, ET north - CAESB) in
the branches of the lake, (iii) high urban density in the
catchments area and (iv) sewage and other contamination
transport from tributaries (Altafin et al. 1995). It is
necessary to distinguish between anthropogenie and
natural inputs, and lead represents an ideal pollution
indicator. It is easy to analyse, and is reasonably
immobile in environmental sinks (e.g., lake sediments).
Although Pb concentrations provide useful information,
Pb isotopes have the potential to distinguish between Pb
originated from natural sources (rocks, soil) and that from
pollution sources (e.g., fuel combustion, sewage,
atmospheric deposition).

The primary objectives of the present study are to
characterize the different potential sources that will input
different lead isotopic compositions into the lake,
especially atmospheric deposition, and to elucidate the
origin of Pb in sediments of the Lago Paranoa.

Lead concentrations and isotopic compositions were
determined on bulk sediments and residues, in order to
identify the sources (geogenic or anthropogenic) and to
quantify the different Pb inputs.

SAMPLE LOCATION AND LOCAL GEOLOGY
The Lago Paranoa (38 km2 surface area, 498 x 106 m3

volume, 13m and 40m mean and maximum depths,
respectively) is a lake 10cated in the central Brazil,
sUITounded by the city of Brasilia (15° 48'S and 47°
50'W), at an approximate altitude of I,OOOm. Its climate
has two well-defined periods: a dry winter (May
September), and rainy summer (October-April). Its main
tributaries are the Ribeirao Bananal and the Ribeirao do
Torto, to the north, and the Ribeirao do Gama, Riacho
Fundo and Cabeça do Veado Creek, to the south (Fig. 1).
It has been divided into five compartments (Fig. 1):
branch A (Riacho Fundo), branch B (Gama), branch C
(Cent zone), branch D (Torto) and branch E (Bananal).

The geological environment consists of low grade
metamorphic rocks, comprising pelitic, psammitie and
carbonate metasediments. The Meso and Neoproterozoie

rocks belong to the Canastra, Paranoa, Araxa and Bambuf
groups. The Paranoa Group is the major group exposed in
the area, and consists of six units, named from base to
top: S- clay-rich metasiltstone, A-slate, R3- sandy
metarhythmite, Q3- quartzite (q2- quartzite), R4- clay
rich metarhythmite and PPC- carbonate psarnmo-pelitie
(Fig 2). These are covered by extensive lateritic soil.

RESULTS AND DISCUSSION
X-RAY DIFFRACTION

Clay minerais, together with other fine-grained
particles, are released into the bottom sediments during
transport. This allows one to trace back the sediment
pathway from the depositional area to the source area. It
Fourteen sediment samples (depth of 2cm) and one
sediment profile from the Torto branch were investigated
in this study (Fig. 1)

X-ray diffractometry results for superficial sediment
(silt+clay), reveals the presence of quartz, kaolinite, ilite,
gibbsite, hematite, rutile, diaspore and anatase.

In compartments C and D quartz is the main minerai,
indicating contribution from R3 and Q3 units of the
Paranoa Group. Gama and Riacho Fundo branches
(compartments B and A, respectively) are richer in illite.
At the Bananal branch (E compartment) gibbsite was
observed in important proportions compared with the
other branches. The influence of soils from the Slate Unit
of the Paranoa Group is evident in E compartment, which
is confirmed by the increasing abundance of iron rich
minerais, such as hematite and goethite.

The core profile from the Torto branch (D
compartment) was found like mainly silt-clay fraction
quartz, illite, kaolinite and hematite, goethite, rutile and
diaspore. Quartz enrichment is observed with depth, and
two sections can be distinguished: one between 0 - 29cm
and a second between 29-40cm, the latter being the
quartz-rich part of the core. The boundary between them
probably reflects the moment of creation of the lake in
1959 (Fig. 1).

LEAD ISOTOPES
The samples analyzed represent the upper 2 cm of the

sedimentary pile at the bottom of the lake (Fig. 1), Pb
isotopic composition and concentration were determined
in 14 samples. Pb concentrations isotopie compositions
found in the leachates (weakly acid) are presented in
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figure ]. Pb concentrations found, in general, may be
considered normal for sediments, but are distinctively
higher in the collection points near the Sewage Stations.
Important isotopie differences, however, are observed
between the compartments. Pb isotopie composition
tends to be more radiogenic (high 206PbP 07pb ratio) in
compartments D and B. In branch E, upstream of the ET
north plant, 206Pbp07Pb ratio is between 1.1869-1.1893,
but near the plant it is much lower (1.1526), and sorne
way downstream the composition becomes more
radiogenic again. This indicates a simple binary mixing
of geogenic with anthropogenic Pb, considering low
human activity along tributaries.

A similar behaviour was observed for branch A, but
with stronger isotopie contrasts, indicating more than two
anthropogenic sources and Pb isotopie composition

which is more radiogenic than in branch E e06pbP07pb
ratio between 1.1932-1.1827. Il is likely, therefore, that
either the input from the Sewage Tratament Plant in the
south is more radiogenic or the sediment tlux from
tributaries is higher, diluting the anthropogenic effect,
with Pb isotopie composition 206pbp07Pb in sediment of
1.2028, upstream the ET south.

Near the Yacht Club, another area of anthropogenic
contribution has been detected, with 206pbp07Pb value as
lowas 1.1700.

D and B compartments are distinguishable from the
others by their more radiogenic isotopie compositions
(1.1971 and 1.1899, respectively), and lower Pb
concentrations. This area suffered a smaller impact and
the observed compositions may be doser to the geogenic
background (residual phase from the Lago Paranoa
sediment sampIes).

1959

()"29cm

(MES) 1.184
1.192

Major: Quartz.
Menol'": lUite, kaolinile. gibbsite.
Tmce: rutile, analase and diasporc.

Lago Paranoa
(Lake)

1.1869

1.1526

1

North
Station Water and
Sew3ee Tmlment

10.91

Seotel:95.0oo

Major: Quartz, gibbsite.
Menor: ilIite. kaolinite,.
Tmce: hemalile. e:oethite. rutile. analase and diasporc.

South Station Water
and Sewage
Tratrnent

~,,~,,\.~) r'
a \,>" • ·~o{,j)V . /

"0\'0,,1> W>~ ?-- (MES) 1.216 0.'1;';; (MES) 1.202
~\~ ::/ .::y 1

.-;; 1.1839 ê',' V 1

1.~;{ / 1.1932 l-----~OQ;)''>'' ..LI- /c -'(' -

,'O~;::.v ./ 1 Major: Quartz.
::6'4'.f Menol'": HUle, kaolinite, gibbsite.

Major: Quartz, iIlite. G'1:f Trace: rutile, anatase and diaspore.
Menol'": kaolin.ile, gibbsite. \
Trace: rutile, anawse and "'T
diaspore. 0' _0 .0____ 1____

1~1 1~5

CJ \.. 11I

.IU120

•. :n

'"g;
§

'"
~
§

1850Cll )ÇOOJ(J 19EOJO 20nXI

Figure 1. Lago Paranoâ showing sample location with respective Pb isotopie composition 206pb;207Pb and mineralogical
composition for the branches of the Lago Paranoâ. Also the profile (with quartz behaviour) and the depth of lake

floor are showed.

- 435 -



Short Papers - IV South American Symposium on Isotope Geology

4lJO 12'

1600-,,-,.iLL.LLJL..L.L.LLJc.L..I..LU LUc.ll.-iC-'-""-=-'-""""'-_"""--''--_.

17030'

8ambui Group-NeoproterO'lok

[II]] Aaraxa Group- Neoprolerozoic

o Canast.... Group-II-Irs()-Ncoprolcroloir

Paranoà Group - Meso-Neoproterozoie
~ Carbunate Psamu-p<:liti<: unit

CJay-rich Melarhyllunile Unit

J':-.:-:-=-] Quartzite Unit

Sandy Metarhythmite Unit

SJale Unit
_ C'lay-rich metasiltstone Unit

IV
, ,

l '1

LJ-
Main paved road

Main paved road

Urban areas

Lake

Figure 2. Geologie sketch map of the Distrito Federal (Freitas-Silva & Campos, 1998).

1,9;X)-1-~-~-~,-----_-_-~-~~

1.100 1.120 1.1«l l.léO I.I&> 1.200 12ll l.2«l l.2éO 11lll IJ(()

''W'''"'

2,100

2Œ

~

um

• fm
~o t URl

x\ 0

x
2(00

2010

2,020

OB

cc
XD

oE

elAlE OA

xc-~ -Resid.<llfl=

1.2ID1,26)1,2401,2201,200l,ISO1,lffi

2,@ \-- ~---.,...----,-----..,-------,----__._-----J.

1,140

Figure 3. The relationship between 206pb/207Pb and 208Pbp06Pb ratios of Lago Paranoa sediments in the branches and in a point near a
club and the residual phase for respectively branch and suspend sediment in branch C. The linear data array (inset)

compatible with simple binary mix.ing of geogenic with anthropogenic Pb.



C compartment, that receives sediments from the
others branches, presents 206pbp07Pb between the extreme
ratios from branches B (radiogenic), and E
(anthropogenic ratio). It is evident that Pb isotopie
composition in branch C corresponds to a IIÙxture of
sediments from the other branches, with the
anthropogenic component coming from branches E and A
and the natural composition cOIIÙng from branches 0
and B.

The geogenic contribution from units R4, R3 and Q3
of the Paranoa Group into the lake, as weIl as the
siIIÙlarity between the compositions of fuels and the
anthropogenic component are clear from Figure 4. In the
aerosols in Brasflia there is a major input from this
anthropogenic source, whose isotopie composition tend
to be less radiogenic e 06pb/207pb= 1.1673-1.1735) than
that found in the lake sediments e°6pbP07pb= 1.1526
1.1971). In sorne cases, however, the aerosols present
compositions, which are more radiogenic
e06PbPo7Pb=1.l962-1.2075) and less thorogenic
e08PbP06Pb=2.0444-2.0279), indicating larger
contribution from rocks of the Paranoa Group, principally
from altered samples. These preliminary values obtained
for aerosols collected in Brasilia (UnB) are in close
agreement with those from Siio Paulo-USP (Aily, 2001)
and from general work in Brazil (Bollhofer & Rosman,
2000).

CONCLUSIONS
The present study demonstrates that leachable Pb in

sediments of the Lago Paranoa discriIIÙnated two

Shorl Papers -IV South American Symposium on Isotope Geology

possible anthropogenic sources: the proxlmlty with the
Sewage Tratament Stations and the atmospheric
deposition corresponding mainly to the reJease of
automobile eIIÙssions. The Paranoa Group rocks and
corresponding soils represent the main geogenic source.

Pb isotopie distributions in the Lago Paranoa are
essential for the interpretation of the pollution trends and
to distinguish natural and anthropogenic sources.
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INTRODUCTION
The mineralization of organic contaminants to carbon

diox.ide and water by naturally occurring in-situ
biodegradation is the basic concept of the natural
attenuation of polluted aquifers. Numerous laboratory and
field studies have shown that natural attenuation has the
capacity to reduce the contaminant concentrations to
acceptable levels (e.g. Hinchee et al., 1995; Alleman and
Leeson, 1997; Anderson and Lovley, 2000; Fetzner,
1998). One method to assess the in-situ biodegradation is
the monitoring of the temporal decrease in concentration
of the contaminants. However, such a decrease of
contaminant concentrations in a plume can be caused by
different processes. Of these processes, only
biodegradation 1eads to a sustainable contaminant
reduction. Other processes like dilution or sorption only
temporally or locally displace the actual contamination
problem.

One possibility to distinguish between real
biodegradation and other concentration effects is the
assessment of biochemical processes that control the
biodegradation at the contaminated site. Sulfate reducing
bacteria can contribute extensi vely to the degradation of
organic contaminants and hence dissimilatory sulfate
reduction may be a very important process for the long
term natura) attenuation of polluted aquifers (e.g.
Chapelle et al., 1996; Reinhard et al., 1997; Vroblesky et
al., 1996, Davis et al., 1999; Spence et al., 2001).

During the dissimilatory reduction of sulfate, the
rnicroorganisms produce hydrogen sulfide to obtain
energy for the oxidation of organic carbon provided by
the organic contaminants. The preferential utilization of
the lighter isotopes by bacteria usually results in the
enrichment of the lighter isotope in the produced sulfide
and of the heavier isotope in the remaining sulfate (e.g.
Kaplan and Rittenberg, 1964; Canfield, 2001). This
isotope discrimination enabJes the detection and
quantification of the reduction process by stable isotope
measurements.

In this study different isotope methods have been used
to characterize the hydrodynamics and to evaluate the
potential and extent of bacterial sulfate reduction in an
aquifer sequence partly polluted with various BTEX
species.

STUDY SITE
The area of investigation is located on the site of a

former hydrogenation plant in the town of Zeitz
(Saxonia-Anhalt, Germany, Fig. 1). The plant was set up
in 1938 to produce gasoline and lubricants for the
German war industry. In 1944 and 1945 severe bombing
resulted in the spilling of about 250 m3 hydrocarbons into
the soil. In 1946 the plant was rebuilt and at the
beginning of the 1960's part of the plant was upgraded
for the production of benzene. Between 1963 and 1990
the plant produced more than 750,000 t of benzene with a
maximum production rate in 1979 (79,000 t per year).
During the time of operation numerous production
accidents and leaks contributed to the BTEX
contamination of the groundwater.

Figure 1. Location of the study area in Central Europe

The aquifer sequence comprises two different aquifers
that are separated by silt, clay, and parts of a lignite seam
of Tertiary age. The BTEX-contaminations are present in
both aquifers. The upper (Quaternary) aquifer (1) mainly
consists of sandy and clayey deposits from the
Pleistocene Elster-glacial and has a thickness of 5-1 Omo
The lower (Tertiary) aquifer (II) is composed of gravel
deposited by an Eocene river. The prevailing
contaminants of the upper aquifer are BTEX, dominated
by high benzene concentrations up to 850 mg L- l

.

Toluene concentrations are much lower reaching
maximum values of 50 mg L· I

. Ethylbenzene and xylene
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with the average isotopic compOSItIOn of the local
precipitation. This agreement and the apparent
groundwater ages support the assumption that the
recharge of the groundwater that is now contaminated
occurred within the past 30 years.

ISOTOPIC COMPOSITION OF THE DISSOLYED
GROUNDWATER SULFATE

The isotopic composItion of the dissolved
groundwater sulfate showed a very heterogeneous
regional distribution that cannot be explained by a simple
mixing pattern. GeneraIly, ù34S-sulfate values ranged
from -1 to +48%0 (YCDT). A similar heterogeneity was
detected for sulfate concentrations (2 to 1350 mglL).
Smaller variations (+1 to 16%0 YSMOW) were observed
for ùI80-sulfate.

Sulfur from historic atmospheric deposition appears
to be the predominant sulfate source for the regional
groundwater in the upper aquifer. The combustion of
sulfur rich lignite in power plants that are located in the
closer vicinity of the study site is responsible for a heavy
atmospheric sulfate deposition over many decades of the
last century. The deposited sulfate was stored in the
sediment matrix of the unsaturated zone in the form of
different soil sulfur species. Even though the atmospheric
deposition decreased by one order of magnitude in the
last decade, the stored soil sulfur is still being mobilized
by different processes and transported as sulfate into the
aquifer.

Sorne sulfate may derive from the oxidation of pyrite
that is present in variable amounts in lignite seams locally
occurring in the investigation area. In contrast to the
mostly negative Ù

34S values of sedimentary pyrites in
Tertiary sediments of Germany, the lignite seams also
contain pyrite with positive Ù

34S values sirnilar to those of
the atmospheric deposition. Hence, sulfate from pyrite
oxidation cannot be positively recognized by its sulfur
isotope signature. Due to the oxidation mechanism and
the incorporation of isotopically Iight water-derived
oxygen into the sulfate molecule, however, sulfate from
pyrite oxidation can be identified by its characteristically
low Ù180 values compared to the sulfate from
atmospheric deposition.

Increasing Ù
34S values and simultaneously decreasing

sulfate concentrations along the groundwater f10w path in
the northern outflow of the contaminant plume indicate
the OCCurrence of bacterial sulfate reduction (Fig. 3).
WhiJe sulfate concentration drop from over 300 to 1ess
than 20mgIL, Ù

34S values increase up to +45%0 (YCDT).
Using a Rayleigh model for the reduction process, an
isotope enrichment factor (10) of ca. -12%0 was obtained.
This value appears to be relatively low compared to
fractionation factors for sulfur observed in laboratory
experiments with toluene degrading bacteria (Bolliger et
al., 2001) or in not contaminated aquifers (e.g. Foulliac et
al., 1990; Bottrell et al., 1991; Asmussen and Strauch,
1998; Bottrell et al., 2000) but is consistent with recently
reported data from similar case studies (Knbller et al.
2003, Spence et al., 2001). In contrast to the enrichment
of 34S, no enrichment of 180 in the remaining sulfate was
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Figure 2. JHe/tritium ratios of groundwater sampies and
correlated apparent groundwater ages. The extreme situations

piston flow (PF) and exponential mixing (EM) were assumed as
flow conditions

The hydrological differences between the upper and
the lower aquifer are also expressed by the stable oxygen
and hydrogen isotope data of the groundwater samples.
While in the upper aquifer the Ù

l80 values varied
between -8.8 and -8.0 %0 (YSMOW), a much smaller
variation between -9.0 and -8.7 %0 was measured in the
lower aquifer. The same differences in the data variability
were observed for ùD. ln general, the stable isotopic
composition of the groundwater is in good agreement

are present in concentrations of a few mg LoI only.
Benzene is the dominant pollutant in the lower aquifer as
weil. However, total BTEX-concentrations are
considerably lower (}OO mg Loi) than in the upper
aquifer.

Almost 200 groundwater samples have been analyzed
for Ù34S-S04' ÙI80-S04, ùI80-water, and ùD-water. At
three sampling locations, groundwater samples for tritium
and 3He analyses were taken from both aquifers trying to
match beginning, centre, and end of the contamination
plume. Furthermore, isotopic analyses were conducted on
the dissolved inorganic carbon in groundwater samples
from the immediate area of the contamination plume.

RESULTS
ISOTOPIC COMPOSITION OF THE
GROUNDWATER

While most samples exhibit tritium contents of about
10 TU, the groundwater from deepest weIl has a tritium
content of 11.7 TU. Tritiugenic 3He contents in the upper
aquifer ranged from 0 to 3.3 TUequivalent (1 TUequivaJent is
the 3He content yielded by the decay of 1 TU tritium)
corresponding to 3He/tritium ratios of 0.31 or less. In the
lower aquifer tritiugenic 3He contents between 19 and 37
TUequivalent were measured and the 3He/tritium ratio varies
in f10w direction from 2.0 to 3.1. In terms of apparent
groundwater ages these contents correspond to 3 - 5
years in the upper and 10 - 25 years in the lower aquifer
(Fig. 2). The samples from the lower aquifer might
suggest increasing apparent ages in f10w direction.
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The ol3e values of the dissolved inorganic carbon
(DIe) decrease slightly in ftow direction in the
contamination plume from -22.4 %0 to -23.7 %0 (VPDB).
One product of the bacterial sulfate reduction is
isotopically light carbon dioxide. When this e02 is added
to the DIe pool in the groundwater, a negative isotopic
shift of the isotopic DIe composition, as observed in the
examined samples, occurs.

Figure 3. Sulfate concentrations and isotopie sulfate
composition of groundwater samples from the
northern outflow of the contamination plume.
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CONCLUSIONS
The isotopic investigation of water and solutes in two

aquifers at the BTEX contaminated site Zeitz (Germany)
revealed that the decrease of BTEX concentrations is due
to biodegradation leading to a sustainable contaminant
reduction. To a large extent the biodegradation is
controlled by bacterial sulfate reduction. Even though
part of the contamination is almost 45 years old, no water
older than 30 years seems to be affected by the
contaminants. This suggests that the present
biodegradation rate inhibits a widespread distribution of
the pollutants in the flow direction of the aquifer.

500 Tlr====::::::;------------,- 50

observed (Fig. 3). This is probably due to the specific
reaction mechanism that results from the high
concentration of organic carbon and the relatively low
sulfate concentrations. This mechanism inhibits the
oxygen isotope exchange between sulfate and water
during the reduction process and hence disables the 180
enrichment in the remaining sulfate. A similar behavior
of the oxygen isotopes in the dissolved sulfate was
reported by Spence et al. (2001) for bacterial sulfate
reduction in a phenol contaminated aquifer.

flow distance (m)
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INTRODUCTION
Throughout the 20th century, extensive open pit

mining of lignite in the Tertiary lignite districts of Eastern
Germany resulted in dramatic changes of landscape and
of the hydrologie system. The hydrogeological
rehabilitation in these mining areas by flooding of the
abandoned mining pits or groundwater rise causes long
term changes of the groundwater quality. One result of
this process is the formation of numerous mining lakes,
of which a large number has pH values of less than 4.
Oxidation of sulfide minerals in aerated zones of the mine
dumps generates dilute sulfuric acid, which is often
transported with the groundwater into the mining lakes.
This continuous formation of dilute sulfuric acid often
resulted in sustained acid conditions of the lakes long
after cessation of mining operations. The Tertiary
sediments surrounding the established or forming mining
lakes contain variable quantities of sedimentary sulfides
(pyrite/marcasite). Consequently, the sedimentary and
dissolved sulfur species, and their transformations, play a
key role in the hydrochemical development of the lake
and of the local groundwater. Oxidation of reduced
inorganic sulfur compounds generates acidity, which
might reach the groundwater and/or the lake. This process
is known as the strongest naturally occurring acidification
reaction (2 mol H+ for each mol FeS2) (Singer and
Stumm, 1970) and weU studied in the huge literature of
acid mine drainage formation (e.g. Alpers and Blowes,
1994). In contrast, bacterial (dissimilatory) sulfate
reduction produces alkalinity, if the formed H2S is fixed
in sedimentary sulfide mineraIs, and hence may facilitate
the neutralization of lake water and groundwater
(Schindler et al., 1980; Brown, 1985; Rudd et al., 1986;
Spratt et al., 1987; Spratt and Morgan, 1990; Vile and
Wieder, 1993; Blodau et al., 1998). Effective remediation
measures for acid mining lakes and their surroundings in
the lignite districts of Eastern Germany must therefore
take into account the relative importance of these two
processes, sulfide oxidation and bacterial (dissimilatory)
sulfate reduction. Stable isotope studies could serve as a
tool to separate both processes, identify sources and
describe pathways and rates of transformations (e.g.
Harrison and Thode, 1958; Kaplan and Rittenberg, 1964;
Toran and Harris, 1989; Taylor and Wheeler, 1994;
KnoUer and Strauch, 1999; KnoUer, 2000; Mandernack et
al., 2000; Knoller and Strauch, 2002). Quantification of
sulfur sources and transformations is essential if we are to

understand the current hydrochemical status of lignite
rrunmg areas and propose successful remediation
strategies. In this study, we utilize stable isotope
(o34Ssulf.te, ol80sulfate, 034Sdissolved sulride, ol80water) and
hydrochemical data of lake and groundwater samples as
weil as the concentrations and isotope ratios of various
sedimentary sulfur compounds (acid soluble sulfate, acid
volatile sul fur, chromium reducible sul fur) in aquifer and
lake sediments, for assessing the biogeochemical sulfur
cycle in lignite mining areas of the lignite districts in
Eastern Germany.

lignite mlning dump

Figure 1. Schematic cross section of a typical lignite mining
landscape.

STUDYSITES
If carried out by the conveyor bridge technology,

open pit lignite mining produces typical landscapes that
comprise three basic structural elements. These elements
are the undisturbed sediments that are exposed to the
atmosphere, the mining void that results from the removal
of sediment material and lignite and that later becomes
the mining lake, and the rnining dump where the
sediments that overlaid the lignite seam are deposited as a
heterogeneous mixture (Fig. 1). The mining dump itself
can be vertically divided into two genetically different
sections, the conveyor bridge dump (CBD) with its
typical rib structure that is caused by the movements of
the conveyor bridge and the spreader dump (SD) on top
of the CBD. While the CBD is dominated by material
from Tertiary sediments, the SD mainly consists of
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Quaternary material. Usually, the SD is deposited 5 to lü
years later than the CBD leaving the surface of the sulfide
containing CBD exposed to atmospheric oxygen for a
long time. During that exposure time, sulfide oxidation
occurs in the uppermost layers of the CBD. The oxidation
products are stored in the sediment matrix, in a so-called
weathering zone.

Between the three structural elements intense
hydrochemical and geochemical interactions take place
that strongly influence the quality development of the
lake water and groundwater. These interactions were
studied at three different abandoned lignite mining sites
in the Central German and the Lusatian Lignite District
(Fig. 2).

Figure 2. Location of the study areas in Central Europe.

THE GOITSCHE AREA
The lignite mining area Goitsche had been exploited

from 1949 to 1991. Since the flooding is not yet
completed it represents the hydrogeologically most
instable system of the three investigated areas. The lignite
deposits present in the study area can be referred to the
epirogenetic formation type. Underneath the exploited
lower Miocene Bitterfelder lignite seam with a thickness
of about 5 to Il m lie the Bitterfelder mica sands of
Tertiary age. These sediments contain variable amounts
of sedimentary sulfides. The Quaternary sediments in the
Bitterfeld region can be divided into a lower and an upper
Weichselian gravel terrace. The mining Process produced
four residual mining voids. The future water surface of
the whole mining lake incJuding ail four subbasins will
cover an area of about 13 km2

. The main flooding
sequence was started in May 1999 by river water from
the nearby river Mulde. Prior to the start of the flooding,
precursor lakes were formed in three subbasins by rising
groundwater. Since the river water shows a relatively low
mineralization and the groundwater flow cornes from
undisturbed sediments that are not significantJy affected
by sulfide oxidation, only a minor impact of the mining
activities on the lake water quality is expected at the
Goitsche site.
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THE COSPUDEN AREA
In the larger mining area of Cospuden, located at the

southern border of the city of Leipzig within the Central
German Lignite District, lignite from the Tertiary lignite
seams (Bornaer Hauptfloz) has been mined since 1950.
The investigated Cospuden mine was c10sed in 1990 after
only ten years of operation. During active mining the
groundwater level was lowered to 80m below ground.
After the cessation of mining operations, the Cospuden
mine was tïlled by rising groundwater from the Early
Weichsel glacial terrace aquifer (about 90%) and from
the dump site located south of the Jake (10%). From 1996
to 2000 the Cospuden open pit was re-planted and
additionally flooded by river water from the nearby river
Weisse Elster and by processing water from other active
mining areas in the region. The flooding which was
completed in 2000 resulted in a lake that covers a surface
area of 4 km2

. Despite the completion of the flooding, no
stable hydrogeological conditions have been established
in the surrounding of the lake yet.

THE PLESSA AREA
Lignite exploitation in the Plessa open pit rrune,

which encompasses mining lake MLlII, ceased in the
late 1950's and the residuaJ depressions were flooded by
the ascending groundwater. The flooding was completed
in 1969. Comparison of hydrochemical results from the
1970's with the more recent data suggests that the lake
has undergone only minor changes in its hydrochemical
conditions since the completion of the flooding.

The mining lake is 900m long and a maximum of
140m wide, with the surface area of llü,OOOm2

. The Jake
consists of three basins of comparable size separated by
narrow zones of shallow water. The western shore of the
ML 111 is formed by undisturbed Tertiary sediments,
estuarine carbonaceous sulfide- and mica-containing silts
and sands with small lignite seams (Schreck and GHif3er,
1998). The eastern, northern, and southern shores of the
lake are flanked by dump sediments composed mainly of
mixtures of Tertiary sediments re-deposited by mining
activities. Quaternary sediments were almost completely
removed from the immediate mining area and re
deposited sorne hundred meters west of the lake. MLlII
receives groundwater influx from two sources, the
western aquifer on the southwestern shore and the dump
aquifer south of the lake. The water balance of lake,
calculated by KnOIler and Strauch (2002), suggests an
annual groundwater influx of 23,700m3

, with 13,000m3

coming from the southern dump aquifer and lü,700m3

from the southwestern part of the western aquifer.

RESULTS
THE GOITSCHE AREA

The dominating process of the sulfur cycle of the
mining lake is the mixing of sulfate from flooding water
from the Mulde River (834S: +4%0 YCDT) with an initial
sulfate type (834S: -10%0) that itself represents a mixture
of sulfate from sulfide oxidation (834S: ca. -20%0) and
from groundwater that is not affected by sulflde oxidation
(834S: ca. 0%0). In the initial stage of the flooding, the
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separate basin Dôbem showed different characteristics
that are related to the influence of the local groundwater.
The disastrous 2002 flood caused a change of Ô

34S
towards the river water signature as weIl as the accidentaI
establishment of the final flooding level. Therefore,
further hydrochemical changes are only defined by lake
water - groundwater interactions. Isotopic evidence for
the occurrence of bacterial sulfate reduction was not
observed in the Goitsche area.

sulfate concentrations, to possible influences of the
weathering zone on top of the CBD, and to a variable
sulfate reduction rate. However, the significant
enrichment of the heavy sulfur and oxygen isotopes up to
0%0 (VCDT) and +3%0 (VSMOW) at sorne sampling
locations (compared to initial values of -22%0 and -2%0)
proves the local occurrence of dissimilatory sulfate
reduction in the CBD.

Figure 4: Correlation between fraction of residual sulfate and
1)34S-sulfate (aquifer, Plessa area).
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THE PLESSA AREA
Sulfate concentrations in the Quatemaryffertiary

aquifers varied between 40 and 700 mg/l, whereas sulfate
concentrations of up to 4300 mgll were observed in dump
water. Sulfur isotope ratios of dissolved sulfate in
groundwater from Tertiary and Quatemary aquifers
ranged from -9.9 to +23.1 %0. Dissolved sulfate in the
dump water showed generally positive Ô34S values
ranging from +7 to +32 %0. Increasing Ô34S and Ôl80
(S04) values and simultaneously decreasing sulfate
concentrations (Fig. 4) indicate that bacterial
(dissimilatory) sulfate reduction is an important process
for the natural attenuation of the mining induced
acidification in groundwater in the northem part of the
studyarea.

Several lines of evidence suggest that ML 111
receives groundwater influx from two sources, the
Quatemaryffertiary aquifers on the southwestem shore
and from the dump site to the south of the lake. The
average concentrations and Ô34S values of sulfate in the
inflow from the aquifers were 700 mg/l and -9.9 %0,
respectively. Groundwater inflow from the dump had an
average sulfate content of 2200 mg/l and a mean Ô34S
value of +7%0. This resulted in sulfate concentrations
between 1000 and 1900 mg/l and Ô

34S values of lake
water sulfate between +3.0 and +5.5 %0. Concentrations
and Ô

34S values of lake water sulfate increased with depth
indicating that influx of groundwater from the dump, and
not bacterial (dissimilatory) sulfate reduction in the lake
was responsible for the increasing Ô34S values.
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Figure 3. Correlation between dump age and 1)
34S-sulfate

(spreader dump, Cospuden area).

THE COSPUDEN AREA
Since the lake water mineralization of Lake Cospuden

is relatively moderate, the investigations in the Cospuden
area were focused on the hydrochemical development of
the mining dump. Due to the interactions between dump
and mining lake this development can have a significant
effect on the future water quality of the lake especially
with respect to its utilization as a recreation area.

In the spreader dump, the sulfate concentration and
the Ô

34S correlate with the age of the mining dump in a
way characteristic for sulfate reduction (Fig. 3). The
annual degradation rate of sulfate by bacterial reduction
has been calculated to 0.6mmol r1a- 1 using initial values
for Ô34S of the dissolved sulfate of -13.5%0 and for sol
concentrations of 1,900mg L- I

. The degradation of sulfate
was also confirmed by the ÔI80 values of sulfate in
correlation with the sulfate content and Ô34S. Exceptions
from the general trend are possibly caused by the isotopic
variability of the local sulfur source and/or by a different
extent of sulfate reduction due to variable hydrochemical
conditions. From the correlation of ÔI80-sol- with the
sulfate concentration an enrichment factor t: for 180 of
-7%0 was calculated using the modified Rayleigh
equation.

In contrast to the clear reduction trend in the SD, the
Ô

34S and the concentration of dissolved sulfate do not
correlate with the age structure of the conveyor bridge
dump. This fact was again related to the heterogeneity of
the conveyor bridge dump resulting in variable initial

- 443 -



Lake sediments were obtained from a site in 7m depth
and from the deepest location in the lake (lOm). Contents
and isotope ratios of acid soluble sulfate (ASS), acid
volatile sulfur (AVS), and chromium reducible sulfur
(CRS) were determined. Sediments from 7m depth were
representative for most of the lake. Their sulfur contents
ranged from 30 mg g-l near the water/sediment interface
to less than 5 mg g-I below 20 cm depth. Sulfur was
found almost exc1usively in form of sulfate with ù34S
values similar to those of lake water sulfate. At the
deepest location of the lake, sedimentary S contents
varied between 1 and 15 mg g-l. Sulfate comprised
typically more than 50% of total sedimentary S and had
sulfur isotope ratios similar to that of laké water sulfate.
In the uppermost 20 cm of the core, there were also
significant amounts of inorganic reduced sulfur (AVS and
CRS) with Ù

34S values varying between -20 and -40 %0.
The occurrence of acid volatile sulfur with Ù

34S values
between -30 and -40 %0 was interpreted as evidence for
bacterial (dissimilatory) sulfate reduction in the shallow
sediments at the deepest location of the lake, but this
process was found to he not of major importance for
sulfur fluxes in the entire lake ML Ill.

CONCLUSIONS
The example from the Goitsche area shows that

lignite mining not necessarily leads to an acidification
and to high loads of sulfate. The rapid flooding of the
mining lakes by river water suppresses the effects of
sulfide oxidation. In those cases, sulfur transformations
are limited to mixing of dissolved sulfate from different
sources especially due to the water exchange between
lake and aquifer. The results from the Cospuden area
illustrate that, even though the lake water quality is good,
surrounding sediments and the water therein can be
extensively polluted. If the flooding is performed by
rising groundwater and the sediments have a low buffer
capacity (as in the Plessa area) then sustained acidic
conditions in lake and groundwater can form.

Bacterial sulfate reduction seerns to be the only
relevant process that enables a long-term auto
regeneration of the water quality. The occurrence and the
extent of sulfate reduction in lignite mining areas are
strongly controlled by the present environmental
conditions. Ongoing transport of oxygen into dump
sediments, the subsequent oxidation of pyrite, and the
mobilization of stored oxidation products inhibit the
formation of sustained reducing conditions and hence
limit the effect of the bacterial sulfate reduction on the
water quality improvement.
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INTRODUCTION
The over-exploitation of groundwater and the

difficulties in recharging the aquifers in the highly
urbanized areas of Recife Metropolitan Region (RMR)
has severely depleted the potenciometric levels of the
aquifers in the last 20 years and increased their
vulnerability to seawater intrusion. Many wells have been
abandoned" as a consequence of high salinity content in
the groundwater. A monitoring program has been
established to assess the groundwater salinity in the most
extensively exploited area in Recife coastal plain. This
paper presents the results of part of the monitoring
program and analyses the causes for the high salinity
levels in sorne points, based on environment isotope
analysis.

GEOLOGY
The aquifers in the RMR are classified as: 1) fractured

aquifer (Basement rocks plain) and 2) porous aquifer
(Northern Sedimentary and Recife Coastal plains). The
Recife Coastal plain occupies an area of 112 km2in the
southern part of RMR and includes two interstitial
aquifers: Cabo and Boa Viagem. The Cabo aquifer
comprises sandstones, siltstones and mudstones, with
average thickness of 90 m. The Boa Viagem aquifer, an
unconfined formation comprises sand, silt and clay, with
an average thickness of 40 m. The Beberibe aquifer
occurs in the Northern Sedimentary plain, with average
thickness of 100 m of sandstones with intercalations of
mudstone. Both Beberibe and Cabo aquifers are semi
confined formations. Although the Beberibe aquifer is the
most important formation in terms of water storage, the
Cabo aquifer is the most exploited. The Boa Viagem
aquifer overlies both the Beberibe and Cabo aquifer and
is the most vulnerable formation in terms of water
quality, as a consequence of strong leakage from many
septic tanks and sorne sewers since the public sewage
system in the RMR is very deficient; and due to
connection to mangroves and rivers estuaries. Since the
area is highly urbanized, recharge from rainfall is
decreasing throughout the years.

GROUNDWATER EXPLOITATION
Population growth and deficiencies in the public

water supply system have led to an intensively
exploitation of groundwater. The use of groundwater
without control, mainly in the Cabo aquifer, has led to an

over-exploitation situation. The number of production
wells has increased dramatically with the urbanization
process. The majority of the active wells are private. This
over-exploitation has changed potentiometric gradients
between the upper and the lower aquifers, and between
the sea and the lower aquifer. Now, in sorne places, head
gradients produce flow from the sea towards the
continent, with high risk of seawater intrusion and in
sorne places from upper to lower aquifer (Costa et al.,
1998). This makes the Cabo aquifer vulnerable to diffuse
contamination.

Recently, Govemment agencies started controlling the
drilling and exploitation of groundwater by private wells.
However, the technical information about the wells is, in
general, not satisfactory. An information system software
was developed and implemented (Cabral et al., 2000) to
compile all the available data on the active wells.

A recent study funded by the Canadian International
Development Research Center (IDRC) (Costa et al.,
1998) has showed that the massive exploitation of the
aquifers in the coastal plain has deteriorated the system
both in terms of groundwater quality and quantity.
During this period, piezometrie levels were lowered up to
70 m in sorne areas (Costa et al., 1998). One of the major
problems related to the groundwater quality in this
system is the high salinity level observed in sorne wells.
Seawater intrusion and hydraulic interconnection to
mangroves and estuarine areas have been pointed out as
the main causes for the increasing salinity in this
intensively exploited coastal aquifer system. The main_
contribution of the reported study was the proposai of a
groundwater management plan for the Cabo aquifer.
According to this plan, all the new-drilled wells should
encompass devices to allow evaluation of groundwater
level and discharge rate. It also established control zones,
each of which with a maximum extraction rate per single
well. In one of these zones, drilling would no longer be
permitted. At that time, the management plan was not
implemented due to a severe water supply shortage (up to
seven days without by one day with running water)
caused by a drought that occurred in the Northeast Brazil
in 1998 and 1999, when the annual rainfall volume was
less than 65% the annual historic mean. As a
consequence, an excessive and disorganized exploitation
of the coastal aquifers has occurred in order to overcome
surface water supply shortage problems. It has been
estimated that the number of private operating deep wells
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has increased from 2,000 to 4,000 during that period,
while the total extraction rate increased from 1.6 to 4.0
m3/sec (Costa, 20(0). The estimated deficit, considering
the balance inflow and outflow in Recife Coastal Plain, is
around 37,8x106 m3/year (Costa and Costa Filho, 2001)

The rainy season in the year 2000 has changed this
scenario. The annual rainfall volume was, on the average,
50% higher than the historic annual mean. As a
consequence, the Pemambuco State Secretary for Water
Resources attempted to implement the proposed
management plan. However, the groundwater
management plan has not yet been fully implemented
because building constructers have claimed the need to
construct new wells in the restricted zones since they had
sold apartment buildings promising groundwater supply.
This overexploitation may increase the Cabo Aquifer
vulnerability to salt water intrusion and contamination
from the upper aquifer. Also, the inadequate land
occupation and the wells drilled without the appropriated
technical support increase the aquifer degradation risk.

STABLE ISOTOPE DATA
Costa Filho et al. (l998b) were the frrst to apply

oxygen stable isotope to try to explain the groundwater
salinization in the RMR aquifer system (Boa Viagem,
Cabo and Beberibe aquifers). Based on the 0180 they
concluded that in the three aquifers recharge processes
were similar and the origin of groundwater salinization
was not from marine intrusion. Costa Filho et al. (1998a)
using 0180 and 02H ratios concluded that isotopie
signature of the groundwater in the aquifer,system in
RMR represents evaporated waters and the salinization
process is probably related to dissolution of salts and
contamination from paleo-mangroove waters.

Stable oxygen and hydrogen isotope analyses for the
groundwater from the Cabo and Boa Viagem aquifers
were analyzed by mass spectrometry (Finnigan Delta E)
at the Stable Isotope Laboratory, Centra de Energia
Nuclear na Agricultura (CENA). Oxygen was analyzed
using a modified version of Epstein and Mayeda (1953)
method proposed by Matsui (1980). Deuterium was
analyzed using the method proposed by Coleman et al.
(1982). The 180 and 2H are reported in per mil (%0) units
and relative do Vienna Standard Mean Ocean Water
(VSMOW). The data for the analyzed wells are shown in
Table 1.

The range of 0180 is -1.5%0 to -0.86 %0 and of 02H
is 0.2%0 to 2.94%0' Figure 1 shows a plot of 0180 against
02H for the wells which data on both isotopes were
measured. It also shows the data for local rainwater along
with the Global Meteoric Water Line (Craig, 1961). The
regression equation for the data, including local rainwater
data, is:

The equation indicates a slope similar to the Global
Meteoric Water Line (GMWL) and most of the samples
analyzed during the monitoring program plot close to the
GMWL. Three samples plot away from this line and very
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close to the y-axis (02H=o). One sample (deep weIl) plots
on the GMWL midway between rainwater and the
majority of groundwater samples. AIl samples show an
isotopic enrichment relative to present-day local meteoric
water, however much less enriched than the data
presented by Costa Filho et al. (l998a).

DISCUSSION
Electrical conductivity in the monitored wells does

not show a regular pattern suggesting that there would be
different causes for the salt concentration in the
groundwater in the aquifer system in RMR. The
magnesium to calcium ionic ratio (rMglrNa) indicates
values in the range of those proposed for continental
waters but also presents values in the range, or even
higher than those of oceanic waters (Montenegro et al.,
2002; 2(03).

The stable isotope data also show a pattern that is not
explained by a simple groundwater/seawater mixing
relationship as pointed out by Costa Filho et al. (l998a).
The distribution of the samples in the 0180 against 02H
diagram shows three distinct situations. The majority of
the analyzed samples plots along the GMWL, but
enriched in 0180 and 02H relative to local rainwater.
Another group of samples plots away from the GMWL
but close to the y-axis (02H=0), and one sample plots
along the GMWL but less enriched than the first group.

The data suggest that isotopic signature reflects a
strong influence of evaporative process in the
groundwater in the aquifer system in the RMR, when
comparing to present day rainwater. This could be a
consequence of evaporation of rainwater during recharge
processes. The data also suggests that a mixing between
fresh groundwater with saline waters is occurring in sorne
wells in the studied area. So far it is not possible to
precise what type of saline water is mixing with fresh
groundwater. It could be an effect of seawater intrusion, a
mixing with brackish water (estuarine and mangrove
waters) through hydraulic interconnection or a mixing
with paleo saline waters. This is observed in deep and
also in shallow wells confirming salinization processes in
both aquifer systems.

The isotope data also show that the lower (Cabo) and
upper (Boa Viagem) groundwater have the same isotopie
signature no matter they present high salinity
concentration or not. This implies a homogeneous mixing
between both aquifers, which would confirm that
deficiencies in weIl construction would cause a hydraulic
interconnection. However, this is not occurring in the
whole system as can be seen in two wells (a deep and a
shallow) located in the same apartment building in which
the deep weIl shows an isotopie signature completely
distinct and the shallow weIl show the same signature as
the other deep and shallow wells.

Perrneability also plays a role in the isotopic signature
of groundwater. This is observed through the data
presented by Costa et al. (1998) in which the Cabo
aquifer shows 0180 higher than the Boa Viagem and
Beberibe aquifers. The higher permeability (Boa Viagem
and Beberibe) would help recharge flow and a mixing of
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new groundwater, whereas the lower permeability would
help equilibrium with older, and probably, isotopically
heavier waters.

FINAL CONSIDERATIONS
The isotopie data presented in this study support the

hypothesis of hydraulic interconnection between the Boa
Viagem and Cabo aquifers proposed by Costa et al.
(1998) as a consequence of deficiencies in weIl
construction practice. Even though this couId be the case
for sorne wells, the seawater intrusion could not be ruled
out entirely as a cause for aquifer salinization.

Montenegro et al. (2002, 2003) has shown that even
where the salinity is high, the occurrence of seawater
intrusion was not clearly identified, due to the absence of
a general pattern among the monitoring wells. In sorne
cases, the salinity increased during the monitoring period,
whereas in others, the salinity decreased or remained
stable. There are sorne areas where the salinity is high for
a large number of wells. In other cases, highly saline
wells are close located to others with very good quality
water.

Stable isotope data helped in understanding the
behavior of groundwater recharge and mixing, but it is
still not conclusive regarding the origin of salinization of
the aquifer system in RMR. From the isotopie signature it
can be said that the groundwater in the aquifer system has
a three-fold component: fresh groundwater recharge
component, old evaporated groundwater and saline
waters. Therefore, detailed studies including ÔlgO and
ô2D ratios in surface, estuarine and sea-waters are
necessary in order to better understand the recharge and
mixing mechanism of groundwater in the RMR aquifer
system.

ACKNOWLEDGMENTS
This financial support from PADCTIFINEP (Brazil);

CT-HIDRO/CNPq; CNPq and FACEPE (Brazi1) is
greatly acknowledged. The authors also acknowledge the
contribution from CPRH (Pernambuco State
Environmental Company), through Mr. Veronilton Farias
and Dr. Mario T. Kato for reviewing the final text.

REFERENCES
Cabral, J. J. S. P.; dos Santos, S. M.; Montenegro, S. M. G. L.,

2000. "Groundwater information system for Recife
Metropolitan Region.". In: Brebbia C.A. and Pascolo
P.(eds.) Management Informations Systems, GIS and
Remore Sensing. WlT Press, UK.: 489- 498.

Short Papers - IV South American Symposium on Isotope Geology

Coleman, M.L.; Shepherd, T.J.; Durham, 1.1.; Rouse, J.E.;
Moore, G.R., 1982. Reduction of water with zinc for
hydrogen isotope analysis. Anal. Chem., 54, 993-995.

Costa Filho, W.D.; Santiago, M.F.; Costa, W.D; Mendes Filho,
J., 1998". Is6topos estliveis e a qualidade das liguas
subterrâneas na planicie do Recife. In: Proc. X Congresso
Brasileiro de Aguas Subterrâneas, Sâo Paulo, Brazil, CD
ROM,I-9.

Costa Filho, W.D.; Santiago, M.F.; Mendes Filho, J.; Costa,
W.D., 1998b. Concentraçâo salina das liguas subterrâneas
na planicie do Recife. In: Proc. III Simp6sio de
Hidrogeologia do Nordeste, Recife, PE: 124-131.

Costa, W. D. and Costa Filho, W. D., 2001. Recarga artificial
dos Aqüiferos da Planicie do Recife. In: Proc. IV Simp6sio
de Hidrogeologia do Nordeste, Recife, PE: 543-554.

Costa, W. D., 2000. Riscos potenciais e reais decorrentes da
super-explotaçâo de liguas subterrâneas no Recife-PE. In:
Proc. 1st Joint World Congress on Groundwater. Cearli,
Brazil (CD-rom).

Costa, W.D., 1998. Estudo Hidrogeol6gico da Regiâo
Metropolitana do Recife, Report HIDROREC Project",
IDRC - UFPEIFADE, Recife, Brazil.

Costa, W.D.; Manoel Filho, J.; Santos, A.c.; Costa Filho, W.D.;
Monteiro, A.B.; Sousa, F.J.A.de; Lopes, A.V.G.; Santos,
AJ.C.; Silva Filho, M.M.C.; Silva, M.MJ. da., 1998.
Hydrogeological study of Recife Metropolitan
Region.(Project Report). UFPE, Recife, Brazil

CPRMIFIDEM, 1994. Sistema de inforrnaçoes para Gestâo
Territorial da Regiâo do Recife, Companhia de Pesquisa de
Recursos Minerais, Recife-PE, Brazil

Craig, H., 1961. Isotopie variations in meteroric waters. Science
133:1702-1703.

Cust6dio, E. and Liamas, M.R., 1975. Hidrologia Subterrlinea,
Barcelona: Editorial Omega, 2 vol., pp. 1-2350.

Epstein, S. and Mayeda, T., 1953. Variations in 180 content of
water from natural sources. Geochimica Cosmochimica
Acta, 27, 213-224.

Matsui, E., 1980. A simple method using a disposable syringe
to prepare samples for delta l80 measurements in water
samples. Analytica Chimica Acta, 120,423-425.

Monteiro, A.B., 2000. Modelagem de Fluxo subterrâneo nos
aqüiferos da planicie do Recife seus encaixes, M. Sc.
Dissertation, UFPE, Brazil.

Montenegro, S.M.G.; Costa, W.D.; Cabral, 1.1.S.P; Montenegro,
A.A.; Lima, E.S. de; Manoel Filho, J.; Demétrio, J.G.A.,
2003. Monitoring time and spatial changes in groundwater
salinity in Recife Coastal plain. Proceedings of the Second
International Conference on Salt Water Intrusion and
Coastal Aquifers (SWIACA), Merida, Mexico. CD-ROM.

Montenegro, S.M.G.; Montenegro, A.A.; Cabral, 1.1.S.P;
Demétrio, J.G.A.; Manoel Filho, J.; Lima, E.S. de; Oliveira,
E.M.; Paiva, A.L.R., 2002. Groundwater salinity in the
Cabo aquifer in Recife Coastal Plain, Pemambuco, Brazil.
Proceedins of the XXXII IAH & VI ALHSUD Congress
Groundwater and Human Development, p.I-JO, Mar dei
Plata, Argentina.

- 447-



Short Papers - IV South American Symposium on Isotope Geology

Mefeoric water line(Craig, 1961 J

•••

-2.5

• • Conductivity> 4.5mS/cm

D Shalowwell

oRain water(05/30/00J

-2.0 -1.5

.. .
•

-1.0

•

-0.5

4.0

2.0

0 =Nt,Q
-2.0

-4.0

-6.0

-8.0

Figure 1. Stable isotope relationship between grounowarer ror the aquifer system in the Recife Metropolitan Area. The
regression line for the data (including local rainwater) is ô2H=7.1ôI80 + 7.11 permil VSMOW.

Table 1. Stable isotope data for selected wells in Recife coastal plain aquifer system. EC=Electrical Conductivity.

WelJ Ô
180 ôD EC(dS/m) Depth(m)

Funchal -1.08 2.30 0.39 134

Principe Navarro -1.13 1.79 0.64 134

Ana Virginia (Dec/99) -0.98 0.20 6.36 9

Ana Virginia (Feb/OO) -0.82 0.44 6.36 9

Flora Rubin -0.91 2.63 1.13 160

Encanta Moça -1.15 1.73 0.54 150

Studio Everest -0.96 2.45 3.90 154

Alfamar -1.00 2.94 1.50 152

Maria Yolanda -1.10 2.55 0.55 150

Napoles -0.88 0.17 4.93 50

Monte Sa~rado -0.86 2.61 6.29 180

Marante Plaza Hotel -0.94 2.70 4.50 171

Ilha de Tasso -1.12 2.58 0.41 154

Montifiori -1.50 -1.44 0.60 135

Montifiori -1.10 1.59 2.45 25

Rain water -2.28 -8.54 - -
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INTRODUCTION
Mercury pollution of water and fish in the Amazon

basin is a significant hazard for riparian populations,
especially for people whose primary protein source is
contaminated fish (Lebel et aI., 1999; Maurice-Bourgoin
et al., 2000; Roulet & Maury-Brachet, 2001); irreversible
Hg damage has been implicated for the nervous and
immune systems (Lebel et aI., 1998). In the Bolivian
Andes, at the headwaters of the Beni river, erosion of
contaminated soils and weathering of mercury-bearing
rocks during the rainy season can increase the water
concentration of Hg by 50 fold (Maurice Bourgoin et al.,
2001). These soils may have become contaminated
through natural crustal degasification and dissolution of
Hg, and also by centuries of extensive Hg use during both
the colonial and post-colonial extraction of massive
quantities of gold and silver (Nriagu et al., 1992). More
recently, a new gold-mining boom starting in the 1970s
has introduced an estimated 0.25 to 0.5 tonnes/year of Hg
into the Beni River basin (Maurice-Bourgoin et al.,
2000). The mercury used can be released directly into the
river itself or indirectly through the atmosphere by open
air burning of the amalgam (Malm et al., 1990; Maurice
Bourgoin et al., 1999). But the major environmental
impact of these mining activities is the deforestation of
the exploited areas and the release of millions of tonnes
of Hg-contaminated sediments and soils to affected
rivers, rather than the direct release of Hg used during the
last stages of the gold extraction (Maurice-Bourgoin,
2001). Numerous studies have documented the
distribution of Hg in water, fish, and people throughout
the Amazon basin (Akagi et aI., 1995; Malm et al., 1995;
Barbosa et aI., 1997; Roulet et al., 1999; Silva-Forsberg
et al., 1999; Maurice-Bourgoin et al., 2000), but the
important link between Hg and sediment transport had
not been fully explored. To investigate the sources,
transport and storage mechanics, and contamination
history of Hg for the Madeira River, one of the most
important tributary to the Amazon in terms of sediment
input, we analysed the Hg concentration and relevant
geochemistry of floodplain and river sediments.

STUDY AREA
The Bolivian Amazon basin represents the Andean

headwaters of the Madeira River, one of the most
important tributaries of the Amazon River. In Bolivia, its

drainage basin is 0,9 x 106 km2, with 25% in the Andes,
27% on the Brazilian shield and 48% in the plain. The
Beni and the Mamore Rivers, the largest sediment
suppliers of the Madeira river (Guyot, 1993), constitute
the focus of our study. Andean tributaries of these rivers
drain both semi-arid areas of high altitude and areas of
tropical humid forest of the sub-Andes. Heights above sea
level range from 6400 m at the highest headwaters to 115
m at the Brazilian border. The Beni and Mamore Rivers
(Fig. 1) transport sediments from the rapidly eroding
Bolivian Andes across the floodplains of a large foreland
basin. Floodplains and channels are essentially pristine,
without artificial levees, dams, dredging, numerous roads,
or other anthropogenic complications. At the edge of the
sub-Andes, the drainage area of the Beni River at the
edge of the piedmont, is 67,500 km2 and the mean annual
discharge during the sampling period, 1998-1999,
averaged 2300 m3

S'I. The Beni River collects numerous
Andean tributaries, half of which is exploited for their
alluvial gold since the 1960s (Fig. 1). The adjacent
Mamore drains a 600,000 km2 basin, much of which is
floodplain. These basins are representative of the vast
expanse of Andean-Amazonian foreland basins to the
north.

MATERIAL AND METHODS
One sampling survey was conducted along the entire

Beni river in August-September, 1999 and another along
the Mamore River in September, 2000. Water samples
were collected using Teflon bottles and all procedures
were performed using 'ultra-clean' techniques (Nolting
and De long, 1994; Gaudet et al., 1995). Sediment cores
were sampled 1.3 meters deep into the floodplain at
different locations along these rivers (Fig. I); they were
frozen on the field and subsequently dried and processed
in the laboratory. The T-Hg was determined by Atomic
Fluorescence Spectrometry after reduction with Sn(H);
the detection limit was 2 ng g'. The accuracy and
reproducibilty of the method were calibrated by the
analysis of a reference standard; the mean T-Hg
concentration obtained was 92 ± 4 ng i' (dw) for a
recommanded value of 92 ± 9 ng g (dw), The
concentrations ofT-Hg, organic carbon and nitrogen, iron
(Fecdb) and aluminium (Alcdb) substituted into oxy
hydroxydes, as associated with the granulometry and
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210pb activity within the same sediment cores, were used
to characterise the main geochemical processes
controlling the deposition of Hg within the floodplain.

A new model has been developed for 210pb
geochronology on river floodplains, termed Constant
Initial Reach Clay Activity and Unknown Sedimentation
rate (CIRCAUS) and has been applied to more than two
hundred locations throughout the Beni and Mamore
systems (Aalto, 2002). The approach employs discrete
down-core, clay-normalised measurements of 210pb
activity and is coupled with a geomorphic model of the
input concentration of 210pb in sediment during large
floods. The numerical modelling approach is
supplemented with an empirical determination of the
supported 210pb activity, the meteoric input of 21Opb, and
the clay-normalized 210pb activity in fresh sediment for
that reach of river. The sediment age is determined from
the "decay" age of any activity plateaus (zones of
uniform activity found in most cores), as weil as
independently calculated from the excess "meteoric cap"
210pb activity grown in above the activity of the plateau.

RESULTS AND DISCUSSION
EFFLUX OF SEDIMENTS AND ASSOCIATED
MERCURY TO THE BENI FLOODPLAIN

The T-Hg concentrations in the Beni river range from
19 ng rI during the dry season to 460 ng rI at peak flood
stage. The Hg associated with the particles represents 59
and 98% of the T-Hg, respectively. In this Andean
tributary, the importance of soil erosion during the rainy
season in controlling the mercury concentrations of
freshwater has been previously demonstrated (Maurice
Bourgoin et al., 2001). For the 1999 water year, from
surface water samples, we estimated a total suspended
particulate matter (SPM) fflux in the Beni R. of 302 106

tonnes; 97% of this material was transported during the
first four months of high water and about 40% is later
deposited in the Amazonian floodplain, as shown in a
previous study (Guyot, 1993). The total Hg (T-Hg) flux
associated with sediment reached 33 tonnes, 96% of
which was particulate Hg (P-Hg). During the wet season,
from November to March, Hg-contaminated particles are
transported from the Andean sub-basins characterised by
steep slopes and by an accelerated erosion rate driven by
recent agriculture practices and the ongoing construction
of a major road. Due to the high adsorption capacity of
mercury on fine particles (clays) in the white water rivers
(in contrast to organic-rich "black waters"), most of the
mercury is transported on SPM. In the Beni river basin, a
depth-integrated average of 35% of the deposited
sediment collected in the floodplain is composed of clays,
and these contains most of the sediment-born mercury.

CENTURY-SCALE CONTAMINATION HISTORY
AND IMPORTANCE OF SEDIMENT TRANSPORT
AND FLOODPLAIN ACCUMULATION
For the 180 sediment samples analyzed we observe
(Fig. 2) a strong correlation between T-Hg and clays
content (r2 =0.80), AIIOI (r2 =0.65), FelOI (r2 =0.64) and
with Fe incorporated in clay mineraIs, Fesi, (r2 = 0.53)
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concentrations. This· confirms that clays and Al and Fe
oxy-hydroxides in sediments may serve as the primary
carrier and facilitate the transport and storage of Hg
within the Beni and Mamore river-floodplain systems.

By utilising results from a detailed model for the
transport and deposition of river sediment (including
clays) along the Beni river floodplain system (Aalto,
2002), we estimate, using the observed Hg-Clay
relationship (Fig. 2), an annual exchange of clay
affiliated Hg between the floodplain and the channel of
2.1 tonnes Hg, primarily due to channel migration. This
exchange has been estimated by subtracting the net Hg
deposition of 2.4 tonnes year- I

, primarily lost into the
distal floodplain, from the total deposition of 4.5 tonnes
year- l

.

In many of our cores, we observe an increase of the T
Hg concentrations in sediments with depth. Applying the
CIRCAUS model to date the sediment within our
floodplain cores, we find that the ratio of observed Hg
concentration to expected Hg concentration (as derived
from measured clay abundance or from measured AI
incorporated in clay mineraIs, AlSi) is approximately 1
from 1900 to 1965 and then increases starting in the 70s
(Fig. 3). This increase is most evident for the clay
normalized Hg content where we observed a best
correlation between these two elements. This suggests
that the clay, and in a less extend Al-normalized Hg
concentration in sediment is constant from 1900-1965,
and then shows an increase over the past 30 years, mostly
likely due to a new input of Hg in the Andean drainage
basins. This influx of Hg can be attributed to accelerated
erosion of Hg enriched soils, due increased gold-mining
activities, recent colonisation, and new agriculture
practices (e.g. burning after deforestation), road
construction, and other human activities. A substantial
increase in the price of gold during the 70s, with a
maximum in 1980, sparked a new gold boom in various
tropical countries, and especially in Latin America
(Cleary, 2000).

CONCLUSION
The substantial increase of clay-norrnalised Hg

concentration in the sediments of an important tributary
of the Amazon during the last 30 years might be
explained by a recent gold mining boom and also by
increased deforestation of steep hillsides and the resulting
erosion of soils. This study represents the first
geochronological deterrnination of heavy metal pollution
history from floodplain sediments. These results
underscore the importance of river sediment as a carrier
of Hg, and the key role of channel-floodplain sediment
interchange in regulating the transport and accumulation
of any sediment-associated pollution.
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Sampling cores
Gold-mining areas

E&m Recent human colonization on steep hillslides
(deforestation, burn-oft cultures, ...)

o 100 200 kmc::::..... -=-
Figure 1. Location of the sampling cores and distribution of the recent anthropogenic disturbance (deforestation, mining, road

construction) on the hydrological map of the Madeira tribu taries.

Figure 2. Correlation between total Hg concentrations and clay content in sediment samples from the beni and Mamore Rivers
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INTRODUCTION
AMAZON BASIN HYDROLOGY

The Amazon Basin (79.rW to 50.0oW; 5.4°N to
20SS) extends over 6,112,000 km2 in both equatorial
and subtropical regions. Atmospheric water vapour enters
the Basin from the Atlantic Ocean, and moves westward
to the Andean Cordillera. The mean annual precipitation
over the basin is 2322 mm.y' (Costa and Foley, 1998).
Mean annual water discharge back to the ocean is
209000 m3/s (Molinier et aI., 1997), which corresponds
to about 20% of the total freshwater input from the
continents to the oceans. Average discharge
(-1079 mm.y") corresponds to 50% of the annual
rainfall, as a result of an internal recycling precipitation!
evapotranspiration (1243 mm1y/ precipitation)..

Due to the size of the Amazon drainage basin, large
scale deforestation and land use changes can affect both
regional and global climate, while regional climate
changes can modify the hydrological dynamics of its
rivers (Shukla et aI., 1990; Costa and Foley, 1998). All
the hydrological models participating in Global Soil
Wetness Project showed a strong underestimation and a
significant lag in the annual runoff cycle of the Amazon
basin (Chapelon et aI., 2002). Therefore, a better
understanding of the processes that control the Amazon
Basin hydrology and climatology is of major interest.

Two of the major research Projects currently in
development in the Amazon basin (LBA and HyBAm) are
dedicated to improve the understanding of the Amazon
hydrology, climatology and biogeochemistry.

AMAZON FLOODPLAlNS HYDROLOGY
Floodplains play a major role in the Amazon River

hydrology. They store water during the river rising phase
and release it when the river level is decreasing. The main
consequence on the river annual hydrograph is the
smoothing of the river discharge variation: this explains
why the maximum discharge at Obidos (280000 m3/s) is
only 4 times the minimum value (70000 m3/s).

Floodplains also play an important paper in the sediment
dynamics and in the geochemical cycles.

Overall extension of Amazon basin flooded areas
(300000 km2, Junk, 1997) is still under investigation.
Different remote sensing methods are tested (visible,
active radar, passive radar). Sippel et al. (1998) analyzed
the SMMR 37GHz polarization difference and estimated

a mean annual flooded area gf 47 000 km2 along the
Amazon mainstream (from 700W to 55.5°W), with a
maximum value of 90000 km2 (1953). Radar imagery
mosaics (JERS) allowed a finer resolution and gave a
450000 km2 (low river stage) to 750000 km2 (high river
stage) estimation for the overall basin (Seyler et al.,
2003). The annual volume of. river water that passes
through floodplains and the contribution of floodplains to
the overall river discharge at different phases of the
hydrological cycle are still largely unknown.

Few studies are dedicated to detailed hydrological
monitoring of specific Amazonian floodplains. Since
1999, the HYBAM Project, has been studying the role of
the floodplain lakes ("varzeas") in the hydrological and
sedimentological dynamics of the Amazon river, with a
particular focus on the Curuai flood plain (Kosuth, 2002;
Martinez at al., 2003).

lSOTOPIC GEOCHEMISTRY OF THE AMAZON
BASIN WATERS

The isotopic composition of natural waters provides
information on both their origin and the processes
affecting their cycle, like evaporation, transpiration,
condensation, or even mixing (Fritz and Fontes, 1980).
Measuring the spatial and temporal isotopic variability of
different water bodies (like precipitations, water vapour,
surface waters and groundwaters) completes traditional
hydrological measurements (rainfalls, discharges, water
levels, water conductivity).

Various studies on the isotopic composition of
precipitation on the Amazon basin have been published
(Gatt and Matsui, 1991; Chaffaut, 1998); some
information on the Amazon surface waters is available
(Moura dos Reis et al., 1975; Martinelli et aI., 1996),
explaining their implications on the dynamics of
atmospheric circulation and vapour recharge processes.
Isotopic composition of Amazonian precipitations and
river waters varies along the hydrologic cycle.
Precipitations are impoverished during the rainy season
due to the mass effect. Surface waters of the Amazon
River show an isotopic enrichment during the low river
stage (from September to December) and a maximum
impoverishment during the high river stage (from April to
July), later than the maximum impoverishment observed
in the rainfall.
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CURUAI FLOODPLAIN: DATA ACQUISITION
AND HYDROLOGICAL MODELING

The Lago Grande de Curuai floodplain (Fig. 1) is
located on the right margin of the Amazon river, in front
of Obidos city (1.9°S, 55SW), 900 km upstream from
the Ocean. This floodplain is a complex system of more
than 30 interconnected lakes, linked to the Amazon river
by 8 channels, 2 of them with a permanent flow.
Floodplain extension varies from 700 km2 to 2300 km2

(Martinez et al., 2003). Maximum flood amplitude is
7.0 m at Obidos station (1990-2002).

Varzea do Curuai - Mondoring points

Figure 1. Monitoring points on the Lago Grande de
Curuai floodplain.

Floodplain hydrology is controlled by the main river
regime depending on the flood plain geometry (lakes,
channels), the local climate regime (rainfall and
radiations), the watershed hydrology (runoff to the
floodplain) and ail other related processes (infiltration,
runoff, evaporation, channel flow, Jake storage, etc ... ).
The hydrology of the Curuai fioodplain has been
monitored since March, J999 through daily records of
rainfall, and water levels in the main river, in the major
lakes and in an evaporation tank. Water samples have
been collected every ten days in 10 stations for
geochernical and sedimentoJogical analysis. Fifteen field
measurement campaigns have been organized at various
stages of the hydrological cycle to measure liquid and
solid discharges in the channels and to study the spatial
heterogeneity of waters geochernical characteristics.

An hydrological-hydrodynarnical model of the
Amazonian flood plains has been developed and validated
on the Curuai flood plain (Kosuth, 2002). Calibration was
realised on measured channel discharges and lakes water
levels. The model was run over the 1998-2002 period and
provided time series of simulated lakes water levels and
water flux (channel discharges, watershed runoffs, rainfall
and evapotranspiration). Field measurements and
hydrological modelling allowed us to estimate and
quantify the various water fluxes and the volume of river
water entering the floodplain during an hydrological
cycle. Anyhow sorne water fluxes cannot be directly
measured (evapotranspiration, watershed runoff, river
bank overflow) and indirect methods, such as isotopic
geochernistry, are needed to confirm or infirm these flrst
hydrological hypothesis and results.

Short Papers - IV South American Symposium on Isotope Geology

ISOTOPIC GEOCHEMISTRY OF THE CURUAI
FLOODPLAIN WATERS

Temporal changes in the isotopic ratios of lakes
waters may provide a sensitive record of water infiows
origin and intensity of evaporation, related to water
residence time in the lake. The present study has been
realized in the framework of the "Isotope tracing of
hydrological processes in large river basins" lAEA
Progrâmme.

Isotopic monitoring started by August 2001 with
systematic sampling of water every ten days at 12
locations. First results for 2001-2002 hydrological cycle
are presented in Table 1.

Table 1. Isotopie composition of floodplain main water bodies
along the (2001-2002) hydrologie cycle (the river water values

are estimated from Moura dos Reis et al, 1975).
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WATER INPUTS TO THE FLOODPLAIN
The different classes of water inputs to the flood plain

are (1) the Amazon river, (2) direct rainfalls, (3) surface
runoff from the watershed, and (4) groundwater flow.
Fig. 2 illustrates the isotopic composition (in Deuterium)
of each of these sources for the 2001-2002 period
(measurement errors have been filtered).

Isotopic composition of the Amazon River at Obidos
is not yet analysed for this period but values have been
derived from measurements at the Amazon mouth (Moura
dos Reis et al, 1975). Comparison with measured values
for the 2001-2002 period is satisfactory. River waters
isotopic composition presents lirnited variations: -5.8 +/
0.7%0 (180 ); -36.3 +/-4.3%0 (D). The river isotopic
signature becomes impoverished in phase with increasing
discharge_

Local rainfalls show large annual variations (D from
+30%0 to -90%0). Weighted averages are -4.5%0 (0 18

)

and -26.8%0 (D). The rainfall isotopic signature is out of
phase with the pluviograph (enriched during the dry
season, and impoverished during the rainy season).
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Figure 2. Isotopie composition (deuterium) along the
hydrologicaI cycle (2001-2002) of the different main

water inputs to the floodplain system.

Groundwater presents a steady isotopie composition
of -43.1 +/-0.6%0(D), averaging large rainfalls signature.

Surface runoff from the watershed (stream at
Tabatinga do Sale) presents a uniform composition
throughout the year (-35.7 +/- 2.4%0), probably due to a
dOllÙnant contribution by groundwater and the runoff on
the forested drainage basin.

FLOODPLAIN LAKES
Figure 3 illustrates the evolution of the isotopie

composition (Deuterium) in the main lakes of the varzea
along the hydrologieal cycle.

influence of groundwater and watershed runoff. During
the low water stage, groundwater with constant isotope
composition flows to the lake. When the river starts rising
(in early December), the water inflow eOllÙng from the
Amazon pushes isotopieally enriched lake waters
(submitted to high evaporation during the dry season)
from the eastem part of the lake towards Curuai. By
January, 20th of 2002, low rainfalls and stabilised river
level induee renewed groundwater contribution at Curuai.

During the dry season, the maximum enriehment of
lakes waters decreases from the Lake Poçao (max. + 16%0)
to the Lake Salé (max. -3%0) and Lake Grande (max. 
15%0). During the river rising stage (rainy season), lakes
waters show a decreased isotopie composition, tending to
the river waters isotopie values. Local temporary
enrichments ean be observed (Lake Poçao, February 
March 2002) probably due to the evaporation process
when new inputs of water are Iimited.

WATER OUTPUTS BACK TO THE RIVER
Isotopie composition of waters from the eastern

(downstream) channel eonneeting the tloodplain to the
river (Boca do Lago from 20/0412002) show that
permanent channel water is in phase with the river water
during the rainy season (Fig. 4), but is enriched at the end
of the rising stage when water flows baek to the
mainstream (-30%0 against -40%0).
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Figure 3. Isotopie composition of the surface waters of the
main floodplain lakes of the Curuai varzea (deuterium)

during one hydrologie cycle (2001-2002).

Figure 4. Isotopie composition of waters on downstream
connexion canal between lake and floodplain.

Poçao and Salé Jakes, located in the inner part of the
floodplain lakes system, clearly show an isotope
enriehment during the river decreasing stage (dry season).
This is due to the active evaporation process and the
absence of externaJ water inputs (either rainfall or river
inflow). Although river starts rising on Nov.!10/2002,
isotope impoverishment of lakes waters only starts by the
first weeks of Deeember 2001, when the ri ver inflow
reaches a certain threshold.

Lake Grande isotopie composition shows a more
erratic dynallÙcs without dry season enrichment and with
relatively high values from Dec., 10th to Jan., 10th. This
ean be expJained by the sampJing site (Curuai) location,
situated on the southem lillÙt of the Jake, under the

ISOTOPIC GEOCHEMISTRY CONTRIBUTION
TO THE UNDERSTANDING OF FLOODPLAIN
HYDROLOGY

As mentioned above, most part of the floodplain flows
eannot be regularly measured (river inflow to the
floodplain, bank overflow, watershed runoff to the lakes,
intensity of the evaporation process) and related
hypothesis on the floodplain hydroJogieal dynamics can
hardly be verified. Thanks to the conservativity of the
water stable isotopes, isotopie geochemistry ean help in
evaluating the validity of eurrent assumptions eoncerning
the hydrologieaJ dynallÙes of the system.



ISOTOPIC MODELING OF FLOODPLAIN
We developed a model of isotopic geochemistry

dynamics, simulating mixing and fractioning processes,
and we coupled it to the hydrological model. Model
inputs are time-varying isotopic composition of rainfall,
runoff and river waters, and lakes water temperatures that
influence equilibrium fractioning during evaporation.
Model outputs are the time-varying isotopie compositions
of lakes and water fluxes between the lakes and the river.
Although the general dynarnics of isotopic composition is
retrieved, sorne model discrepancies can he identified:

(1) observed isotopic impoverishment of lakes starts
on the frrst week of December while simulated
impoverishment starts one month later. This indicates an
overestimation of the channel bottom topography that
delays the inflow from the river to the floodplain.

(2) calculated maximum enrichments are
underestimated for the Poçao and Salé lakes and
overestimated for the Grande lake; the isotopic
impoverishment during the river rising stage (and rainy
season) is slower than observed (Poçao, Sale).

This indicates that respective contributions by rainfall,
river inflow and lake evaporation are not fully
satisfactorily retrieved in the model.

CONTRIBUTION OF FLOODPLAIN OUTPUTS TO
THE RIVER DISCHARGE

As shown earlier through measured values (Fig. 4) and
simulation results, isotopic composition of floodplain
waters flowing back to the river is richer than that of the
Arnazon River water. At the annual scale, the floodplain
dynamics contributes to smoothen the isotopic
composition of the water of the Amazon River
downstream.

Although further studies are clearly needed, these frrst
results allow estimating the contribution of the floodplain
lakes to the isotopic enrichment of the Amazon River
during an hydrological cycle.

CONCLUSION
Tracing of stable isotopes in Curuai floodplain proved

to he useful to characterize the spatial and temporal
variability of floodplain hydrological dynarnics.

Measured isotopie compositions of floodplain waters
were compared to values calculated by a coupled
hydrological-isotopical simulation model. The rnethod
allowed to constraint contributions by different water
sources (river, rainfall, watershed runoff, groundwater)
and control by various physical processes (mixing,
fractioning). Above aIl, isotopic geochemistry provides an
indirect method to validate the estimation of sorne water
flux that cannot he directly measured like watershed
runoff, river bank overflow, or lake evaporation.

Floodplain waters flowing back to the river are
generally enriehed in stable isotopes, due to the
evaporation of the lakes during the dry season. This
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suggests a method to quantify floodplains contribution to
river discharge and chemical composition along the
hydrological cycle.
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Figure 1. Study Site showing its location in Bahia State, Brazil
(Bahia, 2(03).

Sub-humid (C2wA'), with a dry season weil defined in
the winter and rain in the spring/summer. The
precipitation regime in the Rio das Fêmeas sub-basin
varies between 900 and 1,200 mm/year, varying
positively towards West. The average annual temperature
is 23.2°C, with the medium temperatures, maxim and
minimum, of 32°C and 18°C, respective1y. The relative
humidity of the air shows annual average of 68%, varying
from 45% in August to 79% in March. The annual
evaporation rate is about 1,580 mm (Bahia, 2(03).

The Rio das Fêmeas sub-basin is one of the biggest
aquifers from Bahia State. The annual average discharge
is 52.17 m3/s. From the hydrogeological viewpoint, the
post-depositional siliceous cementation that is found in
the Urucuia Formation in almost the entire area of this
study defines two aquifers: a superior with predominant
fissuraI characteristics and other granular on the bottom.
This silicified zone obstructs part of the primary porosity
of top sediments, giving a character semi confined to the
granular aquifer (Bahia, 2003).
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INTRODUCTION
The distribution of isotopes in the water molecules

together with the concentration and isotopic composition
of the elements dissolved in it have been used
increasingly to analyze problems re1ated to the
hydrological cycle and the source and dynamic of the
groundwater flow. During its flow in the aquifer, the
isotopic composition of water is not changed, being
related otherwise with the isotopic composition of the
precipitations in the recharge areas, usually modified by
the evaporation prior infiltration (Nascimento, 1999).

The Rio das Fêmeas sub-basin was selected as a pilot
area of the Project of Integrated Management of the
Activities Developed in Land in the Sao Francisco Basin
(ANAlGEFfUNEP/OAS), having as main objective to
establish guidelines for the integrated management of the
superficial and subterranean hydric resources with
effective actions executed between March of 2001 and
October of 2002, by the Superintendência de Recursos
Hfdricos - SRH, administrative organ of waters in Bahia
State, Brazil (Bahia,2003).

In the present study we report the isotopic
characterization of 180 in samples from the main rivers
and caption wells in the Rio das Fêmeas Sub-basin, and
correlate those data with the hydrochemical analysis, to
understand the flow and linkage mechanisms between the
superficial and ground waters.

STUDYAREA
The Rio das Fêmeas sub-basin is inserted in the Rio

Grande Basin, located in the West of Bahia State, Brazil,
this last being a left margin tributary of Middle Sao
Francisco River, with an area of 6,300 km2, as shown in
Figure 1. The region is characterized by plane relief
slightly inclined towards East, sculptured over the
Urucuia Formation sandstones, being positioned in height
levels between 500 and 900 m, where the most elevated
sectors are located in the western border, forrning the
divisor of waters of the hydrographic basin of Sao
Francisco and Tocantins rivers. The Urucuia sediments
are mainly sandstones (Campos, 1996); below them
occur the limestones of Bambuf Group, while above
emergent aluvionar sandy to clay-sandy deposits of
Quaternary. The predominant vegetation in the region is
the savannah, whose presence is re1ated to the
predominance oflatossols (Bahia, 2(03).

The meteorological conditions in the region deterrnine
two kinds of climates: Humid (BIwA') and Humid to

- 457 -



METHODOLOGY
In this study were collected samples of superficial

waters (6 points from rivers and dams) and groundwaters
(19 points from production wells and open wells), in
September of 2001 and June of 2002, for the Ôl80 and
physical-chernical analysis. The samples were collected
in white polyethylene bottles of 1,000 ml and 100 ml to
the geochernical and isotopic analysis, respectively. The
boUles were washed with the sample of water and filled
out completely. After the arrivaI in the laboratory, they
were stored in the dark and under refrigeration (Mazor,
1991).

_..........-. ..-==

Figure 2. Samples collection points for both campaigns.

LABORATORY MEASUREMENTS
The isotopic analysis of 180 was realized in the

Applied Nuclear Physics Laboratory (LFNA)
CPGGIUFBA, using a mass spectrometer DELTA PLUS
ThermoFinnigan.

The method used for the ÔI80 analysis was the
equilibration of water with CO2 , at the temperature of
25,0 ± 0.1 oC, for at least 8 hours (Costa, 1990), and
reported as a deviation from the SMOW.

The samples were prepared in duplicate, with 3 ml of
water sample introduced in a glass syringe containing one
drop of 100% sulphuric acid. After the air is removed of
the syringe, 5 ml of CO2 are addicted to it, with pressure
slightly over 1 atm. These syringes are conditioned in a
metal box into a thermostatic bath at 25.0 ± 0.1 oC during
16h and after that period, the CO2 resulting from that
equilibrium is purified in a high vacuum line and
collected in gas canisters. The sample is inserted in the
mass spectrometer for the 180 measure. A secondary
standard water referenced to SMOW follows each set of
samples to be analysed. The data acquisition and the
calculations of the Ôl80 are done through the
ThermoFinnigan software ISODAT. The standard
deviation of the secondary standard of a set of samples
from the SMOW is calculated and from this result,
eva1uated the deviation of the samples from the
secondary standard that accompanied them and thus,
from the SMOW.

The chernical analysis of the waters was rea1ized in
EMBASA laboratories and the methodologies utilized in
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the physical-chemical analysis were based in the manuals
Standard Methods for the Examination of Water and
Wastewater, 19th Edition (APHNAWWAlWEF, 1995)
and American Society for Testing of Materials (1992).

RESULTS AND DISCUSSION
HYDROCHEMICAL DATA

From the physic-chernical analysis, it was observed
that aIl samples possess few dissolved salts with
concentration of main anion and cation values, in most of
the samples, being under the detection lirnit of the
method utilized for the analysis.

In the Rio das Fêmeas sub-basin the sodium analysis
was made only in the 2002 campaign, when was found an
average concentration of 0.03 mg Na+fL for the 20 points
sampled. In both 2001 and 2002 campaigns it was not
detected salinity at the sampled points, in the ground as
weIl superficial water, what characterizes a water with
low concentrations of salts, that can be utilized for
irrigation without risk of soi1 salinization.

The average concentrations of total dissolved solids
(TDS) were 48.39 mgIL and 28.60 mgIL for the 2001 and
2002 samples collection, respectively. These values of
TDS characterize the water as good for human
consumption (maximum 500 mgIL) as weIl as for animal
consumption (maximum 2,500 mgIL) and for agricultural
use.

ISOTOPIC DATA DISCUSSION
The analysis of the data from the first group of

samples (end of dry season in the region) showed an
isotopic behavior with variation from -5.0%0 to -1.2%0;
the most enriched samples were from open and shallow
wells (about 10 m of depth), subjected to hard
evaporation and without water renovation. For the
groundwater data the values had a ÔI80 average around 
4.4%0, disregarding the open wells. In the superficial
water samples an average -3.8%0 Ô

I80 value was found.
In the second group of samples (beginning of the dry

season), the values obtained in the samples analysis had a
variation between -5.5%0 and -2.2%0 with an average to
superficial waters of -4.2%0 and to groundwaters of
-4.7%0, disregarding the open and shalow wells.

Figure 3 shows that there is a slight enrichment in the
180 values of the samples collected in September of 2001
when compared to that collected in June of 2002. That
enrichment can he explained by the time that the samples
were collected, the first in the end and the last in the
beginning of the dry season. At the end of the dry season,
the water is more evaporated than at the beginning of the
period, that is, it shall occur a higher enrichment in 180 at
the end of the dry season, as showed in the data of this
study. It also can be observed, specially in the June of
2002 group of sampIes, that the values obtained for the
superficial water are very close to those obtained for the
groundwater samples. These data show that there is a
connection between both waters in the Rio das Fêmeas
sub-basin region, as it was found in the hydrological
characterization and the mathematical modeling of the
Subproject 3.2 (Bahia,2003).
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Table 1. Hydroehemieal and isotopie data for the samples eolleeted in September-2001 and June-2002 at Rio das Fêmeas sub
basin. Data values with the symbol "< "were below the deteetion limit of the methodology used in this study, while an

means the samples eould not be analysed.

September 2001 June 2002

Point!; Mg++ Ca++ cr S04' Total /) Mg++ Ca++ cr S04' K+ Na' Total /)
alkalioity Point!; alkalioity

(mgII) (mgII) (mgII) (mgII)
(mgII)

180%0 (mgII) (mgII) (mgII) (mgII) (mgII) (mgII)
(mWJ)

180%0

1'006 0.12 0.51 na <1 2.02 -4.58 1'008 <0.30 6.61 < 1.50 <1.00 <0.02 0.4 na -5.13

1'009 0.25 1.01 3.43 <1 na -4.58 POO9 <0.30 < 0.40 2.52 5.1 0.7 1.4 na -4.75

P012 1.97 13.2 5.14 2.3 na -1.2 P012 0.3 2.99 4.03 1.7 0.7 6.2 na -2.23

P015 nd 0.51 na <1 0.5 -5.05 P015 < 0.30 <0.40 < 1.50 < 1.00 <0.02 0.2 na -5.46

P024 0.12 0.51 na <1 0.35 -3.93 P024 < 0.30 <0.40 < 1.50 <1.00 na 0.3 na -4.86

P028 0.12 1.52 na <1 1.56 -4.37 P028 < 0.30 < 0.40 < 1.50 <1.00 <0.02 0.3 0.25 -4.93·

P042 0.12 0.51 na <1 0.76 -4.19 P042 < 0.30 < 0.40 < 1.50 1.4 na 0.7 0.25 -4.25

P045 0.49 23.3 na 1.2 na -4.33 P045 <0.30 < 0.40 < 1.50 <1.00 na 0.2 1.26 -4.93

P058 0.25 1.01 na 1.2 1.46 -4.13 P058 <0.30 0.44 < 1.50 <1.00 na 0.5 1.51 -4.04

P065 nd 0.51 na <1 0.4 -4.52 P065 <0.30 < 0.40 < 1.50 <1.00 na 0.2 na -4.88

P075 0.74 1.01 na 2 2.27 -4.19 P075 < 0.30 0.52 < 1.50 < 1.00 <0.02 0.4 3.03 -4.36

P083 0.49 5.07 na <1 3.53 -4.81 P083 < 0.30 <0.40 < 1.50 <1.00 <0.02 0.2 na -5.17

P096 0.37 1.01 na <1 3.53 -4.4 P096 <0.30 <0.40 < 1.50 < 1.00 <0.02 0.3 na -4.65

PIOI 0.25 2.03 na <1 3.28 -4.47 PIOI <0.30 <0.40 < 1.50 <1.00 <0.02 0.2 2.02 -4.33

PlO9 0.74 6.09 na <1 8.72 -4.12 PlO9 <0.30 0.52 < 1.50 < 1.00 0.1 1.2 3.53 -4.51

P1I3 0.25 2.03 na <1 2.42 -4.3 P113 <0.30 < 0.40 < 1.50 <1.00 na 0.4 0.5 -4.42

P1I8 na na na 7.4 na -4.58 P1I8 na na na na na na na -4.75

P127 0.12 0.51 2.94 <1 0.25 -4.93 P127 < 0.30 <0.40 < 1.50 1.4 0.1 0.8 0.76 -4.97

P128 0.12 0.51 na <1 0.76 -2.92 P128 na na na na na na na -3.55

FR02 0.25 1.01 na 1.8 1.51 -4.32 FR02 <0.30 <0.40 < 1.50 <1.00 na 0.3 0.5 04.36

FR03 na na na 2.65 na -3.91 FR03 <0.30 <0.40 < 1.50 2.4 0.1 0.4 0.25 -4.22

FR04 na na na 7.4 na -4.14 FR04 na na na na na na na -4.59

FR05 na na na 1.2 na -3.94 FR05 na na na na na na na -4.02

FR06 na na na 6 na -3.57 FR06 na na na na na na na -4.0&

F007 na na na 2.37 na -2.7 FD07 na na na na na na na -3.9i

F008 - - - - - - - < 0.30 < 0.40 < 1.50 <1.00 <0.02 0.3 0.25 -

__ Septcmbcr 200 1
___ June 2002

CONCLUSIONS
Through the results obtained by the physieal-ehemieal

parameters and 180 isotopie analysis it ean be eoncluded
that:

The hydroehemieal data presented certain uniformity
in their values (the majority having values below the
deteetion limit), being the water quality eonsidered as
good for both agrieultural and human use.

The isotopie values showed that the superfieial and
groundwaters have an isotopie composition very similar,
indieating that there is a eonneetion between them, what
is in aeeordance with the results found in the hydrologieal
eharaeterization and the mathematieal modeling.
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Figure 3. Graphie of the 0 180 values found in the 2001 and
2002 Rio das Fêmeas sub-basin eampaigns.
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INTRODUCTION
The environmental impact of the industrial activities

leads to a great concern about the conservation of natural
pristine resources. This objective confronts with a big
challenge: How we can deterrnine the original
environmental parameters before the anthropic influence?

Moreover, in petroleum fields the base levels of
hydrocarbon concentration in waters and soils have
natural anomalies related to existence of oil reservoirs
themselves.

Consequently, it is very complex to quantify the
environmental impact of petroleum exploitation and the
influence of possible spills if previous base studies were
not made. Since 1930, the Llancanelo oil field, located at
Malargüe, Mendoza province, has been exploited and
explored. Sulfurous waters and gas manifestations were
found near the mouth of the arroyo Carilauquen. The aim
of this study is to characterize the natural pristine
conditions of the system by means of geochemistry and
environmental stable isotopes eH and 180 ) and also, a
first approach for the origin and circulation pattern of
water.

GEOLOGIC AND HYDROLOGIC SETTING
The Banado Carilauquen is located at Departamento

Malargüe, Mendoza Province and in the hydrogeologic
province "Valle Medio de los rios Atuel, Salado y
Malargüe" (Pazos et al., 1993) (Fig.l). It belongs to the
Llancanelo Lake close system, where the main flow is the
Malargüe river. The term "Banado" corresponds to a
geographic word and means a wetland under arid
conditions. Several small streams ("arroyos") named
Chacay, Alamo, Mocho, Durazno and springs Los
Menucos and Carilauquen form this system.

This region is part of the Neuquén sedimentary basin.
The sedimentary sequence, from top to base, begins with
sandstones and claystones alternating with basalts of
Tertiary age ooon000 m). Upper Cretaceous beds
composed by gypsum, carbonates, marIs, claystones and
sandy siltstones underlie this section. The stratigraphic
column continues with the Neuquén Group integrated by

conglomerates and conglomeradic sandstones alternating
with silty claystones. The column lies over a volcanic
sequence and in sorne areas outcrops the Lower
Cretaceous Mendoza Group. Quaternary basalts intrude
and coyer aIl the sedimentary sequences. A detailed
description about this basin can be found in Legarreta and
Uliana (1999) and Riccardi et al. (1999).

An alluvial sedimentary thickness of SOOm was
measured by geophysical methods at Malargüe basin.
Towards the Llancanelo Lake this thickness increases up
to 1000m but the grain size decreases gradually and near
the shoreline there are fine sediments and salts.

The Baiiado Carilauquen is a geomorphic unit
intimate related to the Laguna Llancanelo, covers an area
of 70 km2 and is drained by a semi permanent course of
water (Arroyo Carilauquen). It is a Provincial Reserve,
with a wide spectrum of animal and vegetation life.

The equilibrium of the system is very fragile.
Evaporation predominates over precipitation, stream
flow, infiltration and surface runoff; therefore the
hydrologic balance is usually negative. Occasionally, a
little recuperation of the water lake level is observed
during sorne hydrological rich years. Infiltration is high
due to volcanic rocks fissures and soil characteristics, and
the water table is near surface at most places

The insufficient number of water wells reduces the
groundwater interpretation of the global area.

The region has an arid climate and very dry. The
mean annual precipitation (rain and snow) is about 241
mm, but their distribution is heterogeneous. There are
higher from May to October (snow) but during summer
there are short and intense rains. The mean annual
temperature is 12YC (January: 21,3°C and July: 3,6°C).

The precipitation-evaporation balance is usually
negative in summer promoting an increase in the water
content of dissolved solids and enrichment in the isotope
stable composition.

Precipitation (snow and rain) is the variable contribution
to the whole system and local infiltration the only recharge
process.
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Figure 1. Location map.

MATERIALS AND METHODS
During February, 2001, water samples were collected

from the Bafiado Carilauquen water, springs, and
Malargüe river. Groundwater was sampled from 3
phreatic wells used by rural population for cattle, small
crops and consumption.

Temperature and pH were determined in the field by
means of a portable pH meter and titration. Major ions
were determined by conventional methods and by
Inductively Coupled Plasma Spectrometry (lCP, BAIRD
2070). Total dissolved solids (TDS) were calculated as
the sum of the above ion concentrations. Hydrocarbon
concentrations were measured by infrared spectrometry.
ChemicaJ and isotopie analyses were done at INGElS
Laboratories.

2H in water samples was measured by Coleman et al.
(1982) procedure and for the measurement of 180 was
used the methodology described by Epstein and Mayeda
(1953) and Roether (1970) and modified by Panarello and
Parica (1984) at INGEIS' Laboratory. Isotope ratios
were measured with a multicollector McKinney type
mass spectrometer, Finnigan MAT Delta S.

The results are expressed like 0(%0 ) defined as:

Rs - RP01o = 1000 /00
R P

il: isotopie deviation in %0 ; S: sample; P: international
standard; R: isotopie ratio eHl'H; '80/ 160).

The standard is Vierma Standard Mean Ocean Water
(V-SMOW) (Gonfiantini, 1978). The analytical errors
were ±O, 1%0 and ± l ,0%0 for 0 180 and 0 2H respecti vel y.

RESULTS AND DISCUSSION
A summary of percentage ionic composition is shown

in a Piper diagram (Fig.2). Schoeller graphie point up the
relationships between the different types of samples,
where water of similar composition plot as near-parallel
!ines. In this case the Banado Carilauquen water follows
the Malargüe river type, while the Llancanelo lake
samples have another pattern (Fig.3). The groundwater
are between both types. Field water temperature varies
from 15,6°C to 3l,6°C and pH values range between 7,5
and 8,1.

~anado Carilauquen and springs samples were 100 %
strongly calcium (> 75 % meqIL Ca++), 75 % strongly
sulfated (> 75 % meqIL S04') and 25% sulfated (> 50 %
meqIL S04')' Total dissolved soJids varies from 878 to
1168 mgIL. Piper diagram shows that Banado
Carilauquen and springs samples, Malargüe river water
and phreatic wells are sulfate-chloride-calcium type while
the Llancanelo lake waters and South Weil phreatic water
are chloride-sulfate-sodium type (Fig.2).

Sulfate contents exceed drinking water regulations
suggested by OMS. Nitrate concentrations are very low,
most of the samples were below the detection limit
(maximum value: 3 mgIL). Ostera (2001) indicates the
existence of a mix.ing of 2% between the South Weil and
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the Llancanelo lake waters. This is probably a
consequence of the overexploitation and reveals the
possibility of a saline wedge.

Hydrocarbons were not detected in aIl the cases.

The Baiiado Carilauquen and springs water, the
arroyo Serrucho (headwaters of Malargüe river, altitude:
3000m), groundwater from South WeIl, Park Guard WeIl,
Vilches WeIl and the Llancanelo lake were sampled to
perform isotope analyses (180, 2H). Figure 4 exhibits a
scatter plot 0180 versus 2H of the analyzed samples, the
global meteoric water line (MWL), 021:1=8*0 180 +10%0
(Craig, 1961) and sorne individual precipitation from
Bardas Blancas station. This station, next to the study
area, has a short isotope record. It belongs to the
National Network of Isotopes in Precipitation (RNC) of
Argentina and the Global Network for Isotopes in
Precipitation (GNIP) (Dapeiia and PanareIlo, 2001 ;
IAEAlWMO, 2(02). At present, it is out of service.

The Arroyo Serrucho shows the most depleted values
(0 180=-16,5%0) indicating recharge at high altitude. The
depletion of the heavy isotope content of precipitation as
a function of altitude, denoted "Altitude effect" was
defined by Dansgaard (1964) and has been most usefully
applied in hydrologie research (Gat and Reitti-Shati,
1999). The Malargüe river, Baiiado and springs
Carilauquen have values also depleted (0 180=_14,9 to 
14,4%0) but lower than Serrucho and higher than local
precipitation, showing different altitude recharge. The
phreatic waters from Park Guard and South wells have
the same values of Baiiado waters but the Vilches weIl is
slightly enriched (0 180=_13,9%0). The lake waters have
the maximum enrichment isotope values indieating high
evaporation. They fit on an evaporation line:
32H=5,33180-30,7.

These evidences support the idea that the Malargüe
River infiltration westwards is the main source of
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recharge for surficial waters and groundwater. Local
meteoric rainwater could play a minor role by direct
infiltration through fractured volcanic rocks northwards,
as suggested by geochemistry and isotope content.

The chemical mixing observed at South weIl by
hydrochemical modeling, is poorly detected by isotopes,
probably due to the mixing proportions that mask the
isotopie response.

Figure 3. Schoeller diagram.

CONCLUSIONS
Geochemistry and isotope baseline study of Baiiado

Carilauquen indicate that there are two main types of
water in the area: sulfate-chloride-calcium type and
subordinate chloride-sulfate-sodium type. The sulfate
contents are higher than limits proposed by OMS.

Hydrocarbon pollution was not detected.
The main sources of recharge for Carilauquen springs

could be related to the Malargüe River infiltration
westwards owing the similarities on isotope composition.

However, it cannot diseard sorne local meteoric
recharge detected in groundwater. Mixing processes due
overexploitation are detected by geochemical modeling,
but are masked in the isotope signal. Lake waters show a
marked isotope enrichment, linked with evaporation
processes. These environmental parameters establish the
natural geochemical and isotope background of this area,
whieh fragile equilibrium could be endangered by hurnan
activities.
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RECORD OF THE ANTHROPOGENIC ACTIVITY IN THE LAST 6,000 YEARS
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INTRODUCTION
Over the last 6,000 years, anthropogenic Pb has

been introduced into the global environment through
atmosphere transport. Prior to the industrial revolution,
anthropogenic lead was emitted solely as a by-product of
mining and smelting of lead, silver and copper ores. By
the mid-18th century, combustion of Pb-containing coal
became the primary source of industriallead emissions to
the atmosphere. Since the 1920s, automobile exhaust,
with Pb-containing gasoline additives (alkyllead), has
overwhelmed all others sources of anthropogenic Pb
emitted into the environment. Actually, more than 95% of
lead deposited in the environment is of anthropogenic
origin (Marcantonio et al., 2002).

Attempts to identify pollution sources have included
the use of elemental ratios, but total Pb concentrations
alone may be insufficient for separating pollution from
natural background. This is because the background Pb
concentration is often highly variable due to natural
processes (Helland et al., 2002). In contrast, Pb isotope
abundances are not affected to any measurable extent by
physical or chemical processes in terrestrial
environments. Given the significant isotopic differences
in Pb emissions, researchers have been able to use
historical records of anthropogenic Pb isotope variations
to trace the changing sources of pollutant Pb in
continental environment through the time.

Pb is one of the high priority contaminants in surface
water and occurs naturally as four stables isotopes. Pb is
known to adsorb strongly to particles and typically
follows organic particles draining out of the soil. In the
last decades Pb isotopic analysis has been used with great
success to trace elements in recent sediments back to their
source, distinguishing between sources, tracing elements
along their route from source to burial, and assessing the
effect of remedial actions taken to reduce emissions from
a specific polluter. In addition, establishing references
sites is a critical factor in deterrnining the baseline of
ecosystems and the information on contaminant
background concentrations subsidizes the remediation of
impacted landscapes. Thus, it would be important the
construction of a Pb isotope chronological standard curve
applicable to these environment over the last millennia.
This contribution aims to make a tentative Holocene Pb
isotope curve (using reported data) and also intends to
encourage future research on Holocene deposits with the
objective to obtain the Pb isotopes curve for the South
America continent.

Pb ISOTOPES IN AEROSOL, WATER,
SEDIMENTS, ICE AND SOIL

The anthropogenic Pb is distributed through the
atmosphere and subsequently enters the terrestrial and
marine environments by wet and dry deposition. The
history of anthropogenic Pb emissions has been
investigated by analyzing the isotope composition of Pb
in suspended particulate matter (aerosols), sediments,
water, ice and soil. The time of residence of Pb isotopes
in the atmosphere is about 2 weeks (Veron et al., 1992);
the residence time of Pb in deep water is about 50 to 200
years. Further, the geographic distribution of Pb isotopes
in sedimentary deposits worldwide is not simple response
to local sources.

Studies of airborne particulates have show that
atmospheric Pb is dominated by long-range, transported
anthropogenic Pb. The sources of the anthropogenic Pb
differs between regions, as example the northern
Canadian and Greenland High Artic (Outridge et al.
2002), US and part of Canadian territory (Sturges and
Barrie, 1989), and Europe (Luck and Othman, 2002).
About 85% of the global industrial emissions are
introduced into the atmosphere in the Northern
Hemisphere. It has been shown, however, that the
characteristic time for the inter-hemisphere exchange is
about one year. Since the mean residence time of Pb rich
aerosols in the atmosphere is -two weeks, thus Northern
Hemisphere emissions are taken to have a negligible
influence on the Southern Hemisphere.

Pb isotope vertical profiles in recent sediment cores
have been used for various purposes, such as stratigraphic
interpretation of paleoenvironment and recent pollution
history. There has been an increasing interest in the
application of radiogenic isotopic tracers (Nd, Pb and Sr)
in marine deposits to oceanographic problems, and to the
cycling of these elements in seawater (Hemming and
McLennan, 2001). These tracers are largely derived from
continental sources and must ultimately enter the ocean
by rivers or in the form of wind-blown dusts. In estuarine
marshes, such a global atmospheric signal should be
recorded, despite local input (industry, shipping and
dense human population), which could obscure the
atmospheric signal. By contrast, local mantle-derived
inputs are evident in hydrothermal Fe-Mn deposits
located near active spreading ridges. River and
anthropogenic inputs, and biological and geochemical
cycling may influence the concentration of metals in
estuarine and coastal seawater to a much greater extent
than that occurring in open-ocean water and deep-sea
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turbidites. The mechanism for dispersal of these metals,
and their inputs into receiving systems such as sediments,
have been the subject of numerous studies and, in such
research, it is often necessary to attempt to evaluate the
impact of local, point source releases against background
levels due to regional or global contamination.

Continental Pb contamination may originate from
diffuse sources, such as vehicle exhaust emission, or from
point sources, such as metal smelters or mine waste tips.
Pb isotope data from natural environmental archives are
useful not only for assessing background concentration
and temporal trends, but can also potentially be used to
identify source regions. Unfortunately, data from many
regions are sparse and individual sites are often used to
characterize and reconstruct depositional trends over vast
areas. On local scale Pb isotope studies have been applied
in the investigation of contaminant Pb sources and
behavior within specific environments with, for exarnple,
applications in the studies of streams and groundwater,
soils and rivers. Various investigations have confirmed
the advantages of the use of Pb isotopes to probe the
anthropogenic inputs versus natural origins of this toxic
heavy metal in well-preserved snow and ice archives of
atmosphere constituents. Most investigations have been
devoted to the Greenland icecap, high-altitude alpine
regions, and in Antarctic snow (Planchon et al., 2003).

In stratigraphic studies, the most commonly used
chronological tool is the down-core oxygen isotope
variations measured in foraminifera and calibrated
according to the standard SPECMAP curve. In coastal
and continental environment, there is no such toll due the
lack of foraminifera. A similar approach could be applied
using ostracoda, when they are present. Consequently, in
such environment, dating is generally obtained by
radiochronology e4C, 2JOpb, 137Cs, etc). However, 14C
measurements provide only discrete data, while 137Cs and
210pb is best applied in the last century.

PRIOR INDUSTRIAL REVOLUTION Pb RECORD
The history of anthropogenic Pb emission has been

investigated by analyzing the isotope composition of Pb
in sediments and ice to evaluate the pre-industrial
revolution Pb record (Fig. lA). The natural background
corresponds to sections displaying high 206PbPO?Pb
between 12,000 and 2,600 years. A continuous
atmospheric Pb pollution from 12,000 years has been
observed in peat bog (in Swiss) and the average
206PbPO?Pb value is 1.199. Pb isotopic composition has
been reported in Holocene estuarine marshes (in France)
dated at 6,053 ± 172 years e4C age), with background
206PbPO?Pb values about 1.20-1.19.

During the time of the Roman Empire, due to an
intensive mining activity, large quantities of heavy metals
were emitted into the atmosphere. Metal pollution dating
to ancient times was recorded in various types of
environment such as polar ice, ombrotrophic peat bogs
and lake sediments (Niagru, 1989). The Pb isotope
contamination in Greenland icecap was dated at 2,500
years ago elOpb age; Hong et al., 1994) and at 2,600
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years ago elOpb age; Renberg et al., 1994) in lake
sediments of Sweden. The depression of the 206PbPO?Pb
values occurred from the background values of 1.199
1.206 to values from 1.176 to 1.184 and may be
explained by the influence of ore Pb signature exploited
at that time. The main lead deposit in operation was the
Rio Tinto deposit in Spain, which 206PbPO?Pb values from
1.162 to 1.168.

During the Medieval period (1,700-1,200 years ago)
206PbPO?Pb values increased whereas, at the sarne time,
the worldwide Pb production decreased after the fall of
Rome, and the values of 206PbPO?Pb recorded in
sediments is about 1.176. From 1,200 years ago the
206pbPO?Pb values (about 1.172) can be associated to the
increase of the Pb signature related to the production of
mining Pb ores in Europe. The more important mining
areas during this period were located in Germany (Harz
Montains and Rammelsberg mines) and in England
(Derbyshire mine), which 206PbPO?Pb values are 1.180,
1.164-1.168, and 1.171-1.187, respectively (Alfonso et
al., 2001).

INDUSTRIAL REVOLUTION Pb ISOTOPE
RECORD

Pb isotopes have proven to be powerful tracers of the
origin and provenance of soils, lake sediments, coasts
estuarine sediments and ice in distinguishing the Pb
isotope signatures contamination resulted of the industrial
revolution (Fig. lB). Since the economic development
occurred in specific periods and with distinct
characteristics in countries and continents, the Pb
isotopes record of this period of time is geographic- and
time-dependent. In this way, the Holocene Pb isotope
curve recorded in several continental masses presents
different patterns. Actually, it is possible to have this
approach in three continental areas: Europe, North
America and Antarctica. In general way, the Pb isotope
curve to the last 200 years records the initial period of
industrialization, when coal was the main source of
energy, followed by the Pb-enriched gasoline, and as last
period, occurred the fall in the use of gasoline Pb
additives.

In Europe, several investigations have confirmed
variation of the Pb signatures in the last two centuries. Pb
isotopes results of ice and sediments (Rosman et al.,
2000; Monna, et al., 2000) show 2°?PbP06pb decreased
from 1.18 in the earliest core (200 years B.P.) to 1.17 by
the mid twentieth century. The rate of decline then
increases significantly until 1969 probably reflecting the
increasing Pb emission from automobile exhausts
following the introduction of leaded gasoline in the mid
1920s. Deposits from the late 1800s have high
206PbPO?Pb=1.2oo interpreted as regional background and
inputs of coal and wood burning. The following lowered
Pb ratios (1.142-162) indicate an influence of industrial
and domestic emissions, and the uppermost sediments
record the leaded gasoline 206PbPO?Pb values of 1.069
1.094.
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Figure 1. A tentative Holocene Pb isotope standard curve. (A) Prior industrial revolution and (B) during the industrial revolution.

In North America, the history of anthropogenic Pb
emission has been investigated by analyzing the isotope
composition of Pb in sediments, corals and ice. The Pb
isotope recorded in Chesapeake Bay (east of V.S.)
demonstrated that the anthropogenicPb isotope in the bay
is derived from regional industrial ernissions that vary
through time (Marcantonio et al., 2002). Over the past
century, there is an excellent temporal agreement
between anthropogenic 206pbP07Pb isotope ratios of this
bay and those determinate in a dated coral in Bermuda,
almost 2000 km away. This correlation is used to argue
that these Pb signature contain a regional industrial
atmospheric Pb isotope signal that is representative of the
mid-Atlantic region of V.S. Anthropogenic Pb is found in
sediments deposited as early as approximately 1800 and
the background (sediments older than 200 years) is
characterized by the 206Pb/207Pb= 1.210-1.205. From about
1880 to 1930, the Pb signal is probably derived from
buming of coal e06Pb/207 Pb= 1.125). After this period, and
up untiJ about the 1980s, the signal is overwhelmed by
the Pb derived from the combustion of leaded gasoline
e06PbP07pb=1.195-1.190).

ln Antarctica, initial investigations indicate the
2°6pbP07Pb value of 1.196 for regional background in ice
dated at 22.6 kyr, corresponding to the last glacial

maximum. In addition, one hundred fifty-year record of
Pb isotopes in Antarctic snow, covering the period
between ~1840 and 1990, shows evidence of pollution for
this metal as early as 1880s (Rosman et al., 1994).
Observed Pb isotope signature at the beginning of the 20lh

century show 206pb/207pb values ranging from 1.165 to
1.209. There is a 206pbP07Pb peak (1.174) about 1834 is

interpreted as a result of Mount Erebus volcanic
contribution. About 1890, the 206pbP07Pb presented a
significantly decrease to 1.200, which may be linked to
Australian contribution (Pb-contamining aerosols emitted
during Pb mining, smelting, or coal combustion), or
whaling and sealing activities very significant in the
southern ocean at that time. The 206pb/207pb values from

1.145 to 1.200, during the 1940s and 1950s, suggest that
there has been a weakening in anthropogenic inputs of Pb
to the remote Antarctica (probably linked to the decrease
in ship traffic around the southern tip of South America
due to the opening of canal of Panama in 1914). There is
a cJear decrease from the early 1960s to the early 1980s
in 206pb/207pb values as consequence of the very large rise
in the use of leaded gasoline in the Southern Hemisphere
continents during that period, combined with the
continuous increase in nonferrous metal production in
South America, South Africa and Australia.



HOLOCENE Pb ISOTOPES STUDIES IN SOUTH
AMERICA

Pb isotope studies in South America on Holocene
sediments are rare. Most of the reports are about Pb
concentrations in rivers and estuaries. Two studies using
Pb isotope signatures of aerosols have been reported: The
first study (BollhOfer and Rosman, 1991) report aerosols
Pb signatures from Brazil (9 samples), Ar~entina (3
samples) and Chile (9 samples) and show 06PbPo7Pb
values from 1.147 to 1.177. Studies on the Pb isotope
composition of the Sào Paulo (Ayale, 2001) city
atmosphere collected daily during fourteen months
(August, 1999-September, 2000) indicated 206PbPo7Pb
values from 1.142 to 1.273. The values are related to
contribution of Pb-containing gasoline additives and
industrial activities. In addition, investigations on Pb
isotopes analysis in mining waste (galena massive vein
hosted in Neoproterozoic carbonates), and river channel
sediments in a transect downstream from the mine dump,
readily identified the mines as a highly pollutant (Moraes,
1997). Ongoing investigations using Pb isotopes in
aerosols (Brasilia-Brazil and Santiago-Chile) and
Holocene deposits (Rio de Janeiro-Brazil) will contribute
to a better understanding on this subject in South
America.
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The Late Aptian Codo Formation is a dominant
lacustrine unit deposited in a tectonically subsiding basin
during the early rifting stages that culminated with the
opening of the South Atlantic Ocean along the Equatorial
Brazilian Margin (Fig. lA). Detailed facies analysis
based on outcrops exposed in the east and south margins
of the Siio Luis-Grajau Basin revealed that the Codo
Formation records central lake (betuminous shale and
evaporite), intermediate lake (green laminated argillite,
rhythmite of mudstone and shale, and peloidal mudstone
to packstone) and marginal lake (blocky pelite,
gypsarenite/calcarenite with evidence of subaerial
exposure, ostracodal and oolitic/pisolitic
packstone/grainstone, microbial laminite, and nodular
chert) depositional environments. The facies associations
are arranged into shallowing upward cycles averaging 1
m thick that are superposed on a main prograding cycle
associated with a period of expansion and contraction of
the lacustrine basin, probably due to tectonism (Paz &
Rossetti, 2003).

013C and 0180 analyses have been used as
paleoclimatic and paleohydrologic indicators in lacustrine
settings. Although the interpretation of these isotopic
parameters might be very complex, there is a general
assumption that higher 013C values are related to more
arid climates, while lower 013C values indicate relatively
more humid climates (e.g., Talbot & Keltz, 1990; Valero
Garcés et al., 1995). This is because dry climates favor
evaporation, increased influence of C4-path vegetation
type, lower influx, and lake stratification, which
ultimately lead to organic matter preservation with the
consequent output of l2C from the lake water. Similarly,
low 0180 values have been related to higher lake levels,
while high 0180 are attributed to lower lake levels (e.g.,
Lister et al., 1991); these values are also indirectly related
to climate. In addition, the behavior of OI3C relative to
0180 has been used to deterrnine episodes of lake closure
and opening, indicated by direct and indirect covariance,
respectively.

013C and 0180 values were obtained from seventy
samples of carbonates of the Codo Formation exposed
near the towns of Grajau (localities Gland G2) and Codo
(localities Cl to C3) (Fig. lB). The data were analysed in
the LABISE/UFPE (Stable Isotope Laboratory of the
Universidade Federal de Pernambuco), and include only
mudstones and ostracodal packstones with no detectable
diagenetic modification under optical microscope. The
results, interpreted on the light of detailed facies analysis,

provide new insights for the interpretation of 013C and
0180 values of lacustrine environments.

In general, the isotopic values range from -0,57 %0 to
-10,80 %O(pDBl for 0180, and -2,27 %0 to -14,02%0(PDBl
for 013e. The correlation coefficient is equal to 0,09,
confirrning that diagenetic modification was not
significant. The depleted 013C values are quite different
from the 013C marine-bearing Neoaptian carbonates,
which range between + 2,0%0 and + 4,0%0(pDBl (cf.
Jones & Jenkins, 2001). These values, added to the wide
distribution of the 013C and 0180 values, are consistent
with a dominant lacustrine interpretation for the Codo
Formation in the study area.

In addition, the distribution of the isotopic data
throughout the study area revealed an overall direct
relationship of the 013C relative to the 0180 in the profiles
C2 and C3 (Fig. 1C), with positive correlation
coefficients of +0.40 and +0.32. The other profiles show
an indirect relationship, with negative correlation
coefficients of -0.55, -0.67 and - 0.36. The profiles with
direct correlation show 013C values averaging 
1O.59%0(PDB), while in the others this average is 
7.74%0 (PDB). These data suggest that the profiles C2 e
C3 record prevalence of closed lake phases (i.e., with no
outlets). The almost absence in sand grain size even in
marginal facies, the stratified nature, and the anoxic water
conditions suggested by both the abundance of
bituminous shale and high content in chemical deposits
(including evaporites), are facies characteristics
supporting the prevalence of a hydrologically closed lake
system during most of the depositional time of the Codo
Formation in the study area. However, there are small
scale changes in both facies and isotopic data within these
profiles, which are associated with short-term opening
episodes. Similarly, the behavior of profiles Gland G2 is
more likely related with open phases. Therefore, though
closed lake conditions seem to have prevailed in the Codo
area, there were episodes of lake opening, or even places
where the Codo Formation seems to have been deposited
in entirely open lake conditions, as it is the case of the
Grajau area.

Furthermore, the analysis of isotope data within
individual cycles led to clearly record an enrichment of
013C values within the marginal facies. Decyphering the
origin of the shallowing upward cycles in the Codo
Formation might be the clue to analyse the causes of such
variations. Climate change, as generally proposed, might
led to decreasing lake level due to increased evaporation,
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with the consequent enrichment of the ô13C values.
However, these shallowing upward cycles seem to be
more likely related to changes in subsidence within the
lake basin (Paz & Rossetti, 2(03). Hence, phases with
lower subsidence would have favored the development of
shallower facies, inducing increased evaporation due to a
decrease in lake level, and ultimately producing more
positive Ô13C values, without a need for any climate
variation. This reasoning would be applied for closed lake
successions, as dominant in the Cod6 area, because in
open lake systems the introduction of fluvial inflow could
result in depletion of the ô13C in marginal facies.
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INTRODUCTION
There are two groups of sc1eractinian corals; the

hermatypic or reef-building coral, characterized by the
presence of a great number of dinoflagellates in its tissue,
and the ahermatypic or non reef-building coral which is
less restricted to the reefal environment. The reef
building coral develops weil between 25 and 29°C, the
maximum temperature being around 36°C. Few of
hermatypic corals can live for any time at temperatures of
15°C. Luminosity is important for the development of
these animais (Wells, 1956). The evolutive success of the
corals is related to the association that cnidarians have
with dinoflagellates (known as zooxanthellas). These
zooxanthellas live in the coral tissues through
photosynthesis and are responsible for recyc1ing and
conservation of nutrients such as nitrogen, and actively
assist the calcium carbonate deposition that forms the
skeleton of their hosts. This can be potentially evaluated
through breathing rates, growth and reproduction of the
corals. This relationship is also advantageous for the
zooxanthellas, as they survive and grow using the
metabolic products from the corals, such as COz, nitrogen
compounds and phosphates. It is believed that these
nutritional interactions have a basic importance for the
success of the cnidarian-zooxanthella symbiosis in an
environment where supplies of zooplancton, bacteria and
dissolved organic matter are limited (Davy et al, 1997).
Hermatypic corals deposit calcium carbonate faster than
the ahermatypic ones, because the zooxanthellas, whose
density reaches 106/cmz, create an adequate chemical
environment for the crystallization and precipitation of
calcium carbonate (Hoegh-Guldberg, 1999). Investigation
on the behavior of stable isotopes in coral skeletons
received its first attention from Keith & Weber (1965).
However, Fairbanks and Dodge (1979) were responsible
for establishing that temperature variations in coral
skeletons were recorded by O-isotope fractionation. Their
assumption was based on the O-isotope fractionation
between aragonite or calcite and seawater under
equilibrium conditions. The zooxanthellar activity affects
the skeleton growth rate for the COz removal during
photosynthesis and favors aragonite precipitation that
incorporates diverse chemical tracers (C- and O-isotope
ratios, Cd/Ca, Ba/Ca, Mn/Ca, Sr/Ca) used to monitor the
variability of oceanic and atmospheric processes. The
higher algal densities leading to higher /) l3C values in
skeletons. Neither the ahermatypic nor the hermatypic

coral precipitate skeletons in isotopic equilibrium with
seawater. The hermatypic coral, however, seems to have
a much narrower range of values, indicating a connection
between the zooxanthellar activity and C- and O-isotope
fractionation (Swart, 1983). The /)180 of biogenic
carbonates precipitated in equilibrium with seawater
decreases in about 0.22%0 for 1°C temperature incrise in
the water.

STUDY AREAS
The Rocas atoll is located at about 144 nautical miles

eastern of Natal, northeastern Brazil, and 80 nautical
miles west of the Fernando de Noronha Archipelago
(between 3° 45' and 3° 56'S and 33° 31' and 33° 56'W).
lt is built on the western side of the fiat top of a seamount
within the Fernando de Noronha fracture zone (Kikuchi
and Leao, 1997). Saint Paul' s Rocks (SPR) are located in
the northern hemisphere, on the Mid-Atlantic ridge,
(OO056'N and 29°22'W), at about 1100 km from the coast
of Rio Grande do Norte, 330 nautical miles from
Fernando de Noronha Archipelago and 510 nautical miles
from Cabo Calcanhar, Rio Grande do Norte, the c10sest
point on the Brazilian coast.

METHODS
At the Rocas atoll, one specimen of Siderastrea

stellata and two of Porites astreoides were collected in
1998; and in 1999, three specimens of S.stellata and three
of P.astreoides were collected, all in the Anchors' pool.
At the SPR, three specimens of S. stellata were collected
in 1999. Collected specimens were washed with tap water
and then immersed in a container with hydrogen peroxide
(l5%HzOz) for 24 - 48 hours for removal of any organic
matter. After this stage, they were washed with distilled
water and left to dry at room temperature. Next, corals
were cut according to growth line. In one of the halves,
points 2 mm apart were marked on the skeleton. From
each of those points, in each sample, micro-drim holes
were made to remove powder for isotope analyses. Each
sample powder from coral skeletons (aragonite) was left
to react with 100% orthophosphoric acid (H3P04).

Reaction vessels were placed in a water-bath 25°C for
approximately 12 hours to release COz. Next day, the
reaction vesse1s were conected to a high vacuum
extraction line, the COz was extracted from each sample
and, after cryogenic c1eaning, the gas samples stored in
bottles (Craig's method; 1957). The C- and 0- isotope
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RESULTS
The specimen of S.stellata collected in 1998 at the

Rocas atoll, showed values of ôl3C -0.6%OPDB' Ô
I80

-3.4%OPDB and water temperature of 29.8°C for that year.
Along the analysed skeletons profiles, ranges of ôl3C
were from -0.13 to -0.8%OPDB; and for Ô180, from -3.1 to
-3.7%oPDB and temperatures between 31.4 and 28.1°C
were obtained. This specimen apparently had not been
subjected to abnormal seawater temperatures (>30°C)
during its growth (Fig 1), even though the year was
considered especially hot.

ratios were measured in a dual inlet, triple collector SIRA
II mass spectrometer, using BSC (Borborema Skarn
Calcite) as the reference gas, that is periodically
calibrated against NBS-18, NBS-19and NBS 20. Results
are expressed in ô%o in in the PDB scale. The
temperature values were estimated from ÔI80%OPDB
values, assuming isotopie equilibrium with sea water and
using the Horibe and Oba (1972) equation.

Figure 2. Isotopie and temperature variations from the
specimens of P.astreoides eolleeted at Roeas atoll in 1998.
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DISCUSSION
In 1998, ENSO phenomenon was regarded as the most

severe ever registered, with bleaching affecting the reefs
of the whole world (Hoegh-Guldberg, 1999). In 1998, the
P.astreoides and the Brazilian endemic species S.stellata
from the Rocas atoll were analyzed, both species being
from the same locality (Anchors' pool), collection time
(July).

Figure 3. Isotopie and temperature variations for specimens of
S.stellata eollected at the Roeas stoIl in 1999.
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Figure 1. Isotopie and temperature variations obtained from the
specimen of S.stellata eoIlected at Rocas atoll in 1998.

In this same year, the two specimens of P.astreoides
displayed variations of ôl3C from -0.4 to -0.5 %OPDB and
ÔI80 from -4.0 to -4.1 %OPDB, indicating that this species
was submitted to anomalous temperatures that oscillated
between 32.6 and 33.3°C. This year presented high
temperatures due to the vey strong El Niiio southern
oscillation (ENSO), between mid 1996 and 1999, the
highest temperautre being reached in 1998. The
temperature record in specimens 1 and 2 showed very
little variation, with an average value of 33.2°C (Fig. 2).

The specimens of S.stellata collected in 1999 at Rocas
atoll recorded variations of ôl3C from -0.3 to -1.0%OPDB
and Ô180, from -3.4 to 3.6%OPDB (Fig 3). For the
P.astreoides species collected in 1999 at Rocas atoll the
variations were: Ô l3C -0.6 to -1.4%opDB; Ô 180 from -4.2
to -4.3%opDB; temperatures between 33.6 and 34.0°C.
When analyses along the skeleton profiles are
considered, the results show that specimens were under
thermal stress for most of the period of development (Fig
4). Three specimens of S.stellata collected in the SPR in
1999 presented the isotopie variations: ôl3C from -0.4 to
U>%opDB and Ô

180, from -2.1 to -3.6%oPDB and
temperatures between 23.7 and 30.9°C (Fig. 5).
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Figure 4. Isotopie and temperature variations from specimens
of P.astreoides collected at the Rocas atoll in 1999.

Figure S. Isotopie and temperature variations from specimens
of S,stellata at Saint Paul's Rocks Archipelago in 1999,

They displayed different information on the
temperature, being the P.astreoides species more precise.
According to the National Oceanic and Atmospheric
Adirninistration (NOAA), it was a full period of heating;
and the S.stellata did not register this, recording
temperatures around 29.8°C, while the P.astreoides
recorded' temperatures of 32.6 and 33.3°C. One knows
that species in exactly the same locality can register
different temperatures, and that specimens of the same
species also can yield different variations of
temperatures. Besides, bleached specimens do not
represent aIl species. According to Porter et al. (1989) it
is not yet clear why sorne colonies of corals are bleached
and others are not, even for a single species thaken from
sirnilar depths, It is also necessary to consider the large
evaporation during periods of low tide at the atoll, since
corals are confined to large pools around the ring,
Specimens of P.astreiodes collected in 1998 showed,
along their skeletons, that anomalous temperatures were
frequent in the Atoll, before 1998. This constant
temperature, even if not extremely raised, is more
harmful than a high, anomalous temperature whose
highest heating point does not last for long time. At the
Rocas atoll, the situation in that year was deplorable, with
more of the haU of the corals suffering damages due to
bleaching and proliferation of zooxanthellas. In 1999, the
S.stellata did not show constant anomalous temperatures.
In three specimens, temperatures recorded were not so
high, but in three specimens of P.astreoides from the
same place, the O-isotope record from skeletons points to
anoma10us and relative1y constant temperatures, in good
agreement with NOAA.

It has been well-established that the O-isotope
composition in skeletons of corals is negative1y correlated
to temperature as a resu1t of a normal equi1ibrium or
kinetic processes. C-isotope composition in skeletons of
hermatypic corals, in its tum, often shows an oscillation
due to temperature and insolation. 0 \3C is controlled
mainly by interaction between photosynthesis and
breathing of zooxanthellas hosted by coral tissue (Swart
et al., 1996). According to Swart et al, (1996), during the
period of increased photosynthesis an increase in COz for
zooxanthella leads to an isotopic enrichment of \3C in the
calcification process. Consequently, in the periods when
the photosynthesis rate decreases, there will be !itt1e C
isotope fractionation, lowering o\3C values. It is probable
that the variations in the photosynthesylbreathing rates of
corals through the year are responsible for a cycle in the
C-isotope composition in the skeleton of the
scleractinians In the SPR, specimens of S.stellata were
collected at depths of 30.5 and 32 meters, therefore
without influence from evaporation in their temperature
record. Thermal stress was not observed, in a general
way, at this site. Sorne anomalous, but not constant,
temperatures were observed, favoring development of
specimens. The on1y extremely high temperature record
(45.6°C) was observed in specimen 3. It is likely that
anomalous temperatures in this case had the influence
from oceanic currents in the place.
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The species S. stellata, although more tolerant to
salinity, sedimentation and insolation variations, is not
regarded here as a reliable thermal stress indicator.
Among the studied species, P. asteroides appear to be by
far the best.
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INTRODUCTION
The Sm-Nd isotopic method has been used to study

the provenance of sedimentary rocks and can have a
critical role in the assessing of paleogeographic
reconstruction and tectonic models in Precambrian
orogenic belts (Haughton et al., 1991; Dantas et al.,
2(00). Also,· this method has been used in understanding
the dynamics of recent sedimentary process in basin
systems (Goldstein et al., 1984; Mearns, 1992; Weldeab
et al., 200 1; Bayon et al., 2(02).

The princip1e of Sm-Nd method assumes that the
isotopic system is c10sed and has not been fractionated
during the erosion, transport and deposition of the
sedimentary rocks. Thus, the sediment should show the
same isotopic signature of their rock source. (Nohda &
Wasserburg, 1986; Goldstein & Jacobsen, 1988; Mearns,
1992). The crustal residence age on TDM of a sedimentary
rock is a function of the source rock or rocks from which
was derived, hence can be used to help determine the
provenance of the sediment. In the infilling of a basin,
sediments often come from many sources and can get
mixed during erosion, transport and deposition. As such
sedimentary units in basin often yield Nd isotopic
signatures that represent hybrid or average ages of
different source. Nonethe1ess, if transport is minimal, the
original Nd signature can be preserved.

However, the change of Nd isotope composition
during weathering process may lead to a modification of
the Sm/Nd ratio, suggesting that the isotopic composition
of Nd exported from a large basin is controlled by a
selective weathering and does not directly reflect the
composition of bedrock (Ohlander et al., 2000; Anderson
et al., 2001). Consequently, the Nd isotopic composition
of the load sediments transported by the river could not
necessarily reflect the exactly composition of the source
area.

In the present study we demonstrated the behavior of
the Nd isotopes during the weathering process in gneiss
and sediments that are the main sources of the load
sediments present in the Parafba do Sul River system.
This research, is part of a major project of which the main
objective is to modeling the erosion and transport of
sediments into t4e Funil Dam in the middle part of
Parafba do Sul Basin (Fig. 1). A1so, try to understand
how the Nd isotopes changes in the weathering process in
warm c1imates.

STUDYAREA
The Parafba do Sul Basin comprises a

geomorphological domain, an elongate NE-trending,
narrow trough, about 600 km long, that is situated
principally in the eastern part of Sao Paulo state and
extends to the boundaries of Rio de Janeiro and Minas
Gerais states (Fig. 1). The geological framework where
the river is developed is characterized by supracrustal
Neoproterozoic sequences overlying Archean and
Paleoproterozic basement rocks of the Mantiqueira
Province (Almeida & Hasui, 1984). These units are
intruded by Cretaceous alkaline rocks and covered by
Phanerozoic sedimentary deposits (Ricomini et al., 1996).

The samples used in this study were collected in the
watershed near Queluz city (Sao Paulo State). This
watershed was selected because the geological substrate
is formed only by orthogneisses of the Mantiqueira
Complex and sedimentary deposits with a strong
influence of alkaline rocks (Fig. 1).

SAMPLING STRATEGIES
Three profiles were selected for these studies, whose

sample stations are situated in a small watershed of the
Parafba do Sul basin, Brazil (Fig. 1).

The first profile (sample QUE7) is a well-developed in
situ soil formed on hornblende biotite gneiss of the
Matiqueira Complex. From this profile four samples were
taken at different depths, representing the different
horizons of the weathered host rock - A, B and C (Photo
lA).

The second profile (samp1es QUE4) represents rocks
collected from the contact between a colluvium and a
saprolite of the biotite gneiss. This contact showed a
stone line (straight layer of quartz and 1ateritic
fragments). In this profile two samples were collected:
one in the colluvium and the other in the saprolite,
represented by A and B in the Photo lB.

The third profile shows an erosive contact between a
conglomerate and a saprolite of gneiss rocks (samples
QUE2). The conglomerate is mainly represented by
pebbles of alkaline rocks within an immature matrix. Two
samples were collected from this profile: one of a
conglomerate and the other of a saprolite, represented by
the A and B in the Photo 1C.
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Figure 1. (A) Geologie map showing the location of the samples used in this study - QUE 2, QUE4 and QUE7,
(B) Localization of the area near Queluz City (Sao Paulo state) in the Parafba do Sul Basin.

Photo 1. (A) QUE7 - profile of in situ soil development over the honblende biotite gneiss, Sampies C, B, and A represenl the C
horizon, B-horizon and A-horizon respectively, (B) QUE4 - contact between a colluvium and a saprolite of the biotite gneiss.

Samples A and B correspond the colluvium and saprolite, respectively, (C) QUE2 - profile shows an erosive contact between a
conglomerate (A) and a saprolite of gneiss rocks (B).
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Figura 2. (A) Diagram of the 143Ndll44Nd vs. 147Sm/44Nd from
form the sample from QUE2,QUE4 and QUE? (B) Diagram

End(O) vs. Sm/Nd form the sample from QUE2,QUE4 and
QUE7. The ellipse represent the area of occurrence of the

regional geologic units in the region.
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The vanatIon in the Sm and Nd concentration is
interpreted by the migration of the clay mineraIs from the
A-horizon to the B-horizon, typical of this type of soil in
this region. However, variation in the Sm/Nd ratio and
Nd composition between soils horizons in situ, isn't
significant enough to cause profound changes in the
provenance ages of the studied rocks (Fig. 2A,B).

One the other hand, the strong variation of de Sm/Nd
ratio in the superficial material - colluviums and
conglomerate - can be explained by the mixing of two
contrasting sources, a gneissic rock and an alkaline rock
with TOM values of 2.7 - 2.5 Ga. and 0.8 Ga. respectively.

The next step for this study is to continue the sampling
of weathering profiles of gneiss rocks and modeling the
mass balance of the different sources involved in the
supply of material to the Funil Dam in the Parmba do Sul
Basin.
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DISCUSSION
Our preliminary data indicating that in situ

weathering leads to a change in Sm/Nd ratio resulting in
an insignificant change of the Nd isotope composition of
the altered rocks (Fig. 2A,B).

ANALYTICAL PROCEDURES
Nd isotopes were carriéd out at the geochronological

laboratory of Universidade de Brasilia using the
procedures described in Gioia and Pimentel (1999).

RESULTS
Table 1 shows the isotopic composition of samples

analyzed in this study. In the Profile 1 (sample QUE7A
C), the ratios Sm/Nd are slightly greater from the C
horizon to the A-horizon (Table 1). However, the
concentration of the Sm and Nd increase in the B-horizon
and reduces in the A-horizon with relation of C-horizon.
The A-horizon sample has lower 143Ndll44Nd and more
negative ENd(O) value than C-horizon, whereas, in the
opposite manner, the B-horizon sample shows higher
143Nd/I44Nd ratio and less negative ENd(O) value (Table 1).
TOM model ages ranges from 2.8 to 2.5 Ga, suggesting an
Archean source for the gneiss.

The different trends between the isotopic composition
and Nd concentration of the different horizons
characterizes the influence of the weathering process in
these rocks. Also, is evident the migration of Nd
concentration from the B horizon to the A-horizon.

Therefore, our data suggests there's an insignificant
loss of the Nd isotopic composition, but the Nd
concentration changes during the weathering process, and
these changes are caused by the migration of clay
mineraIs into different horizons. Other process acting
during the release of the Nd concentration to the B
horizon is the presence of organic material in the A
horizon. Il can generate humic acids that destroy the clay
mineraIs and enrich the horizon below.

In the profile 2, the upper layer is characterized by a
colluvium showing ENd(O) value of -9.3 and TOM model age
of 1.1 Ga. The lower layer represents aC-horizon derived
from the biotite-gneiss and shows a TOM of 2.1 and ENd(O)

value of -8. This result indicates that the colluvium
represents a mixed source derived from alkaline rocks
(ENd(O) of -6.1 and TOM of 0.75) with soil formed by
orthogneiss (ENd(O) of -20 and TOM of 2.1). In this case, the
saprolite and colluvium has similar ENd(O) values, but
different TOM model ages.

In profile 3, the conglomerate of the upper layer has
TOM model age of 0.85 Ga and ENd(O) of -8. This isotopie
composition reflects a strong influential Neoproterozoic
signature, which characteristic of cretaceous alkaline
rocks in SE Brazil such as the Passa Quatro Intrusion
(Fetter et al., in this symposium). The saprolite of the
biotite gneiss in the lower layer shows TOM model age of
1.6 Ga and ENd(O) of -16. A possible explanation for the
higher Nd concentration (>100 ppm) in the gneiss is a
migration of the material released from the matrix of the
conglomerate.
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Table 1. The Sm-Nd concentrations and Nd isotopie composition of the soils and sediments.

UE7A A-horion 2.871 15.755 0.1102 0.511088+/-14 -30.24 2.8

QUE7B B-horizon 9.937 55.80 0.1076 0.511264+/-06 -26.81 2.5

QUE7C C-horizon 7.553 45.75 0.0998 0.511175+/-07 -28.54 2.5

UE2A Con lomerate 11.216 98.81 0.0686 0.512231+/-06 -7.93 0.8

UE2B Sa rolite 20.21 124.62 0.0980 0.511806+/-06 -16.23 1.6

UE4A Colluvium 2.506 16.508 0.0918 0.512163+/-12 -9.27 1.1

QUE4B Sa rolite 2.016 7.857 0.1551 0.512215+/-11 -8.25 2.1
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INTRODUCTION
Ground contamination by non-aqueous phase-liquids

(NAPLs) has to be named as one of the major problems
concerning the risk assessment at poIluted industrial sites.
Due to their low solubility in water NAPLs can become
long-term sources for ground and groundwater
contamination. Thus, risk assessment at such sites is
obligatory. Effective risk assessment and remediation
planning, however, requires the accurate location and, if
possible, quantification of the NAPL contamination in the
subsurface previous to the remediation actions. Thus pre
remediation activities usuaIly start with ground or
groundwater surveys.

For the localization and characterization of NAPL
contamination in the unsaturated zone of the soil a number
of conventional methods are in use. They include soil
coring, soil gas analysis, and sorne highly sophisticated
cone penetration techniques such as rapid optical screening
using laser-induced fluorescence (ROST-LIF) (USEPA,
1995, 1997) or membrane interface probing (MIP)
(Nadolishny and Fraser, 2(01). For the localization of
dense NAPL contamination in the aquifer below the
ground water table (DNAPLs) other methods have been
developed. Besides conventional ground water analysis
tracer test have been applied which use partitioning tracers
such as alcohols or inert gases like SF6• In these
approaches DNAPL saturations are achieved from the
retardation factors of the tracers (Davies et al, 2002;
Semprini et al., 2(00). Subject of the method described in
this paper is NAPL contamination in the unsaturated zone
of the soil.

As mentioned above several conventional methods for
the NAPL localization in the unsaturated zone of the soil
are in use. Ali of these methods are based on a direct
analysis of the soi! or soi! gas samples for their NAPL
content. However, the local infrastructure or a tight budget
often limits the number of bore holes as sampling points
quite drastically. That makes a sufficient tracing of a
subsurface NAPL contamination usuaIly difficult. To
obtain a more precise picture of ground contamination,
adequate for remediation planning, a detection method,
which aIlows a larger number of monitoring points, would
be desirable.

Radon-222 (hereafter referred to as radon) is a
naturally occurring compound of soil gas. Radon has, as a
radioactive noble gas, a balf-life of T\" = 3.83 days. It is
part of the uranium-238 decay series and is continuously
produced in the minerai matrix of the soil via a-decay of its

parent nuclide radium-226 (Ty, =1600 years). The steady
state radon concentration of the soil gas is a function of the
radium concentration of the minerai matrix, its ernanation
coefficient, the bulk density of the soil, and its porosity.
Values for the radon concentration of the soil gas are
highly variable, ranging normaIly from approximately
10 kBq/m3 to 100 kBq/m3•

Due to its properties as a radioactive noble gas radon
can be deterrnined individuaIly and very precisely. Besides
that it exhibits very good solubility in almost aIl NAPLs
(Clever, 1979) In view of these facts it was assumed that if
a NAPL contamination of the ground is present, the
NAPLs should accumulate and "trap" part of the radon
which is available in the soil gas, giving rise to a local
reduction of the soil gas radon concentration in the close
vicinity of that contamination. Given that this effect was
significant, a NAPL contamination could he localized
indirectly by carrying out a straightforward radon survey
on a suitable sampling grid covering the area of concern.

To verify that thesis numerous experiments have been
carried out and several NAPL contaminated sites have
been chosen to test the on-site applicability of the method.
In the on site experiments the lateral radon distribution
patterns achieved were compared to the extent of the
NAPL contamination, which had been previously
investigated with conventional methods. The research
described in this paper demonstrates that subsurface NAPL
contamination does give rise to anomalous low soil gas
radon concentrations. It could be shown that the lateral soil
gas radon distribution pattern at a NAPL contaminated site
can be used as an indicator for the extent of NAPL
contamination, providing an economic tool supplementary
to conventional methods.

THEORETICALBACKGROUND
The central fact which stands behind the newly

developed methodology is that radon is very soluble in a
wide range of NAPLs as shown by several authors
(Barton, 1991; Prausnitz et al., 1986; Clever, 1979). Thus
solubility can be explained with the "Hildebrand
Parameter", which represents the cohesive energy density
of a liquid phase, i.e. its cohesive energy per unit volume.
The Hildebrand Parameter is literaIly a function of the
energy required to vaporize one mole of the liquid
substance to its saturated vapor (Barton, 1991). Since the
Hildebrand Parameter of a substance can easily be
achieved if the molar volume and the molar vaporization
enthalpy have been deterrnined at the temperature of
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contamination is significantly reduced relatively to its
geological background concentration (Fig. 2).

Figure 2. Reduction of the soil-gas radon concentration in a
NAPL- contarninated soil volume and in its close vicinity.

EXPERIMENTAL
The efficiency of the newly developed method as a

localization tool for NAPL contamination was evaluated
in laboratory, Iysimeter, and on-site experiments.

Laboratory experiments were carried out to validate
the solubility of radon in environmentally relevant
NAPLs such as diesel fuel, kerosene, and gasoline. For
this purpose, a l-liter glass bottle was filled with 0.5 liter
of tap water, which had previously been enriched in
radon, and 0.5 liters of the choser NAPL. To guarantee
radon equilibrium between the phases, the bottle was
shaken for three hours at room temperature. After
shaking, the bottle was kept still for about 90 minutes to
allow the water and the NAPL to separate and to
establish equilibrium between the radon and its progeny
in either phase. Afterwards, the radon activities of the
aqueous and the non-aqueous phase were measured and
the radon partitioning coefficients between NAPL and
water K NAPUw were determined. The respective
partitioning coefficients for KNAPUair were achieved by
using the known value for Kw/air> which has been
published by several authors (Clever, 1979) and which
amounts at the given temperature to about 0.25.

Subsequently to the laboratory experiments the
method was tested inspecially adapled lysimeters or
"Gas Migration Simulators" (Schubert et al., 2002). The
"GAMS" was designed at the UFZ - Centre for
Environmental Research Leipzig-Halle GmbH. Its main
body is entirely made of polyethylene and takes the form
of a 2 m3 cylindrical box with a surface area of 1 m2. The
GAMS was filled homogenously with a defined sand
with a constant moisture content of about 4%. The sand
was represented by the grain size class 0.2 - 0.63 mm.
The density of the dry sand was 1.55 g/cm3

. The porosity
of the sand, which was determined by measuring the
mass increase of a known dry volume due to water
saturation was 0.42. The radium activity of the sand was
260 Bq/kg. The effective diffusion coefficient D of the
sand column amounted to about 5 x 10-6 m2/s. It had been
inferred by fitting the measured radon concentration
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Figure 1. Hildebrand Parameters 8 of sorne NAPLs (and of
water) at room ternperature vs. the radon partitioning

coefficients KNAPUair (Kw/a~ for water). The 8 of
radon is 18.1 MPa 1/2 (arrow). The curve

shows the trend of KNAPUa~ vs. 8.

concern, the Hildebrand Parameter is easily attainable for
most NAPLs.

Since the Hildebrand Parameter is in principle a liquid
suite property, the situation is different for gases, such as
radon. If the Hildebrand Parameters of Iiquids are to be
compared to those of gases, the gases have to be treated
as hypothetically Iiquid solutes at atmospheric pressure.
For further reading, see Prausnitz et al. (1986).

The dependence of the mutuai solubility of two or
more substances on their Hildebrand Parameters can be
explained as follows. A substance with a high molar
vaporization enthalpy, i.e. with a high Hildebrand
Parameter, requires more energy for dispersal than can be
gained by mixing it with a substance with a low molar
vaporization enthalpy. This finally results in
immiscibility of the substances. On the other hand, two
substances (gases, liquids or solids) with similar
Hildebrand Parameters gain enough energy on mutual
dispersion to allow mixing. Figure 1 shows the
Hildebrand Parameters of sorne NAPLs and of water at
room temperature (data by Barton, 1991) vs. the
respective radon partitioning coefficients KNAPUair (Kw/air

for water) (data by Lewis et al., 1987; Clever, 1979). The
Hildebrand Parameter of radon amounts to about
18.1 MPa l

/
2 (Prausnitz and Shair, 1961). It can be seen

that substances with Hildebrand Parameters that are
comparable to that of radon show the best radon
solubilities with partitioning coefficients of about
KNAPUair = 15. On the other hand, polar liquids such as
glycerin and water exhibit much higher Hildebrand
Parameters and, thus, values for KNAPUair of only ca. 0.25.

Due to the similar Hildebrand Parameters of radon
and NAPLs in general, i.e. due to the good solubility of
radon in NAPLs, the soil gas radon becomes trapped in
the non-aqueous phase if a NAPL contamination is
present in the ground. As a result of this accumulation
effect the soil gas radon concentration in the
contaminated soil volume and in the close vicinity of that
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Several lysimeter tests showed that the accumulation
of radon in the NAPLs gives rise to significantly reduced
soil gas radon concentrations in the contaminated soil
volume as weIl as in the vicinity of the contamination.
The results also show that these NAPL-dependent
changes in radon concentration are significant compared
to the changes that may arise due to meteorological
influences. Figure 3 shows the changes in radon
concentration at the four probe layers in the GAMS after
the injection of 20 liters of gasoline at a depth of 120 cm.
It can clearly be seen that the radon concentration of the
soil gas in the NAPL contaminated soil volume (probe
layer 140 cm) drops from about 170 kBq/m3 to about
50 kBq/m3 immediately after the injection.

gradient in the column to a one-dimensional diffusive
migration model.

Radon concentration, soil temperature, and soil
moisture content in the soil colurnn have continuously
been measured using respective probes installed at depths
of 5, 30, 70, and 140 cm. Additionally the wind speed,
the atmospheric pressure and the air temperature have
been recorded with a mobile weather station at distances
of 10 m and 1 m above the ground.

Finally the method was tested on several real
contaminated sites such as gas stations and air ports.
Each of these sites had been investigated previously to
the radon survey by conventional means. For the radon

- surveys, each site was covered with a suitable grid of soil
gas sampling points, which was chosen to be densest in
those areas where the contamination source was to be
expected. To avoid influences of diurnally changing
meteorological conditions on the results, the soil gas
samples were taken from a depth of 70 cm, a depth which
had been proven to be sufficient in previous
investigations (Schubert and Schulz, 2002). In addition to
the soil-gas radon concentration, the soil moisture
content at each of the sampling points was measured with
a regular TDR soil moisture probe. FinaIly, the lateral
radon distribution pattern obtained on each of the sites
was compared to the respective findings of the earlier
research done by conventional means.

Furthermore the method was backed up theoretically
by using the relevant equations which govern the radon
migration in the soil gas (Schubert et al., 2000). This
theoretical investigation included the evaluation of
natural parameters that are like1y to influence the soil gas
migration such as changing meteorological conditions
(Schubert and Schulz, 2002).

RESULTS AND DISCUSSION
The laboratory tests proved the very good solubility of

radon in environmentally relevant NAPLs. The results of
the laboratory experiments are displayed in Table 1. The
experiments yielded radon partitioning coefficients
between NAPLs and soil gas KNAPUair ranging between
about 10.5 and 13.5. The results correspond to the
partitioning coefficients published for pure NAPLs
(Clever, 1979) and clearly show the very strong affinity
of radon to the NAPL mixtures examined.

Table 1. Radon partitioning coefficients KNAPUair between
NAPLs and air (n = No. of experiments).

NAPL KNAPUair N

Gasoline 13.2 ± 1.5 7

Diesel fuel 11.4 ± 1.2 10

Kerosene 10.6 ± 2.1 4

That is due to the accumulation of radon in the
gasoline. However, not only the soil gas radon
concentration in the contaminated zone is influenced.
Also the radon concentration in the probe layer 70 cm
be10w the ground leve1, i.e. 50 cm above the NAPL
injection level, drops from ca. 120 kBq/m3 to 80 kBq/m3•

That result suggests that an indirect localization of the
NAPL plume, using radon as an indicator, is possible.

Several in situ test of the method were carried out.
Figure 4 shows the results of the radon survey carried out
at an abandoned petrol station along with the shape of the
subsurface NAPL contamination, as previously
discovered by conventional methods (soil coring). The
old storage tanks and the petrol pumps were assumed to
be the source of the contamination. It can clearly be seen
that the minimum radon concentrations found match the
extent of NAPL contamination detected by conventional
methods. The results also confirm the tanks to be the
source of the contamination.
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Figure 4. Anomalous low radon concentrations of the soil gas
indicating the extent of a NAPL-contaminated soil volume

at an abandoned petrol station.

SUMMARY
The investigation showed that a significant depletion

of the radon concentration in the soil gas does occur in
the presence of subsurface NAPL contalTÙnation. The
depleted radon concentrations can be used as an indicator
for the NAPLs in the ground. The new method, which is
described in this paper is based on that effect and uses
radon distribution patterns in the soil gas for the
localization of the NAPL contaminated zones. These
radon distribution patterns can easily be achieved by
carrying out straightforward radon surveys. The much
larger number of monitoring points available with the
new method, compared to conventional methods, and the
substantially lower time and energy required, quickly
emerged as general technical advantages of the "radon
method". Thus, the radon method appears to be an
effective tool which should be used supplementary to
conventional methods.

Besides the localization of subsurface NAPL
contalTÙnation the depletion factors for radon ITÙght also
be an indicator for the degree of the NAPL saturation of
the soil matrix and an indicator of the kind of NAPL the
soil is contaminated with. However, these two possible
applications demand equilibrium concentrations for
radon between soil gas and NAPLs and significantly
different partitioning coefficients for different NAPLs
respectively and are subject of ongoing investigation.

Comparable investigations concerning the use radon
as a partitioning tracer for aquifer contalTÙnations by
dense NAPLs (DNAPLs) have been carried out by
Hunkeler et al. (1997), Semprini et al. (2000), and others.
These studies, however, are focused on the radon
concentration in groundwater and its dependence on
NAPL contalTÙnations of the aquifer.
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compared with sorne other exarnples described in
literature (Winkler, 1977; Yardley, 1989; Ashwal, 1993,
Cotkin, 1997, Emslie, 1985).

The metabasitic rocks of the PAC have the following
parageneses:
(1) Primary Association: Plagioclase (andesine,

labradorite) + pyroxene (Fe-enstatite metanorthosites;
augite metagabbros) ± amphibolies (Metadiorites) +
ilmenite. This association may represent the original
mineraI assemblage that could be represented by
plagioclase, pyroxene megacrystals. This paragenesis
shares many features with undeformed anorthosites/
gabbros/ diorites described in literature (Ashwal,
1993).

(2) Main metamorphic assemblages: Pyroxene
megacrystals (augite recrystallized) + brown greenish
amphibole (Mg-homblende/tscherrnakite) ± gamet ±
plagioclase ± rutile. This assemblage is ascribed the
main metamorphism in area and it is mostly observed
in gamet-bearing metagabbros, which also contain
recrystallized augite, amphibole (tremolite) that
replace Fe-enstatite in metanorthosites (Photo 1).

(3) Retrometamorphic-related assemblage: Amphibole
(reoriented) + biotite (annite-flogopite) + epidote +
chlorite ± gamet (meta-stable). This mineraI
assemblage was formed during principal
metamorphism (Photo 2).
Pyroxene, amphibole and gamet were formed during

the peak of metamorphism and they represent a
transitional stage between the amphibolite and granulite
facies in the gamet zone sequence. Gamet formation in
metabasitic rocks in Passira Anorthosite Complex is here
explained via two metamorphic reactions:

THE PASSIRA ANORTHOSITE COMPLEX
The Passira Anorthositic Complex (PAC) is located in

Pemambuco State, Northeastem Brazil and crops out
around the neighborhood of Passira City. It is situated in
the Borborema Province, north of the Pemambuco
Lineament and it is nested in Rio Capibaribe terrain. The
Paudalho and Limoeiro shear zones are the tectonic limits
of this Complex and they are both part of the Pemambuco
Lineament (Fig. 1).

The local lithostratigraphy is divided into the
following units, from top to base: Undifferentiated
Granitoids represented by diorites related to the
Pemambuco Lineament, Peralkaline Orthogneiss, the
metavolcano-sedimentary rocks of the Vertentes
Complex, Anorogenic Granitic Orthogneiss associated to
the Passira Complex; and high grade metamorphic rocks
of the Transamazonian Gneissic-Migmatitic Complex.

The Passira Complex is a batholithic body, which
consists of metanorthosites, subordinate metagabbros,
metagabbro-norites, and lenses of Fe-Ti oxides-bearing
ultramafic rocks, considered as a massif-type anorthosite
complex. A dyke complex, made up of apatite-rich
metaferrodiorite, encloses the Passira Anorthositic
Complex. The PAC is deformed and recrystallized by at
least two tectonic-metamorphic events, which have
produced two distinct structural elements. The first is a
penetrative sub-horizontal foliation denoted by
amphibole-rich bands and the second is a sub-vertical to
sub-horizontal foliation, which corresponds to the steeply
dipping foliation on rocks, mainly near the shear zones.
Symplectitic gamet was produced by the tectonic
metamorphic event.

This paper presents K-Ar, Sm-Nd and U-Pb
geochronology data that together with the mineraI
chemistry of the metamorphic paragenesis will be used to
assess the crystallization and metamorphic age of the
complex.

OPX + PLG ~ GAR + CPX + QTZ
OPX + PLG ~ GAR + QTZ

(1)
(II)

PETROGRAPIDC ASPECTS OF THE PASSlRA
ANORTHOSlTE COMPLEX

Qualitative studies of mineraI relationships were
performed in order to deterrnine the peak of the
metamorphism. The mineraI assemblage in meta-diorites,
metagabbros and metanorthosites (metabasites) were

Evidence for reaction (1) was found in the rare
examples of high pressure (>6Kb) granulite facies
metagabbros. Reaction (II) was observed in the majority
of the metagabbros, and in the metanorthosites of the
PAC. Temperatures would have been around 7000 C
(Yardley,1989).
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Figure 1. Schematic geological map of the PAC showing the location of the main shear zones, and the location of the
analyzed samples.

Photo 1. Amphibole (tremolite) replacing pyroxene in
metanorthosire. Opaco-opaque minerais. Plag-plagioclase.

Pir-pyroxene. Anf-Amphibole. Bio-Biotite.

The retrometamorphic effects are represented by:
hydrous secondary phases (biotite, epidote, cWorite),
gamet and quartz, which might be ascribed to
metamorphic destabilization and replacing processes of
original paragenesis. These processes are observed in
sheared metadiorites, in gamet bearing metagabbros and
metanorthosites mostly present in the Paudalho and
Limoeiro shear zones.

Photo 2. Coronitic-textured meta gabbros exhibiting amphibole,
opaque and plagioclase around gamet.

Reaction coronas around gamet (Photo 2) are
diagnostic for the retro metamorphic episodes.

These coronas are formed in greenschist facies
(Messiga et al., 1995) and represent symplectitic
intergrowth between amphibole and plagioclase around
gamet. This association is conformable to stretching
lineation and it is mainly observed near the shear zones.
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Figure 3. Age of anorthosite using V-Pb method on zircon.
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These data are weil in accordance with al, 100 Ma
TDM model age obtained by Accioly (2001) for a
Neoproterozoic peralkaline orthogneiss body located 8km
eastward of the anorthositic complex. This apparently
confirms the effects of the Cariris Velhos event in the
area, despite that it should be expected amphibole
production via metamorphic recrystallization would
provoke possible losses of radiogenic Ar. This wouId
eventually reset the isotopic system, which migbt have
produced younger ages for those amphiboles. In meta
igneous rocks, K-Ar ages normally reflect that isotopic
resetting which common1y ob1iterate the crystallization
ages during medium to higb metamorphism (Faure,
1986).
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GEOTHERMOMETRY
The application of quantitative geobarometry to the

metabasites is difficult since specific calibrations for
anorthosites are very scarce. We therefore focus on
geothermometry to understand the metamorphic
evolutioo of the PAC, usiog geobarometers only for the
minor components of the intrusion.

P-T conditions were estimated by the semi
quantitative calibrations of Ti02 and AI203 contents in
amphibole presented by Ernst & Liu (1998). These
temperatures around 675°C and pressures of about 13.5
Kb were obtained for metagabbros.

The amphibole-plagioclase geothermometry (Holland
& Blundy, 1990) yielded temperatures of about 750°
no°c for metagabbros, 693°-735°C for metanorthosites
and 638°-699°C for metadiorites, for an estimate interval
pressure of 1O-15Kb. A temperature range of 634°-700°C
for metagabbros of the PAC has been obtained by the
gamet-c1inopyroxene geothermometer (Ellis & Green,
1979). A major oxides profile as perfonned in a single
grain gamet by e1ectron microprobe (Fig. 2), which
depicts uniform outlines ascribed to temperature higher
than 700° C.

Figure 2. Electron microprobe major oxides profile in a
single grain gamet from metagabbro.

Table 1. Representative minerai analyses from amphibole from
metagabbros.

Estimates of the crystallization temperatures of
anorthosite complexes are in the range from 1140° to
1185°C (Mark! et al., 1998). The calcu1ated temperatures
presented here are interpreted to represent the conditions
of granulite facies metamorphism.

AC-23
AC-28

K
(%)
0.38
0.33

Error

0.017
0.039

Ar40

(rad)
19.7
21.6

Ar40

(atmos)
15.50
16.78

TMAX

(Ma)
1,000
1,100

Error
(Ma)
56.7
78.9

GEOCHRONOLOGY
V-Pb dating of four hand-picked least magnetic multi

crystal zircon fractions separated from pegmatitic
anorthosite yielded nearly-concordant points defining an
age of 1,718 ± 20 Ma, which is interpreted as the
crystallization age of the anorthosite complex (Fig. 3).

The age of metamorphism was investigated via K-Ar
system and by preliminary Sm-Nd minerallwhole rock
isochron. The results obtained for garnet-amphibole
metagabbros has yielded ages that vary from 1,100 to
1,000 Ma, which are correspondent to the Cariris Velhos
event (Table 1).

A Sm-Nd internaI isochron using gamet and whole
rock for metagabros indicates a Brasi1iano age (612 ± 50
Ma), interpreted as correspondent to the age of the
metamorphic peak in area (Fig. 4).

Sm-Nd and K-Ar results are conflicting and present
no firm conclusions on the age(s) of the metamorphic
event(s) can be made.

It should be expected that the metamorphic peak
wou1d be registered by the amphibole K-Ar method, but
nevertheless the age are rather related to the Brasiliano
event. The calculated metamorphic temperatures show
that sorne resetting of the K-Ar system in amphibole must
be expected, and the K-Ar ages obtained are probable
mixed.
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CONCLUSIONS
The geochronological data presented here point to the

possible effect of the main metamorphic event and its
peak in the mineraI and whole-rock Sm-Nd systems. This
metamorphism could be associated to the Brasiliano
Cycle. Accioly (2001) has produced 597 Ma V-Pb age by
the multicrystal zircon method of sheared diorites which
she assumes that is due to later tectonic thermal retro
metamorphism that produced these shear zones such as
the Paudalho and Limoeiro shear zones.

The amphibole + clinopyroxene + gamet + labradorite
assemblage generated by the metamorphic peak, with a
later re-equilibrium given' by the amphibole +biotite
+epidote + carbonate association could be related to the
following episodes:
(a) Crystallization of the original gabbroic assemblage:

(plagioclase ± clino or orto pyroxene) - V-Pb zircon:
1,718 ± 20 Ma.

(b) Paragenesis related to the metamorphic peak: gamet +
clino-pyroxene whole-rock (opx + plg ~ cpx + gar +
qtz) Sm-Nd - gamet isochron - 612 ± 150 Ma.

(c) Destabilization of the high or Pff mineraI phases and
formation of stable plagioclase and amphibole (pirox
~ anf + plag) possibly around 597 Ma.
Thus, the Passira Anorthositic Complex has

crystallized in Upper Paleoproterozoic to
Mesoproterozoic and it resembles sorne analogous
features with Proterozoic anorthosites massif-type
complexes described in literature. It is also suggested
here the possible existence of a post-tectonic thermal
event that latter affected the complex. This event is
interpreted through the isotopie date of peralkaline
orthogneiss (TDM 1,IOOMa). The Sm-Nd age of 612 ±
150 Ma suggest that the main metamorphic event was
occurred during the Braasiliano event and the retro
metamorphic assemblage is associated to the Paudalho
and Limoeiro Shear zones, which represent a later
Brasiliano related thermal event.
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INTRODUCTION AND GEOLOGICAL SETTING
The latest stages of the BrasilianofPan-african Cycle

(900-500Ma) (Chemale Jr., 2000) in the Sul-rio
grandense Shield were marked by the inception of a
series of fault-bounded basins filled with thick
sedimentary and volcanic successions (Paim et al., 2000).
The preserved stratigraphic units, which unconformably
overlie igneous and metarnorphic basement rocks, were
considered as "molassic" by Almeida (1969) and named
the "Camaquli Basin".

Focusing on the evolution of the Brasiliano Cycle in
the studied region, Chemale Jr. (2000) proposed
westward subduction from 650 Ma, and positioned the
latest deformational events around 540 Ma. The Camaquli
Basin would have occupied a retroarc position, with the
onset of sedimentation and magmatism at 620 Ma. A
different model has been proposed by Basei et al. (2000),
who suggested two Neoproterozoic orogenies, the
Brasiliano (7oo-620Ma) and Rio Doce (620-530Ma). The
Camaquli Basin should represent the foreland
sedimentation related to the Rio Doce orogenic event.
Alternatively, Fragoso-César et al. (2001) suggested that
the Camaquli Basin deposits would have evolved under
intraplate (anorogenic) conditions, by reactivating NE
trending structures inherited from Brasiliano foldbelts.

The Camaquli Basin fill was subdivided by Paim et al.
(2000) in five unconformity-bounded units: the Marica
Allogroup, with continental to marine deposits and
subordinate volcanic rocks; the Born Jardim Allogroup,
composed by continental sedimentary rocks and a thick
volcanic package of basaltic-andesitic composition and
shoshonitic affinity; the Cerro do Bugio Allogroup,
represented by bimodal alkaline volcanics (the
Acampamento Velho Formation) and alluvial
conglomerates; the Santa Barbara Allogroup, entirely
composed of fluvio-deltaic red beds; and the Guaritas
Allogroup, made up of continental eolian, fluvial and
lacustrine deposits and basaltic to andesitic alkaline
volcanics (the Rodeio Velho Member) at the base of the
succession.

This study focuses on the isotopic signature of the two
latest volcanic events preserved in the Camaquli Basin:
the Acampamento Velho Formation and the Rodeio
Velho Member. Nd and Sr isotopic ratios can provide
important information about processes of mantle
extraction, generation and eventual crustal contamination
of the magmas and about the plate tectonic setting
responsible for the extrusive events.

CHARACTERISTICS AND PREVIOUS ISOTOPE
DATA OF THE FOCUSED VOLCANIC EVENTS

The Acampamento Velho Formation (Ribeiro &
Fantinel, 1978) consists, according to Zerfass et al.
(2000) and Almeida et al. (2002a), of a lower mafic and
an upper felsic volcanic associations. The lower one
consists of gray-colored, porphyritic (plagioclase
phenocrysts) andesitelbasalt and andesitic massive flows
and breccias with a total maximum thickness of 350
meters. Geochemical analyses (Almeida et al., 2002)
showed a moderately sodium alkaline character (high
LalYb and Eu/Sm ratios) and absence of significant Eu
negative anomaly. There are negative anomalies of P and
Ti, and enrichment in Ce, Th and 'lx. The upper
association comprises rhyolitic rocks, with lapilli-tuffs,
tuffs and welded tuffs at the base, and pink-colored, flow
banded lava flows at the top of the volcanic package.
These rocks are highly siliceous (av. SiOz 73.09% for
tuffs, 77.2% for rhyolite flows), with variable negative Eu
anomalies and markedly alkaline affinity. Nb/Zr and Y /'lx
trends show different evolutionary trends for the lower
and upper associations, reinforcing the bimodal character
of this volcanic event. The first isotopic data focusing on
the Acampamento Velho Formation were presented by
Cordani et al. (1974) and Soliani Jr. (1986), who
presented Rb/Sr isochrons of 525 and 529 ± 4 Ma
(Ro=0.706), respectively. Almeida et al. (1996), studying
the rhyolitic flows, determined whole-rock Rb-Sr ages of
545.1 ± 12.7 Ma (Ro=O.70932) and 546 ± 12.9 Ma
(Ro=O.71454). Chemale Jr. (2000) presented ENd

(t=570Ma) values of -9.34 and -9.37, Sm-Nd TDM model
ages of 1.7 to 1.9 Ga, and a U-Pb zircon age of 573 ± 18
Ma. Almeida et al. (2oo2b) determined ENd values of -8
to -20 for t=570 Ma.

The Rodeio Velho magmatism consists of highly
vesicular, andesitic lava flows with aa and pahoehoe
structures, which were emplaced as flows, stratified
pyroclastic deposits and intrusions, (Almeida et al.,
2000). Intrusive rocks were pointed as predominant by
Silva Filho et al. (1996), fact that lead Fragoso-César et
al. (1999) to redefine this unit as the Rodeio Velho
Intrusive Suite. This volcanic event was considered as the
precursor of the sedimentation in the intraplate Parana
Basin (an early rift phase) (Lopes et al., 1999).
Petrographically. They correspond to andesites, sub
alkaline basalts and trachiandesites, the coherent rocks
show plagioclase phenocrysts with glomeroporphyritic
texture, opaque and accessory (apatite, zircon) mineraIs
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immersed in a pilotaxitic, vitrophyric or ophitic matrix
constituted of plagioclase, pyroxene and olivine (Almeida
et al., 2000). The mentioned authors presented trace
elements and REE geochemical data coherent with an
alkaline character, and related these rocks to the field of
intraplate continental basalts of Pearce et al. (1984),
proposing that this event corresponds to the latest
magmatic manifestation of the Brasilianol Pan-Mrican

Orogeny, which occurred right after the collision of the
Rio de La Plata and Kalahari continental plates. SHRIMP
V-Pb dating of one zircon crystal (Hartmann et al., 1998)
yielded an Ordovician (470 ± 19 Ma) age for this
magmatism, while Sm-Nd data (TDM ages of 1.6 to 1.9
Ga) suggest a modified-mantle origin for these rocks
(Chemale Jr., 2000).

(8)

o~
t.

At.
~

....
o~ ~t..4~

r'\

H<
~

<

0,5124

'0 0.5122
Z
;
"- 0,5120
'0
Z...
;! 0.5118

0.5116

0.68 0,73 0,78

87SrftiSr (m)
0.83

3000
t. (c)- 2500

tU

5
2000

~
0
~ 1500

t.

1000
0

0,70 0.72 0,74 0,76 0.78 0.80 0.82 0.84

87Srf6Sr (m)

BalTh

900 1100

,.. (f)

f

~ 0 ~

~~ /:;; ...
.,.'I!r - "'>r ,

"
0.700

-100 100 300 500 700

0.725
(e)

- 0.720-"- 0.715

~ 0.710en
rD

0.705

90 1008070

Si02 (%)

6050

0.84

Ê 0.80-...
Cf) 0.76
\:
Cf)

0.72r;;

0,68
40

X. Andesite 1basaIt flows - Rodeio Velho Magmatism

o

o

rhyolite flows J
tuffs and welded tuffs

lower matie association

Upper felsic J
association Acampamento Velho

Formation

Figure 1. Diagrams for the isotopie data obtained for the volcanic rocks of the Rodeio Velho Magmatism and Acampamento
Velho Formation.

- 492-



OBTAINED ISOTOPIC DATA
For the Acampamento Velho Formation (AVF), six

(6) samples of the lower matic association and tifteen
(15) samples of the upper felsic association (tuffs, welded
tuffs and lava flows) were analyzed for Rb, Sr, Sm and
Nd and isotopic ratios by mass spectrometry (TIMS) in
the Laborat6rio de Geologia Isot6pica (Laboratory of
Isotope Geology) of the UFRGS. Eight (8) samples
representing the Rodeio Velho Member (RVM) were also
studied.

The samples of the lower matic association of AVF
show Rb (12.1 to 82.9 ppm) and Sr (23.5 to 703.4 ppm),
contents coherent with mean values for andesitic to
basaltic rocks. Measured 87Sr/86Sr ratios spread from
0.70755 to 0.73125, while initial ratios are between
0.70616 and 0.71103. The Sm content varies ranges from
5.02 to 13.74 ppm, and the Nd ranges from 22.9 to 78.2
ppm. The measured 143Nd/144Nd ratios concentrate
between 0.51199 and 0.51216, with ENd(O) from -9.34 to
-16.66 and ENd (t=550Ma) of -2.97 to -10.31. The TDM

model ages give values between 1.11 and 1.78 Ga.
Tuffs and welded tuffs of the upper felsic association

have Rb values of 91.6 to 167.0 ppm, and 36.2 to 98.8
ppm for Sr, compatible with acidic (potassic) volcanics.
The mesured 87Sr/86Sr ratios are high, spreading between
0.74597 to 0.77196, while the initial values are from
0.7014 to 0.7133. They present low Sm (0.8 to 9.5 ppm)
and Nd (4.1 to 43.8 ppm) contents, and 143Nd/144Nd ratios
of 0.51180 to 0.51205. The ENd (0) concentrates between
-Il.93 and -16.44, while the ENd at the time of
cystallization (t=550Ma) spreads from -7.2 to -9.8. The
TDM model ages for the particulate fraction of AVF are
between 1.33 and 1.92 Ga.

The rhyolitic lava flows of the upper felsic association
of AVF show even higher values of Rb (100.3 to 176.7
ppm) compared to Sr (13.1 to 55.6 ppm), with very high
measured (0.77186 to 0.93947) and initial (0.7014 to
0.7218) 87Sr/86Sr ratios. The 143Nd/144Nd ratios spread
from 0.51181 to 0.51215, corresponding to ENd (0) values
of -7.14 to -16.25, ENd (for t=550Ma) of -5.36 to -9.56
and TDM ages between 1.35 and 2.17 Ga.

For the RVM, the results show low Rb (4.5 to 91.0
ppm) and high Sr (310.1 to 1,203.25 ppm), with low Sr
isotopic ratios (0.70526 to 0.71040 for measured, and
0.70467 to 0.70774 for initial 87Sr/86Sr). The 143Nd/144Nd
values concentrate between 0.51165 and 0.51193,
corresponding to strongly negative ENd (0) (-13.89 to 
19.36) and ENd (t=470Ma) (-8.39 to -13.92) and TDM

model ages of 1.50 to 1.96 Ga.

DISCUSSION AND CONCLUSIONS
The isotopic data obtained here were plotted in 87/86Sr

versus 1431l44Nd, ENd(t), TDM, SiOz, Alz0 3, and BalTh
diagrams (Fig. 1 a - f). In the 87Sr/86Sr vs. 143Nd/144Nd
(Fig. la) and 87Sr/86Sr(i) vs. ENd(t) (Fig. lb) plots, c1ear
crustal contamination trends can be seen for the
Acampamento Velho Formation: from the base (lower
matic association) towards the top (rhyolite lavas of
upper felsitic association), there is an increase in the Sr
measured and initial ratios and a progressive decrease in
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the Nd ratio and a tendency of more strongly negative ENd
values (represented by the oblique arrows in both plots).
The rhyolite lava flows have also the oIder TDM values
(Fig. Ic), reinforcing the presence of a crustal
contaminant. For the Rodeio Velho Member, on the other
hand, the lack of more differentiated volcanic facies does
not allow the formation of a "trend", and one can see a
concentration of values towards lower values of
143Nd/144Nd ratio and more negative ENd(t) (indicated by
the vertical arrows in the three plots).

Comparing the matic rocks of the two volcanic units,
a c1ear difference in isotopic behavior can be observed:
the original basaltic magmas of the AVF have
143Nd/144Nd ratios higher than 0.51199 and less negative
ENd(t) values (-2 to -7 predominant), while the RVM
samples have lower Nd ratios (reaching values as low as
0.51165) and more negative ENd(t) (reaching -13.92).
Such differences should suggest that the original magma
of AVF was originated in a more "pure" mantle, less
moditied by metasomatism or subduction-introduced
crustal components than the RVM.

When plotted against geochemical parameters such as
Alz03 and SiOz (Fig. Id, el, the two volcanic units still
display diverse behaviors: while the AVF shows increase
in Sr measured ratios with the differentiation (increased
SiOz and lower Alz03 contents), the RVM does not vary
(or varies very slightly, in the case of Alz03), suggesting
the absence of signiticant crustal contamination for the
RVM. This is also indicated by the Ba enrichment of
RVM, plotted against constant initial Sr ratio values (Fig.
If): Ba might have been input to the original mantle
during metasomatism (or subduction-introduced
contamination). On the other hand, for AVF, the lower
matic association shows a proportional BalTh and initial
Sr increasing, still suggesting a crustal contamination
trend (oblique arrow in Fig. 1f), despite the fact that the
upper felsic association does not show BalTh variations
(vertical trend in Fig. If).

The isotopic results shown here indicate different
evolutions for the original basaltic magmas of the two
latest volcanic events of the Camaqua Basin: the
Acampamento Velho magmas may have originated from
a more undifferentiated mantle, and were progressively
contaminated by crustal components; on the other hand,
the Rodeio Velho magmas would have been extracted
from a more moditied mantle (metasomatism or
subduction-related contamination) and experienced minor
crustal contamination.
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Gravitational dome-and-basin structures have been
recognized in Archaean terrains of different
metamorphism grades and re1ated to diapiric instabilities
developped between gneisses and greenstone belts
(Choukroune et al., 1997; BouhalIier et al., 1995;
Chardon et al., 1998). These structures are interpreted as
due to crust reheating by mantle derived thermal
materials which induced gravity instabilities caused by
the emplacement of high density volcanic traps over a
low density protocontinental crust.

In Brazil, similar structures were also reported in the
granulitic Jequié Complex (Alves da Silva et al., 1996) of
the Sào Francisco Craton close to Brejôes and Santa Inês
in the south of the Bahia State. Previous studies (Barbosa,
1986, 1990; Fornari, 1993), demonstrated that these
domains are composed of chamockitic domes (CH6)
sUITounded by chamo-enderbites and chamockites (CHI,
CH2), heterogeneous granulites (HG) and supracrustal
rocks (SP).

Recent investigations show that supracrustal rocks
(SP) are enclaves in the heterogeneous granulites (HG),
and would represent the oldest rocks found in this area,
even if no geochronological data is available.
Heterogeneous granulites (HG) exhibit 207Pbp06Pb mono
zircon evaporation minimum ages ca 2.6 Ga and Rb-Sr
isochron age at 2.7 Ga (Wilson, 1987). They are
considered as contemporaneous to chamockites (CHI,
CH2) respectively dated by SHRIMP on zircon at 2.8 and
2.7 Ga (Alibert & Barbosa, 1992; Marinho et al., 1994).
Within domes, chamockites (CH6) have complex zircons
displaying inherited cores and minimum evaporation ages
ca. 2.55 Ga which are similar with that found in other
chamockites. AlI rocks have a restricted range of Nd
depleted model ages between 3.0 and 3.2 Ga.

Doming is constrained ca. 2.05-2.03 Ga by monazite
dating (cooling <750°C) from the intusive chamockites
(CH6) and by monazite from gamet-cordierite bearing
chamockitic magmas synchronous of the doming. The
age of the granulite facies metamorphism in the Jequié
Complex is ca. 2.0 Ga (Wilson, 1987). In southern and
northern parts of the Complex, zircon ages respectively of
2086 ± 18 (Ledru et al., 1994) and of 2096 ± 3 Ma
(Peucat et al., unpublished) give a more precise timing of
high-grade metamorphism. AlI these data lead to the
conclusion that chamockitic doming in Brejôes and Santa

Inês was contemporaneous (or Iate) with the regionai
granulite facies metamorphism. Geothermometry
performed on (CH6) indicate temperature ca. 1l00°C,
higher that these reached during the regional granulite
facies metamorphism. Consequently, it is concluded that
doming processes have occurred between 2.10 Ga and
2.05-2.03 Ga.

Geochemical modelIing based on trace element
compatible (i.e. Rb) and incompatible (i.e. Sr) behaviour
shows that rocks such as (CHI, CH2) differentiated
through fractional crystallization. On the contrary, (CH6)
is directly produced by partial me1ting of a source that
was similar to (CH2); a (CHI) -like source being
precluded. Computed models indicate that both (CHI,
CH2) formed respectively through 30% and 20%
fractional crystallization of a plagioclase, hornblende,
c1inopyroxene and accessories (magnetite, ilmenite,
apatite, alIanite) cumulate. In addition, ENd (T) ranging
between 0 and --4 point out a significant crustal input
such that these rocks can be interpreted as generated (i)
either by melting of a crust contaminated depleted mantle
source or (ii) by melting of an enriched mantle source.

REFERENCES
Alibert c., Barbosa, J.S.F., 1992. Ages U-Pb déterminés à la

"SHRIMP" sur des zircons du Complexe de Jequié, Craton
du Sao Francisco, Bahia, Brésil. In: 14 Réunion Science de
la Terre, Toulouse, Societé Géologique de France, p. 4.

Alves da Silva, F.C., Barbosa, J.S.F., Damanesco, J.A.,
Rodriguez, Z.RC., Paim, M., 1996. Estrutura Dômica de
Brejôes (SE-Bahia): padrao de interferência, produto de
anomalia terrnal ou feiçao ignea preservada? XXXIX
Congresso Brasileiro de Geologia, Salvador (BA), Anais 6,
266-269.

Chardon, D., Choukroune, P., Jayananda, M., 1998. Sinking of
the Dharwar basin: implications for Archaean tectonics.
Precambrian Research 91, 15-39.

Barbosa, J.S.P. 1990., The granulites of the Jequié Complex and
Atlantic Mobile Belt, Southem Bahia, Brazil - An
expression of Archaean Proterozoic Plate Convergence.
Granulites and Crustal Evolution. In: Vielzeuf D., Vidal P.
(Eds.), Springer-Verlag Proc. of ARW, Clermont Ferrand
(France), pp. 195-221.

Barbosa J.S.P., Alves da Silva P.c., Silva RI., Paim M.M.,
Rodrigues Z.RC. 1996 - Anais XXXIX Congo Bras. Geol.
Salvador- Bahia, vol.6 : 285-292.

- 495-



Short Papers -IV South American Symposium on Isotope Geology

Lj PHANEROZOIC COVERS

I=-:~=:-J ~ro~~~-:~~~R6~~S~AND
ARCHEAN ANDIOR PALEOPROTEROZOIC

~~,:~5 SALVADOR - CURACAAND ITABUNA BELTS

[[mIT JEQUIÉ BLOCK

[il~ ~;6~~~~~E BELTSAND VOLCANO-SEDIMENTARY

~ SERRINHA BLOCK

ARCHEAN.~. ,
1.,.0 ..i

GAVIAO BLOCK

L1MITS OF THE SÀO FRANCISCO CRATON( ....

~ STUDIED AREA

Figure 1. Location of the studied area, of the cratons and of fold belts of the Brazilian cycle (Almeida, 1977)
after Schobbenhaus et al. (1984).

[~ TEATIARYCOVER

1 \..c~%J CHARNOCKITES

CHARNOENDEABITES AND
CHARNOCKtTES (LOW Ti)

CHARNOENDEABITES AND
CHAANOCKITES (HIGH Ti)

HETEAOGENEOUS
GRANULITES

l__l_~' SUPAACRUSTAL ROCKS

o 1 2 3 Km
! ' __,.,.• 1

Figure 2. Geologie sketch map of the Laje, Mutufpe, Brejôes and Santa Inês regions. Jequié block, Bahia, Brazil. Samples for
geochronological study are reported.

- 496-



Bouhallier, H., Chardon, D., Choukroune, P., 1995. Strain
patterns in Archaean dome and basin structures: the
Dharwm: craton (Kamataka, south India). Earth and
Planetary Sciences Letters 135,57-75.

Chardon, D., Choukroune, P., Jayananda, M., 1998. Sinking of
the Dharwar basin: implications for Archaean tectonics.
Precambrian Research 91,15-39.

Choukroune, P., Ludden J.N., Chardon, D., Calvert, AJ.,
Bouhallier, H., 1997. Archaean crustal growth and tectonic
processes: a comparison of the Superior Province, Canada
and the Dharwar Craton, India. In: Burg, J.P., Ford, M.
(Eds.), Orogeny Through Time, Geological Society Special
Publication 121,63-98.

Fornari, A, 1993. Petrologia, geoquimica e metamorfismo das
rochas enderbiticas-chamockiticas da regiao de Lage e
Mutuipe, Bahia. M.Sc. Thesis, unpublished. University of
Bahia, Brazil. 143p.

Short Papers - IV South American Symposium on Isotope Geology

Ledru, P., Cocherie, A, Barbosa, J.S.P., Johan, V., Onstott, T.,
1994. Age du métamorphisme granulitique dans le Craton
du Sao Francisco (Brésil). Implications sur la nature de
l'orogène transmazonien. C. R. Academie des Sciences de
Paris 211,120-125.

Marinho, M.M., Vidal, P., Alibert, C., Barbosa, J.S.F., Sabaté,
P., 1994. Geochronology of the Jequié-Itabuna granulitic
belt and of the Contendas-Mirante volcano-sedimentary
belt. Boletim de Instituto de Geociências, University of Sao
Paulo, Brazil. Special Publication 17, 73-96.

Wilson, N., 1987. Combined Sm-Nd, PblPb and RbSr
geochronology and isotope geochemistry in
polymetamorphic precambrian terrains: examples from
Brazil and Channel Island, U.K. Master of Science. M.Sc.
Thesis, unpublished. Oxford University. U.K. 25Op.

-497 -



Short Papers - IV South American Symposium on Isotope Geology

Sm-Nd DATA OF THE ESTRELA GRANITE COMPLEX, CARAJAS METALLOGENETIC
PROVINCE, NORTHERN BRAZIL

Barros, C.E.M.1
,2 and Macambira, M.J.B.1

,3

1. Universidade Federal do Parâ - Centro de Geociências
2. Grupo de Pesquisa Petrologia de Granitoides, Boisista do CNPq. cadu@ufpa.br

3. Laboratorio de Geologia Isotopica (Parâ-Iso). moarnac@ufpa.br

Keywords: Sm-Nd, Estrela Granite Complex, Carajas Province, A-type granites

INTRODUCTION
A-type granites are characterized by elevated

(KzO+NazO)/(KzO+NazO+CaO) FeO/(FeO+MgO) ratios
and high concentrations of incompatible elements
(Whalen et al., 1987). Two main petrogenetic models try
to explain the origin of these granite magmas: (1) partial
melting of crustal rocks (Anderson & Bender, 1989;
Patino-Douce, 1996) and (2) fractionation of matic
magmas (Turner et al., 1992; Whalen et al., 1996). A
particular petrogenetic model involving crustal sources
invokes the partial melting of granulites (Landerberger &
Collins, 1996; Skjerlie & Johnston, 1993). The magmas
forrned from fractionation of matic magmas display
positive ENd values and low 87Sr/86Sr initial ratios,
mirroring the mantle souce. On the other hand, magmas
derived from crustal sources present negative ENd values
and high initial ratios. However, these ratios may be
relatively low in crustal sources that underwent previous
granulitic metamorphism. According to Sylvester (1989),
mantle-derived A-type magmas are more probably
forrned in extensional tectonic regimes, whereas alkaline
granites formed in compressional setting are normally of
crustal origin. The aim of this paper is to discuss the
petrogenesis of the Archean A-type Estrela Granite
Complex (EGC) on the basis of 87Sr/86Sr initial ratio and
Sm-Nd data.

TECTONIC SETTING
The Carajas Metallogenetic Province located in the

southeastern part of the Amazonian Craton represents an
cratonic Archean nuclei with important ore deposits
(Docegeo, 1988). The meridional part of this nucleus is
made of 3.0 Ga enderbites and matic granulites
(Macambira & Lancelot 1996, Pidgeon et al., 2000), 2.97
Ga greenstone belts, 2.96 Ga ca1c-alkaline tonalites and
2.87 Ga granodiorites and granites (Docegeo, 1988,
Dall'Agnol et al., 1997). According to Pidgeon et al.
(2000) the granulite metamorphism occurred 2.85 Ga
ago, roughly coeval with the emplacement of large
granitoid bodies. To the north of the province, local
occurrences of 2.81 Ga metagranitoids, extensive 2.76 Ga
metavolcano-sedimentary (Machado et al., 1991) which
are crosscut by 2.76-2.74 Ga syntectonic alkaline
granitoids (Estrela Granite Complex, Plaquê Suite,
Planalto and Serra do Rabo granites) (Dall'Agnol et al.,
1997, Barros et al., 200la, b), 2.64 Ga matic dikes sills
(Dias et al., 1996) and minor 2.56 Ga granites have been
described. Both domains are crosscut by several 1.88 Ga

anorogenic granites (Docegeo 1988, Dall'Agnoi et al.,
1997).

STRUCTURAL GEOLOGY
The EGC crops out to the east of the Carajas Range as

a EW elongated elliptical body concordant with the
regional structures. Igneous layering (So) is subvertical in
peripheral zones and in the central domains of plutons.
Lying E-W/subvertical Schistosity (SI) is outlined by the
preferred orientation of matic minerais and by the
flattening of quartz grains. Decimeter- to meter-wide
mylonite zones (SlrrJ concordant with the schistosity are
described. The SI surfaces developed during the non
completely crystallized stage and the SIm developed after
complete crystallization. Progressive deforrnation in
decreasing temperature regimes testities the syntectonic
character of the EGC which would have been emplaced
and inflated (ballooning) concomitantly to horizontal
shortening. A tectono-therrnal aureole was produced in
the metavo1cano-sedimentary envelope due to the thermal
metamorphism and lateral expansion stresses of the
granite massif (Barros et al., 2oola).

PETROGRAPHY AND GEOCHEMISTRY
Monzogranites are by far the most abundant facies in

the complex comparatively to syenogranites,
granodiorites and tonalites. Matic mineraIs assemblage
permit to distinguish different facies among the
monzogranites (hbl+cpx, hbl, hbl+biot, biot+hbl e biot).
Quartzfeldspahic mobilizates and hornblende megacrysts
bearing pegmatoid veins crosscut the above mentioned
granitoids. These rocks display high
[Fez03/(Fez03+MgO) 0.83 0.99] and
[(KzO+NazO)/(KzO+NazO+CaO) = 0.60 - 0.89] ratios,
elevated incompatible elements concentrations (Zr = 146
- 640 ppm; Y = 13 - 404 ppm; Ce = 115 - 441 ppm; Nb
= 21 - 45 ppm) and high values of earth-rare elements
(~ETR= 275 - 941 ppm), with moderate negative Eu
anomalies (EulEu* = 0.25 - 0.65).

WHOLE-ROCK Rb-Sr DATING AND Pb-Pb
ZIRCON EVAPORATION

A whole-rock Rb-Sr isochron yielded the age of 2527
± 34 Ma and low 87Sr/86Sr initial ratio (0.7018 ± 0.00197)
to the EGC (Barros et al., 1992). Pb-Pb evaporation of
zircon dating furnished an age of 2763 ± 7 Ma (Barros et
al., 2001b) for hornblende syenogranites. The latter,
considered as the crystallization age of the EGC, is very
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close to the ages obtained in zircons from sorne
metabasalts and ultramafites (Machado et al., 1991). The
87Sr/86Sr initial ratio must not be considered the real value
since the Pb-Pb zircon evaporation crystallization age is
higher than that yielded by Rb-Sr isochron. In this case,
the 87Sr/86Sr initial ratio must be even lower than that
indicated by the Rb-Sr isochron.

Sm-Nd DATA
Sm-Nd data were obtained in the Laboratory of

Isotopie Geology (Para-Iso) of the Federal University of
Para. The selected samples correspond to a hornblende
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granodiorite (CAP 5), a hornblende monzogranite (PSV
VIII-75) and a biotite monzogranite (PSV-VIII-77). The
first two samples belong to the metaluminous group
(Alz0 3 - 11.5%) whereas the latter one belong to the
weakly peraluminous group (Alz0 3 - 13.5 %) (Barros et
al., 1997). The 147Sm/I44Nd ratios of the EGC samples
rouge from 0.1050 to 0.1475 (Tab. 1). The values grow
from the biotite monzogranites to the hornblende
granodiorite. ENd values are between -D.38 and -1.34.
The analysed rocks, which Pb-Pb zircon age is 2763 Ma,
present T(DM) ages between 2.97 Ga and 3.12 Ga (Fig. 1).
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Figure 1. Age (Ga) vs. E(Nd) diagram of the Estrela Granite Complex.

Table 1. Sm-Nd analytical data of the Estrela Granite Complex.

Sample Sm Nd 147Sm/l44Nd la 143Nd/144Nd la f(SmlNd) ENd(O) T(DM) ENd(t) T(CHUR)

PSV-77 5.85 33.67 0.10503 0.00021 0.510947 0.000008 -0.4660 -32.99 2.97 -0.38 2.79

PSV-75 16.04 76.20 0.12729 0.00072 0.511304 0.000018 -0.3529 -26.02 3.12 -1.34 2.91

CAP05 18.28 74.94 0.14749 0.00037 0.511682 0.000009 -0.2502 -18.65 3.20 -1.15 2.94
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PETROLOGIC SIGNIFICANCE
The close time relationship between the mafic

ultramafic sequences and the EGC, in adition to the low
"'187S /86S' 1 .InItIa r r ratIO cou d suggest the fractIOnation of
mafic magmas to explain the origin of the EGC magmas.
However the absence of mafic enclaves and the
emplacement of granitoids concornitantly to compressive
stresses seem to point to partial melting of crustal rocks
as the petrogenetic model to explain the origin of the
EGC. The low initial 87Sr/86Sr (0.7018 ± 0.00197) ratio

and the negatives values of ENd (-0.38 and -1.34) should
be interpreted as the participation of crustal sources (cf.
Patifio-Douce 1996), probably of granulitic nature (cf.
Creaser et al., 1991, Landenberger & Collins, 1996),
where low initial Sr ratios may be expected. Enderbites
(hyperstene tonalites), as those forrned at 2.85 Ga ago (cf.
Pidgeon et al., 2000), could be potential source rocks.
Partial melting of dehydrated tonalitic rocks has been
proposed as a probable model to explain the petrogenesis
of hot A-type. granite magmas (Patifio-Douce, 1997). This
model seems to be coherent with the origin of the Estrela
Granite Complex.
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INTRODUCTION
The main problems concerning the majority of the

stratigraphie syntheses and tectonic models proposed for
the southern portion of the Ribeira Belt (Paranâ and Sao
Paulo States) come from the lack of information on the
time of sedimentation and metamorphic climax of great
part of the metavolcano-sedimentary units that
predominate in the region. This fact causes serious
problems when correlations are made, and it is possible to
find in the geologic literature conflicting proposaIs, where
the same formation can be placed in different
stratigraphical position.

Recent works have searched for more reliable isotopie
methods, in order to contribute to the solution of
countless interpretation problems that still exist. This
paper focuses on the evolution of Votuverava and Perau
formations, located north of Curitiba, based mainly on
new (conventional and SHRIMP) zircon U-Pb ages and
whole rock Sm-Nd and Rb-Sr data for the metabasic
rocks found in these units.

U-Pb Zircon ages of the order of 1470 Ma are
presented for the metabasic rocks associated with the
Votuverava and Perau units. It is suggested that both
formations be chronocorrelated and their sedimentation
age close to the Mesoproterozoic metabasics, emplaced
during the extensional phase of the basin. The lithologie
differences between the Votuverava and Perau formations
are explained as faciologic variations within the same
paleobasin.

The basic rocks represent Mesoproterozoic juvenile
material extracted from the mantle and quickly emplaced
as sills and dykes within the sediments of the Votuverava
Perau paleobasin. Differently, strongly negative Epsilon
Nd values and old model ages (TDM) for the Votuverava
phyllites, Varginha Granite, and Setuva, Betara and Tigre
nuclei suggest a long period of crustal residence for their
protoliths.

For the Varginha Granite, late-tectonic in relation to
the Brasiliano deformations and intrusive in the
Votuverava sediments, a zircon U-Pb age of 603 Ma is
pointed out.

GEOLOGICAL SETTING
The Votuverava Formation is a greenschist-facies

metavolcano-sedimentary sequence, where the distal
lithofacies predominates being characterized by thick

pelitic to psammopelitic piles composed of phyllites,
usually carbonaceous, metarhythmites and subordinated
metasandstones, also including metacalcarenites of
turbiditic nature, interfingered with varied metabasites,
volcaniclastic rocks and deep-water iron-manganiferous
formations (CPRM, 1998). Fiori (1992) considers that the
Votuverava Formation was deposited in a backarc basin
in relatively calm waters with sorne glacial contribution.

The Perau Complex is composed of a metavolcano
sedimentary sequence that crops out in the areas of
Canoas and Perau Pb-Zn-Ag mines corresponding to the
Unit "B" proposed by Daitx (996). Represents from
bottom to top, quartzites, carbonatic rocks and a thick pile
of mica schists with amphibolite intercalations. A peculiar
characteristic of this group is the large quantity of
amphibolite and metabasite bodies.

RegionaIly, Soares et al. (2000), interpret the
evolution of the Apiai belt as polycyclic. Two major
events are important in its geologic history, one
Mesoproterozoic, generating the rocks of the Perau
Setuva-Âgua Clara Complex, and the other
Neoproterozoic, related to the formation and
metamorphism of the Capiru-Votuverava-Itaiacoca
Sequence. The last event was also responsible for the
second metamorphic phase of the Mesoproterozoic rocks.
Campanha and Sadowski (1999) attribute the name
Votuverava Group to the Lajeado (carbonatic platform)
and Ribeira (distal turbiditic sequence) subgroups. For
these authors, the Ribeira subgroup is further divided in
three units, the basal being the Perau Formation.

CHARACTERIZATION OF METABASIC ROCKS
In the Votuverava Formation, several amphibolitic

bodies, in general strongly weathered, are found. These
amphibolites underwent greenschist facies metamorphism
(chloritelbiotite zone), and the metamorphic assemblage
is composed of· tremolite/actinolite, plagioclase, epidote
and chlorite. During metamorphism, the replacement of
the primary mineraiogy was intense, and in sorne cases is
weIl marked by the presence of hornblende nuclei
surrounded by tremolite/actinolite. Another frequent
feature is the presence of tremolite/actinolite crystals
clearly oriented according to foliation.

In the Perau region the amphibolites occur
preferentially in the western flank of the anticlinal that
exposes paleoproterozoic gneissic nuclei of the area of
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the Perau Pb mine. They are almost always concordant
with the host rocks and coherent with the regional
structuration. When evident, a foliation given by
actinolite trends regionally N20oE, dipping NW.
Petrographically they are composed of actinolite (main
mineraI), hornblende and plagioclase, indicating varying
metamorphic grades, from medium to medium-high
greenschist. The texture varies from granoblastic to
nematoblastic, locally occurring igneous mineraIs such as
hornblende and plagioclase with high anorthite content.

In the region of the Canoas old Pb Mine amphibolite
bodies occur concordant with the amphibole schists.
These rocks belong to the Perau sequence, intercalated in
quartzites and overlying gneissic rocks. Its main
constituents are plagioclase, actinolite and hornblende,
with subordinated quartz, epidote and microcline. The
metabasite protoliths can be interpreted as of transitional
composition between monzodiorite and monzogabbro.
The metamorphism reached medium to high greenschist
facies. The texture is nematoblastic, with incipient
actinolite orientation.

be ruled out, once there is a very weak to null LREE and
HREE fractionation.
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Figure 1. REE pattern (normalized to chodrite) for metabasic
rocks from Votuverava and Perau basins.

ISOTOPE DATA
As it happens with the majority of metasedimentary

sequences of the Vale do Ribeira, previous
geochronological data result a dispersion of ages,
predominantly falling between the Meso- and
Neoproterozoic. Our geochronologic studies were
concentrated on two target areas, one including the
Votuverava Formation, and the other the Perau
Formation, both situated north of Rio Branco do Sul.
Three samples were collected from the Votuverava
Formation, two of metabasic rocks (HCM-OI and HCM
16) and one of the regional phyllite (HCM-03) that host
the metavolcanic rock. A sample of the Varginha Granite
(HCM-I3) was also collected for a complementary study
of the rocks intrusive in these metavolcano-sedimentary
units. An amphibolite sample of the Perau unit (GKM-41)
was analyzed by the SHRIMP method.
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Figure 2. Concordia diagram for sample HCM 16.
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LITHOGEOCHEMICAL CHARACTERIZATION
According to Maniese and Oliveira (1999) and Daitx

(1996), the majority of the amphibolitic rocks are ortho
derived and resuItant from basic magmatism, probably
intrusive, and genetically related to the evolution of the
Açungui and Setuva sedimentation. These amphibolites
present oceanic basait characteristics, and would result
from varying partial meIting degrees of a mantle source
that, from lower to higher partial meIting rate evolved
from E-MORB, then to OIB (Adrian6polis), T-MORB
(Campo Largo and Perau), and to N-MORB (Rio Branco
do Sul).

New lithogeochemical analyses indicate that the
metabasites and amphibolites have the following
characteristics: a) basaItic compositions varying to both
picro-basaIts and andesitic basalts, according to alkalis x
Si02 proportions; considering the relation between Si02 x
Zr/Si02 aIl rocks are of basaItic composition; b) the
orthoderived character of the amphibolites in question is
attested by the FeO(t) x Ti02 ratio; c) regarding the
alkalinity, the Na20+K20 x Si02 diagram shows the
presence of sub-alkaline rocks, with only one sample
plotting in the alkaline field. Considering the proportion
between Na20+K20 x FeO(t) x MgO AFM diagram,
these are tholeiitic rocks.

The rare earth distribution pattern is always fiat,
enriched 3 to 30 limes in relation to chondrite (Fig. 1).
Incipient negative Eu anomaly occurs for only one
sample; for another, it is slightly positive, and for the
others it is lacking. The normalization to primitive mantle
values tend to diminish considerably the rare earth
enrichment, bringing the normalized values close to one.
Comparing them with the patterns presented by Wilson
(1991), the analyzed metabasites are more similar to T
MORB (transitional between N- and P-MORB); the
volcanic-arc basaIt characteristics pointed out before must
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The phyllite detrital zircons were grouped in four
distinct populations according to their typology: 1)- short
prismatic crystals with rounded edges; 2)- c1ean prismatic

.crystals; 3)- rounded crystals, and 4)- opaque prismatic
crystals. The results obtained indicate a major
paleoproterozoic source area for the phyllites
(Pb207lPb206 ages between 1760 and 1941 Ma). This
source must have been composed of rocks similar to the
gneisses that form the Tigre and Betara basement nuclei
(Kalfuss 2001). The fraction constituted by opaque
zircon crystals yielded the oldest value, close to 2670 Ma,
which is distinct from the others, indicating an archean
source.

Two V-Pb results were obtained for the metabasic
rocks of the Votuverava Formation. For sample HCM-o!,
an age of 1451+/-39 Ma was defined by the alignment of
three zircon fractions, two of which with high discordance
degree. The best analytical results being composed of
zircon crystals, c1ear than those of the other fractions. The
age obtained is interpreted as the time of formation and
emplacement of the igneous body. The other sample
(HCM-16) presented a more reliable geochronologic
pattern. The four magnetic fractions analyzed present
good concordance, defining the 1479+/-12 Ma age (Fig.
2), equally interpreted as the time of emplacement of this
body. Sample GKM 41 (metabasic rock from Perau Fm.)
zircon crystals were dated by the SHRIMP method (Fig.
3). Similarly to both previous cases, the age of 1484+/-16
Ma is interpreted as the time of emplacement of the basic
body. The mediun-grade neoproterozoic metamorphism
superimposed to this rock is not registered in the zircons.
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.0 Mean = 1484:t 16MaDo.
'" 0,092 (95% conf,)0:c MSWD =0,66Do.....
0

'" 0,088 +1350

0,084

1250

0,080

2,5 3,5 4,5 5,5 6,5

238Uf O&pb

Figure 3. Terra-Wasserburg diagram for the sample GKM 41.

Additionally, a sample of the Varginha Granite, a
leucogranitoid intrusive in the metamorphites of the
Votuverava Formation, was analyzed (HCM-13). The 603
± 23 Ma age was obtained from the alignment of five
zircon crystal fractions with different magnetic
susceptibilities, represented by prismatic typology with
sorne inclusions and fractures, The value obtained
mustreflect both the time of emplacement of this igneous
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body and the youngest age possible for the Brasiliano
metamorphism that affected the area.

Nd AND Sr ISOTOPIC GEOCHEMISTRY
A total of 15 samples with available petrographic and

geochemical data were analyzed by Rb-Sr and Sm-Nd
methods. Il is composed of 8 samples of metabasic rocks,
4 of phyllites and 3 of granitic rocks. To complement the
study, 5 results available in Kaulfuss (2001) were added,
concerning the Setuva, Tigre and Betara gneissic nuclei.
possible candidates to "source areas" of the Votuverava
and Perau metasedimentary rocks.

In the Epsilon Nd vs. Epsilon Sr diagram set to
present values, the metabasic rocks stand out for their
positive Epsilon Nd values, which are even more positive
for the Votuverava basic rocks, suggesting that these
rocks are less evolved than those of the Perau Formation.

Il is c1ear the participation of the crust in the genesis
of the other rocks, as indicated by very negative Epsilon
Nd values (between -9 and -37) and very high Epsilon Sr
values. The points relative to the Votuverava sediments
plot between the paleoproterozoic gneisses of the Tigre,
Betara and Setuva nuclei and the late-Brasiliano Varginha
leucogranite.

Based in the Sr and Nd data, the following
petrogenetic and tectonic interpretation can be drawn: 1)
the basic rocks are the only ones to present small
differences between V-Pb ages, and Nd model ages,
confirming their juvenile nature in the Mesoproterozoic;
2) -the model ages for the old nuclei gneisses are ail
archean. between 2700 and 3000 Ma, older than the V-Pb
paleoproterozoic values around 2100Ma for their igneous
constituents, characterizing a long crustal residence of the
protoliths; 3) -the metasedimentary rocks, represented by
phyllites, show model ages around 2200 Ma and
inclination of the evolution line similar to that of the
paleoproterozoic gneisses. However, as the two sets do
not overlap, the gneisses cannot be the only source for the
sediments. If one adrnits mixing of materials, which is
quite possible, one end member may be the Tigre and
Betara nuclei gneisses. The other, still undefined, would
furnish the younger component of the mixture and equally
be sialic material of age between 1760 and 1470 Ma,
which would explain the parallel trends for the two sets.
Anyway. the participation of basic material in this mixture
is ruled out; 4) -as a reflex of the crustal characteristics of
the Varginha Granite, implying fractionation of the Sm
Nd ratio, part of the results were calculated assuming a
double stage, using the age of its generation (603 Ma) and
the 147Smi43Nd ratio of 0.11, representative of the
average sialic crust values. The inclination of the epsilon
Nd evolution line and the model ages shows that this
leucogranite was not generated from direct melting of the
metasedimentary host rocks. However, these indicators
also suggest that the materials involved in the granite
genesis may be the same of the phyllites, but in different
proportions, explaining the dislocation and parallelism of
both sets (phyllites and granites) in the diagram.
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CONCLUSIONS
Mesoproterozoic ages around 1470 Ma characterize

the important basic magmatism of the Rio Branco do Sul
and Perau regions of the Yale do Ribeira, Parana State.

The suggested sedimentation interval for the Perau
and Votuverava Formations is defined by the age of the
basic rocks that crosscut these units (around 1480 Ma),
and the youngest values obtained for old nuclei gneissic
leucogranites (1750 Ma) such as Tigre and Betara.
However, due to field relations that showed a close
association between the metasedimentary and the
metabasic rocks, it is quite possible that the time of
sedimentation is very close to the age of the basic
magmatism, implying a 'Calymminian Votuverava-Perau
paleobasin. The reasonable geochemical similarity and
the concordant V-Pb ages of the basic magmatism of both
units, aswell as the spatial relation between their
amphibolites and metasediments, reinforce the
chronocorrelation between the Perau and Votuverava
Formations.

The present distribution of the Perau and Votuverava
Formations must be credited to the Brasiliano event, as
weil as the metamorphism of the supracrustal sequences
and the granitic magmatism of the Yale do Ribeira.
However, great part of the metasedimentary covers seems
to be previous to this cycle, as now documented in the
Perau and Votuverava Sequences.

From the tectonic point of view, the present data do
not support simplified models that involve solely
neoproterozoic subduction and collision to explain the
geology of the Yale do Ribeira. Oceanic crust subduction
in the Neoproterozoic is documented by the occurrence of
calc-alkaline Cunhaporanga, Très Corregos, Agudos
Grandes granitic batholiths; however, it is probable that
great part of the granitic bodies he intrusive in
metamorphic units whose sedimentation took place sorne
1000 Ma before the intrusions.
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It is proposed that around 1480 Ma an important
extensional phase must have occurred, associated with the
emplacement of mantelic material and consequent
continental rupture responsible for the opening of basins
and marine sedimentation. The time of closing of these
basins it is still uncertain, one possibility being
Neoproterozoic or, better yet, the Meso-Neoproterozoic
transition. It is quite possible that the Mesoproterozoic
events that caused the opening of large sedimentary
basins in southern-southeastern Brazil are underestimated.
Regional geochronological correlations with the
Mesoproterozoic Agua Clara Formation (PR-SP) and the
Serra do Itaberaba Group (SP) can provide the magnitude
of the extensional process associated with the breaking of
the preexisting continental masses.
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INTRODUCTION
The interpretation of the origin of Andean very low

grade metamorphism is a controversial point. The link
between the various styles of burial, diastathermal and
contact metamorphism with major geodynamic processes
represents a complex model of metamorphic historY.

IlIitic clay mineraIs have been used in several studies
to constrain the geologic timing of hydrothermal episodes
in ore deposit, heating event or meteoritic impact, but
also in regional overthrusting, faulting, and oil and gas
migration. Particularly important is the study of illite in
sedimentary basin research because the smectite
illitization can be use as a geothermometer of burial
subsidence. Both illite and illite/smectite have been
shown to be reliable clocks at temperatures below 260±
20° C (Hunziker et al., 1986), a property that makes them
potentially attractive tools for reconstructing burial
history. Formation of illite fixes potassium during burial
diagenesis and illite crystallites retain argon, which
allows this system to act as a radiometric clock.

The aim of the present research is to outline the time
temperature relation of regional metamorphism by
integrating a multimethodological data result. This can
help to distinguish between very low-grade metamorphic
burial events to the hydrothermal heating event in
connection with contact metamorphism. These
distinctions are relevant because the occurrences of
intrusion are common in the history of Andean formation,
since the Palaeozoic to the less than 1 Ma Miocene
magmatism.

GEOLOGICAL SETTING
The studied area is located in the Coast Range in the

central part of Chile between 34° 45' and 35° 20' South,
ca. 300 km South of Santiago. Late Triassic to Early
lurassic sedimentary and Middle to Late lurassic
volcanic rocks are exposed in the region. The marine
sedimentary rocks form part of an almost continuous belt,
which is approximately 60 km in length and
unconformably overlies the Palaeozoic crystalline
basement. Tectonic development during the Triassic was
controlled by continuous movements and differential
uplift of the Palaeozoic basement and lasted until at least
the lurassic (Thiele & Morel, 1981). The western
Palaeozoic areas were exhumed at a faster rate than those
to the east, which preserve Mesozoic sedimentary rocks.
The regional paleogeographic and tectono-sedimentary

evolution during the Triassic-lurassic resulted in a
simple morphology is characterized by basins and high
structures. Uplift of the western Palaeozoic basement
during the Triassic-lurassic boundary resulted in the
development of two sedimentary basins, known as the
Vichuquén-Tilicura basin in the north and the Hualafié
Gualleco basin to the southeast. The principal structures
in the sedimentary strata are north-south fold axes and
normal faults, which are generally attributed to the
rejuvenation of deep-seated structures in the Palaeozoic
basement. East-west faulting in the northern part of the
Hualafié-Gualleco basin predates the prevailing NW-SE
faulting (Thiele & Morel, 1981; Corvalan, 1982). No
cleavage is visible in the north, whereas an incipient
cleavage has developed in the central and southern part of
the Hualafié-Gualleco basin, indicating an increase in
deformation towards the south.

In the eastern most part of the studied area, andesitic
lava flows, volcanic breccias and minor sedimentary
intercalations of Middle and Upper lurassic are exposed,
and reach a maximum thickness of c.a. 3680 m (Altos de
Hualmapu formation (Morel, 1981). No isotopic data are
available on this unit, however, the upper part of lurassic
marine unit presents volcanic intercalations of lavas and
breccias with green sandstone containing a
paleontological fauna that demonstrate the Toarcian age
for the finishing the marine sedimentation. Corvalan,
(1982) suggested this time for the probably fulfil or uplift
of the basins. Clearly it is the indication for the Late
Toarcian age for the beginning of the volcanic deposition.
In the southern part the volcanic unit is intruded by
lurassic granodiorites dated by Gana & Hervé (1983) in
165 ± 5 Ma (biotite) and 175 ± 5 Ma (hornblende) using
K-Ar method.

ANALYTICAL METHODS AND SAMPLE
PREPARATION

Shales and slates were cleaned from weathering rims
with a steel brush, crushed into sma]] pieces with a
hammer and c.a. 100 g of sample were ground with a
rotary disk mill. Short milling duration was applied to
avoid fragmentation of coarse grains. Carbonate was
removed by treating with 5% acetic acid and by washing
with deionised water. The <2 Il m fraction was obtained
using settling tubes and Millipore filters with 0.1 Il m pore
size at room temperature on a perfectly even table.
Oriented slides were prepared by pipetting suspension
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onto glass slides (5 mg cm2
) and allowing to air-dry.

Glycolated mounts were prepared in a glycol steam bath
at 60 oC overnight.

Powder X-ray diffraction measurements were
performed with a Siemens D-5000 diffractometer using
the following instrumental settings: Cu Ka radiation, 40
kV, 30 mA; automatic primary and secondary divergence
slits; secondary graphite monochromator. The d-spacing
was calibrated against quartz occurring in the samples.

K-Ar dating was performed with instruments
constructed in the Laboratorio de Geocronologia,
Servicio Nacional de Geologia y Mineria
(SERNAGEOMIN) in Santiago, Chile. Sample were
degassed by high frequency induction heating. The argon
was cleaned and purified in Pyrex extraction lines and the
radiogenic 4°Ar volumes were determined using standard
isotopic dilution techniques in a MS lOS Mass
Spectrometer, with a total accuracy of 1 - 2 %. The
potassium analyses were done in triplicate by atomic
absorption techniques with an accuracy of 0.7 - 1.3 %,
depending on the K content and using internaI standard of
Li. The inter-laboratory standard GL-O was used for
controlling and the calibration of Ar and K determination.
Errors of K-Ar ages are quoted at the two sigma (2a)
level and the decay constants are those suggested by
Steiger & Jiiger (1977). This includes a 1.5% estimated
error for the standard GL-O and a 1% error for the Ar
isotope ratios.

To avoid the disturbing effects of detrital muscovite
the K-Ar ages obtained on the O.I-?l1m fractions were
used for dating metamorphism following the practice of
Hunziker et al. (1986).

METAMORPHIC EVENTS
P-T estimation of diagenesis and very low-grade

metamorphism have been determined for Late Triassic to
Early Jurassic sedimentary rocks from the Vichuquén
Tilicura and the Huaiafié-Gualleco basins in Central
Chile using illite crystallinity (Kübler Index, KI; Kübler
1967, 1984), coal rank data, K-white mica b cell
dimension, characteristic mineraI assemblages and fluid
inclusion data (Belmar et al 2000, 2002). A burial-related
diagenetic to low-grade metamorphic event, which is
recorded in both basins, is partially overprinted in the
Huaiafié-Gualleco basin by contact metamorphism
around Jurassic dioritic to granodioritic intrusions.
Diagenetic conditions prevailed in the northem
Vichuquén-Tilicura basin, whereas in the southem
Huaiafié-Gualleco basin low-grade metamorphism is
observed with an increase in metamorphic grade from
north to south. Epizonal conditions are locally reached in
the very south of the Huaiafié-Gualleco basin. Low
pressure conditions were determined using the K-white
mica b cell dimension. Evidence of contact
metamorphism in the immediate proximity of sorne
Jurassic intrusions includes: (1) hornfels facies
assemblages such as ferrosilite (XFeO.6)
magnesiohornblende- ferroactinolite, biotite together with
chlorite, plagioclase, stilpnomelane and (2) natural coke
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and pyrolitic bituminite in sorne sedimentary samples.
Epizonal IC and high coal rank values are probably a
result of this locally occurring contact metamorphism
(Belmar et al. 2000).

TEMPERATURE AND PRESSURE
The sample selection was based on the

multimethodological investigation on low-grade
metamorphism in this region by Belmar et al. (2000,
2002). From an universe of 71 samples, mainly shales
and slates, was selected 5 of them using a criteria of
geological unit, mainly Triassic (deeper samples), illite
cristalinity index (KI indicating anchi and epizonal
conditions), Mineral index (mainly occurrence of a
characteristic and indicative minerai, e.g. paragonite) and
clear indication of temperature of metamorphic condition
by fluid inclusion or other methods. This selection was
summarized in the table 1 and as follow.

The ordering and the percentage of illite in mixed
layer illite/smectite (IlS) were determined in the samples.
The occurrence of RI with 65 to 85 % illite in Ils in the
northem part of the Vichuquén-Tilicura basin contrast
with to R3 ( > 90% illite in Ils ) observed in the sample
H3-10 localized in the southem part. This transformation
probably occurred at a temperature of 170°-180°
according to Pollastro (1993), and fit weIl with other
temperature indicators (KI= 0.36 L1°20, Rmax =3.8 %)
see table 1.

The appearance of index mineraI paragonite on four
samples, according to KI and coal rank data, is
characteristic of beginning of anchizone until lower
epizone. Temperature in one of the sampies (H6-18) of
the Lower-Jurassic sediments was calculated to be above
18rC as deterrnined by fluid inclusion thermometry. The
corresponding fluid pressure determined in the same fluid
inclusions is 1.4 kbar corresponding to an overburden of
ca. 5.5 km and agrees weil with the bo parameter
determinations which indicate low pressure
metamorphism for this region. These results are in
agreement with the measured KI = 0.37 L1°20 and
Rmax= 2.9% values in the same sample, as weIl as with a
sample from the nearby Upper Triassic horizon (H6-19)
which gave similar conditions (KI = 0.41 and Rmax=
3.0). High conditions were determined on the sample
HI-02 (KI = 0.33 L1°20 and Rmax= 3.9%) which contain
also paragonite (sec table 1).

The H4-02 sample, located south of Gualleco, contain
the assemblage chlorite- muscovite- paragonite-quartz.
Epizonal condition is inferred from KI value of 0.23
L1°20 and coal rank of 5.6 % Rmax.

A contact metamorphism was observed in the
immediate proximity of sorne Jurassic intrusions as
evidenced by the pyroxene homfels facies paragenesis
and by the natural coke and pirolitic carbon in
sedimentary samples. Pyrolitic carbon of identical form
and properties as observed in this study was
experimentally produced in the laboratory at temperatures
>500°C (Stach et al., 1982).
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Table 1. Results of the K-Ar analyses (Ma±2cr) on representative rock sarnples with illite crystallinity (K.I.),
polymorphous type (% of 2M!) and coal rank data (Rmax) (ordering from North to South).

Size fraction K Ar rad Ar atm Age polin K.I. RmaxSamples Age
[pm] [%] nVg [%] [Ma±2cr] type A020 %

H3-1O Upper whole rock 1.564 26.826 4 395 ± 12
H3-10 Triassic <21Jm 3.072 26.074 7 206 ± 6 87%2Ml 0.36 3.8
HI-02 Upper whole rock 3.384 30.95 3 221 ± 7
H1-02 Triassic <21Jm 3.634 26.846 16 181 ± 6 22%2M1 0.33 3.9
H6-19 Upper whole rock 2.606 23.57 6 219 ± 7
H6-19 Triassic <21Jm 2.887 21.748 Il 184 ± 6 55% 2M1 0.41 3.0
H6-18 Lower whole rock 1.74 44.33 5 559 ± 16
H6-18 Jurassic <21Jm 5.76 43.272 7 184 ± 4 57%2M1 0.39 2.9
H4-02 Lower whole rock 2.843 20.136 2 174±5
H4-02 Jurassic <21Jm 2.985 18.835 21 155 ± 5 90%2M1 0.23 5.6

The temperatures of the contact metamorphism were
calculated based on coexisting plagioclase with Ans7 and
magnesiohomblende with Al(vl) = 0.12, Na = 0.94 and Si
= 7.3 apfu using the amphibole- plagioclase thermometer
of HolIand & Blundy (1994). Calculated temperatures of
the edenite-tremolite solid solution lie within a range of
655 oC to 691°C and a pressure of <4 kbar. Due to this
increased temperatures, the sedimentary rocks near this
sample show a strong increase in coal rank and KI values.

RESULTS
K-Ar ages were deterrnined for the who1e rock and

<2f..1.m size fraction in five samples (table 1). The whole
rock range from 559±16 to 174±5 Ma and the <2f..1.m size
fraction from 206±6 to 155±5 Ma. For each samp1e the
K-Ar age presents a considerable decrease in the fine
mica fraction. The principal constituents of the clay
fraction in the ana1yzed samples are: ilIite, illite/smectite,
pyrophylIite and/or paragonite (chlorite on1y in the
sample H4-2). AlI these clay mineraIs are considered
authigenic low-grade metamorphic mineraIs (Belmar et
al., 2002). However the absence of contamination by
detrital mica in separated size fraction can never be
claimed. Additiona1 to the contamination by detrital
mineraIs another uncertainties remain about ancient
radiogenic 40Ar possibly trapped in the illite crysta1s.

The very low-grade temperatures in the area were not
sufficiently high for a complete reset of the K-Ar system.
However the sample H4-02, is localized near to the
intrusion and the temperature of this around rock was
over 600° C. The metamorphism indicators show a
Kub1er index of this samp1e high epizone conditions and
the coal rank indicate high thermal event. In this case, the
K-Ar age in whole rock is 174±5 Ma.

INTERPRETATION OF K-AR AGES ON FINE
MICA FRACTION

The K-Ar ages of the anchizonal Triassic-Jurassic
shale measured on the <2f..1.m size fraction varies between
206 to 181 Ma, significantly younger ages were obtained
in the epizonal Jurassic samp1e H4-02 which experienced
a contact metamorphism, and shows an age of 155±5 Ma
indicating a probably an younger newly formed <2f..1.m

illite as a product of later hydrothermal acbvlty.
Maximum temperature estimations during the very low
grade burial metamorphism in the study area probably did
not exceed 190°C with exception of aureole of contact
metamorphism (Belmar et al., 2002). According to
Hunziker et al. (1986), a totalIy outgas of 4°Ar in case of
<2f..1.m size illite grains was produced at temperatures
around of 260 ±30° C during 10±5 Ma. This indicates
that the temperature of the low anchizonal metamorphism
in the study area might be insufficient to reach the total
resetting of the Ar system in the newly formed <2f..1.m size
ilIite. Therefore, we consider the K-Ar determination of
18l±6, 184±6, and 184±4 Ma correspond to the
maximum burial induced heating condition which was
consider by Belmar et al. (2002) at 190 ±100 C and ~1.3

kbar. In sample H3-1O, the <2f..1.m size fraction give an
intermediate age of 206±6 Ma. This value suggests to be
a mixed age and not represent a real geologic event,
because this sample shows an anomalous high value of
KI parameter, indicating a contamination of detrital high
crysta1inity phase, same situation with the polymorphism
which it with >90% 2M1 polymorph type (table 1).

CONCLUSIONS
Gana & Hervé (1983) published K-Ar ages of 165 ± 5

Ma (biotite) and 175 ± 5 Ma (hornblende) for the Jurassic
pluton. The whole rock of a sample from the contact
aureole yielded an age of 174 ± 5 Ma. These
determinations constrain the age of Altos de Hualmapu
fm. which are intruded by the Jurassic granodiorite at late
Toarcian (from a paleontological evidence) and
maximum Aalenian age (from a isotopic evidence). The
small period of deposition for this unit and the great
thickness show a high rate of volcanic deposition. The
intercalations of marine sediment in the volcanic lower
part of this unit indicate a continuous extension period
also in the time of lava deposition. AlI of these previous
hypothesis of Belmar et al. (2002) indicate for the
thermal maturity model an overburden of 4.8 km and
corresponding geothermal gradient to >35° C/km. This
overburden is obtained with 2100 m of Triassic Jurassic
pile of sediment plus the continuous overlying of
volcanic unit, which have at list 3600 m.
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The maximum buria! was probably simultaneously
produced with the deposition of overlie Jurassic volcanic
lavas, which was constrain at least Aalenian age, and
agree weIl with the K-Ar age deterrninations in the <2f.UIl
size fraction of the anchizonal Triassic-Jurassic shale,
which records ages of 181 to 184 Ma for the
metamorphism.

The age of contact metamorphism is 174 to 175 +5
Ma, and the 10 Ma of difference in relation to the timing
of metamorphism avoid an hypothetical thermal overprint
origin for the regional metamorphism.
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INTRODUCTION
Migmatites, subdivided into metatexites and

diatexites, are the main rocks in which partial meiting
processes may be studied. Metatexite is defined as a
migmatite containing evident pre-migmatization layering,
foliation or banding, which survived partial meiting (low
melt fraction; Brown, 1973). Diatexite is a migmatite in
which pre-migmatization structures are destroyed
(medium or high melt fraction; Brown, 1973). The melt
fraction in migmatites can be increased by: (1) a rise of 
metamorphic temperature (Brown, 1973); (2) melt
injection from elsewhere (Greenfield et al., 1996); or (3)
meit redistribution within melting layers (Sawyer, 1998).
Migmatites are of special interest because of their
inferred role as a link between high grade metamorphic
rocks and the generation of larger-scale granitic bodies
(e.g. Solar & Brown, 2001). This study examines the
isotopic variations within the high-grade metamorphic
rocks, migmatites and granitic rocks, with the aim of
evaluating the relationship between the anatexis of
metasedimentary rocks and the generation of granitic
meits in the petrogenesis of the Puerto Edén igneous and
metamorphic complex (PEIMC). Mineral abbreviations
are according to Kretz (1983).

GEOLOGICAL BACKGROUND
The eastern basement of the southern Patagonian

Andes (Fig. la; 48°-52°S), refered to as Eastern Andean
Metamorphic Complex (EAMC; Hervé, 1993) is mainly
composed of a polydefonned assemblage of
metagreywackes, metapelites and marbles, as weIl as of
scarce metabasites. The maximum and minimum
sedimentation ages of the psammo-pelitic protolith are
374 Ma and 233 Ma, respectively (ca. 48°S; Thomson &
Hervé, 2002). This sequence underwent greenschist
facies regional metamorphism (e.g. Hervé et al., 1998) at
about 300±23 Ma (Thomson et al., 2000). The PEIMC
(49°S; Fig. lb) is composed mainly of amphibolite facies
schists and gneisses, migmatites, a biotite schlieren
bearing porphyritic monzogranite, and several
leucogranites. It is flanked on both sides by biotite
hornblende-(allanite) granitoid rocks.

Plutonic activity in the South Patagonian Batholith
(SPB) ranges from 151 to 16 Ma (e.g. Martin et al.,

2001). The oldest plutons occur on the eastern margin
(ca. 151-141 Ma), with Early Cretaceous units in the west
(ca. 137 Ma), and Late Cretaceous to Tertiary granitoids
concentrated near the central axis of the batholith (U-Pb
conventional and SHRIMP zircon dating; Martin et al.,
2001).

METAMORPHISM AND MIGMATIZATION
The PEIMC lies within the area of most intense nearly

isobaric Late lurassic high T - low P metamorphism of
the EAMC with peak metamorphic P-T conditions of ca.
3.5-4.4 kbar and 650-7OO°C (U-Pb SHRIMP age of
overgrowth rims from detrital zircon in a sillimanite
gneiss or metatexite; Calderon et al., in prep.). The
foliated rocks were described and subdivided into two
metamorphic domains by Watters (1964): El Indio
schists, consisting of biotite, staurolite, andalusite and
sillimanite schists and gneisses, and Edén gneiss, a
heterogeneous coarse-grained pale granitic body (Fig.
1b). However, the Edén gneiss, with biotite as the
dominant mafic phase defining the foliation within
schlieren structures, is interpreted here as a
leucodiatexite, because of: (1) the presence of centimetre
long ellipsoidal enclaves of quartz, probably representing
relics of quartz veins that survived migmatization; (2) the
probable residual origin of the biotite in the schlieren,
which shows microscopic similarities to the biotites in the
schists and gneisses; and (3) the abundance of stromatic
migmatites and leucogranite segregations in the outcrop
area. This suggests that anatexis occurred during
relativeiy low temperature conditions (700-800°C; e.g.
Patino Douce & Harris, 1998), in the stability field of
biotite + quartz, involving the breakdown of muscovite
(e.g. Ms +Pl + Qz = Meit + Ksp + Sil + Bt). As showed
by Calderon et al. (in prep.), the breakdown of biotite
also played a role in the generation of the garnet
tourmaline leucogranites.

Retrograde metamorphism is characterized by late
stage crystallization of muscovite, with biotite and
sillimanite as the principal observed reacting phases; it is
recorded in gneisses and leucodiatexites. Pinitization of
cordierite and andalusite, chloritization of biotite and
crystallization of prehnite (in veins and in biotite
cleavages) are also characteristic.
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ANALYTICAL METHüDS
The most representative and the least or not altered

samples from the PEIMC were selected for the Sr-Nd
isotope analyses: an And-schist (sample DEOO-44); a Sil
gneiss or metatexite (sample PE99-32A); a leucodiatexite
(sample ICOO-09); a porphyritic monzogranite (sample
DEOO-07); a Bt granite (sample FF99-09A); a Grt-Tur
leucogranite or leucosome (sample PE99-32D); a Ms-Grt
leucogranite (sample DEOO-48A); and a Bt-Hbl-(Ain)
monzogranite (sample YEKOO-05). For location of
samples see Fig. lb.

Rb-Sr and Sm-Nd isotope analyses were performed in
the Centro de Pesquisas Geocronolôgicas of the
Universidade de Sao Paulo, except sample FF99-09A
(NERC Isotope Geosciences Laboratory, Keyworth,
U.K.). Rb and Sr contents were determined by X-ray
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fluorescence spectrometry. 87Sr/86Sr ratios were measured
by thermal ionization mass-spectrometry, corrected for
mass fractionation to 86Sr/88Sr = 0.1194 normalization.
Sm and Nd (and other lanthanides) were chemically
separated in HDEHP columns supported by teflon
powder. The Sm and Nd concentrations were obtained by
isotopie dilution using a mixed 149Sm and IsoNd tracer.
The isotopie ratios were calculated relative to 146Nd/144Nd
=0.7219. AIl radiogenic isotope analyses were performed
using a VG 354 Micromass spectrometer. At the time of
the analyses the foJlowing standard values were obtained:
87Sr/86Sr = 0.7lO26 ± 0.00002 (2a) for NBS-987 and
14JNd/I44Nd = 0.511847 ± 0.00002 (2a) and 0.512662 ±

0.000027 (2a) values for La Jolla and BCR-l
respectively.

Figure 1. (a) South-western Patagonian geological units. EAMC (Eastern Andean Metamorphic Complex); SPB
(South Patagonian Batholith); PEIMC (Puerto Edén Igneous and Metamorphic Complex). (b) Geological map of
the PEIMC and surrounded Areas. Extracted from Watters (1964) and this work. Location of analysed samples.
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Figure 2. Initial 87Srt86Sr ratio vIs eNd values of the studied
samples. Arrows indieate the isotopie signature ealculated
either for 100 Ma (Grt-Tur leueogranite and porphyritie

monzogranite) or 150 Ma (Ms-Grt leueogranite
and Bt-Hbl-(Aln) monzogranite).

PETROGENETIC IMPLICATIONS
The sillimanite gneiss has a higher Rb/Sr ratio and

lower Sro than the andalusite schist. This difference could
be due either to a small compositional difference between
the protoliths of both rocks or to the effects high-grade
metamorphism resulting in relative enrichment of
biotite and depletion of plagioclase in the sillimanite .
gneiss. The latter supported by the mesosome chara~~r

of the sillimanite gneiss, i.e. small volumes of gramtlc
melt have been removed from the original rock (see the
dehydration melt-producing reaction above). The Sr and
Nd isotopic ratios were not significandy affected by the
high grade metamorphism, as shown by similar Sro and
ENd values of both rocks.

The Grt-Tur leucogranite has a very similar Sr-Nd
signature compared to the sillimanite gneiss (at 150 Ma),
with which it is closely associated in the field. Since the
leucogranite bears almandine-spessartine gamets similar
to those in thin leucosomes within other sillimanite
gneisses and has a similar isotopie signature, the Grt-Tur
leucogranite is considered as an evolved and
redistributed partial melt of the sillimanite gneiss. At this
point the andalusite schist, sillimanite gnei~s, a~d

leucogranite preserve a common Sm-Nd lSOtOP~c

signatures, whereas the Rb-Sr system was In

disequilibrium due to unequilibrated source differences
and/or major phase redistribution.

The Sr-Nd isotopie similarities between the
leucodiatexite and the Bt granite, imply a common source
for these two rocks. The age of metamorphism and that of
crystallization of the granite, their Sro (-0.709 related to
150 Ma) and ENdt values (-4.4, -4.9) are lower and higher
respectively than those of the sillimanite gneiss, but are
still indieative of a significant crustal component. It
seems to be probable that the source region of the
migmatites, 150 Ma ago, was isotopically more variable
than it is shown by the two analysed high-grade
metasedimentary rocks, and may have been more akin to

AGES AND Sr-Nd ISOTOPE COMPOSITION
The initial Sr and Nd compositions were calculated at

both 150 Ma (age of the high T - low P metamorphism;
Calderon et al., in prep.) and 100 Ma (K-Ar biotite and
muscovite ages of metamorphic rocks, migmatites and
granitoids; Calderon et al., 2001), the presumed time~ of
metamorphic recrystallization or rock formation,
depending on the lithology (Fig. 2). The K-Ar age of t~e

Ms-Grt leucogranite and the Bt-Hbl-(Aln) monzogramte
were obtained on medium grained muscovite and primary
biotite, respectively. The Bt granite (sample FF99-09)
which crops out at Fiordo Eyre, has a crystallization age
of 151 ± 1 Ma (SHRIMP V-Pb age; Martin et al., 2001)

Both high-grade metamorphic rocks have high
87Sr/86Sr ratios related to 150 Ma (Sro) of 0.7156 (And
schist) and 0.7134 (Sil-gneiss), and correspondingly low
initial ENdt values of -7.6 and -7.1, respectively. At 150
Ma, the leucodiatexite and the Bt granite have slighdy
less radiogenic Sr and more radiogenie Nd, but they are
indistinguishable from each other (Sro of 0.7089, and
ENdt values of -4.4 and -4.9, respectively). At 100 Ma,
the leucodiatexite has a higher Sro (0.7116) and lower
ENdt (-4.9). The Grt-Tur leucogranite, showing a high
Rb/Sr ratio of 5.25, is charaterized by isotopie
compositions generally comparable to the metasediments,
especially related to 150 Ma (Sro = 0.7127 and ENdt =
6.5; Fig. 2). The porphyritie monzogranite, for the
relevant age interval, has the lowest Sro in this group
(0.7073 - 0.7081) but a Nd isotope relation very similar
to the high-grade metasediments (ENdt = -7.6 at 150 Ma,
-8.1 at 100 Ma).

There are similarities between the isotope
compositions of the Ms-Grt leucogranite and the Bt-Hbl
(Ain) monzogranite. For the leucogranite at 100 Ma the
Sro is 0.7067 and the ENdt -1.8. In the case of the Bt-Hbl
(Ain) monzogranite the Sro is 0.7049 and the ENdt -2.6.
At 150 Ma lower values for Sro and less negative ENdt
were obtained (Fig. 2).

The metamorphic rocks have depleted mande model
ages (TOM) of 1408 (And-schist) to 1358 (Sil-gneiss) Ma.
Similar values of 1339 Ma and 1392 Ma are obtained for
the Bt granite and porphyritie monzogranite, respectively,
but the TOM model age of the leucodiatexite is lower
(1169 Ma). The Ms-Grt leucogranite and the Bt-Hbl
(Ain) monzogranite also have a lower TDM of 1206 and
1280 Ma, respectively. The model age of the Grt-Tur
leucogranite is unrealistie related to the high 147Srn/l44Nd
ratio in this rock, probably associated to an
unrepresentative population of gamets in the analysed
material. This problem is overcome in models that
incorporate an additional stage of crustal residence after
differentiation from the depleted mande but preceding the
formation of the final rock, such as that of DePaolo et al.
(1991). These 'crust-derived' model ages show that ~~e

high-grade metamorphic rocks and the porphyntlc
monzogranite share similar initial mande separation ages
of 1520-1560 Ma. The Grt-Tur leucogranite gives a
comparable value of 1474 Ma, the leucodiatexite and Bt
granite slighdy younger values of 1320 - 1360, and the
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the wider range exhibited by the EAMC according to the
data of Weaver et al. (1990). Thus, it is reasonable to
suppose that the leucodiatexite (Edén gneiss in Fig. lb)
was generated by anatexis during Late Jurassic high T 
low P metamorphism recorded in the sillimanite gneiss,
and that a similar petrogenesis applies to the Bt granite.
The porphyritic monzogranite has an even lower Sro
(0.7073) than the leucodiatexite and the Bt granite, but its
eNdt value (-7.6 related to 150 Ma) is indistinguishable
from those· of the high-grade metamorphic rocks.
Moreover, the Sm and Nd contents of ail three igneous
rocks are strikingly similar. The real crystallization age of
the porphyritic monzogranite (Monte Albion pluton in
Fig. 1b) and its cooling history are not known. However,
because it preserves small schlieren of anhedral biotite
that crystallizes under low-oxidizing conditions (QFM foz
buffer, similar than those in metamorphic rocks; Calderon
et al., in prep.) and is delimited to the north and south by
leucodiatexite bodies, we postulate a common process for
their genesis, and hence assume a Late Jurassic age. The
low Sro value implies a higher plagioclase content in the
source than in the analysed metasedimentary rocks,
which again suggest that the latter are not totally
representative of the natural isotopie variation in the
migmatite source. The difference in Sm-Nd signature
between the porphyritic monzogranite and the
leucodiatexite is explained by different degrees of
homogenization between the residuum of a
heterogeneous source and the melt generated.

The Sr-Nd isotopie signature of the Ms-Ort
leucogranite, related to 150 Ma or 100 Ma, suggests a
strong mantle-derived component for their petrogenesis.
Because the Ms-Ort leucogranite has a similar Sr-Nd
isotopie signature to the Bt-Hbl-(Aln) monzogranite, and
both rocks could be petrogenetically related, it is
suggested that the leucogranite may represent a more
evolved marginal phase that was fractionated from the
metaluminous magma chamber. This does not discount
the possibility that the corresponding magmas were
mantle-derived and mixed with partial melts of early
contaminated plutons or metasediments, as proposed by
Weaver et al. (1990).
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INTRODUCTION
The Kaoko Belt - KB (Miller, 1983), located in the

northwestern portion of the Namibian terri tory , is the
result of tectonic interaction between the Rio de la Plata
(South America) and Congo (Southwestern Africa) Plates
during the BrasilianolPan-African Cycle. In general, the
KB is characterized by Pan-African NNW-trending
ductile to ductile-ruptile structures formed by east
vergent regional anticlinaVsynclinal systems of folding
with a well-recognized and important thrust zone in the
Sesfontein region (Sesfontein Thrust Zone - STZ). The
stratigraphy of the KB is largely controlled by these
structures which divide the occidental portion of the belt
in three zones: Western Kaoko Zone (WKZ), Central
Kaoko Zone (CKZ) and Eastern Kaoko Zone (EKZ), each
marked by contrasting tectonic and stratigraphie styles
(Miller, 1983; Dingeldey et al., 1994) (Fig. 1).

a ~j~l ('flnllC'1
_ r nmr\lfltdn (,aNIi,'IJ

K~l~
O~'l~ùnftK4t

I!!Hu..bCllilaflln
• R t;vU tmriu

~K...... A "'"""
_lpUllIIr"lirlfl'b

Figure 1. Geological map of the Kaoko Belt with schematic
structural section (modified From GeologicaJ Map of the

South West AfricaiNamibia, scale J: 1.000.000).

In this work we discuss a section situated in the region of
the Hoanib. Obias, Goreas and Hoarusib rivers,
comprising the eastern part of the WKZ, CKZ and the
western part of EKZ (Fig. 2).

STRUCTURAL GEOLOGY
Based on the Iithostructural mapping of a 640 krnl

area (scale 1: 50,000) we recognized as older tectonic
features of basement structures mylonitic foliation and
related structures which crop out in the preserved
Palaeoproterozoic to Archean blocks. In the reworked
Archaean to Mesoproterozoic rocks and Pan-African
rocks we recognized at least three deformational phases,
which are DI, D2 and D3. Phase DI is herein interpreted
as those mylonitic structures with roughly vergence to
east (as LI and SIon Fig. 2). These structures are poorly
recorded along the Hoanib area, restricted to low strain
areas of D2 deforrnational phase. They comprise mainly
rootless mesoscale isoclinal folds developed in mafic
tonalitic gneisses of the basement, transposed by banding
and shearing of Dl phase. On the other side, both Dl and
Drphases are widely recorded in the gneissic sequence
(ortho- and paragneisses) through NNW-trending banding
and mylonitic zones formed during the transpressive
collision of the Kaoko Belt (Dürr & Dingeldey, 1996).

Phase Dl is represented by two intimately related
pairs of planar-linear ductile high-temperature structures:
gneissic banding (S2band)/mineral lineation (Lzmin) and
mylonitic foliation (Slmyl)/stretching lineation (Lzstret)
(represented as S2 and L2 on Fig. 2). ln the kilometric
scale this phase was responsible for the formation of
NNW-trending/east-verging tightly and overturned
anticlinal and synclinal systems of folds and thrusts,
which characterize the tectonic style of the Central Kaoko
Zone. Kilometric-spaced and narrow zones of lower
temperature shear are described as D) deformational
phase in the Hoanib Area. This phase, characterized by
meter width mylonitic to ultramylonitic bands, deformed
ail gneissic sequences. They are represented by steepJy
dipping S3 myJonitic foliation with average orientation
around 354°/67°SW and directional stretching lineation
14°/338° to 14°/157° (not represented on Fig. 2). The
kinematic indicators (e.g. asymmetric porphyroclasts) for
this phase point ta a sinistral top-ta-SE sense of
movement as equally determined for the Drstructures.



Short Papers - IV South American Symposium on Isotope Geology

Main Structures

Slrike-slip ~ Dyke
shear zone

Nappe anliform (a) and synform
(b) with plonge indicalion

a b
_/p' Thrust surface: a) delined and

_-,,,. b) suggested

~.., Low lemperalUre shear zone
, (PSZ)

Magmalic foliation

Magmalic lineation

Geological Units

Gamet-bearing Uhima granites
Uhima granites

Damara metasediments

1.5 Ga Trondjhemitic and dioritic gneisses ~I;~~I
1.7-1.8 Ga Tonalitic-diorite-gabroic gneisses
Tonalite-trondhjemites gneisses

1.9Ga granite-gneiss
Archaean granite-gneissE::I

20t L2 Slrelching lineation "

~80 S2 foliation

I.l,. LI SlreIching lineation

~ S 1 foliation

i basement lineation
03
'15 basemenl foliation

B
o
1

Figure 2. Lithostructural map of Hoanib Valley River region, Kaoko Belt, NW Namibia (Lu ft, in prep.).
A=PZ-Ol, B=PZ-15-1A, C=PZ- L50, 0=PZ-17B, F=PZ-19A e PZ-29C.

GEOLOGY OF HOANIB VALLEY
Based on their rock characteristics, structural style

and relative/absolute age relationships (including the ages
obtained in this work) we recognize six main units in the
Hoanib Valley and adjacents areas Archaean granite
gneiss; 1.9 Ga granite gneiss; 1.7-1.8 Ga tonalitic/
trondjhemitic and dioritic/gabbroic gneisses; 1.5 Ga
trondhjemitic and dioritic gneisses; Damaran

metasediments and granitoids.
The Archaean gneisses correspond to a rigid eastem

block (Fig. 2) that represented as the hinterland region for
the east-vergent Pan-African agglutination (fold and
thrust system). This unit comprises 2.6 Ga old
granodiorite gneiss (Seth, 1998) metamorphosed in the
greenschist facies.



In the vicinity of Goreas River, 1.9 Ga augen gneiss
crops out as NNW-trending gneissic body of six
kilometers length and 500 meters wide. It is composed of
amphibolite facies monzogranitic gneiss with weIl
preserved porphyritic and cumulate textures in his central
portion, and with a pervasive mylonitic foliation along
the border. This unit is tectonically juxtaposed to the 1.7
1.8 Ga tonalitic/trondjhemitic gneisses by the Pan
African deformational phases (D2/D3 phases).

In the central portion of the studied area, the 1.7-18
Ga sequence is represented by NNW-trending
amphibolite facies gneissic association composed by
centimeter- to metrical-wide interlayered
tonalite/trondjhemite gneisses with minor amount of
dioritic gneisses and local xenoliths of gamet-schists and
gabbros. This sequence records a very heterogeneous
defornlation along the central domain of the belt (high
and low deformational zones), represented by km to cm
spaced folding, banding and shear zones generated during
three deformational phases described above. In the low
deformational zones occur igneous textures and primary
relationship of the tonalite/trondjhemite gneisses and
gabbroic.

The 1.5 Ga trondhjemitic-dioritic gneisse are exposed
as m-wide bands intrusive in the 1.7 - 1.8 Ga sequence.

The Damara metasedimentary units are represented by
marbles, gamet-bearing quartzites, quartz-schists and
metarenites (Kuiseb Formation) and metavolcanics,
observed as cm to km layers and/or lenses thrust on the
older units (Fig. 2).

The westemmost portion of Hoanib Valley is
dominated by a sequence of Pan-African porphyritic
biotite-rich monzogranites and granodiorites (Uhima
granites) with later injections of felsic gamet-granites.
The dominant phase observed is a porphyritic
monzogranite with igneous layering and biotite schlieren.

ISOTOPE RESULTS
U-Pb zircon and Sm-Nd WR Isotopic studies have

been carried out on rock samples of the region (see
location on fig. 2). Zircon ages were obtained at the
Research School of Earth Sciences of ANU (SHRIMP
method) and Laborat6rio de Geologia Isot6pica of
UFRGS (TIMS method).

The TIMS zircon age for augen gneiss is 1968±7
Ma which is similar to· those ages obtained by Seth
(1998) for the same unit.

Samples of Central Kaoko were dated by
SHRIMP which provided two crystallization age groups.
Two samples (one dioritic gneiss and one tonalite gneiss)
yielded ages of 1731± 8 Ma (sample PZ-29 C) and
1763±10 Ma (PZ-15-1-A), respectively. We collected
two samples of younger geisses cutting the
dioritic/fonolitic rocks above. They are tonalitic and
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syeno granitic gneisses, strongly mylonitized, which are
1500±19 Ma and 1503±12 Ma old, respectively. The
syenogranitic gneiss has a metamorphic border with a
Pan-African age (510 Ma), which we interpret as the
result of Pan-African deformation

Sample PZ-15-1-A has been dated by the single
crystal TIMS method yielding the age of 1718±81 Ma.

The Pan-African granites have been dated by the
TIMS and SHRIMP methods, yielding ages of 568 ± 6
Ma and 557±6 Ma.

Sm-Nd analyses have been carried out at the
Laborat6rio de Geologia Isot6pica at UFRGS. The of 1.9
Ga augen-gneiss show €Nd(t = 1.9 Ga) value of -4.6 and
TDM of 2.5 Ga. The gneissic rocks crystallized at 1.73 to
1.76 show positive €Nd(t) values and TDM ranging from
2.3 to 1.73 Ga, while those rocks crystalyzed at 1.50 Ga
have €Nd values of -2.11 to -5.36 and TDM of 2.03 to
2.34 Ga.

CONCLUSIONS
Based on the lithostructural mapping we recognized

six units in the Hoanib Valley which have been described
before. However in the Central Zone of the mostly Kaoko
Belt two tonalitic-throndjemitic-dioritic sequences which
can be divided into a 1.73-176 Ga magrnatic arc and a 1.5
dioritic-tonalitic intrusions are recognized.

The older tonalitic-trondhjemitic-dioritic sequence is
represented by juvenile material (positive €Nd values and
model ages 2.3 to 1.73 Ga) while the second is
characterized by reworked crustal material at 1.5 Ga. It is
important to emphasize that these sequences has not yet
been described in the Kaoko Belt and are here called the
Mudorib Complex.

The metamorphism of the Kaoko Central and Western
Zones has been already dated by U-Pb monazite method
from gneiss samples which yielded the age of 550 Ma
(Franz et al., 1999). Our single data of metamorphic
zircon border confirms the Pan-African deformation.
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INTRODUCTION
The Dom Feliciano Belt (DFB) is part of a major

orogenie system of the Brasiliano-Pan-African Cycle
situated at the continental margin of southem Brazil (Fig.
1). From the tectonic point of view these rocks formed as
result of an oblique collision that affected both African
and Brazilian margins during the Neoproterozoic to Early
Paleozoic times. Such tectoruc record is weil exposed in
the Dom Feliciano Belt (Uruguay and southern Brazil),
Kaoko Belt and Gariep Belt (southern Africa). The DFB
is marked by NE-SW trends, encompassing flat-Iying
thrusting and strike-slip structures (Fernandes et al.,
1992;, Chemale Jr. et al., 1995). It consists of granitic
gneissic-migmatitic terranes with multiple magmatic
intrusions, mostly controlled by transcurrent shear zones.
One of these structures is the Major Gercino Shear Zone
(MGSZ), a NE-SW dextral transcurrent structure located
at the northern Iimit of the Dom Feliciano Bell.

WESTBRN GONDWANA

PaICOlOic behs

D BmsilianolPa.n-African bel!>

• Arquean - Paleoprolero7.0i••ratoll

Figure 1. Distribution of the Archean to Paleoproterozoic
cratons (WA-West Africa, C-Congo, K-Kalahari, EA-East
Africa, AM-Arnazônico, SF-Sao Francisco, RP-Rio de La

Plata) and Neoproterozoic to Early-Paleozoic belts of
the western Gondwana with location of the studied area.

In order to establish the temporal relationship between
magmatism and shearing processes, we carried out U-Pb
zircon dating on several intrusions from the Porto Belo
region, at the northem extreme of the MGSZ. A better
approach on the magmatic evolution is herein presented
using Sm-Nd methodology to establish the time of crustal
residence and probable sources of granitic magmas within
the shear zone and in adjacent units.

GEOLOGICAL SETTJNG
The Porto Belo-Itapema region is located in the state

of Santa Catarina, southern Brazil (Fig. 2). From NW to
SE, Huee major tectonic domains are distinguished
according Basei (1985), namely: External (Luis Alves
block or craton), Intermediary and Internai (Dom
Feliciano belt or F1orian6polis Batholith), separated by
the Itajaî-Perimb6 and Major Gercino shear zones,
respectively (Fig. 2a).

ln the External Domain the main unit is the
Paleoproterozoic Santa Catarina Granulitic Complex,
whose primary evolution is Neoarchean. This terrane
shows mostly Palaeoproterozoic metamorphism and
deformation, but there are sorne discrete shear zones
which eut across the older structures. This domain also
includes a Brasiliano (Neoproterozoic to Cambrian)
voJcano-sedimentary sequence (ltajaî and Campo Alegre
basins) that presents sorne ductile-ruptile oblique
thrusting structures.

The Intermediary Domain comprises the Brusque
Metamorphic Complex (BMC) and the Camboriu
Complex (CC), both deformed in the Brasiliano Cycle.
The BMC is a volcano-sedimentary sequence of uncertain
age (Paleoproterozoic or Neoproterozoic)
metamorphosed under greenschist to amphibolite facies
conditions, while the CC consists of Paleoproterozoic
granitic-gneissic rocks. Neoproterozoic granitic intrusions
are also described in this domain.

The InternaI Domain (Dom Feliciano Belt) is a shear
belt made up by several granitic intrusions of calc
alkaline to alkaline signatures ranging from undeformed
to intensely deformed bodies, and remnants of
Palaeoproterozoic gneisses, migmatites and amphibolites.
This belt is composed of NE- to NNE-trending shear
zones that can be divided into tltree main groups of
structures: (i) the sirustral transcurrent N2üE-S2ÜW shear
zones, (ii) the dextral transcurrent N45E-S45W shear
zones, and (iii) sinistral transcurrent NS-trending shear
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zones. Based on the available data, these shear zones has
been active mainly from 650 to 590 Ma, but crustal
reworking in lower greenschist facies is also dated by Ar
Ar on biotite of the Sierra Ballena-Dorsal de Canguçu
shear zones at 540 Ma. Flat-lying structures are often cut
by one or more transcurrent shear zones which are
attributed to earlier thrusting (Fernandes et al., 1992;
Chemale Jr. et al., 1995). We interpret such features as
resulting from the initial stages of oblique shear zones
that evolved to transcurrent ones.
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THE MAJOR GERCINO SHEAR ZONE
The MGSZ is a megastructure composed of several

anastomosed segments that deform earlier granitic
gneissic rocks and contain successively emplaced
syntectonic granitic bodies. In the Porto Belo region, the
MGSZ consists of a 5 to 6 km-wide and 14 km-long
(total length within the Santa Catarina State is around SO
km) (Fig. 2a-b). According to Bitencourt (1996) this
structure results from simple shearing at ductile-brittle
conditions (350°C to 4S0°C and 2 to 5Kb), with dextral
shear sense, variable and no symmetric strain from the
border to the center.

PARANA
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Figure 2. A) Main geoteetonie units of the Santa Catarina state, southern BraziJ (rnodified after Chemale Jr. et al., 1995).
B) Geologie map of the Porto Belo-Itapema region, Santa Catarina state, Brazil (after Biteneourt, 1996; UFRGS, 2000).
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Bitencourt (1996) describes two major rock
associations in the region (a) granitic-tonalitic
orthogneisses with flat-Iying metamorphic foliation,
defined as embasement to the Brasiliano rocks, and (b)
deformed to undeformed granitic rocks intimately related
to the MGSZ evolution. Based on field relations,
petrography and geochemistry, Bitencourt and Nardi
(1993) divided the shear zone-related granitoids into: (i)
High-K, calc-alkaline, early transcurrent Quatro I1has
Granitoids, (ii) Early transcurrent, peraluminous Mariscal

Granite, (iii) Syn-transcurrent, shoshonitic, Estaleiro
Granodiorite, (iv) late-transcurrent, metaluminous, mildly
alkaline magmatism of the Zimbros Intrusive Suite
represented by the Zimbros and Morro dos Macacos
granites, rhyolites and mafic rocks, sometimes forming
composite dykes. The Morro dos Macacos Granite
consists of an isolated, dominantly massive intrusion,
interpreted as a batch of magma emplaced outside the
shear zone.
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Figure 3. U-Pb zircon ages for the analyzed samples.
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Figure 4. ENd versus time diagram (De Paolo, 1981) for the
studied samples (see Fig. 2b for reference).

590 Ma c1early suggests the tinùng of the transcurrent
process, as defined by Bitencourt (1996). The Sm-Nd
data support a clear separation between the internaI and
intermediary domains magmatism, where the rocks
Intermediary Domain presents more negative ENd (1)

values for Brasiliano crystallized ages and Archean
model ages for most of analyzed samples. The Sm-Nd
isotope signature of the Porto Belo region (Internal
Domain) display model ages always lesser than 2.05 to
1.35 Ga which are interpreted to be nùxing source of
reworked Paleoproterozoic crust and juvenile Brasiliano
sources.

32
T(Ga)

-20
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U-Pb ZIRCON GEOCHRONOLOGY
Seven samples were coliected for V-Pb zircon dating

(Fig. 1b). Zircons were separated after crushing, nùliing
and conventional heavy liquids and magnetic procedures.
Lesser magnetic zircons were handgcked and fractions of
single crystal were dissolved with 5Pbp35V spike. The
dissolved zircons have been analyzed at the Laborat6rio
de Geologia Isot6pica of Vniversidade Federal do Rio
Grande do Sul with a multi-colletor VG Sector 54 Mass
Spectrometer and prelinùnary results are presented in the
figure 3.

The oldest V-Pb zircon data have obtained from a
tonalitic gneiss (considered as basement for shear-related
granites, sample PBF-04G) which yielded an age of
646±15 Ma (Fig. 3). The zircon ages for the granites of
the MGSZ range from 641 to 590 Ma. The Quatro I1has
and the Mariscal granites which are intruded during the
earlier stages of transcurrent shearing are 641±7.2 Ma
and 631±13 Ma old, respectively. Its important to
emphasize that these granites display flat-Iying structures.
The undeformed sample of syn-trancurrent Estaleiro
Granite have been intruded at 602±3.4 Ma while de
deformed Estaleiro Granite yielded large uncertanity due
to the shearing process that affected this rock. The
alkaline magmatism is dated at 590±3.3 Ma (Morro dos
Macacos Granite) which are the youngest observed age.

DISCUSSION OF RESULTS
The dating of the metatonalite (sample 04G), which is

considered the basement of granites from Porto Belo
region, suggests a Brasiliano age for this rock with model
age around 1.5 Ga. The set of ages between 641 to
631 Ma, obtained for the Quatro Ilhas and Mariscal
granites, could be represent an early flat-Iying stage of
the Major Gercino Shear Zone. The ages between 631 to

Sm-Nd ISOTOPES
Sm-Nd isotopes of the 18 samples of the MGSZ

related rocks (Internai Domain) and 5 samples of the
Intermediary Domain (Fig. 2b) have been carried out at
the Laborat6rio de Geologia Isot6pica of VFRGS. Rock
powders for Sm-Nd analysis were dissolved in Teflon
vial and Sm-Nd extracted using chromatographic
procedures. Isotopic compositions were measured with a
multi-coliector VG Sector 54 Mass Spectrometer.

The granitic rocks of the internaI Domain, which
include tonalitic gneisses and granite-related rocks show
ENd (t) values from -2.5 to -7.5 (for t=646 to 590 Ma) and
TDM model ages (De Paolo, 1981) of 1.35 to 2.05 Ga. The
granitic rocks of the Intermediary Domain have usualiy
older model ages. The Paleoproterozoic Itapema Granite
(Hartmann et al., 2003) display ENd (1) value of -6.1 (for
t=2.0 Ga) and TDM model ages of 2.96 Ga. The
Valsungana Granite has ENd (1) values of -14 to -15 (for
t=650 Ma) and model ages of 2.04 to 1.77 Ga, while the
Guabiruba Granite show ENd(t) values of -22 to -24 (for
t= 590 Ma) and Archean model ages (2.9 to 3.0 Ga).
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Early and Late Cretaceous carbonatitic complexes
from southern Brazil occur along the main tectonic
lineaments of the South America platform. A similar
situation is recognized for the Angolan and Namibian
occurrences in Africa.

Processes of Iiquid immiscibility are believed to have
generated carbonatitic Iiquids, as evidenced by the field
relationships and by the geochemical characteristics.

Calcio-, magnesio- and ferrocarbonatites are
widespread even in the same complex (Fig. 1). The
remarkable scatter of the incompatible elements is
mainly due to (1) the control of accessory phases, e.g.
apatite, pyrochlore, fluorcarbonates and fluorite, and (2)
the repeated overprinting of hydrothermal over
magmatic processes.

Figure 1. Classification of the carbonatitic associations (after
Woolley & Kempe, 1989) in the various complexes and fields

from southern Brazil, Angola and Narnibia. Data source,
Brazil: Morbidelli et al. (1986), Censi et al. (1989), Beccaluva
et al. (1992), Meyer et al. (1994), Huang et al. (1995), Toyoda
et al. (1995), Ruberti et al. (2002), Cornin-Chiaramonti et al.

(2001 a, 2002) and unpublished data; Angola: Alberti et al.
(1999) and therein references; Narnibia: Milner & Le Roex

(I996), Le Roex & Lanyon (1998), Kurszlaukis et al. (1999).
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Sr-Nd-Pb systematics highlight heterogeneous
mixtures between HIMU and EMI mantle components,
Iikewise to the associate alkaline rocks and the flood
tboleiites of the Parana-Angola-Namibia Province
(Fig. 2).

The areal distribution shows that the time-integrated
isotopic enrichment of the carbonatites and alkaline
rocks decreases from West (Eastern Paraguay) to East
(Angola and Namibia), and it is associated with the age
decrease of the alkaline magmatism, i.e. from Early
Cretaceous to Tertiary.

As a whole, the data indicate that the alkaline
carbonatitic magmatism originated from a significant but
small scale heterogeneous subcontinental mantle. In this
scenario, the Walvis Ridge-Rio Grande Rise and Vit6ria
Trindade hotspot tracks might reflect the accomodation
of stresses in the lithosphere during rifting, rather than
continuous magmatic activity induced by mantle plumes
beneath the moving lithosphere (Fig. 3).
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EASTERN PARAGUAY ANGOLA and NAMIBIA
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Figure 2. Sr; and Nd; vs. 206pb/204Pb (initial ratios). Data source, A, Eastern Paraguay: Comin-Chiaramonti et al. (1991, 1995,
1997, 2oolb), Comin-Chiaramonti & Gomes (1996). Castorina et al. (1997), Marques et al. (l999a), Comin-Chiaramonti

(unpublished data); B, Angola and Namibia: Milner & Le Roex (1996), Le Roex & Lanyon (1998), Gibson et al. (1999), Harris
et al. (1999), Ewart et al. (1998), Cooper & Reid (1998), Smithies & Marsh, 1998, Alberti et al. (1999), Kurzslaukis et al.

(1999); East Africa: Bell & Tillon (2oo!); C, Brazil, Early Cretaceous: Toyoda et al. (1995), Huang et al. (1995), Walter et al.
(1995), Garda et al. (1995), Marques et al. (1999a), Gibson et al. (1999), Andrade et al. (1999), Comin-Chiaramonti et al.

(2001a, 2002), Ruberti et al. (2002); Uruguay, Early Cretaceous: Kirkstein et al. (2000); Brazil, Late Cretaceous: Bellieni et al.
(1990), Bizzi et al. (1994, 1995), Toyoda et al. (1994), Meyer et al. (1994), Gibson et al. (1995, 1997, 1999), Carlson et al.
(1996), Thompson et al. (1998); D, Atlantic Ocean: Walvis Ridge, Richardson et al. (1982); Rio Grande Rise, Gamboa &

Rabinowitz (1984); Mid Atlantic Ridge (MAR), Hamelin et al. (1984), Ito et al. (1987), Fontignie & Shilling (1997); om,
Halliday et al. (1988, 1995); Atlantic carbonatites, Hoernle et al. (2002); Tristan da Cunha, Le Roex (1985), Le Roex et al.

(1990); Trindade, Marques et al., (l999b), Siebel et al. (2000); Brazil, Tertiary: Serra do Mar, Thompson et al. (1998), Bennio
et al. (2002); Abrolhos, Fodor et al. (1989); Northeastern Brazil, Fodor et al. (1998); Fernando de Noronha, Gerlach et al.

(1987). DMM, HIMU, EMI and EMIl are approximations of mantle end-members taken from Hart et al. (1992). Il should be
noted that in aIl the diagrams the Rio Grande Rise basalts (not shown) plot in the same field of the Walvis Ridge samples.
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Figure 3. Forces acting on plates in rotational model
iIJustrated for the South Atlantic Ocean (after Smith & Lewis,
19~9, modified). Major rifting occurs parallel to X-X' pre

eXJstmg suture. Intraplate volcanism folJows the second order
sutures (e.g. PG-MO: Ponta Grossa-Moçâmedes Arch, UR:
Uruguay lineament; DM: Damara belt). SA: South America

plate; AF, African plate; RGR: Rio Grande Rise; WR: Walvis
Ridge; TdC: Tristan da Cunha; T: Trindade. FCD: continental

drag; FRP: ridge push; Fsu: trench suction. F, Florian6polis; A,
Anitapolis; L, Lages.
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Carbonatitic complexes show large compositional
ranges relative to the oxygen and carbon isotopes. The
variations are mostly attributable to 1) magmatic
processes, 2) hydrothermal processes, 3) crustal
contamination, 4) deuteric processes. Detennining to
what extent the oxygen and carbon isotope variations are
"primary" or related to crustal processes has important
implications for evaluating the isotopie characteristics of
the source regions (Deines, 1989). In order to address
sorne of these questions, a model of isotopie O-C

fractionation relative to the carbonatites from the Parana
Basin (Southern Brazil, Fig. 1), has been developed. The
oxygen and carbon isotope data are from borehole and
surface specimens. The model of isotopie fractionation of
Ôl80 and ô13C is consistent with isotope exchange during
fractional crystallization of the carbonatite liquid
(magmatic processes) and by isotope exchange between
carbonatitic rocks and H20-C02 fluids at different
temperatures and with different H20/C02 ratios in
hydrothermal conditions.

LAIE CRETACEOUS TERTIARYEARLY CRETACEOUS

Paranâ-Angola-Namibia
moleiitic basallS and
subordinate rhyolites

K-alkaline magmalism

•
•

Na-nlkaline
magmalism

K-alkaline
magmatism

Mainly
Na-alkaline
magmatism

Figure 1. Distribution of the magmatism in the Parana-Angola-Namibia Province (South American and African plates,
Western Gondwana, arranged at about 110 Ma; modified after Comin-Chiaramonti et al., 1997,1999), and location

of the main alkaline-carbonatitic occurrences. Ja, Jacupiranga; Ju, Juqui<'i; Bd], Barra do Itapirapua; Mp,
Mato Preto; RA, Rio Apa; C-S, Cerros Chiriguelo-Sarambf; ASU, Asunci6n-Sapucai Province.
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Figure 2. Plot of Ôl8Ü (V-SMüW) vs. Ô13C%0 (PDB-I) vs. Ô13C for the primary carbonates and carbonatites from Eastern
Paraguay (Early Cretaceous) and evolution of the Ü-C isotope composition of carbonates (magmatic conditions, i.e. 1200-400°C;

hydrothermal environment: 1 up to 100°C, JI and 111 up to 80°C; low temperature conditions: biogenic component with
pH - 5 and temperature =40-80°C). Arbitrary starting compositions: Ô13ü =30%0, ÔI8Ü =0; cf. Taylor, 1978 and

Usdowski, 1982). CLM: continentallithospheric mantle (Kyser, 1990). Cc, carbonates; 1 and 2: regression
lines [rom field and borehole samples, respectively. Primary carbonatites after Taylor et al. (1967) and

Keller & Hoefs (1995). Data source for Valle-mi carbonate platforrn:
Castorina et al. (1996).

The O-C isotope compOSItIons of the carbonatites
from the Parana Basin appear to be in general in
agreement with a magmatic origin from hypercryticaJ
fluids with CO2/H20--Q.2-0.6 molar ratios and
temperatures ranging from 700 to 400°C (i.e.
"orthomagmatic vs. pegmatitic" environment; cf. WyJJie,
1989). However, significant variations in O-C isotope
compositions are noticed in primary carbonates of
alkaline rock-types and associated carbonatites and are
mainly due to isotope exchange between carbonates and

H20-C02 rich fluids; magmatic processes, i.e. fractional
crystallization or liquid immiscibility, probably affect the
018 and 013 values by not more than 2%0. The isotope
exchange model implies that the main isotopic variations
occurred at low temperatures, in a hydrothermal
environment, e.g. in the range 400-S0°C, involving fluids
with a CO2/H20 ratio ranging from O.S to 1.

Two main paths of 0180 and 013C fractionation
appear to be generated by the emplacement levels (Figs. 2
and 3).
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Figure 3. Plot of Ol80%0 (V-SMüW) vs. o13C%o (PDB-l) for carbonatites from the PAEP. For comparison the fields relative
to sedimentary carbonates, groundwater calcite and marbles are also shown. Data source: Scheibe & Formoso

(1982), Censi et al. (1989), Robaina et al. (1991), Reid & Cooper (1992), Castorina et al. (1994, 1997),
Huang et al. (1995), Walter et al. (1995), Santos & Clayton (1995), Speziale et al. (1997),

Alberti et al. (1999), Ruberti et al. (2002), Comin-Chiaramonti (unpublished data).
PC: "primary carbonatite box" (Keller & Hoefs, 1995).
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Weathering and groundwater fluids are locally
important, as weIl as meteoric water, which yielded
samples strongly enriched in light carbon due to
contamination by a biogenic component.

The addition of carbonates from the country rocks to
"fresh" and even to "overprinted" carbonatites, as
suggested by Santos & Clayton (1995) (e.g. Açungui
Group: Ô180 = 25.0 to 24.4 and ô13C = 3.5 to -8.6%0),
appears to be unnecessary to explain the considerable
enrichment in both heavy oxygen and carbon of sorne
samples. This interpretation is also supported by the
initial 87Sr/86Sr and 143Nd/144Nd isotope ratios of the
carbonatites that mantain the same values of the
associated alkaline rocks.
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INTRODUCTION
The subcontinentallithospheric mande, assumed to be

the portion of the lithosphere below the Mohorovicic
discontinuity and above the asthenosphere, can be
defined in terms of its chemical, thermal, seismic and/or
mechanical properties. Simple petrological and chemical
models have been suggested for the bulk composition and
mineralogy of the oceanic lithospheric mande
(Ringwood, 1982). However, for the understanding of the
subcontinental lithospheric mande composition and
mineralogy, difficulties have arisen due to its long-term
evolution and processes responsible for continuous
changes of its composition (McDonough, 1990). Sorne of
these processes have been described as metasomatism.
Metasomatism is defined as the percolation of fluids or
melts through the mande inducing its compositional, and
in sorne cases mineralogical, modifications. The
rnetasomatie agent has been attributed to products derived
either from the asthenosphere undemeath or from the
subducted crust in compressive regimes. In both cases,
and in a simple constrain, the isotopie composition of a
lithospheric mantle, initially characterized by depletion of
incompatible elements, must change due to incorporation
of more radiogenic Sr, but less radiogenic Nd once this
mande undergone es a metasomatic event. This simplistic
model assumes that the metasomatic agent will be mixed
to the depleted mande lithosphere by "two-end member
simple mixture process" and do not consider
chromatographie process that could take place due to the
different mineraiogy with different partition coefficients
related to Sm and Rb. Sorne authors, however, have been
calling attention to this possibility (Navon & Stolpler,
1987; Bedini et al., 1997; Hauri, 1997).

Spinel- and/or garnet-bearing ultrabasic mande
xenoliths brought to the Earth' s surface by intraplate
alkaline basalts provide direct information on the nature
and processes involved in the modifications of the
subcontinental mantle lithosphere, such as mande
metasomatism. These xenoliths have been used to
identify processes involved in the growth of the
continental lithosphere, constrain the tectonic setting of
its formation and provide an estimate of the primitive
mande composition. Additionally, geochemical and

isotopie studies have been done on these xenoliths in
order to provide further insights on the composition of
magmas. These studies, however, are based on the
hypothesis that sorne magmas, such as ultrapotassic,
kimberlites and sorne rinds of basalts, could be derived
from the lithospheric mande. This assumes that this part
of the mande is able to melt, in spite of its refractory
characteristic, to generate basalts or mande derived
magmas.

Problems in studying mande xenoliths and processes
responsible for the changing of its pristine composition
arise from several areas. After the exposition of the
xenoliths to the surface, supergenic processes could
change its isotopie composition increasing radiogenie Sr
and depleting radiogenic Nd. Infiltration of the host
material (in general alkali basalts and kimberlitic melt)
into the xenoliths will tend to equalize xenoliths isotopie
characteristics to the host magma isotopie composition.
In general, such evidence has been wrongly used by sorne
authors to argue that the host magma could be generated
from a mande with the same characteristic of the mande
xenoliths included in them. The discrimination of these
secondary processes (supergenic and magma infiltration)
from the primary processes (depletion event and possible
metasomatic events) must be carefully done. The
characteristic, origin and how metasomatic agent proceed
in the xenoliths must be determined therein.

SOUTH AMERICAN LITHOSPHERIC MANTLE
AND THE STUDIED XENOLITHS

The western part of the South American plate is a
natural laboratory for petrological investigations of the
subcontinental lithosphere due to the complex tectonic
arrangement of the Andes. This complexity has its basis
on the configuration of an active continental margin in
which two oceanic plates (Nazca and Antarctic) with
different velocities subduct under a continental margin
formed by several events of accretion. Besides that,
variation on the subduction angles along the active
margin and the presence of seismic and asseismic ridges
help to define four distinctive zones of active volcanism
(Rarnos, 1999): the Northem, Central, Southem and
Austral Volcanic Zones (NVZ, CVZ, SVZ and AVZ,
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Figure 1. Present geodynamic configuration of the South American continent. Circles indicate
localities of studied samples: M - Mercaderes, A - Agua Poca, C - Chile Chico, G 
Gobemador Gregores (Lote 17), R - Cerro Redondo. Modified after Ramos, 1999.

respectively, Fig. 1). Flat-slab segments without evidence
of vo1canism separate these zones, except the SYZ and
AYZ that are separated by the subduction of the Chile
Seismic Ridge, which comprehend the limit between the
Nazca and Antarctic plates. Spinel- and/or gamet
ultrabasic mantle xenoliths are frequently described in ail
zones associated to alkaline basalts, except in the CYZ
where crust appear to be thicker.

This study comprises a synthesis of the observations
on 19 ultrabasic mantle xenoliths that came from 5
separate alkaline basaIt centers in the Cenozoic to Recent
vo1canoes from the Andes (infra and back-arc volcanoes
in convergent plate areas). Nine of them came from
Mercaderes (1°45' N,77° 3' E) - Colombia (NYZ), in
which 2 samples are spinel-Iherzolites and 7 samples are
garnet-Iherzolites and harburgites. Three samples from
Agua Poca (67° 07' W. 37° 01' S), and one sample from
Oule Chico (46° 20' Sand 71 °50' W) came from the
SYZ. The other seven samples are spinel-Iherzolite and
harburgite from the AYZ. They correspond to six samples
from Cerro Redondo (70°08' W, 49°07' S), and one
sampie from Gobernador Gregores (48.5° S, 70.2° W).
Fine-grained texture veins filling fractures cutting
crystals and matrix indistinctly are ubiquitous in Cerro
Redondo xenoliths. Geothermobarometry suggests that

these xenoliths crystallized under 1100° to 1200° C and 3
to 4 GPa (grt-peridotites - based on Mercaderes xenolith
Weber, 1998) and 815° to 1226°C and 1 to 2 GPa (sp
peridotite - based on data from Cerro Redondo 
Schilling, 2002).

Sr AND Nd ISOTOPES
Sr-Nd isotopic data are illustrated in Figure 2a-c. In

addition to our results, data from the literature have also
been included: basalts and veined- and unveined-, garnet
and/or spinel-xenoliths from Pali Aike (Stern et al., 1990,
1999); basalts and metasomatized (apatite and phlogopite
present) xenoliths from Gobernador Gregores (Gorring &
Kay, 2000); and anhydrous xenoliths from Mercaderes
(Weber, 1998). For comparison, OIB, MüRB, BSE and
CPB (continental plate basalts) isotopic data are also
iIl ustrated.

Tests of basait contamination into the xenoliths were
carried out based on the two-end member mixing
(Schilling et al., trus symposium). In Figure 2, the
samples with evidence of this contamination were drawn
with dashed lines. Samples not affected by infiltration of
basalts are drawn with solid lines. Ali xenolith samples
contaminated by the host basalts are displaced along the
same trend of the mantle-derived magmas from ail
Andean vo1canic zones (Fig. 2a), and in the MüRB-OIB-
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BSE trend. However, samples not affected by the host
basait plot within or outside these trends. The ones
plotted outside the MORB-OIB-BSE trend show
enrichment in radiogenic Sr without expressive changes
in the Nd isotope ratio (Fig. 2c).

DISCUSSION AND CONCLUDING REMARKS
Our data suggest that isotopie data of mantle xenoliths

of the South America plate subcontinental lithosphere
plot outside the MORB-OIB-BSE trend. This
configuration seems to characterize sorne kind of mantle
process that ends up in enrichment of Sr radiogenic
composition, without dramatically changing the Nd
isotopic characteristic of the mantle. Such process could
be considered as one kind of metasomatic process that
involves interaction between a depleted mantle and a
metasomatic agent. Carbonatitic melts have been used as
a relevant metasomatic agent due to their high Nd/Sr
ratios (ranging from 0.01 to 0.18) similar to the ratio
observed in sorne metasomatised xenoliths (around 0.05).
However, xenoliths with well-known infiltration of
carbonatitic melts from South America are represented in
the Figures 2a-c by the xenoliths from Gobemador
Gregores and sorne samples of Pali Aike peridotite.
Gobemador Gregores samples usually plot to the left of
the MORB-OIB-BSE trend in spite of the carbonatite
influence, while one sample from Pali Aike plots to the
right side. The Gobemador Gregores sample analyzed in
this study does not show any vestiges of modal
metasomatism characterized by the crystallization of
carbonate. However, it plots far right in the diagram (Fig.
2). This observation demonstrates that the influence of
carbonatitic melts as metasomatic agent result in a
different isotopic signature of the whole rock peridotite,
enriching or not the Sr radiogenic composition and that it
could not be considered a general process.

The understanding of the metasomatic process
requires more than two-end member mixing processes
does. Our data suggest that metasomatism in these
peridotites resulted in sorne kind of Sr and Nd decoupling
that occurred possibly due to different Rb and Sm
partition coefficients of sorne mineraIs present in the
xenoliths, such as clinopyroxene, orthopyroxene and
gamet. Samples from Eastern China (Tatsumoto et al.,
1992) and the North Atlantic region (lonov et al., 2002)
are also displayed on Figure 2c (a and b fields) for
comparison. These samples present model metasomatism
characterized by phlogopite and/or amphibole
crystallization and also plot to the right side of the
MORB-OIB-BSE trend. To explain this behavior, several
authors as Navon & Stolper (1987), Bedini et al. (1997),
and Hauri (1997) also suggest the Nd-Sr decoupling in
the course of metasomatism. A better understanding of
this process is required in order to constrain it.
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Figure 2. Isotope data (this work and from Iiterature) for South American Iithospheric mantle xenoliths. Samples with
basait contamination are drawn with dashed lines. NVZ, CVZ, SVZ and AVZ refer to volcanic areas of South America.

Tectonic setting fields are compiled from ''http://georoc.mpch-mainz.gwdg.def'.OIB-fielddrawusingHawaii,La
Palma, Azores, St. Helena, Easter and Ascension islands. In figure 2c, fields a and b correspond to Eastern China

(Tatsumoto et al., 1992) and North Atlantic (Ionov et al., 2002), respectively. Pali Aike-field drawn hom
Stern et al. (1999), and Gobernador Gregores-field (hydrous xenoliths) hom Gorring& Kay (2000).
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INTRODUCTION
This work presents new single-zircon 207PbP06pb aïe

determinations for Nordestina Batholith (NB; -720 km ),
which is an intrusion located in the central portion of
Serrinha Nucleus (SerN), in northeastern Sâo Francisco
Craton, Bahia State, Brazil (Fig. lA). It intrudes the
gneissic-migmatitic Archaean basement and the volcano
sedimentary sequences of the Rio Itapicuru Greenstone
Belt (RIGB).

GEOLOGICAL FEATURES
The NB shows a north-south elongated shape,

associated with concentric magmatic foliation, which
becomes more intense towards the border, it is interpreted
as the result of syn-tectonic emplacement and correlated
with the compressional Transamazonic event responsible
for the c10sure of the Rio Itapicuru Basin. In this
trondhjemitic batholith there are two predominant
lithologies: (i) medium-grained phaneritic rocks; and (ii)
porphyritic rocks, Iimited to the central portion of the
massif. Granitic dykes and dioritic enclaves are
subordinate lithotypes of this batholith. It is composed
essentially of zoned oligoclase and quartz, with
subordinate biotite, microcline and hornblende. Common
accessories are titanite, apatite, zircon, and allanite.

The studied trondhjemitic rocks show a narrow range
of Si02 contents (68-72 wt. %), low FeO, MgO and
TiOb high AI20 3 (15-17 wt. %), fractionated REE
patterns, weak and variable Eu anomalies, and La and Yb
contents similar to those reported for the Archaean
trondhjemites of East Finland. Geochemically, the
trondhjemite is low-K calc-alkaline, plotting in the
volcanic arc granites field of Pearce et al. (1984). Silva
(1991) suggested that NB geochemical data are
comparable to those of the coeval 2.1 Ga felsic-volcanic
rocks of RIGB.

ANALYTICAL TECHNIQUES
One sample rock (1851) collected in the central

portion of the NB was selected for 207pbP06Pb single
zircon evaporation analyses. The sample is a biotite
trondhjemite which was prepared using standard

techniques of crushing and mineraI separation in the
laboratories of the UFBA Geochemical Department.

Zircon crystals were hand-picked from the least
magnetic fractions and loaded on a canoe-shaped Re
filament.

The single zircon Pb-evaporation analyses (Kober,
1986) were carried out at the Isotopic Laboratory of Para
(PARAISO), at the Federal University of Para
(BélemIBrazil) on a Finnigan MAT 262 thermal
ionization mass spectrometer (TIMS) following the
routine procedure established at the Para-Iso.
uncertainties on zircon ages are reported as 2a (±95% of
precision).

RESULTS
Sample 1851, selected for Pb-Pb age, is located at the

Sitio das Flores Villa in the central part of the NB
(Fig.1B). It is a medium to coarse-grained isotropic
biotite-trondhjemite displaying a porphyritic texture with
plagioclase megacrystrs up to 4 cm. It contains 60%
oligoclase, 30% quartz, 4% biotite, 5% microcline and
1% accessory mineraI (titanite, apatite and zircon).

The analyzed crystals are prismatic, with length/width
ratios varying between 3:1 and 2:1, transparent to
translucent, faintly colored in shades of brown.
Microfratures or translucent borders indicative of
incipient metarnictic alteration were observed in a few
crystals.

Of the nine zircon crystals analyzed, three did not
contain enough Pb for analysis. Only four analyzed
crystals presented good analytical results in only one
temperature stage, supplying very coherent ages between
2.14 and 2.16 Ga. These four temperature steps
corresponding to 106 isotopic ratios were used to
calculate a average age of 2155 ± 9 Ma (MSWD = 3.3)
what is intermeted as the minimum age of crystallization
of the central part of BN (Fig. 2).

The ages obtained by crystals 1851/2 and 1851/3 were
discarded because of discrepant results in relation to the
ages of the other zircon crystals, associate to this fact the
first step of temperature of these crystals supplied highe04PbP06pb) ratios> 0.012.
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Figure 1. (A) Location of the study area in Bahia State (Brazil). (B) Simplified geologicaJ map of the Nordestina Batholith showing
sample localities. 1. Cities; 2. River; 3. Sample with isotopie results; 4. Fault and Fractures; 5. Foliations; 6. Inferred

foliations; 7. GeoJogical contact; 8. Nordestina Batholith: (a) Medium-grain Facies (FFM), (b) Porphyritic
facies (FP); 9. Paleoproterozoic granites; 10. GBRl; Il. Basement.
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Figure 2. Age vs. evaporation steps diagram for zircon crystals from the Nordestina Batholith. Full circle = analyzed zircon
grains; square boxes =subjectively eliminated date; bar =2a. The zircon's number are indicated.

CONCLUSIONS
Other 2°?PbP06p b ages have also been reported for the

NB. Alves da Silva (1994) found an age of 2100 ± 10
(lcr) Ma (Fig. lB) from a sample located to the south of
Nordestina, Rios et al. (1998) measured an age of 2004
±100 (lcr) for a sample located next to Cansançao town.
This latter age show a greater error but overlap within
error bars with the former age.

These ages suggest that the central part (2155 ± 9 Ma)
is older than the borders (2100 ± 10 Ma), but such a
geochronological argument is not consistent with the
geochemical model mesented by Cruz Filho (2003)
indicating that the former was produced by fractional
crystallization of the latter.

ACKNOWLEDGMENTS
This research is supported by the Companhia Baiana

de Pesquisa Mineral - CBPM, the Conselho Nacional de
Desenvolvimento Cientffico e Tecnol6gico (CNPq). This
is the contribution number 142-2003 of the Applied
Petrology Group (GPA).

REFERENCES
Alves da Silva, F.C., 1994. Étude Structural do "Greenstone

Belt" Paleoproterozoïque du Rio Itapicuru (Bahia Brésil).
Tese de Doutorado. Université d'Orleans. France. 307 p.

Cruz Filho, B.E.; Conceiçao, H.; Rios, D.C.; Silva Rosa, M.L.;
Marinho, M.M. 2000. Geologia, Petrografia e
Litogeoqufmica do Bat6lito Trondhjernftico Nordestina,
Nucleo Serrinha, Nordeste da Bahia-Brasi!. Revista
Brasileira de Geociências (submited).

Kober, B.,1986. Whole-grain evaporation for 207Pb1206Pb age
investigation on single zircon using a double filament
thermal ion source. Cont. Min. Petto!., 93:482·490.

Pearce, J.A,; Harris, N.B.W.; TindIe, A, 0.,1984. Trace
elements discrimination diagrarns for the tectonic
interpretation of rocks. J. Petto!. 25:956·983.

Rios, D.C.; Conceiçao, H.; Macambira, M.J.B.; Burgos.
C.M.G.; Peixoto, A,A,; Cruz Filho, B.E.; Oliveira, L.L.;
Lisboa, M.P., 1998. Granitogênese da parte meridional
oriental do Nucleo Serrinha: idade, petrografia e
geoqufmica. In: Conceiçiio, H; Cruz, M.J.M; Sâ, H,J.S.;
Sabaté, P. (Eds.) Contribuiçao ao Estudo dos Granitos e
Rochas Correlatas. Pub. Esp. SBG, Nucleo Bahia-Sergipe.
5: 91-113.

Silva, M.G., 1991. Evidências de uma tectônica de colisao
subducçao no Proteroz6ico Inferior do Estado da Bahia.
Simp. de Geo!. do NE, Recife-PE, SBG, Anais:216-219.

·534 -



Short Papers - IV South American Symposium on Isotope Geology

Sm-Nd ISOTOPIC CONSTRAINTS ON THE ORIGIN OF NORDESTINA BATHOLITH,
NORTHEAST OF BAHIA STATE, BRAZIL

Cruz Filho, RE.l
,3; Rosa, M.L.S.2

,3; Conceiçao, H.3; Macambira, M.J.B.4; Scheller, T.4;

Rios, D.C.3 and Marinho, M.M.5
,3

1. Curso de P6s-Graduaçao ern Geologia; IGEO-UFBA. basilio@utba.br
2. Pesquisadora do CNPq. lourdes@cpgg.utba.br

3. Grupo de Petrologia Aplicada a Pesquisa Mineral- GPA; CPGG; IGEO-UFBA. herbet@pppg.utba.br, debora@cpgg.utba.br
4. Laborat6rio de Geologia Isot6pica (PARÂ-ISO)-UFPA. rnoamac@ufpa.br
5. Cornpanhia Baiana de Pesquisa Mineral- CBPM. cbprndt@cbprn.com.br

Keywords: Batholith, trondhjemite, Paleoproterozoic, zircon, ages

INTRODUCTION
In order to contribute to the understanding of the age

and origin of Nordestina Batholith, new zircon Pb--Pb
geochronologic data (Cruz Filho et al., in this volume)
and whole-rock Nd isotopic characteristics were obtained.

The Nordestina Batholith (NB) is situated in the
central part of the Serrinha Nucleus (SerN), a geotectonic
unit of the northeastern portion of the Sao Francisco
Craton, northeast Bahia State, Brazil (Fig.lA). The SerN
is composed of an Archean gneissic-migmatitic
basement, covered by supracrustal belts that are the
Paleoproterozoic volcanosedimentary sequences of the
Capim Group and Rio Itapicuru Greenstone Belt (lRGB),
and intruded by a wide range of granites. Geochemical
and geochronological data show that the Paleoproterozoic
granites of the SerN include large volumes of calc
alkaline granitoids (2.12-2.1 0 Ga) and alkaline granitoids
(2.10-2.07 Ga) (Rios, 2002).

Although the granites are widespread, representing
approximatly one third of the exposed rocks of the SerN,
their sources are still not weIl understood.

GENERALFEATURESANDAGE
The NB underlies an area of nearly 720 kmz

representing the largest granitic body of the area. It
intruded both the IRGB and basement terrains (Fig. lB). It
is a hololeucocratic rock that is texturally medium to
coarse grain sized and exhibits porphyritic subhedral to
anhedral fabric in the central portion. The NB rocks
frequently enclose mafic enclaves. The NB has a
Z07PbP06Pb minimum zircon age of 2155 ± 9 Ma.

Rocks of the NB have trondhjemitic composition.
Zoned oligoclase and quartz are the main mineraIs, while
microcline is absent or occurs only subordinate amounts
« 5%). Biotite « 10%) is the mafic main whereas
hornblende is rare. Accessories are apatite, zircon, and
allanite.

In terms of chemical .composition the NB rocks show:
SiOz (68 to 72%), MgO (0.6 to 1.10 %), KzO (1.1 to
2.3%) and KzO/ NazO (0.2 to 0.4), enrichment in Ba ('"
451ppm); Zr ("'184 ppm) and Sr ('" 412 ppm), and they
have medium to low contents of Rb ('" 75 ppm), Nb ('" 10
ppm) and Y ('" 8 ppm), fractionated rare earth elements
(REE) patterns, weak and variable Eu anomalies, and La
and Yb contents similar to those reported for the

Archaean trondhjemites of East Finland. They are low
potassium calc-alkaline, and show metaluminous to
weakly peraluminous character. Geochemical data
confirm their volcanic arc signature, as observed in the
other trondhjemite (Pearce et al., 1984). Silva (1991)
suggested that geochemical data for the Paleoproterozoic
calc-alkaline granites are comparable to those coeval 2.1
Ga felsic-volcanic rocks of the IRGB.

ANALYTICAL METRODS
Nd analyses were performed on three representative

samples of the NB (Fig. lB). They were crushed using a
hydraulic press and a representative fraction was powered
in a tungsten carbide shatterbox in the Laboratories of the
UFBA Geochemical Department.

Procedures for dissolution of whole-rock powders,
Sm and Nd separation, and mass spectrometric
techniques were carried out at the Laboratory of Isotopic
Geology of the Federal University of the Para (Para-Iso).
About 50 mg of sample, mixed with 100 mg spike, was
dissolved using HF-HN03 (3:1) in PARR bomb
dissolution. The sample was then attacked with 6.2N HCl
to dissolve remaining residue. Chemical separation of
Sm-Nd was done in two steps, first an ion exchange resin
was employed for separation of the REE, and then, Sm
and Nd were extracted using teflon powder-supported
HDEHP. A MAT 262 mass spectrometer was used to
deterrnine the Sm and Nd contents as weIl as the isotopic
ratios of the whole-rock samples.

Isotopic ratios 143Nd/144Nd are useful to calculate
model ages (TOM), considered as representative of time
when crustal materials were segregated depleted upper
mantle. The notation of ENd was defined as: ENd =
[(143Nd/144Nd)s / (143Nd/144NdkHUR - 1)] x 10000, where s
= sample, 143Nd/l44Nd)CHUR = 0.512638. Sm-Nd model
ages can be calculated in two ways in function of the
fSmlNd factor {= [«147Sm/I44Nd)s / e47Sm/I44Nd)CHUR) 
1)], where where s = sample, (147Sm/144NdkHUR =
0.1967}. The one-stage model age (TOM-1) is calculated
when fSmlNd is within the -0.45±0.10 interval in granitoid
rocks, indicating that there was little or no Sm-Nd
fractionation during magma genesis. When fSmlNd is out
side that interval it is common by assumed that chemical
fractionation event of Sm-Nd took place, possibly during
partial melting of crustal protholith previously recycled
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and enriched (e.g. Sato & Siga Junior, 20(0). In this case,
model ages may be calculated using a double stage model
(TOM.2).

~ 0
39"33'04' .

Figure 1. (A) Location of the study area in Bahia State (Brazil).
(B) Simplified geological map of the Nordestina Batholith

showing sample localities. 1. Cities; 2, River; 3, Sample with
isotopie results; 4. Fault and Fractures; 5. Foliations; 6. Inferred

foliations; 7. Geological contact; 8. Nordestina Batholith: (a)
Medium-grain Facies (FFM), (b) Porphyritic facies (FP);
9. Paleoproterozoic granites; 10. GBRI; Il. Basement.
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In this research, fSm/Nd values are between -0.44 and 
0.50 and suggest that significant fractionation did not
occur in the Sm-Nd system during the process of
formation of the magmas from which the NB crystallized.

Sm-Nd model ages were calculated based on the
depleted mantle (TOM-i) assuming a Iinear Nd isotopie
growth. The equation used is:

TOM 1111. {I + [e 43Nd/44Nd)s 0.513114]1
[e47SmJ i44Nd)s -0.222]}. The decay constant (~ of i47Sm
used in age calculations is 0.00654 Ga-I.

RESULTS AND CONCLUSIONS
The NB rocks have ENd (2155 Ma) values between +

0.39 and +1.99, indicating their relatively juvenile, rather
than recycled, character. The model ages range between
2.18 to 2.23 Ga.

The difference between Sm-Nd model ages (TDM) 
accretion event - and rock formation age T(Pb-Pb in
monozircon) range between 0.020 and 0.13 Ga.

In general, the trondhjemitc rocks are assumed to be
generated through partial melting of a tholeiite
transformed into gamet-bearing amphibolite or eclogite
(e.g. Martin, 1987).

The Nd model ages of the NB rocks indicate that the
magmas that generated these rocks evolved from
Paleoproterozoic mafic protoliths with a short crustal
residence time.
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The Apiaf Folded Belt (as defined by Hasui et al.,
1975) configures an extensive NE-SW oriented domain,
located in the eastern of Parana State (Southeastern
Brazil). It is constituted by mesa to supracrustal rocks,
deformed and metamorphosed at greenscrust to
amprubolite facies, intruded by PaIeoproterozoic and
Neoproterozoic granitic batholiths and stocks.

The Cerne Granite (Fig. 1) covers an area of
approximately 45 krn2

, being recognized like one of most
expressive granitic intrusions of Apiaf Folded Bell. It is
constituted mainly by syenogranites with microcline,
quartz, plagioclase An 7-10, green biotite, Ca-amphibole
and opaque (magnetite, ilmenite and pyrite). The
accessory phases are represenled by sphene, apatile,
fluorite, zircon and allanite. Others terrns like
monzogranites and quartz-syenites are subordinated.

Those rocks show a medium to coarse inequigranular
texture, characterized by megacrystals of microcline (up
to 2cm), with solid to slighlly magmatic flow structures.
Other feature often recognized in the intrusion is
microcrystalline mafic enclaves with syenitic
composition, in spherical forms and centimeter sizes. In
the granite border areas a restricted defonnalion is
expressed by protomylonitic to mylonitic structures,
al ways in small narrows (metric scale) between the
contacts of the intrusion with the surrounding rocks.

According to Prazeres Filho (2000), the Cerne Granite
represents an alkaline magmatism phase (shoshonitic
characler), late 10 pos-orogenic in relation
to the Neoproterozoic Três C6rregos-Cunhaporanga
magmatic arc.

SOUTH AMERICA

J 1 2 3
1

4 ~5 '/7/ 6 7
_8

Figure 1. GeologicaJ sketch of Apiai Folded Belt southern portion. (1) Camarinha Formation; (2) Três Corregos Granitic Batholith;
(3) Cerne Granite; (4) Âgua Clara Formation; (5) Capiru Formation; (6) Votuverava Formation; (7) Betara Formation;

(8) Alcaline Deformed Granitoids.
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between 2: 1 and 4: 1 (Fig. 4). The cathode luminescence
images (Fig. 3) allow recognized sub-types of this zircon
population, showing crystals with igneous zoning,
crystals without zoning and sorne times with presence of
rims and cores. The igneous zoning is defined by
relatively thick strips or by sector zoning. Sorne crystals
show a metamitic aspect. The presence of cores in sorne
crystals, as weil as the radiometric pattern li-Pb, suggest
isotopie inheritance.

Figure 3. Cathode luminescence images. (A, B) crystals with
'irregular' core; (C, D) zircons perturbed; (E, F) concentric

'regular' cores; (G, H) "igneous" zoning sector.

The second zircon population of in the Cerne Granite
samples (type 2) is characterized by larger prismatic
translucent crystals (between 1 and 2 j..lg), balloon form,
with length: width rate between 2: 1 and 1: 1 (Fig. 4).

The two different zircon types mentioned were
analyzed by the 2Ü7pb_2Ü6Pb by step and heat evaporation
method -EVTIMS (Evaporation Thermal Ionisation Mass
Spectometry). The two zircon types showed different
isotopie rations defining different ages (Fig. 5). The type
1 zircon presents a plateau around 600 Ma, quite
imprecise due to low amount of lead, with low detection
in the spectrometer ion counter. The type 2 zircon
presents a little more accurate plateau around 2.2 Ga,
without evidences of Neoproterozoic ages.
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Figure 2. Concordia Diagram for samples of the Cerne Granite.

The most frequent zircons (type 1) are prismatic
transparent crystals with few inclusions and weight
between 0.1 and 1j..lg, showing length - width proportion

The intrusion shows an ellipsoidal fonn, elongated
according to the regional structural trend (NE-SW). The
contact areas between granite ad surrounding rocks are
often made by high angle shear zones (75-90°) and
unusually show evidences of thennal metamorphism. The
granitic body is located in antifonnal folds originated by
the displacement of dextral faults and adjacent shear
zones (Lancinha Shear Zone, Morro Agudo Shear Zone
and Cerne Fault). Fiori (1990, 1993) suggests that Cerne
Grantie was contemporaneous to the development of the
shear zones in ductile conditions, through a process of
simple shear acquiring the present ellipsoidal form.

We documented geochronologica1 dates of Cerne
Granite by integrated li-Pb (zircon) conventional, Pb-Pb
(zircon) evaporation, Ar-Ar (biotite) and Sm-Nd (whole
rock) methods, accomplished in three samples from tue
different facies of the intrusion. The samp1es represent
the granite with rnicrocrystalline enclaves (CER-15), the
isotropie sienogranite (CER-16) and the monzogranite
(CER-23). The three samples seemingly contain the same
zircon types. This typology study of the zircons was
accomplished with the aid of cathode luminescence
images.

The li-Pb (zircon) conventional ages obtained in the
Cerne Granite are characterized by the great discordance
of zircon fractions and, consequently, by the high error.
The Concordia Diagram (Fig. 2) to the three samples of
the Cerne Granite defines lower intercept age about of
563±34Ma and upper intercept age about of
2518± 150Ma. The 10wer intercept age is interpreted as
Cerne Granite crystallization age, supported by Ar-Ar
(biotite) age about of 557±2Ma (CER-16 sample). The
upper intercept age seems to be geological meaningless.
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Figure 4. Images of transmitted light of zircon. Crystals from
types 1 and 2.

250 Jlm

Therefore the Cerne Granite zircon is characterized by
the presence of crystals formed during Neoproterozoic, as
weil as crystals with significant Paleoproterozoic
inheritance. Such inheritance seems to be associated with
possible granite sources. However, part of this population
with inheritance can be represent by captured zircons
during the emplacement of the body. This idea is
supported by Sm-Nd model ages about 2.1 Ga (CER-16
sample) very close, or even younger than ages 20?Pb_206pb
of type 2 zircons.
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Figure 5. Pb-Pb graphies - evaporation of single grain of the
two zircon types.
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(Prazeres Filho, in the press), which characterizes a latter
to pos-orogenic magmatic episode in relation to the Três
C6rregos - Cunhaporanga magmatic arc.

TYPE 1

The Cerne Granite geochronological scenario shows a
great complexity expressed by discordance of zircon
fractions and high error ages, explained here by presence
of different zircon types. Techniques of high precision
(like SHRIMP and LA-ICPMS) are necessary as weil
new cathode luminescence studies for a better
understanding of the zircon morphology.

The Cerne Granite crystallization age about of
563±34Ma (U-Pb, lower intercept) supported by the
granite cooling age about 557±2Ma (Ar-Ar on biotite) is
assumid here. Such age is quite similar to ages obtained
in the Morro Grande and Serra do Carambef granites
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Figure 2. VICEIVICE ratio plot of French Guyana and Guinea
mantle melts, compared with other CAMP data. (mantJe

source fields aFter Hoffman & Jochum, 1996).

Despite interactions with the continental crust (mostly
in Guinea, indicating longer residence time of the magma
within the crust), the observed differences between these
two groups are believed to reflect primary mantle source
heterogeneities. The Guinea magmas (as other low-Ti
CAMP magmas) have a predominant previously enriched
of lithospheric mantle signature (plausibly by
metasomatism or by crustal recycling through
subduction), while the Guyana magmas (as other high-Ti

mostly Jess depleted tNdi values (+0.4 to -5.3) and more
radiogenic 87Sr"s6Srj ratios (0.70481-0.71072).

The Guyana tholeiites share their chemical features
with the nearby high-Ti tholeiites from Liberia and
Brazil. The chemical composition of the Guinean
tholeiites largely overlaps whit that of other low-Ti
CAMP tholeiites, although slightly shifted towards less
radiogenic Nd ratios.

In both Nd-Sr diagram and VICENICE ratios
diagram (very incompatible element ratios reflecting the
relative source abundances, if magmas are
uncontaminated; after Hofmann & Jochum, 1996),
Guyana (and other high-Ti) sampies and Guinea (and
other low-Ti) samples define two distinct fields. The
former display a depleted signature with PREMA-like
characteristics, while the latter has an enriched signature,
trending towards EMIl component (Fig. 2).
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French Guyana and Guinea dykes and sills belong to
the widespread CAMP magmatism which is related to the
break-up of Pangea supercontinent ca. 200 m.y. ago
(Deckart et al., 1997; Fig. 1).

Figure 1. CAMP magmatism around the initial Centra] Atlantic
Ocean (modified From May, 1971; Deckart et al., 1997;

MarLOli et al., 1999).

Guyana dykes and sills consist in tholeiitic dolerites
and gabbros, and can be considered as liquids
characterized by low Si02 (48-50 wt.-%) , high Ti02 (1.4
3.7 wt.-%) and FeO (13-16 wt.-%) contents. Their trace
elements patterns are slightly enriched in LREE patterns
((LalYb)N: 1.5-5.1), but are devoid of Ba, K, Rb, Th
enrichment and no negative Nb-Ta anomaly is observed.
They yield positive tNdi values (+4.2 to +5.8) and rather
Jow, although variable, 87Sr/86Srj ratios (0.70319
0.70509).

In contrast, Guinean sills, dykes and layered intrusion
show a wider petrographie diversity (doleritic, gabbroic,
dioritic liquids and u1tramafic-mafic cumulates). The
mafic suite consists of low Ti02 «2 wt.-%) and high
Si02 (>50 wt.-%) thoJeiites. They display patterns
enriched in LREE ((LalYb)N: 3.2-6.3) and Ba, K, Rb, Th
with sJight-to-strong negative Nb-Ta anomalies.
Isotopically, Guinean samples differ from Guyanan by
their a broader range of isotopic signatures, showing
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magmas) require the additional involvement of a depleted

mantle source, probably located in the asthenosphere.
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Figure 3. Initial Nd-Sr isotope compositions for Guyana and
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INTRODUCTION
Outcrops of plutonic rocks belonging to the PB

conform a 40 to 100 km wide continuous belt extending
from 400 to 560 S in the main Andean Cordillera
(SERNAGEOMIN, 2(02). The Andean Cordillera and
associated magma~ism have been genetically related to
subduction of the oceanic plates below the South
American plate at least since Jurassic times.
Geochronological studies in its southern segment show
magmatic pulses during Jurassic, Cretaceous and
Miocene (Munizaga et al., 1988). Along the 41 0 to 440 S
segment, Early Cretaceous, Miocene and Pliocene
plutonic magmatism are weil represented (Pankhurst et
al., 1992; Duhart et al., in prep.). Also, rare Upper
Cretaceous and Eocene plutons have been reported
(Duhart et al., in prep.). In the segment between 440 and
4r S, plutonic magmatism evidences a complex
geographic distribution of ages, changing, as follows,
from west to east (Pankhurst et al., 1999): Upper
Cretaceous, Early Cretaceous, Eocene, Miocene and
Early Cretaceous. At 480 S and south of 500 S reported
ages range from 146 to 46 Ma (Weaver et al., 1991) and
160 to 12 Ma (Halpern, 1973), respectively. Regionally,
PB is tonalitic to granodioritic in composition, with
scarce gabbroic, dioritic, granitic and leucogranitic
members and locally important K-rich monzogranites.

From 500 to 51 0 S, Madre de Dios Archipelago is
formed by two major islands, Madre de Dios to the north
and Duque de York to the south, and a numbers of minor
islands such as Tarlton, Ramon, Guarello, Caracciolo and
Dofias. These islands show an abrupt relief with altitudes
up to 1,000 m and deep canyons and fiords. The western
half of the archipelago is formed by semicontinuous belt
of Paleozoic-pre-Jurassic rocks representing the basement
of the Patagonian Andes (Fig. 1). The eastern half is
composed by extensive and continuous outcrops of
intrusive rocks belonging to the Mesozoic to Cenozoic
PB (Fig.l).

Three main basement units have been described in
this region (Forshyte & Mpodozis, 1983). The Tarlton
Limestone Unit represents a sequence of massive
limestones with Upper Carboniferous-Early Permian
fusulinide fossils. The Denaro Complex includes a
succession of oceanic pillow basalts with thin layers of
metalliferous chert, chert with radiolarian and caIcareous
sandstones. The Duque de York Complex is represented
by a silicic-clastic sequence formed by sandstones and
shales in a turbiditic succession and conglomerates.

These units have been interpreted as part of an
accretionary prism (Forshyte & Mpodozis, 1983). Under
this interpretation, oceanic type basalts (Denaro
Complex) and exotic terrains (Tarlton Limestones)
previously covered by continental detrital deposits
(Duque de York Complex) were accreted to the
southwestern margin of Gondwana prior to Jurassic
times. In this latitude, Early Cretaceous granodioritic
rocks of the PB were emplaced in these basement units.

THE PATAGONIAN BATHOLITH IN THE
MADRE DE mos ARCHIPELAGO
GEOLOGY

In this area, the PB is conformed by a homogeneous
granodioritic body with an approximately N-S trending
intrusive contact with the basement units to the west.
Rocks are medium to coarse grain biotite granodiorites
with 10cally centimetric oriented microdioritic inclusions.
Granular feIsic W-E oriented metric vertical dykes are
spatially associated to the main granodioritic body and
they are also emplaced in the basement units. Centimetric
vertical basaltic dykes clearly cut both the granodioritic
body and the basement units.

PETROGRAPHY AND GEOCHEMISTRY
Granodioritic rocks in thin sections have

inequigranular hypidiomorphic to allotriomorphic
holocrystalline textures. Main mineraiogy includes
anhedral quartz (35%), subhedral plagioclase with
polysynthetic twins and in cases with strong zonation
(30%), subhedral K-spar (20%), subhedral to anhedral
biotite (10%), opaque minerais (3%) and accessory
tourmaline and zircon (2%). In cases, biotite evidences an
incipient chloritization and sorne plagioclase crystals
exhibit a weak sericitation.

Major element compositions of four samples vary as
follows: SiOz, 71.6-73.5 %; KzO, 1.5-2.1 %; NazO, 3.6
4.1 %; CaO, 2.8-3.2 %; AIz03. 13.6-14.6 %; FezOz. 1.0
1.5 %; and FeO, 1.2-1.4 %. In the AFM diagram rocks
plot in the caIcalkaline field; in the KzO versus SiOz
diagram in the medium potassium field and in the
Peacock diagram they show a caIcic index. Also, rocks
evidence relatively normal Rb (60 ppm), Zr (l00 ppm),
Sr (200 ppm) and Ba (500 ppm) contents. Chondrite
normalized rare earth pattern evidence light REE
enrichment, LalYb ratios close to 10 and two of the
analyzed samples show positive Eu anomaly probably as
consequence of plagioclase cumulates. Rb versus (Y+Nb)
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discriminant diagram classifies these rocks as volcanic
arc granites.

.K-Ar GEOCHRONOLOGY AND Sr AND Nd
ISOTOPIC DATA

Four new K-Ar age determînations on biotite,
separated from the main granodioritic body, in the range
133-140 Ma have been obtained (Fig.l, Table 1). These
ages are slightly older than three ages previously reported
by Halpern (1973), in the range 120 to 125 Ma in the
same area. Although two of which were obtained by
using the Rb-Sr method (125±8 and l20±8 Ma) and only
one by using the K-Ar method (122±6 Ma). The new K
Ar ages are interpreted as cooling ages and are considered
as minimum ages for the plutonic magmatic event in the
Madre de Dios area. Initial Sr isotopic ratios, for the same
samples, are in the range 0.7046-0.7050 (Esc = 4.16-9.45,
Table 2) and the Nd isotopic ratios are in the range
0.512516 to 0.512584 (ENd = -1.03 to -0.04, Table 3).

Table 1. K-Ar ages of granodiorites from the PB, Madre de
Dios area.

Sample Material %K
Ar rad. Ar atm.

Age±2O'
(nV2) (%)

UP-
Bt+chlori te 6.447 36.601 5 140 ± 3

0OO6A

UP-0009 Biotite 5.854 31.434 3 133±3

UP-0021 Biotite 7.123 38.391 2 134±3

UP-0024 Biotite 7.155 38.598 2 134±3

Table 2. Sr isotopic composition of granodiorites (PB), Madre
de Dios area.

Rb Sr Tl
E (87SrJ"6Sr)

Sample 8'RbJ"6Sr 87SrJ"6Sr (K-(ppm) (ppm)
Ar) (Tl) initial

up-
68.56 240.50 0.8250 0.70638 140 5.66 0.7047

0006A
UP· 70.36 208.43 0.9769 0.70686 133 9.45 0.7050
0009
up·

64.24 27L80 0.6842 0.70594 134 4.16 0.7046
0021
UP·

63.13 212.76 0.8586 0.70657 134 8.31 0.7049
0024

Table 3. Nd isotopic composition of granodiorites (PB), Madre
de Dios area.

Sm Nd TDM
Tl

Sample
(ppm) (ppm)

14'Sm/l44Nd 143Ndll44Nd
(Ma) (K- €(rI)

Ar)
UP-

1.347 7.694 0.1059 0.512550 709 140 ·
0006A 0.09
UP· 2.094 10.832 0.1169 0.512516 838 133 -
0009 L03
UP-

1.191 5.226 0.1379 0.512579 939 134 ·
0021 0.15
UP·

L399 6.162 0.1373 0.512584 823 134
·

0024 0.04

Short Papers - IV South American Symposium on Isotope Geology

DISCUSSION
The four new reported K-Ar ages are interpreted as

minimum cooling ages. If the closing temperature for
biotite is taken as 280 ± 40 oC (RoBinson, 1993), the new
ages would represent the time in which the rocks reached
this temperature. In this way, plutonic activity in this
region would have occurred during the lower Early
Cretaceous and in accordance with new geochronological
data of Palfy et al. (2000) in the Berriasiano near the limit
with the Upper Jurassic. These new ages are slightly
older than those reported by Halpern (1973) and both sets
of data could indicate disturbance in the Ar system.
Currently in progress step heating Ar-Ar measurements
for the same samples will help to clarify the last
possibility.

The new K-Ar ages are consistent with ages reported
in a similar geological context along the western part of
the PB at Los Chonos Archipelago (Pankhurst et al.,
1999). The existence of Early Cretaceous and Eocene (?)
Miocene sedimentary units in cases evidencing granitic
detrital sedimentary components in the Chonos
Archipelago and Continental Chiloé, in both cases
intruded by plutons assigned to the PB, suggests that the
PB was generated by episodic magmatism and associated
to episodic intrusion, exhumation and erosion events.

Major, trace and REE composition of the
granodioritic rocks are typical of subduction related

magmatism. Initial Esc and ENd values indicate that the
magma sources are located at the base of the continental
crust, involving a mixing of different geochemical
reservoirs in different proportions, like upper mantle and
lower and upper continental crust. Depleted mantle Nd
model ages suggest mantle magmas differentiation in the
range of 700-900 Ma.
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INTRODUCTION
The Meseta Chile Chico basalts (46°35'-46°47' S 

71 °46' -72°02' W), located southwest of the village of the
same name, belongs to a flood basaIt province that
extends along the oriental side of the Andean Cordillera,
(the Patagonian Plateau Lavas). This Meseta is located on
the back-arc of Patagonian Andes (46° S), just above the
extrapolation of the last Chile Ridge segment that
collided in Pliocene times. The existence of enormous
volumes of basalts forming the Meseta (~270 km3

) and

sorne older andesites near Chile Chico indicates a long
lived, although intermittent, volcanic activity in
Patagonia since Late Cretaceous.

The aim of this work is to point out the particularity
of this Cenozoic volcanism in Patagonia, that evidence
significant changes on the tectonic regime along the
oriental margin of South America, and remark the
influence of the lithospheric plates setting on the volcanic
activity at the surface.
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Figure 1. Simplified geological map of the Meseta Chile Chico basalts (46°35' -46°47' S--7 J°46' -72°02' W), south of Lago General
Carrera. Numbers indicate K-Ar ages (error in 20"). Modified from Suarez and De la Cruz, 2000a.
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REGIONAL GEOLOGY
The oldest rocks exposed south of General Carrera

Lake, in the Aysén Region, southern Chile, are the
volcanic and acid volcaniclastic deposits of the Ibiinez
Group, assigned to the Late lurassic-Earliest Cretaceous.
(Suârez & De la Cruz, 2000b; Parada et al., 2001; Fig. 1).
This unit unconforrnably overlies the Eastern
Metamorphic Complex (Niemeyer et al., 1984; Hervé et
al., 1998), exposed west of the studied area, and is
intruded by many large younger andesitic subvolcanic
bodies (e.g. Cerro Cuadro). The geochemistry of the
lbanez Group indicate calc-alkaline affinity that clearly
relate with subduction volcanism processes. (Baker et al.,
1981; Suarez et al, 1999; Suarez & De la Cruz, 2000b).
Over these Mesozoic rocks, sediments associated with a
marine transgression were deposited as consequence of a
first stage of development of a back-arc basin (Cuenca
Austral), along with sorne volcanics of the Coyhaique
Group. ln the studied area, this group is represented by
the shallow marine facies with continental interbedding
of the Neocomian Cerro Colorado Formation, that
overlies the tuffs of the fbanez Group and appear at the
base of the Meseta Chile Chico (Fig. 1). These
sedimentary rocks are covered by subaerial volcanism in
the Early Cretaceous (Flamencos Tuffs, Barremian,
Suarez et al., 2000; Fig. 1). At the studied area, the
Tertiary is represented by thick sedimentary sequences
and the Meseta Chile Chico flood basalts Upper and
Lower sequences (Niemeyer et al., 1984; Espinoza, 2003)
(Fig. 2).

The Lower Basaltic Sequence of the Meseta (57-42
Ma, Charrier, 1979; Baker et al., 1981; Petford et al.,
1996; De la Cruz & Suarez, unpublished) have an
approximated thiclmess of 500-550 meters, and at the
northern side lies discordantly over the Mesozoic lbanez
Group and, at the south, lies discordantly over the
Neocomian Cerro Colorado Formation (Fig. 1). This
sequence may be correlated stratigraphic and
chronologically to the west with the 57-45 Ma Posadas
Basait (Baker et al., 1981), and to the north with the 42±6
Ma Balmaceda Basalts (Baker et al., 1981; Demant et al.,
1996; De la Cruz et al., in press).

Upper Sequence
9)hO.1

~.3±O.9

Figure 2. Photography from southeast of Cerro Sombrero
hill indicating K-Ar ages (Ma±2o) of sorne lava flows of

the Lower and Upper Basaltic Sequences.
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The Upper Sequence (16-3 Ma; Charrier, 1979) have
a thiclmess of 400 meters covering an area of 300 km2

that correspond to the actual erosion surface. This
Sequence correlates with similar volcanic rocks at the
Argentinean side of the Meseta (Meseta Lago Buenos
Aires Fm.-Upper Miocene- and El Sello Fm.-Early
Pleistocene-, Busteros y Lapido, 1983; Gorring & Kay,
2002). According to Espinoza (2003), this sequence may
be chronologically, and probably genetically correlated
with the Neogene Patagonian Plateau Lavas (Gorring &
Kay,2001).

Southwest of Lago General Carrera outcrops the Late
Paleocene-Early Eocene Ligorio Marquez Formation
(Suarez et al., 2000; Fig. 1), forrned by tropical to
subtropical vegetal fossil-bearing sandstones; the Late
Oligocene-Early Miocene Guadal Formation,
("Patagoniano", FrassineHi & Covacevich, 1999; Fig. 1),
a marine sequence formed by sandstones and mollusk
fossil-bearing beds that overlies with an erosional
unconformity the Lower Basaltic Sequence of the Meseta
and underlies with an angular unconformity the Upper
Basaltic Sequence (Charrier et al., 1979); and the Upper
Early Miocene-Middle Miocene Galera Formation
CSantacrucense", Marshall & Salinas, 1990; Flynn et al.,
2002), mainly formed by sandstones and fluvial
conglomerates. Finally, Pliocene-Pleistocene fluvial
gravel and Pleistocene-Recent glacial deposits are
recognized in this zone.

GEOCHRONOLOGY AND GEOCHEMISTRY
The geochemical analyses were made by ICP-AES at

the Departamento de Geologia of the Universidad de
Chile. Sorne selected samples were also analyzed at the
Centro de Instrumentaci6n Cientffica in the Universidad
de Granada, Espana by ICP-MS. Ali the K-Ar dating was
carried out at the Geochronology Laboratory of the
Servicio Nacional de Geologfa y Minerfa in Santiago,
Chi le. Sample dating was carried out on whole-rock (13
samples) biotite separates (2 samples) and on an
amphibole inclusion separate.

ln the studied area of the Meseta Chile Cruco
andesitic and basaltic lava flows of Cretaceous (ll1±4 to
102±3 Ma) and numerous outcrops of calc-alkaline
subvolcanic bodies intruding the lbaiiez Group,
representing a Cretaceous calc-alkaline voJcanism
identifled in other parts of the Patagonian Cordillera
(Bano Nuevo Volcanic Complex, Suarez et al., 1996),
conform the first group of volcanic rocks deflOed on this
work. One of these subvolcanic bodies, the high-K
amphibole-bearing andesite of the Cerro Cuadro was
dated at 91 ±6 Ma (K-Ar age on a amphibole separate
from a gabbroic inclusion). This andesite shows a
primitive mantle normalized pattern that evidence an arc
like affinity with a marked Nb-Ta negative anomaly,
medium to small enrichments of incompatible elements
(Fig. 3) and low LREEIHREE ratios (LalYbn=6).

A second group of volcanic rocks deflOed in this work
is formed by the Lower Basaltic Sequence of the Meseta
Chile Chico lava flows together with various volcanic
necks genetically related with them (e.g. the Iherzolitic
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xenoliths-bearing basanite of Cerro Lâpiz, 40.7±1.4 Ma
. fi (87S 86SIII 19ure 1, ri r)o = 0.70312 and f,Nd = +9.9). These .
rocks are mainly olivine alkali basalts with ages ranging
from 55 to 40 Ma (Fig. 1). They are characterized by
strong enrichments in incompatible elements (Fig. 3),
REE patterns showing LREE enrichment with high
LREE/HREE ratios (LalYbn=8-14), HREE depletion
(6-8 x chondrite) and (87Srf!6Sr)o ratios of 0.70385 and
f,Nd values of +5.1.

A third group of volcanie rocks is composed by the
Upper Basaltic Sequence of the Meseta which indudes
two interbedded acid rhyolitic flows. The basalts of this
group yield ages between 8 and 4 Ma. Biotite separates
from both rhyolites yield ages of9.8±0.1 Ma and 9.3±0.9
Ma (Fig. "1). Similarly to in the Lower Basaltic Sequence,
basic lavas from this sequence are alkali olivine basalts
with a similar primitive mantle normalized pattern
(enrichments in LILE, HFSE, high LREE/HREE ratios,
HREE depletion) and isotopic ratios «87Sr/86Sr)o 0.70414;
f,Nd +4.7). Nevertheless, a marked Nb-Ta negative
anomaly and lower concentrations of Ti with respect to
basalts from the lower Sequence (Fig. 3) is observed. The
acid rocks are hornblende-biotite rhyolites characterized
by high LILE concentrations and positive anomalies of
Pb, K and Rb, a marked negative anomalies of Nb-Ta, P
and Ti (Fig. 3), and (87Sr/86Sr)o ratios of 0.70449 and f,Nd

values of +0.7.

DISCUSSION AND CONCLUSIONS
The existence of andesitic lavas with Late Cretaceous

ages and arc-related affinities (Group 1) suggest that
these magmas were generated by common subduction
related processes. According to the geochemical signature
of these andesites, this volcanism developed during a
compressional tectonic regime, active during the
Cretaceous, related with the subduction of the A1uk plate
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(Cande & Leslie, 1986). During the Early Eocene, a new
volcanic episode started with the extrusion in the back
arc region of the lower flood basalts of the Meseta Chile
Chieo, that extended to the Early Late Eocene (Group 2).
Their incompatible trace elements characteristics indieate
a strong OIB-like signature without any influence of arc
and/or crustal components, suggesting an origin by low
degrees of partial melting from a primitive OIB-like
LREE and Ti-enriched mantle source (Espinoza, 2(03).
These geochemical features of basalts could be generated
in an extensional tectonic regime active in Patagonia
during Eocene. This tectonism and subsequent volcanism
are probably related with the collision at -53 Ma at this
latitude of one segment of the Ridge between Aluk and
Farallon plates (Cande & Leslie, 1986) and the opening
of a slab window below the continent (Espinoza, 2003).
Finally, a third volcanic episode, that covered the Eocene
basalts and reached further to the east, began in the Late
Miocene with a bimodal vo1canism (Group 3). Trace
elements and isotopic characteristics of the basalts from
this group indicate an origin from a similar source of than
Group 2, but Ti-depleted. The Nb-Ta negative anomaly,
high La/Sr and LalNb ratios and the Pb and Sr positive
anomalies reflect the influence of sorne slab/arc (?)
components in the magmatic evolution. This fact could
represent a posible remanent of the prior arc-like
volcanism or could be the consequence of a major
cortical interaction. The isotopic values of rhyolites (f,Nd

=+0.7) indicate an origin by crustal melting reflecting the
high intensity of the extension during the first stages. The
flood basaltic volcanism would continue until Late
Miocene-Early Pliocene as long as the slab window
opened by the subduction of the Chile Ridge segment
collided -6Ma ago pass below the Lago General Carrera
region.
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Figure 3. Primitive mantle nonnalized trace incompatible elements diagram of rocks in the Meseta Chile Chieo.
Normalization factors from Sun & McDonough (1989).
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The data presented here is interpreted as consequence
of a long-lived magmatism in Patagonia since Late
Cretaceous to Pliocene times. This magmatism may be a
consequence of sorne kind of "temperature and
compositional anomaly" under this sector of the
continent. The collision of different ridge segments
during the Eocene and Miocene might have produced a
significant change in the tectonic regime in the
continental margin. The opening of slab windows beneath
Patagonia would then allow the upwelling of primitive
basaltic melts from the subslab asthenosphere.

ACKNOWLEDGEMENTS
Field and analysis support was provided by

FONDECYT project number 1000125. This work also
forms part of a geologic mapping project of the Servicio
Nacional de Geologia y Mineria in collaboration with the
Regional Govemment of the XI Region. We also wish to
thank Mr Leonardo Zuiiiga for his field assistance and Mr
Jaime Martinez (U. de Chile) for the chemical analyses.

REFERENCES
Baker, P.E.; Rea, W.J.; Skanneta, J.; Caminos, R.; Rex, D.C.

1981. Igneous history of the Andean Cordillera and
Patagonian Plateau around latitude 46°S. Philos. Trans. R.
Soc. London, Ser. A, 303, pp. 105-149.

Busteros, A y Lapido, O. 1983. Rocas basicas en la vertiente
noroccidental de la meseta dei Lago Buenos Aires,
provincia de Santa Cruz. Rev. Asoc. Geo. Arg., 38 (3-4),
pp. 427-436.

Cande, S.c. and Leslie, R.B. 1986. Late Cenozoic tectonics of
the southern Chile trench. Journal of Geophysical Research,
Vol. 91, W BI, pp. 471-496.

Charrier, R.; Linares, E.; Niemeyer, H. and Skarmeta, J. 1979.
K-Ar ages of basait flows of the Meseta Buenos Aires in
southern Chile and their relation to the southeast Pacific
triple junction. Geology, Vol. 7, pp. 436-439.

Demant, A; Hervé, F.; Pankhurst, R. and Suarez, M. 1996.
Geochemistry of early tertiary back-arc basalts from Aysén,
southern Chile (44-46°S): Geodynamic implications. In
Andean Geodynamics, 3rd ISAG, Orstom editions, Paris, pp.
17-19.

Espinoza, F. 2003. Petrologia y Geoquimica de los basaltos
cenozoicos de la meseta Chile Chico, 46° 35'-46°47'S 
71°46'-72°02'W, XI Region de Aysén, Chile. M. Sc Tesis.
Departamento de Geologia, Universidad de Chile, 220 p.
(unpublished).

Frassinetti, D. and Covacevich, V. 1999. Fauna de
invertebrados fosiles marinos de la Forrnacion Guadal en
Pampa Castillo, sur dei lago General Carrera, Aysén, Chile.
Boletin, 51, Servicio Nacional de Geologia y Mineria,
Chile, 96 p.

Flynn, J. J; Novacek, M.; Dodson, H.; Frassinetti, D.;
McKenna, M.; Norell, M.; Sears, K.; Swisher Ill, C. and
Wyss, A. 2002. A new fossil rnammal assemblage from the

Short Papers - IV South American Symposium on Isotope Ce%gy

southern Chilean Andes: implications for geology,
geochronology, and tectonics. J. South Am. Sci., 15, pp.
285-302.

Gorring, M. and Kay, S. 2001. Mantle processes and sources of
Neogene slab window magmas from southern Patagonia,
Argentina. Journal ofPetrology, 42 (6), pp. 1067-1094.

Hervé, F.; Aguirre, L.; Godoy, E.; Massone, H.; Morata, D.;
Pankhurst, R.; Rarnirez, E.; Sepulveda, V. and Willner, A
1998. Nuevos antecedentes acerca de la edad y las
condiciones P-T de los complejos metamorficos en Aysén,
Chile. En X Congreso Latinoamericano de Geologia y VI
Congreso Nacional de Geologia Economica, Actas II, 133
137.

Kay, S.; Ramos, V. A. and Gorring, M. L. 2002. Geochemestry
of Eocene plateau basalts related to ridge collision in
southern patagonia. Actas dei XV congreso Geologico
Argentino, El Calafate.

Marshall, L. G. and Salinas, P. 1990. Stratigraphy of the Rio
Frias Formation (Miocene), along the Alto Rio Cisnes,
Aysén, Chile. Revista Geologica de Chile, 17, 57-88.

Niemeyer, H.; Skarmeta, J.; Fuenzalida, R.; Espinosa, W. 1984.
Hojas Peninsula de Taitao y Puerto Aysén, 1:500.000, W
60-61, Serv. Nac. de Geol. y Min, Chile.

Parada, M. A; Lahsen, A y Palacios, C. 2001. Ages and
geochemistry of Mesozoic-Eocene back-arc vo1canic rocks
in the Aysén region of the Patagonian Andes, Chile. Rev.
Geo. Chile, v. 28, n° l, pp. 25-46.

Petford, N.; Cheadle, M.; Brewer, T.; Barreiro, B. 1996. Age
and origin of southern Patagonian flood basalts, Chile Chico
Region (46°45'S). In Andean Geodynamics, 3'd ISAG,
Orstom editions, Paris, pp. 629-632.

Suarez, M., De la Cruz, R. and Bell, M. 1996. Estratigrafia de la
region de Coyhaique (latitud 4SO-46°S); Cordillera
Patagonica, Chile. XII Congreso Geologico Argentino y III
Congreso de Exploracion de Hidrocarburos 1, pp. 575-590.

Suarez, M., Demant, A and De la Cruz. 1999. Volcanismo
calcoalcalino en W Provincia Chon Aike: Grupo Ibâfiez,
Jurâsico Superior-Cretacico Inferior temprano, Cordillera
Patag6nica de Aysén, Chile (4S030' -46°30' S). Actas IV
congreso Geol6gico Argentino, Salta II, pp. 186-189.

Suarez, M. and De la Cruz, R. 2oo0a. Tectonics in the eastern
central Patagonian Cordillera (45°30' -47°30'S). Journal of
the Geological Society of London, v. 157, pp. 995-1001

Suarez, M. and De la Cruz, R. 2000b. Geologia de la zona dei
lago General Carrera, Region de Aysén, Chile. En IX
Congreso Geol6gico Chileno. Actas Il, pp. 264-268.

Suarez, M.; De la Cruz, R. and Troncoso, A 2000.
Tropical/Subtropical Upper Paleocene-Lower Eocene
fluvial deposits in eastern central Patagonia, Chile (46°45').
Journal of South American Earth Science, 13 (6), pp. 527
536.

Sun, S. and McDonough, W.F. 1989. Chemical and isotopic
systematics of oceanic basalts; implications for mande
composition and processes. En: Saunders, AD & Norry,
J.M. (edit) Magmatism in the Ocean Basins. Geological
Society, London, Special Publications 42, pp. 313-345.

- 548-



Shorl Papers -IV SOI/th American Symposium on Isotope GeoloRY

UNRAVELLING COMPLEX SHRIMP U-Pb ZIRCON AGES FOR PALAEOZOIC AND
MESOZOIC MAGMATIC ROCKS: FACT OR ARTEFACT

Fanning, M.C. I
; Pankhurst, R.J.2

; Rapela, C.W.3 and Hervé, F.4

1. Research School of Earth Sciences, The Australian National University, Mills Road, Canberra, ACT 0200, Australia.
Mark.Fanning@anu.edu.au

2. NERC Isotope Geosciences Laboratory, British Geological Survey, Keyworth, Nottingham NG 12 5GG, United Kingdom.
rjpt@bas.ac.uk

3. Centra de Investigaciones Geol6gicas, Uni versidad Nacional de La Plata, 644 Calle W l, 1900 La Plata, Argentina. CONICET.
crapeIa@cig.museo.unlp.edu.ar

4. Departamento de Geologia, Universidad de Chile, Casilla 13518, Correo 21, Santiago, Chile. fherve@cec.uchile.cl

Keywords: Geochronology, magmatic rocks, zircon, SHRIMP U-Pb analyses, age dispersions

200f..lm

.. .~. ~ffl.
'9. -.466~. - '!YIlf . ,
~ '. -465r'1Ia/ 1. ,

~ 1 1."- 'l' " •
.."&. ., " , .,. J o~ ~ ~
I(?,...... l ',. t, .. j" ... çf ~~" èY'

!(~'~~;;. ,j' :481 M,

~ -431 Ma-454 ,'vla :'460 Ma

Figure 1. CL image of sectioned zircons grains from sample
GOL-6 showing the dominanl simple zoned magmaIic structure,
with some inherited low U centres. Areas analysed by SHRIMP

are shown as ellipses, labelled with the 206PbP38U ages.

Analyses of the simple zoned rims or tips to grains,
that is, the latest magmatic components, yield SHRIMP
U-Pb data that show dispersion on the Tera and
Wasserburg concordia plot of the calibrated 238U1206Pb
ratios versus the total 207PbF 06pb (no correction for
common Pb has been made to the data normally shown
on this concordia diagram; Fig. 2). The dispersed, or
bimodal age distribution for the data for sample GOL-6 is
highlighted on a relative probability plot of the radiogenic
206PbF38U ages. There appear to be two closely spaced,
partially overlapping peaks. The analysis with an age of
-430 Ma can be reasonably excluded as a single anaJysis
of an area of zircon that has lost radiogenic Pb. For the
remainder of the data, one interpretation is to assume that
the slightly older peak at -480 Ma represents the
magmatic crystallization age and that the slightly younger

EXAMPLES OF BIMOOAL AGE DISTRIBUTIONS
Two samples of granitic cobbles from a Permian

conglomerate in the Deseado massif of Argentina have
elongate euhedral zircon that is c1earJy magmatic in
origin (Fig. 1). Inherited centres to grains are observed
but they are not the focus of this discussion (see Fig. 4).
Such complexity is c1early evident and can be deciphered
from the CL images.

INTRODUCTION
U-Pb zircon geochronology is one of the most widely

used tools to determine the crystallization ages of
magmatic rocks and the timing of high grade
metamorphism. The mineraI zircon is particularly robust
and retains information about crustaJ history even
through melting events. There are now a variety of
analytical methods available to determine U-Pb ages, and
the more widely used methods are: (1) conventional wet
chemistry, isotope dilution thermal ionisation mass
spectrometry (IDTIMS), (2) Sensitive High Resolution
Ion Microprobe (SHRIMP) and (3) laser ablation ICP
MS (LAM-ICP). Each method has it particular strengths,
and weaknesses, but it is our contention that the particular
complexities to be discussed in this paper are a
consequence of geological processes resulting in multiple
generations of zircon crystaJlisation over relatively short
periods of time.

The significant advance in U-Pb geochronology over
the past decade is the ability to consistently analyse tiny
portions or fragments of zircon grains, in particular the
ability to sample a volume -20 IJm diameter by -1 IJm
depth (see Williams, 1998). Perhaps the most far
reaching advance has been the appJication of
cathodoluminescence (CL) SEM images (Hanchar &
Millar, 1993; Vavra, J994; Vavra et al., 1996; Rubatto &
Gebauer, 2000) to decipher the internai structure of
sectioned zircon grains.

From the considerable SHRIMP U-Pb zircon data set
that we have gathered, we often see complex, bimodal or
skewed age distributions particularly in the 206Pb/2J8U
ages of Palaeozoic and younger magma tic rocks. In
general such dispersions cannot be correlated with
obvious internaI complexity as evidenced by CL images
(for example a structurally discordant core and rim) and it
is the nature of this complexity that this presentation will
address.

To highlight and examine the problem of bimodal
U-Pb zircon ages, two examples are shown from a study
of the magmatic history of the pre-Permian basement of
the Deseado massi f in the Dos Hermanos area, Argentina
(Pankhurst et al., in press). We wiJI also draw on an
example from a late Cenozoic magmatic rock in the
Southern Patagonian Batholith, Chile (Fanning et al.,
2001).
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peak at -465 Ma is due to radiogenic Pb loss. Equally
plausible is the interpretation that the younger peak
reflects the magmatic event and that the older peak is a
consequence of inheritance from a slightly older
magmatic crystallisation event.

Interpretation of the data for a second granite cobble
(GOL-2) is perhaps more, or less difficult. The U-Pb
SHRlMP zircon data shows some dispersion on the Tera
Wasserburg plot (Fig. 5); the relative probability plot
appears as essentially a single peak that is skewed
towards the older end of the age spectrum (Fig. 6).

KEY POINTS OF NOTE
These complex age distributions are apparent despite:
• The analyses are of areas that show relatively

simple, continuous zoning with no apparent intemal
structures evident in the CL imaging to indicate different
periods of zircon growth; that is, areas that are interpreted
as simple and continuous magmatic zonation.

• There is no correlation between spot location within
a particuJar grain (or type of zoning) and apparent age.

• The data for both samples were collected during a
single extended SHRIMP analytical session, with a single
calibration for the U!Pb ratio of the reference zircon.

• From our experience, often within such extended
analytical sessions other samples analysed will show a
simple, unimodal age distribution (that is a simple bell
curve on the relative probability plot) indicating one
period of zircon crystallization, implying stable
instrument operating conditions.

• The dispersion is not a consequence of the
analytical uncertainties; that is the 1a SHRIMP errors are
about 1-1.5% per spot analysis and so at about 500 Ma
this is of the order of ±5 to 7 Ma per spot analysis. Any
dispersion would be more apparent if individual spot
uncertainties were ±0.5%, and conversely the dispersion
would not be apparent if the individual spot uncertainties
were ±3%.

• There is no simple correlation between apparent
age and either U or Th concentration, nor ThIU ratio.
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"'Pbf"'U Age (Ma)

Figure 3. Relative Probability plot, with stacked histogram, of
the 206pb/238U ages for sample GOL-6. The bimodal nature

of the age distribution is clearly evident.

Figure 4. CL image of sectioned zircons grains from sample
GOL-2 showing the dominant simple zoned magmatic structure

and the clearly inherited centre to one grain. Areas analysed
by SHRIMP are shown, labelled with the 206pb/238U ages.
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Figure 2. Tera & Wasserburg concordia plot of SHRIMP U-Pb
zircon data for sample GOL-6. Analyses plotted uncorrected

for common Pb as la error ellipses.
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Figure S. Tera & Wasserburg concordia plot of SHRIMP U-Pb
zircon data for sample GOL-2. Analyses plotted uncorrected

for common Pb as la error ellipses.
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Figure 6. Relative Probability plot, with stacked histogram, of
the 206pb/238U ages for sample GOL-2. The relative

probability curve is skewed.

OTHER U-Pb ZIRCON METHODS
The dispersed age distributions noted above (and

seen in numerous SHRlMP studies) may be an artefact of
the SHRlMP analytical technique and so, from
publications of IDTIMS U-Pb zircon data, a number of
possible similar dispersed age patterns can be used to
discount this possibility. Unfortunately many IDTIMS
studies involve multi-grain zircon analyses and so any
such bulk analyses would necessarily be complicated by
the averaging of a large and often complex zircon sample.
There are a number of IDTlMS examples, mainly dealing
with resolution of the Pennian-Triassic Time Scale
whereby dispersed age patterns are evident and
interpretation of the true magmatic crystallization age is
c1ouded. Such studies are of tuffaceous rocks and so the
possibility of geological contamination by transport or
inclusions is a further complexity (see for example
Mundil et al. 2001; Bowring et al. 1998 & data
supplement; Ludwig & Mundil, 2002).

A more relevant and crucial example is from a
detailed study of the Tuolumne Intrusive Suite, Yosemite
National Park, USA (Coleman et al., 2002; Glazner et al.,
2002). High precision IDTlMS V-Pb zircon analyses
document the sequence of successive intrusive phases
over a period of 2.5 Ma, between 93.1 ± 0.1 Ma (tonalite
of Glen Aulin) and 90.6 ± 0.5 Ma (bottom of the Half
Dome Granodiorite). Inclusion of the 88.1 ± 0.2 Ma for
the CathedraJ Peak Granodiorite, at the slightly distal
Tuolumne Meadows, means that trus large intrusive
complex was emplaced over a period of 5 Ma.

More significantly, witrun trus date-set one can see
that the younger phases record zircon inheritance
presumably from the slightly older intrusive events.
Although this inheritance complicates the age
interpretation, by using the concordant youngest age
groupings a consistent and coherent age sequence is
obtained (Coleman et al., 2002). The inheritance
documents complex and bimodal age distributions by
IDTlMS, analogous to those seen with the SHRlMP data
presented herein, and as seen in numerous other
magmatic zircon suites.
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FURTHER SHRIMP EXAMPLES
In the Cambrian and Ordovician, at 95% confidence

Iimits, a pooled weighted mean SHRlMP 206pb/238U age
uncertainty is normally ±1% (or ±~5 Ma). Trus
uncertainty is of the order of the total age range reported
for the Tuolumne Intrusive Suite. Thus it would not be
possible using SHRlMP to resolve the age sequence
similar to the 5 Ma total range for the Tuolumne Intrusive
Suite in Ordovician or Cambrian magmatic suites.

However, the ± 1% SHRIMP U-Pb uncertainty is the
long-term external uncertainty that is reproduced through
out the Palaeozoic and Cenozoic. Thus it should be
possible to resolve such 5 Ma age differences using the
SHRIMP for zircons of the order of 5-10 Ma. One such
example is a columnar jointed, hornblende dacite from
Fiordos Calvo and Peel, southern Patagonia (Fanning et
al., 2001). The analyses of the dominantly simple zoned
magmatic zircons reveal central zones that are -10 Ma
with outer magmatic zones of -5 Ma, the interpreted
crystallization age for the dacite. At this age range
SHRlMP can c1early resolve the 5 Ma difference between
the magmatic cores and magmatic rims. In fact at -5 Ma,
the SHRIMP uncertainties enable one to resolve 4.88 ±
0.10 Ma from 5.42 ± 0.10 Ma components within the
interpreted magmatic "rim" components to the same
zircon population. This latter age resolution of -0.5 Ma is
at the generally considered maximum time Iimits for
magma residence within the upper crust; that is maximum
time for crystallization of a single magmatic body.

DISCUSSION
Returning to the data for GOL-6 and GOL-2 in the

Iight of the above examples, it is possible for apparently
simply zoned magmatic zircons to contain inherited
components that cannot be deciphered even with a
detailed study of CL images. Inherited zoned magmatic
zircon say 0.5 to 5 Ma or older than the magmatic
crystallisation age from witrun a generally coherent series
of magmatic intrusive (or eruptive) events would appear
under CL and under morphological criteria to be similar
if not identical to the latest crystallizing zircon. Thus
resultant, apparently dispersed ages are not an artefact of
the SHRlMP analytical technique but a consequence of
successive zircon crystaJJization in an evolving magmatic
system.

For the bimodal distribution observed from GOL-6,
the favoured crystallisation age would be 465 ± 5 Ma (the
younger and slightly more dominant peak). The older
subordinate peak at 480 ± 5 Ma peak is thus interpreted to
reflect zircon crystallization in an earlier phase of a
perhaps related magmatic process.

For the skewed age distribution recorded in sample
GOL-2, the interpreted magmatic age is 473 ± 5 Ma for
the dominant age grouping. The skew is interpreted to
result from incorporation of an older component of
magmatic zircon at 483 ± 6 Ma.

These results represent a statistically significant
revision to the ages of 472 ± 5 Ma and 476 ± 5 Ma,
respectively for these two samples, published by
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Pankhurst et al. (in press) without attempting to resolve
these internaI variations. The revision does not however
significantly affect the geological implications based on
the data by these authors, who recognized the boulders as
being derived from a nearby Famatinian magmatic arc.
Farnatinian magrnatism dated by U-Pb zircon methods
ranges from ca. 460 Ma to ca. 490 Ma (Pankhurst et al.
1998).
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INTRODUCTION
Oxygen isotopes are important tools for petrogenetic

processes as they are good indicators of granite source
materials, providing also valuable information about
cooling history and sub-solidus fluid interaction
processes. The objective of this work is to present ÔI80
values of a granitic pluton and characterize possible
protoliths.

The Tavares pluton is one of the best exposed
Neoproterozoic undeformed magmatic epidote-bearing
granitoid in the Alto Pajeu terrane, Borborema province,
northeastern Brazil. This batholith (200 kmz in area)
intruded the 1.0 Ga Amb6 gneiss of the Alto Pajeu
terrane and schists of the Cachoeirinha terrane, being
bounded by shear zones along its northern (Juru shear
zone) and southern margins (Lagoa da Cruz shear zone).

PETROGRAPHY AND FIELD RELATIONS
The Tavares pluton is a NE-SW elongate 165 kmz

pluton intrusive into Mesoproterozoic orthogneisses and
minor paragneisses, parallel to the regional foliation. It
encompasses porphyritic quartz syenite, quartz
monzonite, monzogranite and syenitogranite, in which K
feldspar crystals up to 6cm long and plagioclase are the
main megacrystic phases. Hastingsite, biotite, titanite,
magmatic epidote, allanite, zircon and apatite, and rare
opaque mineraIs are accessory phases. Magmatic epidote
occurs as euhedral to subhedral, zoned or twinned
crystals, enclosed or partially enclosed by biotite,
sometimes showing allanite cores. The main matic phases
are typical of granitoids with igneous (I-type) rock
source.

Linearly distributed tonalitie to quartz dioritic
enclaves are common and are interpreted as disrupted
synplutonic dikes. These structures attest to coexistence
of matic and felsie magmas in this pluton. In the central
portion of the pluton, pillow-like structures are observed,
as well as sorne angular shaped, up to IOm-Iong, layered
(amphibolite alternates with epidote-rich layers)
megaxenoliths. The pluton exhibits diverse magmatic
structures, encompassing, besides magmatic foliation,
ladder dikes, snail, mushroom shaped-structures, K
feldspar dikes, blebs and concentric rings.

GEOCHEMISTRY
The porphyritic granitoids as well as the quartz diorite

and tonalite syn-magmatie enclaves are high-K calc
alkalic in composition. The matic enclaves are
metaluminous while the porphyritic granitoids are

metaluminous to peraluminous, characterized by
relatively low SiOz contents ('" 65 - 72wt%), moderate
MgO and CaO ('" 0.8 - 2wt% and '" 2 - 3.3 wt%,
respectively), and high Cr (up to 789 ppm) and Ni (up to
1690 ppm) in sorne samples, especially those near the
largest and more numerous expositions of matic enclaves
and a mega (1 Om long) ortho-amphibolite xenolith.

A six-point whole rock Rb-Sr isochron yields an age
of 590 ± 36 Ma, with initial 87Sr/86Sr of 0.71017, and
attests to a Neoproterozoic age for this pluton, intrusive
during the Brasiliano orogenie cycle. Values of ENd

calculated at 600 Ma range from -3.6 to -3.2 and TDM

varies from 1.3 to lA Ga (Pessôa, 2001).

METHODOLOGY
Oxygen isotope ratios have been deterrnined in four

whole rock powders (including a matic enclave) and
thirty six mineraI separates, including zircon, quartz,
titanite, epidote, and feldspar, among which titanite,
quartz and epidote are from a matic enclave, and from an
amphibolite mega xenolith sample. Mineral separates
were analyzed for oxygen isotope ratios by COz-Iaser
fluorination at the University of Wisconsin, using BrFs as
reagent, following the methodology described by Valley
et al. (1995). Quartz was analyzed using the rapid heating
and defocused laser beam technique as described by
Spicuzza et al. (1998). All results are reported in the Ô
standard notation, in perrnil relative to Vienna Standard
Mean Ocean Water (VSMOW).

WHOLE-ROCK AND MINERAL SEPARATE
OXYGEN ISOTOPE DATA

Values of ÔI80 (whole rock) are homogeneous,
varying from 10.58%0 to 10.93%0, with average of
10.78%0 ± 0.15%0. A matic enclave has ÔI80 = 10.59%0,
i.e. close to the lower limit of the host rock Ô

I80 (whole
rock). Values of ÔI80 of mineraI separates show the
expected order of 180-enrichment in the different
analyzed samples, i.e. ÔI80 quartz (average 13.10%0 ±
0.15%0) > feldspar (average 10.92%0 ± 0.07%0) > zircon
(average 9.13%0 ± 0.09%0) > epidote (average 8.04%0 ±
0.10%0) > titanite (average 7.90%0 ± 0.16%0), although
ÔI80 values of epidote and titanite are the same
(differences in the second decimal) in three out of eight
analyzed samples. Values of ÔI80 for different mineraIs
are quite different but variations within each mineraI are
limited.
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..

Figure 3. (i180 for titanite coexisting with quartz in the Tavares
pluton. Isotherms calculated after King et al. (2001).
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Oxygen isotope fractionations among minerais are
significantly higher than those expected in equilibrium at
magmatic (800°-700°C) temperatures, and minerai pairs
do not preserve a common equilibrium temperature. As
expected, coexisting zircon-titanite fractionations show a
more limited range (average ~(Zir-Ttn) = 1.24 ± 0.19%0;
Fig. 1), representing a higher temperature (T = 644°C,
calculated after King et al., 2001) than do other minerai
pairs. The values of 0180 for quartz coexisting with
zircon (average ~ (Qtz-Zir) = 3.97 ± 0.17%0), and titanite
(~ (Qtz-Ttn) = 5.20 ± 0.17%0) (Figs. 2, 3) indicate
apparent temperatures of 514°C (Qtz-Zir; calculated after
Valley et al., 2003), and 556°C (Qtz-Ttn, calculated after
King et al., 2001). Oxygen isotope fractionations among
minerais are compatible with closed system conditions,
and likely reflect their different closure temperatures.

Magmatic whole-rock oxygen isotope ratios for the
Tavares pluton vary from 10.79 to 11.09%0, as calculated
using the values of 0180(zircon) (9.00-9.33%0) and
whole-rock Si02 contents (65.5-69.9wt%) (Valley et al.,
1994, 2003). Assuming a closed system, the estimated
0180(whole rock) should be close to the 0180 of the
original magma. The average of 0180 calculated magma
values (10.90%0) is very close to the average 0180
determined whole rock (10.78%0), indicating that the
system has been closed for oxygen isotope exchange after
solidification. The estimated low apparent temperature
for quartz-minerai would most likely be due to oxygen
isotope exchange with feldspar within the system.

DISCUSSION
Many features observed in the Tavares pluton indicate

that the porphyritic granitoids have been in contact with a
more mafic magma during the magmatic stage, and that
there was convection during the formation of the magma
chamber due to intermittent heat from external sources.
This is indicated by the presence of quartz-dioritic syn
plutonic dikes and other magmatic structures such as
ladder dikes, up to 1 m long snail and elliptical or circular
concentric structures, in which mafic-rich layers alternate
with felsic layers in the latter ones. In many of these
structures K-feldspar megacrysts are in the nucleous.
These structures are common in a single outcrop,
although of random distribution within the pluton. These
features are interpreted as to be due to convective
currents originated by underplating of a mafic magma
(Weinberg et al., 2001), implying in contrast of
temperatures within the magma chamber at short
distances. The concentric structures represent magma
flow in conduits and a frozen snapshot of thermal plume.

One tectonic setting in which high-K calc-alkalic
magmas can be generated is postcollisional setting where
melting of the source rocks occurs as a consequence of
decompression following crustal thickening. This would
allow mantle upwelling and underplating of the lower
crust by mafic magmas and would provide extra heat
necessary for partial melting (Roberts & Clemens, 1993).
High-K calc-alkalic I-type granitoids are generated
through partial melting of metaigneous rocks in the lower

14

1211

128 10
818() (Zir)

8 9 10
818()(Ttn)

~oG

6

7

4

6

6

12

Figure 2. (i180 for zircon coexisting with quartz in the Tavares
pluton. Isotherms calculated after Valley et al. (2003).
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Figure 1. (i180 for titanite coexisting with zircon in the Tavares
pluton. Isotherrns calculated after King et al. (2001).

_10....
N-Q
~ 8

Values of 0180 of epidote for one matic enclave
(12.94%0) and one orthoamphibolite sample (12.66%0) are
higher than the average observed for epidote from the
host porphyritic granitoid (8.03%0), while the value for
titanite in the mafic enclave (7.89%0) is close to the
average value (7.90%0) in the granitoid.
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crust and data on the experimental partial melting of
common crustal rocks suggest that they can be derived
from the partial melting of hydrous calc-alkalic
metamafic to intermediate igneous rocks (Roberts &
Clemens, 1993).

These teetonie and petrogenetic models are consistent
with the tectonic setting for the emplacement and with
field observations at the Tavares pluton and with the
oxygen isotope ratios. The magmatic oxygen isotope
values for the porphyritic granitoid are high for an I-type
granitoid (up to 10%0), but very uniform, and oxygen
isotope fractionation among mineraIs is very consistent.
These values coupled with high 87Sr/86Sr ratios and

mantle-like ENd values, are compatible with a crustal
protolith contaminated at the source with a mantle
derived material. The Nd model age is close to the
interval when a large input of mantle material has been
added to the continental crust, during the Grenville event,
although no orogenie event of this age interval has been
described in this part of Brazil.

An alternative possible source rock for the porphyritic
granitoid is arnphibolite, whose melting can generate
magmas of this composition. The mega amphibolite
xenolith found in the pluton would be a possible source
on the basis of its oxygen isotope values, which are very
close to that for the host granitoid. However, the origin
for the high 0180 values for these mafic rocks would
remain with no explanation in light of the present data.
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INTRODUCTION
One of the most important Neoproterozoic (cq. 590

Ma) A-type granite province in Southem Brazil is the so
called Serra do Mar Province. This province presents
both alkaline and aluminous petrographic associations of
A-type syenites and granites forming about a dozen high
level intrusive massifs with sorne related maf'ic and felsic
volcanics cropping out in the states of Sào Paulo, Parana
and Santa Catarina, with a general NNE structural trend.

The Corupa Massif is the most meridional massif of
that province, cropping out in the SW limit of the Campo
Alegre vulcano-sedimentary basin, in Santa Catarina
State. It was emplaced in to older granulites and
migmatites of the Luis Alves cratonic fragment and is one
of the few A-type massifs from that province entirely
made of rocks belonging to the alkaline association.

We present in this report representative Sr and Nd
isotope data for selected samples of the main syenites,
granites, and hybrid rocks, emphasizing the contrasting
syenite-granite vs diorite-hybrid rock associations.

PETROGRAPHY AND GEOCHEMISTRY
The Corupa Massif (formely Corupa Granite, e.g.,

Albuquerque et al., 1971) is a relatively small massif (ca.
50 km2

) with a semi-ring structure (Garin, 2002). Most
of the outcrop areas are covered with dense forest and the
access is very difficult, turning field mapping and in situ
sample collection a very difficuit task.

The main petrographic facies are coarse- and
medium-grained dark green or rose-colored syenites with
a massive or a somewhat oriented structure. They
comprise hypidiomorphic-textured hypersolvus alkali
feldspar syenites and quartz syenites (Fig. 1). The typical
mafic minerals are hedenbergite, calcic- and calcic-sodic
amphiboles and fayalite olivine. In the more felsic rock
varieties, olivine tends to disappear and both pyroxene
and amphibole becomes richer in Na (for instance,
egirine-augite and Fe-ricQterite). Magnetite (in most
mafic types), ilmenite, chevkinite, zircon, apatite and
sorne titanite are common accessories. A local mela
syenite (M up to 65) associated with coarse-grained green
syenites has a typical cumulatic texture with abundant
olivine, pyroxene, magnetite, ilmenite and apatite as
cumulus phases with intercumulus alkali-feldspar and
sorne biotite. The alkali-feldspar granites are
subordinated and appear as minor irregular (?) bodies
within the main syenites. The characteristic mafic mineraI
is calcic-sodic and sodic (riebeckite, predominant)

amphibole. Zircon, apatite, ilmenite, chevkinite, and
sorne sphalerite are accessory minerals. The primary
mineralogy indicates that the main rocks crystallized
close to the QFM buffer.

The coarse-grained syenites and the granites present a
typical late, intersticial, hydrothermal mineralogy. High
SilAl, Fe-rich biotite, among other phylossilicates, and
Fe-actinolite are typical in the syenites, while Fe-rich
allanite, epidote, and zircon are more common in the
granites. Albite, hematite, sulphides, and sorne
unidentified phases are common to both.

Q

p

Figure 1. QAP modal diagram for rocks from the Corupa
Massif. Symbols: alkali-feldspar syenites and quartz
syenites: open squares; alkali-feldspar granites: open

triangles; diorites and quartz-diorites: crosses;
hybrid monzonites and monzodiorites: stars.

K-rich diorites, monzodiorites and monzonites appear
as syn-plutonic dikes and several centimetric- to
decimetric-sized hybrid enclaves closely associated with
the more evolved medium-grained syenites. The diorites
are made up mainly of oligoclase, diopside, biotite, quartz
and sorne calcic-amphibole. Magnetite, ilmenite and
apatite are accessories. With the exception of the alkali
feldspar, the mineralogy of the hybrid rocks is similar.
These rocks preserve sorne mixing-related textures (e.g.,
mantled feldspars). Epidote, prehnite, chlorite, and
opaque mineraIs grow during a post-magmatic stage. The
hybrid enclaves were seen only near the main dioritic
bodies, suggesting that the mixing phenomena took place
close to the emplacement levels.
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The main geochemical features of the Corupâ rocks
do not depart from the typical patterns observed
elsewhere in A-type syenites and associated granites from
post-collisionai tectonic settings (Garin & Vlach, 2002,
see also Figs. 2, 3). Syenites and diorites are
metaluminous rocks with mg# numbers ranging from
0.03 to 0.26 and 0.35 to 0.40 respectively, while the
granites are peralkaline, with 0.05 :-:; mg# :-:; 0.02. The
hybrid enclaves are metaluminous and present
intermediate mg# values. REE patterns are highly
fractionated for the syenites with a slighly positive
(cumulatic coarse rocks) to negative (medium
differentiated rocks) Eu anomaly, flattening in the
peralkaline granites, with a strong negative Eu anomaly.
The diorites and the hybrid rocks present fracionated
REE patterns without significant or with a slightly
negative Eu anomaly.
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Conventional zircon U-Pb dating results for the
Corupâ "granite" and related massifs from the Serra do
Mar Province point to crystallization ages close to ca.
590 Ma (e.g., Siga Jr. et al., 1997).

ISOTOPE DATA
Six samples collected in the massif were selected for

isotopie Rb-Sr and Sm-Nd analyses. They are
representative of the melasyenites (1) syenites (2),
granites (1) diorites (1) and hybrid monzonitic enclaves
(1). Isotopie analyses were carried out the Centro de
Pesquisas Geocronol6gicas of the University of Sào
Paulo, following conventional analytical procedures (Sato
et al., 1995).

The whole rock Rb-Sr system was significantly
disturbed in most of the Corupâ samples due to late
hydrothermal imprint, an effect most pronounced in the
more felsic samples. The present day 87Sr/86Sr vs
87Rb/86Sr ratios obtained in this work and those presented
by Siga Jr. (1995) and Siga Jr. et al. (1997) are plotted in
Figure 4 with the 590 Ma reference isochron. With the
exception of three sarnples, the melasyenite and the less
differentiated syenites with 87Rb/86Sr up to about 4 align
on a 7-point reference isochron (Model 3 of Ludwig,
1998) of 575 ± 50 Ma (MSWD = 3) with a (87Sr/86Sr)0
initial ratio of about 0.7057. Considering the weIl
constrained 590 Ma age, the best initial ratio will be close
to 0.7051, a value very similar to the initial ratio of the
melasyenite at 590 Ma, the sample presenting no
evidence of significant hidrothermal effects. AlI other
samples with higher 87Rb/86Sr (differentiated syenites and
granites) plot weIl below the 590 reference line (see Fig.
4 inset) and give apparent isochron ages down to 530-550
Ma. For instance, the analyzed granite yields a very low,
anomalous (87Sr/86Sr)590 value of about 0.687±O.002.

Figure 3. Y-Nb-Ce plot for Compa sarnples. Al and A2
compositional fields after Eby (1992). Symbols as in Figure 2.

Figure 2. Nb-Y discrimination diagrarn for the Compa sarnples
(after Pearce et al., 1984). Symbols: open circles: granites; full

circles: syenites; cross: melasyenite; full triangle: diorite;
open triangle: hybrid monzodiorites and monzonites.
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Figure 4. 87Sr/86Sr vs 87Rb/86Sr diagrams for the Compa Massif.
Main diagram symbols: less differentiated alkali-feldspar
syenites (open circles, previous literature data; full circles,
this work), alkali-feldspar me1asyenite (cross), diorite (full
triangle), hybrid monzonite (open triangle). Inset: AlI data,

including differentiated alkali-feldspar syenites and granites.
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The e43Nd/144Nd)590 ratios (Fig. 5) are between
0.51117 and 0.51122 (syenites, 0.5122 for the
melasyenite), 0.51126 (alkali-feldspar granite), 0.51134
(diorite), and 0.51122 (monzonitic enclave). With the
exception of the diorite with the highest, and the medium
grained syenite with the lowest initial ratios, the other
samples present similar values within 2a errors. SmlNd
ratios are in the range 0.17-0.22. The granite sample
presents the most contrasted and highest SmlNd value,
due to significant removal of chevkinite - a typical REE
rich titanossilicate accessory, with SmlNd between 0.076
and 0.084 - from the original syenitic melts (Vlach,
1998).

The TDM model ages (DePaolo, 1981; see Fig. 6) are
2.05-2.15 for the main syenites, 2.20 for the melasyenite,
2.02 (diorite), 1.98 (monzonite). The granite sample
present a higher model age (ca. 2.43 Ga), as chevkinite
removalleads to a decrease in the fSmlNd parameter.

The isotope Nd-Sr correlation diagram (Fig. 7) shows
that the Compa rocks present relatively evolved Nd, and
to a lesser extent Sr isotope compositions compared to
the Bulk Earth (at 590 Ma). It also points to the
contrasting signatures of syenites and granites on the one
hand and the diorites on the other. The latter have more
primitive and evolved Nd and Sr isotope ratios than
syenites and granites. Within syenite rocks, the medium
grained sample has somewhat lower Nd isotope ratio. The
monzonite plots close to a diorite - medium-grained
syenite tie-line, supporting a mixing hypothesis for its
origin.

0.5120 +----~---~---~---_____t

component as older materials carried into the mantle
through a subduction zone, rather than incorporated
during magma ascent and evolution though the crust.
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Figure 6. Evolution of ENd against time for the sampled Compa

rocks. Main alkali-feldspar syenites, hatched area; alkali
feldspar granite, 1; melasyenite, 2; monzonite enclave, 3;

diorite, 4. The hatched field of Luis Alves Cratonic
Fragment is based on data from M.A.S. Basei (pers. comm.)

The Sr-Nd isotopic signatures and the depleted mantle
ages of about 2.0 Ga of the Corupa Massif are very
sirnilar to those representative of the alurninous A-type
granites and associated K-diorites from the Itu Province
to the Northeast (e.g., Vlach et al., 1996). We suspect that
quite sirnilar mantle enrichment mechanisms couJd have
operated in both provinces.

Figure 5. e43Nd/I44Nd)s90 vs SmlNd plot for the Compa alkali
feldspar syenites and granite, diorite and monzonite.

Sample symbols as in Figure 2.
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FINAL REMARKS
The isotope Sr-Nd data presented for the Corupa

Massif (see also Siga Jr. et al., 1997) reveals its evolved
isotope compositions, with special reference for the Nd
initial ratios, suggesting an enriched mantle source for the
parental magmas. These results, in connection with
geochemical data, indicate a "crustal" component in their
sources as suggested also by trace element behavior
(Garin & Vlach, 2002, see also Fig. 3). We interpret this

Figure 7. Sr-Nd isotope correlation diagram for the Compa
Massif rocks. The inset compares their isotope
compositions with the Bulk Earth at 590 Ma.

Symbols in the main figure as in Figure 4.

The isotope data also support petrographic and
geochernical information, suggesting that syenites - apart
from the medium-grained sample with unexpected low
Nd initial ratios - and granites were most likely
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comagmatic, the latter being evolved residual melts
extracted from the crystallizing syenites, through a filter
pressing process (Garin & Vlach, 2(02). The diorites, on
the other hand, were originated from a diffentent, but also
enriched mantle source. The more basic parental magmas
(?), which may have originated syenite melts by crystal
fractionation, are not observed at the present day erosion
levels.

The monzodiorites and monzonites represent more
probably local syenite-diorite mixing phenomena,
occurring near the emplacement levels, rather than
discrete magma batches.
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INTRODUCTION
A large database of Sm-Nd isotopic analyses of igneous

rocks from southernmost Brazilian shield is reviewed to
evaluate their sources. The data are combined with previous
petrologic interpretations to assess the role and importance
of mantle and crust components in the Neoproterozoie
magmatic events. Two major periods of tectono-magmatie
activity are well characterized in the Brasiliano Cycle of the
region (Hartmann et al., 2000). These are the Early (900
700 Ma) - Sao Gabriel Orogeny, and Late (670-550 Ma)
Dom Feliciano Orogeny, responsible respectively for the
generation of the Sao Gabriel Arc (northwestern part of the
shield), and the Dom Feliciano collisional belt (eastem part)
(Fig. lA). Fragments of the Rio de la Plata Craton (mostly
2.26-2 Ga) are present in both belts. According to existing
geotectonic models, Neoproterozoic magmatic events
represent more than one arc, or else arc and back-arc
environments developed at different ages. The collisional
belt has been interpreted as an active continental arc
evolving up to continent-continent collision. It started at ca.
800 Ma, and the Late Brasiliano event is mainly related to a
general northeastem migration of the belt along NE-SW
megashear zones (Fernandes et al., in prep.). This second
Brasiliano orogenic phase was driven by one or several
collisional events placed to the east or north, and related to
the amalgamation of west Gondwana. Such context
characterizes a post-collisional setting for the emplacement
of the granitie associations during the Late Brasiliano event,
in both the Dom Feliciano Belt and the western
Neoproterozoie foreland - Sao Gabriel Arc and Taquaremb6
Block (Fig. lA).

Lithospheric mantle components are discussed in a
comparative study of Sm-Nd isotopic data from
Precambrian and Mesozoic basic-to-intermediate igneous
rocks. Cretaceous (130 - 100 Ma) continental tholeiites and
subcoeval alkalic rocks (Fig. lB) provide a fundamental
approach for the lithospheric mantle at the end of the
Neoproterozoic. These rocks and the Late Brasiliano
intrusions represent the two major magmatic events in the
region, related respectively to the break up and
amalgamation of the west Gondwana. In a similar
comparative study of tholeiites from the South American
Platform, Iacumin et al. (2003) show that both Mesozoie
and Precambrian LTi and HTi (low and high Ti) tholeiites
exhibit similar geochemical and Sr-Nd isotopic signatures,
particularly those from the same craton. In the region, the

correspondence of Nd isotopie ratios between the two
groups of rocks (Precambrian and Cretaceous) supports
previous models for mantle sources of the Parana Magrnatic
Province, which envisage a heterogeneous and stratified
subcontinentallithosphere variously modified during early
tectono-thermal events (Marques et al., 1999). The
simplified sketch of the subcontinentallithosphere proposed
by Garland et al. (1996) is adapted for magma producing
events during the Late Brasiliano event in southernmost
Brazilian Shield. The older Paleoproterozoic subcontinetal
lithosphere, hydrous and refractory at shallower depths
gives way to younger Neoproterozoic lithospheric mantle,
fertile and anhydrous at depth. The influence of the
Transamazonian subduction was more prominent in the
Paleoproterozoic lithosphere, while the young lithosphere,
less modified by such event, would be differently affected
by üIB-like metasomatizing agents. Subcontinental
lithosphere modified during the Sao Gabriel Orogeny seems
to be more localized.

Recent studies have established that significant and, at
times, considerable fractionation of SmlNd ratio is very
common during crustal processes (anatexis, fractional
crystallization, etc.). Despite this, the ENd-growth paths for
the Late Brasiliano granitic suites reveal important
differences in magmagenesis for the two regions: the
Pelotas Batholith and the western foreland. Although a
subcontinentallithosphere produced at old events is widely
implied, it is possible to conclude that both, mantle and
crust components were somewhat distinct in the two
regions.

CRUST SEGMENTS
In southernmost Brazilian Shield, at least, three juvenile

crust segments formed in arc setting at distinct ages are
recognized (Fig. 2). These suites show TDM (Nd) ages close
to the respective crystallization age, positive ENit)-values
(+1 to +7), and typically crustal values offsmINd (-0.38 to
0.44), but they have distinct geochemical and Sr-isotopie
signatures. They are: (1) the oldest primitive tholeiitie arc
suite - Santa Maria Chico granulitie complex (magmatism at
2.55 Ga, and metamorphism at 2.02 Ga), which has
unradiogenic Isr (-0.702) and is interpreted as equivalent to
the lower crust within the cratonie segments (LC; Fig. 2);
(2) the Paleoproterozoic continental arc suite- Arroio dos
Ratos gneiss complex (ca. 2.1 Ga), whieh was recycled by
new input ofmantle-derived magmas during the Sao Gabriel
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Figure 1. Geological map of southernmost Brazilian and Uruguayan shields (A) and Cretaceous Parana Province (B). A 
Geotectonic units from Hartmann et al. (2000); UDS - Uruguayan dyke swarm; B - Occurence of tholeiites and subcoeval alkalic

matic rocks, showing the distribution of chemical types and regional units (Peate et al., 1992; Comin-Chiaramonti et al., 1997). Acid
voJcanics and sedimentary units above basalts are not shown; dot-dashed line for the LTi Esmeralda basalts, and ASU - Asunci6n
Sapucai Graben (Eastern Paraguay Alkalic Province), Fine-dashed and dotted Enes for international and state limits respectively.

Orogeny - Pinheiro Machado Suîte (ca, 0.8 Ga), They are
medium- to high-K calc-alkaline compositions with a more
radiogenic Isr (> 0,707), and represent the crust segments in
the collisional belt (CC; Fig, 2); and (3) the Sao Gabriel Arc
including more than one arc sequences formed during a
period of ca. 180 Ma (879-704 Ma). Il is a primitive
continental margin and comprises low- to medium-K calc
alkaline suites with low lsr (-0,703) - the plutonic Cambaf
Complex and the supracrustal Vacacaî Group (CV; Fig, 2).

EARLY BRASILIANO LITHOSPHERE
Components of the Iithosphere formed during the

subduction event of the Sao Gabriel Orogeny are simplified
in figure 2: CV-juvenile crust, IAB - island arc basalts, and
W - subarc mantle wedge, The last two are less fractionated
(SmlNd of 0,22-0,28), but show Sr-Nd signature similar to
other CV-rocks, Amphibolites from the Cerro Mantiqueiras
Ophiolite-CMO, taken as representative of an IAB, were
derived from a mantle wedge contaminated with subducted
sediments. This is supported by the lower value of êNit)
and the more radiogenic Sr-Pb initial ratios than DMM, For
CMO-harzburgites, the geochemistry shows a residual
mantle, but variable values of SmlNd (0.17-D.27) and Rb/Sr
(0,02-D,26) suggest sorne IE (incompatible e1ements)
enrichment. Contamination with both old components and

subducting slab-derived tluids is suggested to explain Nd
isotopic ratios and older TDM (Nd) ages. So they are taken as
representative of a residual mantle wedge containing old
recycled components (W),

CONSTRAINTS ON THE LITHOSPHERIC MANTLE
Two groups of basic-to-intermediate rocks are

recognized based on êNd-evolutionary patterns (Fig. 2),
Those derived from a subcontinentallithosphere produced
during the Transamazonian, or older orogenies, have êNd(O)
lower than -9 and T DM(Nd) ages older than 1.4 Ga (mostly
> 1,6 Ga). They include the Paleoproterozoic Uruguayan
dyke swarm - UDS, the Ordovician Rodeio Velho
volcanics, and the Cretaceous potassic rocks from the
Asunci6n-Sapucaî graben - ASU, The other group has
diversified origins and is characterized by êNd(O)-values
higher than -7 and TDM(Nd) ages varying from 0,6 to 2.4
Ga (mostly < 1,7 Ga), Il includes rocks produced during the
Early Brasiliano subduction, those with a mixing origin
involving IE-depleted components and older IE-enriched
mantle end-members (Parana basalts), and also those with
an om signature (ASU-soruc swtes). Minette dykes from
the Lavras do Sul Intrusive Complex - LSIC show an
intermediate êNd-evolution path, implying a more complex
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varying from 0.9 to 1.5 Ga, and low Rb/Sr, ISr and
Z06PbP04Pbi' They are fractionated compositions (SmlNd of
0.16-0.23), and their genesis has been attributed to mixing
of an IE-depleted DMM-Iike source and an IE-enriched
mantle end-member (EM 1), thought to be linked in sorne
way with the less subduction-affected Brasiliano lithosphere
(Garland et al., 1996; Peate et al., 1999). LTi southern
Parana basalts (Gramado and Esmeralda units, Fig. 2) have
more Sr-Nd-Pb radiogenic and less fractionated (SmlNd of
0.21-0.29) compositions. They exJùbit also older TDM (Nd)
ages (1.3 to 2.4 Ga) and more pronounced Nb-P-Ti negative
anomalies, so that the participation of an older subduction
modified mantle is implied (Marques et al., 1999). On
ENiO) vs. 147Sm/I44Nd or l/Nd diagrams (not shown), the
two LTi units plot along a rnixing line between the Early
Brasiliano IAB and the ASU-BP-like lE-enriched mantle
end-member.

LATE BRASILIANO (670-550 Ma) IGNEOUS SUITES
These suites occur in two regions of the southernmost

Brazilian Shield differently placed relative to the Dom
Feliciano collisional front, and already transformed by
previous sucduction-collisional events: the Pelotas Batholith
and the western Neoproterozoic foreland. They have TDM
(Nd) ages and fsrolNd within the same range of values,
respectively 1.3 to 2.7 Ga and -0.14 to -0.57, but show
constrasting ENit)-values (Fig. 3). The Pelotas Batholith
(670 - 580 Ma) is characterized by a more homogeneous
group of granitoids, displaying Nd isotopie ratios akin those
of the Early Brasiliano-Paleoproterozic crust (CC in Fig.
3A) and high ISr (0.706 to 0.740). In the western foreland,
two groups of rocks with distinct Nd-Pb-Sr isotopie
compositions are weil defined. They correspond to the two
major period of magma production in the region,
respectively the early - 605-581 Ma, and the late - 575-550
Ma events (Fig. 3B).

PELOTAS BATHOLITH
The Pelotas Batholith includes syn to post-transcurrent

granitic suites, mainly high-K and highly evolved, cale
alkaline compositions and subordinate peraluminous, and
alkaline metaluminous. Ali but the alkaline granitoids
(Encruzilhada do Sul intrusive suite - ESlS), show ENd(t)
values in more restricted range (-3.7 to -7.8), but large
variations of fSmlNd (Fig. 3). This is particularly valid for
peraluminous and highly evolved cale-alkaline suites, in
which anomalous values of T DM (Nd) and/orfSmINd indicate
isotopie disequilibrium. The genesis of the Pelotas Batholith
suites, except ESIS, involved an intimate mixture of a
Paleoproterozoic crust and an IE-enriched ASU-type old
mantle, with the increasing participation in time of a more
primitive mantle source (DMM or IAB-like). The alkaline
suite (ESIS) is in the northwestern extreme of the batholith,
to the west of the Dorsal de Canguçu shear zone. It exJùbits

low values of ENd(t) « -10) andfsm/Nd (-0.51), and TOM
(Nd) ages of ca. 2.1 Ga. It is thus comparable to analogous
western alkaline granites for which the participation of the
Neoarchaean lower crust (LC), and lE-enriched ASU-BP
Iike old mantle components are implied (Figs. 3B and C).

.--.-..,......,~ Early 8...1"- ~.---r""'''''''''-'-''-'-''''''''''~"T"""""]
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Figure 2. eNd - t evolutionary diagram for mantle-derived rocks
highlighting the main crust and mantle components. CMO 
Cerro Mantiqueiras Ophiolite; UDS and ASU as in figure 1;

see text for details.

SUITES WITH A TRANSAMAZONIAN SIGNATURE
Two extreme compositions can be identified, suggesting

at least two end-members for the subcontinentallithosphere
modified in old events. One has a strong lE-signature of the
Transamazonian subduction (ENd-growth paths - uns in
Fig. 2), and shows high 147Sm/I44Nd ratios (--0.12) and low
Nd concentrations (~50 ppm). This end-member is best
represented by the less evolved UDS-basaltic andesites,
which have Isr of 0.705 but high Rb/Sr (--0.21-0.29). It
includes also sorne potassic rocks of the alkali basalt
trachyte suite from ASU. characterized by older TDM (Nd)
ages (~2.3 Ga), Isr of 0.707, low values ofREE, TiOz, PzOs
and TiN, and high Rb/Sr. The less evolved potassic rocks
of the basanite-phonolite suite from ASU (ENd-growth paths
- ASU-BP in Fig. 2) represent the other IE-enriched end
member, characterized by younger T DM (Nd) ages (1.5-1.7
Ga), lower 147Sm/I44Nd ratios (-0.09), higher Nd (-100
ppm), and similar Isr (0.706-0.707). LSIC-minettes show
simiJar Sm-Nd composition and lE-pattern. These rocks
(ASU-BP and minettes) have also higher values of TiOz,
PzOs, REE and TiN, and less pronounced P-Ti negative
anomalies than the other suites. Such compositional
variation, between the two end-members, can be attributed
to distinct degrees of re-enrichment of a mantle source
already modified during the Transamazonian subduction.
This new event of metasomatism may have occurred during
the latest Transamazonian collisions (~2 Ga) or later. For
LSIC-minettes, a subduction-effect of the Sâo Gabriel
Orogeny is suggested (Gastal et al. this symposium).

ongm. Ail but ASU-sodic rocks show negative Nb-Ta
anomalies indicating mantle sources modified in subduction
events, or its contamination with ancient, recycled crust.

SUITES WITH YOUNGER SIGNATURE
HTi Parana basalts (Pitanga and Urubici; Fig. 2) have

primitive Sr-Nd-Pb isotopie signature with TDM (Nd) ages
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Figure 3. Sm-Nd isotopie ratios for Late Brasiliano igneous suites from the southernmost Brazilian shield. A and B - ENd - t, and C 
fSrnlNd vs. ENd (575Ma) diagram. The main crust and mantle segments, identified in figure 2, are shown; arrows in A indicated the

evolution in time; dotted line in B for mixing among lithospheric components; DCSZ - Dorsal de Canguçu Shear Zone.

WESTERN NEOPROTEROZOIC CONTINENTAL
FORELAND

Although formed at distinct periods, the two groups of
igneous suites in the foreland of the Dom Feliciano Orogeny
shared the same IE-enriched ASU-BP-like old mantle
component as suggested in figure 3C. Then, the differences
in the Nd-Pb-Sr isotopes reflect the progressive change of
the other end-member of a mixture of source materials, from
an IAB-like mantle to the Neoarchaean-Paleoproterozoic
lower crust (Fig. 3C). The early magmatic event includes
shoshonitic, post-tectonic volcano-plutonic suites, and
subordinate alkaline granites. Their generation can be
associated with the subduction-related hydrous mantle
wedge produced at the Sâo Gabriel Orogeny, containing
segments of an old IE-enriched subcontinental lithosphere
(Gastal et al., this symposium). This is particularly valid for
the Lavras do Sul Intrusive Complex (600-590 Ma),
whereas other coeval volcanics and younger intrusions
(~583 Ma) require the participation of the lower crust

(tNd(t) of -9). The youngest magmatic event includes
apparently three distinct associations separated into two
ages group: 575-570 Ma - post-tectonic volcano-plutonic,
silica over-saturated alkaline suite; and 570-550 Ma - post
tectonic, alkaline metaluminous and syntectonic, high-K
calc-alkaline granites. For these rocks, the contribution of
the lower crust (LC) is weil characterized by low values of

tNd(t) « -10) and Pb common initial ratios.
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INTRODUCTION
Models on the petrogenesis and the crystallization

interval of different petrographic facies of the Lavras do
Sul Intrusive Complex - LSIC are improved by new
isotopic data for granitoids and minette dykes. The
relationship of the LSIC-magmatie events with the genesis
of both, the gold-ore occurrences and the Jaguari Granite
are also discussed. The intrusive complex and coeval
volcanics (Hilârio Formation) occur in the fore1and of Dom
Feliciano collisional orogen (660-550 Ma). They are
situated in the western portion of the Sul-Riograndense
Shield, in a region formed by the Silo Gabriel magmatie arc
(900-700 Ma). V-Pb and 20?PbP06pb ages, listed in table 1,
reveal that most of LSIC-granitoids were formed during a
period of ca. 10 Ma (601-594 Ma). This is valid either for
shoshonite (granodiorite, monzonite and mODZodiorite) and
for alkaline granitoids (perthite granite and syenogranite),
though a younger V-Pb age of ca. 583 Ma has been
registered in one sample of the perthite granite located in
the south ofLSIC (Leite et al., 1998). The contemporaneity
and the multiplicity of magma production events with
distinct geochemical affinities - shoshonitic and alkaline,
both are features reinforced in this study for the formation
of the intrusive complex.

Minette and olivine minette occur as dykes in the central
portion ofLSIC, intruding shoshonitic monzogranites. They
are enriched in REE, LILE and HFSE, and have negative
Nb anomalies (LaINb of2-3; Gastal & Lafon, 2002). They
show also an enriched isotopic signature, with Isr of ca.
0.705, low 143Nd/I44Nd (ENd of -2.6 to -4.5), high
2°?PbP04Pbj (15.47-15.56), and variable 20SpbP04Pbi (36.8
38.16) and 206pbp04pbi (16.61-17.52) (Tabl~s 1,3). They
are derived by small-degree of partial me1ting from an lE
(incompatible element)-enriched subcontinentallithosphere.
The olivine minette has 206pbP04Pb; similar to those of
amphibolites from the Cerro Mantiqueiras Ophiolite
(CMO), but it shows higher 20?PbP04Pbj, 2ospbp04pb; (Fig. 1)
and ISn and lower 143Nd/I44Nd. The CMO-arnphibolites
represent an IAB (island arc basalt) formed during the Silo
Gabriel accretionary orogeny (900-700 Ma; Leite, 1997),
so the olivine minette can be derived from a phlogopite
bearing asthenospheric wedge modified by slab-derived
fluids during this subduction event. Nevertheless, an IE
enriched mande component with a long residence time
would be also required to explain the minette magma, which
has lower 206pbP04Pbj (Fig. 1) and higher Isr. The Rb-Sr age
of 581 ± 29 Ma (1 a) obtained on mineraIs and whole rock

for one sample of minette is concordant with the ca. 580 Ma
age of the hydrotherrnal event registered in the alterated
granites associated with gold-ore occurrences (Bongiolo et
al., 2002; Mexias, 2(00). Such results suggest a later
magmatic event in the formation of LSIC, responsible also
by the latest ore-re1ated hydrothermal episodes, which
postdated by 10 Ma the main period of magmatic activity.

Sr-Nd isotopie compositions of LSIC-granitoids are in
the same range of values observed minettes, as shown by Isr
of 0.704-0.705, ENd(t) of -0.3 to -4.5 and TDM(Nd) ages of
1.3 to 1.6 Ga (Tables 1, 2). Sorne samples of the coeval
volcanic sequence (trachyandesites from the Hilârio
Formation) have a similar isotopic signature, so that a
common mande source is implied. On the Sr-Nd isotopic
correlation diagram (not shown), LSIC-granitoids, minettes
and sorne trachyandesites initial ratios fit along a linear
array deviated from the mande array, indieating at least two
types of mande sources. One is depleted in lE component,
and has a high SmlNd ratio and a DM-signature. It had been
generated during the Early Brasiliano subduction (900 
700 Ma). The other one is lE enriched, with low SrnlNd
ratio and long residence time. For other coeval volcanics,
the contamination of mande-derived melts with lower crust
components is also required to explain the isotopic data.
Most of granitoids and volcanics have 206pbP04pbj (17.6
17.4) and 20?PbP04pb; (15.5) ratios comparable to those of
olivine minette, but at lower values of 2osPbP04Pbj (37.3
37.5). They plot between olivine minette and the Early
Brasiliano IAB (Cerro Mantiqueiras amphibolites) on
206pbP04pb vs. 20?PbP04pb and 2ospbp04pb diagrams (Fig. 1).

Sr-Nd-Pb isotopes for LSIC-granitoids, minettes and coeval
volcanics allow to indicate their derivation by "vein plus
wall-rock" melting processes (Foley, 1992; O'Brien et al.,
1995), involving mande components with diversified
origins. Their generation can be related to the uprise of a
subduction-related hydrous mande wedge produced at the
Silo Gabriel Orogeny, containing segments of an old
subcontinentallithosphere.

The alkaline, metaluminous Jaguari granite is intrusive
in to the northwestern portion of the LSIC. Compared with
the LSIC-alkaline granites classified as AI types (Eby,
1992), it shows distinct geochemistry. Jaguari Granite has a
high-silica composition and is an A2-type granite, as argued
by Gastal & Lafon (1998). A younger 2mpbP06pb age of567
± 4 Ma (2a) is confrrrned for this granite, indicating that it
represents the latest Neoproterozoic magmatic event in the
region. Extremely low 143Nd/144Nd ratios (ENd of --13), at
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Table 1. V-Pb, Pb-Pb, Rb-Sr and Nd isotopie data for granitoids and minettes from Lavras do Sul Intrusive Complex
and Jaguari Granite. 1. Gastal & Lafon (1998); 2. Remus et al. (2000); 3. Leite et al. (1998); 4. Gastal & Lafon

(2001); 5. Babinski et al. (1996); 6. Chemale Jr. et al. in prep.; a. t = time of crystallization of the granites;
b. DM Nd model ages calculated according to Goldstein et al. (1984, in Rollinson 1993). Bold

highlights the geochronological results presented in this paper.

Ages (Ma)

UlPb RblSr

583 ± Il (20)3 with Pb inheritance of 610 ± 10

594 ± 5 (20)2

594 ± 4 (20)2

598 ± 3 (20)

608 ± 54 (20)' 0.70415 ± 0.00058 (20) cO.285 1.3

601 ± 5 (20)4

606 ±56 (la)' 0.70534 ± 0.00031 (la) -3.5 to _4.34 1.6
599 ± 7 (20)4

-2.6 to -4.5 1.4 to 1.5
581 ± 29 (la) 0.70538 ± 0.00023 (la)

537 ± 10 (20)' 0.70551 ± 0.0007 (20) -12.66 2.1
567 ± 4 (20")

1.5556 ± 34 (20)' 0.70489 ± 0.00208 (20)
Lavras do Sul Intrusive Complex
Alkaline granites
Perthite granite 
north
Perthite granite 

south
Syenogranite - south

Shoshonitic granites
Gtanodiorite
Northern portion
Monzonite

Arroio do Jacques Monzodiorite
Monzodiorite

Minette dykes
KI 647E - minerai isochron

Jaguari Granite
Monzogranite

Table 2. Pb isotopie results of feldspars for granitoids from Lavras do Sul Intrusive Complex.

Sample 206pbl204Pb la 207pbl204pb la 208pbl204Pb la

KL109 - Perthite granite 17.605 0.011 15.527 0.014 37.493 0.045

KL405 - Allcaline syenogranite 17.459 omo 15.508 0.014 37.348 0.044

KL159 - Monzonite 17.558 omo 15.542 0.014 37.486 0.045

KL97 - Monzodiorite 17.512 0.013 15.548 0.016 37.509 0.046

Table 3. Pb isotope composition and concentrations of D, Th and Pb for minettes from Lavras do Sul Intrusive Complex. la uncertainties
are denoted in parenthesis. Initial Pb isotope compositions are age-corrected assuming a crystallization age of 581 Ma.

Th and D concentrations deterrnined by ICP-MS, and Pb by ICP-AES.

Measured (la) ppm Initial

Sample 206pbp04Pb 207Pbl204pb 208Pbl204pb U Th Pb 206pbf04Pb 207pb/204Pb 208pbP04Pb

647E-l Minette 20.80 (1) 15.72 (l) 42.53 (5) 7.7 33 12 16.61 15.47 36.80\,

647A- Olivine minette 19.28 (1) 15.67 (l) 39.95 (5) 3.7 11.8 13 17.52 15.56 38.16

similar Isr (0.705), indicate the participation of lower crust
components in its source. However, the involvement of an
IE-enriched old mantle component, like that of the minette,
is suggested by the Pb common initial ratios (Fig. 1).

The V-Pb, Pb-Pb and Rb-Sr dating indicate thus that at
least three magmatic episodes marked the post-collisional
period of the Dom Feliciano Orogeny in the region. The two
oIder are responsible for the formation of the Lavras do Sul
Intrusive Complex and the associated gold ore occurrences
(600-580 Ma), and the other episode is younger and related
with the Jaguari Granite (567 Ma). The Sr-Nd-Pb isotopie
results reveal strong mantle in put for the first two, and a
major contribution of lower crust components for the latter.

Pb-Pb ZIRCON AGES
Pb-Pb single zircon evaporation ages were obtained for

one sample of the alkaline syenogranites from the Lavras do
Sul intrusive complex, and for another sample of
monzogranitic facies from the Jaguari granite. For both
samples, the zircon crystals are nonmagnetic, prismatic and
subhedral. The 207Pbp06pb ages are presented at 2a error in
table l, which lists the main geochronological data for
granitoids and minettes in the region. In this study, the
207Pbp06pb age of 565 ± 55 (2a), previously obtained for
the same sample of the Jaguari granite (Gastal & Lafon,
1998), is confirmed and improved. The analyses were
performed on a Finnigan MAT 262 multicollector mass
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Figure 1. Pb isotopie evolution - Plumbotectonics version 1 (Doe & Zartmann, 1979) showing the composition of feldspars from:
granitoids of the Lavras do Sul Intrusive Complex, trachyandesites of the Hilario Formation, Jaguari Granite and amphibolites of the
Cerro Mantiqueiras Ophiolite. It is also shown the calculated Pb common initial ratios of minettes and isotopie Pb ratios of pyrites

from the gold-ore occurrences in the intrusive complex and coeval volcanics. Pb evolution curves for the main source reservoirs are
shown (ticks at 0.4 Ga intervals): Le. lower crust; UP. upper crust; OR. Orogen; M. Mande; 1. Gastal & Lafon (1998);

2. Remus et al. (2000); 3. Leite (1997); 4. this study.

spectrometer at the laboratory of isotope geology - Para-Iso
/ UFPA, following the procedures of Kober (1986; 1987).
For each sample, sixteen chemically uotreated crystals of
zircon have their isotopie ratios analyzed using a Re double
filament arrangement, in dynarnie mode. Following Kober
(1986), the method involves repeated cycles ofevaporation
deposition-ionization of the Pb isotopes, at increasing
temperatures. The temperature range for Pb evaporation is
of 1450-1550°C, and of 1050°-1 150°C for ionization. At
each step, the isotopie ratios were measured on five blocks
of 10 cycles each. The 207PbP06pb ratios are corrected using
a mass discrimination factor of 0.12% ± 0.03 per a.m.u.,
deterrnined by repeated analyses of NES 982 standard.
Common Pb correction is calculated using the model of
Stacey & Kramers (1975) at the age of the analysed crystal.
The statistieal treatment is deseribed by Gaudette et al.
(1998). For excluding errors eaused by inaccurate common
lead correction, data blocks with a 204Pb/206pb ratio higher
than 0.0004 are eliminated. For each step, the mean age and
the standard error are calculated, and the age of the zircon
crystal is the weighted average of ages. The age of the
sample is deterrnined by the mean of the ages obtained on
at least five crystals.

Rb-Sr WHOLE-ROCK AGES
Rb-Sr isotopie data for mineraIs (diopside, phlogopite

and feldspars grouodmass) and whole rock were obtained
for one minette sample. Four analytical points define a
isochron with a MSWD of 1.07, which yie1ds an age of 581
± 29 Ma (1 cr) and Ise of 0.70538 ± 0.00023 (lcr) (Table 1).
This age is considered to be a good approximation for the
crystallization age of the minette dykes, discarding they are

related to the Ordovician or younger magmatie events in the
region. Rb-Sr isotopic analyses were performed at the
Laborat6rio de Geologia Isot6piea, Instituto de
Geociências/ UFRGS, on a VG Sector 54 mass
spectrometer operating in static mode. After acid dissolution
of the sample and Rb and Sr separations on ion-exchange
resin (DOWEX AG 5DX8), Sr isotopie compositions were
measured on Ta single filament. The total procedural blank
for Rb and Sr was lower than 150 pg. The reproducibility of
Sr standard (NBS 987) is 87Srr6Sr of 0.71026 ± 0.00011
(lcr on the mean), and the fractionation was corrected to
86Sr/88Sr of 0.1194. Rb and Sr concentrations were obtained
by isotope dilution using 87Rb/84Sr spike. For 87Srr6Sr and
87Rb/86Sr, typical analytical errors are equal or better than
0.02% and 0.9%, respectively (1cr). The Rb-Sr age was
calculated following Ludwig (2001).

Pb ISOTOPES
Common Pb isotopie ratios of feldspars are obtained for

diverse samples from LSIC-granitoids, and of whole rock
for the two samples from dykes (minette and olivine
minette). The Pb common isotopic ratios ofLSIC-granitoids
and minettes are shown in tables 2 and 3, respectively. Pb
isotopie analyses were carried out on a VG-ISOMASS 54E
mass spectrometer with a mono-collector at the Para-Iso
laboratory. The sample dissolution and Pb separation were
performed using the technique developed by Manhes
(1982), adapted for LGIIUFPA (Rodrigues, 1992). Before
dissolution, fe1dspar separates were pretreated by leaching
with hot HCI (6 N) and HF (lN). Lead was purified by
repeating two times the separation procedure in ion
exchange chromatographic colurons, using DOWEX AG
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lX8 resin. The Pb was loaded on Re single filaments
following the H3P04-silica gel method. AlI samples were
corrected for mass fractionation by a factor of 0.12% ±0.03
per a.m.u. The total Pb blanks were about Ing. Initial Pb
isotope compositions for minettes, shown in table 3, are
age-corrected assuming a crystallization age of581 Ma and
taken the Th, U and Pb concentrations deterrnined by ICP
MS and ICP-AES (ACME Analytical Laboratories Ltda).

Nd ISOTOPES
For Sm-Nd whole rock isotope analyse~ ~ere çarried

out. The routine procedures at Para-IsoIUFPA followed
Oliveira et al. (2001). Sm and Nd Isotopie compositions
were deterrnined on a Finnigan MAT 262 multicollector
mass spectrometer. 143Nd/144Nd ratios were normalized to
14~d/l47Nd = 0,7219, Nd model ages were calculated
according Goldstein et al. (1984 in Rollinson, 1993), using
147Sm/l44Nd of 0.2137 and 143Nd/144Nd of 0.51316. The
present day 143Nd/144Nd and 147Sm/l44Nd ratios for the
CHUR (Chondritic Uniform Reservoir) are also from
Goldstein et al. (1984 in Rollinson, 1993). eNd notation is
the deviation in part per 104 from the chondritic growth
curve. The decay constants used for 87Rb, 147Sm, 238U, 235U,
and 23~h were those recommended by Steiger & Jliger
(1977) and Wasserburg et al. (1981).
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The two principal Neo-Archean(?)1 Paleoproterozoic
basement terranes exposed in southem Brazil are the Luis
Alves Gneiss Granulite Terrane (GGT) and Atuba
Gneiss-Migmatite Terrane which are sUITounded by
Neoproterozoic granite and metasedimentary belts (Figs.
la, b): Piên Matic-Ultramatic Suite and Piên-Mandirituba
Granite Belt to the north, Dom Feliciano Belt to the south
and Paranagmi-Sao Francisco do Sul Granite Belt to the
east. The central and northem portion of the GGT and the
southem border of the GMT are intruded by the
Neoproterozoic Serra do Mar Plutonic-Volcanic Suite
that is composed by alkaline-peralkaline granite and
volcanic rocks. The northem border of the GGT and the
whole GMT are affected by tectonic, magmatic and
metamorphic processes of the BrasilianolPan-Mrican
orogenesis.

RegionaIly, the Luis Alves Gneiss-Granulite Terrane
(GGT) is constituted by matic, intermediate and felsic
layered orthogranulites, pyroxene-free biotitic and
amphibolitic gneisses, deforrned calc-alkaline and
alkaline granitoids and lenses of matic and ultramatic
rocks such as amphibolites, gabbros, pyroxenites and
peridotites (Siga Jr., 1995; Basei et al., 1998, 1999;
Fomari, 1998; Harara 2(01). The granulites of
sedimentary origin are rare and include gamet and rutile
bearing quartzites, cordierite-bearing kinzigitie gneisses
and banded iron formations. The available V-Pb
(conventional and SHRlMP) geochronological data (Siga
Jr., 1995; Basei et al., 1998, 1999; Hartmann et al., 2000;
Harara, 2001) on prismatic, rounded and elliptical zircons
of the granulites, gneisses and deformed granitoids
suggest the foIlowing ages for the high-grade
metamorphism and synchronic magmatic periods: rare
2700 Ma, occasional 2400 and 2300 Ma and, frequent
2200 Ma, 2100 Ma and 2060 Ma. The V-Pb zircon ages
of 2700 Ma and between 2400 and 2300 Ma are
characteristic of the central and southem portions of the
GGT while the ages between 2200 and 2060 Ma are
characteristie of the northem portion of the GGT. The
main geochronologieal data register the Paleoproterozoic
metamorphic and magmatie events of the Trans
Arnazonian orogenesis (Almeida et al., 2000). The K-Ar
(biotite, amphibole) geochronologieal investigations (Siga

Jr., 1995; Harara, 2001) carried out in the granulites and
gneisses indicate ages around 1800 Ma and interpreted as
the ages of the cooling and tectonic stability of the GGT.

Sm-Nd isotopic data (Siga Jr., 1995; Harara, 2(01)
revealed depleted mande model ages (TDM) between 2800
and 2500 Ma (Neo-Archean-Paleoproterozoie) for the
granulites, biotitie and amphibolitie gneisses and
deforrned granitoids. These model ages indicate the time
of the mande differentiation of the GGT protholites.

The part of the northem border of the GGT, in the Rio
Negro region (Fig. lc), is constituted by LILE-depleted
layered matic, interrnediate and felsie orthogranulites
(norites, quartz norites, enderbites, rare chamo
enderbites) and pyroxene-free biotitic and amphibolitic
gneisses with compositions that include shoshonitic
diorites/monzodiorites, quartz diorites and tonalites (Fig.
2). Lenses of biotite and amphibole-rich layered matic
orthogranulites and gamet-rich layered matic and felsie
orthogranulites occur within the matic and felsic

orthogranulites.
The matic and felsie granulites are composed of

quartz, plagioclase (oligoclase/andesine to labradorite),
orthopyroxene, clinopyroxene, and minor amphibole,
biotite, and interstitial microcline. The accessories
mineraIs in both granulites are apatite, zircon, rutile and
magnetite. The matic and felsic granulites exhibit
granoblastic, deforrned granoblastic and lepido
granoblastic textures. The pyroxene-free biotitie and
amphibolitic gneisses are composed of plagioclase,
quartz, biotite, amphibole and epidote, minor K-Feldspar
and rare orthopyroxene relicts. The accessories mineraIs
are apatite, aIlanite, titanite, zircon and magnetite.

New V-Pb (conventional), Sm-Nd and K-Ar
geochronologieal investigations carried out on biotite and
amphibole-free matic and felsic granulites, biotite and
amphibole-rich matic chamockites (isotropie appearance)
and gamet-rich matic granulites.

In the matic granulites, elliptical (potato-type) and
rounded (spherical-type) high re-crystallized
metamorphic zircons, from the same rock, faIl in the same
discordia line and yielded similar upper intercept age of
2062 ± 65 Ma and one zircon concordant age of 2059 ±
6.6 Ma (Fig. 3).
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Figure 1. a) Sketch map of ArcheanlPaleoproterozoic Cratons and Neoproterozoic Belts of western Gondwana. Source: Modified
from Unrug (J 996). b) Geological map of south-eastern Parana and north-eastern Santa Catarina states. Source: Siga Ir.

(1995) and Harara (2001). c) Geological map of the Upper Rio Negro Region (PR-SC). Source: Harara (200 1).
The Samples dated by U-Pb and Sm-Nd methods, are indicated in the map.
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In the felsic granulites, the elliptical zircons yielded an
age of 2115 ± 31 Ma and the rounded (metamorphic)
zircons, from the same rock, yielded upper intercept age
of 2.060 ± 19 Ma (Fig. 4). The .a.ges_around 2060 Ma of
the rounded metamorphic zircons, in both mafic and felsic
granulites, and the concordant rounded zircon age of
2059 ± 6.6 Ma from the mafic granulites are interpreted
as the ages of high-grade metamorphism of the northem
border of the GGT.
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Sm-Nd (whole rock, plagioclase and gamet) dating of
gamet-rich mafic granulites yielded isochronic age of
1831 ± 17 Ma (Fig. 6). This age is sirnilar to the K-Ar
(biotite and amphibole) cooling ages, around 1800 Ma
(Siga Jr., 1995; Harara, 2001) obtained in granulites and
gneisses and interpreted as the cooling age of these rocks.

The time gap between K-Ar and Sm-Nd isochronic
cooling ages of 1800 Ma and the U-Pb high-grade
metamorphic ages of 2060 Ma suggest a slow cooling
path for the GGT.

The GGT remained tectonically stable and cold until
Neoproterozoic period, between 630 and 585 Ma, when
its northem border was heated and affected by the
adjacent Neoproterozoic subduction, collision and post
collision processes. These Neoproterozoic tectonic and
metamorphic reactivations of the northem border of the
GGT are suggested by pyroxene replacement by
amphiboles, formation of epidote in the granulites, re
crystallization of biotite in the gneisses, parallelism of the
tectonic foliations in the GGT with the tectonic foliations
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The prismatic and long prismatic (acicular) zircons
extracted from the biotite and amphibole-rich mafic
chamockites fall on the same discordia line and yielded
sirnilar upper intercept ages of 2200 ± 7.3 Ma (Fig. 5).
Based on the rnineralogy, textures and typology of the
zircon populations of these rocks, we interpret the age of
2200 Ma as the age of the igneous protholites of the
granulite rocks from the northem border of the GGT.
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Figure 6. Sm-Nd isochron diagram for the gamet-rich matie
granulites.

in the Piên Mafic-Ultramafic Suite and Piên-Mandirituba
Granite Belt and resetting of the Paleoproterozoic K-Ar
ages around 1800 Ma to Neoproterozoic ages between
650 Ma (amphibole) and 620 Ma (biotite).
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INTRODUCTION
Research on the generation, extraction and migration

of granitic melts in the continental crust has gained
renewed interest in the geological literature in recent
years, mostly with the introduction of new methodologies
which allow a more precise deterrnination of intensive
and extensive parameters such P, T, t, fluid activities etc.
More stimulating results have been obtained in studies in
which the source areas of the granitic magmas are well
characterized, either in anatectic terranes, where magmas
and sources are directly associated (Wa!t & Harley, 1993;
Barbero et al., 1995), or in regions such as the Himalayas,
where continued studies over the last decades allowed the
sources of the collisional leucogranites to be very well
constrained (Harris et al., 1995).

The source identification typically makes use of a
geochemical approach, with major and trace elements and
radiogenic isotopes (especially Sr, Nd and Pb) yielding
fundamental and complementary information (Inger &
Harris, 1993; Harris et al., 1995) that can be confronted
with experimental results (cf. Patino Douce & Harris,
1998; Castro et al., 1999).

Crustal granites directly associated to migmatite
terranes are abundant in extensive areas of the crystalline
basement in Brazil. In the southernmost portion of the
Socorro-Guaxupé Nappe (SGN) east of Atibaia (SP) (Fig.
1), three main types of anatectic granites closely
associated to migmatites occue. In order of decreasing
abundance, they are: the gamet-biotite Nazaré Paulista
(NP) granite; the pink or grey biotite Quatro Cantos (QC)
granite and white two-mica (2M) leucogranites.

This work uses elemental and isotope geochemistry as
tools to identify the role of the main regional
metamorphic units as potential sources for the different
types of anatectic granites occurring in the Atibaia area.

THE COUNTRY ROCKS
Shown in Figure 1 is the southernmost portion of the

SGN, a high-grade metamorphic terrane allochtonous
over the SW portion of the Sao Francisco Craton in SE
Brazil. The metamorphic units belong to the Piracaia
Metamorphic Complex (Campos Neto et al., 1983), and
locally three main units are recognized, from "base" to
"top": (1) granitic to tonalitic biotite (± hornblende)
gneisses; (2) banded gamet-biotite gneisses with
centimeter to decimeter layers and variations towards
more aluminous (sillimanite-bearing), and more calcic
(with hornblende and andesine-labradorite plagioclase)
gneisses, and frequent intercalations of hornblende
gneisses, cale-silicate rocks wiht amphibolites, and

(3) (± sillimanite)-gamet-muscovite-biotite schists (often
with quartzite and quartz schist bands), that occasionaly
grade into thin packages of micaceous quartzite (cf.
Fig. 1).

On the basis of their chemistry, rocks from units 2 and
3 are identified as of dominantly metasedimentary origin..
The sillimanite-bearing schists are invariably weathered,
so it is hard to obtain samples suitable for chemical
analysis; their derivation from pelite sediments is
however undoubtful. The gamet-biotite gneisses are
metagreywackes with different propotions of a pelitic
component and possibly sorne contribution from
associated basic volcanics now appearing as amphibolite
layers. Rocks from unit 1 are of doubtful origin, and
could include orthogneisses (from basement sequences or
as early bodies locally intrusive into units 2 and 3) or
strongly immature sediments. A peculiar feature of unit 1
gneisses are their strongly fractionated REE patterns and
high Sr contents, reminescent of Archean TTG
sequences.

THE ANATECTIC GRANITES
Vnder the name "Nazaré Paulista (NP) granite" are

grouped several types of gamet-biotite granites, the most
abundant product of crustal anatexis in the Atibaia region.
Two main facies are present, bath oceurring as small
bodies, no more than a hundred meters wide, sometimes
crosscutting each other in the same outcrop. The grey
facies is an equigranular gamet-biotite granite with M (
mafic index)=5-8 strongly veined by a white, usually
slightly coarser-grained, gamet leucogranite (M<4). The
white facies is texturally similar to the latter veins, but
forms independent bodies with pegmatitic pockets, and is
chemically distinct. Monazite V-Pb dating of the grey
facies resulted in an age of 624 ± 2 Ma (Janasi, 1999).

The QC anatectic biotite granites oceur mostly to the
north of the Nazaré Paulista granites, usually directly
associated to the biotite gneisses from unit 1. The 2M
leucogranites appear as small bodies southwest of the NP
granites, surrounding the younger Atibaia granite (Figure
1), and mostly associated to the upper schist unit.

Compared to the experimental products of melting of
crustal protoliths, the NP granites have an excess of
quartz, plagioclase and mafic mineraIs, which appear to
reflect a restite component. Melting temperatures, as
inferred from zircon and monazite saturation
thermometry, are within the range of muscovite
dehydration-melting (-700-750°C) for the NP granites
and the 2M granites; the lower values are shown by the
NP gamet leucogranites. Higher temperatures, already
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within the biotite dehydration-melting field (>820°C), are
obtained in the QC granites.

Relative to typical products of crustal anatexis such
as the Himalayan leucogranites (Harris et al., 1995), the
NP granites have lower Rb/Sr, higher La/Yb and lower
phosphorous content. The QC granites have even higher
Sr and La/Yb and can be modelled as products of melting
of unit 1 biotite gneisses, which is suggestive that the
latter could also be an important component in the Nazaré
Paulista granites. Flatter REE patterns and low Sr
contents thought to be typieal of crustalleucogranites are
only shown by the NP gamet leucogranites.

Sr-Nd ISOTOPE GEOCHEMISTRY
The 87Sr/86Sr625 of the anatectie granites are wide1y

varied and increase from QC (0.7122-0.7128) to grey NP
(0.7134-0.7187) to NP gamet leucogranite (0.7237
0.7245; data from Ragatki, 1998) to 2M granite (0.7327),
pointing to sources with increasingly higher Rb/Sr ratios
in this sequence (Fig. 2).

The €N~25 are strongly negative and less varied, and
appear to reflect the geographie position of the samples
rather than the petrographie type. Samples intrusive into
the easternmost portion of the Piracaia Metamorphie
Complex, near the Nazaré Paulista town (outcrops 41 and
51; cf. Figure 1) have €N~25 = -12 to -13, while those
collected further west (outcrops 40 and 50) are more
negative (€N~25 - -16). It is remarkable that the NP
granite samples from the latter two outcrops show the
lowest 87Sr/86Sr625' suggesting a (unusual) positive
correlation between the Sr and Nd isotopes.

Also shown in Figure 2 are the fields of regional
granulites and metasediments (from Janasi, 1999), and
the Sr-Nd isotope compositions of metamorphic rocks
from units 1 and 2 of the Piracaia Complex. The spread in
87Srf6Sr625 is sirnilar to that shown by the anatectic
granites (0.7132-0.7275); the lowest value is shown by
the unit 1 biotite gneiss. The €N~25 are on average less
negative than in the granites (-8 to -13). Interestingly,
samples spatially associated with granites showing €N~25

- -13 are the least negative (# 41 and 53), whereas
samples with €N~25 overlapping those of the latter
granites occur westwards, suggesting greater contribution
from old sources in this direction.

IDENTIFICATION OF THE SOURCES
Elemental and isotope geochernistry data are

consistent with the QC biotite granites deriving from unit
1 biotite gneisses, from whieh they must have inherited
their high Sr and La/Yb and relative1y low 87Sr/86Sr625'
The NP gamet leucogranites and probably also the 2M
leucogranites can derive mostly from the regional
metasediment, as shown by the overlap in their Sr-Nd
radiogenic signature, the high Rb/Sr and lower REE

Short Papers - IV South American Symposium on Isotope Geology

fractionation. The grey gamet-biotite NP granites cannot
be derived solely from either of these sources; their
chernical and isotopie character is intermediate between
the QC biotite granites and the leucogranites, which is
consistent with a rnixed source involving a
metasedimentary component sirnilar to the regiorial
gamet-biotite gneisses and a high-Sr, high-LREE
component. Their €N~25, which seem to become more
negative westwards and are more negative than the
country gamet-biotite gneisses in a given location, are
suggestive that the latter component is or mostly derived
from the erosion of old basement.
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INTRODUCTION
The AIÙcuns-Itaberaf volcano-sedimentary sequence,

in western Goias, Brazil, has been correlated in the past
with the Serra de Santa Rita Archean greenstone belt.
More recent studies, however, suggest that these rocks
are considerably younger and might belong to the
Neoproterozoic Goias Magmatic Arc (Pimentel et al.
2oo0a, b; Laux et al., 2001,2002).

ln this study, new ID-TIMS and SHRIMP U-Pb ages
for mafic rocks from the Anicuns region demonstrate that
volcano-sedimentary sequence is Neoproterozoic, and
that mafic magmatism took place during at least two main
episodes.

GEOLOGICAL SETTING
The Tocantins Province (TP) represents a large

Brasiliano/Pan-African orogen developed between three
major continental blocks: the Amazonian, Sâo Francisco
and Paranapanema cratons. The province comprises three

16'

o

Figure

Crustal descontinuity
(gravimetric anomaly) ./

important fold belts, known as the Paraguay Belt, in the
southwest, the Araguaia Belt, in the NW, and the Brasilia
Belt which occupies large areas of the eastern part of the
TP, along the western margin of the Sâo Francisco Craton
(for a review see Pimentel et al., 2000a). The
westernmost part of the Brasilia Belt is occupied by a
large juvenile terrain known as the Goias Magmatic Arc
(Fig. 1) made of calc-alkaline orthogneisses and granitoid
rocks, as well as island arc-type volcano-sedimentary
sequences.

GEOLOGY OF THE ANICUNS REGION
In the Mossâmedes-Anicuns region (Figs. l, 2),

Barbosa (1987) recognized three distinct supracrustal
sequences, and assigned different ages to them, based on
field relationships and structural data: (i) the Anicuns
Itaberaf Sequence (AIS) was interpreted as the southern
extension of the Serra de Santa Rita (Goias Velho)
greenstone belt, (ii) the Mossâmedes Sequence (Simôes,

\
:G> ::
~o :-
, c: .
·CO ,

Figure 1. Location map showing the Goiâs Magmatic Arc and the Anicuns-Itaberai Sequence (Pimentel et al. 2000a).
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1984), west/northwest of Anicuns, was assigned a
Mesoproterozoic age, and interpreted as equivalent to the
Araxa Group, and (iii) a younger detrital sequence
(conglomerates, quartzites and schists) forming the Serra
Dourada ridge, at the north. Nunes (1990) recognized two
different N-S elongated sequences (Fig. 2). To the west is
the C6rrego da Boa Esperança Sequence (CBES), made
of metapelites, andesitic/dacitic meta-tuffs, and iron
formation and has been compared to the Araxa Group
(Nunes, 1990). This sequence is separated from the AIS,
in the east, by a NNW reverse fault. According to Nunes
(1990), this sequence is formed by mafic/ultramafic
metavolcanic rocks, metacherts, metarhytmites and
marble lenses.

Both Nunes (1990) and Barbosa (1987) have
suggested that the metavolcanic rocks in this region have
calc-alkaline or calc-alkaline/tholeiitic nature, indicating
a magmatic arc setting for their origin. Intrusive into the
supracrustal sequences are three generations of granitic
rocks, as weil as mafic and mafic-ultramafic small
bodies. The granitoid intrusions are represented by
tonalites, granodiorites and granites, with subordinate
quartz syenite, metamonzonites and metamonzodiorites.

The mafic/intermediate intrusions are collectively
referred to as the Anicuns-Santa Barbara Gabbro-Diorite
Suite (Araujo, 1997). The Corrego Seco and Santa
Barbara intrusions (Fig. 2), investigated in this study,
have been included in this plutonic suite.

The Americano do Brasil Mafic-Ultramafic Suite
comprises small layered bodies known as Americano do
Brasil, Mangabal I, Mangabal II, Adelândia, Fronteira do

16"32"30"::

~lIilopImmNINllt5(l990)

Anicuns-llabemi Sequence

~rego 5eco Sequence ~Granite-gnejss
:....: !c<lrrego da Boa Esperança Sequence

Figure 2. Sketch map of the Anicuns area showing samp1e
location (Simplified from Nunes, 1990).
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Norte, Palmeiras, and Serra do Gongomé exposed to the
north of the area investigated. Mafic rocks are
metagabbros, metagabbronorites, olivine gabbros and
amphibolites, and ultramafic rocks include mainly
metadunites, metaperidotites, metapyroxenites and
homblendites (Nilson, 1984; Candia & Girardi, 1985).
The Serra do Gongomé and Americano do Brasil
complexes have been dated at 637 ± 19 Ma and 610 ± 50
Ma, by Rb-Sr and Sm-Nd whole-rock isochrons (Winge,
1995; Gioia, 1997). The high initial Sr isotopic ratio for
the Gongomé intrusion (0.7153) indicates interaction
with older continental crust, whereas the positive tNd(T)
value (approximately +3.0) for the Americano do Brasil
original magma indicates tittle or no contamination with
older crust.

RESVLTS
Eight new ID-TIMS and one new SHRIMP V-Pb

results for mafic rocks of the Anicuns region are
discussed in this work.Mafic rocks from the three
distinct sequences recognized in the literature have been
investigated. Three of them are within the C6rrego da
Boa Esperança Sequence [samples JHL-14, JHL-15 and
AMB-Ol (Figs. l, 2)]. JHL-14 is an amphibole-garnet
schist, most likely derived from a gabbro. CL images
reveal that zircon grains in this rock present sector zoning
typical of crystals formed from mafic magmas (Fig. 3b).
The analyses yielded a concordia age of 886 ± 5 Ma (Fig.
3a), interpreted as the crystallization age (Laux et al.,
2002). Sample JHL-15 consists of an amphibole schist,
and the zircon crystals form yellow, long prisms. The U
Pb results produced an upper intercept age of 862 ± 5 Ma
(Fig. 4a). Sample AMB-Ol is a metadiorite with
preserved igneous texture. The prismatic zircon grains
analysed resulted in concordant to semi-concordant
analytical points indicating the crystallization age of 856
± 15 Ma.

Two samples within the Anicuns-Itaberaf Sequence
were studied. Sample JHL-26B is a quartz diorite with
preserved igneous texture, whereas JHL-23 is a coarse
grained amphibolite (metagabbro). Zircon grains JHL
26B are prismatic and brownish yellow, and produced the
upper intercept age of 830 ± 9 Ma, interpreted as the
igneous crystallization age. Prismatic, brownish, zircon
grains from sample 5HL-23 form a discordia tine with an
upper intercept age of 815 ± 10 Ma, interpreted as
indicative of the crystallization of the original mafic
magma.

Four selected sampIes from the Anicuns-Santa
Barbara Gabbro-Diorite Suite were investigated (1HL
22C, JHL-19, JHL-04, SB-Ol (Figs. 1,2). Sample JHL
19 corresponds to a diorite belonging to the C6rrego Seco
Complex, intrusive into the Corrego da Boa Esperança
Sequence. Zircon crystals are colorless, needle-shaped
and yielded the age of 622 ± 6 Ma (Fig. 5d). Sample
JHL-22C is an amphibolite intrusive into the Anicuns
ltaberaf Sequence, and presented the mean 206pb/238U age
of 630 ± 4 Ma (Fig. 5c), identical to the previous sample.
Samples JHL-04 and SB-Ol are from the Santa Barbara
de Goias Complex (Silva & Nilson, 1990). Anorthosite
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Figure 3. SHRIMP U-Pb age (a) and CL image (b), for Sample
JHL-14.

SB-Ol· with anhedral, colorless zircon crystals. One
concordant analysis indicates the 206pbPsU age of 594 ±
10 Ma. The other two points seem to have incorporated
sorne inherited Pb. Discordia through the three points
indicates a lower intercept age of 598 ± 8 Ma, interpreted
as the crystallization age, and the upper intercept age of
1165 ± 97 Ma, indicative of Mesoproterozoic inheritance
(Fig. 5a). Sample JHL-04 is a biotite tonalite with an
upper intercept zircon age of 612 ± 6 Ma (Fig. 5c),
representing the age of igneous crystallization of the
original magma.

CONCLUSIONS
The new U-Pb results presented here demonstrate that

the mafic rocks belonging both the Anicuns-Itaberaf and
C6rrego da Boa Esperança sequences have the same ages.

The Anicuns-Santa Barbara gabbro-diorite and
Arnericano do Brasil suites are coeval, although they
might not be genetically equivalent, as suggested by sorne
authors (Nilson, 1984; Silva & Nilson, 1990).

Ali mafic rocks analysed present TOM model ages of
ca. 1.0 Ga, equivalent to model ages found for rocks of
the Goias Magmatic Arc. tNd(T) values are positive,
indicative of the depleted nature of the mantle source
(MORB-like). However, the lithological association

found in the these supracrustal sequences, are not exactly
similar to other island arc-like sequences of the Goias
Magmatic Arc in which felsic and intermediate volcanic
products are abundant (e.g. the Aren6polis Sequence;
Pimentel & Fuck 1986). The conspicuous presence of
metacherts, marble, metapelites and the dominance of
mafic metaigneous rocks suggests that these supracrustal
sequences in the Anicuns region are equivalent to the
C6rrego Santo Antônio Unit, underlying the western part
of the Aren6polis Sequence, which have been interpreted
as an oceanic or fore-arc sequence.

The area of outcrop of the Anicuns-Itaberaf coincides
with a regionally important gravimetric discontinuity
(Fig.l) indicating that it marks an important crustal
boundary, possibly separating juvenile rocks of the Goias
Magmatic Arc to the west, from rocks of the Anapolis
Itauçu CompJex to the east, where older crustal
components are obvious in the Nd isotopie compositions
of the igneous rocks (Piuzana et al., 2003). This is
suggested also by the initial isotopie compositions and
inheritance patterns displayed by the mafic rocks around
the Anicuns area. To the west of the gravimetric
discontinuity, mafic rocks are pristine, and present
positive tNd(T) values, whereas mafic rock associations
towards the east display evidence of contamination of the
original magmas with older crus!. For instance, the
Gongomé intrusion has very high initial Sr isotopie ratio
(0.7153) (Winge, 1995), the Santa Barbara de Goias
Complex have inherited zircon grains of possible
mesoproterozoic age, and the Goianira-Trindade Jayered
intrusion has a Sm-Nd isochron age of ca. 621 Ma and
tNd(T) value of 0.0 (Pimentel, unpublished results).
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INTRODUCTION
Tonalitic to granitic orthogneisses underlie important

areas in the Precambrian terrains between Born Jardim de
Goiâs and Sanclerlândia, in western Goias, central Brazil
(Pimentel & Fuck, 1987; Pimentel et al., 2000a).

In severa! regional studies, these rocks were originally
interpreted as part of Archean TTG terrains, however Nd,
Pb and Sr isotopic data presented by Pimentel & Fuck
(1992) for tonalitic/granodioritic rocks of the Aren6polis
area demonstrated that they represent Neoproterozoic arc
magmas, and were included in the Goias Magmatic Arc.

In this study, new IJ)-TIMS and SHRlMP U-Pb ages
for orthogneissic rocks from other areas of Goias
Magmatic Arc in western Goias demonstrate that these
Neoproterozoic rocks extend as far as the Anicuns region,
comprising an extensive juvenile Neoproterozoic arc
terrain.

16°

o
=

Crustal descontinuity
(gravimetric anomaly)

GEOLOGICAL SETTING
The Tocantins Province (TP) represents a large

Brasiliano/Pan-African orogen developed between three
major continental blocks: the Amazonian, Sao Francisco
and Paranapanema cratons. The province comprises three
important fold belts, known as the Paraguay Belt, in the
southwest, the Araguaia Belt, in the NW, and the Brasflia
Belt underlying large areas of the eastern part of the TP,
along the western margin of the Sâo Francisco Craton
(for a review see Pimentel et al., 2000a). The
westemmost part of the Brasilia Belt is underlain by a
large juvenile terrain known as the Goias Magmatic Arc
(Fig. 1) made of calc-alkaline orthogneisses and granitoid
rocks, as weil as island arc-type volcano-sedimentary
sequences.

Figure 1. Schematic geological map showing the Goias Magmatic Arc and sample location (Pimentel et al., 2000a).



The Aren6polis Arc underlies large areas in western
and southwestern Goiiis, extending from the vic inities of
Born Jardim de Goiiis in the west, to Turvânia (Fig. 1).

. The supracrustal and orthogneissic units that make this
section of juvenile Neoproterozoic continental crust are
juxtaposed to each other aJong important NNE to NNW
strike-slip faults.

GEOLOGY OF THE ORTHOGNEISSIC ROCKS
These are dominantly hornblende- and biotite-bearing

metatonalites and metagranodiorites. They show mineraI
assemblages indicative of metamorphism under epidote
amphibolite facies and commonly display relict igneous
textures and structures. Major and trace element data
suggest that the igneous protoliths were metaluminous,
calcic- to calc-alkaJine (Pimentel & Fuck, 1986, 1987).
The Aren6polis, Sanclerlândia and Firmin6polis gneisses
are comparable to primitive M-type granitoids of
intraoceanic island arcs, whereas the Matrinxa
granodioritic rocks present characteristics of both 1- and
M-type rocks (Pimentel & Fuck, 1992, 1986, 1987;
Rodrigues et al., 1999).

Tables 1 and 2 present a summary of isotopic and
geochronological data for sorne of these orthogneisses.
U-Pb, Sm-Nd and Rb-Sr isotopic determinations indicate
ages between ca. 940 and 630 Ma. Initial 87Sr/86Sr ratios
are low «0.705) and ENdCT) values are positive indicating
the juvenile character of the original magmas (Pimentel
& Fuck, 1986, 1987; Rodrigues et al., 1999).

Hornblende-bearing granitoids exposed in the
vicinities of Choupana and Turvânia, in the easternmost
part of the Goiiis Magmatic Arc, have TDM model ages
between ca. 0.94 and 1.13 Ga. A whole rock Sm-Nd
isochron indicates the age of 863 ± 97 Ma and ENd(T) of
+4.1, for the Choupana Granite, indicating the primitive
nature of the protolith. To the south of Turvânia,
however, orthogneisses have paleoproterozoic model
ages (1.89 to 2.27 Ga), indicating the involvement of
older sialic crust in between the neoproterozoic juvenile
rocks. Examples of involvement of smalt blocks of older
rocks in between the juvenile rock units have been
described in previous studies in the Aren6polis Arc
(Pimentel & Fuck, 1986, 1987; Rodrigues et al., 1999).

RESULTS
Six new conventional and U-Pb SHRlMP results for

orthogneisses of the Goiâs Magmatic Arc are presented in
this study. These are the Matrinxa, Iporii, Firmin6polis,
Turvânia and Palmin6polis gneisses and the Choupana
granite (Fig. 1). Gnly the Palmin6polis gneiss sample has
been analysed by the SHRIMP method. The remaining
samples have been investigated by the conventional U-Pb
methodology at the Geochronology Laboratory of the
Universidade de Brasflia.

Zircon grains from the six samples form simple
populations of well-formed, prismatic, pink crystals,
without obvious core-overgrowth relationships, similar to
the population from the Palmin6polis gneiss, studied by
cathodoluminescence, which present well-developed
osciltatory zoning (Fig. 2).
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Analyses of zircon grains from the Iporii gneiss
yielded the upper intercept age of 804 ± 6 Ma (Fig. 3a)
interpreted as the age of crystallization of the granitic
protolith. Two concordant analyses for the Matrinxa
gneiss indicate the age of 669 ± 3 Ma (Fig. 3b) also
interepreted as indicative of the original crystallization of
the protolith. The Choupana granite presented a pattern
typical of inheritance, with a lower intercept at 662 ± 12,
interpreted as the age of igneous crystaltization, and an
upper intercept at 1093 ± 25 Ma suggesting
mesoproterozoic inheritance (Fig. 3c). Zircons from the
Firmin6polis gneiss indicate an upper intercept age of
634 ± 8 Ma (Fig. 3d). Similar upper intercept ages of
630±5 Ma (Fig. 3e) and 637±20 Ma (Fig. 3f) (Laux et al.,
2002) are observed for the Turvânia and Palmin6polis
gneisses, suggesting that these rocks comprise a
distinctively younger block in the eastern part of the
Goiiis Magmatic Arc.

Figure 2. CL image of the zircon of Palminôpolis Gneiss.
fNd(T) for the samples investigated are dominantly positive

(Choupana Granite - +2.86, Matrinxà Gneiss - +2.19, Iporâ
Gneiss - +0.36, Turvânia Gneiss - +0.35. Samples of the

Firminôpolis Gneiss 4.57, and Palminôpolis Gneiss indicated
negative fNd(T) values (-4.57 and -6.41, respectively),
suggesting contribution frOID older sialic crust in this

eastem area.

CONCLUSIONS
The new U-Pb ages indicate that the juvenile terranes

of the Neoproterozoic Magmatic Arc in central Brazil
underlie very large areas especially in the southwestern
part of the Brasflia Bell. Sorne localities the igneous
activity seems to have involved older (Archaean
Paleoproterozoic) smalt continental blacks. The evolution
of these arc terranes started in intraoceanic island arc
settings at ca. 900 Ma, as indicated by the oldest of the
tonalitic gneisses, the ca. 900 Ma old Aren6polis Gneiss.
The new U-Pb data presented suggest two major periods
of generation of calc-alkaline rocks: the older between ca.
900 and 800 Ma, and the younger at ca. 630 Ma.
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INTRODUCTION
The Proterozoic rapakivi granites of the Rondônia tin

province have been intensively studied in the last three
decades. The studies were initially undertaken owing to
the important tin deposits spatially associated with sorne
rapakivi granite plutons, and have contributed to
understanding the metallogeny of the rapakivi granites in
general. More recently iliese studies have also shown that
the rapakivi granites provide important constraints on the
tectonic models of the southwestern margin of the
Amazonian craton (see e.g. Bettencourt et al., 1987,
1999). The Santa Clara Intrusive Suite (SCIS) is one of
the three youngest rapakivi granite suites that are
spatially related to Sn-polymetallic deposits, and have
been mapped in semi-detailed scales (1:50,000 and
1:25,000) (Leite Junior, 2002). In this paper, we present
Sr and Nd isotopie data from rocks of early- and late
stage intrusions of the SCIS, and the resuIts indicate the
involvement of different source regions during magma
genesis.

THE SANTA CLARA INTRUSIVE SUITE
The SCIS (1.08 - 1.07 Ga, U-Pb zircon ages)

comprises at least one large batholith (Santa Clara
massif) as weIl as smaller batholiths and stocks (Oriente
Velho, Oriente Novo, Manteiga-Sul, Manteiga-Norte,
Jararaca, Carmelo, Primavera and das Antas massifs)
emplaced in to older medium- to high-grade metamorphic
rocks (1.75 - 1.43 Ga). The SCIS is composed of several
early- and late-stage intrusions, which are presently
exposed in different configurations around each batholith
or stock (Fig. 1).

The early-stage intrusions are dominant and hav~

been divided into two subgroups: (1) dominant
metaluminous to slightly peraluminous subgroup (SiOz=
63.56 - 75.59%; A/CNK= 0.94 - 1.04) composed of
coarse- to medium-grained porphyritic hornblende-biotite
quartz-monzonite, and biotite (± hornblende)
monzogranite and syenogranite, showing rapakivi
textures; and (2) minor and local peraluminous subgroup
(SiOz= 73.17 - 73.73%; A/CNK= 1.05 - 1.07) composed
of porphyritic biotite syenogranite and muscovite-biotite
microsyenogranite. The volumetrically smaller late-stage
intrusions are also divided into two subgroups: (1)
metaluminous to peralkaline subgroup (SiOz= 48.61 
73.98%; A/CNK= 0.79 - 0.98) composed of hornblende
alkali-feldspar syenite and microsyenite, biotite alkali
feldspar quartz-microsyenite, biotite (± sodie amphibole)

alkali-feldspar microgranite, trachyandesite, trachyte, and
minor basaIt; and (2) peraluminous subgroup (SiOz=
75.03 - 79.74%; A/CNK= 0.96 - 1.15) composed of
biotite alkali-feldspar granite, alaskite, Li-mica alkali
feldspar granite, and rhyolite porphyry. The early- and
late-stage granites exhibit geochemical characteristics of
A-type and within-plate granites, whereas the dominant
early-stage rocks also show rapakivi affinities (Leite
Junior, 2002).

ANALYTICAL PROCEDURES AND RESULTS
The preparation of rock powders was carried out at

the Laboratory of Geochemistry of the University of Sao
Paulo State (UNESP) at Rio Claro, Sao Paulo, Brazil.
Seven whole-rock Rb-Sr analyses were realized at the
Geochronological Research Center of University of Sao
Paulo (VSP), Sao Paulo, Brazil. Ten additional Rb-Sr
analyses were obtained from studies done by Priem et al.
(1971, 1989). Seven whole-rock Sm-Nd analyses were
performed at the Laboratory of Isotopie Geology of the
Institute of Precambrian Geology and Geochronology,
Russian Academy of Sciences (IPGG RAS) at St.
Petersburg, Russia, and other three at the Laboratory of
Geochronology of the University of Brasilia (UnB) at
Brasilia, Brazil.

The Rb-Sr data for samples of the early-stage granites
reveal relatively low Rb/Sr ratios (1.26 to 4.21). The best
fit line through six analytical points for the metaluminous
to slightly peraluminous granites (MSWD = 0.23) yields
an isochron age of 1075±70 Ma (Fig. 2a), which agrees
within uncertainties, with V-Pb zircon age of ca. 1082 Ma
(cf. Bettencourt et al., 1999). The high initial 87Srf6Sr
ratio of ca. 0.709 indicates the involvement of older
crustal components in the magma genesis. Crustal
contribution is also suggested for one sample of the
peraluminous granites (Sro = 0.708). In contrast, the Rb
Sr data of the late-stage rocks show relatively high Rb/Sr
ratios (9.01 to 123.72), reflecting ilieir more evolved
geochemical character. The best-fit line through three
analytical points for the metaluminous to peralkaline
rocks (MSWD = 0.53) indicates an isochron age of
1013±15 Ma and initial 87Srf 6Sr ratio of ca. 0.707 (Fig.
2b). A concordant age is defined by a regression line
based on four analytical points for the late-stage nous
granites (l015±75 Ma), despite the higher initial 87Sr/86Sr
ratio of ca. 0.770 (Fig. 2c). Although this ratio is
poorlydefined (MSWD = 62) due mainly to the strongly
evolved geochemical character of these peraluminous
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granites, the high value favors crustal sources for the
parent magma.

The Sm-Nd data reveal distinct isotopie compositions
for the four subgroups of rocks investigated. The early
stage metaluminous to slightly peraluminous granites
show TOM model ages of 1.66 to 1.85 Ga, and negative
ENd (1.08 Ga) values between -4.5 and -2.9, suggesting
that original magma is the product of re-melting of older
continental crust. In contrast, a more negative ENd (1.08
Ga) value of -6.2 for the early-stage peraluminous
granites indicates a much less radiogenic sialic material
was involved in their genesis. The late-stage rocks are
more radiogenic than the early-stage rocks. The two
samples of metaluminous to peralkaline rocks analyzed
show TOM model age of 1.34 and 1.47 Ga, but yielding
positive ENd (1.07 Ga) values of + 1.1 and +2.3, suggesting
a dominant mantle source for the parent magma.
Inversely, the two samples of late-stage peraluminous
granites show older TOM model ages (1.69 and 1.75 Ga)
and negative ENd (1.07 Ga) values of -1.2 and -2.1,
suggesting that the original magma was derived mainly
from an older crustal source.

DISCUSSION AND CONCLUSION
ln spite of the high uncertainties, the Rb-Sr isochron

age for the early-stage metaluminous to slightly
peraluminous granites is consistent with the U-Pb zircon
age, and the Rb-Sr isochron ages for the late-stage rocks
confirm the simultaneous emplacement of these
intrusions, although these ages are circa 60 Ma younger
than the U-Pb zircon age of ca. 1074 Ma (cf. Bettencourt
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et al., 1999; Leite Junior, 2002). The initial 87Sr/86Sr
ratios, although poorly defined for the late-stages rocks,
are relatively high, suggesting that the original magmas
are melts derived from older continental crust.

The Nd isotopie characteristics of the early- and late
stage intrusions are shown in ENd vs. age diagram (Fig. 3).
The time-integrated evolution of the early-stage granites
is in close agreement with the evolution of the felsic
basement rocks. In addition, the Nd isotopie
compositions of the metaluminous to slightly
peraluminous granites [ENd (1.08 Ga) = -2.9 to -4.5]
overlap with those 1.57 - 1.53 Ga granitic and
chamockitic rocks at 1.08 Ga [ENd (1.08 Ga) = -3.4 to
-4.0], whereas the Nd isotopie signatures of the
peraluminous granites are less radiogenic [ENd (1.08 Ga) =
-6.2], and support a contribution of older metapelitic
rocks [ENd (1.08 Ga) =-8.9 and -9.0) exposed in the area
(cf. Payolla et al., 2002). The late-stage intrusions are
more radiogenic than early-stage intrusion [ENd (1.07 Ga)
~ -2.1]. The late-stage peraluminous granites lie either
within or just slightly above felsic basement rocks
evolution line at 1.07 Ga, more precisely the Nd isotopie
composition of one sample [eNd (1.07 Ga) = -2.1] overlap
with those 1.43 Ga fine-grained granitic and chamockitic
rocks at 1.07 Ga [ENd (1.07 Ga) =-2.0 to -3.0] (cf. Payolla
et al., 2002). On the other hand, the Nd isotopie
compositions of the metaluminous to peralkaline rocks
[ENd (1.07 Ga) =+1.1 and +2.3] lie between estimates for
depleted mantle and 1.75-1.43 Ga felsic basement rocks
at 1.07 Ga.
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This study also suggests that the representatives of the
younger episode are concentrated in the eastern part of
the Goiiis Magmatic Arc, forming a continuous gneissic
block between Firmin6polis and Palmin6polis. Also in
this block, the igneous protoliths of the gneissic rocks
seem to have been more intensely contaminated with
older sialic crust during ascent and crystallization,
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probably indicating proximity with the edge of the Sao
Francisco continental plate.
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Table 1. Summary of geochronological and isotopie data for orthogneisses from western Goiâs. a. Zircon U-Pb age;
b. whole-rock Rb-Sr isochron; c. Titanite U-Pb age; d. whole-rock Sm-Nd isochron age; 1. Pimentel et al., 1991;

2. Pimentel & Fuck, 1994; 3. Gioia, 1997.

Rock/Unit

Aren6polis Gneiss

Matrinxa Gneiss

Sanclerlândia Gneiss

Firmin6polis Gneiss

Age (Ma)

899±7 a

818±57b

637 c

ca. 895b

ca. 940b

628±65d

0.7042

0.7026

0.7025

1.0-1.2

0.9

0.9-1.0

1.1-1.2

+1.9/+3.2

+ 6.0

+4.0/+6.0

-1.7

Refer.

1,2

2

2

3

Table 2. Summary of Sm-Nd isotopie data for sorne orthogneisses of the Goiâs Magmatic Arc (Pimentel et al., 2000).

Sample Sm (ppm) Nd (ppm) 147Smil44Nd 143Nd/144Nd ( ±2a) TDM(Ga)

Choupana Granite-l 2.476 11.71 0.128 0.512426 (10) 1.09

Choupana Granite-4 1.787 7.452 0.145 0.512559 (20) 1.07

Choupana Granite-5 1.651 7.023 0.142 0.512540 (21) 1.06

Turvânia-l A 1.92 10.22 0.114 0.512395 (09) 0.99

Turvânia-lE 1.749 10.89 0.097 0.512320 (08) 0.94

Turvânia-2A 3.66 19.47 0.114 0.512342 (15) 1.07

Edéia-IC 7.786 35.93 0.130 0.511926 (08) 2.00

Edéia-2A 10.49 51.43 0.123 0.511818 (08) 2.04

Indian6polis-IA 18.85 99.56 0.114 0.511798 (09) 1.89

Palmin6polis-lA 4.476 22.75 0.119 0.511626 (23) 2.27

Palmin6polis -lB 5.700 31.32 0.110 0.511548 (09) 2.19

Palmin6polis -2A 3.620 16.47 0.133 0.512504 (14) 0.98

Palmin6polis -2B 6.903 47.32 0.088 0.512010 (13) 1.25

Aloândia-l 5.891 27.70 0.128 0.512219 (20) 1.45

Aloândia -2 3.771 18.68 0.122 0.512365 (12) 1.12
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In conclusion, the Sr and Nd isotopic data for the
early and late intrusions of the Santa Clara Intrusive Suite
suggest different sources for the magmas of the four
subgroups of rocks recognized in this suite. The early
stage intrusions seem to represent crustal anatectic melts,
with the metaluminous to slightly peraluminous magmas
originated mainly from re-melting of 1.57-1.53 Ga
granitic and chamockitic rocks, whereas metapelitic rocks
appear to be an important crustal component for the
peraluminous magmas. The late-stage metalurninous to
peralkaline rocks may be products of mantle-derived
matic magmas with minor crustal input, in contrast with
the late-stage peraluminous magmas that may have
originated from older crustal source with minor mantle
input. It is interpreted that this source was the residue of
the source from which the rnetaluminous to slightly
peraluminous granites were previously extracted,
although the 1.43 Ga tine-grained granitic and
charnockitic rocks should not be ignored. Polymetallic
(Sn, W, Nb, Ta, Zn, Cu, Pb) primary deposits are spatially
and temporally associated with these late-stage
peraluminous granites.
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Sm-Nd DATA IN GRANITIC AND MYLONITIC ROCKS IN THE SIERRAS PAMPEANAS OF
CATAMARCA AND LA RIOJA, NORTHWESTERN ARGENTINA

Lapez, J.p!; Rodriguez Areal, M.M.2
; Sales, A.2 and Kawashita, K.3

1. Instituto Superior de Correlaci6n Geol6gica, Universidad Nacional de Tucumân, Tucumân, Argentina. lopezjpOO@yahoo.com.ar
2. Facultad de Bioqufmica, Quimica y Farmacia, Universidad Nacional de Tucumân, Tucumân, Argentina.

adrivisci@hotmail.com, rnrareal@unt.edu.ar
3. Universidade Federal de Rio Grande do Sul, Porto Alegre-RS, Brasil

Keywords: Sm-Nd metodology, Pampean Ranges, mylonitic rocks, combinated spike

GEOLOGIC SETTING
The study area is part of the Pampean Ranges in

Northwestern Argentina, which is characterized by a
peraluminous granitic basement of Lower Paleozoic age
(Antinaco and PaiIruin Formation) related to subduction
during the Famatinian orogeny. This granitic basement
was affected by deformation that produced the TiPA
Mylonitic Band (LOpez & Toselli, 1993) of Upper
Ordovician to Devonian (Ocloyic Phase, Salfity et al.,
1984) age and followed by a new intrusive event during
Devonian times (San BIas Granite).

In the Velasco Ranges three main petrologic units are
identified: 1) Antinaco Formation which is composed of
porphyritic monzogranites and granodiorites, with coarse
matrix and large phenocrysts of K-feldspar of more than
10 cm 2) TiPA Mylonitic Band, of protomylonites,
mylonites and mylonitic gneisses and schists with a
strong mylonitic foliation, formed from Velasco Granite,
distributed in bands of NNW direction, and 3) San BIas
Granite, constituted by porphyritic monzogranites to
granodiorites that appear in the north of the region, as
circular structure, with depressed relief and which is also
recognized in outcrops of the hillside W of the Velasco
Range, near of the locality of Antinaco.

In the Copacabana Range it is possible to recognize
outcrops of TiPa Band; non deformed granites and
gabbroic bodies are recognized in their southem part.

The Paiman Range is constituted by granitic rocks of
the Antinaco Formation, besides gabroic rocks and a thin
band of mylonitic rocks on its eastern flank.

Sm-Nd METHODOLOGY
The method embraces the addition of a combined

SmlNd spike and the chemical digestion using the
HF/HN03acid mixture in the proportion of 2: 1.

The mixed spike used in this work was prepared from
concentrated spike solutions of 149Sm and 15<Nd. The
concentrations calibrated with normal solutions were:
[149Sm] = 0.004722 lJ1I1ols/g; e~d] = 0.0033550
/lmols/g. The error (la) in the 149Sm/15<Nd ratio of
1.4075 was 0.25% and, hence the errors on 147Sm/144Nd
deterrninations on samples were close to this value.

Samples weighing around 0.1 g were spiked
according to the expected contents of Sm and Nd. These
elements were separated in two stages; in the first, the
rare earth elements (REE) were separated from other
elements using a cation exchange column with

AG50WX8 resin followed by separation of Sm and Nd
using a teflon column with hydrogen di-ethylhexyl
phosphate (HDEHP) supported by teflon powder and
elution with 0.25 N HCL The separated Sm and Nd were
dried, then dissolved in IflL H3P04 and loaded on single
Re filament and double (Ta-Re) filament arrangement,
respectively. The Sm and Nd were analysed as Sm+ and
Nd+ using a Micromass VG-354, equipped with a single
collector, and a Finigan mat 262 multicollector
instrument, respectively. AlI Sm-Nd procedures are
described in detail by Sato et al. (1999). The Sm-Nd
results obtained on 12 different rock types are presented
in table 1.

DISCUSSION AND CONCLUDING REMARKS
Allowing for complexities introduced by two

magmatic events, single dynamic metamorphism
recognized in the area, and the known limitations to
estimate the model ages by extrapolation and interception
with the depleted mantle evolution curve for 143Nd/144Nd,
the TDM model ages presented in Table 1 show
considerable spread. Usually, model ages used for
interpretation of the origin of a given terrain exhibit
variations between 10 to 20 % from average data. The
ages of granitic rocks and mylonites of present work are
in a large range comprised between 2490 and 1410 Ma
indicating mixtures of different reservoirs and crustal
source materials. The age pattern is very similar for those
obtained for the Borborema Province granitoids of
Brasiliano Cycle (Van Schumus et al. 1995; Cordani &
Sato, 1999). The main difference resides in ENd values.
The ENd(O) of Pampean granitoids are less than -10, while
for Brasiliano granitoids are ca. -20. Similar to
Borborema granitoids the initial ENd values calculated for
450 Ma (Ocloyic magmatic phase) are also moderately
negative. These values, associated with initial 87Sr/86Sr
values between 0.704 and 0.711 (Perez & Kawashita,
1992), revealed by sorne Pampean granitoids, suggest that
reworking of previous crustal protoliths of Early
Proterozoic ages occurred, although the participation of a
juvenile component in their petrogenesis cannot be ruled
out. In support of these ages and this interpretation,
Hockenreimer et al. (2002) recently presented Sm-Nd
data on gamets and rocks from same region indicating
"early Devonian movement" and TDM model ages
between 2150-1800 Ma. SHRIMP U-Pb ages between
1.4 - 2.0 Ga obtained on nuclei of zircons separated from
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Table 1. Sm-Nd data for rocks from Velasco (a), Paiman (b) and Copacabana (c) ranges. I. CaIculated with data norrnaIized to
l~d/l44Nd =0.7219. The estirnated internai error is ca. 25 ppm; 2. fSmtNd =0.1967/e47Sml l44Nd)-I;

3. Double-stage TDM model ages (DePaolo et ai., 1991).

No.
Matenal

Sm Nd 147Sm/144Nd 143Nd/144Nd 1 fsmlNl
TDePaolo TDM 281

Campo (ppm) (ppm) (Ma) 3 E(o) E(4S0Ma)

6498 grey porfirobl. Granite (a) 9.868 35.695 0.1672 0.512289 -0.15 2491 1437 -6.81 -5.11

6448 Pink Granite (a) 4.637 20.062 0.1398 0.512357 -0.29 1410 1230 -5.48 -2.21

6414 Schists (a) 2.423 9.257 0.1583 0.512212 -0.20 2292 1508 -8.31 -6.10

6281 Mylonite (a) 3.915 16.280 0.1454 0.512163 -0.26 1962 1523 -9.27 -6.32

6416 Catacl. Mylonite (a) 2.732 10.810 0.1528 0.512160 -0.22 2216 1558 -9.32 -6.81

6411 Pink Granite (a) 8.331 42.561 0.1184 0.512128 -0.40 1460 1461 -9.95 -5.45

5507 Granite (c) 8.616 38.931 0.1338 0.512143 -0.32 1714 1504 -9.66 -6.05

5508 Mylonite (c) 8.518 37.983 0.1356 0.512124 -0.31 1790 1537 -10.03 -6.52

5503 Amphibol (c) 7.805 36.295 0.1300 0.512209 -0.34 1516 1396 -8.37 -4.54

5426 Gneiss (c) 6.509 25.053 0.1571 0.512202 -0.20 2273 1517 -8.51 -6.23

5514 Gabbro (b) 4.952 19.357 0.1547 0.512322 -0.21 1857 1340 -6.16 -3.75

5512 Quartz (b) 5.345 21.939 0.1473 0.512315 -0.25 1666 1320 -6.30 -3.47

post-tectonic granites also suggested that Transamazonian
protoliths and Pampean age materials were involved in
their generation. The spread in model ages and
difficulties for more realistic interpretations arise from
the present scarcity of data, including Sm-Nd. Average
Sm and Nd contents, 6.0 ppm and 25.1 ppm, respectively,
are relatively close to those estimated for the average
upper crust (Othman et al., 1984) but the 147Sm/144Nd
ratios between 0.13 and 0.1672, almost certainly exclude
the possibility that the Pampean granitoids were formed
during a "single stage" event. The granitic rocks in this
model usually exhibit ratios between 0.11-0.12 (e.g. De
Paolo & Wasserburg, 1979; Jacobsen & Wasserburg,
1979). Thus, two stage model ages were also calculated
using the proposaI of De Paolo et al. (1991). These ages
are more closely grouped at around 1450 Ma (see Fig. 2).
Probably this age would be more realistic for the crust
differentiation process, but a doubt remain if we take into
account the 2.0 Ga inherited zircons mentioned
previously. In conclusion: the classical interpretation of
reworking of Early Proterozoic protolith seems more
plausible.
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INTRODUCTION AND PETROLOGY
Mantle derived magmatism in W Argentina and

Bolivia is bound to late Mesozoic extension, e.g. in the
Salta Rift System (Fig. 1; Viramonte et al., 1999). The
composition of these magmatic rocks indicates two
different mantle sources, one comparable to a depleted
mantle and a second comparable to old subcontinental
mantel of the Brazilian Shield (Fig. 1; Lucassen et al.,
2002). This study investigates chemicaJ and isotopic
composition of depleted mantle xenoliths from the Salta
Rift! Quebrada las Conchas (Fig.!), 26°S near the town
of Cafayate in NW Argentina, which are hosted by small
volume basanitic dikes and sills within a continental rift
basin (e.g. Viramonte et al., 1999; Lucassen et al., 2002).
Mantle xenoliths and their host rocks are used to
constrain the composition of the upper mantle before the
onset of the Plateau formation in the Central Andes.

The occurrence of large xenoliths (ca. 4 - 20 cm),
providing sufficient material for bulk methods of
investigation as XRF, lCP-MS and TIMS, are restricted
to few locations within the extended rift system. Most
xenoliths are spinel Iherzolite to harzburgite with variable
amounts of olivine, clinopyroxene (cpx), orthopyroxene
(opx) and spinel. Few samples are dunite.
Carbonatization of these xenoliths occurred 10caUy at the
intrusion level, preserving clinopyroxene and spinel in a
calcite matrix. Many samples show hydration of olivine
along grain boundaries. Sorne large peridotite xenoliths
show compositional layering or preferred orientation of
the mineraIs. At the microscopic scale, ail samples show
weil annealed metamorphic fabrics with straight grain
boundaries, and 120° triple points are common. Optical
zoning of the mineraIs is absent. Cpx of sorne sampIes
shows smaJI rims (10 -30 /lm) of secondary low AI and
Na cpx in palisade textures together with glass,
considered to be typical of melting along grain
boundaries during fast uplift of the xenoliths. Mineral
assemblages of ail sampies selected for isotopic studies
have been checked for compositional zoning by electron
microprobe, which is absent however. The mineraI
assemblage appears to be in chemical equilibrium.
Thermometric studies of cpx - opx indicate rather
uniform temperatures between 1000 - 1100°C (12
samples). The peridotite xenoliths represent the
uppermost mantle shallower than ca 70 km, outside the
garnet stability field.

20"S

Figure 1. Distribution of the Cretaceous Rift, the Mesozoic
Parami volcanism, the Early Palaeozoic Basement, formed in a
Pa!aeozoic mobile belt, and the Proterozoic Brazilian Shield.

Sample locations of the xenoliths are in the Qda. Las Conchas.
Occurrences of Cretaceous volcanic rocks with signatures of old
subcontinental mantle at Los Condores and Chajan (ca 32-34°S)

are also shown. Modified from Lucassen et al. (2002).

CHEMICAL AND ISOTOPIC COMPOSITION
Bulk rock compositions (XRF, 27 sampIes) are

similar to other spinel peridotite xenoliths worldwide
(Maaloe & Aoki, 1977) and Mg# varies between 89 - 92
at high Cr (1700 - 4000 ppm) and Ni (1700 - 2500 ppm)
content. For Sr, Nd and Pb isotope measurement and
REE analyses cpx (21 samples) has been separated (for
analytical methods see: Lucassen et al., 2002). Cpx is the
principal host of the respective elements in the peridotite
because amphibole and phlogopite are absent. Selection
and leaching avoids possible effects of alteration and
accidentaI contamination during whole rock sampIe
handling especially on the D-Th-Pb isotope system. Sr,
D, Th, Pb, Sm and Ndelement concentrations are
variable in the cpx, whereas Rb is below detection Iimit.
REE pattern of cpx are highly variable from mildly
depleted to essentially flat patterns to prominent light
REE enrichment (Fig. 2; LalYbN ratios between 0.4 
110). Sr, Nd and Pb isotope ratios are corrected for in-situ
decay to 100 Ma using the element concentrations from
lCP-MS measurements. Sr and especially Nd isotope
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ratios show considerable variations (Fig. 3). Most
samples scatter within the depleted mantle field (the main
group, where the discussion is focused on), three samples
have elevated Sr isotope ratios, two samples plot into the
field of the crust or enriched mantle. 2°?PbP04pb and
206pbP04pb isotope ratios scatter from rather unradiogenic
to radiogenic values (Fig. 4a). 2ospbp04pb ratios (Pb from
Th decay) of sorne xenoliths are high at given 206pbp04pb
ratios (Fig. 4b).

Opx and cpx have been separated from selected
samples in order to constrain the age of isotopic
equilibration in the Sm-Nd system. Sm/Nd ratios in opx
are slightly higher than in cpx. Ages from two point
'isochrons' of five samples vary between ca. 70-130 Ma.
One sample yielded a Iate PaIaeozoic age (ca. 300 Ma).

equilibration from cpx - opx thermometry are high (ca.
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DISCUSSION IMPLICATIONS FOR THE
EVOLUTION OF THE UPPER MANTLE

WeIl equilibrated fabrics and the lack of chemicaI
zoning in the mineraIs indicate chemicaI equilibrium
between the mineraIs of the xenoliths. Temperatures of
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The western edge of Gondwana has long history as a
sporadically active margin at least from the Early
Palaeozoic onwards with major reworking of Proterozoic
crust in a Palaeozoic mobile belt (Fig. 1). This and the
isotopie and chernical composition of the xenoliths and
mantle derived magmatic rocks are the basis of our
working hypothesis for the evolution of the mantle in this
section of the Central Andes. (1) The mantle at the
leading edge of the continent has been modified by
several timely distant systems of subducting oceanic plate
- asthenospheric mantle wedge configurations. This
resulted in a generally depleted mantle beneath the
Palaeozoic orogens/magmatic arcs in contrast to the old
subcontinental mantle beneath the Brazilian Shield or
found in the Cretaceous magmatism between 32- 34°S

the LREE are variable degrees of enrichment. The HREE
patterns are flat in most samples (Fig.2). The LalYb ratio
and Sr (Fig. Sa), REE content and the U/Pb ratios are
positively correlated. Pb isotope ratios increase with Sr
content (Fig. Sb) and LalYb. 143Nd/I44Nd ratios decrease
with increasing Nd content (Fig. 6) and LalYb ratios.
87Sr/86Sr ratios of the main group (0.703 - 0.704; 17
samples) show no correlation with the variable Sr
content, but 4 samples with 87Sr/86Sr ratios> 0.705 show
positive correlation with Sr content (Fig.7). Radiogenic
growth since the Cretaceous is minor and the correlation
between the isotope ratios and respective parent elements
is weak. Variations in the Pb isotope ratios e07PbP04pb:
ca. 15.5 - 15.7 and 206Pbp04Pb: ca. 17.5 - 20.5) and Nd
isotope ratios (ca. 0.5124 -0.5138) indicate contributions
of Pb and Nd from sources with long-term separate
isotope evolutions. Principal regional sources are the
Pacifie MORB-type mande, old subcontinental mande of
the Brazilian Shield and local continental crust as the
contaminant in a subduction system (Figs. 3, 4).
However, there is no clear affinity of a sample group to
one of the sources or a uniform mixing relation between
the sources.

Deviations of REE (and other trace elements) from
the expected LREE depleted pattern in depleted mande
compositions are usually attributed to LREE enrichment
during mantle metasomatism by percolating fluids or
melts. In the investigated samples, Nd and Pb isotope
ratios are correlated with increasing trace element
contents of the cpx, whereas Sr isotope ratios are largely
independent. Considering a isotopie composition close to
depleted mantle as the starting condition (sample 6-180a;
Figs. 3, 4; 206pbp04Pb: 18.80, 207pbp04Pb: 15.55,
208pbP04pb: 38.50, 143Nd/144Nd: 0.51312, 87Sr/86Sr:
0.70264, LalYbN: 0.9), a melt similar to the average
basanite hosting the xenoliths could substitute the second
endmember in the Nd - Sr isotope diagram (Fig. 3).
However, the Pb isotope composition of the xenoliths
does not indicate any systematic relation to the
composition of the average basanite or other possible Pb
source (Fig. 4). The REE patterns of the xenoliths do not
show a graduaI change from depleted to enriched patterns
as expected from a reaction with varying volumes of
compositional uniform magma under sirnilar physical
conditions (Fig. 2). These observations make a single and
uniform process causing the observed variations in the
peridotite unlikely.

Magmatism associated with the Cretaceous Rift is of
minor volume in small isolated occurrences (Viramonte
et al., 1999). The mainly alkaline rocks are derived from
low degrees of melting in the mantle. If the magmatic
activity is an expression of the degree of melting in the
mantle and its regional distribution, most of the mantle
volume beneath the Cretaceous Rift was unaffected by
melting. Despite the chemical and isotopie equilibrium
between the mineraIs on the handspecimen-scale, a larger
scale equilibration of isotope composition and trace
element distribution is unlikely without mayor melt
extraction/percolation in the upper mantle. Therefore,
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(Figs. 1, 3, 4). Most Early PaIaeozoic to Mesozoic
mantle-derived magmas (e.g. Lucassen et aI., 2001) and
the mantle xenoliths in the realm of the PaIaeozoic
mobile belt are from isotopically depleted mande sources.
(2) Compared with MORB mande, this depleted mande
lithosphere is heterogeneous in isotope and trace element
composition. The major heterogeneities occur in the Sm
Nd and V-Th-Pb isotope systems and trace elements (e.g.
Sr and REE), whereas Sr isotope ratios are rather uniform
(Figs. 3, 4, 7). The measured Il-ratios e38U1204Pb) in the
cpx (ca. 1 - 300, the assumed mande value is ca. 8) and
the 147Sm/144Nd ratios (ca. 0.06 -0.25, the assumed mande
vaIue is ca. 0.21) show considerable variations whereas
Rb is below the detection lirnit or negligible compared
with Sr content. If metasomatic processes in an ancient
active mantle wedge occurred at large scale this could
explain the observed differences. Assuming an average Il
ratio of 30 for a metasomatized depleted mande, 200 Ma
of separation (e.g. during lull of subduction) would be
sufficient to cause substantial radiogenic growth in the V
Pb system (e.g. 206pbP04pb from 18 to 19 instead to 18.26
for a Il ratio of 8 of the depleted). A 147Sm/I44Nd ratio of
0.1 would retard the radiogenic growth of 143Nd/I44Nd
compared with normal depleted mande evolution (e,g
from 0.5127 to 0.51283 instead to 0.51297 for a
147Sm/I44Nd ratio of 0.21 of the depleted mantle). The
uniform Sr isotope composition of the main group may
result from generally anhydrous mantle without Rb
bearing phases like phlogopite, whereas the few samples
with high Sr-isotope ratios could be related to hydrous
parts of the mande. (3) Such modified mantle realms
could be the source of xenoliths sampled by the host
basanite or of melts modifying other parts of the mantle
during ascent. The increase of LalYb with increasing Sr
(Fig. Sa) and the increase of the 206Pb/204Pb ratios with
LalYb (Fig. Sb) could reflect the varying amount of
addition of such me1ts to an originally depleted peridotite.
Small amounts of melt with high trace element content
would change the trace element budget of a depleted
peridotite dramatically, leaving the major element
composition virtually unchanged. (4) Traces of me1t1fluid
infiltration such as possible hydrous phases or chernical
zoning of mineraIs have been extinguished by Cretaceous
high-T metamorphism.
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INTRODUCTION
The Late Cretaceous Poços de Caldas intrusion, lying

at the border between Minas Gerais and Siio Paulo States,
extends for about 800 kmz. It is the largest known
alkaline complex of Brazil and one of the largest of the
world.

A study of the Poços de Caldas alkaline massif has
been carried out during the last decade in the framework
of a Brazilian-Italian scientific cooperation, in order to
characterize the mineralogical and geochemical
composition of the Cretaceous-Paleogene alkaline,
alkaline-carbonatite and tholeiitic complexes of SE
Brazil, Paraguay and Uruguay. The results of this study
indicated that the Poços de Caldas can be considered as
the westernmost occurrence of the Serra do Mar Province
(Thompson et al., 1998), the latter extending from the
Cabo Frio area (Atlantic Ocean, SE Brazil; Bennio et al.,
2002) to the southeastern end of the Alto Paranama
Igneous Province (APIP; SE Brazil; Araujo et al., 2001;
D'Amelio et al., 2003).

GEOLOGICAL FRAMEWORK
The Poços de Caldas igneous complex forms a

circular (ring) structure, about 28 km in diameter,
emplaced between 78 and 76 Ma (Shea, 1992) mainly in
the Guaxupé block, between the Paranâ basin and Siio
Francisco craton. The Guaxupé block separates the
Brasûia mobile belt from the Ribeira belt, where
widespread alkaline-carbonatite and alkaline magmatism
(with both potassic-ultrapotassic and sodic affinities)
occurred during Late Cretaceous (Alto Paranama
Province; 90-80 Ma; Gibson et al., 1995; Araujo et al.,
2001), and Late Cretaceous to Paleogene (Serra do Mar
Province; 80-54 Ma; Thompson et al., 1998),
respectively.

The rock-types are potassic (KzO/NazO generally>l)
phonolites (- 80% of outcrops) and nepheline syenites
(- 14%). Pyroclastic rocks (mainly breccias), mainly

found at the western margin of the massif in the Vale do
Quartel, are agglomerate blocks of tephrite with
subordinate ankaramite, nephelinite and phonotephrite
with sodic affinity (KzO/NazO < 1; generally < 0.5).
Tephrite, trachybasalt and basaltic trachyandesite dykes

are present at the northwestern side of the complex.
Mafic-ultramafic dykes of lamprophyric affinity occur
within the Osamu Utsurni pit (Schorscher et al., 1991).
Ultramafic lamprophyric (with alnôitic affinity) and
silico-carbonatite dykes, intruding the Neoproterozoic
quartz mangerites near the northern borders of the
complex, are also present (Vlach et al., 1996). The
presence of a carbonatite body at the Morro do Ferro
mine was inferred by Waber (1992) through chemical
balances on the Th-REE supergene mineralizations.

PETROGRAPHY AND MINERAL CHEMISTRY
Phonolites are holocrystalline, aphanitic, fine-grained,

and sometimes show "tinguaitic" textures. Porphyritic
textures are occasionally present, with pheno- and
microphenocrysts of alkali feldspar (Or 93-60 wt%),
nepheline (with kalsilite content up to 30 wt%),
clinopyroxene (from diopside core with mg# = 0.84 to
hedenbergite and aegirine-augite rims with mg# = 0.48
and Ae up to 80 mol%), sphene and rare opaques (mostly
Ti-magnetite), set in a groundmass made up of the same
mineraIs. Common pseudoleucite (intergrowth of alkali
feldspar and nepheline) and rare analcime, believed to be
late metasomatic modifications, occur as phenocryst-like
phase. Accessory mineraIs allow to distinguish
peralkaline phonolites [i.e., A.L>I; A.L = (Na+K)/Al],
usually characterized by arfvedsonite, astrophyllite,
eudialyte-eucolite, hainite, aenigmatite, sodalite, fluorite
and other unidentified mineraIs (e.g., Atencio et al.,
1999). Sphene and apatite are common accessories in the
rare metalluminous rocks.

Nepheline syenites, phaneritic equivalent of the
phonolites, in general contain less than 20 vol% of mafic
mineraIs. Rarely, sorne eudyalite-rich variants (lujavrite)
have up 28 vol% clinopyroxene (Ulbrich, 1993).
Medium- to coarse-grained hypidiomorphic textures are
prevailing, and foyaitic (trachytic s.l.) textures are
occasionally present. The main mineraI assemblages are
made up of alkali feldspar (Or = 83-54 wt%), nepheline
(kalsilite content 15-28 wt%), clinopyroxene (from augite
with mg# =0.79 to aegirine with Ae up to 80 wt%) and
occasional sodalite, amphibole (arfvedsonite) and biotite,
the latter often appearing as substitution products of
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clinopyroxene or as poikilitic aggregates. Zircon is an
ubiquitous accessory mineraI. Similar to the phonolitic
rocks; accessory phases of the prevailing agpaitic variants
are eudialyte, hainite, rinkite, lamprophyllite and
astrophyllite, that may have local importance (up to 14
voI.%, i.e. lujavrite and khibinite rocks; Ulbrich &
Ulbrich, 20(0). The prevailing accessories of the miaskite
(metalluminous) variants are sphene, fluorite, magnetite,
Ti-magnetite, ilmenite and sulphides.

Pyroclastic rocks are breccias, agglomerates, tuffites
and surge deposits. Rounded to subangular blocks include
ankararnite, basanite/tephrite and phonotephrite. The
prevailing texture is aphanitic; the subordinate
porphyritic rocks show diopsidic clinopyroxene (W0 46
50, En 41-46) olivine (Fo 81-84), and Ti-magnetite
pheno- and microphenocrysts set in a hypocrystalline
groundmass made up of clinopyroxene, feldspar,
biotite/phlogopite, opaques, altered olivine and analcime.
Sorne analcime-like phenocrysts show leucite remnants at
the core (Thompson et al., 1998). Variants rich in
clinopyroxene megacrysts (up to 4 cm long) have been
classified as ankaramites.

Dykes are usually phlogopite-rich rocks, having
petrographic evidence of lamprophyric affinity
(Schorscher et al., 1991; Waber et al., 1992). According
to the TAS classification scheme sorne rock-types can be
classified as basanites, trachybasalts and basaltic
trachyandesites. The texture is porphyritic with mega-,
macro-, pheno- and microphenocrysts of clinopyroxene
(hedenbergitic core with diopside rims),
phlogopite/biotite phenocrysts and olivine pseudomorphs
(unaltered cores with Fo 80-75), set in a groundmass of
hedenbergitic clinopyroxene, phlogopite, opaques and
altered glass. In particular, ultramafic lamprophyre dykes
of the Osamu Utsumi mine are characterized by high
phlogopite and clinopyroxene contents (25-35 and 27-36
vol%, respectively) with sorne variants having up to 40
45 vol% groundmass carbonate, pointing to a carbonatitic
affinity (e.g., Schorscher et al., 1991).

GEOCHEMISTRY
Over ISO samples were analyzed by XRF and 30

most representative samples were re-analyzed by ICP-MS
techniques. TAS classification clearly evidences a
bimodal distribution with clusters in the phonolite
tephriphonolite and the basanite/tephrite-phonotephrite
fields.

KzO/NazO ratio allows to distinguish a low to
medium potassic affinity (KzO/NazO mostly between 0.6
and 1.5) for the phonolite/nepheline syenite clan, versus
the sodic affinity of the mafic blocks (KzO/NazO<l).
High-K compositions characterize the mafic-ultramafic
lamprophyres (KzO/NazO = 4.1-8.7). Blocks and dykes
are distinguishable from the phonolite/nepheline syenite
association also on the basis of their lower A.I. (0.61 to
0.92 for blocks/dykes and 0.89-1.38 for
phonolite/nepheline syenite). The Poços de Caldas
samples plot in the field of the corresponding types of
Serra do Mar and Trindade-Martin Vaz islands. Only
sorne phonolite/nepheline syenite plot to the right of the
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above mentioned field; these K-rich compositions can be
considered the result of late stage K-metasomatism.

Major and trace element content of the Poços de
Caldas products evidence an overall similarity with the
correspondant rock-types of the Serra do Mar; the only
exception are sorne K-rich phonolites and nepheline
syenites that do not find any corresponding composition
in the Serra do Mar products.

ln primitive mantle-norrnalized incompatible element
diagrams, phonolites and nepheline-syenites (both
peralkaline and metaluminous) display parallel and
overlapping patterns, similar to the analogues from Serra
do Mar and Trindade-Martin Vaz. The basanite
phonotephrite-ankaramite association of Poços de Caldas
shows more flattened patterns , similarly to that observed
for the phonolite/nepheline-syenite association,
overlaping the fields of the Serra do Mar and Trindade
Martin Vaz basic rocks. The Poços de Caldas
lamprophyres show strong U, La, Nd, Eu, Y and HREE
enrichment.

Sr-Nd ISOTOPES
The Poços de Caldas data set forrns almost two

distinct groups: the first (phonolite/nepheline syenites,
phonotephrites and lamprophyres) clusters into an
intermediate position between the Alto Paranafba and
Serra do Mar basic rock-types; on the other hand, the
Poços de Caldas basanite-tephrite-ankaramite group plots

. in the field of the Serra do Mar and Trindade-Martin Vaz
basic rocks. Two samples with highest 87Srt86Sr values
represent hydrothermal partially altered rocks, rather than
contaminated magmas, considering all the geochemical
parameters (e.g., Waber et al., 1992).

No systematic comparison between the Poços de
Caldas rocks and the phonolite/nepheline syenite suite of
the Serra do Mar province can be done due to the virtual
absence of data on the latter outcrops. From the available
Sr-Nd isotopic analyses a strong similarity between
basanites (s.l.) and phonolite/nepheline-syenites (s.l.) of
the Serra do Mar can be envisaged. This similarity is
observed also among the rocks of Trindade-Martin Vaz,
but not among those of Poços de Caldas. In the latter
ones, samples oflamprophyric dykes show low 87Sr/86Sr78
Ma (0.70323), similar to the samples from Serra do Mar.

OXYGEN ISOTOPE COMPOSITION
Preliminary analyses on separate mineraIs have been

perforrned via laser fluorination on clinopyroxenes from
nepheline syenite (3), ankaramite (1), basaltic
trachyandesite (1), tinguaite (1), phonolite (1) and
lamprophyre (3). With the exception of two
lamprophyres showing low Ôl80 values (down to 2.88%0),
the ÔI80SMOW values of the analyzed clinopyroxenes are
uniform (Ô180 = 5.54 ± 0.16%0). The extremely low ÔI80
of the clinopyroxenes from larnprophyres are possibly
related to high temperature isotopic exchange with
meteoric/hydrothermal fluids that percolated along
fractures or faults. Groundmass calcite of a basaltic
trachyandesite breccia has been analyzed for oxygen and
carbon isotopic ratios and the results (Ô180 = 23.32;
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Ô13CPDB = -1.75) are compatible with upper crustal
provenance, excluding any primary (e.g., carbonatitic)
origin of the carbonate.

CONCLUSIVE REMARKS
The Poços de Caldas massif is a composite alkaline

complex. It was formed by multiple magmatic intrusions
with phonolite/nepheline-syenite composition, and by
basanite-tephrite-ankararnite volcanic rocks successively
intruded by phonotephritic and lamprophyric dykes.

On geochemical basis a common origin of the Poços
de Caldas complex and the Serra do Mar igneous
provinces can be inferred. Similar major and trace
elements contents of the Poços de Caldas and the Serra
do Mar and Trindade-Martin Vaz rocks suggest a similar
mantle source, as formerly proposed by Thompson et al.
(1998). Lithospheric and sublithospheric mantle sources
may have been mobilized by the Trindade mantle plume
during the westward movement of the South American
plate during the Cretaceous-Eocene. However, the Sr-Nd
isotope data indicate that the phonolite/nepheline-syenite
rocks from Poços de Caldas are more (Sr) and less (Nd)
radiogenic when compared to the Serra do Mar and
Trindade-Martin Vaz analogues. The mantle sources of
the Poços de Caldas products are much more
homogeneous in terms of oxygen isotopie ratios. The
lower Ô180 of sorne lamprophyres can be related to
meteoric/hydrotherrnal alteration during the late stages of
consolidation of the magma.
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INTRODUCTION
During the early Cretaceous, in concomitance with

the opening of the South Atlantic Ocean, the South
American Plate was affected by a huge volcanic and
plutonic event, with the formation of products with a
wide chemical compositional spectrum. In this study we
present major and trace element as well as Sr-Nd isotopic
analyses for early Cretaceous (-132 Ma) basic to sialic
rocks from SE Uruguay.

The description of the igneous products is divided
into two parts. The first one deals with sialic volcanic
rocks outcropping near Sâo Miguel, Lascano, Rio
Salarnanca and Arequita areas, whereas the second part is
devoted to the intrusive plug and ring dyke complex of
the Valle Chico suite.

SIALIC ROCKS OF SAO MIGUEL, LASCANO,
RIO SALAMANCA AND AREQUITA

The mineraI paragenesis of the sialic rocks is
essentially anhydrous and is represented by plagioclase,
alkali feldspar, quartz, iron oxides ± clinopyroxene,
whereas the scarce basic rocks sampled consist of
plagioclase (An=85-45%), clinopyroxene and, rarely,
olivine. Alkali feldspars of the sialic rocks are sanidine,
with orthoclase contént ranging from 60 to 30%.
Clinopyroxenes are essentially augites (W04zE14SFS13 to
W03sEnlSFs47)' The Uruguayan sialic rocks can be
classified as: rhyodacite, alkali rhyolite and quartz latite;
the rarer basic rocks are hawaiite and olivine tholeiite.
Compared to the sialic volcanic rocks of the Serra GeraI
Formation (Parana Basin), the Uruguayan samples have a
higher silica content, possibly related to sorne degree of
alteration (silicitization) of the products.

Primitive mantle-normalized multielement diagrams
evidence, for the sialic samples negative anomalies in Eu,
Sr, Nb, P, Ti and, sometimes, in Ba, which can be related
to fractional crystallization processes. The olivine
tholeiite shows negative anomalies in Th, K and Ti,
positive anomaly in Ba and is enriched in LREE, with an
overall pattern resembling typieal HIMU-OIBs. The sialic
rocks of different localities can be distinguished on the
basis of interelemental ratios (e.g., LILE/HFSE) such as
TiIZr, NblY, KlTi and RblNb.

The possibility of aIl ongm from fractional
crystallization process (in c10sed system) starting from a
basaltie parental melt has been tested considering as
parental magma the olivine tholeiite of Mariscala. The
evolution of basaltic melts to rhyolite has been modelled
with major elements mass balance after removal of about
86% of a gabbroic cumulate (pl+ol+cpx+mt+il).
However, such a model cannot mimic the trace element
concentration of sialic rocks. In particular, the HFSE (Nb,
P, Hf) content of rhyolites is lower than those of the
calculated liquid, whereas Rb and K are higher. Better
results are obtained proposing a two-stage model: a first
step is fractionation with evolution from basalt to quartz
latite and then from quartz latite to rhyolite. However,
also in this case, LILEs are higher whereas HFSEs and
HREEs are lower in the rhyolites than in the calculated
liquids.

The hypothesis which takes into account the origin by
partial melting from basaltic (or granulitie) lithologies has
been tested considering the composition of experimental
liquids obtained starting from basic (basaltic to granulitic)
compositions. A comparison with experimental melts has
shown that the Uruguayan rocks have KzO and FeO too
high and A1z0 3, CaO and NazO too low to be considered
the product of anatexis of any basic source.

An origin re1ated to AFC processes has been also
tested. As parental liquids the olivine tholeiite of
Mariscala has been chosen, whereas as crustal
contaminant has been chosen a Proterozoic granite from
Amazonas Craton. Trace element and isotopic evidences
suggest that the combination of assimilation + fractional
crystallization is the most viable process in order to
explain the genesis of the volcanic rocks of the Arequita
Formation. The highest LILE and HFSE concentration in
quartz latites compared to rhyolites speak for the absence
of genetic relationships between these two rock groups.

Open system processes are suggested also by the
radiogenic Sr and unradiogenic Nd isotopic ratios of the
Uruguayan rhyolites. Alkali rhyolites and quartz latites
from Rio Salamanca and Arequita show the lowest
87Sr/86Sr (down to 0.70904) and the lowest 143Ndll44Nd
(down to 0.511891) among the Uruguayan rocks. On the
other hand, samples from Serra Sâo Miguel and Lascano
plot on a Sr-Nd isotopie space along a Hne in the enriched
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quadrant, with 87Sr/86Sr ranging from 0.71227 to 0.72391
and 143Nd/144Nd from 0.512287 to 0.511945. The olivine
tholeiite show less radiogenic Sr and more radiogenie Nd.
It is possible to propose a mechanism of fractional
crystallization coupled with assimilation of crustal_
material which could be the upper crust in the case of
Serra Sao Miguel and Lascano (samples shifted towards
more radiogenic Sr) and the lower crust for Rio
Salamanca and Arequita (samples with the lowest
87Sr/86Sr). .

IGNEOUS COMPLEX OF VALLE CHICO
The igneous complex of Valle Chico is made up of

volcanic and plutonic rocks cropping out over an area of
about 250 krn2; a dyke swarm cross-cuts the intrusive
lithologies. The intrusive rocks are syenite (-9 %), quartz
syenite (-9 %), quartz monzonite (-14 %), granite (-9 %)
and alkati feldspar granite (-5 %). The volcanic rocks
and the dykes are trachyte (-6%), quartz latite (-31 %)
and alkali feldspar rhyolite (-17 %).

Textures of the syenites, quartz syenites, granites and
alkali feldspar granites are hypidiomorphicic and, less
commonly, autoallotriomorphic with large to mega
crystals (up to 4 cm in size) of perthitic and sometimes
poikilitic alkali feldspar, occasionally in granophyric
relation with quartz. Interstitial phases are quartz, rare
plagioclase, amphibole, clinopyroxene, chloritized
biotite, apatite, zircon and opaque mineraIs. Quartz
monzonites are inequigranular, sometimes
glomeroporphyritie with subhedral to anhedral
plagioclase, sometimes with reaction rirns. Interstitial
phases are the same as above.

Among the volcanic and subvolcanic rocks, trachytes
and alkali feldspar rhyolites are holo- to hypocrystalline
with porphyricity index ranging from nearly 0 to 30%.
Phenocrysts of alkali feldspar and quartz are common,
while groundmass phases are quartz, alkali feldspar,
chloritized biotite, apatite, opaque mineraIs and rare
amphibole. Quartz latites are porthyritic to
glomeroporphiritic rocks with sieved euhedral to anhedral
plagioclase; plagioclase is pecilitie for the presence of
opaques and clinopyroxenes. Groundmass phases are
clinopyroxene, opaque mineraIs, quartz, apatite,
plagioclase and alkali feldspar.

Alkali feldspar composition ranges from almost pure
albite to Or48' whereas plagioclase ranges from oligoclase
to andesine. Clinopyroxenè has low Na content and can
be classified as Fe-augite to hedenbergite; only rarely Na
rich types (aegirine content up to 70%) have been found.
Similarly rare is the presence of scarce pigeonite
(W012En37FsSl)' Opaque minerals are ilmenite (nm > 95
%) and ulvospinel-magnetite s.s. (Ulv = 5-95 %).
Amphiboles belong to calcie and sodic-calcic groups and
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are classified. a~ _riçi)terite, katophorite, Fe-winchite,
edenite and Fe-edenite. . - - --

Both plutonic and volcanic rocks show potassic
character with K20 content up to 8 wt%. Ti02, Fe203'
CaO, MgO and P20 Sof both plutonic and volcanic rocks·
are negatively correlated with D.1.

Primitive mantle-normalized Înultielemental plots
show fractionated concentration of incompatible trace
elements. AlI the plutonic rocks show strong negative
peaks 'of-St and Ti, .together ~ith negative peaks of Nb
and Nd, and positive peaks of Rb -aOd Pb; syenite and
alkali feldspar granite show negative ,peùs also in Ba.
EulEu* negative anomalies range from 0.78 (quartz
latite) io 0.09 (alkali feldspar rhyolite) The same
geochemical features can be evi~enc~d for the volcanic
rocks as weIl. Quartz latite, trachyte, quartz trachyte and
alkali feldspar rhyolite show negative anomalies in Sr, Ti
and Eu, suggesting plagioclase and opaque mineraIs as
the main fractionating phases. The amplitude of the
negative anomalies grows from the less differentiated
(quartz latite) to the most SiOrrich types (alkali feldspar
rhyolite).

87Sr/86Sr ranges from 0.7045 (quartz trachyte) to
0.7170 (alkali feldspar rhyolite) and 143Nd/144Nd ranges
from 0.5117 (alkali feldspar granite) to 0.5121 (quartz
trachyte). Also in this case, an active role of continental
crust in the genesis of the volcanic and plutonic rocks of
Valle Chico is evidenced by the Sr-Nd isotopie ratios.

Up to now the Valle Chico massif has been
considered of alkaline affinity. However, on the basis of
1) the constant Si02 oversaturated character of the Valle
Chico rocks, 2) the petrography and mineraI chemistry
(aegirine content of clinopyroxene mostly below 40% by
weight; rare presence of pigeonite; amphibole belonging
to the calcie or sodic-calcic groups) and 3) the chemical
similarity with rhyolitic products of the Parana-Etendeka
CFB province, our results indicate that the most probable
association for these igneous rocks cati be ascribed to the
tholeiitic or transitional series, rather than the alkaline
one.

Major and trace element composition of the early
Cretaceous volcanic and plutonic products of SE Uruguay
evidence a close similarity, thus allowing to propose
similar mantle sources variously contaminated by upper
crustal material. This contamination is likely the effect of
magma ponding at crustal levels and the contaminant can
have either the composition of lower crustal lithologies
(capable to shift the original isotopie ratios towards
unradiogenic 143Nd/144Nd and moderately radiogenie
87Sr/86Sr) or upper crustallithologies (shifting the original
isotopie ratios towards unradiogenic 143Nd/144Nd and
strongly radiogenic 87Sr/86Sr).
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INTRODUCTION
Magmas empJaced in arcs were probabJy generated in

the mantle wedge above subduction zones (Ringwood,
1974), but it is not even c1ear whether prior to the effects
of subduction, the mantJe wedge had MORB (Perfit et al.,
1980), OIB (Morris & Hart, 1983) or sorne other
chemical affinity. This uncertainty undermines
assessment of the subducted material role in destructive
plate margin magmas, and in turn limits discussion of
whether recycled crust is subducted to greater depths,
from where it might contribute to ocean island
magmatism (White & Hofmann, 1982).

It is generally believed that slab-derived materials
(melts and/or fluids, and sediments) are added to the
mantle wedge from the subducting slab, and
subsequently, these components induce the generation of
island arc magma.

The slab-derived materials are frequently argued as
melts and/or aqueous f1uids derived by dehydration of the
subducting slab, besides the oceanic sediment. This
argument is based on the mobile and immobile element
ratios in aqueous fluids, ratios of large ion lithophile
elements (ULEs, such as Cs, Rb, Ba, Sr, Iight rare earth
elements), high field strength elements (HFSEs, such as
Nb, Zr, Hf, Y) (Ishikawa & Nakamura, 1994; Ryan et al.,
1995) and isotope.

The South Shetland Islands arc (Fig. 1) provides an
opportunity to compare and contrast the effects of melt
and/or fluid, and sediment involvement in subduction
zone. As the result of arc study, the rocks from South
Shetland Islands are apparently uncontaminated by intra
crustal components and they should have largely evolved

through simple fractional crystallization of a pnrruttve
island arc basait precursor. These samples are similar in
most aspects to typical island arc volcanic rocks which
constitute the bulle of the database for subduction-related
compositions. .

In this abstract, Sr, Nd and Pb isotopic ratios, together
with trace element compositions, are presented from
samples from the South Shetland Islands. We use these
data to discuss and investigate the chemical affinity of the
mantle wedge and interactions between the subducting
oceanic slab and mantle wedge. The samples used in this
paper are from western Livingston Island (Byers
Peninsula), south-eastem Greenwich Island (Fort Point),
western Robert Island (Coppermine Peninsula), south
western King George Island (Fi1des Peninsula) and north
eastern Ardley Island. The age of those rocks vary from
90 Ma to 45 Ma (Smellie et al., 1984, 1996).

ANALYTICAL PROCEDURES
Isotope determinations were carried out at the Isotope

Geochemistry Laboratory of University of Kansas (UK),
USA, and at the Isotope Geology Laboratory (lGL),
Federal University of Rio Grande do Sul (UFRGS),
Brazil.

Rock powders for Rb-Sr and Sm-Nd analyses were
dissolved in Teflon bombs in a microwave fumace using
an HF-HN03 mixture and 6N HCI with 87Rb/84Sr and
149Sm/150Nd spike (UK) and without spike (IGL). The Sr
and REE were extracted using a standard AG-50W cation
resin; Sm and Nd were extracted using HDEHP-coated
Teflon powder.
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Figure 1. Location map of the South Shetland Islands.
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The mantle source underlying the Cretaceous-Tertiary
South Shetland Islands arc appears to have been
geochemically depleted, like MORB-type source, prior to
metasomatism caused by subduction, because the samples
show strong negative Nb and Ti anomalies. The
stabilisation of Nb-rich phases in the mantle may explain
the ubiquitous depletion of Nb in arc magmas (Woodhead
et al., 1993). This is likely to be caused by a previous
episode of melt extraction from the mantle source.

The 87Sr/86Sr ratios vary from 0.7033 to 0.7046. The
143Nd/144Nd ratios are between 0.5127 and 0.5129. ENd
values vary from + 2.71 to + 7.30, which indicate
asthenospheric mantle source for the analysed samples.
The 208Pbp04Pb varies from 38.12 to 38.70, 207Pbp04pb
are between 15.49 and 15.68, and 206pbP04Pb from 18.28
to 18.81.

The ENd values of the samples (2.71 to 7.30) are aIl
positive values. 87Srf6Sr ratios values are typical for
island arcs and indicate that there is no ancient
continental crust involved in the South Shetland magmas.

DISCUSSION
Trace element concentrations of the South Shetland

samples are plotted in primitive mantle norrnalized
diagrams on Figure 2. AlI of the South Shetland samples
are enriched in Rb, Ba, K and Sr relative to primitive
mantle, but they are depleted in Nb, Zr, Hf and Ti. AlI
samples show positive Ba and Sr anomalies and
pronounced negative Nb and Ti anomalies. On average,
the rocks are depleted in HFSE, and enrichment in light
and middle REE compared to primitive mantle.

In contrast to the LILE, the HFSE such as Zr and Nb
are relatively insoluble in aqueous fluids. In island arc
magmas, therefore, these elements are believed to be
derived predominantly from the mantle wedge, and their
relative concentrations reflect the composition of the
mantle wedge beneath the arc (Keppler, 1996).

Rb and Sr were loaded on a single Ta filament with
H3P04. Isotopic compositions were measured with a VG
Sector muiticollector mass spectrometer using dynamic
mode (UK) and static mode (IGL). AlI analyses are
adjusted for variations instrumental bias due to periodic
adjustment of collector positions as monitored by
measurements of our internaI standard; on this basis our
analyses of SRM987 is 0.710262 ± 0.000023 (n = 47,
IGL), and 0.710253 ± 0.000024 (n = 12, UK).

Sm was loaded on a single Ta filament H3P04and
analyzed as Sm+ in either static multicollector. Nd was
loaded with phosphoric acid on a single Re filament
having a thin layer of AGW-50 resin beads and analyzed
as Nd+ using dynamic mode at the UK and on triple Ta
Re-Ta filament using static mode at the IGL. We
normally collect 100 ratios with al-volt 144Nd beam.
External precision based on repeated analyses of our
internal standard is ± 20 ppm (1 standard deviation); aIl
analyses are adjusted for instrumental bias due to periodic
adjustment of collector positions as monitored by
measurements of our internaI standard; on this basis our
analyses of La Jolla Nd average 0.51186 ± 0.000020
(UK) and 0.51185 ± 0.000029 (IGL). Sm-Nd ratios are
corrected to within ± 0.5 percent, based on analytical
uncertainties. E Nd (t = crystallization age) values were
ca1culated using the Ar-Ar ages or estimated ages based
on the regional information.

During the course of the analyses Sr, Nd and Sm
blanks were lesser than 1.5 ng, 500 pg and 100 pg,
respectively.

For Pb method, an aliquot of 1 mL from the dissolved
WR samples for Sr and REE analysis has been taken for
Pb analysis. Pb was extracted with ion-exchange
techniques, with AG-l X 8, 200-400 mesh, anion resin.
Isotopic analyses for Pb composition were carried out
with VG Sector mass spectrometer of UK and IGL.
Samples were loaded on single Re filaments with silica
gel and H3P04. Pb isotopic ratios were corrected to a
fractionation factor of 0.13% amu based on sucessive
deterrninations of NBS981 and NBS982 common Pb
standards. External variations in isotopie ratios are
normally 0.1 % or lower, based on repeated analyses of
NBS981 and NBS982 standards.
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The 87Srfl6Sr ratios from South Shetland samples are
lowest than Kerguelen data and the 143Nd/I44Nd ratios are
highest than those one (Fig. 3). These characteristics
show that the South Shetland samples have isotope ratios
similar to MORB, and not to OIB as Kerguelen does.

The Sr-Nd-Pb isotope systematics (Figs. 3, 4) show
that the sediment is the main component with which the
melt and/or fluid was in equilibrium. The isotope
characteristics can be modelled reflecting three
subduction components such as = 96 wt % of melts
and/or fluids from a MORB-type depleted manlte and the
altered MORB plus = 4% of oceanic sediment.
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Figure 4. The ranges of altered MORB and ocenic sediment.
Altered MORB data are from Cohen et al., 1980 and for oceanic

sediment are from Othman, et al., 1989.

The exactly amount of fluid added is difficult to
quantify due to uncertainties in the composition of
subducted sediment, and il is not clear from the data
whether this Pb isotope sedimentary signature would be
carried in the fluid, or in a partial melt or a bulk addition.
Sorne workers have argued that the fluid only carries the
signature of the altered slab, and not that of the sediment
(Turner et al., 1996).

On 206pbP04pb versus 2Ü7PbP04Pb diagram (Fig. 4) it is
possible to observe the 2Ü7Pb enrichnment, which
demonstrates the sediment involvement. It is not possible
to demonstrate unequivocally whether the isotope
systematics are best explained by variations from the melt
and/or fluid composition or variations in sediment
composition, or even a combination of both. Both
processes are likely to have been active, and the question
of their relative importance still remains open until we
have more data.

CONCLUSION
The ENd data presented here indicate that the isotope

signature of rocks from the South Shetland Islands arc
changes with time. This observation suggests that the
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amount of subduction component added to the wedge
mantle varied with increasing the time.

Isotopic compositions of Sr, Nd and Pb are nearly
similar to MORB-type depleted mantle in the South
Shetland Archipelago region and the abundance ratios
among HFSE are also identical to MORB, indicating that
the mantle wedge under the South Shetland Islands was
similar to MORB-type mantle prior to metasomatism
caused by subduction.

The geochemical and isotopic characteristics of the
rocks from the South Shetland islands need the
involvement of sediment in their petrogenesis, and cannot
be attibuted to melts and/or fluids variations in the mantle
source alone.
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THE TRANS-MEXICAN VOLCANIC BELT
The Transmexican Volcanic Belt (TVB) extends in a

West-East direction for more than 1,000 km from the
Pacific Coast to the Gulf of Mexico (Fig. 1). It is a late
Miocene-Quaternary volcanic arc related to subduction of
the Cocos plate beneath the North American plate
(Nixon, 1982; Luhr, et al., 1985). However, the western
part of the TVM is also influenced by the subduction of
the Rivera plate (DeMets & Stein, 1991) and is
dominated by a crustal block bound by three large rifts
intersecting in forrn of a triple junction. These are the
Colima, Tepic-Zacoalco and Chapala rifts (Fig. 2) and
have been proposed as the continental boundaries of the
Jalisco Block (JB). The rifts contain most of the
Quaternary volcanie centers of the western TVR
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The paradox of the coexistence of two different
magma sources in the TVB and JB has received the
attention of several authors. In this work, we contribute to
this topic and present new geochemical and isotopie data
for a better understanding of this region.

alkaline rocks are volumetrically predominant, most
having been erupted from stratovolcanoes. The alkaline
rocks are less voluminous and were erupted from
scattered vents located along crustal fracture systems
(Nelson & Carmichael, 1984; Nelson & Livieres, 1986).

Figure 2. Map of western TVB and JE showing the three large
structures. The stars show the localization of princi pal cities
PV = Puerto Vallarta; G ~ Guadalajara. The open square is

amplified in Fig. 3.
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Figure 1. Tectonic framework of Mexico showing the four main
plates. TVB ~ Transmexican Volcanic Belt; JE ~ Jalisco B1ock.

In the past years Luhr et al. (1985) related the
complex tectonics of JB to an active rifting, but in recent
works (Quintero-Legorreta et al., 1992; Rosas-Elguera et
al., 1996; Ferrari et al., 1997), field studies have shown
that the Plio-Quaternary tectonics is dominantly
extensional. The rifts are ancient reactivated structures in
response to plate boundary forces. Moreover, in this
region there are alkaline (ocean-type) and calc-alkaline
volcanism in close association since late Miocene
(Wallace, et al., 1992; Moore et al., 1994). The calc-

ACATLAN VOLCANIC FIELD
The Tepic-Zacoalco rift (TZR) represents the northern

boundary of JB. This is forrned by several fault systems
and was divided into two branches: the northern branch,
which has two grabens deve10ped at the boundary
between lB and the North American plate, and the
southern branch which consists of three half-grabens
located inside the JB (Ferrari & Rosas-Elguera, 2000).
The structures forrned in the northern branch (average
striking 125°) are the Ceboruco graben and Plan de
Barrancas-Santa Rosa fault system. The structures in the
southern branch with an average 125° trend are the
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calc-alkaline affinity. In the AFM diagram, aIl samples
plot within the calc-alkaline field (Fig. 4b).

Chondrite-normalized REE patterns are light REE
enriched relative to heavy REE (Fig. 4c). Negative Eu
anomalies are observed for rhyolitic and dacitic rocks but
are absent in basaltic andesites and the black andesitic
pumice of the Acatlan Ignimbrite, suggesting no
interaction with plagioclase-bearing rocks from the
continental crust. On the other hand, rhyolites show
negative Ce anomaly in contrast to rhyolitic pumice and
the younger rhyolites. Nevertheless enrichments of the
large ion lithophile elements (ULE) with respect to the
high field strength elements (HFSE), characteristic of
magmas in convergent margins are observed. Such
enrichments and depletions may be provided by
metasomatizing fluids derived from the subducting slab.
Moreover, the high light REE concentrations may be
generated by the presence of olivine, but negative Ce
anornaly and high REE concentrations may represent a
complex crustal source.
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Amatlân de Caftas, Ameca and Zacoalco depressions, aIl
parallei to the northern branch.

The Acatlan Volcanic Field (AVF) is located in the
Zacoalco half-graben between two segments of faults
(Fig. 3). The name was proposed by Rosas-Elguera et al.
(1997) for a group of andesitic cones, lava flows,
rhyolitic and dacitic domes developed along an
accommodation zone. Rocks exposed in the AVF show a
broad compositional variation in a small area and their
ages range from 1.9 to 0.65 Ma.

Figure 3. Location map for the Acatlan Volcanic Field (AVF)
and structural setting (modified after Rosas-Elguera, et al., 1997).

The volcanic rocks from this area are mainly lavas but
they also include cinder cones, domes, air-fall tuffs and
pyroclastic flows. These rocks were erupted through
fissures related to the main fault systems. The most weIl
known unit is the Acatlan Ignimbrite, described by
Wright & Walker (1981) as the type location for co
ignimbrite lag deposits. Black andesitic scoria and light
pink to white rhyolitic pumice content in this unit shows
evidence of mingling between a silicic and andesitic
magma. This deposit was dated 0.66 ± 0.02 Ma (K-Ar
method) by Rosas-Elguera et al., (1997). Normal faults
striking 1400 cut the Acatlan Ignimbrite.

Ten samples were chosen from the main units of the
AVF for geochemical and radiogenic isotope analyses.
Major and trace elements were analyzed by X-ray
fluorescence spectrometry (XRF). Rare-earth elements
(REE) were determined by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) and radiogenic isotopes
were determined using a MAT 262 thermal ionization
mass spectrometer (for Sr, Nd and Pb). The analyses were
carried out at the Laboratorio Universitario de
Geoquimica Isot6pica (LUGIS), National University of
Mexico (UNAM).

AlI samples were plotted on a total alkali vs. silica
diagram (TAS; Le Maitre et al., 1989). The rock types
coyer a range from basaltic andesite, trachyandesite,
trachydacite, dacite and rhyolite, (Fig. 4a) and display
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influenced by upper crust continental rocks. Negative Eu
anomalies and high 87Srf6Sr ratios in rhyolitic rocks
indicate assimilation and fractional crystallization of
crustal rocks. In the case of younger rhyolitic unit there is
no important crustal assimilation. On the other hand, data
for basaltic andesite, trachyandesite, trachydacite and
dacite suggest several magmatic sources. The high
concentrations of incompatible trace elements in
trachyandesite are unlikely the result of assimilation of
crustal rocks because Eu anomalies are not present in the
lava. Furthermore, isotopic signatures point to primitive
sources.

The volcanic rocks from AVF are nearly
contemporaneous but are not cogenetic. Their diversity is
undoubtedly a consequence of the tectonic complexity in
the region and of the mantle heterogeneity reflected in the
variety of rock types. Extensional regime played an
important role in this process. Until today, faults are
affecting the area and cut Quatemary units.
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Isotopic ratios of the evolved AVF ranges as follows:
87Sr/86Sr: 0.703612-0.704121, ENd: + 2.3 to + 5.2,
206pbp04Pb: 18.61-18.75, 207pbP04pb: 15.57-15.64, and
208PbP04pb: 38.37-38.67. The isotopic ratio of the
rhyolitic domes shows the highest 87Sr/86Sr while the
lowest ratios are represented the oldest basaltic andesite
flow. ENd is the highest in the younger trachyandesite unit
and lowest in a dacitic flow. AlI samples plot within the
mantle array (Fig. 5). The 206pbp04pb, 207pbp04pb, and
208Pbp04Pb ratios are low in the trachyandesitic unit while
high value is dacitic flow. Lead isotopes allow the
identification of two reservoirs in the AVF: type-II
enriched mantle and lower continental crust. The type-II
enriched mantle (Zindler & Hart, 1986) is present in
sorne dacites and rhyolitic rocks. However, the
trachyandesites show influence of a lower continental
crust reservoir.
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Figure 4c. REE concentrations from the AVF region normalized
to condrite values ofNakamura (1974).
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On the basis of incompatible trace element
concentrations and isotopic data, crustal assimilation and
different sources of magmas for the AVF rocks are
evidence. The rocks are related to subduction and
magmas produced from partial melting have been
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INTRODUCTION
The origin of large continental flood basalts is a

intensively studied object in recent years, and there is not
at aIl a consensus about the associated geodynamic
process whieh caused the production of such large
volumes of extrusive basie rocks. Specifically for the
Parana Magmatic Province (PMP), which preceded the
opening of South Atlantic Ocean, there is presently an
important debate about the causes of the magmatism, and
consequently, about the involvement of asthenospheric
and/or lithospheric mantle sources in the genesis of its
rocks.

According to sorne interpretations (e.g. Gibson et al.,
1995, 1999; Milner & Le Roex, 1996) the PMP basaIt
compositions reflect the participation of deep
asthenosphere, since these models daim the igneous
activity was triggered by the impact of Tristan da Cunha
mantle plume beneath Western Gondwanaland.
Conversely, an origin in heterogeneous lithospheric
mantle is proposed (e.g. Peate and Hawkesworth, 1996;
Piccirillo & Melfi, 1988; Comin-Chiaramonti et al., 1997;
Marques et al., 1999), in order to explain the geochemical
and isotope characteristics of low- and high-TiOz
tholeiites, which also have different spatial distribution in
the province. In this case, if the PMP magmatism was
generated by the Tristan da Cunha plume, its participation
was restricted to a heat source.

Very recently, Ernesto et al. (2002) ruled out the
involvement of Tristan da Cunha mantle plume in the
PMP tholeiitic genesis, proposing an alternative model
compatible with geochemical, isotopie, paleomagnetic,
and geoid anomaly data. According to those authors, the
basaltic magmas were generated in the lithospheric
mantle, due to small extension across an anomalously
heated region, which remained over a thermal anomaly
for about 50 Ma (from c.a. 180 to 130 Ma). This thermal
anomaly is still present in the western African Plate,
north of Walvis Ridge, and does not coincide with the
Tristan da Cunha Island location.

Taking into account that the PMP dyke swarms
(Ponta Grossa, Florian6polis and Santos-Rio de Janeiro)
were emplaced after the main volcanic activity, they are
crucial for obtaining information about the mantle
sources involved in the late stages of the magmatism.
Considering that Pb isotopes are essential for this kind of
investigation, the aim of this study is to present

preliminary lead isotopic data obtained on coastal dykes
of Florian6polis Swarm to better constrain the mantle
sources that participated in the magma generation.
AdditionaIly, an analytical procedure to measure Pb
isotopic ratios of low concentration silicate rocks is
presented, since they are very sensitive to contamination
during sample preparation and/or lead chemical
separation.

GEOLOGICAL OUTLINES
The Parana Magmatic Province is mainly composed

of continental flood tholeiites, and subordinate intrusive
magmatism represented by sills and three dyke swarms
(Ponta Grossa, Florian6polis, and Santos-Rio de Janeiro).

The volcanic and intrusive rocks are characterized by
predominant tholeiitic basalts, whieh are divided in two
groups: (1) LTi basalts, low in TiOz « 2 wt %) and
incompatible elements (e.g. P, Sr, Ba, Zr, Ta, Y and
LREE) and (2) HTi basalts, high in TiOz (> 2 wt %) and
incompatible elements. The HTi tholeiites dominate the
northern PMP (north of latitude -26°S), whereas the LTi
ones prevail in the southern PMP (south of latitude
-26°S). Minor HTi and LTi rocks are also found in the
southern and northern PMP, respectively.

Geochemical and isotopic data indicated significant
differences between LTi tholeiites from southern and
northern PMP, as weIl as between HTi basalts from those
regions of PMP (Bellieni et al., 1984; Piccirillo & Melfi,
1988, Marques et al., 1989). The incompatible trace
element distribution patterns normaIized to primordial
mantle, for tholeiites with initial 87Sr/86Sr lower than
0.7060, show that aIl southern and northern tholeiites
have significant Ta negative anomalies, which are
considered mantle source features.

The Florian6polis Dyke Swarm is located in Santa
Catarina Island, comprising also the adjacent continental
area. The dykes have thicknesses from 0.1 to 70 m, and
are mainly cost-parallei (NE-SW trending), although a
NW-SE trend is also found. Their 40Ar/39Ar radiometric
ages vary from 129 to 119 Ma, and are concentrated in
relatively narrow ranges of 129 - 126 Ma and 122 - 119
Ma (Raposo et al. 1998; Deckart et al. 1998). The
paleomagnetic results also indicate that most
Florian6polis dykes belong to the youngest magmatic
episode.
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Similarly to the Ponta Grossa and Santos - Rio de
Janeiro Swarms, most of the Florian6polis dykes are of
HTi-type (Comin-Chiaramonti et al. 1983; Piccirillo et al.
1990; Hawkesworth et al. 1992; Marques et al., 1993,
Marques, 2001), corresponding to about 90% of the
exposed basic rocks.

ANALYTICAL PROCEDURES
Eleven samples of Florian6polis dykes previously

analyzed for major, minor and sorne trace elements (Cr,
Ni, Rb, Ba, Sr, Y, Zr and Nb) by X-ray florescence, at
University of Trieste (Italy), were selected (Marques et
al., 1993; Marques, 2001 and unpublished data).
Concentrations of rare earth and other incompatible trace
elements (Ta, Th, U, and Hf) determined by instrumental
neutron activation analysis are also available for those
samples. The latter analyses were carried out at the
Instituto de Pesquisas Energéticas e Nucleares
(CNEN/SP, Brazil). Precision and accuracy are better
than 3% for major and minor elements, and better than
10% for trace elements (Bellieni et al., 1983; Figueiredo
& Marques, 1989; Marques, 2001).

Lead isotopic compositions were deterrnined in the
selected samples at the Centro de Pesquisas
Geocronol6gicas of Sao Paulo University (Brazil). The
sample preparation procedure employed was similar to
that reported by Marques et al. (1999). The extemal
surface of each sample was entirely removed, with
especial care to eliminate sawed sections, which may
provoke lead contamination in high levels. All the
samples were hand broken in small fragments (diameters
less than 0,5 cm), using a stainless steel mortar and
pestle, then washed in distilled water, for several times
until the washing solution is clean. Finally the sample is
ultrasonically washed in ultrapure 0.25N HN03, for at
least 3 times, and dried under ultraclean conditions. After
that, rock fragments were powdered in a mechanieal
tungsten carbide crusher. In order to verify if the adopted
sample preparation procedure introduces lead
contamination, two basaltie rocks from the PMP,
previously analyzed for Pb isotopes (418 and 980;
Marques et al., 1999) were also chemically processed.

Complete sample dissolution was done using
ultrapure HF, HN03, and HCL The Pb separation was
perforrned by ion-exchange chromatography method,
using anionie resin and 0.6M HBr-HCl media. Lead was
purified by repeating the elution in the ion-exchange
chromatography colurnn (Babinski et al., 1999). Several
tests indieated that the lead purification process is
necessary for obtaining reproducible results. After
separation, lead was loaded on zone-refined rhenium
filaments with phosphoric acid and silica gel.

The Pb isotopic ratios were measured on a VG354
mass spectrometer. The whole procedure analytieal
blanks were lower than 100 pg, which are negligible in
comparison to the reported lead concentrations of PMP
tholeiites. Replicate analyses of the SRM98 1 NBS
standard was used for mass discrimination correction.
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LEAD ISOTOPIC DETERMINATIONS IN
REFERENCE GEOLOGICAL MATERIALS AND
SOME PMP BASALTS

The described chemical procedure for lead isotopic
analysis was applied to two USGS reference materials.
The results for Pb isotopic ratios and the respective errors
(20 absolute standard deviations) of replicate analysis of
the BCR-l (4 aliquots) and AGV-l (3 aliquots)
~eol08ical standards were 206pbP04pb = 18.766 ± 0.014;
o7Pbl 04pb = 15.636 ± 0.011; 208Pbp04Pb = 38.687 ±

0.027, and 206pbP04pb = 18.938 ± 0.011;
207PbP04pb =15.651 ± 0.011; 208PbP04Pb =38.548 ±

0.048, respectively. Taking into account associated
errors, the obtained results are in agreement to those
reported in the literature (e.g. Woodhead and Hergt,
2(00), showing the high accuracy and precision of the
adopted methodology.

The sample preparation procedure, whieh is a very
delicate step of lead analysis due to the possibility of
contamination, is also appropriate. The deterrnined lead
isotopie compositions (Table 1) for the two analyzed
basalts of PMP agree with those published (the absolute
errors correspond to 20), since the relative deviations are
lower than 0.2%.

Table 1. Lead isotopie compositions determined for PMP
basalts in the present study (a) and published data (b).

Sample 206pb/204Pb 207pbP04Pb 208pbP04Pb

418(0) 18.430±0.008 15.624±0.007 38.585±0.016

418(b) 18.387±0.006 15.609±0.OO7 38.520±0.024

980(0) 17.922±0.OO4 15.534±0.004 38.432±0.013

980(b) 17.918±0.OO6 15.547±0.007 38.437±0.024

LEAD ISOTOPES OF FLORIAN6pOLIS DYKES
The Florian6polis dykes which were selected for Pb

isotopic deterrninations are of HTi-type (Ti02> 3%) and
according to De La Roche et al. (1980) they correspond
to tholeiitie andesi-basalts (7 samples), lati-basalts (2
sample), and lati-andesites (1 sample). In addition, one
LTi-type dyke was analyzed, which is a tholeiitie andesite
(Si02= 55%). AlI investigated dykes have NE
orientation, which is the dominant trend, corresponding
to about 80% of the outcrops.

The tholeiitic andesite dyke has Pb isotopie
compositions very similar to the LTi volcanies from
southem PMP affected by low pressure crustal
contamination (87Sr/86Srj > 0.7060).

On the other hand, the Pb isotopic ratios of HTi dykes
show large variations e06pbP04pb: 17.747 - 19.441;
207Pbp04Pb: 15.501 - 15.720; 208Pbp04Pb: 38.222 
39.482) and there is no systematic difference between the
rocks that belong to the tholeiitic series (andesi-basalts
and lati-andesite) and those of transitional nature (lati-
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basalts). The least radiogenic compositions e06pbP04pb <
17.9) are very similar to those of the HTi basalts from
PMP, whereas the higher lead isotopic ratios, in general,
coincides with those of the LTi from southern PMP. In
addition, two andesi-basalts and a lati-basalt present very
radiogenic lead ratios, mainly of Z06pbp04pb (> 19.0),
which are even higher than those of the LTi tholeiites
from southern PMP, with (87Sr/86Sr)i > 0.7060.

DISCUSSION
The data discussed here show that the LTi dyke of

Florian6polis Swarm was affected by low pressure crustal
contamination, since it has lead isotopic compositions
and highly incompatible tn~ce element ratios (e.g. LalTh,
Th/Ta, ThIU) very similar to those of the LTi basalts
from southern PMP, with (87Sr/86Sr)i > 0.7060.

The Pb non-radiogenie compositions of the
Florian6polis HTi dykes reinforce the interpretation that
they are genetically related to the HTi basalts from
southern PMP, as pointed out in previous geochemical
studies (Marques, 2001).

The lead isotopic ratios of six HTi dykes of
Florian6polis Swarm are comparable to or higher than
those of the LTi basalts of southern PMP, with
(87Sr/86Sr)i> 0.7060. Although the lead isotopes may
suggest a low pressure crustal contamination process, this
interpretation is not compatible with the behavior of
major (SiOz), minor (KzO) and trace elements (e.g. La,
Th, Ta), as weB as the incompatible trace element ratios
(e.g. LalTh, LaIYb, Th/Ta) of those dykes. Alternatively,
the very radiogenic lead isotopic compositions might be
due to the involvement of a HIMU component in their
genesis. However, additional isotopie data and further
investigation is necessary to confmn this hypothesis.

The Pb isotopes and the geochemical data also rule
out a significant participation of MORB and/or OIB
(Tristan da Cunha) mantle components in the genesis of
the dykes of Florian6polis Swarm. Therefore, the results
contradict the c1assie plume model for the origin of PMP,
which asserts that the basaltic compositions reflect the
Tristan da Cunha plume component (e.g. Gibson et al.,
1995, 1999). Moreover, considering that the
Florian6polis Swarm represents the youngest magmatic
episode of PMP, the data do not support sorne models of
continental flood basait generation (e.g. White &
Mckenzie; 1989; Peate & Hawkesworth, 1996), which
predicts a significant contribution of depleted mantle
components (MORB-type) in the late stages of the
magmatic activity.
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INTRODUCTION
Hydrous and anhydrous magmatic rock associations

have been studied by many authors around the world (e.g.
Petersen, 1980; Hubbard & Whittley, 1979; Kaiyi et al.,
1985; Janasi, 1992; Jordt-Evangelista, 1996). Many
intrusive bodies containing charnockites, closely
associated with rocks presenting an hydrous primary
paragenesis occur in the central portion of the Espfrito
Santo State, SE Brazil (Pedrosa Soares & Wiedemann
Leonardos, 2000). A typical example is the Vârzea
Alegre lntrusive Complex (VAlC), related to the late- to
post-tectonic Brasiliano magmatism in this region. The
pluton has an almost circular shape with a gabbroic center
surrounded by diorites and granite. An irregular
charnockitic ring involves the inner structure. This paper
highlights unpublished geochronological Rb-Sr and Sm
Nd isotopie data of the VAlC charnockitic rocks.

GEOLOGICAL SETI'ING
The Espfrito Santo State is located in the northern

portion of the Ribeira Belt, which is the continuation of
the Neoproterozoic Araçuaf orogen (Pedrosa Soares &
Wiedemann-Leonardos, 2000). In a late orogenie stage
of the Brasiliano Cycle (535 - 490 Ma.), several
complexly zoned plutons eut the enclosing high-grade
gneisses, highlighting the post-collisional magmatism of
this region (Wiedemann et al., 2002). According to
Pedrosa Soares & Wiedemann-Leonardos (2000), the
VAlC is included in the G5 suite, which is characterized
by several diapirs with compositions varying from opx
gabbro to granite and corresponds to the latest magmatic
event of the orogen. This suite comprises mataluminous,
high-K calc-alkaline, I-type granitoids originated in the
lowermost continental crust with important mantle
contributions. The VAlC outcropps area of 150 kmz and
had geology, petrography and geochemistry studied
(Mendes et al., 1997,2001).

THE GEOLOGY OF THE VAIC
The Varzea Alegre pluton has an inversely zoned

structure, with gabbros at the eroded center of the
intrusion surrounded by diorites/quartz-diorites
monzodiorites and megaporphyritic granites. AlI these
rocks are involved by a large ring of charnockitic rocks:
opdalites, jotunites, opx-quartz diorites and quartz

mangerites (Medeiros et al., 2000). The contact between
the megaporphyritic granite and the gabbros/diorites is a
mixed zone where contrasting lithotypes interfinger with
each other. The charnockitic rocks have dark green color
and megaporphyritic texture. Along the contacts with the
enclosing rocks its foliation is weIl marked. Away from
this region the rock becomes almost isotropie. When
observed, the contacts with the enclosing rocks are sharp
and parallel to the foliation. The border foliation and the
schistosity of the gneisses are generally dipping toward
the pluton. The contacts between the charnockitic outer
ring and the magmatites of the inner domain are mainly
interfingered, giving rise to locally intense mechanical
mixing.

PETROGRAPHY AND GEOCHEMISTRY OF THE
CHARNOCKITIC ROCKS

The charnockitic rocks consist essentially of
plagioclase (An32-40), perthitic ortoclase/mesoperthite,
orthopyroxene, biotite, amphibole, ilmenite, magnetite,
pyrite, apatite, zircon, rare allanite and hematite.
Megacrysts of alkali feldspar and plagioclase, up to 6 cm,
detine a porphyritic texture. The matrix is medium to
coarse grained and it may be tiner-grained when
compressed against and partially recrystallized around the
megacrysts. Features of weak ductile deformation are
observed in quartz and feldspar grains, as weIl as curved
biotite and twining lamella of plagioclase. Opx may be
partially replaced by biotite, amphibole and opaque
minerals and is altered to chlorite and a brown secondary
phase. Alkali felsdspar replaces plagioclase and the
concentration of the perthitic lamella is very variable.
Apatite and zircon appear as inclusions, single cristals or
associated with matie mineraIs.

The chemical composition of these rocks indicates
SiOz values ranging from 54% to 65%. They are enriched
in Ti, P, Zr, Ba and REE, relatively rich in K and Fe and
they have low Mg, Al and V contents, when compared to
granitoid rocks of similar silica contents (Mendes et al.,
1997). A marked compatible behaviour is observed for
Ca, Fe, Mg, Ti, P, Sr and V, in contrast to the
incompatible behaviour of K, Na, Rb and Ba (Mendes et
al., 1997); very high Al, Ca, Sr, K and Ba concentrations
in sorne samples have been pointed by the authors as
indicative of possible feldspar accumulation.
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Table 1. Rb-Sr isotopie analytical results for the VAlC charnockitie rocks.

Sample Rb (ppm) Sr (ppm) (87Srf6Sr)o 87Rbf6Sr (87Srf6Sr)i e (0) e (0.5 Ga)

VA-04 55.25 610.87 0.71074 0.2618 0.708875 88.57346 70.51839

VA-257 59.79 665.12 0.71074 0.2602 0.708886 88.57346 70.68035

VA-249B 54.20 675.20 0.71026 0.2324 0.708604 81.76011 66.67533

VA-249C 75.61 674.14 0.71198 0.3262 0.709656 106.1746 81.61543

VA-90 64.00 579.00 0.71080 0.3199 0.708521 89.42512 65.48923

VA-125 91.00 518.00 0.71223 0.5085 0.708607 109.7232 66.71384

VA-261 36.00 677.00 0.70963 0.1539 0.708534 72.81760 65.67343

VV-1751 82.70 591.90 0.71160 0.4000 0.708750 100.7807 68.74669

VV-1752 41.90 514.30 0.70980 0.2400 0.708090 75.23066 59.37111

VV-1756 54.90 545.40 0.71060 0;2900 0.708534 86.58623 65.67498

VV-1759 47.60 552.60 0.70960 0.2500 0.707819 72.39177 55.51760

Table 2. Sm-Nd isotopie results for the VAlC charnockitic rocks.

Samples (143Ndl44Nd)i (143Ndll44Nd)o 147Smll44Nd T DM (Ga) e (0) e (0.5 Ga)

VA-90 0.511565 0.511922 0.1091 1.631 -13.967 -8.3805

VA-125 0.511539 0.511897 0.1094 1.672 -14.454 -8.8880

VA-261 0.511477 0.511839 0.1106 1.778 -15.586 -10.098

VA-257 0.511533 0.511889 0.1088 1.675 -14.611 -9.0059

VA-249 0.511621 0.511971 0.1068 1.527 -13.011 -7.2764

VA-04 0.511628 0.511955 0.0997 1.455 -13.323 -7.1347

Therefore, the charnockitic rocks from Vârzea Alegre
show metaluminous and high-K calc-alka1ic character,
with conspieous enrichment in LIL and HFS elements.
These features indicate a mantle contribution associated
to crustal melts in the genesis of the rocks. The
geochemical behaviour suggests fractional crystallization
and magma mixing as the main differentiation process
during the evolution of the charnockitie suite (Mendes et
al., 1997).

GEOCHRONOLOGICAL AND ISOTOPIC DATA
The Rb-Sr and Sm-Nd whole-rock isotopie data of the

VAlC charnockitie rocks are presented in the tables 1 and
2. The analysis were carried out at the Laboratory of
Geochronology of the University of Sao Paulo. Using the
isotope dilution tecnique, single zircon U-Pb
determinations for the charnockitic ring were obtained at
the Laboratory of Geochronology of the University of
Brasilia.

The geochronologieal U-Pb in zircon method
provided a concordia age of 498.6 ± 4.9 Ma for four
zircon grains of the VAlC charnockitic rocks. This age
interval agrees with the obtained result for the
charnockites from the Aimorés Intrusive Massif , ca. 50
km west ofVârzea Alegre (Melo, 2000).

The Rb-Sr data show high 8'Sr/86Sr initial ratios and
ESr(O) for the charnockitic lithotypes. Despite the observed
variations in the total Sr contents, the similar calculated
initial ratios values for the analyzed sarnples points to an
homogeneous isotopie distribution during the evolution of
the sequence. Such high 8'Sr/86Sr initial ratios were
preliminarly interpreted by Mendes et al. (1997) as a
response to crustal contamination.

Such as verified to the Rb-Sr isotopes, the six sarnples
ivestigated for Sm-Nd isotopes indicate a very similar
143Nd/I44Nd ratios, as well as ENd(O)' The low ENd(Og values,
around -14.00, are in accordance with the high 'Srr6Sr
initial ratios. The TDM model ages for the VAlC
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charnockitic rocks range from 1.5 to 1.77 Ga. The
average TCHUR for these rocks is ca. 1.1 Ga. Medeiros et
al. (2000) have considered such age interval as the most
appopriate for the extraction of the parental magma from
the mantle. As pointed by Mendes et al. (1997), the
geochemical signature of the VAIC charnockitic rocks
indicates participation of crustal and enriched mantle
magmas for the generation of the rocks here studied.
Having in mind such hypothesis, the TCHUR age could be
more realistic. Considering the crystallization age of ca.
500 Ma, a long lived crustal residence may be infered for
the parental magma.

Plotting the analyzed samples in the l/Sr x 87Sr/86Sr
(0.5 Ga) diagram (Fig. 1), two groups can be separated.
One of these could be related to samples evolved
essentially by fractional crystallization, and the other may
reflect mixing between a more radiogenic component with
a less radiogenic one. The behaviour of the samples in the
ENiO.5 Ga) x 87Sr/86Sr (0.5) diagram (Fig. 2) confmns
this premise. An isochronic Rb-Sr age of 500 ± 12 Ma
(Ri=0.70855) is indicated with selected samples from the
mentioned diagrams.
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Figure 1. lISr versus 87Sr/86Sr (0.5 Ga) diagram for the VAIC

chamockitic rocks.
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DISCUSSION AND CONCLUSIONS
Mello (2000) found a lower concordia intercept age

of 498.6 ±3 5.6Ma by conventional multigrain V-Pb
zircon analysis, and V-Th-Pb ages in monazite between
562 and 468Ma for the Aimorés (MG) charnockite
intrusion. High (87Sr/86Sr)j values at 500Ma associated
with variable negative ENd values attest either to an
enriched mantle source or to a strong crustal influence on
the petrogenesis of this intrusion.

The VAIC charnockitic rocks radiometric ages, V-Pb
in zircons and whole rock Rb-Sr, of 498± 4.9 Ma and
500± 12 Ma respectivelly, can be surely considered as the
crystallization age. This age is related to the post-tectonic
magmatic activity in the central-north Ribeira Belt
(Wiedemann et al., 2(02). Mendes et al. (1997) pointed
out the absence of solid state deformation in the VAIC
charnockitic rocks. The young age obtained also
corroborates this idea.

A whole rock Rb-Sr isochron age of 508 ± 12 Ma
(Ri=0.7084) was obtained for the VAIC megaporphyritic
granite (Medeiros et al., 2(00). Therefore, the hypothesis
of an early emplacement of the charnockitic outer shell
(cf. Medeiros et al., 2(00) is not accepted due to the age
concordance between the lithotypes. This evidence
indicates a possible simultaneous emplacement of the
different magmas.

Possible combination of fractional crystallization and
magma mixing process for the generation of the VAIC
charnockitic rocks was suggested by Mendes et al.
(1977). The Rb-Sr and Sm-Nd isotope interpretation
described above agrees with this assumption.

Based on high 87Sr/86Sr initial ratios and incompatible
elements anomalies detected in Brasiliano basic rocks, a
sublithospheric enriched mantle has been proposed for
this region (Ludka, 1998; Gimenez Filho et al., 2000). In
spite of high 87Sr/86Sr initial ratios or ESr(O) and low ENd(O)
values point to an exc1usively crustal origin, the VAIC
charnockitic rocks have conspicous enrichment in LIL
and HFS elements which could indicate that the same
enriched mantle contributed to the petrogenesis by
interations with crustal melts (Mendes et al., 1999).
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INTRODUCTION
The partially eroded Pleistocene Tronador Volcanic

Complex (TVC, 3,565 rna.s.l.) is located along the
Chilean-Argentinean border at approximately 41°IO'S
and 72°45'W in the Southern Andean Volcanic Zone,
behind the present day volcanic front at this latitude
represented by Puyehue, Osorno and Calbuco volcanoes,
among others. It covers more than 500 Kmz and it is
composed of two main volcanic units, the youngest
Tronador stratovolcanoe and the basal Las Cauquenes
sequence (Fig. 1). In addition, the Holocene Fonck
postglacial monogenic cone is geographically 10cated at
the south of Tronador stratovolcanoe, but separated and
possibly not directly related to the complex. Tronador
stratovolcanoe itself is divided in tree main sub-units
(Tronador 1 to III, Fig. 1). Subunits Tronador 1 and II are
oIcter than a volcanic caldera structure. The rocks of the
TVC partially coyer Palaeozoic-Mesozoic metarnorphic
rocks, and Cretaceous and Miocene granodioritic plutons.
Volcanic units are partially covered by a summit glacial
ice and a number of important glacial tongues spread into
Chile and Argentine territories (Fig. 1).

General descriptions of the TVC have been presented
by Larsson (1940), Ljungner (1930), Lliboutry (1956),
Aguirre & Levi, (1964), Dessanti (1972), Greco (1975),
Moreno & Parada (1976), and Gonzalez Bonorino (1976).
Rabbasa & Evenson (1996) reported K-Ar ages of 1.32
and 1.39 Ma for lavas from the basal sequence and
suggested a quaternary age for this volcanic complex.

ln this contribution we present and discuss
geochronological, geochemical and Sr and Nd isotopic
composition for rocks from the TVC.

PETROGRAPHY
The TVC includes basalts to trachytes, but basalts and

basaltic andesites are the predominant rock types. Also,
pyroclastic, laharic and hyaloclastic flows are specially
weIl represented in Tronador II and III. The Las
Cauquenes Unit is conformed by porphyritic olivine
clinopyroxene basalts and basaltic andesites, with
clinopyroxene and plagioclase phenocrysts in intersertal
to intergranular groundrnass. Tronador 1 is represented by
colurnnar trachytic lavas, with porphyritic textures and
plagioclase and hornblende in a glassy groundmass. This
sub-unit interfinger with Tronador II sub-unit, which is
conformed by pyroclastic, hydroclastic, laharic and
glaciofluvial deposits with interbeded porphyritic and

aphyric trachyandesitic, basaltic and basaltic andesitic
lava flows. Tronador III includes trachytic basalts,
trachitic basaltic andesites and trachyandesites interbeded
with hyaloclastic and laharic flows. Lava flows from
Tronador III sub-unit are mainly porphyritic with
plagioclase, olivine, clinopyroxene phenocrysts in
intergranular, intersectal or subophitic groundrnass. In
this sub-unit, one colurnnar basaltic lava flow and a
laharic deposits expose along an old glacial valley, are
porphyritic with megaphenocrysts of plagioclase and
intergranular to intersertal palagonitic groundrnass. The
Fonck monogenic was building on top of Las Cauquenes
Unit (Fig. 1) and the related lava flows is trachyandesitic
in composition.

K-Ar GEOCHRONOLOGY
A new whole-rock K-Ar age of 1.3±0.3 Ma for a lava

flow from Tronador 1 is in agreement with the previous
data from Rabbasa & Evenson (1996) and confirms a
maximum early pleistocene age for the oIcter unit of the
TVC. In this way, pliocene rocks may not be represented
in the TVC, as was suggested by Lara et al. (2001). Other
Ar-Ar dates for the younger rocks from Tronador III
indicated ages between 0.34±0.040 and 0.53±0.11 Ma for
the post-caldera activity, restricting the age from collapse
at the 0.53 Ma. Younger Ar-Ar ages for TVC are oIcter
than the oIcter ages known for actiy~volcanoes along the
present day volcanic front located to the west.

PETROCHEMISTRY
Major, trace and REE were measured for 17 selected

samples from Tronador and Las Cauquenes units (Table
1). Normative nepheline is absent and normative quartz is
rare. The basalts from the TVC are high alumina in
composition and the AlZ0 3 contents are sitnilar to the
lavas from the present day volcanic front. In the alkalies
silica diagram (Peccerillo & Taylor, 1976), rocks are
calc-alkaline basalts and basaltic andesites and high-K
andesites. According to AFM diagram they are
transitional to tholeitic. The tholeitic trend is confirmed in
the FeO/MgO- SiOz diagram. In the Harker diagram,
rocks show a rapid increase in KzO and rapid decreasing
in AlZ0 3, MgO and CaO with increasing SiOz. Lava
flows are enriched in K, Rb, Ba, and LREE (La, Ce, Pr
and Nd) cornpared to lavas with similar SiOz content
from the Osorno and Calbuco volcanoes along the present
day volcanic front (Fig. 2).
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LaJNb and BalLa ratios are higher in Las Cauquenes
Unit than in any sub-unit from Tronador stratovolcanoe.
LaINb and BalLa ratios are sirnilar to the lavas with same
Si02 content from Osorno, Calbuco and Puyehue
volcanoes. Although the REE pattern is relatively fiat, the

LaIYb ratios are higher than the rocks from the present
day volcanic front (Fig. 2) and in cases comparable to
those of lavas located to east of the voicanic front, in a
back arc tectonic position.
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volcanic front located to the east of the Late Pleistocene
present day active volcanic front.
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Lavas also evidence Nb negative anomaly and in cases
minor Eu depletion. Sr isotopie composition for
representative samples from the younger sub-units of
Tronador and from the Fonck volcanoe are in the range
0.704107 and 0.704192. The lower value represents one
basait from Tronador III and the higher a trachyandesite
from Fonck monogenic cone. Nd isotopie compositions
are in the range 0.512773-0.512813 and the lower value
is also representative of the Fonck monogenic cone. Sr
and Nd isotopie compositions are in the range of the lavas
from Osorno and Calbuco volcanoes along the present
day volcanic front.

CONCLUSION
The TYC is an Early to Late Pleistocene partially

eroded volcanic complex located to the east of the present
day Late Pleistocene-Holocene volcanic front.
Geochemical data support a calk-alkaline to tholeiitic
trend and a transitional arc to back-arc composition. Sr
and Nd isotopie compositions suggest a mantle source for
parental magmas. In sorne basaIts, minor Eu anomaly
indicate plagioclase and high LREE and fiat HREE
suggest cJinopyroxene cracking, respectively. Although
not probe yet at this latitude, it is suggests that the
partially eroded TYC could be part of the Pleistocene
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Table 1. Chemical composition of lavas from TVC.

SiOz
TiOz
Alz0 3
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FeO
MnO
MgO
CaO
NazO
KzO
PzOs
LOI
Mg#
Q
Ne
K
P
Ti
Rb
Ba
Sr
il
Nb
Y
Cr
Ni
Co
V
Pb
Sc
Cu
Zn
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
BaINb
ZrlNb
LaINb
LalYb
LalLu
La/Sm
BalLa
Ba/Rb
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INTRODUCTION
The Sierra Norte-Ambargasta batholith (SNAB) is a

complex magmatie body composed of distinct granitoid
units. Regional geology and petrologieal studies on
different lithologies of the extensive body have been
undertaken by several geologists and researchers since
late 1800, and afterwards mainly by Lucero Miehaut
(1969, 1979), Bonalumi (1988), Rapela et al. (1991), Lira
et al. (1997), Miro et al. (1998), Candiani et al. (1999)
and Ramos (1999).

Granitoid units and enclosing metasedimentary rocks
mapped by Lira et al. (1997) were re-examined in the
field and new outcrops and lithological contacts were
traced (Fig. 1). Based on field, petrographie and
geochemical data, representative samples were selected
for Rb-Sr and Sm-Nd isotopic analysis, in order to
investigate the age of the granitic units and the nature of
their magmatic sources. Previous geochronological
pattern, mostly information specifica11y related to studied
units, are summarized below to better constrain the
geological interpretation of the new isotopie data.

GEOLOGICAL SETTING
Lira et al. (1997) established the intrusive sequence in

the central-western area of the batholith, according to
which most primitive representatives were diorite to
tonalite enclaves, hosted in the dominant granodiorite
monzogranite basement (GM unit). A composite dacitic
to rhyolitic subvolcanic body of the same series (OR
rocks), intruded earlier GM unit. The whole series (GM
DR) were later intruded by a group of leucocratic
granitoids, that included highly evolved miarolitic
monzogranites, rhyolite porphyries and large
syenogranitic aplites, aIl grouped origina11y as HESG.

Based on this sequence, additional field, whole-rock
geochemistry and mineraI chemistry work was carried
out, including new observations and definitions. One of
the latter is that a formational narne is suggested for the
epizonal miarolitic monzogranites (formerly MM, an
integral unit of the HESG group) designed as Puesto de
Los Caminos Formation (POLe) which were separated
from the syenogranitic aplites, which presently would
conform the Cerro Baritina Formation (CB).

POLC monzogranite epizonal bodies (2-20 km2)
intruded the GM-OR series. Five separate bodies of this
formation have been identified along -40 km. Sharp

magmatic contacts between POLC units and GM regional
granitoids can be traced at the Potreri11os pluton and
Aguada Vieja pluton. The Puesto de los Carninos pluton
intruded rocks of the GM unit in its northern border and
rhyolite (DR unit) porphyries in its southern and
southwestern contact. Cerro Baritina Fonnation units are
the latest youngest intrusions in the study area. These
bodies norma11y oceur in subhorizontal units with
thicknesses ranging from lOto 20 m, covering areas over
10 km2; they are normally found intruding GM rocks but
at Cerro Baritina locality sharp linear contacts between
CB apHte and Puesto de la Loma body (POLC
Formation) have been observed. CB Formation aplite
outcrops are spread along a 60 km NS strip.

Most petrographic and whole-rock major and trace
element geochemistry data of referred units are
interpreted in Lira et al. (1997).

ANALYTICAL METHODS
Ail isotopie analyses were carried out at the Centro de

Pesquisas Geocronologicas, Instituto de Geociências,
Universidade de Sâo Paulo, Brazil. The Rb-Sr and Sm
Nd analyses were prepared by standard methods
aceording to the analytical procedures described by
Kawashita (1972, modified) and Sato et. al. (1995),
involving HF-HN03 dissolution plus HCI cation
exchange. No visible solid residues were observed after
dissolution. Samples with incomplete dissolution were
discarded. The Sr isotopic ratios were normalized to
86Sr/88Sr = 0.1194; replicate analyses of 87Sr/86Sr for the
NBS987 standard gave a mean value of 0.71028 ±
0.00006 (20'), the blanks for Sr were 5ng. Nd ratios were
normalized to a l~d/I44Nd = 0.72190. The averages of
143Nd/I44Nd for La Jo11a and BCR-l standards were
0.511847 ± 0.00005 (20') and 0.512662 ± 0.00005 (20'),
respectively. The blanks were less than 0.03 ng. Sr and
Nd isotopic analyses were carried out on a multieo11ector
VG 354 Micromass and Finnigan-MAT 262 mass
spectrometers. The isotopic data were regressed using the
prograrn of Ludwig (1999), and, in the isochrons with
large MSWO value, age calculations were based on
Model 2. The ages were calculated using the decay
constants established in Steiger and Jager (1977); for
87Rb was 1.42xlO·1l y(l; for l47Sm= 6.54xlO·12 yr' l.
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...
1

Figure 1. Location and simplified geological map of the SNAB studied granitoids (modified after Lira et al., 1997).

ISOTOPIe DATA
Rb-Sr isotope ratios are listed in table 1. These data

were used to compute ages (Figs. 2, 3, 4) and to interpret
magma sources of studied granitoids. Rocks of the
granodiorite-monzogranite units (GM) have been
previously dated in different regions of the batholith and
indistinctly referred to as "granites" by Gonzalez and
Toselli (1974), "granites or leucocratic granites" by
Castellote (1982, 1985), "granodiorites" by Rapela et al.
(1998) and "Tres Lomitas granodiorite" by Koukharsky
et al. (1999).

Rocks of granitic composition have been linked to
less evolved granodiorites by fractional crystallization
processes (Lira et al., 1997). Selected samples were used
for Rb-Sr dating which yielded an isochronic a~e of 627
± 27 Ma (4 points, MSWD= 1.9); with 87Sr/8 Sr initial
ratio of 0.7061 ± 0.0009 (Fig. 2). This is the oldest age
known for Sierra Norte, only comparable to data obtained
by Gonzalez et al. (1985) who got an age of 606 Ma in
Chufia Huasi. Nevertheless, Castellote (1985) dated a
tonalite from Aguada Vieja, Sierra de Ambargasta, with
an age of 628 ± 30 Ma, which is in close agreement with
our data.

Table 1. Rb and Sr isotopie ratios of SNAB granitoids.
Grd: granodiorite; Mgm: monzogranite; Dac: dacite;

Rhy: rhyolite.
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4,53,51.5
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Figure 2. Rb-Sr isochrone for granodiorite-monzogranite
regiona1 rocks.

0.74

ÎÏl
~ 0.73
Ul:;;

0.72 l Age = 627 ± 27 Ma

Inilial "Srf'6Sr =0,70608 ± 0.00097

MSWD = 1,9

Sample/Rock Rb Sr B7Rb9'Sr Erra SrY'Sr Erra

GM-2097 124.0 227.6 1.579 0.036 0.72043 0.00002
GM-2256 108.2 253.2 1.238 0.010 0.71848 0.00002
GM-2157 198.1 147.6 3.897 0.045 0.74087 0.00007
GM-2078 115.7 231.6 1.448 0.009 0.71892 0.00008
GM-2154 158.3 157.5 2.916 0.006 0.73216 0.00008
DR-2130 157.7 171.4 2.669 0.058 0.73100 0.00005
DR-2112 152.8 117.4 3.776 0.012 0.73850 0.00008
DR-2098 131.4 174.4 2.185 0.012 0.72472 0.00002
PDLe-2271 200.3 3J.l 18.901 0.154 0.84949 0.00021
PDLC-2041 157.8 31.5 14.655 0.119 0.81794 0.00009
PDLC-2281 137.6 86.8 4.602 0.031 0.74285 0.00011
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Dacite-Rhyolite (DR) rocks of Lira et al. (1997)
compare weIl to those described as "dacites" by
Castellote et al. (1985) which ages resulted 499 ± 20 and
523 ± 15 Ma. Rocks of the same body collected nearby
Totorillas were sampled by Sollner et al. (2000) who
defined them as rhyodacites of 557 ± 4 Ma using U-Pb in
zircons. Rhyolite rocks (DR) of the Cerro de los Burros
pluton yielded a new Rb-Sr age of 607 ± 7 Ma (2 points
isochron), with 87Sr/86Sr initial ratio of 0,7058 ± 0,0003
(Fig. 3).

monzogranite PDLC yielded Rb-Sr isochron age of 523 ±

4 Ma (MSWD= 0.018), and an 87Sr/86Sr initial ratio of
0.7085 ± 0.0004 (Fig. 4),

SOURCE OF MAGMAS: Sr AND Nd ISOTOPIC
EVIDENCES

In order to evaluate the magma sources and potential
magma-mixing process in the origin of the granitoids of
the SNAB, Nd isotopie analysis from selected samples
were used in conjunction with Sr data (Table 2).

0,745,---------------------, Table 2. Nd-Sm isotope data and computed ratios for se1ected
samp1es of representative granitoid units of the SNAB.

Sample# GM-2157 DR-2112 PDLC-228 lPDLC-227
(Me:rn) (Rhv) (Mern) (Me:rn)

Sm 5.01 7.16 7.15 5.32
Nd (Dom) 20.71 33.96 35.19 19.65
147SmI"'Nd 0.1462 01275 0.1229 0.1638
14~d1"'Nd 0.512115 0.512060 0.512120 0.512232

€o -10.20 -11.28 -10.10 -7.92

IfsmINd -0.26 -0.35 -0.38 -0.17

Tl 627.0 627.0 523.0 523.0

I€t'TI\ -6.16 -5.74 -5.18 -5.73

1€t'TIl -10.20 -11.28 -10,10 -7.92

4,23,8

/"

[
~----:-!'qe-=--:C60=-7,3:-.-=-7.""5Ma-'-----"]

Initial 87srf6s,. =0,70580 ± O.(M))31
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Figure 3. Rb-Sr isochronic age for rhyolites of the Cerro de los
Burros subvolcanic pluton.

0.88,--------------------,

AlI SNAB granitoid units of this study have negative
ENd values and high Sr initial ratios (>0,706), which
indicate crustal rocks as the main sources for the
granitoids. The monzogranite and rhyolite of the GM-DR
series have ENd values, calculated to 627 Ma, of -6.16 and
-5.74, and Sr initial ratios of 0.7060 and 0.7058,
respectively. No significant difference in the Sr and Nd
isotopic composition was perceptible between
subvolcanic and plutonic rocks, suggesting that these
rocks are comagmatic. The monzogranites of PDLC
group contain more radiogenic Sr, with 87Sr/86Sr initial
ratio of 0.70851 and slightly less negative ENd values,
calculated to 523 Ma, in a range from - 5.18 to - 5.73.

DISCUSSION AND CONCLUSIONS
Field setting and whole rock geochemistry sustain the

existence of a magmatic arc intrusive sequence in the
central-western sector of the extended Sierra Norte
Ambargasta batholith. Sr and Nd isotope geochernistry
have yielded new information relative to melt sources and
new age data on granitoids which field relationships are
weIl established.

Major components of the magmatic arc basement of
the region are granodiorites and fractionated
monzogranites (GM unit) whieh yielded a Rb-Sr isochron
age of 627 ± 27 Ma. This isochron is the oldest age even
found for the batholith, being considerably older than
recent SHRIMP data on zircon of Rapela et al. (1998)
who obtained ages of 532 ±2.9 to 533.9 ±3.8 Ma for
granodiorites of the GM unit.

Dacite-rhyolite subvolcanic rocks of the DR unit were
interpreted as a differentiation product of deeper GM
coarser grained granitoids. Its main representative unit is
the Cerro de los Burros Formation whieh yielded an
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The analytical point related to one dacite sample is
not colinear with the rhyolite analytical points, which
could indicated that sorne subvolcanic pulses are not
cogenetic. This age is the oldest up to the present for this
porphyry intrusion, and is considered coherent with the
age of the deeper GM rocks which were interpreted to be
part of the same series. It is important to observe that
both GM rocks and the rhyolite have the same Sr initial
ratios, within analytical errors, which suggest the same
sources.

Puesto de Los Carninos (PDLC) monzogranites
(formerly part of HESG of Lira et al., 1997) could have
likely been dated previously in more than one occasion
mistaken for regional monzogranites, because PDLC
units were not recognized priOf to 1997 as plutons that
intrude regional GM-DR series. This fact could have led
to the publication of very different ages even in closely
spaced outcrops. Three selected samples from the
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isochrone age of 607 ± 7 Ma, also the oldest measured
up to present for these porphyries. This age is again older
than UlPb results from zircons published by Sollner et al.
(2000), but in agreement with older parental granodiorite
monzogranite (GM) rocks.

Concerning dating of leucocratic highly evolved rocks
of the PDLC Formation, these are the first reported ages
for unequivocally identified intrusive units. We interpret

that PDLC monzogranites (523 ± 4 Ma) represent the
latest intrusions of the Pampean Orogeny during
postcollisional stages. Nevertheless, the fact that sorne
CB aplites have been found intruding PDLC
monzogranites, is indicative of younger ages.

Interpretation of available Sr and Nd isotope data
suggest that SNAB rocks are genetically linked to partial
melting of crustal rocks and a possible subordinated
mantelic contribution, always showing a sialic input in
the source and spatially related to a subduction zone.
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Figure 1. Sketch map showing the sampled areas.
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c. 3000 m thick sequence of volcanic and volcanic1astic
rocks, ash f1ows, airfall tuffs, basic lavas, and interbedded
lacustrine sedimentary rocks (Thiele, 1980). An
uncorformity and a hiatus separate the AE from the
underlying Colimapu Fonnation that is Early Cretaceous
in age (Charrier et al., 2002). At Portillo (32°50'; Fig. 1),
the AE sequence is 4000 m thick and has been dated to
256 Ma (K-Ar whole rock; Rivano et al., 1993). The
proportion of basic volcanic rocks is smaller here than at
Lo Valdés. Two basaltic lava f10ws from Lo Valdés and
three lavas from Portillo, one basaltic andesite and two
andesites, have been sampled for Sr-Nd isotope analysis
(Table 1).

GEOLOGICAL SETTING
Tertiary sequences in the Andean Cordillera fonn a

discontinuous N-S trending belt that extends for c. 1500
km in northem and central Chile between 23° and 3rS.
This belt crosses three tectonic segments of the Andes:
one without Quaternary volcanic activity (28°-33°S) and
the other two representing the end portions of the Central
and Southern Volcanic Zones. The individual units
forming the Tertiary belt vary in thickness from 2 to 6 km
and consist of volcanic and volcanic1astic rocks deposited
in continental basins (Vergara & Drake, 1979). Between
31 ° and 34oS, the oldest Tertiary volcanic unit is the
Oligocene Abanico Formation. It is divided into two parts
separated from each other by the N-S distributed Miocene
Farellones Formation (Thiele, 1980).

The Oligocene units are known informa Il Yas Abanico
West and Abanico East (AW and AE). The AW sequence
crops out along the western foothills of the Andean
Cordillera and shows broad open folds, whereas the
tightly folded AE occurs in the High Andes. The former
is dominated by volcanic rocks whereas volcanic1astic
rocks predominate in the AE. Vergara & Drake (1979)
suggested that both sequences were deposited
simultaneously along the two f1anks of a volcano-tectonic
intennontane basin. According to other authors they were
deposited in an intra-arc basin with the characteristics of
an inverted hemi-rift (Godoy et al., 1999; Charrier et al.,
2002).

The AW is composed of basic lavas, acid pyroclastic
rocks and subordinate volcanoc1astic sedimentary rocks
in its type locality, the Cerro Abanico area (Vergara et al.,
1993) situated in the western foothills of the Andes just
east of Santiago (Fig. 1). Vergara et al. (1999) reported an
age of 35-25 Ma for the formation (4°Ar;J9Ar in
plagioc1ase). The volcanic rocks have a tholeiitic
chemical affinity and more primitive isotopie features
than ail the Mesozoic and Cenozoic volcanic rocks in the
Andes of central Chile. Nystrom et al. (1993) related the
primitive features to eruption onto a thin continental
crust. Furthermore, at Chacabuco at the end of Central
Valley and in the Andean foothills (32°50' S) (Fig. 1), the
coeval volcanic rocks have similar composition and
isotopie signatures (Fuentes et al., 2002).

No type locality has been assigned to the AE and less
is known about. the chemistry of its volcanic rocks than
for the AW. At Lo Valdés (33°50'S; Fig. 1), the AE is a



Table 1. Sr and Nd isotope data for volcanic rocks of the Abanico units in the Andes of central Chile (see figure 1 for location).

Rock Sample Age % Rb Sr Sm Nd 87Srll""Sr 143Ndl44Nd Initial Initial ENd

Sample Type* Area Ma Si02' ppm ppm ppm ppm 87Srf'Sr 143Nd/144Nd

AC072 BA Aconcagua 281 56.3 63 459 9.25 37.6 0.70391 0.512800 0.70376 0.512773 +3.3

AC083 A Aconcagua 281 61.5 38 419 7.25 30.6 0.70378 0.512846 0.70368 0.512820 +4.2

AC041 A Aconcagua 281 61.9 40 619 5.45 24.2 0.70376 0.512816 0.70369 0.512791 +3.7

VALI59 B Lo Valdés 281 51.4 16 603 5.01 18.2 0.70372 0.512889 0.70369 0.512859 +5.0

VALI26 B Lo Valdés 281 52.8 13 571 5.1I 18.7 0.70378 0.512845 0.70376 0.512815 +4.2

FFI50 A Chacabuco 28 54.1 36 333 8.68 32.3 0.70382 0.512907 0.70370 0.512877 +5.4

FFI91 A Chacabuco 28 49.0 5 454 2.62 9.1 0.70367 0.512943 0.70366 0.512911 +6.0

FFI9 BA Chacabuco 26 53.1 Il 529 3.13 11.2 0.70368 0.512948 0.70365 0.512919 +6.1

MAP25 A C. Abanico 251 58.8 48 364 6.48 28.0 0.70373 0.512918 0.70360 0.512895 +5.6

MAP23 B C. Abanico 251 51.2 24 505 5.15 19.9 0.70355 0.512923 0.70350 0.512897 +5.7

MAPI9 BA C. Abanico 251 53.7 10 398 5.89 23.9 0.70357 0.512927 0.70355 0.512903 +5.8

MAP5 R. P C. Abanico 25.4 n.1 35 218 7.10 31.0 0.70375 0.512916 0.70359 0.512893 +5.6

Isotopie ratios determined on a Finnegan MAT 261 multicollector mass spectrometer at the Swedish Museum of Natural
History. Sr ratios were fractionation corrected to !WiSr/87Sr = 0.1194; eight determinations of the NBS 987 standard gave a mean
of 0.7 10244 ± 0.000042 (2u). Nd ratios (fractionation corrected to 146Ndll44Nd = 0.7219) are reported relative to a value of
0.511854 for the La Jolla standard; 14 runs of the standard gave a mean of 0.511753 ± 0.20%.
The Lo Valdés data were plotted in Nystriim et al. (1993), corrected for a somewhat older age. The Cerro Abanico data are
given in Nystriim et al. (2003).
*B = Basait, BA = Basalt andesite, A = Andesite, R = Rhyolite, and p = Pyroclastic rock
lEstimated age (no radiometric data available)
!Recalculated to 100% anhydrous
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Figure 2. ENd vs. initial 87Sr/86Sr ratios for volcanic rocks of the
Abanico East (AE) and Abanico West (AW) sequences in the

Andes of central Chile.

Sr AND Nd ISOTOPE RESULTS
The analyzed samples have low initial 87Sr/86Sr values,
ranging between 0.70350 and 0.70376 and ENd varies
from 3.3 to 6.1 (Table 1). The ENd vs. initial 87Sr/86Sr
diagram (Fig. 2) including data for the AW at the
latitudes of Portillo (Fuentes et al., 2002) and Lo Valdés
(Nystr6m et al., 2(03) shows that the lavas from the AB
have higher 87Sr/86Sr initial ratios and lower ENd values
compared to those for the AW. A negative correlation
between initial 87Sr/86Sr ratios and ppm Sr is shown by
the lavas from both Abanico units (Fig. 3). The ENd

values are higher for the Lo Valdés rocks than for the
Portillo samples, regardless of their SiOz content (Fig. 4,
Table 1).

CONCLUSION
The differences in isotope ratios for the volcanic

rocks of the two Abanico units, and the differences
between the AB at Lo Valdés and Portillo, are consistent
with eruption of more primitive magmas or less crustal
contamination in the west than in the east.
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for legend).
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INTRODUCTION
Thé Pemambuco Sub-Basin (PSB) corresponds to a

thin belt of sedimentary and magmatic rocks belonging to
the southem portion of the Cretaceous Pemambuco 
Paraiba Basin. The continental component of the PSB is
better known than its offshore counterpart (Lima Filho,
1998). Situated immediately south of Recife, the geologic
limits of the PSB are the Pemambuco Lineament on the
north, the Maragogi high on the south and the
Pemambuco - Alagoas Massif on the west.

In its onshore portion (Lima Filho, 1998), the PSB is
composed of a lowermost aptian to albian rift phase,
characterized mainly by siliciclastic sediments of the
Cabo Formation and the Cabo Magmatic Province
(trachytes, rhyolites, basalts, ignimbrites, high level
granite). These units stratigraphically underlie a
calcareous sequence (the Estiva Formation) and a
siliciclastic one (the Algodoais Formation), which
comprise the drift phase of the basin (Lima Filho, 1998).

The available Rb-Sr (Long et al., 1986), K-Ar
(Vandoros et al., 1966) and recent 4OAr_39Ar (Lima Filho
& Szatmari, 2(02) geochronologic data for the magmatic
rocks of the CMP show ages in the range III Ma to 85
Ma (Albian to Santonian).

The 40Ar_39Ar data reported here (6 rhyolites, 3
trachytes, 1 basaIt and 1 granite) provide new
geochronological constraints for the magmatism in the
PSB and suggest that the magmatic events in the Cabo
Province are restricted to a much narrower time interval
than previously proposed.

FIELD RELATIONS OF THE CABO MAGMATIC
PROVINCE (CMP)

The CMP, first described by Sial (1976), is composed
by a series of volcanic and subvolcanic rocks, including
trachytes, rhyolites, basalts, ignimbrites and a high level
granite pluton (the Cabo granite). Field observations
show a close relationship between these rocks and the
sedimentary sequences of the Cabo Formation. There is
abundant evidence that the magmatic activity is
synchronous with rift sedimentation (Lima & Pinho,
1997).

Trachyte flows, sills and NE-trending dykes, and
rhyolite lopoliths, plugs and domes, are volumetrically
the most important types of volcanic/subvolcanic bodies.
The Cabo granite, ignimbrites of the Engenho Saco
quarry, and small basaIt flows and sills, are also present.

Field exposures of the contacts between the magmatic
rocks and the sedimentary country rocks are quite rare.
Conglomeratic sandstones of the Cabo Formation,
containing trachyte and rhyolite clasts, are intruded by
similar rocks, suggesting different magmatic pulses in the
CMP. Trachytic and rhyolitic fragments found within
pyroclastic flows (ignimbrites) also point to successive
volcanic events.

Even without exposed contacts, field relations
indicate that the Cabo granite intruded the Cabo
Formation and interlayered volcanic rocks. Shallow drill
holes in the Suape area (Amaral & Menor 1989) suggest
that the Cabo granite had been already uplifted during
deposition of the Estiva carbonates. Furthermore, the
siliciclastic sediments of the Algodoais Formation,
containing abundant volcanic clasts, overtie the rift
section (Cabo Formation + CMP rocks) in a clear
unconformity. Therefore, dating of the CMP magmatic
rocks will bracket a minimum (or very close) age for the
syn-rift sedimentation (the Cabo Formation), as weIl as a
maximum age for the beginning of the post-rift (drift)
evolutionary phase of the basin.

ANALYTICAL PROCEDURES
AlI samples were irradiated (14 hours) together with

Fish Canyon sanidine neutron flux standards in the Triga
Reactor at the Oregon State University. After a two
month cooling period, each sample was incrementally
heated under a continuous Ar-ion laser with a 2mm
diameter beam. The fraction of gas released was cleaned
through a cryocooled cold-trap (T = -140 oC) and two C
50 SAESTM Zr-Y-Fe getters and analysed for Ar isotopes
in a MAP-215-50 mass spectrometer at the UQ-AGES
(University of Queensland Argon Geochronology in Earth
Sciences) laboratory. Automation and analytical
procedures are described by Vasconcelos (1999) and
Vasconcelos et al. (2002). Data corrections for mass
discrimination, nucleogenic interferences and atmospheric
contamination were used to calculate apparent ages for
each degassing step. Although single crystals were
analysed whenever possible, total rock samples were also
analysed if the sample was sufficiently fine-grained
(phenocrysts smaller than 50-100 ~m). In sorne cases we
analysed both phenocrysts and total rock grains for the
same sample, in order to test the reproducibility of the
resuIts obtained from distinct Ar reservoirs. For the
holocrystalline rocks, like the Cabo granite, K-feldspar,
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biotite, and amphibole crystals were analysed, allowing an
iIlsight of the cooling history of this intrusive rock. To
ensure the accuracy of the results, single crystals of
international standards Alder Creek sanidine (1.194 ±
0.007 Ma), GA lSSO biotite (98.8 ± O.S Ma) and HB3gr
amphibole (1072 ± 11 Ma) (McDougall & Harrison,
1999) we also irradiated and analysed, following exactly
the same procedures.

Given the large number of samples (11) and grains
(SI) analysed by the laser 40ArP9Ar incremental heating
technique in this study, the geochronological results are
presented as probability density plots (ideograms), instead
of illustrating simple individual incremental heating
spectra. Although not shown here, most of the analyzed
grains yield well defined plateau ages, using a plateau
definition as a sequence of two or more steps
corresponding to at least SO% of the total 39Ar released,
and whose age values are within two sigma from the
mean value. If a sample reaches a well-defined plateau, it
implies that the sample hosts its radiogenic and
nucleogenic gas fractions in a tight crystallographic
reservoir, that the reservoir has been closed during the
history of the sample, and that contaminating hypogene
phases are unlike1y to be present. Sometimes a grain does
not yield a plateau as defined above, despite the fact that
the analytical results yield a well defined incremental
heating spectrum with a "plateau-like segment". In these
instances, we choose to visually estimate a plateau and
calculate a "forced plateau age" for the significant steps.

40ArP9Ar GEOCHRONOLOGY RESULTS
RHYOLITES

Coarse to medium grained rhyolites from the
Algodoais, Caeté and Pindoba plugs, contain quartz and
feldspar (mainly sanidine) phenocrysts in a very fine
grained groundmass. The ages obtained for the K
feldspar phenocrysts are shown in Figures lA, lB and
1C. Three sanidine grains from the Algodoais plug yield
very weIl defined and concordant plateau ages (99.2±0.7,
101.2± 0.8, and loo.8±0.4 Ma), with a weighted mean
age of 100.7±0.7 Ma. Only two of the three sanidine
grains from the Caeté rhyolite yield well defined plateaus,
with 102±3 and 101.6±1.3 Ma ages; the weighted mean
age for aIl the steps from the three grains analysed for this
sample was 102±3 Ma (Fig. lB). Two out of three
feldspar grains from the Pindoba rhyolite yield weIl
defined and compatible plateau ages of 103.8±0.4 and
IOS.3±0.7 Ma; the weighted mean age for aIl steps from
the three grains (104.4±0.8 Ma) is also within the 2-sigma
confidence interval from the plateau ages. However, three
whole rock samples from the same plug yield two plateau
ages of 102.6±0.2 and 101.9±0.3 Ma; a third grain, which
does not yield a plateau as defined in this study, also
provides a well-defined "plateau-like" spectrum with a
forced plateau age (8 steps, 100% of 39Ar released) of
102.0±0.4 Ma. The weighted mean age for these whole
rock grains, 101.1±1.1 Ma (Fig. ID), is slightly younger
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than the age obtained for the phenocrysts from the same
sample.

Fine grained rhyolites, represented by the Sitio dos
Anjos, Usina Ipojuca and Mirador lopolith and plugs,
were also dated. These lithologies also contain quartz and
feldspar phenocrysts. Both phenocrysts and whole rock
samples were analysed. Two of the three whole rock
grains analysed for the Sitio dos Anjos lopolith yield well
defined plateau ages of 102.2±0.S and 102.8±0.3 Ma,
with a weighted mean age of 102.4±0.7 Ma (Fig. lE). A
third grain analysed for this sample indicates the presence
of an older contaminant and has been ignored. K-feldspar
grains from the Ipojuca plug reveal sorne discrepancies in
the plateau ages (103.1±0.6, 101.2±0.8, and 99.2±1.7
Ma). An ideogram for all analysed steps yields a
weighted mean age of 101.4±1.4 Ma, considered as the
best age estimate for this sample (Fig. IF). Three whole
rock fragments from the same sample yield a weighted
mean age of 10 l±1 Ma (Fig. 1G), compatible with the
age obtained for the feldspar phenocrysts. The Mirador
plug, however, yield a weighted mean age of 102.9±0.8
Ma for three K-feldspar phenocrysts (Fig. IH) (plateau
ages of 102.7±0.4, 103.4±0.3, and lOS.4± O.S Ma),
whereas whole rock fragments for the same sample yield
younger results (98.S±0.2, 96.7±0.8 and 98.2±0.8 Ma
plateau or plateau-like ages), with a weighted mean age
of 98.0±0.8 Ma for the 3 grains.

TRACHYTES
At least two types of trachytes are recognized based

on field relationships and texturaI features; coarser
grained, porphyritic types correspond mostly to sill-like
intrusions, while fine grained ones occur as lava flows
and dykes. A clast of fine to medium grained trachyte
was sampled in conglomerates at the base of the
Algodoais Formation. Three whole rock grains from this
sample yield a weighted mean age of 102±2 Ma (Fig. II).
A trachyte sample was also collected from a drill core of
the 2-CP-I-PE well (known as the Cupe weIl). It is a fine
gained, almost vitric trachyte, interlayered with the Cabo
Formation sediments. Three whole rock grains analysed
for this sample yield weIl defined and reproducible
spectra, none of which defines a plateau age, despite their
plateau-like appearance. The weighted mean age of aIl
analysed steps (102.3±0.9 Ma, Fig. 11) is a good estimate
for this sample age. Another trachyte body, sampled at
the Itapoama Beach, is a coarse grained, porphyritic unit,
with abondant milimetric tabular K-feldspar phenocrysts.
These feldspar phenocrysts yie1ded plateau ages of
103.2±0.4, 100.4±0.4, and 101.9±0.4 Ma. Whole rock
fragments from the same sample yielded three extremely
similar spectra; however, only one spectra yields a
plateau age of loo.3±O.2 Ma; the other two yielded
forced plateau ages of 100.6±O.3 and loo.8±0.3 Ma. The
weighted mean age for all steps for the total rock sample
is 99.4±O.7 Ma. The best estimate age for the Itapoama
trachyte, considering all the analyzed grains, is 100.3±O.6
Ma (Fig. IK).
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Figure 1. 40ArP9Ar ideogram ages for whole rock and mineraIs of the Cabo Magmatic Province, NE Brazil.
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BASALTS·
Basalts in the CMP typically contain milimetric

olivine and augite phenocrysts, plagioclase laths and
small magnetite and biotite crystals, dispersed in a very
fine grained to devitrified groundmass. Three grain
analyzed for a representative unit, the Sibir6 basaIt, yield
3 similar spectra displaying slightly older resuIts in the
low temperature steps and younger results in the higher
temperature; low K/Ca steps derived from the gas
released from plagioclase phenocrysts. The best estimate
age for the Sibir6 basait is 101.6±1.3 Ma (Fig. IL).

CABO DE SANTO AGOSTINHO GRANITE
This hololeucocratic, medium grained, equigranular.

high level· granite is· composed essentially of feldspar
(oligoclase, orthoclase), quartz and accessory amphibole
(riebeckite), apatite, zircon, allanite, magnetite and
chloritized biotite. Miarolitic cavities are common, filled
with carbonate, tourmaline and/or fIuorite. The feldspar
crystals are often aItered to sericite and carbonate. Given
the possibility of alteration-related Ar loss, we analyzed
nine grains (3 feldspar, 3 biotite, and 3 amphibole single
crystals) by the laser incremental heating technique. AlI 9
crystals yield weIl defined spectra, with reproducible
plateau ages. The major difference between the 3
mineraIs is the amount of radiogenic 40Ar obtained from
each grain, which refIects in the absolute errors of the
measured ages, with feldspar crystals providing the most
precise ages and the amphibole crystals the least precise.
The weighted mean ages for feldspar, amphibole, and
biotite crystals are 101.8±0.5 Ma (Fig. lM), 103±3 Ma
(Fig. IN) and 102.1±1.5 Ma (Fig. 10). The absence of
any statistically significant differences in the ages
obtained for the 3 minerals, which are characterized by
distinct closure temperatures, suggests that this granite
underwent a relatively rapid cooling history during its
emplacement at ca. 102 Ma.

DISCUSSION
The data reported here reveal that the emplacement of

the Cabo Magmatic Province happened in a very short
time interval, ranging from 104.4±0.8 to IOO.3±0.6 Ma,
with a predominance of results at 102±1 Ma. There is no
significant age difference between the several magmatic
centers described in the province. This age range is
higher than that proposed by Vandoros et al. (1966) on
the basis of conventional K-Ar dates, and compatible
with Ar-AR results obtained by Lima Filho & Szatmari
(2002), with one significant exception: the Cabo Granite.
Lima Filho & Szatmari (2002) report a 40Ar_39Ar whole
rock age of 111.2±1.3 Ma for this medium grained
holocrystalline intrusive rock. The compatible and
reproducible results obtained from 9 grains (3 feldspar, 3
biotite, and 3 amphibole single crystals) analyzed by the
laser incremental heating method in this study suggest a
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much younger age (ca. 102±1 Ma), which may refIect a
crustal contaminant in the whole rock age.

The laser incremental heating 40ArP9Ar ages reported
here are 8 to 14 Ma younger than the estimated ages for
the P-260 to P-280 (approximately 116 to 112 Ma)
palinozones recognized in the Cabo Formation sediments
sampled at the Cupe weIl (Lima Filho, 1998). One
possible explanation is that the Cabo Magmatic Province
is ca. 10 million years younger than the host sedimentary
sequence, a relation that wouId not hold for the lava fIows
and ignimbrites, apparently coeval with the intrusive
bodies presently dated. Anyway, the Ar-Ar dates
presented in this contribution set a minimum age for the
Cabo Formation, and calI attention to possible conflicts
with the palynological age estimations.

The Algodoais Formation, on the other hand, must be
younger than 100.3±0.6 Ma, the youngest result obtained
for the magmatic units that intrude the Cabo Formation.
The same holds true for the overlying Estiva Formation
carbonates.
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INTRODUCTION
The geochronological history of the Campo Belo

Metamorphic Complex is compatible with the evoJution
of the Bonfim and Belo Horizonte Metamorphic
Complexes (Machado et al., J992; Teixeira, J993;
Teixeira & Silva, 1993; Teixeira et al., 1996, 1998;
Cameiro et al., 1998a; Pinese et al., 1997). Teixeira et al.
(1998), dating zircons (ion probe V-Pb) from migmatites
of the Campo Belo Complex, defined a polyphase
Archean history. They proposed three major geological
events in that area. The first took place at 3,205± 17 Ma
and marks the initiation of granitoid crust. A second
period of intrusions occurred at 3,047±25 Ma and the
third event is recorded at 2,839±17 Ma. The youngest
date was considered to be the crystallization age of the
neosome (migmatization event). Machado & Carneiro
(1992) and Carneiro et al. (1998a, b) defined the Rio das

Velhas orogeny (2,780-2,700 Ma) that is representing the
most important event having affected the Campo Belo
Complex. According to these authors, mafic-ultramafic
intrusions were emplaced between ca. 2.75 and 2.66 Ga
in association with distensional phases of the Rio das
Velhas orogeny. Endo & Machado (1998) also defined
discontinuities or distensional phases at the margins of
the Rio das Velhas Greenstone Belt during this period.
Teixeira et al. (1996) provided evidence that the latest
major geological episode occurred at 2,650 Ma, during
which the Rb-Sr and Pb-Pb systems were reset. Based on
new Rb-Sr whole-rock dates for migmatites and
amphibolite from Marilan quarry (3 migmatites), Fazenda
Corumba quarry (3 migmatites) and Kinawa quarry (4
amphibolite) (Fig. l, Table 1), this work discusses
preliminary implications for the studied area in the
Campo Belo Metamorphic Complex (Fig. 1).

in
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Figure 1 - Geological map of the studied area (modified from Oliveira and Carneiro 2001),
showing the different lithologies units: 1) Fissure Mafic Unit; 2) Supracrustal Unit; 3) Candeias

Unit; 4) ltapecerica Unit; 5) Claudio Unit; 6) Inferred Contact; 7) Foliation; 8) Claudio Shear
Zone; and 9) Dimension stone quarry: A - Marilan; B - Fazenda Corurnba quarry ; C - Kinawa

u ; and D - Corurnba uarry.
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Table 1. Rb-Sr isotopie data for who1e rock from Campo Belo Metamorphic Comp1ex. Coefficient of variation 1% (20) used for
87Rb/86Sr and 26ppm for 87Sr/86Sr. MigmatiteIMari1an stone quarry (samp1es 2, 3 and 4); MigmatitelFazenda Corumba

stone quarry (samp1es 16, 17 and 18); Amphibo1ite/Kinawa Quarry (samp1es 25A, 25B, and 26) and
Amphibolite/Corumba stone quarry (samp1e27)

Sample
Rb Sr 87Rbl"Sr Error 87Srl"Sr Error

(ppm) (ppm) (1%) (26 ppm)
AO-2 187.20 104.10 5.20 0.0520 0.9034 0.0000026

AO-3 137.30 141.10 2.82 0.0282 0.8137 0.0000026

AO-4 134.30 155.10 2.51 0.0251 0.8017 0.0000026

AO-16 147.90 97.30 4.40 0.0440 0.8770 0.0000026

AO-17 107.00 208.10 1.49 0.0149 0.7612 0.0000026

AO-18 152.40 66.40 6.64 0.0664 0.9555 0.0000026

AO-25A 10.30 126.00 0.24 0.0024 0.71I2 0.0000026

AO-25B 7.80 135.03 0.17 0.0017 0.7085 0.0000026

AO-26 47.00 138.30 0.98 0.0098 0.7403 0.0000026

AO-27 165.70 69.90 6.86 0.0686 0.9574 0.0000026

RESULTS
The Rb and Sr results were obtained at ACQUlRE

(Advanced Centre of Queensland University Isotope
Research Excellence). Sr-isotope ratios were obtained
using TIMS (thermal ionization mass spectrometry) and
Rb/Sr ratios from quadrupole ICP-MS (inductively
coupled plasma mass spectrometry). Ages reported here
were calculated using the Isoplot program (Ludwig,
1998). Experimental (2 sigma) errors used in the
regression analyses were 1% for 87Rb/86Sr (based on
standard reproducibility) and 26ppm for 87Sr/86Sr
(external error based on NBS SRM 987 and EN-l
measurements over 6 years). Rb-Sr isotopie data for 3
migmatites from Marilan quarry, 3 migmatites from
Fazenda Corumbâ quarry and 3 amphibolites from
Kinawa quarry are presented in Table 1 and are plotted
on an isochron diagram shown in Figure 2. Data for 3
whole-rocks from Marilan quarry (Itapecerica Unit) yield
a model 1 isochron equivalent to an age of 2609 ± 53Ma
and an initial 87Sr/86Sr of 0.7072 ± 0.0024 (MSWD =
0.086) (Fig. 2, point A). Migmatites from Fazenda
Corumbâ quarry (Fig l, point B, Claudio Unit) display a
model 1 isochron e2uivalent to an age of 2603 ± 29 Ma
and an initial 87Sr/8 Sr of 0.705 Il ± 0.00099 (MSWD =
0.21) (Fig. 2b). The population of three amphibolites
from Kinawa quarry shows an age of 2694 ± 31 Ma and
an initial 87Srf 6Sr of 0.70193 ± 0.00011 (MSWD =
0.00057) (Fig 2, point C, Claudio Unit). The same
amphibolites from Kinawa quarry when grouped with one
arnphibolite from Corumbâ quarry display an age of 2570
± 72 Ma with an initial 87Sr/86Sr of 0.7027 ± 0.0023 and
MSWD of 18 (Fig. 2, point D). Field evidence presented
by Oliveira & Carneiro (2001) indicates that the
amphibolites which found, on the one hand in gneisses
and on the other as boudins in migmatites, are cogenetic,
possibly justifying using them for a single regression.

DISCUSSION/CONCLUSION
As reported by (Machado & Carneiro 1992; Teixeira

et al. 1996, 1998; Carneiro et al. 1998a,b) the period of
2,612-2,593 Ma was associated with a Neoarchaean pulse
of granite plutonism, representing the youngest
generation of granites in southern part of the Sâo
Francisco Craton. These have four main implications for
the interpretation of our data presented here:
1. What does the Rb-Sr method date in high-grade

metamorphic terrains?
2. Are our results reflecting the reactivation of earlier

discontinuities as recorded at the margins of Rio das
Velhas Greenstone Belt (along the interpretation of
Endo & Machado, 1998)?

3. Can the Rb/Sr data presented here be seen as evidence
for a strong metamorphic event that affected the area
around -2,650-2,570 Ma as already reported by
Teixeira et al. (1996)? However, the period ca. at 2.6
is considered to be associated with the Neoarchaean
granitic pulse.

4. Thus, could the ca. 2.6-2.59 Ga granitoids be products
of the rnigmatization event and record the same
history as the rnigmatization period?
As illustrated by Collerson (1983) Rb-Sr systematics

obtained for large whole rocks of multiply
metamorphosed and deformed (including migmatisation)
samples have the ability to still define the age of the
protolith (known from zircon U-Pb dating). When smaller
samples are used (e.g. neosomes, or biotite-rich
palaeosomes), however, Rb/Sr data often date the time of
rnigmatisation and not the time of protolith formation.
Teixeira (1993) interpreted, in the studied area, Rb-Sr
ages for enderbites of ca. 2.566±53 Ga in terms of
reworking (complete isotope resetting) without a detailed
explanation of how whole-sale Sr-homogenisation could
have occurred. Using our new data, including trace

- 629-



Short Papers - N South American Symposium on Isotope Geology

8

D

B

64

Age; 2 6llh 29M a
Inidal B7Sr/B6& ;0.70511 ±0.0009

_JII~.'NI::l..,.Q.?1

2
-~--------+-----"._----j-----~-----+--~--j

1.00

0.96 -

0.92

0.88
èn

lB
";::
en

0.84 ID

0.80

0.76

0.72
0

1.05

0.95

èJj

0.85 '.::
/!'
<Il

0.75

C

A

5.54.53.5

Age; 2694 ± 31Ma
nidal 87Sli86Sr ; 0.70193 ± 0.00011

MSVvO; 0.00057

2.5

0.84

0.90 -

0.92

0.88

0.71

èn
0.86 "'==en

ID

0.73 j>
1:::en

0.72 ID

0.74

0.80

0.82

0.70 ---_.-~.--+-~--+-._~--- --+ 0.65 -- L. . + _.-.1---- -, ,

0.0 0.2 0.4 0.6 0.8 1.0 12 0 2 4 6 8
- --- -- -----

Figure 2 - Rb-Sr isochron diagram for the whole-rock sarnples ofCampo Belo Metarnorphic Complex.
The liOplot prograrn (Ludwig, KR 1999 ) was used to calculate the mode! regression. A - Marilan quarry,

B - FazendaCorumba quarry, C - Kinawa quarry, and D- Kinawa and CŒumba quarry.

•D
l\

•

0.40.3

[]

0.2

Cs/Th

0.1

0.04

0.035

0.03

0.025
.0

0.02 a:--!Il
Ü

0.015

0.01 • »• •
0.005 ••

0

0

Figure 3 - Positive trend correlation between Cs/Hl vs
vs C &!Th frornClaudio (open triangle), Itapecerica
(solidsquare) md Candeias (sdiddiamond) Doits.

- 630-



element geochemistry for a wide variety of samples, we
further test this hypothesis. From the outset, we selected
homogenous large, fresh samples taken from quarry
faces. Our data are, in general compatible with the earlier
results of Teixeira (1993) but isochrons from different
rock types have discernibly different initial 87Sr/86Sr
isotope ratios. In the straightforward interpretation of
these isochrons detining the time of protolith formation
(rather than the age of migatization), the initial ratios
would indicate a range of melt sources from mantle-like
(amphibolites), intermediate (migmatites from Fazenda
quarry) and crustal (Marilan quarry). Rowever, if the Rb
Sr regression lines detine the age of migmatization, the
maximum protolith age can be estimated from the
difference in initial Sr-isotope ratio of the regression and
coeval mantle. Name1y, in order for complete resetting to
occur, it is necessary to homogenize Sr-isotopes on the
scale of the quarry. Equilibration of this magnitude would
also seriously affect the Rb/Sr ratios of different parts of
the quarry. Indeed, based on our geochemical data we can
point out that sorne elements were lost during the
metamorphic event from most of our studied rocks from
Candeias, Claudio and Itapecerica Units (Fig. 1). In a plot
of CslRb vs Cs/Th (Fig. 3) a strong positive trend is
displayed, which requires preferential element loss in the
order Cs>Rb>Th. Rence, when compared with the
average Upper Continental Crust (MacLennan, 2001) our
rocks are depleted in Cs and Rb. The continental crust has
a CslRb ratio of about 0.036 (MacDonough et al., (1991),
whereas our rocks have lower ratios. Sr was apparently
not affected by element 10ss, as there is no obvious
depletion in this element. The important conclusion from
the trace element investigation is that the present Rb/Sr
ratio of the quarry is certainly lower than the pre
migmatisation ratio. Rence, when calculating the crustal
residence time prior to 2.57 Ga from the present-day
Rb/Sr, we will obtain a maximum estimate. For the late
Archaean mantle, we assume a 87Srt86Sr of 0.7014 and
use the difference with the initial recorded by the
isochrons to estimate the maximum protolith age. For the
Fazenda quarry we obtain a crustal prehistory of only ca.
70 Ma, while the sarnples from Marilan allow a
prehistory of ca. 120 Ma. This can be interpreted to mean
that the protoliths of these migmatites formed between
2670 and 2730 Ma, the period, which Machado &
Carneiro (1992) detined as the Rio das Velhas orogeny
(2,780-2,700 Ma). According to Machado & Carneiro
(1992) this was a time when the study area was intruded
by matie magmas. Alternatively, the studied rocks were
infiltrated during the 2.6 Ga migmatization event by
umadiogenic (mantle) Sr, like that recorded by the
amphibolite isochron initial ratio. In this case, it would be
possible that our estimate for the crustal prehistory is too 
short. Clearly, this possibility needs to be tested with U
Pb zircons dates (work in progress). The combined data
(trace element geochemistry, Sr-isotopes and U-Pb zircon
ages) will yield a complete picture not only of timing but
also of element mobility associated with migmatisation
events.
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INTRODUCTION
The Colombian Andes are made of three ranges,

formed in different tectonic settings. The Western
Cordillera is made of rocks with oceanic affinity, the
Central Cordillera comprises rocks of continental affinity
represented by calc-alkaline batholiths and regional
metamorphic rocks, and the Eastern Cordillera contains
marine and continental sedimentary rocks deposited on a
continental basement.

In this work, we present field and geochemical data
for a sector of the Sabanalarga Batholith (Fig. 1), located
west of Medellfn near the Cauca river, between the
Central and Western Colornbian Cordilleras (Cauca
Romeral faults System). The data discussed in this study
suggest that the intrusion in genetically related to the
volcanic rocks of the Western Cordillera.

REGIONAL SETTING
The Sabanalarga Batholith is a N-S elongated

intrusion underlying an area of ca. 410 km2
. It mostly

includes hornblende diorite with local tonalite and gabbro
(Gonzalez et al., 1978). According to Alvarez (1983),
this intrusion is located along an area which represents
the boundary between rock units with continental affinity
at the east and oceanic rocks to the west.

The Sabanalarga Batholith is intrusive into
metamorphic rocks of Valdivia Group belonging to the
Central Cordillera at the east, which is evidenced by the
presence of hornfels in the country rocks (Hall et al.,
1972); to the west, the Batholith is in tectonic contact
with the volcano-sedimentary rocks of Canasgordas
Group belonging to the Western Cordillera (Alvarez,
1983).

Geochronological data obtained by the K-Ar rnethod,
yielded ages of 98 ± 3.5 Ma in hornblende (GonzaIez &
Londono, 1998), 97 ± 10 Ma in biotite (Gonzalez et al.,
1978), and 91 ± 6 Ma in biotite (Gobe! & Stibane, 1979).
These ages are interpreted as minimum intrusion ages,
and suggest that the Sabanalarga intrusion is coeval with
Cretaceous magmatism in the Western Cordillera.

FIELD STUDIES
Field studies were carried out in the sUIToundings of

Santafe de Antioquia, Liborina and Sabanalarga
(Antioquia). In this area, the central and southern
portions of the Sabanalarga Batholith are weil exposed
(Fig. 1).

LEGEND

1. The Sabanalarga Batholith

2. Ganasgordas group and
volcanic rocks from the
Western Gordillera.

1 3. Metamorphic rocks from
the Gentral Gordillera.

4. Anlioquian Bathalith.

F1. Ramerai Faun

o 100 200 km
..._-o::==-I__====11

ANTIOQUIA STATE-

Figure 1. Localization and simplified geology of the
SabanaIarga Batholith..

In the southem section, the batholith is dominated by
rocks of intermediate to mafic ~omposltion, r~presenied
by . hornblende diorites and gabbros. In the central
portion, the bafholith presents an. interstratified structure
characterized by the intercalation between
felsic/intermediate facies (granodiorite and diorite) and
intermediate/mafic facies (diorite and gabbro). The latter
becornes progressively more important towards the north.
In the section, the batholith is dominated by granodioritic
rocks.
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GEOCHEMISTRY AND Sr-Nd ISOTOPIC DATA
Geochemical and isotopie data were obtained in the

. laboratories of the Geosciences Institute of the University
of Brasflia-Brazil. The preliminary geochemical data
indieate that the original magma is primitive, with a
strong mande input (Figs. 2, 3).

Na,O+ K,O

evident intrusive re1ationships (Abad-Posada, 2002). The
same can be observed in the southern sector, where the
intrusive is in tectonic contact with the adjacent units
(Correa & Calle, 1988). This characteristie must be
highlighted and considered as a very peculiar feature of
this intrusion.

The geochemical and isotopie data presented here
refer to samples from the southern and central part of the
batholith, and therefore cannot be conclusive to aIl
igneous rocks associated to this intrusion. Correa &
Calle (1988) also presented geochemical data for the
southern sector, which reveal the presence of rocks with
tholeiitic and calc-alkaline affinity.

The field and geochemical data discussed above
suggest that the Sabanalarga intrusion was emplaced into
two mixed tectonic settings: one associated to magmatie
arc activity, and the other, maybe related to the plume
activity that originated the Caribbean-Colombia oceanic
plateau characterized by Kerr et al. (1997). An
alternative interpretation is that the Sabanalarga Batholith
represents a composite intrusion made of several smaller
bodies originated in different settings.

MgO

C BS-2
• BS-6
o B8-9
*B8-14

Calc-Alkaline

...................""
....... b.

......... .",...•....•.. .•.....•

Figure 2. AFM diagram for the Sabanalarga Batholith
(Irvine & Baragar, 1971).

8

Figure 3. RI-R2 multicationic diagram for the tectonic setting
(Batchelor & Bowden, 1985).
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The Sr-Nd isotopie data are concordant with the
primitive character of this magma, showing ENd(lOO Ma)

values between +6.58 to +6:81 and 87Sr/86Sr(i) values
between 0.70469 to 0.70346, plotting in the depleted
mande quadrant of the ENd X 87Sr/86Sr diagram (Fig. 4).

DISCUSSION
The Sabanalarga Batholith is an intrusive body weIl

exposed in the vicinities of Sabanalarga town (northern
sector of the batholith), where metamorphie rocks of the
Central Cordillera had been transformed into hornfels
(Hall et al., 1972). In the central sector (Liborina town),
the batholith is found in tectonic contact with the
metamorphic rocks of the Central Cordillera with no
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Figure 1. Outline of main tectonic domains of southeastem
Brazil and localization of the studied area (mod. Campos Neto
& Figueiredo, 1995; Basei et al., 1999). 1. Phanerozoic coyer
(Parana Basin). 2. Neoproterozoic/Eo-Paleozoic Basins. 3. Juiz
de Fora Infracrustal Terrane. 4. Alto Rio Grande Belt. 5.
Socorro-Guaxupé Nappe. 6. Apiaf Folded Belt. 7. Embu
Supracrustal Terrane. 8. Par31ba do Sul Terrane. 9. Serra do Mar

Microplate. 10. Paranaguâ Domain. Il. Curitiba Domain.
12. Luis Alves Terrane.

Tectonic domains limited by significant shear zones
compose the southeastern part of Sao Paulo State, and
their interpretation is fundamental to the regional
geotectonic picture (Fig. 1). The present tectonic situation,
where four major tectonic domains were defined (Fig.2),
is the product of collages related to the formation of West
Gondwanaland, which ended in the Neoproterozoic
(Almeida et al., 2000).

(NE-SW shear zones - formation of the CISS) and
emplacement of granitic bodies. In addition, the Juquiâ
Granite has a model Nd TDM age around 2.0 Ga.

The V-Pb zircon ages around 760 Ma (Figs. 3A and
3B) might reflect isotopic inheritance, but the possibility
that represents the crystallization age of these granites
and the monazite age (ca. 600 Ma) a later thermal event
cannot be discarded. The peak of metamorphism in this
domain at around 760 Ma was identified by Fernandes
(1991), and reached high grade and anatexis. In addition,
this phase was re1ated to convergent tectonics (Vlach,
2001). Mylonitic orthogneisses of Embu Complex
present a WR Rb-Sr isochron with an age of 770 Ma, and
(Sr87/Sr86)i of 0.722 (Cordani et al., 2000), similar to the
V-Pb zircon ages and (Sr87/Sr86)i, found in this work
(0.727). Nevertheless, the SHRIMP measurements reveal a
very heterogeneous zircon population, with ages around
2,000, 800 e 660 Ma, indicating inherited, magmatic and
metamorphic zircons respectively. The Nd and Sr
isotopic data indicate that the granitic magmatism of this
domain was produced from crustal source reworked in
the Neoproterozoic.

The Mongagua Domain is bounded to the northwest
by CSZ, to the west by Itariri Shear Zone (ISZ) and to the
east by the Atlantic Ocean (Fig. 2). It corresponds to
undifferentiated migmatites of the Costeiro Complex
(Gimenez Filho et al., 1987), to the Gneiss-migmatite
Terrane of the Serra do Mar Microplate (Campos Neto &
Figueiredo, 1995; Campos Neto, 2000), and to the
Costeiro Granite Belt (Basei et al., 1999,2000). The main
rock type is gneiss-migmatite with granitic and dioritic
compositions, in close association, and related granites.
Passarelli (2001) defined three main groups of granite:
the Itariri (IT), with gneiss migmatitic features, the
Areado (A) with local gneissic features, and the Ribeirao
do 61eo (RO) type with well-characterized magma
mingling features. The main trend is E-NE, with the
exception of the Itanhaém Gneiss (NW-SE structure and
sub-horizontal dip).

For gneiss-migmatitic rocks conventional multicrystal
zircon V-Pb dating provides an age of 612 ± 3 Ma (Fig.
4) interpreted as the crystallization age. Analyses of
zircon indicate crustal inheritance in IT and RO Granites,
and vague lower intercept V-Pb (zircon) ages around 580
and 620-630 Ma respective1y (Passarelli, 2001). In this
context, the A and RO granites are syn-kinematic to CISS
since the ISZ movement conditioned the final phases of
magmatic flow of IT Granite.

D,[i'l]2~3

[iIill]'BSEZ:j6

1SEI'0'[Zj.
~«Z]1e:LJ12

24'/--1---

The Embu Domain occurs north of the Cubamo Shear
Zone (CSZ), and it is mainly composed by
metasedimentary rocks of medium to high metarnorphic
grade, locally migmatized, intruded by peraluminous
granites which were controlled by E-NE shear zones
(Cubamo - Itariri Shear System - CISS). Despite the
analytical errors, the V-Pb monazite age of Sete Barras
Granite (631 ± 23 Ma, Fig. 3A), is associated to the syn
collisional stage of this sector of Ribeira Belt (RB) at
around 620 Ma; (Janasi, 1999; Hackspacher et al., 2000)
responsible for significant calc-alkaline magmatism. V
Pb (monazite) age of the Juquiâ Granite (598 ± 8 Ma, Fig.
3B) dates the formation of these rocks from a crustal
source and reflects the late collisional stage of this sector
of RB which is characterized by lateral escape tectonics
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Figure 2. Geological map of southeastem Sao Paulo State. 1. Quatemary sediments. 2. Terciary sediments. 3. Juquiâ Alkaline
Complex (Cretaceous). 4.CISS and SSZ: mylonitic rocks (600-570 Ma). Serra do Mar Granitic Suite (c. 580 Ma):

5. ltapitangui; 6, Serra do Cordeiro 7. Serra do Votupoca. Mongaguâ Domain: 8. Granite-gneiss-migmatitic Domain
(c. 615-580 Ma). 9. Areado Granite (c. 610-580Ma). 10. Ribeirao do 61eo Granite (c.580 Ma). Iguape Domain:

Il. Iguape Granite (c.600 Ma). 12, Iguape Metassediments «2200 Ma). Embu Domain: 13. Juquiâ Granite
(c. 600 Ma). 14. Sete Barras Granite (c. 630 Ma). 15. Metassediments (<1600-1800 Ma). Registro Domain:

16. Granite-gneiss-migmatitic Domain (2100-580 Ma).17. Gneissic Domain (2200-580 Ma). 18. ltatins
Complex (2200-580 Ma). 19.Juréia (> 750 Ma). 20. Transcurrent shear zones. 21. Infered Faults.

22. Lineaments. 23. Gradational geological contact. 24. Mylonitic foliation.
25. Principal foliation. 26. Minerallineation.
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Figure 3. Concordia Diagram 207Pbp35U x 206Pb/238U (zircon and monazite). Embu Domain. A) Sete Barras Granite;

B) Juquiâ Granite

The similar TDM ages (1.7-1.8 Ga), negative ENd

values and (Sr87/Sr86)i around 0,708, of the granitic and
dioritic portions of the Mongagua and ltanhaém rocks
may indicate efficient mixing kinematics, as discussed by
Perugini et al. (2002). The Sr and Nd isotopic
compositions for the granites, demonstrate that
differentiation of the different crustal sources from the
mantle occurred during different paleoproterozoic events
(1.7 Ga - RD and 2.2 Ga - IT).

The structural evidence provides a compressional
setting to the generation and emplacement of the
Mongagua Domain rocks, and the recorded deforrnation
is possibly related to the emplacement of these rocks and

associated to the juxtaposition of the Mongagua Domain
to the others.

The Registro Domain, between the CISS and the
Serrinha Shear Zone (SSZ) (Fig. 2) comprises granitic
rocks with different degrees of assimilation by dioritic
material and migmatitic features, and metasediments.
Represents a paleoproterozoic domain (1.9-2.2 Ga)
intensely affected in Neoproterozoic times (750 - 580
Ma), being correlated to Atuba Complex (Siga Jr. et al.,
1995) of Curitiba Domain. The domain has a NW-SE
structure, which swings to E or NE under the influence of
the CISS.
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migmatitie event that caused neoforrnation of zircon
crystals (Fig. 5B).

The mylonitic paragneiss from the Juréia Massif has a
concordant V-Pb (monazite) age of 752 ± 4 Ma (Fig. 5C),
that dates the amphibolite-grade metarnorphism.

The Votupoca granite (Serra do Mar Suite, Kaul &
Cordani, 1994) intruded into the gneiss-migmatites, has
an age of 582 Ma (Passarelli, 2001).

Two distinct periods to mantle differentiation of the
granitic rocks protolith are defined: 2.7-2.9 and '2.4 Ga.

The Sr and Nd isotopie compositions are clearly
controlled by the- hybridization degree of dioritie and
granitic magmas. Where the mixing predominates both
rocks present similar (Sr87/Sr86)i around 0.717 and
negative ENd values. In sorne areas, the mixing was not
so efficient, and the end members are isotopically
different.

Rocks of the Iguape Domain, limited northwards by
the SSZ and south-southeastwards by the Atlantic Ocean
include granites and metasediments with a dominantl;
NE structural orientation (Fig. 2). It is corre1ated to the
Paranagmi Batolith (Basei et al., 1990) and Costeiro
Granitic Belt (Basei et al., 1999, 2000).

The metasediments are mostly in low metamorphie
grade, while the granites comprise three separate
geochronological and geochemical groups.
Protomylonitie granites of the Iguape massif have ages
around 600 Ma (Fig. 6), and have geochemical signatures
of volcanic arc or syncollision granites. The granites of
the Paratiti - Cordeiro and Itapitangui bills are 580 Ma
intraplate granites, similar to the Serra do Mar Granitic
Suite (~aul.& Cordani, 1994). The SSZ has a dominantly
E-W direction and dextral sense, but an important SE
oriented branch is sinistral.

Two distinct phases of mantle differentiation of the
granitic rocks protolith are defined: 2.2 Ga and 1.8 Ga
and similar ENd values that suggest similar crustai
contributions to the generation of these rocks. (Sr87/Sr86)i
between 0.711 and 0.714 corroborate this.

The studied rocks were originated and/or significantly
affected by the Brasiliano Orogeny, and the oldest
domains in the area (Embu and Registro) register an early
thermo-metamorphic event at around 750 Ma.
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Figure 4. Concordia Diagram 207Pb/23SU x 206pbP38U (zircon) 

Mongaguâ Domain.

The migmatItIc granites present evidence of
extensional processes in the form of syn-plutonic dykes
and enclave swarms. Mixing and mingling between the
granitie and dioritie materials probably occurred between
2.2 and 1.9 Ga as shown by V-Pb (zircon) ages. The
rocks were intensely affected by the Brasiliano tectono
thermal event, as shown by the lower intercept V-Pb
(zircon) ages of about 580 Ma in gneisses which have
model Nd TDM ages concentrated in the 2.7 - 2.9 Ga
interval. The gneiss-migmatitie rocks present strongly
discordant zircon V-Pb ages as a result of
recrystallization during high grade metamorphism.

An upper intercept age of 1,894 ± 26 Ma was
obtained in amphibole-biotite granodiorite (Fig. 5A)
w~ere ruptured syn-intrusive mafic dikes occur together
Wlth rounded enclaves. This result is interpreted as the
minimum age for the crystallization of the granodiorite,
and the mingling between granodioritic and dioritic
magmas.
. A record of paleoproterozoic and neoproterozoic ages
IS observed where hybrid rocks occur with gneissic and
migmatitic features and with partially assimilated dioritic
enclaves. An example is the mesocratic biotite
mo~zogranite with an upper intercept age of 2,197 ± 43
Ma mterpreted as the probable age of crystallization of its
protolith. The lower intercept age of 580 ± 23 Ma, in
spite of being inaccurate, dates an important thermal 1
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It is likely that aIl these tectonic blocks were
juxtaposed during a short time interval at the end of
Neoproterozoic. The joining of the Registro and Embu
Domains occurred at about 606 Ma along an E-W shear
zone (PassareIli, 2001). The 598 Ma peralurninous
granites (Embu Domain) may register the arrivaI of the
Mongagua Domain against the newly forrned Registro
Embu Domain through E-W compression. The generation
and emplacement of granite-gneiss rnigrnatitic rocks of
Mongaguâ Domain (612 ± 3 Ma) rnight be associated to
compressive regimes, possibly related to the juxtaposition
kinematics of this domain to the others. The welding of
the Iguape and Registro domains probably occurred
between 580 and 570 Ma, as suggested by the U-Pb
(monazite) age of the protomylonitic granites of the SSZ.
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INTRODUCTION
Three large layered mafic-ultramafic complexes

forming a discontinuous 350-km long belt, limited at the
east by a west-dipping mylonite zone, represent one of
the most relevant and debated features of the geology of
the Neoproterozoic Brasilia Belt, in central Brazil. Due to
their sizes and metallogenetic potential, the age and
teetonie significance of these large complexes have been
the subject of ongoing debate and controversy.

Different teetonie models range from those advocating
that they are fragments of Archean or Paleoproterozoie
oceanic crust (e.g. Danni et al., 1982; Moores, 2002) to
ideas suggesting that they represent Meso- or
Paleoproterozoie rift-related layered intrusions (e.g
Ferreira Filho et al., 1994; Brito Neves et al., 1995;
Correia et al., 1996). In both cases they have been
interpreted as the exposure of older units within younger
rocks of the BrasilianolPan-African orogenie belt. The
intrusions are known, from south to north, as the Barro
Alto, Niquelândia and Cana Brava complexes. They are
bordered in the west by bimodal volcano-sedimentary
sequences known as the Juscelândia, Indaian6polis and
Palmeir6polis sequences, respectively, together with their
plutonic counterparts including gabbros, leucogabbros,
anorthosite and granite intrusions.

The original igneous stratigraphy of the complexes
has been partially disrupted by intense deformation
associated with high grade metamorphism, although
preserved igneous textures and structures are not
uncommon (Danni et al., 1982; Ferreira Filho et al.,
1992). Despite intense tectonism, several geologieal
similarities between the three separate bodies have been
used to suggest that they originally constituted a single
continuous magmatic structure (Ferreira Filho, 1998).

Detailed mapping and petrological studies supported
by conventional and SHRIMP V-Pb and Sm-Nd
geochronology, carried out over the last ten years,
especially on rocks of the Niquelândia Complex, have
pointed out the following major aspects of their igneous
and metamorphic evolution:
(i) they have been metamorphosed at high grade at ca.

760-790 Ma ago (V-Pb zircon ages), from granulite
facies conditions in the east, to amphibolite facies in
the west (Ferreira Filho et al., 1998a, 1994);

(ii) the Niquelândia Complex is made of two distinct
intrusions, which have been tectonically juxtaposed
along a NNE fault zone. A similar interpretation has
been suggested for the Barro Alto intrusion (Ferreira
Filho, 1998).

Conventional and SHRIMP V-Pb, Rb-Sr, Sm-Nd and
Re-Os ages for these intrusions have generated intense
debate. Dates vary from ca. 2.0 Ga to 1.3 Ga (Fuck et al.,
1989; Fuji, 1989; Ferreira Filho et al., 1994; Suita et al.,
1994; Correia et al.. 1996, 1997, 1999; Ferreira Filho &
Pimentel, 2000). Poorly constrained V-Pb and Re-Os
ages ranging from ca. 1.6 and 2.0 Ga, have been used to
suggest a Paleoproterozoic age for the Niquelândia and
Barro Alto complexes (Ferreira Filho et al., 1994; Suita et
al., 1994; Correia et al., 1996,1997,1999)

In this study, new V-Pb and Sm-Nd geochronologieal
data are discussed and support the idea that the
Niquelândia Complex is in fact made of two different
intrusions. Contrary to what has been suggested
previously, its eastern part represents a Neoproterozoic
layered intrusion emplaced into and contaminated with
older continental crust. The western part of the complex,
on the other hand, represents a 1.25 Ga old rift-related
layered intrusion. The data, in combination with isotopie
data available in the literature, were used to support the
discussion on alternative interpretations not only for the
tectonic significance of the large layered complexes and
evolution of the Brasilia Belt, but also for the previous
geochronological data.

THE NIQUELÂNDIA COMPLEX
The Niquelândia Complex displays the best exposed

and studied stratigraphie sequence of the three large
layered intrusions in central Brazil. The southern and
eastern limits are marked by the W-dipping Rio
Maranhao Thrust Zone. To the west the complex is in
tectonic contact with the Indaian6polis volcano
sedimentary sequence (Danni et al. 1982).

Recent detailed field and petrological studies have
demonstrated that the complex comprises two
petrologically distinct magmatic systems (Ferreira Filho,
1994, 1998a). The eastern system has been considered to
be older (Paleoproterozoic), based on the
geochronological data mentioned above, and is called the
Lower Series (LS; Ferreira Filho, 1994). The mafic
ultramafic rocks underlying the western part of the
complex (Vpper Series - VS), have been thought to be
Mesoproterozoic (ca. 1.35 Ga) based on Sm-Nd whole
rock isochron ages for leucogabbros and coarse-grained
amphibolites (Ferreira Filho & Pimentel, 2000).

The Lower Series is divided into a lower mafic zone
(LMZ) dominated by gabbronorite with minor
pyroxenite, an ultramafic zone (VZ) made of dunite and
pyroxenite, and an upper mafic zone (UMZ) dominated
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by gabbronorite. Rocks of the VMZ display a trend of
progressive Fe enrichment in pyroxene, accompanied by
a strong enrichment in incompatible trace elements,
compatible with crystal fractionation and strong
contamination of the original magma with country rocks;
extreme contamination with sialic country rocks has
generated facies of dioritic/gabbrodioritic compositions
which underlie significant areas in the westemmost part
of the UMZ. The VS is fonned by leuco-troctolite,
anorthosite, gabbro and minor pyroxenite. Trace element
data indicate a distinct parental magma for the VS
(Ferreira Filho et al., 1998a). Sm-Nd whole-rock
isochrons indicate ages of ca. 1.35 Ga and ENiT) values
between +4.8 and +4.1, indicating the very depleted
nature (low SmlNd) of the mande source (Ferreira Filho
& Pimentel, 2000).

The progressive amphibolite to granulite facies
metamorphic event was characterized in detail by Ferreira
Filho et al. (1992, 1998b). Rocks of the Niquelândia
Complex show changes in texture and mineraI
assemblages in response to changing metamorphic grade.
Three metamorphic zones are distinguished from west to
east: amphibolite zone (pl + hbl ± cpx ± gt), amphibolite
granulite transition zone (pl + hbl + opx + cpx) and
granulite zone (opx + cpx + pl). A nearly isobaric cooling
trajectory followed peak metamorphism, suggests cooling
in the absence of tectonic unroofing. A second and
chronologically distinct tectonic event is then required to
uplift and expose the high-grade terrains. These two
metamorphic events seem to be indicated by the available
geochronologieal data. The older event, at ca. 770-795
Ma is constrained by SHRIMP and conventional V-Pb
analyses on metamorphic zircon grains (Ferreira Filho et
al., 1994; Suita et al., 1994; Correia et al., 1996). This is
considerably older than the ca. 630-610 Ma event, which
is recorded throughout the Brasilia Belt (Pimentel et al.
2000). A younger metamorphic event at ca. 610 Ma has
also been indicated by rutile V-Pb and gamet Sm-Nd
isotopie data (Ferreira Filho et al., 1994; Ferreira Filho &
Pimentel, 2000) and is interpreted as coeval with the
eastward thrust that uplifted the complex.

RESULTS
Two samples of the LS and one of the US were

selected for the analytical work. Samples CF-03 (LS
diorite) and CF-04 (VS milonitie rock) yielded a large
number of zircon grains, whereas Ni-376 (LS
gabbronorite) did not produce any. The latter was,
therefore, analysed by the Sm-Nd isochron method on
igneous mineraIs concentrates. Zircon cores in sample
CF-03 yielded mostly concordant analyses showing a
wide range of 206pb/238U ages, mosdy between ca. 1.0 Ga
to 1.9 Ga representing varied inheritance. On the other
side, analyses of rims as well as zones with oscillatory
zoning have produced only Neoproterozoie 206pb/238V
ages (Fig. la). These included analyses of the bright
luminescent rims, of rims displaying oscillatory zoning as
well as of a few crystal cores. AlI rims present high
values of the ThIU ratio (between 0.29 and 0.67). The
analyses yielded a concordia age of 797 ± 10 Ma
(probability of concordance of 0.71), which is interpreted
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as the age of crystallization of quartz diorite CF-03, and
therefore of the LS of the Niquelândia Complex.

Pure plagioclase and clinopyroxene concentrates were
separated from the lower series gabbronorite Ni-376.
Together with the whole-rock sample, these igneous
mineraI concentrates define a Sm-Nd mineraI isochron
indicating the age of 767 ± 38 Ma (2a) and ENiT) of -5.8
(Fig. lb). Although this is considerably younger than the
SHRIMP V-Pb age, both ages agree within analytical
uncertainty, and the Sm-Nd mineraI isochron age may
still be interpreted as a minimum estimate for the igneous
age. The negative ENiT) value is compatible with
contamination of the original magma with older crustal
material, as already indicated by the petrological data of
Ferreira Filho et a. (1998) and also by the inheritance
pattern in the V-Pb analysis.

Five additional whole-rock samples of the LS were
analysed and the resulting 6-point "errorchron" (MSWD
= 58) indicate the age of ca. 1.90 Ga. The
Paleoproterozoic age, however, is defined by one
analytical point with high SmlNd ratio. The remaining
samples, with lower SmlNd ratios, however, seem to
fonn a linear array suggesting a Neoproterozoie age (ca.
0.73 Ga). This indieates that the regression line giving the
Paleoproterozoic age may represent a mixing line and not
a true isochron relationship. This is analogous to the Re
Os data available for these rocks (Correia et al., 1996),
which might therefore also represent a mixing line. The
V-Pb and Sm-Nd presented above, therefore, are
compatible with a Neoproterozoic age for the lower series
of the Niquelândia Complex. Previous suggestions of a
Paleoproterozoic age for these rocks, based on SHRIMP
V-Pb ages of zircon cores and a whole-rock Re-Os
isochron, are not supported by the new data.

Cathodo-luminescence images reveal that zircon
grains from mylonite sample CF-04 of the upper series of
the complex typically show cores displaying sector
zoning, surrounded by bright luminescent, homogeneous
rims. The cores are interpreted as remanescent of the
original upper series gabbroic rock. The rims display low

. ThIU ratios, common in metamorphic zircon and ten
analyses on them yielded a concordia age of 765 ± 4 Ma.
Analyses of cores fall along a poorly constrained and
shallow discordia line, between ca. 0.76 Ga and 1.25 Ga.
The ugr.er intercept is better constrained by the mean
207PbP Pb ages of the most concordant analyses,
indieating the age of 1248 ± 23 Ma, interpreted,
therefore, as the best estimate for the crystallization of the
gabbroic rocks of the upper series. The strongly positive
values of ENiT) values indicated by the Sm-Nd isochrons
(+4.1 and +4.8) for these rocks, contrast with the negative
value observed for lower series rocks, supporting the idea
that the upper and lower series of the Niquelândia
Complex represent two distinct complexes, fonned by
magmas derived from different sources, and probably
emplaced in contrasting tectonic settings. The ca. 1.25 Ga
old gabbros of the upper series are, therefore, primitive,
derived from a strongly depleted mantle, whereas the ca.
0.8 Ga old lower series rocks are strongly contaminated
with continental crust.
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Figure 1. U-Pb data.
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The rnismatch between the sequence of events
recorded for the Niquelândia Complex and that of the rest
of the Brasilia Belt, allied with the fact that the three
large mafic-ultramafic complexes coincide with a
regional gravimetric discontinuity typical of suture zones
(Marangoni et al. 1995) suggest that they are part of an
allochthonous block, formed away from the western
margin of the S1ïo Francisco continent (Laurentia
Baltica?). This allochton was accreted to the western
margin of the Brasilia Belt during the Neoproterozoic,
probably at ca. 0.76 Ga.

However, one rnight still argue that the time span
between rifting (0.80 Ga) and metarnorphism (ca. 0.76
Ga) is too short and may be difficult to reconcile with an
allochtonous origin for the Niquelândia Lower Series.
Thus, an autochthonous model in which the Niquelândia
LS corresponds to a complex emplaced in a continental
back arc setting, should also be considered, and both
allochtonous and autochthonous models should be tested
in future studies.

CONCLUSIONS
The new geochronological and isotopie data presented

here, combined with re-interpretation of existing data in
the literature shed new light on the age of the large mafic
ultramafic complexes in the central part of the Tocantins
Province and on the teetonie evolution of the Brasilia
Belt. They demonstrate that they are neither part of the
ca. 2.0-1.8 Ga intracontinental rift in northern Goias and
Tocantins as suggested by previous studies (Brito Neves
et al., 1995;, Correia et al., 1997, 1999), nor represent
ArcheanlPaleoproterozoic oceanic (Danni et al., 1982;
Moores, 2002).

The new data demand, thus, that alternative tectonic
models are brought to discussion. In summary, the
sequence of events suggested by the geochronological
data is:
• ca. 1.3-1.25 Ga - formation of a continental rift,

possibly evolving to a very narrow ocean, giving rise
to the Juscelândia, Indaian6polis and Palmeir6polis
volcano-sedimentary sequences and their plutonic
equivalents of the upper series of the Niquelândia and
Barro Alto complexes;

• ca. 0.80 Ga - establishment of another continental rift
with the emplacement of mafic magmas fonning th~
lower series of the Niquelândia Complex, and by
analogy, of the Barro Alto and Cana Brava intrusions.

• ca. 0.76 Ga - high-grade metamorphism
• ca. 0.63 Ga - regional metamorphism probably

caused by final ocean c10sure and continental
collision between the S1ïo Francisco and Amazonian
continents. The final tectonic ascent of the mafic
ultramafic complexes along the Rio Maranh1ïo Thrust
Zone may be attributed to this stage.
These Meso- and Neoproterozoic rifting events have

not been described before in other parts of the Brasilia
Belt or even within the S1ïo Francisco Craton. Although
equivalent Meso- and Neoproterozoic extensional events
have been abundantly reported in other continents (e.g.
Laurentia and Baltica), they are not common in the
Precambrian terrains of South America. The ca. 0.8 Ga
event is roughly coeval with the world-wide extensional
event which marked the fragmentation of Rodinia.
However, the precursor rift of the passive rnargin of the
Brasilia Belt is believed to have started at ca. 1.0 Ga, as
indicated by matic dyke swarms within the S1ïo Francisco
Craton. Therefore 1.25 Ga old oceanic crust seems to be
too old to represent the product of the rifting event which
led to the deposition of the passive margin sequences in
the Brasilia Belt, and the 0.8 Ga event seems to be too
young. Furthermore, the ca. 0.76 Ga high grade
metamorphic event is not described in other parts of the
Brasilia Belt, except for an isolated Sm-Nd gamet age for
a gamet schist of the Mara Rosa arc, to the west of
Niquelândia (Junges et al. 2003). High grade rocks and
gamet bearing supracrustal rocks within the sedimentary
sequences of the Brasilia Belt present considerably
younger metamorphic ages, between ca. 650 and 610 Ma
(Pimentel et al., 2000; Piuzana et al., 2003a).

- 641 -



REFERENCES
Brito Neves,B.B, Sa, J.M., Nilson,A.A., Botelho,N.F. 1995. A

tafrogênese estateriana nos blocos paieoproteroz6icos da
América do Sul e processos subseqüentes. Geonomos,
3(2): 1-21.

Correia,C.T., Girardi,V.A.V., Lambert,D.D., Kinny,P.D.,
Reeves,S.J. 1996. 2 Ga U-Pb (SHRIMP II) and Re-Os ages
for the Nique1ândia Basic-Ultrabasic Layered Intrusion,
central Goias, Brazil. In: Congo Bras. Geol., 39., Anais v.
6... Salvador, SBG, p. 187-189.

Correia,C.T., Girardi,V.A.V., Tassinari,C.C.G., Jost,H. 1997.
Rb-Sr and Sm-Nd geoghronology of the Cana Brava layered
mafic-ultramafic intrusion, Brazil, and considerations
regarding its tectonic evolution. Rev. Bras. Geoc.,
27(2): 163-168.

Correia,C.T., Jost,H., Tassinari,C.C.G., Girardi,V.A.V.,
Kinny,P. 1999. Ectasian Mesoproterozoic U-Pb ages
(SHRIMP-II) for the metavolcano-sedimentary sequences of
Juscelândia and Indaian6po1is and for high grade
metamorphosed rocks of Barro Alto stratiform igneous
complex, Goias State, central Brazil. In: SAAGI - South
Am Symp. On Isot. Geol., 2., Actas... SEGEMAR,
C6rdoba, p.31-33

Danni,J.C.M., Fuck,RA., Leonardos Jr., O.H., 1982. Archean
and Lower Proterozoic Units in Central Brazil. Geol.
Rundschau, 71 :291-317

Ferreira Filho, C.F. 1998. Geology and petrology of the large
layered intrusions of central Brazil: implications for PGE
mineraiization. In: Platinum Symp., Rustemburg, South
Africa, Extended Abst... p. 107-110.

Ferreira Filho,C.F., Kamo,S., Fuck,RA., Krogh,T.E.,
Naldret,A.J. 1994. Zircon and rutile geochronology of the
Niquelândia layered mafic and ultramafic intrusion, Brazil:
constraints for the timing of magmatism and high grade
metamorphism. Precambrian Res., 68:241-255.

Ferreira Filho, C.F, Moraes, R., Fawcett,J.J., Naldrett,A.J.
1998a. Amphibolite to granulite progressive metamorphism

Short Papers - IV South American Symposium on Isotope Geology

in the Niquelândia Complex, central Brazil: regiona1
tectonic implications. J. South Am. Earth Sei., 11:35
50.Ferreira Filho 1998.

Ferreira Filho,C.F. & Pimente1,M.M. 2000 Sm-Nd isotope
systematics and REE-Hf-Ta-Th data of troctolites and their
amphibolitized equiva1ents of the Niquelândia Complex
Upper Layered Series, central Brazil: further constraints for
the timing of magmatism and high-grade metamorphism.
Journal of South American Earth Sciences 13 (7): 647-659.

Fuck, R.A., Brito Neves, B.B., Cordani, U.G., Kawashita, K..
1989. Geocronologia Rb-Sr no Comp1exo Barro Alto,
Goias: evidêneia de metamorfismo de alto grau e colisao
continental ha 1300 Ma no Brasil Central. Geochim.
Brasiliensis 3(2), 125-140Fuck et al. 1989

Marangoni,Y., Assumpçao,M., Fernandes,E.P. 1995.
Gravirnetria em Goias, Brasil. Rev. Bras. Geofisica,
13(3):205-219.

Moores,E.M. 2002. Pre-1 Ga (pre-Rodinian) ophiolites: their
tectonic and environmental implications. Geol. Soc. Am.
Bull, 114:80-95.

Piuzana,D., Pimentel,M.M., Fuck,RA., Armstrong,RA. 2003a.
Neoproterozoic granulite facies metamorphism and
contemporaneous granite magmatism in the Brasilia Belt,
central Brazil: regional implications of new SHRIMP U-Pb
and Sm-Nd data. Precam Res. In press.

Piuzana,D., Pimentel,M.M., Fuck,RA., Armstrong,R.A. 2oo3b.
SHRIMP U-Pb and Sm-Nd data for the Araxa Group and
associated magmatic rocks: constraints for the age of
sedimentation and tectonic evolution of the southern
Brasilia Belt, central Brazil. Precamb. Res., in press.

Suita,M.T.F., Kamo,S., Kroght,T.E., Fyfe,W.S., Hartmann,L.A.
1994. U-Pb ages from the high-grade Barro Alto mafic
ultramafic complex (Goias, central Brazil): middle
Proterozoic continental mafic magmatism and upper
Proterozoic continental collision. In: Intern. Confer. On
Geochron. Cosmochr. and Isot. Geol. - ICOG, 8.,
Abstracts ... Berkeley, USGS, p.309.

- 642-



Short Papers - N South American Symposium on Isotope Geology

Sm-Nd ISOTOPIC CHARACTERIZATION OF METATONALITES FROM THE ITABUNA BELT,
BAHIA BRASIL

Pinho, I.C.A!; Barbosa J.S.F! and Peucat J.J.2

1. CPGG - Centro de Pesquisa em Geofisica e Geologia-UFBA, Rua Caetano Moura 123, Federaçao, 40210-350, Salvador-BA,
Brazil. ivana@cpgg.ufba.br, johildo@cpgg.ufba.br

2. Geosciences Rennes, UPR CNRS 4661, 35042 Rennes cedex, France. peucat@univ-rennes1.fr

Keywords: Geochronology, metatonalites, Paleoproterozoic, Bahia, Brazil

INTRODUCTION
The Archean to Paleoproterozoic granulitic region in

the SSE of Bahia State is fonned by two main
geotectonic domains: the Jequié Block and the Itabuna
Belt. Both are strongly defonned and have equilibrated at
the granulite facies. These domains are kept apart by the
Ipiau Belt, which is metamorphosed at the amphibolite
facies (Barbosa, 1986).

According to Barbosa & Sabaté (2000) the Jequié
Block and the Itabuna Beh, both with protoliths of
Archean age, collided during the Paleoproterozoic
Transamazonian orogeny (Ledru et al., 1993), which
involved a general NW-SE compression. This is
identified by the presence of regional faults and
transcurrent zones that contain kynematic indicators of a
general sinistral movement. During the initial fase of this
collision, ca. 2.4 Ga, a frontal ramp ductile tangential
tectonism caused the thrusting of the Itabuna belt
(Barbosa & Sabaté, 2000) above the Jequié block, thus
generating recumbent folds with vergence towards the
west. In the second episode of defonnation, ca. 2.1-2.0
Ga (Ledru et al., 1993), these folds have been refolded in
an aproximatetelly coaxial way, in association with the
evolution of transcurrent zones.

According to Barbosa (1990, 1991) the Itabuna Belt,
in the southern sector, is composed by three main
lithological types: (i) basic granulites containing or not
gamet (protoliths analogous to the basaIt and/or tholeiitic
gabbros) (ii) acid and intennediate granulites (protoliths
of tonalite type, dacites and trondhjemites, calc-alcaline
low potassium rhyolite) and (iii) basic granulites bearing
antiperthite (protoliths fonned by monzonites and
shoshonitic mangerites). Kinzigites, quartzites, banded
iron formations, manganiferous fonnations, besides barite
layers ocurr intercaleted in the granulites, mainly in those
of intennediate and acid composition (Fig. 1).

GEOLOGICAL ASPECTS
The metatonalites in outcrop are generally fine to

medium grained and invariably of dark grey at greenish
grey color, when fresh. When altered they show a whitish
color. In general, they are leuco to mesocratic, showing
banding or foliation with attitude of N20° E and dips
between 50° to 80° either towards SE or NW. These rocks
present a xenoblastic to granoblastic texture, and are
composed of: antiperthitic plagioclase, quartz,
orthopyroxene, clinopyroxene, opaque mineraIs, zircon,

and apatite. Biotite and hornblende are secondary, and
have been fonned during the retrometamorphism. Gamet
is rarely present and in general appears when these
plutonic rocks are next or enclosed in supracrustal, Al
rich rocks (Pinho, 2(00).

Acording to lithogeochemical study of major, trace
and ETR elements this rocks are calsified as true tonalites
with Si02 values between 53 at 65.90%, and are
predominantly calc-alcaline with low potassium content,
therefore evidencing a trondhjemitic affinity (Pinho,
2000). The overall ETRL enriched and ETRP depleted
pattern, the absence of Eu anomaly, and the CeNNbN
ratios between 6.21 and 22.41, indicate a moderate
igneous fractionation.

RESULTS AND DISCUSSION
Three representative metatonalite samples (JF-142A,

TD-06 and YJ-16) were taken to the isotopic study,
which consisted of measurement of the Sm and Nd
concentrations, along with the caIculation of the
respective isotopic ratios. Additionaly, in the sample JF
142A, the Rb-Sr ratio calculation and a geochronological
zircon U-Pb SHRIMP analysis have been perfonned. The
analytical work has been carried out in the
Geochronology and Isotopic Geochemistry Laboratory of
the Rennes University, France. The methodology is
detailed in Peucat et al. (1999b). The U-Pb zircon
analyses were perfonned using SHRIMP 1 at the
Research School of Earth Sciences, Australian National
University.

The Sm-Nd analyses revealed TDM model ages
varying between 2.52 and 2.82 Ga. The values of the ENd
(T=2.15 Ga) vary from -1.18 to -2.10 (Table 1). The JF-142A
sample presented an 87Sr/86Sr initial ratio of 0,70549 and
ESr of 27.31 (Table 2).

U-Pb SHRIMP age is 2151 ± 22 Ma (Peucat, in
personal comm.) is intrepreted as the crystallization age
of the metatonalites, while the TDM model ages could be
considered as the timing of magma extraction from the
mande.

The positive ESr and negative ENd(T=2.15 Ga) are
indicative of an enriched mande source for this rock.
However, the negative values of the ENd(T=2.15 Ga) suggest a
crustal contamination of the magma. This probably
occured during the Transamazonian orogeny, and
produced the older TDM model ages.
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Figure 1. Geologie simpLified map of the south-southwest granulitic region from the Bahia State (after Barbosa, 1991).

Table 1. Sm-Nd analytical dates of the metatonalites from the Ubaitaba region.

Sample
lF-142A

TD-6
Yl-16

Sm (ppm)

1.71
2.61
3.30

Nd (ppm)
12.83
12.10
25.06

0.0806
0.1304
0.0794

0.510887
0.511600
0.510917

T DM (Ga)

2.58
2.82
2.52

ENd (2,15)
-2.10
-1.95
-1.18

Table 2. Rb-Sr aAnalytieal datum of the metatonalite from the Ubaitaba region.

Sample
lF-142A

Rb (ppm)

17
Sr (ppm)

990 0.0497 0.705428
Esr(2,15)

27.31
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Figure 2. Graphic descriptions of rocks types in the drill cores
from Moriru area (undeformed domain).
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Unaltered samples have tholeiitic to transitional
compositions (Fig. 3) and have within-plate petrologic
and geochernical characteristics (Fig. 4).

The Moriru region, situated in the SW Amazonian
Craton (Fig. 1), Mato Grosso, Brazil, is composed of two
main domains: 1) an area of undeformed bimodal
volcanic rocks and 2) an area of deformed granitic
gneissic-rnigmatite rocks that also include a small
occurrence of sligbtly deformed rhyolite. Pinho (2002)
suggests that these rocks belongs to the Teles Pires
Magmatism.

Geochronological Provinces

Figure 1. A Map of the Amazonian Craton of South America
showing the main geochronoJogy provinces defined

by Tassinari & Macambira (1999).

The undeformed domain is composed of felsic to
matic flows and volcanoclastic sediments of the Teles
Pires Magmatism (Fig. 2); the felsic flows are essentially
explosive deposits classifyed as ignimbrites, however
coherent flows occurs interlayed. The compositions of
ignimbrites and associated felsic flows are rhyodacite to
dacite. The mafic volcanics are phaneritic, fine grained,
and are often strongly hydrothermally altered.
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Figure 3. Ti02 x FeO/MgO shows toleiitic
afinities for mafic rocks.

The felsic volcanics are enriched in light REE, show a
negative Eu anomaly, and are depleted in heavy REE.
The trace elements indicate a post-collisional enviroment
(Fig. 5).
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CONCLUSIONS
In the present paper we conclude that the Teles Pires

Magmatic Province is composed of a bimodal volcano
plutonic association, with U-Pb ages 1,75 Ga in average,
originated from remelting of a paleoproterozoic crust
(TDM = 2,0 - 1,95 Ga) during a post-colisional extentional
event with sorne contribution of juvenil source.

The approximately 1775 Ma volcano-plutonic rocks
in the area probably resulted from partial melting of
slightly older continental lithosphere and may have
fonned during an extensional event about 1.78 to 1.76
Ga. The plutonic rocks seem to have a similar source and
may be intrusive into the volcanic sequence, despite their
more defonned nature. These ages are similar to those
proposed for older parts of the 1.80 to 1.55 Ga Rio
Negro-Juruena province and younger than 1.9 to 1.8 Ga,
as proposed for the Ventuari-Tapaj6s province. Sm-Nd
isotopie data are consistent with formation of these rocks
from ca. 1.9 to 2.2 Ga continentallithosphere.
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are biotite-granites and granodiorite. Both groups plot in
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Figure 4. ZrfY vs. Zr aplied for mafic volcanics from
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U-Pb data on single zircon grains from the volcanic
sequence yield ages between 1770 ± 8 Ma and 1797 ± 5
Ma (Fig. 6) ENd(t) range from -1.4 to +1.5 (t=1.75 Ga),
and the TDM model ages range from 2.02 to 2.16 Ga.

WPG

Figure 5. Nb vs Y diagram for felsic rocks from the
region (fields from Pearce, 1996). Rocks

from the study area plot into
post-colisional fields.

U-Pb data on single zircon grains from the deformed
granite-gneiss-migmatite domain range from 1662 ± 13
Ma (Fig. 7) to 1803 ± 6 Ma (Fig. 8), but most c1uster
about a mean of 1763 Ma (Fig. 9) (1759 ± 3 Ma to l767±
2 Ma) (Fig. 6). ENd(t) values (t=1.75 Ga) vary from -3.4 to
+3.0 (Fig. 7) and the TDM model ages ranges from 1.94 to
2.28 Ga.
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Figure 9. U-Pb concordia diagram showing a representative
sample from deforrned domain.
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INTRODUCTION
The Tocantins Province (Almeida et al., 1981) in

central Brazil is a Neoproterozoic orogenic zone
developed between the Amazon and Sao Francisco
cratons and possibly a third continental block, known as
Parapanema Block, hidden under the sedimentary rocks
of the Parana Basin. The Tocantins Province comprises
the eastward vergent Brasilia Belt, adjacent to the Sao
Francisco Craton (Marini et al., 1984), and the westward
vergent Paraguay and Araguaia belts, developed on the
eastern margin of the Amazon Craton.

ln the northern part of the Brasilia Belt the Barro
Alto, Canabrava and Niquelândia mafic-ultramafic
layered complexes are exposed. The isotopic data
indicate that these Paleo- to Mesoproterozoic layered
complexes were affected by high-grade metamorphism
between ca. 740 and 790 Ma and were subsequently
metamorphosed at lower grade at ca. 600 Ma (Ferreira
Filho et al., 1994; SUlta et al., 1994; Correia et al., 1997,
Ferreira Filho & Pimentel, 2000, Pimentel et al., 2001).

In the southern part of the Brasflia Belt, in central
Goias, is the Anapolis-Itauçu granulite complex. It
consists of a large complex of high-grade rocks and
granites, exposed between metasediments of the Araxa
Group, the main constituent of the internaI zone of the
Neoproterozoic Brasilia Belt (Fuck et al., 1994). These
granulites have traditionally been interpreted as the
exposure of Archean sialic basement exposed as an inlier
in the Brasilia Belt (Danni et al., 1982, Marini et al.,
1984; Lacerda Filho & Oliveira, 1995). However, this
view has been challenged by Pimentel et al. (1999) and
Fischel et al. (1999, 2001), based on reconnaissance Nd
isotope studies. Sm-Nd data have indicated that the Nd
isotopic signature and metamorphic ages of the Anapolis
Itauçu felsic granulites and intrusive granites are aIl very
similar, with a large proportion of model ages in the
interval between ca. 1.1 and 1.5 Ga (Fischel et al., 1998,
2001; Pimentel et al. 1999). This led Pimentel et al.
(1999) and Fischel et al. (2001) to consider that, at least,
part of the fe1sic granulites of the Anapolis-Itauçu
C?mplex might represent high grade equivalents of the
Araxa metasedimentary rocks, and that the granites
represent the product of partial melting of these
metasediments.

This work reports the results of regional SHRIMP V
Pb data in ortho- and paragranulites in order to assess (i)
the age of crystallization of orthogranulites and intrusive
granites in this area; (ii) the precise age of high grade
metamorphism of rocks from the Anapo1is-Itauçu
Comp1ex.

REGIONAL SETTING
The Anapolis-Itauçu Complex consists of: (i)

orthogranùlites, mainly represented by basic-ultrabasic
intrusions, tonalite and granodiorite, as weIl as
chamockitic and enderbitic bodies and (ii) paragranulites,
mainly garnet- and sillimanite-bearing aluminous
paragneiss with associated gondite, siIlimanite quartzite,
and diopside marble. Aradjo et al. (1994) and Winge
(1995) assume that these rocks were derived from pelitic
or greywacke sediments, although Wolff (1991) argued
that part of them are the result of recrystallization of
leucosome material derived by partial melting of
sedimentary protoliths.

The paragranulites are characterized by
porphyroblastic gamet, plagioclase, sillimanite, quartz
and orthopyroxene. These rocks have, in sorne localities,
cordierite, sapphirine and spinel, with rutile and zircon as
accessory mineraIs. Moraes et al. (2002) suggested that
the mineraI assemblages containing sapphirine and quartz
in equilibrium are indicative of ultra-high temperature
metamorphism, which may have reached ca. 1150° C and
>10 kbar. Retrograde reactions textures in these rocks
indicate near-isobaric cooling paths. The Anapolis-Itauçu
granulites were intruded by a number of granite bodies
which were deformed and metamorphosed under
granulite facies conditions. SHRIMP V-Pb analyses on
zircon show that granite ANA 1 is Neoproterozoic. In
sample ANA 239, cores of zircon grains are
Neoproterozoic, with concordant ages between 0.8 and
1.0 Ba (Fischel et al., 2001). Zircon crystals from sample
ANA 30 indicate a more complex history. Most zircon
grains are Neoproterozoic with significant differences
between core and rim ages. Four of the analyzed grains
are inherited (Fische1 et al., 2001). One has a
Paleoproterozoic core, probably inherited from the
basement of the Brasilia Bell. Samples ANA 30 and
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ANA 239 are from the same granitic body, and their
metamorphic ages are very sirnilar. The zircon ages show
that this granite intrusion contains inheritance from, at
least, three distinct sources, with Paleoproterozoic and
Mesoproterozoic age (1.7-1.5 Ba, in ANA 30) and
Neoproterozoic ages varying between 1070 and 830 Ma
(Fischel et al., 2(01).

SHRIMP U-Pb DATA
ORTHOGRANULlTE (ANA 318)

This is a medium-grained metatonalite which has
been metamorphosed under granulite facies conditions. It
contains zircon grains which show weIl developed
euhedraI to prismatic oscillatory zoning, typical of
rnagmatic crystals. Rims with low luminescence are
observed around the rnagmatic crystals. A subpopulation
of zircon grains lacking oscillatory zoning was also
identified, and probably represents metamorphic crystals.

Twelve analyses of the magmatic crystaIs yielded
concordant results and indicate the concordia age of 759
± 9 Ma (MSWD= 1.3) which is interpreted as the
crystallization age of the igneous protolith. Analyses of
the low luminescence rims and metamorphic grains show
varied degrees of lead loss and yielded an upper intercept
age of 638 ± 37 Ma (MSWD= 4) interpreted as indicative
of the high grade metamorphic event.

Sorne analyses have older 206pbp38U ages and indicate
sorne degree of assimilation of older material by the
original magma, a not unexpected result considering the
Sm-Nd TOM model age of 2.1 Ga and tNi760) of -6.2
obtained for this sample (Fischel et al., 2001).

PARAGRANULITES (ANA 259 AND ANA 230)
Zircon grains in paragranulite ANA 259 (garnet

sillimanite-feldspar rock) are typically rounded detrital
grains and are rimmed by metamorphic zircon
overgrowths. Individual metamorphic crystals are also
present. Rims have lower ThIU ratios, although sorne
cores show equally low ThIU ratios. In such cases, ages
of the cores are similar to those of the rims and both grew
during the high-grade metamorphic event. The analyses
produced a very complex age pattern most probably due
to a combination of inheritance with recent and/or early
Pb-loss. The best result for metamorphic zircon grains
and rims is given by twenty-one concordant spot analyses
indicating the concordia age of 639 ± 9 Ma (MSWD =
lA), sirnilar to that calculated for metamorphic
overgrowths in orthogranulite ANA 318. This may be
interpreted as the best estimate for the age of the high
grade metamorphism Cores of detrital zircon grains
which yielded concordant or nearly concordant analyses
h 206 238ave Pbl U ages between ca. 800 and 950 Ma. The
younger cores represent, therefore, an upper age limit for
the deposition of the original sediments, clearly
indicating that the original sedimentary protolith is
Neoproterozoic. Most zircon grains of gamet gneiss ANA
230 are metamorphic, and only a few of them show older
cores (ages of ca. 815 Ma). Analyses of the metamorphic
grains are concordant, however they display a rather large
spread of 206pbp38U ages. Therefore, we consider that the
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weighted mean 206pb/238U age of 640 ± 8 Ma (MSWD =
0.68) for metamorphic zircon grains and rims represents
the best estimate for the age of the high-grade event.

ULTRA-HIGH TEMPERATURE GRANULITE
(ANA 279)

One sample of UHT granulite was investigated. This
sample has a mineraI assemblage typical of ultra-high
temperature granulite with quartz, plagioclase, biotite,
orthopyroxene, cordierite, gamet, spinel, sillimanite,
sapphirine and rutile (Moraes et al. 2002). Twelve
analyses in ten zircon grains were carried out, two in
cores and ten in metamorphic grains or rims. Cores
yielded 206pbP38U ages of 1.18 and 0.68 Ga. Analyses of
metamorphic zircon produced a coherent concordant
population with a concordia age of 650 ± 10 Ma
(MSWD= 1.3, 95% conf.). Despite the smaIl number of
zircon grains and cores of this sample, we observed that
they are similar to those of samples ANA 230 and 259.
Therefore, we deduce that the UHT granulite protolith is
also of sedimentary origin and that it must be of
Neoproterozoic age.

CONCLUSIONS
The new U-Pb data discussed in this study allow sorne

relevant conclusions to be put forward regarding the
nature and tectonic significance of the Anâpolis-Itauçu
granulites:

(i) Granitoids investigated are aIl Neoproterozoic,
ranging in age from ca. 760 to 650 Ma. The older, pre
metamorphic, granitoid emplacement event is coeval with
magmatic activity in the Goiâs Magrnatic Arc, further to
the west. Contrasting with the Goiâs Magmatic Arc
rocks, however, this early magmatic event in the
Anâpolis-Itauçu Complex is not totally juvenile, and
original magmas were emplaced into and contaminated
with older (possibly Paleoproterozoic) continental crust;

(ii) Felsic granulites have detrital zircon populations
which indicate Proterozoic sources, ranging in age from
ca. 2.0 to 0.8 Ga. Therefore, the data show that the
original sediments were deposited during the
Neoproterozoic. Young sediment sources may be
attributed to the Neoproterozoic Goiâs Magmatic Arc
(0.90 to 0.64 Ga) presently exposed to the west and
southwest of the Anâpolis-Itauçu Complex, and
Paleoproterozoic sources are widely distributed to the
east, constituting a large part of the Sao Francisco craton;

(iii) The peak of high grade metamorphism in the
Anâpolis-Itauçu Complex occurred between ca. 650-640
Ma, approximately 150-100 Ma later than the high-grade
metamorphic event identified in the Barro Alto, Cana
Brava and Niquelândia mafic-ultramafic layered
complexes in the northern part of the Brasilia Belt.

(iv) Voluminous granitic magmatism, presenting a
general peraluminous nature, in the Anâpolis-Itauçu
Complex suggests important melt generation in the lower
crust, concomitant with granulite-facies metamorphism.
The granitoids have Sm-Nd isotopie patterns that are not
much different from that observed for the felsic
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granulites, with TDM model ages in the interval between
ca. 1.37 and 2.15 Ga and ENd (T) between -2.7 to -8.1,
suggesting that the magmas are the product of remelted
granulites and older sialic crust. This is also supported by
the inheritance pattern observed in zircon grains from the
granitoids.

The Anapolis-Itauçu Complex represents, therefore,
the core of a metamorphic complex associated with the
Brasiliano orogeny, and not the exposure of ancient sialic
basement.
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INTRODUCTION
The Brasilia Belt extends for ca. 1000 km in the NS

direction along the western margin of the Sâo Francisco
Craton, in central Brazil. It represents the central/eastern
part of a large Neoproterozoic orogenie zone known as
the Tocantins Province (Almeida et al., 1981), which
resulted from the convergence and collision of three
major continental blocks at the end of the Neoproterozoic
(for a review see Pimentel et al., 2000b): the Arnazon
Craton, to the west, the Sâo Francisco/Congo Craton, to
the east, and the Paranapanema block, presently covered
by Phanerozoic rocks of the Parana Basin, to the south. It
represents one of the best preserved and the most
complete Neoproterozoic orogens in Brazil, comprising:
(i) a large Neoproterozoic juvenile arc in the west (Goias
Magmatic Arc); (ii) a micro-continent (or allochthonous
sialic terrain) formed by Archean rock units (the Crixas
Goias granite-greenstones) and associated Proterozoic
formations and (iii) a thick Meso-Neoproterozoic
metasedimentary/sedimentary pile, formed by the
Paranoa, Canastra, Araxa, Ibia, Vazante, and Bambui
Groups, overlying mostly Paleoproterozoic and minor
Archean basement (Fuck et al., 1994, 2001; Pimentel et
al., 2000a, b). The age and tectonic significance of the
different supracrustal rock units of the Brasilia Belt have
been the object of much controversy. A regional Nd
isotopie investigation was carried out, which served to
identify the possible major sources of the detrital
sediments (Pimentel et al., 2001). The Araxa and Ibia
metapelites display a bimodal distribution of model ages,
with an older group of TDM values between ca. 1.8 and
2.3 Ga and a younger group with values between 1.0 and
1.3 Ga. The young model ages indicate contribution from
Neoproterozoic juvenile source areas, such as the Goias
Magmatie Arc (Pimentel et al., 2001), suggesting that the
Ibia Group and part of the Araxa Group are younger than
900 Ma and were probably deposited in a marginal basin
between the intraoceanic Goias Arc and the continental
passive margin (Dardenne, 2000; Pimentel et al., 2001).

In this study, detrital zircon grains from micaschist of
the Araxâ Group and associated magmatic rocks were
dated with the SHRIMP U-Pb technique in order to better

constrain: (i) the nature of possible sources of the Araxa
sediments; (ii) the tectonic environment of deposition of
the Araxa Group and its significance in the evolution of
the Brasilia Belt, and (iii) the upper age limit for the
deposition of the original sediments.

REGIONAL SETTING
The Brasilia Belt has been sub-divided into the

southern and northern segments, based on their very
distinct structural and tectonic characteristics. These are
roughly separated from each other by the E-W Pirineus
lineament, running for ca. 200 km in the central part of
the belt (Marini et al., 1984; Fonseca & Dardenne, 1995;
Araujo Filho, 2000). The central-southem segment of the
Brasilia Belt comprises mainly metasedimentary units
included in the Araxa, Ibia and Canastra groups.
Metasedimentary rocks (schists and quartzites) of the
Araxa Group surround the Anapolis-Itauçu Complex
high-grade metamorphic complex.

In the Anapolis region, the Araxa Group comprises
mostly micaschists, quartzites and carbonate-bearing
schists. The most abundant rock types are garnet
feldspar-biotite-muscovite schist, kyanite-gamet-biotite
muscovite schist, gamet quartzite and chlorite-muscovite
schist. Gamet crystals are invoIved commonly by biotite
and muscovite, forrning a protomylonitic foliation.
Lithogeochemical data (REE) suggest that these rocks are
representative of arkose to greywacke-type sediments
with local carbonatic contributions (Lacerda Filho &
Oliveira, 1995). Peraluminous granites intrusive into the
Araxa Group are comon, although the field relationships
between the meta-igneous rocks and metasediments are
obscured by poor exposure of geological contacts. Small
serpentinite and actinolite/talc schist bodies with
podiform chromite, as weIl as amphibolite layers, are
tectonically intercalated with the Araxa metasedimentary
rocks and are very abundant in many localities. This
association has been interpreted as an ophiolite mélange,
emplaced over the Sâo Francisco continental margin by
the eastward nappes (Drake Jr., 1980; Strieder & Nilson,
1992).

- 652-



Short Papers - IV South American Symposium on Isotope Geology

Neoproterozoic gran~es

Araxa and Canastra Groups - micaschist, garnet micasch~'St.

chlorite schl'St, quartzite Amphibolite and serpentinite are associated

A1uminous granulites. Gamet gneiss, sillimanite gneiss,
cali-silicate rock, gamet quartzite, diopside marbre
and gondite,

Ortho-granulite, Metagabbro, metapyroxenite charnockitic and
enderDitic gnelsse, hyperstene granodiorite and hyperstene tonalite

Paleoproterozoic Jurubatuba Granite

Paleoproterozoic Silvània Sequence Amphibolite, amphibole schist
meta-andes~e, meta-daC/te, micaschist, garnet-estaurolite
micaschisl, quartzite, mamie.

• Analysed samples
~ (Sm·Nd and/or SHRIMP U-Pb)

• Cities

Anapolis

Figure 1. Geological sketch of the study area (after Lacerda & Oliveira, 1995).

In the northern part of the study area, the Araxâ Group
metasedimentary rocks are in tectonic contact with
Anâpolis-Itauçu granulites and with the Silvânia
Volcano-Sedimentary Sequence (Fig. 1), through a NSO
60W strike-slip shear zone. To the south, Araxâ rocks
show E-vergent nappes overlying the granulites and
granites. Frontal ramps have N-S general direction and
lateral ramps are mainly E-W and NW-SE. Kynematic
indicators of the lateral ramps suggest left-handed
movement.

SHRIMP V-Pb DATA
ANA 34: FELDSPAR-GARNET-BlüTITE SCHIST

Detrital zircon grains from sample ANA 34 (Fig.' 1)
show very weil preserved prismatic shapes, suggesting
erosion of local sources. Two distinct zircon populations
were identified: grains with thick zoning, similar to
crystals formed in mafic magmas and zircon grains with
thin osciIIatory zoning which follow the external
prismatic habit of the minerai, typicaJ of zircon from
felsic igneous rocks. AlI grains have V-pOOf, very thin,
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metamorphic rims. A total of 42 analyses were carried
out on 24 cores of zircon grains. Detrital zircon grains
derived from matic rocks have 207Pbp06pb ages according
to the following distribution: 626 to 644 Ma (4 grains),
670 Ma (3 grains), 729 to 760 Ma (5 grains), 1000 Ma (2
grains) and 2000 to 2200 Ma (2 grains), whereas zircon
~rains derived from felsic rocks present the following
o7PbP06pb ages: 650 to 670 Ma (3 grains), 700 Ma

(1grain), 800 to 840 Ma (3 grains).

ANA 18: KYANITE - GARNET - BIOTITE 
MUSCOVITE SCHIST

Sample ANA 18 (Fig. 1) contains at least three
distinct types of zircon grains: fragments of grains with
structureless core and rim; igneous grains with
metamorphic rims, and metamorphic grains. The zircon
grains are smaller than those from ANA 34, with an
average length of 100 !lm. Most of them are anhedral,
with rounded terminations. Contrary to what is observed
in zircon grains from ANA 34, not every zircon grain
from ANA 18 presents metamorphic overgrowth. Thirty
two analyses were carried out in 22 zircon grains. The
youngest ages are from detrital metamorphie zircon
grains and metamorphic rims, in which 206pbPsU ages
vary between 628 ± 12 and 734 ± Il Ma. Twelve igneous
cores were analyzed, indicating ages from Paleo- to
Neoproterozoic. The youngest and most representative
groups of ages were obtained in metamorphic rims and
metamorphie zircon grains.

ANA 19: BONFINOPOLIS AMPHIBOLITE
The amphibolite sample is from a strip of matic rocks

exposed close to the contact between Araxa micaschist
and granulites of the Anapolis-Itauçu Complex (Fig. 1).
Stratigraphie relationships between the amphibolite and
Araxa supracrustals are not clear due to intense
deformation, and it seems that the metabasic rocks are
tectonically intercalated with the Araxa metasedimentary
rocks.

Cathodoluminescence images show anhedral to
subhedral zircon grains, which display a central area of
zoned magmatic zircon surrounded by reworked brighter
margins. Th-U values for these marginal areas do not
show the typically low values found in metamorphie
grains. There is sorne variation in the type and zoning in
the cores and this may only reflect varying crystallization
conditions of a single population, or it may indicate that
at least sorne cores may he inherited. Sixteen analyses
were carried out in eleven zircon grains. AlI analyses
show U concentrations higher than Th, with U content
varying between 99 and 412 ppm and Th between 49 and
407 ppm. The data show sorne discordance and scatter,
and the preferred age is calculated with a regression
through all data points, which indicates an upper intercept
age of 838 ± 20 Ma (MSWD= 1.17), which is interpreted
as the crystallization age of the original basaltic rock. A
Sm-Nd isochron was calculated for six whole-rock
samples from ANA 19 outcrop. The limited spread of
Sm-Nd and strong scatter of analytical data (MSWD= 31)
hampered the calculation of meaningful isochron age and

Short Papers - N South American Symposium on Isotope Geology

uncertainty. Nevertheless, the six data points align about
a regression line with slope indieating the age of ca. 0.9
Ga. More relevant than the Sm-Nd age is the strongly
positive ENd= +5.2 value revealed by the regression,
indicating that the parental basaltic magma originated
from a depleted, probably MORB-type, mantle source
(Fische1 et al., 1999, 2001). This concurs with
lithogeochemistry data from Oliveira (1994) which
display striking similarities with low-K tholeiites,
suggesting origin in a mid-ocean ridge environment.

ANA 3: INTRUSIVE TONALITE
Zircon grains from ANA 3 tonalite (Fig. 1) are

anhedral to subhedral, with round to prismatie zoned
cores and bright and structureless riIDS showing low Th/U
values, typical of metamorphic overgrowths.

Eighteen zircon grains of ANA 3 were analyzed.
Seventeen analyses were performed in cores and one
analysis in a rim. The analyses yielded a concordia age of
638 ± Il Ma (95% conf., prob. of concordance= 0.122)
interpreted here as the best estimate for the crystallization
age of the original tonalitic magma. Therefore, the
emplacement of this tonalite at ca. 638 Ma into Araxa
metasediments should represent a minimum age for the
deposition of the original sediments.

CONCLUSIONS
The SHRIMP U-Pb ages of detrital zircon grains of

the Araxa Group reinforce the bimodal character of TDM

model ages in metasedimentary rocks observed in
previous studies (Fischel et al., 2001; Pimentel et al.
2001). This pattern strengthens the hypothesis that the
original sediments were accumulated in a basin which
was receiving sediments from, at least, two sources.
Young sediment sources are attributed to the
Neoproterozoic Goias Magmatic Arc (0.93 to 0.64 Ga),
presently exposed to the west and southwest of the study
area, whereas the older sources, Paleoproterozoic in age,
are widely distributed to the east, constituting large part
of the Siïo Francisco Craton basement.

The 207Pb/206pb ages obtained for micaschists ANA 34
and ANA 18 suggest that Paleoproterozoic matic rocks
contributed with detrital material during the
sedimentation of the former Araxa basin in this region.
However, Neoproterozoie zircon grains are much more
frequent, indieating that young matic and felsic sources
were the main contributors to the sedimentation of the
Araxa basin. This is compatible with the young TDM

mode1 ages (1.18-1.37 Ga) of ANA 34,36 and 297, from
outcrops near Posse de Abadia (Fig. 1) (Fischel et al.,
2001).

The best estimate for the maximum age of deposition
of the Araxa sediments in this area is given by the
youngest reasonably coherent group of concordant
analysis, whose 206pbp07Pb ages are around 640-650 Ma.

InternaI features of Paleoproterozoic zircon grains in
ANA34 indicate that they were probably derived from
matic rocks, which are common in nearby volcano
sedimentary associations, such as the Silvânia Sequence.
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Tonalite ANA 3, intrusive into the Araxa
metasedimentary rocks, presents-a crystallization age of
ca. 638 Ma, representing the minimum depositional age
of the original sediments. Neoproterozoic detrital zircon
grains are more abundant than Paleoproterozoic grains.
The maximum age of deposition is given by a 206PbF38U
age group at ca. 643 Ma, comprising metamorphic rims
and metamorphic grains in sample ANAI8. These
mineraIs indicate that the sources of the former sediments
included metamorphic rocks. The age of these
metamorphic mineraIs is identical to that of the high
grade metamorphism recorded in the Anapolis-Itauçu
Complex, whose rocks, then, may have been part of the
sediment source (Piuzana et al., 2003). Altematively,
metamorphic rocks in the Goias Arc could have also
provided that rnaterial. In any case, this observation
implies that young metamorphic rocks have been
uplifted, exposed and eroded, providing sediment for at
least part of what is presently mapped as the Araxa
Group. This means necessarily that the sediments of the
Araxa basin in the Anapolis region were deposited and
metamorphosed within a very short time interval of
possibly only a few million years.

The age and depleted mande-type affiliation of the
Bonfin6polis amphibolite suggest that it is part of the
ophiolitic mélange identified in association with the
metasedimentary rocks of the Araxa Group near Posse de
Abadia (Strieder & Nilson, 1992) or to the south of
Goiânia (Morro Feio Serpentinite) (Fig. 1). Therefore, the
crystallization age of the amphibolite at ca. 830 Ma is a
marker of the extensional stage which may represent the
so called Araxa Oceanic Expansion (Dardenne, 2000) or
the Goias Ocean (Pimentel et al., 2001).
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The Apiaf Folded Belt (AFB) is a domain of the
southern portion of Ribeira Belt, and in Paranâ and Sao
Paulo States, southern Brazil, is composed of
metavulcano-sedimentary rocks, of low to medium
metamorphic grade, grouped in the Açungui Supergroup
(Fiori, 1993; Campanha & Sadowski, 1999). The
Neoproterozoic granitic rocks represented by the
Cunhaporanga, Três Corregos and Agudos Grandes
batholiths intrude the supracrustal rocks and both are
affected by latter granitic stocks. In this paper, ifs
presented new lithochemical and geochronological data
for Morro Grande (MG) and Serra do Carambef (SC)
granites (Figs. 1,2).

The neoproterozoic Cunhaporanga, Três Corregos and
Agudos Grandes batholiths are calc-alkaline,
metaluminous, I-type and magmatic arc-related granites.
It is mostly represented by hornblende biotite
monzogranites to granodiorites with V-Pb zircon ages
ranging between 630 and 600 Ma (Gimenez Filho et al.,
2000; Guimaraes, 2000; Prazeres Filho, 2000; Prazeres
Filho et al., 2001; Janasi et al., 2001).

The Morro Grande granite (MG) (Chiodi Filho et al.,
1987; Prazeres Filho, 2(00) covers an area of
approximately 70 km2 (Fig. 2). It is intruded into the
metavolcano-sedimentary rocks of Votuverava Formation
developing thermal aureole with metamorphic
assemblages in the albite-epidote hornfels facies. The
studied portion of MG is constituted by leucocratic,
porphyritic, isotropic, light grey biotite monzo to
sienogranites, with idiomorphic K-feldspar fenocrystals
of up to 3 cm in a matrix with K-feldspar, plagioclase,
quartz and biotite. The accessory minerais are zircon,
apatite, titanite, fluorite and opaques.

The Serra do Carambef granite (SC) (Fuck et al.,
1967; Guimaraes, 20(0) is intruded into the
Cunhaporanga batholith, covering an area of
approximately 22 km2

• It is composed of a red,
inequigranular, medium to coarse-grained biotite alkali
feldspar granite. Presents xenomorphic texture with
crystals of quartz, mesopertite and interstitial biotite. The
accessory mineraIs are zircon, apatite, fluorite and
opaques.

The MG (Si02= 71%) and SC (Si02= 77%) are
weakly peraluminous rocks, with 10w CaO (0.14 to
1.68%), AIz03 (12.11 to 12.,88%), Sr «5 to 110 ppm)
and Ba (<10 to 571 ppm) and high Y (149 to 43) for SC
in relation to MG. In the chondrite normalized REE
patterns (Nakamura, 1977) for these rocks, itis noticed a
different behavior of REE for the two granites. The SCG
is depleted in LREE and enriched in HREE with LaN= 46
and YbN= 58, against LaN= 150 and YbN= 20 of the MG.
The SC compared to MG presents a strong negative
anomaly of Eu with EulEu*=0.005, against EulEu* =
0.25 of the MG (Fig. 3).

Conventional multi-grain V-Pb (zircon) dating of the
crystallization age of the two granitic stocks was obtained
in 3 and 4 zircon fractions, respectively of biotite
sienogranite from MG and of biotite alkali-feldspar
granite from Sc. The zircon grains in both granites are
prismatics with a ratio length/width - 2: 1, rich in
inclusions and fractures. Opaque crystals just happen in
SC granite (see Fig. 4).

The V-Pb data presented in the figure 4 indicate an
upper intercept age of 564±3 Ma (MSWD=0.55) for MG
granite and of 569±2 Ma (MSWD= 1.5) for the SC
granite. Both ages are interpreted to be the time of
crystallization and emplacement of these rocks. The
zircon fractions yield a very discordant result caused by
lead loss, possibly due to metamictization, evidenced by
the opacity of the zircon crystals and by the high V
content (up to 1000 ppm - SC granite).

The MG and SC granites mineralogical characteristics
(presence of the fluorite), petrographic features
(xenomorphic textures) and lithochemical behavior, such
as the low CaO, Ba and Sr, the high Y, Hf and Zr
contents, as weIl as the negative anomalies of Eu, are
suggestive of A-type rocks formed in a post to non
orogenetic setting. The Joaquim Murtinho, Cerne and
Piedade granites, in the State of Paranâ (Figs. 1, 2), also
could be formed in similar setting.

The lithochemical differences between the MG and
SC granites should reflect different sources or different
petrological histories to granitic rocks produced in same
geotectonic setting.
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Figure 1. Geological sketch of part of the Ribeira Fold Belt in parts of the states of Parana and Sâo Paulo, Brazil, with location of
studied area.(Mod. Campanha et al. 1987; Siga Jr, 1995; Basei et al. 1997; Campos Neto, 2000. A) Fanerozoic Coyer, B)

Neoproterozoic IlIJEopaleozoic Basin; Apiaf Folded Bell: C) Granitic Stocks: 1- Capâo Bonito, 2- Espfrito Santo,
3- Apiai, 4- Varginha, 5- Morro Grande, 6- Piedade, 7- Cerne, 8- Serra do Carambei, 9- Joaquim Murtinho.

Arc Related Neoproterozoic CaJc-AJkaline Granitic Batoliths : 0) Cunhaporanga; E) Três Côrregos;
F) Itaoca; G) Agudos Grandes. Açungui Super Group: H) Itaiacoca Group; 1) Agua Clara Formation;

J) Lageado Subgroup ; K) Iporanga Formation; L) Votuverava Formation;
M) Perau/Betara Formation; N) Granitic Basement Nuclei. Curitiba

Microplate - 0) Capiru Formation; P) Atuba Complex.

Figure 2, Detailed geological map of studied area. (Mod. Fiori, 1990; Prazeres Filho et al. 1998; Guimarâes, 2000).
Fanerozoic Dnits : 1) Recent deposits and Parana Basin, Alkaline rocks; EocambrianlNeoproterozoic Dnits:

Castro Group; Neoproterozoic Dnits: 4) Post to non- orogenie granites - l, Serra do Carambef, 2) Morro
Grande, 3) Piedade, 4) Cerne; 5) Sin to late- orogenie granites: Varginha; Arc related granites:

6) Cunhaporanga Bathohth and 7) Três Corregos Bathohth; MetavuJcanic-sedimentar sequences:
8) ltaiacoca, 9) Capiru, 10) Ribeira; Mesoproterozoic Units: MetavuJcanic-sedimentar

sequences: Il) Votuvera, 12) Perau, 13) Âgua Clara; Mesoproterozoicl
Paleoproterozoic Dnits: 14) Granitic nuclei.
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The 564 and 569 Ma ages obtained in this work are
younger than other granitic stocks from AFB, correlated
to the MG and SC, for example, the Apiai Granite, with
V-Pb zircon age of 605±3 Ma (Hackspacker et al., 2000)
and the Varginha Granite, with V-Pb zircon age of
603±23 Ma (Basei et al., submitted). However, the ages
of MG and SC are similar to the V-Pb zircon ages of
580±3 Ma of the Capao Bonito Granite (Leite, 2003) and
of 564±8 Ma of the Serra da Bateia Granite (Janasi et al.,
2001) and they constrain main period of the late to post
non-orogenie transition in the AFB.
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Eastern basement of Uruguay consists of Meso and
Neoproterozoic rocks. Mesoproterozoic basement had
been deformed by pre-Brasiliano and Brasiliano events.
Regional variations in this basement and in the
Neoproterozoic cover show equivalent deformation styles
and intensities.

Models proposed for tectonic evolution have been
scarce and confusing. Specially, the ones that concern the
moment of collision and/or juxtaposition of blocks.

The Punta deI Este Terrane (PET) is composed of
gneisses and migmatites formed between 1000 Ma to 900
Ma (Preciozzi et al., 2001). These rocks had been
strongly reworked during Brasiliano and Rio Doce
orogenesis (ca. 900-500 Ma). This crustal segment
represents a high ~grade metamorphic terrane, which is
correlated to sorne gneissic complexes southwest of
Africa. Particularly, it is correlated to Kibaran-Namaqua
Belt in Namibia.

U-Pb ages between 1000 Ma and 900 Ma, obtained in
zircons from tonalitic granitoids, are interpreted as
indicative of their crystalizations (Fig. 1). Besides,
anatectic fluids related to migmatite leucosomes yielded
ages of ca. 520 to 540 Ma. This denotes that
superimposed metamorphic conditions during Brasiliano
orogenesis reached, at least, lower anphibolite facies.

PET basement gneisses present Sm-Nd model ages
(TDM) between 2.4 to 1.8 Ga, showing long crustal
residence, corroborated by the very negative ENd values of
-1.3 and -14.3. During Brazilian orogenesy they were
affected by deformation processes and anatexis.

Metasedimentary PET cover occurs near La Palorna
and Rocha towns. ft is represented by a siliciclastic
metasedimentary succession corresponding to the Rocha
formation. In La Pedrera town recognized three
sedimentary facies were (1-3): (1) sandstones and pelites;
(2) green pelites; and (3) rhytmites. The transition from

facies (1) to facies (3) shows the passage from fluvial
environment with tidal influence to tidal flat with
predominance of subtidal deposits (Pazos & Sanchez,
1999). Rocha Formation may correlate with the
supracrustal Gariep Group. Rocha-Gariep basin closure
and following deforrnation would have been occurred ca.
545 to 570 Ma.

Cerros de Aguirre formation (CampaI & Gancio,
1993) represents a volcaniclastic sequence, of Vendian
age, with an intermediate to acidic composition. This
formation had suffered compression generating open
folds with axial orientation N30°-400 E and local
development of axial plane cleavage.

Isotrop granitoids represent the most important
magmatic manifestation that affected PET. These
granitoides of calcalkaline character includes José
Ignacio and Santa Teresa plutons among others. Using
Rb/Sr mineraI isochron, ages of 611 - 590 Ma for José
Ignacio pluton and of 550 - 537 Ma for Santa Teresa
pluton were obtained.
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INTRODUCTION
Mantle and crustal xenoliths have been described in

the Andean region associated with alkaline magmatism
related to the subduction of Nazca and Antartic Plate
beneath the South American Plate. Crustal xenoliths
present in these areas are mainly granulites,
homblendites, pyroxenites and gneisses and represent the
lower crustal rocks (e.g. Selverstone & Stern, 1983;
Weber et al., 2002). Mantle xenoliths, representing the
lower and the upper lithospheric mantle have also been
described, spinel peridotite generally being predominant
(e.g. Gobernador Gregores, Lote 17 - Gorring & Kay,
2000; Laurora et al., 2001) whereas gamet peridotites are
restricted to a few localities (e.g. Pali Aike, Stern et al.,
1999; Weber, 1998).

Information on crustal lithologies is important for
providing mineralogical and geochemical data, which are
a powerful tool to the understating of crustal growth
models. Mantle lithologies are also important, and their
mineralogy, chemistry, geophysics and petrology will
support the development of mantle models. These models
include the knowledge of pressure-temperature minerai
phase stabilities, the source characterization of mantle
derived magmas and the understanding of metasomatic
processes, all of which still need to be studied and
constrained (e.g. metasomatism process in Gobernador
Gregores (Lote 17), Gorring & Kay, 2000 & Laurora et
al., 2001).

CARIBBEAN PLATE

\
'-

Ecuador~''-,
Colombia

-----"'"
\

\
'--

200 km 0°

Figure 1. Main tectonic geological framework of the Colombian Andes, showing the convergence of the Nazca Plate beneath the
South American Plate. Triangles represent the active volcanoes related to the Northem Volcanic Zone (NYZ) and the location

of the Mercaderes area (Modified from Gonzâlez et al., 1988).
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The Mercaderes area in SW Colombia, located in the
Northern Volcanic Zone (NVZ) (Thorpe, 1982) is
characterized by late Cenozoic volcanic activity, where
the Mercaderes Tableland comprises young volcanic and
volcano-sedimentary flows. On the southeastern part of
this tableland lies the Granatffera Tuff, which is possibly
a small, partially eroded tuff cone or tuff ring, containing
xenoliths of both crustal (e.g. diorite, granulite,
hornblendite) and mantle (e.g. gamet peridotite, gamet
websterite) origin (Weber et al., 2002), providing a key
area to improve the understanding of the crustal and
particularly the mantle evolution model in the NVZ,
especially since the gamet peridotites-pyroxenites are
predominant in this area.

New Sr and Nd isotopie data are presented here,
which help constrain the processes and mechanisms of
the mantle in the Mercaderes area. This data provides an
important tool that, combined with field, petrographie and
geochemical whole-rock and mineraI data, will support
new discussions regarding mantle and crustal models.

GEOLOGICAL SETTING
The Granatffera Tuff in the Mercaderes area,

Colombia (NVZ), is host to three main xenoliths groups:
mantle, lower crustal and upper crustal xenoliths (Weber,
1998).

Mantle xenoliths are mainly represented by gamet
bearing rocks, ranging from peridotites to websterites.
Gamet-free mantle xenoliths are also present, but less
abundant, represented by pyroxenites and spinel
peridotites. Spinel peridotites formed at low pressures (16
kbar, 1065°C) whereas gamet peridotites, formed at high
pressures and temperatures (-30 kbar, -1 200°C). Two
conditions were described, i) a sub-oceanic geotherm (29
35 kbar, 1250-1 295°C) and ii) a sub-continental geotherm
(> 38 kbar, 1140-1175°C).

Lower crustal xenoliths comprise a variety of
pyribolites, hornblendites, amphibolites, granulites,
pyroxenites and gneisses, showing a metamorphic
amphibolite to granulite facies transition. Pressure and
temperatures for these xenoliths range from: i) 730-830°C
at 9 to 14 kbar (amphibolites), and ii) 950-1050°C at 13
to 15 kbar for aIl other rocks.

Upper crustal rocks are represented by diorites and
volcanic rock fragments and bombs with andesitic,
dacitic and lamprophiric characteristics.

Thus, gamet-bearing xenoliths represent deeper
fragments (around 90 km) and spinel peridotite xenoliths
are fragments of upper lithospheric mantle, as suggested
by Weber (1998). Most other metamorphic fragments
represent iower crustal material. Upper crustal rocks
represent at least two magmas (ande~itc & lamprophiric)

. that interact possibly during crustal growth, due to the
subduction ofthe Nazca Plate. .

Sr AND Nd ISOTOPIC GEOLOGY
Samples for radiogenic isotope analyses (twelve

xenoliths) were spiked (mixed 87Rb_84Sr, 149SmP<Nd)
and processed using standard dissolution procedures
using HF, RN03 and HCl in teflon vial, warmed on a hot
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plate until complete dissolution. Column procedures use
cationic AG50W-X8 resin (200-400 mesh) in order to
separate the Rb, Sr and REE, followed by Sm and Nd
separation using anionic LN-B50-A resin (100-150 /lm).
Each sample was dried to a solid and then loaded with
0.25 N H3P04 on appropriate filament, single Ta for Rb,
Sr and Sm and triple, Ta-Re-Ta for Nd. The samples were
analyzes in a VG Sector 54 thermal ionisation mass
spectrometer at the Laborat6rio de Geologia Isot6pica
(Universidade Federal do Rio Grande do Sul) in a static
mode. Nd and Sr ratios were normalised to 86SrPSr =
0.1194, and l~d/l44Nd = 0.72190 respectively.
Measurements for the NIST standard NBS-987 gave
87Sr/86Sr = 0.710260 ± 0.000014, and for the La Jolla
values of 143Nd/144Nd = 0.5118590 ± 0.000010. Total
blanks averaged <750 pg for Nd and <150 pg for Sm, Rb
and Sr.

Sr and Nd isotopie data performed on whole-rock are
illustrated in Figure 2. Mantle xenoltihs have low Rb
«0.9 ppm), Sr «96 ppm), Sm «3.2 ppm) and Nd (3.3
ppm) values. Five gamet-peridotites and two websterites
represent mantle samples, with 87Sr/86Sr ratios between
0.7029 and 0.7044 and 143Nd/144Nd between 0.5127 and
0.5134. Three lower crustal xenoliths (homblendite,
granulite, and pyroxenite) yield Rb values lower than 6.1
ppm, Sr lower than 713 ppm, Sm lower than 12 ppm and
Nd lower than 65 ppm, with 87Sr/86Sr ratios between
0.7044 and 0.7054 and 143Nd/144Nd for the same xenoliths
between 0.5128 and 0.5130. An upper crustal diorite
sample shows the highest Rb and Sr of the analysed suite,
with values of 68 and 1262 ppm respectively. Sm and Nd
values for this xenolith are 8 and 39 ppm, and the
87Sr/86Sr ratios are 0.749 and 143Nd/I44Nd ratios 0.5128.
Two volcanic samples (one andesite and one
lamprophyric rock) show Rb values lower than 18 ppm,
Sr lower than 561 ppm, Sm lower than 4.5 ppm and Nd
lower than 18.8 ppm, having 87Sr/86Sr values of 0.7045
and 0.7059 and 143Nd/144Nd of 0.5125 and 0.5128.

The Mercaderes gamet-peridotite mantle samples plot
within the oceanic basaIt field (OIB) in the 87Sr/86Sr
versus 143Nd/144Nd diagram. The MORB-field is also
shown and aIl data plot outside this field towards Bulk
Silicate Earth (BSE) values, or more radiogenic Sr
isotopie compositions. Only one sample has a distinct
signature, with higher Nd values compared to other
gamet peridotites. One spinel peridotite plots in the
MORB-field related isotopie composition, while another
sample plots away from MORB, this high radiogenic Sr
probably related to the presence of high amounts of CaO
(20 %) within this sample. Thus, a MORB signature is
suggested for spine1 peridotites, while an OIB signature is
evidenced by the gamet-peridotites.

Lower crustal xenoliths show more radiogenic Sr
compositions compared to mantle xenoliths. Neverthless,
aIl samples plot near the crustal xenolith-field
discriminated by Weber et al. (2002), and as suggested
therein, show that the lower crust under Mercaderes area
is isotopically heterogeneous.
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Volcanic rocks have more evolved radiogenic Sr than
gamet and spinel mantle xenoliths. Nevertheless they
show different values: the andesitic rock plots within the
NVZ volcanic field, whereas the lamprophyric sample
shows the most radiogenic Sr composition of the whole
suite, and plots outside the NVZ field.

ENd (t=O) values for mantle xenoliths range from 2.4
to 16.5 and confum the depleted isotopie composition of
this material. AIso, crustal xenoliths have positive ENd

(t=O) values, ranging from 2.4 to 6.0, suggesting the
presence of orthoderived material in the ]ower crust,
whereas for volcanic rocks ENd (t=O) are 0.3 and 3.2. The
higher value is given by a lamprophyric sample.

SmlNd model ages (TDM-De Paolo, 1981), for crustal
xenoliths indicate an extraction age varying from 0.3 to
0.4 Ga, which suggest crustal grov,'th in this area at this
time. However, for lamprophyre and andesite xenoliths
T DM provide ages of 0.6 to 0.7 Ga, older than the lower
crusta1 xenoliths, suggesting distinct events of mantle
extraction.

DISCUSSION
Mantle and crustal xenoliths in the Granatffera Tuff in

Colombia have provided sorne approach to add
knowledge to the discussion of the lithospheric mantle
and also the crustal evolution of this area. SmlNd and
Rb/Sr isotopie systematics integrated with field
relationships, geochenùstry and pressure-temperature

data suggest the importance of gamet-bearing mantle
xenoliths providing evidence of two distinct reservoirs. A
main isotopie source for gamet peridotites, with OIE
isotopie signature and high P-T conditions, showing a
"sub-continental geothermal gradient", reflect the
tectonic environment of this area, where a convergent
tectorUc setting is characterised by subduction of the
Nazca Plate under the South American plate. On the other
hand, gamet peridotite xenoliths with different pressure
temperature conditions, representing a "sub-oceanic
geothermal gradient", show similar Sr/Sr ratios, but
distinct NdlNd isotopic signature. This enrichment in
radiogenic Nd, suggests a different isotopic reservoir,
maybe related to a process of chromatographic isotopic
separation due to Nd increase, without disturbance in Sr
values. Spinel peridotite shows low P-T conditions, a
MORB signature and a sinùlar "sub-oceanic geothermal
gradient".

The lower crust comprises heterogeneous material,
recorded by isotopie distinct signatures, formed during
the 0.3-0.4 Ga. No sinùlar age has been reported for rocks
outcropping in the area.

The evolution of intermediate magmas as result of
deeper mantle melt, and the signature sinùlar to the BSE
"continental plateau basalts" suggest a different mantle
source for these rocks.

The high amount of garnet-bearing mantle xenoliths is
evidence of the importance of this material in the
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Mercaderes area. Mande xenoliths in Mercaderes were
compared with the main gametiferous mande xenolith
occurrence in the Andes, the Pali Aike region. Both areas
show gamet and spinel mantle xenoliths, but isotopie
signatures are quite distinct. Gamet-bearing mande
xenoliths of Pali Aike are more undepleted compared to
the Mercaderes gamet peridotites, whereas Pali Aike
spinel peridotites are Sr-enriched in comparison to sirnilar
rocks in Mercaderes. Pressure and temperature for gamet
and spinel mantle xenoliths in Pali Aike area, also show
distinct patterns, with temperatures around 970-1 160°C
and pressures between 19 to 24 kbar (Stern et al., 1999).
Thus, regarding the lithosphere mande evolution, these
two regions present a MORB-1ike signature, but an OIB
like is suggested in the Mercaderes area.

The Mercaderes area in the NVZ represents an
important mande occurrence of gamet peridotites. Two
distinct isotopie signatures were recognised, whieh agrees
with field evidence, petrographie and P-T data. Together
with crustal and lamprophyric rocks, these data show the
importance of this area in the understanding of mantle
crustal evolution, since no other area in the Andean
region shows sirnilar characteristics. Thus, the mantle
xenoliths in this area represent at least various different
geologic events, showing a MORB and OIB signature,
but also the importance of continental crust during its
evolution.
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INTRODUCTION
The South Bahia Alkaline Province (SBAP) is the

only place in Brazil were occurences of blue colored
sodalite-syenite ore have been identified (Fig. 1). These
syenites represent the most important dimension stone of
Brazil.

The SBAP covers an area of about 6,500 km2 been
composed by twenty NE-SW elongated silica sub
saturated alkaline massifs. At this province, the sodalite
syenites consist of small stocks, less than 4 km2

, that
intrude alkaline bodies and are always associated to
nepheline-syenites. The alkaline massifs intrude an
Archaean to Paleoproterozoic granulitic-rnigmatitic
anorthositic terrain at the tectonic interface between the
Sao Francisco Craton and Araçuaf mobile bell.

The available geochronological data (Rb-Sr, K-Ar, U
Pb) for the SBAP alkaline massifs are very
heterogeneous, ranging from 500 Ma to 740 Ma (Cordani
et al., 1974; Martins & Santos, 1993; Teixeira et al.,
1997, Côrrea Gomes & Oliveira, 2002). These data must
reflect the crystallization ages and late metamorphic
events related to Araçuaf Orogen.

At 1960 these sodalite-syenite start to he exploited as
dimension stones, therefore only now 207PbP06pb zircon
evaporation analyses have been performed. In this paper
we will present for the first time the results of a
geochronological investigation at two rnineralized sites
which are located at the Floresta Azul Alkaline Complex
and Itarantim Syenitic Massif.

ANALYTICAL PROCEDURES
The ages of these blue syenites were investigated by

single zircon Pb-evaporation technique developed by
Kober (1986, 1987). The data were obtained at the
Laboratory for Isotope Geology, Para Federal University
(Para-Iso), Brazil, on a Finnigan MAT 262 thermal
ionization mass spectrometer. The ages were ca1culated
with 20" error and common Pb values consider only those
blocks in which the 204pbP06Pb ratio were lower than
0.0004. For more details see Rosa et al. (2003).

FLORESTA AZUL ALKALINE COMPLEX (FAAC)
This complex cover an area of about 200 km2 and

intruded the granulitic rocks from Itabuna Bell. It is
fonned of two intrusions: granitic (East) and syenitic
(South). The sample was colected in the south part in a
quarry mainly composed by green coloured biotite
nepheline-syenite rocks. The blue coloured sodalite
syenites occur as sub-vertical bands with about 5 m of
thickness (Cunha, 2003).

ITARANTIM SYENITIC MASSIF (ISM)
This massif cover an area of about 220 km2 and

intruded the archean and paleoproterozoic gneissic
granulitic basement rocks. The ISM is composed by
aegirine-nepheline-syenites and sodalite-syenite alkaline
dykes. The samples were colected in a 3 m wide dyke. At
the sampled site, rocks are medium- to coarsed-grained
and sodalite represents up to 40% in volume.

RESULTS AND DISCUSSION
Sample 2098 (UTM 415328-8345604), corresponding

to a blue coloured biotite sodalyte-syenite, was selected at
the FAAC site (Fig. 1). This is a coarsed grained rock
with centimetric (up to 3 cm) zircon crystals. Only a
single zircon population was identified at this sample,
which correspond to brown rediish long prismatic habit
crystals, ranging in size from 1 to 2 cm. Sorne fractures
and inclusions have been observed.

The rninnimum crystallization age obtained for this
rock was 706 ± 12 Ma. The age of the alkali-feldspar
syenites, which are the country rocks for them, is 688 ±
10 Ma (Côrrea Gomes & Oliveira, 2(02) allowing us to
consider them as contemporaneous rocks.

Two samples from ISM 2034 (UTM 379141
8251337) and 2035 (UTM 379146-8251340), which are
sodalite-syenites, have been selected for
geochronological analyses (Fig. 1). This single
population analysed crystals were dark to light brow
zircons, with sizes ranging from 0.2 to 0.5 mm, translucid
and without observed inclusions.
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They result in no ± 9 Ma and 732 ± 24 Ma ages.
These ages are superposed to the ones obtained for their
country rocks, which are aged at n7 ± 30 Ma (Rb-Sr on
whole rock; Rosa et al., 2002). This suggests that the ore
and country rocks were formed at the same time.

FINAL REMARKS
The data obtained with this work indicate that the

Floresta Azul Alkaline Complex (706 ± 2 Ma) and the
Itarantim Syenitic Massif (nO ± 9 and 732 ± 24 Ma)
have similar ages, considering the errors involved. They

superpose the ages obtained for the country rocks. These
evidences reinforce the hypothesis that the blue coloured
sodalite syenites generation can be related to special
conditions, which occur during the final stages of the
crystalization process and seems to vigorate at some of
the syenitic massifs from the South Bahia Alkaline
Province.

Moreover, these new ages are of great importance
for the understanding of the regional tectonic context,
showing that the alkaline magmatism emplacement has
no correlation with the Araçuaf Collision (625 to 570 Ma;
Cordani et al., 1974; Pedrosa Soares et al., 200 1).
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INTRODUCTION
The Neoproterozoic evolution of Borborema

Province, Northeast Brazil, was characterized by an
intense granitic magmatism, associated with a network of
continental-scale transcurrent ductile shear zone
(Vauchez et al., 1995). Van Schmus et al. (1995, 1997)
using U-Pb and Sm-Nd data, subdivided the Borborema
Province in three tectonic domains: Northern, Central and
Southern, which have shown contrasting isotopie
characteristics The Central Tectonic Domain (CTD),
region located betwen the continental shear zones Patos
and Pernambuco, had affected by at least three
thermotectonic events: Paleoproterozoic event
(Transamazonian Orogeny, 2.2 to 1.8 G. a),
Mesoproterozoic event (Cariris Velhos Orogeny, 1.0 to
0.9 G.a.) and Neoproterozoic event (Brasiliano Orogeny,
0.85 to 0.58 G. a), this last event was responsible for the
intense magmatism which characterized Borborema
Province.

Santos (1996, 1999) subdivided the Borborema
Province in tectono-stratigraphic terrains, with distinctive
stratigraphie, structural and petrologic features. The
Central Tectonic Domain (CTD) was separated in five
parts: West Gneissic Terrain (WGT), Pianco-Alto Brigida
Terrain (PABT), Alto Pajeu Terrain (APT), Alto Moxoto
Terrain (AMT), Rio Capibaribe Terrain (RCT). In the
Alto Pajeu Terrain (APT), the magmatism was related at
least to two orogenies (Cariris Velhos and Brasiliano
events). The frrst event is characterized by low-angle
structures, associated with low angle kinematics,
wherever the last event is characterized for shearing
structures, associated to an transcurrent kinematics.

Almeida et al. (1967) recognized four types of
granitoids: Conceiçao type (granodiorites and tonalites,
medium to fine grained), Itaporanga type (granodiorites
with large phenocrystals of K-feldspar), Itapetim type
(biotite fine grained granites, associated to Itaporanga
type) and Catingueira type (peralkaline granites, syenites
and quartz-syenites. Sial (1986) identified four granitoids
types in the Pianco-Alto Brigida Terrain: calcalkalic
(Conceiçao type), potassic-calcalkalic (Itaporanga type),
peralkalic (Catingueira type) and trondhjernitic affinities
(Serrita type).

Taking in consideration the crystallization age and
geochernical characteristics, using U-Pb zircon and Sm
Nd data, Guimaraes et al. (1999) divided the CTD
granitoids into five groups: calc-alkaline granitoids

(including the Conceiçao type and sorne Itaporanga type
granitoids), which are examples the Tabira, Itapetim and
Timbauba Complexes; high-K metalurninous calc
alkaline granitoids (Itaporanga type granitoids), including
the Fazenda Nova, Campina Grande and Esperança
Complexes; syenites, quartz-syenites and syenogranites
of shoshonitic affinities, including Born Jardim, Toritarna
and Pajeu Complexes; monzogranites, syenogranites and
syenites, including the Solidao, the east part of Teixeira,
Queimadas, Triunfo and Serra Bran~a Complexes; and
biotite syenogranites coarse to medium grained,
equigranular to slightly porphiritic (Prata Complex,
Pereiro, Serra do Velho Zuza, Serra da Engabelada and
Serrote Santo Antônio plutons).

GEOLOGIC SETTING, GEOCHEMICAL AND
MINERAL CHEMISTRY CHARACTERIZATION

The Esperança Complex comprises late teetonie
Neoproterozoic intrusions, occupying an area of 580 km2

intruded in ortogneisses of Mesoproterozoic ages of the
Alto Pajeu Terrain (APT), Central Tectonic Domain
(CTD) of Borborerna Province. The emplacement of the
Esperança Complex was controlled by transcurrent
extensional shear zones: Remigio-Pocinhos (Patos
Lineament segment) in north and Sao Sebastiao de Lagoa
de Roça in the south.

Petrographie data suggest that the Esperança Complex
comprises at least three intrusions, denominated north,
south and west intrusions (Fig. 1).

The north intrusion comprises porphyritic to
equigranulate fine grained biotite amphibole syeno and
monzogranites; the south intrusion comprises coarse
grained, porphyritic biotite amphibole syeno and
monzogranites. The west intrusion comprises coarse
grained biotite amphibole monzogranites to quartz
monzonites. Biotite clots and syn-plutonic dykes of
granodioritic to tonalitic composition occur in aIl
intrusions. Dykes of pegmatites and late leucocratic
alkali-feldspar granite are frequently recorded cutting the
north intrusion.

Several texturaI features, mafic clots, sin-plutonic
dykes of granodioritic to tonalitic composition, and
rapakivi and anti-rapakivi texture, suggest coeval
relationships between distinct granitic magmas, possibly
implying processes of magma rnixing and commingling.
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Figure 2. Concordia diagram for granitoids of Esperança
Granitic Complex, PB.

Rb-Sr AND Sm-Nd ISOTOPIC DATA
Rb-Sr and Sm-Nd isotopic data of granitoids from the

north and south intrusions of the Esperança Complex,
were obtained at the Isotope Geochemistry Laboratory,
University of Kansas. No isotopic data are available for
the west intrusion. The results are showed in Tables 1 and
2.
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The granitoids of the Esperança Complex show cSr

(580Ma) ranging from 8.2 to 62.3 and exhibited initial rates
S 87 S 86 1 8'r / r a ways less to 0.70 , suggestmg represent I-type
granites (Chappell & White, 1974).

Sm-Nd data show distinct isotopic signatures, to the
north and south intrusions granitoids. Both intrusions

ex.hibited CNd initiais values strongly negative, suggesting
crustal contribution in the source.

The granitoids of the north intrusion have CNd(O) values
ranging -16.53 to -15.08, and T DM model ages ranging
from J.82 to 2.1 Ga, suggesting a Paleoproterozoic

source. The South Intrusion granitoids show CNd (t) values
ranging from -7.19 to -6.02 and T DM model ages ranging
from 1.50 to 1.57 Ga, suggesting mixture of
Paleoproterozoic crust with juvenile Mesoproterozoic
(Cariris Yelhos) or Neoproterozoic material (Brasiliano).

The Esperança Complex granitoids of the

northintrusion, plotted in the cSr initial vs CNd initial
diagram (Harmon et al., 1984), show isotopic
composition similar to those recorded in the lower crust
(Fig. 3). The sample analysed from the south intrusion
plotted within the I-type granitoid field.

U-Pb ZIRCON GEOCHRONOLOGICAL DATA

r
U-Pb zircon data were obtained from three

multicrystal magnetic fractions from the porphyritic
granites from the south intrusion (ESP-Ol), at the Isotope
Geochemistry Laboratory, University of Kansas. The
analyzed zircon population comprises euhedral internally
c1ear pink zircon grains without any inclusions. The
zircon grains were abraded for 2h and then washed with
RN03. The upper Concordia intercept defines an age of
581 ± 7 Ma (MSWD = 1.2) when forced to zero (Fig. 2).

Figure 1. Geologica1 sketching of Esperança Granitic Complex,
PB. Modified from: Geological Map ofParaiba State, 2001,

CPRM. Escale: 11250.000.

The granitoids of the Esperança Complex are
metaJuminous to slightly peraJuminous, and high-K calc
alkaline.

REE patterns normalized to chondrite values, display
two distinct patterns: the pattern of the North Intrusion
have (CeIYb)N ratios ranging from 16.6 to 24.4 and lack
of the signiflcant Eu anomalies. The granitoids of the
south intrusion have REE pattern less fractionated, with
(CeIYb)N ratios ranging from 8.4 to 16.6 and strong Eu
negative anomalies, similar to those patterns recorded in
A-type granites. Spiderdiagrams normalized to the
primitive manUe are characterized by troughs at Nb, Sr
and Ti.

Compositions of feldspars, biotites and amphiboles
from the Esperança Complex granitoids also divided the
complex in three distinct intrusions: the plagioclase of the
north intrusion are slightly Ca-richer (oligocJase
andesine) compared to the plagioclase of the South and
East intrusion (oligoc1ase composition). Biotites from the
Esperança Complex divided their granitoids into three
distinct groups: biotites from south intrusion show Fe#
[JOOFe/ (Fe+Mg)] values ranging from 64 to 66,
FeOlMgO ratios ranging from 3.14 to 3.39 and AIN
values ranging from 2.3 to 2.4; biotites from the north
intrusion have Fe# ranging 36 to 53, FeOlMgO ratios
ranging 1.6 to 2.0 and AJIV values ranging 2.2 to 2.3.
Biotites from the west intrusion are Fe-enriched, shown
Fe# values ranging 68 to 73, FeOlMgO ratios ranging 3.8
to 4.7 and AllY values ranging 2.46 to 2.53. In the
discriminant diagrams to magmatic suites for biotite
mineraI chemistry (Abdel-Rahman, 1994), the biotites
from granitoids of the north and south intrusions plotted
within the ca1c-alkaline field, while the biotites from the
west intrusion plotted within the peraluminous field.

Amphiboles from the aIl intrusions of Esperança
Granitic Complex are calcic (Leake, 1997), with
compositions ranging from Fe-edenite to Fe-pargasite.
Fe# values of the amphiboles analyzed from the
granitoids of the Esperança Complex define three distinct
fields: 59 to 61 (north intrusion); 67 to 75 (south
intrusion) and 70 to 72 (west intrusion), reflecting
crystallization under different f02 conditions.
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Table 1. Isotopie analysis obtained for Rb-Sr Method for the granitoids of Esperança Granitic Complex (PB State)
(N) = North Intrusion; (S) = South Intrusion.

Samples
Rb Sr

Rb87/Srll6 Sr87/Sr86hoje
Sr87/Srll6

j Esri
(ppm) (ppm) (580Ma) (580Ma)

ESP-03A (N) 148.0 1194.0 0.35698 0.70896 0.705997 30.888

ESP-08A (N) 125.0 989.0 0.36400 0.70938 0.706359 36.031

ESP-08B (N) 230.0 1010.0 0.65584 0.70869 0.703247 8.184

ESP-12 (N) 85.0 838.0 0.29212 0.71063 0.708206 62.274

PX-Ol (S) 164.2 283.4 1.66865 0.72092 0.707070 46.134

Table 2. Isotopie analysis obtained for Sm-Nd Method for the granitoids of Esperança Granitic Complex (PB State).
(N) = North Intrusion; (S) = South Intrusion.

Sm Nd Sm1471 Nd1431Ndl44 Nd1431 ENd(t) TDM
Samples (ppm) (ppm) Ndl44 today Ndl44j ENd (0) (±580

(Ma)
Ma)

ESP-03A (N) 5.9632 45.5536 0.07914 0.511401 0.511100 -24.13 -15.45 1822.4

ESP-08A(N) 4.3378 31.3306 0.08371 0.511437 0.511119 -23.42 -15.08 1843.0

ESP-12 (N) 4.6832 27.2022 0.10409 0.511440 0.511045 -23.37 -16.53 2155.4

ESP-Ol (S) 6.9140 39.0374 0.10708 0.511930 0.511523 -13.82 -7.19 1568.2

PX-Ol (S) 8.1498 45.2183 0.10897 0.511997 0.511583 -12.50 -6.02 1503.5

CONCLUSIONS
Isotopie and geocronological data suggest that the

Esperança Complex constitutes a post-collision multiple
source intrusion, constituted by at least two distinct
sources: 1) Paleoproterozoic lower crust (north intrusion)
and 2) a mixture between Paleoproterozoic lower crust
and juvenile Mesoproterozoic material (Cariris Velhos)
or Neoproterozoic material (Brasiliano) (south intrusion).

Mineral chemistry of the essential minerais and
whole-rock geochemistry allowed identifying threé
distinct intrusions: south, north and west intrusions.

In all of the three intrusions mixing processes
between granite. and granodiorite to quartz diorite
magmas were recorded. The FeU values of the mafic
mineraI phases point out that the west, north and south
intrusions were' crystaIIized under distinct degree of
oxidation. The oegree of oxidation in a magma is a
function of dissolved water content, and the amount of
water in granitic magma may depend on the tectonic
setting. Because all three intrusions have approximately
the same crystallization age, the differences in redox state
recorded in the Esperança Complex granitoids may
reflect distinct source rocks.

,
•

Figure 3. Discriminant diagram for I-type and S-type granites,

using initial Esc vs initial ENd values, to Esperança Granitie
Complex granitoids. CI = Lower Crust, CS: Upper Crus!.

(Hannon et al., 1984)
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The basement of the supracrustal metamorphic belts
of Uruguay is composed by batholiths formed in the
margins of preexisting continental crust during the
accretion picks and crustal recycling. The emplacement
ages would correspond to inferred subduction periods that
preceded juxtaposition of blocks and/or continental
collision. Using this inference as a starting point, it is a
way to recognize the paleoeffort regime in ancient arcs,
where the rising of magma is controled by deformation
and it is govemed by the characteristic deformation
partition of orogenes. The magmatic structures yield keys
to reconstruct tectonic and geologic history. A detailed
reinterpretation of gneissic structures of southeastem
rocks of Uruguay suggests that, in spite of the presence of
solid state deformation superimposed, there exist
magmatic structures related to the emplacement (Sanchez
Bettucci, 1998). In the southeastemmost point of the
Dom Feliciano Belt it has been recognized a group of
granitoids with variable deformation grade (Campanero
Unit), which is intruded by a neoproterozoic calcalkaline
granitoid suite corresponding to the Carapé Complex
(Sanchez Bettucci, 1998).

On the other hand, the pretectonic granitoids grouped
as Campanero Unit are represented by heterogeneous
bodies that share the effects of deformation. These
granitoids have variable texture from gneissic to
mylonitic. Their _characteristic feature is an outstanding
mylonitic foliation that generated recrystalization
(blastesis). Several facies use to show biotite bands
(schlieren) (Sanchez Bettucci, 1998). U-P studies made

on the Campanero Unit' hilVe yielded paleoproterozoic
·ages (Fig. 1).

Above this basement are developed in tectonic contact
the Lavalleja Group. This group is represented by a
neoproterozoic volcano-sedimentary sequence which was
separated into three formations (Minas, Fuente deI Puma
and Zanja deI Tigre) (Sânchez Bettucci, 1998; Sanchez
Bettucci et al., 2001). U-Pb ages (obtained from rutile)
from a metabasalt yielded a possible crystalization age of
ca. 670 Ma and a metamorphic age of ca. 630 Ma (Fig.
2).

On the other hand, Carapé Complex intruded
Campanero Unit basement and Lavalleja Group. This
complex constitutes an example of poli-intrusive felsic
magmatism that was syn-tardi to post orogenic separated
(Sanchez Bettucci, 1998; Sanchez Bettucci et al., 2003).
Isotopic studies made over the post-orogenic granitic
body produced an U-Pb (zircon) age of 572 ± 14 Ma
(fig. 3).
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INTRODUCTION
The natural radioactive series, headed by 238U, 235U,

and 232Th, are composed of nuclides with different
chemical and physical properties, with half-lives varying
from less than 1 second up to trillions of iears. The
measurement of the specifie activities of the 38U decay
chain members allows to quantify the degree of chemical
fractionation of radioisotopes, which compose that series,
during the igneous processes. During the volcanic rock
genesis, that involves partial melting of mantle and/or
crustal sources, and fractional crystallization, the
condition of secular radioactive equilibrium is disturbed,
since the different decay products present distinct
geochemical characteristics (Allègre & Condomines,
1976; Condomines et al., 1988). Therefore, in the time
interval between system closure, and it secular
radioactive equilibrium, is possible to obtain information
about the extent of chemical fractionation and rock ages.

In the investigation of the radioactive disequilibria in
238U series it should be considered magmatic processes
do not provoke fractionation between 234U and 238U
isotopes. Taking into account that equilibrium between
23~h and 238U is quickly attained (approximately 180
days), the radioactive equilibrium between those uranium
isotopes is a very common characteristic in volcanic
rocks, if subsequent alteration processes do not occur
(Hémond et al., 1994). Conversely, due to their chemical
characteristics and half-lives, 238U, 23D.rh, 226Ra, and 210Pb
radioisotopes are frequently used in geochemical and
geochronological studies. After the system is closed,
23D.rh and 238U only reach secular equilibrium in about
450,000 years. 226Ra is essentially in equilibrium with its
parent 23D.rh in approximately 8,000 years, while 210pb
reaches more than 95% of equilibrium with 226Ra in
hundreds of years. It is necessary, however, to emphasize
the differences between 23D.rh and 238U activities are only
observable in rocks with ages less than 300,000 years,
due to experimental uncertainties. Therefore, the
radioactive disequilibria of 238U series can only be
applied to petrogenetic and geochronological studies of
volcanic rocks of the recent Quaternary.

The use of the radioactive disequilibria of 232Th series
to study magmatic systems is much more limited, since
ail decay products reach the condition of secular
equilibrium in about 40 years. Taking into account the
time interval involved in the process of magma

generation, and its transport to the surface, which is, in
general, between 30 and 8,000 years, 228Ra and 232Th are
very frequently in secular radioactive equilibrium.

This work presents the results of a systematic
investigation on the condition of radioactive
disequilibrium in the 238U and 232Th decay series in
volcanic rocks of Cameroon Mount and of the Bambouto
Volcanic Complex (Foumbat area), both belonging to the
Cameroon Volcanic Line. These rocks have never been
the subjects of previous studies about radioactive
disequilibria, except a basanite analysed by Chabaux &
Allègre (1994), which eruption occurred in 1982. In order
to identify and quantify disequilibria in those series, 238U
and 232Th concentrations were deterrnined by epithermal
neutron activation, whereas 238U, 226Ra, 228Ra, and 228Th
specifie activities were obtained by natural gamma ray
spectrometry. These analyses allowed the calculation of
(126Ral238U), e 28Th/228Ra), and e28Ral232Th) activity
ratios, which were used to constrain the elapsed time
since the crystallization of each analysed rock, as weil as
to obtain information about the processes involved in the
magma genesis.

GEOLOGICAL SETTING AND SAMPLING
The Cameroon Volcanic Line (CVL) is located in the

western area of Republic of Cameroon (Africa),
extending as a succession of volcanic islands until
reaching the continent, where it is represented by high
mounts, hills and plateaus. The CYL 1,600 km long,
beginning in Pagalu Island, across the Golf of Guinea,
and ending in the Mandara Mount, inside the African
continent, where it extends for 900 km. This intraplate
magmatism has been continuous since Late Cretaceous,
and several extrusive episodes were identified.
Cameroon, Santa Isabel, and Fernando Poo volcanoes are
still active (Fitton & Dunlop, 1985). Recently, the CYL
has been the subject of geological, geochemical, and
isotopie detailed studies (Fitton & Dunlop, 1985; Fitton,
1987; Halliday et al., 1988).

In the continental region, the recent magmatism is
mostly concentrated on an area of about 5,000 km2,
which has an elongated shape in NE direction,
comprising the Cameroon Mount. It is mainly composed
of basalts and basanites, which are accompanied by
subordinate differentiated lavas (trachytes and phonolites;
Marzolli et al., 20(0) and by sorne pyroclastic material
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(Fitton, 1987). Fitton & Dunlop (1985) obtained a K-Ar
age of 9 Ma for the Cameroon Mount oldest basalts,
whereas Piper & Richardson (1972) attributed the whole
building formation to the Brunhes time (age less than
0.72 Ma). In the hillsides of the volcano, as weIl as in its
periphery, more than 100 small eruption centres were
found, which are frequently controlled by parallei fissures
to larger length axis of the mount (i.e. SW-NE direction).

Bambouto Volcanic Complex, also belonging to
CYL, is composed by a sequence of basic lavas (mainly
basalts), and intermediate (trachytes and phonolites)
rocks, eut by younger dykes, which are the result of
recent Quatemary magmatic events. Each basaltic flow
may be more than 50 m thick, while the dyke thicknesses
vary from few meters to 30 m approximately (Marzolli et
al., 2000). Quaternary volcanic rock flows were
registered in the surrounding area of Foumbat city,
located about 50 km east of Bambouto Mountain.

Twenty-two rocks were collected in the continental
part of CYL, and fifteen come from outcrops, which
occur along the road that goes to Cameroon Mount's top.
It is necessary to throw into relief one of those samples
(MCI959) belongs to a historical flow, whose eruption
took place in 1959. The remaining is from Foumbat area,
and the sampling of each studied area was mainly focused
on the recent magmatism. It is also important to
emphasize that none of the samples presents any sign of
intemperic alteration processes.

ANALYTICAL PROCEDURES
Samples were analyzed by X-ray fluorescence,

neutron activation, and gamma spectrometry. The
samples were crushed (diameter inferior to 0.5 mm),
washed with distilled water, and dried in a furnace
(50°C). Aliquots of approximately 50 g were powdered
(150 mesh) in a mechanical agate mortar, and
homogenized. This material was used in X-ray'
fluorescence, and neutron activation analyses. The
remaining crushed rocks were used in the analyses by
natural gamma spectrometry.

X-RAY FLUORESCENCE
Bulk-rock analyses for major and minor elements

were performed by X-ray fluorescence, using Phillips PW
1404 spectrometer, at University of Trieste (Italy),
following the procedures described in Bellieni et al.
(1983). Analytical precision is 3% for the determination
of major and minor element oxides.

INSTRUMENTAL NEUTRON ACTIVATION
ANALYSIS

This methodology was used for the determination of
238U and 231'h activities, and consequently of their
concentrations, since natural gamma ray spectrometry
does not allow to determine both radionuclides directly.

For activation aliquots of international geological
standards (GS-N and BE-N) were used, which were
irradiated together with the samples, in the IEA-Rl
reactor at IPEN/CNEN-SP. The mass of each aliquot
varied around 100 mg. The epithermal neutron irradiation
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periods were of 24 hours, under a total flow of
1012 n.cm·2.s· l. For the measurements of the induced
gamma ray activity, detectors of hyper pure germanium
were used (HPGe), which have 20% of efficiency, and
resolution of 2.0 keV for the 6OCO peak of 1332.49 keV.
Two series of measurements were made, and the duration
of each counting was on the average of 2 hours. The U
deterrnination was done about 6 days after the end of the
irradiation, through the 277 keV peak of 239Np. The Th
concentrations were obtained in a second counting, which
was carried out approximately 20 days after the
irradiation, through 233Pa radioisotope, whose peak has
energy of 312 keV. The errors of those determinations
were calculated by the reproducibility of BCR-l standard,
being of 4.9% for the uranium, and 4.4% for thorium
(Marques, 2001).

NATURAL GAMMA RAY SPECTROMETRY
For analyses by natural gamma ray spectrometry,

amounts between 110 g and 250 g of crushed rock, were
put into plastic boxes, which were sealed, and left rest by
a minimum period of 45 days before the measurements,
in order to 238U series achieves radioactive equilibrium
from 226Ra to 21Opb. The samples were submitted to
counting using a hyper pure germanium (HPGe) detector
with 70% of efficiency, and resoJution of 2.0 keV for the
60CO peak of 1332.49 keV.

For the determination of the radioisotope activities
existing in each sample, secondary activity standards of
uranium (61.500 ± 0.086 Bq), and thorium (21.98 ± 0.11
Bq), in secular radioactive equilibrium, were employed.
Th .. . f 234Th 2l4pb d 214B· d"e achVlhes 0 , , an 1 ra 100sotopes, as
weIl as those of 228Ac, 212pb, 212Bi, and 208Tl , belonging to
the 238U and 231'h series, respectively, were determined
by the comparison between the areas of their total
absorption peaks observed in the spectrum of the
sampies, and secondary activity standards. The
radioactive background was subtracted, which was
determined through the counting of powdered quartz in
the same geometry condition. The measurement time was
of 48 hours, and they only considered radionuclides,
whose counting exceeded the detection limit, which was
of 0.3 Jlg/g for uranium, and 0.8 Jlg/g for thorium (Santos
et al., 2000). Errors of the gamma activities of the
analysed nuclides are mainly related to the uncertainty in
the determination of the peak areas of the in the spectra of
the samples and of the standards.

Specifie 238U activity was calculated by the peaks of
mU (185.7 keV), and of 234Th, which is in supposed
secular radioactive equilibrium with 238U. It was
considered as the best estimative of 238U activity, the
average of the two determinations weighted in
accordance with the inverse of their variances (Santos et
al., 2000; Ribeiro et al., 2001). The 226Ra specifie activity
was obtained by the average of 2l4pb and 214Bi activities,
weighted by the inverse of their variances. In a similar
way, 228Ra and 228Th specifie activities were estimated by
the averages of activities of their decay products e28Ac;
212pb, 2l2Bi, and 208n, respectively), weighted by the
inverse of their variances.
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As described in Santos et al. (2000), the application of
this methodology in the analysis of ten aliquots of one
sample provided results with very good reproducibility
levels, as indicated by the relative precisions, which were
of 3% for the 226Ra, and of 8% for 228Ra and 228Th. These
relative precision values were used for the calculation of
associated errors of each activity deterrnination.

Disequilibria in uranium series are evidenced when
238U and 226Ra isotope activities are statistically different.
In the case of thorium series, the existence of radioactive
disequilibria is indicated by the difference between 228Ra
and 228Th activities.

RESULTS AND DISCUSSION
The total alkali-silica (TAS; Le Bas et al., 1986), and

RI-R2 (De La Roche et al., 1980) diagrams were used for
the classification and chernical nomenclature of the
analysed rocks, where the alkaline nature of the samples
was evidenced, except one corresponding to a tholeiitic
basait, collected in Cameroon Mount. Almost ail analysed
samples, including MC1959, are basic rocks
(45% < Si02< 52%), which do not show significant
geochemical differences even if their geographical
location is taken into account. The investigated rocks can
be divided in two main groups, being one of them
composed by alkaline basalts and trachy-basalts, while
the other is represented by basanites and tephrites. The
only one acid rock (alkaline rhyolite; Si02 =73%), which
detaches from both groups, cornes from the Foumbat
area. MCI959 sample, whose age is known, is a tephrite.

The U and Th concentrations of the alkaline rocks,
deterrnined by neutron activation analysis, varied from
1.09 ± 0.04 flg/g to 3.6 ± 0.1 flg/g, and from 4.4 ± 0.2
flg/g to 9.3 ± 0.4 flg/g, respectively. Consequently, 238U
and 232Th specific activities varied from 0.0135 ± 0.0005
Bq/g to 0.045 ± 0.001 Bq/g, and from 0.0179 ± 0.0008
Bq/g to 0,038 ± 0,002 Bq/g, respectively. The alkaline
rhyolite has a thorium concentration of 20.5 ± 0.9 flg/g
(0.083 ± 0.004 Bq/g), which is much bigger than those of
the other samples. On the other hand, the tholeiite basait
presents 238U and 232Th specific activities of 0.0057 ±

0.0002 Bq/g, and 0.0077 ± 0.0003 Bq/g, respectively.
Although the determination of 238U concentrations by

23"Th and 235U activities, by means of natural gamma
spectrometry, is possible, the errors relative to those
deterrninations were relatively high, mainly due to the
low uranium contents in analysed samples. Therefore, the
238U specific activities obtained by neutron activation
were preferred. The radium specific activity, calculated
by the 214pb and 214Bi activities, varied from 0.0016 ±

0.0001 Bq/g to 0.0301 ± 0.0009 Bq/g.
The equilibrium of 238U series is noticed when

e 26RaP38U) activity ratio is equal to the unit. In the
analysed alkaline rocks, two groups, whose activity ratios
indicate disequilibria, were individualized. The first one,
corresponding to basanites and tephrites, presents activity
ratios that vary from 1.11 ± 0.06 to 1.61 ± 0.08,
indicating enrichment of radium relative to uranium
during the genesis of those rocks. The second one, much
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less expressive, composed of alkaline basalts and trachy
basalts, presents ratios that vary from 0.75 ± 0.04 to 0.88
± 0.04, indicating depletion of radium in relation to
uranium. The tholeiitic basait has e 26RaP38U) equal to
0.28 ± 0.02, which is very different of the other rocks. In
summary, ail those rocks probably have ages lower than
300,000 years. In them, there are three ones from
Foumbat area, and ten samples from Cameroon Mount,
including MCI959 rock, which has approximately 43
years in age. Considering the analytical uncertainties,
nine samples are in radioactive equilibrium, which are
mainly represented by alkaline basalts and trachy-basalts,
as weil as by the alkaline rhyolite.

In the case of 232Th series, 228Ra and 228Th specific
activities were obtained by natural gamma ray
spectrometry, whereas 232Th were deterrnined by neutron
activation analysis. The e28Thl228Ra), and e28Ral232Th)
activity ratios varied from 0.9 ± 0.1 to 1.1 ± 0.1. These
results show that ail investigated radioisotopes of the
analysed samples are in secular radioactive equilibrium,
indicating the rock systems are closed for more than 40
years.
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INTRODUCTION
Ultramafic mantle xenoJiths are commonly found in

alkaline basalts from many regions in the world and are
generally used to obtain petrographie and geochemical
information about the mantle. In Patagonia (Argentina)
the Pliocene-Holocene alkaline basic magmatism, that
extends east from the Andes around 40° and 52° S,
includes several peridotite xenoliths (Fig. 1).

The Cerro Redondo occurrence (Schilling, 2002) is
located around 50 km south of Gobernador Gregores
(49°0TS, 700 08'W), in the Santa Cruz province,
Argentina. This volcanic body lies witmn the basaltic
plateau known as Meseta Central and is located in the
southwestern corner of the Deseado Massif, around 250
km behind the volcanic gap that exist between the
Southem Volcanic Zone (SVZ) and the Austral Volcanic
Zone (AVZ). This gap is attributed to the Chile ridge
subduction (Ramos & Kay, 1992).

The importance of the Cerro Redondo
consists in its proximity to Gobernador
(Lote 17) locality, j nterpreted as a
metasomatized xenolith suite, although
interpretations on the origin of metasomatic processes

Jla~rila

were proposed by Gorring & Kay (2000) (asthenospheric
source) and Laurora et al. (2001) (subducted slab source).

The host basait and six whole-rock sampies of
xenoliths from Cerro Redondo were studied in this work
by Rb-Sr, Sm-Nd and Pb-Pb isotopie systems, in order to
characterize them petrologically and investigate any
influence interactions between host basaIt and mantle
xenoliths.

GEOLOGY, PETROGRAPHY AND
GEOCHEMISTRY

Cerro Redondo, described in detail by Schilling
(2002), is an alkaline basait volcanic body erupted during
the Pliocene-Pleistocene presenting subvertical columnar
jointing and sorne pyroclastic bombs and including many
mantle xenoliths that correspond to anhydrous spinel
Iherzolites and harzburgites. Il is one of the many ancient
eruptive centers of the basaltic lavas of the Meseta
Central region exposed as volcanic necks and
characterized by sharp dome form (Fig. 2).

The host basaIt has porphyritic texture wüh olivine
and pyroxene xenocrysts. Groundmass have intergranular
texture with microlites of sanidine, andesine, olivine,

Figure 1. Southem South America
continent showing mantle xenolith

occurrences (circles), including
Cerro Redondo, tectonic setting

and distribution of Neogene Plateau
lavas of southern Patagonia (black).

Yolcanic centers (triangle).
SYZ - Southern Yolcanic Zone,
AYZ - Austral Yolcanic Zone
(after Gorring & Kay, 2000).



clinopyroxene, opaque minerals, apatite and glass. Some
nepheline aggregate bands occur near xenolith contact
and around some pyroxene crystals of the basait.

The ultramafic mantle xenoliths are very fresh and
dissem.inated in the basalt. They have subspherical or
oval shapes, ranging in size from 2 to 30 cm in diameter
(the longest axes), although there are samples that have
polygonal and faceted shapes (Fig. 3). The xenoliths have
protogranular textures, according to Mercier & Nicolas
(1975), and are dominantly lherzolites (except sample
X14-1 F, harzburgite). The basalt-xenoliths boundaries
are very sharp and no reaction rims between the basait
and the inclusions were observed macroscopically,
although microscopic-scale reactions are widespread
(Fig. 4). Some ultramafic xenoliths have a reddish color
given by the alteration of olivine crystals to iddingsite.

. Figure 2. Cerro Redondo (hill) outcrop.

Figure 3. Example of peridotite xenolith from Cerro Redondo
included in alkaline basaIt.

Major, trace and REE geochemistry indicates that the
host basaIt is a trachybasalt with Mg# 44
[JOOMgO/(MgO+FeO')], LREE high content (140 times
chondritic value for La), relative depleted in HREE (8
times chondritic value for Lu) and with enrichment of
incompatible trace elements.

Ultramafic xenoliths can be separated into two groups
according to petrographical and geochemical
characteristics. Group 1 (samples X-14-IB, X-14-1C and
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X-14-1 G) is characterized by strong development of
reaction textures as exsolution lamellae and reaction rims
(see sample X-14-IB photomicrographs in the Fig. 4).
This group has the lowest Mg# 82-84 and except for
sample X-14-lG, they show TiOrNa20-K20-P20s
enrichment and REE and trace element patterns similar to
those of the host basaIt.

Group Il (samples X-14-lD, X-14-lE and X-14-IF) is
almost free of reaction textures, has Mg# up to 84, tlat
REE pattern, similar to chondrites (except sample X-14
lF, concave pattern caused by lower concentrations of Eu
and Gd), and no enrichment in incompatible trace
elements.

Thermobarometric estimative, presented by Schilling
(2002), based on several pyroxene thermobarometers
indicates stability of these xenoliths between 815° to
1226°C and pressures near 1 to 2 GPa.

Sr, Nd AND Pb ISOTOPES
Samples for radiogenic isotope analyses were spiked

with mixed 87Rb_84Sr, '49Sm_'soNd tracer and processed

using standard dissolution procedures with HF, HN03
and HCI in Teflon vial and warmed in hot plate until
complete material dissolution. Colul1U1 procedures use
catiornc AG-50W-X8 (200-400 mesh) resin in order to
separate de Rb, Sr and REE, followed by Sm and Nd
separation using anionic LN-B50-A (100-200J..lm) resin.
Pb was separated using anionic A8-B500-F-CL (200-400
mesh) resin in a HBr solution. Each sample was dried to a
solid and then loaded with 0.25N H3P04 (Rb, Sr, Sm and
Nd), plus silica gel for Pb, on appropriated filament
(single Ta for Rb. Sr, Sm, Pb, and triple Ta-Re-Ta for
Nd). The samples were analyzed in a multi-collector YG
Sector 54 thermal ionization mass spectrometer at the
Laboratôrio de Geologia Isotôpica (Universidade Federal
do Rio Grande do Sul) in static mode. Nd and Sr ratios
were normalized to 87Sr/86Sr = 0.1194 and '46Nd/'44 Nd =
0.7219, respectively. Measurements for NIST standard
NBS-987 gave 87Sr/86Sr = 0.710260 ± 0.000014, for La
Jolla 143Nd!,44 Nd = 0.5 J 1859 ± 0.0000 JO and for Pb
NBS-981 and NBS-982 was obtained variation less than
0.01 %/a.m.u. Total blanks average were < 150 pg for Sr
and Sm, <750 pg for Nd, and <200 pg for Pb.

The 87Sr;86Sr measured ratio for the basait was
0.70447. For the ultramafic xenoliths the values range
from 0.70442 to 0.70519. These values plotted against Sr
content, measured by isotope dilution, show a strong
correlation of xenolith ratios to the host basait ratios, as
demonstrated by two-end members mixing model curves
(Fig. 4), that tend to equalize the isotopic xenolith
characteristics to the host basait isotopic composition.

The '43Nd/J44Nd measured ratio for the basaIt was
0.51279. For the ultramafic xenoliths the values ranged
from 0.51279 to 0.5l297. Similar influence of the basait
into the xenolith was observed when plotted these ratios
against Nd contents in the two-end members mixing
model curves (Fig. 4).

Sm-Nd T DM model ages (De Paolo, 1981) yieJd values
close to 0.44 Ga for host basait and sample X-14-1B, and
between 0.59 to 0.64 Ga for the other manUe

- 680-



Short Papers - IV Sourh American Symposium on Is%pe Ce%gy

1000900800700600500400300200100

0.7048

0.7047

0.7043 +---r------,r-----,-----,.---"""'T""----.---.,----.,..---r------l

o

èi5 0.7049

<Dco
'i:::::
Cf)
r--co

0.7046

0.7050

0.7045

0.7051

0.7052

0.7053 .,..----

0.7044

Sr (ppm)

0.51305 .,..-----

0.51300

-0
Z
~ 051290

=t:l
~ 0.51285
'<t

0.51280

0.51275

5045403530252015105
0.51270 ..---.,..---.,..---.,..---.,..---.,..---.,..---.,..---.,----.,-----1

o

Nd (ppm)
Figure 4. x7Sr/86Sr against Sr (ppm) and '43Nd/ '44 Nd against Nd (ppm) two-end members mixing model curves showing influence of
host basait in the isotope ratios of ultramafic mantle xenoliths. Mixing models using as extreme values the basait composition and the
less modified mantle xenolith. Photomierographs illustrate the main petrographie eharaeteristies of mantle xenoliths and host basait.

xenoliths. These values could be interpreted as a main
mantle generation event if we assume that this al kaline
magmatism is derived from an asthenospheric source.

The 206PbP04Pb ratios for mantle xenoliths range from
17.987 to 18.401, 207Pbp04Pb ratios from 15.555 to
15.608 and 208Pbp04Pb ratios from 37.959 to 38.577.
Invariably the sample X-14-1 F yields the lowest and
sample X-14-1B the highest Pb isotope ratios, suggesting
the same Sr-Nd influence of the host basaIt in the Pb
isotopic system of the mantle xenoliths.

In spite of the strong influence of the host basait in the
major, I1Ùnor, trace, REE and Sr, Nd and Pb isotopic
compositions of the mantle xenoliths, the less modified

samples seems to be X-14-IF, X-14-IE and X-14-1D, in
this order.

ln the 87SrJ86Sr versus 143Nd/144Nd covariation isotopic

diagram (Fig. 5), decoupling of the Nd-Sr systems is
evidenced by the increasing of the 87Srr6Sr ratios without
. d'f' ' '143NdJI44Nd Th' f 1Important 010 1 lcatlüns In - ,IS eature, a so
observed in many other works, has been interpreted as a
consequence of chromatographic effects in the mantle
(Na von & Stolper, 1987).

ln the 206PbP04 pb versus 87Sr/86Sr, 143Nd/I44Nd and

207 PbP04Pb diagrams (Fig, 5), samples without host basait
isotopic influence plot close to the Kerguelen OIB-type
or in the normal OIB field.
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lithospheric mantle beneath the South American plate (X
14-lF, X-l4-JE and X-14-lD) and clarify the mantle
processes recorded there.

The influence of basait isotopic composition into the
mantle xenoliths seems to have relation to the dimension
of these ones and quantity of veins. The modifications in
the isotopic systems are accompanied by major, trace and
REE disturbances as demonstrated prior by Ciuffi et al.
(2002) in the xenoliths from Tres Lagos and Cerro
Desconocido (Patagonia).

The xenolith sampies Jess affected by host basait
present an event that seems to be related to a depleted
mantle undergone to an event of metasomatism in which
sorne kind of decoupling of the Sr-Nd system has
occurred. This decoupling is characterized by an
increasing in the Sr ratios and preserving the Nd ones,
indicating probably an effect of chromatographic
processes in the mantle beneath Patagonia region,
although the origins of these metasomatic processes need
clarification.
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CONCLUDING REMARKS
Cerro Redondo ultramafic mantle xenoliths present a

strong influence of the host basait, causing modification
in the major, trace, REE elements and Sr, Nd and Pb
isotopic composition. Thus, only three samples can be
used to estimate the composition of the subcontinental
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THE GEOCHRONOLOGY OF THE SETUVA NUCLEUS: POLYCYCLIC TERRAINS EXPOSED
TO UPPER CRUSTAL LEVELS DURING THE NEOPROTEROZOIC
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INTRODUCTION
The Precambrian terrains of the eastern Parana and

southern Sào Paulo States are largely represented by an
expressive sequence of metasedimentary/metavolcano
sedimentary rocks (the Apia! Fold Belt), limited to .the
south-southeast by gneissic-migmatitic rocks from the

AmazonJan
Cl'ilton

Atuba Complex. Conspicuous granitic magmatism stands
out in the Apia! Fold Belt context, as weil as terrains
considered as basement rocks, represented by the Tigre,
Betara and Setuva nuclei, the latter object of this study
(Fig. 1).

708

7202

A B w2J C 0 E

~F G H ,. J

K ~ L M N

Figure 1. Geologie sketch map (after Kaulfuss, 2001) and sample location.

[Mesozoic]: Tunas alkaline Complex - (A) syenile, al kali syenite and volcanic breccia; [Neoproterzoic]: Late tee tonie granitoids - (B) 1
Cerne granite, 2 Cerne syenite, 3 Rio Abaixo granite; [Mesoproterozoic]: Açungui Group - (C) Metavolcano-sedimentary sequences;
[Mesoproterozoic / Paleoproterozoic]: Perau Complex - (D) schists and dolomite marble, (E) quartzites, (F) metabasic rocks; Betara
Formation - (G) mica schist and phyllites, (H) quartzites, (I) metabasic rocks; [Upper Paleoproterozoic]: Folded grartitoids - (1) syenogranite;
[Paleoprolerozoic / Archean]: (K) monzonites, granodiorites, quartz-monzonites, quartz-granodiortes; [Neoproterozoic]: Capiru Formation
(L) meta-cale-dolomite, metaritimite, phyllites and quartzites, (M) schists, phyllites and quartzites; [Neoproterozoic / Paleoproterozoic \
Archean]: Atuba Complex - (N) gneisses and migmatites, folded granitoids and amphibolites.
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related to the Transamazonian cycle, is interpreted as the
time of zircon crystallization and consequentJy formation
of the syenogranitic rocks. Sm-Nd analyses (TDM) carried
out for these Iithotypes yielded an Archean model age of
2948 ± 16 Ma, interpreted as the time of mantle
derivation of the syenogranite crustal protoliths.
Additionally, K-Ar and Ar-Ar analyses carried out in
biotites developped along low-angle Sc planes indicated
ages of 586 ± 15 Ma and 585 ± 1 Ma respective1y (Fig.
4). Such values indicate emplacement according to
isotherms of temperatures lower than 300°C during the
Neoproterozoic.

GEOLOGIC CHARACTERISTfCS
The Setuva Nucleus is represented by allochthonous

terrains, exposed within metasedimentary sequences
(doJomitic marb1es, phyllites, quartzites and schists) of
the Capirû Formation. It occurs south of the Lancinha
Shear Zone, and is e10ngated, sigmoidal, predominantly
trending NE-SW. It is represented by protomyJonitic to
mylonitic rocks, predominating gneissic-migmatitic
lithotypes in its southern portion and syeno- to
monzogranites in its central-northern portion.

The gneissic-migmatitic lithotypes are strongly
weathered and are characterized by centimeter- to
millimeter-sized banding, formed by aLternating quartz
feldspatic and reddish to ochre leveJs, the latter
containing quartz, feldspar, micas and possibly
amphiboles. Quartz-feldspatic injections of various
dimensions and forms occur both concordant and
discordant with the gneissic-migmatitic banding.

In Setuva's central-northern sector, proto- to
mylonitic, rosy-gray syenogranitic rocks predominate,
with abundant sub-millimeter to centimeter-sized, oval
shaped K-feldspar porphyroclasts. They contain K
feLdspar, quartz, plagioclase' and biotite, and additional
chLorite and sericite/mu,scovite.

Proto- to mylonitic rocks of granodioritic to
monzogranitic composition were also individualized in
Setuva's western and northem sectors. Ln genera1, they
are fine-grained and are composed of rnillimeter- to
centimeter-sized K-feldspar porphyroclasts, quartz,
plagioclase and biotite.

The structural pattern observed in the Setuva Nucleus
is similar to the described for the Apiaf Belt, which is
related to a low-angle tectonics, with kinematic indicators
suggesting transport from NW to SE (in the direction of
the Atuba Complex). These surfaces were affected by
important transcurrent shear systems (such as the
Lancinha Shear Zone) and wide associated folds,
responsible for structuring and compartimentation of
these terrains (Fiori, 1992; Silva et al., 1998; Yamato,
1999).

The main objective of this paper is to present an
isotopic study (zircon U-Pb, whole-rock Sm-Nd, and
biotite K-Ar and Ar-Ar methods) of the Setuva Nucleus,
aiming at the correlation with other sirnilar segments in
Paranâ and Sao Paulo, and to better understand the
tectonic scenario of south-southeastern Brazil.
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Figure 4. Ar-Ar diagram.
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GEOCHRONOLOGIC STUDY
The geochronologic studies (U-Pb, Sm-Nd, and K

ArlAr-Ar) refer to three outcrops that represent proto- to
mylonitic gneissic-migmatitic rocks (southern sector),
protomylonitic syenogranites (central sector), and
mylonitic syenogranites (northern sector).

The protomylonitic syenogranites (Setuva's central
sector) contain elongated, prismatic zircon crystals,
translucent to the transmitted light, presenting a few
inclusions (Fig. 2). V-Pb analytical data, when plotted in
the concordia diagram, c1uster close to the upper
intercept, yielding 2140 +1- 8 Ma (Fig. 3). Such value,
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Figure 5. a -Tramsmitled light image (above) and b
cathodeluminescence image (below) from GKM 75 sample.
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Regarding the gneissic-migmatitic rocks of Setuva's
southern portion, U-Pb studies were carried out in zircons
from thin-banded Iithotypes (mesosome), from
leucocratic levels intercalated concordant with banding
(Jeucosome), and aplitic veins that are sometimes
concordant, sometimes discordant with the general
structuring. The zircons of the three lithotypes are very
similar under the stereoscope, characterized by turbid
elongated, biterminated prismatic crystals, showing
aspect, usually containing fractures and inclusions (Fig.
8). [n cathodeluminescence images, a central portion
surrounded by dark, concentric overgrowths stand is
better defined at the crystal terminations.
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The zircon crystal that occur in mylonitic
syenogranites of Setuva's northern portion are rosy,
turbid, inclusion-rich, and fractured (Fig. 5a).
Cathodeluminescence reveals bright nuclei sUlTounded by
darker overgrowths (Fig. 5b). Possibly due to Pb losses,
the analytical data, when plotted in the concordia
diagram, yield ages devoid of geological meaning, both at
the upper and lower intercepts (2400Ma and 480 Ma,
Fig. 6).

Figure 6. U-Pb Concordia diagram for GKM 75 sample.

These zircons, when analyzed with the single zircon
Pb evaporation technique, show great isotopie
complexity, with nuclei and overgrowth zones yielding
Archean (3000 Ma and 2640 Ma) and Paleoproterozoic
(2100 Ma) ages (Figs. 7a, b).

Figure 8. Transmitted Iight image From GKM 7 sample.
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Figure 9. U-Pb concordia diagram for GKM7 sample.

The analytical data, when plotted in the concordia
diagram, reveal different isotopie heritages. The
analytical results for the mesosome plot relatively close
to the upper intercept, whereas those for leucosome and
aplitic veins cluster closer to the lower intercept of the
concordia curve. These data, when plotted together in the
concordia diagram, are weil aligned and distributed,
indicating the age of 3175 ± 24 Ma for the upper intercept
and a relatively young age of 513 ± 35 Ma for the lower
intercept (Fig. 9).
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monzodiorites) formed in the Archean (2600 Ma) and
Paleoproterozoic (2200 Ma), intensely tectonized during
the Neoproterozoic. In these terrains proto- to mylonitic
syenogranites also stand out, associated with the
Statherian Taphrogenesis (1750 Ma).

The geochronological pattern allied with the structural
pattern suggests that the emplacement, largely controlled
by shearing, at upper crustal levels occurred during the
Neoproterozoic. The initial, low-angle tectonics, with
kinematic indicators suggesting transport from NW to
SE, in direction to the Atuba Complex, associated with
transcurrent shear systems and later folding, should be
responsible for the allochthony of these terrains and
consequent emplacement at upper crustal levels.
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Figure 10a. Lead evaporation using step heating technique.Additional analyses were carried out for the
mesosome, using the single zircon Pb evaporation
technique, yielding steps of 3100 ± 50 Ma and 3150 ± 50
Ma (Figs. 10a, b), similar to the concordia diagram upper
intercept. Sm-Nd model ages (TDM) obtained for
mesosome and aplitic veins, respectively 2866 ± 100 Ma
and 2811 ± 100 Ma, are a little lower than the ones
obtained for the zircons. Because the rocks are intensely
weathered, these values may lack geological meaning,
due to possible modifications in Sm/Nd ratios.
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FINAL CONSIDERATIONS
The geological-geochronological study of gnelsslc

migmatitic, syenogranitic and monzo- to granodioritic
terrains belonging to the Setuva Nucleus reveal a
complex, polycyclic tectonic scenario. The V-Pb isotopic
pattern in zircons characterizes the formation of gneissic
migmatitic rocks during the Archean (3175 ± 24 Ma), and
the proto- to mylonitic syenogranitic lithotypes (central
and northern portions) during the Archean (~2600 Ma)
and Paleoproterozoic (2140 ± 8 Ma). In general, the
analyzed zircons show overgrowths of doubtful
Neoproterozoic ages, obtained by the application of the K
-Ar and Ar-Ar methods in biotites (585 ± 1 Ma). Such
isotopic pattern is very similar to the observed for the
Atuba Complex gneissic-migmatitic terrains located
south of Setuva. The Betara and Tigre Nuclei are
relatively distinct from Setuva, once these are
predominantly constituted by proto- to mylonitic
granitoids (granodiorites, quartz monzonites and quartz
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AND INHERITANCE AGES

Silva, L.c.1
; McNaughton, N.J.2

; Hartmann, L.A.3 and Fletcher, I.R.2

1. Serviço Geolôgico do Brasil-CPRM,Pesquisador Associado IG/UnB, Brasilia-OF, Brazil. luizcarlos@aneel.gov.br
2. School of Earth and Geographical Sciences, UWA, Perth, AustraJia. nmcnaugh@geol.uwa.edu.au , ifletcher@geol.uwa.edu.au

3. IG/UFRGS, Porto Alegre-RS, Brazil. leo.hartman@ufrgs.br

Keywords: SHRIMP, Florian6pol is Batholith, inherited zircons

17-1

.,
,101 Pb! 23S u,

Crystallisation age

626:t 8 Ma (20)
38 spots, X:= 1.01

'0

roo

26-2
500

~14-1

15-1
0.'0

0.06 L.-_'---_'---_'--- "--_"--_"----'

0'

ooe

Figure 1. Concordia plot for zircon data l'rom sample J.

previously obtained (Silva et al., 1997; Basei, 2000) and
is interpreted as the best estimate of the crystallization
age of the magma. Because the granite was emplaeed
during, or shortly before, the peak of collisional
deformation, the date also provides an estimate for the
age of syn-colJisional strike-slip related transpressive
tectonics within the batholith.

One crystal (spot 26.1) shows an osci Ilatory zoned,
rnagmatic textured, high U, euhedral rim, with magmatic
Th/U ratio, which consists of a smooth, scalloped
overgrowth that truncates the oscillatory-zoned igneous
core. These internally irregular overgrowths are relatively
brighter patches in BSE and darker in CL images and are
caused by metamictisation. The metamict maI'gin, with
high U contents and a relatively low 206pb/m U apparent
age of 593 ± lIMa (blank error boxes on Fig. 1), is
interpreted to be new zircon associated with a post
magmatic melt-precipitated phase, possibly ascribed to
post-crystallization granitic intrusions; the data were
excJuded from the age calculation. Spot 15- 1 was also
discarded on the basis of its low age (possibly due to
radiogenic Pb loss). Spot 2-1 from a xenocryst yielded an
age of ca. 1491 Ma and spot J7-1, from an inherited core,
an age of ca. 812 Ma. These two analyses were also
disregarded in the age calculation.

Sorne analyses obtained on discrete crystals, cores
and overgrowths were rejected on the basis of their high
discordance.

INTRODUCTION
The Florian6polis Batholith is a major component of

northern portion of the Neoproterozoic (Brasiliano CycJe)
Dom Feliciano Belt/Pelotas Orogen in Santa Catarina
state, southern Brazil. lt is exposed over an area of about
12,000 km2 (200 km long and about 60 km wide), along
the Atlantic Ocean coast, extending continuously from
26° 45' S to 28° 45' S

Despite of reeent U-Pb studies (Silva et al., 2002a;
Basei, 2000), many uncertainties persist regarding the
relationships between magma generation and tectonic
evolution within the batholith. We explore these
chronological problems by means of the combined use of
the U-Pb SHRIMP analyses and backscattered electron
(BSE) and cathodoluminescenee (CL) imaging of zircons
From four critical plutons: Paulo Lopes (Sample 1),
Valsungana II (Sample 2), Guabiruba (Sample 3) and
Tabuleiro (Sample 4).

A complete version of this abstract, incJuding Sm-Nd
data, analytical tables, concordia diagrams, SEM images
and analyticaJ procedures may be found elsewhere (Silva
et al., 2003).

No previous SHRIMP U-Pb zircon ages were
available for the targeted plutons. The Paulo Lopes Suite
yielded an imprecise Pb-Pb single crystal zircon
evaporation age of 642 ± 46 Ma (Silva et al., 1997) and a
U-Pb crystallization age of 644± 20 Ma (Basei, 2(00).
Basei (2000) obtained a conventional U-Pb crystallisation
age of 638 ± 32 Ma for an early phase of the Valsungana
Suite, distinct from the Valsungana 11 Granite dated
herein (sall1ple 2). Finally, a facies from the Guabiruba
Granite yielded an imprecise age of 573 ± 44 (Basei,
2000).

SAMPLE 1 - PAULO LOPES GRANITE
Zircons from this sampJe are 1l10rphologically simple,

composed of euhedral Jong-prismatic grains with typical
magmatic Jength:width ratios of 3: 1. They are mostly
homogeneous, without core/rim separation, with ThJU
ratios between 0.2-0.8, typical of felsic magmatic rocks.
Forty three analyses were perfonned on 35 zircons. Most
analyses fall in a singJe cJuster of 38 concordant spots
(filled error boxes in Fig. 1), with a weighted mean
206Pb/238 U age of 626 ± 8 Ma (20) and with no scatter

beyond that attributed to analytical error (mean X2 =
1.01). This date is more consistent than the ca. 640 Ma
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With the exception of spot 19-2 which has
experienced recent Pb-Ioss, and spot 24-1,
morphologically distinct, ail the others discarded spots
(blank error boxes on Fig. 3) were disregarded on the
basis of their high discordance.

Eleven spots obtained from magmatic-textured, partly
resorbed (corroded) inherited cores and on discrete
unzoned grains represent a single U-Pb data population
(dark grey error boxes on Fig. 3) with no significant
excess scatter (mean X2 = 1.1), and furnish a 206pbP38U
date of 628 ± 7 Ma. This apparent age coincides within
error with the age of the early syn-collisional granitic
magmatism, dated at CG. 630 Ma (Sample 1).
Accordingly, despite uncertainty regarding the source(s),
nature and provenance(s) of the inherited cores, it is
interpreted as a mean age of crystallization.

concentric patterns, due to expansion by metamictisation.
(spot 4.3). These high-luminescence BSE domains may
also be seen as discordant irregular rims of smooth
scalloped overgrowths that truncates and corrodes
inherited cores. Sorne crystals show halos around minerai
inclusions, seen as bright areas in BSE. The group
represents a single data population, with no excess scatter
in 2ü6PbP38U (mean X2 = 0.85) and an age of 610 ± 6 Ma
(light grey error boxes on Fig. 3). As the date was
obtained on discrete unzoned crystals and on new zircon
overgrowths on corroded inherited cores (see below), we
interpret the 610 ± 6 Ma 2ü6PbP38U date as the age of
crystallization of the granite.

~
:DO U
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SAMPLE 4 - TABULEIRO SUITE
The morphology of the zircons is fairly homogeneous.

The great majority of the grains are euhedral, with low
aspect ratios (~2: 1) and with weil preserved fine-scale
magmatic, oscillatory-zoned textures in both the rims and
cores. Twenty three spots were analyzed on 21 zircons
(Fig. 4). Like sample 3, results from sample 4 show a
large continuous spread along concordia (from CG. 630
Ma to CG. 570 Ma).

A group of 6 analyses obtained from discrete,
unzoned, magmatic-textured, euhedral grains and on

"""~
"u

Figure 2. Concordia plot for zircon data from sampJe 2.
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SAMPLE 2 - VALSUNGANA Il GRANITE
The zircon population is composed of euhedral long

prismatic forms with typical magmatic length:width
ratios between 2: 1 and 3: 1. Twenty five analyses were
performed on seventeen crystals. Sixteen analyses from
discrete homogeneous magmatic textured crystals and
from complex crystals with magmatic textured cores and
overgrowths rims were pooled as a single population,
with no excess scatter (mean X2 = 0.90) (Fig. 2). With
few exceptions in high-U metamict domains (spots 29-1
and 7-1), the Th/U ratios are typicaIly magmatic (0.2
0.8). This group yielded a weighted mean 2ü6pbP38 U date
of 593 ± 16 Ma (shaded error boxes in Fig. 2), which is
interpreted as the crystallization age for the granite.

As the overgrowths, like the cores, have the same
isotopic and morphological magmatic signature and
roughly equivalent dates the overgrowths are interpreted
as a late-magmatic melt-precipitated zircon phase as
suggested also by magmatic halos around inclusions.
Sorne analyses (blank error boxes in Fig. 2), obtained on
discrete crystals, cores and overgrowths were rejected on
the basis of their high discordance.

,uo

SAMPLE 3 - GUABIRUBA GRANITE
The zircon poptÙation is composed mostly of euhedral

long-prismatic forms with typical length:width ratios of
3: 1, interpreted as magmatic. Fourty two analyses were
performed on thirty two crystals. Despite the
homogeneity and simplicity of the external morphlogy of
the zircons, the U-Pb data indicate a complex evolution,
the results showing a large (70 m.y.), continuous age
spread from CG. 660 Ma to CG. 590 Ma.

One major group of 19 spots were obtained on
discrete, euhedral, oscillatory zoned magmatic grains,
with magmatic Th/U ratios between 0.1 and 0.8 with few
of them presenting ratios slightly higher (1.3).
Overgrowth rims around inherited magmatic cores also
present magmatic ThIU ratios for normal U-contents
(Spot 4.1). Metamict domains also presenting high Th
contents (up to ~750 ppm) and are recognized by highly
BSE-Iuminescent, CL-dark luminescence domains which
are accompanied by frequent fracturing in radial or
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Figure 4. Concordia plot for zircon data from sample 4.

magmatic- textured (oscillatory-zoned) melt-precipitated
rim overgrowths forms a single data cluster with mean
X2 = 0.7 and an apparent 206PbP38U age of 597 ± 9 Ma
(light grey error boxes in Fig. 4). Most of these domains
have normal (magmatic) U and Th contents and ThIU
ratios between 0.2 and 0.7, and the result is interpreted as
the crystallization age of the pluton. Only spot 22.1
shows an abnormal enriched U content (1105 ppm) and
has bright domains in BSE (and dark in CL) typical of
metamict domains. Il also has high Th contents (277
ppm) but a normal ThIU ratio (0.25). With the exception
of analysis 26- 1 (Fig. 4), which has been omitted because
it represents a mixed core/rim domain, ail the other
discarded analyses were rejected on the basis of their
highly discordant results (blank error boxes in Fig. 4).

DISCUSSION AND CONCLUSIONS
ln addition to the tectonic/magmatic repartition of the

granitic phases within the batholith, titis investigation is
also a case study on the growing importance of spatially
resolved U-Pb SHRIMP systematics for the acquisition
of reliable ages on inherited and melt-precipitated
complex mixed zircon populations. The complex and
varied internai structures of the analyzed zircon
populations couId lead to mixed ages and erroneous
conclusions, in the absence of prior BSE/CL imaging.
Further, we believe' that conventional V-Pb dating of
these samples would result in a complete spread of results
between the two geological ages, possibly leading to
erroneous conclusions. Even using SHRIMP systematics,
the observation of only a small number of BSE/CL
images may lead to equivocal conclusions. In a first
approach to these data, Silva (1999) and Hartmann et al.
(2000) overestimated the influence of the diffusion halos
around minerai inclusions and the paired bright/dark (in
BSE) zoning (diffusion bands?) on zircon U-Th-Pb
systems. In light of similar patterns ascribed to solid-state
hydrothermally-controlled diffusion process by Vavra et
al. (1996), Gebauer et al. (1997) and Hartmann et al.
(1997), these features led Silva (1999) and Hartmann et
al. (2000) to interpret the younger melt-precipitated
overgrowths as hydrothermally altered domains, and
accordingly, their apparent ages were considered as the
age of a post-magmatic overprinting process. The
resorbed inherited cores, in turn, were interpreted as
pristine magmatic populations, and their apparent ages as
the crystallization ages of the plutons. Based on the study
of a larger number of BSE/CL images of the Brasiliano
granites, and on similar morphologic patterns described
in many crustal-derived granitoids elsewhere (e.g.
Williams, 1998) we believe the present reassessment has
delineated the correct evolution of the V-Pb-Th systems
and, consequently, ages of inheritance and melt

precipitation were properly discriminated and measured.
On the other hand, interpretations of the new ages as

weil as previous V-Pb data contradict the usual Iinear
temporal partition between pre- syn- post-collisional and
post-tectonic batholithic magmatism. Different tectono
magmatic stages were reached in different domains of the
Florian6polis Batholith at the same time, giving rise to
the unusual coarsely synchronous accretion from of ca.
610 Ma post-tectonic I-Caledonian (Guabiruba Suite); ca.
600 Ma post-tectonic A-type (Tabuleiro Suite); ca. 590
Ma strike-slip related (Valsungana II Granite). The
apparently erratic magmatic evoJution is also evident
from other U-Pb studies. Silva et al. (2002b) dated an
expanded calc-alkaline post tectonic suite (Maruim Suite)
ranging in ages from ca. 610 Ma to ca. 580 Ma, whereas
(Basei, 2000) obtained an age of ca. 650 Ma for a post
tectonic intrusion (Faxinal Syenite). This evolution
implies important short-distance lateral changes in the
stress field, giving rise to simultaneous transpressive and
transtensive large scale magma generation. The peculiar
pattern, uncommon III magmatic arcs within the
Mantiqueira Province or elsewhere, emphasizes the
necessity for more detailed geological mapping of the
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Seven spots obtained from magmatic-textured, partly
resorbed (corroded) inherited cores and discrete unzoned
grains (spots 9-1 and 9-2) form a single data population
(mean X2 = 1.I) with a mean 206pbP38U date of 617 ± 9
Ma dark grey error boxes in Fig. 4). As with sample 3,
this apparent age coincides within error with the age of
the early syn-collisional granitic magmatism, dated at ca.
630 Ma (Sample 1) and it is interpreted as the
crystallization age of an early, short-lived, rapidly
recycled granitic source, although this source cannot be
identified.

As observed in several crystals from the other
analyzed samples, sorne domains show late-magmatic
halos around mineraI inclusions seen as Iight areas in
BSE. In sorne crystals, this process caused the formation
of paired bright/dark (in BSE), which are
complementarily dark/bright in CL, similar to patterns
previously ascribed to solid-state diffusion process by
Vavra et al. (1996) and Hartmann et al. (1997). As the
ages of these domains coincide within error with the age
obtained for the "normal" zones, this texturai pattern may
not be related to a diffusion process or, if it is, the process
must not have caused any important disturbance on the
V-Th-Pb systems, i.e., the age.



batholith magmatic phases to delineate a better
constrained tectono-magmatic evolution.
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INTRODUCTION
Mesozoic and Cenozoic magmatism and volcanism in

the Borborema Province, Northeastem Brazil, reflect
mantle thermal anomalies associated with the break-up of
Gondwanaland and, possibly, the migration of the South
American Platform over the Santa Helena plume
(Cordani, 1970; Chang et al., 1992). To understand the
fundamental mechanisms leading to the Borborema
Province Mesozoic and Cenozoic magmatism, it is
necessary to determine exact ages of magma
emplacement, the chemical and isotopic characteristics of
the magma sources, and the extent of crustal
contamination in these magmas. To achieve these goals,
we have comprehensively sampled the magmatic bodies
in this region and are in the process of obtaining detailed
isotopic and trace element data for these samples. We
will present here sorne preliminary 40Arp9Ar results for
the magmatic events, discuss the possible reasons for the
discrepancy between these results and rcrevious dates, and
discuss the advantages of the 40Ar/ 9Ar method as a
geochronological tool in the study of these magmatic
events.

ADVANTAGES OF 40ArP9Ar GEOCHRONOLOGY
One of the major difficulties in providing accurate and

precise age constraints for the Mesozoic and Cenozoic
magmatic rocks from the Borborema Province is their
advanced stages of weathering, the low K contents of
sorne units, the presence of wall-rock contamination, and
the possible presence of excess Ar. Previous K-Ar dating
provides useful age constraints; however, the absolute
ages of the magmatic events are not precisely determined
by this method given the limitations of the method in
addressing the complicating factors listed above.

Contrary to the K-Ar technique, where K and Ar are
determined in different aliquots of the sample, in the
40Arp9Ar method K and Ar contents are determined from
the same aIiquot, mineraI grain, or crystallographic site in
a sam.ple. The main advantages of the application of the
40ArP Ar method are: i) the fine-scale resolution of the
method, which allows the age determination of very fine
grained phases (0.5-1 mm grains of Cenozoic rocks can
be dated); ii) the multiple-step analysis of single grains,
which enables the determination of the Ar retention
history for a mineraI, the presence of excess/inherited Ar,
and the possibility of K and/or Ar loss; iii) the

crystallochemical information obtained by the analyses of
4°Ar, 39Ar, 38Ar, 37Ar, and 36Ar from the same gas aliquot.

METHODOLOGY
AIl samples were irradiated (for 14 hours) together

with Fish Canyon sanidine neutron flux standards in the
Triga Reactor at the Oregon State University. After a two
month cooling period, each sample was step-heated under
a continuous Ar-ion laser with a 2mm-diameter beam.
The fraction of gas released was cleaned through a
cryocooled cold-trap (T=-140 OC) and two C-50 SAESTM
Zr-Y-Fe getters and analyzed for Ar isotopes in a MAP
215-50 mass spectrometer at the UQ-AGES (University
of Queensland Argon Geochronology in Earth Sciences)
laboratory. Automation and analyticai procedures are
described in Vasconcelos (1999) and Vasconcelos et al.
(2002). Data corrected for mass discrimination,
nucleogenic interferences, and atmospheric contamination
were used to calculate apparent ages for each degassing
step. Although single crystals are preferred to .analyze, we
also analyzed total rock samples if the grain sizes were
sufficiently small (phenocrysts smaller than 50-100 /lm).

In this study, we define an age plateau as a sequence
of two or more steps corresponding to at least 50% of the
total 39Ar released, and whose age values are within two
sigma from the mean value. If a sample reaches a well
defined plateau, it implies that the sample hosts its
radiogenic and nucleogenic gas fractions in a tight
crystallographic reservoir, that the reservoir has been
closed during the history of the sample, and that
contaminating hypogene phases are unlikely to be present.

OCCURRENCE OF MAGMATIC ROCKS IN NE
BRAZIL

Northeastem Brazil comprises a widespread
geotectonic unit of the South American platform, the
Borborema Province. In this province, there are a great
number of volcanic and hypabyssal rocks, with ages
ranging from Cretaceous to Tertiary. They occur as
dykes, sills, small flows, volcanic conduits and plugs
(Sial, 1976; Almeida et al., 1988). These rocks preceded
or succeeded the implantation of the Cretaceous rifts in
this province (e.g., the Rio do Peixe interior basin and the
Potiguar-Ceara and Pemambuco-Paraiba coastal basins)
and they probably contributed to the processes of regional
uplifting and re-heating. A recent compilation of
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geochronological data by Mizusaki et al. (2002) identifies
three distinct magmatic events.

The oldest one, the so-called Rio Ceara Mirim
Magmatism, yields a K-Ar age peak around 130 Ma. It is
represented by several tholeiitic diabase dykes, oriented
predorninantly in an E-W direction, that outcrop mainly
in the southeast portion of the Potiguar basin, with rninor
occurrences in the oriental part of the Parnafba basin.
Recent 40ArP9Ar dates (Araujo et al., 2001) of plagioclase
crystals from diabase dykes from Joao Câmara, Açu and
Lajes (RN) yield plateau ages of 136 ± 4 Ma, 127 ± 1.3
Ma e 110.7 ± 1.3 Ma, respective1y.

For the second event, Almeida et al. (1988) report K
Ar ages between 105 e 95 Ma for alkalic and calc-alkalic
rocks from the Pernambuco Basin and, possibly, the
Itapororoca region (eastern Parafba state). They occur as
dykes, plugs, small flows, sills and laccoliths,
crosscutting cretaceous clastic sequences of the Cabo
Formation in the Pernambuco Basin (Amaral & Menor,
1979; Sial, 1976). Recent whole rock 4OArP9Ar analyses·
of basaIts, trachytes, rhyolites and ignimbrites from this
basin yield ages between III and 100 Ma (Lima Filho &
Szatmari, 2002). Slightly younger K-Ar dates (80.4 ± 2
Ma) are cited for the Cu6 basaItic flows from Açu (RN)
(Sial et al., 1981). Based on compilation of available K
Ar data, Mizusaki et al. (2002) places the peak of the Cuo
magmatism at ca. 90 Ma. However, Araujo et al. (2001)
interpret an 4°Arp9Ar integrated age of 98.3 ± 0.8 Ma and
a compatible weighted mean average age of 99 ± 2 Ma as
the best estimate for this magmatic event, placing this
magmatism temporally very close to the one found in the
Pernambuco Basin.

The youngest magmatic event in the Borborema
province is related to Tertiary volcanic rocks of the
Macau-Queimadas and Mecejana-Fernando de Noronha
alignment (Almeida et al., 1988). The K-Ar whole-rock
data compiled by Mizusaki et al. (2002) is consistent with
two groups, one with ages ranging between 12.3 ± 1 and
1.81 ± 0.13 Ma (peak around 7 Ma in Fernando de
Noronha), and the other one with ages ranging between
45 ± 1 and 12.5 ± 1.0 Ma (peak around 30 Ma). For
Mecejana phonolites, Vandoros & Oliveira (1968)
fumished K-Ar ages of 28.6 ± 0.6 Ma and 26.6 ± 0.8 Ma,
whereas Cordani (1970) obtained 27.8 ± 0.8 Ma. A Rb-Sr
isochron of phonolites from Mecejana gave an age of 36
± 2 Ma (Nascimento et al., 1981, in Almeida et al., 1988).
A recent 40ArP9Ar date for whole rock basait sample
from Serrote Preto (Cerro Corâ/RN) yield a plateau age
of 24.2 ± 0.3 Ma (Moraes Neto et al., 2002), estimated by
these authors as the best age for this sample. Araujo et al.
(2001), however, interpret an integrated age of 29.7 ± 0.6
Ma as the best estimate for the Cerro Cora magmatism.
BasaIts from the Cabugi neck (Lajes/RN) yield a plateau
age of 23.7 ± 1.2 Ma (Araujo et al., 2001).

In this report we present new 40ArP9Ar data of basaIts
from Cabugi neck (130 km western of Natal) and Cu6
flow (4 km eastern of Açu and 190 km western of Natal),
as weIl as one diabase dyke from Pedro Avelino (15 km
north of Cabugi neck). We will provide detailed
interpretation of the 40ArP9Ar resuIts, and discuss the
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pitfalls of 40ArP9Ar geochronology interpretation.
Appropriate interpretation of the 40Arp9Ar resuIts may
contribute to a better understanding of the processes of
regional uplifting and brittle tectonics associated to the
magmatic events in the Borborema Province and may aid
in directing future studies.

SAMPLE LOCATION AND TEXTURAL
DESCRIPTION

One of the sampling sites was the central gabbroic
zone a thick (40 m) diabase dyke (100° Az). This dyke
crosscuts high grade gneisses of the Precambrian
crystalline basement and shows a net variation to a fine
grained border in the contact with the basement.

The other sampled site, the basaItic rocks from the
Cu6 magmatism, constitute small flows of olivine basalts
outcropping in the interface between the crystalline
basement and the sedimentary rocks of the Potiguar
Basin, in this case the sandstone of the Açu Formation.
The top of the flow is 52 m high, is slightly inc1ined
toward north and probably constitutes a sill into this
formation.

The third sampled site, the Cabugi body, is
topographically very expressive in the region, forrning a
hill that reaches a 650 m height, surrounded by the 150
Lajes plain. It corresponds to a volcanic neck intrusive
into the Precambrian gneissic rocks. In the Cabugi neck,
Souza et al. (2002) distinguish three textural/stratigraphic
facies. The oldest one is a medium to cOafse-grained
basait (basait)), which forms the major part of the body
and predorninates in the NW, W and SW borders of the
neck. The youngest one outcrops in the NE border,
presenting fine grained texture and abundant xenoliths of
peridotite, crystalline basement rocks (gneiss, granite,
pegmatite) and basait\> and frequent xenocrysts of
olivine, clinopyroxene, brown spinel, quartz and
oligoclase. There are also several dykes of rnicrogabbros
(20-30° Az) crosscutting basait] or, otherwise, found as
inclusions in basaIt2. In this study, we analyzed one
sample of basalt2.

4OArf'Ar GEOCHRONOLOGY RESULTS
DIABASE DYKE

Two amphibole grains analyzed yield well-defined
spectra with plateau ages of 133 ± 3 and 132.2 ± 1 Ma,
and compatible integrated ages of 134.8 ± 1.3 and 132.8
± 1.1 Ma (Fig. 1). An ideogram plotted for this sample
yields a most probable peak of 132.1 Ma and a weighted
mean average age of 133 ± 3 Ma for all the steps obtained
for the two grains (Fig. 1). The best estimate age for this
sample is the plateau age of 132.2 ± 1 Ma, given the size
of the grain analyzed, the volume of 39Ar contained, and
the reproducibility of the steps defining the plateau. As
the amphibole grains are derived from sorne process of
uralitization of augite grains, this date is considered as a
cooling age for the diabase dyke.

cu6 BASALTIC FLOW
The Cu6 basaIts are fine to medium grained and show

abundant, frequently serpentinized, olivine phenocrysts,
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third grain does not yield a plateau age, but the spectrum
yielded by titis grain is compatible with that obtained for
the other two grains. However, this grain yields some
steps recording slightly older results, possibly associated
with recoil or excess Ar; and its integrated age, 25.0 ± 0.2
Ma, is also slightly older than that obtained for the other
two grains. An ideogram plotted for this sample yields a
wide peak, with most probable age at 24.14 Ma and a
weighted mean average age of 24.6 ± 0.8 Ma (Fig. 3).
The three incremental heating spectra show that the
earlier steps, associated with plateau ages of 24.8 ± 0.4
and 24.6 ± 0.6 Ma are associated with fractions of gas
released from K-rich reservoirs in the sample, while the
higher temperature steps, which yield dates slightly
different from the lower temperature steps, are associated
with Ca-rich reservoirs, probably plagioclase crystals.
The best age estimate for this sample is 24.6 ± 0.8 Ma.

Figure 2. 40Ar/39Ar plateau (A, B) and ideogram ages for
olivine basaIt of the Cu6 magmatism (AçuIRN, NE Brazil).
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Figure 1. 40ArP9Ar plateau ages for amphibole of a
diabase dyke south of Pedro Avelino/RN (NE Brazil).
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sometimes in glomeroporphyritic aggregates. They have
intergranular short augite grains, plagioclase laths and
magnetite. Six total rock fragments (grains 2442
01/02/03 and 2512-01/02/03) analyzed by the incremental
heating method yield the spectra illustrated in Figures 2a
and b. An ideogram representing ail the steps analyzed
yield two high probability peaks, one at 99.2 Ma and
another at 93.1 Ma and a weighted mean average age of
96.4 ± 0.9 Ma (Fig. 2c). This weighted mean average also
corresponds, within 2 sigma, to the integrated age for
each of the grains analyzed (96.4 ± 0.3, 96.3 ± 0.3, and
96.8 ± 0.3 Ma for grains 2442-01/02/03 and 95.0 ± 0.3,
95.5 ± 0.3 and 96.0 ± 0.3 Ma for grains 2512-01/02/03).
Careful inspection of the incremental-heating spectra
reveals a very similar pattern for the six grains, where the
low temperature steps suggest a high K/Ca phase which
yields rugher apparent ages, while the high temperature
steps are derived from a low K/Ca phase recording lower
apparent ages. Because the older results are associated
with the low temperature, K-rich, steps, and the younger
ones are associated with the Ca-rich plagioclase
phenocrysts, it is unlikely that the two peaks correspond
to ages associated with the crystallization of the
phenocrysts (which should be older, and recorded in the
plagioclase crystals) and the extrusion of the basait
(which should be younger, and recorded in the glass).
Because the feldspar ages are younger, it is also unlikely
that the two-age pattern is related to excess Ar in the
phenocrysts, either. A possible explanation for the pattern
obtained is some degree of alteration and K loss from the
glass matrix in this sample, leading to older results for the
low temperature steps. If trus interpretation is correct, the
higher temperature steps, yielding a most probable peak
at 93. 1 ± 0.8 Ma, and related to the gas reservoirs
represented by the unaltered feldspar phenocrysts, wouId
be the best estimate for the age of this sample.

BASALT FROM CABUGI NECK
Two of the three total rock grains analyzed for this

sample yield plateau ages of 24.8 ± 0.4 and 24.6 ± 0.6 Ma
(Fig. 3). The integrated ages obtained for the two grains
yielding plateaus are also indistinguishable at the 2-sigma
confidence level (24.2 ± 0.3 and 24.1 ± 0.3 Ma). The
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distribution of the magmatic centers in the Borborema
Province and to answer an important question related to
the genesis of the Meso-Cenozoic magmatic provinces in
northeastern Brazil: are the magmatic centers indeed
aligned in a north-south direction and related to a hot
spot, as previously proposed by Almeida et al. (1988),
Chang et al. (1992), and Mizusaki et al. (2002) based on
K-Ar ages?
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GEOLOGICAL IMPLICATIONS
The 40Ar/39Ar geochronological data reported here

confirm some previous results (i.e., our plateau age for
the Cabugi basaIt is compatible with the 23.7 ± l.2 Ma
plateau age obtained by Araujo et al., 200 l), and also
very close to the 25 ± 1 Ma age estimate for basaIt of the
Serrote Preto hill (Cerro CoraJRN) reported by Morais
Neto et al. (2002). However, the age of98.3 ± 0.8 or 99 ±
2 Ma determined for the Cuô magmatism by Araujo et al.
(2001) is significantly different from our estimate of 93.1
± 0.8 Ma for this magmatic event.

Based on the results presented here, results from the
Iiterature, and also the results presented by Nascimento et
al. (this symposium), we identify four distinct Meso
Cenozoic magmatic events in the Borborema Province:
(1) The Rio Ceara Mirim dyke swarm magmatism,

ranging from ca. 145 to 110 Ma (Araujo et al., 2001).
Our plateau age of 132.2 ± 1 Ma represents one of the
phases, possibly the main phase (Misuzaki et al.,
2002), of this magmatic event.

(2) The Cabo Magmatic Province, with 40Ar/39Ar plateau
ages ranging from 104.4 ± 0.8 to 98.3 ± 3 Ma, with a
major peak at ca. 102 ± 1 Ma (Nascimento et aL,
2003, this symposium).

(3) The Cuô Magmatism, with a most probable age of
93.1 ± 0.8 Ma.

(4) The alkaline basait (Macau Magmatism), represented
in this study by the Cabugi neck, with a best age
estimate of 24.6 ± 0.8 Ma. These dates corroborate
previous results (Araujo et al., 2001; Moraes Neto et
al., 2002).
These magmatic events preceded or succeeded the

implantation of Cretaceous rifts in this province. They
likely contributed to the up1ift and regional denudation
related to the generation of sediments that fiUed
continental and marginal basins; they probably enhanced
the maturation and (re)mobilization of organic materials
in sedimentary basins, being directly related to the
generation of oil reservoirs in these basins; and they are
possibly associated with tectonic reactivations that may
have generated structural traps in these sedimentary
basins.

Further 40ArP9Ar geochronology is necessary to
completely determine the spatial and temporal
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INTRODUCTION
The microgranular enclaves of intermediate to matie

composition are common in granitoid rocks, especially in
calc-alkaline suites, being considered, in general, as
products of incomplete mixing between coeval magmas
of acid and matie composition from different origins.
They can also be interpreted as: a - refractory residue of
matie rocks remnants of an igneous protolith which was
partially melted to yield the host granitoid magma (restite
model), or b -together with the granitoids, originated by
differentiation of a parental matie magma constituting the
"autoliths". In this case, these last two interpretations are
less likely, in agreement with isotopie, petrographie,
chemical and field constraints, so that the enclaves and
the granitoids hosts are considered as representatives of
two coexisting magmas, but with different composition
and origin (Torres, 2001).

Among other investigation lines, the isotopie
composition of matie enclaves and granitoid hosts
constitute one of the main tools for the interpretation of
the genesis and evolution of granitoids plutons. It allows
assessing the genetic relationships between the granitoids
and the enclosed enclaves, making possible the
understanding of the relative role of crustal and mantelic
sources in the magmatism, and also the type(s) of
source(s) involved.

Nevertheless, the study of the isotopie composition of
these rocks not always lead to conclusive interpretations.
So, frequently, the enclaves do not retain their primary
isotopie signatures; being these, at least partiaIly,
acquired from the interaction with crustal melts in the
lodging place, still in the lower crust, contamination with
crustal rocks or mixing in the site of the emplacement,
not representing original liquids.

Enclaves and the hosts granitoids originated from
different magmas may show similar isotopie signature, if
the matic magma has been extracted from the enriehed
mantle or an almost complete isotopie equilibrium has
been reached. In the case of the Brejinho batholith, the
most prominent isotopie features are the overlap of the
isotopie Nd values and the presence of Sr isotopie
contrasts between the enclaves and the granitoids (aIl
with negative CNdi and positive CSri)'

Data for pristine matie rocks are not available.
Therefore, conflicting interpretations have been
considered with relationship to type of mantle involved in
the generation of the mafic magma (Guimaraes & Da
Silva Filho, 2000; Torres, 2001). The aim of this paper is

to demonstrate the limitation of the use of these data for
the resolution of this problem.

AddicionaIly, geochemical and Nd isotope data of the
enclaves from several high-K calc-alkaline granitoids of
the Borborema Province (BP) also related to the
Brasiliano/Pan-African Cycle, have been used by sorne
authors (Mariano et al., 2000) with the objective of
contesting the widespread use of the tectonostratigraphyc
terrane model in this province, proposed by Santos
(1996). The present work suggests that the characteristics
of the mantle source of the maties enclaves of the
Brejinho granitoid (and of other granitoids also located in
the Alto Pajeu Terraine; APT), they oppose to the great
part of BP mantle, unequivocally enriched, according to
those authors.

GEOLOGICAL FRAMEWORK AND MAIN
CHARACTERISTIC

The Brejinho batholith (also called Itapetim Granitics
Complex; Guimaraes & Da Silva Filho, 2000) is located
in the central northem sector of the State of Pemambuco.
It is inserted in the APT (Santos, 1996) which is part of
the Transversal Zone Domain (TZD) of the BP. It is of
Neoproterozoic age (638± 4.9 Ma--concordia V-Pb in
zircon - Guimaraes & Da Silva Filho, 2000), therefore
related to the Brasiliano/Pan-African Cycle, being treated
as a syn-transcorrent body that intrude orthogneisses and
metasediments of the Cariris Velhos Cycle (ca. 1.0 Ga). It
is constituted by porphyritic monzogranites and
granodiorites, and contains quartz-diorites/diorites
enclaves and sin-plutonics dikes, specially in the central
portion (Central Zone of Mixing and Mingling). AlI the
types have similar mineralogical composition, with
quartz, oligoclase, ±KF, biotite, ±amphibole and titanite,
differing in the modal proportion. It is a metaluminous
granitoid, with peraluminous tendency, magmatic
epidote-bearing, belonging to the high-K calc-alkaline
series, with K20/NazO <l, sorne enrichment in Rb, K,
and LREE (Torres, 2001).

The Nd isotope signature and the high MgO, CaO and
compatible elements (Cr up to 300ppm) content
regardless of the fractionation and the interaction with
felsic melts indicate that the diorites are derived from a
parental magma extracted from the upper mantle. To
consider them as originated from a crustal source
(Guimaraes & Da Silva Filho, 2000), would demand high
degree parcial melt and extremely high temperature, and
a smaller LREEIHREE ratio, not supported by the
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patterns presented by these elements (Torres, 2001). The
granitoids also present relatively high values of MgO,
CaO, Cr (up to 216ppm) and ENd close to CHUR,
suggesting an origin from basie crust with participation
of mantle-derived material. The values of Ô180, the
peraluminous tendency and correlation with experiments
accomplished by Patifio Douce (1995) they indieate
participation of sedimentary component in the source
(Guimaraes & Da Silva Filho, 2000; Torres, 2001).

Nd AND Sr ISOTOPE DATA
The SrnlNd model ages (TDM) of granitoids are

between 1.3 and 1.45Ga and ENd 600 of -2.4 to -6.4. The
values for the enclaves are also between the above
interval (Torres, 2001). One granitoid sample located
close to the contact with the regional rocks, presents TDM

1.8Ga, interpreted as refiecting assimilation processes
with these gneisses which display TDM ca. 2.0Ga
(Guimaraes & Da Silva Filho, 2000) suggesting that these
processes are restricted to the most external portion of the
batholith.

The ESri values (data of Guimaraes & Da Silva Filho,
2000) are variable: 68 for a dioritie enclave, 61 for a
hybrid type, 74 for a granodiorite and 110 for a
monzogranite.

DISCUSSION ON POSSIBLE SOURCES
The variation in the the isotopic Sri values points to

the fact that the system must have caught a sufficiently
fast cold, not allowing to attain a complete isotope
equilibrium. This hypothesis is ,!lso supported by the
small fraction of the mafic rocks (enclaves) and by size
enclaves, almost always smaIler than l.5m, that could
lead to the accomplishing of a thermal equilibria before
the chemical equilibria (Pin, 1992). The trends of
geochemical variation (Torres, 2001) corroborate this
behavior, showing that the system has been developed
from an incomplete mixture of different magmas (fact
corroborated by petrographyc and field data, and by the
suggestion of a ENiEsr mixing trend, obtained by
Guimaraes & Da Silva Filho, 2000). The hybridization
process was incipient and limited in volume, since the
characteristics of each one of the suites are relatively weIl
preserved (Torres, 2001). The time of coexistence
between the felsic and mafic magma, besides the
development of chilled margins in the enclaves
(commingling evidence), they act as a strong barrier
against isotopie and element equilibria (Fourcade &
Javoy, 1992).

On the other hand, the overlap of Nd isotopic values
between the enclaves and the granitoid differ clearly of
the behavior presented by the Sr isotopes and
geochemical variation diagrams, suggesting' a near
complete equilibria. Experiments by Baker (1989) and
Lesher (1990) indicate that isotopic homogenization
through liquid-state diffusion (in spite of the diffusion, by
itself, would not be enough to aIlow a complete mixing),
is faster than the chemical equilibration, and that the
velocity of Nd isotopes equilibrium are more slowly than
the one of Sr, so that, it is very difficult that Nd isotopic
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equilibrium should occue. These observations suggest
that the Nd isotopic signature is primary, implicating that
the mafic magma has been extracted from an enriched
mantle (Torres, 2001) without great isotopie contrast with
the crustals rnelts.

Besides, the apparent mixing trend obtained by
Guimaraes & Da Silva Filho (2000) very shallow and
fiat, is not consistent with a model involving a depleted
mantle and old crust as final members (Pin & Duthou,
1990).

However, another hypothesis should be considered. A
sedimentary component contributed to the formation of
the granitic melt (probably metagreywackes-biotite
gneiss; Guimaraes & Da Silva Filho, 2000 and Torres,
2001). The Sr isotopic variation in the system, couId be
attributed to a more heterogeneous source in terms of
Rb/Sr that SrnlNd, as commonly observed in sediments,
or to the great mobility of Sr during the anatexis,
inhibiting the Sr isotopic homogenization (Pin & Duthou,
1990; Pin,1992).

The presence of samples with lower ESr and higher
ENd, they are, suggestive that sorne re-equilibrium process
has operated. So, the primary Nd isotope signature in the
enclaves, which could refiect a depleted mande source (as
proposed by Guimaraes & Da Silva Filho, 2000) or
CHUR, would have been erased through mixing (liquid
state diffusion) with the felsic magma.

Finally, the fact that the parental magma of the
diorites is mantle-derived, and aIl the enclaves have Nd
and Sr crustal isotopie signature, leads to two
interpretations: (a) none of them was exempt of
assimilation or equilibrium, even if in an incipient way,
being derived from a depleted re-homogenized source or,
(b) enriched-mantle source.

REGIONAL IMPLICATIONS
The subdivision of BP in tectono-stratigrafic terranes

(Santos, 1996) was recently contested (Mariano et al.,
2000), based in the study of diorites enclaves of the
various high-K calc-alkaline associations which have a
widespread distribution in this province. These authors
argue that the very restricted isotopic and geochemical
variation of the diorites, is not concordant with the
Santos' model (1996) indieating that an enriched
continental lithosphere (characterized by high
LREEIHREE ratios, enrichment in LILE and ENd600
between -7 and -16 and TDM of 1.8 to 2.0 Ga) permeates
great part of the province, since the Transamazonic
Cycle.

On the other hand, the characteristies of the mantle
involved in the generation of the mafic enclaves of the
Brejinho batholith (isotopic signature of uncertain source,
€Nd with values less negative, smaIler LREElHREE
ratios and smaller LILE enrichment) they suggest origin
from a different source. TDM also present significant
differences, varying from 1.3 to 1.5 Ga in Brejinho and in
the granitoids Riacho do Ic6, Conceiçao das Creoulas e
Tavares, aIl located in APT (see revision in Torres,
2001).
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Additionally, two granitoids, included in Mariano et
al. (2000) study, Serra da Lagoinha e Caruaru/Arcoverde,
are inserted, respectively, in the Pianc6/Alto Brigida and
Rio Capibaribe terraines, both also belonging to TZD.
The first one is juxtaposed to the APT by the NW side,
and the second is separated from APT, at SE, by the Alto
Moxot6 terrane, in which, to the moment, Brasilian
granitoids are scarce or not known.

These constraints suggest to the fact that these crustal
segments do not have the same lithospheric mande,
pointing that they constitute different terranes in the TZD.

CONCLUSIONS
The available isotopic data of the enclaves for the

Brejinho batholith don't allow unequivocal conclusions
concerning the type of mande envolved. It can be
concluded that the source of the enclaves was the
lithospheric mande and they do not constitute residues of
partial melt related to generation of felsic magmas,
considered that the magma progenitor represents the
magmatic end-member, juvenile, extracted from the
mande during the BrasilianolPan african event.

On the contrary to the enriched characteristics of the
mande considered as source of most enclaves of other
high-K calc-alkaline associations of BP, the isotopic and
geochemical data of the underlying mande to APT,
implies in considering this and other crustal segment of
the TZD, as amalgamates terrains, testifying favorably to
the model of Santos (1996), at least in this domain.
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INTRODUCTION
The large Poços de Caldas alkaline massif (PC) crops

out as a subcircular structure over 800 km2in the states of
Minas Gerais and Sao Paulo, southeastern Brazil (Eilert,
1959; Ulbrich & Ulbrich, 1992). The main rock types are
phonolites and nepheline syenites, emplaced mainly at
about 79-80 Ma ag<> (Ulbrich et al., 2(02). It is the site of
U, Th, and il mineralization, a corollary of widespread
hydrothermal alteration that lasted to around 76 Ma
(Shea, 1992).

Sorne Sr and Nd isotopic data for regional phonolites
and nepheline syenites within the massif were already
presented by Shea (1992).

We report here new Rb-Sr and Sm-Nd data as weil as
the first Pb-Pb data for several selected samples of
phonolites and nepheline syenites and draw sorne
preliminary petrological inferenceS from the results.

GEOLOGY ANDPETROGRAPHY
The Poços de Caldas massif is mainly constituted by

subvolcanic phonolites (tinguaites), nepheline syenites
(NeS), and mostly altered volcanic phonolites, in part
enclosing the overlying eolian Botucatu sandstones and
sorne Serra Gerai diabases (Eilert et al., 1959; Ulbrich &
Ulbrich, 1992). ReIated mafic and ultramafic rocks with
pyroxene, analcime and olivine as the main minerais, are
seen as fragments oflava flows, agglomerates, lapilli, and
tuffs, within its western border, at the Yale do Quartel
(VQ).

Other minor ultramafic occurrences appear in the
Osamu Utsumi open pit (mainly lamprophyres), within
the district, and intruding metamorphic country rocks,
close to the massif's northeastern Iimit (Iamprophyres and
associated silico-carbonatitic rocks at the Minas Pedras
quarry, MP).

The NeS are mineralogically monotonous, with more
K-feldspar than nepheline and lesser proportions of Na
pyroxenes, together with an assorted number of accessory
rare silicates, sorne of which present as rock-forming
minerais (e.g., eudyalite in lujavrites andkhibinites),
constantly accompanied by late and post-magmatic
phases (late aegirine, cancrinite, natrolite, fluorite, and
rare minerais), a clear indication of the activity of late
fluids rich in F, Fe, Na, CO2, and rare metals. These rocks
are in most cases clearly intrusive into tinguaites,
appearing as discrete bodies, each characterized by a

dominant petrographic facies, defined by structure,
texture, and mineralogy.

The acêessory mineralogy, eudialyte in particular, can
be used in the field to separate agpaitic NeS (with
agpaitic index over 1.1 and larger amounts of il, REE,
Ti, U, Th, etc.) from intermediate and miaskitic varieties
(cf Ulbrich & Ulbrich, 1992).

The largest body of NeS is the Pedreira intermediate
miaskitic type, with an outcrop surface over 80 km2,
while other types are present as much smaller bodies.

GEOCHEMICALBACKGROUND
Ali the NeS present rather similar whole rock

chemistry for most major and minor components (own
data), with the following mean values (wt. %): Si02:
53.55, A120 3: 19.58, Ti02: 0.52, MnO: 0.30, MgO: 0.22,
CaO: 1.63, Na20: 7.74, K20: 8.31, and P20 S: 0.05. The
larger variations are seen for K20 and Na20, which are
negatively correlated, and to-a greater extent for Fe203T

varying from 3-5 wt. % in most rocks to up to 11.2 wt. %
in the mesocratic lujaurites. Usually the molar ratio
Na20/K20 is over 1; the agpaitic indices range from 0.98
to as high as 1.33.

The trace element contents (own data), on the other
hand, present a wide r,ange, especial1y within the agpaitic
types, as shown (in ppm): Ba 16 to 1200, Rb 92-614, Sr
410-6360, Ta -2-273, Nb 127-1000, Hf 7.7-82.40, Zr
383-4450, y 8-125, Th 18.70-124, U 2.78-30.60, V 30
286, Pb 0-77, Zh HH-514, Là 75.60-1080; Ce 81-1450,
Yb 0.93-13.40, Lu 0.1Z-2.00. Ni, Co, Cu, and Cr are
below detection limits. This is a cornmon feature of most
large massifs with significant amounts of agpaitic rocks

. (e.g., Khibina and Lovozero; cf Kramm & Kogarko,
1994).

The tinguaites show a similar' spread of values for
major, minor and trace element contents, with less
enrichment. Chemical data of tinguaites plot closely to
those of less differentiated NeS, while more agpaitic NeS
show very high abundances· in trace elements, possibly
indicating a post-magmatic enrichment related to fluid
activity.

Chondrite-normalized REE diagrams for NeS and
tinguaites show a distinct concave pattern, significantly
enriched in LREE, with no Eu anomaly, La/Yb ratios
varying from about 50 to up to 100.
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Figure 2. (143Nd/144Ndho vs SmlNd plot for the Poços de
Caldas NeS, tinguaites and associated VQ and MP

ultramafic rocks. Error bars at 2a.

ISOTOPE Sr-Nd-Pb DATA
Isotopic Sr-Nd-Pb data were obtained for 18 assorted

Poços de Caldas rocks (l0 NeS and 8 tinguaites)
representatives of the main petrographic facies within the
massif.

The new Sr, Nd, and Pb isotopic analyses were made
at the Laboratoire de Geochimie Isotopique of the
Université Libre de Bruxelles. Errors are quoted at the
95% confidence level. Previous Sr-Nd data presented for
the mafic-ultramaphic sampies from VQ (Thompson et
al., 1998) and MP (Vlach et al., 1998) are also considered
for comparison purposes. AlI presented initial ratios were
computed for a 80 Ma reference age.

87Rb/86Sr and 87Sr/87Sr measured values plot close to a
80 Ma reference line with an initial (87Sr/87Sr)g0 ratio
about 0.70515 (Figure 1). The data do not fit a real
isochnm due to inherited 87Sr/86Sr contrasts in the
magmas, or late to post-magmatic isotopie
reequilibration, or both. (87Sr/87Sr)80 values range from
0.70475 to 0.70552 and there is no significant difference
among NeS and tinguaites.

1
The correlation among (87Sr/87Sr)80 and

C43Nd/144Nd)8o ratios is depicted in Figure 4. The felsic
PC rocks plot to the right of and below the Bulk Earth
(BSE) value (at 80 Ma); they have similar Sr but more
primitive Nd isotopic characteristics than the EMI
reference reservoir, and plot at the lower limit of the DIB
field (cf Zindler & Hart, 1986). The Sr isotope variations
in the ultramafic rocks cover the same range as the fe1sic
samples, with the exception of the silico-carbonatitie rock
from MP and one of the agglomerates from VQ. Sr and
Nd isotope data for the Lovozero and Khibina massifs,
emplaced at about 370 Ma in the Kola Alkaline Province
(Kramm & Kogarko, 1994), are also represented for
comparative purposes, showing that PC rocks have
similar Nd, but greatly evolved Sr isotopic
characteristics; the PC rocks plot to the right of, and
Lovozero and Khibina to the left of the BSE (at their
crystallization ages).

The e06pbP04pb)go, e07Pbp04pb)go, and e08Pbp04Pb)80
isotopic ratios of the NeS and tinguaite rocks are similar
and range between 17.9-18.3, 15.43-15.48, and 38.10
38.55, respectively. With the exception of two NeS and
'.. 208 204 d (207Pb/204Pb)one tmguaIte samples, ( Pbl Pb)goan 80

have a good positive correlation with e06PbP04Pb)g0. In
the e07PbPO:'lPb)80 vs e06PbP04Pb)go diagram (Fig. 5) the
data array plots close to the NHRL (Northern Hemisphere
Reference Line, e.g., Zindler & Hart, 1986) and define a
ca. 2.2 Ga reference line, which probably represents sorne
kind of a mixing array. The cited tinguaite and one of the
NeS plot close to the Geochron In Figure 6, a plot of
(87Sr/87Sr)g0 against e06ph/204Pb)80, the data cluster
relatively close to the EMI reference reservoir.

4.03.0

Symbols:
--.-: Nepheline syenites
=-: Tinguaites

2.0

87RbJll6Sr
1.0

0.704 -l---~----,--~----,--~----,--~---,----'

0.0

0.706

0.710

Figure 1. 87Sr/87Sr vs 87Rb/86Sr diagram for the Poços de Caldas
NeS and tinguaites. Error bars at 2a.

The C43Nd/l44Nd)g0 ratios show a significant range
from 0.51233 to 0.51239; three NeS stand out as the more
evolved rocks (Fig. 2). The VQ and MP ultramafic rocks
are clearly more primitive than the NeS and tinguaites as
shown by the respective initial ratio. With the exception
of one VQ sample, the ultramafic rocks present also
higher SmlNd ratios, reflecting its less fractionated REE
pattern. Depleted mantle model ages (DePaolo, 1981) of
the fclsic rocks vary within 650-750 Ma and give an
almost normal distribution with a mean of 692 ± 54 Ma
(2a), while VQ and MP samples range between 630-810
and 580-640 Ma, respectively (Fig. 3).
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PRELIMINARY DISCUSSION
The original NeS-phonolite magmas are c1early

representative of end-member liquids collected in the
undersaturated "low temperature valley" of the residual
nepheline-kalsilite-quartz phase diagram. the data
c1ustering around the minimum temperatures for a HzO
pressure of about 1 kbar. The absence of compatible
elements (Cu. Ni. Cr and Co below d.i.) and the very low
contents of MgO in almost ail NeS and tinguaites
strongly suggest extreme differentiation. The REE
patterns are compatible with removal of c1inopyroxene,
titanite and/or apatite.

Three main hypotheses may account for the observed
geochemical patterns: (1), a "wehrlitic" fractionation
scheme trough the removal of c1inopyroxene and

Mg-olivine from parental u/trabasic nephelinite-like
magmas; (2), low degree of partial melting of a similar
alkaline ultrabasic protolith; and (3), low degree of
fractional melting of an enriched mantle source followed
by melt collection and homogeneization during ascent
(e.g., Kramm & Kogarko, 1994; Draper & Green, 1997).
This latter possibility is less likely, on account of the
absence of those incompatible elements and the low MgO
values.

Our Sr-Nd isotope data, as weil as those presented by
Shea (1992) indicate contrasted sources for the VQ, MP,
and the felsic rocks; the MP rocks are the most primitive
in terms of the Nd isotopes. The data for NeS and
tinguaites depict a/so some significant variations,
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considered at least in part as inherited features, each body
of NeS and tinguaite presenting similar but proper isotope
characteristics, in agreement with the petrographic and
geochemical evidence (e.g., Ulbrich and Ulbrich, 1992).
Other variations could be acquired later during magma
evolution and sorne of them may be related to localized
felsic-ultramafic magma mixing phenomena. It is worth
noting that most miaskitic NeS (the Pedreira syenites)
and also sorne of the tinguaites contain augitic-bearing
ultramafic enclaves and/or augite xenocrysts.

The isotope initial compositions of the felsic rocks do
not support simple mixing relations between two or more
of the typical mantle reference reservoirs in order to

. constrain the isotope compositions of their sources. A
simple DMM-PREMA mixing relation, as suggested by
the initial Pb composition variations in Figure 5, does not
agree weIl with the observed Sr-Nd and Pb-Sr isotope
initial. ratios.

The enrichment in alcalies and trace elements in the
NeS and tinguaites indicates that the magma generation
event must have collected these elements from very large
masses of mantle rocks, probably trough a preceding
metasomatic episode, creating an enriched mantle source
for later melting (e.g., Kramm and Kogarko, 1994).

In any case, it appears that the main NeS and tinguaite
bodies crystallized from discrete magma batches rather
than being derived by crystal fractionation from the same
parental magma.
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INTRODUCTION
A large number of geochronological data (mainly K

Ar and Rb-Sr) are known for the alkaline rocks of the
Poços de Caldas alkaline massif, states of Sao Paulo and
Minas Gerais (e.g., Thompson et al., 1998; Ulbrich et al.,
2002), mostly from older publications. ln part, the data
are incompatible with geological relationships or their
precision is very low, and no consensus has been reached
about the best age and age interval for the emplacement
of the main felsic alkaline and related ultramafic
magmatic events in that district. High precision and well
constrained age determinations are needed to solve the
problem.

Ultramafic rocks closely related to the main felsic
Poços de Caldas magmatism crop out near the northern
contact of the massif, intruding Neoproterozoic basement
rocks. They comprise ultramafic lamprophyric types and
silico-carbonatitic rocks with associated late carbonatitic
veins.

We present in this report mineralogical data and
incremental laser step-heating 39ArroAr ages for a
phlogopite of one of those late hydrothermal veins. The
results suggest a minimum age of about 84 Ma for the
phlogopite crystallization and vein formation. Possible
meanings of this result are addressed in the light of the
existing geological and geochronological data for the
alkaline and related rocks within the Poços de Caldas
massif.

GENERAL GEOLOGY AND PETROGRAPHY
The uItramafic rocks appeared in the April, 1996,

mining front, as a number of sub-vertical to steeply
dipping dikes up to 2m wide and a somewhat larger
breccia zone (up to 15-20m), in the Minas Pedras quarry
(UTM coordinates: 7592573N 33 1954E). They cross cut
highly deformed and partially migmatitic Neoproterozoic
quartz-mangerites and are closely associated with larger
phonolitic dikes doubtlessly related to the Poços de
Caldas felsic magmatism.

The main Iithotypes are an aphanitic silico
carbonatitic rock (up to 40 % vol. carbonate), massive or
with flow structure, a massive fine grained phlogopite
rich rock with abundant carbonate ocelli and
pseudomorphosed macrocrysts after olivine and/or
pyroxene (now phlogopite-pyroxene-amphibole-ilmenite
aggregates), and a laminated medium-grained facies with

alternating phlogopite-rich and carbonate-rich layers. The
breccia facies contains fragments of the country rocks
and silico-carbonatitic, phlogopite-rich material in
variable amounts. Preliminary petrographic, chemical,
and isotopic characterizations of these rocks were
presented by Vlach et al. (1996, 1998) and Ulbrich et al.
(1998).

The massive varieties may be somewhat younger than
the phonolites, as they contain cm-sized, partially
fenitized, enclaves of the latter, but these features could
also be due to the very contrasting viscosities of such
magmas and their emplacement could be roughly coeval.

Several late, hydrothermal, carbonatitic veins (5-20
cm wide) cut ail these rocks. Sorne of them are made up
of almost pure calcite, others contain calcite + fluorite,
calcite + phlogopite + fluorite, calcite + phlogopite +
magnetite + apatite, calcite + phlogopite + fluorite ±
albite. Occasionally they present thorite, REE
fluorcarbonates, and other rare accessory minerais.

ANALYTICAL METHODS
Clean euhedral phlogopite crystals (ca. 1-2 mm

diameter on basal sections) from a selected calcite +
phlogopite + fluorite vein were carefully handpicked
under a stereomicroscope for X-ray diffratometry (XRD),
electron microprobe (EPMA), and isotopic studies at the
laboratories of the Instituto de Geociências of University
of Sao Paulo.

A XRD powder pattern was obtained in the 5-65° 2e
interval for the CuKa radiation; pure quartz was added as
an internai standard. About 40 reflections were chosen for
cell refinement with the LCLSQ software (Burnham,
1962). The EPMA work included electron back-scattered
imaging (BSE) and chemical quantitative spot analysis
(WDS). The analytical conditions were 15 keV, 20 nA
and 1 (BSE) or 5 (WDS) /lm for the beam accelerating
voltage, current, and diameter, respectively. Minerais and
synthetic compounds were used as chemical standards.
Matrix effects in quantitative analysis were corrected
with a PROZA procedure.

40Ar/39Ar dating analyses by the laser step heating
method were made at the Centro de Pesquisas
Geocronol6gicas on three phlogopite grains, previously
washed with pure alcohol. Analytical procedures and data
treatment are described in Vasconcelos et al. (2002).
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Figure 1 (A,B,C). Variation diagrams showing the main
chemical trends for a single phlogopite crystal.
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40ArP9Ar DATING RESULTS
The dating results for the three analysed phlogopite

grains are presented in Table 2. AlI crystals gave welI
defined plateau and also integrated ages. Apparent ages
for grains 1 and 2 are very concordant, in the 83.7 - 84.3
Ma range, while grain 3 yields a somewhat younger but
close result, about 83.1 - 83.5 Ma.

Spot 4,c 2,r 4,c 2,r
Oxides Cations
SiOz 42.63 43.75 Si 6.356 6.463
TiOz 1.55 ua Ti 0.174 0.123
Alz03 9.10 8.80 Al 1.596 1.531
CrZ03 bd bd FeIl 1.372 1.088
FeO 10.92 8.81 Cr 0.000 0.000
MnO 1.58 1.43 Mn 0.199 0.178
MgO 18.01 19.30 Mg 4.000 4.250
NiO 0.04 bd Ni 0.000 0.000
ZnO 0.10 0.10 Zn 0.010 0.010
CaO bd bd Ca 0.000 0.000
BaO 0.04 0.06 Ba 0.002 0.004
NazO 0.35 0.34 Na 0.101 0.098
KzO 9.94 10.08 K 1.889 1.900
F 4.78 4.86
Cl bd bd Sum 15.669 15.635
(O=F) 2.01 2.05
Sum 96.89 96.49 mg# 74.46 79.62

MINERAL DATA
In petrographic thin sections, the phlogopite crystals

from the studied carbonatitic vein are very clean. They do
not present any kind of alteration or inclusions, and show
a weak pleochroic scheme in pale yeIlow (ex) to orange (~

"" y). They present a distinct zoning pattern, with euhedral
cores surrounded by also euhedral discrete rims with
somewhat less intense pleochroic colours.

The computed œIl parameters, in Angstroms, for the
studied phlogopite are ao = 5.3489 (1), bo = 9.2560 (3), Co

= 20.2460 (7), ~ angle 94.730° (1), with a œIl volume =
998.96 (1) A3. These results are compatible with a 2M)
structural polytype.

BSE imaging of phlogopite grains shows that the
crystal nms have low back-scaterred coefficients and that
both cores and rims present a very weak recurrent
compositional zoning. Representative WDS analytical
data for core and nms appear in Table 1.

Table 1. Representative chemical phlogopite analyses (WDS).
c = core, r = rim, bd = below detection limit.

The phlogopite from the carbonatitic vein has more
than 6 Si c.p.f.u. and low Al contents. AlI Al cations are
in tetrahedral sites. Ti and Ba contents are relatively low,
F contents and mg# numbers are in the range 4.4 - 5.1
wt. % and 74.4 (core) and 79.7 (rims), respectively.

The compositional variations depict a slightly inverse
and recurrent zoning pattern in the studied crystal, and its
core is somewhat richer in Ti, Al, Fe, and Mn and poorer
in Mg, Ba, and F than the nms. The main chemical
variations within core, intermediate zones and rims are
iIlustrated in Figures lA, B, and C) for that single crystal.
In general, Alz03 shows a negative correlation with mg#
in aIl those zones, a positive one with FeOT and TiOz in
the core and intermediate zones and a slightly negative
one in crystal rims.
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Table 2. 39ArtOAr dating results for vein phlogopite.

Grain Plateau Dev. Step Integrated Dev.
age (Ma) ±2<J N.__ age (M~L .. ±2~<!..~

-------"'8-3-'-.8---0.-:-2-- 4 84.1 0.1

84.0 0.2 3
2 84.3 0.2 5 84.3 0.1
3 83.5 0.2 2 83.1 0.1

The step heating 39Ar release pattern from the grain 1
phlogopite, presenting two close and good plateau ages,
is reproduced in Figure 2.

A summary including aIl data is presented in the
ideogram displayed in Figure 3, which depicts a
somewhat higher probability age peak at about 84.3 Ma
and a minor one at 83.5 Ma. A value of 83.9 ± 0.3 (2a),
the weighted average of aIl measurements, is considered
here as the best estimate for the age of the Ar isotopie
system c10sure within the studied phlogopite.

DISCUSSION
Our results put sorne additional constraints on the

geochronology of the Poços de Caldas alkaline massif
and associated rocks, and also pinpoint the need for more
geologically constrained geochronological work to
elucidate the main age patterns within the massif.

In a recent review based on geological, paleomagnetic
data, and aIl published ages for the Poços the Caldas
rocks, Ulbrich et al. (2002) suggest a value of about 79
Ma as the best mean age for the emplacement of the main
nepheline syenites and phonolites in the district. The
authors suggest also a short time interval of about 1-2 Ma
for the whole felsic magmatism.

Previous dating of Poços de Caldas ultramafic rocks
comprise two older K-Ar results for from ankaratrites
(ca. 89 and 78 Ma, whole rock. cf Amaral et al., 1967)
and two 4°ArP9Ar ages (75.7 ± 0.3 and 76.2 ± 0.8 Ma) for
phlogopite from a fresh lamprophyric dike cutting across
hydrothermally altered nepheline syenites and phonolites,
the so-called "potassic rocks", in the Osamu Utsumi open
pit uranium mine (Shea, 1992). A Rb-Sr isochron
presented by Shea for these felsic hydrothermalized rocks
gave a similar value of 76 (±1) Ma. Ulbrich et al. (2002)
report also an age of 79 (±3) Ma obtained for thorite
grains from another carbonatitic vein of the Minas Pedras
quarry, with the Th-V-total Pb dating method by the
electron microprobe.

The contrasting results obtained for the ultramafic
rocks from Osamu Vtsumi and Minas Pedras need sorne
additional discussion, since there is no c1ear geological
argument indicating one or more ultramafic rock
emplacement events in the massif. There is al ways the
possibility that one of the 40ArPAr ages, or both, ref1ect
either Ar excess or loss in the phlogopite system,
although the 39Ar release patterns in our data, or in those
presented by Shea (1992), do not suggest significant
disturbance. This question can only be correctly
addressed with independent new high-precision age
determinations.
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Figure 2. Step heating incremental 39Ar release pattern plotted
against apparent ages for the vein phlogopite (grain 1).
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M is the weighted average.

With these remarks in mind, the following
conclusions can be reached with the data at hand:

1. Both dating results may be very close to the real
phlogopite crystallization age and, therefore, of the age of
vein and dike formation. In the Minas Pedras case, the
phlogopite crystallized under a low-temperature
hydrothermal environment, possibly not much higher
than ca. 300-350° C, the closure temperature for the
4oArp9Ar system and so the apparent ages should be very
close to the real crystallization ages. The phlogopite in
the Osamu Utsumi dike formed at a high magmatic
temperature, and the measured ages will approach real
ages only if the cooling down to ca. 300° C was fast. If
this were the case, then at least two main episodes of
carbonatitic-related ultramafic magmatism did occur.

The geological evidence at the Minas Pedras quarry
suggests that at least sorne of the ultramafic rocks
crystallized at the same time as the felsic phonolitic
dikes. Similarly, the phlogopite-bearing rock in the
Osamu Utsumi pit dated by Shea (1992) is at least coeval
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with the main hydrothermal event that followed the
emplacement of the nepheline syenites and phonolites. If
these figures are meaningful, then the Minas Pedras and
Osamu Utsumi 40ArP9Ar ages could date the beginning
and the end of the magmatism in the district, in a
minimum interval of about 8 Ma.

A mean age around 80 Ma for the felsic magmatism
peak (Ulbrich et al., 2002), constrained by paleomagnetic
data, which was considered also as a minimum reference
age by Thompson et al. (1998) for the whole massif, is in
this context still a good reference value, until high
precision ages will be available.

2. Despite its fresh aspect, another possibility is that
the the ultramafic dike from the Osamu Utsumi open pit
may have been subjected to late resetting at around 76
Ma, as hydrothermal alteration is widespread in the
internai parts of the Poços de Caldas Massif. In this case,
considering whole rock the Rb/Sr data, a minimum
interval for the whole magmatism of about 5 Ma would
fit better the available geocrhonological data.
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INTRODUCTION
The bibliography related to the Precambrian units of

eastern Parana and southeastern Sao Paulo states is
extensive, and encompasses more than a hundred
published papers and reports. The resulting scenario is
confusing and fragmented, characterized by an immense
proliferation of terms, many of them informai and
applicable ooly locally, thus contradicting stratigraphic
norms. One of these units, object of this study, is the

SOUTH AMERICA

BRAZJL

Saival Granites

,+ Leucocratic, inequigran ular,
medium ta coarse - grained Granite

Leucocratic,gray-rosy,
- - - - - equigranular, fine grained granite

Cérrego dos Marques Formation.

lTTTllTJl Metapelites, mica-schists
lll.l.Wl..i and mica-qtz -schists.

Âgua Clara Formation defined by Marini et al. (1967),
which is a pile of impure calcareous rocks outcropping
northwest of Rio Branco do Sul - Parana.

The main objective of this work is to present U-Pb
isotopic data obtained from zircons of metabasic rocks
and subordinate acid and associated rocks of the Agua
Clara Formation in the Araçafba region, Sao Paulo
(Fig. 1).
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Figure 1 - Simplified geological map of Araçaiba Region
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Figure 2. Tera-Wasserbourg diagram and cathodoluminiscence
from zircons of WWO-03 sample.
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The isotopie data obtained using the conventional
technique for four populations from sample WWD-03 are
aligned along the discordia, intercepting the concordia
curve at J561 ± 18 Ma (upper intercept) and at 751 ± 15
Ma (lower intercept). The intermediate positions of three
analytical points in the discordia (Fig. 3) indicate partial
Pb losses, probably associated with the Neoproterozoic
tectonics. The sole point plotting close to the lower
intercept is located left of the concordia curve, revealing
isotopie disequilibrium, possibly related to incomplete
crystal digestion. Therefore the age of 751 ± 15 Ma
obtained for this intercept must be dealt with care, once il
may lack geologica1 significance. Anyway, these zircons
crystallized during the Mesoproterozoic at 1561 ± 18 Ma
with Pb losses associated with the Neoproterozoi~
t~ctonics imprinted in these lithotypes. Using the single
zircon filament evaporation technique, for a zircon of the
same sample (WWD-03) a step corresponding to an age
of ca. 1461 ±51 Ma is observed (Fig. 4), characterizing
once more crystaIJization events related to the
Mesoproterozoic. It is worth mentioning that in this case
such technique is not effective regarding zircon rims, due
to the amount of common Pb present and relatively fast
ignition of the rims.

Another outcrop of metabasic rocks occurs in the
vicinity of Taquari-Mirim (field number WWD-32). Four
zircon fractions of sample WWD-32 were analyzed,
using the conventional technique. Two fractions - 32a and
32d - are composed of translucent, badly shaped zircon
crystals with weakJy defined edges, free of inclusions and
fractures. ln the concordia diagram both fractions plot in
the upper intercept. Other two fractions, 32b and 32c, are
composed of transparent, colorless, reiativeJy well
formed prismatic zircon crystals with defined edges,
usually having inclusions and/or fractures. The size of the
prisms differs in fractions 32b and 32c, being shorter in
the former (2: 1) than in the latter (~3: 1). Both sets plot in
the lower intercept, practically on the concordia curve.

The Agua Clara Formation is predominantly
constituted by a sequence of carbonate rocks (pure to
impure marbles), cale-silicate rocks, caleschists,
micaschists, amphibole schists, quartzites, garnet
chlorite-biotite schists, metacherts, basic and intermediate
metatuffs, metabasites, amphibolites and cornubianites.

The metabasic rocks have in general expressive
dimensions reaching kilometers in length, and are
hundreds of meters wide. They are greenish gray, fine- to
medium-grained, and usually present nematoblastic
texture. More isotropie terms also occur, showing
granoblastic texture. They are composed of pyroxenes
(diopside or augite), amphiboles (actinolite and
hornblende), and plagioclases (andesine/oligoclase). The
most common accessories are apatite, magnetite, epidote,
IItamte, and rare zircon.

In thin section, preserved ophitic and subophitic
textures are observed, indicating a probable igneous
origin.

The geochemical data suggest compositions similar to
enriched midoceanic ridge basalts (E-MORB) tending to
oceanic island basalts (OIB).

The subalkaJine, tholeiitic characteristics, similar to
E-MOR basalts tending to 01 basalts, suggest distension
or back-arc environments as the geotectonic settinos for
the basic magmatism. b

GEOCHRONOLOGICAL DATA (U-Pb IN
ZIRCONS)

Three analytic techniques (conventional, single-zircon
filament evaporation and SHRIMP) were involved in the
U-Pb isotopie study of zircons from metabasic rocks
labeled WWD-03 in the field (vicinity of Araçaiba).
Firstly, the zircon populations were selected by splitting,
usmg a FRANTZ electromagnetic separator, and
secondly by hand picking under the stereoscope.

Each zircon population is characterized by a specifie
crystal form (relatively weil formed, oval-shaped, or with
diffuse terminations), transparency, and presence of
fractures and inclusions.

SHRIMP analytical data (ri ms and nuclei) for five
zircons yielded a straight line in the Tera-Wasserbourg
dl3gram (Fig. 2), characterizing for the upper intercept
ages of 1593 ± 70 Ma, and for the lower intercept, 586 ±
24 Ma. Two points fall in intermediate positions between
these values.

Cathodoluminescence images reveal overgrowths in
practically ail the studied zircons. The closest point to the
upper intercept (oldest age) corresponds to the analysis of
a more internai crystal portion, whereas the other
analyses correspond to the more external portions,
characterized by overgrowths and oscillatory zoning. The
data suggest the Mesoproterozoic (1593 ± 70 Ma) as the
time of zircon crystalJization. The Neoproterozoic (586 ±
24 Ma) values correspond to the overgrowth zones,
probabJy coeval with metamorphic processes, or
processes related to the emplacement of the Três
Côrregos granitic batholith.
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The best-fitting discordia yielded the age of 1484 ± 76
Ma for the upper intercept and 601 ± 83 Ma for the lower
intercept (figure 5).

FINAL CONSIDERATIONS
The geochemical characteristics (subalkaline tholeiitic

basalts) indicate an extensional environment for the
emplacement of the metabasic and amphibolitic
lithotypes, suggesting a relationship with the opening of
an oceanic basin.

The geochronologic and geochemical characteristics
and structural patterns described for the Agua Clara
Formation metabasic lithotypes (probably sills and/or
dikes) suggest volcanism periods with associated
sedimentation related to the Mesoproterozoic, with ages
close to 1500 Ma. Therefore such era represents an
important mark in the evolution (sedimentation!
volcanism) of the Apiaf Domain. The Neoproterozoic
values obtained refer to zircon recrystallization and

Short Papers - IV South American Symposium on Isotope Geology

neoformation processes (affecting metabasicsl
amphibolites), emplacement of rocks of granitic/acid
volcanic nature and regional cooling of the Agua Clara
Formation.
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INTRODUCTION
Proterozoic rapakj vi granites from Brazil range in age

from J.88 Ga to 0.59 Ga, and are to be found in
anorogenic tectonic settings of the Amazonian craton
(1.88 - 1.00 Ga) and Tocantins Province (1.77 - 1.55 Ga),
and in post-orogenie tectonic settings as those of the
Mantiqueira Province (ca. 0.59 Ga) (Dall' Agnol et al.,
1999). Important Sn-polymetallic deposits are spatially
and temporally associated with some of them. The
Rondônia and Pitinga provinces situated in the
Amazonian craton are responsible for major Brazilian tin
production with a total output of ~500.000 tlSn in
concentrate.

Despite the progress achieved in the last few years,
the magmatic-metallogenetic history of the rapakivi

granites from Brazil is far from being fully understood.
Many fundamental questions still require answers before
serious attempts to elucidate their origin, evolution, and
relation with associated minerai deposits can be
satisfactorily undertaken. The aim of this work is to gi ve
an overview of the present knowledge regarding the
metallogeny of selected Sn-polymetallic deposits from
Rondônia Tin Province (Amazonian craton) and !tu
Rapakivi Province (Mantiqueira Province).

RONDÔNIA TIN PROVINCE (RTP)
According to Bettencourt et al. (1999), seven

anorogenic rapaki vi granite suites have been
distinguished in the RTP (Fig. 1), showing ages between
1.60 Ga and 0.97 Ga.
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Figure 1. SimpJifted geological map of the Rondônia Tin Province (RTP) and adjacent areas
(after Bettencourt et al., 1999).

- 713 -



Important Sn-polymetallic deposits are associated
with at least the three youngest suites: the Sao Lourenço
Caripunas Intrusive Suite (ca. 1.31 Ga), the Santa Clara
Intrusive Suite (1.08 - 1.07 Ga), and the Younger
Granites of Rondônia (0.99 - 0.97 Ga). Detailed studies
in the Santa Clara Intrusive Suite and Younger Granites
of Rondônia have shown that both suites have
petrographic, geochemical and metallogenetic similarities
(Leite Junior et al., 2000). These suites are composed of
several early, and late-stage intrusions. The early-stage
intrusions are dominant in area, exhibit a metaluminous
to slightly peraluminous character, and are formed mainly
by biotite (± hornblende) monzogranite and syenogranite,
showing rapakivi textures. The late-stage intrusions are
volumetrically smaller and comprise two compositional
rock groups: (1) a metaluminous to peralkaline group
composed mainly of hornblende (± pyroxene; ± biotite)
alkali-feldspar syenite and microsyenite, trachyandesite
and trachyte, as well as biotite (± sodic amphibole) alkali
feldspar rnicrogranite and rhyolite; (2) a peralurninous
group formed by biotite alkali-feldspar granite, alaskite,
Li-mica (± topaz) alkali-feldspar granite and topaz
bearing rhyolite porphyry (ongonite). The Sn (W, Nb, Ta,
Zn, Cu, Pb) deposits are closely associated with these
late-stage peraluminous rocks in both suites, such as:
Primavera (Sn, Pb), Oriente Novo (Sn, W, Nb, Ta), and
Rio Branco (Sn, W, Zn, Cu, Pb) in the Santa Clara
Intrusive Suite, and Potosi (Sn, W, Zn, Cu, Pb), Santa
Barbara (Sn, W), and Born Futuro (Sn, W, Zn, Cu, Pb) in
the Younger Granites of Rondônia.

ln the first suite, the Sn-polymetallic greisen and vein
type deposits are spatially and temporally associated with
biotite-alkali feldspar granite and alaskite, as weIl as with
Li-mica-alkali feldspar granite and rhyolite porphyry
(Leite Junior & Bettencourt, 1995; Leite Junior, 2002).
Major styles of Sn (W, Nb, Ta) mineralization in the
Oriente Novo massif can be divided from the oldest to
youngest, into three groups: (1) stockwork veinlveinlets
of greisen with cassiterite, and of quartz with cassiterite
and wolframite hosted within older porphyritic biotite
syenogranite; (2) disseminated cassiterite and columbite
tantalite in the Li-mica alkali-feldspar granite with
greisen pods with cassiterite; and, (3) sub-parallel veinl
veinlets of greisen bearing cassiterite and of quartz with
cassiterite and wolframite, having a general strike of
N30-50E, . and dipping 50-80 SE. The stockwork
mineralization is interpreted to be genetically related to
the biotite-alkali feldspar granite and alaskite, whereas
the disseminated and sub-parallel veinlveinlets
mineralization system, to the Li-mica-alkali feldspar
granite and rhyolite porphyry. Both were formed by
similar magmatic aqueous-carbonic fluid with minor
meteoric hydrothermal water input. Effervescence and
greisenization are the principal processes responsible for
Sn and W mineralization. Oxygen isotope
geothermometry coupled with fluid-inclusion data
suggest that mineralization took place between 370 
240°C, at 2.4 to 1.0 kbar. The 0180 HZO = (+7.4 to + 8.4
%0) is consistent with an origin as magmatic fluid that
equilibrated with a granitic magma (T=700-650°C).
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However the oDHZO of the fluids (-91 to -112 %0)
indicates mixing with meteoric water, with temperature
decrease and vapor decompression.

In the Younger Granites of Rondônia, the Santa
Barbara deposit occurs in a 500 x 150 m zone and shows
two principal structural types, both hosted by
peraluminous siderophyllite-albite-microcline granite:
horizontal and lensoid cassiterite-bearing topaz
siderophyllite-quartz greisen bodies, up to 40 m thick,
and stockworks of cassiterite-bearing topaz
siderophyllite-quartz greisen veins, and/or of quartz veins
and veinlets with cassiterite (± wolframite). Oxygen
isotope geothermometry indicates crystallization
temperatures, calculated from the oxygen isotopic
composition of mineraI pairs, of quartz-pods (570°C),
bedded-greisen (495°C), and greisen-vein (416°C),
consistently higher by 46 to 170°C than fluid inclusion
trapping temperatures. The calculated isotopic
composition of water in equilibrium with host
metasomatites (0180HZO = 3.8 to 10.4%0) is consistent
with a magmatic origin for the fluids, exception made to
late muscovite (0180H20 = -8.1%0 at 300°C), and late
quartz (0180HZO = -8.2%0 at 250°C) which suggest mixture
with meteoric waters (Sparrenberger & Bettencourt,
2002a, b). Fluid inclusion studies in greisen and quartz
veins, from the Born Futuro deposit, indicate that
cassiterite was formed by effervescence processes of an
aqueous carbonic fluid characterized by low salinity and
density, at homogenization temperatures between 420 and
320°C, and lithostatic pressure of approximately 1 kbar
(Souza & Botelho, 2002).

ITU RAPAKIVI PROVINCE (IRP)
The batholiths and stocks of the IRP (Fig. 2) are

composed mainly of subalkaline biotite syenogranite and
monzogranite, with minor granodiorite, quartz syenite,
quartz monzonite, tonalite, quartz diorite, and topaz
bearing granite sometimes spatially associated to mineraI
deposit as in Hu complex (W), and Correas massif (Sn,
W, Zn, Cu, Pb) (Wernick et al., 1997; Goraieb, 2001).
The Correas deposit comprises lode/stringer, pods,
stockworks (exocontact), and their greisen border
encompassing mica-topaz-quartz greisen and mica
greisen, accompanied by breccia. The most abundant ore
mineraIs are cassiterite and wolframite, followed by
pyrite, sphalerite, and chalcopyrite. Successive phases of
fluid evolution are mainly depicted from trapping of
heterogeneous fluid inclusions as a result of partial
mixing of magmatic and meteoric fluids, in the two-phase
subsolvus region of the fluid system under variable
pressure. A typical magmatic fluid, partly mixed with
meteoric fluids (COz ± C~, HzO, NaCI, KCI, FeClz;
0180quanz = 9.9 to 10.9%0; 018Omo = 4.13 to 6.95%0;
0180mica =4.7 to 5.2%0) was involved in the genesis of this
deposit.

The depositional temperatures are in the range of 330
to 460°C, and 210 to 440°C (at pressure conditions from
0.8 to 2.6 kbar) obtained from quartz-cassiterite/quartz
wolframite pair and fluid inclusions, respectively.
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DISCUSSION AND CONCLUSIONS
The tectonic settings are of importance for the

formation of the mineralized granites: 1- post-collisional
setting (e.g. IRP), and 2- anorogenic setting (e.g. RTP).
Ali the tin-bearing granites are Neoproterozoic in age
(1.31 to 0.59 Ga). In the (RTP), the intrusions that hosts
rare-metal mineralization are highly evolved A-type, P
poor reduced peraluminous granites, whereas in the
Correas massif (lRP) they are slightly peraluminous A
type transitional or mixed I-A-type granites. In both
provinces the rare-metal mineralization is closely related
to strongly fractionated peraluminous granites
characterized by high values of SiOz, FeO/FeO+MgO and
Ga/Al ratios, F, Li, Rb, Ga, Sn, Ta, Nb, U, and Th, and
low Mg, Ti, Ba, Sr, Eu. These studied granites show
similarities and geochemical features to those of rare
metal peraluminous granites (Pollard, 1989).

The Correas and Oriente Novo deposits show the
predominance of two fluids, which could be derived from
a common late-stage parental magmatic hydrothermal
fluid phase, which was separated into two immiscible
fluids involving mixture-immiscibility and progressive
decrease in temperatures. The data suggest that the
mineralization in these deposits occurred at temperatures
variable from 240 to 400°C under peak fluid pressures
between 0.8 to 2.6 kbar. In the Santa Barbara a quasi
continuous fluid evolution is depicted from an initial
immiscible closed system (T=390 to 400°C), which
changed into a immiscible system (T=350-370°C). The
overall evolution of the fluid system, accompanied by
immiscibility at lower temperatures, is represented by
primary fluid inclusions from bedded greisen (T=350
370°C, at P-200 bar), and topaz-siderite-quartz greisen
(T=350-370°C, at P variable from 200 to 250 bar. These
suggest peak-fluid pressures during hydrothermal
activities, at the post-rnagmatic late-stage of the deposit,
between hydrostatic and near hydrostatic. The late fluid
type is either low-salinity or high-salinity low
temperature Ca-enriched solutions.

A typical magmatic fluid partly mixed with meteoric
water is largely confirmed, in ail deposits, by oxygen and
hydrogen stable isotope studies. Hydrofracturing, boiling,
immiscibility and greisenization, and loss of COz (C~)
with falling temperature, are the principal processes
responsible for Sn-W deposition.
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Figure 1. Lavras do Sul geological map (after Gastal & Lafon,
1998). The samples were collected in four of the local mines,

named Valdo Teixeira (1), Carieleira (2), Cerrito (3), and
Olaria (4). The Cerro Rico (5) and Bioco do Butiâ (6)

mines are also shown for data comparison
(Remus et al., 2000).

INTRODUCTION
The Lavras do Sul Gold Mining District includes

nineteen old mining prospects presently inactive, hosted
by granitic rocks from the Lavras do Sul Intrusive
Complex (LSIC) (Gastal & Lafon, 1998) and
volcanogenic rocks From Hilario Formation (HF) (Ribeiro
& Fantinel, 1978) (Fig. 1).

The LSIC contains a granodiorite Central Zone, partly
assimilated by an alkaline magma (perthite granite 
Border Zone), which generated hybrid rocks (syeno and
monzogranites) in a Transitional Zone (Nardi, 1984). The
HF is mainly reJated to basic and intermediate
volcanogenic rocks.

Lavrus do Sat Gotd Minill/; District
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Fazcnd..q do Postü gTIlIlodiorilC

scdiulClIl'lI;' sequence:
Mancù AJogmup

looll/.ooite

monzodiorilC ArToio do Jacques

The hydrothermal event is associated to vein (vein
veinlets, breccias and stockworks), phyllic and propylitic
alteration, besides argillic and potassic alterations
(Mexias et al., 1990a) in the volcanogenic rocks.

The major mineralization is N400W to E-W quartz
vein-type, while some calcite and dolomite veins occur at
volcanogenic rocks. Some prospects show disseminated
ore related to hydrothermal alteration haloes not
associated to veins. The mineralized zones have 0.4 to 5
ppm Au content into the sulfide structure (pyrite and
chalcopyrite).

The objective of this study is to add new lead isotope
data in sulfide (pyrite) associated to the mineralization at
Lavras do Sul Gold Mining District. These data were also
compared with previous analyses made by Remus et al.
(2000).

SAMPLING AND METHODS
Five samples of pyrite grains were analyzed for Pb

isotope composition in four mines of the Lavras do Sul
Gold Mining District: Valdo Teixeira (VT), CeITito (Cer),
Olaria (Ola), and Caneleira (Can) (Fig. 1). Two of them
(VT-E, and Ola) were selected From quartz-pyrite veins
while three samples are From the disseminated phyllic
alteration (pyrite + white mica) around the veins. The
samples VT (E and B) and Can-DB are from mines
hosted by the perthite granite, while Ola and Cel' samples
are From granodiorite rocks.

Four samples analyzed by Remus et al. (2000) in
pyrite grains From Bioco do Butia and Cerro Rico
(volcanogenic rocks) mines ores were also used for
comparison.

The samples were processed according to the
following steps:(1) the single grains « 1mm to 3mm)
were handpicked and the concentra tes (2) were put for
one hour in a hot Teflon® capsule (60-80°C) within HCI
(1: 1); (3) the samples were cleaned in deionized water
and (4) dried completely; (5) treated with hot (60-80°C)
HF (40%, 10 ml) until evaporation to dryness and; (6)
repeat the steps 1 and 2.

Samples for radiogenic isotope analyses were
processed using standard dissolution procedures with
aqua regia in Teflon® vial and warmed in hot plate until
complete material dissolution. Pb was separated using
anionic A8-B500-F-CL (200-400 mesh) resin in 0,6M
HBr solution. Each sample was dried to a soJid and then
loaded with 0.25N H3P04 plus silica gel on Ta filament.
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this study plot in the same hne, which was defined based
on U-Pb zircon SHRIMP data to granitic rocks (Remus et
al., 2000). In this way, the authors proposed a genetic link
between the ore formation and the granitic-volcanogenic
association. It is important to observe that the Pb
compositional range from the whole rock and feldspar are
more radiogenic than the pyrite samples, as shown in
their mean values (Fig. 2). However, the volcanic
plutonic event and the hydrothermal activity could be
better linked if the whole rock and minerai Pb data were
clustered in a narrow compositional interval.
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Table 1. l..ead isotope data from Lavras do Sul Gold Mining
District. The samples were collected from Valdo Teixeira (VT-

E and B), Caneleira (Can), Olaria (Ola) and Cerrito (Cer) mines.
The analyses were made using the Faraday method.

Sample
206Pb/ i07pbl 208Pb/
204pb eITor 204pb eITor 204pb eITor

VT-E 17.309 0.017 15.499 0.017 37.278 0.ül5

VT-B 17.283 0.008 15.498 0.008 37.280 0.008

Can-DB 17.175 0.009 15.492 0.012 37.252 0.ül5

Ola 17.420 0.297 15.732 0.302 37.862 0.302

Cer 17.122 0.147 15.551 0.150 37.411 0.151

The samples were run in a multi-collector VG Sector 54
thermal ionisation mass spectrometer at Laborat6rio de
Geologia Isot6pica (Universidade Federal do Rio Grande
do Sul-Brazil) in a static mode. Measurements for the
NIST standard NBS-981 and NBS-982 were obtained and
variations are less than 0.01 %/a.m.u. Total blanks
average were <200 pg for Pb.

RESULTS AND DISCUSSION
The lead isotope data in pyrites from the studied

mines are listed in Table 1. The lead isotope
compositions range from 15.492-15.732 for 207PbP04Pb,
from 17.122-17.420 for 206Pbp04pb and from 37.252
37.862 for 208PbP04Pb.

The Pb isotope compositions of the investigated
samples, in addition to the analysis made by Remus et al.
(2000), were plotted in general 207PbP04pb vs. 206pbP04pb
diagram (Fig. 2). The Can, VT-B, VT-E and Remus et al.
(2000) samples clustered in a narrow area of the diagram.
These samples have 206Pbp04pb ratios between 17.122
17.421 and 207PbP04Pb between 15.467-15.732. Few
dispersions are observed in the Cer data e06PbP04Pb=
17.122; 207pbP04pb= 15.551), while the most disperse
result is related to the Ola e06PbP04Pb= 17.420;
207pbP04Pb= 15.732) analysis.

The showed Pb compositional dispersions are much
more evident in relation to the 207Pbp04Pb ratio (Fig. 2),
which could be related to different Il values in the source
and evolution of the Pb at Olaria mine. A similar
secondary and discordant linear array formed by the Cer
and Ola lead compositions was showed by Ho et al.
(1994), who attributed this behavior to the error
associated with the uncertainty in the mass spectrometrie
analysis (fractionation and/or 204pb error; Richards,
1986). Alternative explanations for such data dispersions
could be a remobilization of previous high U-ThlPb
source (Wagner and Schneider, 2002) or successive
hydrothermal events at the same site (Marcoux et al.,
2002).

When previous whole rock, feldspars and pyrite Pb
isotopie data (Remus et al., 2000) from Lavras do Sul
granitic and volcanogenic rocks are plotted in an
uranogenic diagram, they are disposed in a straight line
suggesting an association of aIl these rocks and
mineralization to a 594 Ma event. Sorne samples from

Figure 2. General 207Pbp04pb vs. 206pbP04pb plots of pyrite lead
isotope compositions from the studied mines. Pyrite data and
mean Iead compositions for whole rock and feldspar samples
analyzed by Remus et al. (2000), are plotted in the 594 Ma

isochron for the LSIC granitic rocks. Stacey & Kramers
(1975) Pb growth curve is shown for reference.

Even if the Ola (D) sample is considered to be the
best estimate of the initial (primitive) Pb composition,
due to its position in the diagram, it is known that the
least Pb composition in pyrite grains can be very
heterogeneous (Ho et al., 1994), hence it is better to use
galena samples for that purpose.

When plotted in the plumbotectonics (version II)
model diagram (Zartman & Doe, 1981), the Ola and Cer
samples have 207PbP04Pb vs. 206pbp04pb (Fig. 3a)
compositions that are related to upper crust (Ue) isotopie
evolution. The other samples are related to the orogene
(0) mixing curve, within contributions from both upper
crust and mantle (M). The 20SpbP04Pb vs. 206pbP04pb
diagram show that aIl samples cluster between the
orogene (0) and lower crust (LC) compositional curves,
(Fig. 3b) but with higher 208Pbp06pb contents to Ola

sample.
From these results, we believe that the proposition of

more than one hydrothermal event could be made, mainly
because the heterogeneous ore (sulfide) lead isotope
compositions. The various source contributions for the
sulfide lead can argue for that assumption. The addition
of more analysis can provide new advances in the local
mineralization understanding.
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INTRODUCTION
Magnetic iron ore-hosted copper deposit occurs in

layered mafic-ultramafic intrusions in the low Rio Silo
Francisco River valley, in the States of Bahia, Sergipe
and Alagoas in Northeastern Brazil. They are nested in
metavolcano-sedimentary sequences, which are
considered as part of the South Alagoas Zone, Amorim
(1995). Two layered mafic-ultramafic complexes are
recognized in this part of the Sergipano Belt: the Canindé
and the Serrote da Laje complexes.

The age of the Serrote da Laje is uncertain, but it is
roughly inferred to be older than 1,400 Ma, which was
obtained via Rb-Sr dating of the younger Bela Aurora
type granites (Amorim et al., 1990).

This study is an exercise geared to assess the age
relationships between the Serrate da Laje Complex and
its metasedimentary host rocks using the Sm-Nd and Pb
Pb systematics. The preliminary age determinations of
the deformed and polimetamorphosed rocks of this
fragment of the South Alagoas Zone also aim to
contribute to the understanding of the geological history
of this part of the Borborema Province.

GEOLOGICAL SETTING
The Serrate da Lage Complex is a layered intrusion,

lying within the South Alagoas Zone of the Sergipano
Belt, as an intrusive body into the Rio Coruripe Domain
of Jaramataia Group, (Amorim et al., 1995). The
Jaramataia Group is a 120 km long bow-shaped folded
belt, which crops out between the cities of Belo Monte
and Igaci in the central part of the State of Alagoas,
Brazil. It consists of plutonic, volcanic and sedimentary
rocks, which were metamorphosed under the greenschist
to granulite facies conditions (Fig. 1).

THE SERROTE DA LAGE COMPLEX
The Serrote da Lage Complex crops out between the

cities of Crafbas and Arapiraca in the State of Alagoas
(Fig. 1). It is composed of a sequence of gabbro, norite,
hyperstenite and magnetite, hosted by clastic and
chemical sediments (Horbach & Marimon, 1988).

The differentiates are mingled with fine- to medium
grained gabbroic rocks, which were interpreted as

younger crosscutting diabase and gabbro (Fig. 2). The
complex is highly deformed and recrystallized within the
granulite facies condicions, which has produced a
metamorphic paragenesis composed of hypersthene,
sillimanite, cordierite and gamet. The sequenèe was later
intruded by granite and pegmatite dykes. The granulites
have been retrometamorphosed within the greenschist
facies conditions in zones of britle deformation,. which
exhibit biotite, chlorite, talc and carbonate.

PERNAMBUCO

-MACEIÔ

10'

D Quatemary caver ~ KirlZingitic migmatite gneiss

~ Gneiss and migmatrtes • Santa Cruz Formation -Quartzrte
"• MaflC-uhramafic Complex Archaen granulrtlc basement

Figure 1. Geologie map of the Arapiraea and CraJbas area.
(After Amorim , 1995).
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Figure 2. Geological section of the Serrote da Laje Complex
(After Leal, 2002).

The Serrote da Lage Complex hosts a copper ore
deposit, confined to the iron-rich differentiates which was
evaJuated by CYRD as large as 74 million tons of ore,
bearing 0,62% Cu_ An epigenetic gold mineralization,
related to fractured zones of the copper ores, is also
observed and the ore-grade is of the order of 0.17 ppm
Au, (Figueiredo & Xavier, J992).

Mineralogy
Sample

Rock Type
Id "'"><

~- .a ... - "0 0 N

~ "'3Co
u~ ::C" >'lU CI0 rZJ

FD37-25.20 Diabase x x x x x

FD48-24 Met.a leucogabbro x X X x x x x

FD37-38 MeLa gabbro X X X X X X x

FD02-4080 Meta Ilorite X X X X X X X X X

FD02-67-40 Meta norite )( X X X X X X )( x

FD51-4.5 Magnetite chloritile X X )( X )( x

FD46-66-35 Met<ldunite x )( x x x

FD46-66-90 Mcta- magnetitite x )( x x

Table 1. Mineralogical composition of the samples. Opx 
hyperstene; Pl - plagioclase; Cpx - diopside; Hb - hornblende;

Gr - gamet; Bt - biotite; Cd - cordierite; Cl - chlorite;
Qz - quartz; Mt - magnetite; SuIf - sulphide.

Table 2. Sm-Nd data for the Serrote da Laje Complex.

Samples taken from different drill holes are listed in
Table 1. The rock specimens are metamorphic rocks,
which still preserve sorne primary features, such as
cumulus textures, rhythmic layering, and typical diabasic
textures.

Table 2 displays the results of the Sm-Nd isotopie
h'b' 143 JI44Nd danalyses. The samples ex 1 lt .Nd expresse as ENd

values from -6.36 to -31.08. The data unfortunately did
not yield suffïcient spreading to produce reliable
isochronic ages for the mafïc-ultramafïc differentiates.
Nevertheless three groups of samples with distinct TDM

model ages couJd be distinguished.
The first correspond to the intrusive diabase, which

yielded a Mesoproterozoic TDM model age of 1.49 Ga.
The second consists of the gabbroic rocks that yielded
Lowerproterozoic TDM ages, from 2.32 to 2.34 Ga. The
third group comprises the noritoid and metamorphosed
magnetite-hyperstenites that produced Archaean Sm-Nd
model ages as old as 2.71-2.86 Ga.

147Sm/ 14"Ndi
TOMSample Sm Nd I44Nd E(o)ppm ppm I44Nd

(+ 20')
(Ga)

FD 37-25.20 Il.620 50.31 0.1396 0.512312±06 -636 1489

FD 48-24(2) 6.709 32.01 0.1267 0.511711±06 -18.08 2.322

FD 37-38 5921 2859 0.1252 0.51 1677±O6 -18.75 2.343

FD 02-40.80 2.729 12.366 0.1334 0.511618±O9 -19.90 2.708

FD 02-67-40 3007 13.130 0.1385 0.51 1634±O6 -19.58 2.864

FD 51-4.5 0.361 1.513 01442 0511465±16 -2289

FD 46-66,35 0490 3.158 0.0937 0.511045±13 -31.08

FD 46-90 0.151 0,385 0.2405 0.512692±16 +1.04

o Quartz-Feldspar biotne gno_

Gamet Sllilmanite biotite gneJ'S6

œ Calcsilicale

ml Granite-Pegmatite
• Gabbro

• MafJC-uttramafic Complex

GEOCHRONOLOGY
A reconnaissance isotopie research exercise was

carried out in this complex in order to tentatively assess
the age relationships between the mafïc-llltramafïc rocks
and their host Jythological units of the Rio Coruripe
Domain. The meta igneous rocks of the Cu-Au deposits
were studied via the Sm-Nd method and the enclosing
metasedimentary rocks were indirectly dated through the
Pb-Pb zircon evaporation method on detrital grains.

Sm-Nd SYSTEMATICS
The Sm-Nd isotopie study was carried out on nine

samples of drill cores, which were kindly provided by
CYRD - Companhia Yale do Rio Doce. Sampling aimed
to cover the JythoJogical spectra from leucocratic to
ultramafïc in order to obtain a whole-rock isochron. This
procedure aJso aimed to distinguish, from the isotopie
point of view, rocks that might have generated from
different types of magma within the complex.

Sm and Nd were separated by standard ion-exchange
techniques. Sr and Nd isotopie analyses were performed
at the GeochronoJogy Laboratory of the University of
Brasflia in static mode using a multi-collector Finnigan
MAT-262 mass spectrometer. Total blanks were: Sr = 0.2
ng, and Nd < 0.2ng. 20 uncertainties for the 87Sr/86Sr and
143Nd/44Nd ratios are smaller than O.OJ % and 0.005%,
respectively. AnalyticaJ procedures are those reported by
(Gioia & Pimentel, 2000)

Decay constants are those recommended by Steiger
and Jager (J 977), and ages are reported at the 95%
confidence interval. Analysis of the NBS-987 Sr standard
gave values between 0.71024 and 0.71029, and the
LaIolla Nd standard yielded values between 0.511830
and 0.511848.
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Pb-Pb SYSTEMATICS
A sample from the enclosing biotite gneiss

(metarkose) was collected 2 meter below the mineralized
noritoids. Detrital zircon grains were investigated in order
to assess upper limit for the age of deposition of the
original sediment.

The zircon crystals separated from this sample were
dated via Pb evaporation zircon method (cf. Kober, 1987)
at Para-Iso Laboratories (UFPa). Data are presented at 2a
level . The Pb corrections have been done according to
basis of the Pb double stage evolution model (cf. Stacey
& Kramers, 1975) Analyses were carried out using a
Finnigan MAT 262 spectrometer.

Fifteen zircon crystals were separated from the
original sample. They are interpreted as detrital grains,
which have been classified into two morphological
groups. The first displays corroded, round and dirty
surfaces, which exhibit elongated prismatic-like shapes,
yellow to brownish colors, rare concentric zoning, scarce
metamictization and moderate to strong fracturing. The
second group corresponds to brownish, corroded, round
and sometimes weakly fractured pyramidal-shaped zircon
crystals, sorne of them exhibiting metamictization.

Only five, out these fifteen analyzed zircon crystals,
yielded reliable data for age deterrninations. Three
crystals from the first group could be aligned in a plateau
and 207Pb;206pb ratios have given a mean age value of
1778 ± 23 Ma (Table 3). Two zircons of the second group
produced similar age values yielding an averaged value
of 1417 ± 14 Ma (Table 3). This preliminary data
suggests, therefore, that the Serrote da Laje is younger
than ca. lA Ga.

DISCUSSION
Sm-Nd method has been proved to be a valuable tool

to date layered intrusions. Whole-rock Sm-Nd isochronic
ages are usually obtained from coeval differentiates of
fresh unmetamorphosed mafic-ultramafic series.
Nevertheless the reliability of whole rock Sm-Nd dating
is often challenged due to assimilation of older sialic
contaminants by parent magmas during ascent.

Considering the lA Ga as the maximum age for
emplacement of the Serrote da Laje intrusion, the ENd

(t=1.4 Ga) values for the individual samples investigated
must be smaller than approximately -7.5 (Table 2). This
demonstrates that, regardeless of the time of intrusion, the
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original magma has been contaminated with older sialic
crust (Fig. 3). Contamination with continental material is
also suggested by low SmlNd ratios presented by most 0

the rock samples. The effect of this contamination would
be more severe for the ultramafic differentiates which
contains less neodymium and are more sensitive to
assimilation of Nd from older external sources.

The preliminary Pb-Pb data from detrital zircons
provided two groups of ages. The younger may be
considered as the maximum age for the metarkose and it
can be "correlated" to the 1,412 Ma Rb-Sr age of the
granitic gneisses from Pedreira Triunfo site (Bela Aurora
type). Furthermore, this age is also the maximum age of
the Serrote da Laje intrusion, which intrudes into the
metasediments. These indirect dating of the Serrote da
Laje and arkose should only be considered in the case
that the Sm-Nd and Pb-Pb systems have both remained
closed during the Brasiliano orogeny. Sm-Nd TDM and
Pb-Pb ages together, when considered as related to
undisturbed isotopic systems would thus indicate that the
Serrote da Laje Complex and the sediments are younger
than 1,417 Ma (Fig. 3).

CONCLUSIONS
Sm-Nd and Pb-Pb ages reported here can not be

related to the crystallization of the Serrote da Laje
Complex. Sm-Nd method was able to discriminate the
three groups of rocks that could either be coeval or
represent three different magmatic events. Sm-Nd data
also show that these rocks display different degrees of
contamination with older sources. The Pb-Pb zircon
evaporation younger ages were interpreted as the
minimum age of the zircons so far analysed and this
might be the possible maximum age of the metarkose.
Pb-Pb dating indicate that Serrate da Laje Complex and
metarkose are both younger than l, 412 Ma and this is
partially in agreement with the Rb-Sr age for the Bela
Aurora-type granites. The older Pb-Pb zircon age is here
considered an important data as it registered the possible
presence of Paleoproterozoic crust in this part of the
Southern Alagoas Zone during the metarkose deposition.
Additional geocronological investigation is now being
carried out by the Geological Survey of Brazil in this
area, which will certainly help to constrain the age of the
Serrote da Laje Complex.

Table 3. Pb-Pb data for 5 zircon crystals from a sample of metarkose.

Zircon T(CO) Ratios Z04Pb/2AJ(iPb 2a 208pbPOliPb 2a 207Pb/2AJ(iPb 2a (207Pb/2OIiPb)c 2a A2e (Ma) 2a

F037110 1450 34/34 0.000118 4 0.02835 47 0.11042 57 0.10846 59 1774 10

F037/11 1500 8/8 0.000089 20 0.03892 51 0.11071 76 0.10951 81 1791 14

F037/14 1450 4/4 0.000080 2 0.07436 433 0.10883 33 0.10774 33 1762 6

F037/17 1450 36/36 0.000330 33 0.01273 153 0.09388 55 0.08955 69 1416 15

F037/13 1500 6/6 0.000000 0 0.02637 121 0.09031 255 0.09031 255 1432 54

•
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Figure 3. Nd evolution diagram displaying the two Pb-Pb
evaporation zircon ages.
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INTRODUCTION
The K-Ar method on biotite is used to date a

porphyritic dacite rock collected from El Arriero
hydrothermal alteration zone, La Huerta range, province
of San Juan, Argentina.

La Huerta range, located at approximately 145 km
east of San Juan city (Fig. ]), is an old wel/-known
oùning district due to its polymetallic lead-zinc-silver and
gold deposits.

As Ramos et al. (1988), Cardô and Castro de
Machuca (1999) and Castro de Machuca et al. (1999,
2000) point out, il is clear that hydrothermal alteration
and ore de position are directly related and genetically
associated to magmatic activity in the area. Magmatism is
shown by several acid to mesosilicic volcanic and
subvolcanic bodies amongst which is El Arriero Dacite
(EAD). AJteration and metallic mineralization are parts of
the same process.

Potassium-argon ages on volcanic and subvolcanic

rocks from La Huerta range vary from 259±l3 Ma to
246±8 Ma (Fig. 1). The ages showed in figure 1 indicate
almost continuous magmatism in the area. This age range
is coincident with the gondwanic magmatic cycle that
affects the whole Pampean Ranges System.

K-Ar dating by Ramos et al. (1988) on a small
rhyolite intrusion (El Temblor Rhyolite) and a volcanic
acidic breccia (Cerro Blanco district) points out an age of
256±8 Ma and 246±8 Ma respectively. More recently,
Castro de Machuca et al. (1998, 2001) obtain sioùlar ages
from a porphyritic andesite (PMV: 259±l3 Ma) and from

a basait (BMV: 255±l3 Ma) in the Marayes Viejo area.
Ail cases were dated by means of the K-Ar whole-rock
method.

The absolute age here presented (259±8 Ma) agrees
with those previously reported, and permits assigning the
porphyritic dacite of El Arriero to the Gondwanic
magmatic-metallogenic cycle.

REGIONAL SETTING
La Huerta range is part of a much larger area of

crystalJine basement rocks called Western Pampean
Ranges. Il consists predooùnantly of Upper Proterozoic
Lower Paleozoic rocks that have been subjected to
medium-high grade metamorphism (high-amphibolite to
lower-granulite facies). Biotite-gamet gneîsses, biotite
sillimanite-garnet gneisses, forsteritic marbles and
amphibolites are intruded by plutonic rocks assigned to
the Middle Ordovician magmatic arc (Famatinian

magmatic arc) which are dooùnant along the eastern
flank of the range. Amongst them metatonalites,
metadiorites and metagabbros prevail.

Few small andesitic to rhyolitic intrusions and
associated rhyolite dykes, are scattered throughout the
igneous-metamorphic basement. The most important
igneous outcrops are indicated in figure 1.

Since Upper Paleozoic time, the crystal/ine basement
has behaved as a rigid element related to faulting. From
the town of Marayes to the central part of La Huerta
range, the structural selting is characterized by fault
bounded blocks forming steps culminating at the Valle
Fértil megafracture. The N30o-35°W trending
megafracture is exposed along the western flank of the
hill (Baldis et al., 1990).

Figure 1. Location map and satellital image of southern La
Huerta range showing the main igneous

outcrops and the K-Ar ages.
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LOCAL GEOLOGY - EL ARRIERO DACITE
El Arriero hydrothermal alteration zone lies on the

eastern slope of La Huerta range, at 31 0 16'26" S latitude
and 67"20' 14" W longitude. It is located in El Arriero
creek 12 km upstream from the discharging mou th of
Santo Domingo main creek. The zone is about 1000 m
long and 800 m wide, in average, and it is reachable only
by trekking or horseback riding. No previous study has
been done on the area, excepting those carried out by
Cardo (1990) and Cardo & Pérez (1995).

Local basement made up of metatonalites with mafic
microgranular enclaves, is intruded by the small
irregular-shaped body of porphyritic dacite. A striking
feature of the EAD is its alignment according to a NE
SW trend. The EAD is emplaced along an anular (ring)
fracture surrounding by a tectonic breccia that forms a
narrow rim at the contact of the igneous body and the
enclosing sequence. Contacts are sharp. Clasts within the
breccia are composed entirely of basement country rocks,
suggesting that the roof of the magma chamber was not
far above the present level of exposure. The breccia has
abundant sulfide mineralization disseminated andJor in
quartz/calcite veinlets.

The EAD exhibits rare xenoliths of basement rocks
and isolated mafic microgranular enclaves. It is medium
to light-pinkish gray, and shows a seriated porphyritic
texture. It contains euhedral to subhedral plagioclase
phenocrysts which conform 25% of the rock, and lesser
amounts of quartz, hornblende and biotite in a fine
grained groundmass composed of the same mineraIs.

In thin section (Fig. 2), plagioclase (oligoclase)
phenocrysts show notorious zoning and polysynthetic
twinning. Sieve texture and corroded cores are common.
Subhedral to euhedral, randomly oriented, brown-orange
biotite phenocrysts of pseudohexagonal habit, compose
approximately 5% of the rock. Brownish-green
hornblende phenocrysts ranging from 8 to 10% are
prismatic and strongly pleochroic. Rounded and embayed
quartz phenocrysts are scarce (up to 3% of the rock).

The groundmass consists of fine-grained
recrystallized quartz, altered plagioclase and small
proportion of kaolinized alkali feldspar. Accessory
mineraIs include apatite, sphene, zircon and opaques.

The EAD is altered and mineralized. It has moderate
to strong silicification. Mafic mineraIs are variably
altered to chlorite±calcite±epidote±quartz, with minor
magnetite and sphene. Plagioclase is commonly altered to
sericite and clay mineraIs. Propylitic alteration affecting
the country rock, the tectonic breccia and the EAD is
dominant, but quartz-sericite alteration also occurS.
Weak potassic alteration (green biotite pseudomorphous
after hornblende) is present in places. However, no clear
alteration zoning directly associated with EAD has been
identified.

The EAD is high in sulfides (>5% volume).
Disseminated pyrite and lesser chalcopyrite±pyrrothite
are the main ore mineraIs. Magnetite and native gold are
also present. The igneous outcrop is cut by narrow (up to
0,60 m wide) quartz-pyrite veins which strike
approximately N-S, extending not further than 30 m
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(Cardo & Pérez, 1995). The low density of veins and lack
of pervasive alteration suggest that the EAD did not
contribute much ore mineralization to the system.

Figure 2: Phenocrysts of twinned plagioclase (sorne of them in
clots), quartz, biotite and opaques, in a fine-grained groundrnass

of plagioclase±quartz. (X2,5-PPL and XPL)

K-Ar RADIOMETRIC DATING
Two samples of the EAD were analyzed at the

Geochronology Laboratory of SERNAGEOMIN in
Santiago, Chile. An attempt was made to select the
freshest sample, but it still contains a small proportion of
secondary alteration products. Biotite in dated sample
(Arr sin P96Arr) is a mixture of slightly cWoritized of
magmatic (dominant) and secondary (hydrothermal)
ones. The former has been reseated to the temperature of
formation of the later.

Analytical results are listed in Table 1.

Table 1. Analytical results obtained by the K-Ar rnethod on
biotite in El Arriero Dacite

40Ar rad. %40Ar
Isotopie

Sample Material
(nVg) atm.

%K agderror
(Ma)

Arr sin
P96Arr Biotite 34.781 II 3.206 259±8

The EAD is considered broadly contemporaneous
with the stage of alteration and pyrite-copper
mineralization. A slight decrease in the real age of the
intrusion is explained as a consequence of 40Ar loss
attributed to the hydrothermal alteration (Faure, 1986).
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DISCUSSION AND CONCLUSIONS
Since magmatic biotite in the dated sample is slightly

altered (chloritized), and secondary biotite is also present,
it is uncertain that this age is exactly that of the EAD
intrusion. Nevertheless, the EAD is considered as a syn
mineralization igneous body, spatially and temporally
associated with depositation of disseminated and/or
veinlet ore mineralization and, thus, the obtained age
could represents that of the magmatic-hydrothermal
mineralizing event. The intrusion was immediately
followed by hydrothermal fluids derived from deeper
zones, causing the depositation of ore mineraIs.

Further and more detailed radiometric data on specifie
alteration mineraIs, could help us to confirm the genetic
relationship between El Arriero Dacite and the alteration
mineralization process.

The available K-Ar radiometric dating obtained for El
Arriero Dacite, is consistent and shows no significant
difference in ages respecting the previous dated vo1canic
and subvo1canic rocks in La Huerta range.

The absolute age of 259±8 Ma presented in this work,
corresponds to the Middle Pennian (Guadalupian), and
confirms the presence of another component of the
Gondwanic magmatic cycle in the Western Pampean
Ranges.
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INTRODUCTION
The Morro Agudo and Vazante deposits are situated

in the Vazante-Paracatu region, to the NW part of Minas
Ger:~is, and represent the largest zinc district from Brazil.
Other important deposhs, such as the Ambrosia and
Fagundes, besides several small occurrences are recorded
in this district. The Morro Agudo and the Vazante mines
are responsible for almost aIl the zinc concentrate
production and by the whole lead production of the
country (Oliveira, 1998).

The mineralizations are hosted by metapelitic
dolomitic sequences of the Vazante Group (Dardenne,
2000), and present many common characteristics and
sorne contrasting features, being the most significant the
willemitic nature of the ore, that distinguishes the
Vazante deposit from the other deposits of the Vazante
Paracatu region (Bettencourt et al., 2001).

The Vazante-Paracatu deposits have been initially
compared with Mississipi Valley Type (MVT) (Amaral,
1968; Rigobello et al., 1988; Iyer et al., 1992),
Sedimentary Exhalative (SEDEX) (Misi et al., 1996;
Freitas-Silva & Dardenne, 1997) and Irish type
(Hitzman, 1997; Cunha et al., 2000; Misi et al., 2000;
Dardenne, 2000; Monteiro, 2002). The Vazante deposit is
classified as "Vazante Type" (Monteiro, 2002), because
of the willemitic nature of the ore, differently of the
other deposits from these zone.

Because the lead isotopic ratios are "fingerprints"
from the galena-bearing mineraI occurrences (Doe &
Stacey, 1974), this technique can be used in genetic
classification of the ore deposits and can provide
important application for the economic appraisal of a
deposit.

This paper relates the resuIts of the lead isotope
analyses in galenas of the Pb-Zn deposits of Morro
Agudo, Vazante, Fagundes and Ambrosia, in the
Vazante-Paracatu region, with the objective of helping in
the establishment of a genetic model and to constrain the
age of mineralization.

REGIONAL GEOLOGY
The Vazante-Paracatu region lies in the external part

of the Brasilia Fold Belt (BFB), which extends for more
than 1000 km along the N-S direction, parallei to the
western margin of the Sao Francisco Craton (CSF) (Fig.
1). The BFB represents an unstable tectonic unit that
suffered successive reactivations of the old continental
structures, and had its main evolution during the

Brasiliano orogeny (-600 Ma), with a history of
deformation and metamorphism (Marini et al., 1981).

The mineralizations are hosted in dolomitic rocks of
the Vazant group (Dardenne, 2000), which represents one
of the metasedimentary sequences of the southern
segment of the BFB, involved in a complex imbricate
system of nappes and thrusts, indicating vergences
towards NE and tectonic transport towards SE, and
marked by regional sinistral transcurrente shear zones
(Dardenne, 2000). In the NW part of the State of Minas
Gerais, the metasediments of the Vazante Group coyer a
250 km long region, with general NS orientation (Fig. 1).
The Vazante Group (Dardenne, 2000) is divided into
seven formations from base to top: Santo Antônio do
Bonito, Rocinha, Lagamar, Serra do Garrote, Serra do
Poço Verde, Morro do ca1cârio and Serra da Lapa. The
basal formations Santo Antônio do Bonito and Rocinha,
are predominantly pelitic and contain large phosphate
concentrations. The Lagamar formation represents a
psammo-pelitic unit. The Serra do Garrote formation
consists of a thick sequence, locally of slate, and
rhythmic carbonaceous with pyrite. The Serra do Poço
Verde is a dominantly dolomitic sequence divided into
four members from the base to the top: Morro do
Pinheiro Inferior Member, Morro do Pinheiro Superior
Member, Pamplona Inferior Member, Pamplona Middle
Member. The Morro do Calcârio formation is composed
by stromatolitic dolomites associated with dolarenite and
dolorudite. The Pb-Zn mineralizations are hosted in this
two, predominantly dolomitic later formations. The Serra
da Lapa formation is composed by rhythmic
carbonaceous phyllite, sericite-chlorite phyllite and
carbonate bearing metasiItstone.

The Morro Agudo deposit is hosted by a sequence of
breccias, dolarenite and the dolarenitic breccia of the
Morro do Ca1cario formation. Interfingered or above the
dolarenite occur a finely laminated clay-dolomitic
sequence, constituted by dolomites and clay layers. The
mineralization is limited by a normal fauIt
(NIOW/75SW), and aIl the orebodies are located to the
west side of the fauIt zone. The orebodies are known in
the mine as the G, H, l, J, K, L, M and N bodies,
composed of sphalerite, galena, pyrite, and barite. The G,
H and 1orebodies are associated with dolomitic breccias,
forming discontinuous and isolated levels of ore, with
open-space filling textures and cementing brecciated
structures. The J, K and L orebodies are stratabound and
associated with dolarenites and dolarenitic breccias. The
mineralization is an open-space filling and cementing
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Pb ISOTOPIC COMPOSITION OF GALENA IN THE
MORRO AGUDO DEPOSIT

The results for 29 galenas samples from the Morro
Agudo deposit. display two separate populations (types 1
and Il), indicating important difference in Pb composition
according to the mineralization type (Fig. 2). The
majority of the galenas contain lead whose 206Pbp04 pb,
207PbP04 pb and 20S pbP04 Pb ratios had a small variation

(17.588-17 .839, 15.608-15.789, 36.998-37.558,
respectively). The type 1 population is represented by
isotopie ratios of the stratiform mineralization (N
orebody). This is generally slightly less radiogenic than
other orebodies in the mine. The type II population is
constituited by isotopie ratios of other types of ore (open
space filling, veins, cementing brecciated structures)
represented by the orebodies G, H, l, J, K, Land M. This
population plots scattered along an apparent linear trend,
and there is no distinction beteween the isotopie
characteristics of the various types of mineralization.

According to Large et al. (1983), the slope of the
steep linear trend, cannot be used to define an isochron;
more probably it represents the result of mixing of Pb
from at least two sources with differenlll values.

1(1)
_.~

~ 1(2)."'1.(4'.(5).(6)

17"""

"'j'W,.B

1

1

1
~_I oms

5 1

~_I
tJLl9 jmilJ 6'-"1

~ '(-.,. J

22

(91

Fi~re 1: A - LocaJizalron orlhe Vaz.élnle Group III
!.he 8rasma Fold Bell (Dardcnne& Schobbcnhau-s,
2000). (1) Parana and Alwdo Siio Francisco BasllI,
Araguaia Fonnalion; (2) Trl'~M;tri~I:~ Fom.llion,
(3) Subgrupo Paraopeba: (4) lbi<il:orm;;Hion; (5)
ArJxâ Group: (6) AciJ and mafies Granulltes 3T1J

orlhog.nJisscs: (7) Vm'..1nlC Group, (8) Paranoâ
Group: (9) Canastra Group. 13 - Geologie Map
Val2ntc Group (Cia. Mlneira de Mctal~, 11)82). (1)
Paracalu Forrnalion~ (2) Serra do Landim
Formalion; (3) Lapa Fomwlion, (4) Serra do
Vclosinho Member: (5) Morro do Caldriol Serra
do Poço Verde Fomlation: (6) Serra Jo Garrote
Formalion: (7) Lcad <lnd Zinc occurrences; (8)
ThrusLS rauh. (Cia. MlIlcird Je MC1<lis in Monlciro,
2002).

oolitic dolostone beds with brecciated structures. The M
orebody is hosted by dolarenite, made of sphalerite,
galena and pyrite, which occurs filling open-spaces and
veins. The N orebody is hosted by dolarenites intercaleted
with the clay dolomitic sequence. The N orebody is
stratiform, consists of venular alternate laminations of
chert, galena, sphalerite and pyrite and shows
sedimentary features indicating a syngenetic to syn
diagenetic fonnation (Cunha, 1999). Cunha (1999)
reported a clear zonality of sulfur isotopie data in these
different orebodies with a decreasing trend of Û34S values
from the fault zone towards the west, implying a possible
feeder zone associated with the fault system. This is
supported by temperature and saJinity zonality of primary
fluid inclusions in sphalerites from the same section
(Cunha, 1999).

The Vazante deposit is associated with the Vazante
fault zone (N50E/60NW), characterized by complex
shear zones with irreguJar or anastomosed geometry
(Monteiro, 2002). The mineralization styles are veins and
anastomosed podiform bodies, composed by willemite,
associated with hematite, siderite, zincite and dolomite.
Metric bodies of metabasites occur tectonically
imblicated by the sequences of the PampJona and Morro
do Pinheiro Members, along the fault zone of Vazante
(Monteiro, 2002).

The Fagundes deposit is hosted in dolomites with
stromatolitic chaotic structures of the Pamplona Upper
Member, at the contact with the Serra do VeJosinho
Member (Monteiro, 2002). The mineralizated zones are
stratigraphically analogous to the Morro Agudo deposit
and above the Vazante zones. The mineralization is
stratabound, characterized by sl:.rong hydrothermal
aJteration, such as silicification and dolomitization,
composed by sphalerite, galena and pyrite associated
with baroque dolomite, hosted by silicificated and
brecciated dolomites. This deposit is charactelized by
later veins and breccias ore types, reflecting several
intermediate stages of mobilization.

The Ambrosia deposit is controlled by a high angle
fault zone (N30o), and is hosted by brecciated dolomite,
which is imbricated with black shales and slates. The
mineralization, composed of pyrite, marcasite, sphalerite,
and minor gaJena, occur in brecciated comb-veins and
veinlet infillings. (Monteiro, 2002). In this deposit the
epigenetic style of mineralization predomina tes.

RESULTS AND DISCUSSION
Lead isotopie ratios were determinated in 41 samples

of galenas: 29 from Morro agudo. 3 from Vazante, 6 from
Fagundes and 3 from Ambrosia. The galenas were
collected from samples coming from the different types
of ore at the Vazante-Paracatu region, and the results are
shown in the figures 2 and 3.
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Pb ISOTOPE COMPOSITION OF GALENA IN THE
VAZANTE, FAGUNDES AND AMBROSIA
DEPOSITS

The figure 3 shows the whole Pb data from the Morro
Agudo, Vazante, Fagundes and Ambrôsia deposits, in
whieh one additional population (III) ean be identified.
The majority of the galenas conta in lead whose
20opbP04 pb, 207Pb/204Pb and 2118pbp04pb ratios vary a little

(17.718-17.846, 15.629-15.714, 37.170-37.475,
respeetively). The isotopie ratios of the Vazante deposit
show many analogous to the Morro Agudo deposit,
falling inside the same trend where the J, K, L, G, H, 1
and M orebodies are (field II), indieating a similar
source of Pb.

The population lU is charaeterized by isotopie ratios
of the Fagundes and Ambrôsia deposits. These are
slightly more radiogenie that those of the MorI'O Agudo

and Vazante deposits. Based on isotopie and fluid
inclusion studies, MOlHeiro (2002) suggested clastie
radiogenie sources for these deposits. This eould explain
the radiogenie values of the eoncerned galena.

The model ages based on Stacey & Kramers (1975)
range from 716 to 929 Ma. However, the isotopie ratios
plot above of the evolution eurve of Stacey & Kramers,
indieating that this ages laek any geologie signifieanee.

The Pb of ail the deposits has derivated from an early
source with relatively high UlPb and ThJPb ratios. Taking
the 207 Pb/204 Pb and 2ORpbp04pb ratios as an indicative

parameter of the source, their isotope data plotted above
of the evolution eurve of Stacey & Kramers, clearly
indieate a erustal source.

The N orebody shows sedimentary features indieating
a syngenetie to syn-diagenetie formation (Cunha, 1999),
differently from the other orebodies and deposits, whieh



are typically epigenetic. The diversity of signatures could
be explained by different lengths of time or periods of
interaction of the hydrothermal solution with the source
and the host rock.

The Pb isotopic compositions of hydrotherrnal titanite
of the metabasite from the Vazante Group obtained by
Babinski et al. (2003, this volume) are uniform and do
not present a large variation. The obtained results are in
agreement with the Pb isotopic ratios reported for galenas
from the Pb-Zn deposits of MOITO Agudo, Vazante,
Ambrosia e Fagundes, indicating that the hydrothermal
fluids responsible for the rnineralizations rnight have
affected the metabasic rocks.

ACKNOWLEDGMENTS
We are grateful to Companhia Mineira de Metais for

continuous support and Prof. Dr. Joao Batista Teixeira by
revision in this paper.

REFERENCES
Amaral, G., 1968b. Geologia e depôsitos de minério na regifio

de Vazante, Estado de Minas Gerais. Dep. de Eng. de
Minas, Escola Politécnica, USP, Tese de doutoramento.
133p.

Dardenne, M.A., 2000. The Brasûia Fold Belt. In: Cordani,
U.G.; Thomaz Filho, A.; Campos, D.A. (eds). Tectonic
evolution 0 South-American.Rio de Janeiro, 231-263
(international Geological Congress, 31).

Iyer, S.S., Hoefs, J.,& Krouse, H.R, 1992. Sulfur and lead
isotope geochemistry of galenas from the Bambuf Group,
Minas Gerais, Brazil--implications for ore genesis: Econ.
Geol., v. 87, p. 437-443.

Short Papers - IV South American Symposium on Isotope Geology

Large, D.; Schaeffer, R & Hohndorf, A., 1983. lead isotope
data from selected galena occurrences in the North Eifel and
North Sauerland, Germany. Mineral. Deposita, 18, p. 235
243.

Marini, O.J.; Fuck, RA.; Danni, J.e.; Dardenne, M.A., 1981. A
evoluçfio geotectônica da Faixa de Brasflia e de seu
embasamento. In: COM/SBG, Simpôsio sobre 0 Cration do
Sfio Francisco e suas Faixas Marginais, p. 100-115.

Misi, A.; Iyer, S.S.S.; Kyle, J.R; Coelho, C.E.S.; Tassinari,
e.G.G.; Franca-Rocha, W.J.S.; Gomes, A.S.R.; Cunha, LA.;
Toulkeridis, T.; Sanches, AL, 2000 A metallogenic
evolution model for the lead-zinc deposits of the Meso and
neoproterozoic Sedimentary Basin of the Sfio Francisco
Craton, Bahia and Minas Gerais, Brazil.
Ver.Bras.Geociências, 30(2):302-305.

Monteiro, L.V.S., 2002. Modelamento Metalogenético dos
depôsitos de Zn de Vazante, Fagundes e Ambrôsia,
associados ao Grupo Vazante, Minas Gerais. Tese de
Doutorado, Universidade de Sfio Paulo, Instituto de
Geociência, 319p.

Oliveira, T.F., 1998. As Minas de Vazante e de Morro Agudo.
ln: CPGG-UFBA/ADIMB, workshop Depôsitos Minerais
Brasileiros de Metais Base, pA8-57.

Rigobello, A.E.; Branquinho, lA.; Dantas, M.G.S.; Oliveira,
T.F.; Neves Filho, W., 1988. Mina de zinco de Vazante. In:
Schobbenhaus, e.; Coelho, e.E.S.(cords) Principais
Depôsitos Minerais do Brasil. DNPM, 3: 101-110.

Hitzman, M. W., 1997a . Sediment Hosted Zn-Pb and Au
Deposits in the Proterozoic Paracatu Vazante Fold Belt,
Minas Gerais, Brasil. In: Geol. Society of America, Abstract
with Programs.

Stacey & Kramers. 1975 - Aproximation of terrestrial lead
isotope evolution by a two-stage model. Earth Planet. Sei.
Lelt.,26:207-221.

- 730-



Short Papers -IV South American Symposium on Isotope Geology

40ArP9Ar MUSCOVITE AGES FROM HYDROTHERMALLY ALTERED DOLOSTONE HOSTING
THE Pb-Ag CABOCLO DEPOSIT, BAHIA, BRAZIL

Cunha, I.A.1
; Vasconcelos, P.2

; Babinski, M.3
; Misi, A.1 and Franca-Rocha, W.J.S.4

1.Gmpo de Pesquisa de Metalogênese, Centro de Pesquisa em Geoffsica e Geologia e Curso de P6s-Graduaçao em
Geologia,Universidade Federal da Bahia. iona@cpgg.ufba.br, misi@ufba.br

3. Centro de Pesquisas Geocronol6gicas, Instituto de Geociências, Universidade de Sao Paulo. babinski@usp.br
4. Universidade Estadual de Feira de Santana, Bahia, Brasil. wrocha@uefs.br

Keywords: Chapada Diamantina, Bahia, Caboclo Formation, Ar-Ar isotope dating

INTRODUCTION
The Caboclo Deposit lies in the northem border of the

Chapada Diamantina, in the state of Bahia, Brazil (Fig.
1). It consists of galena mineralizations with associated
silver, hosted by dolomitic rocks of the Caboclo
Formation. The deposits have been studied by the
Geological Survey of Bahia (CBPM) and by the
Geological Survey of Brazil (CPRM) (Conceiçào Filho et
al., 1984; Neves et al., 1980, respectively). Reserves of
about 1 million tons grading 2% Pb and 5g/t Ag were
estimated by CBPM geologists. The existence of a
stratigraphical control of the orebody and a singenetic
relationship were highlighted by Conceiçào Filho et al.
(1986) who suggested a Sabkha model for the genesis of
the deposit.

Franca-Rocha & Misi (1992a) and Misi et al. (1999)
performed detailed geological and geochemical studies in
the area, including stable isotope determinations (C, 0, S)
of host rocks and sulfides. The age of mineralization has
been estimated to be Mesoprotereozoic (~1.2 Ga) by
sulfur isotope variation of sulfides and sufates (Misi et al.
1999).

Franca-Rocha & Misi (1992b) described the
orebodies as partially massive zone with gangue
mineraIs, characterizing a hydrothermal paragenesis and
an ore-hosting control by faults zones, aIl features
suggesting that the deposit was originated by a
sedimentary exhalative process (SEDEX).

This work presents 40Ar/39Ar ages of muscovite from
the hydrothermally altered dolostone hosting the Pb-Ag
deposits of the Caboclo Formation.

GEOLOGICAL SETTING
The Chapada Diamantina in the eastem part of the

Sào Francisco Craton is formed by dominantly
siliciclastic units and minor carbonate facies of the
Chapada Diamantina Group. This is an approximately
2000 m Mesoproterozoic sedimentary pile composed of
three formations: Tombador (fluvial and eolic quartzites
and conglomerates), Caboclo (mainly pelites with
subordinate carbonate lenses at the base, hosting the
sulfide mineralization) and Morro do Chapéu (fluvial and
eolic, with marine incursions in the upper section).
Babinski et al. (1993) dated the pelites of the Caboclo
Formation using Pb-Pb isochron ages at 1.14±O.l4 Ga.
This age was -interpreted as the minimum time of
deposition of the Caboclo Formation's uppermost
limestones, being coherent with the interval from 1.0 to

1.2 Ga, previously obtained by other authors (Brito Neves
et al, 1980).

THE Pb (Ag), Cu SULFIDE DEPOSITS
The Caboclo deposit is hosted by dolostone occurring

in the basal portion of the marine Caboclo Formation and
controlled by normal faults aligned N40E. Franca-Rocha
(1995) and Misi et al. (1999) demonstrated that the
Caboclo mineralization is mainly stratabound and formed
by medium- to fine grained galena with minor
chalcopyrite within dolarenite and/or dololutite. Quartz
veins with coarse-grained galena are also present,
suggesting remobilization of the primary mineralization.
According to these authors, mineralization forms a
'zebra-type' structure, in which clear bands, composed of
quartz and feldspar, altemate with dark bands containing
muscovite, biotite, K-feldspar, plagioclase, quartz,
tourmaline and baroque dolomite. Galena is associated
with the dark bands, forrning small lenses and veinlets.

The graduaI obliteration of the primary textures in the
dolostone, the presence of an anomalous mineraI
association within the mineralized zone, and an
ubiquitous association with normal faults, strongly
suggest the overprinting of an extensive process of
alteration originated by the percolation of hydrothermal
fluids (Franca-Rocha, 1995).

-'"':f--~ //
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Chapada Dlarna111na

Figure 1. Location map of the studied area

- 731 -



Short Papas -IV South American Symposium on Isotope Geology

+ +

9'50'

-/
i~

41'20'

+

+

Morra do Chapéu FormaUon

~. CunnzJle

Cal>oclo Fonnallon

DoIomllB

Peille

Tombador Formation
a 'tt,lll

+ + 88S8f1)()OI

SW

rn

510

5W

550

540

530

Wfl·49

NE

W Dolomfle(Caboclo Formation) Hydrolhe!mol Alteration z.onel

QuorlzI!e (TombadOf ormatlon) _ Pb·Ag
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RESULTS AND DISCUSSION
Three muscovite samples from the hydrothermal

alteration zone, which are spatially associated with the
sulfide mineralization, were selected for 40Ar-39Ar dating,

The analyses were carried out at the Geochronology

Research Center (CPGeo) of the University of Sao Paulo,

following the procedures described by Vasconcelos et al.

(2002).

Three muscovite grains from each sample were

anaJyzed, Ali the muscovite grains yielded very weil

defined plateau ages and very close to the integrated ages

for the same grains. Most of the plateaux are fiat

indicating absence of phases or domains with older ages

inside the analyzed minerais.

The weighted average ages obtained from the grains
in each sample are: 529 ± 3 Ma, 526 ± 4 Ma and 503 ± 3

Ma, being an appropriate age estimative for each sample,

The difference of 26 Ma obtained among the samples

probably represents the cooling time of the system,
common in hydrothermal mineraiization processes,

Therefore, it is safe to suggest that the obtained ages

represent the crystal 1ization ages for these grains, and
consequently, for the samples from the alteration area,
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EXTENDED SUMMARY
Sulfur associated to hydrothermal systems, including

sub-surface highly sulfured epithermal Au-Ag bearing
ore systems of the Andean chain, cornes essentially from
magma fluids (H2S, S02) of the calc-alkaline magmas
produced by the subduction mechanism. In that form the
mineralized sulfurate hydrothermal systems (Cu-Au-Mo
porphyries, hydrothermal veins, Au-Ag epithermal
systems and polymetalic skarns) are generated in the
active borders, corresponding to the "oxided" magma
systems of the magnetite series.

On another hand it is recognized (Oyarzun & Frutos,
1973; Frutos, 1975, 1978; Westra & Keith, 1981) that
Sn-W porphyry systems belong to a "reduced" type of

magmatism (illmenite series) of deep generation, in the
inner part of the active border, with a less relative amount
of Sand higher relative contents of F than the magmas
of the magnetite series (Fig. 1).

Magma-oxidation degree plays an important role on
the geochemical evolution of sulfur, as it can be seen on

the diagram of figure 2 (Hedenquist et al., 1994) which
correlates oxide-reduction potential (redox Rh = log f
H2/H20) and temperature. Fields of stability of involved
mineraIs allow to estimate the composition of the
corresponding fluids.

The redox state at high temperature is initially
controlled by the S02_H2S relationship on gases
associated to the evolving processes of magmatism
volcanism. As vapor begins to react with the host rock
though fractures, and open-space structures through
which it circulates at temperatures < 400°C, the S-bearing
mineraIs begin to form and, consequently, the oxide
reduction potentials are controlled by the coexistence of
the line alunite - pyrite . As the cooling of the systems
continues, the acid dissociation and lixiviation of the
host-rock increased. The subsequent rise of saline liquids
containing metals follows a similar chemical hne (for
example, the isomolar coexistence line of HAu (SHh and
AuC12 on figure 2).
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Figure 1. Tectonic-metallogenic schematic relationships between the magma types and the corresponding location of the
porphyry-type ore deposits. After Oyarzun & Frutos, 1973; Frutos, 1975, 1978; Westra & Keith, 1981.
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Figure 2. Correlation between the oxide-reduction potential (redox Rh = log f Hz/H20) and temperature, indicating the fields of
stability of the involved minerais and the composition of the corresponding fluids (Hedenquist et al., 1996).

This geochemical thermodynamic behavior of the
fluids suggests that chloride complexes domain the Au
transport under acid conditions (pH < 3) in the field of
pyrite - alunite stability (high sulfidation Au-Ag
deposits). Solubility of Au as HAu(SH)z is predominant
for the redox conditions and lower temperatures typical
of the Au - Ag low sulfidation systems.

DIFFERENTIATION IN THE SULFUR ISOTOPES
RATIO AND THE RELATIONSHIP WITH Au-Ag
ORE EPITHERMAL SYSTEMS

The characteristic of variable contents of oxygen of
the calco-alkaline magmas leads to an important
differentiation in relation to the different possibilities of
producing sulfurate mineralized systems (Cu-Au-Mo
porphyries, epithermal systems, surface sulfur volcanic
ore deposits, etc.).

It appears a good correlation between "fertile"
magmas (genetically related to the genesis of associated
minerai deposits) with their extreme oxidation nature.

From this it is derived the generation in depth of
sulfurate acid fluids (from the magmatic gases as: SOI'
HIS' HCI) in which the HIS04 will be rich in the 34S
sulfur isotope due to the chemical affinity recognized in
isotopic measurements of these paragenesis (values of

834S > + 1.6 for the potassium alteration facies, and > +6
for the quartz-sericitic alteration facies) that so
establishes it. In such minerai 834S values> + 10 %0 are
normally expected for the associated alunite and
anhydrite. In consequence , the remanent SOI and HIS,
not used to produce these sulfurate phases, will be
necessarily 34S depleted, and, when finally, at the surface
oxidation conditions, the exceeding S builds native S on
the "roof' of the system, this will be necessarily "Iight"
from the isotopic point of view (834S < -7 %0) .

On the other hand, it must be noted that biogenic
sulfur, which always shows a light nature from the
isotopic point of view (834S < -7 %0), doesn't justify (at
the hydrothermal--epithermal process realms of the
essentially volcanic geological environment) the former
values as derived by geochemical contamination with the
biogenic sulfur. It must be added to this the fact that the
S of the sulfur mines without metal deposits underneath,
in general presents S isotopic values similar to those of
the magmas (834S = 0 %0) . In this way, the finding of a
"Iight S" isotopic characteristic in the surface native
sulfur ore deposits and geothermal fields, could only be
explained, and be compatible, with the formation of
magmatic-hydrothermal sulfurate phases in depth (alunite
and/or anhydrite), associated to highly oxidized magmas.
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"DARREN" SYSTEMS
without Au-Ag epithermal
ore deposits underneath
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(surface S volcanic type ore deposits)

Il
MAGMAS
rnagnetite series

Figure 3. Madel for "fertile" and "barren" systems.

If it wasn't like that, that is to say, not eXlstmg
precipitation of sulfates in depth (and in consequence not
existing a development of associated epithennal sulfurate
mineralization) the isotopie ratio in the exceeding surface
native S should show similar values to the magmatie ones
(834S == 0 %0).

CONCLUSIONS AND ECONOMIC GEOLOGY
EXPLORATORY APPLICATIONS

These isotopie considerations allow to discriminate
between probable "fertile" or "barren" systems.

In spite of the fact that this idea doesn't allow to
confinn on the existence of an economic deposit under a
native sulfur surface crust, anyhow it could represent an
important exploratory criteria.

As a test mode, isotopie analysis have been made of
the native S located in the "roof' higher parts of the
Torito, Purén and La Coipa auriferous epithennal
deposits, located in the Upper Cenozoic volcanie belt of
Copiap6, in the northem Chile Andes.

The isotopie values found in each of the deposits are
the following: La Coipa: 834S= -1.5 %0; Torito: (534S=
-10.8 %0 and -4.7%0; Purén: (5

34S= -7.3 %0 and -2.9 %0.
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INTRODUCTION
The timing and duration of hydrothermal activity are

among the most fundamental questions regarding the
genesis of porphyry copper deposits. We used a
combination of SHRIMP U-Pb, Re-Os, 40Ar/39Ar and
fission track dating methods to resolve the geochronology
of 1IÙneralizing events and the duration of the
hydrothermal activity of the El Teniente supergiant
porphyry Cu-Mo deposit in the Chilean Andes. We show
that multiple short-Iived overprinting mineralization
events within a single orebody related to a succession of
felsic intrusions formed this enormous porphyry copper
deposit.

GEOLOGY
The El Teniente Cu-Mo deposit is located ~70 km

southeast of Santiago, in central Chile (Fig. 1). Il is the
youngest porphyry deposit in the Chilean Andes and the
largest intrusion-related Cu-Mo orebody in the world,
containing more than 75 Mt Cu in hypogene ores
exceeding 0.65% Cu and, and more than lA Mt Mo in
ores exceeding 0.019% Mo. The orebody is 2700 m long
by 1000 to 1700 wide with a vertical extent of about
1800m; current underground ore extraction is 98,000 t per
day at 1.2% Cu and 0.026% Mo (Skewes et al., 2002). El
Teniente deposit occurs within an arc-related Upper
Miocene - Pliocene volcanic-plutonic complex on the
western slopes of the Andes in the forearc of the
northernmost section of the currently active Andean
Southern Volcanic Zone that extends from 33° to 46°S.
Approximately 80% of the Cu and Mo at El Teniente
occur within a stockwork of mineralized veins and
hydrothermal breccias within altered basalts, diabases,
andesites and gabbros. Most of the primary
characteristics of these host rocks are completely
destroyed within the orebody by strong potassic alteration
(biotite) and locally superposed chloritic and sericitic
alterations.

Whole rock K-Ar ages outside the orebody from 10.9
± OA to 6.6 ± OA Ma ( Cuadra 1986) indicate the Upper
Miocene age of the country rocks, and a concurrent new
apatite fission track age of 8.9 ± 2.8 Ma for a sill sorne 5
km W of the mine.
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Figure 1. Location map of El Teniente Cu-Mo deposit.

The remaining metal occurs in relatively small altered
felsic apophyses and dikes with potassic (biotite, K
feldspar) alteration, locally with phyllic overprint (quartz
sericite). These include a number of quartz diorite to
tonalite stocks occur aligned N-S in the eastern section of
the deposit; the largest is the Sewell Quartz Diorite in the
southeastern section of the orebody with 1 km of
diameter, and other separate quartz-diorite to tonalite
minor porphyritic stocks or apophyses to the north of the
SeweU stock, referred as "Central Diorite" and "Northern
Diorite" in the mine. These separate intrusions were
customarily correlated with the Sewell Quartz Diorite
(i.e. Cuadra, 1986) and our new U-Pb geochronoJogical
data confirmed this age correspondence.

A smalJ stock of grey porphyritic quartz diorite
(referred as "A" Porphyry) intrudes the Sewell Quartz
diorite and adjacent biotitized "andesites" in the
southeastern section of El Teniente orebody; it contains
abundant inclusions equigranular quartz-diorite
inclusions from the Sewell Quartz-diorite and is
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surrounded by richly-mineralized hydrotherrnal breccias
with an anhydrite matrix.

In the northem section of the orebody the Teniente
Dacite Porphyry forrns a vertical dike-like intrusion that
extends N-S for 1.5 km with an average width of sorne
200 m. A number of dacite dikes 2 to 15 m thick also
occur within the El Teniente orebody (referred as latite in
the mine), sorne of them forrning ring dikes and others
following the main NE and NW structural orientations
within the orebody. Most dacite dikes show only scarce
pyrite veins, but sorne contain veins with the sulfide
association typical of latest stage mineralization of El
Teniente (chalcopyrite, molybdenite, tennantite
tetrahedrite, sphalerite, galena, and pyrite; Cuadra, 1986).
Il appears that a succession of dacite dikes was emplaced
within a short period of time during late stages of
evolution of El Teniente. In the center of the orebody is
the large Braden Breccia Pipe which is a funnel-shaped
diatreme vent with 1200 m in diameter at the surface,
tapering to about 600 m at 1,800 m depth; this pipe is
surrounded by a discontinuous rim of hydrotherrnal
breccia with tourmaline and sulfide matrix (Cuadra,
1986).

GEOCHRONOLOGY
Zircon SHRIMP V-Pb dating of four samples from

quartz diorite stocks of the eastem section of El Teniente
orebody suggests crystallization between 6.46 ± 0.11 and
6.11 ± 0.13 Ma (±2o), but the samples yield bimodal V
Pb age distributions suggestive of partial Pb-Ioss between
5.67 ± 0.19 and 5.48 ± 0.19 Ma. These crystallization
and Pb loss ages are similar to molybdenite Re-Os dates
of 6.30 ± 0.03 and 5.60 ± 0.02 Ma from two
hydrothermal breccias hosted by quartz diorite
porphyritic intrusive rocks in the southeast section of the
orebody. The data suggest that hydrotherrnal ore
deposition was active during crystallization of these
intrusions and also sorne 0.44 to 0.97 m.y. later. The
time lag is significantly larger than the uncertainty of the
V-Pb and Re-Os age analyses, demonstrating that
hydrotherrnal mineralization was superimposed upon
crystallized eastem quartz diorite plutons. Lead-Ioss in
the zircons appears to be related to hydrotherrnal leaching
during later circulation of hot fluids. The zircon crystals
have mottled surfaces and sorne thin zircon overgrowths
with notably higher V and Th content that substantiate the
effect of hydrothermal activity (e.g. Rubin et al., 1989;
Corfu & Davis, 1991). This is consistent with recent
investigations suggesting that fluid circulation and related
metasomatism may partly reset the V-Pb zircon
geochronometer (i.e. Geisler et al., 200 l, Cocherie et al.,
2002, Kaulina, 2002). 40Ar/39Ar plateau ages at 5.63 ±
0.12 and 5.47 ± 0.12 Ma from magmatic biotite in
unmineralized quartz diorite to the southeast of the El
Teniente orebody suggests that a separate intrusion
caused this hydrotherrnal mineralizing event and could be
the heat source for the younger event inferred from V-Pb
and Re-Os dating. Furtherrnore, coarse biotite from a
hydrotherrnal breccia with anhydrite and sulfides matrix
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from the eastemmost section of the orebody yielded a
4°Ar/39Ar plateau age of 5.69 ± 0.08 Ma, this breccia is
the same that produced a molybdenite Re-Os age of 6.30
± 0.03 Ma.

Zircons from the Teniente Dacite porphyry from the
northem section of the El Teniente orebody yielded an V
Pb age of 5.28 ± 0.10 Ma with unimodal age distribution
indicating a simple cooling history, in contrast to the
eastem quartz diorite stocks. This V-Pb date is slightly
younger than the 5.67 ± 0.19 to 5.48 ± 0.19 Ma age range
inferred for an overprint that affected intrusions in the
eastem section of El Teniente, and also is younger than
the molybdenite Re-Os age of 5.60 ± 0.02 Ma, suggesting
that the eastem intrusions were affected by an earlier
event unrelated to the Teniente Dacite porphyry. Coarse
hydrotherrnal biotite from a vein within quartz diorite in
the southeast section of the orebody yielded a plateau
40ArP9Ar age of 5.06 ± 0.12 Ma and biotite from the "A"
porphyry an age of 4.93 ± 0.12 Ma that may reflect
hydrotherrnal activity driven by a 5.28 ± 0.10 Ma dacite
porphyry. The crystallization age for the Teniente Dacite
porphyry is older than published biotite K-Ar ages that
range from 4.77 ± 0.18 to 4.6 ± 0.3 Ma, but these latter
ages may reflect potassic alteration overprint (Clark et al.,
1983, Cuadra, 1986). The Teniente Dacite Porphyry has
long been regarded as the main mineralizing intrusion at
El Teniente, because the main concentration of hypogene
bomite-bearing veins and the disseminated bornite
associated with pervasive potassic alteration occurs
within this porphyry and host mafic rocks peripheral to
the felsic intrusion. In addition, the bomite/chalcopyrite
ratio decrease steadily away from the porphyry, coupled
with a similar reduction on the intensity of biotite
alteration of the host rocks (Cuadra, 1986, Howell &
Molloy, 1960; Camus, 1975; Ip, 1987).

A set of discontinuous mineralized dacite ring dikes
encircIes the Braden diatreme breccia pipe in the center
of El Teniente. Zircons from one dike yielded a V-Pb
age of 4.82 ± 0.09 Ma with unimodal age distribution, in
excellent agreement with molybdenite Re-Os ages from
veins hosted by the Teniente Dacite porphyry (4.87 ±
0.03 Ma from a quartz-molybdenite vein with minor
chalcopyrite and 4.78 ± 0.03 Ma from a vein with
intergrowth molybdenite and chalcopyrite with sericitic
alteration halo). This agreement suggests that ore
deposition was related to subsequent injection of dacite
magma and was superimposed on the Teniente Dacite
porphyry. The cataclysmic explosion that created the
diatreme at the center of El Teniente occurred during the
same event suggested by a sericite 40Ar/39Ar plateau age
of 4.75 ± 0.12 Ma from bleached cIasts from altered
sections of the Braden diatreme breccia pipe. We
concIude that the large breccia does not postdate
mineralization as previously interpreted (Sillitoe, 1985),
but was a single synmineralization event that produced
sudden decompression of the porphyry system the effect
of which controlled ore deposition and further
hydrotherrnal circulation on its shattered margins.
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In contrast, a molybdenite vein containing minor
chalcopyrite and a sericitic halo hosted by the Teniente
Dacite porphyry yielded a molybdenite Re-Os age of 4.42
± 0.02 Ma, identical to two molybdenite Re-Os
determinations from molybdenite-bearing quartz veins
with chalcopyrite in the northernmost quartz diorite
stocks. The younger molybdenite ages represent a late ore
deposition event that may be temporally related to
youngest dacite injections, as an altered but largely
unmineralized dacite stock underlies the northern section
of the Braden breccia pipe with sericite 40Ar/39Ar plateau
ages from 4.56 ± 0.12 to 4.46 ± 0.10 Ma. An apatite
fission track age of 4.2 ± 2.8 Ma from the Teniente
Dacite porphyry suggests that the porphyry system
cooled under the apatite fission track c10sure temperature
(-IOO"C) shortly after. This is consistent with an
4°Ar/39Ar age of 3.85 ± 0.18 Ma obtained for hornblende
from a post-mineralization andesite dike at El Teniente
that marks the end of magmatism within the deposit.

Duration of hydrothermal systems is a fundamental
metallogenic question, particularly for supergiant
deposits. Detailed 40Ar/39Ar step-heating dating of
hydrothermal biotite and sericite at El Teniente yielded
37 plateau ages ranging from 4.81 ± 0.10 to 4.37 ± 0.10
Ma. Biotite 40ArP9Ar ages are generally older than
sericite ages. The mica ages record only the most recent
hydrothermal activity lasting at least 0.44 ± 0.10 m.y., but
this interval contains Mo deposition events at 4.8 and 4.4
Ma. We conclude that individual hydrothermal pulses
lasted less than 0.44 ± 0.10 m.y. The concentration of the
mica ages within such a short time span (4.81 to 4.37 Ma)
from samples collected from different sections and levels
of the large deposit, and their coincidence with published
K-Ar ages (Clark et al., 1983, Cuadra, 1986) indicates
that extensive high-temperature hydrothermal circulation
took place during this period, probably related to the
emplacement of successive dacite magmas and the
interrelated cataclysmic explosion of the Braden Breccia.
This later heating obliterated the K-Ar record of older
thermal events at El Teniente identified by other isotopic
systems with higher c10sure temperatures.

Estimating a cooling rate at El Teniente is made
difficult by successive thermal overprinting, but the
agreement of U-Pb zircon ages and Re-Os molybdenite
dates suggests that ore deposition occurred immediately
after the felsic intrusions crystallized, implying very fast
cooling. Comparing the 4.82 ± 0.09 Ma zircon U-Pb age
of a mineralized dacite dike with the 4.74 ± 0.10 Ma
40Arp9Ar plateau age of coarse hydrothermal biotite at El
Teniente, we conclude that cooling from about 800°C
(zircon U-Pb c10sure temperature) to 3ÜO°C (biotite
40Ar/39Ar c10sure temperature) within -80.000 years,
leading to cooling rates in excess of 1000°C/Ma. This is
faster than, but in the order of rates estimated by Ballard
et al. (2001) for distinct intrusions at Chuquicamata PCD.
The high cooling rates we infer for El Teniente agree
with model calculations of Cathles et al. (1997 and
references therein) for kilometer-scale shallow-Ievel
intrusions.
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DISCUSSION
Our new geochronological data suggest that El

Teniente was generated by at least five superposed
mineralizing events. Each was linked to short-lived
hydrothermal events on the order of a few hundred
thousand years at about 6.3, 5.6, 5.3, 4.8 and 4.4 Ma that
correlate with the crystalIization of felsic intrusions. This
interpretation agrees with a multistage evolution
proposed by Skewes & Stern (1995), but contradicts·a
recent model that minimizes the mineralizing role of
felsic intrusions at El Teniente (Skewes et al., 2002).
Hydrothermal overprinting and overlapping mineralizing
events also have been resolved by geochronological
studies at the enormous Chuquicamata (Ballard et al.,
2001; Reynolds et al., 1998; Ossandon et al., 2001), Rio
Blanco-Los Bronces (Serrano et al., 1996) and La
Escondida deposits (Padilla et al., 2001), and from
crosscutting relations between dikes and veins at
Bingham (Redmond et al., 2002). It would appear that
superimposed mineralizing events within a single
orebody may be required to generate supergiant Cu-Mo
PCDs. Overprinting appears to be the principal control
on deposit size rather than possible Cu-richer
hydrothermal fluids (e.g. Clark, 1993). Large-scale
tectonic and local structural control are certainly
important in focusing magma injection and hydrothermal
fluid flow, but repeated ore deposition associated with
felsic magmas in epizonal levels appears to produce
supergiant Cu-Mo deposits.

Our study employed four different isotopic systems
and has resolved at least five superimposed but short
lived mineralization events at El Teniente that correlate
with crystallization of feIsic intrusions. These multiple
superposed thermal stages were not apparent from the
previously available geochronologic data. Overprinted
mineralizations appear to produce rich Cu grades and
extraordinary tonnage at El Teniente. Other supergiant
PCDs also revealed superposed events, indicating that
overprinting is probably required to form these large
porphyry copper deposits.
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INTRODUCTION
The chromite deposit of the Ipueira-Medrado sill is

concentrated in a single thick (8 m) chromitite, which sets
severe constraints for the origin of chromitites. The sill is
part of a Paleoproterozoic swarm of mafic-ultramafic
intrusions known as the Jacurici Complex (Fig. 1). The
complex is located in northeastern Brazil, spatially
related to two other Paleoproterozoic mafic-ultramafic
complexes, and is considered to be emplaced in granulite
gneiss terranes of the Carafba granulite complex (Barbosa
et al., 1996) or possibly in the Serrinha block, an Archean
middle grade, gneiss-migmatitic and granite-greenstone
belt terrane (Teixeira et al., 2000).

GEOLOGY OF THE SILL
The Ipueira-Medrado sill is a single intrusion

tectonically disrupted into two segments that crop out on
the limbs of a synform. lt is up to 300 m thick and is
conformable with footwall quartz-feldspathic gneiss and
with hanging-wall rocks, including olivine-bearing
marble, cale-silicate rocks, and metachert (Deus & Viana,
1982). Shearing is restricted to the margins of the sill and
fault zones. Primary igneous textures and mineraIs are
largely preserved and fresh samples are obtained from
drill cores.

The Ipueira-Medrado sill consists mainly of
ultramafic rocks (80%) and was subdivided by Marques
& Ferreira Filho (2003) in three main zones from the base
to the top: the Marginal Zone; the Ultramafic Zone; and
the Mafic Zone (Fig. 2). The Marginal Zone is 5 to 20 m
thick and is composed mainly by sheared gabbros. The
Ultramafic Zone is subdivided in three subunits: the
Lower Ultramafic Unit (LUU); the Main Chromitite
Layer (MCL); and the Upper Ultramafic Unit (UUU).
The LUU is the thickest (100 to 180 m thick) and consists
mainly of dunite interlayered with harburgite. The MCL
is 5 to 8 m thick and has three sublayers. The lower
sublayer is a massive chromitite (0.5 to 1 m thick), the
intermediate sublayer is a chain-textured chromitite (0.3
to 0.5 m thick) characterized by fine-grained aggregates
of chromite surrounding larger orthopyroxene crystals,
and the upper sublayer consists of massive chromitite (4
to 6 m thick). The UUU is up to 50 m thick and consists
mainly of harzburgite with subordinate interlayered
dunite. This unit is characterized by abundant
intercumulus amphibole (hornblende-tschermakite to Mg-
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Figure 1. Geological setting of the Jacurici Complex (after
Marinho et al., 1986). The arrow indicates the location

of the Ipueira·Medrado sill.
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Figure 2. Generalized stratigraphie section of the Ipueira
Medrado sill and generalized stratigraphie variation of olivine

and orthopyroxene (Opx) compositions from harzburgite
samples throughout the sil!. Data From Marques & Ferreira

Filho (2003). Fo = forsterite, En = enstatite.

hornblende) that occurs as large oikocrysts and is
suggested to result from crustal contamination (Marques
& Ferreira Filho, 2003). The amount of orthopyroxene
increases with stratigraphy grading to an orthopyroxenite
at the top. The Mafic Zone is up to 40 m thick and
constitutes the upper part of the sil!. It consists of norite
with variable proportions of orthopyroxene and
plagioclase. When partial!y metamorphosed, the mineraI
assemblage indicates amphibolite facies conditions of
metamorphism.

The magmatic evolution of the sil! was evaluated
through the compositional variation of olivine and
orthopyroxene in harzburgite samples throughout the
stratigraphy (Marques & Ferreira Filho, 2003). Two
magmatic regimes were identified. The first is expressed
in the interval of the LUU and is characterized by a slow
upward increase in MgOlFeO intensified immediately
below the MCL (Fo and En up to 90) (Fig. 2). The second
is located above the MCL and is characterized by rapid
evolution toward more Fe-rich compositions (Fo
decreasing to 84 and En to 82) (Fig. 2). The first regime
was interpreted as an open magmatic system with
concomitant injections of fresh magma and extrusion of
fractionated magma, while the second was considered as
a result of crystallization under a closed magmatic
system. The MCL is interpreted to have formed at the
transition from these two regimes, which appears to be
important in instigating chromite crystallization.

SAMPLING AND ANALYTICAL METHODS
Twelve who le-rock silicate samples were analyzed for

Sm-Nd isotopic composition at the Laboratorio de
Geocronologia of the Instituto de Geociências of the
Universidade de Brasf)ia. Eleven sampJes, five from
silicate rocks and six from chromitites, were analyzed for
Re-Os isotopes at the Department of Terrestrial
Magnetism of the Carnegie Institution of Washington.
For chromitites, six analyses were performed from
chromite mineraI separates and one sample was repeated
for whole rock. AlI samples were taken from one
representative drill core from the south part of the
Ipueira-Medrado sil!. Details about sampling and
analyticaJ procedures, and complete data set can be found
in Marques et al. (2003).

O_~7.-::5--_7..1.l.J,)..u._~G..l::.5'--_6-0--_"'5-::.5--_5-.-0-"'_4L.5:---_"·..L..o----J_J-. s
ENd

Figure 3. Histogram of the initial ENd calculated for an intrusion
age of 2038 Ma, showing differences between amphibole-free
and amphibole-rieh samples. Data from Marques et al. (2003).

• Amphibok-rich samp!cs. Amphibolc-fre~sampks

RESULTS
Sm-Nd SYSTEMATICS

The maIn characteristics from Sm-Nd isotopic
compositions are the low Sm «1.5 ppm) and Nd « 6
ppm) contents, the small range in SmlNd ratios, the
variable Archean Nd (CHUR) model ages and the
negative CNd. The data show considerable scatter in a Sm
Nd isochron diagram. Nevertheless, when the samples are
separated into two groups (amphibole-free samples and
samples containing ~25% amphibole), two almost
parallel isochrons were obtained, both with very low
MSWD and relatively low age uncertainty despite the
small range in the SmlNd ratios and smal! number of
samples. The ages yielded by both isochrons overlap the
2038 ± 19 Ma zircon age reported by Oliveira & Lafon
(1995), which is from now on considered as the
crystallization age of the sill.

When the CNd is caJculated for each sample using the
2038 Ma zircon age, the results are very interesting. The
amphibole-free group is c1earJy distinguished from the
amphibole-rich samples. The mean CNd for the first one is
-4.4, whereas for the second the mean is -6.5 (Fig. 3).
These CNd values are consistent with the initial CNd

obtained from the isochrons.

Re-Os SYSTEMATICS
The harzburgite and pyroxenite samples have

extremely low Re concentrations and calculated initial
1870S/1880S too high when compared to the sub- to near
chondritic initial Os isotopic compositions from
chromites. The silicate samples are believed to have lost
Re during serpentinization. The chromite mineraI
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composition of the magma relatively insensitive to
changes caused by crustal contamination. Modeled
vmiations in the Nd and Os isotoplc compositions are
shown in Fig. 6. If the parental magma started with a
CNd=+4 (MORB-like maotle at 2.0 Ga), almost SO% of
Archean crust assimilation wouJd be required to produce
CNd=-4, the average of amphibole-free samples. If me'
mafic crustaJ component were used, more crust
assimilation would be needed. Also, the higher Os
concentration in mafic crust would cause YOs to rise and
the isotopie signature of the sill (negative ENd and near
chondritic Yos) would not be achieved. Assuming a lower
Nd concentration in the parental magma is also
problematic, as the Nd concentration would not ri se
sufficiently quickly with fractionation/contamination to
produce the magma REE abundances shown in Fig. S.

6.04.020-6.0 -4.0 -2.0 Y0.0
os

Figure 4. Chromitites 10, distribution through the Ipueira
Medrado silL UUU =Upper ultramafic unit, LUU =

Lower ultramafic unit, MCL = Main chromitite layer,
chrom =chrornite, WR = whole rock. Data from

Marques ct al. (2003).

UUU chrom 1upper part

UUU chron 1lower part

T'vI CL chrom 1upper part

MCL WR 1
low.:r part 1---

chron 1
1---
~hrom 1

UIU chron 1

separates and chromitite whole-rock have very low Re
concentrations (near blank Ievels) and high Os
concentrations. The low J87Re!' 880 S values preclude a Re
as isochron.

The percent deviation of the sample's Os isotopic
composition from that of a chondritic reservoir at the time
of crystallization (Yos' Walker et al., 1989) is negative for
chromitites From the lUU and MCl (Yos(2038) = -4.6 to
-3.2) whereas those from the UUU are slightly positive
(Yos(2038) = + 1.4 to +3.3). This up-stratigraphy increase in
YOs values can be observed even inside the MCl (Fig. 4).

Figure S. Best estimate of the chondrite-normalized REE (Ce,
Sm an Yb) pattern of the parental magma of the Ipueira

Medrado sill (Marques et aL, 2003). B IIU type magma from
Bushveld Complex (Hanner & Sharpe, 1985) and calculated
parental magma for the Stillwater Ultramafic series (UMS;

Lambert & Simmons, 1987) are shown for comparison.
Normalization values From Anders & Grevcsse (J 989).

A convecting mantle source would require enormous
amounts of crustal contamination and cannot account for
the negative Yo, of some chromitites. If instead of
assuming a convecting mantle source, we assume a
primary magma generated from Archean subcontinental
litho~~pheric mantle, the primary magma may have started
with ENd=-4 and Yos=-4.6. An old and enriched
subcontinental lithospheric mantle seems to be the only
terrestriaJ reservoir that combines negative YOs and ENd'
Partial melts of this source would be Mg rich with high
concentrations of both Cr and Os, and incompatible
elements such as lREE. Crustal contamination acting on
this primary magma takes ENd From -4 to -7 and YOs from
-4 to zero with as little as 30% assimilation (Fig. 6).

Amphibole-rich harzburgite are scarce and chromite
separates have negative YOs in the lUU, whereas in the
UUU amphibole is abundant and the Yo, From chromite
separates are positive. The MCl is an interval that
represents not only a change in the dynamic of the

DISCUSSION
The lower ENd for amphibole-rich sampIes and for

both marginal gabbro from the base of the sill and the
norites From the top of the sill (up to -9.S, Marques et al.
2003) is consistent with the suggestion that these samples
have larger crustal contribution than the l'est of the sill.
However, even the amphibole-free sampies have strongly
negative ENd indicating that ail parental magmas of the sill
had experienced crustal contamination or the
uncontaminated parental magma was derived From a
source that can generate primary magmas with negative

YOs and ENd·
The cumulates from Ipueira-Medrado sill display a

fairly wide range of initial Nd and Os isotopic
compositions. The distribution of these initial isotopic
compositions is suggestive of a magma composition
evolving through combined fractional crystallization and
crustaI assimilation. The variation of Nd and Os isotopic
composition in a magma undergoing crustal
contamination is strongly dependent on the Nd and Os
concentration assumed for both the parental magmas and
the crustal component. The parental magma composition
of the Ipueira-Medrado siIJ was assessed indirectly using
the Ce, Sm and Yb concentrations from five harzburgite
samples and the orthopyroxene and olivine partitioning
coefficients (Marques et al., 2003). The composition
obtained is very similar to that From the B 1/U type
magma From the Bushveld Complex and one of the
parental magmas calculated for the Stillwater Complex
(Fig. S). Assuming this, the Nd concentration in the
parental magma of the siIJ is constrained to be ~20 times
chondritic. This high concentration makes the Nd isotopic

1.0
Cc)

Cc Sm

lJ MS magma
Sti Il \\ atcr Comple"

Yb
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contamination has possibly triggered the chromitite
crystallization. Assimilation of Si02 enlarges the
chromite crystallizationfield (lrvine 1977) and also can
cause drop in temperature and increase in JOb thus
favoring the crystallization of chromitites.
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magma chamber from an open to a closed system, but
also an important change in the parental magma
composition with the role of crustal contamination
increasing exactly at this time, when the magmatic
system was probably most dynamic. Crustal

Figure 6. tNd(2038Ma) versus Yo,(2038Ma) isotopic variation in
magmas undergoing crustal contamination. Primary magma
from the convecting mantle assumes [Nd] = 30 ppm, [Os] = 1
ppb, tNd = +4, Yo, =0 mixing with a crust with [Nd] =50 ppm,
[Os] = 0.02 ppb, tNd = -15, Yo, = 210. Lithospheric mantle
source mixing calculation assumes a primary magma with the
same Nd and Os concentrations as that from the convecting
mantle but tNd =-3.6 and YOs =-4.4. The crustal end member for
this mixing curve has [Nd] = 50 ppm, [Os] =0.1 ppb, tNd =-15
and YOs = 130. The Nd concentration of both primary melts is
dictated by the REE modeling of thç parental magma of the sill,
the Os concentration is in the range expected for a high-Mg
magma (e.g. Shirey & Walker, 1998). Isotopic compositions of
the primary magmas are within the range expected for 2 Ga
ocean ridge basaIt or for late-Archean Re-depleted but LIL
metasomatized mantle evolved to 2 Ga. Assumed crustal
compositions have Nd concentration at the high end and tNd (for
an Archean crustal rock at 2 Ga) at the low end of the range
observed for crustal rocks order to enhance the decrease in tNd
of the mixing curves so that they pass through the data observed
for the sill. Crustal Os concentrations and isotopic compositions
are within the range seen for estimates of the composition of the
10wer continental crust (e.g. Saal et al., 1998). The curves are
calculated assuming simple binary mixing between crustal and
primary magma endmembers. Marks along curves denote 10%

increments in the amount of crust added. Bars show Nd and
Os isotopic ranges for various sample groups from the

Ipueira-Medrado sill. Diagram from
Marques et al. (2003).
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INTRODUCTION
Alteration-mineralization systems hosted in low grade

metasedimentary sequences in the Sierra Norte ranges,
C6rdoba, Argentina, were identified by Lira et al. (1995).
Field and geochemical studies were performed during
mining exploration tasks (Lira et al., 1997a) and
subsequent work was oriented toward the investigation of
genetic conditions of ore-bearing paragenesis ( O'Leary
et al, 2001; MiIIone et al, 2002).

This contribution deals with the Pb-isotopie
composition of galenas associated with other sulfides in
quartz-veins. Isotopie data were treated according to
Zartman & Doe (1981) and Stacey & Kramers (1975)
models with the aim of establishing lead sources and the
age of mineralization, respectively.

REGIONAL GEOLOGY
The study area is located. in the central-western

portion of the Sierra Norte-Ambargasta batholith
(SNAB), which is mainly composed of magmatic arc I
type calcalkaline granitoids of Neoproterozoic to
Eopaleozoic ages, intruded in low grade metasedimentary
sequences of probable Neoproterozic to Early Cambrian
age. Dominant magmatic rocks are granodiorites and
monzogranites which were intruded by a subvolcanic
pluton of dacitic-rhyolitic composition. The whole
sequence was afterwards intruded by small highly
evolved subalkaline monzogranites and frequent rhyolite
dikes. Latest intrusions correspond to thick syenogranitic
aplites (Lira et al., 1997b). Neoproterozoic to Lower
Cambrian ages have been registered for different plutonic
and subvolcanic representative units (Rapela et al., 1998;
Sollner et al., 2000; Millone et al., 2003).

Enclosing metasedimentary rocks occur as kilometer
sized roof-pendants that are weil exposed in the western
ranges of Sierra Norte. Main outcrops are known as
Rodefto, La Caîiada-Nispo, El Tfo-La Graciela, Agua dei
Rfo, La Salamanca (west of San Francisco dei Chaîiar),
San Jer6nimo, and a few smaller ones. Sorne of them (for
instance, Rodeito, Agua dei Rfo) are associated to
structures of meridian strike.

LOCAL GEOLOGY
Galena-bearing assemblages are present in a -6 km2

north-south elongated low grade metasedimentary roof
pendant that outcrops in the vicinities of Rodefto locality
(29°45'35" - 29°47'29S; 64°07'27" - 64°08'59"W).
This outcrop is composed of phyllites (N400E, near

vertical dip) interbedded with metagreywackes
(quartzites). Several rhyolite dikes (N-S to NE-SO) were
intruded into the metasedimentary sequence roughly
along regional schistosity. Both metamorphic rocks and
dikes host a remarkably well-developed network system
of ore-bearing quartz-rich veinlets.

METASEDIMENTARY HOST ROCKS
The mineralized network was preferentially hosted by

the multiple fractured metapsammitic facies. Veins and
veinlets are 1 to 12 mm thick, though sorne can be as
thick as 5 cm; drusy quartz growth and limonite
boxworks are present. Sorne veins show thin selvages
composed of fine grained aggregates of biotite and
sericite.

The most representative minerai assemblages present
in network veins are (after abbreviations of Kretz, 1983):
Qtz-Chl, Qtz-Ep-Chl ± Bt ± Musc, Qtz-Cal-Chl ± Ms ±
Ep, and Qtz-Kfs-Chl-Ep ± Plag. Two main quartz
textures were recognized: a) Fine-grained anhedral
mosaic (5-20 !Jm); b) Comb texture (100 !Jm to 2 mm),
prismatic crystals subparallel to vein walls, occasionally
alternating with sericitized K-feldspar intergrown with
plagioclase. Ore-bearing vein assemblages include: a)
Galena, chalcopyrite, pyrite and minor bornite, partially
transforrned into malachite, goethite and hematite; b)
Chalcopyrite and pyrite, with secondary assemblages of
covellite, digenite, malachite. goethite and hematite; c)
Sphalerite and galena partially altered to goethite and
hematite; d) Sphalerite, chalcopyrite, galena and minor
pyrite, with secondary association of covellite, digenite,
malachite, goethite and hematite. Grain size of sulfides
range from 0.1 to 5 mm, though sometimes cm-sized
grains are present. Observed textures are intergrowths of
chalcopyrite with bomite, chalcopyrite exsolutions in
sphalerite and concentric replacement textures of
Cpy~Dig~Cov~Goe.Pyrite is generally idiomorphic
and frequently occUrs as pseudomorphic replacements of
hematite or goethite, sometimes associated to malachite,
showing lattice textures.

Homogenization temperatures (Tht) obtained from
fluid inclusion microtherrnometry in quartz from Qtz
Chi veins (Millone et al., 2000), fall in the range 300
400°C and estimat~d salinity range from 2.6 to 13.5 eq.
wt % NaCI (n= 5, X= 7.5).

Preliminary Ôl80 data for the Qtz-Chl pair in
equilibrium yielded temperatures in the range 600-
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650°C; these formation temperatures are -200-250°C
higher than fluid inclusion Tht. These values,
concurrently with the lack of boiling evidences, suggest
that a "pressure correction" would be applicable to the
mineralizing system (Millone et al., 2000).

Mean and maximum contents of 77 chemical analyses
of representative network veinlets in metapsammitic
rocks (Lira et al., 1997a; Millone et al., 2002) are
summarized below (values in ppm, except for Au in
ppb); Au (6.8, 38.0); Ag (2.3, 47.7); Cu (290.9, 5475.0);
Pb (372.1, 14667.0); Zn (423.8, 19220.0); Mo (2.0,51.0);
As (23.3, 468.0); Cd (1.7, 22.0); Sb (2.8, 42.0) and Bi
(0.4, 13.0). Mineralogical data and geochemical
correlation among analyzed elements indicate an Ag-Cu
Pb-Zn-(Au)-(As) principal association.

RHYOLITE DIKES
Rodefto metasedimentary roof-pendant is the country

rock of several rhyolitic dike intrusions of submeridian
strike. These bodies outcrop for hundreds of meters and
have variable thickness (3 to >25 m). They have been
classed into two categories, those of southern and central
western Rodeîto, which are characterized below.

Southern zone: 2 m thick dike crosscut by
subhorizontal veins of drusy quartz up to 0.5 m thick.
Observed sulfides include galena grains partially
rimmed by covellite, small bornite grains with
sporadically exsolved chalcopyrite and chalcopyrite with
lamellar intergrowths of covellite included in pyrite;
specular hematite is also present. Fluid inclusion Tht's
coyer the range 290-335°C and estimated ~alinity vary
between 5.2 and 11.0 eq.wt. % NaCl (n= 7, X= 8.4).

Central-western zone: 25 m thick dike, crosseut by
two main vein systems: a) Subhorizontal quartz veins
with polyhedral mosaic texture, sorne with jig-saw
borders (up to 1 cm grain size), associated to chlorite and
grey chalcocite altered to covellite-malachite and pyrite
partially oxidized to goethite-hematite. This vein type
hosts Cu-mineralization (- 2.5 % Cu) and Ag, Au and Zn
anomalies. Tht in quartz (O'Learr et al., 2001) are within
the range 190-35l oC (n= 37, X= 289°C) ~d salinity
vary from 0.5 to 4 eq. wt. % NaCl (n= 10, X= 2.1). b)
Quartz veins (N31O° strike and 35° NE dip) that carry
oxydized pyrite (goethite), bornite associated with
chalcocite-covellite and minor chalcopyrite replaced by
covellite. This vein type is anomalous in gold (up to 550
ppb). F1uid inclusion therm~metry yielded Tht in the
range 155- 366°C (n= 36, X= 259°C) and estimated
salinity vary from 0.6 to 8.5 eq. wt. % NaCl (n= 17, X=
6.3) (O'Leary et al., 2001).

Thirty three analyzed samples of mineralized rhyolitic
porphyries yielded the following results (same units as in
metamorphites): Au (24.4, 550.0); Ag (4.8, 85.3); Cu
(983.4,24157.0); Pb (280.9,1067.0); Zn (344.7, 2508.0);
Mo (4.4, 9.0); As (27.6, 191.0); Cd (1.0, 6.0); Sb (1.0,
6.0) and Bi (9.1, 199.0). Geochemical correlation show

.an association characterized byAg - Au - Cu - Pb - (Zn)
-Bi - As.

Short Papers - IV South American Symposium on Isotope Geology

METHODOLOGY
Galena grains from vein quartz hosted in

metagreywackes were handpicked under stereoscopie
microscope (samples # 24032, 24082,20105 and)4389);
an additional galena sample was collected from quartz
veins that eut a rhyolitic dike from the southern zone of
Rodeîto (sample # 24078). Pb isotopie analyses were
carried out at the Centro de Pesquisas Geocronologicas,
Universidade de Sao Paulo, Brazil.

The Pb isotopie analyses on galenas included the use
of HCl+HN03 for washing and HCl for dissolution. Only
in impure samples (galena + others sulfides) the Pb was
extracted by HCl and HBr in an AG l-X8 (200-400#)
column. The Pb isotopie analysis were carried out on a
multicollector VG 354 Micromass mass spectrometer.
The procedural blank for Pb was 70 pg. Pb isotope ratios
were corrected relative to the values of the NBS981
standard, by 1.0024 for 206Pbp04pb, 1.0038 for 207PbP04pb
and 1.0051 for 20SpbP04Pb. The analytical error for these
isotopie ratios was 0.15-0.48%, 0.13-1.07% and 0.104
0.45%, respectively. The isotopie data were regressed
using the program of Ludwig (1999). The ages were
calculated using the decay constants established in
Steiger & Jliger (1977); for 235U and mU the decay
constants were 9.8485 x IO- LO yr-1 and 1.55125xlO-1O yr-'.

ISOTOPE RATIOS
Measured ratios are listed in table 1 and plotted in the

Stacey & Kramers (1975) two-stage model diagram
(Fig. 1).

Table 1. Lead isotope ratios of galenas from Rodeito. Sample
24078 is located in a rhyolite dike, remainder are hosted

by low grade metasedimentary rocks.

Sample# 24078 24032 24082 24105 24389
206pbp04pb 18.048 18.028 18.004 18.006 18.030

Error (1 0) 0.023 0.051 0.030 0.447 0.010
207Pb/204pb 15.642 15.634 15.597 15.589 15.609

Error (10) 0.023 0.053 0.030 0.464 O.QIO
2osPb/204Pb 38.024 37.955 37.854 37.844 37.917

Error (1 0) 0.024 0.056 0.031 0.476 0.010

T(Ma) 514.9 515.0 460.6 444.6 466.2

~ 9.964 9.935 9.771 9.737 9.821

From figure 1 an age of 433 Ma can be depicted from
the intersection of the isochrone with the modeled curve.
Ages computed according to the two-stage Pb-Pb
evolution model of Stacey & Kramers (1975) would be
within the range 445-515 Ma. Despite the fact that these
are model ages, the age of the mineralizing event could
be preliminarily assigned to the Eopalaeozoic, most likely
to the Upper Ordovician-Lower Silurian.

The possible Pb sources were examined through the
use of the plumbotectonic diagrams of Zartman & Doe
(1981) who established different evolutionary models of
Pb isotopes dependent on the reservoir.
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In the diagram of figure 2a eO?PbP04pb vs.
206pbP04pb), analyzed data are distributed along a trend
drawn oblique to modeled curves, which suggest an
heterogeneous source for Pb. Data points are located
between the "Upper Crust" and "Orogen" curves, though
closer to the orogenic reservoir. Similarly, in the case of
the diagram of figure 2b e08PbP04Pb vs. 206pbP04pb), data
points plot close to the "Orogen" curve, between it and
the curve representative of "Lower Crust".

On the other hand, computed Il values for galena
e 38Up04pb) range from 9.7 to 9.9 (Table 1). These values
suggest that Pb was predominantly derived from rocks
with high UlPb ratios, typical of the upper crust. In this
sense, Pb isotopic data suggest an heterogeneous source
for Pb, composed of rocks with high UlPb and ThlPb
ratios.

designate this type of deposits as "orogenic gold
deposits" considering that the tectonic setting was the
unique feature common for the whole group. These
deposits are associated with regional metamorphic
terranes of aIl ages. Ore is formed during compressional
or transpressional stages, where hydrated sediments
and/or volcanic rocks are subducted facing continental
margins. Reat derived from subduction increases the
thermal gradient within the accretional prism, initiating
hydrothermal fluid migration channeled along
megastructures through long distances (Groves et al.,
1998).

Rodefto hydrothermal system gathers sorne of the
typical parameters of these deposits, such as the host rock
type, the mineraI paragenesis, the texturaI features of the
veins and the structural relationships.
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Figure 2. (a-b) Galenas from Rodefto plotted in
plumbotectonic diagrams (Zartman & Doe,1981).

Preliminary oxygen isotope geothermometric
calculations using the Qtz-Chl pair yielded formational
temperatures of 600 - 650 oC (Millone et al., 2000),
which are higher than those strictly characteristic of
phanerozoic mesothermal deposits, but are still possible
(Groves et al., 1998). Fluid salinity varies from 13.5 to
0.5 eq. wL % NaCI (Millone et al., 2000; O'Leary et al.,
2001), which is too low for expected purely magmatic
fluids. 8180 H20 computed at 6000 varies between 9.8%0
(from quartz) and 8.5%0 (from chlorite); 8DH20

computed from chlorite at 6000 varies from -56.2%0 to
-26%0, depending on the equation used. These values
suggest that the isotopic composition of water involved
in Rodefto mineraI deposition could be of metamorphic
origin (Millone et al., 2000).

Lead isotope data presented in this contribution show
a crustal source possibly formed by mixing of crustal and
successively recycled orogenic rocks, which is in line
with the proposed metallogenetic model. On the other
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Figure 1. (a) Pb/Pb isotopie data for galenas of Rodefto
plotted in the "two-stage" Pb-Pb evolution model of

Stacey & Kramers (1975). Intersection of the
isochrone with the modeled curve indicates
an age of 433 Ma. Data point error ellipses

are 68.3 % confident. (b) Enlargement
of figure 1 at the intersection zone.
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DISCUSSION AND CONCLUSIONS
If the onglll of fluids involved III Rodefto

mineralization are considered to be of metamorphic
remobilization (Millone et al., 2000, 2002), the system
might be classified as mesothermal following the scheme
of Nesbitt (1988). Groves et al. (1998) proposed to
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hand, there are important facts that do not rigorously
meet typical features of the orogenie model, among them,
the relatively high contents of Ag, Cu, Pb and Zn and the
erratic distribution of Au in the system, as weIl as the
apparent absence of nearly ubiquitous carbonic fluids
(C02, CH4) as indicated by fluid inclusion
microthermometry.

It has been stated that Rodefto Pb-isotope signature in
plumbotectonic plots favors a mesothermal or orogenie
origin in the sense of Groves et al. (1998). The common
fact that thermal events linked to subduction could extend
over periods greater than 100 Ma, makes it difficult to
unequivocally assign the mineralizing event (430 to 515
Ma) to the ultimate stages of the Pampean cycle or to any
specifieal evolutionary stage of the Famatinian orogeny.

Compared to other geological units related to this ore
deposit type in Argentina, to our knowledge, no other
Middle Cambrian to Lower Silurian ages have been
registered within the Sierras Pampeanas system. Ore
deposits that keep sorne analogies with Rodeito are those
located in the Ordovician sequences of Sierra de
Rinconada, in the Puna high plateau, Jujuy province
(Rodriguez et al., 2001) and those of Incahuasi mine in
Catamarca province (Gonzalez, 1999). Most outstanding
similarities are the characteristics of host rocks and the
ages attributed to mineralization which span the
Ordovician-Silurian boundary, coincident with the
Ocloyic orogeny.

In relationship to worldwide occurrences of
phanerozoic orogenie deposits, Rodefto shares common
features with the Bendigo-Ballarat district, in central
Victoria, Australia (Bierlein & Crowe, 2000); most
remarkable comparable parameters are the isotopie
composition of mineralizing fluids, the structures of vein
systems, the possible age and lithology of host rocks, the
age of mineralization and the age of associated magmatic
rocks.
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INTRODUCTION
The Vazante-Paracatu region (Fig. 1), situated in the

northwest part of Minas Gerais State, is host to the most
important zinc district known in Brazil. Within this
region, which extends up to 250 Km long in N-S
direction, various zinc deposits are described, such as,
Vazante, Morro Agudo, Ambrôsia and Fagundes, and
several zinc occurrences. The deposits are hosted by
metapelitic-dolomitic sequences of the Vazante Group
(Dardenne et al., 1998) and have contrasting geological
characteristics.

mnm Trôs Marias Formation

~ Paraopeba Subgroup

Brasilia Fold Be/t (BFB)

• 1JbiéJ Formation

: : ·1 Parano" Group

~~ Conostro Group

100 ~EièJ.l· City~ 0 Zn-(Pb) deposits

Figure 1. Geological setting of the Vazante-Group (Dardenne
& Schobbenhaus, 2001).

The Vazante deposit is known as the major exampJe
of a new deposit c1ass, named as carbonate-hosted
willemite deposits or non-sulfide zinc deposits (Hitzman,
2001). The Vazante main ore is made of willemite
(Zn2Si04), dolomite, quartz, siderite, hematite, barite,
franklinite, zincite, magnetite and Zn-chlorite (Monteiro,
1997). SmaJl sulfide bodies composed mainly by Cd-rich
sphalelite and galena occur tectonically imbricate with
the willemitic ore and with the intensely
hydrothermalized host rocks within the Vazante Fault.

The zinc ore from Morro Agudo, Fagundes and
Ambrôsia, however, are composed mainly of sphalerite,
galena, pyrite, marcasite, dolomite and quartz. The
mineralization styles in Fagundes deposit are late
diagenetic, related with open space filling, and
epigenetic, characterized by a late fissuraI stage. In
Ambrôsia deposit the predominant mineraJization style is
epigenetic. Several stages of mobilization of preex.isting
ore, related to ductile-brittle and brittle deformation, are
common in both deposits (Monteiro, 2002).

These distinct mineralization episodes share a
common evolutionary history related to diagenesis and
deformation of the Vazante Group, during the
Neoproterozoic.

The present paper aims to document isotopie
variations related to well-constrained paragenetic
sequence and to profile the geochemical processes
associated with the genesis of non-sulfide and sulfide
zinc deposits of the Vazante-Paracatu region.

SULFUR ISOTOPES
In Vazante deposit, suJfides show a narrow range of

834S values between + J 1.8%0 and + 14.4%0 (Monteiro,
1997). This is a distinct sulfur isotopie signature in
relation to sulfides from the other deposits in the district,

such as Ambrôsia (834S = -5.4%0 to +22.2%0) and
Fagundes (834S = + J4.8%0 to +36.3%0), which display a
remarkable wide sulfur isotopie variation and a complex
isotopie distribution related to the texturaI and
paragenetic evoJution of each deposit.

ln Fagundes, early colloform sulfides are 34S-enriched
(up to +36.3%0), whereas mobilized sulftdes and late
epigenetic suJfides display lower 834S values (834S =
+14.8%0).

In Ambrôsia, where the epigenetic style of
mineralization is predominant, the same tendency of
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Figure 2. C and 0 isotopie compositions of host rocks and
hydrothermal carbonates.

isotopically lighter values toward the late sulfide phases
is observed (Ô34S =+12.2%0 to -5.4%0).

In these deposits, a relationship between Ô34S values
and minor elements in sphalerite is also observed. The
Fagundes ear1y sphalerite is characterized by the highest
Ô34S values, low average iron content (0.42 %) and low
Zn/Cd ratio (= 140). The decrease in Ô34S values in late
sphalerite is accompanied by slight increase of average
iron content (0.56 %) and in Zn/Cd ratio (= 226).
Sphalerite associated with epigenetic mineralization of
Ambrosia is 34S-depleted, iron-rich (until 1.57%) and has
the highest Zn/Cd ratio (=1510).

In the Morro Agudo deposit, Cunha (1999) and Misi
et al. (1999) described a wide range of sulfur isotopie
values (Ô34S = -8.7%0 to +40.0%0), which are related to
the deposit geometry and morphology. The highest values
have a spatial relationship with deeper ore levels and with
a fault zone considered as a feeder zone for mineralizing
fluids.

OXYGEN AND CARBON ISOTOPES
Previous studies on the Vazante hydrothermal

carbonates indicate that the gangue carbonates related
with sulfide ore bodies and with willemitic ore reflect two
different covariant trends. The first is characterized by
180-enrichment accompanied by 13C-depletion. The trend
related with the willemitic ore is characterized by
decrease of ÔI80 and Ô13C values (Monteiro, 1997;
Monteiro et al., 1999).

The carbon and oxygen signature of the gangue
carbonate related to Vazante sulfide ore (Ô180 = +21.58%0
to +31.85%0; Ôl3C = -5.94%0 to + 1.66%0) are quite
different of those of Fagundes (Ô180 = + 12.4%0 to
+ 19.9%0; Ôl3C = -2.3%0 to -0.2%0) and Ambrosia (Ô180 =
+15.1%0 to +20.3%0; Ô13C = -2.3%0 to + 0.3%0) sulfide
rich deposits (Fig. 2).

In the ÔI80 vs. Ô13C space (Fig. 2), the fields of
hydrothermal gangue carbonates from Fagundes and
Ambrosia are partially over1ain by the carbonate field
associated with the Vazante carbonates. However, the
Fagundes and Ambrosia carbonates show, in general,
lower ÔI80 and Ô13C values than those of the gangue
carbonates of the willemitic ore (Ô 180 = +20.4%0 to
+ 17.43%0; Ôl3C = 0.29%0 to +0.86%0).

The individualization of the carbonate generations
permit also the characterization of two evolutionary
tendencies related to Ambrosia and Fagundes deposits.

The first tendency is referred to carbonates from ear1y
hydrothermal alteration, main mineralization and late
epigenetic fissuraI mineralization. This trend is
characterized by decrease of ÔI80 and Ôl3C values
accompanying the evolution of each deposit. The lowest
Ô13C values are related to late fissuraI stages.

The second tendency is associated to mobilization of
thé Fagundes and Ambrosia ore and post-mineralization
pervasive alteration of Fagundes. This trend is
characterized by decrease of ÔI80 values, without
significant Ôl3C variation.

STRONTIUM ISOTOPES
The least-altered host dolostones exhibit 87Sr/86Sr

ratios between 0.709764 and 0.71582. These signatures
are more radiogenic than that relative to the best
preserved dolostone of the Vazante Group (87Sr/86Sr =
0.706144) reported by Azmy et al. (2001). This could
reflect 87Sr increase due to the radioactive decay of 87Rb
after the deposition. Calculated initial ratios for 750 Ma
(87Sr/86Sro = 0.705273 to 0.710458) however, are
imprecise due to elevated errors in analytic measurement
of Rb and Sr concentrations and to the uncertainties
concerning the Vazante Group age and the nature of the
system (closed or opened) during the post-depositional
diagenetic process.

The altered dolostones (Fig. 3) have more radiogenic
signatures (87Sr/86Sr = 0.711126 to 0.7500399), and show,
in Vazante and Ambrosia, positive correlation between
87Sr/86Sr values and Mn/Sr ratios, indicating that the more
radiogenic ratios are related with the progressive
hydrothermal alteration.

In aIl deposits, the strontium isotopie compositions in
hydrothermal carbonates (siderite and dolomite) and
sphalerite show a c1ear relationship with the paragenetic
evolution of each deposit (Fig. 3).

In Vazante deposit, least-mylonitized sphalerite are
Jess radiogenic (87Sr/86Sr = 0.715380) than sphalerite
strongly mobilized/mylonitized (87Sr/86Sr = 0.729736).
Seemingly siderite, related to the willemitic ore, is more
radiogenic than sphalerite (87Sr/86Sr = 0.721904 to
0.722250). In Fagundes, hydrothermal mineraI phases are
progressively more radiogenic. Dolomite associated with
ear1y colloform sphalerite has 87Sr/86Sr ratios of
0.713871, whereas late sphalerite shows 87Sr/86Sr ratios
of 0.722737. Ore mineraIs from the epigenetic veins from
Ambrosia deposit display the highest 87Sr/86Sr ratios
(0.742125 to 0.53835). These strongJy radiogenic
signatures, however, define a narrow interval of strontium
composition.

-749 -



Short Papers - IV South American Symposium on Isotope Geology

• Altered dolostone

o Loost-<J/tered doloSlone

FAGUNDfS • • Mabilized sphalerite

<> Late minera/izmion
(dolomite)

Main mineroliZalion

~ (zoned ,pha/erite
and associaled dolomite)

<> Eorly minera/izmion (dolomite)

from aIl deposits, mainly in mineraI phases formed
after the main mineralization stage.
Variations of salinity and eutectic temperatures in

primary fluid inclusions in the same mineraI, mainly in
zoned sphalerite, besides the relationship between
homogenization temperature and salinity indicate
progressive mixing between fluids (1) and (2), mainly in
Fagundes and Ambrosia deposits. Primary fluid
inclusions in late mobilized phases and secondary fluid
inclusions in early mineraIs with moderate to low
temperature and low salinity also suggest late mixing
with meteoric waters (3).
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DISCUSSION
SULFURSOURCE

The Vazante sulfides display Ô34S values that are
similar to those reported by Azmy et al. (2001) for trace
sulfate trapped in carbonate from the host dolostones
(Ô34Ssulfate = +8.5%0 to +16.9%0), which represent the best
record of the sulfur isotopie composition of the sulfate
seawater contemporary with the carbonate deposition.
This could suggest that the sulfur source related to
Vazante sulfide ore bodies is associated to
thermochemical sulfate reduction, without significant
fractionation. The main sulfur source could be related to
the reduced sulfur content transported by the
metalliferous oxidized fluids. The lowest Zn/Cd ratios (=
64 to 98) in Vazante sphalerite, however, couldindicate
that this metalliferous fluid had low reduced sulfur
content (ISred), which according to Schwartz (2000) may
shift the total Cd distribution coefficient [KI(ZnS, Cd)] to
higher values, and hence favor the formation of Cd-rich
sphalerite. Thus, the metalliferous fluid could represent a
minimum reduced sulfur reservoir. This could be a
important factor for the establishment of high fOz/fSz
conditions, which are necessary for the willemite stability
(Monteiro, 1987).

The relationship between sulfur isotopie variations
and the paragenetic sequences in Fagundes and Ambrosia
deposits is systematic. The relation between Ô34S values
and minor e1ement contents in sphalerite, besides the
evidences supported by fluid inclusions, suggest that
mixing processes involving two distinct sulfur sources
may be important for the genesis of the sulfide-rich
deposits of the district.

The predominance of highest Ô34S values in the early
sulfides, such as in Fagundes, and their relation with
feeder zones in Morro Agudo (Misi et al., 1999), could
suggest that the 34S-enriched sulfur species were
transported by the early high-temperature (>250 OC),
moderate salinity (- 15 wt. % NaCI), metalliferous
mineralizing fluid.

Light sulfur was predominant during the epigenetic
stages of mineralization, but possibly was also important
for the late-diagenetic mineralization stages, judging from
the Fagundes zoned sulfides, which exhibit lower Ô34S
values than early phases. This isotopically light sulfur
could be derived from bacteriogenic sulfate reduction in
coId or distal parts of the system.
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Figure 3. Sr isotopie compositions for host rocks and
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FLUID INCLUSIONS
Fluid inclusion studies on sphalerite, quartz and

dolomite from Vazante, Fagundes and Ambrosia deposits
permitted the characterization of three aqueous fluid
types:
(1) HzO-NaCI-CaCIz, high-temperature (> 250°C) and

moderate salinity (- 15 wt. % NaCI equiv.) fluid. This
fluid type predominates in sphalerite from the early
mineralization stages of the Fagundes deposit, but is
also identified in quartz and sphalerite from Vazante
and Ambrosia.

(2) HzO-NaCI-CaClz-FeCIz, moderate-temperature (140
- 190°C) and high salinity (> 23 wt. % NaCI equiv.)
fluid, which fluid is associated mainly with the late
mineralization stage of Fagundes and Ambrosia.

(3) HzO-NaCl-CaCIz. moderate to low temperature (
150 - 90°C) and low salinity « 5 wt. % NaCI equiv.)
fluid. This fluid type is present in mineraI phases

- 750-



The predominance of lowest Ô34S values in epigenetic
stages of mineralization may result from expulsion of
moderate temperature, highly saline basinal fluids from
the Vazante basin, related with Brasiliano compressive
events. Alternatively, reduced shales that coyer the host
dolostones in Fagundes, Ambrosia and MOITO Agudo
deposits, might be mobilized by descending fluids,
representing a potential sulfur source.

FLUID EVOLUTION
The Ô

I80 and ôl3C covariant trends related to sulfide
and willemitic ore from the Vazante deposit were
interpreted, based on the models of Zheng & Hoefs
(1993), as related to fluid-rock interaction and fluid
mixing, respectively (Monteiro, 1997, 1999). In the first
case, the involved fluid is '80-enriched and has isotopie
characteristics compatible with metamorphic or
diagenetically 180-enriched fluids. In the second case, the
covariant trend may be due to mixing between this
metalliferous fluid with meteoric water.

The carbon and oxygen isotopie variations in
hydrothermal carbonates from Fagundes and Ambrosia
are partially overlaid by the field of Vazante carbonates
and could also suggest the predominance of mixing
processes.

The two identified trends related to Fagundes and
Ambrosia may represent evolutionary tendencies related
to mixing between the three fluid types identified by the
fluid inclusion studies.

The relationship between isotopie variations and
paragenetic evolution indicate that the fluids related to
Ambrosia epigenetic mineralization are l3C-depleted,
suggesting interaction with organic matter. This carbon
signature overlap the highest salinity and 87Sr/86Sr values
for the late mineralization stage, suggesting
predominance of radiogenic fluids, derived probably from
reduced shale units, in the last stages. This basinal fluid
was responsible for transport of isotopieaIly light sulfur
and subordinately of metals into the system.

The 180-impoverishment tendency observed mainly in
mobilized and in post-mineralization carbonates could be
related to the predominance of 180 depleted, low salinity,
meteoric waters during the final evolution of the
hydrothermal system.

CONCLUSION
Fluid inclusion and isotopie studies indicate a

common long-term evolutionary history of the
hydrothermal systems, related to late-diagenesis and
epigenetic events, for the genesis of both non-sulfide and
sulfide zinc deposits of the Vazante-Paracatu district. The
clear relationship between fluid composition, as traced by
fluid inclusion and 0, C and Sr isotopes, and paragenetic
evolution of each deposit strongly suggest that
progressive mixing processes were important for the
genesis of these deposits.

In sulfide zinc deposits the influence of high salinity,
strongly radiogenic basinal fluids is of great importance
for ore genesis, mainly by its possible role in reduced
sulfur supply.
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The low-sulfidizing capacity of the Vazante
willemitic system might be related to the scarcity of
sulfur supply from upper shale units. The genesis of the
sulfide ore from the Vazante deposit involves the
interaction of oxidized ascending metalliferous fluids, of
limited content of reduced sulfur, and the host dolostones.

The willemitic mineralization is coeval with the
Vazante Fault development, which favors the overall
mixture of metal-bearing and meteoric fluids channeled
to the fault zone. This mixture process between low
reduced sulfur-bearing fluids (LSred) and oxidizing
meteoric fluids favors the Vazante willemitic
mineralization.
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INTRODUCTION
Several mafic-ultramafic complexes have been

mapped in the northem segment of the Itabuna-Salvador
Curaça Orogen (NISCO), sorne of which are currently
mined for copper sulphide (Carama) and chromite
(Medrado, Campo Formoso and Santa Luz). Information
about their age are relevant for understanding the timing
of mineralisation and their relative importance in the
regional geologic evolution.

Here we report V-Pb ages on zircons extracted from
noritic rocks of the CaraIba hypersthenite-norite complex,
Medrado peridotite-norite sill, and the Sao José do
Jacuipe layered gabbronorite-peridotite Suite, and
comment on their regional significance.

GEOLOGIC SETTING
CARAlBA HYPERSTHENITE-NORITE COMPLEX

This complex crops out in the Curaça high-grade
terrane and is made up of dykes, breccias and lensoid
bodies of hypersthenite and norite with occasional
peridotite and amphibolite enclaves (Oliveira & Tamey,
1995). Copper sulphides and magnetite are more
concentrated in hypersthenite than in norite. The timing
of emplacement of the Carama complex has been a matter
of debate. On one hand, Silva (1985) argued that the
mafic-ultramafic bodies intruded a supracrustal sequence
and were later deformed during three main high
temperature deformation phases associated with granitic
intrusions. On the other, Oliveira & Tamey (1995)
presented field relations indicating that the Carama
hypersthenite-norite complex was emplaced into rocks
previously deformed at amphibolite facies conditions.
Presently, we acknowledge that the Carama body was
later reworked under the granulite facies conditions, and
retrogressed to amphibolite facies during the two last
ductile deformation phases of Silva (1985).

MEDRADO PERIDOTITE-NORITE COMPLEX
The Medrado mafic-ultramafic complex has a sill-like

structure and occurs intruded in granulite grade
metagranitoids and metasupracrustal rocks (marble,
diopsidite and gneiss) (Deus & Viana, 1982; Mello et al.,
1986; Marinho et al. 1986).

On the basis of regional geologic mapping, Marinho et
al. (1986) recognized that the supracrustal sequence has a
gneissic banding SI parallel to So, as the result of Dl

deformation. This sequence was intruded by the
granodioritic orthogneiss G1 that also shows the
metamorphic banding SI. Centimetric-thick mafic dykes
crosscut SI and are intruded by a granitic-granodioritic
orthogneiss G2 with a prominent S2 metamorphic
banding. G3 granites, the Itiliba Syenite, and associated
pegmatites, intrude these rocks, all of them displaying a
gneissic S3 fabric. With the exception of the G3
intrusions, which were metamorphosed under amphibolite
facies conditions, all rocks have mineraI parageneses
indicative of granulite facies metamorphism.

sAo JOSÉ DO JACVfpE GABBRONORITE
PERIDOTITE SUITE

This suite occurs as dismembered bodies on the
southern portion of NISCO, between the towns of Capela
do Alto Alegre and Baixa Grande. According to Melo et
al. (1991) it is composed mostly of norite and
gabbronorite, and less often peridotite, ferrogabbro and
pyroxenites. The gabbroic rocks were metamorphosed
under the granulite facies, and were intruded by
syntectonic granitoids. Primary igneous layering is
observed in leucogabbro. Melo et al. (1991) suggested
that rocks of the Sao José do Jacuipe suite are remnants
of an oceanic crust formed during fragmentation of the
Serrinha and Mairi blocks in the Archaean.

SAMPLING SITES
For V-Pb geochronology, one norite sample from each

complex was collected. In Carama, sample PO-29.2
cornes from the northern wall of the deepest bench of the
mine open-pit. This rock is part of a breccia of
hypersthenite and norite; it is aphyric, weakly foliated,
medium- to coarse-grained and composed of plagioclase,
hypersthene, and accessory apatite, zircon, biotite,
magnetite and sulphide. Zircons are elongate to round in
shape, always have smooth edges, and are pink to brown
without visible inclusions. In back-scattered electron
(BSE) images, the elongate zircons often show oscillatory
zoning, whereas the round ones either show sector zoning
or no zoning.

In Medrado, norite sample Gb-Medra consists of drill
core chips from borehole SSM-18/67. The rock is coarse
grained equigranular, aphyric, weakly foliated, and
composed of plagioclase, amphibole, pyroxene relicts and
accessory zircon and apatite. Zircons are mostly round to
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elongate, pink to brown grains with poorly developed
oscillatory and sector zoning on BSE images.

A leucogabbro sample (3.4) of the Sâo José do Jacuipe
Suite was collected on the outskirt of Aroeira village. The
rock is coarse-grained, aphyric and shows primary
igneous layering marked by intercalation of dark,
amphibole-rich layers with light, plagioclase-rich layers.
Foliated mafic dykes of the Aroeira dyke swarm and
granitoids crosscut the leucogabbro. Zircon population is
made up of several generations, with cores of various
shapes, sizes and proportions. They are generally zoned
with compositional, concentric zoning. Sorne discrete
grains, also variably zoned, show metamorphic rounding
and recrystallisation.

U-Pb SHRIMP GEOCHRONOLOGY
Ion microprobe analyses of the Caraiba and Medrado

zircons were carried out using SHRIMP II at the School
of Applied Geology, Curtin University of Technology,
Perth, based on the operation procedure described by
Compston et al (1984) and operation conditions described
by Smith et al. (1998). Zircons from the Sâo José do
Jacuipe leucogabbro were analysed using SHRIMP-RG at
the School of Earth Sciences, Australian National
University (Canberra), following the procedures of
Williams & Claesson (1987) and Compston et al. (1992).
The age-populations reported here are for data between
95% and 105% concordance. Pooled ages are quoted at
the 95% confidence level and la or 20 error.

A total of 19 analyses were obtained on 19 zircons
from the Medrado norite, 26 analyses on 20 zircons from
the Caraiba norite and 22 analyses on 18 zircons from the
Sâo José do Jacuipe leucogabbro. The resulting ages are
listed in Table 1.

Table 1: V-Pb SHRIMP results.

Igneous
Metamorphism

crystallization
(Ma) (Ma)

Caraiba 2580 ± 10 2103 ± 23

Medrado 2085 ± 5

S.J.Jacufpe 2583 ± 8 2082 ± 17

Fourteen zircon grains from the Medrado sample
yielded a 207Pbp06Pb concordia age of 2085±5 Ma. No
significant age difference was observed between elongate
and round zircons. No older age population was found.

The Caraiba norite, on the other hand, yielded two
main 207pbp06Pb concordia ages, at 2580± 10 Ma and
2103±23 Ma. Because the latter zircon population has
Th/U ratios below 0.1, which is generally regarded as
typical for metamorphic zircons (e.g. Rubatto & Gebauer,
2000), this younger age is interpreted to be the time of
regional high-grade metamorphism that affected the
Caraiba norite. The older age is derived from zircon
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cores, and we interpret it as the crystallisation age of the
igneous protolith.

The Sâo José do Jacufpe leucogabbro also give two
concordant clusters. Eight analyses of cores and discrete
grains representing the oldest grains were combined to
give a 207pbP06pb concordia age of 2583±8 Ma, whereas
4 analyses of overgrowths give a weighted mean
207PbP06pb age of2082±17 Ma.

DISCUSSION
The age results presented here have several

implications for the geologic evolution of the Itabuna
Salvador-Curaça orogen. Debate about the metallogenic
contrast between the copper sulphide-bearing mafic
ultramafic bodies of the Curaça high-grade terrane and
the chromite-rich mafic-ultramafic bodies of the Jacurici
terrane is long-standing. Mandetta (1982) and Silva
(1985) suggested that the two main mineralised mafic
ultramafic bodies, viz. Caraiba in the Curaça and
Medrado in the Jacurici terranes, were derived from a
common parental magma through fractional
crystallization. In this mode!, the Jacurici chromiferous
bodies fractionated first and the cupriferous Curaça later.
Our new geochronological data, viz. 2580 Ma for the
Caraiba norite and 2085 Ma for the Medrado norite, show
that these igneous complexes and their mineralisation are
sufficiently different in age that it is almost impossible
that they are co-genetic. The interpretation of the Sâo
José do Jacufpe age is more complex. Rocks of this suite
are tectonically dismembered and are intruded by gray
and pink granitoids. Sorne of these granitoids entrain
gabbronorite xenoliths that are generally interpreted as
belonging to the Sâo José do Jacufpe suite (Melo et al.,
1991; Kosin et al., 2003). While in sorne places this
assumption is valid, especially where the younger
granitoids clearly crosscut the mafic rocks, in others may
be not. This is particularly true for a TTG enderbite of the
Caraiba Complex that contains gabbronorite xenoliths
and was dated by Silva et al. (1997) at 2.69 Ga (U-Pb
SHRIMP). This age and field relations indicate that the
Sao José do Jacuipe suite should be older than 2.7 Ga (cf.
Kosin et al., 2003). Our age of 2583 Ma is 100 Ma
younger and supports the suggestion that more than one
intrusion of mafic-ultrarnafic rocks with different ages
might have taken place. Another interesting conclusion of
our data is the regional occurrence of igneous bodies ca.
2.58 Ga old (e.g. Caraiba and S. José Jacuipe). Similar
ages were reported for mafic dykes of the Uaua Block
(Oliveira et al., 1999), protoliths of several granulites
from NISCO (Silva et al., 1997), basement of the Rio
Itapicuru greenstone belt (Chauvet et al. 1997) and as
depleted mantle model ages in the Rio Capim sequence as
weIl as in mafic dykes of the Uaua dyke swarm (Oliveira
et al., 1998; 1999). Therefore, the ca. 2600 Ma is a crust
forming event of regional significance and coincides with
the end of the Jequié orogenic cycle (2800-2600 Ma, cf.
Ledru et al., 1994).
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Mesoproterozoic (Juliani et al., 2000) paleo
hydrothermal oceanic systems are present northeast of
Sào Paulo city making part of the Serra do Itaberaba
Group (SIG) (Juliani, 1993; Juliani & Beljavkis, 1995).

In the SIG, the basal Morro da Pedra Preta Fm. is a
metamophosed volcano-sedimentary sequence, composed
mainly of N-MORB type metabasites and schists.
Overlying is the Nhangucu Formation, with iron
manganesifeous schists, andalusite-rich schists, and
lenses of meta-calcpelites and marbles. The Pirucaia
Formation, with quartzites and quartz-rich schists, is a
marginal facies of the Nhangucu Formation. These
sequences are strongly deformed and were affected by
two medium-grade and a low-grade metamorphic events
during Mesoproterozoic and Neoproterozic orogenic
events (Juliani, 1993; Juliani & Beljavskis, 1995).

The Morro da Pedra Preta Fm. was mostly deposited
in an extensional regime, but also, together with the
Nhanguçu Formation, during the subsequent installation
of a back-arc basin, in a compressive regime (Juliani,
1993).

The paleo-hydrothermal systems developed during the
installation of the back-arc basin, in the compressive
regime, associated to intrusions with compositions
varying from intermediate to felsic composition, and to
which they are genetically linked (Juliani et al., 1992;
Pérez-Aguilar, 1996,2001).

Rocks constituted by cummingtonite and/or
anthophillyte are the metamorphic product of variable
hydrothermalized basic and intermediate/felsic protoliths,
corresponding to pre-metamorphic propylitic
hydrothermal alteration zones (Hemley & Jones, 1964;
Meyer & Hemley, 1967; Rose, 1970; Pirajno, 1992).

These rocks formed by cummingtonite/anthophillyte
are distributed in the interface between the Morro da
Pedra Preta Fm. and the Nhanguçu Formation and are
interpreted as formed by paleo-hydrothermal oceanic
systems (Pérez-Aguilar et al., 2000; Pérez-Aguilar,
2001).

Surrounding intensely deformed intrusions of
andesites/rhyodacites, due to tectonic transpositions, there
is a zoned sequence of lithotypes that show a complete
gradation between unaltered to strongly altered rocks,
represented by groups of unaltered rocks, weakly altered
rocks (typically with small arnounts of metamorphic
cordierite and/or cummingtonite), transitional rocks
(where characteristically two ore three different
metamorphic amphiboles coexist), moderately altered

rocks (typically, in the metamorphic assemblage, aIl the
hornblende was substituted by cummingtonite; also small
amounts of cordierite and gamet may be present), and
strongly altered rocks. Strongly altered rocks have a
mineraI association with cummingtonite and/or
anthophillite + magnesian cordierite ± almandinic gamet
± quartz ± magnetite ± ilmenite ± rutile ± staurolite ±
biotite ± chlorita. (Pérez-Aguilar, 1996,2001).

Associated to these rocks are also observed layers of
carbonatized rocks (constituted essentially by carbonate +
epidote + actinolite + diopside), that typicaUy occur
under intermediate to felsic intrusions, marundites (rocks
with corindon ± margarite ± muscovite ± rutile ±
plagioclase ± tourmaline), hornblende-gamet
amphibolites and meta-chloritites, that include, as an
extreme cation lixiviation process, cummingtonite-garnet
chlorite schists. AU of the above mentioned rocks are the
metamorphic product of different types of hydrothermal
alteration processes also present in the Morro da Pedra
Preta Fm. Algoma type BIFs, sulfide-rich metapelites that
were formed, at least, partiaUy, by mineralizing pre
metamorphic processes, and extensive zones of rocks
mineralized in gold are also present.

WHOLE-ROCK ISOTOPE DATA
The whole-rock oxygen isotope ratios are reported in

values compared with the Standard Mean Ocean Water
value (SMOW).

In the group of not altered and altered igneous
metabasites, blSO values vary from 5.9%0 to 16.9%0. In
the group of not altered and altered pyroclastic
metabasites, genetically associated to igneous
metabasites, these values range from 8.3%0 to 10.1%0, in
altered meta-intermediate igneous rocks from 14.1%0 to
17.6%0, and in most meta-intermediate volcaniclastic
rocks from 15.3%0 to 17.8%0. Finally, in meta-chloritites,
formed after the alteration of igneous basic rocks, blSO
values range from 9.0%0 to 10.6%0. A characteristic that
can be observed in the groups of igneous metabasites,
pyroclastic rocks, and meta-intermediate igneous rocks,
are well-defined trends of increasing values of blSO with
progressive intensity in alteration process.

Meanwhile, the meta-chloritites, that are the product
of a more intense cation lixiviation process, show relative
lower values of blSO (9.0%0 to 10.6%0), if compared with
blSO values observed in strongly altered igneous rocks
(11.8%0 to 16.9%0).
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Regional zoning in the Ô'80 values are present in the
Kuroko type volcanogenic sulfide deposits, showing a
progressive enrichment of theses values in the wallrocks
around the mineralized zone (Cathles, 1993; Barrett &
MacLean, 1994), as observed in Ô

180 values obtained for
the groups of igneous metabasites, pyroclastic rocks, and
meta-intermediate igneous rocks here studied, and a
progressive decreasing of them in direction to the
mineralized zone (Vâsquez et al., 1998; Gemmel et al.,
1998; Cartwright, 1999), represented, in this case, by
ô/ 80 data from meta-chloritites. These regional zoning
produce concentric aIteration haloes, characterized by
positive anomalies of Ô'80 in the rocks that regionally
surround mineralized zone, and negative anomalies of
ô/ 80 in the rocks near mineralized zones.

Decreasing values of Ôl80 of rocks near mineralized
zone would be produced by intense seawater circulation,
typically with ô/ 80 close to 0%0, near hot intrusive
bodies. In this situation, the thermal anomaly associated
to intrusions would reduce the isotopic fractionation
factor between rocks and seawater, producing isotopic
anomalies in which the fluids become isotopically heavier
and aItered rocks isotopically more light (Cathles, 1983).

Regional enrichments of the Ô
180 values of altered

rocks can be produced by the circulation of hot fluids
towards the colder parts of the system, in distal portions
related to intrusions. In this situation, the isotopic
fractionation factor between rocks and water increase
very much so fluids become istopically light and altered
rocks isotopically heavy (Cathles, 1983; Green et al.
1983; Cathles, 1993)

The values of Ô'80 obtained for most of the meta
intermediate volcaniclastic rocks (15.3%0 to 17.8%0) are
much higher as those observed in not altered intermediate
rocks, in which values can vary from 6.0 to 10%0 (Paradis
et al., 1993). The narrow interval of 0180 values may
indicate that these rocks achieved a relative isotopic
homogenization due to hydrothermal aIteration,
independent of how strong was metasomatic event that
affected them. This was probably due to the high
porosity, permeability and relative abundance of volcanic
glass that can be present in volcaniclastic material
(Staudigel et al., 1995).

CONCLUSIONS
Isotopic data obtained in the igneous metabasites,

meta-intermediate igneous rocks and in the pyroclastic
rocks, indicate that original hydrothermal systems
isotopic signatures were, at least, partially preserved,
indicating that the different superimposed metamorphic
events were not responsible, in these samples, for an
homogenizations of isotopic values.

The high anomalies of positive Ô180 values are
possible due to the long lifetime of hydrothermal system,
caused by the discharge of hot fluids, that came from
more deeper parts of the system, towards distal parts, so
as observed in discharges responsible for the formation
for the white smokers in actual back-arc basins.
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Comparing the Ô180 values obtained for meta
chloritites with those of associated altered rocks, it is
possible to infer higher fluid temperatures in alteration
process, and consequently, relative lower ÔI80 values,
indicating a regional distribution nearer to mineralization
zone.

In this context, the zones of the black smokers may
correspond to the metaleferous meta-sediments,
especially those sulfide-rich, that are present in the
interface between the Morro da Pedra Preta and
Nhangucu Fms, and where, potentially, gold and base
metal deposits could be found.
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INTRODUCTION
The Andean Cordillera, in Colombia, is composed of

three ridges, with N-S trends, named Oriental, Central
and Occidental. Geologically, the Colombian Andes, is
divided in two different domains by the Cauca-Romeral
Shear Zone; the first one, which includes the oriental and
central ridges at the eastern side, is composed of
precambrian and paleozoic continental basement,
intruded by several mesozoic and cenozoic granitic
plutons, and covered by sedimentary sequences. The
second domain, that includes the occidental ridge, was
formed by successive accretions of allochthonous
terranes, which show oceanic affinities (Etayo et. al. 1986
and Toussaint & Restrepo 1989). These terranes were
intruded by several sub-volcanic intrusions, which form
the Combia Formation, and one of them, is the Miocene
Marmato Stock, that is the host - rock of the epithermal
Au-Ag Marmato mineralizations (Restrepo et. al. 1981).

The Marmato Mining District is located at the
Setentrional Andes of Colombia, in the Caldas State, at
50 km from N-NW of Manizales capital city. The
mineralizations are divided in three different levels: the
first one near the surface is named Echandia, the
intermediary is the Cien Pesos Sector and the deepest is
the Marmato Bajo Sector.

In order to characterize the age and sources of the
mineralizations of Marmato Minig District, Sr-Sr, Pb-Pb,
Sm-Nd and K-Ar isotopic analyses were carried out on
ore and gangue minerais at the Geochronological
Research Center of University of Sao Paulo. The sample
selection, for isotopic analyses, was made based on
petrographic and mineralogical characteristics, that
included analyses using thin sections and polished
sections, beyond analized sections on the back scatter
electron microscope.

GEOLOGICAL SETIING
The Marmato Mining District is located within the

Calima Terrain (Toussaint & Restrepo, 1991), which is
bounded by the Cauca and Romeral Faults. The oldest
exposed rocks in the area be10ng to metasedimentary
Arquia Complex, with Cretaceous metamorphic ages, and
are represented by graphite-schists metamorphosed
within low amphibolite facies and by chlorite-schists
metamorphosed within greenschist metamorphic
conditions (Rosseti et al., 1999). The Miocene
sedimentary rocks of the Amaga Formation overly the
metamorphic basement. and are composed of sandstones,
shales and conglomerates. The youngest stratigraphic unit
in the Marmato area is the Combia Formation, which is

characterized by volcanoclastic unit. Pyroclastic rocks
include clasts of basait and andesites. Mafic lavas with
subordinate tuffaceous intercalations a1so occur.
Associate with the Combia Formation appear sorne sub
volcanic bodies, with andesitic and dacitic compositions,
with ages ranging from 9 Ma to 6 Ma (Restrepo et. al.,
1981 ).

One of these bodies is the Marmato Stock, which is
the host-rock of the Marmato Au-Ag mineralizations.
This stock is composed of porphyritic volcanic rocks with
dacitic and andesitic compositions. The porphyritic
andesites outcrop in the border of the stock, whi1e the
porphyritic dacites appear in the central part of the body.
The andesite, which occur at Echandia sector (Plata Fria
Mine), is composed of plagioclase phenocrystals
(andesine) hydrothermaly alterated to sericite and
carbonate, hornblende, and partially chloritized biotite,
within a fine matrix composed of plagioclase, chlorite,
magnetite, apatite and epidote. The porphyry-dacite,
which is the host-rock of the most of the auriferous quartz
veins in the area, presents a mineralogica1 composition
with plagioclase phenocrystals hydrotherma1y alterated to
sericite, carbonate and epidote, quartz, hornblende and
chloritized biotite, calcite and oxides. Ali these
phenocrystals are immerse in a fine matrix composed of
plagioclase, quartz, sericite and carbonates.

Within the Marmato Mining District the main
structural features are related to sub-vertical faults, like
Obispo Fault, with N25E trend, and distentional veins
with N, NE and NW trends.

The porphyritic dacites contain abundant ore veins.
The epithermal with low-sulphidation epithermal
mineralization styles occur as distentional veins,
stockwork structures and narrow brecciated zones with
quartz vein1ets. In general the ore veins are (no longer
than 250 m) in 1ength and 2 m thick. These veins present
latera1 zonation with pyrite in the border and sphalerite in
the central zone. In the Echandia sector the ore consists of
variable amount of pyrite, sphalerite and galena.
Accessory and trace minerais include chalcopyrite,
arsenopyrite, pyrrotite, argentite and gold electrum. In the
Marmato Bajo the ore minerais are: pyrite, pyrrotite,
sphalerite, arsenopyrite, chalcopyrite, gold, galena and
marcassite (Lôpez-Rendon, 1991; Bedoya, 1998).

The volcanic unit is extensively affected by
hydrothermal alteration, and two main alteration styles
are depicted (sericitization and propylitization),
silicification, argillization and a1bitization are also
observed in sorne places.
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Fluid inclusions study, in Marmato Mining District,
were documented by Bedoya (1998) and Rossetti &
Colombo (1999). In general, the fluid inclusion
microthermometric results indicate homogenization
temperature values, of the primary fluid inclusions in
quartz, around 300°C and the salinity values are low to
moderate, varying from 1,6 to 8,1 wt.% NaCI eq.

RESULTS AND DISCUSSION
Fifty five samples of ore, gangue and host rocks of the

Marmato Mining District were investigated for their Pb,
Sr and Nd isotopie compositions. In addition, one sample
of hydrothermal altered plagioclase was analyzed by K
Ar method in order to determine the age of the
mineralization episode. AlI isotopie analyses were carried
out at the Geochronological Research Center of
University of Siio Paulo.

AGE OF THE ORE DEPOSITION
A sample of sericitized plagioclase from altered host

rock was dated by K-Ar method and yielded an precise
age of 5.6 ± 0.6 Ma, which is interpreted as the time of
ore deposition. This age is in close agreement with the
Cauca-Romeral Fault System reactivation, which
occurred at 5.6 ± 0.4 Ma and it is slightly younger than
the cooling age of 6.7 ± 0.06 Ma, both ages were
obtained by Ar-Ar technique on biotite from the Marmato
Stock (Vinasco, 2001). In this way, we can consider that
the mineralization is related to distensional tectonic
regime, that allows the left reactivation of the Cauca 
Romeral shear zone, and the formation of pull-apart
basins in the Cauca - Patia depression, related with the
accretion of the Panama magmatic arc into NW margin of
South America.

SOURCES OF THE MINERALIZING FLUIDS
The host porphyry andesitic-dacitic rocks, dated at

6.7 ± 0.1 Ma (Vinasco, 2001), have 87Sr/86Sr initial ratios
between 0.70440 and 0.70460 and ENd values from from +
2.2 and + 3.2. These results allow us to consider a
subduction-related mantle magma as their main magmatic
source, produced during the subduction of the Nazca
Plate beneath South American Continent.

The 87Srr6Sr and the ENd values obtained on sulphides
from the gold quartz veins, which occur at the shallow
and intermediary levels of Echandia and Cien Pesos
sectors, range from 0.70500 to 0.71210 and from - 1.11 to
+ 2.40 respectively, while for the deepest mineralizations,
which appear in the Marmato Bajo sector, the ENd values
of the sulphides are between + 1.25 and + 3.28 and the
87Srr6Sr ratios of calcite and pyrite fall between 0.70444
and 0.70930. The highest 87Sr/86Sr ratio was from the
pyrite from Mina La Mona in Cien Pesos sector.
Concerning Sr isotopie compositions, aIl analyzed
sulphides are more radiogenic than the carbonates, which
are less radiogenic and very homogeneous, and have
87Srr6Sr ratios around 0.70445. These values overlap the
Sr isotopie compositions measured on samples from the
host porphyritic dacite. Based on Sr isotopie data we can
interprete that the carbonatic fluids have been subjected
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to a restrict ed hydrothermal circulation, within the host
igneous body, without important admixture from the
regional metassedimentary units. On the other hand, the
more radiogenic sulphide-bearing fluids, seem to have
circulated not only within the Marmato Stock, but also
through Sorne other older crustal rocks.

The present-day 87Sr/86Sr ratios and ENd values of the
metasediments of the Arquia Group are variable, ranging
from 0.70431 to 0.73511 and from -12,91 to +10
respectively. The less radiogenic Sr isotopie compositions
and the positive ENd values are related to the amphibolitic
schists, and the more radiogenic Sr isotopie compositions
and the strong negative ENd values are related to the
quartz-biotite schists and graphite schists. The Sr and Nd
isotopie compositions of the mafic and ultramafic rocks
are close ta Sr and Nd isotopie compositions obtained for
amphibolitic schists, yielding, 0.70396 - 0.7068 for
87Sr/86Sr ratios and + 4.45 to + 10.32 for ENd values.

The comparison of the Sr and Nd isotopie
compositions from are minerai phases, gangue minerais,
and of the whole-rocks from the metaedimentary
sequences, indicates that the shallow level
mineralizations from Echandia and Cien Pesos sectors
were characterized by a more radiogenic meteoric fluids
with significant crustal contributions derived mainly from
the different kinds of metassediments of the Arquia
Complex. In contrast the porphyritic rocks are more
important sources for the deeper mineralizations of the
Marmato Bajo sector, where the hydrothermal fluids
seem to be a mix of meteoric and magmatic waters.

The 206pbP04Pb, 207Pbp04pb and 208Pbp04pb ratios of
sulphides from aIl mineralizations faIl between 18.970 
19.258; 15.605 - 15.726 and 38.813 - 39208 respectively.
The Pb isotopie compositions show that sulphides have
radiogenic values, which is typical of crustal sources for
Pb. The dacitic and andesitic porphyry rocks of the
Marmato Stock display Pb isotopie compositions for
206pbP04Pb; 207pbp 04Pb and 208pbP04pb, between 18.964-
19.028; 15.561 - 15.570 and 38.640 - 38.745 respectively.
The metassediments of the Arquia Group yielded Pb
isotopie ratios of 18.948 - 19.652; 15.564 - 15.702 and
38.640 - 38.885 for 206pbP04pb; 207pbP04pb and
208PbP04Pb. The average Pb isotopie composition for ore
minerais is more radiogenic than the Marmato Stock and
a little less radiogenic than the metasediments. In the
uranogenic diagram of the Plumbotectonic model of
Zartman and Doe (1981), the analytical points related to
sulphides plot above the orogenie growth curve and,
sorne samples form a cluster between the Marmato Stock
and the graphite schists, and others sulphides are more
radiogenic, suggesting that the ores include Pb from
upper crustal rocks, more radiogenic than the graphite
schists and amphibolitic schists of the Arquia Complex
fields (Fig. 1). The only compositions that could be more
radiogenic than the part of ore fluids (superficial veins of
Echandia sector and intermediary level veins of the Cien
Pesos sector), in the area, are the biotite-quartz schists. So
we can consider that Pb data indicate derivation of the ore
fluids from country rocks, mainly from the Marmato
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Figure 1. Uranogenic diagram with sulphide field and regional rocks in relation to Plumbotectonic curves
(Zartman & Doe, 1981).

Stock with a minor contribution from the graphite schists
and biotite-quartz-schists of the Arquia metamorphic
Complex.

Based on previous geochronological data (Ordofiez,
2001, Vinasco, 2001, Sierra et. al., 2000, Restrepo et. al.
1981), and on our new isotopic results, the geological and
metallogenetic evolution of the Marmato Mining District
area, can besummarized as follows:

•

•

•

•

33 - 25 Ma: Magmatic activities of the Piedrancha
Farallones Arc.
22 Ma: Development of the back-arc basin, related to
Piedrancha-Farallones Arc and beggining of Amaga
Formation sedimentation.
12 Ma: Collision of the Panama-Choco Arc against
Sout America Continent. Reactivation of the Cauca
Romeral Shear Zone (CRSZ) and development of the
pull apart basins.
Il Ma: Calc-alkaline and tholeiitic magmatism
related to Combia formation, related to pull apart
basins.

6,3 Ma: Marmato Stock magmatic crystallization,
associated with Combia Formation. Beggining of the
hydrothermal activities, related to CRSZ reactivation
and fracturation of the Marmato Stock.

• 5,6 Ma: Last reactivation of the CRSZ, last magmatic
activities of the Marmato Stock and main
mineralization episode.

• 5.0 Ma: End of Combia Formation, magmatic
activities.

• 3.1 - 3.7 Ma: Closure of the link between Pacific and
Caribean Oceans through the collision of the Panama
Choco Arc against South America.

The results of our study have implications in the
minerai exploration programs in the area, because it was
demonstrated that the igneous rocks of the Marmato stock
are not exclusive sources for the Marmato ores, and that
the sulphide deposition involved also ore-forming
solutions from the graphite schists of the Arquia
Complex, becoming these metasediments as potential
target for gold mineralizations.
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INTRODUCTION
In accordance with the CUITent ideas the Platinum

bearing Belt of the Urals (PBU) is a gigantic chain with an
extension from Cispolar to Middle Urals, aImost 1000 km
length, made up of the complicated zonal complexes,
formed mainly by the association of ultrabasites (dunites,
clinopyroxenites), olivine and two-pyroxene gabbro (Fig.
1). The Western part of PBU is marked by even more
extensive in submeridional direction ophiolitic belt,
related in its turn to the zone of the Main Uralian deep
Fault (MUF). For aIl this, the Northern part of PBU is
practicaIly bordered with zone of MUF; here the rocks of
the platinum-bearing association are located exactly in the
MUF and sUITounded by ophiolites (Shmelev & Puchkov
1988). Il is quite obvious that the details of inner structure
and the peculiarities of the majority of the Belt's massifs
have been studied thoroughly enough, but the aspects of
the nature of PBU itself, its age, geodynamical position,
the place and role in geological history and in the UraIs
structure are still the source intense discussion (Efimov et
al., 1993; Ivanov, 1994; Fershtater & Puchkarev, 1992).

According to one of the ideas (Efimov, 1993), the
complexes composing PBU should be considered in the
first approximation as aIlochthonous fragments of sorne
deep zone, but not as monolithic moulds formed in
magma chambers constitute the upper crust. The model
suggested assumes the incorporation into the ancient
structure ofPBU blocks ofmetavolcanites in low pressure
granulitic facies (two-pyroxene "hornfels"), isofacial with
gabbro-ultrabasite blocks, that points to the bottoms of
Paleozoic crust, as the places where it occuITed the
earliest from the reliably reconstructed stages of tectono
metamorphic evolution of this deep zone. Il is supposed
that just here it took place a long period of relative rest of
the gigantic deformed hot and solid gabbro-ultrabasite
mass of mantle nature. For this in PBU massifs in solid
form two plutonic complexes "have been boiled": the first
one presents itself a product of hot-tectonic and chemical
mixture of platinum-bearing dunites and olivine
clinopyroxene-anorthite gabbro of problematic genesis;
the second one is composed by orthomagmatic gabbro
norites. Platinum, titanomagnetite and copper sulphide
ore concentrations are related exclusively to the first
complex, the second one is ore-free.

In conforrnity with the other opinion (Fershtater &
Puchkarev, 1992) as the complexes, composing PBU,
should be taken a volcano-plutonic association (which
volcanic members are destroyed by erosion) of the Upper

Ordovician age formed "at the stage of stabilization of
oceanic structure - before the laying down of the Tagil
trough zone with its island-arc geodynamical regime".

GEOLOGICAL POSITION
The Chistop mafic-ultramafic massif (CUM) is

presented in the plan (Fig. 1) by the Southern part of
gabbroids of the large, compound-outlined complex, the
Northern end of which is the Yalpig Nyor gabbroid
massif. To the South-West from CUM it is observed the
Salatim belt of serpentinites marking the MUF zone. The
West contact of the CUM has a submeridional extension
and, according to geophysical data, it has dip of 60°
Eastward. On geochemical parameters enclosing rocks of
the western contact are comparable with ophiolite
formations of over-subduction type and presented by
metamorphosed diabases and basaItoids with interbeds of
tuffs and jaspoids, having Upper Ordovician age. In the
section in the direction from West to East basaltoids are
being changed by a stripe of diabases of a dike complex,
which are located in direct contact with the massifs rocks;
the level of metamorphism in this direction is increasing
accordingly from the green-slated one to amphibolites,
and the initial substratum is being transformed into gneiss
like stripped amphibole-plagioclase and amphibole
pyroxene-plagioclase blastomylonites with areas of thin
grained hornfels of the same content, which display signs
of folded deforrnation. The massifs eastern contact has
more complicated configuration (Fig. 1) and on
geophysical data - relatively more slope fall in the eastern
direction as weIl. In the northern part in close contact with
gabbroids there is a huge body of Petropavlov massif of
diorites, quartz diorites and plagiogranodiorites. To the
East and South of diorites (close to contact) it is being
traced a series of continuously differentiated Silurian
volcanites of andesite-basalt content, which are a
component part of island-arc section of Tagil zone of the
Urals. Ils contact with volcanites is a tectonic one and
only in the very southern part where they are changing
into a series of rocks of ophiolite-basaIt content (Shemur
suite, the age OZ-SI)' the late ones, related to ophiolites
(Petrov, 1994) come into hornfels of gneiss-like stripped
structure.

The Kumba (KUM) massif (Efimov et al., 1993)
consist at least as four main structural-material units: (1)
in the north - the block of mountain Kumba combined
mainly by olivine-anorthite gabbro, containing rare
isolated lenslike bodies of olivine pyroxenites; (2) in an
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Figure 2. V-Till 03 diagram (Shervais, 1982) for rocks of the
gabbro-ultrabasite association of PBU of the Northern and

Cispolar Urals. The areas are marked: 1 - of tholeiites
of island arcs, II - of basalts of oceanic bottom.

8

and as weil with the rocks of gabbro-ultrabasite
complexes of the North American Pacifie ocean shore
(Alaska, California), of OJyutor zone of Koryakia and of
the other regions, for which is being established a
reJationship with the associating island-arc volcanic
complexes (Batanova & Astrakhansev, 1992; Burns,
1985).
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Figure 1. A - Sketch map of zonation of the Urals (modified

after Ivanov et al., 1975). B - complexes of Platinum·bealing
Belt of the Urals (after Etïmov et al., 1993): I-Revda; 2·Tagil;

3-Barancha; 4-Arbat; 5-Kachkanar; 6·Pavda; 7-Kytlym; 8
Knyaspa; 9-Kumba; 10-Denezhin Kamen; II-Pomur; 12

Chistop; 13-Yalpig Nyor; 14-Khorasyur.

rrùddle part of a file - the extensive field combined
gabbro-norites and their products of metamorphism; (3) in
the extreme West of a file - the small block of the
Gladkaya Sopka combined by dunite, pyroxenites and in
very small degree of tylaite; (4) at last, the extended and
powerful hot tectonic suture of very difficult structure
which separating gabbro-norite a field from the block of
the Gladkaya Sopka.

PETROCHEMICAL CHARACTERISTICS
On the content of the majority of petrogenic and

smali elements (titanium, vanadium, chrome, nickel and
other) gabbroids of the Belt's massifs display an evident
similarity with tholeiites of the island-arcs (Fig. 2). For
ail of its petrographical variability the rocks of PBU
have a clear petroJogical relationship (Fig. 3) with
gabbroid and ultrabasic xenoliths in basalts of isJand arcs,

Figure 3. A120 r Ti02 diagram for clinopyroxenes from rocks of
PBU. a-clinopyroxenes of Khorasyur, Chshekur'ya, Yalping

Nyor and Chistop massifs; b-clinopyroxenes of other massifs of
PBU (Efimov et al., 1993). Dotted line shows the area of

components for gabbroid and ultrabasic xenoliths from basalts
of Aleutian and AntiJlian island arcs. 1-6 - trends of the content

in gabbro-ultrabasite complexes (Batanova & Astrak.hansev,
1992; Burns, 1985): I-the belts of Bode-Range (Alaska), 2

massifs of Olyutor zone (Koryakia), 3-ophiolitic massifs of Bay
of Island. 4·Semail (Oman) ophiolitic massif, 5 - Bushveld

massif, 6 - Skaergaard massif.
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present in small amounts. The plagioclase often shows a
normal zoning and the pyroxenes show a poikilitic and an
exsolution texture.

ANALYTICAL TECHNIQUES
Rb, Sr, Sm and Nd concentrations and their isotope

ratios were determined by isotope dilution with the finish
on a modern variable multicollector precision mass
spectrometer Finnigan MAT-262. Precision at the 20'
leveJ was approximately 0.5% for the ratios of 87Rb/86Sr
and 147Sm/l44Nd. Uncertainties of the measured isotope
ratios 87Sr/86Sr and 143Nd/I44Nd were better than 0.02
0.03% and 0.002% respectively.

ISOTOPE RESULTS AND THEIR
INTEPRETATION
CUM

The obtained isotope results on the whole contents of
gabbro and of their minerai fractions of plagioclase,
orthopyroxene and mixture of c1inopyroxene and
amphibole form at the plot with coordinates
147Sm/l44Nd_143Nd/144Nd a regression line (Fig. 4) which

slope corresponds to the age 419±12 Ma and
E lCHuR=+6.1, with MSWD=1.71 that affirms strict
isochron dependence.

KUM
A four point (plagioclase, c1inopyroxene,

orthopyroxene, whole rock) Sm-Nd minerai isochron
(MSWD=0.44) age 423±18 Ma (E tCHUR=+5.9) is in good
accordance with one U-Pb zircon age are obtained in the
paper (Bosh et. al., 1997).

The obtained age of homogenization of Sm-Nd
isotope system on the minerai level is interpreted as the
time of "closing" of Sm-Nd isotope system in
minerais and in the whole content, being, in fact, a
minimum estimation of the time of formation of the
studied Chistop massifs bipyroxene gabbro and gabbro
norite of Kumba.
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In comparison with them the rocks of ophiolites and
of the interbedded intrusions are characterized by
different, more slope trends of variations of minerai
content. The results of studying of platinum
mineralization also testify to (Volchenko et al., 1992)
the island-arc nature of PBU complexes.

SAMPLES RESEARCHED
CUM

For Rb-Sr and Sm-Nd isotope-geochronoJogieal
studying there have been used relatively unchanged
sample of bipyroxene gabbro, collected from the left
shore of the river Ushma (Northern part of CUM) and the
extracted from gabbro minerai components (only for
Sm-Nd dating): plagioclase, orthopyroxene and the
mixed fraction containing c1inopyroxene and amphibole.

Plagioclase is changing on the content in the range of
An43-94. Variations of FeO content in plagioclase
make up about 0.12-0.35%. Visually observing
zonality, as a rule, is straight, (edges and small grains
have more sodie content), nevertheless in relatively small
individuals it is observed a reversed type of zonality.

Orthopyroxene. If gabbroids of the Western and
Eastern massifs parts are isolated on alumina content at
petrochemical diagrams, then on the rest of components
they form overlapping areas of contents. Features of zonal
structure are weakly expressed.

Clinopyroxene in olivine-c1inopyroxenite-gabbro is
presented in the row by a series of contents from diopside
to augite which ferruginousness is changing accordingly
in the range of 14-33%. At the diagrams in the
coordinates ferruginousness is the content of the main
petrogenie oxides; at the increasing of ferruginousness
one can observe the appropriate decreasing of alumina
and titanium content and the increasing of natrium
content. AlzOrTiOz dependence for c1inopyroxenes of
UPB is given in Fig. 3. Most c1early zonality is observed
in titanium, which content in every case has c1ear
tendency to the decreasing in the edges of huge grains
correIated in the majority of cases with the decrease of
ferruginousness.

Amphibole is mainly presented both by the rims
around pyroxenes, olivine and magnetite and by
ingrowths and areas of replacement; side by side with
these one can meet isolated grains without signs of
reactional relationship, and more rarely - poikiloblastic
separations. In the majority of cases amphibole is related
to aluminiferous (8.7-15.0% AIz03) type; considerable
variations of sodium oxide (0.65-3.10%) and titanium
(0.05-2.32%) are determined; the content of KzO usually
does not exceed 0.8%.

0,280,13 0,18 0,23

147Smi 44Nd

0,5126 +--------,----,--------,-------1

0,08

Figure 4. Sm-Nd evolution diagram for gabbro of Chistop
complex of Platinum-bearing Belt of the Vrais. WR-whole rock;

Pl-plagioclase; OPX-orthopyroxene; CPX+AMF-mixed
fraction containing clinopyroxene and amphibole.

KUM
The sample gabbro-norite (and minerais plagioclase,

c1inopyroxene, orthopyroxene and biotite separated from
whole rock) from middle part of massif was analyzed.
The gabbro-norites represents a more uniform type of
rocks composed of basic plagioclase (AnSO- 70), c1ino- and
orthopyroxene and magnetite. Biotite and quartz may be
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Figure 5. Sm-Nd isochron plot for gabbro-norite of Kumba
massif of Platinum-bearing Belt of the Urals. WR-whole rock;
PI-plagioclase; OPX-orthopyroxene; CPX-clinopyroxene, Bt

biotite.
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Consideration in coordinates E tUR- E ICHUR of Sr and
Nd isotope contents corrected to the decay after the time
of formation of CUM makes it possible to note the fact
that figurative points for the studied formations are
locating in II quadrant E lurE ICHUR of correlation diagram
and going along the line of Mantle Array, corning through
isotope contents of the DM and CHUR.

Sm-Nd model age calculation on the whole content of
CUM's two-pyroxene gabbro and KUM gabbro-norite
relatively a model depleted reservoir is being complicated
by the value of ratio 147Sm/l44Nd=0.1963±O.0009, that
makes it difficult to estimate the time of protolith
separation for the studied kinds from the trend of the DM
evolution (De Paolo, 1988).

CONCLUSION
Two PBU massifs taking place more than in 100 kms

from each other have the sirnilar ages.
The obtained Rb-Sr and Sm-Nd isotope systematics

for bipyroxenic gabbro of the CUM and gabbro-norite of
the KUM of PBU testifies to the belonging of the studied
substance mainly to the mantle trend and in combination
with the available data does not contradict to the
hypothesis of its island-arc nature.
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ISOTOPE-GEOCHEMICAL AND STRUCTURAL CHARACTERISTICS OF THE LOCATION
OF LARGE IRON-ORE SKARN-MAGNETITE DEPOSITS: THE URALS, RUSSIA

Ronkin, Y.L.; Poltavets, Y.A. and Lepikhina, O.P.

Institute Geology and Geochemistry of DraIs Branch of Russian Academy Sciences, Pochtovy per.7, Ekaterinburg, Russia.
ronkin@igg.e-burg.su

Keywords: Isotope, geochemical, iron, Urals

INTRODUCTION
The Urals folded system, extending for about 2500 km

(-1500 mi) from its northem boundary at the Arctic
Ocean to its southem limits at the Caspian Sea and
separating the ancient Archean and Proterozoic crystalIine
basement of the East European craton from the Paleozoic
terranes of Western Siberia and Kazakhstan, is one of the
biggest metallogenic province of the world (Fig. 1).

Modem ideas about Urals folded (UFS) system
development allow conditionally to consider UFS
evolution in the content of sorne huge metallogenic
megacycle (Koroteev et al., 1989; Necheukhin, 1991),
which is characterized by a series of geodynamic and
geotectonic regimes in the range of absolute chronology
from Proterozoic to Phanerozoic inclusively. For this, as
often as not, a model, (Necheukhin 1991; Prokin et al.
1993) is being taken as the tectonic basement of the UFS
metallogenic analysis. According to this model the UFS
appearance is the result of riftogenic extension of the
ancient paleocraton, initially presented itself a segment of
lithosphere with the crust of continental type. Further
Urals folded system evolution is correlated with Paleozoic
activization of the processes of riftogenic extension which
brought to a full extension of paleocraton and to the
formation of paleo-oceanic structure in the result of which
development there have been forrned proper Paleozoic
formations of the UFS, which are genetically connected
with the majority of iron-bearing ore geochemical
systems.

REGULARITIES OF DISPLACEMENT IRON-ORE
BEARING ORE-GEOCHEMICAL URALS
SYSTEMS

Modem views of the iron-ore bearing ore
geochemical UraIs systems allow to consider the
processes of ore-formation, wall-rock alteration and
endogenic geochemicaI halos in close connection with
magmatism, which in its turn is closely related to iron-ore
bearing magmatic rocks. Such systems possess a great
vertical spreading and, in fact envelope practically ail
genetical types of iron-ore deposits, late-magmatic,
metasomatic (proper skam-magnetite) and volcanogenic
sedimentary ores, which are being formed in different
stages of iron-ore bearing ore-geochemical Urals systems
evolution. In structural relation iron-ore deposits of skarn
formation are placed mainly in eugeosyncline part of the
UFS (Fig. 1) and located in the shape of linear-stretched
ore-bearing zones. In the limits of ore-productive zones

the deposits are situated discretely, in the form of separate
ore nodes or ore areas, presenting themselves separate
structure-tectonic blocks, limited, as a rule, by faults of
deep location. Inner structure of such blocks in
connection with their differentiating mobility is different,
as weil as the appropriate peculiarities of magmatic
activity are not identical. The character of magnetite
mineralization (morphological peculiarities, composition
and structure intensity and the scales of skam-ore zones)
are predetermined considerably by a specific character of
its position in volcano-plutonic structure, by the level of a
deep shear, at which the deposits are taken out and also
by the dependence upon the depth of formation of fluid
magmatic center, feeding this ore-magmatic system.
However it is not very much known about the degree of
influence of these parameters upon the regularities of the
deposits formation and their emplacement, as weil as
doubtful is the treatment by different researchers of the
time and place of manifestation of iron-ore-bearing
magmatism in an appropriate tectono-magmatic
megacycle, including sequentiaI change of geodynamic
and geotectonic regimes.

SKARN-MAGNETITE DEPOSITS
Four types of skarn-magnetite deposits (SMD) are

distinguished, in dependence on the distance from
intrusive massifs and composition of wall-rock
metasomatites. The scales of the magnetite deposits vary
proportionally to the rock volumes of the parent volcano
plutonic complexes, their alkalinity, chemical
differentiation of the volcanic and intrusive comagmatites,
and chlorine abundances in metasomatites. The volcano
plutonic complexes containing economic skam-magnetite
ores were found to be higher in iron content in intrusive
rocks and lower in co-magmatic volcanics.

KACHAR DEPOSIT
The huge (more than 2000 min tons of ore) Kachar

(position 19 in Fig. 1) SMD, forrned in the island arc
environment, is associated with the alkaline andesite
basalt-gabbro-diorite and is related to Valer'ayanov
volcano-plutonic belt in the Tyumen'-Kustanai zone.
Kachar deposit (KD) is situated among carboniferous
sedimentary-volcanogenic rocks overlapped by a coyer of
the platform of Mezozoic-Kainozoic deposits. It is related
to the South-West framing of Koskul ring structure
presenting itself a volcano-tectonic depression.
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Ultrabasites (1); zonal dunite-clinopyroxenite
gabbro massifs (2); Gabbro-diorite, syenite
diorite-gabbro, gabbro-granite complexes. with
which the skarn-magnetite deposits are
associated (3); tonalite-granodiorite massifs
(4); granites (5); oceanic and island-are
volcanics (6); andesitoids and trahyrhyolite
basaltoid volcanics of the superimposed
volcano-plutonic complexes (7); ore

deposits (8 14): chromium (8),
titanomagnetite (9), skarn-magnetite (10),
copper-skarn (11), massive sulfide (12),
copper-porphyry and porphyry-copper
molibdenum (13), gold (14); Main Uralian
Fault (collisional suture) (15); boundaries of
the present-day structural zones of the 1 order:
PreUralian (foreJand) (1); Central Uralian
(marginal uplift) (II); Tagil (Tagil trough) (III);
Magnitogorsk (Magnitogorsk trough) (IV);
Urals-Tobol (uplift) (V); Tuymen' -Kustanai
(trough) (VI). Ore deposits: Kempirsai group
(1); Letneye (2); Gai (3); Bakr-Tau (4); Tubin
(5); Magnitogorsk (6); Salavat (7); Uchalin (8);
Murtykty (9); Kruglogor (LO); Batalin (Il);
Novonikolaev (12); Svetlin (13); Kochkar
(14); Birgil'din (15); Techen (16); Mauk (17);
Sokolov (18); Kachar (19); Aleshin (20);
Gumeshev (21); Pervoural'sk (22); Berezov
(23); Levikhin (24); Vysokogorsk (25);
Goroblagodatnoye (26); Kabansk (27);
Kachkanarsk (28); Vorontsov (29); Auerbakh
(30); Tm'in group (31); Pokrov (32).

Figure 1. Sketch map of distribution of sorne endogenous ore deposits in the Urals (after Prokin et al., J993).
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Figure 2. Lead-isotope characterislics for sulphide phase of
KD and lead-isolope evolution curves gene raled by
plumboleclonics model (Zartman & Doe, 1981) for

lhe mantle (A), orogene (B), upper (C) and lower crusl
(D). Tick marks along each curve indicale progressively

older lime in 0.4 Ba incremenls.

Kachar ore field are approximated by linear dependence
(MSWD=2.75) deterrnining Rb-Sr isotope age 315±24
(95% conf. limits) Ma. Close age meaning testifying to
synchronousness (in the limits of the observing analytical
uncertainties) magmatism and ore-formation is fixed by
Sm-Nd isotope system of apatite and two magnetites
separated from the ore substance of the central part of the
deposit.

The obtained data on initial isotope characteristics of
Sr (87Srl6Sri=0.70443±O.00012) and Nd (EtCHUR = +5.9)
on the one hand testifies to a considerable role of mantle
substance in KD formation. On the other hand relatively
«kept up» isotope content of lead of sulphide phase in
impregnated magnetite ore characterized by the weighted
mean values of isotope lead 206pbp04pb=18.41±0.05 and
207Pbp04Pb =15.52±O.03 proves relative participation of
intercrustal magmatism products (Fig. 2).
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ORE-ASSOCIATING FORMATION OF
MAGNITOGORSK ORE FIELD

Consideration of the experimentally obtained data in
coordinates 87Rb/86Sr_87Sr/86Sr gives way to a linear
approximation which is characterized by the mean square
weighted deviations (MSWD) 1.54 and makes it possible
to calculate the age of Magnitogorsk massifs formation
equal to 330±4 Ma. For the whole rocks contents of
Kuibas and Mosov massifs analogical calculations
deterrnine the age meaning 329±17 and 336±17 Ma at the
meaning of MSWD equal to 0.71 and 1.85 respectively.

The obtained isotope data on the whole content of
gabbros and their mineraI fractions form at the plot with
coordinates 147Sm/l44Nd_143Nd/144Nd regression lines,
which slope corresponds to the age of 336±18 and 325±55
Ma with the MSWD equal to 0.16 and 0.84 accordingly,
that affirms strict isochron dependences. The calculated
and coincided in the limits of uncertainties the ages are
interpreted as the time of «closing» of Sm-Nd isotope
system in mineraIs and whole contents, being, in fact, a
minimum estimation of time formation of the studied
gabbros of Mosov massif.

MAGNITOGORSK DEPOSIT
The big (more than 500-1000 mIn tons of ore)

Magnitogorsk SMD (position 6 in Fig. 1), formed in the
environment of the active continental margin, is
associated with productive Magnitogorsk volcano
plutonic centrum. The composition of the ore-bearing
volcano-plutonic complexes varies from granites and
rhyolites to gabbro-diorites and andesite-basalts. In
accordance with the available ideas (Fershtater et al.
1984) Magnitogorsk group of plutonic massifs contains
stock-like Magnitogorsk and Kuibasov massifs and bed
like Mosov massif, which is probably a huge apophysis of
common gabbro-granitic plutonic intrusive.

The deposit is characterized by a presence of seven
blocks moved away in the process of evolution in
horizontal and vertical directions. In four of them:
Glubokoye, North-Eastern, Northern and Southern blocks
sedimentary-volcanic sequence is being stratificated into
four suites: Sarbai, Sokolov, Andreev and Koskul'. In the
limits of the rest three blocks there are unstratificated
(funnel and extrusive) rocks of paleovolcanic
construction. AlI the sequence of rocks from East to West
and from the bottom is limited by the regional shift
overthrust of a large amplitude, which separates the lower
block from the rest ones.

SAMPLING
For isotopic-geochronological studies there have been

used relatively unchanged samples of rocks on the whole
(with the extraction of mineraI compounding for Sm-Nd
dating), collected from different outcrops and bore-holes
of the corresponding ore-association formations of
Magnitogorsk ore field: gabbro, syeno-diorites, grano
syenites, granites of proper Magnitogorsk massif; gabbro,
quartz diorites, granites of Kuibas massif; gabbro, syeno
diorites, syenites, granites of Mosov massif.
In the boundaries of KD there have been investigated:
dacite porphyries composing extrusive dome, located in
the limits of the North-Eastern blocks of Kachar ore
field; apatites from enclosing volcanites; apatites and
magmatites extracted from the ore substance of the
deposit's central part ofKD.

ISOTOPE RESULTS AND INTERPRETATION
ORE-ENCLOSING ORE FORMATIONS OF KD

In coordinates 87Rbl6sr_87Srl6Sr the position of
figurative points of dacite porphyries composing extrusive
dome located in the limits of the North-Eastern blocks of

ANALYTICAL PROCEDURES
Rb, Sr, Sm and Nd concentrations and their isotope

ratios were deterrnined by isotope dilution finishing with a
modem variable multicollector precision mass
spectrometer Finnigan-Mat 262. Precision at the 2a level
was approximately 0.5% for the ratios of 87Rb/86Sr and
147Sm/l44Nd. Uncertainties of the measured isotope ratios
87Sr/86Sr and 143Nd/144Nd were better than 0.02-0.03% and
0.002% respectively.
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PETROLEUM SYSTEMS: APPLICATION IN THE SOLIMOES BASIN, BRAZIL
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explored successfully in the Solim6es Basin is known as
Jandiatuba-Jurua (1); (Eiras, 1998).

Figure 1. Location map of the Solim6es Basin.

Sampling of noble gases is more eJaborate than gas
sampling for conventional gas geochemistry analyses
(hydrocarbon concentrations and o13C), as atmospheric
contamination may occur and couJd severely affect the
original noble gas signature of the sample. This is the
case for argon, which has a concentration of about 1% in
the atmosphere, while helium can be lost very easily from
the sample, due to its small molecular size and high
diffusion rate.

The analytical protocol for noble gas analyses has
been developed accordingly and uses stainless steel
sampling tubes with two valves, one in each of the two
ends. Valves are closed one after the other once the tube
has been flushed by the weJlhead producing gas for
several minutes.

Noble gas concentrations and isotopie ratios were
measured using a VG5400 mass spectrometer that was
especially devoted for these analyses at the IFP gas

INTRODUCTION
Recent gas geochemistry developments use

• JO
concentrations and 0 jC of hydrocarbons (C 1-C4) as
interpretative tools to study the origin of the gases, i.e.,
proportions of thermogenic versus biogenic
hydrocarbons. degrees of thennal maturity and of
biodegradation of gases, as weil as direction and relative
distances of secondary migration (Prinzhofer et al..
2000).

Not just hydrocarbons but also noble gases (helium,
neon, argon, krypton and xenon) have proven to be very
useful as geochemical tracers of crustal fluids. Especially.
when trying to determine physical processes responsible
for gas migration in the subsurface (Zaikowski &
Spangler, 1990; Ballentine et al., 1991, 1996, 2001;
Battani et al., 2000; Prinzhofer & Battani, 2002). This is
due to the fact that noble gases are chemically inert and
therefore they behave as fossil or conservative natural
tracers, as is the case of 3He, 20Ne. 36Ar, 38Ar, 84 Kr, and
the main part of 136Xe. On the other hand, sorne isotopes,
mainly 4He and 40Ar*. are produced through time by
radioactive decay, and may be used as chronoJogical
tools, keeping in mind that they provide a relative
chronology rather than an absolute one.

In order to check the effectiveness of noble gases as a
potential exploratory tool, the Solim6es Basin was chosen
because it has a relatively well-known petroleum system
and pJenty of geochemical data. This basin covers an area
of about 600,000 krn2 in northern Brazil, being 450.000
km2 represented by subcroping Paleozoic rocks (Fig. l).
Il was filled up by two first order sedimentary sequences
that reach up to 4,000 m. One is represented by Paleozoic
sediments intruded by Mesozoic diabase sills, and the
other by Cretaceous and Tertiary silicic1astic sediments
(Eiras et al., 1994). Devonian marine black shales
(Jandiatuba Formation) represent the source rocks in the
basin, and it is conspicuous the relationship between the
magmatic intrusions (Triassic-Jurassic) and thermal
maturation of hydrocarbons (Mosmann et al., 1987;
Rodrigues et al., 1990). Recent study has shown that
igneous intrusions represent a complex chapter in the
geological evolution of the basin, and contributed for
primary cracking ofkerogen and for the secondary
cracking of hydrocarbons within reservoirs (Bender et al.,
2001). Carboniferous sandstones (Jurua Formation) and
evaporites (Carauari Formation) are the reservoirs and
seals, respectively. The petroleum system that has been
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geochemistry labo For more details about sampling and
analytical methods of noble gases see elsewhere (Battani,
1999).

The main objecti ve of this study is to discuss the use
of noble gases as a potential tool for the understanding of
secondary migration, residence time and leakage
processes in petroleum accumulations using the Solim6es
Basin, northern BraziJ, as the case study.

and lA time the diffusion factor of hydrocarbons,
respectively.

Comparing nucleogenic and fossil parts of a same
isotope it seems that straight correlations occur crossing
the origin, but with different slopes for A-B and C-O
accumulations (Fig. 4a). Thus, it is corroborating the
hypothesis that a post-genetic physical fractionation is
occurring.
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Figure 3. Excellent linear correlation between the
concentrations of radiogenic-nucleogenic isotopes of helium

and neon suggesting a homogenization of these isotopes before
the entering of hydrocarbons in the reservoirs (a); 4He versus

40Ar concentrations. Notice the shift of the last [Tom the average
crustal production ratio line, suggesting anenrichment of the

heavier molecule in the residue (b).

Figure 4. Cross correlation of the nucleogenic and fossi! parts
of the same isotope that suggests differences in the residence
time in the A-B and C-O fields (a), associated fractionation

of the fossil isotopes make strengthen the interpretation
of leakage from the respective reservoirs.

A good correlation was identified between radiogenic
isotopes, 4He for example, and fossil gases. The curves
correlating these isotopes converge asymptotically to
ratios of fossil isotopes close to the concentrations found
in water, for higher 4He concentrations. Moreover, for
some ratios involving high mass contrast ( 136XepoNe
versus 4He) there are different trends in different groups
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Figure 2. Isovalues of 3HerHe in the studied area. The
increase of this ratio toward NE can be correlated

with the direction of secondary migration.

DISCUSSION OF RESULTS
Ail the gas samples in this study have shown values of

3He!'He ranging O.015Ra to O.023Ra indicating a relative
enrichment in 4He. Ra is the atmospheric 3HefHe ratio in
air, equal to 1A1xlO-6

. This is a compelling evidence of
no significant mantle contribution and that the origin of
helium was derived mainly from radioactive decay in the
continental basement and/or sediments.

However, there is a discernible decrease of 3HefHe
ratios along the studied petroleum accumulation trend,
from SW to NE (Fig. 2). Such variation is interpreted as a
product of fractionation processes due to the secondary
migration, because 3He migrates slightly faster than 4He.
Previous study, using concentrations and carbon isotopie
compositions of hydrocarbons suggested the same
direction for the secondary migration in the area (Santos
Neto et al., 1999).

The regression li ne between the nucleogenic
radiogenic isotopes 21 Ne* and 4He is excellent and
crosses the origin, suggesting that the homogenization of
these gases occurred before the hydrocarbon gas phase
migrate to reservoir (Fig. 3a). Nevertheless, there is a
shift in the relationship between the radiogenic isotopes
4He and 40Ar* that is interpreted as a product of a partial
leakage from reservoirs because of the enrichment of the
heavier molecules in the residue (Fig. 3b). In fact, the
ratios 4HefoAr* in the studied gases A-B are very close
to the average production ratio of sediments on
continental crust (4.93, Ballentine et al., 1991), and,
therefore, strongly suggest absence of fractionation of
these gases. Estimations, based on a simple distillation
law, gave a range between 0 and 38% for the
hydrocarbon loss (Fig. 3b). The diffusion factors
considered in the above calculation are for 4He and 40Ar 3
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of petroleum fields (Fig. 4b). These correlations suggest
a clear link between fossil and produced isotopes,
implying physical fractionations independent of
radiogenic genesis, and occurring after or during the
generation of radiogenic isotopes.

CONCLUSIONS
The results obtained in this study suggest that noble

gases are a promising tool for the understanding of
processes in petroleum systems. However, more research
is needed for the strengthening of this technique.

During this stage of development it is necessary to
obtain a complete integration of noble gas results with the
available geological, geophysical and geochemical data
for-the best interpretation.

In the case of the Solimôes Basin, it was possible to
assess the following conclusions:

- Helium in the studied petroleum accumulations is
derived from radioactive decay (4He-enriched), with
no significant mantle contribution.

- Variations in 3HefHe ratio suggest fractionation due
to the secondary migration along the trend SW-NE.

- Residence time of noble gases in the accumulation
C-D is 30% smaller than the accumulation A-B.

- The hydrocarbon loss inferred for the study area
varies from 0 (fluids in A-B) to about 38%
(fluids in C-D).
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INTRODUCTION
The Parana basin is an important sedimentary

sequence from central and south Brazil that extends to
Uruguay, Paraguay and Argentina. This basin has two
important oil source horizons that have been extensive1y
studied. The lower horizon is characterized by organic
rich sediments related to the Ponta Grossa Formation
(Devonian), while the upper horizon is related to organic
bearing shales of the Irati Formation (Upper Permian,
Araujo, 2001).

The Irati Formation has an average thickness of 40 m
and extends over an area of 4 millions km2 (South
America and Africa). This unit is related to the Kazanian
(Upper Permian, Daemon & Quadros, 1970) and made of
organic-matter-rich shales and limestones. The presence
of organic-rich rocks has made this unit very attractive
for oil prospecting, mainly during the early geological
studies in the basin (early 50's).

Evidence of gas is weIl known in the Parana basin and
is believed to be related to the thermal breaking down of
the organic matter within rocks from the Irati and the
Ponta Grossa Formations. An important heat source is the
cretaceous basaltic igneous volcanism that extends over a
large area of the basin. Even considering that the Irati
Formation organic-rich rocks are one of the most
important gas source in the basin, there are only limited
data about the thermal evolution of theses rocks.

This study aims to better understand the thermal and
geochemical interactions between basaltic magma and the
Irati Formation sedimentary rocks. Particularly, it is
focussed on the heating transfer mechanism (advection or
diffusion) across the contact between a basaltic sill and
sediments from the Irati Formation, which may lead to
quite distinct thermal and geochemical evolution of the
host rocks.

SAMPLING AND RESULTS
Samples were collected from a limestone mine quarry

located on the northwestern part of the Parana basin
(Perolândia, GO). The sampling was performed across
the upper and lower contacts between a SOm thick basic
intrusive sill and black shales and limestones from the
Irati Formation. After crushing, they were analyzed for
Nd isotopes (Gioia & Pimentel, 2000) as weIl as major
and trace elements (inc1uding REE) in the laboratories of
the Geosciences Institute of the University of Brasilia.

RESULTS AND DISCUSSIONS
Figure 1 shows the Nd isotopic composition across

the contact between the sill and the host rock. While the
basic sill has TDM model ages around 1.2 Ga and ENd (0)
values of -4, the sedimentary host rock presents TDM

mode! ages ranging from 1.45 to 1.87 Ga and strongly
negative eNd (0) values (-II to -14). Even samples of
black shales a few centimeters from the sill present no
signs of interaction with the basic magmatism, thus
preserving its original sedimentary isotopic signature. In
other words, there is no isotope exchange between the sill
and the host rock.

Variations in the TDM model ages and Nd
concentration in the sediments couId be related to
fractionation process during sedimentary transport or
mixing of different source areas of the sediments.

REE have been largely used to study the magmatic
evolution of igneous rocks in terms of fractionation and
contamination from the host rock. It has also been applied
to understand source areas of sediments, thus giving
further support to the Nd isotope interpretations. In the
present study we have used REE to evaluate possible
geochemical interactions between the sill and host rock.
Figures 2 and 3 show the REE patterns of samples across
silI-host rock upper and lower contact, respectively, in
which is clear the sharp difference between the basic
rocks and the sediments. For instance, the basic rock is
enriched in LREE and displays no Eu anomaly. This
sharp difference indicates that there was no geochemical
interaction between the magma and the host rock, both on
the upper as weIl as the lower part of the sill.

The REE patterns of the sediments are very similar
and characteristic of the average crustal values. Except
for one sample, the patterns display a slight negative Eu
anomaly and are generaIly paraIl~1 to each other, thus
reflecting dilution effect intrinsic to sedimentary rocks.

The absence of significant mass exchange between
the sill and the host rock suggest that the mechanism of
heat exchange was mostly controlled by thermal
diffusion. It is also possible to anticipate that the
mineralogical changes in the host rock induced by the
thermal effect of the intrusion probably occurred under
closed system conditions. The conclusion above also
aIlows modeling the temperature variations with time
across the contact by assuming a hot sheet with infinite
lateral extend that is emplaced in a country rock with
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Figure 1. Nd isotope evolution of the sill and the host from the Perolândia quarry.
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country rock initial temperature = 50; and thermal diffusion coefficient = 1.0 10-6 m2/s.
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uniform initial itclJJlPtmûnr.e i('WJiclilbam & Oxburgh, 1987).
A possible Scœmii0 am 'ÜJiI; 'ffiodeling is presented in
figure 4, whidh JÙB0 ifu@W8 :the maximum temperature
variations expected aFl'JIJIDiI!the sill under the established
conditions.

CONCLUSIONS
The mechariisms of ,lJeat ltransfer and geochernical

exchange betw6fJna ilJll ,JIDd 'the host rock may depend on
the characteris1iicf> ·of ,the~. In the present example
we have shown :that !baiialtic :intrusion and the host rock
have lirnited geochemicaI ,interaction, probably because
this kind of~ :if> IUIl.milly !poor in volatiles. Taking
into account that ithere l\Vas InlD 1IllaSS transfer, we conc1ude
that the exchaqge (oooumrecil 'mastly by thermal diffusion,
which will faaiJlitated lDlo&ling the rnineralogical and
organic matter (IDn the 'hOllt ;rock.
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Figure 3. E 'UR vs. E 'CHUR variation for Magnitogorsk (Mag),
Kuibas (Kui) and Mosov (Mos) massifs. to the decay
aftel" the time of formation of Magnitogorsk, Kuibas

and Mosov massifs, makes it possible to note the
fact that figurative points for the studied formations

are Jocated in Il quadrant E 'UR - E 'CHUR of correlation
diagram (Fig. 3) and going along the line of Manrle

Array, coming through isotope contents of the
DepJeted Mantle (DM) and CHUR.

Epsilon (E) values, calculated by way of comparison
of initial ratios of isotopes (87Sr/86Sr)j and (143Nd/144Nd )j

(in its tum obtained in the result of isochron dating) with
the same-named ratios, characterizing model reservoirs
CHUR and UR 330, 329 and 336 Ma ago, are determined

by the values: E 'UR= -15.3 for Magnitogorsk; E 'UR= -16.0

for Kuibas; E'UR= -10.9 and E'CHUR= +5.8 for Mosov

massifs respectively. Consideration in coordinates E 'UR

E 'CHUR of Sr and Nd isotope contents corrected.
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Sm-Nd model datings of the whole contents of Mosov
massifs four gabbro relatively to model depleted
reservoir, are characterized by a range of Nd-model ages
of T DM from 0.68 to 0.80 Ma, and allow to estimate «crust
formation» ages (DePaolo, 1988), which reflect different
times of protolith separation for the studied kinds from the
trend of evolution of the depleted source.

CONCLUSION
Thus the obtained Rb-Sr and Sm-Nd isotope

systematics for magmatic series conjugated with large
Magnitogorsk iron-ore deposit testifies to their mantle
nature, while Sr-Nd-Pb isotope data for ore minerais and
for synchronous in time the associating magmatism of the
huge Kachar iron-ore deposit permit with a certain degree
of validity to make a conclusion about the participation, as
minimum, of two different-deep fluid-magmatic sources in
the ore-forming process.
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SILICON ISOTOPE RATIO MEASUREMENTS WITH HIGH RESOLUTION, COLLISION CELL,
MULTI-COLLECTOR ICPMS

Palacz, Z.; Goldsmith, S.; Meffan-Main, S. and Turner, P.

Micromass U.K. Ltd, Atlas Park, Simonsway, Manchester, M22 5PP, UK

S
ilicon is one of the most common elements in the earth. The isotopie

composition of Silicon is believed to be unifonn within the earth,

except there is evidence of biologieal fractionation of Silicon at the

per mil level in marine diatoms. Isotopie measurement of Silicon has been

restricted to SiF in gas source mass spectrometers, however preparation

involves the lengthy and dangerous procedure of fluorination. Measurement

by lep is possible, but it is restricted by the removal of interferences from

NN,NO,NNH, commonly generated in acids and from the atmosphere.

These backgrounds can be eliminated by using a combination of collision

cell and high resolution methods. Using He in the collision ceIl, the 2sSi

background can be reduced to only 1-2mv, even with the use of a quartz

torch. NNH and NO interferences, can be partially resolved by narrowing the

source slit of the spectrometer, or completely resolved by using modified

collector slits on the Faraday cups. The multi-collector simultaneously

measures aIl isotopes of silicon, thereby reducing uncertainty due to ion beam

instability. Reproducibilities for the 30SiPsSi ratio at the 0.02% level are

obtainable following appropriate mass fractionation corrections, which makes

this method of analysis a significant alternative to fluorination techniques.
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