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ON THE SIGNIFICANCE OF TRANSVERSAL WRENCH-FAULT
TECTONICS FOR THE STRUCTURING OF THE SOUTHERN CENTRAL
ANDES
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(1) Geologisches Institut, WWU Miinster. 48149 Miinster, Germany (abels @uni-muenster.de)
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INTRODUCTION

The identification and characterization of basement-influenced wrench faulting obliquely to a
subsequently established structural trend is probably one of the most difficult tasks in structural geology.
Several primary factors influence the surficially appearing deformation (intitial state of stress, cover
thickness, thermal regime, amount of displacement, width of wrench zone etc.), and disguising by coeval
or subsequent magmatism and sedimentation as well as polyphase activity may complicate the setting in
addition. It is, however, a common feature that superimposed structural pattern reveal changes of their
along-strike character over a relatively short distance or they are limited by such pre-existing structures.
For the southern Central Andes (SCA) only few studies explicitly address these phenomena so far (e.g.,
Grier et al. 1991), but the present Andean structural grain suggests, in combination with paleogeographic
reconstructions, that such interaction may be of more widespread significance. In the following three
potential examples are described for which however a comprehensive treatment is not possible here, but
they should serve as a base for discussion. The large-scale spatial pattern and shear sense of such wrench
zones in the SCA perhaps reflect indeed a fundamental large-scale deformation mechanism which

accompanies oroclinal bending and shortening.
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EXAMPLES

1) At the southern limit of the Chilean Precordillera (~27°15'S) ~NE-SW oriented ‘Andean’ structures
are cut by significant morphostructural NW-SE trending features (Fig. 1). The most distinct fractures
occur S of Puquios in one line with the Palecocene Cachiyuyo and Dulcinea volcanoes, although the whole
structural anomaly appears to be over 25 ki wide. A NW-SE striking bascment structure is a plausible
explanation for this setting, and it could represent the northern structural limit of marine basins through
almost the whole Mesozoic (e.g., Prinz et al. 1994) which has been repeatedly reactivated up into the
Tertiary. Such a setting can provide new clues to the origin of the peculiar Puquios ‘chaos’ and
detachments (Mpodozis & Allmendinger 1992) of which the latter may be due to ‘pull apart’ movements
then. Strike-slip reactivation is indicated, based on Landsat-TM imagc intcrpretation, by left-lateral oftsets
along NW-faults which is in accordance with long fracturcs of this dircction to the W in the Coastal
Cordillera (Randall et al. 1996). Large vertical displacements (SW-side down) occured at least on those

faults SE of Qda. de Paipote (e.g., Sepulveda & Naranjo 1982).

2) The structural pattern in the Chilean Precordillera at around 25°30°S is not continuous, but bends
from its overall ~NNNE-SSW trend over a distance of ~45 km into a N-S dircction. The hinges are
pronounced by NW-SE trending faults and topographic featurcs, and the whole map-scale pattern makes
the impression of a simstrally displacing horizontal lTexure (Fig. 2, Naranjo & Puig 1982). A sinistral
displacement was also suspected by Salfity (1985) who postulated a NW-extension of the ‘Culambajd’

lineament running from the Argentine Puna into the northern hinge of the flexure.

3) The Calama-Olacapato-El Toro lincament (COT) is probably the best documented example for a
wrench fault cutting obliquely through the SCA, and its presence in NW-Argentina is in sections relatively
well established (Marrett et al. 1994, and refs. therein). Sallity (1985) proposed an extension into Chile,
based on a structural bending of the Precordillera at Calama. According to Reutter et al. (1996) the COT
is in the Precordillera, if at all present, not exposed as a continuous fault, and only minor activity (< | km
sinistrally) may have occured in the Neogene. Activity coeval with peak deformation and magmatism
during the main orogeny in the Precordillera, the Eocene ‘Incaic’ phase has been, however, not discussed.
To the SE a similar structural bending occurs within the range of the ‘Cerros de Purilactis’ pointing again,
as already suggested by Dingman (1967), to left-lateral drag along a NW-SE trending fracture, but no
clear continuations towards the NW (Llano de Quimal) or to the SE (Salar de Atacama basin) are exposed
(Fig. 3). Breitkreuz (1995) mentioned a possible ~20 km left-lateral offset along ~NW-SE striking faults
SE of the Salar de Atacama, a distance which is identical to a postulated offset at the COT in the

Argentine Puna (e.g., Allmendinger et al. 1983). The COT shows evidently polyphase activity (e.g.,
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Soriano ct al. 1996), and it is unlikely that it was active over its whole length during the same time. This
might contributc to the varying exposure. It is striking that eastward structural bending occurs only on the

northern side of the COT, a phenomenon which points indirectly to the presence of the structure.
DISCUSSION

Significant transversal structures are as ‘lineamentos’ long known in the southern Central Andes (e.g.,
Mon 1979). Some segments of these structures are restricted to a single continuous fault, others are better
described as distributed wrench zones that consist of a set of strike-slip faults and/or, due to rotation(s) of
the principle stress directions, oblique thrusts/reverse faults. often paleogeographically controlled. The
frequency of long ~NW-SE trending fractures in the S-Puna has been indicated. for instance, by Alonso et
al. (1984), and extensions into Chile are likely (Salfity 1985; Abels & Bischoff 1998, and ref. therein).
Observed and suggested strike-slip displacements are always left-lateral. This consistency indicates a
mechanism which has affected large areas of the SCA, possibly of a non-coaxial, penetrative domino-type
which involves overall clockwise rotations. The process may be already active since the initiation of
Andean deformation in the Middle Cretaceous, interacting with oroclinal bending, crustal thickening,
thrusting, and margin-parallel strike-slip faulting. At the eastern Andean deformation front, on the other
hand, right-lateral wrenching within ~(E)NE-(W)SW oriented structural transition zones dominates,
accommodating the northward increasing amount of horizontal shortening ( e.g., “Tucumdn Transfer
Zone'; De Urreiztieta et al. 1996). In both cases pre-Andean structures are probably the nuclei for the

initiation of deformation.
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Fig.1. Landsat-TM image interpretation of the Puquios region (based on: 321 and 741 [rgb], 5/7-5/4-7/4
[ND, rgb], PC1). Outline of the "Puquios Chaos™ modified from Mpodozis & Allmendinger (1992); PD:
Puquios detachments.

Fig. 2. Structural setting of the Precordillera around 25°30°S (based on Naranjo & Puig, 1982).

Fig. 3. a) Landsat-MSS image interpretation of the Salar de Atacama region (based on: 321 [rgb]); b)
Major transversal structures along the COT lineament (refs. in the text).

Fig. 4. Simple, tentative sketch to a large-scale transpressional deformation pattern in the SCA.
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Applying the concept of exotic terranes in several places of Peru, Bolivia, Argentina and Chile
has generated discussions about way and extent of accretional events that occurred in the
southern portion of the Proto-Andes around the Proterozoic-Lower Paleozoic.

The initial discussion of a tectogenesis based on autochthonous mobile fold-belts, was followed
by ideas emphasizing the fragmentation and collisional criteria of supercontinents at the
Western Gondwana margin. These hypotheses interpret the beginning of the break-up of the
Rodinia hypothetical supercontinent as a very important fact, when Laurentia moved on,
impacting and breaking off terranes into the Gondwana occidental border. This concept of
kinematic hypermobility of Laurentia does not agree with several arguments provided by the
South-America/Antarctica regional geology. It is well known that the Mid Proterozoic levels
(ca. 1.100/800 Ma) are represented by metasedimentary metamorphic and magmatic sequences
developing perispherically to the arcaic nuclei, and formed an orogenic cycle (Sunsas/Uruguan
Orogenic Cycle). After this, a new orogenic cycle with different characteristics developed
during the Upper Precambrian-Lower Paleozoic (Brazilian and Pampean Orogenic Cycle, ca.
800/520 Ma). The intercontinental relationships provide several data which contribute to the
interpretation that the Precordillera-Patagonia terranes originated as parts of a hypothetical
platform developed between South America, Africa and Antartica (SAFRAN platform) and
shifted to their actual position just continent-parallel by transform faults, similar to the Liquiiie-
Ofqui fault in southern Chile and the San Andreas fault in California (Fig. 1). The collisional
events in the Pampean ranges resulted as a consequence of transpressional strike slip
movements, being responsible for the S and | type magmatism along these Pampean and
Famatinian terranes. The final result of this continent-parallel movement of slices is similar to
that of a terrane spreading off from Laurentia, but the generally continuous plate convergence
between a Proto-Pacific and a Gondwana plate seems not to be interrupted by a collision of
Laurentia or part of it during the Ordovician. The similarity of Early Paleozoic faunas between
the Argentinian Precordillera and Laurentia can easily be explained by their propagation
through marine or aerial currents.
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INTRODUCTION

The Magdalena island, located Northeast of the Chonos Archipelago (southern Chile) is part of the active
fore-arc associated with the subduction of the oceanic floor of the Pacific ocean beneath the South
American Plate. It is characterized by many doleritic dykes cutting across the Paleozoic Chonos
metamorphic complex, the Tertiary Traiguen volcano-sedimentary formation and the North Patagonian
Batholith (Hervé, 1993). Some of these dykes have been dated. suggesting a main dykes emplacement
during Miocene time. Most of the ages bracket between 17 and 14 Ma? (whole rock datation), but some
others, located close to Pitipalena, are as young as 3.6 or 5.6 Ma (Pankhurst and Hervé, 1994). It is
actually suggested that the opening of many of these dykes occurred when the triple junction, resulting
from the intersection between the Chile oceanic ridge and the Chile subduction through, was close to the
studied area (Lefort et al., companion paper).

The area is also characterized by four main volcanoes, the Monte Melimoyu, the Monte Maca and the

Monte Montdlat being the biggest of them. They are all Holocene in age and still active.
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About 260 cores have been sampled in 14 sites, uniformly distributed on and around Magdalena island,
for the AMS study (see e.g. Borradaile and Henry, 1997). Measurements were made using a Schonstedt
DMS-1 spinner magnetometer with the Jelinek (1978) procedure. Kmax, Kint, Kmin components of the
AMS tensor have been plotted on equal-area projections using the Kamb’s contouring procedure (Kamb,
1959). It seems that the quality of the clustering of the results depends on the considered dykes. This is
related with the petrography of the dykes which changes from dolerite to lamprophyre. This is supported

by the distributions of susceptibilities (2.2x103-75x10"3 SI) and remanences (15.7x103-1 A/m).
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In matic dykes already studied (less than 60 cm in width), the analysis of the magnetic fabric parameters
(Tauxe et al., 1998) shows mainly a prolate shape when the magma flow is not disturbed. On the contrary,
in Magdalena island, most of the dykes show an oblate distribution, which could be related with the
existence of some disturbance either related with: 1- larger dykes (some are 8-12 m in width), 2- the
regional stress associated with the subduction, 3- contemporaneous emplacement of other dykes
associated with other magma chambers.

In previous AMS studies, it has been already observed that the Kmax is associated with the vertical or
sub-vertical flow direction (Ernst and Baragar, 1992; Mushayandebvu et al., 1995). It has been also shown
that the Kmax display, in section, a fanning distribution above the magma chambers (Lefort and Aifa,
1996; Aifa and Lefort, submitted). Just above or close to the magma chambers, the Kmax are always
vertical or steeply dipping.

At Magdalena island, the Kmax are not necessarily the steepest components of the AMS tensors. In many
places the steepest component 1s given by the Kint. In these places the Kmax is also often shallow dipping.
Since, in a dyke, the steepest plunge corresponds necessarily with the flow, we must admit that the
regional stress which disturb the flow can be, in certain conditions, associated with the Kmax. It is the
reason why the steeppest plunges have been studied as a whole wheither they correspond with a Kmax or

with a Kint. We assume that they both correspond with the magma flow.

Site 4B

Site 8 Site 9 Site 10 Site 11

Flow directions computed using Pangea Scientific package (1992).
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In these conditions, a clear patiern can be observed on and around Magdalena island; North of the island, 7
or 8 sites show a flow direction rouhgly deeping towards the Mclimoyu volcano. [f this flow directions arc
projected on a north south section passing through the Mclimoyu volcano. it can be observed that the
steepest plunges are closer to a magma chamber located bencath the volcano. East of the centre of the
island. 3 or 4 sites show their {low directions pointing the Mentdlat volcano. And onshore, south of
Madgalena island, two sites show a flow which is towards the Maca or associated volcano. It is interesting
to note that the tlow directions of the so-called Lower Miocene dykes are dipping towards active
Holocene volcanoes. This result suggests that either: 1- the magma chambers associated with the studied

dykes have been active until the Upper Miocene or 2- the sampled dykes are Holocene in age.

CONCLUSION

In a classical dyke-volcano pattern (Smith, 1987), the dykes are radiating all around the volcano or its
magma chamber. The magma flow itself radiates from this magma chamber. On Magdalena island the
dykes are not radiating around the known volcanoes, since they are more or less directly controlled by the
indentation of the triple junction along the South American Plate. However the measured flow trajectories
seem to follow the control of the magma chambers associated with the Holocene volcanoes. In summary,
the dykes orientation and their flow direction are two independant parameters.

All these data suggest that the studied dykes could be younger than the published Lower Miocene

radiometric ages.
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INTRODUCTION

Northwest Peru was the loci of four distinct Cretaceous basins each characterized by unique tectonic
setting and facies controlled by the volcanic arc activity and the Paleozoic basement (Fig.1 and 2). The
Lancones/Celica Basin recorded continuous sedimentation and the passage from onlapping Early Albian
shallow-water 1o anoxic carbonate shelf deposition (Pananga and Muerto Fms.) to Late Albian/Early
Campanian volcaniclastic deep-sea fan sedimentation (Copa Sombrero Gp.) coeval with volcanic arc
extension (Morris and Aleman, 1975, Jaillard et al., 1996). Volcaniclastic flysch deposition was coeval with
basic volcanism and cessation of arc activity was marked by the Paleozoic-derived fluviatile facies abrupt

facies change (Tablones Fm).

5

Cretaceous Basin
in Northwest Peru
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The Pazul-Coyonitas Basin was preserved in a NW-SE oriented graben, consisted of thick Campanian to
Lower Maastrichtian rocks. Fluviatile sandstones and conglomerates (Sandino Fm.) locally onlap Paleozoic
rocks which in turn is overlain by deepwater shales (Redondo Formation). A regressive fluvio-deltaic

stliciclastic unit (Monte Grande Fm.) marked the top of the Cretaceous sequence.
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The Albian carbonate sequence (Gigantal, Pananga and Muerto Fms.) in the Talara Basin was aiso
preserved in a series of isolated grabens prior to regional Albian to Santonian uplift. A new extension episode,
with similar stratigraphy than the Pazul-Coyonitas Basin, was followed by a sagging phase with deposition of
thick shallow muddy shelf facies (Petacas Fm.).

NE-SW Maastrichtian extension in the Paita Basin was accompanied by a thick siliciclastic deposition in
rapidly subsiding grabens. The NW dipping sequence was cut by several NW verging normal faults. Uplifted
Paleozoic low-grade metamorphic rocks were the main source and provenance of siliciclastics. Complex rapid
facies and thickness change permit to distinguish three distinct sections. The Coastal section is more than
3600 m and crops out along the coast for a distance of 12 km. This section includes the Paita Group overlain
by the Perico formation. The Paita Group consists of varicolored clast supported breccias, mud-supported
breccias, and stratified conglomerates of the Lobo Formation. This unit is overlain by 425 m thick dark gray
sandstones, pebbly mudstones and varicolored mudstones of the Tortuga Formation, which in turn is overlain

by 775 m red mud supported breccias interbedded with red mudstones of the Cenizo Formation. Finally, the
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uppermost Perico Formation is made up of more than 200 m ot well-sorted sandstones with abundant marine
fauna sometimes onlapping Paleozoic rocks.

The Inland section crops oul 7 to 20 km east of the coast (Fig.3 and 4). The basal Petacas Formation
consists of gray micaceous shales interbedded with sandstones and fossiliferous limestones. This formation is
overlain by 51 meters of fossiliferous limestones of the Yuca Formation which in turn is transitionally

overlain by sandstones and interbedded limestones of the Perico Formation. In subsurface,
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south of the inland section, two wells penetrated thick shales with subordinated sandstones of the Petacas

Formation overlain by interbedded calcareous sandstones and shales of the Perico Formation (Fig. 3 and 4).

CONCLUSSIONS

A Middle Cretaceous back-arc extension postulated to explain the unique geochemistry of the thick
volcaniclastics of the Casma Group (Atherton et al, xxx) has also been ascribed for the Copa Sombrero Group
volcaniclastic flysch sequence (Morris and Alemdn, [975). The Lancones Basin extensional geometry was
later modified by rotation of the Tahuin/Amotape Terrane with no evidence for the short-lived Mochica
compressional deformation (Myers, 1974, Mourier, et al.,1988). However, the Late Cretaceous Peruvian
compressional deformation in Northwest Peru was well documented.

This compressional deformation was marked by an abrupt change in facies and provenance of the
Tablones Formation quartz-rich fluviatile sandstones and conglomerates. Contemporaneous with this event, a
series of extensional basins were formed almost orthogonal to the Amotape/Tahuin, Paita and Illescas uplift.
Formation of these basins are ascribed to strain partitioning during oblique convergence between the Farallon
and South America plates, which caused extension in the fore-arc and compression in the back-arc and retro-

arc.
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INTRODUCTION

The Mindo Basin, in the western border of the Ecuadorian Andes, is located 35 km west of
Quito, over the large Santo Domingo-Los Bancos alluvial fan (Figure 1). This fan, along with other

similar structures, characterizes the western cordillera foothills.

GEOLOGY

The geology of this region is little known or even unknown. It is mainly determined from the
alluvial fan deposits. This deposit is present for over 20 km in the direction parallel to the cordillera, and
500 km in the transversal direction. This alluvial fan consists of two sources that form juxtaposed cones.
To the south the source are the Toachi River sediments that extend towards the Santo Domingo region,
and to the north the source are the Blanco and Guayllabamba Rivers that extend to the San Miguel de los
Bancos region.

The fan consists of blocks, gravel, sand, and clasts from a volcanic origin. The grade of alteration
is variable, but in general, it is high due to the presence of hot and humid weather. The thickness of the

sediments is unknown. Younger ash layers that are up to 7 m thick cover these materials.
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The age of the fan is unknown, but it can be estimated assuming that the major and more recent
Andean uplift occurred during Lower to Mid Miocene. This uplilt was followed by a period of erosion in
the Upper Miocene (Ego, 1995). This erosion could be a reason for the formation of these alluvial fans,
dating them to the Upper Miocene. Subsequently, they received sediments from Plio-Quaternary volcanic

deposits.

MORPHO-TECTONIC ANALYSIS

After an aernal photograph and terrain modeling analysis, we can see that the Mindo Basin is a
depression limited with vertical walls that can reach 400 m. On these walls, sedimentary deposits that
form the fan are exposed. Their approximate shape is rectangular with their maximum axis in NNE-SSW
direction.

The main drainage in this area is the Mindo River that runs from East to West. On the western
border of the basin, the Canchupi River and the Saguambi “estero” are captured by the Mindo River as
these rivers descend towards the depression (Figure 1). In the same zone we can see a scarp with a NE-SE
direction which makes up the eastern limit of the basin. This scarp has a very important erosion rate. It can
be followed to the Hacienda El Carmelo (Figures | and 2).

A well-defined scarp with a NE-SW direction characterizes the western limit of the basin. On the
road that descends to Mindo, it was possible to take microtectonic measurements that showed strike-slip
dextral movement, although morphology also suggests a normal movement component (Figure 2). The
western scarp is crossed by a NNW-SSE lineament that displaces it a little in a dextral sense. Its
prolongation towards the east is not clear but we can see some anomalous drainage and a more eroded
scarp.

Following the Mindo River, near Finca La Palma, a small plane is observed, limited to the east
by a NNW-SSE scarp with triangular facets. These suggest a normal movement. There is also a sinestral
drainage control. This lineament can be followed to the south by the southern limit of the basin. In this
zone a sinestral movement component is suggesting (Figure 2).

The Northern border of the basin shows an eroded scarp with a WNW-ESE direction, parallel to
the main drainage of the fan (Figure 2). Movement markers could not be found in this zone. It could be a

erosion scarp or an older and inactive structure.

FAULT KINEMATICS AND STRESS STATE ANALYSIS

Measurements were laken over two periods. In the first phase, they were taken in three points,

two of them in conglomerate deposits (Mindo 1,2, Figure 1), and the third one in basement (Mindo 3,
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Figure 1). This set of data was regrouped according to the sedimentary environment, and afterwards
cinematic analyses were done with the data from the basement and the conglomerates in order to obtain
only one tensor.

The inversion results show a very complex stress state. For extension, three tensor directions
were obtained: N293 (compatible with the three points), N171 (compatible with points 1 and 2), and N35
using the three point data. Chronology observed in the field shows that this last direction is older than the
N171 direction.

For compression, only two tensor directions were obtained: a unreliable N215 (only three
tamilies of planes were used for the calculation), and N290 (using the three point data). During the second
phase, measurements were taken in point Mindo 4 in the conglomerate. This point shows a compression

tensor that was added to first phase data giving a compression tensor of N114.

DISCUSSION
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Figure 1. Mindo basin location. Microtectonic measure stations are named as Mindo 1,2,3 y 4.

In the interpretation of this data a few guestions have been proposed: how the basin was formed,
and how a pattern so complex fits into this scheme. This suggests the possibility of different periods of
formation. Because of this, we offer an evolutionary model considering all data available.

In order to form the basin, we suppose that there was a system of transtension where would work the North
and South borders of the basin. This transtensive system would permit the basin to open with perpendicular normal
faults in which the evidence would be seen in western and eastern fault scarps (Figure 3a). On the other hand this

opening would generate an extension in the direction NW-SE and NNW-SSE that could correspond 1o the extension
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tensors determined later inversion. While the basin was opening, the fault located in the western border prolongated
to the north. This would form a triangular block with a southern sinestral fault, reducing the activity of the East and
North borders. This would lead us to obtain the scheme that we observe currently (Figure 2). This new system
permits the ejection of the block to the north between the fault of direction NNE-SSW and NNW-SSE (Figure 3b).
For this new state and later to calculate the tensor, we see that there exists a compression with a direction of N114
degrees.

The significance of the direction of this tensor can be explained, by a variation of the regional tensor
direction or by a local tensor that mechanically adjusted the system of observed faults. By now we think that the

second option is better because we have no evidence of recent variations in the field of regional forces (Ego,1995).

Figure 2. MNT with the main alignements including those observed in aereal photographs.
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Figure 3.Schematic model proposed for the formation of the Mindo basin
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INTRODUCTION

Northeastern Venezuela was struck by a M _=6.9 earthquake on July 9, 1997 at GMT 19:24:10.5.
The main shock was located at 10.543°N and 63.515°W with a focal depth of 9.4 km (FUNVISIS et al.,
1997). This earthquake destroyed and severely damaged several schools and building in the towns of
Cariaco and Casanay; a six-story building collapsed in Cumand, 75 km west of the epicenter. The event
reach an intensity of VIII on the Modified Mercalli Scale (FUNVISIS et al., 1997) arising 73 deaths and
several hundreds of injured.

The Cariaco earthquake showed a surface rupture associated with the El Pilar fault which is part
of the large continuous system of right lateral strike-slip faults located in the northeastern edge of the
continent (Rod, 1956). Along this plate boundary the relative movement of the Caribbean and South
America tectonic plates reaches some 2 cm/year (DeMets, 1993). Therefore, several destructive
earthquakes shook this region in 1530, 1766, 1853 and 1929 (Grases, 1979; FUNVISIS et al., 1997). The
1997 Cariaco earthquake together with the 1929 Cumand earthquake (Paige, 1930), are the largest events
to strike the northeastern Venezuela during this century; both events have occurred along the El Pilar
fault. Horizontal displacements of an average of 0.25 m associated with a dextral strike-slip movement of

the El Pilar fault segment were observed at several points (fig. 1) after the 1997 Cariaco earthquake.
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Fig. 1. Surface rupture observed in a road associated with a dextral strike-
slip movement of the EI Pilar fault segment. Other points located along this
fault segment showed similar seismic displacements.

SEISMOLOGICAL OBSERVATIONS

In order to record the aftershocks, a deployment of six seismological stations belonging to the
Geophysical Department - University of Chile was installed in the epicentral area. Beginning ten days
after the mainshock, this local network monitored during two weeks the seismic activity of the region
covered by the Buena Vista lagoon. The sites selected were Los Apamates, Chamariapa de Giiiria,
Caldera, Pica de La Maravilla, Campoma and Pantofio. The seismographs consisted of portable EDA
instruments (PRS-4 Scintrex) equipped with 1 Hz vertical component sensors (Mark L4-C products) and
one of them connected to a 1 Hz three component sensor (Lennartz); for operation a trigger mode was
selected. The absolute time was downloaded to the seismographs using a portable clock (Nanometrics
502F) which synchronizes its internal time with a reference signal (broadcasted by different centers
worldwide) using the Lithoseis software.

The array of University of Chile was part of a main temporary seismological network of 43
stations called RESICA (“Red Sismoldgica Cariaco™), with participation of FUNVISIS and University of
Oriente - UDO (Venezuela), Northwestern University (Illinois, USA), German Task Force for
Earthquakes, GFZ Potsdam and Bauhaus University Weimar (Germany) and University of Chile (Chile
and CERESIS).

The University of Chile local network has recorded more than 300 aftershocks. The seismic
activity was determined using Hypo7!1 (Lee y Valdés, 1985). A set of 187 events was selected with rms
(root mean square) less than 0.25. Both, the hypocentral location of the earthquake (FUNVISIS et al.,
1997) and the aftershocks recorded with this portable array, are associated with a fault plane solution
related to the El Pilar fauit segment. The epicentral distribution of the aftershocks showed a cluster
localized to the northern end of a near east-west straight 60 km long segment and width of about 15 km.
Their focal depths were less than 20 km with the main seismic activity concentrated in the uppermost 10

km. The seismic activity defines a plane with an approximately 60° dip to the north which coincides with
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the location of the main shock (figs. 2, 3). The results obtained are in close agreement with other studies

of the FUNVISIS and UDO (Romero et al., 1998).
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Fig. 2. Aftershocks recorded between July 18-31, 1997 by University of Chile seismological network. Six
instruments installed around Buena Vista lagoon detected more than 300 events. A straight line connects
the points where the surface rupture was observed. The epicenters are distributed mainly to the north of
the surface rupture line, defining a region of 60 km lenth in east west direction and 15 km in width (see
the profile A-A”in figure 3).
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Fig. 3. The focal depths of the aftershocks are distributed down to 20 km but
the main activity is located in the upper 10 km. The events define a plane
associated with the El Pilar fault segment,
which dips approximately 60° to the north.

CONCLUSIONS

The 1997 Cariaco earthquake, together with the 1929 Cumand earthquake, is the most important
shock occurred in this century in eastern Venezuela. Both events are associated to the El Pilar fault. The
evidences for this earthquake indicate a dextral strike-slip movement associated to the EI Pilar fault
segment with a surface rupture of ~25 cm. Both, the hypocentral location of the main shock and the
aftershocks determined using the data of the University of Chile local network, are located on a plane that

dips some 60° to the north. The aftershock spatial distribution indicates a location along a 60 km long east
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west line to the north of the El Pilar fault with about 15 km in width. The seismic activity is mainly

concentrated within the upper 10 km, although there are aftershocks recorded down to 20 km in depth.
Evidences for this earthquake emphasizes the importance of the shallow seismicity in order to

assess the seismic hazard to the northeastern ol Venezuela. The next step to be realized will be the data

integration with the other groups of RESICA.
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INTRODUCTION

Northern Chile is an ideal area to study structures resulting from oblique convergence in a subduction
setting. In that way, strain can be partitioned in orogen-normal and orogen-parallel displacement
structures. From one hand, plate kinematics studies have proposed a left-lateral oblique subduction from
153 to 70 Ma and a right lateral oblique subduction since 70 Ma (Scheuber et al., 1994). From the other
hand, both strike slip faults and contractional structures have been described in this area. For instance
Scheuber and Andriessen (1990) documented Jurassic and early Cretaceous sinistral displacement along
Atacama fault zone and Chong (1977) and McElderry et al. (1996) documented Cenozoic folds and thrust

faults in Domeyko Range.

Domeyko Range is part of Precordillera of Northern Chile (Fig. 1). During Jurassic this area was
located in a back-arc setting which has evolved to a fore-arc setting in the present as the arc migrated
eastward. The structure of Precordillera has been extensively described as an strike-slip system (Reutter et

al. 1991; Reutter et al. 1996; Lindsay et al. 1996).
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In the present paper we outline the evolution of the Domeyko Range underlying the following
two aspects. 1) Domecyko Range results from (Cretaceous and) early Cenozoic inversion of Jurassic

extensional basin. 2) Most structures in Domeyko Range are contractional.

STRUCTURE

A preliminary section across Domeyko Range (A-A’, Fig. 2) show from east to west the following
features. An extensional fault bounding uppermost Paleozoic rocks to the east and Mesozoic rocks to the
wesl. Triassic to lower Cretaceous Mesozoic rocks of the eastern slope of the range shows open folds.
Fold axes trend N-S and are sub-horizontal. The westernmost limb of these folds is vertical and east
facing. The core of Domeyko Range is constituted by an asymmetric pop-up structure built-up by high
angle thrust faulis, where uppermost Paleozoic rocks outcrop. Domeyko Range is obliquely crossed by a
late, extensional right-lateral fault affecting Miocene rock and uppermost Cenozoic sediments. Jurassic
rocks outcropping at the western slope are deformed by tigh west facing folds showing both normal and
overturned limbs. Fold axes trend N-S and are sub-horizontal. Jurassic rocks are thrust up to the west on
lower Cenozoic rocks. which are slightly folded. Oligo-Miocene sediments overlap the thrust fault and
folds. Western of the main range several outcrops (as B-B” and C-C” transverses) show folds on late
Palaeozoic to Jurassic rocks which are overlapped by moderately to steeply west-dipping lower Cenozoic
rocks.

Most of these structures are coherent with an early Cenozoic east-west, orogen-normal
shortening. Moreover. extensional faults as the one at the eastern end of cross-section A-A” and strike-slip

faults as the one crossing the range are also present.
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EVOLUTION

Prinz et al. (1992) shows the geometry of the Northern Chile Triassic-Jurassic back-arc basin.
Depocenters are N-S arranged and located at the eastern part of the basin, which is asymmetric. We
suggest that the extensional fault at the castern end ol cross-scetion A-A” correspond (0 the master
extensional fault of this back-arc basin (Fig. 3). After comparing the relative sea-level changes in northern
Chile with global, Ardill et al. (1998) concludes that {ate Jurassic sea level lowering corresponds to
regional tectonics. We suggest that this sea level lowering (early Cretaceous continental sedimentation and
late Cretaceous hiatus) be related to a {irst stage of contraction and basin inversion. Age of intrusives in
Domeyko Range and relationships between rocks of different ages and contractional structures show that

main inversion took place during lattermost Cretaceous and Early Cenozoic. Purilactis sediments present
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only to the east of Precordillera and Chile-Alemania volcanic rocks limited to the west are
contemporaneous with Precordiliera uplift related to the main stage of inversion. Later on post-Miocene
right-lateral displacement of several kilometres took place aiong the strike-slip fault crossing the Range.

Fig. 3 — Chronostratigraphic diagram.

DISCUSSION AND CONCLUSION

The main conclusion is that most structures in Domeyko Range are contractional and correspond to the
(Cretaceous and) early Cenozoic inversion of a Triassic-Jurassic extensional basin.

Because during inversion period convergence was oblique, two hypotheses can be considered. a) Oblique
convergence is resolved as strain partitioning with Domeyko contractional structures resulting from

normal component of convergence and parallel component producing strike slip along structures others
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then Domeyko system. b) Convergence angle is high enough to preclude strike slip fault systems and
associated structures. In fact, transpression analogue modelling shows that strike slip fault systems need

small convergence angles or high convergence to be developed (Casas et al., 1998).
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INTRODUCTION

The Shila low-sulfidation epithermal vein system cuts Early-Middle Miocene calc-alcaline volcanites of

the Tacaza Group in the Western Cordillera, northwest of Arequipa (Figure 1).

Figure 1 : Localization
of the mining district of
Shila.

This paper presents the first results about fluids and microfissuration on different deposits of this
epithermal area. Six deposits have been studied more in details along a vertical profile : Desamparados,

Ticlla, Puncuhuayco and the three deposits of the Shila district, Apacheta, Pillune and Sando Alcalde.

GEOMETRY OF THE FLUID MIGRATION

After healing, the microcraks form Fluid Inclusion Planes (FIP). These FIP are considered as mode I
cracks and give thus valuable information about the local stress in rocks and can be assumed to be (G,-G;)
planes (Tuttle, 1949; Lespinasse and Cathelineau, 1995).

The geometry of the Fluid Inclusion Planes (FIP) network has been characterized in the Shila area with

image analyzing on oriented thick double polished plates (Photo | and Figure2).
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Shila Apacheta Shila Pillune

c. (B)

N110-N130
Photo I : The two major FIP observed Figure 2 : Representation of the fluid inclusion plane
in a Shila wafers, containing two poles for the Shila Apacheta and Shila Pillune
different rypes of fluid deposits. The white stars symbolize the oy positions

The poles of the FIP indicate two major o; orientations (Figure 2). The tectonic events described in the
area during the period of the epithermal activity are compressive events and we can therefore deduce that
the two o, corresponding to our two O3 orientations are horizontal (6,(A) and ¢,(B)) with N20-60 and
N90-120 orientation (Figure 2). These orientations of compressive events, deduced from the FIP network,
agree with the two orientations of the compressive events supposed to be at the origin of both fracturation

and mineralization in this area (Cassard et al., 1998; Chauvet A., personal communication).

FLUIDS CHARACTERISTICS

In each deposits, the fluids have been characterized using standard techniques, e.g. microthermometry
with a Chaixmeca heating-freezing stage and Raman microprobe (DILOR X-Y).

Two groups of deposits can be distinguished :

- Desamparados. Ticlla and Puncuhuayco deposits.

In these three deposits, the secondary fluid inclusions are little diversified showing low salinity (Tmy
from 0 to —1.4°C; equivalent salinity from 0 to 2.4 wt% NaCl) for homogeneous Th (from 175 to 228°C)
{Figure 3). Raman analyses on the volatile phase indicate the lack of gases.
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In Puncuhuayco, some fluid inclusions have been studied in light-coloured sphalerite. The fluids have
been trapped as primary and secondary inclusions. Primary inclusions give Tm;.. from -8.5 to -9.0°C
(equivalent salinity : 12.3 to 12.9 wt% NaCl) and Th from 196 to 274°C (in L phase) but most data are in
the range of 255 to 274°C. Secondary fluid inclusions show low salinity (Tm;, from —-1.3 to -2.1°C,
equivalent salinity: 2.2 to 3.6 wt% NaCl) with total homogeneization ranging from 271 to 323°C (in L
phase). The Th-Tm,. plot (Figure 3) shows a clear decrease of the salinity during these two percolation

stages in sphalerite.

- Shila District with Apacheta_Pillune and Sando Alcalde deposits

Two major types of tluids are observed along the two major orientations of microcracks (Photo 1).

(1) Aqueous-carbonic fluids (Figure 4c) show Tmeg, ranging from -57.3 to -59.3°C. The rare
Theo» are observed at very low T between —1.3 and 6.5°C (in V phase) indicating a low fluid density.
Aqueous-carbonic inclusions (with three phase H,O, CO, (L) and CO, (V) at low temperature) are
surprising in such deposits where CO, is generally only detected by the presence of clathrate.

(i1) Aqueous fluids with low salinity display Tmy. from -0.4 to —1.5°C (0.7 to 2.6 wt% NaCl). The
low eutectic T (<-30°C) indicate the presence of bivalent cations. Raman analyses show traces of CO; in
the volatile phase. The Th are different according to the deposits, with higher Th for Sando Alcalde
(Figure 3).

»
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- ga Figure 4 : Photos (a) high
salinity aqueous fluid inclusions
¢c ™ d Sando Alcalde  S@ndo Alcalde observed in (b) Rhyolitic quartz,
- ’ 4 200 m depth Surface (c) aqueous-carbonic inclusions.
2 (d) high salinity  aqueous
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Some high salinity aqueous inclusions, with one or two daugther minerals (sylvite and halite), have been

observed in rhyolitic quartz (Figure 4a and b) showing low Tm;. (Figure 4d).

- Gas Analyses — Shila district

The volatile phase of the aqueous-carbonic tluids present in the Shila district is dominated by CO, (62.9
to 100 mol%) with less amount of N, (0 to 20.6 mol%) and H,S (0.7 a2 6.7 mol%) (Figure 5).
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composition of the aqueous- composition in mol.% according to the depth of
carbonic volatile phase. the sample in the Shila Apacheta deposit.

In Sando Alcalde and Apacheta deposits, samples have been studied along a vertical profile. In both
deposits, the analysis of the volatile phase shows a decrease of the nitrogene content towards the surface
(Figure 6). Are this decrease due to the solubility difference between these two gases (Ellis and Mahon,
1977) ? For Hedenquist et al. (1992), a systematic variation in the ratios of any two gases with different
solubilities is the result of a progressive boiling with gas loss in spatially-arrayed samples. This boiling
should be at the origin of the mineralization which is often associated with bladed calcite (Simmons and

Christenson, 1994) and Mn-carbonates (Roy, 1968).

This work has been carried out with the framework of the Metallogeny GdR program research. It was
realized in collaboration with the BRGM (DR-LGM ) and the University of Orléans.
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INTRODUCTION

Oblique convergence along plate boundaries has been directly related to transpression within a
deformation zone parallel to the margin. The simplest model of transpression {Sanderson and Marchini,
1984) exhibits a monoclinic geometry defined by two components of strain: horizontal shortening normal
to the deformation zone and simple shear parallel to it. Later models considered partitioning of
deformation, which accommodate transpression in different and separate domains across de deformation
zone (e.g. Fossen et al.. 1994, Tikoff and Teyssier, 1994; Jones and Tanner, 1995). The most general case
for transpressional zones adds to the later a far field displacement vector oblique to the deformation zone
bounding blocks (e.g. Jones and Holdsworth, 1998; Lin et al., 1998), allowing the development of a
triclinic symmetry with oblique stretching lineations.

The Liquifie-Ofqui Fault Zone (LOFZ) (e.g. Hervé, 1976; Hervé and Thiele, 1987 Cembrano and
Hervé, 1993) is an intra-arc fault zone parallel to the continental margin along the Southern Chilean Andes
(Fig. 1). We studied the geometry and kinematics of five regions within the southern end of the LOFZ
(44°-46°S) (Fig. 1) in order to better understand the geometry and kinematics of the fault zone in the

framework of the available transpressional models.
DUCTILE DEFORMATION WITHIN THE LOFZ

Brittle-ductile shear zones of the LOFZ are Late Miocene-Pliocene in age (e.g. Cembrano, 1998)
(Fig. 2) and affect rocks of the Meso-Cenozoic North Patagonian Batholith (NPB), Tertiary intra-arc
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metavolcanic-sedimentary rocks and Paleozoic Basement. Ductile deformation is recorded in meter-wide
myvlonite zones. Subvertical foliations with horizontal, oblique and vertical stretching/mineral lineations,
are documented in north-to-northeast-trending shear zones (Puyuguapi, Queulat, Fiordo Aysén and Canal
Costa shear zones) and east-to-northeast trending shear zone (Pto. Cisnes shear zones). The Puyuguapi
shear zone (Fig. 2A) lies within the NPB rocks and contains high strain rocks with north-south trending
subvertical foliation, subvertical lineations, and reverse kinematics indicators with a small component of
dextral shear. The Queulat shear zone (Fig. 2B) developed from mid-Tertiary rocks. Oblique-slip in rocks
with northeast-trending foliations and oblique lineations, show dextral-reverse kinemaltics indicators. The
Fiordo Aysén shear zone (Fig. 2D) contains high strain shear zones developed in basement Paleozoic

rocks and contain north-south-trending subvertical to moderately-dipping foliations and strike-slip to
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Figure 1. a) Regionale-scale geometry of the Liquiiie-Ofqui Fault Zone (Modified
from Cembrano and Hervé, 1993) and location of study area. b) Location of structural analysis
sites. Segmented line indicates inferred faults. Continuous line indicates observed fault zone.
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Undeformed rocks in the Queulat and Canal Costa shear zones (e.g. Halpern and Fuenzalida.
1978: Bartholomew, 1984) suggest the deformation is Late Mioccne to Pliocene. similar those from the
Puyuguapi. Fiordo Aysén and Pto. Cisnes shear zones (Cembrano. 1998). Therefore. dip-slip. strike-slip
and oblique-slip deformation along north-south and northeast-trending shear zones appears to be coeval.
This suggests a high-degree of kinematic partitioning within the deformation zone. Oblique stretching
lineations. on the other hand. indicate that the strain symmetry is triclinic rather than monoclinic. because
the east-west shortening is not only accommodated by vertical extrusion but through dip-slip motion as

well.
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oblique-slip lineations. Dextral reverse kinematics indicators are observed. The Canal Costa shear zone
(Fig. 2E) developed from NPB rocks. North-south-to-northeast-trending foliations and oblique-slip
lineations are developed and reverse-dextral/sinistral kinematics indicators. The Pto. Cisnes (Fig. 2C)
shear zone is a high strain shear zone developed from basement Paleozoic rocks. East-to-northeast-
trending moderately-dipping to subvertical foliations, strike-slip lineations and dextral-normal kinematics

indicators are observed.
CONCLUSIONS
A transpressional and transtensional dextral regime is developed within the LOFZ, resulting in

east-west shortening on north-south and northeast-trending structures (Puyuguapi, Queulat. Fiordo Aysén

and Canal Costa) and dextral transtension along north-east to east-west structures (Pto. Cisnes).
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Figure 2. Three-dimensional schematic block showing foliations (planes) and
mineral/stretching lineations (elipsoids on planes) from sites illustrated in
figure 1b. Stereoplot diagrams contain poles to foliation (crosses) and lineations (circles),
in Wulff diagram. Ns= number of measured foliations. NL= number of measured lineations.
In A and D, the shortening component is very significant (dip-slip), whereas in C and D, the
strike-slip component is more important. Notice that although A, B, D, and E have similar
foliation trends, lineation are subvertical, subhorizontal or oblique. Ar/Ar deformation
age is Pliocene (Cembrano, 1998) for sites A, C and D.
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INTRODUCTION

The Southern Central Andes has torm part of the convergence system between the Nazca Plate (oceanic)
and the Southamerican Plate {continental). The maximum width is approximately 200 km in this zone.
The medium height.in the segment. is ¢a. 1.500 km These elevations reflect a cortical medium thickness
of 45 km beneath the Andes axis. Part of the results. in this paper, corresponds to those obtained in the
project Tntegrated Geophysical Study of the Seismic Risk Zone of the Southern Central Andes (38-
42°S). tinanced by the Volkswagen Foundation of Germany. These investigations may be considered as
the beginning of future studies contemplated in a special investigation program (SFB267) *Deformation
Processes of the Andes™ of Germany in the southerm part of the Andes. The project objectives have a
direct relationship with the orogenesis of the subduction of the Southern Central Andes and its
comparison with the northern zone (27-28°S).Preliminary gravimetric investigation results are presented
complemented wilh seismic magnetic studies existing in the Soutern Central Andes (38-42°S). The
anomaly analysis is correlaled with the most relevant geological structures of the segment. The Bouguer
anomaly, the isostatic residual and isogam are presented in the form of maps. Of them, the following
conclusions and correlations can be inferred: the negative medium gradient has its maximuimn expression
in the Argentinian Andes (-100mGal) beginning at 73°W medium latitude..On the east of this divide. a
positive gradient begins as far as the edge of the Pacific Ocean. Within these gradients, isolated
anomalies of high frequencies can be seen. The most important feature, within the positive gradient, is
its interruption by a a negative anomaly ot -20 mGal in an approximately 100 km extension, located in
nearby Valdivia. The isostatic residual is shown rather in an aleatory form, with positive and negative
anomalies with a certain north-south lineament, and in some cases northwest-southeast. The magnetic
anomalies have grouped in magnetic domains, which also. have preferred directions north-south and
interrupted by north-west-.southeast lineaments. Most of the gravity and magnetic features can correlate
with large and geological structures of the segment.

PRESENT GRAVIMETRIC DATA

The gravimetric investigations in the Southern Central Andes have been oriented to deterinine the
isostatic status and the crust structures of the orogen associated to the densitics. The gravimetric data,
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gathered in 5 campaigns. between 1995 and 1998, 2 in Argentina and 3 in Chile. lLater, they were
homogenized with existing data. Araneda e/ al., 1999. In total. the data presented in this paper add up o
13.050 gravity stations. All the gravimetric data are ticd 10 1SGN 71, and they were corrected due 10
topography. The Bouguer anomaly (Fig. 1) was obtained by using the sca level as reference. with a 2.67
ar/cm” density. The Bouguer anomaly contains the topography according o Isacks (1988). South of
parallel 40°S. the last Interninediate Depression commences in Chile. This phiysiographical change
coincides with a remarkable change in the Bouguer anomaly. as the gravily anomalies do not have a
direct correlation with the superficial geology: the east-west rcgionél. that is normalty seen in Chile,
undergoes an abrupt change, being intercepled by a series of local anomalics that make it strongly vary
in the Intermediate Depression. giving place to the major amplitude positive anomaly known in southern
continental Chile..The medium negative 100 mGal gradient dips cast. whal indicates a thickening of the
crust in that direction, reaching its maximum in the Argentinian Andes. In general. the Bouguer
negative isoanomalies show a north-south trend. whose courses reflect a big number of local anomalics,
as well as a deep structure of the Andes. The continental part is characterized by a series of positive and
negative isostatic residuals. whose divide is found approximately in the center of the Chilean terriiory.
In the western part of this divide. the major residuals of high frequencies are found. restricted to others
of low freequencies. but of the same sign. The maximum values are found in the proximities of
Purranque. Fresia and Maullin.

PRESENT MAGNETIC DATA

The magnetic information corresponds. exclusively, to the Chilean segment, as there is no available
information from the Argentinian one. The magnetic data correspond, mainly, to those furnished by
Corporacion de Fomento de la Produccion- Instituto de Investigaciones Geoldgicas, Chile (CORFO-IIG).
1969, Acromagnetic Survey: Coastal Range. Nueva Imperial- Chile, ENAP, 1962, OEA/Chile
Aerophotogrametric Project and the Magnetic Chart of Chile, Aeromagnelic flight in the Cordillara
Principal between 39 and 44°S. Servicio Nacional de Geologia y Mineria (SERNAGEOMIN), 1997,
Program of X Region. Northern area. All the acromagnetic information was entered digitally. allowing a
global analysis of the magnetic domains between 38 and 42°S, segment included in the study. Figure 2
shows the total field map, carried out by SERNAGEOMIN. The work permits to visualize the regional
magnetic anomalies according to their nature, considering the amplitude, wave length, dimensions and
orientation. These trends or magnetic domains, consider the amplitude, wave length, dimensions and
orientation. These trends or magnetic domains, as defined by Ugalde et al. (1997). have been defined as
of the total magnetic field map that corresponds with the morphological features of the region. The
division proposed by Ugalde et al. (1997) corresponds to three magnetic domains associated to the
Coastal Range, Central Valley and the Cordillera Principal, whose characteristics are: a- Coastal Range:
this domains presents a small amplitude magnetic signal (20-30 nT), where there are relevant dipole
anomalies that reach up to 70 nT. This belt coincides with schisis belonging to the melamorphic
basement. These rocks present very low magnetic susceptibilities (<0.1x103 emu): b- Central Valley:
this domain is characterized by a set of medium to large wave length anomalies (20-40 km),and 200 nT
intensities with well defined anomalies that allow to infer the presence of large bodies of high intensily
in depth: ¢- Cordillera Principal: this domain is characterized by a set of large dipole assymetric
anomalies of > 200 nT high intensities. This assymetric polarity is expressed, in most of the cases, by
strong positive anomalies that coincide with active eroded volcanos, Ugalde er al. (1997).

THE PRESENT SEISMIC REFLECTION DATA

The seismic data correspond to a reinterpreation carried out by McDonough et al. (1998) of seismic lines
(300 km) carried out by Empresa Nacional del Petréleo (ENAP). These lines are located in the Central
Valley, south of 40°S located in the Central Valley. This structure is composed by Quaternary age
sediments, and reaches 2,000 to 4,000m and form the Osorno-Llanquihue Basin, composed of Oligocene
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to Pliocene forearc basin flanked by the Andean arc. The cortical structure characteristics beneath the
southern Chile forearc are inferred from 5.6. and 7 deismic lines. Line 6 is oriented roughly east-west
and considered (o be a dip-section. In the western part of the profile at 13s (two way time), the base of
reflectivity is interpreted as the seismic reflection Moho. A reflection Moho at 13s is confirmed by line 5
and corresponds to a present-day crustal thickness of about 30 to 35 km depending on the velocity model
utilized for the Tertary in the shallow part of the protile. McDonough er al. (1998). This depth agrees
with Barazagni and Isacks (1976) who estimated the crustal thickness. based on earthquake foci beneath
a margin of normal subduction.

CONCLUSIONS

The Bouguer anomaly in the continental part has a maximum regional of 120 m@Gal in the 38-42°S
segment. South of parallel 39°, the regional diminishes to 100 mGal. These effects are closely bound
with the crust thickness due to the isoslatic compensation. However there appear numerous unknown
anomalies, e.g., the positive anomaly in the 40-42°S and the 73-74°W segment that can be extended
much farther south. This anomaly appears just in the Central Valley. beginning approximately in the
proximities of La Uni6n as far as south ol Maullin. The most symptomatic characteristic of this anomaly
is that it is found practically all over Quaternary sediments. The mean value of this anomaly is +50
mQGal. The gravimetric minimum of the Andcs is found in Argentina with a valuc of =80 mGal, and in
north-south direction. This minimum would be indicating that the maximum thickness of the Andes is
approximately 45 km. This mninimum is approximately in the Sierra of Catan-Lil, seen mainly in front of
the cities of Aluminé and San Martin de los Andes. According to the magnitude of this anomaly, it
extends far south and north of the region indicated above. The most interesting characteristics of the
isostatic residual and other results are the following: 1- the coast range basically composed of
metamorphic rock of Paleozoic age shows. in genceral, negative anomalics.: 2- the Central Valley in
Chile, covered with 2,000 1o 4,000 m of Quaternary sediments, shows positive anomalies; 3- the major
values of isostatic residuals are located approximately between latitudes 40.5°S and 42°S under
Quaternary sediments of the Central Valley. and this is likely due to the existence of a minor abnormal
thickness of the crust in the zone. This would infer that the high densites of the materials that make up
the upper mantle are reflected in the residual anomalies: 4-in general, the isostatic residual shows a
general pattern of south-north orientation in which the major values are located in the Central Valley in
a segmented way: 5- in general therce is no good correlation between the magnetic domains and the
isostatic residuals, Lhese are rather displaced 1o the west: 6- the reinterpretation of the seismic data
provide reliable facts, south of parallel 40°S: the depth of the basin of the Central Valley, 2,000 a 4,000
m of quaternary sediments, topography of the basement, irregular and 30 to 35 km Moho depth in the
Zone.
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ABSTRACT

The region under study corresponds to the Puna and Subandean Ranges areas, in the north-western part of
Argentina. For this region the shallow seismicity, the regional structures and the modern faulting have
been related. It has been observed that east of the 3000 m contour line, which is the limit between both
areas, there 1s an important seismicity and is related to compressive areas. Seismicity decreases

remarkably to the west and vulcanism becomes relevant and extensional structures are observed.

INTRODUCTION

The shallow seismic activity of events with magnitude equal or greater than 4, corresponding to the
northwest of Argentina, beetwen 22° and 28° south latitude, has been represented in the figure, in order to
associate that seismicity to the main structures of the region (Puna Plateau and Subandean Ranges) and to
modern faulting. Very important citi€s (Santa Victoria, San Ramén de la Nueva Ordn, La Poma, Santa
Clara, Giiemes, Palomitas, Esteco y Metan en Salta; San Salvador de Jujuy en Jujuy; Tranca, Tafi del
Valle y El Naranjo en Tucumén; Poman y Belen en Catamarca) have been affected by the main events

ocurred in this region.
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In the figure, some neogene structural features have been depicted, they have been identified by LandSat
TM images and areal photographies. This has allowed to individualize extensional areas in Puna Plateau,
compliant with extensional patterns propounded by others authors, and compressive areas at Subandean
Ranges. Seismicity due to big events nearest to 65° west longitude is outstanding.

Compressive and transcurrent zones are observed in Puna Plateau, to which seismos depicted in the figure

can be associated. From these seismos, the most important is the ocurred in La Poma in Salta province.
THE SEISMOTECTONIC SETTING

The region under study is located where the Nazca Plate subduces Southamerican Plate from 25° (21.5° —
23.5° south latitude) to 19° (23.5° — 27.5° south latitude). Two seismotectonic areas are individualized:
Puna Plateau and Subandean Ranges. The 3000 m countour line is the boundary between both areas. A
sparse shallow seismic activity, an important intermediate seismic activity and various actives volcanos,
are the features of Puna Plateau area. An important shallow seismicity and a lack of vulcanism are the

characteristics in the Subandean Ranges.
SEISMICITY-TECTONIC RELATION

In order to relate the shallow seismicity in the Puna Plateau and the Subandean Ranges areas, some
regional structures (preexistent faults with Cenozoic reactivation and transversal megatraces) and neogene

faulting has been depicted in the figure.

The 3000 m height contour line, beetwen 22° and 28° south latitude, is possibly related to reverse regional
faulting of NNE-SSW and N-S trend which has been partially reactivated in Cenozoic. A correspondence
between shallow seismicity and morfologic evidences of modern tectonic (reverse faults that trends NE-
SW and NW-SE, and transcurrent sinistral faults), is observed to the east. A sparse seismicity and
modern reverse faulting that trends NNE-SSW and N-S, generally asociated to mountain front,
transcurrent faulting joined to modern volcanic edifices and normal faults associated to sinistral

transcurrent megatraces, are observed to the west.
CONCLUTIONS
To the east of the contour line seismic activity is imporlant, there is no evidence of vulcanism and the

neogene faults are compressive and transcurrent which corresponds with the megatraces. As many

authors have pointed out, this would indicate a cortical shortening region in accordance with the direction
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and variations of the maximun horizontal stress which has been obtained from the geologic data and focal
mechanism.

It is possible that the variation of the seismotectonic behavior is due to the dip change of the subducted
plate, which varies from 25° (normal subduction) between the 21.5° and 23.5° S to an angle of 19°
between the 23.5° S and 27.5° S, which would be the zone where the subducted plate suffers a N-S
contorsion.

To the west of the contour line, the transversal megatraces from north to south with sinistral displacement
are distinguished. These transversal megatraces affect the folded tertiary deposits and are related to the
quaternary vulcanism.

Between the 22° and 24° south latitude, the seismic activity is very limited, the vulcanism is important
and there is a noticeable evidence of modern faulting.

Between the 24° and 28° south latitude tha shallow seismicity increases, the vulcanism continues and
extensional tectonic evidences are distinguished by N-S grabens and strike faults to which the basins
created by the action of major transversal structures are related. This leads to a NW-SE extensional

component for the neogene, which corresponds with the direction of the megatraces movement.
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Shallow Seismicity and Tectonic Features in the Northwest of Argentina
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INTRODUCTION

Cotopaxi (5897m) is an active volcano covered by Jarge glaciers and localed on the eastern cordillera
of the Ecuadorian Andes and which has a base diameter of 25 Km (Hall and Mothes; 1997). Due to its
frequent eruptive activity during the last few centuries, future eruptions pose serious hazards for an
important sector of Ecuadorian territory especially for East valleys of Quito and Latacunga.

The monitoring of seismic activity of Cotopaxi is carried out by four permanent telemetered one-
component seismic stations of the Instituto Geofisico of the Escuela Politécnica Nacional (EPN) since
1989. Additional information about seismic activity related is based on an experiment made by
ORSTOM-IG EPN in 1996-1997 using 12 additional seismic stations (Métaxian et al; this volume).

Worldwide, there arc few monitored active glacier-clad volcanoes, thus only a few studies have
produced in volcanic areas. Nevertheless investigations made on Mount St. Helens and Mount Rainier
volcanoes (Washington State, USA) by Weaver and Malone (1976, 1979), serve to these authors to relate
the discrete glacier movement with of icequakes. Experiments made on Mount St. Helens were carried
out placing sensors over rock and in the icecap. They found that icequakes have similar characteristics (o
low frequency earthquakes when they are registered on rock and that most of the seismicity on Mount St.
Helens was of glacier origin. The authors pointed out the risk of confusion between icequakes and low
frequency events which have volcanic-related sources.

In this work, we analyzed the seismic activity produced by Cotopaxi glaciers and we present their

principal characteristics, which allows differentiating the icequakes from the volcanic events.
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EXPERIMENT DESCRIPTION AND DATA

The field experiment was made in July 1998 for three wecks. We installed two seismic stations
equipped with Mark Products 3-component seismometers (1.4-3D). The first one.(CORE) was located on
a rock base near the Refuge "José Ribas" at 4800 meters. The second one (COHI), was placed on the
glacier on the North side of the volcanic cone, 1100m distant from CORE. The seismometer of COHI
station was buried inside the ice with an initial depth ot 0.5 m below the surface. The seismometer was
leveled once a week in accordance to glacier movement.

These stations registered a daily average of 350 events in CORE and 850 events in COHI. In order to
process the data, we selected a packet of events respecting two conditions: to have been registered by
both seismic stations and to have a signal to noise ratio greater than 7 at CORE station and greater than 10
at COHI. Considering these parameters we obtained a total of 171 events for signal processing.

Using the data of the permanent network of the Instituto Geofisico (EPN), we verified that the seismic

activity of Cotopaxi was stable during the time frame of experiment

METODOLOGY AND RESULTS

In order to do this work, we look at the signal shape, the spectral content, the spectrogram and we
measured the difference of amplitude between events registered at both stations. The signal shape and
spectral analysis allowed us to identify tectonic earthquakes (local, regional and volcano-tectonic events)
which represent 21% of the total activity. For the remaining events we analyzed the S-P arrival times for
each station and also the arrival differences of the P waves in both sites. We also calculated the
correlation function between each of the select events. Finally, the signal was filtered and graphics of
particle motion were performed.

These analyses allow us to define two distintic types of events: 20% of total activity registered in both
sites has a symmetric shape, similar amplitudes, emergent front and frequencies below 10 Hz. These
events are similar to long-period- type events (LP) described by Chouet (1996).The 59% remaining
events (Figure 1) show the following characteristics at COHI: asymmetric shape, impulsive front, short
coda duration (~2s) and frequencies over 10Hz.In addition to this, the spectrogram shows concentrated
energy in a short period of time (Figure 2 sup). Chouet (1996) associates this kind of spectrogram with
shallow brittle failures. On the other hand, the same events registered at CORE have similar
characteristics with LP events: symmetric envelopments, slight impulsive fronts, longer coda duration
(~10's), frequencies below 10 Hz and a broad spectrogram distribution of the event (Figure 2 inf).

Moreover, these events always arrive first at COHI which suggest that the source is closer to this

station. This is confirmed by the value of ts-tp which is always smaller for the events registered at COHI
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than those registered at CORE. Also the average amplitude of events registered at COHI station is ten
times bigger than those registered at the CORE station. Finally, graphics of particle motion give a linear
polarization in East-Vertical plane. The complete results strongly suggest that these events have shallow

sources and are originated in the ice structure.

DISCUSSION ANDCONCLUSIONS

We observed two kinds of local events in Cotopaxi: 1) LP events which are related with volcanic
process and 2) events normally associate with glacier movements. The characteristics of this second
category of events coincides with the icequakes characterizied in the Cascade Volcanoes by Weaver-
Malone (1976, 1979). In both cases we have: occurrence of almost one event per minute, initial detection
and higher amplitude at the station placed on ice, shorter coda for an ice station’s signals than those
stations on bedrock and impulsive initial waves at the glacier station becomes emergent at the bed-rock
station. We also observe, like for Mount St. Helens icequakes, a strong dispersion effect, which could be
the result of an large velocity contrast across the ice-rock interface (Weaver-Malone; 1979). This
observation is an additional argument to relate Colopaxi events to a glacier origin.

The icequakes differ from LP events in all the analyzed paramelters: signal shape, spectral content,
spectrogram, wave front, duration, amplitude, S-P phases and particle motion. These differences are
observable at the ice station but not at the bedrock station. No disperssion effects are observed for LP
events. [cequakes and LP events are practically identical in the data registered on the bedrock, such was
observed by Weaver and Malone (1976) at Mount St. Helens. This suggest that it is essential to install a
seismometer on the glacier to differentiate both kinds of events.

Weaver and Malone (1979) suggest that icequakes are the result of a stick-slip type of motion taking
place at the bed of the glacier. Other authors like Neave and Savage (1970) suggest that icequakes appear
to originate fron extensional faulting near the surface of the glacier. Based on a particle motion diagram,
we believe (hal icequakes are generated by cracks in crevasses produced by gravity force that moves the
glacier downhill. Therefore, the registered seismic signal originales by elastic behavior of ice when it is
submitted to the rupture process (Paterson; 1994, Feynman; 1972, Midelton-Wilcock; 1994)

We compared our set of LP events with the classification made by the IG EPN’s data registered by the
Cotopaxi permanent network ( Convenio Inecel-EPN ; 1999). We found that 27% of the events classified
as LP events are in reality icequakes (Fig 4). This confirms the similarity of LP events and icequakes
when registered on bedrock. This could explain in part the great number of LP events registered in

Cotopaxi by Ruiz et al. (1998).
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Fig.1: event 98.196.01.06.12. Example of an icequake registered by COHI (up) and CORE (down)
stations with the corresponding spectra.
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Fig.2 sup: Spectrogram calculated
for the vertical component of an
icequake registered in ice. The
spectral density distribution is
restrained to short period of time.

Fig 2 inf: Spectrogram calculated
for the vertical component of a
LLP event registered in ice.

Fig 4: Comparison between the LP
events detected by the network of
Instituto Geofisico Escuela Politécnica
Nacional and the classification
established in our study. We found
that 27% of events classified as LP
events are in reality icequakes.
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INTRODUCTION

The Salar de Atacama is the largest recent evaporitic basin in Chile. with a surface area of 2.900 km2. It
is located in the Atacama desert approximately 160km east of the city of Antofagasta. between the

Corditlera de Domevko to the west and the Andean Altiplano to the east.

Since Neogene times the Salar. as the whole Atacama desert. has been affected by an arid climate. due 1o
the rain shadow effect caused by the Andean Range. Thus. the water inputs to the basin are mainly

restricted 1o those supplied from the Andes. either by subterranean or surficial flows.

Three zones can be distinguished on the Salar surface (Bevacqua and Chong, 1993): a saline nucleus

(with roughlv 90% of halite, where interstitial evaporite precipitation is active); a marginal zone
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surrounding the nucleus (composed mainly of sulphates. carbonates and detrital sediments); and the zone
of the Rio San Pedro deita. at the northern part of the Salar.

Selected cores from seven of the boreholes drilled for lithium-rich brine prospection have been sampled.
The central borehole (which is also the deepest one at 500 m deep) is manly composed of displacive
halite. The four boreholes selected from the southern part of the nucleus are largely made of chevron
halite facies. The two cores located in the delta zone are richer in terrigenous sediments. representing the
record of the main sediment input into the salar.

The interpretation of the hydrological evolution of the salar is a major goal for understanding the

mechanisms of distribution of K and Li-rich brines within the salar.

Methodology

In the seven cores studied the mineralogy of accessory minerals has been systeinatically determined by
XRD and from the petrographic study of thin sections. Textures and relationships between the different
mineral phases have provided information on the mincral paragencsis and the scdimentary / diagenetic

environment where the evaporite minerals precipitated.

The concentration of major solutes (CI'. SO, Na'K'. Ca™". and Mg™). in priinary brines trapped in
halite as fluid inclusions. has been measured by means of Crvo-SEM-EDS (Scanning Electron
Microscopy - Energy Dispersive Svstem) following the methodology of Avora and Fontarnau (1990) and
improved in Avora et al. (1994). Fluid inclusion analysis enables us to discover the brine composition

from which halite precipitated.

The isotopic composition (3'*0 and &'S) of accessory sulphates dispersed in halite has been determined.
The information provided by these data gives insight on the source of brines as well as on the

evaporation-concentration-precipitation mechanisms and their record through the different salar zones.

CONCLUSIONS

The evaporite deposits filling the basin are arranged cvclically. The cvcles are dm-thick and are made of
pure halite alternating with cm-thick terrigenous beds. which show lower erosional contacts. The mineral
components of these beds are mainly plagioclase. quariz. and clay minerals. though gyvpsum is also
present. In some of the studied cores. gypsum and anhydrite are found as cm-thick lavers within the halite
rock. Polvhalite is mainly present as vein infills. but also as coatings displaving botrvoidal textures

around halite crystals. Some samples show minor amounts of svlvite.
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The isotopic compositions of sulphates from the studied boreholes are arranged along a positive trend,
with the heavier 30 and 'S values mainly corresponding to polyhalite-rich layers. However, isotopic
composition values also group according to the location of the samples within distinct salar zones: lighter
values correspond to the south-western sector of the salar whilst the heavier values are those from the

north-castern areas. Two possible explanations for this distribution are:

1) Brine evolution during evaporation and fractionation during precipitation (i.¢. heavier sulphates would
precipitate in the initial stages and evolved waters migrating to the SW would then be impoverished in the

heavier isotopes).

2) Existence of two water supplics (one from the eastern Cordillera de Domeyko and another from the

Andean Ranges) feeding the nucleus. This agrees with the interpretation of Risacher and Alonso (1996).

The results obtained from fluid inclusion analysis give the composition of the svnsedimentary brines
present within the basin in the past. which are different from those of the recent interstitial brines. These
results support the second hypothesis for the origin of brines feeding the salar through time. The SW part
of the nucleus contains Ca-rich brines. while SO;-rich brines are found at the NE. This distribution also
changes with depth in the deepest central borehole. which also shows strong variations in K and Mg**

concentrations with depth.

The lateral and vertical variations of brine composition. as well as the isotopic composition of sulphates
in the salar record. suggest that the salar was fed by two main water supplies. The proportion between the
water supplies underwent significant relative changes in the past. This implies a variation in the
dominance of each of these water sources through time and space in the different salar zones. Although.
the central part of the nucleus was always submitted to both water inputs. one having higher

concentrations of K™ and Mg~ than the other.
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INTRODUCTION
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Summary of paleomagnetic
rotations in the Central Andes. The box
indicates our study area to the west of the
Salar de Atacama.

Figure 1:

Several paleomagnetic studies demonstrates that
the occurrence of tectonic rotations is one of the
major characteristic of the structural evolution of
the Central Andes (Figure 1). These rotations are
clockwise along the Chilean margin while
counterclockwise rotations are found north of
Arica.

The origin of these rotations is however still a
matter of debate. In most of the published
studies, the lack of a structural control and
geographically restricted paleomagnetic sampling
(few sites) impede a clear understanding of the
age of the rotation und the size of the rotating
blocks. Up to now, rotations within the Chilean
forearc have been attributed either to early
Cretaceous deformation along the Alacama Fault
System (Forsythe and Chilsholm, 1994; Randall
et al. 1996), oroclinal bending of the whole
Andes or in situ block 1otations in response to

oblique convergence (Beck et al., 1986).
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Preliminary results from the Northern Salar de Atacama (Hartley et al. 1992) indicate the presence of
rotations, possibly associated to relative motions between thrust sheets. In this study, we report detailed
results from 38 sites collected along the western border of the Salar de Atacama (El Bordo Escarpment,
Figure 2). This area corresponds to a segment of the Cordillera de Domeyko where in situ clockwise block
rotations have been suggested to interpret the complex structural pattern (Mpodozis et al., 1993).
Although compressive deformation seems to play a role in shaping the oriental border of the Cordillera &
Domeyko, multiple episodes of Tertiary strike-slip displacements, either in dextral or sinistral sense have
been reported (Reutter et al., 1991; Tomlinson and Blanco, 1997).
GEOLOGY OF THE STUDY AREA

Thick continental red beds, conglomerates and intercalated volcanic rocks constitute most of the
rocks outcropping along the El Bordo ("Purilactis Group”, Ramirez and Gardeweg 1982; Hartley et al.,
1992; Charrier and Reutter 1994, Figure 2) with ages ranging from Cretaceous at the bottom to Oligocene
at the top. (See Mpodozis et al., this volume, for a new revision of the stratigraphy of the area).
MAGNETIC PROPERTIES

Relatively fine-grained sediments belonging to the base of the Purilactis Group, especially
favourable to paleomagnetic studies, have lower magnetic susceptibility than intermediate and upper levels
consisting of volcanodetrital material. Thirty-eight sites, with a total of 420 samples were drilled in the
sedimentary sequences, interbedded volcanic rocks and associated intrusions (Fig. 2). Detailed progressive

thermal demagnetization provided well-defined characteristic magnetizations for most sites.
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Figure 3: Equal -are projection of mean site paleomagnetic directions from the lower units of the
Purilactis group.

In in situ coordinates, characteristic magnetizations are dispersed and away from the present day
field direction, a feature that demonstrates that secondary overprint was well removed during
demagnetization. (Fig. 3 a). All sites corresponding to the lower Purilactis Group, have normal polarity

(Fig. 3 b). The fact that only the normal magnetic polarity is suggests deposition during the long normal
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Cretaceous Chron (119-84 Ma). On the other hand, normal and reverse polarities are observed in the
overlying volcanic rocks and cross cutting dikes. K-Ar ages (Mpodozis et al. this volume; Arriagada [in
preparation]) indicate an emplacement for these volcanic rocks at the Cretaceous-Tertiary boundary (67-64
Ma).
The observed inclinations are in good agreement with the expected for stable South America during the
Cretaceous. However, the magnetic declinations are very different from the expected directions,
demonstrating the importance of clockwise rotations as a mechanism of the deformation. Upon grouping
the samples according to their geographical location, distinct clusters are observed showing a well-defined
gradient in the magnitude of the rotation increasing from north to south (Fig. 2). The largest rotation
(~70°) is found South of Cerro Quimal, while to the north, the Barros Arana Syncline does not show
evidence of rotations. The large rotation reported by Hartley et al. (1992) at one locality corresponds to a
disrupted small block on the northern edge of the syncline. Dikes with ages of ~66 Ma, that intrude
sediments from the lower Purilactis Group record the same amount of rotation, indicating that tectonic
rotations are younger than Paleocene. Further work is needed to constrain the upper limit for the age of
the rotation. However, rotations are likely related to a significant deformation phase that affected the
Cordillera de Domeyko during the Eocene (Mpodozis et al., 1993).
CONCLUSIONS

The lack of the reverse polarity in the basal members of the Purilactis Group, suggests
deposition during the long normal polarity period of the Cretaceous (119-84 Ma). Large clockwise
rotations found in this study tend to support the tectonic model previously proposed by Mpodozis et al.
(1993) for the Cordillera de Domeyko. However, paleomagnetic data are yet limited to the eastern border
of this segment of the range where variations in the amount of shortening may enhance local tectonic
rotations. Differences in the magnitude of Eocene (Oligocene?) rotations are strongly controlled by major
heterogeneities of the Paleozoic basement and the presence of the partially inverted Purilactis basin.
However, the reason why the sense of the rotations is systematically clockwise in most areas of the
northern Chilean Andes is still poorly understood.
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INTRODUCTION

Granite bathotith emplacement in the upper crust is the final stage in a large scale exchange of
energy and mass which started with generation and segregation of melt, then magma ascent and finally
intrusion of magma to form the batholith pluton assemblage. In spite of much discussion there is still no
consensus on how space is made for magmas in continental crust. A major problem involves the three
dimensional shape/geometry and in particular evidence of the floors of plutons which are curiously rarely
observed. Furthermore prejudices are common with regard to where melt originates and how it ascends to

the high levels at which batholiths are commonly emplaced.

Here the shape of the Coastal Batholith in Peru determined from gravity modelling is described, together
with some evidence for the form of the magma conduits. This is integrated with field, geophysical and
geochemical modelling to help constrain possible emplacement mechanisms and limits to the energy/mass

exchange.
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THE SHAPE OF THE COASTAL BATHOLITH

The Coastal Batholith is the major plutonic phase of Mesozoic magmatism in Peru. This lineament-
constrained multiple Batholith extends over 1600km parallel to the coast, with up to 1000 plutons
cropping out mainly within the composite Huarmey/Cafiete marginal basin (Atherton et al. 1983). Its
extension to the north and south is markedly attenuated so that over 70% of the Batholith lies within the
exposed Albian basinal rocks. The basin formed on major splitting/rifting of continental crust which
typically produced an anomalous high heatflow shown by metamorphic thermal gradients in excess of
300°Ckm™ (Atherton, 1990). The thermal structure within the rift induced shallow melting (5-10km) of
the ‘new crust’” basic rocks at the bottom of the basin to form the magmas of the Coastal Batholith
immediately after basin inversion. Atherton (1990) thought that the rapidly produced large amounts of
magma was quickly intruded up axial fractures (parallel to the plutonic lineament) then horizontally to

form thin tabular intrusions near the surface.

Recent gravity modelling of the Batholith and its envelope along three orthogonal traverses approximately
100km apart, north of Lima,. confirms the geometry of the above model and shows the Batholith has a thin

tabular shape, with the following characteristics:
o geometry 1s essentially flat slab;

e the three traverses show a width:thickness ratio across the whole Batholith (to sea level datum) in

kilometres: 35:2, 60:3, 28:1.3 i.e. aspect ratios ot 17.5, 20 and 21.5;

¢ individual superunits which may be considered to be individual/separate plutons have aspect ratios
near 5, e.g. 3-7km thick, [8-25km wide. These values are similar to plutons from the European

Hercynian, Maine. New Hampshire and Lake District. England; (see also McCaffrey & Petford, 1997)
e siabs anchored along the western margin by relatively deep roor of granitic matenial;
o thick roots to the west are all 10km to the base, and are 6, 4 and 10km respectively at that base;

¢ western edge of the Batholith (-ve anomaly) is marked by the Santa Rosa tonalite which crops out in

all three profiles (2.66 gecm™);

¢ in the Pativilca-Conococha profile there is no granitic material below the datum line in the central part

of the Batholith;

e on acrustal scale the Batholith forms a thin veneer on the top of the continental crust.
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IMPLICATIONS

An important teature of the modelling s the existence of a thick “granitic” root to the west which extends
to depths of more than 10km. This could well be a multiple dyke system which may have been the main
conduit for magmas making up the western part of the Batholith. Thus the Santa Rosa superunit which is
exposed over 250km along the lincament, forming 50% of the western outcrop of the Batholith (Atherton,
1983) could well have been fed by this system. The width of this root varies from 4 to 10km and may be
compared to the dyke array feeding the Gangotri plutons in the Himalayas. 1.e. 100 dykes of 10 to 20m
width or 1000 to 2000m of dykes feeding a kilometric sized pluton (Scaillet et al. 1995) and the tabular
root zone of the Bergell pluton. a Tkm thick deformed dyke system feeding the |1km wide pluton. An
important implication of the geometry seen in the Coastal Batholith model is that the bulk flow at the level
of emplacement is horizontal ct. Cruden (1998). The root system of the Coastal Batholith intersected the
melt zone. determined from the thermal structure in the basin (Atherton, 1990). This conduit transferred

large amounts of granitic material from the source at about 10km to about 2km from the surface.

Tobisch et al (1995) estimate more than 4.5 x 10° km" of granitic material in the Central Sierra
Nevada in a similar setting to Peru. was intruded in less than 30Ma. Myers (1975) considering the effect
of intrusion of such large amounts of magma thought “the lack of distortion of the envelope particulariy
the lack of vertical compression of the roof rocks” was important in analysis of the space problem and
consequently dilation and roof lifting were not important mechanisms. Most space in the Coastal Batholith

was created by dowmwvard displacement of material (Myers. 1975).

Clearly the extraction of the huge amounts of magma from the shallow source beneath the site of
the proto Batholith would induce tloor depression. Field evidence suggests floor depression by cantilever
and piston mechanisms (Cruden, 1998) are both important and can account for the geometry of the
Batholith plutons (Myers, 1975). Together with the modelling of the source and melting conditions it
forms a coherent dynamic model of Batholith formation. In Peru the shallow melting constrains the
exchange process. that 1s magma up and floor rock down, to upper crustal domains. It 1s inherently more

likely than the crustal scale exchange (over 50km) envisaged by Paterson & Miller (1998) and others.
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INTRODUCTION:

The Mérida Andes (MA) seem to be the northeastward topographic prolongation of the Eastern Cordillera
of the Colombian Andes, but they do not keep any genetical relationship between them (Fig. 1), since the
NE-SW trending Venezuelan Andes are not related to direct interactions between South American (SA)
craton and either arc terrains or oceanic domains, as the rest of the SA Andes do. The chain growth results
from Pliocene-Quaternary transpression due to oblique convergence between two independent continental
lithospheric blocks. This tectonic setting is responsible for ongoing strain partitioning along MA where
foothills are been shortened transversely whereas (he Boconé fault —roughly located in the core and along
the MA axis- accommodates dextral slip. This Plio-Quaternary compression has inverted Jurassic
grabens, exposing Precambrian and Paleozoic rocks of the SA continental crust.

Several models have been proposed to explain the major structure of the MA. First, an essentially
symmetric chain to a major axial strike slip fault. with both sides bounded by reverse faults, responsible
for chain vertical growth, was suggested by Gonzdlez de Juana (1952) and Rod (1956). Consequently, the
MA resembled a huge positive flower structure; a model that was also shared by Dallmus (1957; in Rod
et al., 1958), at least for the upper crustal level. This idea soon became obsolete since models quickly

started to consider the fact that MA are actually assymmetric, as proved by the gravimetric survey carried
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out by Hospers & Van Wijnen (1959). This assymetry was first proposed by Bucher (1952). In the last 20
years, the majority of models have taken into account such fact, where other new modern concepts have
been applied or introduced, such as: continental (type A) suduction with either NW polarity (Audemard,
1991, where major structuraction of the MA results of a NW-vergent crustal-scale wedging —Fig. 2-;
“orogenic float” model by Jacome et al., 1995 —Fig.3-) or SE polarity (Kellogg & Bonini, 1982; De Toni
& Kellogg, 1993 -Fig. 4-; Sanchez et al., 1994 -Fig. 5-; Coletta et al., 1996 -Fig.6-), crustal
delamination, flexural basins, blind thrusting, intracutaneous wedging and triangular zones (Figs. 7 & 8);
but without actually bringing new conclusive regional geological and geophysical data to support such
crustal models. Definitely, improvement of geophysical data acquisition has led to a better understanding
of the very few first kilometer-thick subsurface structure of both foothills, attesting the NW vergence of
the MA, where a rather deep conventional foreland (flexural) basin develops on the north (the Maracaibo
basin; Fig. 7). On the contrary, its southeastern counterpart is almost absent, although SE-thrusting has
been identified (no general agreement exists on the thrust vergence along these southern foothills,
probably due to masking introduced by triangular zones and intracutaneous wedges) which even deform
the Plio-Quaternary molasses (Audemard, 1991; Funvisis, 1997; Audemard, 1999. Fig. 8). Nevertheless,
some of these NW-dipping thrust faults seem to cut through the basement, acting as either crustal-scale
(Fig. 5 & 6) or conjugated minor backthrusts of the type-A subduction (Fig. 3).

The conceptual application of such assymetric crustal models, relying on a type-A subduction anyhow,
uneases comprehension of how present strain partitioning is taking place —originally proposed by Rod
(1960) and solidly supported by numerous recent neotectonic studies-, unless the Maracaibo blocks is
conceived as being totally delaminated and extruded northward between two opposite-dipping
subductions (ENE-dipping type-B Pacific subduction and NW-dipping type-A (intercratonic) one; as
proposed by Audemard, 1991). Besides, it is hard to conceive the Boconé fault as a plate boundary in
these models, where the whole northwestern corner of South America is actually part of it.

In conclusion, only structural interpretations at upper levels on both foothills of MA are reliable, but its
deep-crustal structuration is still unsolved, and the answer to model ambiguities actually relies on a

pioneer acquisition of deep seismic data.
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Figs. 1 to 8: (1)- Schematic tectonic location map of MA (after De Toni & Kellogg, 1993): section
location is about valid for all models shown here. (2)- NW-vergent wedging model for MA, related to a
NW-polarity type-A subduction (after Audemard, 1997). (3)- “Orogenic floating” model after Jicome et
al. (1995). (4)- SE-dipping type-A subduction model after De Toni & Kellogg (1993). (5)- SE-dipping
type-A subduction model after Sdnchez et al. (1994), where MA are structured as a crustal-scale positive
flower structure. (6)- SE-polarity continental subduction with well-developed backthrusting (after Colletta
et al., 1996). (7 and 8)- Structures within K-Q sedimentary sequence at the northern (after De Toni &
Kellogg, 1993) and southern (after Funvisis, 1997 and Audemard, 1999) foothills respectively.
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Figure 1: A: Major tectonic provinces (dark gray) of Colombia and western Venezuela (modified from
Cooper et al, 1995). WC: Western Cordillera; CC: Central Cordillera; CO: Cordillera Oriental; MA:
Merida Anes; GS: Guiana Shield. Present-day sedimentary basins shown in light gray. LB: Llanos basin;
PB: Putumayo Basin. Two main suture zones are represented: The Dolores-Guayaquil Megashear (DGM,
or Romeral fault) and the Borde Llanero Suture (BLS). Inset is Fig. IB. B: Structural map of the
Colombian Cordillera Oriental. Inset is the Chivor-Guavio area and line is the Las Juntas-Llanos
cross-section.
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INTRODUCTION

The Oriente Basin of Ecuador (Dashwood and Abbotts, 1990) forms a Sub-Andean foothills and foreland
basin comprised between the Putumayo Basin of Colombia and the Marafion Basin of Peru. Petroleum
activities of the last [0 years provided new data which permit to clarify its structural features (Figs. I et 2)
and tectonic evolution (Fig. 3). Stratigraphically, the Oriente Basin preserves a Phanerozoic sedimentary
column ranging in age from Paleozoic to Recent (Tschopp, 1953; Canfield et al., 1982; Dashwood and
Abbotts, 1990; Jaillard, 1997) which outcrops in the foothills (Napo and Cutucid uplifts). This
sedimentary column can be subdivided into three mega-sequences: a pre-Cretaceous series, which is
unconformably covered by a continental to shallow marine Cretaceous sedimentary preorogenic cycle and
a Cenozoic continental foreland filling. In this paper, we resume the results of the IRD (Institut Frangais
de Recherche pour le Développement) - PETROPRODUCCION tectonic teamwork. A revision and a
new presentation of the sedimentary column involved in the deformation is proposed. A geomeltric and
kinematic analysis and a new structural feature of the Oriente Basin are presented. On the base of the
analysis of the tectonics-erosion-sedimentation relationships, principal tectonic events of the Oriente

Basin development are defined. Geodynamic and Petroleum implications are then discussed.
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STRUCTURAL STYLE

The Oriente Basin is deformed by major compressive NNE-SSW wrench fault zones (Figs. 1 and 2),
which correspond to inverted Mesozoic rift systems. Main structures correspond to positive flower
structures developed along three NNE-SSW right-lateral convergent wrench-fault zones. (1) In the
western part, the Subandean System (Napo Uplift and Cutucu Uplift) is still seismically and volcanically
active. (2) In the centre of the basin, the Shushufindi-Sacha Corridor results from the inversion of a NNE-
SSW trend of Upper Triassic to Lower Jurassic half-grabens which emerges actually in the Cutucd Uplift.
(3) To the east, the Capirén-Tiputini play is an inverted system of half-grabens (Fig. 2) probably Permo-
Triassic in age. In the Sacha-Shushufindi Corridor as in the Capirén-Tiputini Inverted System, half-
grabens were eroded and sealed by Middle Jurassic to Basal Cretaceous volcano-clastic sediments
(Chapiza-Yaupi Fm.), or by the Aptian-Lower Albian Hollin Formation. Locally, the Yaupi Fm. is

affected by normal faults.
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TIMING OF CRETACEOUS AND CENOZOIC COMPRESSIVE DEFORMATIONS

Reflection seismic data show syn-tectonic sedimentation which recorded 3 stages of transpression:
Turonian-Maastrichtian; Early Eocene; Pliocene-Quaternary. The Sacha-Shushufindi Corridor formed in
large part between the Turonian and the Maastrichtian, while the Capirén-Tiputini Inverted System is
principally Eocene in age. The Subandean uplift developed during the Pliocene and Quaternary, but
includes some Maastrichtian structures as the Bermejo field.

The Turonian-Maastrichtian tectonic crisis is contemporaneous with an “intra-continental hot-spot” under
the Oriente Basin, as show the extrusive magmatic bodies associated to the right-lateral wrench-fault zone
of the Sacha-Shushufindi Corridor (Barragan et al., 1999). The maturity of Cretaceous source rocks in

this zone is due to this thermal anomaly.

DISCUSION AND CONCLUSION

The Figure 3 resumes the tectonic and sedimentologic evolution of the Oriente Basin. Initialisation of the
foreland basin starts during the Turonian-Maastrichtian tectonic crisis, and its Cenozoic evolution is

controlled by interference of tectonic and eustatic events (Jaillard, 1997; Christophoul, 1999).

The more productive oil fields of the Oriente Basin correspond to Late Cretaceous and Eocene structural
traps. Oil was accumulated in Aptian to Maastrichtian sandstones. Cretaceous source rocks maturity is
due to subsidence of the Cenozoic foreland basin and the continental “intra-continental hot-spot”
contemporaneous with the Turonian-Maastrichtian tectonic crisis. The Napo Uplift is probably the
remnant part of a largest petroleum system which developed towards the west. Two peaks of oil
generation and expulsion are evidenced. The first one occurred in the Lower and Middle Eocene, in a
foreland basin which extended to the west of the present basin limits. Upper Eocene to Oligocene times
correspond to a period of erosion and poor subsidence, where oil expulsion stopped. During the Neogene,
the second peak of oil expulsion occurred with the return of the foreland basin subsidence, and the

western part of the petroleum system was progressively deformed and destroyed by the Andes uplift.
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INTRODUCTION

Intermediate-composition continental arc magmas which have evolved in open systems (magma
mixing, assimilation) are more common than those which have evolved via closed-system fractional
crystallisation. As open-system magmas may reflect multiple processes, involvement of more than two
components, and multiple (i.e., polybaric) stages of evolution, unravelling the origin and evolution of a
particular magma is difficult. Nonetheless, quantification of the factors that govern differentiation trends in
arc volcanoes is crucial to assessments of elemental fluxes through subduction zones. Construction of models
of growth of arc crust and the “open source” processes that operate in the sub-arc mantle requires
jdentification of magmatic samples that record multiple mantle and/or crustal contributions. The question of
open-system versus closed-system behavior with respect to Andean magmatic differentiation trends remains
in the forefront of studies of the SVZ. Geochemical traverses along and across the ar , combined with studies

of individual centers, provide a basis for discussion.

TATARA-SAN PEDRO VOLCANIC COMPLEX

Studies of the well characterized and long-lived Tatara-San Pedro complex (TSPC; Singer ef al,,
1997) have the potential for contributing to the resolution of these issues (Dungan, 1999) under conditions
where factors such as crustal thickness, age, and lithologic character are not variables, except insofar as
modifications may have been induced by Quaternary magmatism. The TSPC comprises eight unconformity-
bound volcanic sequences (~55 km’ preserved) which range in age from ~930 Ka to late Holocene, and which
are short in duration compared to lacunae, probably reflecting a combination of episodic volcanism and
glacial erosion. Older sequences have been substantially reduced in volume by erosion. Many sequences are
dominated by basaltic andesitic lavas (~52.5-59 wt. % SiQ,), although one is entirely basaltic and others
contain important volumes of silicic lavas (footnotes Table 1). None records a long-term progressive

evolution trend. A range of differentiation trends from mildly tholeiitic to strongly calc-alkaline is present.
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Comingled magmas comprising quenched mafic inclusions in silicic lavas were described previously
(Singer et al, 1995; Feeley and Dungan, 1996, Feeley et al., 1997). This contribution focuses on the major
and trace element chemistry of macroscopically homogeneous intermediate composition lavas with
~55.8+0.8 wt. % SiO, (Table 1), but otherwise different chemistry (e.g., 5.4-2.3 wt. % MgO), that span most
of the history of the TSPC, and which record a range of differentiation mechanisms from dominantly crystal
fractionation to basalt-dacite mixing. Mineral chemistry data that will facilitate discussion of processes
involved in the generation of these magmas will be presented in Gottingen. The selected lavas (Table |, #1-
#11, stratigraphic order) are representative of two end member types and an intermediate group (references
1o compositional parameters imply “with respect to TSPC lavas with 55-57 wt. % SiO,"). A distinctive lava
of the Mufloz sequence (#1) is an extreme composition by virtue of unusually low TiO,, P,Os, and Fe,O, in
combination with high MgO and Cr, leading to high K/P, K/Ti, and Mg#. This magma cannot be derived
from basalt by crystal fractionation, but may be the product of mixing (~4:1) of basaltic and dacitic magmas.
Two lavas with equilibrated phenocryst assemblages and very low abundances of ferromagnesian minerals
(#9-#10) have low MgO, V, and Mg#, very low Ni and Cr, and low K,O, Rb, and Th (low K/Ti, K/P, Rb/Y
and Rb/Zr; high Na,0/K,0, Ba/Rb, K/Rb, and Ba/V). These lavas evolved primarily by fractional
crystallization from basaltic parent magmas. The remaining lavas are characterized by chemical signatures
intermediate between these extremes, disequilibrium textures, and proportions of ferromagnesian phases that

suggest the importance of immediately pre-eruptive basalt-andesite magma mixing.

Magma mixing, however, is not equivalent to crustal assimilation, as hybrid andesitic magmas may
be generated by back-mixing of silicic liquids generated by closed-system fractionation with mafic magmas.
The latter description applies to some evolved magmas at Volcan Puyehue (Gerlach et al,, 1988), wherein
mildly contaminated basaltic mamas evolved at low pressure to generate tholeiitic (high FeO*/MgO, low Sr
and Sr/Sc; see also Dungan, 1999), fractionation-dominated evolution trends, accompanied by occasional
back-mixing. Proof that little assimilation of evolved crust accompanied fractionation-dominated
basalt-rhyolite evolution at Puyehue comes from the near constancy of many incompatible trace element
ratios (Fig. 1). By contrast, ratios readily modified by assimilation of silicic crustal components display
variable but commonly large departures from basaltic values at the TSPC. Whereas Y-HREE enrichments
at Puyehue reflect incompatible behavior during fractional crystallization, the TSPC trends range from weak
enrichments to suppression of these elements due to variable incorporation of diverse crustal components
carrying the signature of residual garnet. Isotopic variations support derivation of some silicic magmas by
melting of the crust, as well as variable additions of crustal components to mafic and evolved magmas. In
summary, a range of mainly open-system differentiation trends is recorded by evolved magmas at the TSPC.
Variable degrees of crustal involvement are indicated, with perhaps a general decrease in assimilation with
time as the crustal column below the volcano was modified by Quaternary magmatism. TSPC magmas record
a spectrum of differentiation trends that primarily reflect a range of processes, although there is substantial
parent magma variability as well. The large diversity observed at this single long-lived center suggests a need

for caution in the interpretation of regional variations defined by reconnaissance sampling.
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Table 1: Major and trace element analyses (XRF-INAA) of select andesitic lavas of the Tatara-San Pedro complex

# 1 2 3 4 5 6 7 8 9 10 11
Sequence Mufloz QTS L-EMS L-EMS U-EMS U-EMS L-TAT L-TAT L-TAT L-TAT U-TAT
Age (ka) ~-900 ~775 ~610 ~610 ~590 ~590 ~120 ~120 -120 ~120 ~110
Section QTW10 QTW11 QTw12 EML EML QCNE ESPE1 ESPW3 QWT12 EMU3 UEP7
Sample 1 5 12 5 15 2 5 20 34 13 2
Sio, 55.40 55.66 54.98 55.32 5560  56.03 56.66 55.42 56.54 56.67 55.65
TiO, 0.58 1.06 0.76 1.01 0.93 0.95 1.07 1.21 1.05 1.24 0.97
AlLO, 17.81 17.48 18.16 17.24 17.47 16.58 17.41 17.78 19.50 18.60 17.80
Fe, 0, 6.75 8.20 7.55 8.31 7.97 7.75 7.9 8.54 6.76 7.49 7.95
MnO 0.13 0.14 0.14 0.15 0.12 0.13 0.13 0.14 0.13 0.16 0.13
MgO 5.35 4.22 5.07 4.38 529 5.08 4.00 3.96 2.30 2.56 4.50
Ca0 8.77 7.17 8.54 7.13 7.30 7.35 6.61 7.09 7.1 6.72 71
Na,0 2.95 3.87 3.60 383 3.73 373 4.10 4.07 4.85 4.98 407
KO 1.50 1.75 1.34 1.75 1.57 1.91 1.78 1.54 1.37 1.33 1.61
P,0O; 0.11 0.26 0.13 0.27 0.27 0.27 0.29 0.42 0.33 0.39 0.25
Total 99.34 99.81 100.25 99.46 100.25 99.78 99.95 100.17 99.93 100.14 100.20
Mg# 61.1 50.5 571 511 56.8 56.5 50.1 479 40.2 40.4 52.9
Na,0/K,0 1.96 2.21 2.69 219 2.37 1.95 2.30 264 3.56 3.74 253
K/Ti 3.6 23 2.4 2.2 24 2.8 23 1.8 1.8 1.5 23
K/P 26.0 12.8 19.5 12.3 1.1 13.5 1.7 7.0 7.9 6.5 12.2
Nb 27 4.4 3.0 5.1 6.8 6.4 53 8.9 6.7 6.0 55
Zr 126 170 88 150 169 203 168 200 167 162 154
Sr 524 508 568 507 566 531 522 611 619 614 536
Rb 427 50.6 323 51.6 50.6 58.1 48.9 38.1 28.9 26.9 456
Ba 339 406 313 418 433 400 421 455 396 394 412
Y 141 21.2 16.6 227 15.2 21.4 18.1 231 25.9 27.0 18.7
Ni 32 34 32 37 66 43 35 33 7 12 36
Cr 108 29 67 32 124 137 64 12 3 0 48
A 136 162 205 161 157 159 158 161 112 105 156
Ce 26.3 39.4 20 427 48.5 47.6 43.0 58.3 42.8 441 38.6
Th 511 6.45 4 6.32 6.07 7.30 5.76 4.03 2.79 2.65 4.94
Sy 37.2 24.0 34.2 22.4 37.2 248 28.8 26.5 23.9 22.8 287
Ba/Sr 0.65 0.80 0.55 0.82 0.76 0.75 0.81 0.74 0.64 0.64 0.77
Ba/Rb 8.0 8.0 9.7 8.1 8.6 6.9 8.6 11.9 13.7 146 9.0
Ba/nN 25 25 1.5 2.6 2.8 25 2.7 2.8 3.5 3.8 26
Ba/’y 241 19.2 18.9 18.4 28.5 18.7 233 19.7 15.3 14.6 221
Sr/Rb 123 10.0 17.6 9.8 11.2 9.1 10.7 16.0 214 22.8 1.7
K/Rb 292 287 343 282 258 273 303 335 392 410 293
Nb/Y 0.19 0.21 0.18 0.22 0.45 0.30 0.29 0.39 0.26 0.22 0.29
Rb/Y 3.03 2.39 1.85 227 332 272 270 1.65 1.12 1.00 2.45
Y 9.0 8.0 53 6.6 11 9.5 9.3 8.7 6.4 6.0 8.3
Rb/Zr 0.34 0.30 0.37 0.34 0.30 0.29 0.29 0.19 017 0.17 0.30

Sequences (modified from Singer et al., 1997) Murioz (~52-76 % SiO,): dominated by early Muftoz dacite
and late Los Lunes rhyolite. Mafic to intermediate Sin Nombre lavas (~52.5-56.5 %Si0,) are intermediate
in age. Quebrada Turbia (~52.5-59 % Si0,): dominated by an upper unit (~55-56 % Si0,). Lower Estero
Molino (~52.5-65.5 % Si0,): dominated by mafic andesitic lavas (~54-59 % SiO,). Upper Estero Molino
(~51.5-56.5 % SiO,): dominated by evolved basaltic andesitic lavas (~53-54.5 % SiO,). L-EMS and U-EMS
are represented by two lavas each, representing four magmatic suites (Middle EMS is not represented: ~49-54
% Si0,). Lower Tatara (~51.5-68.5 % Si0O,): a bi-modal construct dominated by early, mafic to intermediate
lavas (~51.5-59 % SiO,) and late Tatara dacite. Four lavas from four magmatic suites were selected. Upper
Tatara (~52-56.5 % SiO,): entirely mafic to intermediate. L-TAT and U-TAT are separated by an erosional
surface, but are unresolvable in age. New ages for EMS and TAT are based on unpublished *°Ar/*°Ar dates.
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Drake, F. Costa, J. Lobato, and S. Nelson. Funding has been provided by the US NSF and the Swiss FNSRS.



76 Fourth ISAG. Goettingen (Germany), 04 ~ 06/10/1999

70
A | B
85 - Mg# Rb ppm
60
55 MIXING
501
45
40
35
30 _
27 '\:" i A .
%48 50 52 54 56 58 60 62 64 66 68 70 72 74 76’0 50 100 150 200 250 300 350 400 450 500 550
SiO, wt. % Cr ppm
1000 64 5
(0 60 < ' Rh
" Riy Ba/v Rhy sl Y ppm
T 82 L
100 | 18
44
. 40
10 o . - 3
= ; o 32
B e
== 4
& 20
Basalt 16| TR £ Rhy
Puyehue W TSPC A Selected lavas, Table 1 | 1| 4% = :
OL 8 A .
0o 1+ 2 3 4 5 6 7 8 9 10 11 12 130 1 2 3 4 5 6 7 8 9 10 1 12 13
Rb/Y Rb/Y

Figure 1: Some major and trace element variation diagrams illustrating evidence for a diversity of magma
evolution paths at the TSPC, ranging from fractionation-dominated paths (“FC” in Fig. 1 A, and similar to FC-
dominated evolution paths defined by nearly constant Rb/Y in Puyehue trends), to those that approach basalt-
dacite or basalt-rhyolite mixing (Table I, #1). Note the distinctions between Puyehue and TSPC rhyolitic
magmas for Rb/Y (high Rb/Y taken as evidence of large crustal inputs in silicic magmas).
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A CRETACEOUS HOT SPOT IN THE ECUADORIAN ORIENTE BASIN:
GEOCHEMICAL, GEOCHRONOLOGICAL, AND TECTONIC INDICATORS
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INTRODUCTION

A paleo intra-continental plume has been identified along the Ecuadorian “Oriente” Basin (Fig. 1) in the
Cretaceous sediments of the Napo and Hollin Formations. Analysis of well log data, seismic sections, core and
outcrop descriptions reveal two major facies of magmatism: i) Extrusive facies, mostly characterized by
basaltic volcanoclastic deposits (altered tuffs and palagonitized hyaloclatites), reflecting shallow marine
environment of emplacement and characteristic Surtseyan eruptive style, producing typically ring and tuff
cones as is reflected in several seismic lines (Fig. 2). 11) Intrusive facies, characterized by major gabbroic sill
complexes and diabasic dikes emplaced anywhere within the Cretaceous sedimentary series. Petrographic
features suggest an alkaline type composition, fine-coarse grained phaneritic texture, and an intergrown

phenocryst assemblage enriched in labradorite + olivine + clinopyroxene.

GEOCHEMISTRY AND GEOCHRONOLOGY

The geochemistry of representative Cretaceous igneous samples from difterent locations along the basin shows
a restricted range of compositional variation). They lie within the alkaline basaltic field, show high contents in
TiO2 (2 3 wt%), K20 (1-2 wt%), P205 (>0.6 wt %) (Fig. 3) and incompatible elements similar to the HPT
series (high Ti and P) observed in several basaltic flood provinces (FBP) such as the northern portion of the
Parand-Etendenka and Karoo basalt provinces (Cox, 1988, Hawkesworth et al., 1988). Comparing the
compositional range observed for other basalt tectonic settings, such as mid-ocean ridge basalts (MORB),

intra-plate volcanism (OIB), and subduction-related basalts (Table 1; modified form Shinjo, 1998), the
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Oriente Basin Basaltic magmas (OBB) are enriched in the whole spectrum of incompatible elements relative
to normal MORB and subducted-related back arc basalts. On the other hand, they arc characterized by
LIL/HFS element ratios (i. ., K/Zr = 36-68. Rb/Zr = 0.06-0.15, Bo/Zr =1.8-2.8, Zr/Y = 7.8-9.5, Ba/Nb = 6.3-
8.6, Ba/Ce = 4.9-7.9, La/Nb = 0.6, and Zr/Nb = 3) and general trace clement patterns (Fig. 4) simifar to those
compositional signatures observed in oceanic intraplate lavas (O1B). The Triangular Tb-Th-Ta discrimination
diagram (after Cabanis and Thiéblemont, 1988) confirms the above conclusions and suggests that the OBB
samples are associated with alkaline basaltic magmas of anorogenic series erupted within continental-plate
(Fig 5).

Radiometric ages from several well locations (°Ar/” K and “Ar/Ar data) and the distribution of igneous
bodies suggest an Albian to Campanian age for the magmatism in the Ecuadorian Oriente Basin (OBB).
Stratigraphic correlation supports the absolute age dating. The oldest evidences of igneous activity are
contemporary to the Upper Hollin Formation (Albian) and identified along the north-central part of the

Basin (10645 My) (Fig. |). Younger evidence of igneous activity are found contemporary to Lower Napo and
Napo T in the Central part of the basin (92+3.9 Ma), and synsedimentary to the Campanian lower M1 Unit
(Upper Napo Fm) in the west south-central part of the Oriente Basin (8432 My; and 82+0.5 My). No evidence

of basaltic volcanism has been found in younger sediments.
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TECTONIC CONTROL

It is also evident from retlection seismic data that the locations of major eruptive sites, are controlled by pre-
existing basement structures in the Ecuadorian Oriente Basin reactived during the Cretaceous (Fig. 2). These
represent major wrench-fault systems originated within Triassic and Jurassic .basins that then acted as deep
lithospheric shear zones and magma pathways to the surface during Cretaceous times. This is reflected in the
regional geographic distribution of the Cretaceous magmatic bodies in the Ecuadorian Oriente Basin (Fig. 3).
Either extrusive or intrusive facies, the igneous rock bodies are aligned in a very specific NNE-SSW trend
vector along right-lateral convergent wrench-fault zones (Fig. 1), mainly in the center of the basin, where the
Shushufindi-Sacha wrench-fault-zone results from the inversion of a NNE-SSW trend of Upper Triassic to
Lower Jurassic half-grabens, in a transpressive stage during Coniacian-Maastrichtian times (Baby et al;

1999).
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CONCLUSIONS

All the intrusive and extrusive facies recognized within the Cretaceous sedimentary series of the Ecuadorian
Oriente Basin show similar geological and geochemical features, even though they were developed at different
ages and at different geographic locations. Also, they are related to the main pre-Cretaceous extensional
features, so their emplacements are associated to the regional field stresses that reactivate regional structures
during Cretaceous times.

Geochemical signatures suggest that the different igneous facies recognized at the Oriente basin are

genetically associated with magmas originated in an ancient “intra-continental plate hot spot” paleotectonic
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setting. Geographic and chronological controls in the distribution of all the magmatic bodies in the Oriente
Basin are evident. They are aligned in a very specific NNE-SSW trend direction, with the oldest facies placed
since Lower Albian (=105-110 My) and developed to the NNE and the youngest, Campanian (=85 My) to the
SSW. This observations suggest that magmatism has migrated to the SSW, and strongly support confirm the

presence of an “intra-continental hot-spot” under the Oriente Basin.
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TABLE 1 Selected incompatible ratios for the Cretaceous Oriente Basin 1gneous Rocks and

various tectonic settings. IAT = Island-arc tholeiitic; HAB = high-alumina basalt; CA =

calc-alkaline basalt; OIB = ocean island basalt. Data source: (Sun, 1980; in Shinjo, 1998).
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INTRODUCTION

The most remarkable morphological feature of the Central Andes is the existence of the Altiplano-Puna
(Fig. 1), the second widest high plateau in the world after Tibet. The question of its formation and the
origin of its 65-70 km thick crust (James, 1971; Beck et al., 1996) are still debated partly due to the lack
of knowledge on the large-scale structure of the lithosphere. In 1994 and 1995, two broadband three-
component seismic networks were deployed in the Central Andes (Fig. 1) (Beck et al., 1994). These
experiments consisted of an east-west profile running across the main structural features of the Andean
chain, the BANJO (Broadband Andean JOint) experiment, and a north-south profile located . along the
eastern boundary of the Altiplano, the SEDA (Seismic Exploration of the Deep Altiplano) experiment.
The BANJO experiment was composed of 16 stations equipped with STS-2 sensors (To=100s) whereas
the SEDA experiment was composed of 5 stations equipped with CMG3-ESP sensors (To=60s) and 2
stations equipped with CMG40 sensors (To=30s).
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Figure [ : Location map of the BANJO and SEDA stations. The paths along which we measured the
phase velocity are shown (dashed and solid straight lines). The thin dashed lines separate the different
morpho-tectonic units of the Andean chain. From west to east, there are : (CZ) Coastal Zone, (WC)
Western Cordillera, (AL) Altiplano, (EC) Eastern Cordillera and (SR) Subandean Range. In the middle of
the figure, the region of Los Frailes (FR) is indicated in grey.

Figure 2 : Summary of the shear-wave velocity average models for the crust in the Central Andes.
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We present the delermination of the shear-wave velocity in the lithosphere across the Central
Andes inferred from the inversion of the phase velocity dispersion curves. The measurement of the phase
velocity of the tundamental modes of the Rayleigh and Love waves was made in two steps. First, the
signal corresponding to the fundamental modes of the Rayleigh and Love waves were extracted by appling
a phase-matched filter. Secondly, the phase velocity dispersion curves were determined using both a two-
stations Wiener filtering approach and a slant-stack approach. The phase velocity dispersion curves and

their uncertainties were obtained for periods in the range of 10 and 100 s.

The preliminary results we obtained considering various stations pairs showed that there are
strong lateral variations of the phase velocity across the Andean chain. Based on these observations, we
conducted a regionalization of the phase velocity measurements in the Central Andes. The regions
showing similar dispersion curves were gathered. Then, the dispersion curves were inverted in order to
find as many S-wave velocity models as possible for which the corresponding theoretical phase velocity

dispersion curves are totally included within our phase velocity determination and its uncertainty.

CONCLUSIONS

The lateral variations of the phase velocity are spatially correlated with the different
morphotectonic units as revealed by the regionalization. These changes reflect strong lateral variations of
shear wave velocity models, especially in the crust (Fig. 2). In the Altiplano, the S-wave velocity in the
upper mantle (>110 km) is in favor of the presence of a lithospheric mantle. We do not see any major
LVZ in the crust in the Altiplano. In figure 2. one can note that the S-wave velocity gradient in the crust
in the Altiplano i1s weak. In the region of the ignimbrites surface outcrops of "Los Frailes”, our results
show that there 1s a marked LVZ in the upper crust (~20 km). This LVZ could be related to the presence
of an active crustal magmatism. In the Eastern Cordillera, we also found a LVZ at a similar depth with
recpect to the one found in "Los Frailes". However the velocity reduction associated to that LVZ is
smaller in the Eastern Cordillera. In the upper mantle beneath the Eastern Cordillera, we found a negative
anomaly of S-wave velocities with respect to the mean velocity at such depth. Consequently, in that region
and contrary to the Altiplano, the upper mantle appears to be asthenopheric and not lithospheric. In the
Subandean Range, the lithospheric S-wave velocities are higher than in the other regions reflecting the

presence of the Brazilian craton and its cold and thick lithosphere.
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INTRODUCTION

The Altiplano of the central Andes (20°S) is a high, relatively flat plateau with an average elevation of
3.6 km. It is part of an active continental margin mountain belt bounded to the west by the Western Cordillera
active volcanic arc and to the east by the Eastern Cordillera and Sub-Andean Zone fold and thrust belts (Figure
1). The high elevations and thick crust of the backarc region are related to the overall convergence of the Nazca
plate and the South American plate but the exact origin of the thick crust remains enigmatic. Recent seismic
studies consistently reveal crustal thicknesses of 60-75 km and very slow bulk velocities of approximately 6.0
km/s, however, investigators disagree on the cause of the slow velocities: melt or composition? We combine
receiver function analysis and regional broadband waveform modeling to determine the average crustal
velocities, crustal Poisson’s ratio, and crustal thicknesses across the width and along the length of the Altiplano

in order to constrain the formation of this over-thickened crust.
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CONCLUSIONS

We have modeled the full waveforms from 8 intermediate depth (100 =260 km) earthquakes (m,=5.3-
5.9) recorded at regional distances by the BANJO and SEDA portable seismic networks from those stations
located within or near the Altiplano (Figure [). We used a grid search and forward modeling technique for 92
event-station paths to constrain four parameters of the Altiplano lithosphere; crustal thickness, average crustal
velocity, and crust and upper mantle Poisson’s ratio. The models that provide the best overall fit between the
data, and synthetic seismograms are characterized by a slow average crustal P-wave velocity (5.75-6.25
km/sec), crustal thicknesses of 60-65 km, a crustal Poisson’s ratio of 0.25, and a mantle Poisson’s ratio of 0.27-
0.29. We have also constructed stacks of receiver functions for each station to investigate variations in crustal
thickness and mid-crustal structure in the vicinity of each station (Figure 2). Thick crust, 60-75 km, exists
beneath both the Western and Eastern Cordilleras and beneath the Altiplano (60-65 km thick). We do not see
any evidence for a high velocity lower crust. We observe a weak low velocity zone that can be traced across the
entire width of the Altiplano at a depth of 15 to 20 km. The weak mid-crustal low velocity zone may mark the
decoupling layer between the brittle upper crust and more ductile weak lower crust.

The low crustal velocities and Poisson’s ratio are consistent with a felsic quartz-rich composition for
the bulk of the thickened crust (Christensen, 1996; Rudnick and Fountain, 1995). This would imply that the
crust is near the solidus and very weak in the deepest portion of the crust (Bills et. al., 1994). Hence, we might
expect some melt in the lower crust. We have compared our crustal velocities and Poisson’s ratio with a
summary of existing laboratory and theoretical results on the effects of partial melt on seismic velocities
compiled by Makovsky and Klemperer (1999). This suggests that there is less than a few percent of partial melt
in the Altiplano crust. This observation is in contrast to the northern Tibetan Plateau, where several lines of
evidence, including a Poisson’s ratio of 0.33, indicates >5% partial melt in the lower crust (Owens and Zandt,
1997). We would suggest that there has not been sufficient time for the Altiplano crust to melt if much of the
shortening occurred post-Oligocene (Allmendinger et. al, 1997; Lamb et. al, 1997). We do observe some
locally strong low velocity zones under the western and Eastern Cordilleras that may be related to some
localized zones of partial melt in those regions. The low velocity zone beneath the Western Cordillera is
probably related to the active volcanic arc associated with the subduction zone. The low velocity zone beneath
the western edge of the Eastern Cordillera corresponds to the location of the large Los Frailes ignimbrite field.
This Altiplano-Eastern Cordillera region also corresponds to a region of high attenuation for Lg propagation
(Baumont et al., 1999) and to a low velocity region in the upper mantle at the base of the crust where localized
delamination may have occurred (Myers et al., 1998).

The low average crustal velocities, low crustal Poisson’s ratio and the lack of a high velocity lower
crust suggests a very weak lower crust and reaffirms our earlier conclusion that the thick crust is primarily the
result of tectonic shortening rather than magmatic addition or underplating. We find no evidence of a high-

velocity lower crust suggesting one of two possibilities: (1) most of the continental crust was predominately of a
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felsic quartz-rich, composition prior to the shortening and uplift, or (2) thc original mafic lower crust was either
pushed to depths where it transformed to eclogite facies and has scismic velocities consistent with the mantle, or
was delaminated. This second scenario would imply much more tectonic shortening than observed in the

geologic record.
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ABSTRACT

The Austral Basin of Patagonia in southern Argentina and Chile extends for about 1400 km from north to
south and 500 km from west to east. It is one of an extensive system of Mesozoic and Cenozoic back-arc
sedimentary basins related to the evolution of the Andean orogenic belt (Riccardi, 1988). The basin
developed on continental crust, with an oceanic back-arc basin along its southwestern margin, the Rocas
Verdes Basin (Dalziel et al., 1974), between late Jurassic and Cenozoic times (Biddle et al., 1986). The
predominantly clastic sedimentary fill reaches a maximum of over 7000 m, and the basin produces
significant oil and gas in both Argentina and Chile. The Austral Basin formed adjacent to an orogenic
belt produced by the eastward subduction of the Pacific plate beneath the South American continental
margin. The basin is subdivided into a northern section, the Aysén Basin, and a much larger and longer-
lived southern section, the Magallanes Basin. The Magallanes Basin shares a comparable geological
evolution with the offshore Malvinas Basin (Galeazzi, 1998). In both basins late Jurassic to early
Cretaceous crustal extension and silicic volcanism gave way to Cretaceous regional subsidence, followed
by mid to late Cretaceous and Tertiary strike-slip faulting and compression, accompanied by pull-apart
and foreland basin development. The late Paleozoic and Mesozoic geological history of the southern
Andes and the Antarctic Peninsula are marked by closely comparable events. The Antarctic Peninsula
originated in Jurassic times as an ensialic island arc to the southwest of the southern Andes (Grunow et
al., 1992). In the mid-Cretaceous this island arc became detached from South America and migrated

towards the southeast on a major strike-slip fault system (Cunningham, 1993).
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The geology of the southern Andes and the Austral Basin shows evidence for distinct geographical
segmentation (Suaréz, 1976; Ramos, 1989) resulting from tectonic processes on different sections of the
active margin. Three major Cretaceous and Tertiary segments are recognised with boundaries at about
50°S and 52°S. The 50°S boundary, marking the transition from the Magallanes to the Aysén Basin,
coincides with the northern margin of the Rocas Verdes ophiolites. These ophiolites formed the floor of a
back-arc basin produced by splitting and extension of the continental margin in late Jurassic-early

Cretaceous times (Dalziel er al., 1974).

Although radiometric evidence from the Patagonian batholith indicates that magmatic activity continued
throughout the Cretaceous there is no obvious record of volcanic activity in the form of a westward
thickening volcanic wedge in the area between 50° and 52°S. This indicates that the magmatic arc formed
an offshore volcanic chain in this area. By contrast, to the south of 52°S, early Cretaceous turbidites were
derived from an uplifted calc-alkaline volcanic source to the southwest and seismic sections show a

westward thickening volcanic wedge of Turonian age wedge (Mella, 1996).

The early Cretaceous of the Aysén Basin, in the area north of 50°S, was marked by gentle subsidence of
the back-arc continental margin, possibly related to thermal sag following Jurassic extension and silicic
volcanic activity. In the mid-Cretaceous uplift and extensive silicic volcanism was associated with a
magmatically active continental margin. Although the Tertiary fold and thrust belt (Ramos, 1989)
penetrates into the south of the region, there is little evidence for the development of a foreland basin.

Tertiary deposition was restricted to small basins formed by local subduction-driven tectonic processes.

The Magallanes Basin exhibits two main phases of sedimentation in the zone between 50° and 52°S. The
first phase, which continued throughout the Cretaceous, was characterised by regional and long-lived
basin subsidence in the form of gentle westward flexure of a broad back-arc area. The second phase
which started in latest Cretaceous and early Tertiary times produced foreland subsidence related to a fold
and thrust belt. During the first phase the continental margin subsided in pace with slowly accumulating
deep marine sediments, derived from a low, deeply-weathered continental area to the northeast. The basin
floor sloped gently southwestwards into a back-arc basin floored by the Rocas Verdes ophiolites. Coarse-
grained volcaniclastic deposits, derived from an arc to the southwest, are present in the Rocas Verdes
basin, on South Georgia and in the Larsen Basin (now situated to the east of the Antarctic Peninsula). The
latter probably formed the southwestern section of the back-arc basin. Initial stages of subsidence during
the early Cretaceous may have been related to thermal decay (Sudrez & De La Cruz, 1994). However, the

long time span of more than 70 million years of relatively constant conditions indicates that thermal decay
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alone is insufficient to explain the basin subsidence. Foreland basin subsidence related to the
development of an orogenic belt in the west is also not a likely mechanism for a number of reasons.
Firstly the early Cretaceous successions appear to lack the asymmetrical infill characteristics of a foreland
basin, although the thickness of these units have yet to be determined in detail due-to their strong
deformation. Secondly there is no westward thickening or coarsening volcanic wedge, except in the
southernmost region, and thirdly no evidence of deformation in the west. It therefore seems probable that
the subsidence was produ¢ed by a combination of thermal sag and the gravitational effects of subducted
lithosphere, or dynamic coupling between the downgoing oceanic plate and the overlying continental plate
(De Celles & Giles, 1996). In latest Cretaceous and early Tertiary times sedimentation in the area
between 50° and 52° underwent a fundamental change, as evidenced by the data of Biddle er al. (1986)
and Mella (1996) which show the characteristic profile of a foreland basin, implying thrusting and uplift

in the west, associated with the development of a Tertiary fold and thrust belt (Ramos, [989).

The geology of the zone south of 52°S has been dominated by left-lateral strike-slip deformation since
mid-Cretaceous times (Cunningham, 1993). During the past 84 Ma, transform motions have caused east-
west strike-slip separation and north-south divergence, related to the opening of the Scotia Sea, between
southern South America and the northern Antarctic Peninsula. Mid-Cretaceous times in this region were
marked by a major deformational event which has been called the Andean orogeny. This event is
envisaged as the development of a sinistral strike-slip plate boundary cutting the southwest of the
continental margin. Sections of the plate boundary were deformed and uplifted whilst other sections
subsided as deep pull-apart basins. The Tertiary subsidence of the area south of 52°S was the combined
product of transtensional pull apart and foreland basin subsidence related to the development of the fold

and thrust belt.

The Malvinas Basin shows a similar record of geological events to the central area of the Austral Basin. A
late Jurassic-Cretaceous sag phase lasting 70 Ma was characterised by broad regional subsidence with
some displacement along Jurassic master faults related to differential sediment loading and compaction
(Galeazzi, 1998). A major change in the tectonic regime from gentle regional subsidence to transtension
occurred in the late Cretaceous. The unconformity marking the boundary between Mesozoic and Tertiary
deposits probably reflects a change from late Cretaceous strike-slip dominated tectonics to Tertiary
compression. Northward-directed compression, with the development of a compressive foredeep trough,

was dominant by the end of the Eocene.

The Mesozoic and Tertiary subsidence of the Austral Basin can be best explained in terms of three distinct

phases. The first phase, related to the gentle subsidence of the southwest dipping continental shelf, was
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probably driven in part by thermal decay following Jurassic volcanism. The long time span and great
width of the basin suggests that subsidence was also produced by the gravitational effects and dynamic
coupling associated with subduction of the oceanic plate. In late Cretaceous times a second phase of
subsidence was initiated in the south of the basin as the Antarctic Peninsula volcanic arc became detached
from the continental margin on a transform fault system. Strike-slip faulting produced transtensional pull-
apart subsidence. The third phase was the formation of a foreland basin related to an early Tertiary fold

and thrust belt which deformed the basin infill.
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INTRODUCTION

Investigations on plutonic, volcanic and metamorphic rocks, very frequently, also comprise studies
on grain sizes. While, for field studies, a grain-size classification is defined, attributions for grain sizes by
means of microscopical studies have not been made so far. A suggestion for delimitations of the grain
sizes into different classes which might be most suitable for investigations with the standard petrological
T.L. (= transmissive light) microscope, is in the focus of this contribution. A grain-size classification of a
diameter from 3 200 um to 12.5 pm as well as naming of the grain-size classes which seem to be most
suitable for the studies under the petrological microscope, are discussed in detail. Also the problems with
extremely fine-grained minerals, and with those which typically show elongated or irregular shapes, form
a part of the article.

A GRAIN-SIZE CLASSIFICATION UNDER THE PETROLOGICAL T.L. MICROSCOPE

For investigations of plutonic, volcanic and metamorphic rocks, studies on grain sizes with the
microscope are frequently of major significance. Also different projects which are done within the
framework of the Andean geodynamics, are based on microstructural studies of igneous and metamorphic
rocks. Up to now, however, no common grain-size classification has been defined for these rock groups
which could be applied to the research under the standard petralogical T.L. microscope.

With the microscope, only a limited area of the rock in the thin section to be investigated is in the
petrologist’s field of observation. With a magnification of 31.25 x, some 35 to 40 mm’, with a
magnification of 125 x, £ 2.5 mm’, and with a magnification of 312.5 x, finally, merely 0.35 to 0.4 mm?
are in the field of view under the microscope (tab. 1).

Under the microscope, of course, the mineral grains appear to be much bigger than they are in
reality. The grain-size classification which is applied to field studies nowadays, however, is given e.g. by
Whittin & Brook (1983); Allaby, A. & Allaby, M. (1991; cf. tab. 2). However, the grain-size attribution
used in the field, cannot be applied to investigations with a standard microscope. From a grain size of < 1
mm, investigations in the field begin to be very difficult, mineral identification, in most cases, is not any
longer possible, even though a lens is used. From this grain size, studies with the petrological microscope
are indispensable where, i.a., a more exact classification of the different minerals and, consequently, a
more detailed determination of the rock to be investigated is feasible than with the simple field methods.

A grain-size classification should be defined which is suitable for investigations of igneous and
metamorphic rocks with the microscope under minor total magnification, between ca. 30 and 150 x,
because under major total magnification, it is hardly, or not possible at all to get a general impression on
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magnification: | Field of view:
ocular: objec- total mag- magnifiction factor, | radius area area
tive: nification: based on the magni- | [mm]: [mm’]: [%]:

fication of 31.25 x: |

125 25 = 31.25x 0 | 3.5 38.485 100

125 ¢ 10 = 125 x 4 | 09 2.545 6.61
125 ¢ 25 = 3125 x 10 | 035 0.385 1.06
125 ¢ 40 = 500 «x 16 | 0225 0.159 041
125 ¢ 100 = 1250 «x 40 | = 0.113 ~ 0.040 =~ 0.104

Tab. 1: Field of view in dependence upon the magnification. For a grain-size classification under the standard pet-
rological T.L. microscope [Zeiss, Oberkochen, Germany, as an example], a minor magnification should be applied.
The data on the size of the microscopic image which is given in mm?, with increasing magnification, give an impres-
sion on its rapid decrease. With magnifications of 500 and 1250 x, merely conoscopic images are possible as well.

the grain sizes of a rock in the thin section. A table on grain-size delimitations from > 3 200 um (very
coarse-grained) to < 12.5 um (extremely fine-grained) which is subdivided into several grain-size classes
(tab. 3), seems to be most suitable.

The delimitation factor for a grain-size class is four if we go from the finer to the coarser
granularity, and it marks the boundary between two grain-size classes. For example: 50 um is the
delimitation from “very fine-grained” to "fine-grained” (cf. tab. 3). An example of the grain-size class
from 12.5 to 50 um will explain this: if 12.5 pm is multiplied by four, the result is 50 pm. The same also
applies to the following grain-size ranges. 50 um, multiplied by four, gives 200 um etc. If several grain-
size classes are combined to one interval, the delimitation factor increases by the mathematical power
which corresponds to the number of the grain-size classes. If, e.g., the granularity has an interval from 50
to 3 200 um, three different grain-size classes (fine-, medium-, coarse-grained) are passed. With this, the
delimitation factor four is raised to the power of three with the result of 4> (scale of 4* or x4 scale). The
opposite way, from the coarser to the finer grain size, is characterized by the factor of one fourth.

For more detailed mineral investigations, in general, grain sizes of > 50 pm are necessary (crossed
nicol prism). With decreasing grain sizes, it gets more difficult to determine a mineral. From < 10 pm, it is
hardly, or even not possible at all to determine an unknown mineral grain, unless identification is possible
by means of absolutely typical features, like crystal habit, twinning, refractive index, opake behavior,
mineral or interference colours.

interval of grain-size diameter classification:
(grain-size class):
> 30 mm very coarse-grained
S - 30 mm coarse-grained
1 - 5mm medium-grained
< 1mm fine-grained
minerals, only identified under the microcrystalline
petrological T.L. microscope
minerals, not identified under the cryptocrystalline
petrological T.L. microscope
no grains present glassy (hyaline), effectively,
a grain size of zero.

Tab. 2: Grain-size classification for igneous and metamorphic rocks used in the field (Aubouin et al.,, 1981: 406;
Whittin & Brook, 1983; Castro-Dorado, 1989: 38; Allaby, A. & Allaby, M., 1991).
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interval of grain- classification:
size diameter:
> 3200 pm very coarse-grained
800 -3200 pm coarse-grained
200 - 800 pum medium-grained microcrystalline
50 - 200 pum fine-grained
125 - 50 pm very fine-grained
< 12,5 pm extremely fine-grained (cryptocrystalline)
glassy (hyaline) no mineral grains present

Tab. 3: Proposed grain-size classification for investigations of plutonic, volcanic and metamorphic rocks under the
standard petrological T.L. microscope. If the magnification is 31.25 or 125 x (tab. 1), minerals, with grain sizes of >
800 um which are in a finer grained matrix, appear to be porphyric already (cf. plate I). The term “microcrystalline”
is representative for the grain-size classes where the individual minerals can be identified under minor magnification
with crossed nicol prism. For a more detailed grain-size classification of the minerals, an ocular micrometer, or an
object micrometer should be used (cf. Kerr, 1977: 27).

Problematic for the investigations on grain sizes are minerals with irregular (e.g. ilmenite), or
elongated grain shapes (micas, chlorites, serpentines, amphiboles, pyroxenes). In this case, a grain-size
classification should be made with regard to the crystallographic a, b and ¢ axes where the length and
breadth of the minerals should be given. Also ductile mineral deformations which frequently occur in
micas, chlorite and serpentines, internal grain boundaries, typical of quartz in metamorphic rocks, and
fissuring, or even cataclastic deformations which are often observed from olivine, the pyroxenes,
amphiboles and garnets, also make grain-size classifications difficult under the microscope.

Point counting gets more difficult when the grain size of the mineral is < 10 um, for the standard
cross table, in its turn, only has an interval of 10 um, what means that, with a grain size of < 10 um, there
exists the danger for the mineral of not being under the cross wire. It is not counted then and, as a
consequence, with a decreasing diameter, the danger for the mineral increases not to be recorded by
means of this method. From a grain size of <5 um, determination of an unknown mineral is virtually
impossible by optical methods with a standard microscope! With a grain-size diameter of < 5 pm, the
mineral is normally not identified any more if it is not directly at the upper surface, of the thin section. In
this context, it should be realized that the thin section normally has a thickness of 25 to 30 um! This fact
makes it quite understandable that a mineral with such a minor diameter is frequently not even found.

In order to prevent confusions in the grain-size classification, the additive "under the microscope”
should be used. If, e.g., the grain sizes of the minerals vary between 400 and 1 200 um, the author should
write: " ... the minerals are medium to coarse-grained under the microscope ...". In this way, it is clear that
the attribution of the grain sizes is referred to investigations with the microscope and not to field studies.
Numerical grain-size values, of course, also can be used.

For microscopic researches on sedimentary rocks, however, this classification should not be
applied, because there already exist different particle-size classifications used for this rock group
worldwide.

Summarizing, a common grain-size classification which could be applied to studies with the
microscope, has not been defined so far, and the following clues are applied to the presented method:

-- A grain-size classification for igneous and metamorphic rocks aims at grain-size delimitations which
are suitable for investigations with the standard petrological T.L. microscope.

-- A minor microscopical magnifiction, between + 30 and 150 x and, if necessary, the use of the crossed
nicol prism is suggested for grain-size classification and point counting.

-~ Six grain-size classes, from "very coarse-grained” (> 3 200 pm) to "extremely fine-grained (crypto-
crystalline)” (< 12.5 um) should be applied. The attribution “amorphous, (hyaline)” means that no
minerals are present (tab. 3). '

-~ The grain-size classes are based on the scale of 4™ (x4 scale) where the factor of four, in its tum, is
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based on the boundary between two different grain-size classes.

- Minerals with irregular or elongated crystal habit make an exact grain-size classification difficult.
Similar problems also come up with ductile and brittle mineral deformations.

-- For more detailed studies of the minerals under microscope, grain sizes of > 50 um are required.

-- As the standard cross table has an interval of 10 um, point counting of the minerals gets more difficult
with a grain size of < 10 um.

-- If grain-size investigations are based on microscopical studies, the author should add ”...under the
microscope...” to show that the grain-size classifications are based on microscopical researches.

Terminating, the presented grain-size classification cannot be applied to sedimentary rocks, because there

already exist different particle-size classifications for this rock group used wordwide.

Plate 1: Quartzite. A broader
variation in the grain size from
ca. 500 to < 10 um which gives
a medium- to extremely fine-
grained impression under the
microscope, is characteristic of
this  object. A grain-size
attribution of the black micas
is difficult because of their
elongated habit. The
microcline (cross-hatched
mineral) has a length of some
600 pm and an approximate
breadth of 400 um .

Locality: Road Saita - Jujuy,
some 12 km from Salta and
some 4 km north of the place
of La Caldera; NW Argentina.
Age: Devonian [Mojotoro
Formation]. Magnification: 10
x 10; crossed nicol prism.

Mi = microcline; Qz = quartz;
Sc = sericite; Bm = black
mica.
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INTRODUCTION

Differences in radiogenic isotopes have been used in the Andes to define isotopic domains and to delineate

terrane boundaries (Aitcheson et al., 1995). Either the change in isotope compositions in basement rocks

or the appearance of exotic material in sedimentary rocks permit the identification of terranes and help to

constrain the timing of the amalgamation of different continental blocks. The nature of these terranes and
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domains, the relationship to
Laurentia and the timing of the
amalgamation was
investigated with Nd- and Pb-
isotopes in Ordovician to
Permian  rocks for  the
Southern Central Andes.

Figure 1 shows a possible
terrane assemblage modified
from Bahlburg and Hervé

(1997).
Contrasting models for the

Paleozoic evolution of the

Gondwana margin have been
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proposed ranging from (1) ensialic development (Damm et al., 1994) to (2) exotic terrane assemblages
(Ramos, 1988) to (3) more or less continuous subduction (Coira et al., 1982). In case of an ensialic
development, isotope compositions can be expected to be rather homogeneous whereas variable
compositions and a juvenile component would be typical for a subduction regime and the presence of an
arc. The Precordillera, a former part of Laurentia, is recognized (besides major lithologic differences) by
relatively unradiogenic Pb isotope compositions and Nd model ages of about 1.3 to 1.6 Ga (Kay et al.,

1996). Another possible terrane for collision with Gondwana is the Arequipa-Antofalla Terfane (AAT).
This terrane is tagged with Nd model ages of about 2.0 Ga and relatively high 208pp/204pp ratios at given

206ppb/204pp. Pb isotopes further permit the identification of four crustal domains along the western
margin of South America: (1) the Northern Altiplano, (2) the Southern Altiplano, (3) the Eastern
Cordillera and (4) the Jurassic coastal domain (Aitcheson et al., 1995). According to Bahlburg et al.

(1998) the Late Proterozoic-
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rather homogeneous and fall in a range from -9.7 to -5.4 at 450 Ma (shaded field in Fig. 2) with a mean of
ENg (450 Ma) = -7.0 and Tpp's of about 1.7 Ga. During the Early Ordovician the basin deepend (more in

the west than in the east) and immature

volcaniclastic rocks (Volcanosedimentary Successions) were deposited in the western part of the basin.
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The Arenigian sedimentary rocks of the western part show variable Nd isotope compositions (EN( (450
Ma) from -7.8 to -1.3; Fig.2) and indicate the contribution from a juvenile source. However, the existence
of layers with a purely ‘continental’ signature, the restriction of the juvenile layers to a short stratigraphic
interval, as well as the complete absence of such material in the overlying sedimentary rocks leads us to

suggest that this juvenile
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€yq (450 Ma) indistinguishable from the

underlying rocks (ENd at
450 Ma=10.1to0 -6.1;
Fig.2). This indicates that the sources remained constant with no Ordovician juvenile input. The Cambrian
granitoid Santa Rosa de Tastil (ca. 530 Ma; Damm et al. 1994) intruded into the Puncoviscana Fm. and is
commonly interpreted as post-orogenic granitoid. We analyzed its Nd isotopes and it falls within the field
defined by the pre-Ordovician sedimentary rocks (Eng at 450 Ma = -5.4; Fig.2). Furthermore, we
analyzed samples of the Faja Eruptive de la Puna Oriental which were previously interpreted as an
Ordovician arc. Their Nd isotope composition is indistiguishable from the older granitoid Santa Rosa de
Tastil and again falls within the range defined by the continental sedimentary rocks with €ng at 450 Ma =
-5.7. This indicates that the Faja Eruptiva de la Puna Oriental was most likely not the result of subduction.
Another rock type that was formerly taken as evidence for subduction are pillows exposed in the eastern
part of the Northern Puna. However, these pillows show a clear intra-plate signature in their trace
elements (enriched LREE and HFSE). At the same time their isotopes are rather juvenile (Fig.2). These

characteristics are better explained as the result of magmatism in an extensional environment.
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Sedimentary rocks from the Salar del Rincon area (Early Tremadocian to Silurian) also fall within the €Ng
range of pre-Ordovician rocks (mean €ng at 450 Ma -7.1; Fig.2). One sample with a more juvenile Nd
isotope composition is a dacitic dike (Eng at 450 Ma = -4.4). Juvenile detritus observed in the

Volcanosedimentary Successions of the western Puna did not reach this part of the basin. However, an arc
component may be expected more likely here considering the proposed presence of an Ordovician arc in
the Famatina. Nd isotopes of those rocks wre analyzed by Pankhurst et al. (1998) and they determined
them to have €ngq (450 Ma) values in the range of -7.7 to -4.5 showing a major amount of crustal
contamination. This leads to the question whether this proposed Ordovician arc incorporated any
significant amount of juvenile material at all. The only undifferentiated juvenile material encountered in
this study is exposed in the Ordovician part of the Cordén de Lila (Fig.3). However, even in this outcrop
we found Ordovician sedimentary rocks that are of continental provenance according to their Nd isotopes.
This indicates that the continental source(s) was never far and that the juvenile component never
dominated the crustal input. The chemical compositions of the rocks with juvenile Nd isotope
compositions do not have an intra-plate character (enriched LREE and HFSE) as the pillow of the eastern
Puna. In fact, they show geochemical characteristics that cannot uniquely be attributed to a tectonic setting
but are permissive for arc as well as MORB origin.

The observed range 1n Nd isotope compositions is accompanied with a range of Sm/Nd ratios (Fig. 3). If

the range in Nd isotope compositions is due to mixing of a component derived from Gondwana (€nq (450

Ma) = -7.0, fgmyNd = -0.4) and a primitive component such as observed in the Cordén de Lila then the

mixtures should follow trends similar to the ones shown in Figure 3 (solid arrows). However, such
mixtures are only able to explain some sedimentay samples. Two samples plot the left of these trends with
negative Eng (450 Ma) and only slightly negative fgnyng. They may be affected by REE mobility or show
the effects of enrichment of a REE-rich phase. Other samples plot to the right of these trends. They may
be explained by the presence of another juvenile but differentiated (low fgnyNg) component (dashed arrow
in Fig. 3). This observation is confirmed by the Th/Sc ratios which do not correlate with €ng (450 Ma).

The Devonian sedimentary rocks from N Chile, that should reflect the detritus of newly arrived terranes or

of deeper levels of the proposed Ordovician arc, show a small shift in €ng (450 Ma) with a mean of -5.8.
The Devonian sedimentary rocks of the Cordén de Lila exhibit a slightly more juvenile compositon. Their
ENd (450 Ma) fall in a range from -4.1 to -4.8. Permian rhyolites and a mafic dike of uncertain age from

the Cordén de Lila as well as a Permian basaltic andesite from Peine are more juvenile with €Nq (450 Ma)

ranging from +2 to +1.
On the basis on variations in Nd isotopes we selected some samples for Pb isotope analyses. The data are
also fairly homogeneous and similar to the data of basement rocks from the Southern Altiplano (defined

by Aitcheson et al. (1995)) with 206pp/204ph ranging from 18.18 to 22.63, 207pp/204pp ranging from
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15.563 to 15.787 and 208pp/204py, ranging from 38.1 to 44.40. No corrclation between geographic
position and Pb isotope composition is observed.

The rather homogeneous distribution ot our data during the Ordovician does not indicate isotopically
distinct terranes in the study area nor do our data show major juvenile additions to the crust during the
Paleozoic. Rather, they support the observations of Bahlburg et al. (1998) and Franz et al. (1999) who

conclude that this area is one homogencous continental block.
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Introduction

The Cordillera Oriental of Colombia is considered to be an asymetric bivergent fold and thrust
belt resulting from the Neogene inversion (Andean phase) of a thick Mesozoic and Tertiary back-arc
basin with a predominant southeastward transport (Colletta et al., 1990; Cooper et al., 1995). The
tectonic style of the chain implies both thick-skinned (e.g. compressional inversion of the Boyac4
paleonormal fault) and thin-skinned tectonics. At present time, two important questions are
debated : 1) the pre-Andean deformations and related unconformities that have been recognized
from the Magdalena valley to the Llanos foothills (Casero et al, 1997; George et al., 1997,
Schamel, 1991) ; 2) the role of strike-slip tectonics, recently evidenced in the southern domain of
the chain (De Freitas et al., 1997).

The Chivor-Guavio area we studied, located in the eastern edge of the Cordillera Oriental,
provides good opportunities to answer these questions. In this area, field works and seismic
interpretation have been untertaken in order to realized a cross-section from the «Las Juntas »

crossroads in the Cordillera Oriental to the Llanos plain (Fig. 1).

Geometric and facies analysis along the cross-section Las Juntas-Llanos

Along the section from NW to SE we observe :

1) Along the Chivor dam, kinked folds with N30E axial trends and thrusts affecting the Early
Cretaceous series ; 2) Hanging-walls of major basement-involved faults present series of en-echelon
NSOE-trending folds. En-echelon folding also affects the paleozoic rocks of the Quetame massif ; 3)
NW-verging thrusts occur in the sedimentary cover but also transports westward the Quetame
massif over Valanginian black shales ; 4) The western side of the Quetame massif shows dramatic
eastward thickening and westward wedging in the Valanginian shales that suggests fault-controlled
deposition above hanging-wall of basin-bounding master faults ; 5) The eastern part of the Quetame
massif corresponds to a steep E-dipping panel of paleozoic sediments. Overlying this panel, a

steeply dipping reverse sequence of pre-Oligocene sediments is limited eastward by a SE-verging
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major accident (the Teasalia fault) that separates the Cordillera Oriental s.s. from the subandean
Guavio foothills ; 6) The Guavio foothills are structured by the symetric Guavio anticline between
the Nazareth and Rio Amarillo synclines. The eastern boundary of the foothills is the Agua Clara
thrust, SE-verging; 7) East of the Agua Clara thrust, the undeformed Llanos plain forms the

western part of the Orinoco Quaternary drainage area.

Seismic interpretation

The seismic lines we studied show evidence of basement-involved NW-verging thrusts and
well-individualized basement pop-up limited to the east by convex-upward reverse faults splaying
off toward the surface. The bivergent transport, the pop-up, the downward convergence and the
upward convex shape of faults stongly suggest basement-involved positive flower structure. Some
of the kink and box-folds in the Early Cretaceous sediments correspond to fault-bend folding
formed above decollements and ramps. The lower decollement is the contact between the basement
and the Early Cretaceous sedimentary cover. The upper decollement would be located within black
shales, limestones and evaporites forming the Berriasian Guavio formation. The ramps are thought
to be parts of Early Cretaceous normal faults that are twisted and segmented during the basement-
involved thrusting and folding. From the NW to SE, huge thickness variations of the Early
Cretaceous series indicate important degree of fault-controlled sedimentation. The Tesalia fault
appears as an anastomosed fault system, the faults converging downward. Steep reverse faults are
implicated in the Agua Clara thrust system suggesting a basement-involved structure that is burried
by a ramp linked to a major decollement at the base of the Turonian Chipaque (or Gacheta)

formation.

Interpretation and discussion

Evidences of present-day dextral wrench tectonics are numerous (shallow-focus earthquakes,
rivers shifting). The general morphology of the Cordillera Oriental also suggests that the Borde
Llanero is a « dextral lateral ramp » of the chain, the frontal ramp being the thrusting front of the
Sierra Nevada del Cocuy over the Llanos (Fig. 1). Moreover, the southward wedging of the
Cordillera Oriental present important dextral wrench tectonics affecting the Garzon and Quetame
massifs (Fig. 1).

In the Chivor-Guavio area, based on our observations, we propose that dextral transpressional
tectonics is not only limited to present-day deformation but also occured during the entire Andean
uplift of the Cordillera Oriental eastern edge. We interpret the Quetame massif as a serie of en-
echelon basement pop-ups uplifted during transpressional Andean deformation. These pop-ups are
linked to the en-echelon pattern of the Early Cretaceous normal faults which can be either

segmented, or twisted, or then inverted (e.g. Tesalia fault) during the Andean transpression. This
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transpressional thick-skinned tectonics is accomodated at the basement-cover interface and in the
sedimentary cover by thin-skinned deformation.

Some of the en-echelon folds affecting the Paleozoic basement and its sedimentary cover
suggest a sinistral strike-slip component. We interpret these folds as inherited folds from Paleozoic
deformations, that were reactivated during Andean transpression. Because the developpement of
these reactivated folds is controlled by some of the NW-verging thrusts, these thrusts are also
thought to be reactivated Paleozoic thrusts. This is in accord with the Paleozoic history of the Borde
Llanero that acted as a suture zone between the Guiana shield and an allocthonous continental
microplate at the Ordivician-Silurian times (Suarez, 1990).

Conclusion

The Chivor-Guavio area is a key zone to understand the thick-skinned tectonics implied along
the Colombian Borde Llanero. In this area, along a cross-section through the whole Borde Llanero,
we identified basement-involved pop-ups related to a dextral transpressional inversion of an Early
Cretaceous megahalf graben. This megahalf graben formed the eastern passive margin of the
Colombian Cordillera Oriental back-arc basin. This transpression occured essentialy during the
Andean orogeny (Middle Miocene to recent). Inherited structures from Paleozoic to Early
Cretaceous are reactivated. The Early Cretaceous normal faults are reactivated in transpression and
some of them were reused as ramps during Andean thin-skinned tectonics. The transpressional
inversion of deep and steep basin bounding-master faults as the Tesalia fault is responsible for the
upthrusting of the Cordillera Oriental above its eastern foothills. So, at least the southern part of the

Borde Llanero can be regarded as a NNE-SSW-trending dextral transpressive belt.
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INTRODUCTION

The Ecuadorian foreland system has different formational elements: orogenic wedge, wedge top,
foredeep, forebulge, and backbulge (Fig.1), which are analized in this work from a tectonic-depositional
and structural perspective. Futhermore, an evolutionary relationship between the tectonic system and the

geodynamic regional events is established.

CONCLUSIONS

In the Late Cretaceous, the advance and eastward propagation of the orogenic wedge, which was composed
by volcanic-sedimentary rocks of the Jurrasic Upano Unit and coeval volcanic deposits of the Misahuall{
Formation, have been incorporating the sediments of the Cretaceous basin (Cretaceus Hollin and Napo
Formations) that were forming the foredeep at that moment, and later the Maastrichtian-Paleocene Tena
Formation as the wedge top of the system. The convex long shape of the Napo Uplift and the thinness and
lack of deposition of the Tena Formation, indicate that the Napo Uplift was forming the forebulge during the
Late Cretaceous. The geologic development of this Uplift had started 85 Ma ago, and had formed in
principle "due to tectonic processes like flexular subsidence driven by sediment accumulation between the

orogenic wedge and the forebulge, topographic loads, subduction loads, and the viscous coupling between



Fourth ISAG, Goettingen (Germany), 04-06/10/1999 107

the subducted slabs and mantle wedge material beneath the outboard part of the overlying continent” (*).
The tectonic processes for the develoment of the forebulge are related to the advance and forward

propagation of the orogenic belt over a foreland basin system.

By the end of Eocene, the wedge top and foredeep had traveled eastward. These elements were represented
by the coarse sediments of the Tiyuyacu Formation, whose depocenter was located on the eastern flank of the
Napo Uplift. At this time (40 Ma), the Cretaceous sediments to the west of the Subandean Zone had already
been incorporated in the Eocene orogenic wedge. Structural evidence suggests two additional important

additional tectonic episodes, dated by fission track chronology at 20 and 10 Ma (**).

At the present time, the Subandean Zone forms the orogenic wedge, which has propagated to the east of the
Napo Uplift. In the area of study, the present wedge top is represented by colluvial and alluvial terraces
which form isolated Quaternary "piggy back” basins limited by the topographic front of the Eastern
Cordillera and the Quaternary alkaline complex of the Sumaco and Cerro Negro - Pan de Azdcar volcanics.
An uncomformity separates the current wedge top from the orogenic wedge. It demonstrates a strong
erosion and a high rate of uplift in the Subandean Zone. The present orogenic wedge is conformed by the

Upano Unit and Misahualli, Hollin, Napo and Tena Formations on the Subandean Zone.

This tectonic-depositional model implies that the wedge top and foredeep, in the north of the Ecuadorian
foreland basin, have traveled from the eastern flank of the Eastern Cordillera about 80-100 Km eastward,

since the Late Cretaceous.

In the area of study, two principal zones with different degrees of deformation are observed. These zones are
separated by the Cosanga Fault: to the west the rocks are very deformed, while eastward there is no internal
deformation, the original sedimentary structures are subhorizontal, and are affected only by gently folding and
inverse faulting (Fig.2). The differehce in the degree of deformation between these zones is due to the most
distorted zone formed an orogenic wedge at the end of the Eocene, while since the Eocene the less distorted
zone has been incorporated progressively in this element of the foreland system. Hence, the degree of
deformation increases from East to West. Thus, the tectonic structures found in the Napo Uplift, to the east of

the Cosanga Fault, are younger than structures to the west.

Structural analysis allowed to model the Eocene orogenic wedge. In this way, west of the Cosanga fault a
penetrative regional foliation S1 appears represented by a slaty cleavage o schistosity, which has been
developed on the original stratification SO. S1 trends NNE-SSW to NE-SW, and dips steeply to the NW. With
a similar tendency a second no penetrative foliation S2 appears. S1 and S2 are folded gently in decametric
scale, while closed folds appear in centimetric and metric scale. Two important plastic deformation episodes

are noted as given by the variation in the orientation of the centimetric fold axes, crenulation planes, and
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inverse kink bands. Stercographic analysis shows compressional stresses. which rotated in a
anticlockwise sense, from NW-SE to WSW-ENE, in modcrate intervals smaller than 30°. In this way,
NE-SW and NNE-SSW trending inverse faults, which comprise the tcctonic system, change their style

from pure compression to transpression with a dextral component.

The contacts between the litological formations are tectonic, since the sequences appear in lengthened and
faulted strips with a NNE-SSW trends, torming thrusts sheets and splays of imbricate fans inside the
thrust system, without showing evidence of horizontal displacement at depth. The thrust system is defined
as an emergent type, with trailing imbricate fans. The thrust front is buried and there is evidence of slow
stress relaxation. The detachment plane is 1-2 Km deep and is related to the rheologic-mechanical
boundary between rocks of difterent competence, that is, between Cretaceous plastic sedimentary rocks

and brittle Jurrasic rocks. The tectonic shortening is calculated in 52%.

Stratigraphically, the Upano Unit represents the western facies of the Jurrasic Misahuall{ Formation.
Furthermore, the Cosanga T‘ault divides the volcano-sedimentary rocks from pelitic schist within the

Upano Unit.

Orogenic wedge

Wedge top Foredeep Forebulge

Backbulge

Craton

Fig.1. Schematic cross section of the foreland system showing its elements. The vertical scale is

exaggerated.
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INTRODUCTION

The “Collaborative Research Center 267 (SEB 267) entitled “Deformation Processes in the Andes” is an
interdisciplinary research project which comprises about 120 scientists from three universities (“Free
University of Berlin”, “Technical University of Berlin”, “University of Potsdam™), the “GeoForschungs-
Zentrum Potsdam™ and about 10 cooperating partner institutions (universities, geological surveys) in
South America. It became soon apparent that communication within and between all working groups
plays an important role in such a heterogeneous scientific environment. The WWW is a flexible tool for
distributing information on various levels. Surprisingly most home pages provide only poor information
beyond traditional lists of departments, staff members and recent publications.

The SFB267-website was designed to provide information on two levels: an intranet module for internal
use (administration, exchange of data and ideas, discussion groups, announcement of colloquia/lectures)
and an internet module as a source of information for the global scientific community presenting actual
research activities, recent results, available maps and data, contact addresses to SFB-members etc. The
combination of both tasks and the huge amount of data gathered during numerous geological and

geophysical field campaigns require a careful design and permanent maintenance of the website.
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This paper describes the concept of our information system, computer implementation and presents some

information about experiences and problems.

Intranet functions of the website

The creation of the SFB267-information system started with a study of the administrative structure and
scientific research proposals of all task groups. Next step was the design of a suitable web-representation
of this structure, including traditional items (lists of staff, addresses etc.). The result was a tree like

structure of the website see Fig. | (in reality, the pages are much more linked with each other).
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Fig 1: Simplified structure of the SFB 267 website

This part of the information system also serves as blackboard for the announcement of seminars,
meetings, conferences, new hardware and software which can be used by all SFB-members. On-line
forms for registration of field work, application forms for traveling funds, research grants etc. are
distributed via the internal mailing lists. The intranet also serves as a forum for discussion of draft papers
and preliminary research results. We hope that this part of the website will motivate scientists to present
their results - even if they are preliminary - and to stimulate scientific discussions.

The logistic preparation of field work is supported by lists and previews of available road maps,

geological maps and satellite imagery for each working area. A special service by the GIS-group is the
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preparation of enlarged and spectral enhanced satellite images. These image maps have proven to be very
useful for orientation in remote areas and as a medium for the documentation of spatial information
gathered during the field work (e.g. identification of GPS-locations for geometric rectification of satellite
images). A final check of the health service webpage is mandatory for flatlanders’ working in remote

areas between 3000m and 5000m above sea-level.

The website: An information gateway to the SKFB267

The SFB-website should not only inform about structure and research goals of the research center but also
serve as a guide to a huge amount of data obtained during the first and ongoing period of the project. The
information system of the SFB267 includes various sources which may be of interest to visiting foreign
scientists. For a website containing more than 250 pages navigation tools and tools for finding
information are absolutely necessary. A website map and navigation bars on each page support
navigation. In order to facilitate access 1o SFB267 information (a) full text retrieval and (b) spatial search
tools were implemented which are able to search the existing web-pages and the databases as well. The
full text search allows access to

e addresses of people

e  participating tnstitutions

¢ publications database

e data catalogue

From there other links may connect to personal home pages, on-line publications, posters etc. A special
geoscientific problem is the implementation of spatial search via the web. The request is simple: The user
should be allowed to draw a rectangular or a polygon as search window and the system should find and
display all maps, texts and data related to the area chosen. A simple solution for this problem would be
the combination of web-browser and limited GIS functionality (about 90% of GIS-functions are devoted
to graphical editing and map design including map legend). Complexity and costs of commercial GIS or
map-servers are prohibitive for such an approach. Other solutions are dependent on specific operating
systems. The essential needs for spatial search are

a) georeferenced documents (texts, maps, satellite images)

b) point/line in polygon search tools

(An additional comfort would be buffering). A prototype for a spatial viewer with limited GIS-
functionality is described in Kraak (1998). As long as we are waiting for a WWW-compatible GIS which
supports more complex spatial queries we have realized spatial search requests by presenting clickable
“tmage maps"”, i.e. maps are displayed at various scales and hyperlinks activate other maps or text

documents. Hot spots on maps can be rectangles, polylines, symbols, map inlets etc. So users can get a
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fast overview on research areas, location of geophysical transects or seismic nets, points where geologic

age determinations are available etc.

Data catalog

During the first period of the Research Center SFB267 a wealth of geophysical, geological and
geochemical data was gathered and stored in a comprehensive data base (S. Mohr & H.-J. Gotze, 1998)
Not all scientists allow an unrestricted access to their data. Therefore meta-information which describes
type of data, location, date of processing, encoding format, and preliminary interpretation (graphical
display of transects, compilations of seismic refraction profiles etc.) enable all visitors to get a clear
impression about the quality and amount of data. Addresses and phone numbers are given which enable

users to contact those scientists who are in charge of the corresponding data collection.

Implementation
The hardware platform of the webserver is a Pentium 133 PC with 64 MB RAM, 8 GB disk storage,
Windows NT 4.0 operating system and Microsoft Internet Information Server 4.0 as webserver.

Fig. 2 gives an overview on the webserver structure and internet client server communication.
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Fig. 2: Client-server communication and simplified scheme of the SFB267 webserver
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Prominent features are an index server for text retrieval and the connection to several databases via
ODBC (open database connector). In our casc the database engine is Microsoft Access 97, other
ODBC/SQL (standard gquery language) database engines can be connccted.

We use the ASP (active server pages) technology from Microsolt to build pages with dynamically created
contents at runtime. The ASP programming language is JScript - a Microsoft derivate of JavaScript which
runs at the server platform (server side scripting). This approach was very time consuming during the
development of the website, but we believe that it will save a lot of maintenance and administration
efforts when established.

Actualization of the databases is done with the WWW browser interface We use the “forms” feature of
HTML and the ODB connection of the server for writing-access (after author identification and
permission control) and updating the databases. “Web weaving” is done with several tools: For ASP
coding we use Visual InterDev 6.0 and Frontpage98 (Microsoft); HTML encoding is done with
HoTMetaL 5.0 (Softquad) or simply with ASCII-Editor. The PDF (portable document format) poster files
are generated with Acrobat 4.0 (Adobe) and for image conversion and composition we use Adobe

Photoshop 5.0.2 and ImageStyler 1.0.

Concluding remarks

The website exists since June 1996 (since April 1999 located on an own server). In 1998 we had 26415
visits from outside the “fu-berlin.de” domain. About fifty percent of the total number of hits are from
outside the German “DE” domain. The acceptance of the information system by SFB members was
stimulated by international contacts and information requests from abroad. [t increased significantly
during the last years. A careful selection of keywords in the document meta-information of the website
facilitates contacts via search machines.

Installation and maintenance of the website of an interdisciplinary research center is very time consuming
if it contains more information than usual. Especially the creation of active server pages requires trained
personal which can't easily be substituted after leaving.

It is our hope that the information service of the SFB267 website service will improve internal and
international communication and exchange of expensive data. This can be seen as a contribution to

parsimony by the scientific community.
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INTRODUCTION

The Late Oligocene-Early Miocene age Cura-Mallin Basin lies within the Southern Volcanic Zone of the
Andes and in the adjacent Central Valley of Chile between approximately 36-38°S latitude (Fig. 1). The east-
west extent reaches 200 km. The basin contains substantial thicknesses of volcanic and sedimentary strata
(Niemeyer and Muiioz, 1983; Muiioz and Niemeyer,1984; Gutierrez and Minnitt, 1985; Vergara et al., 1997)
which, it is subsequently suggested, were deposited in an extensional volcanic arc with normal faults
controlling subsidence.

Coincident with the development of the Cura-Mallin Basin, the convergence of the Nazca and South
American plates became nearly trench-normal after a long period of high obliquity and the convergence rate
nearly tripled (Pilger, 1984; Pardo-Casas and Molnar, 1987; Somoza, 1998). The geological evidence that the
Late Oligocene and Early Miocene was a time of arc extension contradicts standard geodynamical models

which correlate plate convergence rates to the state of stress in the overriding plate.
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GENERAL BACKGROUND

The Cura-Mallin Basin is filled with volcaniclastic and lacustrine strata. Exposed sections of the basin fill
range in thickness from less than 1000 to nearly 3000 m (Niemeyer and Muiioz, 1983; Muifioz and Niemeyer,
1984; Gutierrez and Minniti, 1985),but the base of the section is rarely observed. Two distinct depositional
facies and a transitional hybrid between the two have been identified: a volcanic facies that consists of
pyroclastic deposits with minor fluvial influence and a sedimentary facies that consists of fluvial and
freshwater lacustrine deposits with minor pyroclastic input. The thickest known stratigraphic sections are
composed of the sedimentary facies, but the volcanic and hybrid facies cover a larger area. Radiometric ages
obtained for strata within the basin have established that most of the development of the basin occurred

between 26 and 22 Ma (Jordan et al., unpublished manuscript).
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Figure 1. Location of Cura-Mallin Basin and other Oligo-Miocene rocks of

the region (after Jordan et al., unpublished manuscript).



Fourth ISAG, Goettingen (Germany), 04-06/10/1999 117

STRUCTURAL DEVELOPMENT OF THE BASIN

Seismic reflection data from the eastern flank of the basin in Argentina (Jordan et al., unpublished
manuscript) and gravity and drilling data from the western flank in the Central Valley of Chile (Vergara et al.,
1997) have been interpreted as showing basin-bounding normal faults controlling the distribution of Late
Oligocene-Early Miocene strata, which were reactivated in a reverse sense during Late Miocene shortening.
Small (offset < 3m) listric normal faults have also been observed within one of the basal outcrops of the
sedimentary basin fill.

Stratigraphic relationships also suggest the presence of basin-bounding normal faults. In the Argentine
portion of the basin, the sedimentary facies crops out in the eastern flank of the Andean Cordiilera where it has
been uplifted in the hanging wall of a reverse fault. The hanging wall of that normal fault exposes
approximately 2800 m of Cura-Mallin strata, concordantly overlain by Middle Miocene volcanic rocks.
However, in the footwall of the fault, no Cura-Malilin strata crop out and undeformed Eocene volcanic rocks
are exposed 5 km east of the reverse fault. The rapid lateral transition from thick basin fill to strata predating
the basin implies either strong differential subsidence by faulting during basin fill, or significant eastward
transport of the Cura-Mall{n strata by thrusting. The latter is unikely based on the seismic data and fold style.

Changes in section thicknesses suggest that subsidence within the basin was localized along individual
faults. Thickness variations reflect position within footwall or hanging wall, proximity to a fault, and along-
strike variations in fault displacement. The 200 km breadth of the basin fill implies that the Cura-Mallin basin

consists of several interconnected depocenters each with its own controlling fault or faults.

TECTONIC SETTING OF THE BASIN

The reorganization of plate motions in the South Pacific (Tebbens and Cande, 1997) coincident with the
initiation of the Cura-Mallin basin generated an increase in convergence rate of the Nazca and South
American plates from near 5 cm/yr to almost 15 cm/yr and a rotation of the convergence vector from 50°
obliquity to nearly trench normal (Pilger, 1984; Pardo-Casas and Molnar, 1987; Somoza, 1998). Furthermore,
the volcanism of the Cura-Mallin Basin represents the reinitiation of volcanism in this part of the Andes after a
hiatus of approximately 15 m.y. (Jordan et al., unpubl. manuscript, Rovere, 1998). There is a probable causal
relation between the increased convergence rate, a resultant increase in the flux of water into the
asthenosphere, and the renewal of volcanic activity. However, geodynamical models indicate that the increase
in convergence rate and reduction of obliquity would create a compressional regime in the overriding plate

(Ruff and Kanamori, 1980; Peterson and Seno, 1984). This is in direct conflict with the geological evidence
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from the basin for extension during this period of time. Therclore, it 1s necessary o examine the stress
contributions from processes not included in the geodynamic models. One such source of stress is a change in
thermal state. One hypothesis. to be tested by thermal studics in progress, is that heat flow in the South
American lithosphere would have increased considerably due to the reinitiation of arc volcanism and the

increase in asthenospheric flow caused by rapid subduction, causing doming and upper lithospheric extension.
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INTRODUCTION

The city of Quito (1.5 million pop.), Ecuador, located in the interandean valley, is limited on the
west side by Guagua Pichincha Volcano and on the east side by a series of slopes aligned NNE, in
accordance with the Andean trend. This latter morphological feature is the superficial expression of the
Quito Active Fault System. Since June 1998, an anomalous increase of seismic activity was registered in
the northern part of Quito, and two months later, an increase of volcanic and seismic activity at Guagua
Pichincha Volcano (located 16 km SW of the swarm) was registered. Characterization and relationship
between these two seismic activities are important to understand both processes and to advise people

living in Quito and its surrounding areas

SEISMICITY

Since June 1998, a very intense seismic swarm of about 4000 events has been registered in
Quito. During July 24 and October 31, the swarm shows an average of 40 events per day, and a maximum
of 120 events daily, while in the first half of the year the average seismic activity was not bigger than 3
events per day. Two peaks of activity are clearly defined: the first between the end of the first days of July

and September, and the second on October (figure 1a). The average magnitude was 2.7 while the
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maximum calculated magnitude was 4.1. The seismic signals show frequencies from 1 to 12 Hz, with
peaks at 2.3 and 3. 2 Hz on the nearest seismic stations. The total energy accumulated by the swarm, from
June 6 1998 to the end of the year, shows two important increments related to the seismic peaks in

August-September and October. (Figure 1b)
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Figure 1 a Accumulated energy released in Figure 1 b Number of events registered in 1998

1998 Quito Seismic Swarm, from Jun.6 to Dec. 31

DATA PROCESSING

The seismic data were processed using HYPOELLIPSE (Lahr, 1995) and a local velocity model.
2190 events from a total of about 4000 events were selected according to the following criteria: rms < 0.3,
errx < 0.7, erry < 1.0 and errz < 2.0. A ratio Vp/Vs = 1.68 was determined using the P-P vs S-S diagram
(Chatelain, 1978). The epicentral distribution presents a slight NW-SE orientation while depth foci are

constrained between 5 and 15 km showing a possible plane dipping 40° to the W (Figure 2).

FOCAL MECANISMS

Geomorphological observations (Ego,1995: Yepes, 1995) suggest a NNE reverse active fault
dipping to the west. This structure is supposed to be bifurcated and absorbed by a local sinestral fault in
the northern part (Soufas et al., 1991). The focal mechanism, obtained for a 3.9 event occurred on October
11, shows a reverse movement The plane striking N136°E and dipping 41° to the SW roughly coincides
with the weak orientation of the epicenters. It also shows a small left lateral component associated with
this motion. The strike of this fault plane does not agree with the NNE-SSW trend of the main fault
system, but it could be explained as the motion along a secondary branch of the Quito Fault as suggested
by Soulas et al(1991). The main compression axis responsible for the seismic swarm coincides with the
regional stress pattern (Guillier, non-published data), where the main compression axis (cl) has a ENE-

WSW direction. A component of the volcanic stress generated inside Guagua Pichincha volcano could
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also change the stress field in its surroundings. The magma chamber could also accounts for the
occurrence of the seismic swarm, if the concurrent reactivation of the volcano is taken into consideration

as well as the sort distance between the swarm and the caldera.
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solution for 3.9 October event period of more seismic activity during

August. Factors that could alter the b-value include increased heterogeneity of the material (Mogi, 1962)
and increase in the stress field (Scholz, 1968; Wyss, 1973). Then, this parameter could be representing a
newly fractured material or a variation in the stress field, explained equally well by the movement and
cracking of the fault, and/or the increase of the gas pressure in the magma chamber underneath Guagua

Pichincha.

CONCLUSIONS

An intense seismic activity was registered in the northern part of Quito since June 1998 to the present
day. This type of activity was not observed before in this area, and presents two important peaks of
around 40 events mb=2.0 or above per day, between July 24and October 31.

Epicentral distribution of the events shows a particular NW-SE orientation, while hypocenters
suggest a plane dipping around 40 ° to W. The focal mechanism solution agrees with the rough swarm
epicentral distribution and the regional compressive field. A possible compressional component
coincident with the direction of Pichincha volcano is suggested, but additional focal mechanisms should

be analyzed to better understand the stress fields in this area.
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An important change in the b-value from 0.53 in 1997 to 1.467 in 1998 was observed. The
appearance of the 1998 Quito seismic swarm could explain this difference by increases in the
heterogeneity of the crustal materials (Mogi et al., 1992) and/or by variations in the stress field (Scholz,
1968; Wyss, 1973).

Both focal mechanism and foci distribution suggest that a structure striking NW-SE, could be the
source of this seismic activity. This structure does not agree with the Quito Fault System trend, but it
could be explained as a northern termination of the main structure with a NW-SE trend. Quito seismic
swarm was Initially attributed to the active Quito Fault System, corresponding to a tectonic origin.
Nevertheless, the August 1998-March 1999 volcanic crisis at Guagua Pichincha, which presents b-value
variations related with changes in the stress field beneath the volcano (Villagémez, this volume), could

give new ideas about the origin of the swarm.
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INTRODUCTION

The Marte Porphyry Gold deposit (27°10719™ Lat S and 69°01°12” Long W) is located in the Andean
Cordillera of the Atacama Region. northern Chile. and belongs to a Middle to Upper Miocene vulcano-
plutonic arc. The mineralization occurred in a horablende-biotite dioritic stock that has been divided into
three sub-units: coarse-grained dioritic porphyry. fine-grained dioritic porphyry. and a microdiorite. The
stock occurs at the intersection of two faulis trending NNE-SSW and NW-SW respectivelv (Vila et al
1991).

Fluid inclusion studies were carried out on quartz vein in order to characterise the thermochemical nature
of fuids associated with the formation of the stockwork. In order to establish the relative chronology of
fluid-trapping events and to ensure paragenetic and spatial coverage of the paleo-hidrotermal system, 25
samples were collected along the total length of four drill cores. corresponding to different stages of
quartz veins.

This study was carried out in the Laboratory of Microthermometrv of the Depariment of Earth Sciences.

Universitv of Concepcion. Chile. Heating and freezing runs were performed on a THMS-600 Linkam



124 Fourth ISAG, Goettingen (Germany), 04-06/10/1999

nitrogen cooled stage. provided with a thermal control unit (TMS-90, TP-91). The temperature limits
obtained are -190° and 600°C.

FLUID INCLUSION CHARACTERISTICS

All analvsed inclusions were hosted by fine crvstalline euhedral to subhedral crystals of quartz, rarely
larger than 5 mm across. Nevertheless. despite the abundance of inclusions observed in these quartz
crvstals. only a small number of them were bigger than 7u.. therefore an extensive search was required to
find good population of inclusions large enough to allow optical distinction of phases. and phase changes
that could be definitivelv classified and measured to provide useful temperature and salinity data.

All measured inclusions were considered to be primary nevertheless. because recognisable crystal faces
and growth zones are rarelv observed. isolated inclusions or those forming imregular three dimensional
groups within the quartz grains were classified as primary. Those located in trails defining intragranular
planes were interpreted as pseudosecundary. and the ones along planes crosscutting grain boundaries were
considered secondary (Roedder. 1984). In some cases distinction between primary and pseudosecundary
inclusions was difficult to make.

Primary inclusions tvpically show ellipsoidal to negative crystal shapes that resemble doubly terminated
quartz euhedrons with rounded crvstal edges. whereas those of pseudosecundary or secondarv origin are
usually ellipsoidal to flat. irregularly shaped inclusions.

All fluid inclusions studied exhibit as visible phases. liquid. vapor. and in a lesser extend halite as
daughter crvstals. According to the number of phases present at room temperature it was possible to
distinguish. three types of fluid inclusions

Tvpe L liquid-rich (L+V). these are two phase inclusions in which the liquid is the dominant phase and
the vapor bubble represent between 2 to 15 vol. % of total volume of the inclusion. These represent about
83 % of all measured inclusions.

Type G gas-rich (V+L). usually mono phase gaseous inclusions. some may contain very small quantities
of liquid. Although they are abundant. no temperature measurement could be made on these inclusions.
Tvpe B three phase liquid-vapor-solid inclusions (L+V+S). The aqueous phase is normally dominant,
including a bubble (ca. 20 vol. %). and a halite daughter mineral (10-20% of the total volume). These

represent about 15 % of all measured inclusions.

FLUID COMPOSITION
Despite the fact that all inclusions were frozen to -100°C. no phase changes occurred until the first

melting of ice that occurred at temperatures higher than -20.8 °C . This suggests, but does not confirm the
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predominance of NaCl. probably small amounts of KCL and the absence of divalent salts in the aqueous
fluids. and the svstem may be approximated by the NaCI-KCI-H20 system.

The salinities of fluid inclusions were calculated from final melting temperature of ice and temperature of
halite dissolution. For final ice melting temperatures, 270 successful freezing runs were performed and
vielded to a set of data which shows a wide range from ~0.2°C to -22°C. indicating salinities between 0.9
and 23 Wt % NaCl equiv. (Fig. 1B). Salinity calculated from halite dissolution temperature shows a range
between 28.5 10 45.6 wt % NaCl equiv.

Actual formation and melting of hvdrate crystals were not visible under the microscope, in fact,
clathration was defined only in few of the studied inclusions. generally by the occurrence of a double jerk
of the vapor bubble during cooling or by a sudden jerk during warming above 0 °C .

Most fluid inclusions readily homogenise 1o liquid. only few to vapor. The homogenisation temperature
falls roughlv within a range of 180° to 400°C (Fig. 1A). providing a minimum estimates for vein
formation temperatures. Within this wide range. two closely related population can be identified. one
between 290° and 420°C. and the other slightlv colder in the range of 180° and 320°C . The bimodal
frequency distribution defined for the entire set of sample is (Fig. 1). can also be observed in the data from

single sample.
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Fig 1. (A) Distribution of homogenization temperature. (B) Salinity vs homogenization temperature (Th).

The ubiquitous occurrence of both types L and G inclusions in all veins is a clear evidence for the
presence of two immiscibility phases. vapor and liquid. due to boiling at the time of inclusion trapping.
The boiling phenomena will also be the most probable reason for the large range of homogenisation

temperatures observed on individual samples.
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Even if there is no data available for vapor-rich inclusions. it is presumed that data gained from necarby

liquid-rich inclusions adequatcly reflect the temperaturc and composition of the boiling fluids.

CONCLUSIONS

According to the data of fluid inclusions studied above. it can be concluded that solutions ranged in
temperatures between 124° and 550°C showing a bimodal distribution. with a widc rangc of salinities of
0.9 10 45.6 w1 % NaCl equiv.

On the basis of the microthermometric data. pressure values have been estimated between 120 to 140 bars
under hvdrostatic conditions.

Because the evidence of widespread boiling during inclusion trapping. it is presumed that the vapor
pressure of the fluids closely approached the total pressure during the different stages of vein formation.
In view of these no temperature correction due to pressure has been madc.

Temperature-salinity diagram (Fig. 1B) shows a wide range of salinity. with a more restricted variation of
homogenisation temperatures. This can be interpreted by continuous fracturing and vein opening that
permitted recurring passage of fluids. which resulted in several stages of quartz vein formation resulted
from manyv discreet hydrothermal pulses. Nevertheless a process involving fluid mixing and dilution
between ascending. highly saline fluids tvpical of deeper magmatic hvdrothermal enviroments such as
porphyry metal deposits with less saline fluids from shallower environment, seems like a most plausible

explanation.
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INTRODUCTION

The Zaldivar mine. located 175 km SE of Antofagasta City. is part of a large Tertiary porphyry complex
associated with the West Fissure structural system of northern Chile. The deposit is located at the
intersection of two faults, one trending NW the other NE. and is centered in the NNE elongated Llamo
Porphvry of Upper Oligocenc age (Fig. 1). This is a light gray. green to “salt and pepper”. granodioritic
to dioritic intrusive with a marked porphyrilic texture. with the phenocrysts representing between 25 to
40% and correspond to plagioclase. K-feldspar. biotite and rounded quartz phenocryvsts. Strong phvllic
and potassic hydrothermal alterations imprint these rock types. This unit is bisected by the N-S trending
Portezuelo fault it intrudes andesite of the Augusta Victoria Formation (Upper Cretaceous-Lower
Tertiary) and the Zaldivar porphyry, which is also of Upper Oligocene age (Fig. 1).

Samples from Llamo porphyry (Fig. 1) containing quarlz grains as phenocrysts or in hvdrothermal
veins. both having a number of fluid inclusions. are currentlv being investigaled in the

Microthermometryv laboratorv of the Vrije University Amsterdam.
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Fig 1. Local geology of Zaldivar Porphyry Copper

FLUID INCLUSIONS TYPES

Three different tvpes of fluid inclusion classically described in Porphyry Copper Systems have been
found usually closely associated to melt inclusions (Fig 2). Isolated inclusions or those forming
irregular three-dimensional groups within grains (clustered) are classified as primarv. Inclusion trails
defining irregular planes crosscutting grain boundaries are considered to be secondary.

Type W: liquid-rich (L-V) inclusions (Fig. 2). Contains two fluid phases. a dominant liquid water
solution and a vapor bubble, displaying a degree of fill between 90 an 70%. Some of these inclusions
(less than 5%) may contain small opaques and/or transparent crystals as solid phase.

Type B: halite-bearing (L-V-S) (Fig. 2). Characteristically this type of inclusions contains a well-formed
isotropic cubic halite crystal as an essential component in addition to the liquid phase and the bubble.
Nevertheless. a number of other birefringent and opaques daughter minerals may also be present.

Type G: gas-rich (V-L) (Fig 2). Generally contains two fluid phases. with a dominant vapor phase
representing more than 80 % of the total volume. In most of these inclusions, a thin rim of liquid is
always visible. In same cases (less than 10%) a reddish or opaque and/or transparent daughter mineral is

present,
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Fig.2. Quartz phenocryst showing the distribution of {luid and melt inclusions: The melt inclusions appear to be
isolated among primary B and G inclusions, as well (broken lines) as pseudosecondary trails.

IDENTIFICATION OF DAUGHTER MINERALS

Daughter minerals are most commonly found and best developed in many type B inclusions.
Nevertheless. they can also occur on type G and less frequently on type L inclusions. Halite is the most
common daughter mineral. occurring as a colorless well formed isotropic cube and is a characteristic
component of type B inclusions. The second most abundant daughter mineral is hematite. which is easily
recognize under the microscope because it generally occurs as transiucent reddish crystal. Depending
upon the thickness may also occur as opaques.

In a number of inclusions. in particular type B, several opaque and semitransparent daughter minerals
besides halite and hematite have been observed. These solid phases have been identified by SEM analysis
on open fluid inclusions as iron oxide, mainly hematite and titanium-magnetite, silicates such as biotite.
plagioclase, K-feldspar. sphene. zircon. while other minor components correspond to iron chloride,
svlvite. and calcite.

Compositional analysis carried out on the walls of several inclusions indicates the occurrence of several
elements such as S, CI, Fe. Ti. and Ca.

FLUID COMPOSITION

Several inclusions specially type B. from both samples were analyzed by Raman spectrometry, but only

on few of them traces of COwere found with no sight other components. An unknown single daughter
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transparent cryvstal was also analvzed by Raman and the result indicates that correspond to a carbonate
crystal most probably calcite

A wide range of initial melting temperatures from ~70° up to —3°C were found mainly on primary type W
and G fluid inclusions. From these values. it is possiblc to say that the fluids belongs to the system NaCl-
CaCl.-KC1-H-0. The initial melting temperatures will vary depending on the presence and concentration
of the different ions in the fluid of a given fluid inclusion. namely Na. K and Ca. Therefore, for
temperatures between —75° to —=50° besides Na. Ca will be an important component of the fluid. On the
range -45° to -25° Na will be present with important amounts of K. and finally. on those inclusions with
initial melting higher than —20°C. Na will be thc only important ion on the fluid.

Final melting temperatures. together with halite dissolution give salinities in a range between 355.7 and 5
weight % NaCl equiv. In type G inclusions. homogenization is mostly to the gaseous phase. while for
tvpes W and B. homogenization is to the liquid phasc. In all cases the temperatures are between 350°
and 500°C.

From the relation of salinity and Th from the analvzed uid inclusions. it is possible to recognize three
tvpes of hvdrothermal fluids. a hot high salinity {luid (B). a low salinity hot fluid (W1). and a low salinity
cold aqueous fluid (W2). Microthermometric data indicate that B and W, fluids were trapped at High
temperature (about 500°C. roughly 200°C lower than magmatic temperatures). These fluids are assumed
to be eventually of magmatic origin. The later. colder W, fluid. also low salinity aqueous. has a more
problematic origin.

Tvpe B and G inclusions shows an overlapping of homogenization temperaturcs in the range between
350° and 500°. being a good indication that boiling occurs. resulting in a strong compositional variation

of fluid inclusions.
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CONCLUSIONS

The original rock mineral assemblage is almost completely replaced by alteration minerals. marked also
by hvdrothermal quartz vein. However quartz phenocryvsts preserve earlyv. near magmatic features such as
melt inclusions closelv related to fluid inclusions classically described in Porphyry Copper Svstems
(coexisling vapor rich and highly saline brines).

Fluid types on igneous quartz phenocrysts and hvdrothermal quartz are comparable. Low values of initial
melting temperature. and the occurrence of different daughter mincrals (mainly halite and sylvite. as well
as calcite and anhvdrite). indicates that the fluids involved in the ore deposit evolution correspond to the
NaCl-KCI-CaCl--H-O syvstem. with small amounts of CO-.

Discrete episodes of boiling have been recorded on a temperaturc range of between 350° and 500°.

No relation has been found so far between the fluid composition and Cu mincralization.
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INTRODUCTION.

The Precordilleran fault system of northern Chile (PES), also known as West Fissure System
(WES), has been the subject of extensive research regarding its structural history and evolution. In light of
these studies, several models of the kynematic histories of different segments of the PES have been
established. In this paper, we present the results of a study carried out in a segment of the PES, between
20°52’ - 21°00° S, in the area around Quebrada Copaquiri, Precordillera of the I Regién de Tarapaca.
Here, several structures indicate the existence of two deformational events of transpressive type,
exhibiting left lateral and right lateral components succesively. These events postdate previous Eocene
,Incaic* shortening related deformation. We examine the age constraints of these events and establish a

comparison with other previously studied segments of the Precordillera, north and south of the area.

GEOLOGICAL - STRUCTURAL SETTING.

The most conspicuous feature of the area is the ,main* trace of the PFS, which runs in an
aproximate N-S direction through the central part of the mapped region, slightly deflecting to the NW at
the northern end of the area. There is a marked difference in stratigraphic succession and structural style
between the regions on both sides of the PFS main trace (fig. 1). The main sources of geological
information for the area are Vergara & Thomas (1984) and Bogdanic (1990).

In the main trace of the PES, the outcrops have suffered strong alteration effects, which conspires
against the preservation of recordable structural features. Nevertheless, adjacent outcrops have well
preserved structures, which generally trend obliquely to the PES main trace. These include folds,
foliations, brittle faults and thrusts. These structures define two distinct deformation events of

transpressive type, which are radiometrically constrained to be post Eocene in time.
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Fig. 1: Geological map of the studied area.

The first of these events shows a WNW — ESE shortening direction. Structures signaling this
event occur on both sides of the PFS main trace. To the west, adjacent to Quebrada Las Letras, tuffs of
the Cerro Empexa Fm. show NNE trending strips of intensely foliated rocks, that are several kilometres
long and have a thickness of up to 20 - 30 m. These have a subvertical to steeply ESE - dipping attitude.
Vertical thin sections on these rocks exhibit shear indicators (¢ clasts, S-C style fabrics), indicating
WNW vergent thrust of the eastern block.. Also affecting these rocks are brittle ~ ductile reverse faults
and conjugate sets of brittle reverse faults with slickenside lineations. All of these features trend similarly
in a NNE direction, and their kinematic indicators are consistent with a WNW —ESE shortening direction.
West of the PFS main trace, rocks of the Eastern Sequence are folded into a wide syncline with a NNE —
trending axis, that plunges gently in the same direction. These rocks are cut by an andesitic dyke swarm.

The dykes trend in a NNE direction, and are tilted, dipping perpendicular to the strata on both sides of the
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syncline. Consequently, they were emplaced prior to the deformational event. These dykes were dated by
Hammerschmidt et al. (1992), yielding an “°Ar-*Ar age of 36,2 + 0,6 Ma (biotite plateau age).

The second deformational event shows an aproximate SW -NE shortening direction. The
structural features representing this event are mainly visible in the courses of Quebrada Apacheta and
Quebrada El Chilcar. There, SW verging thrust faults put Paleozoic volcanics of the Collahuasi Fm. onto
rocks of the Jurassic Quehuita Fm. and the Western Sequence, generating a series of SW verging folds
affecting these latter sequences. The thrusts have variable dips (45°-55°) along their trace and trend in an
approximate NW — SE direction, almost perpendicular to the trend of the previously described structures
related to the first deformational event. The thrusts cut dykes and structures related to the first event.
Other minor thrusts occur affecting the sedimentary sequences, showing small scale drag folds.

On the course of Quebrada Apacheta, a subhorizontal thrust fault was observed, exhibiting a 1,5
m thick gouge zone with S-C style planar fabrics, which are consistent with a NE vergence of the thrust,
opposite to the previously described, high angle thrust faults. This thrust puts basal coraligenous banks of
the Quehuita Fm. over andesitic lavas attributed to the paleozoic Collahuasi Fm., which could indicate a

detachment of the sedimentary cover from the more rigid Paleozoic volcanics.
DISCUSSION.

The upper limit of the deformational events is constrained by undeformed deposits of the Ujina
ignimbrite which yield a K-Ar biotite age of 9,0 = 0,4 Ma (Vergara & Thomas, 1984). These exhibit only
normal NW trending faults of post — Middle Miocene age, that affect also the gravel deposits of Pampa
Pastillos. Consequently the age of the deformational events of interest here, can be broadly constrained to
an Oligocene — Middle Miocene span.

Unfortunately, there is no direct field evidence in the area to constrain the age boundary between
the two events. However, an attempt can be made to correlate these events with similar, previously
described events in other segments of the PFS.

Oligocene sinistral movements of the PES have been documented by Reutter et al. (1996) and
Tomlinson & Blanco(1997), in the area of Chuquicamata and to the north. These authors also indicate a
switch to dextral movements post — dating the sinistral event. According to the latter authors, this sinistral
event must have predated deposition of the Huasco Ignimbrite (K-Ar biotite ages between 17,1 + 0,8 and
14,6 + 0,4 Ma, Vergara & Thomas, 1984).

Muiioz & Sepilveda (1992), described NW trending structures, north of the present area,
between 19° - 20°S, which were folded and thrusted showing a west vergence. They dated ignimbrites
similar in age to the Huasco and Ujina ignimbrites of the present area, obtaining a K-Ar biotite age of
16,2 + 0,2 Ma for the Tarapaca I[gnimbrite, affected by the latter structures and an age of 8,2 + 0,7 Ma for

the overlying and undeformed Camiiia Ignimbrite, thus constraining the age of deformation.
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CONCLUSIONS.

The upper and lower age boundary of the two deformational events can be constrained on the
basis of field observations and available radiometric data for the area. To constrain the limiting age
between the two deformation events, we have relied on data from other studies outside the area.
Nevertheless, on comparison the results seem consistent enough to hold true. On this basis, we can say
that the first event correlates well with the already documented sinistral movements further south, around
the area of Chuquicamata and can be assigned broadly an Oligocene — Early Miocene age. The structures
clearly indicate strong shortening in a sinistral transpressive regime, so at least in this area a model of
sinistral transtension (Reutter et al., 1996) is difficult to apply.

The second event is constrained to the Middle Miocene in age and reflects a dextral transpressive
style deformation. The NW trending structures associated with this event mark the beginning of a
deflection of structures in the Precordillera, as already pointed out by Mufioz & Sepilveda (1992), and

could represent a north end termination zone for strike slip movements of the PFS.
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INTRODUCTION

The north area of Madre de Dios Department (SE Peru) is located in the Amazon Plain (12° 00'-
12° 30’ of south latitude, and 69° 80'- 70° 00’ of longitude west; Fig. 1), and it corresponds to the eastern
part of Madre de Dios foreland basin. This basin contains a sedimentary sequence of approximately
10,000 meters that has Paleozoic. Mesozoic and Cenozoic rocks. The study area corresponds to the
Amazon occident, characterised for presenting a plain that varies between 200 and 400 m which is cut by
big systems of rivers and vast areas of dissected lands. This has permitted to observe and study the Mio-
Pliocene and Quaternary stratigraphic units, and also, the tectonic structures. These have allowed to
interpret the evolution of this part of the basin in relation to tectonic events recognised in the subandine

area.

STRATIGRAPHY

The oldest outcrops correspond to the upper part of the Ipururo Fm (a 80 m) (Palacios et al,,
1996; Carlotto et al., 1998) whose observable lower part, is characterised by sandy sequences of fluvial
origin (Fig. 2). A level of sandstones presents great quantity of trunks of trees of up to 4 m. of diamelter,

those that seem to indicate an important climatic crisis in this time.
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The upper part of the formation is made up of bluish. gray and greenish clays of lacustrine
environments (Fig. 2), where fossil remains of vertebrates faunas have been, particularly in the area of the
Acre and Madre de Dios. The cheloniane fauna of the Southwest of the Amazon river, shows that these
species are of sweet water, the one that can be comparable with the fauna of Huayquerian turtles of
Urumaco-Venezuela (De Lapparent De Broin et al., 1993). As tor the age, in the area of the Acre of the
limit Peru-Brazil, the remains of fossils correspond to giant turtles coming from the Huayquerian stage
(Last Miocene-Early Pliocene) (De Lapparent De Broin ct al., 1993). On the other hand, works carried out
by Frailey (1986) in the Madre de Dios river, have rcported the presence of a new gender and proboscides
species in the superior part of the Formation Ipururo and under the Madre de Dios Fm. This vertebrate has
been dated in North America, as the Pliocene age. Based on this dating and tield observations, the studied
part of the Ipururo Fm would be of the Last Miocenc-Early Pliocene age. This unit can be correlated with
the Pebas Fm of Loreto (Northeast of Peru) and with thc Charqui Fm of the Bolivian North Subandine,

that also contains remains of vertebrates.

The Madre de Dios Fm (a 50 m) (Oppenhcim, 1946; Campbell & Romero, 1989) overlies, in
regional angular unconformity, to the Ipururo Fm (Carloto ct al., 1998). In this unit 3 members have been
identified, composed by conglomerates, sands and clays of fluvial origin and ol floodplain. It stands out
the presence of a basal conglomerate that presents remains ol plants of the spccies Sapindus sp. and a
bivalve of the species Corbula (Juliacorbula) sp. that it indicates a Mio-Pliocene age (Romero: in Carlotto
et al., 1998). The age of this formation outlines discrcpancics. since initially it was considered of the last
Neogene, without arguments; and later to the Pleistocenc-Holocene, based on "“C dating, that show

uncertainties (Rdsdnen, 1991).

The Age of the Madre de Dios Fm was obtaincd for its stratigraphic position, the opposing fossils
and the correlation with the Ifiapari Fm of the Acre ol Pcru and Brazil. This last one contains giant turtles
of the gender Chelonoia and probably a species of a Podocneniidinae thal deline the Huayquerian stage
(De Lapparent De Broin et al., 1993). These data allow us atwribute a late Plioccne-Pleistocene age. The
Madre de Dios Fm is also correlated with the Tutuma Fm ol thc Bolivian Subandine North, the one that

radicronologically has been dated in 3 Ma.

In the study area 3 groups of Terraces have been recognised. The estimate of their ages are based
on dating previously attributed to other units (Rdsanen, 1991). The Terrace T3 is of erosional type and it is
assumed 176,000 year B.P.; the Terrace T2, possibly has an age between 40,000 and 32,000 years B.P.;
and the Terrace T1 has probably been deposited among the last ones 10,000 and 5.000 years B.P.

TECTONIC
From the structural point of view, the study area has been divided in three domains (Fig. 1). The

West Domain is characterised by the presence of not very deformed big folds of ONO-ESE
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direction. They affect in more degree to the Ipururo Fm (Mio-Phiocenc) and in smaller degree to the
Madre de Dios Fm. These folds are also observed in the underground by the seismic reflection. The East
Domain, differs because it is a little lower and possibly less deformed arca. The limit between these two
domains (Central Domain) is given for the echclon fauits system of the Las Picdras river, the one that has
had several times of deformation. controlling the formation and evolution of the Las Piedras river. The
structural analysis of faults shows 3 systems: one ol purc compression that corresponds 1o inverse faults
with NE-SW shortening axis (Fig 3A), affecting to the [pururo Fim and scaled by the Madre de Dios Fm;
another of transpression that shows a E-W general shortening (Fig. 4A); and finally, one of constrictive
compression, that seems to be the superposition ol the previous systems. It has also been carried out the
structural analysis of folds, where those of NO-SE dircction atfect to the Ipururo Fm (Mio-Pliocene), they
have been originated by a NE-SW shortening (Fig. 3B) compatible with that of the inverse fauits. This
deformation relates it with the Quechua 3 tectonic crisis that sccms to show in the Earliest Pliocene in the
study area (4 4.5 Ma) which is continuous in the time. also deforming, in smaller degree to the Madre de
Dios Fm. Later on, transpressional strike slip plays with E-W shortening axis. have originated NE-SW
folds (Fig. 4B) that affect locally to the Madre de Dios Fim (Plio-pleistocene). along the faults system of
the Las Piedras river. These deformations related (o a change in the stress direction, have probably been
produced by the Quechua 4 tectonic crisis of the late Pliocenc-Quaternary (a 2.5 Ma). Finally, and for
slight changes in the E-W stress (Early Pleistocene) a NE-SW transtension takes place, along the faults
system of the Las Piedras river, and it will be the causing of the opening of the present depression for
where this river flows. In fact, a NE-SO distension is also compatible with the E-O strike slip movements.
The dating of this opening process is complicated becausc not having direct arguments, however it should

be slightly previous to the formation of the Terrace T3, that is the late Pleistocene.

CONCLUSIONS

The deformation and the uplift of the subandine zone related to the Miocene-Pliocene tectonic (Quechua),
developed a morphology with valleys that were filled in the late Miocene (ej. Valle de Quincemil). These
deposits would be contemporary to the fluvial deposits of the Ipururo Fm of the low Amazonian region
(Mio-Pliocene). The tectonic one that migrates {rom the West to the East. and shows that the Quechua 3
event of the Mio-Pliocene age, recently affects the study area during the Earliest Pliocene, producing NO-

SE to ONO-ESE folds and inverse faults that affect to the lpururo Fm.

After the maximum of this tectonic crisis, a peneplain of Pliocene-Quaternary age was formed.
On this the Madre de Dios Fm is deposited, following the axes of the folds that continue still being
deformed, very weakly and sealing the inverse fault. This is why the basal conglomerates of the Madre de

Dios Fm are only in the depressions of the synclines.
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The Quechua 4 tectonic crisis is more or less documenied in the Andes and has happened at the
end of the Pliocene. In the study area it takes place in the lalest Pliocene or at the limit Plio-pleistocene.
This event is characterised by sinistral-inverse faults, those that locally produce NE-SO folds, particularly
along the system of the Las Piedras river. These strike ship faults that will control the fluvial evolution of
Las Piedras river. In fact. later on to this tectonic crisis, the opening of the depression of the Las Piedras
river takes place, and 3 stages of terraces can be scen. The Terrace T3 characlerises a erosive peneplain,
then, the Terrace T2 fill the depression. Thesc two terraces reflect a uplift of the ensemble, perhaps
controlled by quaternary movements. Between the deposit of the Terrace T and the present river bed, a

difference is appreciated (slight subsidence of the area), since the Terrace T1 is inserted in the Terrace T2.
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The Eocene-lower Oligocene Capas Rojas basin of the Cusco area is located at the northem end
of the Altiplano. An important uplift of northern edge of the Western Cordillera around the Eocenc-
Oligocene boundary is documented by the evolution of the large Eocene-Oligocene Andahuaylas-Yauri

batholith (Carlier et al.. 1996).

Two sub-basins are recognised: the distal San Jeronimo sub-basin and the proximal Anta sub-
basin (Fig. 1). Both sub-basins are separated by an important NNW-SSE strike-slip fault syvstem (Accha-
Huanoquite-Ccorca. Cusco-Sicuani. Sicuani-Avaviri. and Lagunillas-Mafiazo faults) that presumably

controlled their evolution (Carlotto. 1998).
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THE DISTAL SAN JERONIMO SUB-BASIN

The red beds deposited in the San Jeréonimo basin unconformabliy overlic Palcocenc and Eocene
units (Jaillard et al.. 1994). Near thc top ol the Capas Rojas (Fig. 2). a trachvtic tuff is dated 29.9 £ 1 4 Ma
(Carlotto et al.. 1995 Carlier ¢t al.. 1996). The San Jeronimo red beds are thus Eocene and carly

Oligocene.

In the Cusco arca. the San Jerénimo red bedsconsist of two thick formations: the K avra
Formation ("3000 m) and the overlving Soncco Formation ("2000 m). Both arc made up of silts.
sandstones and conglomeratic sandstones of fluvial onigin. Each consists of a coarscning-upward
sequence that represents progradation of a fluvial svstem. Paleocurrents are directed toward the north in
the K avra Formation and toward the northwest in the Soncco Formation. The finer upper part of the

Soncco Formation indicates a significant change in the regional tectonic reginie.
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THE PROXIMAL ANTA SUB-BASIN

The red beds of the Anta sub-basin unconformably overlie Cretaceous-Paleocene strata and
Eocene intrusive rocks of the Andahuaylas-Yauri batholith (Carlotto. 1998). The lower and middle parts
of the Anta red beds are thick (1500 m) and composed of conglomerates. breccias and sandstones (Fig. 2).
These deposits are organized in coarsening-upward sequences interpreted to represent the superposition of
svatectonic alluvial fans. The upper part of the Anta red beds (400m) comprises fluvial sandstones and
mudstones associated with rare lacustrine limestones (Fig. 2). These deposits indicate a significant change

of the regional tectonic conditions.

Calco-alkaline andesite and dacitc [lows intcrcalated in the middle Anta Formation are dated
384+ 1.5and 379 £ 1.4 Ma (Carlotto. 1998). The upper Anta Formation contains trachvbasaltic flows
dated 29.9 £ 1.1 Ma (Carlier et al.. 1996: Carlotto. 1998). This magmatic activity implies that the red beds
of the Anta basin werc deposited during the latc Eocence and early Oligocene. Conscquently. the Anta

Formation appears to be coeval with deposits in the San Jeronimo basin.

MAGMATISM

The trachybasaltic (46 wi1% < SiOxX 47 wi%: 5.6 wt% < KO+Na 0 < 5.7 wi%. 0.8 < KO/Na O
< 0.9) and trachytic (SiOy= 60.8 w1%:. KOD+Na 0 = 10 wt%:. KLO/NaO = 0.3) rocks intercalated in the
upper part of the Anta and Soncco formations belong to alkaline series (Carlier ct al.. 1996). They are
strongly enriched in LILE (Ba = 820-1750 ppm. Rb = 68-70 ppm). Sr = 1040-1110 ppm. La = 14.1-17.7
ppm) and depleted in HFSE (Nb = 6-7 ppm) and display low LILE/LREE ratios (Sr/Nd = 46-34. Ba/La =
48-124). In spite of their general depletion in HFSE. these rocks show low LILE/HFSE ratios (La/Nb =
2.4-2.5: Th/Nb = 0.3-1.0). Such geochemical characteristics arc considered to reflect the composition of
the subcontinental lithospheric mantle from which they originated (Kay et al.. 1994: Comin-Chiaramonti

etal.. 1997).
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UPLIFT AND TECTONIC

Calc-alkaline gabbroic cumulates form the main part of the northern rim of the Andahuaylas-
Yauri batholith and are dated between 48 and 42 Ma (Carlier et al.. 1996). Thev are intruded by
granodioritic and dioritic subvolcanic stocks dated between 38 and 32 Ma (Carlier et al.. 1996). These
relationships document that a significant and rapid uplift {at least 5000 m) occurred along the northemn
rim of the Western Cordillera during the late Eocene and early Oligocene. The major shortening (up to
70%) documented at the Western Cordillera / Altiplano boundary is associated with this uplift (Carlotto.
1998). Erosion of reliefs produced by this uplift provided detritic material which filled the proximal Anta
and distal San Jeronimo sub-basins. Deposition of the coarsening-upward Anta and Soncco formations
was thus coeval with the compressional uplift of their source areas. In the upper Anta Formation
(proximal sub-basin). thick alluvial fan deposits are overlain by strata of fluvial-lacustrine origin that
include a trachybasaltic flow dated 29.9 Ma. In the Soncco Formation (distal sub-basin), a trachytic tuff

also dated 29.9 Ma is associated with the sudden appearance of alluvial conglomerates in the succession.

DISCUSSION AND CONCLUSIONS

Rapid regional uplift and extension. accompanied by lithospheric thinning and increased magma
production. have been recently recognised to indicate lithospheric delamination. i.e. rapid sinking of a
lower lithosphere fragment into the asthenosphere (Bird. 1979 Kay et al.. [994)n the Cusco area. along

the northern edge of the Western Cordillera, a significant late Eocene and early Oligocenc thermal event
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is documented by the existence of the Andahuavlas-Yauri batholith. which strongly suggests that
advection of hotter asthenospheric mantle into shallow dcpths occurred in this arca. The significant
shortening associated with this thermal cvent also resulted in rapid uplift of the northern rim of the
Western Cordillcra. Erosion of this uplifted arca gencrated the proximal coarse and distal finc deposits
observed in the lower part of the Anta and Soncco formations. respectively. The upper part of cach unit
records an abrupt change in scdimentation. which is associated with a short middle Oligocene aikaline
magmatic event: in the proximal Anta sub-basin. finc-grained strata abruptly overlic coarsc-grained
deposits: in the distal San Jcronimo sub-basin. alluvial conglomerates abruptly overlic fine-grained
deposits. This sedimentary cvent is interpreted to reflect an isostatic rebound duc to a change in the
regional stress regime (scc i. ¢.. Heller ¢t al.. 1988). The coeval occurrence of alkaline suites demonstrates
that the lithospheric mantle was involved in this process.

The abrupt changes in sedimentation recorded in the upper Anta and Soncco [ormations are
reminiscent of a delamination process (Kay et al.. 1994). As the Cusco area underwent rapid regional
uplift and subsequent relative tectonic quiescence during the late Eocenc - early Oligocenc interval. we
propose that a delamination process occurred in this arca in the late Eocene. The characteristics of the

coeval magmatic activity are in agreement with this hypothesis.
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INTRODUCTION :

GIS Andes is a homogeneous information system of the entire Andes Cordillera. covering an area of 3.83
million km? and extending for some 8500 km from the Guajira Peninsula (northern Venezuela) to Cape
Horn (Tierra del Fuego). Conceived as a tool for both the mining sector, as an aid to minerals exploration
and development, and the academic sector as an aid to developing new metallogenic models, GIS Andes

is based on original syntheses and compilations (Cassard, 1998, 1999).

The different layers of the system, which can of course be combined in any way that the user sees fit, are

both geographic and geologic (in the broad sense):

- Geographic — a DCW® geographic base;

- DEM — three digital elevation models with a structural analysis of the detailed topography;

- Imagery — SPOT 4 VEGETATION® satellite images;

- Geological synthesis — synthetic geological map of the Andes at 1:2,000,000 scale (Fig. );

- Geologic map coverage — more than 900 georeferenced maps;

- Seismic — more than 50,000 seismic records, with modelling of the subduction plane (Fig. 2);

- Volcanic — data on Holocene volcanism;
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Figure 1: Extracts from the 1:2,000,000-scale geological synthesis

Gravimetric — the Bouguer anomaly calculation; isostatic correction and corresponding residual
anomalies; vertical gradient calculation and structural analysis; gravity modelling of the Nazca plate;
Heat Flow — a base with 251 oceanic data and 239 continental data;

- Geochemistry — a geochemical database (3935 whole-rock analyses) from which it is possible, for
example, to identify zones of adakitic magmatic activity — a new gold metallotect;

Ore Deposits — linked to a Database under Access® and using a new metallogenic lexicon:
Mineralogy, fluid inclusions, isotopes — data on the 350 main ore deposits of the Cordillera;

- Mining Districts and Provinces — location, main features, potential;
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- Geodynamic — the geodynamic evolution of the Andean margin with a series of palinspastic maps

from 10 Ma onwards {(developed in collaboration with IRD).

GIS Andes is a tool designed lor creating maps of metallogenic potenual, also known as favorability

maps. for example:

(1) maps per substance(s) / age bracket / geologic seting: e.g. Au-Ag associated with Miocene
volcanism taking into consideration the presence of adakites.

(2) maps of calc-alkaline formations for Au-Ag epithermal depostt exploration;

(3) maps of "sub-recent” deposits, created by combining data from the "Heat flow”, "Gravimetric",
"Geologic”, and "Volcanic" (recent to present volcanic activity and geysers) layers: i.e. the combination
of i) a thermal signature reflecting possible hydrothermal fluid circulation or magmatic activity, i) a
"light” body signature at depth, ii1) a favorable geologic formation, and iv)evidence of recent volcanic

activity and sub-recent hydrothermal fluid circulation.

GIS Andes is also designed for a more global approach to metallogeny. For example, 3D modelling of the
subduction zone should be able to identify the influence of the Benioff plane geomeltry on the distribution
of deposit types. It is hoped that this more "academic” approach will identify new regional metallogenic

guidelines.
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INTRODUCTION

The southern Andes plate boundary zone records a protracted history of bulk transpressional
deformation during the Cenozoic. Transpression has been causally related to either oblique subduction or
ridge collision (e.g. Hervé, 1976; Beck, 1988; Nelson et al. 1994; Cembrano et al. 1996). However, few
structural and chronological studies of regional-scale deformation are available to support one hypothesis
or the other.

The present work addresses along and across-strike variations in the nature and timing of plate-
boundarv deflormation to betler understand the Cenozoic iectonics of the southern Andes. A general
objective was to gain insights into the geometry and kinematics of transpressional deformation at
obliquely convergent plate margins. Five transects were mapped along the southemn Andes. from 39°S to
46°S (Figure 1). Bulk mineral separates from high strain rocks with good field and microstructural
kinematic constraints were selected for conventional furnace *'Ar-"’Ar stepwise dating, Highly strained
(dynamically recrystallized?) single minerals and/or mineral aggregates were dated in situ by using the
laser technique on polished rock slabs.

KINEMATICS AND TIMING OF DEFORMATION

The northermmost, Liquifie transect (39°S), documents ductile deformation of pre-Late
Cretaceous age. Brittle deformation is represented by a regional, high angle, northeast-trending reverse
fault that places greenschist facies mylonites against an undeformed Miocene granitoid. In contrast. Late
Cenozoic brittle faulting of Cretaceous and Miocene plutons is well developed farther south at Reloncavi
(41°S), where contractional and strike-slip kinematics are documented. At Hornopirén (42°S). Late
Cenozoic ductile to brittle dextral strike-slip deformation along northeast striking shear zones was
continuous [rom syntectonic pluton emplacement at 10 Ma, to low temperature. solid-state deformation at
ca. 43 Ma. Brittle faults indicate that dextral strike-slip deformation remained active after 3 Ma.
Puyuhuapi and Aysén transects (44-46°S), document a remarkable increase in the contractional
component of ductile and brittle deformation. At Puyuhuapi (44°S), north-south trending, high-angle
contractional ductile shear zones that developed from plutons, coexist with moderately dipping dextral-
oblique shear zones in the wallrocks. In Aysén (45-46°), top to the southeast, oblique thrusting
predominates to the west of the Cenozoic magmatic arc. whereas dextral strike-slip shear zones develop
within it.

New “°Ar-Ar data from mylonites and undeformed rocks from the five transects (Table 1)
suggest that dextral strike-slip and contractional deformation occurred at nearly the same time but within
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different structural domains along and across the orogen. For instance, “’Ar->Ar laser dating on highly
strained synkincmatic biotite from plutonic rocks with S-C fabrics at 42°S documents dextral ductile shear
at 4.3+0.3 Ma. Similar ages were obtained on both high strain pelitic schists with dextral strike-slip
kinematics (4.4+0.3 Ma. laser on muscovite-biotite aggregates, Aysén transect, 45°S) and on mylonitic
plutonic rocks with contractional deformation (3.8+0.2 to 4.2+0.2 Ma. fine-grained, recrystallized biotite,
Puyuhuapi transect). Oblique-slip. dextral reverse kinematics of uncertain age is documented at the Canal
Costa shear zone (45°S) and at the Queculat shear zone at 44°S. Published dates for the undeformed
protholiths suggest both shear zones are likely Late Miocene or Pliocene, coeval with contractional and
strike-slip shear zones farther north.

CONCLUSIONS

Coeval strike-slip, oblique-slip and dip-slip deformation on ductile shear zones of the southem
Andes suggests different degrees of along- and across-strike deformation partitioning of bulk
transpressional deformation. The long-term dextral transpressional regime appears to be driven by oblique
subduction. The short-term deformation is in turn controlled by ridge collision from 6 Ma to present day.
This is indicated by most deformation ages and bv a southward increase in the contractional component of
deformation. Oblique-slip to contractional shear zones at both western and eastern margins of the Miocene
belt of the Patagonian batholith define a large-scale pop-up structure by which deeper crustal levels
exposed in the Main Range have been differentially exhumed since the Pliocene. The overall geometry
and kinematics of regional-scale shear zones obtained in three-dimensional analog and numerical models
of transpression (e.g. Schreurs and Coletta. 1998: Braun and Beaumont. 1995) are strikingly similar to
those we have described for the southern Andes plate boundary zone (Figure 2).
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Figure 1. Geodynamic setting of
Southern Andes plate boundary
zone. Transect location is shown.

Sample | Transect Rock type Material Age (Ma) £ 1o
94JCS54 Liquifie crosscutting dike amp 100+2
94JC13| Homopirén S-C tonalite bt (Laser spots) 4.35+0.05
951C1 Puyuhuapi mingled gd-diorite bt 3.5+0.2
95JC1 Puyuhuapi mingled gd-diorite amp 20.2+0.2
9siC2 Puyuhuapi mingled gd-diorite bt 1.6£0.2
95IC4 Puyuhuapi mingled gd-diorite amp 374 +3
95]C4 Puyuhuapi mingled gd-diorite bt 53x03
953Co Puyuhuapi granodiorite amp 144+ 0.6
951C6 Puyuhuapi granodiorite bt 144+03
951C12 Puvuhuapi granodiorite amp discordant
95JC12 Puyuhuapi granodiorite bt 13.3+0.2
96GADI Puyuhuapi mylonite bt (bulk) 42+02
96GAN3 Puyuhuapi mylonite bt (bulk) 38+0.2
95GA04 | Puyuhuapi mingled gd-diorite bt (bulk) 42+0.1
96(iA26 { Puyuhuapi bt-ms schist ms 6.2+0.2
951C14 Aysén bt granite bt 57+0.2
95GA17 Aysén schist ms (bulk) no result
95GA17 Aysén schist ms+bt bands (laser spots) 4.6-9.4Ma
95GAI19 Aysén schist ms (bulk) 4-10Ma, 5.1+ 0.2(tga)
95GA19 Aysén schist ms+bt bands (laser spots) 4403

Table 1. Summary of new “Ar-"Ar age date for the studied transects
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Figure 2. (a) Three-dimensional cartoon showing the regional-scale geometry and kinematics
of deformation at the Southern Andes plate boundary zone; (b) Plan view of the plate boundary
zone showing that transpressional deformation is mainly accommodated through regional-scale,
east-dipping and west-dipping oblique-slip reverse shear zones flanking the Cenozoic plutonic
belt of the North Patagonian Batholith; (c) Same as (b) but in sectional view.
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INTRODUCTION

Morphologic units in the northern Chilean Andes parallel one another and the offshore trench.
These units are, from west to east: Coastal Cordillera, Central Depression, Precordillera, Western Cordillera
and Altiplano (Fig. i). The development of the west part of the Western Cordillera (Chapiquiiia-Belén Ridge),
in the Chilean Altiplano, was controlled by two diverging, trench-parallel systems of thrusts and folds, one
located along the Precordillera and the other along the eastern side of the Western Cordillera. Although total
shortening associated with these systems is only 12 to 14 km, their activity determined the development of
fluvial and lacustrine basins which recorded the synorogenic paleoenvironmental evolution of this region. We
describe here facies, geometry and chronology of the deposits associated with both systems and provide an
explanation for the differing depositional environments developed on the Precordillera and the Western

Cordillera.
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STRUCTURE OF THE PRECORDILLERA AND WESTERN CORDILLERA

A compressive episode began in this part of the Andes during the Early Miocene (approx. 18 Ma).
Along the Precordillera a west-vergent thrust system developed in normal sequence: the Belén-Tignamar and
Copaquilla-Tignamar thrust faults. Coarse sedimenatry wedges were deposited prox‘imal to these faults: the
Joracane (18 to 16 Ma) and Huaylas (post-11 Ma to pre-5 Ma) Fms. Small displacements of parts of the
Huaylas Ignimbrite (4.5 Ma), (which unconformably covers the Huaylas Fm.) suggest that compressive
conditions lasted until the Plioccne. On the west side of the Chapiquifia-Belén Ridge an east-vergent thrust
system caused the development of progressive unconformities and assoctated syntectonic sedimentary deposits,
the Chucal Fm.

Syntectonic fluvial deposits along the Precordillera: Joracane and Huaylas Fms. Strong erosion
of the relief generated by the activity of the Belén-Tigndmar and the Copaquilla-Tigndmar thrust-fauits
supplied abundant detrital fill for the depressed areas west of the faults. The Joracane Fm., close to the Belén-
Tigndmar fault, corresponds to coarse, proximal fluvial facies deposited by braided river systems with low
sinuosity. No fossils (plants or animals) were reported from this unit.

The fluvial, upward fining and coarsening Huaylas Fm. is associated with the Copaquilla-
Tigndmar fault. The lower levels are composed of thin layers deposited in a flood plain environment. Grain
size increases gradually upward ; near the top it contains 50 cm in diameter blocks. Lower layers tilt slightly to
the west, while the upper levels are horizontal. To the cast they locally cover the Copaquilla-Tigndmar fault as
well as the deformed late Oligocene?-early Miocene Lupica Fm. To the west they cover the scarps at the foot
of the fault and they onlap the Oxaya Fm. at the cast-tlank of the Oxaya Anticline The thickness of the Huaylas
Fm. vanes considerably. It filled a network of west draining paleovalleys that reached the present Central
Depresston. The present topographic low i which most of the outcrops of the Huaylas Fm occur was never an
endorreic basin. The lower levels contain fossil mammal remains (Notoungulates) (Bargo and Reguero, 1989;
Salinas et al., 1991) of the Huayquerian (Salinas et al., 1991) South American Land Mammal Age (SALMA)
of about 9 to 7 Ma (Flynn and Swisher, 1995).

Syntectonic fluvial and lacustrine deposits on the east side of the Chapiquifia-Belén Ridge:
Chucal Fm. East of the Chapiquiiia-Belén Ridge the Lupica Fm. is eastwardly deformed by a partially blind,
east-vergent thrust system (Chucal thrust-system). This system, interpreted as a backthrusting of the west-
vergent thrust system located along the Precordillera (Hérail et al., submitted), caused the development of
progressive unconformities and associated syntectonic sedimentary deposits: lower member (post-21 Ma) and
upper member (pre-11 Ma) of the Chucal Fm., that transitionally grades to the late to post-tectonic Lauca Fm.
The uplift caused by the western fault (Chucal fault} of this system, exposed immediately west of the
Chapiquifia-Belén Ridge, supplied the sediments that formed the Chucal Fm. and part of the Lauca Fm. The
fluvial and tacustrine Chucal Fm. (Muifioz, 1991; Riquelme and Hérail, 1997) rest unconformably on the
Lupica Fm. and is deformed by a growth fold. Although the Chucal and Lauca Fms. were deposited in fluvial

and lacustrine environments, fluvial facies predominate in the Chucal Fm., while lacustrine environments
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prevail in the Lauca Fm. The lower member of the Chucal Fin. begins with immature conglomerates composed
of ignimbrite fragments, lavas ot the Lupica Fm. and (tuvial sandstoncs. Provenance is from the west and
southwest. These are followed by siltstones, marls and limestones in decimeter thick layers deposited in flood
plain and lacustrine environments. The lacustrine deposits contain well prescrved plant stems and leaves.
Vertebrate fossils have not been found in this sequence. The series continues with mudstones and siltstones
deposited in a flood plain environment. and containing a rich mammal fauna. The upper member begins with a
coarse fluvial sequence composed of green conglomcrates, tfollowed by sandstones and siltstones with
limestone intercalations at the top, also deposited in {lood plain and lacustrine (more restricted) environments ;
it contains no mammal fossils. The sequence evolves upward toward higher energy deposits, which are also
fossiliferous, and are covered to the west by the Chucal fault and (o the east, in the basin, by the 11.2+0.5 Ma
Chucal Ignimbrite. The Chucal Ignimbrite is covered by conglomerates composed of andesitic clasts, on top of

which rests the Lauca Fm.

FOSSIL MAMMAL CONTENT

An extensive mammalian fauna has been recently recovered from the Chucal Fm. (Charrier et al.,
1994a; Flynn et al., 1999). Specimens were collected from differcnt stratigraphic levels. The current faunal list
includes: hegetotheriine hegetothere. at least 2 mesotheriine mesotheres, toxodontid, macraucheniid litoptern,
chinchillid rodent, armadillo, turtle carapace pieces. and several bird bones (large and small size).

Taxa in the assemblages found in northernmost Chile range elsewhere from Santacrucian to
Chasicoan or Huayquerian, with most overlapping in the “Friasian”. As these are the northernmost Cenozoic
mammalian fauna(s) known from Chile, these assemblages from the Huaylas and Chucal Formations permit
comparisons of an extensive lalitudinal series (more than 30 degrees) of middle Cenozoic faunas from west of
the Andean crest (Casamayoran? and “Tinguirirican” [pre-Deseadan, post-Mustersan] through Santacrucian
and the type “Friasian”). The occurrence of these faunas at a critically important modern biotic disjunction
(Atacama Desert — Bolivian Orocline bending axis), directly west of well known Cenozoic faunas from a
variety of paleoelevations in the Altiplano and other regions of Bolivia, may allow assessment of the biotic

history along an east-west transect from Chile to eastern Bolivia.

CONCLUSION

Tectonic evolution along the western Altiplano has occurred under prevailing compressive
condition since 18 Ma creating a west-vergent thrust system and some east-vergent backthrusts associated with
growth folds. These diverging systems generated an uplifted ridge located along the Precordillera and the
present Western Cordillera. During development of these structures and uplift of the ridge, considerable

amounts of syntectonic deposits containing mammalian remains accumulated at both sides of the ridge.
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The west side of the ridge, was characterized geomorphologic conditions that favoring aridity and
rapid drainage of rain and melt water toward the Central Depression, and explaining the relative scarcity of
fossil faunas and the absence of fossil floras. On the east side. on the Chilean Altiplano, geomorphologic
conditions favored the development of flood plains and shallow lakes with considerable accumulation of finer
sediments containing abundant mammalian remains. This indicates that, as a consequence of the Middle
Miocene tectonic activity, a partition of the environmental conditions occurred west and east of the present
Western Cordillera. According to the paleotloras known from this Andean region, low altitudes in Chile
(Charrier et al., 1994b and in Bolivia (Berry, 1919, 1922; Gregory-Wodzicki et al., 1998), this partition is

better attributed to a topographic barrier, the Chapiquina-Belén Ridge than to Andean uplift.
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INTRODUCTION

The Arequipa - Orcopampa area (southern Peru), about 600 km to the southeast of Lima, is characterized by
several base- and precious-metal epithermal districts (Arcata, Caylloma, Madrigal, Orcompampa, Shila,
Suykutambo) hosted by Neogene volcanics. A structural study of the Au-Ag mineralization of the Shila
Cordillera is herein presented and discussed in order to understand the process of formation of this economic

mineralization with respect to the Andean geodynamics.

GEOLOGICAL SETTING - The Shila low-sulphidation epithermal vein system is located in the western
Cordillera, northwest of Arequipa. The veins are hosted by Early to Middle Miocene calc-alkaline Shila
volcanic breccias and lavas. The mineralized veins generally (or 'vetas') trend east-west (Pillune, Sando
Alcalde, Mina Paula), northwest-southeast (Apacheta, Colpa, Tocracancha), and exceptionally northeast-
southwest (Apacheta, Puncuhuayca, Ampato)(Fig. la). The veins are generally thin (0.2 to 2.5 m) and steeply
dipping (>75°) to the north or south. The gangue is siliceous or rich in rhodonite/rhodochrosite Adularia is

commonly present. A complex sulphur-bearing paragenesis is observed. Most of the electrum is late.

STRUCTURAL FEATURES OF THE SHILA-PAULA VEIN SYSTEM - The vein system shows a general
pattern characterized by the systematic association of a main vein (1-2 m thick) and thin open secondary

fractures filled with euhedral quartz locally associated with sulphides (Fig. 1). The main vein commonly
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strikes NO80-110°E, whereas the secondary fractures strike N120-135°E. This geometry, which is the most
common case. 1s particularly well represented at Pillune, Sando Alcalde and Mina Paula - veta Patricia (Figs.
Ib, € and h). It is interpreted as resulting from the superimposition ol two deformation events. At this high
structural level, the first event was characterized by sinistral movement that caused the development of major
shear planes (oriented NO8O-110°E) associated with a crude Sl fracture schistosity, in places sigmoidal
(oriented N120-135°E). Striae are not observed everywhere. The second event reactivaled these two structure
types. The major shear planes show evidence ol dextral movement. Most of the S1 schistosity planes are
reopened although some are locally affected by dextral shearing (pull-apart opening). Highly locally, the second
deformation event caused S2 schistosity (Figs. lc. d and g). When S1 and S2 are superimposed. sinistral-related
St is systematically cut by dextral-related S2. In other words, the NE-SW to ENE-WSW shortening direction
associated with sinistral displacement 1s earlier than the ESE-WNW to SE-NW shortening direction associated
with dextral displacement (Fig. 1).

Vetas with orientations different to the considered trend present modified characteristics to the general
framework. For exemple, in \he Apacheta area, veta 2 trends NI50°E and shows a few scarce secondary
fractures without fill. Veta 22 (N040-060°E) is not associated with the secondary fractures and only shows
evidence of sinistral movement. In the Mina Paula area, the Nazarefio veta (N105°E) is intersected and offset by
a group of approximately E-W-trending faults (F1 to F4 - Figs. 1f. 1). No clear evidence of strike-slip
deformation is noted on the walls of this thick brecciated structure which seems instead to have resulted from

opening under stress during the second deformation event.

PROCESS OF FORMATION - The mineralization structures in the Shila-Paula area are interpreted as resulting

from a process of reuse and reopening of the shear zones created during an earlier deformation

Stage | NE-SW shortening
Early fluids ? == e =
S1
Stage 2

Fig. 2: Mineralization formation model.

Stage | - creation of E-W sinistral shear structures
under NE-SW shortening direction. Development of
N120E schistosity and possible emplacement of
early hydrothermal fluids.

Stage 2 - SE-NW direction of shortening and
reopening of the S1 schistosity assisted by ESE-WNW shortening
hydrothermal fluids
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event (Fig. 2). Stage | of this process consists in formation of the E-W sinistral shear zones under a NE-SW to
ENE-WSW shortening direction, associated with the development of S1 schistosity globally oriented N120°E
(Fig. 2a). During stage 2, these structures are reopened and receive mineralizing fluids, the circulation of which
may have begun during stage |. Reopening probably result from the joint action of tectonic stress (as evidenced
by the local presence of S2 schistosity) and a high fluid pressure (fluid-assisted fracturing). The main veins are
located along the ancient shear zones whereas the secondary fractures adopt the same direction as the earlier S1
schistosity (Fig. 2b). Such a mechanism offers the advantage of being able to account for most structures in the
Shila-Paula mining district. despite certain specific zoncs (notably Apacheta) being difficult to integrate into
this global framework (see above) and suggesting a rotation of the shortening direction, the causes of which are
still unknown.

The ENE-WSW to NE-SW shortening direction adopted for the first deformation event agrees with
paleo-stress field estimations for the considered arca and period (Quechua [1 - Huaman, 1985; Soulas, 1977) and
with the direction of convergence between the Nazca and South American plates (Pardo-Casas and Molnar,
1987). The second deformation event with a ESE-WNW 10 SE-NW shortening direction has never been
described. It could be dated approximately at about 10 Ma because on the base of recent K-Ar datings of
mineralized quartz vein-related adularia (Cassard ct al., submitted). The regronal scale of this event, which

governed mineralization emplacement in the Shila-Paula district, remains to be verified.
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INTRODUCTION

Lead isotope compositions of magmatic rocks and ores of the Northern Andes may help to reveal
whether and how subduction under a multiaccreted margin results in peculiar magmatogenic and
metallogenic processes. In this contribution we discuss, in the frame of subduction-related geodynamics,
20 new Pb isotope results of Ecuadorian ores (Table 1) together with 54 data and geochemistry of 14
rocks previously analysed for isotopic compositions (Chiaradia and Fontboté, 1999).

Ecuador is composed of NNE-SSW trending microterranes which represent different geotectonic
domains formed during the separation of the North and South American continents and successively
reattached to the Amazon craton during subduction of the Pacific plate. From east to west the recognized
microterranes (Figure 1), according to Litherland et al. (1994), are: 1) Salado, a marginal arc basin
composed of metamorphosed volcanic and volcaniclastic rocks of Upper Jurassic age with associated arc
intrusives; ii) the continental Loja terrane composed of Paleozoic schists and gneisses; iii) Alao, a
complete metamorphosed island arc sequence of Upper Jurassic age; iv) Guamote, a passive margin
sedimentary sequence of material coming from the continental Chaucha terrane (v) which consists of
Paleozoic sequences similar to those of the Loja terrane and is separated by an E-W trending ophiolitic
belt from the Amotape continental terrane (vi) situated more to the South; vii) the Upper Cretaceous
island arc of San Lorenzo, accreted against the Chaucha terrane during the Paleocene; viii) the Macuchi
arc, established on the accreted San Lorenzo arc during the Eocene; and ix) the Pifién terrane, a slab of
Cretaceous oceanic crust attached to the Macuchi arc.

We have analysed ores and rocks from the different terranes as subdivided above and ranging in
age from Paleozoic to Miocene (Figure 1). For details of the analytical methods the interested reader can

refer to Chiaradia and Fontboté (1999).
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RESULTS AND DISCUSSION

In Ecuador five main time-related metallogenic cvents can be distinguished, of which we have
analysed selected ores. The isotopic signatures of orcs and associatcd magmatic rocks reflect different

geotectonic and geodynamic scenarios changing through time and spacc (Figure 2a).

1) The Jurassic skarns ot the Nambija district, emplaced at the margin of the Amazon craton, display a slight
enrichment of thorogenic lead that reveals a lower crust component (not shown). Such a signature is also found in
porphyry coppers of Colombia (Sillitoe and Hart 1989) situated in a similar context, at the margin of the Guyana
shield, and in the inner deposits of Central Andes (e.g. Kontak et al. 1990).
2) The Jurassic massive sulphide of Minas Pilas, hosted by the island arc volcano-sedimentary sequence of the Alao
terrane, displays a radiogenic signature identical to that of the host metavolcanic rock (Figure 2a). In the absence of
continental crust underlying island arcs, this radiogenic signature could be related to assimilation of pelagic
sediments dragged down by the subducting slab in the zone of generation of arc magmas, the mantle wedge, as
ascertained by 'OBe systematics (Tera et al., 1984). The very high component of pelagic sediment lead (> 80%)
necessary t
explain the isotopic composition of Jurassic magmas and associated ores could be related to the oblique
and steep subduction of the Farallon plate from Jurassic to Paleocene (Daly 1989): this subduction style
possibly limited the trench scraping of pelagic sediments at the trench in contrast with the orthogonal and
shallow subduction style of the Central Andes. Also Cretaceous massive sulphides formed in the San
Lorenzo island arc display radiogenic compositions that can be explained by a mechanism of pelagic

sediment incorporation into the island arc magmas (Figure 2a).

Table . lsotopic compositions of ores measured during this investigation. Additional data plotted in Figure 2
are in Chiaradia and Fontboté (1999). Abbreviations: PY = pyrite; PO = pyrrhotite; MOL = molybdenite; STB =
stibnite; CPY = chalcopyrite; SPL = sphalerite.

SAMPLE ~ MINE MINERAL ~ 206/204 207/204 208/204 TERRANE AGE

PB8O1 CHAUCHA PY 18.755 15.643 38.575 CHAUCHA TERTIARY
PB800O FILO LARGO MOL 19.039 15.684 38.989 CHAUCHA TERTIARY
PB809 FiLo LARGO CPY 18.768 15.641 38.624  CHAUCHA TERTIARY
PB80O6 MULUNCAY cpy-spL 18.991 15.661 38.862  CHAUCHA TERTIARY
PB8O6 MULUNCAY PY 18.879 15.657 38.776 CHAUCHA TERTIARY
PB793 S.RAFAEL DE SHORO PY 19.000 15.648 38.793 CHAUCHA TERTIARY
PB795 EL TORNEADO MOL 18.579 15.595 38.345 MACUCHI TERTIARY
PB790 JUNIN CPY 18.736 15.617 38.493 MACUCHI TERTIARY
PB791 JUNIN MOL 18.812 15.591 38.475 MACUCHI TERTIARY
PB802 PONCE ENRIQUEZ STB 18.683 15.629 38.543 MACUCHI TERTIARY
PB80O4 PONCE ENRIQUEZ STB 19.013 15.638 38.772 MACUCHI TERTIARY
PB789 SIGCHOS PY 18.898 15.631 38.651 MACUCHI TERTIARY
PB798 S.BARTOLOME PY 19.373 15.706 39.125 ALAO TERTIARY

PB794 LA PLATA CPY 19.047 15.695 38.894 S. LoreNZO CRETACEOUS
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PB80O3 COSANGA PYRITE 18.561 15.634 38.504  TAHUIN CRETACEOUS
PB80S PiLAS PY 19.262 15.703 38.993 ALAO JURASSIC
PB8O8 CAMPANILLAS/NAMBIJA  CPY 18.462 15.622 38.421 AMAZON JURASSIC
PB8I10 CAMPANILLAS/NAMBIJA  PY 18.353 15.582 38.263 AMAZON JURASSIC
PB811 MINA REAL/NAMBUA PO 18.569 15.618 38.455 AMAZON JUuraAssic
PB799 PiuntzA PY-SPL 18.636 15.600 38.435 AMAZON JURASSIC

3) The Cosanga Cretaceous porphyry copper, emplaced within the continental terrane of Amotape, bears
lead that is less radiogenic than Cretaceous massive sulphides emplaced in the San Lorenzo arc (Figure
2a). A lower pelagic sediment component can be inferred from this stgnature and might be related to a
different subduction style in the southern part of Ecuador where subduction, under continental crust, was
more orthogonal and extension behind the trench was abscnt contrary to the north (Aguirre 1992).
However, it is also possible that the pelagic sediment component in this ore be masked by incorporation
of 207Pb-poor lead from the lower continental crust.

4) Tertiary ores represent the most important and geographically widespread metallogenic event in
Ecuador. This is related to subduction shallowing started in the Palcocene and to subduction of hot
oceanic crust that produced magmatism across the whole section of the Ecuadorian Andes (Daly 1989).
Tertiary ores are mosltly epithermal volcanic-related ores and ftewer porphyry coppers and as such are
always strictly associated with coeval magmatism. Tertiary magmas display quite a large variation of
207pb/204ph values (Figure 2a), indicating a mixing between a primitive source, the mantle, and more
radiogenic source(s). Lead isotope ratios of magmatic rocks arc significantly correlated with typical
lithophile elements like Si, Pb and U and anticorrelatcd with compatible mantle-enriched elements like Ca
and calcophile elements like Cu. This indicates that mantle-derived Tertiary magmas assimilated acid
crustal rocks in variable amounts probably depending on the type of terranc crossed (crustal, oceanic or
transitional) and on the geodynamic style of magma emplacement.

Tertiary ores display a larger isotopic variability than Tertiary magmas. Ores of the Chaucha
continental terrane overlap the most radiogenic compositions of the Tertiary magmatites suggesting
derivation of their lead directly from associated magmas contaminated by upper crust rocks. Ores from the
Loja and Alao terranes have similarly high 207Pb/294Ph ratios but, respectively, lower and higher
206pp/204Ph values than Tertiary magmas. This pleads for remobilization of country rock lead from
Paleozoic schists and Jurassic metavolcanites respectively in the Loja and Alao mineralisation. Finally,
Tertiary ores emplaced in the Macuchi arc and at the transition between it and the continental Chaucha
terrane bear the lowest 207Pb/204Pb and 206Pb/204Ph values of the Tertiary mineralisation phase. They
partly overlap the lowest radiogenic compositions of Tertiary magmatites suggesting derivation of their
lead from more primitive, less contaminated magmas with respect to mineralisation in the Chaucha
terrane. However, some of the Tertiary Macuchi ores display even lower 207Pb/204Ph and 206pb/204Ph
values suggesting incorporation of higher amounts of mantle lead than the analysed magmas and variable

amounts of continental crust lead.
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Figure 2a (left). 297Pb/204Pb vs. 209Pb/204Pb plot with the compositions of ores and rocks subdivided by
terranes. Legend; NN] =Tertiary Alao ores: Il =Tertiary Chaucha ores; = =Tertiary Loja ores; [ =Tertiary
Macuchi/San Lorenzo and transitional crust ores: =Jurassic and Cretaceous massive sulphides;
533 =Jurassic Nambija skarns; m =Cretaceous Cosanga porphyry Cu. Thick lines: 1=Paleozoic rocks of the
Chaucha and Loja terranes; 2=Jurassic volcanic rock of teh Alao terrane. 3=Tertiary magmatites (all terranes).
Figure 2b (right). 207Pb/209Pb vs. 206Pb/204Ph plot with residue-leach couples of analysed rocks (arrows go
from residue to leach). Curves represent upper crust (upper) and orogen (lower) evolutions.

We can exclude that the radiogenic component of the Tertiary ores is mainly derived from
subducted pelagic sediments for two reasons: i) most of the Tertiary ores have lower 207Pb/204Pb ratios
than the Cretaceous and Jurassic massive sulphides and ii) Tertiary ores geographically very close to each
other, but emplaced over terranes geotectonically different (i.e. Chaucha, Macuchi), display large
variations of 207Pb/204Pb values that could hardly be explained by heterogeneities in the magma source
region related to differential assimilation of pelagic sediments.

Separate analyses of leach and residue fractions of whole rocks allow identification of post-rock
formation circulation of fluids (Chiaradia et al., in preparation). Almost all leach fractions of the rocks
analysed converge towards the isotopic compositions of the Tertiary ores and residual fractions of Tertiary

magmas (Figure 2b) suggesting extensive crustal circulation of magmatic fluids during the Tertiary.

CONCLUSIONS

Preliminary lead isotope data on ores and rocks ot Ecuador reflect the complex geotectonic setting of
the Northern Andes characterized by accretion of several terranes onto the craton margin and by a subduction
style changing through time from oblique and steep to orthogonal and shallow. A very high (>80%) component
of subducted pelagic sediment lead has possibly been recognized in Jurassic and Cretaceous ores and magmas
formed in oceanic island arc settings and could be related to a limited trench scraping of sediments on top of the
oceanic plate due to oblique and steep subduction style coupled with back-arc extension. This high pelagic
component is absent in the Tertiary magmas and related ores possibly due to subduction orthogonalization and
shallowing after separation of the Farallon plate into Nazca and Cocos. Subduction orthogonalization and
shallowing could have caused a more efficient trench scraping of the pelagic sediments on top of the subducted
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plate. Magmatism is an important source of metals in the Tertiary mineralisation phase as shown by the
overlapping of isotopic signatures of magmatic rocks and many Tertiary orcs. However. lead was probably
remobilized from country rocks in ores ot the Alao. Loja and Macuchi terrancs. Isotopic compositions of rocks
indicate nevertheless that areally extensive (luid circulation bound to magmatism occurred during the Tertiary at
crustal level in Ecuador. Geochemical and isotopic compositional variations ol Tertiary magmas are due to
variable assimilation of upper crustal rocks as supported by the lincar covariations of isotopic ratios and
concentrations of compatible or incompatible elements.
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INTRODUCTION

The Ecuadorian Oriente Basin (Dashwood and Abbots, 1990) evolved Irom the peripheral eastern part of
an old extensive back arc basin to a retroforcland basin system (DceCelles et Giles 1996). It is deformed
by major compressive NNE-SSW wrench fault zones (Fig. 1), known from west to east as Subandean
Zone, Sacha — Shushufindi Corridor and Capirén—Tiputini Inverted Systcm (Baby et al., 1999). The
filling of the Oriente Basin corresponds to 4 tectonosedimentary cycles ranging from Lower Cretaceous
to Upper Oligocene (Fig. 2): Hollin Fm./ Lower Napo Fm. (Aptian to Turonian); Upper Napo Fm./ Tena
Fm. (Turoman to Maastrichtian}; Lower Tiyuyacu Mb. (Lowcr Eocene); Upper Tiyuyacu Mb./ Orteguaza
Fm./ Chalcana Fm (Middle Eocene to Upper Oligocene). This study, realized as part of the research
convention between 1. R.D. and PETROPRODUCCION, is based on seismic, welil logs and field data. It

shows the main influence of each tectonosedimentary cycle in the Oricnte Basin evolution.

CRETACEOUS CYCLES

The Hollin Fm./ Lower Napo Fm. tectonosedimentary cycle (Fig. 2) is characterized by a weak
tectonic activity. Sedimentation is driven by eustatic variation, illustrated by the Hollin, 'T" and U’
sedimentary cycles. These three cycles show the same evolution from the base to the top : valley incision,
transgression traduced by estuarine deposits filling the incised valley (Hollin, 'T" and "U’ sandstones) and
relative highstand by carbonated sedimentation (Lower Napo, 'B' and 'A' limestones). The effect of
tectonism is recorded by extensive deformation between 'T' and 'U' cycles, identified at petroleum trap

scale by sediment provenance modification and variations in ‘U’ cycle sediment thickness.
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Upper Napo Fm./ Lower Tena Fm. cycle is characterized by a major compressive tectonic event (Fig.
3). Seismic sections show onlaps of ™-2’ sediments over the A’ limestone in compressive structures.
The ™M-2’ sandstones correspond to a tectonically enhanced incised valley system which developed in
eastern part of the basin. Tectonic uplift can also explain the erosion or non-deposition of M-1’
sediments in the central part of the basin. This tectonic crisis is contemporaneous with an important
continental hotspot volcanic activity (Barragan et al., 1999). Eustatic signature is still present but
dominated by local compressive structures deformation. Laterally, equivalent slope facies known as
'Limén flysch', outcropping in the Subandean Zone and in the Ecuadorian Eastern Cordillera (Jaillard,

1997), show a deepening of the basin toward the west.

CENOZOIC CYCLES

The Lower Tena to Upper Tena transition is characterized by the basin emersion as show
sedimentological evidences. Upper Tena Fm. shows an inversion in the basin polarity (sediments
provenance from the East). It can be related with the onset of the Colombian Llanos foreland basin
(Cooper et al., 1995), due to the subduction rate increasing (Pardo Casas and Molnar, 1987). This event

can be interpreted as the retroforeland basin emersion.
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Lower Tiyuyacu Mb. shows a superposition of thinning upward fluvial sediments characterized by a

poor maturity of base conglomerales. Seismic sections reveal important thickness variation on

compressive structures limbs (Fig. 4). A few progressive unconformitics were identified in the basin
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western part. This member can be interpreted as syntectonic. Scdimentation is clearly driven by

tectonics and each Lower Tiyuyacu Mb. sequence could be related to the growth of the orogenic wedge.

Upper Tiyuyacu Mb. / Orteguaza Fm. / Chalcana Fm. cycle shows no local tectonicdeformation. In

seismic sections, no sediments thickness increasing and nor onlap have been identified near the

compressive siructures. Sedimentation is traducing a huge transgression-regression cycle independent of

flower structures growing. Upper Tiyuyacu Mb. is an accumulation of fluvial deposits trapped in the

basin by a base level rising with thinning upward stacking pattern. Orteguaza Fm. corresponds to fluvial,

estuarine and shelf deposits (Tschopp, 1953) showing 2 transgressive-regressive cycles. The regression at

the Orteguaza Fm. top goes on with the alluvial and fluvial Chalcana deposits. Tuffs identified in the

Tiyuyacu Upper Mb have recorded a volcanic event related to the Upper Eocene Andean surrection.
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Nevertheless, this tectonosedimentary cycle can be considered as syntectonic from stratigraphic and
sedimentologic evidences : the Andean surrection increases the topographic load on the continental plate
and therefore the subsidence, which produces more accommodation. This stage is expressed by
retrogradation in the sediments stacking pattern (Upper Tiyuyacu Mb. and Orteguaza Fm. base). At the
end of this stage, subsidence stops its increasing, the created relief is eroded and the accommodation
vanishes. Sediments response is characterized by progradation (Orteguaza Fm. upper part and Chalcana
Fm.). This transgression-regression evolution can be correlated with the tectonic stage of south Colombia
(Casero et al., 1997). The apparent lack of deformation in this part of the basin is interpreted as the

consequence of the far cratonward basin location and the subduction rate decreasing.

CONCLUSION

The Oriente Basin evolution from Aptian to Oligocene shows an Andean retroforeland onset in the
Paleocene. Hollin / Lower Napo deposits shows an organization driven by eustacy. The basin inversion
and its evolution to the foreland basin start during Upper Napo (Turonian-Maastrichtian). The basin
emersion apparently occurred at the transition Lower Tena/Upper Tena (Paleocene). But, the Ecuadorian
Oriente forms only one part of this foreland basin. In spite of no local deformation, Upper Eocene to
Oligocene sedimentation must be considered as syntectonic. It is not directly related to local compressive
structures, but to the Andean surrection. Sediments have an outer foredeep to forebulge depozones origin
(DeCelles et Giles, 1999), and are driven by tectonics. This basin evolution is coherent with tectonic

stages known northward in Colombia.
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INTRODUCTION

During the last dccades there are scveral authors showing that the spatial distribution of
earthquakes follows muiltifractal laws (c.g.. Hirata and Imoto. 1991: Dongsheng et al.. 1994) and the
most interesting behaviour obscrved is the decrcasing of the fractal dimensions before the occurrence of a
big earthquake. and also before large altershocks (e.g.. Ouchi and Uekawa. 1986 De Rubeis et al.. 1993:
Legrand et al.. 1996).

The 1995 Antofagasta. northemy Chile earthquake (Mw=8.0)presented a privileged sitnation with
respect to its location related with a permanent seismological network that was in continuous operation
since 1991, permitting to follow the seismicity before. during and after the occurrence of the 1993
earthquake. we use the homogeneous catalogue of the Antofagasta network to study the multifractal
analysis of the 1993 earthquake. following the same methodology described by Legrand et al. (1996) for

the aftershock sequence of the 1992 Erzincan earthquake.

THE 199S ANTOFAGASTA EARTHQUAKE

This event is located inside the coverage area of a telemetric seismological network (Figure |)
that is in operation since the end of 1990. through a joint cooperation project between the Institut de
Physique du Globe de Strasbourg, Institut de Recherche pour le Développement (IRD. ex-ORSTOM) and
the University of Chile for the study of the northern Chile seismic gap located immediatelv to the north of
the 1995 rupture surface (Delouis et al.. 1997). The most clear foreshock of the July 30. 1995
Antofagasta earthquake (Mw=8.0) was that occurred on December 10, 1994 (Mw=6.2). which presented
the same hypocenter and thrust focal mechanism solution. The 1995 rupture extended over an area of

183x90 km? along the subduction interplate contact. between 10 and 30 km in depth. The major events



Fourth ISAG, Goettingen (Germanv), 04 — 06/10/1999 173

occurred durning the first two weeks aftershock sequence were the August 2 (Mw=6.0). the August 3
(Mw=6.4). and the August 9 (Mw=33).

The seismic catalogue corresponding to the period of 1992 up to the sccond week of aftershocks
of the 1995 earthquake. has a total of 1467 cvents with reliable hyvpocentral locations due to the coverage
of the network. In order to work with a complete catalogue in magnitude. it was taken the data associated
with the linear part of the Gutenber-Richiter law. that is 1286 cvents with magnitudes greater than 2.8 and

less than 6.0 (Figure 2). located inside of the rupturc arca of the 1993 Antofagasta carthquake (Figure 1).

METHODOLOGY

A full explanation of the theory can be found in Legrand ct al. (1997). We will present a bricl

summary of the main equations used.  The generalised corrclation function used is defined as:

, g 1) %1 1
AL AT }

Nj'| N_'ll,l"j

and the generalised fractal dimension is done by:

| o(’ (g
b 102C )
q 0 |Og({;‘)

where D(, is the probability of occupation of the i box with size & and ¢ 1s a posilive rcal number

corresponding to the order of the corrclation dimension.

Considering that, the covcrage ol the permancent nctwork of Antolagasta is good cnough (o obtain
reliable hypocenters within the sclected arca. and that all the cvents considered in the cataloguc have S
wave readings. the calculations of spatial distanccs between carthquakes were donc in 3D, We worked
with a moving window containing a constant number of cvents in order lo guarantce the preceise
estimations of the fractal dimensions. After diffcrent trials, we choose 200 [or the number of the data

points in each windows. Two consecutive windows were shifted by 20 points (Legrand ct al.. 1996),

RESULTS

The /()ng(,(E) versus log; (&) for each q and for the complete data sct is shown in Figurc 3.
The linear part of the curves, for each ¢, fall between &y = 19 kmand & 89 km: between these
two values it can be observed different slopes of the curves suggesting a multifractal structure. The &,

corresponds to the limit of hypocentral resolution of the permanent network. and the &4y is smaller with

the dimension of the selected area (km). Figure 4 show the spectrum of the generalised (ractal dimension
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versus ¢ for the complete data sct. with the corresponding crror bars: it can be observed that an adequate
precision of the fractal dimension /), is obtained for ¢=25 so. the calculations stopped at this value.
Figure 5 shows the evolution of the different gencralised multifractal dimensions with respect to time. It
can be obscrved that there is a clear increasing of /,)(/ previous to the occurrence of the main foreshock of

the 1995 Antofagasta earthquake. followed by a continuous decreasing of ), up to the moment of the
occurrence of the mainshock. The same behaviour i1s observed for the major aftershocks of the 1993

sequence. and it is also observed for every ¢ valuc.

DISCUSSION

The multifractal analyvsis of the Antofagasta earthquake shows that therc is a svstematic
decreasing of the fractal dimension with time before the occurrence of the mainshock and the major
aftershocks. that can be observed for every ¢ value. The decrease of the fractal dimension before the
occurrence of a big earthquake has been noticed by several authors (e.g.. De Rubets et al.. 1993 Legrand
et al.. 1996). The average amount of the estimated decreasing of the [)(/ value is almost the same for the
1995, Antofagasta and 1992 Erzincan earthquakes. even thongh both events arc very different in their
seismotectonic genesis. magnitude. depth. and number of aftershocks. suggesting that probably the
multifractal analvsis is independent of these parameters and that the whole processes involved in the
nucleation of big earthquakes follow a global law that can be inferred from this kind of analysis.

Following Legrand et al (1996). these resulis emiphasise the importance of applving multilractal
analvsis in the evolution of the spatio-temporal distribution of seismicity in relation to the occurrence of
large carthquakes. However. it is important to point out that it is extremely necessary to have a complete
and homogeneous catalogue of seismicity locally recorded in regions where large carthquakes are

expected 1o occur.
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INTRODUCTION

A global view shows that scismicity along subduction zones usually delincates a single weli-de-
fined surface. with carthquakes distributed in depth from the surface down to several hundred kilomnctres.
Since about lwo decades the existence of double scismic zoncs (DSZ) along localised secgments ol some
subduction zones has been recognisced. However only few of them have been studied in detail: bencath
Honshu [c.g.. Kawakatsn. 1986]. bencath Central and East Alcutians |¢.g.. Engdahl and Scholz. 1977
Abers. 1996] and bencath the Kuril-Kamchatka arc [c.g.. Gorvatov ¢l al.. 1994. Kao and Chen. 1993].
Tliev arc characterised by a double-planed distribntion of carthquakes. vertically scparated by 20 to 40
km. at depths between 70 and 150 km. The upper plane seems (o be just below the top surfaces of the
subducting slab. and the lower planc is conscquently within the subducted mantle. With the development
ol high quality global nctworks and the consequent improvements of waveform modelling. scveral DSZ
have been identified during the past vears. Most of them are defined by very few cvents spanning along
hundreds of kilometres along the strike of the trench. and it is thercfore almost impossible (o asses the
continuity or the segmentation of the phenomena. On the other hand. cven if an unusual focal mechanism
has been determined at intermediate depth in a subduction zone. it is also important to scparatc the
double-layvered seismic zoncs independently from stress-scgmented criteria |Fujita and Kanamori. 19817
In thus work we present the results obtained using locally recorded cvents in the northern cdge of the

northern Chile seismic gap. along the Arica clbow.

DATA AND METHODS

The data used cousisted of two scts: (1) from a telemetric short-period scismic network of 9

stations that has been operating sincc December 1994 as a joint rescarch project among the U. of Chile.
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the U. of Tarapaca. the IPG. Strasbourg. France and the IRD. France and (2) from a dense temporary
scismic network (Figure 1). deploved from the coastline to the Altiplano from June to August. 1996. The
sccond dataset contains ~1000 microseismic events while the first has about 3900 events.

The sct of body-wave arrival times of microearthquakes recorded was used for preliminary hypocentral
deterinination using a modified version of the HYPOINVERSE program. The crustal P-wave velocity
model was the same flat lavered model used by Delouis et al. [1996]. Each event is located with different
trial depths (between 0 and 230 km. with an increment of 10 km). in order to minimise the effect of
dependence of the final hvpocentral determination with the initial trial solution. From the initial dataset. a
subset of the best constrained hiypocenters was selected to be used in a joint inversion for hvpocentral
locations and 3D body-wave velocity structure. The analysis of the hvpocentral locations when 1D or 3D
velocity models are used shows that. within the coverage of the network the epicentral differences reach
maximum values < 2-3 k. and the average variations in depth are < 3 km. The improved ray geometry
permits o determine single-event focal mechanisms using individual first motion polarity for some
reliable events along the subducting plate. The polarity of each station was tested in laboratory and by

comparing observed with expected first motion for teleseismic events.

RESULTS

Three cross sections along the average direction of the convergence of the Nazca plate bencath
South America (N77°E) are shown in Figure 2: the half-width of the Pl to P3 profilcs is 20 km. Some
selected focal mechanisins are presented on Figure 3 (corresponding to the P2 profile. but with a half-
width of 40 k) in a vertical back hemispheric projection along the convergence direction of the Nazca
plate. Most earthquakes below 100 km deptlt lie in a single zone. about 10 ki thick. that is almost pla-
nar down a depth of 150 km. dipping ~30° to the east. A second parallel planar zonc 20-25 ki bencath
(perpendicular distance between both lavers) is observed with fewer cvents and an average thickness of
~10 kin (Figures 2 and 3). Fault plane solutions for these intermediatc depth cvents vary signilicantly.
even between nearby events. (for example events 9 and 10 in the shallowest laver. and cvents 20 and 21
in the deepest laver). Moreover. focal mechanisms of events located at approximatcly the same depth and
the same distance from the trench can present opposite polarities observed in almost all the stations (for

example events 12 and 14 in the shallowest laver. and events 21 and 22 in the decpesi layer).

DISCUSSION

This work presents reliable data that show a double lavered seismic zonc in Arica. northern Chile located
at depths between about 100 to 150 km. with compressional and tensional cvents at almost the same deplh
(Figure 3). The Arica DSZ can be observed mainly with microscismicity. therefore it 1s a phenomena (hat

depends on the magnitude threshold used. Even though we are not ablc to definc the gencesis of the Arica



178 Fourth ISAG, Goettingen (Germany), 04 06/10/1999

DSZ. there are some things that can be cstablished:  considering that the Arica DSZ is a localised
plhienomena in the northern Chile region. 1t scems to be independent of the age (84 My). the relative
convergence rate (~8.3 ciar) and convergence direction (N77°E) of the subducting slab. becausc all of
these paramclers arc almost the same along the whole northern Chile region. Morcover. the Arica clbow
can not be responsible of the Arica DSZ. because no simitar changes along the strike of the trench arc
obscrved in other well studied double scismic zones. In facl. it can be noted (hat the general patterns of
the Arica DSZ arc very similar with that observed in the Alaska Peninsula wherce no clbow is present
[Abcrs. 1992, 1996]. Kao and Lin | 1993] presented an interpretation for the scismogenesis of DSZ based
on studies along the Kurif-Kamchatka and Japan subduction zoncs. Even that the gencral pattern of the
stress distribution at intermediate depths 1s not so similar with that obscrved in the Arica DSZ.  their
hvpothesis that microcarthquakes 1 the upper poruon of the top laver can be probably caused by
conventional mechanisms snch as dehivdration of subducted materials and facics change from basalt (o
cclogite. whereas the lower layer could be associated with metastable phasc (ransition. can not be rejected
by our results. In the same way. the presence of melt-rich regions forined near of the inid-occan ridges at
the basc of a thcrmal boundary laver. that occasionally crystallised into the plate without ascending (o the

surface proposed by Abers | 1996] is still a viable alternative to explain the lower-zone scisnucity.

ACKNOWLEDGEMENTS
This work was supported bv FONDECYT N° 1961113 and IRD. France.

REFERENCES

Abers, G.. Relationship between shallow- and imtermediate-depth seismicity in the eastern Aleutian subduction zone.
Geophvs Res. Lett.. 19, 2019-2022, 1992,

Abers. G, Plate structure and the origin of double seismic zounes. In Subduction: Top to Bottom, Geophvsical
Monograph 96, 223-228. 1996.

Delouis. B., A. Cisternas. L. Dorbath, L. Rivera, and E. Kausel, The Andean subduction zone between 22°S and 24°S
(Chile): precise geometry and state of stress. Tectonophvsics. 239, 81-100, 1996.

Engdahl, E.R. and C. H. Scholz. A Double Bemoll' Zone beneath the Central Aleutians: an Unbending of the
Lithosphere. Geophvs. Res. Lett.. 4, 473-476, 1977

Fujita, K., and H. Kanamori. Double seismic zones and slresses of mtermediate depth earthquakes. Geophys. I. R.
Astr. Soc., 60, 131-136, 1981.

Gorbatov, A.. G. Suarez. V. Kostoglodov, and E. Gordeev. A double-planed seisnuc zone m Kamchatka trom local
and teleseismic data. Geophvs. Res. Lett, 21, 1675-1678, 1994,

Kao. H. and W.-P. Chen, Transition from mterplate slip to double seismic zone along the Kuril-Kamehatka arc. I
Geophvs. Res.. 100, 9881-9903, 1993,

Kao. H. and L. Liu, A hypothesis tor the seismogenesis of a double seisnuc zone, Geophvs. I Int.. 123, 71-84, 1995,

Kawakatsu, H., Double seismuc zones: kimematics, I Geophys. Res., 91, 4811-4823. 1986



Fourth ISAG. Goettingen (Germanvi. 04 06/10/1999 179

FIGURE 1.- Spatial distribution of events and scismic stations. FIGURE 2.-

‘ : l“
i W
i N
100 :k
.-,
200{ Pl .
o dos
100
200 P2
Y 0 et
100
200 P3
-68° 100 200 300 400

Distance from the Trench (km)

FIGURE 3.-
Cross-section  of
reliable 3D hypo-
cenlers  determi-
ned along the
£ 40 ki wide 1’2
protite  (Figure
b). Focal mecha-
nism - solutions
e projected on the
vertical lower
hemisphere  are
also shown. The
. lower hemisphe-
ric projection of
cach mechanism,
with  the  first
motion polarties
tis also shown.
Projections of the

. scismic  slations
200 - g (inverled  trian-
" toles) and aclive
: _ ¢ - voleanoes ( tnan-
' \ : ; v, gles) arc also
presented.
300 v r ey SN ! :
Trench 100 200 300 400 500 s

,Distance from the Trenjch (km)

PG




180 Fourth IS4G, Goettingen (Germany), 04 — 06/10/1999

THE WADATI-BENIOFF ZONE AROUND COPIAPO, NORTHERN CHILE
USING LOCALLY RECORDED DATA: PRELIMINARY RESULTS

Diana COMTE(1), Louis DORBATH(2), Bernard PONTOISE(2), Murio PARDO(1),
Tony MONFRLET(2), Henri HAESSLER(3), Yaonn HELLO(2), Yvan JOIN(2),
Emilio LORCA(T), Aluin LAVENU(2)

(1) Universidad de Chile. Casilla 2777, Santiago. Chile (dcomte @dgt.uchtle.cl)
(2) IRD. 209-213, rue La Fayette, 75480 Paris-Cedex 10. Francia (louis@inti.u-strasbg. fr)
(3) PGS, Université Louis Pasteur, 5 rue Rene Descartes, 67084 Strasbourg Cedex France.

KEY WORDS: Wadati-Beniotf zone, Copiapd. Northern Chile

INTRODUCTION

The area studied 15 included in the rupture area of the last large earthquake that affected the region
of Copiapo, northern Chile, namely the 1922, Atacama earthquake (Figure 1). The main seismotectonic
characteristics of the studied area are: (1)The southern end of the Quaternary volcanic chain, that again
reappears southward around 33°S. (2)The transition from normal to a subhorizontal subduction geometry.
(3) An abrupt change in the bathymetry along the trench located south of 27°S.

The subduction process is able to generate large thrust events along the interplate contact in the
Copiap6 region. There are reports of two historical events with M¢28.0, the April L1, 18§19 and the
November |1, 1922 great earthquakes, with associated destructive tsunamis. [{owever, they are not the
only earthquakes that produced serious damages in the Copiapo region, in fact this zone has a very high
seismic activity with at least eicht events with magnitude Mg27.5 during the last 200 years. Moreover.
the region of Copiapd had also experimented “swarm” periods ot seismic activity, like that observed
during July and August, 1973, without any large earthquake occurring before or after this period. Ten
vears later, the October 4. 1983 (M¢=7.4) thrust earthquake occurred re-rupturing the northern part of the

areat 1922 earthquake (M =8.3), remaining still intact its southern part.

The November 11, 1922 Atacama Earthquake.

Beck et al. [1997] determined the tocal mechanism of the 1922 great earthquake using the
available first motion polarities of the stations located at teleseismic distances. concluding that this event

is an underthrusting carthquake. The duration and complexity or the 1922 source was constrained by the
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inversion of the P wave record from the DNB station, where the focal mechanism was fixed with a
shallow plane striking parallel to the trench and dipping 20° to the east. Beck et al. [1997] showed the
difficult to determine the 1922 focal depth due to the long duration of the source (at least 75 sec), and
they assumed a shallow depth (0-40 km) considering its local tsunami along the coast of 9 m and a far

field tsunami in Japan of less than 50 cm [Lomnitz. 1971].

The 1973 Seismic “Swarin” Activity.

The 1973 swarm activity was an unusual increase of seismicity with magnitudes 5.0<m,<6.0
mainly observed during the months of July and August. Cifuentes [personal communication] relocated
the 1973 "swarm” events recorded at teleseismic distances with respect to the greatest ones. The relocated
longitude was the parameter that strongly changed. this behaviour is usual when only phases recorded at
teleseismic distances are used, because of the smaller number of stations in the E-W azimuths. Cifuentes
also modelled the P and S waveforms of the 1973 “swarm” events recorded in the long-period stations of
the WWSSN. The majority of the events exhibits inverse or thrusting fault mechanisms. with an average
depth of about 19 km. Cifuentes suggests that if the events of the 1973 seismic “swarm’™ were on the
main thrust zone, it could indicate that the region to the north of the 1922 rupture zone was not ready to
break in 1973. However, she also wondered whether the 1973 “‘swarm’™ events were not on the main
thrust zone, they could be related with the deformation of the continental crust. Therefore, the sequence
of events would indicate thrust motion along a series of high angle planes in a complex interface. But,
considering the ability of the Copiapd region to generate great earthquakes like the 1922 one. if' a

geometrical complex interface exits there, it does not inhibit the nucleation of great earthquakes.

The 1983 Earthquake.

Mendoza [personal communication] analysed three events occurred in the region of Copiapd. the
August 3, 1978 (Ms=6.7), the October 4, 1983 (Ms=7.4) earthquakes and its most energetic aftershock
occurred on October 9 (Ms=6.3). He computed a JHD station adjustments and weights using the P wave
arrival time data of the 1978 and the 1985 main shock and aftershock and. then they were used in a
single-event computation ot all the hypocenters with moderate magnitude seismicity (m;,>4.8) associated
with the 19835 main shock. Mendoza concludes that the 1978 and the 1983 earthquakes represent two
types of faulting occurring at virtually the same epicentre, but with different depths. The October 4. 1983
earthquake is a thrust faulting event that was followed by several aftershocks. including the M¢=6.3 one
which has a thrust mechanism similar to that of the main shock. These two October 1983 earthquakes
occurred at similar shallow depths (35 km) and are consistent with reverse slip along the interplate
contact. The August 1978 earthquake was a normal faulting event that occurred within the downgoing

slab as a result of extension in the direction of the plate dip.
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LOCAL DATA AND PRELIMINARY RESULTS

Considering that the southern edge of the Copiapd scismic gap associated with the 1922 vupture
zone had not been studied in detail with using locally recorded events, a temporary seismic network ot 28
portable seismic stations in the area located between 26.3° and 28.3°S. along with 10 OBSs (Ocean
Bottom Seismometers) located between the coast and the trench (Figure 1) were deploved between
September and November. 1998, The use ot the OBSs stations is particularly important due to the high
seismic activity located close to the trench. so that a reliable control of the hvpocenters recorded by the
inlnnd and the oft-shore networks can be performed.

The inland network consisted in 11 vertical short period stations with EDA digital recorders. 8
three components short period stations with GEOSTRAS digital recorders. and 8 telemetric vertical shoit
period stations that sent the signals to a central stations equipped with a three components seismometer.
The telemetric network continuousty recorded the microseismicity, and the EDA and GESOTRAS
stations recorded the data using a trigger algorithm. The OBS stations were equipped with three
components seismometer and they worked in continuous recording: the depth of the off-shore network
was between 1300 and 4500 m.

The first 500 events recorded during the 1998 Copiap¢ field work are presented along a cross-
section oriented normal to the wrench with origin in 27°S (Figure 2), corresponding to about 15 davs. The
local data analysed show a clear tendency to a subhorizontal way of subduction; there is shallow
seismicity that will be studied in order to see if it could correspond with some fault systems present in the
region. It is interesting to point out that the events with depths >180km are all located between 27.5°S
and 29.0°S. suggesting that at these latitudes the slab is still present in that depth range.

Finally. we just want to remark the importance to use locally recorded data to analyse detailed
characteristics of the shape and the seismotectonic behaviours of the subducted Nazca plate along the
South American margin. For instance. Cahill and [sacks (1992) using more than 20 years of events
recorded at teleseismic distance had less resolution to follow the Wadati-Beniof zone in the region of

Copiapo with respect to that obtained with some weeks ot locally recorded microearthquakes.
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INTRODUCTION

The study region forms the easternmost part of the plate boundary between the Caribbean and South
America plates with a relative plate motion of | to 2 cm/a. The July 9, 1997 Cariaco earthquake was
located on the El Pilar Fault, a right lateral strike slip fault, which runs parallel to the southern border of
the sedimentary basin of the Gult of Cariaco. Damage was concentrated in the town of Cariaco, located in
the western part of the valley, close to the Gulf of Cariaco, and surrounding villages, whereas Casanay,
located close to the eastern end of the valley, suffered considerably less damage (figure 1).
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Figure 1. Map of the sedimentary basin of the Gulf of Cariaco (white), limited by the Araya Peninsula
(north) and the [nterior Mountain Range (south). Station locations (circles) and shot-points (stars) of the
record section displayed in figure 2, crossing the town of Cariaco; open square gives the location of the
Cariaco earthquake. Caribbean Sea to the north and Gulf of Cariaco to the west (dark shaded areas).

We suppose that the damagc pattern observed after the Cariaco earthquake is consistent with increasing
thickness of unconsolidated. water saturated Quaternary sediments towards the Gulf of Cariaco in the
west. The determination of the geometry of the sedimentary basin and the underlying basement structure

are the main objectives of this study.

SEIMIC REFRACTION DATA

A net of 5 seismic refraction profiles crossing the Cariaco valley was realized in July 1998 for
determination of the thickness of the Quaternary sediments. Profile lengths varied between 10 and 20 km,
three of them within strike of the valley and two crossing perpendicular to the valley axis into the
northern and southern, mainly Cretaceous, bedrock. 15 digital three component stations were deployed
for recordings of detonations using between 5 and 20 kg of explosives each. Aftershock recordings,
obtained by the international RESICA 97 (“Red Sismolégica de Cariaco 1997") temporary deployment of
43 seismological stations, are used for the composition of seismic sections in order 10 know the basement

structures and its seismic velocities.
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Figure 2. Seismic section of profile 2 (Campoma to Cariaco) with first arrivals from the sedimentary
Jayers and a possible reflection from the base of the basin (left) and the corresponding velocity/depth —

model (right).
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CONCLUSIONS

Preliminary interpretations closc to Cariaco (figs. 1 and 2) indicate up to 1.5 km thick Quaternary
sediments with seismic velocities ranging between 1.5 and 3 kn/s and bedrock velocitics of more than 4
km/s. Available gravity data (Castillo et al., 1999) together with recent measurements will allow o model
the density structure of the valley region using the scismic data as input.

Study parually funded by CONICIT S1-97002996 project.
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INTRODUCTION

The primary zones of Quaternary deformation and seismogenic structures currently known in the
argentinean territory between 31° and 33° South Latitude are located within a seismic belt defined between
and including the Precordillera piedmont and the Western Pampean Ranges (Fig. 1). The most destructive
earthquakes of the 20" century (M 7.4, 1944 San Juan and M 7.3 1977, Caucete) have been located within
this region which not only concentrates the most significative records of historical and instrumental seismicity
but also the most outstanding Quaternary deformations. The necessity of lengthening the short chronologic
record provided by both historical and instrumental seismicity emphasizes the significance of

paleoseismological studies focused on the dating and reconstruction of prehistorical seismic events.



188 Fourth I1SAG, Goettingen (Germany), 04-06/10/1999

The structural inhomogeneities along this latitudinal segment of the Precordillera foothills produce
different surficial characteristics of Quaternary deformations. This, in turn, determines a variety of
paleoseismic scenarios and accordingly different strategies to gather information on prehistorical earthquakes.
North of 32° 157, the main evidences of recent deformation are represented by west-verging thrusts in the
Precordillera Oriental (Eastern Precordillera) related to deep, basement-involved faults of the Pampean
foreland (Bastias et al., 1984; Cominguez and Ramos, 1990: Smalley et al., 1993). La Laja fault, whose last
surface rupture took place during the 1944 San Juan earthquake, is the most conspicuous example among
these structures. South of 32°15°, Andean deformation is influenced by pre-existing Mesozoic extensional
structures and the primary faults verge east.

In this paper we examine two examples of Quaternary structures located within the refered region

with the aim of illustrating different paleoseismic interpretations of active deformations.

68°

FIGURE 2 |
REFERENCES

QUATERNARY SEDIMENTS

PREQUATERNARY ROCKS OF
THE PRECORDILLERA

CRISTALLINE BASEMENT OF
THE SIERRAS PAMPEANAS

MAIN NEOGENE AND ACTIVE THRUSTS

QUATERNARY FOLDS
32°
AREAS SKETCHED IN FIGURES 2 AND 3

MENDOZA

33°

Figure 1: Location of main Neogene thrusts and folds in the Precordillera fold and thrust belt.

Windows indicate location of Figs. 2 and 3.
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BLANQUITOS-LOMAS DE LA DEHESA AREA, SAN JUAN PRECORDILLERA

Recent faulting is here characterized by a notorious linearity and parallelism of fault scarps affecting
Quaternary bajadas in coincidence with bedding planes of the underlying Tertiary rocks. This is expresed by
the west-verging Blanquitos, La Arafia and La Bajada faults reverse faults (Bastias et al., 1984; Paredes et
al.,, 1997), dipping 65°E to 70°E at surface (Fig. 2). These facts allow us to speculate that the refered
structures are not primary rupture surfaces, but rather, a result of interbedding-slip. If so, there is probably a
wide distribution of recent and ongoing fault displacements which should be expected along this area. This
interbedding-slip could also be expressed as flexural-slip in secondary fractures associated to La Dehesa fault.
Conversely, these faults may have a different geometry and much less individual displacement than the main

shock source.

BLANQUITOS
W LOMA DE LA DEHESA

HORIZONTAL SCALE l:l QUATERNARY BAJADAS

—

1000 M

CONGLOMERATES, SANDSTONES (MIOCENE-PLIOCENE)

E FAULTS

Figure 2: Simplified cross-section of Blanquitos-Loma de la Dehesa area. A. Blanquitos; B. La

Arafia and C. La Bajada faults. Modified from Paredes et al., 1997.

MONTECITO ANTICLINE, MENDOZA PRECORDILLERA

Quaternary thrusts at the Sierra de Las Penas thrust front (Fig. 1) have not yet become fully
emergent in the alluvial cover of the Andean piedmont and there is a remarkable interaction among fault
propagation, alluvial sedimentation, stratal rotations and monocline scarp formation (Costa et al., in press).
Eastward of the Las Peflas thrust, Quaternary fault-propagation folding have resulted in the development of
the Montecito anticline, deflecting current fluvial systems and warping the piedmont alluvial cover. Offlap
relationships among strata exposed at the western limb of Montecito anticline (Fig. 3) suggest an uplift rate

higher than the sedimentation rate.
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CONGLOMERATES (UPPER MOGOTES FM.) HORIZONTAL SCALE

500 M |
MAINLY SANDSTONES (LOWER MOGOTES FM.) ’

Figure 3: Sketched profile across the Montecito anticline showing offlaps relationships in the Upper

Mogotes Formation (Pleistocene). Adapted from Costa et al.. in press.

CONCLUDING REMARKS

The active front of the Central Andes in Argentina poses interesting challenges for reconstructing
the Quaternary paleoseismic record. In the examples examined; an underestimation of the maximum event
size would be obtained at the Blanquitos-La Dehesa area, if empirical relationships (i.e. rupture length and
amplitude) were used for quantifying the surface slip data. This fact could also help to explain the 30 cm of
instantaneous coseismic surface rupture of La Laja fault during the 1944 M 7.4 San Juan earthquake, which is
minor than predicted by empirical data.

No surface ruptures have been identified at the Montecito anticline. Hence, some paleoseismological
criteria such as the resolution of event horizons related to past surface ruptures are not useful for addressing
these problems or they might provide misleading interpretations when attempting to reconstruct the
paleoseismic record. However. coseismic folding could result in sudden changes in uplift rate vs
sedimentation rate relationships, which in geomorphic settings with high sedimentation rates might give rise
to a sequence of offlap, onlap and eventually overlap. It is understood that paleoseismic reconstructions in
these settings may arise from careful descriptions of growth strata and progressive unconformities located at
both fimbs of Quaternary folds as well as from detailed geomorphologic mapping. Besides it would provide
opportunities for testing suggested relatioships between folding and sedimentation (Burbank and Vergés,

1994) in active depositional systems.
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INTRODUCTION AND GEOLOGICAL SETTING

The Puna plateau of Northwestern Argentina
(22°00'S-26°30'S and 65°30'W-68°00'W) is the
southernmost segment of the Central Andean
high plateau (Fig. 1). It results from
convergence between the oceanic Nazca plate
and continental South America along an ENE-
WSW direction, which has remained stable
since about 49 Ma (Pardo-Casas & Molnar,
1987). The Puna plateau has an average
elevation of 4400m. Its crust is up to 80 km
thick (Wigger et al., 1994; Beck et al., 1996),
mainly as a consequence of horizontal tectonic
shortening (Allmendinger et al., 1997, Lamb &
Hoke, 1997). The Puna plateau is a composite
feature, where Precambrian and Paleozoic
basement ranges, bounded by high-angle
reverse faults, alternate with Cenozoic
intermontane basins. Major thrusts, trending
NNE-SSW, are distributed all over the plateau
and verge alternatively eastward or westward.
Our structural interpretation of the area is based

on field observations, satellite imagery, Fig.1 : Map showing the morpho-structural units
kinematic analysis of fault data, measurements of the Central Andes and the location of the
of Anisotropy of Magnetic Susceptibility Puna plateau.

(AMS) and analysis of seismic reflexion
data.
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FAULT KINEMATICS AND AMS DATA
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In order to constrain the orientations of principal strains over the area, we have measured over 900 striated
fault planes at 62 localities throughout the Puna and adjacent Eastern Cordillera. Localities are in
Mesozoic and Cenozoic sedimentary cover, mainly along the edges of intermontane basins. A graphical
and kinematic method has been used to analyze fault-slip data. On this basis, the principal directions of
Cenozoic strain have rather uniform trends over the area. The longest axes of the strain ellipsoid (A1) are
subvertical; the shortest (A3) are subhorizontal and trend WNW-ESE to NW-SE; the intermediate axes
(A2) are subhorizontal and trend NNE-SSW to NE-SW. Thus the shortest axes are perpendicular to the
major thrusts. Furthermore, the strain ellipsoids are of plane-strain shape. We infer that the thrusts are
mainly dip-shp faults. The shortest axes are strongly oblique to the vector of relative motion between
Nazca and South America. According to new paleomagnetic results obtained throughout the Puna

(Coutand, 1999; Coutand et

have been rotated clockwise about vertical
axes. We attribute these rotations to scissoring
on major thrusts and also to oroclinal bending
of the orogen as a whole (Coutand, 1999). We
have used the Anisotropy of Magnetic
Susceptibility (AMS) at 28 sites (grouped into
10 localities) within Cenozoic red sediments
across the Puna (Coutand, 1999; Coutand et al.,
in press), the northern bolivian Altiplano
(Roperch et al., submitted) and the northern
Sierras Pampeanas (Aubry et al., 1996). The
AMS data show well-developed magnetic
lineations, which are attributed in part to
regional horizontal shortening (Aubry et al.,
1996; Coutand et al., in press; Roperch et al.,
submitted). On removing tectonic rotations
about  vertical axes, inferred from
paleomagnetic data, we obtain the shortening
directions recorded by the sediments during
their magnetization. These shortening axes
form a radial pattern around the eastern edge of
the Central Andes (Fig. 2). They trend WSW-
ENE in northern Bolivia, along the axial plane
of the Arica deflection; E-W, around 25°S; and
NW-SE, along the southeastern edge of the
Puna plateau. We attribute this pattern to an
inhomogeneous stress field, reflecting the
outwardly convex eastern side of the Central
Andes.
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Figure 2: Central andean radial
pattern of horizontal shortening
axes deduced from AMS data.
Black lines (white arrows) indicate
the orientation of the intermediate
axes of AMS tensors corrected
from associated vertical-axes
rotations, for each site (locality).
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CROSS-SECTIONS BASED ON SEISMIC REFLEXION DATA

We have had access to industrial seismic reflexion data. acquired throughout internal basins of the
northern Puna (from the Bolivian border to the Salinas Grandes). These data provide major constraints on
basin structure and sediment chronology. Of greatest intcrest are two seismic lines, trending WNW-ESE
across the Tres Cruces basin (Fig. 3). This basin is about 100 km South of La Quiaca and its sedimentary
infill is of Mesozoic to Cenozoic age. At the base of the Cenozoic (Fig. 4) is the Casa Grande Fm., of
Middle to Upper Eocene age (Ferndndez et al., 1973), where red sandstones and mudstones alternate,
forming a sequence up to 800 m thick (Bol! & Herndndez, 1985). Unconformably overlying this is the Rio
Grande Fm. (Pascual et al.. 1978). an Oligocene sequence of conglomeratic and coarse-grained sandy
layers, up to 2000 m thick (Boll & Herndndez, 1986). 1t is unconformably overlain by the Pisungo Fm.
(Pascual et al.. 1978). a 2000 m thick sequence of alluvial fan deposits. Lower to Middle Miocene in age
(Boll & Herndndez, 1986). Unconformably overlying them again is the Sijes Fm. (Turner, 1960) a
pyroclastic unit which is sealed at the top by the Pan de Azicar dacites, dated at [2+2 Ma by K/Ar on
whole rock (Coira., 1979). Seismic reflectors are constrained by surface outcrops. In addition, massive
calcareous layers of the Maestrichtian Yacoraite Fm. (Balbuena Subgroup), which yield characteristically
bold reflections, provide a template for our interpretation. We infer that the Tres Cruces basin has
developed in the footwall of a major eastwards-verging thrust, which runs along the eastern edge of the
Sierra de Aguilar (Fig. S). There are large variations along strike. For example, fault-bend folds in the
South (line 2) are not visible 15 km farther North (line 1). The progressive thickening of Cenozoic strata
toward the thrusts and the marked upward increases in the dips of the thrusts provide evidence for
synsedimentary thrusting. These features are observed in strata of the Casa Grande Fm., Upper Eocene in
age (Fig. 5b). Thus compressional tectonics may have been ongoing as early as the Upper Eocene, in this

eastern part of the orogen.

Tres Cruces Basin
(Modified after Boll & llemndndez. 986 )
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map of the Tres Cruces basin the Cenozoic deposits of the Tres
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seismic  lines n°l  and 2. Paleocene Sta Bdrbara Subgroup).
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CONCLUSIONS

At the scale of the Central Andes, AMS data indicate that shortening axes form a radial pattern around the
eastern edge of the orogen. This pattern is attributed to an inhomogeneous stress field, reflecting the
outwardly convex eastern side of the Central Andes. At the scale of the Puna, field observations and
analysis of fault-slip data indicate that thrusts are mainly dip-slip faults which do not show significant
right-lateral strike-slip component, as classically expected for this part of the orogen. Finally, it has been

suggested that shortening and thickening in the Puna accumulated mainly during the Neogene
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(Allmendinger et al., 1983; Jordan & Alonso, 1987). According to our data, the process probably was

underway as early as the Upper Eocene.
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INTRODUCTION

A widespread magmatism related to a important extenstonal rifi-type fracturing episodes affected South
America continental plate from Upper Jurassic-Lower Cretaceous time (UJ-L.C). The products of this
alkaline magmatism constitute a belt that extends discontinuously with North-South direction from the
Cordoba Province (Central Argentina; 32°S-64°W) up Velasco Province (South Bolivia; 18°5-62W) (Kay
and Ramos, 1996; Fletcher and Beddoe-Stephens 1987). In the NW Argentina the UJ-LC magmatism is
characterised by femic volcanic products and intrusive granitic and alkali-syenitic rocks (Viramonte and
Rapela, 1991). The UJ-LC intrusive rocks, exposed on the Puna plateau (22-24°S, 65-67°W) are
characterised by alkaline stocks, like Rangel, Hornillos and Fundiciones, and large calcalkaline
batholiths, like Tusaquillas, Abra Laite and Aguilar. A geological sketch map of the Central-Eastern

sector of the Puna plateau is show in figure | (modified after Reutter et al., 1994). According to
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Viramonte and Rapela (1991) the intrusive products are linked 0 an carly rifting siage (130-100 Ma). In

this paper we present new geochemical and

geochronological data on Tusaquillas Plutonic
Complex (23°S-66°W) which is considered

the most important intrusive body belonging

=y
Alra Lait

to this rift-reclated magmatism. These data
could contribute to the knowledge of the
Mesozore magmatism of the Central Andes
that 1s of crucial importance to understand the

geo-tectonic cvolution of this sector of South

g ‘ America.
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Petrography and Geochronology of Tusaquillas Plutonic Complex

The Tusaquillas Plutonic Complex is constituted by intrusive bodies with different geochemical and
petrological characteristics: (1) Tusaquillas Batholit (TB), characterised entirely by peraluminous granitic
rocks ; (2) Castro Tolay Stocks (CTS), constitluted mainly by basic-intermediate rocks and by granitic
tabular intrusions. In the (Y+Nb) vs Rb and (FeOtot/Mg0) vs (Zr+Nb+Ce+Y) discriminating diagrams
(Pearce et al.,, 1984; Whalen et al., 1987) the TB rocks show S- and I-type granites features, whereas
CTS products show within-plate and anorogenic characteristics. Representative Rb-Sr Tusaquillas
Plutonic Complex ages, determined on the pairs biotite-whole rock, and the isotopic whoie-rocks ratios of

Sr and Nd are reported in tables | and 2.

Discussion and Conclusions

The new ages determination evidenced that the Tusaquilias Plutonic Complex emplaced in a range of
time between 152 Ma and 140 Ma. The Palaeozoic ages reported for some of the CTS rocks (Zappettini
1989) must be therefore rejected. Up to now basic-intermediate intrusive rocks rift-related were not know
in Central Andes. The younger age of Tusaquillas Plutonic Complex could be correlated with the
eruptions of Parana basaltic products, which occurred between 137 Ma and 127 Ma (Turner et al., 1994).
Similar ages are reported for the emplacement of subvolcanic complexes of Damaraland in Namibia and
some anorogenic complex in Namaqualand, South Africa (De Beer and Armstrong; 1998). The UJ-LC
magmatism in South America, which extends from southern Brazil into Paraguay and Bolivia, is related

to the South Atlantic opening. We suppose that also the Tusaquillas intrusive products and the UJ-LC
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magmatism of NW Argentina are related to the opening phase of South Atlantic. The age, the within-plate
and anorogenic features of the Hornillos and Rangel rocks ( Menegatti et al.,, 1997; Rubiolo, 1997)
suggest that these products are linked to the same rifting phase.

The low (¥Sr/*°Sr)i and preliminary ("*'Nd/"*'Nd )i values of basic rocks of CTS suggest a mantellic
origin for these magmas (Tables | and 2). The relatively high values ('St/**Sr)i of granitic rocks of CTS
could reflect a mixing or contamination process with crustal materials. All the chemical date and
preliminary ("*'Nd/'**Nd ) i on the granites of TB suggest that these granites could have been originated
for a partial melting process of continental crust. Tentatively we explain this partial melting process
triggered by the intrusion in the crust of gabbroic subcrustal magma, during the Upper Jurassic-Lower

Cretaceous rifting phase.

Samples Rb (ppm)  Sr(ppm)  “'RbA'Sr MStM6Sr£ 2SE Agessd (Ma) LR, (150Ma)

Castro Tolay Stock

T6 WR 27 426 0.18 0.70392+2 - 0 70353£2

TI1 WR 202 354.0 1.65 0.70789+5 - 0.70437+6
Bt 847 1.4 223.9 1.16450+3 145+1

T30 WR 156 623 0.72 0.70732+1 - 0.705378+2

T31 WR 44 487.0 0.26 0.70450=+1 - 0.70394+1
Bt 271 242 3248 0.77375+11 1512

T34 WR 155 347.0 1.29 0.71142+2 - 0.70866+3
Bt 520 73 215.86 117501 15242

T36 WR 150 160.0 270 0.71220£2 -

T70 WR 196 65.1 65.1 0.7182243

T73 WR 201 448 1.3 0.70706=+1 - 0.70429+3

T79 WR 132 170 2.24 0.71798+4 - 0.71319+6

T83 WR 177 255 2.01 0.71378+2 - 0.70950=5

Tusaquillas Batholith

T25 WR 362 16.6 63.66 0.82947+4

T28 WR 456 14.0 96.03 0.93824+2 -
Bt 2412 2.9 4067.42 10.206+12 1451

T40 WR 420 27.7 4423 0.78961+5

T69 WR 430 15.2 83.15 0.87902+2 -
Bt 1781 12.0 471.6 1.6762+2 1442

T100 WR 329 34.0 28.19 0.76953+2 -
Bt 1401 5.8 808.91 2.3270+2 140+1

Table 1: Representatives Rb-Sr ages and isotopic rauos for Tusaquillas Plutonic
Complex rocks ¥7Sr/%Sr initial values are calculated at 150 Ma ).

Samples Sm Nd  '"7Sm/'"™™Nd  "Nd/"Nd eps Nd I.R (150 Ma)
(ppm) (ppm) +2SE

Castro Tolay Stock

T WR 9.8 53.3 0.111 0.512617x10 1.23+£.25 0.512508%12

T31 WR 5.7 254 0.136 0.512675+09 1.89+.25 0.512542+09

T34 WR 12.4 71.0 0.106 0.512389+10 -3.11+.24 0.512285+11

Tusaquillas Batholith

T19 WR 6.8 30.7 0.134 0.512447+10 -2.52+.27 0.512316=15

T28 WR 3 114 0.154 0.512482+07 -2.32+.25 0.512326+09

T69 WR 45 17.2 0.158 0.512445+15 -3.03+.36 0.512290+13

Table 2: Representatives Sm-Nd jsotopic ratios for Tusaquillas Plutonic
Complex rocks ("*’Nd/'**Nd initial values are calculated at 150 Ma).
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INTRODUCTION

The Ecuadorian fore-arc region, known as the physiographic “Coastal Region”, is characterised
during Neogene times by the development of four sedimentary basins that are from North to South : the
Borbon basin, the Manabi basin, the Progreso basin and the Gulf of Guayaquil basin (fig. 1). All these
basins are related to dextral shear affecting the coastal region in response to the oblique subduction at the
Ecuadorian trench. In three of them (Manabi, Progreso and Gulf of Guayaquil), extensive hydrocarbon
exploration and cartography have been carried out by different petroleum companies, Ecuadorian
administration and authors (among others Faucher and Savoyat 1973 ; Baldock, 1982 ; Evans and
Whittaker, 1982). This yields to numerous data upon the Neogene deposits of these basins although
different stratigraphy and formations names were applied. We present and discuss in this paper the
tectono-stratigraphic evolution and correlation, as well as the sediment mass-balance calculation, that we
have inferred from our work as part of the cooperation convention between the Ecuadorian state
petroleum company PETROPRODUCCION and the IRD (French Research Institute for the Development

n cooperation).
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NEOGENE FORE-ARC TECTONO-STRATIGRAPHY
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Fig 1 : Localisation and cross sections of the main Neogene Fore-arc Basins
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The stratigraphy of the Ecuadorian fore-arc sedimentary basins may be divided in 4 mega-sequences,
namely M1 to M4, separated by unconformity and possible hiatus (fig. 2). The M1 sequence is formed by
conglomerate, sandstone and clay in granulometric decreasing scquences, and corresponds to the Zapotal
Formation that is only known in the Progreso basin. His age is relerred to the basal Lower Miocene. This
sequence is related (o the opening stage of the Progreso Basin in a closc to North-South extensional

trend. The M2 sequence is a rich clayey marine transgressive sequence that reaches 2000-3000 m in the

Progreso basin (Dos Bocas, Villingota and Subibaja Formations): and 1000 m in the Manabi and Borbon
basins (Tosagua and Viche Formations, respcctively). M2 age ranges from the Lower Miocene
(Biochronozone NN2) to the Middle Miocene (Biochronozones N9-N10). Tt corresponds to a generalized

extenston in the Coastal region. The M3 scquence is a thick sandy. silty and muddy sequence

ranging in age from the Middle Miocene (Biochronozone N9-N12) to the Upper Miocene (Biochronozone
N16-N17). It corresponds to the Progreso Formation ol the Progreso and Gulf of Guayaquil Basins. In the
Progreso Basin, it is a regressive sequence formed by shore and beach sandy deposits ; whereas it
corresponds in the Gult of Guayaquil to a transgressive sequence marked by micro-conglomerate and
sandy deltaic channel that pass upward to dchaic silty mud, and is linked to the first stage of opening of
the Gulf of Guayaquil basin in a transtensive way along the Dolores-Guayaquil Megashear (Deniaud et
al., 1999). The same doublc cvolution can be scen in the Manabi and Borbon. In the Manabi Basin, M3 is
a regressive sequence that starts with the sandy shore deposits ol the Angostura Formation, is followed by
the silty deposits of the Lower Onzole Formation, and cnds with the 50 meters thick regressive sandy and
conglomeratic Choconcha Member (Benitecz, 1995). In the Borbon Basin, 1t forms a transgressive
sequence starting with the sandy Angostura Formation and cnding with the deepening up silty muddy

Lower Onzole Formation (Evans and Whittaker, 1982). The M4 scquence corresponds, in the Progreso

and Gulf of Guayaquil basins, to the Puna Formation which age ranges from the top Upper Miocene
(Biochronozone N18) to, respectively, the top Upper Pliocene (Biochronozone N21) and the actual. In the
Progreso basin it forms a regressive sequence of beach and swamp and deltaic muddy deposits that leads
1o the emergence of the basin, whereas in the Gulf ol Guayaquil. it forms a thick sandy and muddy deltaic
transgressive sequence directly related to the main opening stage of the Gulf of Guayaquil pull-apart
basin (Deniaud et al, 1999). In the Manabi and Borbon basins, the M4 sequence corresponds to a
regressive sequence which age ranges respectively from the Upper Miocene to the Lower Pleistocene
(Biochronozones N18-N21) and from the Upper Miocene Lo actual. 1t 1s formed by the Upper Onzole and
Borbon formations. In the Borbon Basin it starts with the transgressive sandy deposits of the Sua Member
that disappear eastward. It is followed by the tuffaccous silty and muddy Upper Onzole Fomation that
pass upward to the beach sand of the Borbon Formation. The Borbon Formation is diachronous with an

age ranging from the Lower Pliocene to the Lower Pleistocenc (Biochronozones N19-N22) in the Manabi



204 Fourth ISAG, Goettingen (Germany), 04 — 06/10/1999

Basin and from the Upper Pliocene to Actual (Biochronozones N21-N23) in the Eastern Borbon basin

where it forms a thick serie also referenced as Cachabi Formation.

SEDIMENT MASS-BALANCE METHODOLOGY

In order to better understand and constrain the evolution of the Neogene fore-arc basin dynamic,
we intent to quantify the sediment mass deposition during Ncogene time in the Gulf of Guayaquil,
Progreso and Manabi basins. This quantification is based on close to 3000 km of seismic lines and wells
that were re-interpreted. Seismic sections and well data are used together to construct time (double way
travel time) maps of selected horizons at basin scale. Time maps are then converted into depth map using
wells data and seismic velocity analysis. Sediment mass estimations are then derived at each point of the
basin from the relationship (Métivier, 1996) :

M(dt) = (P,*Z, + 0,43*P,*3014%exp(-Z,/3014)) - (P,*Z; + 0,43%P,*3014*exp(-Z,/3014))
where M(dt) is the sediment mass in kg for the time interval dt related to the horizons depth Z, and Z,,
and P, is the theoretical grain density of 2,7%10" ke/m".

The integration on the basin area of the values obtained at each point provides the deposited
mass of sediment for the considered time interval. This value can therefore be divided by the time interval
and the basin area to obtain accumulation rates of sediment mass per square meters and time. Precision of
the method depends on the accuracy of the time depth measurement, on the accuracy of the time to depth
conversjon faw, on the accuracy of the mass estimation equation and on the accuracy of the horizon
datation. It should be on the order of 20 % in the Gulf of Guayaquil and 40 % in the Manabi and Progreso
basins. The application of this methodology to main Ecuadorian lore-arc basin is however restricted to the
area where seismic sections are available. As seismic coverage do not exactly fit the extend of
sedimentary basins, and as smaller contemporaneous basins were not surveyed, the total mass of sediment

is certainly underestimated. Results of these calculations are shown in figure 3.

RESULTS AND CONCLUSIONS

The stratigraphy and sedimentological leatures as well as the sediments mass-balance of the
main fore-arc basins of the Ecuadorian coastal region can be divided in a three-stage development history.
The first stage extends from the beginning of the Miocene to the Middle Miocene (ca 14 Ma). It
is marked by the jnitiation of the Progreso Basin with the conglomeratic and sandy M1 sequence which

marks the starting activity of the La Cruz and Carrizal Basin boarder faults; and by a widespread fine
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marine transgressive sedimentation that atfects the whole forc-are arca (sequence M2). The Manabi and
Progreso basins show their highest mass accumulation rates during this time (lig. 3).

The second stage corresponds to the M3 scquence and exiends from the Middle Miocene (ca 14
Ma) to the upper part of the Upper Miocene (ca 5.3 Ma, Biochronozone NI18). [t marks a major change in
the dynamic of the Neogene fore-arc with a drastic change in the sedimentation of the whole fore-arc
which turns 10 a marked sandy sedimentation with shallow water sedimentary siructures. The mass
accumulation rates show at this times the progressive ending activity of the Progreso and Manabi Basins
and the coeval starting development of the Gull of Guayaquil basin. An important transgression is also
known in the Oriente basin of Ecuador at this time.

The third stage corresponds to the last scdimentary cycle that started at the beginning of the
Pliocene and goes on actually. It is marked by a doublc evolution. In thc Manabi, Progreso and West
Borbon basins a regressive sedimentation (ook place during the Pliocenc that led to the total emergence of
these two basins. On the opposite the Gulf of Guayaquil and the castern part of the Borbon basin undergo
strong subsidence with the development of large dcltaic or shell” deposits. The main stage of sediment
storage in the Neogene fore-arc basins takes place during this stage in the Lower Pleistocene and is coeval
with the main stage of development of the Gulf of Guayaquil (Deniaud ct al, 1999). The drastic rise of the
sedimentary mass stored in the fore-arc basins at this time should be relaled to an increase of the sediment
supply through the erosion of the Andean cordillera which start growing up around 9 to 8 My (Steinmann,
1997) and to the creation of a large space for the sedimentation in the fore-arc. The delay between the
Andean cordillera uplift and the sediment storage in the fore-arc may be linked in part to sediment fore-

arc bypass to the trench, in peculiar before the main development of the Gulf of Guayaquil Basin.
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INTRODUCTION

Nevados de Chillan (36°55' S) and the Antuco (37°3()' S) strato-volcanoes belong to the Southern
Volcanic Zone (SVZ) of the Andes. Post-caldera lavas from Ncvados de Chilldn are essentially andesites,
dacites and rhyolites whereas lavas from Antuco arc csscntially high-Al busalts and andesites (Vergara
and Katsui, 1969; Déruelle and Déruclle, 1974, Déruelle 1979, 1982; Lopez-Escobar et al., 1981).

Nevados de Chillin is composed of two adjacent stratovolcanoes located inside a caldera. Volcan
Arrau appeared in 1973 (Déruelle. 1977; Naranjo et al., 1994). Only the post-caldera lavas are considered
here. Antuco is a 130 000 year old stratovolcano (Vergara ct al.. 1985). Its summit collapsed in a caldera
inside which a new cone appeared. Lava flows were emiticd in 1853-63. Only the basalts are considered

further.
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MINERALOGY

Plagioclase is the dominant phenocryst phase. Its composition varies between An 85 (basalts) and An
30 (rhyolites). Phenocrysts of olivine (Fo 77-70) occur in basalts and basaltic andesites. Clinopyroxene is
mostly present in andesites and orthopyroxene (En 48) in dacites. Magnetite is ubiquitous. Apatite occurs

in andesites and dacites. No hornblende nor biotite were found.

GEOCHEMISTRY

Good correlations exist between SiOp and other major clements (except Tt and P) and correlations
between trace elements present excellent linear trends (l1g. 1): this is usually uncommon in lavas series
from SVZ volcanoes. Sr-isotope ratios and 5180 arc similar for Antuco basalts (+ 0.70375; 6.2, Harmon et

al., 1984) and Nevados de Chilldn andesites and dacites (¢ 0.70385; 5.6). The Sr- and Nd-isotope ratios (*

0.51287) for the Nevados de Chilldn lavas arc similar to those ol basalts {rom oceanic islands.

MAGMATIC DIFFERENTIATION

The differenciation of the Nevados de Chillin lava scries is remarkably well explained through
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fractionation of the mineral phases present as phcnocrysis in the lavas. Dacitic magmas would have
evolved from andesitic ones by fractionation of plagioclase (decrcase in Al, CaO and Sr), pyroxenes
(decrease in Sc) magnetite (decrease in Ti. Fe. V) and apatite (decrcase in P). Nevados de Chilldn
andesites can be derived from Antuco basaltic magmas by fractionation ol olivine (decrease in Mg and
Ni), plagioclase and magnetite. Mass balance calculations (table) based on major elements are consistant
which such an hypothesis. The mineral proportions calculated (Rayleigh fractionation) were used to model
trace element distribution (table) using appropriatc partion cocllicicnts. The predominance of crystal
fractionation in the differentiation of the lava serics is noteworthy and illustrated in fig. 3 where the
patterns for basalt, andesite and dacite are strictly parallel. incompatible clements being progressively
more concentrated from basalt to dacite; these patterns intersect only for elements concentrated in mineral

phases involved in the fractionation process (Sr, Ti, P lor the dacite, and Eu).

ORIGIN AND EVOLUTION OF PRIMARY MAGMAS

Sr- and Nd- isotopic ratio values are among the most primitive of the SVZ (Déruelle et al., 1983;
Harmon et al., 1984). Whilst crustal contamination is usually implied in the differentiation processes of
SVZ lavas, it is ruled out for the magmatic evolution of the Nevados de Chillan lava series. Trace element
mass balance modeling also suggests that the primary magmas were generated by fractional melting of a
garnet peridotite mantle source. Ten percent partial melting (melting proportions: ol:cpx:opx—25:50:25)
of a garnet-bearing peridotite mantle source (residual modal proportions: ol:opx:cpx:gt—58.5:25:15:1.5)
of a similar chemical composition to the pyrolite model (MacDonough and Sun, 1995) can produce a
primary magma whose evolution (5 wt % fractionations of c¢px and olivine) can generate liquids of similar
composition to that of Antuco basalts. This model is particularly satisfactory for rare-earth elements and Y
(fig. 2). Nevertheless it is necessary to increase the concentrations of Rb, Sr and Ba by a factor of 2.3 and
those of Th, K, Ti by factors between 1.5 and 1.8 to obtain conformity between the calculated and
measured concentrations. Conversely, concentrations in Ta and Nb and Zr and Hf are between 3 and 1.5
times too high in the mantle source used. Selective contamination (Briqueu et Lancelot, 1979) of the
mantle source by fluids from the subducted oceanic crust, or occurrence of phlogopite in the continental

lithospheric mantle, may have influenced the genesis of Antuco primary basaltic magmas.
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INTRODUCTION:

Located 50 km south of Quito in the eastern Cordillera of the Andes, Cotopaxi, an ice-clad
volcano (5890 m in elevation, Lat. : 0°68’S, Long. : 78°44’W) is one of the large Ecuadorian stratocones.
The recent activity of this volcano is very explosive. During the Holocene. this volcano experienced large
plinian events which have been responsible for the eruption of large volumes of tephras (ash, scoria,
pumice), of andesitic and rhyolitic composition. The geologic description and physical studies of
andesitic fallout deposits younger than 2000 y BP and of a giant rhyolitic lahar which occurred about
4500 y BP have been recently carried out (Barberti et al.. 1995; Mothes et al. 1998). Nonetheless, the high
rates of magma production related to intense and complex cycles of explosive activity during Lower
Holocene of Cotopaxi’s history and development remain little known. According to Hall and Mothes
(1995), Cotopaxi is also remarkable for its bimodal activity, and approximately every 2000 years, during
Late Pleistocene and Holocene, has produced large rhyolitic eruptions whose volumes exceed various
km”.

Field work carried out since November 1997 aims to charactlerize the nature and extent of
voluminous tephra falls related to large explosive and silicic events which occurred during the Lower and
Middie Holocene.

Summarized description of the deposits :

From about 9000 to 4500 y BP, the activity was strongly explosive. Especially, about 6000 y BP,
four eruptive events were responsible for the deposition of thick, widely distributed, fallout pumice lapilli
layers, rhyolitic in composition. These were also accompanied by large emissions of fine ash. Two lapilli

layers (R1 and R2) were transported by dominant winds towards the west (Fig. 1), whereas the lapilli and
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ash of the two other events were deposited towards the east. C14 datings show that these four major
episodes occurred during a short time interval, i. e. at most over a lew centuries. They represent the
climatic eruptions of a discontinuous essentially acidic and explosive activity which started between 7000
and 9000 y BP and ended about 4500 y BP. Since 4500 y, Plinian fallout deposits at Cotopaxi are mainly
andesitic in composition and are accompanied by andesitic lava and pyroclastic flows.

The good quality of outcrops allowed the recording of numerous key sections in the areas west
of the volcano, as well as the elaboration of isopach and isopleth maps of each deposit (Fig. 1. and 2.). R1
and R2 layers are composite pumice and lithic lapilli deposits, several meters thick on proximal sections;
They show a complex structure underlined by alternating beds more or less enriched in ash and/or lithics,

as well successive normal and reverse grading.
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Fig. 1 and 2 represent respectively the isopach and isopleth maps (in
cm) of R1 tephra fall. R2 tephra fall has quite the same extension with
a lower volume.
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Pyroclastic flows of rhyolitic composition (ash, pumice and obsidian blocks) were also emitted
during the open-vent eruptions which occurred about 6000 y BP. These extended over the north, east and
south-west sides of the volcano. Alternating with these large rhyolitic events, dome activity (rhyodacites)
also occurred near or at the summit. During the whole period. from 9000 to 4500 y BP, very few products
with an andesitic composition have apparently been erupted. This is demonstrated by subordinate
andesitic ash and scoria layers within the thick sequence of rhyolitic fallout deposits that we studied

(fig.3).
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Fig. 3. A and B. Stratigraphic column of the events between R1and R2. Ais 5
km west from the volcano. B. is 15 km west from the volcano. Vertical scale in
meters.
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Interrelations between the products of dome destruction and the related open-vent eruptions are
observed in valleys at the base of the cone. On the contrary. distal tcphra deposits (up to 40 km) only
consist of fine ash.

Volumes for the R1 and R2 pumice lapilli layers arc calculated to be 3.2 and 1.2 km'
respectively (no DRE). Whereas an estimation of the total volume ol tephras erupted during the 9000-
4500 y BP period is around 14.3 km® (without considering the volume of pyroclastic flows). These values
emphasize the large volume of fine ash produced, a striking characteristic of the rhyolitic sequence as a

whole, which in turn indicates a high degree of magma tragmentation during the explosions.

CONCLUSION :

Cotopaxi Lower to Middle Holocene history is dominated by very explosive (Plinian) eruptions
which produced large volumes of rhyolitic ash and pumice mainly deposited to the west of the volcano.
The climactic phase of this activity occurred about 6000 y BP. A study of the deposits is in progress. It
will allow an improved knowledge of the dynamic of this type of event, rare in andesitic stratocones. This
study will be of great importance for increasing the knowledge of the hazards represented by Cotopaxi
volcano, especially in the formation of large debris flows and tephra fallouts whose extension threatens

cities in the Interandean Valley (Lasso, Latacunga and the urbanized zones south-east of Quito).
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INTRODUCTION

Late Ordovician and Early Stlurian glacial cvents have been extensively described and discussed
in the literature. Late Ordovician glaciations are well documented in North Africa and Arabia, and Early
Silurian glaciations have been reported from the Cape Basin (South Africa) and Brazilian intracratonic
basins (Grahn & Caputo 1992). [n the Central Andes, a diamictitc unit is present near the Ordovician-
Silurian boundary which has been traditionally uscd as a stratigraphic marker within the thick and
otherwise monotonous Lower Palcozoic clastic scquences (Boucot 1988, Diaz-Martinez 1998). The
diamictites are commonly interbcdded with sandstones and shalcs, and frequently display stumps and
contorted beds. The unit 1s known as San Gaban Fm. in Peru, Cancaiiiri Fm. in Bolivia, and Zapla Fm. in
northern Argentina. The variable characler ol the underlying unconformity, and the common recycled
character of most of the fossils found within these deposits, have led to strong discussions about its age
(Sudrez-Soruco 1993, and references therein). In Peru, the San Gabdn Fm. has only been described for the
central and southern Eastern Cordillera and Subandean regions (Laubacher 1974, Laubacher et al. 1982),
whereas no evidence has ever been found of this unit in the Peruvian Altuiplano (Laubacher et al. 1982,

Boucot 1988, Eliison 1990, Sudrez-Soruco, 1992).
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The continental-scale diachronism and glacigenic character ol these deposits have been used in
Ordovician and Silurian paleogeographic reconstructions as evidence for the displacement of Gondwana
across the pole. However, the ongoing discussion regarding their precise age and paleoenvironmental
interpretation still does not allow for an integrated model of paleogeographic evolution. In an attempt to
contribute to this model, in this work we present new evidence which confirms (a) the presence of the
diamictite unit in the Peruvian Altiplano, and (b) its glacigenic character. At the same time, we draw
conclusions on the tectonic implications of the presence of the San Gabdn Formation in the Altiplano,

both for Paleozoic and for Cenozoic tectonism.

STRATIGRAPHY AND SEDIMENTOLOGY

The diamiétites of the San Gab4n Fm. crop out at two stratigraphic sections near Ayaviri, in the
Peruvian Altiplano (Fig. 1). The Huacacane section is located 14 km NNW of Ayaviri, with good
outcrops on both sides of the strait formed by the Huacacane river between the Sullumara and
Allcamarine hills. The Punco Punco section is located 7 km NNE of Ayaviri, with good outcrops along
the eastern slope of the gorge, near the Morojullo hill. Both sections fall within the same structural block
of Ordovician-Devonian rocks overthrust to the southwest (Fig. 1B). This tectonic block 1is
morphologically part of the Peruvian high plains (Altiplano). However, our revision of its Paleozoic
stratigraphy indicates that it is very similar to that of the Eastern Cordillera, and thus should be
considered as part of the same tectonostratigraphic domain. For this reason, we have followed the
lithostratigraphic nomenclature nowadays in use for the Late Ordovician and Silurian of the Eastern

Cordillera: Sandia, San Gabdn and Ananea Formations (Fig. 1C).

Above the quartzites and sandstones with mudstone and shale interbeds of the upper Sandia Formation,
we found a heterogeneous unit with variable thickness (100-150 m) and composed of interbedded
diamictites, mudstones and sandstones, which we correlate with the San Gaban Formation (Fig. 1C). The
diamictite beds are characterized by frequent clasts of variable shape reaching up to 50 ¢cm, and mostly
composed of vein quartz or siliciclastic rocks (sandstone. mudstone, shale). The clasts are embedded in a
muddy, structureless (massive) matrix with variable proportions of sand. Discontinuous deformed and
contorted sandstone beds within the diamictites indicate their resedimented character, as a result of
gravity-induced sediment mass transport. A few glacially-striated and faceted clasts were found,
indicating a glacigenic influence in the origin of the resedimented material. The diamictites are

interbedded with both massive and Jaminated mudstone and sandstone beds. Some of them may be large
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slided slabs, although others seem to be continuous, indicating the superposition of scveral gravity flow

events within the "normal” background marine sedimentation.

The contact of the San Gabdn Diamictite Formation with the overlying dark shales of the lower Ananea
Formation could not be seen. All three units lie conformable on cach other. and are affected by very low

grade metamorphism and development of cleavage.

DISCUSSION

This is the first time that the presence of the diamictitc unit is mentioned in the Peruvian
Altiplano. Our search for this unit in the classic section for the Ordovician-Silurian boundary of the
Peruvian Altiplano (Chacas-Chagrapi area) was totally unsuccessiul, coinciding with the observations of
Laubacher et al. (1982). The Lower Paleozoic stratigraphy of the SW-verging thrust sheet north of
Ayaviri demonstrates that the corresponding thrust plane should be considered as the boundary between
the Altiplano and Eastern Cordillera tectonostratigraphic domains. and is probably a NW extension of the

Coniri Thrust Fault, located on the Bolivian end of Lake Titicaca.

The precise age of the San Gabdn Formation and its equivalents in Bolivia and Argentina is still under
discussion. Some authors assign a late Ashgill (Hirnantian) age to all these diamictite units (Peralta &
Baldis, 1990), whereas others assign a Llandovery age (Sudrez-Soruco, 1995, and references therein), in
accordance with what has been proved in Brazil (Grahn & Caputo, 1992). In Bolivia, these unit is
interpreted as a result of several large-scale tectonically-induced rcsedimentation events in a deep marine
offshore environment, with interbedded mud flows, debris flows and deformed slided slabs providing
evidence for sediment instability and resedimentation of shallower facies (including glacigentic debris
from a local glaciated source area). Tectonic deformation and its resulting relief are identified as the
origin for the instability and local glaciation, respectively (Diaz-Martinez et al., 1996; Diaz-Martinez,
1997). In the case of the San Gaban Formation of the eastern Peruvian Altiplano, a similar age and

interpretation seems appropriate.

Our findings suggest that the San Gabédn Formation may also be present in other areas along the western
margin of the Eastern Cordillera tectonostratigraphic domain, such as the Ananea region, where it may
have been faulted at the type section (Laubacher et al., 1982; their Text-Fig. 4). These findings also
indicate a pronounced tectonic shortening and compression along the fault zone between the Altiplano

and Eastern Cordillera tectonostratigraphic domains.
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CONCLUSIONS

The Lower Paleozoic stratigraphic sequence cropping out immediately to the north of Ayaviri (Peruvian
Altiplano) belongs to the Eastern Cordillera tectonostratigraphic domain, and includes the Sandia, San
Gaban and Ananea formations. Glacially-striated and faccted clasts found within the diamictites of the
San Gabdn Formation provide the first evidence for the late Ashgill-Llandovery glaciation in the Peruvian
Altiplano, an area where this unit was previously considered not to be deposited. The marked difference
between the Lower Paleozoic sequences of the Altiplano and Eastern Cordillera tectonostratigraphic

domains suggests important tectonic shortening along the boundary tault zone.
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Figure 1: A, Main outcrops of the Ordovician-Silurian boundary, indicating where the San Gaban
Formation was or was not deposited. B, Simplified geology of the Ayaviri area (after Palacios et
al., 1993): Or, Ordovician; Si, Silurian; Pe, Permian; MC, Mesozoic and Cenozoic. C, Simplified
stratigraphic scheme forthe Huacacane section.
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INTRODUCTION

The Coastal Metamorphic Basement complex between 41° and 42° S in south-central Chile includes
pelitic to semipelitic schists that were tectonically intercalated with mafic schists and ultramafic bodies
(Diaz et al., 1988; Kato, 1985; Godoy and Kato, 1990} during Carboniferous-Triassic regional
deformation and metamorphism (Munizaga et al., 1988). This complex was recently named the Bahia
Mansa Metamorphic Complex (BMMC) (Duhart et al., 1998). Recognition of scarce blue amphiboles
was Interpreted as indicative of an accretionary subduction complex (Hervé, 1988). Blue amphiboles
were almost totally destroyed by later metamorphic mineral growth related to prolonged deformation
and metamorphism at green schist facies, ending at chorite grade (Kato, 1985; Hervé, 1988; Kato and
Godoy, 1995; Duhart er al., 1998). Previous Rb-Sr and K-Ar geochronology are representative of high
pressure regional metamorphism and subsequent green schist facics and cooling to approximately 300°
C during Triassic time. Preliminary U-Pb 1sotopic data obtained in detrital zircons collected from a
metasandstone near Bahia Mansa constrain the maximum age for deposition to 275 Ma (Duhart et ai.,

1997) and demonstrate a detrital component younger than previously considered (Duhart er al., 1997).
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DETRITAL ZIRCONS AND METAMORPHIC MUSCOVITES

Detrital zircons were separated from two samples Irom Rio Capitanes and Lacui areas (XQ-0017 and
XQ-0005, Figure 1A) for U-Pb dating, representing quartz-albitc-muscovite -and quartz-muscovite
schists respectively, both with minor chorite. Both samples contain abundant grains of zircon with
variable morphology and with size ratios from 2:1 to 3:1. Zircons typically show mechanical abrasion
features, such as crystal faces partially or totally removed by transport processes, which clearly suggests
detrital origin. A small amount of zircon ol unknown origin have size ratios of I:1 and crystals faces
partially preserved. None of these zircons exhibit corc-mantic rclationships, a feature common in
metamorphic zircons. In addition, muscovites from these two samples, which are concentrated in

lepidoblastic bands, were dated by the K-Ar method.

NpL/2ph DATING

Six rounded grains of zircons from sample XQ-0017 were analized, and four of them yielded
concordant *Y’Pb/206Pb ages of 369.2, 415, 422.7 and 504.1 Ma ([ractions Z3. Z1, Z5 and Z6 in Figure
1B). The other two grains (Z2 and Z4) are discordant. Four of seven rounded grains of zircons from
sample XQ-0005 gave concordant ages of 387.7, 468.4, 468.2 and 1116.2 Ma (fractions Z4, Z1, Z6 and
Z3 in Figure 1C), and the others were discordant. Concordant ages in both samples represent the ages of
the source of the sediments, and the younger age represents the maximum age for deposition. The
discordant 2’Pb/*®Pb ages are interpreted as loss and/or inheritance of Pb, and do not represent the age

of the source of the zircons.

K-Ar AND Ar/Ar DATING

Muscovite K-Ar ages for samples XQ-0017 and XQ-0007 arc 235.5+£5 and 220+6 Ma (Figure 1A).
Ar/Ar step-heating ages for the same two samples were also determined. The age spectrum for XQ-
0017 was determined twice, and each gave a well defined platcau. Both aliquots are concordant,
allowing combination of the analyses in a single correlation plot (Figure 1D) which indicated an age of
230.0+3.2 Ma. Similarly, the correlation plot for sample XQ-0007 gave an age of 232.5+2.7 Ma (Figure
1E). Diamond simbols located to the right of the regression line in Figures 1D and 1E were not
considered in the regression analyses because they may imply Ar loss mainly during low temperature

steps, or non-radiogenic Ar. On this basis, sample XQ-0017 shows some evidence of minor Ar loss. On
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the other hand, XQ-0007 shows an Ar loss pattern which could imply partial but important resetting.
Both Ar-Ar ages should be considered as minimum cooling ages, and they do not represent the

crystallization age during metamorphism.

DISCUSSION

The concordant *Pb/"®Pb zircon ages indicate that the deposition of sediments at the Rio Capitanes
and Lacui areas must be younger than 369.2 (late Devonian) and 387.7 Ma (middle Devonian),
respectively. These ages do not restrict the age of the whole metamorfic complex, but indicate a
sedimentary component younger than Devonian. As previously reported, a sedimentary component
younger than 275 Ma (Permian) was recognized to the north in the Bahia Mansa Area (Duhart et al.,
1997), which is clearly a younger depositional component than that of the Rio Capitanes-Lacui area. K-
Ar ages for samples from the BMMC show a regional cooling near 300° C between 220 and 250 Ma
after the main deformation and metamorphism event (Duhart er al., 1997). which is confirmed by the
Ar/Ar data reported for the Rio Capitanes and Lacui areas.

Although confirmation is awaited. 207pb/2%Pph ages in detrital zircons from Rio Capitanes and Lacui
areas open the posibility for synchronous deposition with thec Devonian shales from Buill (Fortey et al.,
1992).

Distinct depositional and metamorphic events are represented in the BMMC, traditionally considered on
basis of structural and lithological criteria as coeval. Although penetrative greenschist grade
metamorphism and deformation during Permian-Triassic time has obscured the Ar ages, new 7P/ %py
zircon ages indicate that more than one sedimentary protolith is represented in the metasedimentary

rocks of the BMMC.



Figure 1. (A): Sketchmap showing the geoiogy and geochronology of Bahia Mansa Metamorphlc Complax betwen 41°- 42° S.; (B): Concordia - discordla dlagram for sample
XQ-0017.;(C): Concordia - discordla diagram for aample XQ-0005,; (D): Correlation plot for sample XQ-0017.; (E): Correlation plot for sample XQ-0007.

) - 720
o 175
4100 aror
Oz (B) (D)
V\389, 415, 422y 504 — u
. XQ-0017 : Single grain detrital circons XQ-0017 (MUSCOVITE)
- z0.06.2 carms w L 2300232 Ma
40 24 |-
o |
.IA 2
£
- - % : 14 M
o Booes - <
Q 4am q, la 18-
;: 23 : W7PL20APY age = 389240
I wonrs | Lats devonian : Fraanian .
o o8
- m : m
wnars SR T —— - 1 1 00 ] 1 1 |
-4 3 3 L 2 [ ] [ ] 10 12 14
° L 3 é & § “afhrx0”
z \ 207PbI235U
« I~
N 3 o /\387, 468,488 y 1.116 Maulli
o Golfo
Coronados E
o VO
T
- “ XQ-0005 : Singie grain detrital circons XQ-0007 (MUSCOVITE)
1200 |l 232.52.7 Ma
e
232527 omn ' N
24
Lisee o,
i 1] ﬂa
- - 42'°°'." ey 3 42'C g :1_|_
7445 245 Buime | v <. <
i R 2,
- 24 207PHIDPD age = 387.7Ma
LEYEND KEY Middie devonian : Eifellan
LN
Bshia Bama Metamorphic Complax 2 ArfAs Muscavits 200 asl. \
E:] A\ PP Detritat chroono . .
batapeiitee ’ wLeese 1 1 i 1 1 Y ! 1 | 1* L
] I K-Ar Muscovis
™ » § g g g § g [] 1 ] 12 18 11 n
X static and Untramatc body 3 s bt " A Arxio’
207PB/2350
Duronies

e

6661/01/90-10 (\uviLion) uab‘u;uaag ‘OVS] IN04



Fourth ISAG, Goettingen (Germanv), 04-06/10/1999 223

The available data for the BMMC are compared to Upper Triassic palaeontological evidence (Fang et
al., 1998) and detrital zircon data (Hervé er al., 1998) trom in the Los Chonos Metamorphic Complex.
Available information distinguish Devonian to Triassic accretionary proccess for the CMBM (Dubart et
al., 1997) and upper Triassic-Jurassic accretion for the Los Chonos Metamorphic Complex (Hervé et

al., 1998).
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INTRODUCTION

An investigation of the well exposed Tatara-San Pedro complex (TSPC; Singer er al., 1997) has
multiple goals: (1) develop a stratigraphic and geochronologic framework at a long-lived arc volcano on the
basis of a multidisciplinary approach. (2) undertake petrologic modelling studies constrained by this
framework, (3) assess the consequences of Quaternary glaciation for volcanic construction and crosion, and
(4) contribute 1o the debate concerning the origin and evolution of arc magmas ot the Andean SVZ (c.g..
Davidson er al.. 1988: Singer ¢r al.. 1995; Fecley and Dungan, 1996; Feeley er al.. 1997). This abstract
focuses on the theme of point 4. Previous inferences based on along-arc geochemical reconnaissance
investigations of SVZ centers (e.g., Hickey er al., 1986; Hildreth and Moorbath, 1988: Tormey eral., 1991)

are discussed in light of the implications of the extraordinary diversity of evolved magmas at the TSPC.

TECTONIC SETTING AND ARC SEGMENTATION

The portion of the SVZ around 36° § has been referred to as "transitional” (Tormey ef a/., 1991)
between volcanoes built on thin crust south of 36° S, which display little evidence of crustal assimilation (e.g.,
Gerlach et al., 1988), and those north of 35° which have been built on thicker and older crust, and which are
inferred to reflect increasingly large crustal contributions as a function of increasing crustal thickness
(Hildreth and Moorbath, 1988). These inferences may need modification. The TSPC appcars to mark an
abrupt change in petrology from frontal arc centers south 36° S to a different behavior between 36-34.5° S,
although there is little change in regional elevation or apparent crustal thickness in passing from the southern
centers to the TSPC. This observation must be tested rigorously by detailed investigations of volcanic centers
in the region 36-37° S, but it would appcar that the arc segmentation scheme of Wood and Nelson (1988),
which has been given a nomenclature in Fig. |, deserves consideration as the gcologic framework for SVZ
volcanism. Fig. 2 (after Hildreth and Moorbath, 1988) illustrates the basis for treating the centers of cach
segment as a separate population; e.g., high Ce/Yb sets the TMS (33-34.2° S) apart and the LPS (36.2-40.5°
S)has consistently lowerabundances of LILE (Ba, K,0).
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<Figure 1: Arc scgmentation scheme of Wood and
Nelson (1988 with inferred segment boundaries (SBY:
(TMS 33-34.2° S Tupungato-Maipo scgment): (PTS
34.5-36° S Palomo-Tatara segment): (LPS 36.2-40.5°¢
S Longavi-Puychue scgment). Figure 2 (below):
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PROCESSES AND CONDITIONS OF MAGMA DIFFERENTIATION

SVZ stratocones south of 36.2° S arc largely dominated by evolved magmas generated by fow-
pressure fractional crystallization. They arc characterized by remarkably uniform tholeiitic (high
FeO*MgO) differentation trends in which cvolved magmas have low Sr and low Sr/Sc. indicating high
plag/pyx in fractionating assemblages (evolved basalt rhyolite), and ncarly constant incompatible trace
elementratios. suggcesting largely closed-system cvolution after carly moditication of basalts during ascent to
shallow levels (c.g.. Gerlach ct al.. 1988). In contrast, TSPC lavas arc extremely diverse for many trace
element indices (Figs. 3-4; Barclay ctal., 1999). Open-system evolution, involving both crustal assimilation
and magma mixing, was far morc important at the TSPC. Where fractional crystallization played a major role
in the evolution of matic TSPC magmas, mincral assemblagces frequently had lowcr plag/(oliv+aug) than at
morc southerly centers. Interpretations of differentiation trends are complicated by uncertaintics concerning
compositions of parent magmas and assimilants, as well as the proportions of fractionating phascs, but thrce
suites ( 590 ka, 235ka. 110ka)ot weakly contaminated mafic lavas are markedly different from those seen at
morc southcrly centers such as Puychue. The inferred range of TSPC basaltic parent magmas in Fig. 3 is
bascd on relatively primitive magmas, moderately enriched in Ti, P, Nb, Zr, and LREE at the low-Srend of the
array and morc cvolved basalts with gencrally lower abundances of these same clements but with higher Sr-
contents. The Sr-rich cvolved basalts (7.5 and 6 wt. % MgQO) and a suite ol cxtremely Sr-rich basaltic
andesites (4.5 wt. % MgO: up to 900 ppm) have sufficiently low Rb (7-12 ppm) to suggest minimal
contamination. The combination of high ALO, and Sr, low Mg#. Cr, Ni,and S¢, and an absence of plagioclase
phenocerysts in these mafic magmas is consistent with evolution by fractionation of an assemblage rich in
olivinc+augite (arrows in Fig. 3). High PH20 is suspected as a contributing causative agent for these trends,
as the crust in this region is not cxceptionally thick. Yet the suppression of Y-HREE in many cvolved and
contaminated TSPC magmas implics incorporation of crustal componcnts with high Rb/Y, Ba/Y, La/Yb,
Th/Yb. and low Y-HREE. which appcar to record residual gamct at some stage. The latter may partly reflect

the assimilation of bascment granitoids at shallow levels (Figs. 3-4), as well as high-P open-system evolution.
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Figure 4: TSPC data (symbols coded for Si0, wt. %) compared to published data from the southern SVZ.

The limited variations associated with largely closed-system differentiation contrast strongly with the TSPC.
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INTRODUCTION

A preliminary model of volcanogenic sedimentation and palaeogeographic evolution is presented for
the Farellones Formation in the Andean cordillera between 33° 20" and 34° 00 S It is based on the sequential
facies analysis of a representative composite sequence, and geological mapping at 1:25.000 scale, of the
sector between the Maipo and Colorado rivers (Fig 1; Aguirre, 1999). This work is part of the on-going
FONDECYT project N® 1970736, designed to understand the palaecoenvironments and palaeogeography of
Tertiary formations in Central Chile.

The Farellones Formation was defined by Klohn (1960) and described in the Santiago 1:250,000
geological sheet by Thiele {1980). In the type section at Farellones it is a well-bedded sequence of continental
volcanics 2,500m thick made up of masstve to brecciated lavas of basaltic, andesitic and rhyolitic composition
and minor quantities of fine grained to coarsely conglomeratic epiciastic sediments (Klohn, 1960).

In the study area, 30km south of Farellones, the sequence is 1,700m thick and overlies lavas of the
Abanico Formation in apparent conformity or pseudoconformity (Aguirre, 1999). It is overlain by Pliocene
volcanic and sedimentary deposits in angular unconformity. These units are the main components of the
Andean Cordillera of this region.

A K/Ar age date on plagioclase within the study area gives a Lower Miocene age of 17.3 02 ma
age for the Farellones Formation (Drake et al., 1976); this broadly agrees with another in the Farellones area
of 18 5+ 02 ma. (Drakeetal . 1976).

SEQUENCE AND FACIES INTERPRETATION

The composite sequence is 1,400 m thick and was measured in a profile between Pata del Diablo and
Cerro Puntilla de Lircan (Fig. 1). Three principal facies associations are recognized with no internal
unconformities. They are similar to those described for the volcanoes of the southern Andes, particularly the
facies associations observed at the Villarrica volcano (Clavero y Moreno, 1994). From the base upwards they
are:
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Fig 1: Schematic geological map showing distribution of main factes associations and measured composite
sequence between Pata del Diablo and Cerro Puntilla de Lican, Maipo Valley

Facies Association |

The basal 300m consist of well-bedded pyroclastic deposits (beds of O Sm to 3m) with minor
intercalations of epiclastic sediments. The sequence 1s upward fining and bed-thinning upwards In order of
importance, the lithologies encountered are.

Ia) Laptlli tuffs with cognate, non-vesicular lithic clasts principally of andesitic and basaltic andesite
composition, and to a lesser extent pumicitic and scoraceous fragments, has zeolite cement with little or no
ash matrix. Occasionally larger (average 10cm) accidental lithic clasts of porphyritic andesite stand out. The
majority of the beds are continuous, homogeneous to diffusely laminated, and show reverse or normal
grading, other beds contain low angle cross-bedding, small erosive U-shaped channels, undulated surfaces
(dune-bedding or antidunes), fluidization textures, impact sag structure and, possibly, accretionary lapilli.
These lithologies have all the charactenistics of surge deposits as have been recently reviewed by Carey
(1991) and Druitt (1998) and are interpreted as pyroclastic base surge deposits (or wet surge deposits ) with
provenance, according to preliminary data, from a few kilometres to the north-east. They are best developed
in the centre and upper parts of the sequence.

Ib) Coarsely bedded to massive fine pyroclastic breccias with very poorly sorted and chaotically arranged
clasts which contain up to 70% lithic debris The clasts are angular to sub-rounded, up to 10 ¢cm in diameter,
and composed of porphyritic to microcrystalline andesite and basaltic andesite; scoraceous and pumicitic
fragments and fiammes occur in lesser amounts. Matrix (less than 30%) is composed of ash. Bombs averaging
35 cm in diameter occur occasionally, some are strongly flattened and indicate proximity to its source vent.
These deposits are interpreted as pyroclastic flows and comparable to co-ignimbrite lag-fall breccias
described by Cas and Wright (1987) and Branney and Kokelaar (1997), they are most common at the base of
the sequence.

lc) Fine to coarse ash and lapilii tuffs of lithic and lithic-crystal components, with subhedral feldspar and
subordinate embayed quartz crystals making up the crystal fraction. Regular and continuous fine bedding is
typical. The vertical grading pattern of these sheets suggests the collapse of a fluctuating high eruption
column. The facies, most common towards the top of the sequence, is interpreted as the product of a major
event: fallout tuffs (or air fall ash deposits) from a Plinian type eruption. The large volume of fine ash was
generated contemporaneously with the pyroclastic flows and 1s likely to have been related to caldera
formation (Druitt and Sparks, 1984).
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Id) Epiclastic sediments: lithic and lithic-feldspar sandstones of coarse to medium grain size, submature to
mature in texture and composed of volcanic lithic clasts and plagioclase crystals. Some horizons contain rare
concentrations of crystals and pumice fragments towards the top. The facies occurs as sporadic intercalations
throughout the sequence. These are interflow sediments interpreted to be derived from reworking of the
contemporaneous volcanic deposits and redeposited in a fluvio-lacustrine environment (fluvial tuffs).

Facies Association 11

This forms a sequence S50m thick, which overlies the previous facies association concordantly. The basal
surface 1s abrupt and coincides with the arrival of massive pyroclastic flows and subordinate lava flows
(together 140m thick). The pyroclastic flows are breccias very similar to those of Facies Association Ib (co-
ignimbrite lag-fall breccias). The lava flows are thickly bedded, massive or autobrecciated and of andesite to
basaltic andesite composition. Mapping shows a clearly increasing proportion of intercalated lavas to the
north-east (Fig 1) In the middle of the sequence pyroclastic and epiclastic units very similar to those of the
underlying sequence (Facies lc and 1d:_wet surges, Plinian fallout deposits and fluvial tuffs) predominate. The
upper part of the sequence consists of lavas with some intercalations of epiclastic breccias of large lava
blocks (5-65¢m) in a subordinate matrix of fine breccia and ash. Breccias are monolithologic and suggest that
these deposits formed by rapid reworking of fresh primary matenal. Their position signifies proximity to
eruption vents. These last units, which are 5 to 25m thick, are inferred to be lahars and/or other types of debris
flows that may have been emplaced as a wet sediment gravity flow or landslide of water-saturated and occur
intercalated with tuffs and other epiclastic sediments.

Facies Association 111

This forms a sequence 450 m thick made up almost exclusively of massive to autobrecciated lava flows of
andesite to basaltic andesite composition with an average thickness of 20 m. These blocky flows
corresponded to the extrusion of several coulees often separated by thin beds of interflow epiclastic sediments
(fine sandstone or siitstone) The other minor lithologies present are breccias of probable laharic origin,
pyroclastic flows and air fall tephras Contact with the underlying sequence is abrupt and conformable.

PALEOGEOGRAPHIC EVOLUTION

The greater part of the pyroclastic lows and surges of Factes Association | are considered to be related to
phreatic and phreatomagmatic eruptions and were deposited in an intermedtate position in relation to the
central volcanic complex (Fig. 2). The emission of large quantities of pyroclastic material suggests that the
initiation of sedimentation of the Farellones Formation corresponds to the collapse of a major volcanic centre
and the probable formation of a caldera associated with high intensity eruptions. Facies Association 11
represents the beginning of a new phase of volcanic aggradation. Activity changed to eruption of dominantly
andesitic lava flows and the construction of a new volcanic edifice closer to Lagunillas than the earlier one
with intercalated lavas, pyroclastics and lahars. Facies Association I11 represents post-collapse evolution with
an increase in volcanic activity in the area possibly, given the area covered and total thickness, by several
centres of synchronous eruption

In this context, it is worth noting that the Farellones - rio Colorado area, 10-30 km north of Lagunillas, is
characterized by lava flows which interdigitate with coarse pyroclastic and epiclastic deposits similar to those
described here, together with shallow intrusive bodies (domes, dikes and sills). The strata are affected by
angular intraformational unconformities caused by depositional-erosional processes rather than deformation.
Preliminary work suggests that these are the remains of several eruptive centres which were active during
deposition of the Farellones Formation. This volcanic complex would appear be the largest found in the
region to date and could well have played a role in the deposition of part of the sequence described in this

paper.
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Fig. 2: Possible reconstruction of the palaeogeography, depositional conditions and facies relationships
prevailing in the study area during the Farellones Formation.
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INTRODUCTION

For a betier understanding ol the activity and physics ol active volcanocs the Federal Institute for
Geosciences and Natural Resources (BGR) and the Instituto de Investigation en Geosciencias, Mincria 'y
Quimica (INGEOMINAS) havc started a ncw approach to sct up a multiparamcter monttoring station at
the volcano GALERAS, located in thc southern Andcs of Colombia al the altitude ol 4270 m. Although
seismic broad band sensors are the main constituents of the station, other paramcters like clectromagnetic,
thermographic and gas-geochemical data arc or will be included. Data arc mecasured close to or in the
caldera and by radio telemetry transmitted for real timc analysis. This contribution will focus on

electromagnetic and geochemical equipment and preliminary results.

To monitor electromagnetic signals arising from internal activitics ol the volcano three stations have been
set up. Two stations are located inside the caldera, a third onc is set up at a distance of 5 km [rom the
crater. At each station the horizontal elcctric field i1s measured in two orthogonal dircctions, and the
vertical component of the magnetic field with an induction coil. Signals to be expected may be due to
piezoelectric effects caused by mechanical vibrations of the ground and rock ruptures under high pressure.
Low frequency electromagnetic signals may result from the flow of conducting hiquids within the volcano
or by the Tong term demagnetization of minerals by temperature changes. There are plans to extend the

recorded signals to the horizontal components of the magnetic field to determine the resistivity of the



Fourth ISAG, Goettingen (Germany), 04-06/10/1999

233

ground using magnetotelluric interpretation. First measurements show strong electrical noise at the

stations inside the caldera probably due 10 a tv-transmilter Jocated within a distance of | km to the crater.

For geochemical monitoring of gases escaping fumaroles a system has been designed to measure emitted

Fumarole

Scheme of the Geochemical Monitoring System

Inlet Mass Spec

| [ m

i
! i Mass

Gas Pipe Gas Pump Water Trap Spectrometer
— N J
~__ \ i 4 S

Monitor

Gas
Chromatograph

Fig. I:  Schematic diagram of some components of the system for monitoring gases fron

volcanic fumaroles.

gases in minute to sub-minute intervals. The instrument package, located near the fumarole, includes a

mass spectrometer, radon unils, gas chromatographs, and sensor based units, which arc tested and

optimised.

Also pipes and pumps are available to connect the analytical equipment to fumaroles over a distance of

more than 1000 m. During three test campaigns different instrument set ups and pipe length are used.

Depending on the local situation like power supply, weather conditions accessibility of the fumarole the

instruments are installed close to the fumarole or in a distance of several hundred meters. According 10

this selection, components like CO, N, O,, Ar, SO,, H,S, Rn, H; can be monitored, data gathered so far

are characteristic for fumarolic gases. Radon readings are in good agremeent with conventional

measurements.
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GALERAS Volcano, Colombia
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Fig. 2:  “**Radon counts, fumarole temperature and data of sensors which are sensitive
predominantly for carbon dioxide and methane. Data were recorded every 5 seconds.
Monitoring will be continued to make sure that the fluctuations are related to the

Sfumarole, but are not technical artefacts.

Conclusions

Volcanoes and fumaroles are the most hostile environments one can imagine for laboratory equipment.
Therefore, we faced quite a lot of problems like strikes by lightning as well as stability and continuity of
the instruments and resistance of the material inserted into the fumaroles used for the connection to the
instruments. Nevertheless, we think that both the systems, electromagnetic and geochemical monitoring,
have the potential to be used successfully for the monitoring of fumarolic emissions. Details will be

presented.
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INTRODUCTION

The Peninsula of Santa Elena, located at the south-western coast of Ecuador, is an oceanic terrain
accreted to the South America Plate margin by Late Cretaceous to Early Tertiary times. The Aptian to
Albian oceanic rocks (Piién Fm) are the basement of 