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THE LIQUIRE-OFQUI FAULT, GEOPHYSICS RESULTS IN THE PUYUHUAPI 
REGION 
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INTRODUCTION 

The Liquifle-Ofqui fault zone (LOFZ) is defined as an structural weakening that reaches the upper mantle 
and its extension is more than 1000 kms in the Southern Andes. 
It is studied in the Puyuhuapi zone with three gravimeuic profiies that perpendicular cut fault structure. 
They have been defined as Risopatr6n, Puyuhuapi and Peninsula. 
Watching the Bouguer anomaly results of the two profrles firstly named, it can be concluded that there is 
no negative anomaly associated to the fault zone as it was expected (rocks less density). Consequently, in 
the Risopatr6n profile it is proposed that the fault zone is composed by rocks with similar densities to the 
granitic rocks on the edges of the valley; or, this zone is so thin that it wasn't detected because of the 
gravimetric stations disuibution (cJ100m). 
Some thing similar occurs in the Puyuhuapi profile, but it is less trustful because it begins at granitic rocks 
and ends at volcanic rocks. The Peninsula profile has similar characteristics as the ones mentioned before, 
but the west side begins at old vulcanic rocks composed by basalts with insertions of pyroclast and slag. 
In this profile, an anomaly of higher amplitude is seem that can be ever bigger. In the present state the 
residual anomaly is of 6 miligals, that considering a density contrast 0.4 gr/cm3 produces an aproximate 
depth of 360 meters. The anomaly zone has a lenght of 2400 m. 

THE L I Q U ~ - O F Q U I  FAULT 

The Liquiile- Ofqui fault zone is a structure with N-S direction, which is affected by different geological 
process that mainly occur due to the subduction action in Southern Andes. 
This structure has been recognized for more than 1000 h, extended from nearby the Ofqui isthmus at the 
south up to Los Lagos region at the north, limit which is not well defined in Figure 1. Its origin has been 
related to as oblique subduction under the continental edge (Herve 1976, Beck 1988 , Garcia et al. 1988) 
or to the subduction effect of the oceanic crust under the continent (Forsythe and Nelson 1985). Muir 
Wood (1989) shwon details its activity and proved that near the last zone, South-east LOFZ has been 
active during the cuaternary, he also thinks that there was a vertical relative lifting of the east block of 
1200 m. In this way, the LOFZ has been active, at least, since the recent oligocene in its northern side. 
Since the miocene its location has been controlled by intrusive plutonics, that still control the magma 
access to the surface in the present chain, Herve (1994). 
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GEOPHYSICAL RESULTS AND RECORDS 

Considering gravimetric records reported by Araneda and Avendailo (1985), see Figure 2, where obtained 
negative residual anomalie of even -7 mgales in an approximated length of 2 km, 3 gravimeuic profiles 
where proyected with stations every 100 meters in the Puyuhuapi zone (see Figure 3). This zone would 
correspond to the main fault zone, which geomorphological characteristics, volcanic lineament and 
geological structure are similar to the ones seen in the Cayatue- R a l b  zone. 
The result that were found in the Risopatrdn profile, Figure 3a, both extremes binded to granitic rocks 
show that doesn't exist a zone composed by low density or if this zone exist, its lenght reducess to less 
than 50 meters. Similar results are seen in the Puyuhuapi profile (Figure 3b), but at the west extreme was 
not bended to granitic rocks. Anyway, there was no anomaly observed that could be related to the mega 
structure. 
Finally, Peninsula profile (Figura 3c) shows a big anomaly of great amplitude that is open to the west due 
to granitic rocks were not found. 

ACKNOWLEDGEMENTS 

Part of this investigation was financed by proyect FONDEF M1 15 (Geoldgico Minero Aidn of the 
professor Alfredo Lashen). 

REFERENCES 

Araneda M. y Avendailo M.S. 1985. Estudio gravimktrico de la falla Liquiile-Ofqui, en 10s sectores seno 
Cayatue, Bahia Ralcn y Cochand Punta Pocoihuen. Actas 4'" Congreso Gmldgico Chileno 
Antofagasta, l(2): 1 - 16. 

Beck M. 1988. Analysis of late Jurassic-Recent palmmagnetic data from active plate margins of South 
America. J S Am Earth Sci 1:39-52. 

Forsythe R., Nelson E. 1985. Geological manifestations of ridge collision: Evidence from the Golfo de 
Penas-Taitao Basin, Southern Chile. Tectonics 447-495. 

Garcia A., Beck M., Burmester R., Munizaga F., HervC F. 1988. Palmmagnetic reconnaissance of the 
Regidn de Los Lagos, southern Chile and its tectonic implications. Rev Geol Chile 15:13-30. 

HervC M. 1976. Estudio geoldgico de la falla Liquifie-Reloncavl en el &ea de Liquifie: 
Antecedentes de un movimiento transcurrente. Actas 1" Congr. Geol. Chileno, Santiago, I(b): 39-56. 

HervC F. 1994. The Southern Andes Between 39" and 44" Latitude: The Geological Signature of a 
Transpressive Tectonic Regime Related to a Magmatic Arc in: Reuther K-J., Scheuber E., Wigger 
P. (eds.). Tectonics of the Southern Central Andes. Springer, Berlin Heidelberg New York pp 243- 
248. 

Muir Wood R. 1989. Recent n o d  fautting at the Laguna de San Rafael, Aisen province, southern Chile. 
Comunicaciones 40: 57-68. 



Third ISAG, St Malo (France), 17- 19/9/1996 

F tgura 2 

Figura 3 0  

m I ANOMALIA OE BOUOUER I 

F lgura  3 b  

ANOMALIA OE BOUGUER 

4726 
0 5ru! 1000 1500 7000 ?5fr) m 

Figura 3 c 



Third ISAG, St Malo (France), 17-19/9/1996 



Third ISAG, St Malo (France), 17- 19/9/1996 

GRAVITY IN THE SOUTHERN CENTRAL ANDES, 38"-40" S 

Manuel ARANEDA ( l ) ,  Maria Soledad A V E N D ~ O  'l', Sabine SCHMIDT (2), Michael SCHMITZ (2), 

and Hans-Jiirgen mTZE (2) 

(') Depto. de Geofisica, U. de Chile, Casilla 2777, Santiago, Chile. 
(2' Instifut fiu Geologie, Geophysik und Geoinfonnatik, FLT Berlin, Maltesersmpe 74- 100, D-12249 Berlin, 

Ge-y 

KEY WORDS: Gravity field, tectonics, Southern Central Andes. 

INTRODUCTION 

We present the recent data base of Bouguer Anomaly together with a preliminary interpretation of the local 
gravity anomalies in the regions of Traiguen-Victoria, Loncoche and Valdivia. 
The gravity information was obtained during December 1995 and January 1996 introducing more than 
1.000 new data points, which have been normalized and merged with the southern Chilean data base. 
Additionally, for the elaboration of the Bouguer anomaly map, we collaborated with the National Oil 
Company (ENAP) who facilitated their data base to us. The gravity map of the region, which extends from 
38" to 42"s contains more than 3000 gravity stations. 
The gravity survey of this study corresponds to the investigatios entitled "Integrated geophysical study of 
the seismic risk zone of the Southern Central Andes (38O-42"S). The area under investigation belongs to 
one of the most active segments of the continental margin. This is manifested in a long series of 
devastating earthquakes (e.g. 1960, Valdivia earthquake). The investigation also considers the active 
volcanoes e. g. Lonquimay, Llaima, Villarrica and others, and structures related to the formation of 
mountain ranges, fault systems. Distribution of gravity is essentially related to all of these. The information 
of gravity available before this study is contained in a continental map of Bouguer anomaly between lat. 
38"-42"s based on a few gravity stations and was obtained by Dragicevic (1971) long time ago. Further 
there exists information from ENAP which is mainly destributed in the Central Valley. 

FIELD WORK 

The spacing of stations is about 3 km along all passable roads. A higher station density e.g. a spacing of 
0.2 km, 1 km to 2 km was used in a local area along the Liquiile-Ofqui fault, volcanoe zones and 
geological structural zones respectively, see figure 1. All measurement were tied to the IGNS 71 gravity 
datum via the newly estblished National Chilean Gravity Net. Araneda and Avendailo (1993) with base 
stations in Temuco, Loncoche and Osomo. 
Tidal corrections were computed. The drift control was done every day on a established point located at 
the Tolten river bridge. The drift of the LaCoste&Romberg instruments (model G 41 1) rarely exceede 0.5 
mgallday . 
The geographic coordinates determination of the stations was possible by using a GPS portable receiver. 
For the elevation determination at gravity stations, altimeters were used and a special procedure to improve 
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the quality of the barometric measurement time-dependent drift corrections were calculated as it is usually 
done for gravity measurements, using as many benchmarks and repeated measurements as possible. Error 
estimations showed an accuracy better than 5 m. This gives an error in the Bouguer anomaly of about 1.0 
mgal. 

FIRST RESULTS 

We present a map of the Bouguer anomaly with contour intervals of 20 mgal. Generally the gravity field 
decreases to a regional minimun of less than -100 mgal in the area of the western cordillera (recent 
volcanic arc) related to crustal thickening due to isostatic compensation. Local anomalies can be seen in 
the Traiguen-Victoria, Loncoche and Valdivia areas. There are also same weaker anomalies, as shown on 
the preliminary map. All positive residual anomalias are located in Central Valley. 
The gravity data presented in this paper correspond to preliminary results of an on going research. The aim 
of this work beeing on attempt to calculate a mass balance based on Gauss's Theorem. 
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STUDY OF THE LATERAL AMPLlTLDE VARIATIONS 
OF REGIONAL PHASES ACROSS THE ANDEAN CHAIN, 

AT 20"s. 
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In 1994, an earthquake survey organised by ORSTOM and INSU-CNRS, was carried out in 
Northern Chile and Bolivia @orbath et al., 1996), (Dorbath et al., this volume). Across an East-West 
section of the Andes at the latitude of 20"s along 700 km, 56 short period seismic stations of the 
Lithoscope network were installed during 6 months between June and November. The temporary network 
ran across the main structural features of the Andes: the coastal range, the Western cordillera, the 
Altiplano, the Eastern cordillera and the subandean zone. It was composed of 41 one component 
seismometers CT,=lsec) and of 15 three component ones (T,=Ssec). The three component seismometers 
were installed at every third site. 

To infer characteristics of the structure of the cmst and of the upper mantle, we study the lateral 
variations of the amplitudes of the P and S waves along our almost linear network. We focus on regional 
phases such as Lg waves (Campillo, 1990), which are very sensitive to the variations of the structure of 
the cmst (Chazalon, 1993), thus, very valuable for our studies. In order to study the regional phases, we 
have selected 17 regional or local events which occured at depth lower than 60 km and for which the 
hypocentral location is well constrained (Masson et al., this volume). The azimutal repartition of these 
cmstal earthquakes should allow us to point out if the anomaly of propagation of Lg waves along paths 
perpendicular to the trend of the Andes (Chinn, 1980), really exists. A detailed examination of the 
seismograms shows strong variations of the amplitudes of the waves. Using simulations, we build 
synthetic seismograms to better understand interactions of these waves with possible models of cmstal 
structures. 

Using deeper local or regional events, we purpose to study the propagation of the direct wave 
through the upper mantle, for instance beneath the Altiplano. 
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INTRODUCTION 

The central Andes, in western Bolivia and northern Chile are the highest and 
widest mountains associated with regions of ocean-continent convergence. The 
Andes attain their greatest width in central South America where the Altiplano is 
bordered on the west by the Cordillera Real (an active volcanic arc) and on the east by 
the Cordillera Oriental (high mountain range dominated by folding-ind thrusting) and 
the Sub-Andean zone (a thin-skin fold and thrust belt). In 1994 and 1995 we 
deployed two broadband three-component seismic arrays in the central Andean 
Cordillera of Bolivia and northern Chile with a total of 24 stations (Fig. 1). Our 
seismic experiment consisted of an east-west transect called the BANJO (Broadband 
ANdean Joint) experiment and a north-south transect called the SEDA (Seismic 
Exploration of the Deep Altiplano) experiment. The BANJO experiment consisted of 
16 broadband seismic stations along an east-west transect at 19's to 20"s and 
extended for nearly 1000 km from near the coast of northern Chile to .the Chaco 
Plain. The SEDA experiment consisted of 7 stations that were deployed in a 350 km 
north-south transect along the eastern boundary of the Altiplano, between La Paz and 
Uyuni, Bolivia. We estimated crustal parameters along an east-west transect across 
the Andes at latitude 20°S and along a north-south transect along the eastern edge of 
the Altiplano from data recorded on these two arrays. 

CONCLUSIONS 

Our passive deployment recorded numerous intermediate-depth earthquakes at 
near-regional distances. Capitalizing on this source-receiver geometry, we have 
identified and analyzed shear-coupled P waves trapped within the crustal waveguide. 
We refer to these phases collectively as "sPnl" due to their similarity to the often 
observed Pnl wavetrain generated by crustal earthquakes. We modeled several 
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B Crustal Thickness in the Central Andes 
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Figure 1: (A) Map showing the station locations in the central Andes. (B) East-west cross- 
section near 20°S showing topography and estimates of crustal thickness beneath each 
station. 
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on June 27, 1994. (B) Best crustal P-wave velocity model determined from 
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regional distance events to determine average crustal parameters for the Altiplano. 
The Altiplano crust is characterized by an anomalouly low mean velocity of 
6.0km/sec, a Poisson's ratio of 0.25 and a crustal thickness of 65 km (Fig. 2). The 
combination of low P wave velocities and low Poisson's ratio suggest a thick silicic 
bulk composition for the crust. 

Waveforms of deep regional events in the down-going Nazca slab and 
teleseismic earthquakes were processed to isolate the P-to-S converted phases from 
the Moho in order to estimate the crustal thickness. We found crustal thickness 
variations of nearly 40 km across the Andes, with maximum crustal thicknesses of 
70-74 km under the Cordilleras and 32-38 km thick crust 200 km east of the Andes in 
the Chaco Plain (Fig. 1). The crust also appears to thicken from north (16OS, 55-60 
km) to south (20°S, 70-74 km) along the Cordillera Oriental. The Sub-Andean zone 
crust has intermediate thicknesses of 43 to 47 km. Crustal thickness predictions for 
the Andes based on Airy-type isostatic behavior show remarkable overall correlation 
with observed crustal thickness in the regions of high elevation (Fig. 1). In contrast, 
at the boundary between the Cordillera Oriental and the SubAndean zone and in the 
Chaco Plain, the crust is thinner than predicted, suggesting the crust in these regions 
is supported in part by the flexural rigidity of a strong lithosphere. The observation of 
Airy-type isostasy is consistent with thickening associated with compressional 
shortening of a weak lithosphere squeezed between the stronger lithosphere of the 
subducting Nazca plate and the cratonic lithosphere of the Brazilian shield. 
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INTRODUCTION 

During the last ten years, electromagnetic investigations have been carried out in the Central Andes to 
study the conductivity structure of the active subduction zone at the South American western margin 
(Schwarz et al. 1994). They are part of an integrated geological and geophysical project, which also 
comprises seismic refraction, reflection and gravity studies. The working area is located north and south 
of the tropic of Capricorn, between the Chilean town of Antofagasta to the Andean foreland in Bolivia 
and Argentina (Fig. 1). 

While natural variations of the horizontal geomagnetic and geoelectric (telluric) field are measured in the 
magnetotelluric (MT) method, geomagnetic deep sounding (GDS) additionally utilizes the vertical 
component of the magnetic field. Both methods allow an estimation of conductivity distribution of the 
subsoil, with depth of penetration depending on period. length. The results of data analysis and conducti- 
vity (resistivity) modelling for the magmatic arc and forearc regions will be presented in this con- 
tribution. 

CONDUCTMTY DISTRIBUTION IN THE ARC AND FOREARC 

The earlier magnetotelluric measurements - carried out along two transects across the Andes (Schwarz et 
al. 1994, Schwarz & Krllger 1996) - revealed a prominent high conductivity zone (HCZ) beneath the 
Western Cordillera, which constitutes the present magmatic arc. Two-dimensional models were calcu- 
lated for data on profiles A and B (Fig. 2, cf. Krllger 1994 and Massow 1994). Commencing at a depth of 
approx. 20 km, the depth extent of this anomaly is still remaining uncertain but is likely to execeed 
60 km. Extremely long period measurements (T > 1 day) are necessary to penetrate through this conduc- 
tor, since resistivity values - derived from 2-D modeling - are remarkably low (0.5 - 2 m). 

Recent developments led to completely new magnetotelluric instruments, which enable a broadband re- 
cording of electromagnetic variations in the period range from approx. 0.0001 S to more than 1 day and 
thus yield a resolution of very shallow as well a deep structures. Two field campaigns were carried out in 
1993 and 1995 in the north of the previous measuring areas, covering two transversal profiles in Northern 
Chile, one through the Quebrada de Guatacondo, the other in the area of the town of Pica (profile C in 
Fig. 1). Again a distinct HCZ was detected, but instead of being located below the magmatic arc, it is 
surprisingly shifted to the west below the Precordillera. In this region - the so-called Pica gap - no recent 
volcanism has occured. The electromagnetic data thus hint at a N-S segmentation of the magmatic arc in 
accordance with geochemical results (Worner 1994). 
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Fig. 1 : Location of electromagnetic sites in the Central Andes. Two-dimensional models were calculated 
for profiles A-C (see Fig. 2). 

Three fossil magmatic arcs constitute the area west of the Western Cordillera, which have evolved since 
the Jurassic. As the oldest of these arcs the Coastal Cordillera, with its occurence of vast batholites, is 
characterized by high resistivities, but also by anisotropic structures (modelled as dikes in Fig. 2A), 
which may be due to the influence of the large Atacama fault system, originating fiom oblique conver- 
gence of the former Farallon plate. 

The actual slab of the subducted Nazca plate does not appear as a good conductor in model A, which may 
be explained by the complicated three-dimensional conductivity distribution in the forearc. Despite the 
highly resistive batholites near the coast, large parts of the forearc crust exhibit suprisingly low 
resistivities, which is unusual for a consolidated crust and may indicate a generally high amount of fluids, 
released from the subducted oceanic plate. 

h the northern cross section C a diffuse conductive feature is modelled in the middle crust below the 
Coastal Cordillera. It is not yet clear, if this anomaly is due to released fluids fiom the slab orland if there 
exists a connection to the possibly deep reaching Atacama fault system. 
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Fig. 2: 2-D models of electrical resistivity derived fiom electromagnetic measurements along profiles 
A-C in Northern Chile. Resistivity values in Rm. Further explanation see text. 

PARTIAL MELTS AS AN EXPLANATION OF THE HIGH CONDUCTMTIES? 

To understand the nature of the petrophysical processes leading to the dominant anomalies below the 
magmatic arc, the results of other geophysical investigations have to be taken into account. The subduc- 
tion of the Nazca plate is relatively steep with an angle of 30". Gravity and seismic investigations indicate 
a cnrstal thickness of about 70 km. Several low velocity zones were detected below the magmatic arc. In 
addition, a zone of high attenuation of seismic waves was deduced fiom measurements of a recent 
seismological network, coinciding with the region of high conductivity. There is a distinct correlation 
between a low of the residual mavitv field f a ~ ~ r o x .  -40 mGal) and the strike of the volcanic chain. 
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Although graphite and large amounts of saline fluids are often responsible for conductivity anomalies, the 
most likely explanation of the high conductivity values below the volcanic arc is the assumption of vast 
amounts of partial melts, originating in the release of water from the subducted oceanic plate at about 
100 km depth. Laboratory measurements demand a temparature of at least 640 "C and a partial melting 
rate of at least 20% of silicic magmas to account for conductivities in the range of 1 Siemenslm. 
Although the actual thermal flow is not well known in this part of the Andes, this constrain should not 
constitute a major obstacle below a volcanic arc at a depth of >20 km. The existence of other fluid phases 
may not be excluded, however, and they may even play a substantial role in the explanation of the HCZ. 
It will be virtually impossible to distinguish between these two sources unless detailed temperature and 
heatflow data are available. 

The large anomaly below the Precordillera in profile C does not necessarily oppose the assumption of this 
model, if the recent steepening of subduction is taken into account: the low resistivities would thus 
indicate a region of newly formed partial melts. On the other hand, the assumed prolongation of the Falla 
Oeste may also have to be taken into account. 

CONLUSIONS 

Electromagnetic investigations in the arc and forearc regions of Northern Chile revealed extensive highly 
conducting zones in a depth of approx. 20-60 km beneath the volcanic chain of the Western Cordillera. 
Partial melts are discussed as the most likely explanation of the anomalies, especially with regard to 
gravity and seismic results. The conductive zone is obviously correlated with recent vocanic activity, and 
is shifted towards the forearc in the so called Pica gap. Future work will concentrate on investigations on 
a profile in the forearc and Altiplano, where a seismic reflexion programme will also be canied out. 

These investigations were conducted within the framework of the Special Research Project "Deformation 
processes in the Central Andes" at the Free University of Berlin and the Geoforschungszentrum Potsdam 
in close cooperation with geoscientific institutions in Santiago, Antofagasta and Salta. 
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INTRODUCTION 

According to current seismicity, stresses and plate tectonics, South America is in a state of 
approximately east-west compression. This is basically attributable to ridge push from the Atlantic and 
East Pacific rises, modulated by slab pull at the Andean margin. In detail, horizontal compressive stresses 
vary in trend, especially towards the corners of the continent, where additional forces are associated with 
strike-slip motions of the Caribbean and Scotia plates, counterclockwise rotation cf the Caribbean plate, 
ongoing collision of Central America with South America and mechanical contrasts between continental 
and oceanic lithospheres. 

The plate tectonic setting of South America has not changed fundamentally since the opening of 
the Atlantic in the Early Cretaceous. Crustal thickening has accumulated all along the Andes. Thickening 
appears to have started in the Albian and to have gone through paroxisms in the Early Tertiary and 
Miocene, all periods of relatively rapid convergence at the Andean margin. Complications can be attributed 
to collision of Central America in the Miocene, splitting of the Farallon plate into the Nazca and Cocos 
plates, collision and northwards migration of the East Chile rise, and other events. 

Outside the Andes, there is evidence for Cenozoic faulting and deformation at many localities, 
including the Atlantic margin and central regions of South America. In this paper, we attempt a synthesis 
of such data at continental scale, paying particulat attention to the reactivation of Mesozoic, Paleozoic and 
Precambrian faults by Cenozoic stresses. We then compare the data with analogue models of South 
American plate tectonics. 

DATABASE 

Current seismicity is concentrated in the subducting oceanic slabs and in the Andes. We also 
consider intraplate seismicity and stresses deduced from borehole breakouts. Compressive stresses act across 
the entire continent. Although their average trend is east-west, there are significant deviations. Stresses tend 
to act parallel or perpendicular to the eastern margins of Brazil. 
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Digital topographic maps show how (1) large areas of South America have average altitudes of 
1000 m or more, whereas other large areas are near sea level; and (2) ridges or scarps with sharp relief 
cross-cut the continent. To satisfy estimated rates of erosion, such topographic features must have been 
maintained by ongoing Tertiary vertical motions. 

We have also used geological data obtained at outcrop, subsurface data from the petroleum 
industry, satellite imagery, and paleomagnetic, geochronological and fission-track data. 

EVIDENCE FOR CENOZOIC DEFORMATION ACROSS SOUTH AMERICA 

1. Serra do Mar 
The Serra do Mar forms a prominent escarpment up to 2800 m high on the Atlantic coast of 

Brazil. Outcropping Precambrian gnesisses and granitoids have been shaped by recent erosion into an 
inselberg topography. Recent studies of apatite fission tracks show that exhumation has been active during 
the Tertiary. The eroded material has been deposited offshore in the Campos and Santos basins, where the 
Tertriary succession is several km thick. Exhumation has been attributed to isostatic rebound of an eroded 
rift shoulder, formed during the Early Cretaceous. However, this process requires an unusually thick elastic 
lithosphere and an unusually small initial rift shoulder. We prefer to invoke Tertiary compression. 
Evidence for this is provided, not only by the current stress state, but also by geological data. A 
Proterozoic shear zone, running from Sao Paulo to near Rio de Janeiro, has been reactivated during the 
Tertiary, to form the TaubatC basin. Tertiary sediments are offset by synkinematic and postkinematic 
faults. Strike-slip motions dominated throughout the Tertiary, becaming transpressive in the Neogene. In 
the Itaborai Basin near Rio de Janeiro, strike-slip faults are ubiquitous within Paleogene fresh-water 
limestones. Topographic bulges mark both the NE and SW ends of the Precambrian shear zone, which was 
reactivated right-laterally. 

The Central Brazilian Highlands are mostly over 800 m high and they occupy an area over 1000 
km wide. The area is wider than any single rift shoulder associated with Atlantic rifting. Moreover, 
according to gravity data, topography is compensated at depth over most of the area, probably by a Moho 
up to 50 km deep. Precambrian crystalline basement crops out over most high parts, whereas valleys and 
basins contain Tertiary, Mesozoic or Paleozoic sediments. Intraplate seismicity is associated with basement 
highs. Prominent ridges bound the Tertiary basins. Some of these ridges we identify as active faults, of 
reverse or strike-slip senses. 
3. Northeastern Brazil 

The Potiguar Basin, which formed as a rift in the Early Cretaceous, shows positive inversion from 
the Albian onwards. In the Araripe Basin, marine sediments are currently perched at altitudes over 500 m. 

The Paran6 Basin conatins a thick sequence of marine Paleozoic sediments, capped by Early 
Cretaceous basalts, and a thin sequence of Late Cretaceous to Tertiary continental sediments. The edges of 
the basin have been uplifted, tilted inwards and bevelled by ersoion. Some of this inversion occurred in the 
Triassic, after a Variscan phase of folding and thrusting; but most of it post-dates the basalts and is 
attributable to Andean compression. 

The Pantanal Basin contains a sequence of Tertiary sediments, several km thick. At the edges of 
the basin, the base of the Tertiary is offset across reverse faults. Within the basin, folds and reverse faults 
are visible at outcrop and on seismic lines. To the west, the Chiquitos hills form a linear scarp up to 1400 
m high, where the Precambrian basement has been reactivated as a left-lateral wrench zone and overlying 
Cretaceous and Tertiary sediments show folds and thrusts. 
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5. Eastern Patagonia 
Eastern Patagonia is a plateau up to 1000 m high. Outcropping Late Cretaceous marine sediments 

prove Tertiary uplift. Seismic and well data reveal a phase of Early Cretaceous extension, followed by a 
history of basin inversion, fault reactivation, folding and thrusting, which started in the Albian and has 
continued until the present day. 
6. Central and Northern Argentina 

The Sierras Australes of Buenos Aires province form a prominent ridge about 1000 m high, where 
Paleozoic sediments crop out. Rocks underwent low-grade metamorphism, folding and thrusting during the 
Cape Orogeny (Permo-Triassic). Mesozoic rifts are visible on seismic lines across adjacent basins. 
However, the current topography is due to Tertiary reactivation of Paleozoic thrusts. 

The Sierras Pampeanas of Northwestern Argentina are ranges up to 5000 m high, separated by 
basins, some with internal drainage. The ranges consist of Precambrian metamorphic basement with 
mylonitic thrust zones, attributable to the Ocloyic or Taconic orogeny (Silurian). Later Mesozoic rifts 
became inverted during the Tertiary. Basement blocks became tilted by reactivation of Precambrian and 
Paleozoic thrusts. The vergences of Tertiary thrusts are inherited from those of the basement. 
7. Southern Andes and Magellan Basin 

The Southern Andes form an arc, concave to the NE. Altitudes are mostly below 2000 m. Rifting 
in the Jurassic and back-arc extension during the Early Cretaceous were followed by Andean compression, 
from the Albian onwards. During the Tertiary, the regional shortening direction was NE. Transpressional 
conditions predominated, left-lateral in Tierra del Fuego, right-lateral in the Southern Andes. Slow 
convergence, thrusting and rapid glacial erosion exposed Late Cretaceous amphibolites in Cordillera 
Darwin. The foreland Magellan basin filled with up to 7 km of Tertiary sediments. Fold-and-thrust belts 
developed along the Andean foothills. A system of Tertiary rift valleys, trending along the Straits of 
Magellan, separated the island of Tierra del Fuego from the mainland. 
8. Central Andes 

From northwestern Argentina to southern Peru, the Altiplano is a major topographic and 
structural feature, some 4000 to 5000 m high. In Bolivia, the Altiplano is underlain by 10 km of Tertiary 
sediments. These were trapped between thrusts of opposite vergences, bounding the Cordillera Real to the 
west and the Cordillera Oriental to the east. In the Cordillera Oriental, Cretaceous rifts, some with marine 
sediments, became inverted during the Early Tertiary. However, the main crustal structure is a thin-skinned 
tectonic prism, formed by reactivation of Paleozoic thrusts and inversion of a deep Paleozoic basin. Beyond 
the mountains to the east is a Tertiary foreland basin. 

In NW Argentina, the Puna plateau is a crustal prism, where Tertiary forethrusts and backthrusts 
separate ridges of Paleozoic and Precambrian basement from basins with internal drainage, underlain by 
several km of Tertiary sediments. Almost all thrust vergences were inherited from Paleozoic (Ocloyic) and 
Precambrian equivalents. Tertiary vulcanism is associated with Andean compression. Some volcanoes are 
aligned along left-lateral, SE-trending wrench zones, which are the reactivated edges of Paleozoic basins. 

Rotations about vertical axes, demonstrated by paleomagnetic studies, are clockwise in the south, 
counterclockwise in the north. They have played a fundamental role in the building of the Central Andes, 
allowing the central part to advance eastwards more than its southern or northern margins. 

In Peru, the main Tertiary thrusts of the Eastern Cordillera are reactivated Early Paleozoic thrusts. 
Associated Late Paleozoic and Mesozoic basins became inverted, forming the current Andean foothills. The 
Brazilian crystalline basement became downwarped under the Ucayali and Maraii6n foreland basins. 
9. Northern Andes 

In Ecuador and Colombia, crustal thickening was accompanied by right-lateral wrenching in the 
Paleogene. The shortening direction veered towards the SE during the Neogene, reflecting collision with 
Central America. The Western Cordillera of Colombia is an uplifted magmatic and volcanic arc, separated 
from the Cordillera Oriental by the Magdalena ramp basin with its several km of Tertiary sediments. In the 
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Cordillera Oriental, an Early Cretaceous rift has been inverted. Marine sediments, exhumed at altitudes of 
up to 4000 m, show low-grade metamorphism. To the east, the Llanos foreland basin is filled with several 
km of Tertiary sediments. However, the main Tertiary thrusts of the Cordillera Oriental are reactivated 
basement structures. Episodes of thrusting and associated metamorphism occurred in the Precambrian, 
Early Paleozoic and Late Paleozoic. The intense Late Paleozoic episode (due to collision of North and 
South America) differentiates the Northern Andes from the Central Andes. 

Towards the Caribbean plate boundary, the Andes of Northern Colombia and Venezuela show 
increasing components of right-lateral wrenching parallel to the Caribbean plate boundary. The antithetic 
left-lateral Bucaramanga Fault is a reactivated basement feature and has helped spread the deformation well 
into the continent. 

ANALOGUE MODELS 

We have investigated the plate tectonics of South America and the possibility of continent-wide 
deformation, using analogue models at fully lithospheric scale. Brittle upper crust was modelled with dry 
sand; ductile lower continental crust and lithosperic mantle, with silicone putties of appropriate viscosities 
and densities. For oceanic lithosphere, the ductile lower crust was omitted. Continental South America was 
given an appropriate triangular shape. The model lithosphere floated on a less viscous asthenosphere. 
Horizontal forces and velocities were applied at eastern and western boundaries, to simulate spreading at 
Atlantic and Pacific mid-oceanic ridges. Subduction initiated spontaneously at the Pacific margin of South 
America. Either crustal thinning or crustal thickening occurred at the Pacific margine, depending on the 
ratio between the weight of the subducting oceanic slab and the applied rate of convergence. By changing 
this ratio during the course of an experiment, it was possible to induce tectonic inversions. 

For high rates of convergence, deformation tended to occur also at the eastern margin of 
continental South America, or even in central areas. Because of the triangular shape of the continent, 
strike-slip motions occurred at boundaries oblique to the convergence direction. At the Pacific margin, 
partitioning was observed, between dip-slip motions of the subducting slab and strike-slip motions next to 
it. Strike-slip motions also occurred at the sides of the continent, right-lateral in the north and left-lateral in 
the south. These motions caused local modifications in the directions of shortening. 

In some experiments, we introduced initial weaknesses, by reducing the thickness of the brittle 
upper crust. In such weak areas, deformation became concentrated, leading to changes in the shape of the 
continent. A weak area in the central part of the Pacific margin led to indentation of that margin. This may 
explain the formation of the Arica elbow and the concentration of deformation in the Central Andes. 

CONCLUSIONS 

Tertiary compression and crustal thickening are widespread across South America. Crustal 
thickening is concentrated in the Andes, but significant in other areas, including the Atlantic margin of 
Brazil. Across South America, Tertiary reverse and strike-slip faults are mostly due to reactivation of 
similar structures formed during Paleozoic or Precambrian orogenies. Andean compression and cmstal 
thickening are widely documented from the Albian onwards, but appear to have increased in intensity in the 
Neogene. Wrenching is ubiquitous at the ends of South America, right-lateral against the Caribbean plate 
and left-lateral against the Scotia plate. In analogue models, forces and velocities applied to the oceanic 
lithosphere resulted in subduction at the Pacific margin. Deformation was either extensional or 
compressional, depending on the ratio between the weight of the subducting slab and the rate of 
convergence at the Andean margin. 
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INTRODUCTION 

Northern Chile is located in one of the most active seismic zones of the Circum-Pacific belt, where 
the subduction is characterised by a young and fast oceanic Nazca plate, which is underthrusting the South 
American plate. This process, therefore, is associated with a suongly coupled seismogenic interplate contact, 
which is capable to nucleate large eaxthquakes. ?he last great eanhquake in northern Chile occurred on May 
10, 1877 (MW-8.7); using the available historical reports, this event seems to be the largest one that took 
place there. The 1877 rupture area suggests that it ranges from the south of Arica (19"s) to the north of 
Antofagasta (23"s) reaching approximately 450 km of rupture along the coastline. Using the 1877 
earthquake as reference and considering that during this century, has not occurred any thrust event with 
comparable size, this area has been defined as the Northern Chile seismic gap. 

There have been many investigations oriented to better understand the tectonic framework of this 
gap, some of them using teleseismic data and others, locally recorded microearthquakes. The main behaviours 
observed with teleseismic data are in agreement with that obtained using local data, however, local data have 
permitted to obtain a more detailed behaviour of the subducting slab, with the advantage that locally recorded 
microearthquakes were obtained with only few weeks of observations in comparison with the available 
teleseismic data obtained along -30 years. One of the most interesting behaviour observed in the seisrnicity 
of intermediate depths using local networks in northern Chile, is the invefled double seismic zone located at 
about 100 km in depth, that exhibits both normal and reverse faulting microearthquakes in a close spatial 
relationship, where downdip tensional events are, in general, shallower than the compressional ones [l]. 
Local data had been also used to obtain a 2D P-wave velocity model evidencing a thin layer of oceanic crust 
attached to the top of the suhducting Nazca plate that reaches -60 km in depth with a P wave velocity of 7.3 
MS [2]. Considering that the 2D body wave velocity models consisted of big structures and the focal 
mechanisms of the double seismic zone have nodal planes not well resolved because the networks used were 
located mainly near the coast, we added in this work new data recorded by a temporary network, with a 
complete coverage from the coast to the Andes Cordillera (Figure l), in order to simultaneously localize the 
hypocenters and determine 3D lateral heterogeneous seismic velocity structure. We also performed a formal 
inversion of the best fitting suess tensor based on the fmt motion polarities of the P waves. 

DATA ACQUISITION AND METHOD 

Three different sets of P and S arrival times locally recorded are used in this study. One set 
corresponds to 336 microearthquakes recorded during the overlapping period of the PISCO and CALAMA 
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networks (5 weeks). The CALAMA network consisted of 11 portable sbort period vertical analog and digital 
stations (Figure 1) of the University of Chile through a joint project with ORSTOM. The CALAMA 
network improved the western coverage of the PISCO network of the Collaborative Reseacrb Center 267 
"Deformation processes in the Andes" formed by the Free University of Berlin, the GeoForschungsZenm at 
Potsdam, and the Technical University of Berlin, and ihe eastern coverage of the permanent telemetric seismic 
network of Antofagasta, installed with the collaboration of the University of Chile, ORSTOM and the IPG, 
Suasbourg, France. The PISCO network consisted of 32 digital seismic stations, where the majority of them 
were installed to the of the Salar de Atacama, near the Chilean and Argentina political boundary. The 
permanent telemetric network of Antofagasta, installed in June 1 9 0  near the coastline, corresponds to 8 short 
period vertical stations and one three-component central station. The second set of data used in this study 
corresponds to 575 microearthquakes recorded by the permanent network of Antofagasta during 1993. The 
third dataset consisted in 186 evenls recorded during 8 weeks (1988) by 29 portable stations installed within a 
150 km radius of the city of Antofagasta; this data were previously used in the determination of the 2D P 
wave velocity model for the region of Antofagasta 

The arrival times of P and S waves recorded by the local seismic networks were used to 
simultzjneously determine the hypocenters and seismic velocity structure. The main technique is similar to 
that used by [4]. The area of study was parameterized as a set of constant velocity blocks of arbilrary 
dimension. Body wave velwities were specified and determined as independent parameters within each bIock. 
The inversion was iterated until changes in velocities became small (~0.05 M S )  and the variance reduction 
became insignificant (<2-3 %); generally two or three iterations were sufficient The area of inversion was 
choosed considering the distribution of seismic stations of the local networks and the microearthquakes 
recorded Considering the disuibution of the seismicity with depth, we decided to keep the depth range of 0 to 
170 km. The first 11 layers had a thickness of 10 km and the three deeper layers were 20 km thick. The 
strategy of the inversion was to start with megablocks with large dimension (about 120x240~10 km') and 
diminish systematically the size of the blocks depending of the ability of the data to resolve them. The 

a 

smaller block obtained corresponds to a volume of 30x60~10 km'. 

RESULTS OF THE P-WAVE VELOCITY INVERSION 

P-wave velocity is parameterized initially by a 1-D horizontally layered model, where the velocity 
gradually increase with depth. This initial velocity model is an average of the 2D model obtained by Comte 
et al. [1994]. As a first step, we divided the area of study in three NS megablocks with an EW extension of 
120 km, those blocks are named as Western. Central, and Eastern, and for each one it was determined a 1D P- 
wave velocity model. It can be observed that, in general, all of the three models exhibit significant variations 
from the initial model, mainly along the first 60-70 km in depth. In the Western and Central models, the P 
wave velocity in the layer located at a depth of 3040 km is smaller than in the embedded layers, suggesting a 
low-velocity with an average velocity of about 6.7 M s .  This tendency vanishes in the Eastern model. In 
the second step, the ID velocity model obtained by the inversion is the initial starting model of the 3D 
laterally heterogeneous P-wave velocity model. A serie of inversions with different size of blocks were run to 
find the smaller block able to be resolved by the inversion. The obtained model has blocks with variable 
sizes, which depend on the distribution of the ray paths between hypocenters and seismic stations. The 
resulting 3D velocity model was composed by 680 blocks for the P and S velocities, using -27.000 P and 
-21 .OM S arrival times. The minimum number of rays crossing each block was consmined to 20; with this 
condition, only 571 blocks were conserved for the inversion. The disuibution of the P and S residual errors 
is less scattered in the 3D heterogeneous model than in the 1D model, as it was expected. 

The lowest values of P-wave velocity are located in the first shallower layer of 10 km depth, mainly 
beneath the Quaternary volcanoes, at distances of about 300 to 400 km from the trench, with an average 
velocity of 5.7 kmls. It can be observed that, in general, the velocity increases with depth, except into the 
range depth of 30 to 40 km, that presents a lower value of -6.7 km/s, and extends from the coast up to a 
distance of about 400 km from the trench, that is, beneath the active volcanic arc. The strongest changes in 
velocity with depth, can be found at a depth of 40 h near the coast, where the velocity increases of -6.7 
km/s to 7.5 M s .  In the obtained 3D velocity model, it is difficult to identify the geometry of an inclined 
structure associated with the upper part of the subducting slab, however, it can be observed that, between the 
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coastline and distances of about 200 km from the trench, the average P wave velocities reaches -7.5 M S ,  up 
to depths of -70 km . Moreover, at depths greater than -80-90 km, velocities higher than -8.0-8.1 km/s 
start to be observed, suggesting the presence of the lower part of the descending slab. The highest velocities 
of the obtained model (8.2-8.5 kmls) observed at depths between 90 10 170 km, and at distances of about 230 
m 400 km from the trench, suggest the presence of an upper-mantle wedge. The blocks located above this 
upper-mantle wedge exhibit lower velocities, ranging from 7.0 to 7.9 M s .  and may be interpreted as the 
root of the Andes Cordillera in this region. 

The reliable hypenters determined with the obtained 3D model are shown in Figure 2, where it can 
be observed that the seismicity recorded during July-August, 1988; January-December, 1993; and March- 
April, 1994 exhibits the same distribution patlem. There is no reliable shallow seismic activity that could be 
associated with the Atacama Fault System. The shallowest events observed in the profile are blasts of the 
qopper mines existing in the region. There is a southward flattening of the slab observed mainly from 
distances of about 200-300 km from the trench. This flattening is in agreement with the void in seismicity 
mentioned before, and could be interpreled as an inflection point of the changes in the dip angle of the 
downdip the slab. 

FOCAL MECHANIShlS OF THE 1994 CALAhlA AND PISCO EXPERIMENT 

The focal mechanism solulions of 77 microearthquakes recorded by the CALAMA and PISCO field 
experiment were selected because they exhibit an adequate azimuthal disuibution of the polarities. The 
majority of these events (70) are located beneath the CALAMA AND PISCO stations, that is, at depths >70 
km; however, the cluster of seismicity of depths of -200 km have a lower definition of the auxiliary nodal 
plane, due to the nelwork is localed to the west of them. The cluster of microseismicity with depths between 
90 and 140 km, exhibited normal reverse faulting events, therefore, the earthquakes of this cluster were 
divided in two groups (tensional and compressional), and for each group we did a joint focal mechanism and 
suess tensor inversion from the first motion polarities using the Rivera and Cisternas [3] algorithm. It was 
found that there are 42 normal faulting and 11 reverse faulting events, the average depth of the tensional 
events is 10B2 km, which is smaller than the average depth of the compressional events (1 103+ h). This 
observation is in agreement with that oblained previously by Comte and SuQez [l]. The main component of 
the obtained svess tensor (03 for the tensional and a 1  for the compressional events) is approximately 
horizontal and the lower component of the suess tensor (01 for the tensional and a 3  for the compressional) is 
roughly vertical. The second cluster localed at depths of -200 km, exhibits also nonnal(7) and reverse (10) 
faulting events, where the average depth of the tensional events is 201k6 km, while the average depth of the 
compressional events is deeper, reaching 229k7 km. This is an interesting behaviour of the deeper part of the 
slab in northern Chile, because this is the first time that there is evidence of compressional events occurring 
together with tensional seismic activity. 

We thank to Ernilio Vera for his invaluable help during the CALAMA experiment. This work was partially 
supported by FONDECYT project No 1940491 and ORSTOM. The PISCO measurements are part of the 
Collaborative Research Group 267, supported by the DFG and the GeoForschungZenfrum, Potsdam. 
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figure 1.- Distribution of the seismological stations of the networks used in this work. Quaternary and 
i d v e  volcanoes are shown by open and grey triangles, respectively. 
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Figure 2.- Depth distribution of the seismicity recorded by the networks used. Dark, grey and open 
circles corresponds to the events recorded by the 1994 PISCO+CALAMA, 1988, and 1993 permanent 
networks, respectjvely. The origin of the profile is the trench, The projection of the seismic station and 
the quaternay and active volcanoes are also shown. Tbe rectangle corresponds to the area of the 3D 
inversion. 
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The Chile Rise spreading centre is currently subducting south of the ridge-trench- 
trench Chile Triple Junction, between the Antarctic, Nazca and South American plates (figure 
I ). The Nazca and Antarctic oceanic plates are approaching South America at relative speeds 
of 80 nunyr" and 20 mmyil respectively. and the Chile Rise spreading centre itself is 
approaching the trench at 50 mmyrA'. South of the Chile Triple Junction, the geometries of 
the subducted plates, and the kinematics of the subducted spreading centre, are poorly known. 

Our objective was to investigate the geometry and kinematics of ridge-subduction. The 
niodel predicts the temperature history of a subduction zone, as a ridge subducts, and is 
constrained using gravity data. Two hypotheses were tested for Southern Chile: 
1 )  the plates continue to separate after subduction, with no change in kinematics; 
2) the plates cease to separate when the ridge segment collides with the trench, and both 

subducting plates adopt the Antarctic plate velocity. 

We used a kinematic thermal conduction-advection model, solved using a finite 
difference scheme, to predict the temperature cross-section during subduction of a spreading 
centre, for a variety of slab dips and velocities of the subducting plates. Density deviations 
were coniputed from the temperatures, and also included density deviations due to the 400 
kni olivine-spine1 phase change and the 700 kin spinel-oxides phase change. Bougiler and 
Free Air ai~onialies were calculated from the density deviation fields, and from bathynietry 
and hlolio topo,oraphy. No independent data exist to constrain the iMoh6 beneath Southern 
Chile, and the continental crust was assumed to be in perfect Airy isostasy with the southwest 
Atlantic ocean crust. The modelled gravity anomalies upere compared with observed gravity 
data, coniprising land Bouguer anomaly data, collected by University of Li\.erpool teams, and 
marine Geosat Free Air data. 

Pre-Ridge Subduction: 
The slab dip nonh of the Chile Triple Junction, where segments of the Chile Rise have 

not yet collided with the trench, was investigated by comparing modelled gravity with 
observed gravity along the profile denoted "-3 Ma" on figure 1, for a Nazca plate velocity of  
80 mmyr'l and an Antarctic plate velocity of 20 mrnyi'. The upper plot of figure 2 shows 
the coniparison between modelled and observed gravity for this profile, for slab dips of 20" 
(dashed line), 25" (solid line) and 30" (dotted line). Observed gravity is shown by the grey 
band; the width of the band corresponds to the error in the observed data. The lower plot of 
figure 2 sho\\~s the modelled temperature field for the pre-ridge subduction profile. 

There are shon wavelength misfits in the south-east Pacific (0 - 1250 km) and in the 
south-west Atlantic (2500 - 3000 km), of approximately 20mgal in amplitude. These are 
probably caused by sedimentary basins in the south-\vest Atlantic, and variations in crustal 
thickness in the south-east Pacific, which are not included in our model. The very short 
wavelength, high amplitude error at 500 km is related to a seamount. A similar error at the 
trench (1 150 km) exists because the components of modelled gravity are varying rapidly at 
the trench, and a slight horizontal misalignment between the components generates a large 
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but very localised error. Our modelled gravity generally fits observed gravity beneath South 
America (1250 - 2300 km) very well. Over the active margin (1250 - 1400 km), modelled 
gravity fits observed gravity best for a slab dip of between 2 0  and 25". Beneath the 
Argentinean continental shelf (1800 - 2300 km), the best fit was obtained for a slab dip 
between 25" and 30". 

Post-Ridge Subduction: 
We compared modelled and observed gravity for three post-ridge subduction profiles: 

1) a profile through the triple junction itself ("0 Ma" on figure 1); 
' 2) a profile south of the Chile Triple Junction, through a subducted ridge segment which 

collided with the trench 3 Ma ago ("+3 Ma" on figure I ) ;  
3) the southern-most profile, corresponding to a subducted ridge-segment which collided 

with the trench 6 Ma ago ("+6 Ma" on figure 1). 
Modelled gravity was computed for two kinematic cases: 
i) the subducting plates continue to separate after subduction; 
ii) the subducting plates cease to separate immediately when the spreading centre segment 

collides with the trench. 

Modelled gravity generally fits observed gravity for the post-ridge subduction profiles 
best for a 30" slab dip. For the +3 Ma post-ridge subduction profile, a better fit is obtained 
above the subducted ridge segment if the subducting plates continue to separate, than if they 
cease to separate. The difference in modelled gravity predicted between continuing and 
ceasing separation of the subducting plates is, however, only marginally larger than the 
probable error in the model, and therefore the conclusion that the subducting plates continue 
to separate after subduction of the ridge segment is tentative. For the +6 Ma post-ridge 
subduction profile, the gravity difference predicted between continuing and ceasing separation 
of the subducting plates is certainly less than the error in the model, so we cannot predict the 
kinematics of old subducted ridge segments. 

Long-lV~ivelengtk Misfits Benveerr Modelled arld Observed Gravity: 
There are no long-wavelength misfits between modelled and observed gravity for the 

pre-ridge subduction profile (figure 2). For the post-ridge subduction profiles, two long- 
wavelength misfits exist: 
I )  observed gravity is up to 40 mgal lower than modelled gravity in Southern Chile (200 

-300 km east of the trench) on the 0 Ma and +3 Ma profiles, but not on the pre-ridge 
subduction and +6 Ma profiles; 

2) observed gravity is up to 30 mgal higher than modelled gravity in Argentina (400 - 
700 km east of the trench) on all three of the post-ridge subduction profiles. 

These long-wavelength misfits are all east of the subducted ridge segments, and above the 
subducted Nazca plate. 

The locations of the misfits do not correlate with surface geology. and they are 
sufficiently long wavelength to suggest a deep source, at Moho or slab depths. We speculate 
that the misfits reflect either deviations of the Moho from Airy isostasy, or thermal anomalies 
in the upper mantle. 

Ackrrowledgements. This project was funded by the Natural Environment Research Council (grant 
GT/4/93/189/G to A. Daniel). Raleigh International provided logistic support for the field work. 
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INTRODUCTION 
The western part of South America is one of the major plate boundaries on the Earth. It is the 

largest region in which ocean-continent convergence is happening today. The Andes are the result of the 
subduction of the Nazca Plate beneath the South American Plate along the Peru-Chile trench since the 
Cretaceous. This continental margin orogenic belt, continuous for more than' 7,000 km, presents distinct 
broad scale tectonic segments, which remarkably correlate with the variations in the geometry of the 
subducted Nazca Plate (Barazangi and Isacks, 1976, Jordan et al., 1983). The most noticeable of these 
segments is certainly the Central Andes (15"s to 27"s): the range is at its widest part (Bolivian Orocline) 
including the Altiplano-Puna high plateau and the general strike of the structures changes from N320°W 
to nearly NS (Arica Elbow) (Figure 1). 

Along the Peru-Chile trench, the subduction of the Nazca Plate under South America is well 
underlined by the Wadati Benioff zone. In the Central Andes, the seismicity defines a moderately deeping 
slab down to about 325 km. The occurence of a scarce seismicity in the 550-650 km depth range, after a 
complete seismic quiescence, arises the question of the continuity of the slab. To answer this question we 
performed a 3-D teleseismic tomography of the mantle at 20' S. 

DATA PROCESSING 
From June to Novembre 1994, 41 vertical short period stations from the french Lithoscope 

network were operated along a 700 km long profile crossing the Andean chain in its entirety. Therefore, 
this profile was placed above the subducted plate from the coast, where its upper part is at a 50 km depth, 
to its eastern limit as it is defined by the Wadati Benioff zone; the profile ended at the subandean front of 
deformation, above the very deep seismicity. The profile was designed to be as perpendicular as possible 
to the structures. The spacing between the stations was about 20 km (Figure 1). 

Among the 250 teleseismic events recorded during the 6 months experiment, we selected 120 
events which provided clear P-wave arrivals at more than 10 stations. They were evenly distributed in 
distance and azimuth relatively to the seismic network. Absolute travel-times were calculated using 
hypocentral data from the USGS's Preliminary Determination of Epicenter's bulletin and Hemn's tables 
(1968). Next we calculated residuals at every station for every selected event, and then we computed the 
value of these residuals relatively to the same reference station situated in the Altiplano. 

A study of the variation along the profile of these relative residuals shows the strong azimuthal 
variations of P relative residuals and particularly the difference between the north-eastern quadrant and the 
other azimuths. For the azimuths between 0 and 40°E, the more we go west, the more the relative 
residuals are negative, therefore the more rays cross high velocity structures. The decrease from east to 
west along profile is more gradual for northern than for north-eastem azimuth, but on both profiles the 
variation reaches 4 S, twice what is observed in others azimuths. Such large scale differences emphasize at 
the same time that the anomalous structures are deep and that the region sampled by the rays is far from 
the axial symmetry. This assertion has to be sustained by the tomography. 
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The travel time residuals are inverted using a version of the "ACH" inversion technic (Aki et al., 
1977), extensively described in published litterature. The initial velocity model included 12 layers of 
blocks of incrasing size with depth. In order to obtain a satisfactory explaination of our data, it is a large 
reduction in the data variance, we were led to build a 3-D thick initial model. In effect, the reduction of 
the variance is less than 50% for a 2-D 420 km thick model; it goes up to 73% for a 3-D model of the 
same thickness, and reaches 82% when we use a 3-D 660 km thick model. Therefore, our initial model 
includes the complete upper mantel and the transition region down to the 650 km discontinuity. 

TOMOGRAPHIC IMAGES 
A vertical EW cross-section at 19S0S through the smoothed velocity perturbation model is 

presented in Figure 2, together with the historical seismicity reported by the National Earthquake 
Information Service for the time period 1974-1994 
The crust 

Within the continental crust, the results of the tomography can be compared to the results of 
seismic refraction profiles recorded at 21"s by the Freie Universitiit Berlin (Wigger et al., 1993; Schmitz, 
1993 and 1994). Because the teleseismic inversion has a poor resolution in the vertical direction, we 
restrict the comparison to the global structure of the crust i.e. its thickness and average velocity. 

The teleseismic tomography gives a smoothed image of the lateral velocity variations within the 
crust that matches the structure determined from refraction surveys. The highest velocities are observed 
beneath the western end of the profile, below the Coastal Cordillera of Chile. Further east, the positive 
velocity anomaly decreases rapidly when entering the Axial Valley. The active volcanic arc (Western 
Cordillera) is characterized by a negative velocity anomaly. A weak (negative) anomaly is observed under 
the Altiplano, then the eastern part of the Eastern Cordillera is characterized by a positive velocity 
anomaly. Finally, at the eastern end of the profile, a weak negative anomaly is observed in the Sub- 
Andean Zone. 
The continental upper mantle 

Figure 2 shows that the upper mantle between 60 and 140 km has lateral variations in P-wave 
velocity that are smaller than +1.5%, which is of the order of the standard deviation. The only correlation 
with the velocity structure in the crust is the extension of the high velocity zone under the western part of 
the Eastern Cordillera down to a depth of 120 km. Under the Western Cordillera, the Altiplano and the 
eastern part of the Eastern Cordillera. the lack of correlation between the velocity anomalies in the mantle 
and the crust shows that the mantle and crust probably are decoupled. We do not find any evidence for a 
wedge of over-heated mantle material under the thickened crust of the Altiplano and Western Cordillera 
which could strengthen the hypothesis of lithospheric delamination (e.g. Isacks, 1988). 

Since this is the second tomographic experiment conducted in the Central Andes, it is possible 
to study the along strike variations in the deep structure of the chain. The previous experiment was canied 
out in northern Bolivia across a narrower part of the chain which included only the Altiplano and the 
Eastern Cordillera (Figure 1) (Dorbath et al., 1993). The two velocity models are significantly different as 
velocities in the shallowest layers have weaker and smoother lateral variations along the southern than 
along the northern transect. However, the most characteristic features are observed on both profiles: the 
Altiplano is characterized by low velocities down to the Moho depth, and the axial zone of the Eastern 
Cordillera by high velocities down to the upper mantle. The differences observed between the two models 
is related to along strike variations in the geometry of the underthrusting of the eastern margin of the 
Andes under the Brazilian craton, which occurs along steeply dipping faults in the northern narrow 
segment, whereas it occurs along low angle ramps in the southern wide segment. 
The subducted Nazca Plate 

A striking feature revealed by our tomography (Figure 2) is the eastward-dipping positive 
anomaly which crosses the entire profile from the coastal zone to the sub-Andean zone. This 100 km 
thick structure is characterized by a +2% average velocity contrast with respect to the surrounding 
mantle,. It is associated with the slab because it coincides with the Wadati-Benioff zone in its seismic 
part (Figure 2). The continuity of the high velocity anomaly down to 660 km indicates that the slab is 
continuous across its aseismic part. The strengthening of the velocity perturbation at 400-450 km depth 
and the general shape of the anomaly indicate that the dip of the descending slab increases below 400 km 
depth. In a recent paper, Engdahl et al. (1995) used inversion of travel time residuals of teleseismically 
recorded events of South America to compute tomographic images of the subducted Nazca plate. Their 
main result is the observation of 2.5% high velocity anomalies spatially correlated to the Wadati-Benioff 
zone which can be traced down to the base of the upper mantle.but do not exhibit a strong continuity. 
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The images obtained by the teleseismic tomography provide a strong supportive evidence for the 
continuity of the slab over regions with gaps in seismicity. From the surface to 660 km depth, the slab 
is evidenced on the 3-D images by a laterally continuous high-velocity structure, clearly displaying a 
pronounced bend on the deepest layers of our final model. A complementary contribution which can only 
be provided by the tomography is the possibility to follow the slab deeping throughout the seismically 
quiescent zone. We present on the Figure 3 a schematization of the slab geometry deduced from the 3-D 
imaga For every layer in which the slab is clearly identified by higher velocities, we have drawn a 
contour passing through the maximum of the positive anomaly. Doing so, we approximate the position 
of the slab at the mean depth of the layer. On the same figure, we have reported the seismicity of the 
NEIS for the past 20 years and the iso-depth contours obtained by Kirby et al. (1995). Our network 
layout allows us to sample only a roof-shaped zone aligned on the seismic profile and consequently the 
north-south extension of the layers depends on their depth. Therefore our 270 km contour is very short 
and does not fit well with the 275 km contour, the deepest of the Wa&ti Benioff zone. On the other hand, 
our 610 km contour is in good spatial agreement with the 600 km depth events. When drawig a cross- 
sections of the slab in the Arica Elbow, we observe that the dip of the slab changes with depth. From the 
trench to a depth of 275 km, the seismicity defines an about 30" dipping slab; then the dip, inferred from 
the tomography, increases to more than 50" in the aseismic part of the slab. Finally, the dip decreases to 
about 40" where the deep seismicity is present, suggesting a deflection of the slab at the bottom of the 
upper mantle. 

Finally, the geometry of the deep slab in the transition zone of southern Peru is still an open 
question. If it is relatively easy to connect our 610 km contour with the Northern Group through a 
reverse bend, the closing up of the 200 and the 510 km contours at about 15"s involves a steepening of 
the slab. Therefore, the transition, from the 50" dip of the aseismic part of the slab deduced from the 
tomography, to the 70" dip inferred by James and Snoke (1990) study beneath Peru, seems to occur in 
this region of the Arica Elbow, and implies a very complicated geometry of the slab between 13"s and 
18"s. 
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An interdisciplinary g e o s c i e n ~ c  research project "Deformations Processes in the Central Andes" has 
been established at the Freie UniversiMt Berlin, the Technische Universitgt Berlin, the 
GeoForschungsZentrum Potsdarn and the University Potsdam. This project, started 1993, is funded by 
these institutions and by the German Research Society (DFG) as a "Sonderforschungsbereich 267" 
(collaborative research programme 267). 
The Central Andean segment between 20" and 25"s has been chosen because along t h s  section the 
orogenic deformation processes are very well developed. 

The main and outstanding features along this geotraverse can be described as follows: 
a high convergence rate of about 10 c d y  and high strain rates, 
a vertical uplift rate of about 1 rnmlyear 
an extreme crustal thickness up to 60-70 km, caused by magmatic underplating and tectonic 
stacking, 
zones with extremely h g h  electrical conductivity in various tectonic zones and depths ranges. 
high seismicity in shallow, intermediate and large depth ranges, 
recent and subrecent volcanic activity and high heat flow density, 
a well developed forearc, magmatic arc and back-arc, 
four magmatic arcs which have been evolved succesively by eastwards migrating from Jurassic to 
recent time, 
variations of the stress regime during the Andean period causing extensional and compressional 
deformations. 

Geophysical, geodetic, geological und petrological studies will be camed along the Central Andean 
traverse aiming to tackle the following key problems: 

the structure of the lithosphere and its rheological state and behaviour, 
the interaction between upper and lower plate, 
the distribution of the stress field and strain in time and space, 
the tectonic and petrological evolution of the upper plate under varying conditions of 
convergence, 
the geothermal field and heat transfer, 
the evolution of intramontanous basins and isostasy, 
energy consumption during the orogenic processes. 

A number of field projects has been camed out since 1993. In order to investigate the crustal structure of 
the magmatic arc and the adjacent zones a network of seismic refraction profiles was realized in the 
Western Cordillera and the Precordillera. In addition 25 mobile seismological stations were set up in 
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this region operating for about 3 - 4 month aiming to record and investigate shallow and intermediate- 
deep earthquakes (PISCO 94). 
In order to study the lithosphere of the eastern Nazca-plate and the transition to the continental 
lithosphere was investigated by a joint sea-land project applying airgun seismic reflection and refraction 
survey, gravimetric, magnetic and heat flow measurements. T h s  project CINCA 95 is planned by the 
Federal Institute for Geosciences and Natural Resources, Hanover,GEOMAR, Kiel and the SFB 267. 
Magnetotelluric deep sounding measurements will contribute additional information. Detailed 
gravimetric measurements will be camed out aiming to study the deeper structure of intramontanous 
basins. 
A GPS-profile transversing the Central Andes records recent crustal movements. This study will be 
remarkably extended by the GeForschungsZentrum Potsdam withn an international co-operation with a 
profile running along the Pacific coast in N-S direction. 
Special geological and petrological investigations are carried out in the magmatic arcs aiming to reveal 
the complicated tectonic development of a magmatic arc system. Neotectonic studies are designed 
aiming to investigate the recent stress and strain field. Geological investigations will take place in the 
Eastern Cordillera aiming to reconstruct the Andean shortening of the Paleozoic sedinients. 
Detailed geochemical studies should reveal the nature of the young volcanism. 
Petrophysical studies on rock probes under high temperature and pressure conditions should help to 
interprete the geophysical field data. 
Such a project can be only realised by close cooperations with geoscientific institutions in Argentina, 
Bolivia and Chile. 

The research project is structured as followed: 

Deformation and stress field: 
Neotectonic studies, recent kinematics by GPS measurements, modelling of the recent stress and 
strain field. 
Rheological stratification at a convergent plate boundary: 
Rock behaviour under high temperature and pressure condition derived from lab and field 
measurements, temperature field, heat transfer mechanism, rheology and fracturing of the Andean 
crust. Application of GIS. 
Crustal evolution controlled by varying convergence boundary conditions: 
Structure of magmatic arcs by geological and geophysical studies, magmagenesis and crustal 
evolution, crustal shortening in the back-arc region. 
Evolution of sedimentary basins and isostasy: 
Evolution of basins in various crustal environments, 
Balancing studies of erosional and sedi~nentary processes, isostatic studies. 
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INTRODUCTION 

Intermediatedepth seismicity is a very hpical feature along subduction zones. The detailed shape of this 
seismic zone may differ from region to region, but there exists some common characteristics. In this 
contribution the nature of the intermediate depth seismicity is discussed comparing the situation along 
the converging zones of the Andean belt and in the Japan and the Kuril-Kamchatka arc system. In both 
regions the intermediatedepth seismicity is localised in the oceanic crust and in the uppermost mantle 
as well. Therefore the seismicity must be related to two different metastable phase transformations that 
are associated with the emission of seismic energy. The different shape of the seismic active zone is 
mainly dictated by the different converging rates, about 1 c d a  along the Japan and the Kuril- 
Kamchatka arc system and 10 cmla for the Andean arc. 

THERMAL STRUCTURE OF THE DOWNGOING SLAB 

For the study of the metastable phase transformations that are going on in the descending slab, the 
knowledge of the temperature field in the doungoing slab is of importance. The main parameters con- 
trolling the temperature distribution are: the rate of subduction; the age, thickness and dip of the de- 
scending slab, frictional heating along the shear plane between the upper and lower plate, the conduc- 
tion of heat into the slab from the deeper lithosphere and asthenosphere, and the heating of the top of the 
slab caused by the induced convecting corner flow in the upper plate. 
A simple method for an approximate steady-state temperature calculation has been proposed by 
MOLNAR and ENGLAND (1990) and PEACOCK (1993).Here the method proposed by PEACOCK 
(1993) has been applied and exqended for a depth depending shear stress and variable dip angle. In ad- 
dition heating of the top of the slab by the induced corner flow has been taken into consideration. 
For the follouing considerations hvo temperature gradient zones are of importance. In the upper zone, 
mainly situated in the oc-c crust immediately beneath the shear plane between the upper and lower 
plate, the temperature decreases uith depth. The lo\ver gradient zone in the uppermost oceanic mantle 
shows a positive temperature gradient. The uidth of the resulting temperature inversion is strongly con- 
trolled by the convergence rate. A low convergence rate of about 1-2 cmla is associated with an inver- 
sion zone of some ten kilometre uidth, as it is obsented in the Japan and the Kuril-Kamchatka arc. A 
high convergence rate of about 10 cmla causes an inversion zone of only few tens kilometres thickness, 
as it is the case along the Central Andean subduction zone. 
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METASSTABLE PROCESSES IN THE DOWNGOMG SLAB 

The upper 8-10 km of the downgoing slab is composed of basaltic and gabbroic rocks forming the oce- 
anic crust. The underlying oceanic mantle is made up by peridotitic rocks uith olivine and pyroxene as 
main components. Therefore two different metastable processes must be considered for the explanation 
of intermediatedepth seismicity, 
The metamorphic evolution of the subducted oceanic crust can be described by calculated P-T-paths and 
a model of metabasalt phase transformation (PEACOCK 1993). Fig. 1 presents the corresponding phase 
diagram. In steady-state subduction zones uith moderate to low rates of frictional heating and a dip of 
2O0-30' most of the subducted oceanic crust moves along the low-T and high* path from the blueschist 
into eclogite field in the depth interval 70-120 km.. This path is associated with the release of a relative 
large amount of fluids (up 5.9 wt %), which cause hydraulic fracturing of the overlying rocks. The asso- 
ciation between the injection fluids and hydraulic fracturing of rocks and the emission of seismic energy 
is evidenced experimentally. In contradiction in flat subduction the cooling of the do\\ngoing slab is 
only moderate and the transformation runs along the high-T and low-P path which enters the eclogite 
field through the epidote-blueschist and amphibolite facies fields with small release of fluids. 
An other process must be considered for the generation of seismicity in the uppermost mantle. KAO and 
LW (1995) have studied the double seismic zone along the Japan and Kuril-Kamchatka arc. Here the 
upper and lower seismic zone are separated more than 30 km. Thus the lower zone is situated in the up- 
permost mantle and a process must exist, which refers to mantle composition. They propose as the most 
likely candidate for such a process decomposing of Al-rich enstatite to Al-poor enstatite plus garnet. 
Like the transformation process oli\ine to spine1 that is associated uith the emission of seismic energy, 
the same is assumed for the enstatite process. Fig. 2 shows the corresponding phase diagram, derived by 
KAO and LW (1995) from petrologic, g e o t h e d  and seismological data. It should be noted, that the 
critical phase boundary is situated along a low-P and high-T path below 80-100 km depth in the tem- 
perature range 40O0-500°C. This is just the same temperature interval of the upper gradient zone in the 
downgoing slab (Fig. 1). 

Fig. 1: P-T-diagram of metamorphic facies Fig. 2: P-T-diagram of the emstatite system (based 
based on experimental and theoretical phase on KAO and LIU 1995). The grey zone as seismi- 
diagrams compiled by PEACOCK (1993). cally active phase is derived from the seismological 
At, Bt, Ct :P-T-path of the top of the oceanic and g e o t h e d  situation along the Japan and Kuril- 
crust, model A, B, C Kamchatka arc system. It is assumed that this 
Ab, Bb, Cb :P-T-path of the base of the ace- diagram can be applied to other subducting systems 
anic crust, model A, B, C as well. 
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PISCO 94 

Aiming to study the detailed structure of the intermediatedepth seismicity a network of about 25 mobile 
seismic stations were installed in the Precordillera and the Western Cordillera of the Central Andes op- 
erating between February and May 1994. The network operated in a continuous mode within an area of 
200 km (W-E) X 250 km (N-S). About 50-100 events per day could be recorded in the magnitude range 
-0.5 to 4 (local magnitude scale). The accuracy of localising is i 2  km. Most of the events could be lo- 
cated in the depth range 75 to 120 km. Fig. 2A, B shows two sections derived from the high resolution 
PISCO 94 experiment, showing different pattern of seismicity. 

-75' -70' -65' 4 Seismicity between 21.75' - 22.25' S 
E 

E 

Fig. 3: Seismicity pattern in the Central Andes, Fig. 4qB:  Two sections through the Central 
based on the PDE catalogue. Andes showing the varying shape of the inter- 

mediatedepth seismicity 

P-T PATHS AND SEISMICITY IN THE CENTRAL ANDEAN CONVERGING SYSTEM. 
Aiming to match the observed seismicity with the metastable phase diagrams described above three 
thermal models with varying subduction parameters were calculated. Following parameters were used: 

Table 1 
model A model B model C 

convergence rate 10 10 10 cmla 
dip of the subduction plane 17' 2O0/4O0/6O km 15"/8"/40 km 
thermal cond. crustlmantle 2.5.12.0 2.5.12.0 2.5.12.0 W1m.K 
m s i t y  1 1 1 lad m-2 
mantle heat flux 0.050 0.050 0.080 W/m2 
frictional heating ('I 60 150 40 150 40 150 kmlMPa 
corner flow heating(') 400°/70-200 400°/70-200 0 "Cflun 
(1) frictional heating increases linearly with depth, given max. depth (km)and max. stress (MPa) 
(2) heating of the top of the slab by the induced corner flow, given the temperature increase('C) and in 
the corresponding depth interval (km). 
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The transitional phase boundaries depicted from the phase diagrams are plotted in Fig. 5A, B, C. These 
transitional zones may have a nidth of at least 50'-100' C and 0.1-0.2 MPa (3-6 km). In addition the 
subducted slab may show deviations from the plane structure thus an actual thickness for the transitional 
phase zones of at least 10 km may result. 
Fig 5A should be compared with Fig 4A. The seismicity is concentrated in the depth interval behveen 
80 and 120 km. In Fig 4B, lower section, the seismicity is strechted between 80 and 200 km depth. 
The corresponding model in Fig. 5B shows that the transitional phase boundaries are situated behveen 
80 and 160 km. In the third case (Fig. 5C), the flat subduction, there a strongly reduced or even no 
seismicity in the intermediatedepth level because in both phase diagrams the descending slab moves 
along the high-T-low-P path associated nith only small release of fluids. 

Fig. 5A,B,C The geothermal structure in the donngoing slab (parameters see table 1) 
model A: dip 17'; model B: dip 20°/400; model C: dip: 15O/8O 

CONCLUSIONS 

The nature of intermediatedepth seismicity is caused by metamorphic processes going on in the upper 
and lower temperature gradient zone in the downgoing slab. Considering seismological data, geothermal 
calculations, and petrologic considerations the intermediatedepth seismicity in the Central Andes is 
explained by hvo Merent  metastable phase transformations, which occur in the oceanic crust resp. in 
the uppermost mantle. Both processes are associated nith the emission of seismic energy. The Merent  
shape of the seismically active zone in the Central Andes can be modelled by variations of the parame- 
ters controlling the temperature field in the downgoing slab. The same processes take place along the 
Japan and Kuril-Kamtchatka arc system. A clearly recognisable separation of both zones depends on the 
thermal structure in the donngoing slab, which is dictated by the converging rate. 
This project is funded by the Collaborative Research Programme "Deformation processes in the Central 
Andes" 
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INTRODUCTION 

Two main unconformities have been advanced for the thick Meso-Cenozoic rocks of the central 
Chilean Andes : an upper Cretaceous and a Lower Tertiary (Klohn, 1960; Charrier 1981). 

The former, however, has either not been recognized east of Santiago (Thiele, 1980) or has been 
reinterpreted as an out-of-sequence thrust SE of that city (Godoy, 1990). Only recently has the latter, 
according to Sempere et a1 (1993) closely related to development of Late Oligocene-Early Miocene 
foreland basins from Colombia to Central Chile, been subject to a major revision south of 33O45'. 
Godoy and Lara (1994) report that, south of that latitude and along its eastern margin, the Miocene arc 
(over 3,000 m thick Middle to Upper Miocene andesites and ignimbrites of the Farellones Formation) 
lies either conformable or is thrust eastward on top of its lower Cretaceous to lower Miocene (Flynn et 
al. 1995) pyroclastic basement. Godoy et a1 (1996), on the other hand, show that most of the miocene 
arc western margin is underthrusted by that basement. 

In this paper we present preliminar seismic and gravimetric data of the arc western margin across 
34O S.lat. They support the structural relations of Godoy et al. (1996) and help constrain the Late 
Miocene to Early Pliocene contribution to upper crustal thickening. 

MIOCENE ARC GEOLOGIC SETTING 

Contrary to Thomas (1953) and Godoy (1993), who describe interfingering of the Farellones 
andesites with its underlying pyroclastics, most authors stress an unconformable contact (Aguirre, 1960; 
Rivano et al. 1990). Thiele et a1 (1991). on the other hand, while favoring deposition of the Farellones 
Formation inside "caldera-grabens". state that "no generalizations can be made about the contact relations 
between the two formations". Lastly, Crystallini et a1 (1994), recognize -along its easternmost outcrops- 
that deformation started before, but outlasted deposition of the lavas. 

As recently pointed out (Godoy et al, 1996). three segments characterize the present-day western 
margin of the Miocene arc. North of 33035' Farellones is slightly detached westward, mainly along its 
basal ignimbrite. The detachment is interpreted as the upper limit of a triangular zone whose enclosed 
volcaniclastics (Abanico formation) become tightly folded southwards. South of 33O 10' the older unit 
(here known as Coya-Machalf Formation) is tuffaceous siltstone-bearing and tightly folded against the 
triangular zone. Sub-vertical fault-propagation folds, some of them broken, characterize the intermediate 
segment of the arc western margin . 

In addition to the controversial basal contact relation, age of uplift and erosion rates of the 
miocene arc in the chilean central Andes have also been debated. 2,000 to 2,350 m of post-Miocene 
uplift has been calculated using paleobotanic and fluid inclusion data (Pons and Vicente, 1985; Skewes 
and Holmgren, 1993). Erosion rates of 260 to 150 m/Ma are advanced by the latter authors, while 800 
m/Ma for the last 8.4 Ma and 700 m/Ma for the Pleistocene are proposed by Kay and Kurtz (1995) and 
Godoy (1993). 
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The isotopic signature of the Coya-Machalf rocks points to magma generation under a thinned 
crust (Nystrom et al., 1993). The crust was slightly thickened during the mid-Miocene to a 10 km 
thickness, rapidly increasing to reach a maximum (35 km?) near the Miocene-Pliocene boundary (Kurtz 
et al., 1995). Thickening controls the dramatic increase of LaIYb ratios (20 to 61) recorded in the El 
Teniente porphyries (Kay and Kurtz, 1995) and cannot be accounted solely by the upper crustal 
shortening discussed in this paper. According to the last authors, rapid crustal thickening in the Miocene 
arc should coincide with failure of the ductile lower crust. 

GEOPHYSICAL FRAMEWORK: A JOINT SEIShlIC AND GRAVIMETRIC MODELING 

Gravimetric stations were measured every 500 m along the main roads of El Teniente Copper 
Mine, using differential GPS for the horizontal and vertical positioning. The strong terrain correction has 
been thoroughly computed using a digital terrain model from 1:50,000 topographic charts and an 
analytical near-field correction in very rough topography sections. As a whole, the residual gravity signal 
has an envelope of error below 3 mgals. Additionally a seismic refraction line was acquired using 
experiment El Teniente Copper Mine induced events (rockbursts) and mining blasts as seismic source. 
Arrivals from these sources were recorded during a period of several days by portable seismic stations in a 
total of 14 points located along an approximately E-W profile to distances of about 40 km westward 
from the mine. A station located inside the mine was used to measure the origin time of the rockburst or 
blasting events. 

The profile in Figure 1 was constructed from the 2-4 per day events, strong enough 
(magnitude=0.8-1.5) to be detected unambiguously in the different stations. The seismic interpretation 
was canied out by travel time forward modeling of first arrivals using laterally homogeneous velocity 
models. Our final model and the predicted travel time curves are also shown in Figure 1. The seismic data 
indicate a superficial 4.5 kmlsec, 2.3-km-thick low-velocity layer overlying a 6.2 krnlsec half space. The 
boundary between the upper low-velocity layer and the high-velocity half space is interpreted as the 
decoupling plane between a deformed uplifted core of the Coya-Machalf Formation and its more 
competent lower section. Further east, this detachment plane crops out as a northward shallowing out-of- 
sequence thrust (Figure 2). -. 

The more continuous and detailed gravimetric experiment uses the seismic modeling constraint 
expressed in terms of a density contrast between an upper low-density layer at the deformed Coya- 
Machali core and relatively high-density layer underneath the detachment. We adopted a standard two-layer 
density section of 2.67 gr/cm3 in the upper 2.5 km, over a pseudo half space of 2.7-2.75 gr/crn3. 
Density estimates from seismic velocities are consistent with a pseudo-half space of 2.7 @m3 and a 
low density zone of 2.45-2.5 &m3 in the upper section (a densiiy contrast of -0.12 gr/cm3 w/r to the 
standard section). 2-D gravimetric modeling (Figure 3) using the seismic and geological constraints, 
agrees well with a decoupling plane at - 2.5 km, and a deformed core of the Coya-Machalf Formation 
bounded by two antithetic structures that accommodate deformation and thickening in the western flank 
of the area. 

CONCLUSIONS 

Uplift of the Miocene arc at 34O S.lat. is related to an asymmetric compressional horst with a 
2.5 km deep detachment level. Decoupling is interpreted from seismic and gravimetric profiles in its 
western flank, where a low velocitytdensity upper layer of 2.3-2.5 km rests on top of a more competent 
basement. The geometry of the 2-D gravimetric modeling is also consistent with a compressional regime 
in the western margin of the arc, a triangular zone linked to a narrow belt of tightly folded underlying 
volcaniclastics. 

Both boundary faults of the horst are younger and thus "out-of- sequence" when compared to the 
main NeuquCn Basin fold-and-thrust belt, close to the Argentinian border. They are however "in- 
sequence" in relation to the Pleistocene to Holocene basement faults uplifting the Frontal Cordillera. 

This Late Miocene to Early Pliocene upper crustal shortening matches the progressively 
southward shallowing of the Nazca plate recorded by geochemical signatures. Its contribution to crustal 
thickening, however, is minor (15%) compared to the overall increase. A deeper crustal contribution to 
thickening is therefore expected. 
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INTRODUCTION 

From 1993 to 19% the international MIGRA group with participants from Chile, Argentina and Germany has 
surveyed some 3.000 new gravity observations in an Andean geotraverse covering N-Chile and NW- 
Argentina between 64"- 71" W and 20" - 29" S. MIGRA is a Spanish acronym for "Mediciones 
Internacionalesde GRavedad en 10s Andes" (Giitze and Schmidt, 1993). Including reprocessed older data of 
Freie Universitat Berlin, south American universities, oil and mining industry, there is now a data base of 
about 15.000 gravity values available, which can be used together with other geophysical and geological 
information for an interdisciplinary interpretation of the structure and evolution of the Central Andes (Gotze 
et al. 1995, 1996). 

In summer 1995 MIGRA took part in the "CINCA" offshore experiment of the german research vessel 
"Sonne" between the latitudes 20" S to 24" S. The offshore gravity data are connected with the on land survey 
to draw a complete gravitylgeoid picture of this ocean-continent transition. Gravity data at sea were collected 
along continous survey lines (some 8.000 km). The average density of observational sites amounts to of about 
15 observations per km. Gravity survey of cruise SO - 104 was tied to the Chilean National Gravity network 
of the "Departamento Geofisico, Universidad de Chile, Santiago" at reference stations in Valparaiso, 
Antofagasta and Iquique. The drift of the KSS31/32 onboard gravity sensor was very low and amounts to - 
0.048 mGal1day or - 1.44 mGalImonth, respectively. The overall drift of the gravity meter was determined to 
be 0.47 mGal per 92 days. 

For all gravity data we calculated gravity reductions within a radius of 200 km. Therefore anomalies 
calculated are "complete Bouguer anomalies". The data base which includes point data and 10 km * 10 km 
data grids of free-air-, different types of Bouguer- and isostatic-residual anomalies, are presented here in maps 
of isostatic residual fields along with a rough interpretation. 

FIELD WORK AND REDUCTIONS 

The investigated region covers a 900 km X 1.00C) km area in the central part of the Andean orogenic system. 
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The young Andean orogen between 20' - 29' S comprises different structures which have evolved on a 
Precambrian-Paleozoic basement (e.g. Reutter et al., 1994). This belt of ancient rocks was also described as 
the border of the "Faja Eruptiva Occidental". Two of our gravity surveys obtained structural information with 
new stations covering the northern and southern edges of this belt, near Calama (Chile) and in the Southern 
Argentinean Puna respectively. The investigated area is characterized by its enormous topography and 
remoteness, by its aridity, low population density and limited infrastructure. Other difficulties limiting our 
field work were the lack of topographic maps and geodetic networks in some regions. The spacing of stations 
amounts to approximately 5 km along all passable tracks aside from some local areas with a higher station 
density . To complete this data base we included gravity observations from different sources. With the 
exception of some inaccessible regions in the "Eastern" and "Western Cordillera", the gravity coverage for the 
region is fairly uniform. All measurements are tied to the IGSN71 gravity datum at base stations in Oran/&- 
gentina, Iquique/Chile and TucumBn/Argentina (Gotze et al. 1994). 

The large size of the area and the severe logistical problems did not always allow u s  to determine the drift of 
the gravity meters by repeating the measurements at each station. However, even when we used bad tracks, 
the drift of the LaCoste & Romberg instruments (model G) rarely exceeded 0.1 mGal per day. Only about 
35% of the gravity sites could be tied directly to benchmarks, such as levelling lines or trigonometric heights, 
so we used altimeters for height determinations. To improve the quality of our barometric measurements, we 
calculated time-dependent drift corrections as i t  is usually done for gravity measurements, using as many 
benchmarks and repeated measurements as possible. Moreover, the profiles of several days were tied together 
in order to eliminate systematic errors. The scales of the barometers have been calibrated on levelling lines 
with an altitude difference of about 2.000 m. Error estimations showed that even in the worst case the 
accuracy was better than 20 m, giving an error in the Bouguer anomaly of about 4 mGal, which is less than 
1% of the overall magnitude of more than 450 mGal. 

For the terrain correction (up to 167 km around all stations), a method including calculations of the earth's 
curvature developed for gravity investigations in the Alps was used, after adapting i t  to the special situation 
in the Central Andes. Reduction density was 2.67 g/cm3 and the digital terrain model by Isacks (1988) was 
used to calculate a true 3D terrain correction.. 

GRAVITY ANOMALIES 

Onshore the Bouguer anomaly drops down to a regional minimum of about - 450 mGal in the area of the 
recent volcanic arc, related to crustal thickening by isostatic compensation. The effect of isostatic 
compensation of topography was calculated assuming the model of Vening-Meinesz with the following para- 
meters: density contrast of the earth's mantle and crust dRHO = 0.35 g/cm" normal crustal thickness: 35 km 
and a flexural rigidity of 102%m. The gravity effect of the isostatic compensation root was eliminated from 
the Bouguer gravity and the resulting anomaly serves as a residual field (Fig. 1). The most interesting features 
of this field are: (1) Positive values in the area of the forearc with isolated complexes parallel to the coastline. 
They are regionally caused by the presence of the dense subducting plate (gravity effect of about 50 mGal; 
density contrast: 0.05 g/cm" and locally by uplifted jurassic batholiths intruded into the "FotmaciQ La 
Negra". (2) The NNW-SSE striking positive anomaly from Calama (CAL) by the Salar de Atacama to 
southern Puna. We explain this gravity maximum by a highly metamorphic and high-density 
Paleozoic/Precambrian structure, the "Faja Eruptiva Occidental", which is oblique to the N-S orientation of the 
recent volcanic belt. (3) Local minima along the recent volcanic arc point to reservoirs of partly molten 
material at depths of 15 - 20 km. (4) Minima following a line from Ollagiie (OLL) to Calama (CAL) along 69' 
W, are caused by the Eocene volcanic arc with low-density volcanic material in the upper crust. (5) 
Alternating gravity highs and lows in the backarc region east of 67' W are observed in wide areas of the 
Argentine Puna and the Eastern Cordillera with a general NE-SW trend. The minima point to the position of 
mesozoic basins which are located in the Argentine Puna and extend northward to the territory of Bolivia. 
Gravity highs correlate with outcrops of PrecambrianPaleozoic basement in the Puna and Eastern Cordillera. 
3D forward modelling of both gravity and gravity potential (geoid) can explain that most of the observed 
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Figure 1: Residual gravity field of the Central Andes. Contour lines 10 mGal. Database is shown together with 
volcanos and other geographical features. 
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geoid anomaly (undulation) of 50 - 60 m is caused by Andean topography and isostatic roots. However, also 
density inhomogeneities in the downgoing slab and in the asthenospheric wedge contribute to undulations of 
the Earth's geoid in the Central Andes. All 3D density modelling has been proven by the results of refraction 
seismic5 (e.g. Wigger et al., 1994). Please, refer also to poster Kirchner, GiStze, Lessel and Schmitz (this issu). 

CONCLUSIONS 

The updated gravity data base will play an important role in both local investigations of applied geophysics 
and regional interdisciplinary interpretations of pure geophysics. Andean gravity field seems to be a sensitive 
indicator which is linked to many processes contributing to the tectonic framework of the Nazca plate sub- 
duction zone. 

MIGRA data sets are available via FTP for non commercial applications of universities and governmental 
agencies. You may contact H.-J. GiStze at Freie Universitat Berlin (Germany) under "hajo@zedat.fu-berlin.deH 
or refer to the "Gravity Research Group's" Home page on the WWW for further information: - 
http://fub46.zedat.fu-berlin.de:8080/-wwwgravi. 
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INTRODUCTION 

In the last two decades, structural information about the deep interior of the earth in local, 
regional and global scale has been drawn extensively from travel-time tomography experiments. 
Depending on the kind of station network used, two- or three-dimensional (2- or 3-D) models of the p- 
and S-wave velocity structure are obtained. Tomographic models are in most cases calcutated as 
deviations to an a priori one-dimensional (I-D) reference model. Thus the method is particularly useful 
for imaging extended lateral inhomogeneties. Velocity anomalies are mainly caused by differences in 
density and aggregate state of rocks, both influenced by temperature and pressure. The Cental Andes 
are, due to the plate collision, characterized by various geophyical anomalies. One of them is the huge 
amount of seismic activity on and within the subducting plate, making it possible and attractive to apply 
local earthquake tomography. 

METHOD 

In geophysical investigations the physical properties of a targeted volume are often not directly 
measurable. One has to observe the effects at the surface and calculate back or invert for these 
properties, in order to get a model of their distribution in space beginning with simple approximations. 
In travel-time tomography the differences in arival times of earthquake-generated seismic waves at 
seismometer stations form the set of observed data. Deviations of seismic velocities at discrete points in 
space with respect to a starting model are the model parameters to invert for. In case of local earthquake 
tomography the hypocentral coordinates depend on the velocity structure and thus belong to the 
unknown (model-) parameters too. The linearized hypocenter-velocity-inverse problem is generally 
ill-posed (or mixed-determined) and according to Levenberg-Marquardt solved iteratively using the 
damped least squares (DLSQ) technique. The linearization by a Taylor series expandation requires a 
proper a priori model. Kissling et al. (1994) demonstrated, that the so called minimum l-D model, 
which is itself a DLSQ solution of a simultaneous l-D inversion, is well suited for routine earthquake 
locations in comparison to estimated l-D models and gives much more accurate results when used as 
starting model in the 3-D inversion. The 3-D inversion procedure is performed by the routine 
SIMULPS12 (Evans, Eberhart-Phillips & Thurber, 1994). The parametrization of the 3-D model is 
given by nodal planes in X-, y- and z-direction. Velocities are interpolated between the points of 
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intersection. Distances between these planes depend on the station network characteristcs, on the 
amount and spatial distribution of events and on the dimensions of structural features wished to be 
resolved. Toomey and Foulger (1989) pointed out the importance of properly considering both model 
resolution and model fidelity to avoid poorly resolved model parameters as well as spatial aliasing 
caused by a sparse parametrization. Tests with artificial data, various subsets of data and various model 
parametrizations are carried out to refine the final 3-D velocity model and to unmask possible artifacts. 

TARGETS OF THE TOMOGRAPHIC INVESTIGATION 

The Chilan part of the Central Andes offers very good conditions for a temporary 
seismological experiment, including local earthquake tomography, with respect to the quantity and 
quality of data and the existence of targets of special interest. Like other regions of plate collision and 

subduction, it shows a characteristic 
distribution of seismic activity. A large 
number of earthquakes occur at the contact 
zone of the Nazca plate and the continental 
plate as well as within the subducting Nazca 
plate down to more than 600 km depth. Due to 
fast (> 9cmIa) and moderatly steep 
subduction, the subducted oceanic plate 
remains colder as the surrounding material. 
This thermal anomaly should be expressed in 
a positive velocity anomaly close to the 
Wadati-Benioff zone, as similar studies in 
other subduction zones found out. Related to 
the subduction is the existence of the volcanic 
arcs. The recent volcanic arc (Western 
Cordillera) is characterised by an increased 
heat flow density, a volume of high electric 
conductivity, a short wavelength gravity 
minimum (Gotze et al., 1994) and a zone of 
anomalous high attenuation. These anomalies 
evaluated together are an indication for a 
volume of partial melted rocks, which is Fig. 1 
usualy outlined by lower seismic velocities. 

The PISC0'94 and CALAMA'94 network The crustal seismic activity is much smaller 
stations drawn with circle sizes according to their and could not be mapped previously due to the 
average travel-time residuals from l-D inversion lack of strong earthquakes. 

DATA FROM THE PISC0'94 EXPERIMENT 

This study takes advantage of the dense and sensible seismological network of the PISC0'94 
(Projecto de Investigacion Sismologica de la Cordillera Occidental) experiment, which was operated 
from January to May in 1994 as part of the Collaborative Research Center 267 "Deformation processes 
in the Andes" between 21"s to 25"s and 67"W to 70°W (Fig. 1). It combines active and passive 
seismological measurements. Continuous digital registration of the network stations with 100 samples 
per second guaranteed a high level of data quality and quantity. The arid climate, caused by the cold 
Humbold current, and the very low population density promote low noise registrations. Thus a few 
hundred crustal events of lower magnitudes, including natural earthquakes, mining blasts and shots, and 
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about 5000 earthquakes within the subducting plate could be observed in a 100 days period. Additional 
data from the temporary seismological network CALAMA, which was operated in April 1994 by the 
Universidad de Chile, Santiago, is available thanks to a data exchange. Two subsets of high quality data 
were selected for the inversion procedures: 450 events with more than 10000 p- and S-wave readings for 
the l-D inversion and 930 events with more than 20000 p- and S-wave readings for the 3-D inversion. 

RESULTS OF THE l-D AND 3-D INVERSIONS 

The obtained minumum l-D model with average station residual reflects the extremely 
thickened crust in the Central Andes. Typical subcrustal velocities of nearly 8 km/s are reached only 
beneath 70 km depth. Normal upper crust and middle crust velocities can be seen down to 40 km depth 
and rather high lower crust velocities between 40 km and 70 km depth. The station residual pattern 
shows a strong trend to higher velocities from the Western Cordillera towards the trench, which might 
be caused by the thinning of the crust in this direction andlor fast waves, that are propagating along the 

cold subducting plate. 
The station residuals 
are consistent within 
the morphostructural 
units. 

The Volume of 
acceptable model 
resolution in 3-D is 
described by the 
resolution matrix and 
several tests and is, as 
expected, limited to the 
crust and mantle 
beneath the denser part 
of the network and 
above the Wadati- 
Benioff zone. The 
minimum horizontal 
and vertical seperation 
of nodes is 25 km and 
10 km, respectively. 
Horizontal and vertical 
sections through the 
actual 3-D model 
outline four prominent 

Fig. 2 anomalies: 
The top surface of the Wadati-Benioff zone as given by interpolation 
through the uppermost slab earthquakes of a subset of high quality data 

-1- A narrow zone of lower velocities following the western edge of the recent magmatic arc 
down to about 65 km, considering previous studies interpreted as partial melts 

-2- A layer with moderately lower velocities beneath the Precordillera, eventually a remnant of the 
last period of volcanic activities 

-3- High velocities related to the Wadati-Benioff zone, interpreted as cold oceanic lithosphere 
-4- A body of high velocities beneath the Salar de Atacama next to a local short wavelength 

gravity maximum 
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Less prominent anomalies have to be discussed in detail. A comparison with 2-D models from the 
controlled source measurements of the PISC0'94 experiment might support some of them. 

The high quality slab earthquakes relocated in the 3-D inversion procedure contract the top of 
the seismic activity to a clearly shaped plane. Fig. 2 shows an interpolated plane through the uppermost 
slab earthquakes in each 118" sector. At about 68"W the Wadati-Benioff zone becomes slightly steeper 
towards the east. 

CONCLUSIONS 

Especially when the complexity of the true crustal structure limits the interpretation of one- 
and two-dimensional methods, the obtained tomographic images, though they have to be interpretated 
very carfully as artifacts might remain undiscovered, offer important 3-D structural information in 
crustal scale. On the other hand, tomographic results can hardly be evaluated without additional 
information from other studies. The coordinated studies of different geoscientific disciplines within the 
Collaborative Research Center 267 "Deformation processes in the Andes" offer the possibility of a 
compilation of all the different kind of geophysical, geological and petrological data available and will 
lead to a refined model of the anomalous crust and upper mantle in the area of investigation. 
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INTRODUCTION 

From December 1994 to May 1995, 54 short period seismic stations from the French Lithoscope 

network, (19 stations 3C, 35 stations 1C) have been operating in the Northern part of the Ecuadorian 

Andes (0' to 1'30s , 77'20W to 79'20W), along five profiles : 3 North-South profiles at 77"40W, 

78'30W, 79O20W and 2 East-West profiles at 0'15s and 1'15s. Data of the national network (27 

1C stations) of the Instituto Geofisico of the Escuela Politecnica Nacional of Quito have been 

incorporated to the Lithoscope data. 

DATA PROCESSING 

The hypocenters have been located using HYPOINVERSE (Klein, 1978) with a crustal velocity 

structure represented by flat homogeneous layers based on an inversion model from local data 

(PrCvot et al., 1996). Travel time is corrected for the elevation of the stations. From December 1994 

to March 1995, 101 1 local and regional events with more than 6 arrival times have been detected, 
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which represent a total set of 21166 arrivals times (12394 P-waves arrivals and 8772 S-waves 

arrivals). From the initial set of 101 1 local events, a final set of 552 events (figure 1) were selected 

with the following criteria : a root mean square residual (RMS) less than 1.0 S and a condition 

number less than 100. Out of these 552 events, 146 are recorded in 20 stations or more. The 

location have been performed using a VpIVs ratio of 1.737 obtained with a (S-S) versus (P-P) 

diagram (Chatelain, 1978). 

PRELIMINARY RESULTS 

At the moment, only the first step of the data analysis has been completed : all arrival times have 

been read, the events located and selected, and the preliminary spatial distribution analysis of the 

earthquakes performed. 

1.- About 50% of the earthquakes are shallow events concentrated in the Pisayambo nest centered 

on 1°20S, 78O30W (Figure 1) ; 

2.- Under the cordillera only shallow events (0 -30 km) are present (Figure l), i.e. no earthquakes 

occur on the subducting Nazca plate beneath the Andes cordillera. This can be clearly seen on the 

cross-section (Figure 2) where it appears that the seismic nest of Pisayambo in the upper plate is 

right above the gap of intermediate seismicity in the downgoing plate ; 

3.- The shallower intermediate-depth earthquakes (60 to 100 km) are located to the west of the 

Cordillera, while the deeper events (100 to 200 km) are present to the East of the Cordillera South 

of 1°S only (Figure 1) 

4.- A lack of shallow seismicity (0 - 20 km) is clearly marked South of 0" between the coast and the 

western Cordillera (between 100 and 200 km on the horizontal scale on figure 2). This absence of 

seismicity is not an artifact of the location, as stations were installed above this zone. 

CONCLUSION 

Preliminary results of the Lithoscope Ecuador experiment have allowed us to precise the spatial 

distribution of the seismicity beneath Ecuador, revealing at least four interesting features. More 

detailed study, including about 50 focal mechanisms, currently undergoing in order to relate these 

features with the tectonics of the area will also be presented. 
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Figure 1 : Location of the selected earthquakes recorded from december 1994 to march 1995, 
during the Lithoscope experiment. The black line represents the location of the cross-section 
shown in figure 2. PN : Pisayambo nest. 

Figure 2 : Depth distribution of the selected earthquakes (open circles) recorded from december 
1994 to march 1995, during the Lithoscope experiment, along a NW-SE cross-section. The filled 
triangles represent the location of the stations. Note the location of the shallow seismicity nest in 
the upper plate above the seismicity gap in the down-going plate. PN : Pisayambo nest. 
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INTRODUCTION 

During the months August to October 1995 within the C I N C A ' - P ~ O ~ ~ C ~  the natural seismicity in an area 
north of Antofagasta was observed. The network is a continuation of the PISCO '94 experiment towards 
the Coastal Cordillera. PISCO '94 was a combined active and passive seismological campaign in the area 
of the Pre- and Western Cordillera at the same latitude. It was canied out by the SFB' 267 in spring 1994. 
The aim of both projects is a detailed investigation of the velocity structure of the crust and upper mantle 
in this region. The results of the passive seismology during the CINCA-Project will be supported and 
supplemented by off-shore reflection profiles and on- and off-shore refraction profiles in the same area as 
additional parts of the CINCA-Project. 

F IELD OPERATION 

In the beginning the network was designed with 22 PDAS-seismometers onshore and 9 OBH~ offshore 
located between the trench and the coast. The situation changed by the 30th of July when an earthquake of 
magnitude m,=8.1 (HRV) occurred north of Antafogasta. Fortunately no big damage was reported and 
only a few people were killed. An earthquake in this order causes a huge amount of aftershocks and due to 
this new situation the network was redesigned. Additional 13 REFTEK-seismometers were installed by 
the German Task Force for Earthquakes, increasing the total number of onshore stations to 35. The final 
network design is shown in figure 1. 
All onshore recordmg sites were equipped with 3-component Seismometers (Mark L4-3D 1Hz) and each 
channel was recorded at 100 Hz samplerate. Because there is no way to check the coincidence of the signal 
against neighbouring stations, it is rather difficult and often impossible to detect events by a single 
station. Due to this problematic nature all stations were run in continous mode. The raw data were 
collected on hard disk and for the land stations archived an CDROM. The OBH data were collected and 

' Crustal Investigation on- and off-shore Nazca Plate and Central Andes 
Collaborative Research Group 267, FUB - TUB - GFZ, Deformation processes in the Andes 

Wcean Bottom Hydrophon 
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archieved on DAT tapes. The land stations were checked every six days by two groups, collecting had 
disk and changing batteries. The OBH were deployed by the research vessel SONNE in two parts. Each 
consisted of 12 days and the maximum depth of the OBH was 5500 m. 

coastal ~odlllera ~recodlllera 

Longitudinal Valley Preandlne Depression 

Figure 1: network design of the CINCA array 

Once the data were achieved on CDROM in the 
field a triggerlist was created for each day. A 
criterium for an event was defined by a LTA~ to 
STA ratio of 8 and a coincidence of 5 stations. In 
general about 200 events per day (figure 2) were 
observed. This unusual high seismicity is caused 
by the aftershock activity of the Antofagasta 
earthquake. In contrast to other aftershock studies 
we do not observe a significant decrease in the 
number of events per day over the whole 
observation period. 

Recent seism~city of Antofagasta regon. Chile 
1 0  m eo 23s no a s  m s s  n o  2~ z m  275 2 1  m 

m m  annms LTARTA. 8 

0 l1 
3 

1 DO 

LTA=Long Time Average, STA=Short Time 
Average 

Figure 2: regional seismicity during the field 
campaign 
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DATA EVALUATION AND PRELIMINARY RESULTS 

After the field campaign all available data (PDAS, Reftek and OBH) were merged together. Based on the 
triggerlist, which has been recalculated with LTA to STA ratio of 8 and a coincidence of 15 Stations, 
records of 130s length based on the earliest arrival were cut out of the continous data streams for all three 
channels. These timepieces have been sorted for each event and stored on CDROMs. In total we produced 
a catalog consisting of 4500 Events stored on 22 CDROMs, which leads to a data capacity of 13 GByte. 
All Events have to be localized with the PITSA based package GIANT'. Parallel to the localisation 
procedure a 1D minimum V,-model is calculated through a 1D inversion with the VELES'16-Software. 
For a significant subset of 500 Events the epicenters, a longitudinal section in east-west and north-south 
direction and the used ID V, model is shown in figure 3. 

Depth (km) 
71'W 70'W 69'W 0 50 100 150 

Longitude (deg) P-Velocity[km/s] 

Figure 3: Epicenter distribution, longitudinal section in east-west and north-south direction and the used 
velocity model for hypocenter estimation 

' A.Rietbrook, LMU-Munich 
%. Kissling, ETH Zurich 
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The epicenter distribution shows a region of high event density in a area south of the Antofagasta 
earthquake. These events concentrate in a depth at 30km as indicated by the longitudinal section in figure 
3. This improves the assumption that the observed unusual high seismicity has been triggered by the 
main shock. 
Most of the events concentrate in a stretch along the coast. This area lies in the border region of the land 
network and will give uncertanties in the localisation of these events because of the bad coverage of the 
azimuth. Using the OBH data improves the localisation because of the better azimuth coverage. A good 
precision in the epicenter estimation is essential for a detailed study of this area. 
A longitudinal section in east-west direction (figure 3) gives a good image of the subducting slab. Just a 
few events occur beside the main trend, which can be caused by uncertanties in estimating the depth. The 
dip of the subducting slab can be estimated with 12-13'), which is in close agreement to the results of the 
refraction profiles (Patzwahl et al., this issue). 
In the near future we will use this excellent data set for a detailed 3D tomogaphy study. Based on this 
results an interpretaion of the geodymanic situation will be done. 
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INTRODUCTION, RESULTS AND CONCLUSIONS 

We prerent the result8 of a comprehenrive rtudy made over 14 E-W rectione of the Andes acrosr 
Argentina and Chile, rtarting at the Pacific Ocean and reaching most the Atlantic Ocean. Ieortatic gravity 
anomalies, c r u r d  modelr and rhortening e r h a t e s  were analyzed at all them. Particularly at 22O, 25" and 
32" S latitude, reirmo-gravity modelr performed indicate that the equilibrium of there Andean rectiona 
behaves "grorro modo" ae an Aiy  irortatic ryrtem. In all the rtudied rectioxu, a good correlation ir 
obrmed betwem the Andean marrer and the regional Bouguer anomalier, and Andean rook calculated 
by invsrting thore anomalies alro rtxongly reremble the irortatic rook. Elaetic or virco-elartic modelr 
under vertical loads, even with complicated hypotheses (e.g. Burov and Diament, 1995), always yield 
shallower and rmoother roob, and therefore they reem not to be adequate for +e present situation. Some 
narrow gravity peaks observed on certain sections, however, may suggest a flexo-compressional 
deformation; this investigation could be the rubject of kture work. 

Crurtal modelr are better determined on thore eectionr at whch deep seirmic data are available. Thus, 
at both 22" and 25" S latitudes, where the Nazca plate rubdud  with "nonnaln angle, reismic modelr 
render a crurt about 60 km deep. (Schmidt et al., 1993; Schmidt, 1994). Our gravity modelr are &rtent 
with L e  former ar long M one assumes a lithospheric mantle heating of the area, ae proposed by Ieacks 
(1988). No significant influence of the plate on the determination of the crustal thicknesses is observed. 
At 32OS, the reirmo-gravity model yields approximately an Airy system (Introcaeo et al., 1992). The plate 
eubduck horizontally here, with probable influence of positive eign over the gravity anomalies. From 
skrmic analyrer, Regnier et al. (1994) report crustal depths beneath hecordillera and Sierrae Parnpeanas 
of San Juan exceding rignificantly those calculated by gravity inversion without seirmic support. This hc t  
seem8 to ruggert that a gravity balance wuld be developed between the positive effect of the Nazca plate 
and the negative effect of the deeper roob. 

Summarizing, both "no~~nal" and "flat" rubduction would produce heterogeneity in the upper mantle, 
and they would play a role in the determination of the Andean crustal thicknesses. 

Table 1 and Fig. 1 report maximum Bouguer anomaly and derived maximum crurtal thicknerr and 
rhortening at each section. Shortening, which indicates a decrearing from N to S in the degree of 
compmrion of the Cordillera axis, is undoubtely the main mechanism of the Andean i~plift. 

Our institute developed lart year complete Argentine Bouguer and fiee-air gravity anomaly charte with 
a reparation of 5' X 5' between grid poinb (Guspi et al., 1995). They include Chilean anomalies tiom a 
SERNAOEOMIN data bare. We also prepared  chart^ which represent: (1) Free-air anomalies, (2) Bouguer 
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anomahes, (3) Isostatic corrections, (4) Thennal correction for the central Andes (Pratt), (5) Moho depth# 
(Fig. 2). The observed coherence between (2), (3), (5) and a digital terrain model, and fu~thermore 
between (5) for latitude6 greater than 22" S and the chart of J a m e ~  (1 97 1) for latitudes less than 22" shows 
undoubtely isostatic compeneation in a wide regional scale, and ~t comfirms the results obtained for each 
section. ( 9 ,  along with the seismo-gravity models at 22", 25" and 32" S dlustratee that gravity models 
without seiemic constraints are also able to define reasonably the meta l  thicknesses. 

Finally, kom all these available sources, four predictive equations were derived. B is mean Bouguer 
anomaly in mOal and H is mean altitude in km (Fig. 3). 

Complete Argentina and Chile: B = 14 - 7 L .2 H 
Northern area (22 - 30" S): B = 25 - 76 H 

Central area (30 - 39" S): B = 10 - 66 H 
Southern area (> 39" S): B = 2.6 - 69 H 

LOCATION MAXIMUM MAXIMUM SHORTENrNO 
BOUGUER ANOMALY CRUSTAL THICKNESS 

mGal Km Km 

90,70 and 23 

Table 1.- Location, maximum Bougner anomaly, maximum crustal thickness and shortening of the 
Chile-Argentina sections rtudied in thie work, Outcropping Andean inasses keep the expected concordance 
with the compensating rubtenmean maeses (roots). 
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Fig.1: Maxima Bouguer Anomaly (m), Shortening (A) and maxima crutal thickness (a) on 14 E-W 
Andean gravity rections on Argentina-Chile. 
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Fig.2:Lefk3000m altitude contour (Cordillera Andina) 
Right: Moho depth contour over 2 2 9  latitude fiom 
seismic rwultr(James, 197 1)  and at 22'-50' S latitudes 
fiom gravity data (this work). 
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Fig.3: Relation8 between predicted Bouguer anomalies at 32's latitude (by means of altitudes H) and 
obsemed Bouguer anomalies. 
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INTRODUCTION 

Here we present the results of intensive wide angle seismic refraction and gravity research in the southern 
Central Andes (20"- 28" S) during the 80's and early 90's. The gross crustal structures could be determined 
covering the principal morphostructural units of the Andes between 21" and 25" S (e.g. Wigger et al., 1994). In 
1994 (PISCO 94 - Proyecto de Investigaci6n Sismol6gica de la Cordillera Occidental) and 1995 (CINCA 95 - 
Crustal Investigations Off- and On-shore Nazca Central Andes) seismic investigations focussed on the arc and 
forearcstructures in order to provide more detailed insight in the crustal structure of this region (see also posters 
Lessel, Schmitz and Giese and Patzwahl et al., this issue). The structural and velocity informations obtained by 
the seismic refraction is available along N-S and W-E trending profiles covering the the central region of the 
3D-gravity model. 

From 1993 to 1996 the MIGRAgroup with participants from Chile, Argentina and Germany has surveyed some 
3.000 new gravity observations in an Andean Geotraverse covering N-Chile and NW-Argentina between 64"- 
71" W and 20" - 29" S. MIGRA is a Spanish acronym for "Mediciones Internacionales de GRavedad en 10s 
Andes". Including reprocessed older data of Freie Universitat Berlin, South American universities, oil and 
mining industry, there is now a data base of about 15.000 gravity values available, which can be used together 
with other geophysical and geological information for an interdisciplinary interpretation of the structure and 
evolution of the Central Andes (Gijtze et al., 1994). The data base which includes point data and data grids of 
k - a i r - ,  and "complete Bouguer anomalies", isostatic-residual anomalies, were frequently described by Gatze 
et al. (1995) and Gotze (1996). 

FOREARC CRUSTAL STRUCTURES FROM SEISMIC REFRACTION DATA 

In the Coastal Cordillera between 21" and 24" S, upper crustal P-wave velocities vary between 6.0 and 6.7 
Ms. The top of the lower crust is located between 7 and 12 km depth, reaching down to 20 - 22 km, proven by 
prograde phases with velocities up to 7.2 km/s. The prominent discontinuity at 40 km depth (Vp = 8.2 kmls) is 
interpreted as Moho of the subducted Nazca Plate with an average velocity of 6.6 - 6.7 kmls (Wigger et al., 
1994). Upper crustal as well as lower crustal structures can be followed into the Precordillera with the upper 
crust increasing to 20 km thickness and the lower crust extending down to about 40 - 45 km depth. Three 
distinct discontinuities with velocities from 7.3 - 8.0 kmls, separated by low velocity layers, are located between 
50 and 70 km depth. P, observations from the Isla Santa Maria shot point can be correlated to the deepermost 
discontinuity. The average velocity down to 65-70 km depth decreases to 6.3 kmls. The upper crust as well as 
deeper crustal units can be followed into the Western Cordillera; however, the average crustal velocity decreases 
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to 5.9 - 6.0 km/s. The mast striking feature in the record sections of the Western Cordillera, a discontinuity at 20 
km depth (Vp = 6.4 km/s) beneath Ollagiie, is interpreted from structural point of view as the top of the lower 
crust, although the crustal units below are characterised by partly reduced velocities. Locally limited high- 
velocitydiscontinuities in this crustal unit are observed down to approximately 45 - 50 km depth. Assuming this 
depth range as the base of the lower crust, a 25-30 km thick lower crust results with low average velocities of 
only 6.0 - 6.2 km/s. Fan observations between the Precordillera and the Western Cordillera give indications for 
a deep reflector (Vp = 8.2 km/s) which is interpreted as the eclogitized top of the subducted Nazca Plate. 

GRAVITY ANOMALIES 

Onshore the Bouguer anomaly drops down to a regional minimum of about - 450 mGal in the area of the recent 
volcanic arc, related to crustal thickening by isostatic compensation (For more details refer to abstract: Gijtze, 
Schmidt, Kirchner, a t e r s ,  Araneda and Lopez, this issue). The gravity effect of the isostatic compensation root 
was eliminated from the Bouguer gravity and the resulting anomaly serves as a residual field. The most interest- 
ing features of this field are: (1) Pafitive values in the area of the Jurassic forearc with isolated complexes paral- 
lel to the coastline. They are regionally caused by the presence of the dense subducting plate (gravity effect of 
more than 50 mGal; density contrast: 0.05 g , "  and locally by uplifted jurassic batholiths intruded into the 
volcanic "b Negra" formation. (2) The NNW-SSE striking positive anomaly from Calama (CAL) by the Salar 
de Atacama to southern Puna which can be explained by a highly metamorphic and highdensity 
Paleozoic/Precambrian structure, which is oblique to the N-S orientation of the recent volcanic belt. (3) Local 
minima along the recent volcanic arc point to partly molten material at depths of 15 - 20 km. (4) Minima 
following a line from Ollagiie (OLL) to Calama (CAL) along 69" W, are caused by the Eocene volcanic arc with 
lowdensity volcanic material in the upper crust. 

3D MODELLING 

A large scaled 3D density model was constructed to investigate the regional structure and density composition 
of the Andean lithosphere (Figure la). The model comprises the new results of seismic refraction and 
summarizes discussions with colleagues from geology and petrology. Based on various 2D raytracing models 
seismic cross sections extending from the trench to the magmatic arc were used to design major elements of the 
Andean crust and mantle transition between 21' through 24" S. Further parts of the density model are the 
downgoing Nazca plate according to results of Cahill and Isacks (1992) and continental lithosphere together 
with the Brasilian shield in the east, which is not shown here. PLS a preliminary study the velocities of seismic 
models were directly converted into densities by using e.g. the Nafe & Drake relationship or similar 
density/velocity relations by Wollard. Initial model geometry was slightly modified by the application of 
interactive computer graphics to verify regional trends implied by the Bouguer gravity field. Although we used 
various non-linear inversion algorithms to optimize the model density we also tried to follow well established 
density/velocity relations from laboratory and literature. Due to unknown conditions of high 
temperature/pressure and the presence of fluids at the crust-mantle interface of the Central Andes we learned 
tkom modelling that we have to distinguish a 'gravity' Moho which is characterized by a density contrast of less 
or equal 0.3 glccm from the "seismic" Moho which is not very clear. 

In order to interprete long wavelengths of the gravity field we also calculated the potential (geoid) of the 3D 
density model by forward modelling and compared i t  with the observed geoid (OSUOlA). Andean topography 
and ist corresponding Airy root (including effects of compensated topography of the entire earth) contribute 
approx. 18 m to the geoid of the area. Instead of Airy or Vening-Meinesz isostasy .we used the 3D model to 
calculate the gravity and/or geoid contribution of the Andean lithosphere respectively, because usual isostatically 
equilibrated state is not necessarily representative at an active continental margin. Density inhomogeneities from 
deeper parts of the mantle also contribute to the observed geoid undulations. Even undulations caused by the 
core-mantle boundary result in potential signals that dominate the geoid in the Central Andes. 
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Figure 1: Cross sections with the density structure and modelled / measured gravity fields (a) and seismic 
discontinuities in northern Chile at lat. 23' 30' S. Crustal structures can be traced from the Coastal Cordillera 
with increasing thickness towards the Western Cordillera. The shape of the subducted Nazca plate can be 
inferred from Moho observations in the Coastal Cordillera and from locations of the earthquake hypocenters 
derived kom the PISCO 94 - seismological catalogue (Asch, Rudloff and Graeber, pers. comm., 1995). Crosses 
indicate the position of corresponding N-S profiles; black triangles give the position of magmatic arc. 

- 

-200 

. .. 
(PISCO '04 - Selsmaloglcal Catelogue) 

. . . a. . . . 
7 * v - . r - n *  I . . . . . r . . . , . . . . . . . . . I . . . ' ~ . . . . . , . . ~ T ~ . . . ~ l ~ r ~ ~ . ~ . . ~ I  

. : .-TV 

-72 -7 1 -70 -69 -68 -67 -66 



70  
Third ISAG, St Malo (France), 17-19/9/1996 

CONCLUSIONS 

h the magmatic arc and Puna region of western Argentina the Bouguer anomaly and density modelling (-450 
mGal) indicate a crustal thickness in the order of 70 km. There are no Moho observations in this region; the 
seismic waves are strong1 y attenuated with a reduct ion of the seismic velocities. Beneath the magmatic arc the 
electric resistivities decrease to values of 0.5 - 1 Ohmm at 20 km depth (Schwarz et al. 1994) indicating a zone 
of partial melting. The continental crust of the forearc has a thickness of 25 - 45 km without indications for a 
clear Moho. Between the subducting Nazca plate and the continental crust there is a wedge of material with low 
seismicvelocities and with low densities, typical values for crustal material, which are interpreted as a mixture 
of hydrated upper mantle relicts and material eroded from the continental margin. Our 3D gravity model which 
is based on structural information of seismic refraction data in its central part unables us to extend these 
information even to regions where no seismics exists. The gravity field images structural anomalies which 
require further inverstigations. 

This interdisciplinary modelling of results from both seismic refraction and gravity observations plays an 
important role in regional geodynamics of the Andean lithosphere and interdisciplinary interpretations. Seismic 
velocities and density distribution in the area of the Central Andes seem to be sensitive indicators which are 
linked to many processes contributing to the tectonic framework of the Nazca subduction zone. 
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INTRODUCTION 

Under the kamework of the interdisciplinary research project CINCA (Crustal Investigations Off- and Onshore 
NazcaICentral Andes) gravity surveys of the international h4IGRA group with participants from Chile, 
Argentina and Germany has been extended to the Pacific ocean. In summer 1995 MIGRA took part in the 
"CINCA" offshore experiment SO - 104 of the german research vessel "Sonne" between the latitudes 20" S to 
24" S. The oflkhore gravity data are connected with the onland survey to draw a complete gravity picture of this 
oceancontinent transition. Some 6.000 new gravity observations onland in an Andean Geotraverse covering N- 
Chile, SW Bolivia and NW-Argentina between 64"- 71" W and 20" - 29" S has been put to the data base which 
already existed when MIGRA started in 1982 (Gotze et al., 1994 and Gijtze et al. 1995). MIGRA is a Spanish 
acronym for "Mediciones Internacionales de GRavedad en 10s Andes". 

MEASUREMENTS AND DATA ACCURACY 

Gravity data at sea were collected along continous survey lines (some 8.000 km). The average density of 
observational sites amounts of about 15 observations per km. The gravity survey of cruise SO - 104 was tied to 
the Chilean National Gravity network of the "Departamento Geofisico, Universidad de Chile, Santiago" at 
reference stations in Valparaiso, Antofagasta and Iquique. The drift of the KSS31132 onboard gravity sensor was 
very low and amounts to -0.048 mGal/day or - 1.44 mGal/month, respectively. The overall drift of the gravity 
meter was determined to be 0.47 mGal per 92 days. 

Further information about the accuracy of the offshore survey provide so called "misties". Misties are crossover 
errors if the gravity readings of two crossing lines are compared. Assuming this accuracy depends mainly on the 
gravitysensor several methods have been invented to minimize crossover errors (e.g. Prince and Forsyth, 1984). 
It has also been argued that misties are frequently caused by bad positioning (Fritsch and Roeser, 1986). 
Anyway, statistical treatments of misties at intersections of survey lines reveals the precision of the offshore 
gravity measurements including auxiliary physical quantities. On the 1st leg of cruise SO-104 about 44 
intersections have been obtained. Some 80 % of gravity misties were less than 1 mGal and about 80 % of the 
water depth misties were less than 9 m. These data show the high precision of both gravity and waterdepth 
measurements on cruise So 10411. The 2nd leg of the survey was characterized by a more complicated topology 
of crossing profiles due to the wide angle reflection experiments which required gravity measurements at the 
same line for three times. Therefore, a more sophisticated algorithm has been used to estimate crossover errors. 
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Figure 1: The gravityfield of the Central Andes and offshore South America between 20' - 29' S .  In the Pacific 
offshore area Free-air anomalies replace onland Bouguer anomalies Shading intervals: 50  mGal. Gravity 
database is shown together with volcanoes and other geographical features. 
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In total, the accuracy of the gravity survey is truly better than 1 mGal, and accuracy of water depth 
determinations are better than 10 m. 

At the continent the investigated region covers a 900 km X 1.000 km area in the central part of the Andean 
orogenic system. It is an aridlsemiarid zone, where elevations vary from sea level up to heights greater than 
6.000 m at the Andean volcano summits. The young Andean orogen between 20" - 29" S comprises different 
structures which have evolved on a Precambrian-Paleozoic basement.The investigated area is characterized by 
its enormous topographyand remoteness, by its aridity, low population density and limited infrastructure. Other 
difficulties limiting our  field work were the lack of topographic maps and geodetic networks in some regions. 
The spacing of stations amounts to approximately 5 km along all passable tracks aside from some local areas 
with a higher station density . To complete this data base we included gravity observations from different 
sources. With the exception of some inaccessible regions in the "Eastern" and "Western Cordillera", the gravity 
coverage for the region is hirly uniform. All measurements are  tied to the IGSN71 gravity datum at base stations 
in OranIArgentina, IquiquelChile and TucumhnlArgentina. 

The large size of the area and the severe logistical problems did not always allow us to determine the drift of  the 
gravity meters by repeating the measurements at each station. However, even when w e  used bad tracks, the drift 
of the LaCoste & Romberg instruments (model G) rarely exceeded 0.1 mGal per day. Only about 3 5 %  of  the 
gravity sites could be tied directly to benchmarks, such as  levelling lines o r  trigonometric heights, so we used 
altimeters for height determinations. To improve the quality of our barometric measurements, we  calculated 
timedependent drift corrections as  it is usually done for gravity measurements, using a s  many benchmarks and 
repeated measurements a s  possible. Moreover, the profiles of several days were tied together in order to  elim- 
inate systematic errors. The scales of the barometers have been calibrated on levelling lines with an altitude 
difference of about 2000 m. Error estimations showed that even in the worst case the accuracy was better than 
20  m, giving an error in the Bouguer anomaly of about 4 mGal, which is less than 1% of  the overall magnitude 
of  more than 450 mGal. For the terrain correction (up to 167 km around all stations), a method including 
calculations of  the earth's curvature developed for gravity investigations in the Alps was used, after adapting it 
to the special situation in the Central Andes. Reduction density was 2.67 g,'. For different morphological 
units we obtained the following typical values of topographic reduction: Longitudinal valley and Chaco region: 
0.5 - 1 mGal, Coastal, Pre- and Western Cordillera, AltiplanoPuna and Subandean Belt: 1 - 10 mGal and steep 
coast 

GRAVITY ANOMALIES 

Both on- and  new offshore gravity data base were put together to shed new light on the gravity field at the 
continent - ocean transition zone at the western continental margin (Figure 1). In the western part of the 
investigated offshore area the oceanic basement of the downgoing Nazca plate causes positive Free-air 
anomalies with an average of about 20  mGal; water depth is about 4.500 m. The Peruvian-Chilean trench is 
characterized by strong negative gravity values which extend to a minimum of less than -250 mGal. In 
continuation towards the Chilean coast there is a broad zone of alternating positive and negative Free air gravity 
which vary in size and magnitude. It appears to be difficult to interpret these anomalies without any modelling 
which will be performed in the next months. However, the character of the gravity field over the continental 
slope appears to be complicated. It shows several domains with gravity highs and lows which may be interpreted 
in terms of morphology of the continental slope and density structures which could belong to already eroded 
parts of the Jurassic Forearc. 

Onshore the Bouguer anomaly drops down to a regional minimum of about - 450 mGal in the area of the recent 
volcanic arc, related to crustal thickening by isostatic compensation. The effect of isostatic compensation of 
topography was calculated assuming the model of Vening-Meinesz with the following parameters: density 
contrast of  the earth's mantle and crust dRHO = 0.35 g/rm-', normal crustal thickness: 35 km and a flexural 
rigidity of 10Zl Nm. The gravity effect of the isostatic compensation root was eliminated from the Bouguer 
gravityand the resulting anomaly serves a s  a residual field. The most interesting features of this field are in the 
forearc region of the Central Andes: (1) Positive values in the area of the forearc with isolated complexes paral- 
lel to the coastline. They are regionally caused by the presence of the dense subducting plate (gravity effect o f  
about 50 mGal; density contrast: 0.05 g , "  and locally by uplifted jurassic batholiths intruded into the "For- 
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macidn La Negra" and (2) the minima following a line from Ollagiie (OLL) to Calama (CAL) along 69" W, are 
caused by the Eocene volcanic arc with low-density volcanic material in the upper crust. 

CONCLUSIONS 

Both on- and offshore gravity data will play an important role in local investigations of applied geophysics and 
regional interdisciplinary interpretations.The Andean gravity field seems to be a sensitive indicator which is 
linked to many processes contributing to the tectonic framework of the Nazca subduction zone. In close 
cooperation with the Geological Survey of Chile (Santiago) we are going to complete the survey in the south- 
west and south part of the traverse (Fig.1) in early 19% and fill the gaps that still exist due to extreme logistical 
problems. In 1997 we are planning to join an international seismic reflection program with participants from 
both Americas and Germany in the Altiplano of Bolivia. 
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INTRODUCTION 

The central segment of the Andean mountain chain is characterised by active volcanism in the ma-matic 

arc, the Western Cordillera, located on the western margin of a the 2.000 km long and 300 km broad 

Altiplano plateau with an average height of 3.700 m, uplifted during late Cainozoic (e.g. Isacks, 1988). 

During the last 200 Ma. the magmatic arc of the central Andes has been displaced eastwards from the 

Coastal Cordillera to the actual position in the Western Cordillera (Coira et al., 1982; Scheuber et al., 

1994), affecting considerably the crustal structure and evolution of the forearc region. Together with the 

magmatic arc the related forearc and backarc features shifted eastwards into their actual position. 

In continuation of previous projects, within the SFB 267 seismic refraction investigations as well as 

seismological studies (Asch et al., 1994; Schmitz et al., 1994) have been realised in the forearc and arc 

region (PISCO 94 - Proyecto de Investigacibn Sismolbgica de la Cordillera Occidental) in order to 

improve the results of earlier seismic refraction studies in the area (e.g. Wigger et al., 1994). Whereas 

the genesis of the thickened backarc crust can be explained by crustal stacking, the evolution of the thick 

forearc crust is still under discussion. Information about the velocity structure including observations 

from the crustal base should help to clarify the nature of the deeper crust. 

GROSS CRUSTAL STRUCTURES O F  THE FOREARC AND ARC REGIONS 

The field work was realised in nonhern Chile by scientists from the Freie Universiat Berlin and the 

GeoForschungsZentrum Potsdam in co-operation with the Universidad de Chile, Santiago and the 

Universidad Cat6lica del Norte, Antofagasta. The main seismic refraction profile was located along the 

western border of the Western Cordillera, the recent magmatic arc (Fig. 1). In addition, in the 

Precordillera and the Western Cordillera, fan observations were realised. In 1995, complementive 

profile observations during the CINCA 95 experiment (Crustal Investigations Off- and On-shore Nazca 

Central Andes) were realised to obtain additional information on the deep stucture of the forearc. 
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Figure 1. Location of the seismic refraction profiles and the main morphostructural units in the central 
Andes. The N-S profile on the western margin of the Western Cordillera penetrates the zone of active 
volcanism (grey triangles indicate volcanoes) in the northern part, while it descends to the Preandean 
Depression in the southern part. Here, the magmatic arc shows a significant retreat towards the east. 
Shotpoin locations are: ISM = Isla Santa Maria; MAB = Mantos Blancos; CHU = Chuquicamata; 
ESC = La Escondida; OLL = Ollagtie; INA = Inacaliri; SAN = San Pedro; TOC = Toconao; PE1 = 
Peine; VAR = Pampa Varela. 

Lower crustal material is exposed in the Coastal Cordillera south of Antofagasta (e.g. Lucassen and 
Franz, 1994). From seismic refraction data between 21" and 24"S, the top of the lower crust is located 
between 7 and 12 km depth, reaching down to 20-22 km, proven by prograde phases. The most 
prominent discontinuity at 40 km depth is interpreted as Moho of the subducted Nazca Plate. The 
average crustal velocity of the Coastal Cordillera is 6.6 kmts, increasing towards the south (Wigger et 
al., 1994). In the Precordillera, the upper crust increases to 20 km thickness and the lower crust extends 
down to approximately 40-45 km. The depth range 50 and 70 km is composed of high (6.9 - 8.0 kmts) 
and low (6.4 - 7.0 M S )  velocity layers. The 70 km-discontinuity may be associated with mantle 

material or the top of the downgoing oceanic crust (eclogite ?). The upper crustal units can be followed 
into the Western Cordillera; however, the crustal velocity decreases to 5.9-6.0 kmls. The most striking 
feature in the record sections of the Western Cordillera, a discontinuity at 20 km depth beneath Ollagiie, 
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is interpreted from structural point of view as the top of the lower crust, although the crustal units below 
are characterised by partly reduced velocities. Locally limited high-velocity discontinuities in this 
crustal unit are observed down to approximately 45-50 lan depth. Assuming this depth range as the base 

of the lower crust, a 25-30 lan thick lower crust results with low average velocities of 6.0-6.2 kmls. No 
clear signals from depth levels beneath 50 lan could be recorded in the Western Cordillera. 

WHAT IS THE NATURE OF TRE DEEP CRUST? 

There are numerous geophysical indications for a thick crust in the forearc and arc regions (e.g. James, 
1971; Gotze et al., 1994; Wigger et al., 1994; Zandt et al., 1994). e.g. material with physical 

properties characterizing crustal material (low density, low seismic velocity), to about 70 km depth 
beneath the magmatic arc and the Precordillera. In contradiction, from tectonic point of view, no 
considerable thickening must be assumed for the forearc and arc regions, as Cainozoic crustal shortening 
is restricted mainly to the backarc (e.g. Kley, 1996). Therefore, with the actual state of knowledge, the 
origin of the material in deeper levels is under discussion and several solutions have been proposed. 

W Simplified section 23O30 S E 

Pacific Ocean Coastal Cordillera Precord. Preandean Depr. Western C. Puna 

Figure 2. Simplified section across the central Andes in northern Chile (23'30' S). Crustal structnues 
can be traced from the Coastal Cordillera towards the Western Cordillera with increasing thickness of 
upper and lower crust. The shape of the subducted Nazca plate can be inferred from profile- and fan 
observations in the forearc, and from locations of the earthquake hypocenters derived from the PISCO 
94 - seismological catalogue (Asch, Rudloff and Graeber, pers. comm., 1995). The deepermost crust is 
very inhomogeneous and may be composed of underplated crustal components (eroded from the 
continental margin) as well as of mantle material, strongly hydrated by fluids from the descending slab 
or differentiated by magmatic processes. Squares = shot point locations; crosses = position of N-S 
crolling profiles; black triangles = position of the magmatic arc. 

The question arises, if the depth range 20 to 45 lan is interpreted as continental lower crust, what are the 
consequences for the deeper horizons? Beneath the Precordillera, the top of the downgoing Nazca plate 
is given by deep reflections and the eanhquake hypocenters. For the depth range between the slab and 
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the base of the lower crust alternating high and low velocities are displayed. The seismic nature of the 

deeper crust and the transition to the mantle is still ullclear due to ambiguous data for this depth range. 
One explanation for the low velocity material in the deeper forearc crust could be hydrated material of 

the peridotitic mantle wedge showing reduced seismic velocities (Fig. 2). Eroded material from the edge 
of the continent that has been emplaced in the deeper forearc crust within the subduction process, may 
contribute to thicken the crust in this depth range as well. Towards the Western Cordillera, partly 
molten rocks may be responsible for the strongly reduced seismic velocities and the observed high 
attenuation of the seismic waves. 
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rnTRODUCTION 
During the past years several magnetotelluric (MV studies have been carried out in the Central 

Andes (Argentina, Bolivia and Chile) - e.g.. Mufioz et al., 1992; Schwm et al., 1994. Some of these 
studies have revealed high electrical conductivity anomalies beneath the volcanic arc and surrounding 
areas. The determination of tlie elecuical resistivity of structures in the Andean foreland is greatly 
endeavoured for understanding the tectonic processes affecting the region. Preliminary results of MT 
soundings carried out between the Cordillera Orienta) and El Chaco were presented by Kriiger (1994). In 
tliis abstract we present a new electrical model for the region based on a rigorous analysis of the former 
MT soundings and using a variety of inversion algorithms and forward modelling codes. 

MT SOUNDMG PROFILE 
The MT measurements exrunined in this study were carried out by the Research Group of 

Magnetotellurics of tlie Free Universty of Berlin. The MT soundings were undertaken in the Andean 
foreland at 24.5 - 25.5"s and 63 - 65.5"W (NW Argentina) along roughly an E-W profile of 220 km long. 
Distance between soundings ranges from about 6 to 20 km. The profile traverses the Cordillera Oriental 
(CO) and the system of Su .  Bkbara (SB), reaching the western area of El Chaco province (C). The MT 
fields were recorded in the period range 50 - 15,000s. The depths of investigation Lie from about 5 - 10 
km to 130 - 260 km. The location of the sounding sites along the profile (Col ... Vin) is shown in Fig.1 (see 
the last page of tliis abstract). 

DATA ANALYSIS AND DISTORTION EFFECTS 
The main objects of the analysis are to determine the departure of the sounding data from 

two-dimensionality (2D) and to individuate the distortion effects of three-dimensional (3D) anomalies. A 
full account of the analysis of the MT soundings is presented in the work of Lezaeta (1995) and only 
some few remarks will be presented here. 

According to the classification of distortion types c'uried out by Balu (1991) only Pal sounding site 
could be regarded as belonging to class 1 (regional 2D structure with the impedance tensor Z free from 
distortion effects). Most of the sounding data belong to class 5 (local 3D anomaly within a 2D regional 
space; strong telluric distortion) for periods generally larger than 500 - 1 0  S, and to class 7 (regional 
3D anomaly) for lower periods. Particularly, data for periods c1100 s from sites in the eastern area of the 
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profile between SB and C were seen to correspond to a 3D structure. 
The regional strike angle was determined by means of the decomposition of the impedance tensor 

Z as proposed by Groom and Bailey (1989). Clii-square errors resulting of assuming a superimposition 
model (shallow local 3D anomalies within a 2D regional space) in the decomposition of Z, twist and shear 
panmeters were encountered for each sounding site throughout the data spectrum. It was found that the 
strike of the 2D structure may be considered to lie in the North-South direction. Subsequently it was 
observed that die correction for the effects of telluric distortion did not change the original impedance 
tensor significantly. 

Static distortion due to shallow heterogeneities was examined in the data corrected for telluric 
distortion. A regional apparent resistivity was firstly obtained and the static shift for each TE apparent 
resistivity curve was achieved thereupon. The same static shift is relevant for the TM curves. The apparent 
iso-resistivities and iso-phases (corrected and not corrected for static shift) were graphically represented 
(e.g.. Jones and Dumas, 1993) and it was observed that the static correction decreases vertical trends in 
the iso-values: this ensures the correctness of the former procedure. 

LiVERSION AND FORWARD hIODELLING 
Several 2D models were obtained and their responses compared with apparent resistivities and 

phases of the impedance tensor corrected for distortion. The modelling was undertaken following 
two-dimensional synthesis of 1D inversions carried out using the method of Vozoff and Jupp (1975). 1D 
Occam's inversions (Constable et al., 1987), RN-rapid relaxation inversions (Smith and Booker, 1991) 
adopting two-dimensional forward algorithms, and 2D Occam's inversions (deGroot-Hedlin and Constable, 
1990). The complete results are presented in Lezaeta (1995). 

The models obtained using ID inversions are similar but dependent on the initial parametrization. 
2D inversion is subject to instabilities making difficult the attainment of convergence; this may be partly 
due to data that show departure from responses expected for 2D structures. Fitness between data and 
model responses is higher for soundings carried out between the Cordillera Oriental (CO) and the Sta. 
Biirbara system (SB); where they classify as corresponding to a 2D structure. The rapid relaxation 
inversions (RRI) were observed to be very sensitive to frozen resistivity vertical sections imposed on the 
inversion process. 

The most reliable former modelling results were adopted to obtain a final model (Fig.1) by using 
the finite-element forward modelling code of Wannamaker et al.(1987). The best fitness between the 
corrected data and model responses was obtained for the TE polarization mode. A model based on the 
representation of multilayered of multilayered structures by analytical functions (Osella and Martinelli, 
1993) was attained also. The major features of resistivity distribution are similar in both these models. 

DISCUSSION AND CONCLUSIONS 
The final MT niodel of resistivity distribution (Fig.1) shows Wt  the middle crust has low resistivity 

(35-IOORm) in tlie western area of the profile between Cordillera Oriental and the Sta. BArbara system. 
The lower crust is generally conductive all along the profile -this result is in agreement with the 
observation of Hylidmnn et al. (1993) about the conductive character of the lower crust in almost any area. 
A zone of very low resistivity (<lORm) is encountered beneath the western border of the MT profile at 
80 km depth; the conductive layer is at about 180 km depth beneath the areas between the Sta. BCirbara 
system and El Cliaco. The whole conductive layer is referred as constituing the electrical asthenosphere. 
According to empirical relationships between heat flow and depth to the conductive layer in the mantle' 
(e.g.. Kaufnim aid Keller, 1981; Levi and Lysak, 1956) and considering the heat flow distribution in the 
area (Mufioz 'and Haniza, 1996) and the electrical properties of mantle rocks (e.g.. Shankland and 
Waff.1977; Hjelt 'and Korja, 1993) the temperature of this layer may be of about 1200°C. 

Ex'mlination of the vertical geothermal gradients along the MT profile on tlie basis of the former 
results -and taking into accoulit tlie electrical properties of crustal rocks (e.g., Shankland and Ander, 1983; 
Hyndnian and Shearer. 1989; Glover and Vine. 1994)- has led to some insights on the rheological regime 
of tlie crust and upper in'antle in tllis region. n ie  lower crust is ductile all along the western part of the 
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profile while it is in a brittle-ductile transition regime between the Sta. BArbara system and El Cbaco. The 
critical isotherm (m 50°C) for the rheologic transition in the mantle (e.g., Chen and Molnar, 1983; 
Anderson, 1995) is largely surpassed in the western area where the Moho is at about 50 km depth; beneath 
the eastern areas where the Moho is at about 35-40 km depth the uppermost mantle is in a transition 
regime that converts into a ductile rheology at about 70-90 km depth. The foregoing insights indicate that 
the hybrid form of models of seismic attenuation as proposed by Whitman et al. (1992) is a suitable one 
for the region of the MT traverse (sections at 24.5's in Whitman et al., 1992). The low resistivity zone 
-in ductile regime- uprising in the western side of the magnetotelluric model seems to be related to the 
neighbouring active volcanic arc in direction to the Puna. 
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Kinematic models of oblique convergence by Tikoff and Teyssier (1994) and Teyssier et al. (1995) 
describe relationships between convergence direction and the orientation of instantaneous strain axes 
for models with various degrees of strike-slip partitioning on a margin parallel fault. Mechanical 
modelling by McKinnon (in prep.) of obliquely convergent margins has demonstrated that the major 
horizontal principal stress is always at a higher angle to the margin than the convergence vector 
despite reasonable variations in material properties. McKinnon has also shown that, where the margin 
is characterised by a margin-parallel fault of reasonable strength, thrust deformation will dominate 
either side of the pre-existing fault regardless of the convergence angle. The results of these two 
approaches to the problem are compatible and have implications for the interpretation of fault 
kinematics at plate boundaries which are, or have been, obliquely convergent in the past and which 
have margin or boundary parallel faults. 

Segmentation of the Chilean and Argentine Andes is a function of rate and direction of convergence 
between the South American and Nazca plates, with the possible influence of long-lived lithospheric 
scale structures (Jordan et al., 1983). The history of deformation along such large scale structures in 
the over-riding plate is likely to have been complex given that the Cenozoic convergence history for 
the Nazca and South American plates has involved a progressive clockwise change in orientation 
(Pardo-Casas and Molnar 1987). Late Cretacceous motion of the Nazca plate was divergent with the 
South American plate at a very low angle, it then changed to more northeasterly directed convergent 
motion through the early Tertiary and became steady oriented convergence at at high angle to the 
margin since the Eocene orientation (Pardo-Casas and Molnar 1987). Similarly, deformation along 
variably oriented crustal structures in Papua New Guinea during obli~ue convergence in the Tertiary is 
likely to be complex. A number of proposed crustal structures h e  considered related to mineral 
deposits in Papua New Guinea. These range in orientation but form two main groups, they are those 
which are approximately margin perpendicular and those which are approximately margin parallel 
(Corbett 1994). Because mineral deposits are often spatially related to crustal structures (e.g. Boric et 
al. 1990) modelling may be used to investigate conditions of deformation which may have contributed 
to the locations of mineral deposits at convergent margins (ie. the Andes and Papua New Guinea). 

Mechanical modelling is investigated here as a tool for exploring the consequences of various 
convergence histories on the crustal structure of the Andean and Papua New Guinean margins. It has 
been carried out using the finite difference computer code FLAC (Fast Lagrangian Analysis of 
Continua, Cundall & Board 1988, Itasca 1992) on much simplified models of continental margin 
structure. The code has been successsfully applied to other studies of problems of stress distribution at 
a continental margin (e.g. Zhang et al. in press). Here we explore the possibilities for creating zones of 
dilation suitable for emplacing mineral deposits or mineral deposit-related intrusions located on or 
near continental margin, crustal scale structures. We describe the results of modelling some of these 
structures which may be related to mineral deposits. 
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The models presented form part of a series of models which progressively incorporate more 
complexity. Tbe series of models are: 

- the Falla Oeste as a planar, margin parallel fault with a variation in plate convergence 
angles representing strongly contrasting plate motions since the late Cretaceous; 
- the Falla Oeste with a more complex yet generally margin parallel, non-planar geometry 
with the same variations in convergence angles; 
- an approximately margin perpendicular structure fiom Papua New Guinea with - - 

convergence angle of approximately 559 
- an approximately margin perpendicular structure together with a margin parallel structure - - 

fiom Papua New Guinea with convergence angle of approximately 55O. 
- the Falla Oeste with a more complex yet generally margin parallel, non-planar geometry 
with the same variations in convergence angles and including the presence of an out-board 
margin parallel, planar fault representing the Atacama fault system. 

Flgure 1. al The Falla Oeste In the Chilean Andes and range of approldmate Nazca plate convergence dlrectlons 
with respect to the South American plate since the late Cretaceous. b) Interpreted msta l  scale structures in h p u a  
New Gulnea and current convergence dlrectlon of the hciFlc plate wlth respect to the Austallan plate. 
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ABSTRACT : 

A temporary network of 41 Lithoscope seismic stations was operated for 6 months in Northern Chile and 
Bolivia, crossing the entire Andean belt at 20"s. 

The first step was to study the crust and upper mantle performing a teleseismic tomography. This study 
allows to image the velocity perturbations associated with the oceanic Nazca plate subducting beneath 
continental South America. 

In our presentation we will focus on the second step devoted to a simultaneous inversion of arrival-time 
data from local earthquakes located within the Wadati-Benioff zone. This inversion for velocity and 
hypocentral parameters in a strongly heterogeneous region was carried out in order to test and strengthen 
the results obtained for the Andean continental lithosphere by classical teleseismic tomography. 
Within the crust, the local tomography gives a smoothed image of the lateral velocity variations that 
matches the structures determined by refraction profiling. A comparison of our results with those 
obtained previously along other segments of the Andean belt is presented. 
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INTRODUCTION 
Considerable amount of geothermal work has been carried out in South America over the last few 

decades, but lack of efforts for evaluating the significance of such observations on a continental scale has 
been an obstacle in understanding the nature of tectonic processes affecting the continent. Attempts to 
prepare a heat flow map were initiated as early as 1982; during the period 1985-1987 further 
improvements in the data base for Brazil led to the preparation of a set of geothennal maps for the 
Brazilian territory (Hamza et al., 1987). The preliminary heat flow map of South America presented here 
is based on improvements made on these earlier maps. In the present work the available geothennal data 
have been put together in a form suitable for the evaluation of regional geothermal characteristics. We 
also report the progress obtained in preparing mosaics of regional heat flow variations in the South 
American continent. 

DATA BASE AND QUALITY LEVELS 
The data compiled in this work are based on both published as well as unpublished reports of 

geothemal investigations in Soutl~ America. Because of the large amount of related bibliographical 
material t l~e sources of geothermal data wil.! not be referenced here. The compilation includes 655 heat 
flow determinations; thus the overall data density is 37/106 km2, a value comparable to data densities in 
several regions of eastern Europe at the time of preparation of the preliminary heat flow map of Europe 
(Cermak and Hurtig. 1979). Different methods have been used for determining heat flow in the South 
American coutinent. In order to make use of such data, having a wide spectrum of quality levels, a 
priority sc11e111e was adopted tl~at takes into account not only the reliability of the technique used but also 
tl~e nature of primary geotl~ennal data. The distribution of available data within such a priority scheme 
is sl~own in Table 1. 

TABLE 1. Priority of tl~e Geotl~ern~al Data 
Priority Level Geothermal Methods Percentage of Data 

High Conventional Logging (CVL) 60 
Rottom-Hole Temperature (BHT) 
Underground Mine Measurements (h.1GT) 

Ir~termediate Conventional Bottom Temperature (CBT) 6 
Aquifer Tenlpemture (AQT) 
Oceanic-type Probing (OHF) 

Low Geochenucal Estimates (GCL) 
Thermal Fluid Discharge (TFD) 
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The spatial distribution of data is non-uniform and relatively reasonable data densities are available 
only for certain specific regions in Chile, Brazil, Venezuela, Bolivia, Argentina and Penj. In spite of such 
difficulties the available data set has allowed not only the determination of reliable mean heat flow values 
for a large number of major geological structures but also the preparation of mosaics of regional heat flow 
variations. 

AUTOMATIC AND MANUAL CONTOURING 
In map preparation efforts a variety of contouring schemes were tested using commercially available 

software packages such as the GMT (Wessel and Smith, 1992) and the SURFER (Golden Software Inc., 
1994). The data interpolation methods employed in automatic contour map generation include adjustable 
tension continuous curvature gridding algorithm as well as kriging. The area selected for automatic 
contouring lies between latitudes 0''s and 40"s where the data quality is relatively better and its 
distribution rather uniform. Due to space limitations the automatic contouring maps are not shown in this 
abstract. 

For manual contouring the procedure employed uses information on tectonic setting to control the 
interpolation scheme, a procedure which has been employed with success by Cermak and Hurtig (1979). 
The main advantage of this tecllnique is the ease with which geologically meaningful restrictions can be 
imposed on tile aereal extent of anomalies that are of questionable character. The map prepared by 
manual contouring is presented in Fig. 1 (see the last page of this abstract) where an upper limit of 100 
mw/m2 has been imposed for the contouring range and 20 mw/m2 was selected for the contouring 
interval. Contouring has been extended to regions above the Equator using inferred values of heat flow 
based on the heat flow-age relationship (Polyak and Smirnov, 1968; Hamza and Vemw 1969). employing 
essentidly the same procedure as that adopted by Chapman and Pollack (1975). In the southeastern part 
of the Patagonian Platform contouring has been based on the geothermal gradient maps of Robles (1987; 
1988). 

The prominent features in the maps generated by autonutic contouring are also encountered in the 
map produced by manual contouring. There are however some differences in the shapes and sizes of the 
thermal anomalies, arising mainly as a result of taking into consideration the tectonic background in the 
interpolation scheme. 

DISCUSSION AND CONCLUSIONS 
The preparation of Ule heat flow maps has led to the identification of some geothermal features that 

may be related to tectonic processes affecting the South American continent. Prominent among these are 
east-west trending belts of low heat flow in northern Penj and in central Chile (extending into Sierra 
Parnpeanas in Argentina) as well as the belts of high heat flow in northern Chile (extending into the 
Altiplano and Bolivia) and soutliern Chile (extending into western Argentina). The low heat flow belts 
are found to coincide approximately with the flattening of the Wadati-Benioff zone. Some of these 
features are found to correlate well with results of studies on anelastic attenuation (e.g.. Whitman et al., 
1992). electrical resistivity distribution (hluiloz et al., 1992; Schwm et al., 1994) and some patterns of 
global seismic toniography (e.g., Zhang and Tanirnoto, 1991). These features are not seen in the recent 
spllerical harmonic analysis of heat flow (Pollack et al., 1993). which suggests that use of empirical 
predictors based on the heat flow-age relationship in divising global heat flow maps should be restricted 
to tectonically stable areas. Low heat flow values in Panama and northwestern Colombia could arise as 
a result of undertluusting of cold oceanic crust eastward of the trench line (Sass et al., 1973). 

In the ensteni part of the continent heat flow is low to normal (mean values <75 mw/m2) but there 
are indications Uiat lieat flow in tlie Patagonian Platform is high compared to that in tlie Brazilian , 

Platfomi. High heat flow anonialies are observed in the northeastern region and in the Mato Grosso 
(soutll-central region) of Brazil. It is worth noting tltat the aionialy in tlie northeastern region is 
contiguous witli the westward extension, onto the continet14 of the Fernando de Noronha oceanic 
line'ulient, known for its recent volcanic and magmatic activities (Almeida, 1958). Recent results of 
surface wave propagation indicate higher than normal slowness factor for this region (Souza, 1994). In 
the region of Mato Grosso heat flow is high along a narrow belt extending from tlle eastern part of Bolivia 
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to the western border of the Sao Francisco craton. This is also an area characterized by the occurrence 
of a large number of tliermal springs. Recent subcrustal magma emplacement could explain the high heat 
flow anomaly in this region but evidence for associated uplift is lacking. 
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Fig.1. Heat flow map of South America produced by manual contouring (see next page). 
Data types are give11 iu Table 1. 
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In the period from 31st July to 22nd August 1995, during the first phase of the CMCA95 (Crustal 
Investigations off- and on-shore Nazca/Central Andes) experiment the airgun pulses fired from the RV 
S O h m  (cruise no. 101 of the RV SOhhZ) along the marine seismic lines (S0101-05 - 50101-29, Fig. 
1) were recorded by a mobile land array (Wander .bray) of 12 seismic stations at Posl-Pos5 (Fig. 1) 
along the Chilean coast. The land array consisted of 12 Geotech PDAS 100 recorders deployed about 
1.85 km (1' of latitude) apart. The average spacing of the airgun pulses was 50 m in distance (18 s in 
time) and thus a total of several tens of thousands of pulses were observed by the Wander Array. The 
first deployment at Posl followed immediately after the large Antofagsta earthquake on 30th July and 
the aftershock data recorded by the array will be of use in the study of the earthquake activity in the 
region. Unfortunately, however, the strong aftershocks completsly masked the airgun signals and thus 
no useful data from the airgun pulses were obtained during this deplojment. However, useful data from 
the airgun pulses were obtained from the other four deplojments at Pos2 to Pos5. Good quality data were 
often obtained out to about 100-150 km distance. 

During the second period of the CNCA95 campaign from August 28th to September 10th 1995, parts of 
the shot program from the first period (lines S0104-7, 9 and 13, see Fig. 1) were repeated for recordings 
on OBHs (Ocean Bottom Hydrophones) and nide-angle stations on-shore. The southernmost line was 
slifted northwards from S0101-5 to 50101-13. This was a prompt reaction to the Antofagasta 
earthquake of July 30th 1995, which provided the unique occasion for crossing the aftershock area of a 
recent earthquake with a seismic profile. The short ppnd i cu l a r  lines (203, 303, 403 and 401) were 
fired additionally. While OBHs were placed along the marine seismic lines, 22 digital (PDAS-100) and 
7 analogue (U9RS66) recorders were deployed on-shore with an average spacing ranging from 3-6 km 
along the eastward prolongation of the marine seismic lines (see Fig. 1, lines S0101-7, 9 and 13). In 
addition to the airgun pulses chemical explosions were used as seismic sources at the eastern- and 
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Fig. 1: Location map for CU'WA95 on-shore wide-angle seismic experiment. The marine seismic lines S0104-05 - S0104-28 and 203.303.403 and 
404 are shown together with the posilions of the recorders deployed on-shore and the chemical shots and quany blasts recorded. 
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Distance [km] 

Fig. 2. a) Receiver Gather for receiver no. 2 (nearest to the coast) on seismic line S0104-07. The data have been corrected 

for water depth and are plotted in the form of a reduced time - distance record section. The 900 traces have been normalized 

individually and band-pass filtered (3-12 Hz). Reduction velocity = 6 k d s .  Key: Pg - refracted phase from the upper crust; 

PrnP - reflected phase from crust-mantle boundary of the Nazca Plate; Pn - refracted phase from the upper-mantle; a - 
supposed reflection. 

b) Two-dimensional velocity cross-section derived from receivers on the land extension of line S0104-07 at 21% All 

velocities are given in k d s .  
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westernmost ends of the digitally registered lines, providing refraction seismic record sections which 
give further information on the structure and velocity distribution at the western edge of the south 
American continent. The average spacing of the airgun pulses was 160 in in distance and the average 
length of the marine lines was 160 km. The quality of the data in general is good and arrivals can be 
seen up to a distance of 260 kni. 

RESULTS 

The data example chosen (Fig. 2a) represents a receiver gather of high quality from profile S0104-7. Up 
to a distance of 68 km the first arrivals are correlated with the refracted phase through the upper 
crystalline crust (Pg). Its apparent velocity is 6.0 MS after correction for water depth. From a distance 
of 68 km up to a distance of 105 km arrivals with large ai~plitudes can be recognized in the section. 
They are interpreted as the reflection from the crust-mantle boundary (Moho) of the subducted Nazca 
plate W). Beyond a distance of 100 km the first arrivals form a refracted phase (Pn) travelling in the 
uppermost mantle with an apparent velocity averaging 9.5 MS after water-depth reduction. This high 
apparent velocity results from the seismic phase travelling updip in the subducted Nazca plate. The first 
arrivals seen between 70 km and 98 km are at this stage of interpretation modelled as Pg arrivals. 
However, this phase can clearly be interpreted as a reflection from an intra-crustal reflector on some 
record sections. The correct identification of t h s  phase will require intense examination and modelling 
of the data. 

The resulting velocity model shows the Nazca plate being subducted at an angle of 12' with the Moho 
reaching a depth of 40 km underneath the coast. Both the dipangle and depth are in good accordance 
with the earthquke locations from the CINCA95 seismological experiment and the Moho depth also 
agrees with the model of Wigger et al. (1994). The uppermost continental crust off-shore is covered by a 
layer of low velocity material, whch thins towards the east near the land, where the sediment layer 
thickness does not exceed 1 km. The reflections seen in some of the record sections give rise to a steep 
reflector forming a wedge with the downgoing plate. This reflector could be interpreted as a shear zone 
separating the wedge from the rest of the crust. 

The complete interpretation of all wide-angle data obtained during the CINCA95 project will give a 
picture of the trench area between 20' and 25' S and help to understand the character of the processes 
occurring in connection with the subduction of the Nazca plate. 
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A temporary network of 54 Lithoscope stations was operated in Central Ecuador from December 
1994 to May 1995. It included 19 3-component stations with 5 s sensors and 35 vertical short-period 
stations. To allow precise location of hypocenters and 3D tomography of the lithosphere, stations were 
installed on 2 sub-parallel E-W lines 250 km long intersected by 3 N-S lines 100 km long. The network 
crossed the whole Andean chain on a width of 100 km between Quito and Riobamba. 

One of the main objectives of the experiment was to investigate the lithospheric structure of the 
Ecuadorian Andes from tomographic inversion of teleseismic traveltime residuals. This goal was impossi- 
ble to achieve due to the surprisingly small number of teleseismic events that were recorded. We suspect 
that this lack is due to the presence of a strongly attenuating layer in the mantle andlor the crust beneath the 
network. We hope that further investigations of local earthquake data will help in understanding the origin 
of this unexpected observation. 

For the seismotectonic study, more than 1000 local events have been located using arrival times 
from the Lithoscope and the permanent stations of the Instituto Geofisico of Quito (Guillier et al., this 
volume). The subset of the best events will be used to invert simultaneously for hypocentral parameters and 
3D velocity structure following the procedure described by Kissling et al. (1994) and using the iterative 
inversion method of Thurber (1983). We expect that, thanks to a better distribution of stations, the inversion 
of this dataset will significantly improve the tomographic image computed by Plivot et al. (this volume) 
using arrival times at permanent stations. 

REFERENCES 
Guillier, B., J-L. Chatelain, A. Alvarado, H. Yepes, G. Poupinet and J-F. Fels, 1996, Lithoscope experiment 
i n  Northern Ecuador: Preliminary results, ISAG 96, St Malo. 

PrCvot, R., J-L. Chatelain, B. Guillier, and H. Yepes, 1996, Mapping of the P wave velocity structure 
beneath the Ecuadorian Andes, ISAG 96, St Malo. 

Kissling, E., W.L. Ellsworth, D. Eberhart-Phillips, and U. Kradolfer, 1994, Initial reference models in local 
earthquake tomography, J. Geophys. Res., 99, 19635-19646. 
'rhurber, C.H., 1983, Earthquake locations and three-dimensional crustal structure in the Coyote Lake area, 
central California, J. Geophys. Res., 88, 8226-8236. 



Third ISAG, St Malo (France), 17- 19/9/1996 



Third ISAG, St Malo (France), 17-19/9/1996 
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We analyze broadband data from portable stations of the BANJO, SEDA and PISCO experiments to 
determine shear wave splitting parameters (fast polarization direction Q, delay time 6t) beneath the arrays. 
The BANJO array constitutes an 800 km-long east-west transect at a latitude of 20' south. It extends from 
the west coast of South Ame$ca (near Iquique) to the Chaco Plain, east of the Andes. The SEDA array is 
located between 16' and 21 south in a line roughly parallel to and 500krn east of the coast. The PISCO 
array is situated in a roughly equidimensional array between 21 and 26O south. Results for the BANJO 
array, using teleseismic SKS. SKKS and PKS as well as ScS from deep-focus events, which take near- 
vertical paths through the upper mantle, reveal the following pattern. Delay times vary from 0.5 s to 1.3 
S. All but one stations show Q almost EW. This direction is approximately onhogonal to the trench and 

0 
the slab contours. However, the value of Q for one station follows the contour of the slab (-30 ). In 
addition, we have measured splitting in S waves from local deep-focus events from the north (related to the 
Bolivian earthquake of 1994) and the south (Argentina). These ray paths sample the above-slab region is 
nearly the same place, but sample the below slab region about 200km north and south of the BANJO line. 
The resulting values of Q for the western BANJO stations are more northerly than the teleseismic results 
for the same station and suggest rapid variations in anisotropic properties north and south of the BANJO 
line from below the slab. The SEDA stations reveal values of Q that are locally parallel to the contours 
of the Nazca slab, with Q rotating from 60' in the north to 10' in the south, and with 8t around 1s. These 
are more or less consistent with the values of I$ for the BANJO direct-S measurements that sample the 
subslab region in the same locale. The PISCO. stations further to the south reveal a less clear-cut pattern. 
There is a mixture of NS and EW values of + with a predominance of EW values. Taken together, these 
results reveal an intriguing pattern: a thin coherent east-west band of EW-fast values of Q, with 
predominantly trench-parallel values of both north and south of this zone. They furthermore suggest that 
this pattern originates from below the slab. There is no morphologic feature in the slab itself that could 
cause the observed pattern. Based on knowledge of how olivine deforms, the observed subslab pattern 
suggests a complex three-dimensional flow field beneath the Nazca slab, consisting of both trench-normal 
and trench parallel components. The trench-parallel component may be the result of the trenchward motion 
of the South American plate in a hot spot reference frame. It has been argued previously that this 
component provides the large-scale structural control of the Andes (Russo and Silver, 1994; 1996) 
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In order to isolate the mantle-wedge component above the slab, we have performed splitting 
analysis on local intermediate-focus events. While the values of (I are difficult to constrain, the delay times 
are found to be about 0.3-0.4s. This is larger than the values usually obtained for crustal splitting (global 
average is about 0.2s. even regions with a large crustal thickness, such as Tibet, see McNamara et al, 
1994), suggesting that there is some mantle-wedge component, although it is small compared to the 
values usually obtained for stable continental regions (Silver, 1996). The remaining signal is due to the 
subslab region. For the eastern BANJO stations, the top of the slab is deeper than 300 km, so that the 
subslab zone is below the olivine stability field. Therefore, the subcontinental mantle probably provides 
the dominant contribution. In this region, the EW direction, subparallel to the relative plate motion of the 
hazca plate, could be explained by slab-induced delamination of the subcontinental mantle. Alternatively it 
could be due to 'fossil' anisotropy associated with the Brazilian Craton. Spltting values obtained from the 
BLSP experiment further to the east in Brazil (James and Assumpcao, 1996), which show a close 
correspondence to cratonic geology, suggest the latter interpretation. 

James, D. E. Assumpcao, M. 1995. Tectonic implications of S-wave anisotropy beneath SE Brazil. 
Geophys. J. Int, in press. 
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anisotropy beneath the Tibetan Plateau, J. Geophys. Res. 99, 13,655--65 

Russo, R., Silver, P.C. 1994. Trench-Parallel flow beneath the Nazca 
Plate from seismic anisotropy. Science, 263, 1105-1 1 

Russo, R., Silver, P. G. 1996. Cordillera formation, mantle dynamics and the Wilson Cycle. Geology, in 
press. 

Silver, P. G, 1996. Seismic anisotropy beneath the continents: Probing the depths of geology. Annu. 
Rev. Earth Planet. Sci., 24, 385-432. 
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INTRODUCTION 

Andean plat,eau evolution is controlled by plate driving forces and plateau induced volume 
forces increasir~g wit.11 plateau elevation. .Neot,ectonic data and the recent stress field indicate 
t.hat at  present both forces are of con~parable magnitude (hiercier et al., 1992; Assumps50 and 
h!. Araujo, 1993). This is support.ed by results of two-dimensional analytical (Froidevaux and 
Isacks, 1984) and elastic numerical(Richardson and Cohlent.z, 1993) ~nodellings t,o calculate t.he 
state of stress in the Andean plateau and adjacent areas. \\'dorvinski and Bock (1994a and b) 
used a temperature dependent viscoplastic flow model to study the evolution of deformation and 
topography of t.l~e Andean plat.eau. Their model predicts many import,ant large scale features of 
Andeau plateau evolut.ion such as the present day t.opography and migration of s~~r f ace  defor~nat.ion 
from the cent.ral part of t,he Altiplano/Puna to t.he Subandean range. But, it cannot predict t,he 
decrease of indent.ing velocity with increasing plateau t.opography as s~~ggested by \Vdowinski and 
O'Connel (1990), because of t.he used velocity boundary condition ( b . ~ . ) .  

THE MODEL 

In order to invest.igat.e the effect of growing plateau forces a velocity-dependent force b.c. 
was applied t.o geometrical simple two-dimensional lithosphere models a.t different st.ages of plat.eau 
evolution. Because of the non-linear and strongly temperature dependent viscosity (power law 
creep) of the lit.hosphere a constant force b.c. can lead to very unstable models with unrealistic high 
strains rates. Thus, in this st.udy a mixed (force, velocity) b.c. was applied follo~ving Cliristensen 
(1992)) who used this type of b.c. in numerical models of lithospheric ext,ension. The force acting 
at the model boundary is 

F(v) = F. - (Fo/tro) v 

where F. is t.he tectonic force at zero velocity and tie the maximum possible indent.ing velocity, the 
velocity of the right model boundary, caused by Fo. The values of F. chosen in t.his study are 3, 
4.5 and 6 X 10" Newton per meter lithosphere perpendicular to t.he two dimensional model. This 
is equal to an average horizontal t.ectonic stress acting at the 125 t.hick lithosphere model of 24, 
36 and 48 hiPa, respectively. For 1.0 a value of 3 cm/a was chosen. Considering the model as a 
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part of a larger syst,enl t.he physical idea behind this type of 11.c. is that t,lle finit.e viscosity of the 
"outside world" limits the indenting velocity even when the model itself is very wea.k. 

inplane relative stable I shortening I stable 

tectonic forces weakened by magmatic 
volume forces activity (partial melts ?) 

1000 km 

thermal perturbation (TWZ) 

Figure 1 a) Schematic cross section sho\ving t.he upper plate of the Central Andea.n subduction 
zone (vert.ical exaggerated). b) Geomet.ry and boundary conditions of t.he numerical model. The 
(inplane) relative stable forearc region is not part of the model. 

In order to keep it simple t,he inplane relative stable forearc region is not pa.rt of the studied 
numerical model (Fig. 1). Since t,he weakened lithosphere in t,he area. of t.he magnia.tic arc is not 
capa,hle to  transmit tectonic stress t>his simplificat.ion should have no effect on the deformation in 
or east of t,he magma.t.ic a,rc, where t.he largest part of crust,al short,ening is accommodated (e.g. 
Schlnitz, 1994). This model also assulnes that mantle drag forces a t  t.he base of the lit.hosphere 
(within t.he modelled area) are negligible. The finite element (FE) code used in t.his st.udy is an 
a.dopt.ed version of the code written by Shimon Wdowinski, used and described hy Wdowinski and 
Bock (1994a and h). 

RESULTS 
Fig. 2 shows the velocity field and the effective strain rate (the second invariant of the 

strain rate tensor) of the model with F. = 6 X 1012Nin-l a t  two different stages of plateau 
evolution (t.wo and four km elevation). Similar to t.he models of Wdowinski and Bock (1994a and 
b) deformation is concentrated in a thermally weakened zone (TWZ) up to about two km plateau 
elevation and migrates to  the non-elevated parts of models with higher plateau elevat,ion (see also 
Fig. 3a). But in contrast to  t.heir models the indenting velocity strongly depends on temperature 
deflection in the TWZ (not shown here) and decreases wibh increasing plateau elevat.ion (Fig. 3b) 
because of the force b.c used here. The tectonic force F. necessary to  drive a plateau evolution of 
4 km is a t  least 4.5 Ntn-l. This value which coincides with results of static rllodels (Froidvaux 
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an Isacks, 1984; Richardson and Coblentz, 1994) exceeds t.lle value of t.lie ridge force (e.g. 
Bot.t, 1993). This supp0rt.s the assumption of additional n~ant.le drag forces acting to drive the 
South America Plat,e in western direction (Xleijer and \lrortel, 1992) a ~ l d  therefore cont.ribut.ing t.o 
Andean plateau evolut.ion. The force F applied a t  the models increases wit.11 plateau topography 
and decreasing indent.i~ig velocity (Fig. 3c). In co~ltrast  t.o the i n d e ~ ~ t . i ~ ~ g  velocity tlie force F is 
re~iiarkably independent of F. except for elevat.ions between 2.5 and 3.5 knl, wllere t.he transit.ion 
fro111 syni~netrical pure shear conlpression in the T\VZ (Fig. 2a) t.o a.symmet.ric plat.eau forces 
controlled deforniat.ion (Fig. 2b) occurs. 

CONCLUSION 

T h e  indenting velocity, the velocity of tlie right model bountlary, decreases significantly 
with increasing plateau elevation. Because of tlie non-linear stress-strain relation of dislocation 
creep controlled rheology this affects not only tlie velocity but also the st)le of deformation within 
the model. This e~npliacises the importance of a force boundary co~~t l i t ion  for numerical nlodels 
of plateau evolution. A comparison between the recent s l~or t e~ i i~ ig  rate and tlie average value over 
the last 26 hIa (about 1 cm/a) can be used to constrain tlie dynamic parameter co~itroll i~ig Andean 
defornlation. Tlie velocity of tlie model surface can be conlpared wit11 GPS d a t a  of the SAGA 95 
profile running from the coast to the undeformed Brazilian sliield (at about 23OS), provided that  
the data  between the magmatic arc and the Brazilian sliield reflect tlie long term defornlation. 
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Figlire 2 Effective strain rate and the velocity field of the model \vi( l i  I,wo and four km elevation 
of the left hand side. The parameter for the mixed b.c. are: F0 : G X 10 '~1~ i i i - ' ,  v0 : 3 cm/year 
(see text,). S.E: e1ement.s wit,h a high viscosity t.o achieve a no-tilt bol~~ldat.y, not. considered t.o be 
part of the lithosphere model. 
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Figure 3 a) Horizontal velocity (positive to the left) a t  the surface of tlie model with the indicated 
parameters describing the mixed b.c. . The left model boundary is fixed. TM'Z: area of a thermal 
deflection, slope: area of the slope. b) The velocity (positive to the left for compression of the 
model) of the right model boundary as a function of plateau elevation. ext: ext.e~lsion, comp: 
compression of tlie model. F. in 1012A'in-1. c) The force F applied a t  the rigllt model boundary 
as a function of plateau elelration. 
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Introduction 

The Andean chain forms an elongated structure about 7500 km-long located along the Western 
South American margin, with considerable latitudinal variations in width. Our zone of interest, 
located in Ecuador at the northern termination of the Central Andes segment [Jordan et al., 19831, is 
a downsized 220 km-wide structure of the 800 km-wide broad structure in Central Bolivia. The main 
morphological expressions of this reduction are : ( I )  between the Western and Eastern Cordilleras, 
the disappearance of the Bolivian Altiplano (220 km wide), replaced by the Ecuadorian Interandean 
depression (20 km wide), (2) the reducted width of the Cordillera with a great change from 400 km 
at 20"s (Bolivia) to 140 km at 1"s (Ecuador), and (3) the contraction of the-Subandean zone from 
a 180 km width in Bolivia to 60 km in Ecuador. These variations. described by Winter [1990]. are 
the consequence of the complex process of mountain building in the Central Andes. A better 
knowledge of the velocity structure will help to constrain and understand this process. Dorbath et al. 
[l9931 performed a tomographic inversion of seismic data for the Bolivian Central Andes and 
mapped lateral variations of velocity. They found a clear relation between surface structures and the 
lithospheric velocity structure: lower velocity beneath the Altiplano Plateau, and higher velocity 
beneath the eastern flank of the Eastern Cordillera. Farther South, at 24.5"s latitude, in the same 
Central Andes domain, Whitman [l9941 mapped variations of the hloho depth beneath the eastern 
margin of the Andes and found a decrsase of its depth from the plateau to the eastern flank. A 
similar result is also found by Dorbath et al. (19931 in Bolivia. 
The aim of this study is to map the velocity structure and the dspth of the Moho of a segment of the 
Andes and to complete the above mentioned previous studies by producing a velocity model at the 
Northern termination of the Central Andes i n  Ecuador. In this study, travel time residuals of P-waves 
recorded by a local network in Ecuador, are inverted to obtain a velocity structure beneath the 
station array. Teleseismic data have heen added to the inversion, to stabilize the velocity at depth. 
Finally, the velocity structure is associated ~ i t h  surface geomorphological units. We  find that there 
is an apparent continuity in the velocity structure along the Central Andes : in Ecuador. the 
Cordillera margins have higher velocity than the Interandean depression, and the Moho depth 
increases beneath them, as observed farthsr South from previous studies. 

Data and hiethod 
Data used i n  this study are arrival time of P and S waves of earthquakes at local and teleseismic 
distances. Local data come from events recorded between 1990 and 1993 by an array of a total of 
43 seismic stations from the National Seismic Network run by the Instituto Geofisico of the EPN. 
From the initial set of 2432 local events located using HYP078, a final set of 1294 events was used 
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for inversion. These selected events have at least 3 s  arrival times, and after relocation the root 
mean square residual (RMS) is less than 1.0 s and the condition number less than 100. P arrival 
times from 273 regional events, reported by the ISC bulletin between 1971 and 1987, was also used 
for inversion. Located in Ecuador, these events-are recorded by WWSSN seismic stations in South 
America. All the selected teleseismic events have RhlS than less 1.0 s after relocation. Finally a 
total set of 14684 P arrival times and 7472 S arrival times were used for inversion, where P and S 
wave velocities and hypocenters are determined simultaneously [Aki and Lee, 1976 ; Roecker, 
1982 ; Roecker et al., 1987 ; Abers and Roecker, 19911. In using this technique, we tried to explain 
as much residual as possible by first relocating events and calculating station corrections, and then 
by perturbing the velocity structure. Because of the paucity of published geophysical data in this 
region ( e.g., S wave attenuation, apparent velocity) to corroborate our results, we consider as 
reliable results those which are associated with large geomorphological structures of the region. 

Results 
One-Dintettsional structures 
The starting velocity model has been adapted from Ocola et al. (1977), Fliih et al. (1981) and 
Leeds (1977). Because of the important contrast of velocity at the bloho transition, it is important 
to set the Moho depth. The previous authors found its depth varying from 43 to 66 km. Dorbath et al. 
[l9931 found a depth of 50 km beneath the Eastern Cordillera in Central Andes. From all these data, 
we assumed a Moho depth of 50 km. 
Results from the one dimensional inversion show both P and S wave velocity monotonically 
increasing with depth, without obvious low velocity zone (LVZ). However, an important velocity 
decrease is observed in layer 5, where the initial 6.40 km/s velocity is down to 6.21 km/s. The same 
pattern, although much more pronounced, is observed in Vanuatu [Prtvot et al., 19911 where a clear 
LVZ appears on the one dimensional profile. By analogy with the Vanuatu study, we suspect the 
presence of a low velocity body in layer 5 of the three-dimensional structures. 
The Three-Dimetrsiottal Structures 
The Ecuadorian Andes topography shows a very contrasted figure which probably reflects complex 
subsurface tectonics, with a complex associated velocity structure. This region is poorly known, so 
we are searching only for major velocity structures that can be related to the surface topography. To 
address this problem, a relatively coarse block model is used in the inversior! process. Each layer is 
divided in 60x60 km blocks. The best azimuthal orientation for the grid is N30E, parallel to the 
Andes north of 1"s. In this direction, the reduction in variance is maximum, and thus a correlation 
exists between the geometry of surface structures and the underneath velocity structure. As we are 
searching for large structures, we are limiting our investigation to the first iteration of the inversion 
process. We assume that if any major structure exists, i t  must come up immediately in the inverse 
study and details will be absorbed into the averaging of the block velocity. As a consequence of this 
coarse study, the reduction in variance is a low 16% . 

Discussion 
Shallow structure (0- 10 km ; Figures l a and I b) 
The only well resolved blocks (resolution > 75%) are those just beneath the seismic array of  
stations. A common pattern for these first two layers is observed : blocks located beneath the 
eastern margin of the Cordillera have higher velocity than those located right below the Interandean 
depression. The lack of resolution beneath the western margin Cordillera prevents us from 
comparing velocities beneath these two margins. On the other hand, smaller blocks in our model 
could provide a better picture of the velocity structure but numerous details will appear at the same 
time and other geophysical data (e.g., refraction data, gravity) are needed to constrain the 
interpretation of these features, which do not exist. 
Lower crust structtlre (10-50 km ; Figures lc, Id, and le) 
As we investigate deeper into the crust, the three layers between 10 and 50  km' depth show more 
blocks with resolution greater than 75%. Layer 3 (10-20 km) shows very little lateral velocity 
variation and is considered as an homogenous layer (Figure lc). 
In layers 4 and 5 remarkable high velocity blocks are bordering the western flank of the Cordillera, 
in a direction parallel to the Andes (Figures Id and le). Beneath the Andes, velocity is everywhere 
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lower. Unfortunately, a lack of resolution prevents us to determine the velocity structure beneath the 
eastern flank of the Cordillera. 
As mentioned above, the one-dimensional velocity profile shows a sensible decrease of velocity i n  
layer 5. In the three-dimensional solution, a particularly low velocity block (6.05 krnls) is found in 
layer 5. 
Upper  Mantle (50-75 km ; Figure I f )  
Most of the local data are located above 50 km depth and i n  using only local data, we are unable to 
have a resolution >75% at this depth. So, teleseismic ISC data have been added to the local data to 
improve the resolution of the layer beneath 50 km depth. The initial poorly resolved velocity 
structure is still preserved but resolution is now largely improved. In other words, the addition of ISC 
data is just improving the velocity image deduced from the local data. 
Except for a relatively low velocity zone located along strike the Andes, most of blocks have 
velocity greater than 8 kmls indicating a transition from the lower crust to the upper mantle and the 
hypothesis of an average 50 km hloho depth is consistent with these results. A simple explanation 
to account for the low velocities found in layer 6, is to consider a down dip Moho wiggle, occurring 
beneath the Cordillera. Unfortunately velocities in  layer 7 (75-150 km, figure Ig) are very instable 
because only the teleseismic events account for determining this structure and i t  is impossible to 
determine how deep is the bottom of the hloho wiggle. 

Conclusion 
The aim of this study was to investigate. if major velocity structures were apparent beneath the 
Ecuador Andes. Because of the paucity of geophysical studies in  this region, we restrain our study 
to the big structures, which can be related to the surface topography. Generally the crustal velocity 
beneath the Andes is lower than the. velocity found on the margins of the Cordillera (Figure Ig). 
The volcanic activity along strike the chain inducing a thermal anomaly, could be a factor to 
explain this relative low crustal velocity. In the lower crust, a permanent nest of seismicity is 
occurring inside a particularly low velocity zone (6 kmls) at crustal basement (Figure le). The 
most interesting features found i n  this study are (1) the probable down dip wisgle of the Moho along 
strike the Ecuadorian Andes, and (2) remarkable high velocity blocks bordering the western flank of 
the Cordillera, in a direction parallel to the Andes (Figures Id and le), while velocity is lower 
beneath the Cordillera, as observed farther South from previous studies. We ~ h u s  find that there is 
an apparent continuity in the velocity structure along the Central Andes. 
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Fig. 1: (A-F) Maps of the block velocity solutions for 6 layers, down to 75 km depth. The 
uniform colored areas represent solutions with resolution higher than 75%. The dashed 
colored areas represent solutions with resolution higher than 75%. Numbers inside blocks 
indicate the mean velocity of each block. Blocks without colors were rejected from inversion. 
(G) Color codes as for figures la-f. Solid triangles represent the stations of the local array. A 
large number of these stations are located along the Andes Cordillera, therefore the packed 
stations at the top of the cross section is a good means to locate the Cordillera on the figure. 
The color velocity scale at the bottom of the figure applies for all maps and the cross section. 
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INTRODUCTION 

In the summer 1995 a joint geoscientific project was realized incorporating the four German 
research institutions BGR, GFZ, FLTB and GEOMAR in collaboration with Chilean and Spanish institutes: 
Crustal Investigation Off- and On-shore Nazca PlatelCentral Andes (CINCA). Between 18" und 26" South 
off North-Chile 4,500 km MCS reflection recordings, 1,300 km seismic wide-anglelrefraction data using 
Ocean Bottom Hydrophones and more than 10,000 km gravity, magnetic and bathymetric swathmapping 
data were collected as well as geological samples and heat flow data during the RN SONNE cruise SO- 
104. 

Parallel to the offshore seismic measurements onshore seismic observations were made using the 
signals of the marine seismic airgun array. In opposite direction explosive blasts were recorded by Ocean 
Bottom Hydrophones. 

The aim was a comprehensive study of the geological-tectonical structure of the active North- 
Chilean continental margin with special focus on the trench, slope and convergence zone proper and to 
unravel the processes involved. 

INITIAL RESULTS 

- Almost none or extremely thin sedimentary cover on top of the oceanic basement. 

- The oceanic plate approaching the Peru-Chile Trench reveals strong block and normal fault structures 
with horst and graben features. A zone of crustal bending is recognized extending over some 50 km in 
front of the trench. 

- Particular blocks of oceanic crust are separated with steep flanks of more than 1,000 m offset in the area 
of the trench and along the outer trench slope. 

- Beneath the inner trench slope the seismic reflection signature of the decollement plane can be traced 
within certain limits. 

- Relatively high seismic velocities and a sub-parallel reflection pattern below the sedimentary cover along 
the inner trench slope characterize large blocks of obviously continental origin sliding into the more than 
7,000 m deep Peru-Chile Trench. 

- A deep-seated mass of irregular reflection pattern is observed at the front of the continental wedge 
underlying the downfaulted and tilted continental blocks. This is interpreted as a melange of tectonically 
eroded and underplated continental crust and oceanic layer 2 material. Obviously it forms the frontal 
contact and transition between the downgoing oceanic plate and the continental wedge where the major 
part of tectonic erosion takes place. 
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- Geological sampling along ridges paralleling the inner trench slope yielded gneiss, amphibolite schists, 
phyllites, ignimbrites and other magmatic rocks of continental origin. Asymmetric slope basins between 
the ridges reach thicknesses of up to 2,000 m and are filled with Quaternary and late Tertiary sediments. 
At the top of one horst approaching the trench from the west pillow basalt and fine crystalline peridodite 
were dredged. 

- Heat flow data indicate relatively high values of 40 - 60 mw/m2 which probably can be explained by the 
generation of frictional heat due to the subduction process. 

- The magnetic lineations confm the Eocene age of the subducting oceanic crust at the trench as 
suggested by Cande & Haxby (1991). 
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Recent evidence suggests that some continental plates, especially those of the Atlantic Basin are coupled to and 
driven by general mantle circulation. Limited candidate driving forces render South America (SA) the most 
straightforward example of this. Large E-W compressional stresses required to form and maintain the Andes (Russo 
and Silver, 1996), the absence of an asthenospheric decoupling zone beneath SA as delineated by seismic anisotropy 
(Silver, 1996; James and Assumpcao, 1996), and tomographic evidence for the coherent translation of the SA plate 
and upper mantle over the last 100 my (Vandecar et al, 1996), appear to require coupling to the mantle below. We 
infer that, through coupling, changes in mantle circulation perturb plate velocity; but also, changes in plate motion 
induce changes in mantle circulation patterns. Thus, we postulate a new type of plate interaction, which we term 
'flow-coupled' plate interaction. The mantle flow field, perturbed by the motion and shape of one plate, can in turn 
alter the motion of neighboring plates. The motions of the SA and African (Af) plates provide evidence for flow- 
coupled plate interaction. Relative to the Tristan hotspot, the motion of both plates changed abruptly about 30 ma 
(O'Connor and Duncan, 1990; O'Connor and Le Reux, 1992). Africa's eastward motion decelerated, yet SA-Af 
divergence velocity appeared to be roughly constant, requiring a westward acceleration of SA. A change in plate 
motion indicates a redistribution in the force-balance. The collision of Africa with a nearly stationary Eurasia 
(beginning at 38 ma), is the most plausible explanation for Africa's deceleration. The constant divergence velocity 
can be explained if both plates (or Atlantic opening in general) are driven by a constant mass flux entering the 
Atlantic basin mantle. The constant mass flux, combined with Africa's deceleration then produces SA's simultaneous 
acceleration. This flow-coupled plate interaction not only links plate velocities but also establishes a causal 
connection between the deformation of these two plates, in this case between the Alpine and Andean orogenies. 
We have argued previously that Andean deformation is due to SA's westward motion and resistance to that motion 
by the Nazca slab and subslab mantle. An increase in SA's westward velocity should result in increased Andean 
compressional deformation. The most important change in SA velocity relative to the deep mantle was during the 
breakup of Gondwanaland, leading to Andean formation shortly thereafter. The increase in westward velocity at 30 
my is synchronous with the Quechua phase of Andean orogeny, which gave rise to the Andean Altiplano and the 
Bolivian orocline. Thus, through a flow-coupled plate interaction, the Quechua phase of Andean deformation may 
be ultimately caused by the collision that produced the Alps. 
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INTRODUCTION 

The t.hermal struct.ure of subdr~ct,ion zones is not well defined. In order t.0 underat.and t.he tectonic 
and magmat,ic processes related t.o act.ive subduction it is necessary t.o i11vest.igat.e to what extent 
different models apply to scenarios consthained by surface geophysical dat.a. For t,l~is purpose, t.he 
geothermal field and heat.-t.ransfer conditions were investigated in the area of t.he Cent,ral Andes 
between 60-7ij0\V and 15-30's . 
The study was focused on the addition and compilation of new geotl~er~nal dat.a for the Bolivian 
part of the area and for northern Chile to contribut,e t.o t.he heat-flow density pat.tern. I11 a second 
step, different scenarios of thermal conductivity distribution, radiogerlic heat production, frictie 
nal heat generation, t.he occurance of heat sources, and the variation of subduct.ion velocity were 
modelled to investigate the impact of parameter changes on the surface heat-flow density. 

HEAT-FLO W DENSITY 

Temperature measurements in  northern Chile and a large Bottom-Hole Ten~peratr~re (BHT) data 
set for the Bolivian foreland (Chaco) were implemented i n  heat-flow determinatio~~s that were added 
to the heat-flow database available for the Central Andes (Henry and Pollack, 1988, Pollack et al., 
1991). Temperature profiles at 5 localities were nieasured i n  the Chilean mining districts located 
in the forearc region and the magmatic arc. The large BHT data set, available from the Bolivian 
oil company (YPFB), contains about 1500 values. The BHTs were corrected to undisturbed for- 
mation temperatures by a generalized Horner-tjpe method. Heat-flow density was determined on 
the basis of composite BHT-depth plots for different Bolivian oil fields using thermal-conductivity 
data from Henry (1981). Estimates of heat-flow density on the basis of thermal logs were made 
using thermal-conductivity data measured on rock samples collected from nearby outcorps. A 
total of 68 thermal-conductivity determinations were made under laboratory conditions. Thermal 
conductivity of sedimentary rocks was corrected according to logged or bottom hole temperatures 
respectively and porosity-depth relationships (Coudert et al., 1995). On the hole 29 heat-flow 
density values were determined or revised (Henry and Pollack, 1988). On the basis of these data 
the Central Andean subduction zone shows the following heat-flow density pattern (Fig. 1): (1) 
low values within the oceanic Nazca plate with minimum values of about 10 in\V/ni2 in the region 
of the Peru-Chile trench, which can be related to the subduction of the cold oceanic lithosphere 
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plate; (2) a gent.le increase of vall~es in the forearc region (20-60 m\V/n12); (3) a sharp increase 
of lieat-flow densit.y to about 120 m\V/m2 in t.he area of the magnlatic arc ivhich indicates the 
occurence of heat sources in t.he upper crust; (4) high values in the hackarc region (80 m \ ~ / m ~ ) ,  
and (S) a decrease of heat.-flow density to about 40 m\I'/m2 in the Allclean foreland. 

Figure 1: Map of the Central Andes 
sllo~ving localit.ies of geothermal data 
and magn1al.i~ arc (shaded t.riangles). 
\Yhite sy~~ll>ols: heat.-flow density de- 
t,erminatio~~s prior t.o t.llis st.udy, black 
symbols: ncw 11ea.t-flow densit.y dat.a. 
Heat-flow pa.t.t.ern iv i t l l  20 m\V/m2 con- 
tour intervals. 

NUMERICAL MODELLING 

Heat-flow densit,y projected t.o a 2D \V-E cross section is used t.o corlstrain different scer~arios 
of thermal modelling at a geot.raverse covering an area from the trench iri the west. to t.he Altiplano 
area in the east.. A sinlplilied model including the subducting h'azca p1at.e and t.he overriding S0ut.h 
American plate was t.a.ken frorn Sc11mit.z (1994). The thermal structure of the geohaverse is calcu- 
lat,ed using a finite element (FE) code. The models coi~sider different radiogenic heat product,ion 
distributions (.4(t) = const.,A(z) = ~ ~ e - ' l ' O ) ,  temperat.ure dependent t,herlnal conduct.ivities 
(X(T) = const.,X(T) = &), different amounts of frict,ional heat ge11erat.ion (CV), a subduct,ion 
velocity of 10 cm/a and heat sources (Fig. 2). 
The models show that t.lle t.emperat,ures a t  the p1at.e cont.act and ivit.llin t.he overriding p1at.e are in- 
fluenced mainly by the s~lbduction of cold mat.eria1 and the amount of frictional heating considered. 
Generally, t.emperat.ures in the forearc region are very low. hlelting t.en~perat.urea in t l ~ e  area of the 
magmatic arc can only l)e accomodated hy high frictional heat generalion rates (a x90 hIPa). In 
t.he situation of moderate frictional heat generation ( a  up to 40 hlPa). telnperat.ure.5 in the lower 
crust and mantle are not. sufficient t.o produce meltring (Fig. 2). To reach lligller telnperatures in 
the subsurface of t.he magmatic arc a flow witliin t.he mantle wedge has t.o be considered. Tl~erefore 
the effect of the ast.11enospheric nlantle wedge was modelled as a t.ernperat.ure boundary condit.ion 
and t.he ext.ent of the ii.st.l~enospheric mantle wedge into the forearc region was invest.igated. 

RESULTS 

All modells do not show significant differences with regard to calculat.ed surface heat-flow density 
in comparison to measured one. htodelled heat flow is within the scat.t.er of measured heat-flow 
density. Consequent,ly, the boundary of the asthenospheric wedge can not be inferred from surface 
heat flow. 
I'ariation of radiogenic heat product,ion in the overriding plate affects the surface heat flow consi- 
derably but has only a small impact on the lithospheric thermal struct.ure. 
Frict,ional heating and the extent of t,he asthenospheric mant.le \vedge i~rto the forearc region have 



Third ISAG, St Malo (France), 17-19/9/1996 1 1 3  

a large impact on t.lle t.eliiperat.ures in the subductil~g and overlyiug crl~sl,  but co~ibribute o111y to 
a small extent t.o the surface heat flow. 

120 t 
Shear Stress [MPa] 

100. 
0 20 40 60 80 100 0 

T 8 0 .  
2 
L 60. 
f _ _ - - - -  i 

i 

0 

l i 

0 0 0 1  
I ! 1 I 100 

0 120 
0 f 350 

i Distance from Trench pm] , 

1 Temperature [OC] 

Figure 2: Simplified geo1net.r~ and boundary conditions for tliernial ~iiodellirig of tlle Cent.ra1 
Andean subduction zone. Assumed shear stress along the plate cont.art for frict.iona1 heat genera- 
tion rates. hiodelled surface heat-flow density along the cross sect.ion and subsurface t.emperat.ure.9 
at the n1agniat.i~ arc. Results are for dimerent frictional heat generat.ion rates (- - -) and for different 
extent of the ast.lienosp1ieric mantle wedge into tlie forearc region ( a .  .). 
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INTRODUCTION 

The Andes is the classical example of an active non-collisional orogen. Its most prominent 
characteristic is the along-strike segmentation in its tectonic regime [e.g. Jordan er al., 1983; Cahill & 
Isacks, 19921, that resembles the long-term segments of the Andean geological evolution (Middle 
Mesozoic to present) [Mpodozis & Ramos, 19901. The continental topography and Bouguer anomaly 
(long-term Moho morphology) are related one'each other by the elastic thickness Te, a flexural parameter 
that conditions the degree of co~npensation of the orogen, allowing an indirect characterization of its 
segmentation. This study have evaluated the spatial Te variations of The Andes between 15" and 50"s 
latitude applying a flexural analjrsis to the continental margin. Then, the observed along-st~ike Te 
systematics are interpreted in terms of the compositional and thermomechanic state of the lithosphere. 
The link between this state and the tectonic segmentation of the margin, allow us to infer some 
controlling factors in the construction and evolution of The Andes. 

FLEXURAL ANALYSIS METHODOLOGY AND ELASTIC THICKNESS INTERPRETATION 

The flexural analysis assumes the lithosphere is a 2D elastic plate, downward deflected by 
topographic loads [e.g. Turcone & Shubert, 19821. The degree of deflection is controlled by the elastic 
thickness Te: minimum (no compesation) for infinite Te, and maximum (Airy compensation) for zero Te. 
The Bouguer anomaly is used as a signal of the lithospheric deflection, reproduced through a forward 
modelling of the elastic lithospheric thickness, assuming topographic loads. Analyssing 15 topo- 
gravimetric sections, homogeneously distributed on the continental margin (see Figure l), we obtained a 
3D characterization of Te and the associated crustal thickness between 15" to 50"s latitude (Figure 1). 

These results were semi-quantitatively studied using the Yield Strength Envelope ()'SE) concept 
[e.g. Burov & Diament, 19951. The YSE gives, at a particular depth z, the maximum stress absorbed 
elastically by a compositionally given lithosphere (auartzitic or non-quartzitic crust with an olivinic 
mantle) before the elastic jlield stress, for a given crustal thickness, heat flow and strain rate. The 

t ermomechanic lithospheric state underlined parameters are the free ones that define the h . When a stress 
gradient is applied to this lithosphere by loading, the depth range where this stress is lower than the yield 
stress will define the elastic thickness Te. According to this brittle-elasto-ductile rheology, Te is 
proportional to the strain rate, and inversely proportional to the crustal thickness, quartzitic content of the 
crust and heat flow. With this relation it is possible to evaluate the thermomechanic state of the margin 
from the flexural analysis observations. The along-st~ike variations of this state is finally linked with the 
tectonic segmentation of The Andes. 
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THE ANDES: FLEXURAL ANALYSIS AND TECTONIC SEGMENTATION 

Between 15" and 50°S, The Andes can be divided in two main segments, subdivided in five sub- 
segments. Following the Figure 2, the 34"s is the border line between the Central Andes to the north and 
the Austral Andes to the south. The former is characterized by elevations over 4000 m (maximum of 
6500 m) with a width of 400 km at the Northern Segnient (l 5"-23"s) that narrows southward to -l 50 km 
at the Central Segment (28"-34"s). This topography shows very good correlation with a Bouguer 
anomaly lolver than -350 mGal (nlinimum of -450 mGal), that is an expression of a 55-60 km crustal 
thickness (maximum of -70 km. see Figure 1). Consequently, the predicted Te shows values lower than 
10 km at the main axis of the orogen. The main tectonic features of the Central Andes are (Figure 3): a) 
along-strike changes in the deep angle of subduction from -30" at the Northern Segment to subhorizontal 
at the Central Segment [e.g. Cahill & Isacks, 19921, b) 200 km wide, acidic high-potassium calcalkaline 
to shoshonitic volcanic arc (Central Volcanic Zone, CVZ) from 13" to 2S0S, c) volcanic gap from 28" to 
34"S, and d) along-strike variations in the foreland defonnation styles, from the Subandean foldthrust belt 
(Northern Segment), through tlie basement involved Santa Barbara thrust belt (Northern Transitional 
Segment, 24"-2S0S), to the coupled Frontal Cordillera, thin-skinned Precordillera and thick-skinned 
Sierras Pampeanas system (Central Segment) [e.g. Jordan er al., 19831. 

The Austral Andes elevation decrease along the Southern Transitional Segment (34"-38"s) from 
3000 m to 1500 m over a -250 km wide range. At the Southern Segment (39"-50"s) the range shows a 
constant elevation of 1500 m with a wider wavelength (-500 km). The Bouguer anomaly lose correlation 
with the topography and gradually decrease the amplitude of its minimum from -200 mGal to -100 mGal, 
reflecting a southward crustal thinning from 45 km to 35 km. Te increases from 20 km to 40 km at ;S0-39 
OS, value that is kept constant towards the south. The tectonic elements of the Austral Andes are: a) 
constant -30" deep slab angle, b) volcanic arc (Southern Volcanic Zone, SVZ) with a progressively less 
crustal geochemical signature [e.g. Hildreth & Moobarth, 19881 toward the characteristic intermediate to 
basic calcalkaline to tholeitic Southern Segment volcanism, spaltial and genetically linked with c) the 
Liquiiie-Ofqui Fault Zone (LOFZ), a dextral strike-slip lithospheric structure [e.g.Hervt, 19941. 

LONGITUDINAL VARIATIONS ON THE THERRlOMECHANlC STATEOF THE ANDES 

Following the previous section, tlie two main segments of The Andes represent two different 
lithospheres. The high elevation. thick crust and low elastic thickness of the Central Andes, contrasts with 
the lo\ver elevation, thinner crust and higher elastic thickness of the Austral Andes. From the YSE, this is 
mainly associated with a first order compositional difference, regardless of any particular along-strike 
variation on heat flow and strain rate. Accordingly, the very low Te values of the Central Andes reflects a 
very weak, quartz-rich crust. On the other hand, the comparatively rigid Southern Segment lithosphere, 
reflects a non-quartzitic, feldspar-rich crust. The Southern Transitional Segment probably represents 
some compositional mixture between both end members. This main configuration is in agreement with 
the complex pre-Andean (mostly pre-Mesozoic) collisional history of the margin. 

Given the along-strike compositional structure of The Andes, the Te systematic of each segment 
should reflect the variations of the heat flow and strain rate along the margin. The assumed quartz-rich 
and thick crust of the Central Andes are necessary, but not sufficient conditions, to reproduce its low Te. 
In addition, there must be a favorable combination of high heat flow andtor low strain rate. Heat flow 
measurements on the Northern Segment [Henry & Pollack, 19881 indicates anomalously high values 
(-100 mW/m2), probably associated with a very active asthenospheric wedge almost in contact with a 
partially molten crust. This high heat flow by itself can reproduce the Te range, keeping a fixed strain rate 
(mean geological number of 10-" S-' in our YSE computations). The near zero Te observed over the 
Northern Transitional Segment can be explained by an unreported higher heat flow, probably produced 
by the proposed 4-2 Ma lithospheric delamination [e.g. Kay & Kay, 19931. However, the deformational 
difference between both segments could reflect a lower strain rate, that in part may explain the lower Te. 
This argument can be applied to the Central Segment, where the subhorizontal subduction preclude the 
high heat flow shown by the segments where an active asthenospheric wedge is present. If this is true, to 
reproduce the low Te of the Central Segment, it is necessary to assume a lower strain rate than the 
adopted to the Northern Segment. The particular deformation style of the Central Segment could be 
intrinsically linked with this probably lower strain rate. In fact, Jordan & Allmendinger [l9861 report a 
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-10-l7 S-] average deformation rate (=strain rate?) for the last 10 My Sierras Pampeanas uplift, a lower 
limit in geological strain rates. Alternatively, the low Te -- low heat flow combination of the Central 
Segment could represent a weaker crustal colnposition than the previously assumed, compositional 
difference that is only partially supported by others independents observations. 

On the other hand, the observed Te southward increment along the Southern Transitional 
Segment, to the characteristic 40-50 km of the Southern Segment, is the effect of the observed crustal 
thinning coupled with a probably southward decrease in the quartzitic crustal component and in the heat 
flow (lesser crustal participation in the SVZ magmagenesis). The high Te shown by the Southern 
Segment, expression of a hard co~llposition and thin crust, reflects a non-vertically decoupling crust- 
mantle lithosphere, that keeps an elastic behavior over its entire thickness. This behavior probably is 
perturbed at the LOFZ axis, \srllere there is localized a high heat magmatic advection and dextral simple 
shear deformation, that does not have an expression on the long wavelength flexural analysis. 

CONCLUSIONS. 

The first order col~lpositional configuration of the continental margin is the dominant factor not 
only in its present thennomechanic state, derived from its Late Cenozoic evolution, but probably through 
all of its Meso-Cenozoic history [Yaiiez, 19951. In this context, the present tectonic segmentation of The 
Andes, is the geodynamic reply of the convergence system to the thermomechanic evolution of an 
anisotropically configured continental Iithosphere. 
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INTRODUCTION 

The great thickness of the high plateau crust of the central Andes and Tibet has been established for more than 
two decades, but the bulk composition and thickening processes are still actively debated. Two recent 
deployments of PASSCAL broadband seismic stations in the central Andes of Bolivia (1994-1995) and along a 
north-south traverse across the central Tibetan plateau (1991-1992) provide excellent pure-path crustal sampling 
of these highlands. 

In the Andes, intermediate-depth earthquakes in the subducting Nazca Plate generate near-regional seismic waves 
that interact with the overlying Andean crust. Large amplitude, S-to-P converted, post-critical Moho reflections 
(SPrnP) are modeled for average crustal propedes of the Altiplano crust. Deep earthquakes and teleseisms are 
sources for a receiver function study of crustal variations across the entire Andean orogen. 

For Tibet, our study was motivated, in part, by the observation of an impulsive, high signal-to-noise ratio S- 
wave of a 450-km-deep teleseismic earthquake recorded by the 1991-92 Tibet PASSCAL experiment (Owens et 
al., 1993). Especially energetic S-to-P converted phases and associated multiples (Zandt and Randall, 1985) from 
the Tibetan crust-mantle boundary are clearly visible prior to and following the S-wave arrival. These shear- 
coupled P-waves can be analysed to estimate bulk crustal propernes beneath each seismic station. 

OBSERVATIONS 

The Andean Altiplano crust is characterized by relatively uniform bulk properties: an anomalously low mean 
velocity of 6.0 krnls, a Poisson's ratio (PR) of 0.25, and a thickness of 65 km. The crust thickens under both 
the western and eastern Cordillera and thins abruptly beneath the sub-Andean zone and Chaco Plain. The 
combination of the low mean P-velocity and relatively low PR of the Altiplano crust can be best explained by a 
predominantly silicic bulk composition. The velocity structure is consistent with tectonic models of thickening 
due to compressional shortening concentrated within a weak felsic layer. Some of the details of this work are 
described in a companion abstract by Beck et al. (1996). 

In Tibet, we observed a P-wave arrival -10 S before the S-wave that is the conversion from the Moho, Sp. A 
large up-swing -12 S after the S-wave is a P-wave reflection after conversion at the free-surface, SsPrnp. 
Comparing the displacement S-waveforms across the N-S network of PASSCAL stations (FIG. 1) reveals some 
striking similarities and consistent variations. All sites have an Sp arrival -10s prior to S, although the Sp pulse 
is double-peaked at the southern stations (LHSA, XIGA, GANZ, SANG) and a simple pulse at the northern 
stations (AMDO, WNDO. USHU, BUDO, ERDO). From N to S there is a systematic moveout of the SsPmp 
phase from -10 S at the northernmost stations (BUDO, ERXI) to -15 S at the southernmost stations (LHSA, 
XIGA). 
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The relative timing of these phases with respect to the S-wave are dependent on three crustal properties: mean 
crustal P-velocity, Vp; mean crustal S-velocity, Vs; and crustal thickness, H. The consistent changes observed are 
direct evidence of a systematic N-S variation in crustal properties across Tibet. By measuring the differential 
traveltimes (SsPmp - S) and (S - Sp), we constructed a suite of H-Vp and PR-Vp tradeoff curves at all the 
stations (FIG. 2). We calculated both the H-Vp and PR-Vp tradeoff curves for all the PASSCAL stations. 
These curves represent the range of crustal thickness consistent with the (SsPrnp - S) times and the range of 
crustal PR consistent with the (S - Sp) times. Two end-member models are possible. In one, the crustal 
thickness is constant, say at 70 km with a constant PR of 0.27, and the mean crustal Vp ranges £mm 6.0 kmls in 
the south (LHSA) to 6.8 kmjs in the north (BUDO). In the other end-member, the crustal Vp is constant, say at 
6.3 km/s, then the crustal thickness must vary £rom 78 km in the south to 52 km in the north, and PR varies 
from 0.22 in the south to 0.35 in the north. To choose between the end-member models, or any in between, 
other data or constraints are required. 

In our final model, crustal thickness decreases and PR increases from south to north across the Tibetan plateau. 
In southern Tibet, the crust is 70-75 km thick, with low-to-normal PR, and a high-velocity lower crustal layer. 
In the middle latitudes, the crust is -70 km thick with a higher PR of -0.27-0.28, and the lower crustal layer 
terminates near the latitude of the Bangong suture. Further north, the must thins to c 55 km and is characterised 
by unusually high PR > 0.3. More detailed studies in this region by the French Lithoprobe team indicates the 
thinning occurs abruptly near the Jinsha suture (Herquel et al., 1995). The relatively thin, high PR crust 
overlaps the northern half of the zone of Sn blockage and low Pn velocity in northern Tibet indicative of high 
mantle temperatures (McNamara et al., 1995). 

CONCLUSIONS 

Comparison of the crustal seuctures estimated from PASSCAL experiments across the Andean and Tibetan 
orogens reveals some similarities but also some significant differences. The narrower Andean orogen is 
characterized by relatively uniform bulk properties that are consistent with formation by compressional 
shortening of a weak lithosphere between two stronger lithospheres. The highlands appear to be in isostatic 
balance at the Moho. The Tibetan crust exhibits a systematic N-S variation in crustal thickness and PR not 
reflected in its relatively uniform elevation. The high PR of northern Tibet is probably due to pervasive partial 
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melting of the crust that reduces the S-wave velocity more than the P-wave velocity. Isostatic forces in the 
upper mantle or nonisostatic forces must be acting to maintain the uniform elevation of the plateau. 

TIBET TRADEOFF CURVES 

100 
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mTRODUCTION 
The center of the Pisayambo seismicity nest is located at about 1.1"s 78.3"E. This nest is very 
active : about 40 % of the activity detected by the permanent Ecuadorian network comes from this 
nest at the 3.1 magnitude detection level of the network. This nest produces very few events big 
enough to be detected by the worldwide network (45 events with magnitude 2 4.2 from 1963 to 
1991). The only other nest of activity observed in Ecuador is located about 75 km to the SE, known 
as the Puyo nest, shows opposite characteristics, i.e. it is only constituted of magnitude > 4.2 events 
(126 events from 1963 to 1991) located by the worldwide network, while the permanent local 
network does not detect small magnitude events. It also shows a much more sporadic activity. 
The very steady and important small magnitude events activity of the Pisayambo nest is 
concentrated in a small 20 by 20 km. zone, located in-between and a little bit East of the 
Tungurahua and Cotopaxi volcanoes (Figure 1). Above the nest is located a hydroelectric dam with 
a reservoir of about 0.1 km3, as well as several smaller lagoons. Very little geological information 
of the zone is available. Only Yepes et al. [l9791 and Bonilla et al. [l9921 describe a network of 
SW-NE trending faults above the nest 

DATA 
Data used for this study come from two sources : the earthquakes recorded by the Ecuadorian 
permanent network from 1989 to 1995, and data obtained with the Lithoscope experiment from 
December 1994 to May 1995. A station of the Lithoscope experiment was installed above the nest. 
A station of the permanent network is working above the nest only since July 1995. The permanent 
network has been extended from 7 stations in 1988 up to 33 stations in 1995 
The earthquakes were localized using the HYPOWVERSE [Klein, 19781 and HYPOCENTER 
programs, with a one dimension flat layered velocity model taken from the results of the inversion 
by PrEvot et al. [1996], a V p N s  ratio of 1.737 obtained with a (S-S) versus (P-P) diagram 
[Chatelain, 19781. From the initial set of 2297 events, a final set of 737 events were selected with 
the following criteria : a root mean square residual (RMS) less than 1.0 sec and a condition number 
less than 1.0. Out of these 737 events, 51 are recorded in 15 stations or more. 
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The earthquakes were then used (1) to show their spatial distribution, (2) to evaluate the Gutemberg 
Richter b-value, and (3) to test the dependency in time of the occurrence of the events in order to 
find an explanation to the presence of the only nest of persistent seismic activity in Ecuador. 

SPATIAL DISTRIBUTION OF THE EARTHQUAKES 
The distribution in map view of the best located events shows that the activity o f  the nest is 
confined to a small 20 by 20 km zone where 50 t/o of the events occur, located East of the line 
defined by the Tungurahua and Cotopaxi volcanoes and in-between them, centered on l . loS - 77.3O 
E (Figure 1). 
In depth the nest is clearly composed of two clusters ; the first between 0 and 10 km . the second 
between 17 and 20 km. (Figure 2). Both clusters appear in both data sets obtained with the two 
programs used for the location, and appear also clearly on the Lithoscope data set for witch a 
station was located above the nest. We therefore assume that this gap is real and not an artifact of 
t h e  localization process. 
The Pisayambo nest is a 20x20~20  km column divided in depth in two clusters separated by about 7 
km 

GUTEMBERG-RICHTER b-VALUE 
While for all Ecuador b-value is 1.13, estimation of this parameter for the nest taken as a whole 
leads to a 1.71 value. This value becomes 1.51 for the shallowest cluster, and 1.86 for the deepest 
cluster when considered separately. These values are quite high, and quite different between the 
two clusters. B-value of the shallowest cluster is in the rank of observation of values linked to 
highly fractured zones [e.g. Scholz, 19681, while b-value of the deepest cluster is in the rank of 
values observed for volcanic related events [e.g. Talandier and Okal, 19841. 

APPLICATION OF THE POISSON PROCESS . 
The temporal distribution of the earthquakes in a 10 km radius circle centerid on l . loS - 78.3 O W 
does not fit a simple Poisson process, i.e. the events are time dependent. The events in the upper 
cluster fit a generalized process when taken by groups in 13 hours windows (Figure 3) and the lower 
cluster events when taken by groups in 25 hours windows (Figure 4), with a confidence level of 
90%. Therefore the events are time dependent within 13 or 25 hours in groups which are time 
independent. The E parameter is found to be 2.1 and 2.5 for the upper and deeper clusters 
respectively. Values of E 1 2.5 have been associated to tectonics events, while values 5 2 . 0  have 
been associated with volcanic events [Savage, 1972 ; Udias and Ruffle, 1975 ; Bottari and Neri, 
1983 ; De Natalle and Zollo, 19861. We therefore find a second characteristic, after the differences 
observed for b-value, that tends to differentiate the origin of the two clusters between tectonics and 
volcanic. 
Analysis of the groups within the two time scales used for the generalized Poisson process also 
show distinctive patterns. In the groups of the upper cluster the event with the highest magnitude 
tends to be in the center of the sequence, while i t  is not the case for the groups of the lower cluster 
(Figure 5). Mogi [l9851 interpreted the occurrence of the main event in the middle of earthquake 
sequences as related to highly heterogeneous zones, with a concentration of efforts in the volume 
where the sequences occur. 

DISCUSSION AN9 CONCLUSION 
The Pisayambo nest occupies a 20x20~20  km volume. This nest is divided into two clusters, 
separated by about 7 km, occurring on top of each other. The upper cluster presents characteristics 
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Figure 1. Disribution of the selected events of 
Pisayambo nest recordcd from 1989 to 1995. 
The hvo 10 km and 35 k~ i i  radius circles used 
for the study of the Poisson process are also 
sho\\n. 

6 r . E - 2 5 :  K - 2 1  

\ 
2 0.IZ" = 0.1. 

i 0.w- 

Figure 2. Depth distribution of the selected events 
in tile zone of the Pisayambo nest, along a 
South-North cross section. Note the two -arms 
scpanted by about 7 kilometers. 

Figure 3. Generalized Poisson process applied to Figure 4. Generalized Poisson process applied to 
the shallo\vest nvarm of the Pisayambo nest for the deepen n ~ a r m  of the Pisayambo nest for the 
the events included in the 10 km radius circle events included in the 10 km radius circle 
sho\\n in figure I. sho\\n in figure I. 

Figure 5. Magnitude versus te~iiporal distribution 13 hours before and aner tlie main event of a sequence of dependent 
events in the shalowest s\varni (left) : 25 hours before and A e r  the main event of dependent events in the deepest 
nbarm (right). 
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of tectonics events occurring i n  a highly fractured area, while the lower cluster presents 
characteristics of volcanic events. Behavior of other parameters, such as slight P-wave velocity 
and VpNs decrease with depth in the upper cluster can be linked a saturated, i.e. highly fractured 
zone. Finally, the Pisayambo nest is located i n  the upper plate right above a seismicity gap in the 
subducting plate (see figure 2 of Guillier et al., this volume). 
All things considered a plausible explanation for the presence of the Pisayambo nest could be the 
following : 
- the gap in the descending plate can be interpreted as due to a detachment of the bottom part of the 
plate ; 
- hot mantelic material is uprising where the subducting plate is absent towards the surface ; 
- uprising of the hot material produces bulging of the upper crust, fracturing and weakening it, which 
could conduct to its rupture giving birth to a volcano, in  the best of the cases, or a caldera. 

~ o c a l  mechanisms and aerial photo analysis, other geophysics and field studies will be carried out 
to see if their results fit into this hypothesis. 
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INTRODUCTION 

At 01 :51 on 3 October l995 (UT) a MW 6.8 earthquake (Figure l )  occurred on the south-eastern 

flank of Cutucu cordillera, a NNE-SSW Jurassic-Cretacic anticline (Figure l), located on the 

western edge of the subandean zone, overthrusting the lower part of the subandean zone along 

several reverse N-S faults. 

No foreshocks were detected before the main shock at the detection level (M1 = 3.0) of the 

permanent network run by the Instituto Geofisico of the Escuela Politecnica Nacional of Quito. Four 

large aftershocks (magnitude 2 5.1) were observed within the first 4 days after the main event, 

including a magnitude (mb) 5.6 six minutes later, and the main aftershock (MW = 6.4) eleven hours 

later. Three other aftershocks with magnitude (mb) 5.1 occurred in the period 21 - 29 October. About 

750 aftershocks (M1 1 3.0) were detected by the permanent network one week after the main shock, 
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amounting to more than 2100 until December 31 ; 350 of them had a magnitude 4 or larger, of 

which over 100 were felt in the epicentral zone. Three portable MEQ-800 stations were installed 

during 48 hours (2 from 5 to 6 October, and I from l l to 13 October ; Figure l). The latest recorded 

1140 aftershocks, while the permanent network detected only 126, showing that the level of activity 

following the main event was much higher than observed with the permanent network because of its 

station distribution with respect to the seismic activity. 

The epicenter of the main shock is located about 60 km SSE of the city of Macas (population 

12,000). It has been widely felt in the entire country, including in  the capital city of Quito (I = IV) 

and in  the major cities (Guayaquil, I = IV ; Cuenca, I = V). It has also been felt in  the neighboring 

countries of Colombia (as far as Bogota) and Peru (as far as Tarapoto). Fortunately this event 

occurred in  a very low density populated area in the upper-amazonian jungle. Nevertheless at least 

2 people were reported killed in Puyo (140 km North of the epicenter) and in  Baiios (170 km NNW 

of the epicenter) and several injured in the epicentral area. A complete survey of casualties and 

destructions i n  the zone was impossible to conduct due to the difficult logistic conditions (dense 

virgin rain forest covers most of the macroseismic zone). No surface ruptures have been observed. In 

the epicentral area decametric-size landslides and avalanches occurred on steep slopes. The bridge 

over the Upano river (60 km North of the epicenter) collapsed, interrupting the transit on the main 

road from the North to the eastern provinces ; cracks were observed on the roads, as well as power 

supply cuts and breaks of water supply pipes in several cities and villages up to Macas. Minor 

damages to buildings occurred i n  localities located along the Upano river, although some non- 

earthquake resistant buildings suffered slight to light damage in Puyo, Tena, Shell Mera, Cosanga, 

and as far as Gayaquil. Direct economic losses were estimated at $US 5 millions. Fortunately the 

earthquake occurred during a period of severe draught, otherwise the consequences could have been 

much more dramatic, as those following the 1987 MW 6.8 earthquake that occurred in  the northern 

part of the subandean zone (300 km North of the 3 October 1995 event) during a heavy rainy period, 

which killed over 1000 people and had much more economic consequences, most of them due to 

large landslides and mudflows related to the earthquake. 

Preliminary location of 930 of the aftershocks during the 3 October - 31 December period shows a 

distribution of activity with a NW-SE trend (Figure 2), between 0 and 25 km depth, which does not 

correspond to any known fault. The Harvard University centroid-moment tensor solution for the main 

event shows reverse faulting with a nodal plan oriented N30E (Figure 2), sub-parallel to the sub- 

andean structures, with reverse thrust motion, compatible with an E-W compression. 
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Figurc I .  Map of Ecuador. Thc sur is h c  cpicen~cr of thc 1995 Macas cmhquakc. Filled uianglcs arc permanent stations of h e  ccuadorinn 
scismic network. Open uianglcs arc Ihc temporary stations installed aftcr h c  eulhquakc. Thc dark zonc rcprcscnts h c  Cutucu Cordillcra. 

Figurc 2. Epiccnters of 940 sclcctcd aftershocks (RMS< 1.0. condition number > 100) during h c  period 3 October - 31 December 1995. 
Ccnuoid-momcnc tensor solution for Ihc main cvcnt from the Haward University. 
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This earthquake is the largest shallow event to have occurred in this zone since at least 1952. A 

magnitude (MW) 6.8 occured on May 10, 1963 about 90 kilometers NE of the 1995 event at a depth 

of 25 kilometers, and a magnitude (MW) 7.5 earthquake on July 27, 1971, about 100 kilometers SE 

of the 1995 event at a depth of 90 kilometers. No data is available prior to 1952. There are no 

detailed reports describing the consequences of the 1971 and 1963 events in the epicentral areas. 

However, these two earthquakes produced similar consequences in the country as the 1995 event, 

and were also felt in the neighboring countries of Colombia and Peru. 

The seismic hazard in the Andean-Sub-andean zone of Ecuador should be of major concern for the 

ecuadorian authorities as, for example, all the magnitude 2 6.5 ecuadorian events since 1985 

occurred in the sub-andean zone, and a magnitude MS 5.7 hit the Latagunga region on 28 March 

1996 provoking several tenths of casualties and major damage in the epicentral zone. 
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ABSTRACT 

The principal Seisn~ogenic Sources in the nonh-\! est of Argentina have been studied. Due to these sources this 
region is the second in the countq as re-& seismic hazard. 
Main shallow earthquakes in this zone have produced many casualties and building damages delimited into 
one zone with direction SSW-h\!. In this area the orientation of the maximum horizontal stress. produced 
by the collision of the Nazca Plate and the South American Plate. has been modified due to local stresses. 
One of the reasons of this modification might be that the high Andes are in a dinensional process namnited 
to the east in the South American Plate. 

KEY WORDS: Seismogenic Sources. tectonic stresses, main eanhquakes. 

INTRODUCTION 

At this time more than 2,000,000 people live in the nonh-\vest region of Argentina (NWA). In this area 
buildings have been consbucted. in general \!ithout earthquake resistant pro\isions. 
The NWA main industries are: mining sugar-cane. tobacco, petroleum etc. The points mentioned above 
show the importance to carry out seismogenic sources studies to base future ban planning of the main cities 
on their results. 
This zone classified as the second mon hazardous seismic zone in the country has pdcular  tectonic 
characteristics compare 11ith other zones subjected to tectonic processes. 
Generally, in this area the Nazca Plate subduction is similar to that of the southern pan of Bolivia (so-called 
normal subdudon) from latitude 21.5" to 23.5" South To the South of this zone, behveen 23.5" and 27.5" S. 
the abducted plate makes a contortion nithout changes until 28.5" S where it becomes horizontal. In the 
NWA region most of the events are intermediate eanhquakes and some deep and shallow ones. 
The occurrence of shallow earthquakes is not as frequent as the intermediate ones: ho\ve\.a: man! of them 
have caused several casualties and injuries and severe damage to buildings. 
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Main Earthquakes in the region 

THE SEISMOTECTOhTIC S E l T X G  

The region under study is located in a tectonic setting resulting from the ongoing subduction of the Nazca 
Plate eashvard beneath the South American Plate. This process has created major mctural features as 
cornples faulting the Puna Plateau and to the east the Subandean Rangers. 
Considering the esisting megamctures in the region it has been obsened that these structures constitute 
barriers limiting shallows h r n  intermediate earthquakes. 

Event 

1 
2 
3 
1 
5 
6 
7 
8 
9 
10 
11 
12 
13 
11 
l5 
16 
17 

SEISMOGENIC SOURCES 

Year 

1692 
1826 
1811 
1863 
1871 
1871 
1892 
1899 
1906 
l930 
1931 
1918 
1959 
1966 
1973 
1971 
I971 

Province and Localit? 

Salta (Talavera de Esteco) 
Tucumh (Trancas) 
Salta (Palomitas) 
Jujuy (San Salvador de Jujuy) 
Salta (MI) 
Salta (Orb) 
Catamarca (Pomh) 
Yacuiba (Limite Argentina - Boliviano) 
T u c u n ~ h  (Tafi del Valle) 
Salta (La Pon~a) 
Tucumh (El Naranjo) 
Salta (Palomitas) 
Salta (San Andris) 
Catamarca (Belin) 
Salta (Santa Clara) 
Salta (Santa Victoria) 
Sdta (Orb )  

The seismotectonic process is quite cornples tojvards east especially after the 3.000 m contour. Taking the 
megastructures into account besides the 3,000 m contour. it is obsened that the main earthquakes direction 
will be SSW to NNE. starting h m  C a m c a  to Yacuiba ( at the Argentina-Bolivia border). In this zone the 
most dangerous earthquakes have occurred. 

Intensity MM 

W11 
VIII 
VIII 
VII 
VII 
VIII 
VIII 
VII 
VII 
VIII 
VII 
IX 

VIII 
VII 
VII 
VII 
VII 

LOCAL TECTOhTIC STRESSES 

The W-E direction of the maximum horizontal tectonic stresses. which are caused by the collision behi een 
both plates, are altered by the local horizontal stresses. Therefore. the finai orientation results almost 
perpendicular to the 3.000 m of the Puna contour. 
Some of the focal mechanisms for this zone have been 1 . q  well determined in previous studies and their 
representations c o n f i i  the a h e  statements. Besides. it is possible to asserl that the high Andes are under a 
tensional process that is ttansrnined to the puna step bp step (e.g. the normal faults near to the 3.000 contour). 
East of the 3.000 m contour the maximum horizontal tectonic stress caused by the collision behveen both 
plates is predominant and therefore the principal stress direction d e r s  no changes. 

CONCLUSIONS 

Main shallow earthquakes in this region have occurred close to the 3,000 m contour. which indicates that 
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MAXIMUM REPORTED INTENSITIES 
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studies must be focused on the tectonic process close to the 3,000 m Puna contour. On this area very few 
active fault recognitions hare been made mainly due to the weather erosion or to the vegetation which coven 
the potential surface evidences of faults. 
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INTRODUCTION 

It is well known that oil exploration started at the end of the 19th century by drilling domes and 
anticlines as its main targets. However, large oil fields in fold-and-thrust belts are still uneasily discovered 
nowadays worldwide, such as the Cusiana anticline (name given in the oil industry literature; Cazier et aL, 
1995 and Cooper et aL, 1995), located in the Llanos foothills of the Colombian Eastern Cordillera. 
However, for that particular case, that would seem astonishing since: (a) that fold had already been 
mapped, though it used to be known as the La Florida anticline (ULloa and Rodriguez, 1981); (b) 
Robertson (1989) reported several geomorphic evidences of its Quaternary tectonic activity; and (c) that 
structure involves rocks as young as Pleistocene in age. Besides, several authors also indicate that the 
tectanic inversion andfor foreland overthrusting of the Eastern Cordillera is a recent process (Ulloa and 
Rodriguez, 1981; Hebrard, 1985; Page, 1986; Robertson, 1989; Cazier et aL, 1995; Cooper et aL, 1995). 
Therefore, all these facts put together clearly indicate the recent character of this deformation and also 
suggest undirectly its high oil prospectivity. In this paper, we present additional geomorphological and 
surface geological data that confirm the recent activity of a short segment of the Llanos fold-and-thrust belt 
of the Eastern Cordillera roughly east of BogotA, and particularly of the La Florida (Cusiana) anticline. 

REGIONAL FRA3IEWORK 

Colombia is a country of sharp contrast: the Andes mountains in the west and the Llanos plains in the 
east. The studied area corresponds to a short segment of the frontier between these two huge geographical 
and geological units, known as the Eastern Cordillera Llanos foothills (Fig. 1). This topographical unit 
geologically corresponds to the east-vergeat frontal fold-and-thrust belt of the Eastern Cordillera. La 
Florida (Cusiana) anticline belongs to this belt and is between the Upia and Cusiana rivers. This fold 
affects the entire MesomicCainomic sedimentary sequence of the llanos basin (Cazier et aL, 1995; 
Cooper et aL, 1995) and its eroded core exposes the Mio-Pliocene Caja Formation (Ulloa and Rodripez, 
1981). These authors report tha! this fold is symmetrical and no brittle deformation is associated to it. 
However, it can be observed that this anticline is in perfect prolongation to the south of the El Yopal fault 
-name given in the oil industry- (also Known as the San Miguel fault -name given in the geological maps 
of Colombia-) that dies out near the northern banks of the Cusiana river (Fig. l), thus allowing to infer 
that the La Florida anticline south of this river is a Yopal fault-propagation fold with a southern periclinal 
clousure. However, as we are going to demonstrate next, this fold is also gentetically related to a more 
basinward reverse fault than the El Yopal (San Miguel) fault - non identified in Colombian surface 
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geology maps-, thus being a fault-bend fold located in the han,&gwall block of the Cusiana fault which 
has been recentlly identified by seismic profiling by CaLier et aL (1995) and Cooper er aL (1995). 

GEOAIORPHOLOGICAL ASD GEOLOGICAL ORSERVATIOSS 

Besides the various geomorphic features of Quaternary tectonic activity of La Florida anticline already 
reported by Robertson (1989)', this author also indicates the existence of a 4 0  m high SE-looking fault 
scarp flanking the fold on the southeastern edge of la Mesa de Sisigua and northeast of it, between the 
Chita and Cusiana rivers, that he named the San Pedro-Sisigua fault. Nevertheless, this geomorphic 
feature should be regarded as a flexural scarp instead of a conventional fault scarp, between the Catuya and 
Chita rivers as observed in an abandoned cobble pit (Fig. 2.4. At this locality (Fig. 24,  cobble beds 
correlable to La Corneta Formation (or younger Quaternary alluvial units), are warped around the clayey- 
silty beds of the WO-Pliocene Caja Fonnation. The presence of this scarp on its own does not prove the 
existence of brittle deformation (major fault) at surface or in the near subsurface and neither do the other 
evidences mentioned by Robertson (1989), though it does definitely prove the occurrence of Quaternary 
folding in the IJanos foothills of the Eastern Cordillem. hTetvertheless, we can provide further geological 
and geomorphological facts that prove that the La Florida anticline is partly an active fault-bend fold with 
respect to the Cusiana fault (the most basinward fault), besides being a fault-propagation fold: (a) a NW- 
SE landscape profile across the La Mesa de San Pedro, that corresponds to elevated Quaternary alluvial 
terrace deposits, shows an asymmetric, long-radius bend with a gently dipping rangeward backlimb and a 
shorter, steeper basinward forelimb; (b) the same configuration is also observed farther north, east of 
Monterrey and across La Loma de Buena Vista, but the core of the anticline is excavated and exposes the 
Caja Formation (Fig. l), indicating a more evolved geomorphological stage due to the occurrence of 
topographic inversion. The previously mentioned flexural scarp (Fig. 2a) corresponds to the steeper 
forelimb of the fold It is impossible in the field to differentiate the two come alluvial sequences that cap 
the Caja Formation on both flanks, though they are mapped as different units by Ulloa and Rodriguez 
(198 1); (c) the presence of a tectonic "gutterw along the foot of the eastern scarp of La Mesa de San Pedro 
(Fig. l), implying tectonic loading due to foreland-vergent thrusting; (d) recent road cuts of the main 
Llanos road under construction during early 1994, between the Catuya and Chita rivers, across the steeper 
southeastern anticline flank, have exposed brittle deformation (Pleistocene-or-younger, southeast-vergent, 
low-angle reverse faults; Fig. 2b and c). At depth, the presence of the reverse fault has been confirmed by 
recent seismic profiling (the Cusiana fault of Cazier et aL, 1995 and Cooper et aL, 1995). These authors 
also consider this fault as active. 

CONCLCTSIOSS 

The La Florida anticline and the Cusiana fault are tectonically active structures within the fold-and- 
thrust belt of the Eastern Cordillera Llanos foothills; confirming thus the activity of this belt. The 
Cusiana fault is a SE-vergent, low-angle reverse fault. The Florida anticline is an asymmetric fold with a 
northwest gently dipping backlimb and a steeply dipping forelimb. It can be genetically explained by two 
different but simultaneous mechanisms: a) fault-bend folding on the hangingwall block of the Cusiana 
fault and b) fault-propagation folding associated to the southern end of the El Yopal (San Miguel) fault. 

Besides, it seems clear from this experience that comprehension of the Neotectonics framework is 
playing an important roll in identifying new oil prospects in areas as complexly deformed as fold-and- 
thrust belts -the new fashionable target of today's oil exploration-. 

(1) radial drrunage of La Mesa de San Pedro, indicating the southern periclinal clousure of the anticline 
a! surface and allowing to prolong the ori,&al Ulloa and Rodripz's fold axis farther southwest for some 
extra 15 Km, (2) over-a-100-m high and densely dissected SE-looking scarp of La Mesa de San Pedro; (3) 
westward tilt of Quaternary alluvial units at La h m a  de Buena Vista (east of Monterrey) on the 
northwestern flank of the fold and respective river pattern inversion (flow from the basin towards the 
range); (4) SW diversion of the Cusiana and Tua rivers, suggesting dyachronic and differential fold growth 
(older and stronger deformation to the north); and (5) several small fault scarps affecting Quaternary 
alluvial terraces on the Llanos flank of the fold, between the Chita and Cusiana rivers. 
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Figure 1.- Geologic map of a short segment of the Llanos fold-and-thrust-belt 
of the Colombian Eastern Cordillera, roughly east of Bogod. 
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Figure 2.- (a) Flexural scarp on the southeast forelimb of the asynunetric La Florida (Cusima) anticline, between the Catuya and Chita rivers, affecting the 
Pleistocene LA Corneta Formation cobbles (or younger alluvial units?). (b) and (c) Pleistocene-to-Holocene, southeast-vergent, low-angle reverse faulting 
on the forelimb of the La Florida anticline, in recently-dug road cuts of the MonterreyCusiana road, slightly north of the Catuya river. 
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SEISMICITY AND STATE OF STRESS IN THE CENTRAL ANDES: 
BOLIVIAN OROCLINE REGION 

R. ~ ~ a l a (  l *2) and G. wittlinger( l )  

EOPG, 5 rue Descartes, Strasbourg, FRANCE 
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ABSTRACT 

The central Andean seismicity recorded from July 1988 to November 1994 by the Bolivian 
network and some other neighbours stations was located using a 3-D velocity model. The highest 
concentration of crustal events is located near the bending of the Bolivian orocline. A cluster of 
intermediate events is also located beneath the Peru-Bolivia border region. The stress orientations for 
shallow intraplate events is characterised by a principal ENE horizontal compression in the forearc region 
and Subandean Ranges. This direction is parallel to the direction of the Nazca-South American plate 
convergence. The western High Andes are caracterized by a principal N-S horizontal tensional stress. The 
Nazca plate is dominated by a tensional stress oriented parallel to the down dip direction of the slab. 

KEY WORDS: 3-D velocity model, earthquake location, seismicity, stress regime 

INTRODUCTION 

The Central Andes region presents a very important shallow seismicity related to compressional 
tectonic induced by the convergence of the Nazca and South America plates along the forearc, and in the 
both sides of the Andes Cordillera, and a extensional tectonic in the High Andes (Assumpqao, 1992; 
Mercier et al., 1992). 

The Central Andes subduction zone has two different geometries: a subhorizontal segment 
beneath Central Peru and a subducted slab dipping approximately 30°E beneath southern Peru-Bolivia- 
northern Chile region related to extensional stresses (Cahill & Isacks, 1992). The upper-part of the slab 
present a interplate coupling zone defined by a change of compresional to tensional stress field. 

The two main objectives of this study are first the location of the seismicity recorded by the 
Bolivian network and not reported by the regional and international bulletins and second the determination 
of the state of stress in the Central Andes region as deduced from focal mechanism solutions. 
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Fig. 1. Map showing the studied area and 
the limits of the main morphostructural 
units in Central Andes region. Triangles 
show the seismological stations used for 
earthquake location; large arrow indicates 
the direction of the Nazca-South 
American plate convergence (DeMetz et 
al., 1990). The 3-D velocity model uset 
north-south direction by 1280 km in east- 

3 to earthquake location is a cubic volume of 1500 km in 
west direction and down to 650 km depth. 

SEISMICITY PATTERNS 

Seismic data recorded from July 1988 to November 1994 by the seismic network of Bolivia and 
some neighbours seismological stations were used (fig. 1). Earthquakes were located using finite 
differences computations for traveltimes and a fully non linear approach for the inversion (Wittlinger e t  
al., 1993). A preliminary 3-D velocity model for this region was gathered using published geological 
data, velocity models deduced from seismic refraction (Schmitz, 1993) and from local seismic tomography 
(Dorbath & Granet, 1996). The shape of the Nazca plate was modelised like a continuous slab (Cahill & 
Isacks, 1992) with a velocity 2.0% faster that the surrounding mantle velocity (Dorbath et al., 1995). 

The recorded crustal earthquakes (fig. 2) are located in the northern part of the Bolivian foreland 
region, in the Altiplano near La Paz, and in the southern Peru-western Bolivia region. A more sparse 
crustal seismicity is also observed in south-western Bolivia. The highest concentration of crustal 
seismicity is located in the Western Cordillera and in the Subanden Ranges near the bending of the 
Bolivian orocline. The deeper earthquakes (fig. 3) related to the subducted slab show a continuous 
distribution, and indicate a deep slab beneath northern Bolivia (region of the great earthquake from June 
9, 1994). A cluster of seismicity is located beneath Peru-Bolivia border region from 70 to 150 km depth. 
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Fig. 2. Map showing the 
l o c a t e d  . s h a l l o w  
seismicity (less than 70 
km depth). Balloons 
s tand for  lower-  
hemispheric projection of 
foca l  m e c h a n i s m  
solutions. Convergence 
arrows stand for principal 
compressive horizontal 
stress direction (01); big 
divergence arrows for 
principal tensional 
horizontal stress direction 
(03) obtained from the 
inversion of focal 
mechanism solutions. 
The T-axes direction of 
tensional events for the 
High Andes is given by 
small divergence arrows. 

Fig. 3. Map showing 
the located intermediate 
and deep seismicity 
(from 70 to 640 km 
depth); depth contours 
of the Wadati-Benioff 
zone are from Cahill & 
I s a c k s  ( 1 9 9 2 ) .  
Divergence arrows 
indicate principal 
t ens iona l  s t r e s s  
direction (03) obtained 
from the inversion of 
foca l  mechanism 
solutions. 
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STATE OF STRESS 

The focal mechanism solutions for 11 1 shallow intraplate events and 294 subduction zone events 
were compilated from the literature. Other 18 focal mechanisms for shallow earthquakes include also our 
data. The focal mechanisms were grouped by geographic region and depth range and inverted for the 
orientation and relative magnitude of the stress using the method developed by Rivera & Cisternas 
(1990). 

In the forearc region and in the Subandean Ranges the stress pattern is characterised by a ENE 
horizontal compressional stress (ol) and a vertical 0 3  (fig. 2). A horizontal tensional stress (03) oriented 
N-S (in the north-west) and NW-SE (in the south-west) and a horizontal a 1  characterise the western 
High Andes. 

The stress pattern for the tensional events of the subduction zone (fig. 3) is characterised by a 
principal ENE tensional stress (03) in the down dip direction of the Nazca plate and a vertical a l .  

CONCLUSIONS 

There is an evidence of a correlation of the crustal seismicity with the direction of the main 
morphostructural units. The crustal seismicity near to the "bending of Santa Cruz" is related with the 
compressive forces induced by the Nazca-South American plate convergence. The Subanden Ranges and 
forearc region are under a triaxial compressional stress regime. Southward of the Subandean Ranges from 
20°S, the principal compressional stress direction change of NE-SW to E-W following the trend of the 
Cordillera The western side of Andean Cordillera is under a shearing stress regime. The stress 
orientations calculated agreement with the stress orientations deduced from a field study of fault 
kinematics (Mercier et al., 1992) and with the regional stress field (Assump~ao, 1992). The seismogenic 
interplate contact zone is about 60 km depth. The slab is dominated by a triaxial extension stress regime 
with a principal extensional stress direction parallel to downdip direction of the Nazca plate. 

REFERENCES 

Assumpqao, M,, 1992. The Regional Intraplate Stress Field in South America, J. Geophys. Res., 97, 
11889-1 1903. 
Cahill, T. & B. L. Isacks, 1992. Seismicity and Shape of the subduction of the Nazca Plate, J. Geophys. 
Res., 97, 17503- 17529. 
DeMetz, C., R. G. Argus, & S. Stein, 1990. Current plate motion, Geophys. J. Int., 101, 425-478. 
Dorbath C. & Granet, M., 1996. Local earthquake tomography of the Altiplano and the Eastern 
Cordillera of northern Bolivia, Tectonophys (accepted). 
Dorbath C., Paul, A. and Lithoscophe Andean Group, Tomography of the Andean Lithosphere at 20's: 
Preliminary results of the Lithoscophe experiment (soumitted to EPI Letters section, 1995). 
Mercier, J. L., M. SCbrier, A. Lavenu, J. Cabrera, 0 .  Bellier, J-F., Dumont and J. MacharC, 1992. 
Changes in the tectonic regime above a subduction zone of Andean type: The Andes of Peru and Bolivia 
during the Pliocene-Pleistocene, J. Geophys. Res., 97, 11945-1 1982. 
Rivera, L. & Cisternas, A., 1990, Stress Tensor and Fault plane solutions for a population of 
earthquakes, Bull. Seismol. Soc. Am., 80, 600-6 14. 
Schmitz, M., 1993. Kollision strukturen in den zentralen Andean: Ergebnisse refraktion seismischer 
Messungeh und Modellierung Krustaler Deformationen, 1993, Inaugural - Dissertelion zur Erlangung des 
Doktorgrades am Fach bereich Geowissenchaften der Frein Universital Berlin. 
Wittlinger, G., Herquel, G. & Nakache, T., 1993. Earthquake location in strongly heterogeneous media, 
Geophys. J. Int., 115, 759-777. 



Third ISAG, St Malo (France), 17-191911996 

ON PREDICTING COASTAL UPLIFT AND SUBSIDENCE 
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SUMMARY 

Vertical elevation changes, observed for three large earthquakes in Chile (1960, 1985 and 1995 events), are 
used LO determine the downdip extent of the seismogenic region. Interpolation of the axis of the observed 
null elevation change for these three large earthquakes, as a function of their distance to the uench, to 
other zones of the counuy allow future estimations of coast uplift or subsidence. 

INTRODUCTION 

In subduction zones like the Chilean convergent margin. the size of a large earthquake is determined by 
the length, width (updip and downdip extension) of the rupture region as well as the amount of 
displacement on i t  The location of the downdip extension of rupture determines the position of greater 
subsidence -and the null elevation change axis- at the surface and concurren~ly. the location of greater 
subsidence and null coseismic change give a very good estimation of the location of the downdip end of 
faulting. This place is almost independent of the updip extension location. The amount of slip on the 
fault only acts as a scaling factor, it does not produce any change in the shape of the elevation change as a 
function of distance from the uench. 

The most common way to estimate the downdip extension of the rupture zone is to locate the uansition 
zone between reverse and tensional faulting along the dip of the subducted region, as revealed by 
earthquake focal mechanisms. In this work, we use crustal deformation observations of three large 
earthquakes in Chile as well as an estimation of the downward curved Wadati-Benioff zone to estimate no 
only the downdip extension of the seismogenetic region but the implication that its location has along the 
coast of Chile, i. e.. expected uplift or subsidence along the coast. 

DATA and ANALYSIS 

Crustal deformation has been well documented for three large earthquakes in Chile: The May 22, 1960 
Mw=9.5, the March 3,1985 Mw=8.0 and the July 30, 1995 Mw=8.1 events, we briefly describe the 
related information on each event. 

The 1960 earthquake has been the largest event recorded in this century (Kanamori, 1977). Remarkable 
changes in land levels were observed in a region 1000 km long and 200 km wide. Exueme coseismic 
changes ranged from 5.7 m of uplift at Guamblin Island to 2.7 m of subsidence in Valdivia. Plafker and 
Savage (1970) analyzed the static deformation data and presented teleseismic surface wave evidence to 
support their preferred uniform slip dislocation model that involved between 20 and 40 m of slip on a 



Third ISAG, St Malo (France), 17-19/9/1996 

rupture 1000 km long by 60 km wide. Later. Plafker (1972). Linde and Silver (1989) and Barrientos and 
Ward (1990) revisited the deformation field concluding that the main portion of slip took place on a 
roughly 900-km long fault by 120-150 km wide. Fig. 1 (C and D) shows the elevation changes on three 
profiles according to Plaiker and Savage (1970). 

The Mw=8.0, 1985, Central Chile earthquake has been the largest event in this region since 1906. 
Aftershock surveys, body-wave modeling, surface wave analysis, gravimetric observations and geodetic 
estimates revealed a rupture length of approximately 160 km in a north-south orientation with maximum 
slip of about 3.5 m (Christensen and Ruff, 1986, Comte et al. 1986. Barrientos, 1988; Choy and Dewey, 
1988). A first-order leveling lines. repeatedly surveyed in 1981 and four months after the earthquake, 

'evidenced 0.5 m of uplift at the coast nearby the city of San Antonio and a 10-cm subsidence about 60 km 
inland. The projected elevation changes on a profile perpendicular to the coast is shown in Fig. l(B). 

The deformation field produced by the 1995. Mw=8.1, Antofagasta earthquake has been the first ever 
detected by a GPS array in Chile. This is one of the largest events during this century in the region and 
took place just south of the estimated rupture region of the 1877 Mw=8.7 earhquake. GPS obsenrations 
(Ruegg et al. 1996) were made in 1992 and two weeks after the great event. Comparisons between these 
two groups of observations indicate relative horizontal displacement, to the east-southeast, of 0.7 m of the 
coasd bench marks. Those points located inland subsided several centimeters and the one located in 
Mejillones Peninsula was uplifted more than 15 cm (Fig. 1A). 

In this work, the null axis of the elevation change profiles is the input to establish the depth of the 
downdip extension of the coupling region. An additional ingredient to estimate this parameter is the 
shape of the Wadati-Benioff zone. For the Chilean convergent margin, the shape of the Wadati-Benioff 
region is roughly the same down to depths of the order of 60 km (Kadinsky-Cade, 1985; Pardo et al., 
1996). 

As a first step, we plot the observed null elevation change points as a function of distance from the 
trench. Fig. 1 (left) shows a plot of distance trench-coast as a function of latitude in which are 
superimposed the places where null coseismic obsenlations were made: Antofagasq Cenlral Chile and 
two for the 1960 event, labeled A. B, C and D. Those regions in which the distance coast-trench is less 
than the expected null elevation change (dashed line) the coast is expected to be uplifted with each large 
event. This is the case for the region between 26sS and 3 W ,  and the Mejillones and Arauco Peninsulas. 
Conversely. those regions in which the distance trench-coast is greater than the expected null elevation 
change will subside. This is expected for northern Chile (north of Mejillones Peninsula, 23s) and the 
Valdivia region. 

To establish the relation between depth extent of lhe seismogenic zone and elevation changes, instead of 
using rectangular fault planes embedded in an elastic halfspace, we describe the surface changes as a 
product of the supepsition of line sources, infinite along strike located along the seismogenic zone as 
described by Pardo et al. (1996). We will be presenling lhese results. 

Acknowledgments. This work has been partially funded by Fondo Nacional de Ciencia y Tecnologh 
(FONDECYT) grant 1950623. 
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Fig. 1. Location of the trench in relation to the coast (middle) and the dismce between the coast and the trench 
(lefL solid line). We dathed line (left) is the inleqmlaled curve of null coseismic elevation change determined from 
the lour profiles A.B.C and D (right). If the solid line is to the right of the dashed line (25-3m).  it means that 
the coast will be subjected to uplift because the wench-coast distance is less than the corresponding 10 the null 
coseismic axis. Conversely. the other regions will he suhjeaed to suhsidence. 
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SUhlhlARY 

Shnllow inuaplate seismic activity in Chile is poorly understood. This is mainly the result of lack in 
asscxiation of seismic activity with recognizable fault features at the surface. This work is an attempt to 
uodcrsrand the tectonic environment which gives rise to ecmhquake activity in the occidental flank of the 
Andes of cenual Chile. This region, located less that 100 km away from Santiago, h a  been subjected in 
the paqr to earthquakes with magnirudes up to 6.9, and several smaller shocks have t'aken place in the last 
few years. Because most of the events lie outside, to the east, of the Central Chile Seismic Network, it is 
essential ro have an adequate knowledge of the velociry structure in the Andean region to produce highest 
quality epicentral locations. A north-south refraction line using mining blasts of Disputada de Las Condes 
o p n  pit mine has been acquired. These blasts have been detected as far as 250 km to die south; 
preliminary interpretation of the travel times indicates a model consisting of 3 layers, 1.5, 5.35 and 8.6 
k1n thick, overlying a halfspace; their associared P wave velocities are 5.2, 5.95, 6.35 and 7.0 kmls 
respective1 y. 

Jlypocenual relocation of earthquakes occurring in the last 10 years, using the newly developed velocity 
model, reveals several regions of concentration of seismicity. One of them clearly delineates the fault 
zone, and its extensions, of the strike-slip earthquake Ulat took place in September, 1987. Other pockets 
of activity are the regions near San Jose volcano and the birth of the hlaipo river. A temporary array of 
seismographs, installed in the high M a i p  region, allowed us ro establish the hypocentral location of 
events with errors less than 1 km. Focal mechanisms of these events were derennined using wavefonn 
modeling of the records produced by a recently deployed hroad-band seismograph at 20 km distance. Focal 
mech;uiisms indicate that the region is currenrly suhjected to E-W compression. 

WTRODUCTION 

In general, seismogenic zones in Chile are basically well establislicd: large shallow (0-50 km) thrust 
:arthqunkes along the coast. Ixge deeper (70-100 km) rensional events wilhin the subducting plate, and in 
few places, like Magellan Strait and the cordillenn region of central Chile, where very shallow seismicily 
(0-20 km) occurs. 

The large thrust earthquakes are locared along the coast from Arica (18's) to Taitao Peninsula (46's). 
With mag~iitudes hat can reach values over 8, these events are usually accompanied by tsunamis; their 
ruprure extent is lirnited to the coupled region hetween the Nazca and Soulh American plates (Tichelaar 
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and Ruff, 1991). Their spatial and time dislrihutions have been studied (Barrientos, 1981; Martin, 1991). 
so the seismic hazard due to these Iarge events has been assessed. 

More recently, the hazard produced hy large, deep tensional earthquakes has k n  recognized. These events 
are caused by faulting within the suhducting Nazca plate ar depths between 80 and 100 km with app~mtitly 
high stress drops (Kausel, 1991). A clear ex'mple of these type of events is the 1950 Calama earthquake 
(Kausel and Campos, 1992) and possibly lhe 1939 Chillan event (Beck et al. 1993). 

Another seismogenic region, which Ilas not k n  fully studied and quantified in the past, is Ihe one located 
at shLl:,w depths in the Andean cordillera in the central pafi of Chile. Two relatively large, shallow (less 
itan ,G  km depth), earthqu;lkes have taken place in this region: September 4, 1958 (M=6.9, Lomnitz, 
1961; Piderit, 1961) and September 13, 1987 (M=5.9, Barrientos and Eisenberg, 1988). the former 
prodljcing a maximum Mercalli intensity of X. Only recently, with the permanent operation of the 
Central Chile Seismic Network (CCSN), we have recognized this region as highly active wih its 
corresponding seismic potential (Fig. 1). After 10 years of operation of the CCSN we are now ahle to 
adequately locate the seismogenic zones as well as define their geometric characteristics and rates of 
activity. 

The understanding of the seisrno~eclonic phenomena in this area is crucial for Ihe assessment of the 
seismic hazard in cenlml Chile. 111 facr, three large mines (El Teniente, Dispukida, and Andina) as well as 
waler s~lpply for d1e city of Santiago m located in this seismic area; five medium size hydroelectric plants 
and several smaller ones are less th'u~ SO km away from the area of interest. 

DATA and RESULTS 

To produce highest quality epicentral locations in the area we needed to establish an adequate velocity 
model in the Andean region and a set of station corrections, particularly because most of Ihe events lie 
outside, to the east, of tl1e CCSN. 

The velocity model stems out from a north-south refraction line (Fig. 2a) using several mining blasts of 
Disputada de Las Condes open pit mine (70.27"W. 33.159) as seismic source. These blasts were recorded 
in some of the pennanente stations of the CCSN as well as ponahle seismographs deployed in several 
complementary locations (Fig. 1) when a sufficiently large blast took place. We used the closest 
permanent station at Farellones as a reference for the zero- time after recording simultaneously three 
monitored explosions in the mine; the P-waves travel time from the mine to Farellones is 3.5 S. These 
blasts have been detected as far as San Fernando, 180 h to the south of the Dispurada mine (Fig. 2a). 
preliminary interpretation of the travel times indicates a model consisting of 3 layers, 1.5, 5.35 and 8.6 
km thick, overlying a halfspace; their associated P wave velocities are 5.2, 5.95, 6.35 and 7.0 km/s 
rcspcctively (Fig. 2h). 

Analysis of ten years (1986-1995) of shallow seismicity in the Andean region of cenual Chile clearly 
delineates the pattern of activity (Fig. l). The most irnponant feature is the concenuation of events south 
of Pangal river and east of Cipreses river centered about 34.4"s arid 70.2W. This region was the site of 
an Ms=5.9 earthquake in 1987; the focal mechanism and aftershock disuibution reveals suike-slip faulting 
on a NE-SW Wending feature. This is mainly the result of an east-west compression. Od~er sites of 
activity are the Maipo valley, about 20 km south of Las Melosas (epicenter of the Ms=6.9, 1958 
earthquake) where most of llle activity began in November, 1994. Concentrated activity is also evident 
near Disputada de Las Condes and El Tenienre, both are product of induced seismicity; blasting at 
Disputada and blasting and rockburtsts at El Teniente. Minor seismicity nearby San Jose volcano is 
Ll~ought to be of volcanic origin; 50% of this activity took place in the first 4 months of 1990. During 
this period, events with magnitudes between 3.6 and 5.0 are well represented by log N = 7.14 - 1.55M (N 
is the annual cumulative number), hut this relationship underestimates the frequency of occurrence of 
events with magnitudes M > 5.5. 



Fig. I .  Epicenlers of shallow (< 20 km d e p h )  earthquakes in the Central 
Chilean Andes during the period 1986-1995 as determined by the 
Central Chile Seismic Network (squares) of the Dept. of Geophysics of 
the University of Chile. The two highlighled regions are zones of recent 
high activity. Portable seismographs deployed for the acquisition of the 
rcfraclion line (Fig.2j arc represented by open tr~anples.  
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A portable network, collsisri~lg of 8 L4C Mark koducls and EDA digilal recorders operated for a period of 
one and a half month (January-March, 1996) in tlie region between Maipo and VolcAn rivers, one the sires 
of highest activily in the past few years. During dlis period, more than 20 shallow earthquakes were 
recorded at 4 or more slations. We are currently analyzing the characrerisrics of this seismicity in addition 
to developing moment rensor inversion at local disrmces. 
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INTRODUCTION 

The El Pilar Fault, considered by many authors as the southern boundary between the Caribbean 
and Southamerican Plates, has generated a big controversy, even recently, because differents workers 
haven't agreed yet about its kinematics and its cartographic trace. 

Even though this fault is the most important tectonic element in northern Venezuela (350 Km 
long.), only 80 Km can be followed on- shore, between Muelle de Cariaco (west) and Cailo Ajies (east). 
Both extremities can be followed off-shore and are connected to the San Sebastian (west) and Los Bajos- 
El Soldado faults system (east). 

RESULTS 

Neotectonics evaluation of the on-shore section (including benching and trial pits) allowed to 
confirm the right lateral movement. Four segments can be differentiated along the El Pilar Fault active 
trace: 

A.- An off-shore segment located western of Cumana), where this fault is connected to the San 
Sebastian fault, and generating thus two pull-apart basins (Cariaco through). This connection occws, 
south of the La Tortuga Island, along two "en khelon" segments, producing a transtension zone of 30 
Km long and 160 Km wide, where two deep depressions ("graben-like*) can be easily identified. The 
pull-apart here defined is narrower than the one mentioned by SCHUBERT (1982). 

B.-An 80 Km long segment, located even on shore and off-shore (Cariaco Golf), between Cu- 
mana and Casanay. A sinistral "khelon" step, produce a transpressive zone, where the Caigiiire hills, 
have been elevated since the Pleistocene. Boths flanks of these hills, present evidences of right lateral 
displacement, with an important reverse component ( conic folds, knee folds and high angle reverse 
faults), which have been mentioned by ASCANIO (1972 ) and MACSOTAY & W A S  (1988). 

Also, shutter ridges, obturated drainages, fault trench and a offsetted creek along a secundary 
fault, have been identified. 

A surface rupture generated during the1929-1741 earthquake (PAIGE, 1930), indicates a right 
lateral displacement (Caigiiire hills). Toward the east, between Cariaco and Casanay towns (Fig.l), off- 
seted creeks. sag ponds, shutter ridges and a Holocene scarplet, suggest also a right lateral movement 
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C.- Between Casanay and El Pilar (30 Km long), numerous geomorphologic evidences of recent 
right lateral activity have been mapped (Fig.2). This segment shows a complex anastomosed geometry, 
and it's located between the Cariaco and Paria gulfs. 

Between Casanay and Rio Casanay towns, the main active trace offset a middle Pleistooene 
collwion deposit, and the Tunapuy limestone unit; 375 m of dextral offset can be measured along a 
middle Pleistocene shutter ridge, generated in the fault zone. A trench excavated in 1994, allowed to 
expose a 20m gouge zone associated to a flower structure geometry, with fault planes oriented E-W and 
containing horizontal slickensides (less than 10" pitch). Using C method, we have interpreted four 
palmseismic events : 7.080 f 1.460; 5.985 A 735 ; 5.595 A 275 and 4.805 A 1.050 years BP. 

Along the most southern active branch, sag ponds, an Holocene scarplet ( 50 cm high), a 
Pleistocene scarp ( 6 m ), as well as an extruded serpentinite body mentioned by METZ (1%8), have 
been mapped. 

Between Rio Casanay and El Pilar towns, two active traces can be recognized, following a E-W 
direction; along these two segments, numerous evidences of recent activity ( sag-ponds, scarps, shutter- 
ridges ), as well as, an intense hydrothermal activity have been reported. A 10 m high scarp affects a 
Pleistocene detritic ramp, near Nueva Colombia, between Casanay and El Pilar. 

D). several "en khelon- steps can be followed along this most eastern segment (Fig.2) ; some 
controlled drainages,and also, a horst-graben geometry feature can be mapped along the Holocene 
marsh deposits. Toward the east , in the gulf of Paria, the El Pilar fault is connected to the Los Bajos-El 
Soldado system, instead of continuing to the Northern Range of Trinidad (SOULAS, 1986; BELTRAN 
& GIRALDO, 1989 y BELTRAN, 1993 and 1994). 

CONCLUSIONS 

Diagnostic evidences of active faulting along the EL Pilar fault system on-shore segments indicate a 
predominantly right-lateral displacement during the Quaternary. These evidences have been confirmed, 
by studying the coseismic structures well exposed on a trench excavated , as-well as , on trial- pits, 
along the active trace of this fault 
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Fig. 1 Geomorphic evidences of recent tectonic activity along the El Pilar active fault trace. 



C----- 

.---- 
D'. 

. - - - _ _ .  -- 

Fig.2 Geomorphic evidences of recent tectonic activity along the El Pilar active fault trace 
( Continuation). 
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INTRODUCTION 

The interaction among the South American and Nazca plates forms one of the most typical 
Wadati-Benioff (W-B) zones existent on Earth. However, a detailed examination of that zone shows 
some peculiarities that cause controversies in the interpretation of its own structure, both in depth and 
laterally, and in the satisfactory explanation of some related phenomena, such as the origin and the 
mechanism responsible for the deep earthquakes in South America, among others. Some seismotectonic 
features of the W-B zone in the Andean region, based on the spatial distribution of hypocentres of 
selected earthquakes and the space-time distribution of the deep earthquakes, are presented with the 
purpose of contributing in the solution of some of the controversies mentioned above. 

The data used in this work have been selected from the International Seismological Centre 
(ISC) Bulletin Data Base (BDB) CD-ROM, for the time interval January 1964 - August 1987, and from 
the Global Hypocenter Data Base (GHDB) CD-ROM, for the periods earlier than 1964 and after August 
1987 up to December 1988. This data was complemented with hypocentre data contained in magnetic 
tapes furnished by the National Earthquake Information Center (NEICNSGS), of earthquakes occurred 
up to June 1990. The selected earthquakes for the present work were past through a selection procedure 
using as reference the method of Barazangi & Isacks (1979). From a total of 9132 earthquakes with mb 
2 4.0 compiled from those catalogues, only 2236 (24%) were selected as hypocentral determinations of 
good quality to be used in this work. 

RESULTS 

The spatial distribution of the selected hypocentres is made through epicentral maps and 
profiles corresponding to portions of the Andean region with the seismic foci projected into vertical 
sections that follow the assumed direction of the Nazca plate subduction. These projections clearly show 
several known seismotectonic features of this W-B zone, as for instance the flat portions of W-B zone 
located at around 30"s in Central Chile/NW Argentina and in CentraVNorthern Peru and the absence of 
seismic activity among 300 and 500 km of depth, as discussed in Barazangi & Isacks (1976, 1979), 
James (1978), Hasegawa & Sacks (1981), Boyd et al. (1984), Smalley & Isacks (1987), among others. 

The seismic sections also show some evidences of a twisted W-B zone, specially beneath the 
Peru-Chile-Bolivia-Argentina borders region, as shown by Schneider & Sacks (1987), and the existence 
of some probable lateral discontinuities between portions of the W-B zone, that have different behaviour. 



Third ISAG, Sr Malo (France), 17-19/9/1996 
158 

This can be seen in the sections for the portion 25"s-32.5"s where the flat slab in Central Chile does not 
seem to correlate with the deep earthquakes of NW Argentina. The continuity of the slab in depth is 
more evident in the sections corresponding to the portion 20"s-25"s. The last sections suggest the 
presence of two kinds of slab with different characteristics: 1) a 25 km thick slab dipping from the 
trench with an angle of near 20" down to a depth of no more than 150 km, as a continuation of the slab 
portion near the trench in Central Chile, and 2) a 40 km thick slab dipping with an angle that increases 
from 30°, near the trench, to almost 45" at 300 km of depth, that apparently continues dipping through 
the aseismic gap, up to meet the deep focus earthquakes. These features suggest the existence of a lateral 
discontinuity that begins near the Arica elbow and passes through the southern extreme of the deep 
earthquakes epicentral area in NW Argentina as proposed by Berrocal (1974). The transverse sections in 
the other portions of the Andean region do not show conspicuous profiles of the W-B zone, specially in 
the northern latitudes. 

The longitudinal S-N section shown in Fig. 1, permits to correlate the deep earthquakes with 
features of the slab suggested by the spatial distribution of shallower seismicity, mainly in the central 
portion of the Andean region, suggesting the continuity of the W-B zone, both in depth and laterally. 
The depth of the W-B zone gradually increases from around 50 km in its southern extreme (45"s) up to 
depths of the order of 200 km at 27.5"s. Then comes a gap of intermediate depth activity in 27.5-26"S, 
followed by a decrease on the depth of the slab to around 100 km up to 25"s. The characteristics of the 
W-B zone following to the north, clearly change between 25"s and 24"s. Here the seismic activity gets 
deeper, going rapidly from 150 km to almost 300 km of depth at 23"s. This block of the W-B zone, 
located beneath northern Chile and southern Peru, is extended up to latitude 14.5"s and seems to 
correlate well with the almost S-N oriented Southern Segment of deep earthquakes located in northern 
Argentina and southern Bolivia, as shown in Fig. 1. That interpretation suggests that the Nazca plate 
subducting between 23"s and 14S0S, is being twisted relatively to the South, in such an amount that the 
deep extremes of this portion of the slab are beneath latitudes 29"s and 17"S, respectively. This 
interpretation may explain the suggested existence of two different slabs in Northern Chile. 

After 14.5"s the seismic activity gets shallower from 250 km to around 100 km of depth and 
increases a little up to around 150 km just to the North of 10"s. This forms a block of the W-B zone 
beneath Central Peru that seems to correlate with the Central Segment of the deep portion of the slab 
with scarce seismicity, where occurred the M, 8.3 deep event of June 1994 under the Peru-Bolivia 
border region. The surface projection of the Central Segment of deep earthquakes follows the SE-NW 
direction, suggesting that the slab is still twisted to the South, in a smaller amount than the southern 
portion, but bent to the NW. Then come a small gap of intermediate depth activity followed by a sudden 
increase of activity among 150 and 200 km of depth beneath 9"s that keeps constant until around 1°S, 
where it ends abruptly, with the slab bent northwards. That forms another block of sallower activity that 
can be correlated with the Northern Segment of deep earthquakes located between latitudes 1 1"s and 1.5 
"S, beneath the Peru-Brazil border region and southern Colombia. The Northern Segment of deep 
earthquakes is fairly active only in its southern portion, between 11"s and 6S0S, then follows a large 
inactive portion up to its northern extreme where have occurred the M, 8.2 deep earthquake of July 
1970 and other two large deep events, in 191 1 and 1922. This portion of the W-B zone related to the 
Northern Segment of deep events is less twisted to the South than the portions related to the Southern 
and Central segments of deep earthquakes, specially its northern extreme. 

The space-time distribution of deep South American earthquakes (h>500 km), using all data 
existent in the catalogues mentioned above covering the interval from 1911 to present, shows that 
consistent data for this type of events exists only since the 1960's. The three segment of deep earth- 
quakes are evident in the latitudeltime distribution, showing the following peculiarities: 1) the activity in 
terms of the number of events, is higher in the Southern Segment and very low in the Central one; 2) the 
southern portions of the Southern and Northern segments of deep earthquakes are the most active within 
each segment; 3) the activity in the portion between 27"s and 29"s is continuous along the last 35 years, 
whereas the other portions of deep earthquakes present large periods of inactivity, some of them of 
several years; 4) the activity in the northern portion (18"s-22"s) of the Southern Segment has increased 
from six events in the interval 1960-1980, to ten events in the last 15 years; and 5) the scarce activity in 
the Central Segment increased from three earthquakes occurred in 1958 (2 events) and 1969 (1 event) to 
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three important earthquakes occurred in the last two years, including the M, 8.3 deep event of June 
1994 and its aftershocks. 

Time correlation between reliable hypocentral determinations for deep South American earth- 
quakes is possible for events occurred since 1964. There is a clear correspondence among events in the 
Southern Segment with the earthquakes of the Northern Segment suggesting an interchange of energy 
from south to north, that during the 1964-1968 period use to occur with an interval of a few days to a 
few weeks. During the second half of 1968 that interchange suddenly stopped, the deep activity in the 
Northern Segment also stopped, a few months later occurred in the Central Segment of deep earthquakes 
an unusual event at around 13"s in the Peru-Bolivia border region, and the suggested flux of energy 
apparently inverted its direction, m-ng completely the seismicity behaviour in the Southern and 
Northern segments, in relation to that observed in the 1964-1968 period. After this inversion, that lasted 
up to the end of 1969 or beginning, the M, 8.2 deep earthquake of July 1970 occurred in southern 
Colombia. It was a milestone event in South American seismotectonic activity, because its occurrence 
was preceded and followed by clear changes in the seismic behaviour of the entire deep portion of the 
W-B zone beneath the Andean region, but specially in the Northern Segment, that presented very low 
rates of activity up to the end of 1982. 

During the last five years, deep activity in South America has been very high, reaching very 
unusual rates, including the Central Segment. This, together with the changes occurred before and after 
the July 1970 deep event in the northern extreme of the Northern Segment, and the probable time 
correlation between the events of the Southern and Northern segments of deep earthquakes in South 
America, suggests the lateral continuity of the slab under the central portion of the Andean region. 

CONCLUSIONS 

The space-time correlation of deep South American earthquakes, and its apparent correlation 
with shallower seismic activity in the W-B zone, beneath the central portion of the Andean region, 
suggests the continuity of the slab, both in depth and laterally, in the central portion of that region. They 
also suggest the slab being twisted to the South, with more intensity in its southern deep extreme and 
almost nothing in the northern extreme, with its central portion bent to the West. This new model of the 
W-B zone under the Andean region may help to solve some of the existent controversies. 
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Introduction 
The worldwide threat from earthquakes is growing : in 1900, one of every three large 

earthquakes killed humans, while today nearly two out of three are fatal. Earthquakes are not more 
frequent nor more powerful, rather, the number and size of vulnerable cities is growing. The world's 
urban population is dramatically increasing : from about 30% of the world's population in 1950 it is 
expected to reach roughly 50% by 2000. This growth is absorbed by cities becoming larger and 
more vulnerable : in 1950, only 25% of the world's 50 largest cities were located within 200 
kilometers of an historical magnitude 7 earthquake compared to about 50% in the year 2000. 

As countries become more developed, earthquakes cause fewer deaths and greater economic 
losses : the 1987 Loma Prieta earthquake (USA) caused 62 deaths and $4.7 billion of economic 
losses in and around San Fransisco, while a similar sized earthquake in Spitak (Armenia) killed 
over 20000 people and $570 million of economic losses. The economic loss in Spitak represented 
95% of Armenia's GNP, while the loss from the Loma Prieta Earthquake represented only 0.2% of 
the United States GNP. 

The Quito earthquake risk management project is a pilot project in social seismology launched 
in a developing country. Its purpose was to provide direction to government officials, business 
leaders, and the public in general, to reduce damage and injury in the next major earthquake. The 
scientific work involved institutions from Ecuador, Canada, France, Japan and the United States, in 
the fields of seismology, geology, soil mechanics, structural engineering, and city planning. 

The project was divided into three phases. In the first, damaging earthquakes and their effects 
on Quito were analyzed. In the second, the impact on life in Quito during the month following one 
of these earthquakes was described in vivid, non technical terms. Finally, based on the first two 
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phases of the project, recommendations for managing Quito's earthquake risk were formulated by a 
group of Ecuadorian and international specialists. 

To provide objectivity, a group of international experts in the various fields involved in the 
project was formed. Its task was to check and endorse the work done. A group of potential users of 
the data was also formed in order to insure that the results of the project could be used. This group 
included representants of the local authorities, the main economical elements (e.g., banks, 
insurance, industry, and commerce) and the agencies responsible for the city services (e.g., water, 
electricity, sewage, and streets system). 

Why an earthquake risk management project in Quito ? 
Out of the 23 events felt in Quito with an intensity of V1 or bigger since 1541, 8 produced 

intensities of VLI or bigger in 1587, 1627, 1598, 1755, 1797, 1859, 1868, and 1923. 
The past damaging earthquakes occurred while Quito was quite different from the modem Quito. 

The city has changed significantly in the last 40 years. In that period, the population increased from 
420 000 to 1.2 million, with a considerable expansion of the city. This has resulted in increased 
urban densities, which, linked to expanding poverty, have resulted in an increase in poorly- 
constructed buildings and development in hazardous areas such as steep mountain slopes. In 
addition, high-rise buildings that did not exist in the 1950's have spread in the northern lower lands 
as a result of a more dynamic economy. Furthermore, the outcome of this dramatic growth is 
uncontrolled development and construction practices. Apart from the city's large modern structures, 
most dwellings in Quito were constructed without engineering guidelines. The Quito of today and 
tomorrow will respond to repetitions of the large historical earthquakes in very different ways than 
the Quito of the past. 

It is expected that because of Quito's growth and earthquake history, the city's vulnerability will 
increase in the future unless concerted action is taken. While in 1990 the city began drafting a 
detailed development plan, in which earthquake hazards were taken into account, the inadequacy of 
available data hampered efforts to enhance the city's earthquake preparedness through planning 
guidance. 

In order for the residents of Quito - including government officials, business leaders and the 
general public - to prepare for the next major earthquake, they must first understand the earthquake 
threat and the effects that a destructive earthquake will have on Quito. Only then can Quito begin a 
risk reduction program to reduce damage and loss of life in the next major earthquake. 

Description of the project 
First phase : future earthquakes and their effects on Quito. 

The objective of this phase was to determine the effects of several possible damaging 
earthquakes on the city. Five steps were taken to reach that objective : 

1.- Selection of several possible earthquake sources (location, magnitude) that could threaten 
the city. From an analysis of the historical seismicity and the distribution of seismogenic structures 
of the country, ten possible earthquakes with destructive potential for the city of Quito were 
identified. Three representative earthquakes were selected for detailed analysis : 

a.- An inland earthquake of magnitude 7.3 and epicentral distance of 80 km from Quito, 
selected as a representative earthquake in the subandean region, in the zone of the 1987 earthquake. 

b.- A coastal earthquake of magnitude 8.4 and epicentral distance of 200 km, selected 
because studies indicate a 60% probability of occurrence before the year 2000. 

C.- A local earthquake of magnitude 6.5 and epicentral distance of 25 km. The 1990 
Pomasqui earthquake indicated that the Catequilla fault is active, and the geometry of the fault 
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indicates that i t  has the potential for generating a larger magnitude earthquake. This earthquake is 
also modeling the 1587 earthquake located, possibly, on an active North-South trending fault. 
At the same time, twenty-three earthquakes that produced intensities of V1 or greater during 
Ecuador's 460 years of written history, which includes 1104 seismic intensity observations, were 
used to establish attenuation relations for the country, which were then corrected for application to 
the city of Quito. 

2.- Division of the city into seismic zones : soil characteristics were obtained from over 2,000 
drillings from various sources (e.g., private consultants, municipality files, and EPN studies). Based 
on topography, soil characteristics, and surface geology the city has been divided into 20 zones. 
For each of these zones a representative soil column was established down to a depth of 20 meters, 
usually not reaching the base rock, whose depth is unknown. 

3.- Evaluation of the intensity distribution in the city based on these zone to prepare seismic 
intensity distribution (SID) maps for each of the three chosen earthquakes. Intensities in the 20 
zones were computed using soil models and seismic responses, peak accelerations and soil 
amplifications, for the 3 hypothetical earthquakes, leading to the following results intensity ranges : 
subduction earthquake : 5.6 - 6.1 ; inland earthquake : 6.1 - 6.9 ; local earthquake : 6.3 - 8.0 
These results were checked by comparing the computed intensity with observed intensities for the 
1987 event. 

4.- Evaluation of the location and distribution of different structural types (buildings, houses) 
throughout the city. Fifteen main types of structures were identified in Quito. Among those, each of 
the 9 most common types of buildings were subdivided in three categories, according to building 
heights. Then, each city block has been classified according to its predominant structural system, 
i.e. the structural type that covered the greatest area of the block. 
In order to estimate the structural vulnerability of the structures, some buildings that we considered 
as representative of each type of structures were evaluated individually. Special structures such as 
hospitals, schools, industrial facilities, as well as the sewage system, water reservoir tanks, 
transmission towers, gas and oil stations near the city, and the airport were inspected individually 
with more scrutiny. 

5.- Evaluation of the consequences of the intensity distribution on the buildings and city 
services. Physical damage caused by ground shaking was estimated using a relationship between 
the damage factor versus Modified Mercalli Intensity scale. In the method used, the damage factor 
is defined as the ratio of the estimated cost due to earthquake damages divided by the facility 
replacement value. We considered 7 states of damages : none, slight, light, moderate, heavy, 
major, destroyed. Finally, the time of recovery for lifelines was estimated. The method has been 
tested by comparing computed damages to observed damages for the 1987 earthquake. 

Second : a month in Quito following a future earthquake. 
The scientific analysis of this project, while providing detailed estimates of damage from potential 

earthquakes, does not communicate the impact of such disasters. The purpose of the second phase of 
the project was to describe life in Quito during the month following the local earthquake, in order to 
help government officials, emergency service planners, business leaders and the general public to 
visualize the consequences of a future major earthquake, and provide the motivation and understanding 
required to act. The scenario is based on the scientific analysis of the local earthquake and a 
vulnerability study of Quito's city services, public buildings, and infrastructure. 
The vulnerability study was performed by interviewing officials from 17 different city organizations, 
including sewer, water, power and transportation departments, Civil Defense, and fire and police 
departments. In a multi-stage process, the interviews were written up and returned to the interviewees 
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for review. The revisions then underwent further scrutiny at a meeting grouping all participants to the 
interviews. From this process, a detailed understanding of public services and the functioning of the city 
was gained and then used to estimate the earthquake's consequences. 
The seismic hazard and damage assessments as well as the interviews were combined into a vivid 
description of possible consequences of the local earthquake. The scenario described the 
consequences of the earthquake in 6 parts : when the earthquake strikes, one hour later, the first 24 
hours, and then at 2 days, 1 week, and one month. 

rd p W  : Proposition of recommendations to minimize the consequences of the next major 
earthquake on the city. 
After the scientific analyses were reviewed by the international advisory committee, international 
and Ecuadorian specialists from the fields of business and industry, city government, city planning, 
emergency services and lifelines met for a two-day workshop in Quito. After estimating the effects 
on such factors as production capacity, employment, sales and services, the participants developed 
lists of specific recommendations within their field of expertise for reducing earthquake risks in 
Quito. For each recommendation, the participants described the steps necessary and the sources of 
funding, the responsible agencies, and expected start and completion dates. The primary 
recommendation was the establishment of a Seismic Safety Advisory Board, whose responsibility 
would be to review, revise and then administer a Seismic Hazard Reduction Program. Other high 
priority recommendations include projects concerning existing facilities, new facilities, earthquake 
planning, earthquake recovery and further research needed to improve the findings of this projects. 

Conclusion 
Because of this project, different scientific groups worked together towards a common goal, 

which would not have happened otherwise. It was an opportunity to gather and evaluate all 
earthquake related data for the country. It integrated existing research data and results that were 
previously scattered in different institutions, and presented them to international experts in each 
field, seeking their critique. Also, through this project we were able for the first time to convince 
the Mayor and the other civic leaders that the city was threatened by earthquakes. 

This project is only a beginning at defining Quito's seismic hazard. The results represent the 
state of knowledge presently available in Ecuador for evaluating the seismic risk in the Capital city. 
In addition, it is a diagnosis of the research needed for making more reliable seismic damage 
assessments, as well as for improving the awareness of seismic hazard in the city, among the local 
government, utility managers, emergency services, private sector and the people living in the city. 

These results are noteworthy because they reflect decades of work in the fields of seismology, 
soil engineering and structural engineering. They also represent five years of effort made by the 

Planing Service of the municipality to map the city on a computer with ORSTOM's GIS savaneG. 
Without all this previous information, it would have been impossible to accomplish our job in only 
one and a half years. 

Finally, one of the main goals of the experiment was to raise awareness about the seismic 
threat in Quito. The project has been widely published by Ecuadorian newspapers and presented on 
TVs and radios as well as in professional journals and presented in various meetings. An overview 
of the project has been published and distributed to the politic and economic leaders. As 
consequences of this project, a seismic safety commission has been set up by the Municipality, a 
seismic code is under way and a project to retrofit several of Quito schools has been launched. 
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The Atacama Fault Zone (AFZ) runs for more than 1,100 km long and 30 to 50 km large in 
northern Chile. Mapping of the neotectonic fault pattern is needed in the frame of fault acti\ity analysis. 
For analysis of large regions, satellite imagery has already proved to be an efficient tool allowing 
estimate of finite displacements along faults (Mercier et al.. 1992; Choro~iicz et al., 1995). Radar 
imagery is particularly convenient because it accentuates topographic features, specially scarps and 
thalwegs which mainly express neotectonic structures. The aim of our work is to map the neotectonic 
faulting from radar imagery. 

THE ATACAMA FAULT ZONE 

The Northern Chlean Coastal Cordillera (Fig. 1) has suffered several tectonic events since the 
beginning of the Andean cycle in late Triassic time (Scheuber and Reutter, 1992; Scheuber et al., 1994). 
In the early Jurassic, the Andean back-arc basin was separated from the Pacific Ocean by a volcanic arc. 
A first tectonic event in the late Jurassic-early Cretaceous prompted intra-arc ductile deformation, 
including 1 km liide mylonitic shear zones along the N-striking Atacama fault zone (Scheuber and 
Andriessen, 1990; Scheuber, 1994). In the early Cretaceous a belt was formed in the west, probably in a 
compressive (or transpressive ?) regime (Turner et al., 1984). In mid-Cretaceous time (Pemian ment), 
the Andean basin suffered compression. From Oligocene to Miocene, estensional regime occurred. Since 
the late Miocene, the AFZ has suffered major brittle reactivations, continuing until Present. All these 
events have produced fault activity and our aim is to map the neotectonic active faults only. 

Figure 1. Location of the studied area and example of SAR ERS image. 
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Figure 2. Comparative maps of the AFZ fault pattern. Left: faults praiously mapped. right: 
neotectonic faults drawn from radar image analysis. 
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*-We have analysed a set of Synthetic Aperture Radar (SAR) scenes of the first European 
Remote Sensing (ERS-1) satellite. ERS-1 was launched on July 199 1. Tlus satellite views the earth 
surface using a SAR operating in band C (5.3 GHz). Each scene covers an area 100 s 100 km. From the 
original records with 12.5 m ground pixel size. we have generated images yielding 25 m ground 
resolution. Images were produced at 11250,000 scale, in negative prints (Fig.1). This g-pe of 
presentation of the image has the advantage to display saturated slopes facing the radar in dark, g i ~ i n g  
the impression of shadows, and is more convenient for geological analysis. These slopes are anju-ay 
poor in information because of shortening and layover. Slopes backing the radar are then clear and give 
the impression to be illuminated. They are rich in information because stretched. 

In the study area, active faults can be identified from continuous scarps. Some have been first 
described by Okada (1971). and aftenvards by other workers who sometimes changed the names. When 
possible, we below preferably use the original terminology from Okada (1971). Active faults are 
characterised b\. scarps changing in height along the strike. Most of fault scarps in the studied area look 
east. nearly at right angle to the radar beam illuminating the scene from ESE. The fault scarps are more 
or less straight in the whole, but in the detail they present acute changes in direction. 

RESULTS 

Many of the faults we ha\.e observed on the radar images had been pre\iously partly mapped 
(Fig.2). However, radar imagery has sigruficantly enhanced the mapping of the neotectonic fault system. 
There is also a number of ancient (lower Cretaceous to early Cenozoic) faults previously mapped, which 
are not portraved on the images. Some faults are underlined by distinct scarps but they also are partly 
overlain by recent deposits. We class* these faults as 'recent but inacti1.e'. The radar system principally 
displays changes in the relief due to recent @ost-h4mcene) deformation. The radar images also show 
regular back-slopes of large dmensions (10 km in the east-west direction.) which all dip wesbvards. The 
back-slopes are principally regular planes of tilted blocks, gpical of an estensional regime, and we 
consequently consider that the faults are normal. Rmerse faults would have been associated with 
topographic domes corresponding to anticlines. Most of the Neogene basins located along the foohvall 
are half-grabens. The major faults have already been described as normal and not reverse (Ferraris and 
h Biase, 1978; Gonzales et al., in press) dipping 60' to the east. 

In the northern Region, the N30°-striking Salar del Carmen major fault divides the region into 
two domains : (i) to the east, a few inactive but recent (distinct scarp) faults are o~~erlain by late 
Quaternary deposits; (ii) to the west. the Coastal Cordllera is cut by several active faults. Most of the 
largest faults stnke N160 to N170°. A few smaller faults strike NO0 to N20°, and connect southward 
uith the Salar del Carmen fault. The Ordonez fault strikes N170 to N 190'. 

In the central Region, the faulted pan of the Coastal Range is easterly bounded by the N- 
stnlung Remiendo fault, facing east (Okada, 1971, referred as the Paposo fault by Heme, 1987). In the 
east of the region, the fault scarps are ancient because they are eroded and partly burried under recent 
deposits. 

In the southern region, the Coastal Range is easterly bordered by the Remiendo fault. More to 
the south, the Atacama fault system reappears on land but the pattern is v e n  Merent.  The coastal range 
is bounded by the El Salado fault, vending north, quite the same direction as the Remiendo fault. 
Another N-striking fault is noticed inside the range. These faults are cut to the north by the Taltal 
N130° stnking faults, lying at high angle to the Atacama system. 

CONCLUSIONS 

SAR ERS imagery has permitted a pertinent discrimination between neotectonic and more 
ancient faults. The overall fault zone geometry is that of normal faulting boundng west-dipping tilted 
blocks. 
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Recent works in the area have demonstrated that the Atacarna Fault System has undergone 
left-lateral displacement contemporaneous with the development of the Jurassic - early Cretaceous 
magmatic arc in the present coastal cordillera (Naranjo et al., 1984; Herve, 1987a; Thiele and 
Pincheira, 1987; Scheuber and Andriesen, 1990). It has been indicated that part of the Atacama 
Fault System has been reactivated since late Tertiary with a dominant vertical componant of 
displacement (Arabasz, 197 1; Okada, 1971; Herve, 1987b; Naranjo, 1987). Armijo and Thiele (1 990) 
showed that many faults are presently active in the region. Acording to Armijo and Thiele (1990)' s 
work normal faults would characterize only the westernmost part of the coastal area, in particular 
the Mejillones Peninsula and the coastal scarp, though left-lateral displacement would be 
predominent along the Atacama Fault System near Antofagasta. However, an extensive study of 
aerial photographs covering the Antofagasta region lead us to think that normal faulting is indeed 
dominant in the whole coastal region, including the Atacama Fault System in the coastal cordillera. 
A neotectonic Field work has been designed to acquire an overview of the fault kinematics in the 
area, concentrating in places where faults cut into alluvial formations. 

Field observations confirm that normal faulting prevails, although horizontal components of 
relative displacement, both left-lateral and right-lateral, are observed at some places. The 
orientation of pure normal faults ranges between N350° and N20°. Tensile cracks are often observed 
parallel to the main scarp of those faults. The lateral component is observed to vary with the azimuth 
of the faults. Faults oriented more towards the NW-SE have a right-lateral component while those 
oriented more to the NE-SW have a left-lateral component. Therefore, the component of relative 
displacement varies quite coherently with the strike of the faults and is indicative of EW extension. 
To quantify the stress regime we applied to the field observations an algorithm of inversion of the 
stress tensor orientations and shape factor. Results clearly indicate an extensional stress regime with 
the 0 3  (minimum stress compression) horizontal, striking in the EW direction, and 0 1  (maximum 
stress compression) vertical . Figure 1 shows the main studied faults. Sites where relative 
displacement could be accounted for without ambiguity and which where included in the stress 
tensor inversion are indicated by the small circles. 

Normal faulting is attested too by the widespread 'half-graben' structure observed at the 
decakilometric scale. Footwall scarps commonly reach a height of several hundreds of meters. A 
modelization of the topography has been carried out over an area where several 'half-graben' 
interacts, forming a sequence of westward tilted blocks, using a simple model consisting of faults 
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embedded in an homogeneous elastic medium. The angle of the slip vector on the faults is given by 
the stress tensor found above. On the other hand, the amount of slip in each fault segment has been 
determined by a trials and errors procedure so has to obtain a good fit between the observed 
topography and the calculated surface deformation. Though many aspects of the tectonic processes 
are neglected in this simple model, such as isostasy, erosion, sediment filling and viscous relaxation 
of stresses at depth, the actual topography could be reasonably well fitted if we add to the 
topographic effect of the faults a regional topographic trend. Our simple model does not pretend to 
unicity but shows how the characteristic short wavelentgh (10-20 km long) features of topography in 
the area can be controled by the known big faults, under EW extention. 

THE EXTENSIONAL STRESS REGIME IN 
THE ANTOFAGASTA COASTAL AREA 

0 : place of neotectonic data for stress inversion 

Figure 1 : main studied faults in the Antofagasta coastal 
area. Ticks indicate the downthrow direction 
of normal faulting. Double arrows indicate 
the horizontal component of displacement at 
places where it has been locally observed. 
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The forearc region near Antofagasta seems to have been under an extensional tectonic 
regime for a long time (since Miocene ?). The erosional rate in this desertic region is particularly 
slow and allows an exceptional preservation of the tectonic structures. However, some scarps much 
fresher than others attest of repeated ruptures under EW extension in the very recent (historical ?) 
time. Field observations show the compatibility of faulting in the whole coastal area, up to 40-50 
km East of the coast, with the EW extension. The existence of an extensional stress regime at a 
convergent plate boundary may seem contradictory. However, extension may occur as a local 
modification of the general compressional state caused either by some crustal bending effect or by a 
transient disturbance of the stress field following the occurrence of very strong subduction 
earthquakes. 
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The July 30, 1995 Antofagasta earthquake (Mw = 8). and its aftershock sequence, were precisely 
monitored by a local network previously installed in the region in order to study the seismic evolution of 
the large 1877 gap in Northern Chile. One strong foreshock (Mw = 6.2) six months before the main 
event, and several smaller ones are described. The main rupture started under the Antofagasta airport 
region and propagated southwards with a velocity of 2.8 kmlsec, in a N200° direction, over an area of 
185*80 km2, the total seismic moment being 1.2 * 1 0 ~ ~  dyne-cm. Very little destruction resulted from 
this earthquake in spite of its size. Waveform modelling of body waves gives insight on some details of 
the rupture process, in particular its start as a double event, and its end near the trench in normal faulting. 
Accelerations in Antofagasta reached 30% of gravity. The Atacarna fault showed coseismic centimetric 
surface ruptures next to Sierra Remiendos, among other places. A tsunami wave, 2 m high, was observed 
along the coast from Mejillones to Taltal. The aftershock distribution delineates a very well defined 
rupture surface along the subduction interface. The epicenters during the first 24 hours of activity are 
limited by a sharp northern boundary across the Mejillones peninsula. Aftershocks during the following 
two weeks indicate growth of the initial rupture zone both north and south. The mechanisms of the 
strongest aftershocks are consistent with the thrust along the subduction interface. The Mejillones 
peninsula acts like a barrier for the propagation of the rupture to the north into the region of the 1877 pap. 
Nevertheless, compressional stresses under the northern half of the peninsula increased after the main 
shock along a direction tranverse to the trench. Thus, the chances for the activation of the 1877 gap are 
greater now. 
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THE 1995 ANTOFAGASTA EARTHQUAKE AND 
ITS CONNEXION TO THE 1877 SEISMIC GAP 

Present day situation in Nonhern Chile. Epicenters 0 5.0 < M < 6.0 
are from NEIC and cover the period 1980-1995. 
The extend of the rupture area of the large 1877 0 6.O<M<7.0 

earthquake is inferred from the isoseismal VIII and 
is indicated by the long stripped zone. Rupture zones 
associated with known strong events this century are 
represented by the gray shaded zones. Seismicity forms 
a doughnut shape around the likely next rupture of the 
1877 sesmic gap. 
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INTRODUCTION 

The coastal margin of Ecuador, 150 to 200 km wide onshore, comprises oceanic 
terranes accreted onto the Andes during the Paleocene and emerging after the Late 
Eocene (Benitez 1995, Jaillard et al. 1995). Presently, this area is in the position of a fore- 
arc ridge and basin, mostly emerged, in relation to the subduction of the Nazca plate 
beneath the South American plate (Lonsdale 1978), that  proceeds with a N8PE 
convergence and a t  a rate of 8 cmlyear (Daly 1989, DeMets et al. 1990). 

The main features of the geodynamic pattern are (fig.1) : i) an oblique subduction 
(15' to 259, that favors transcurrent movements, evidenced for instance by the dextral 
Dolores-Guayaquil Megashear (Winter and Lavenu 1989) ; ii) the opening of the Gulf of 
Guayaquil, related to the motion along the Dolores-Guayaquil Megashear ; iii) the 
subduction of the Carnegie Ridge between P and PS,  that causes the trench to lift up by 
about 1500m. 

At the scale of the whole South American continent, the margin of the South 
American plate is broadly convex near the Peru-Ecuador boundary, and the geometry of 
the slab changes from a nearly flat subduction south of 3% to a more normally dipping 
one to the north. 

Regarding the seismic activity, few strong historical earthquakes are reported in 
the southern part of the coastal block, but several major earthquakes shook the 
northwestern Ecuador and southwestern Colombia since the beginning of the century. 
Nishenko (1989) considers the Esmeraldas area in northwestern Ecuador as an area of 
high seismic risk. 
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In order to understand the relations between the subduction system and the present 
tectonic evolution of the Ecuadorian coastal block, we started a neotectonic study focused 
on the various manifestations of recent deformations (uplift, subsidence and strike- 
slip). A pluridisciplinary approach including detailed stratigraphy of marine terraces, 
fault kinematics, and geomorphologic studies of drainage anomalies, will be used. 

MARINE TERRACES 

An important feature of the coastal region of northern Peru and Ecuador is the 
occurrence of emerged Quaternary marine terraces, called "Tablazos" (De Vries 1988, 
Machare and Ortlieb 1994). In Ecuador, such terraces are observed up to an elevation of 
320 m in the Manta area, and up to 90 m in the Santa Elena area. Several intermediate 
levels are observed. The lowermost well preserved and extensive terrace, observed at up 
to +20 m in the Manta and Chanduy areas, was likely formed during the last major high 
stand of sea level, i.e. stage 5e of the last interglacial period, about 125 ka BP. Assuming 
that this high sea level was +6 m above present sea level, an uplift of the terrace by some 14 
m is calculated and a mean uplift rate of about 110 mmky is evaluated. 

Lower, younger terraces are observed west and east of Manta, between 3 to 10 m 
above present mean sea level : they may correspond to later episodes of the last 
interglacial period (stages 5c and 5a, respectively 105 and 80 ka) and to the Holocene 
period. Higher and older terraces of Middle and Early (?) Pleistocene age are preserved 
at various elevations, up to +300 m. 

The Tablazo Formation overlays Eocene and Pliocene deposits in the Manta area 
(San Mateo and Canoa Formations respectively), and the Eocene Anc6n Formation in 
the Santa Elena area. The Pliocene Canoa Formation is deposited in shallow 
environment. In the Esmeraldas area, erosion surfaces overlay the Pliocene Onzole 
Formation, deposited in a lower middle bathyal deposition environment (Bianucci et al. 
1993). The different depositional environment of Pliocene formations suggest that the 
Quaternary terraces take place after a relatively complex Pliocene history. 

Controversial hypotheses have been made in the past regarding the tectonic 
significance of the terrace sequences in the region (Marchant 1961). A flight of three or 
more terraces exists, but local or regional faults make the feature more or less 
complicated. For instance, a lineament observed on radar image in the Santa Elena 
neighborhood suggests the fault duplication of a terrace, with an upthrow of up to 40 m. 
Moreover, near this place, a fault plane gives evidence of an extensional displacement 
contemporaneous with the deposition of the basal conglomerate of a Santa Elena 
equivalent terrace. 

FAULT ANALYSIS 

The preliminary results of fault analysis from random sites along the coastal area 
are consistent with a NS extension. Such deformations are observed in fan 
conglomerates of the Western Cordillera piedmont, as well as in terraces in the Santa 
Elena and Esmeraldas areas. An extensional tectonic event probably represents the most 
recent stage of deformation, and just pre-dates or is contemporaneous of the deposits of 
terraces estimated to be of Late Pleistocene age. The Pliocene beds display more complex 
fault systems, especially in the Esmeraldas area. The important uplift of the Pliocene of 
Onzole Formation a t  Esmeraldas (Bianucci et al. 1993) cannot be explained by the 
moderately developed normal faulting resulting from the extensional event. More 
complex fault motions are to be expected in the coastal area, close to the upper part of the 
internal wall of the trench. 
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GEOMORPHOLOGIC MARKERS 

Because of the coastal range relief, the drainage issued from the Andes in Ecuador 
reaches the Pacific Ocean in only two points, the Gulf of Guayaquil through the Daule- 
Babahoyo Basin to the south, and the Esmeraldas area to the north, the former being the 
most important. The Daule and the Babahoyo Rivers follow respectively the western and 
eastern margins of the Daule-Babahoyo Basin. In the SE part of the basin, the Babahoyo 
River flood plain morphology suggests that i t  is an area of active subsidence 
superimposed over the northern branch of the Dolores-Guayaquil Megashear. 

Some observations made on topographic and radar SAR images show that the NE- 
SW trend of the rivers inside the basin is related to recent fault motion. The fault 
movement deduced from morphological evidences is partly normal, with ria lakes or 
swampy lands sharply separated from dry lands, and drainage deflected along this 
morphological separation line. This suggests a transtensional tectonic system, but the 
close relation between plate motions and the Dolores-Guayaquil Megashear remains 
speculative. 

CONCLUSIONS AND PROJECT OUTLOOK 

The neotectonic evolution of the coastal area of Ecuador includes several types of 
deformations, such as uplift and accretionary tectonics on the coast side, or subsidence of 
wide flood plains involving probably normal as  well as strike slip faults on the Andean 
side. Therefore, the understanding of the geodynamic evolution during the Quaternary 
up to present time can only be obtained by a pluridisciplinary approach involving 
specific study methods according to the style of deformation and the morphology. As far 
as the relation with active deformation is concerned, local seismic studies are planned to 
constrain the seismotectonic activity, specially in the Esmeraldas and Manta areas. 

A comprehensive approach will be applied first to the different areas using remote 
sensing approach (by means of Spot and ERSl images principally). At a further stage of 
analysis, correlation between the various neotectonic data will be made combining 
thematic documents with satellite images and digitized topography. 
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INTRODUCTION 

The Geomagnetic field can be described mainly as the field developed by a geocentric axial dipole 
and this property is at the core of successful applications of paleomagnetism to tectonics. The study of 
the spatial and temporal characteristics of the secular variation of the geomagnetic field is important to 
understand its origin. The uneven geographic distribution of paleomagnetic results with few available data 
in the southern hemisphere, however, impedes an accurate analysis of the fine-scale changes in the 
statistical characteristics of paleosecular variations [See Jacobs, 19941 . 

The behavior of the earth magnetic field during polarity reversal has also been recently the subject 
of large debate on a possible confining of transitional field paths over specific longitudinal bands and it is 
interpreted as evidence for core-mantle interaction [Gubbins, 19941. 

Although many paleomagnetic studies have been devoted to tectonics in Chile, they are few results 
directly available to describe secular variations and transitional behavior [Brown et al., 19941. In december 
1995, we started a project of paleomagnetic secular variations which includes the sampling of 21 sites in 
Pleistocene-Holocene lavas from the Villarica volcano and two sections (3 1 sites) of the Miocene 
Farellonnes volcanic formation. Such paleomagnetic studies are not only relevant to the geomagnetic field 
but they may also provide additional information on the timing of volcanic eruption or tectonic rotations. 

The VILLARICA volcano 
The Villarica is a Quaternary and active volcano at the latitude of 39"s. There is no available cross- 

section of the volcanic sequence. However, based on characteristic pyroclastic flows with radiocarbon 
ages, it is possible to assign a relative age to several of the lava flows that outcrop as small valley filling 
(Moreno in preparation). We have sampled 21 sites mostly in the post-glacial lavas. The secular variation 
appears relatively low and many sites record similar directions. Absolute paleointensities by the Thellier 
and Thellier method will bring additional information on secular variations. In the end we also hope that 
between-site correlation of paleomagnetic results might help constrain the timing of the volcanic activity. 

The Miocene FARELLONES formation. 
The Farellones formation is a middle Miocene volcanic formation with available K-Ar radiometric 

ages in the range 16-19 Ma (Beccar et al., 1986). Farellones volcanics outcrop along the road going to the 
ski resorts east of Santiago. We drilled 7 flows in a 150m section below the village of Farellones. The 
other sequence ( 24 sites) is a 450m thick section below the ski resort of Valle Nevado located about 10 
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Km east of the Farellones section. In our study area, the Farellones volcanic formation does not show 
evidence for a tectonic tilt or folding. The Farellones section is at a lower elevation than the Valle Nevado 
section and it is thus assumed to be older than the Valle Nevado section (Fig. 1). 

The magnetic susceptibility is high for almost all sites except two (average 2.8 1 0 - ~  SI) in 
agreement with the andesitic nature of this volcanism (Beccar et al., 1986). After removal by thermal 
cleaning of a secondary overprint in the present-day field, characteristic directions were easily determined 
for most sites. 

The Farellones section is only of normal polarity and two reversals are observed in the Valle 
Nevado section suggesting that the Farellonnes volcanism did not last more than 2 Ma. One precise Ar39- 
40 radiometric age is however needed before to attempt a correlation with the reference geomagnetic 
reversal time-scale. 

7 " " " " 1  "- 

Valle Nevado ,R4,1 
-90 0 90 180 270 -45 0 45 0.01 0.1 1 10 0,001 0.01 0.1 

Declination Inclination Intensity Susceptibility 

Figure 1 : Paleomagnetic results from the Farellones - Valle Nevado volcanic sequence. The direction is 
the site-mean characteristic direction determined after stepwise thermal cleaning. Geometric site-mean 
values of the intensity of the natural remanent magnetization in ~ m - l .  Geometric site-mean values of 
the magnetic susceptibility in SI. 
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An other interesting observation is that the mean direction (Declination: 28' Inclination: -53.7O) is 
significantly different from the expected middle Miocene direction (357", -57"). This preliminary result 
suggests that the Farellones-Valle Nevado area rotated clockwise since about 17 Ma. Clockwise rotations 
have also been reported by Beck et al. [1986, 19901 in areas located about 100 km north and south of 
Santiago. Further work is still needed to confirm this rotation and better understand the late Tertiary 
tectonics of the area. 
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INTRODUCTION 

Out of the 23 events felt in Quito with an intensity bigger than V since 1541, 5 produced intensities 
of V11 or bigger in 1587, 1755, 1797, 1859, and 1868. The past damaging earthquakes occurred while 
Quito was quite different from the modem Quito. The city has changed significantly in the last 40 years. 
In that period, the population increased from 420 000 to 1.2 million, with a considerable expansion of 
the city. This has resulted in increased urban densities, which, linked to expanding poverty, have 
resulted in an increase in poorly-constructed buildings and development of hazardous areas such as 
steep mountain slopes. In addition, high-rise buildings that did not exist in the 1950's have spread in the 
northern city as a result of a more dynamic economy. The Quito Earthquake Risk Management Project 
[Chatelain et al, 1995, Escuela Politecnica Nacional et al, 1994, 19961, a pilot project in social 
seismology, has been conducted to provide direction to government officials, business leaders, and the 
public in general, to reduce damage and injury in the next major earthquake. One of the 
recommendations of this project was to undertake more precise zoning of the city, and that parameters 
more directly usable than seismic intensities by civil engineers should be estimated. The study presented 
in this paper is therefore one of the direct consequences of the above mentioned social seismology 
project. Its goal is the evaluation of site effects in the city of @to during an earthquake, due to the 
various geological settings throughout the city. This evaluation is currently under way using three 
different techniques to measure the fundamental period as well as the relative and absolute amplification 
of soils, in order to produce isoperiod and isoamplitud maps of the city. In this paper we present the first 
results obtained by recording microtremors throughout the city. 

TECHNIQUES USED 

1.- The main techmque used is the recording of microtremors (ambient vibration of the ground), 
moving a single station at about 400 points throughout the city, in order to calculate the spectral ratio 
between horizontal and vertical signals to obtain the transfer function at each site, using Nakamura's 
technique [l9891 to remove source effects from the records. Good results have been obtained with 
Nakamura's technique in Mexico City, Oaxaca and Acapulco [Lermo and Chavez-Garcia, 19931, in San 
Fransisco [Ohmachi et al., 19911, and in France [Duval, 19951, while Lachet and Bard [l9951 have 
shown the theoretical limitations of the technique. We used a station developed by LEAS (France) in 
collaboration with J. Frechet from the Laboratoire de Geophysique Interne et Tectonophysique of 
Grenoble, recording the signal from a three component L-4-3D Mark Products seismometer. The sites of 
recording were chosen to cover all the main geological zones described in the Quito Earthquake h s k  
Management Project, and to help precise their boundaries. At each site, the signal from the three 
components is recorded during 2 minutes, at a 50 Hz rate, from which five 10 seconds samples are 
selected. For each 10 seconds sample, a FFT of each component is calculated, smoothed with a 
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triangular window, and used to get the NSIZ and EWIZ ratios. This method will allow us to obtain 
information about the resonance frequency of the soil column at each site, as well as the relative 
potential amplitude between each site. 

2.- A second technique is used to get the absolute amplification ratios. One reference station is 
installed on hard rock, and four stations are installed at fixed sites within the city, are recording weak 
motion of natural seismicity, mainly from small magnitude earthquakes. The absolute amplification 
ratio at each of the four sites is obtained by dlviding the FFT of the NS and EW signals recorded at the 
site by those recorded at the reference station. Then the absolute amplification ratio at each site used 
with the first technique is obtained by comparing their relative amplification to the absolute 
amplifications calculated at the fixed sites. 

3.- The third technique is to apply a similar technique that the first but using the natural seismic 
signals recorded at the fixed stations. 

PRELIMINARY RESULTS 

Based on topography, soil characteristics, and surface geology the city has been divided into 3 main 
zones (Figure 1) : the flanks of Pichincha volcano to the west (F) , the central lowlands mainly filled 
with recent fluvio-lacustrine deposits (L), and a zone of hills to the East mainly formed of Cangahua 
and ash deposits (Q). These zones were then divided into 20 sub-zones (figure 1 ) according to 
variations of local geological conditions and mechanical characteristics. 

As an example, results obtained using the first technique along an E-W profile crossing zones q2n, 
13, and f4 (Figure 1) show that the fundamental frequency appears clearly at each site, varying 
according to the local geological conditions (Figure 2), whose boundaries can be corrected (for instance 
the boundary between zones 13 and q2 should be moved slightly to the East, as the amplification as well 
as the fundamental frequency observed at stations 03 1305 and 03 1303 are very similar). Variations also 
show up within the zones themselves, as for instance in zone 13 (stations 022708,03 1306, and 03 1307). 

We will present isoamplitude and isoperiod maps of the city and compare them with the spectral 
content of earthquakes recorded in Quito in order to precise the earthquake hazard in the city. The 
earthquake risk will be then assessed by crossing these data with the building distribution available in 
the municipality data base using the Savane SIG [Chatelain et al, 19951. 
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Figure 1 : zoning of Quito city used in the Earthquake Risk 
Management Project and location of the profile shown in 
figure 2. 
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figure 2: spectral ratios between NS and Z components. For each station, along the AA' cross section 
(see figure l), 5 windows of 10 s recording are represented from 2 min total recording. 
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Detailed studies of the geometry of distribution of earthquake foci revealed that the process of 
subduction is generally accompanied by a relatively high seismicity in the overlying continental wedge 
(HanuS and Vani5k 1977-78, 1979, 1983, 1984a,b, 1987, 1992; HanuS et al. 1987; Vani5k and HanuS 
1988). In the regions where the oceanic lithosphere is underthrusted below the continental plate about 
one third of earthquakes is located in the continental wedge. It appears that practically all these 
earthquakes are not distributed randomly showing a clear tendency to accumulate in well-separated 
linear zones. These zones can be interpreted as a system of deep seismically active fractures induced 
or activated in the overlying plate by the process of subduction. 

The aim of the present work is to differentiate the earthquake foci situated in the continental 
wedge from those localized in the Wadati-Benioff zone, to attribute the individual earthquake foci to 
pertinent seismically active fracture zones and to delineate the seismotectonic pattern of the western 
margin of the South America plate between the parallels 22-35"s. 

For the delineation of seismically active fracture zones the International Seismological 
Centre (ISC) data for the period 1964-92 were used. All hypocentral determinations with lower 
accuracy, characterized by errors greater than 0.2" in epicentral coordinates, and determinations 
based entirely on observations of local stations (Ac20°) were rejected. The orientation of several 
fracture zones was confirmed by fault plane solutions from the list of Harvard centroid moment 
tensor solutions. 

In the rectangle limited by parallels 22-35"s and meridians 63-72"W thirteen seismically 
active fracture zones were delineated. Their pattern is given in Fig. 1. On the basis of their 
orientation in relation to the Peru-Chile trench they can be divided into the following three groups: 

11 Fracture zones rougly parallel to the trench [a] inclined in the same direction as the subduction 
zone (22, Z), [b] inclined against the subduction zone (Z3), or [c] vertical or very steeply inclined 
fractures (Zl, Z4a,b, ZlOa,b, Zl l) .  The steeply inclined zones seem to represent the activated older 
pre-subduction tectonic features. 



Third ISAG, St Malo (France), 17-1 91911 996 

Fig. 1 Pattern of seismically active fracture zones in the continental wedge. The axis 
of the Peru-Chile trench is denoted by a heavy line. 
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21 Fracture zones roughly perpendicular to the Peru-Chile trench (Yl, Y5, Y6). They represent the 
continuation of transform faults in the subducted oceanic plate into the overlying continental wedge. 
These fracture zones are vertical or steeply inclined and portray the boundaries of individual 
segments of the subduction zone. They are independent on the internal structure of the continental 
wedge. 

31 Fracture zones oblique to the Peru-Chile trench (Y3, Y4, Y7), which are oriented under an angle 
of about 45" in relation to the direction of the recent Andean subduction. 

The individual seismically active fracture zones can be geometrically well documented and 
found in vertical sections perpendicular to the trench axis, as shown by selected examples in Fig. 2. 
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INTRODUCTION 

Over the 460 years of Ecuadorian written history, several seismic events were registered, some of them 
reaching intensity IX (MSK) in Quito (CERESIS, 1985; Del Pino and Yepes, 1990). From the various 
seismoge~c sources able to produce damage in the city, the Quito Fault is thought to be able to produce 
higher intensities in case of a rupture of the fault along its entire length (45 Km), making this structure the 
potentially more dangerous seismoge~c source for the city. In the historical record, such activity of this 
fault was only registered once in 1755, were part of this fault could have ruptured producing an intensity 
W - I X  (MSK) in Quito @el Pino and Yepes, 1990). In order to assess the recurrence of major events, 
clearly overpassing the historical time span, it has been necessary to study the geological record. The 
paleoseismicity was evidenced by mean of the analysis of earthquake-induced paleoliquefaction horizons 
produced in a lacustrine environment. Evidences of the regional and local seismic activity were observed 
during the analysis of the Holocene sediments of Quito, as well as evidences of the Quito fault activity 
such as synsedimentary faults and seismotectonic deformation. 

The Quito reverse fault system is active at least since the Late Pleistocene. The fault dip to the west 
below the city. Its Quaternary activity has created a series of tectonic ridges bordered to the east by a scarp 
of about 500m high due to compressive folding at the upper termination of the fault (Winter, 1990; Soulas 
et al., 1991; Ego, 1995). Normal faulting occurred at the back of the overriding block and created a kind 
of piggy back basin filled by fluvial-lacustrine deposits until the 1 7 ~  century. The sedimentological analysis 
of these deposits allowed us to precise the paleoseismic history of Quito for the rest of AD. times (pre- 
Hispanic history). A relatively complete paleoseismic record was observed in the northern basin, where a 
particular exposure in the "Calle Pinzon" shows the succession of at least 20 earthquake-induced contorted 
bedding horizons (Fig. 1). These paleoseismic features occurred at the bottom of lakes, at the water - 
sediments interface, as shown by erosional disconfonnities (Fig. 1). From the comparizon between 
published examples (Sims, 1975), relation between horizontal ground acceleration and intensity such as log 
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a~ = 0.014 + 0.30 In MM (Trihnac and Brady, 1975) and intensity distribution inferred from the historical 
seismicity (Del Pino and Yepes, 1991), we propose to define a scale of seismic paleointensity according to 
the thickness of earthquake-induced contorted bedding horizons : 

In <=> . hg [+ 113 In] (cm.), where n => intensity value (MM or MSK; n is an integer value), 
q, => intensity threshold able to produce contorted bedding, ho => thickness of the contorted bedding 
horizon produced by an intensity q, and X => multiplier factor obtained with the relation between 
acceleration and intensity a~ , ,+ ,  = X . a ~ , ,  thus giving x=I .995 (Trifimac and Brady, 1975); q, and h. should 
vary according to the sediment type. In Quito lacustrine sediments, beeing clay, silts and silty sands 
alternations, we chose q, = V and ho = 1.25 cm. The obtained intensity distribution for intensities I2VII 
(MMMSK) shows a good coherence with the intensity distribution inferred fiom the historical seismicity 
(Fig. 2). The geological record covers an average 1500 years period which complete the Hispanic 
historical record. 

CONCLUSIONS 

Both the historical seismicity and geological paleoseismicity indicate an average recurrence of 115 yr. 
for major events with intensities I2VIII. We must notice that the last seismic event corresponding to this 
intensity range occurred in 1868, more than 125 years ago, but also that, within the 460 years of historical 
seismicity, this recurrence varied from 168 to just 9 years (Del Pino and Yepes, 1990). The use of the 
above mentioned scale also permit to evidence the probable occurrence of a major event of intensity IX-X 
(MMIMSK) between the loth and the 16& century. Several paleoseismic horizons were successfi~lly 
correlated with this event thanks to the presence of a volcanic key bed deformed by this paleoseismic 
shaking. These horizons were also correlated with seismotectonic deformation in the basin, making the 
Quito fault the most probable seismic source able to explain this major intensity overpassing the historical 
maximum intensity by almost one degree. 
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Figure l : Drawing of the paleoseismic horizons Erm the "Calle P d n "  exposure (#C2). 
A: General view; position of dated samples; Zooms a & b are showing different soil response to the same palw- 
earthquake due to the presence of a thick underlying silty argillaceous deposits; a to f refer to zooming in B; the 
intensities attributed to the palwseismic horizons refer to different palwseisrnic scales X, Y and Z (scale Z for 
Figure 2); PN: Pseudo-Nodules, OD: Oriented Dikes. 
B: Detail view of a to f areas Erom A; LC: Load Casts, PN: Pseudo-Nodules, D: Dikes, BD: Bed Disruptions, ED: 
Erosional D i d d t y ,  DED: Defonned Erosional Disconformity (due to the effect of the following paleoseismic 
event). -> 
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Great earthquakes have affected central and southern Chile during the last 400 years (Nishenko 
1985; Barrientos 1988; Barrientos et al. 1992). 

Multidisciplinary research programs have been set up by the Geology and Geophysics 
Departments of the University of Chile and ORSTOM with the goal of determining the Cenozoic long- 
term and short-term kinematics of thls part of the Chilean Andes. The main objectives are: 

1 - To assess the neotectonics of the l500 km-long Central Depression, the development of its 
basins and the geometry and kinematics of regional-scale boundary faults; 

2 - To determine the lunematics and displacement rate of the Liquine-Ofqui fault zone which 
constitutes the eastern boundary of the southern Andes forearc. 

To address these problems we have started analyzing the brittle deformation and characterizing 
the stress field in the sedimentary rocks, recent volcanic deposits and intrusive rocks of the Central 
Depression, the Coastal Cordlllera, and the Main Range (c$ Structural map; - 40 analyzed 
microtectonic sites). Seismologc and seismotectonic studies are currently being undertaken in the 
northern part of the regon. We have also analized the Neogene-Recent stress field along the Liquiiie- 
Ofqui fault zone; a seismic survey started in 1995 to address the present-day seismicity of the fault. 

CENTRAL DEPRESSION 

First results of the microtectonic analysis of the Miocene, Pliocene and Quaternary faults have 
allowed to determine the stress field in the northern and central portions of the study area, using Carey's 
inversion algoritm (Carey and Brunier 1974; Carey 1979). 

During the Late Miocene-Pliocene (9.8-2.7 Ma) the region from 33" to 38' S underwent brittle 
deformation compatible with a a*, (ol) trendlng E to NE. During the.Pleistocene (post 2.7 Ma) ol 

trended NNE (Central Depression and Main Range) and E in the Coastal Cordillera (cJ Table). 
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L I Q ~ O F Q U I  FAULT ZONE 

According to Cembrano et al. (1996a), the NNE-trending 1000 km long Liquiiie-Ofqui fault 
zone (LOFZ), is a Cenozoic dextral strike-slip duplex (cl: Map). Marked contrasts in the nature and 
timing of deformation recorded along the LOFZ suggest a more complicated history than previously 
recognized (Schemer et al., 1995). 

From Lago Caburgua (north) to Aysen (south) it was possible to identrfy two main brittle 
tectonic events, a compressive-transpressive one of Miocene-Pliocene age and a dextral strike-slip event 
of Plio-Quaternary age (cl: Table). An extensional event, with a3 trending NW, may be compatible with 
the emplacement of Holocene minor eruptive centers Gopez-Escobar et al., 1995). 
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From this f i s t  systematic brittle kinematic analysis carried out in Neogene-Quaternary rocks 
over an area of several hundred square kms in central and southern Chile it is possible to identrfy a 
compressive to dextral strike slip event acting fiom the Late Miocene in the Central Depression and the 
Liquiiie-Ofqui fault zone. 

From 10 Ma to 3 Ma the direction of W, is roughly parallel to the Nazca-South America 
convergence direction @eMets et al. 1990). This period may correspond to a high degree of coupling 
resulting fiom high convergence rates @avid Engebretson, written communication). A compressive to 
transpressive tectonic regime would then prevail in the ovemding plate. 

From 3Ma, the direction of W, is NNE to NS and may be related to a period of low degree of 
coupling related to slower rates of convergence producing a transpressional to transtensional tectonic 
regime (Zoback, 1991). 

Different driving mechanisms have been proposed for intra-arc strike-slip faults, namely 
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oblique subduction pitch 1972; Beck 1983; Jarrard 1986) or indenters (Tapponier and Molnar 1976; 
Woodcock 1986; Nelson et al. 1994). Considering the large scale of the forearc sliver outboard the 
LOFZ oblique subduction seems to be the more likely driving mechanism for intra-arc shear in southern 
Chile, ridge subduction may apply to a more local scale in the vicinities of the triple junction (CTJ), 
separating the Antartica, Nazca and South American plates. 
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TOPOGRAPHIC EFFECT O F  RECENT FAULT SCARPS ON RADAR SAR IMAGES 

Its is already well known that the relationship between the antenna depression angle of the incident 
beam and the surface slope of macro-scale features is very significant in the interpretation of radar 
Images. 

The foreslopes of topographic features (slopes facing the antenna) are responsible for strong echoes 
with the greatest amount of reflection occuring when the local slope is perpendicular to the mdar beam 
(Ulaby et al., 1982), which corresponds to a 67OC angle in the case of SAR ERS-l images. This 
condition, known as normal incidence, produces a very bright area on the image. Abrupt scarps such as 
those of recent faults (see Fig. I) which face radar illumination can be then considered as creating 
conditions for such a foreslope brightening . 

Besides, the presence of topographic relief in a scene can introduce distorsions known as 
foreshortening and layover. We will see whether the specific conditions of the viewing on Fault scarps 
are affected by these distorsions. 

With radar imaging, all foreslopes are shortened relatively to their true lengths (Fig. 1). The degree of 
shortening is a function of the illumination geometry and the foreslope angle acording to the equation 
(1): 
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\\.here# is the foreslope angle and ois  the look angle. 
The greater the foreshorlening, the more enersy pcr unit area is displayed on the image until so much 

is avalaible that it saturates the recie\.er. 
Besides, layover is an extreme case of foreshorlening that occurs H-henever the look angle is smaller 

than the fore slope angle. In  this situarion, the echo from the foreslope summit \\.ill be recieved first 
because the slant range is shorler to rhe top of the feature than it is to rhe base.. I n  this case a topographic 
feature \\'ill appear to be laid over on its side to\vards the near range. (Fig. l). The layo\.er occurs mainly 
\\hen steep slopes are encountered in rhe near range (Franceschetti et al., 1994). 

A C 
Figure 1 

We suppose here that the slope AB on Figure 1 corresponds to the part of the fault plane where the 
slope angle is constant The foreshortening effect !rill then be constant for the corresponding range A'B' 
on the image. The lower and the upper par& of the \:ersat are aifected by erosion so that their slope 
angles are smaller and their radiome5 will be lower than that of the middle part AB. 

LYALYSIS OF THE RADAR SCEA'E OF THE ATAC.ILUA FAULT ZOSX 

The training zone is situated here on segments of the Atacarna fault in Northern Chile. In Idle 
Miocene, the Atacarna Fault Zone (AFZ) has suffered major neotectonic reactivation and deformation 
continues until Present (Arrnijo and Thiele. 1991). 

The SAR ERS-l scenes were acquired on 02 June 1992. from an orbit 785 km in altitude. using an 
antenna inclined 13" off nadir operating in the C-band (5.3 Ghz). The obsen.ed earth surface is 100 by 
100 km and ground resolution is 125 m .We show on figure 9- a segment of the fault from a subscene of 
a Radar SAR ERS-l image. 

Most of the segments of the AFZ are oriented NW-SE (Okada, 1972) and are consequently sub 
orthogonal to the radar beam. Within such a contest, it is obvious that radar SAR ERS-l images 
significantly enhances the mapping of this fault system. Recent faults corresponds thence to white 
lineaments on the image. 

This type of fault is characterized by changes in the scarp heisht along the strike which corresponds 
on the image to variations of the thickness of the fault line (see Fig 1). In this case, we suppose that the 
fault dip is constant and that only the scarp height varies. The foreshortening effect must consequently be 
constant along the srarp and the fault line appears as a light line, the width of which beeing proportional 
to the slope length and therefore to the scarp height 

It is then possible to estimate relative fault throws along the same fault line, by calculating the width 
of the line on the radar image. 
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The features to estract correspond to sharp white lines on the radar image (Choro~vicz et. al., 1993). 
The estnction is achieved by an image filtering reducing speckle noise called the connected center 
filter (Mering and Parrot, 1994) follo~ved by a high lresholding. The white componenb still 
remaining on the image.being thinner than the object to esctract are eliminated by a Geodesic 
Reco~rstrrrction (Serra, 1988). ~\.hile thicker ones h eliminated after a labelling (Fig.3). 

EVALUATION OF VERTICAL OFFSETS ; 

The thickness of the line corresponding to the fault scarp is dculated by an image transformation 
called the distarlcefrrrlctiorl (Daniellson. 1980) which provides for each pisel of any connected 
component, a grey tone value which corresponds to a numeric distance behveen the pisel and the edge of 
the component. Such a distancefrrnction is used here to evaluate the thickness of irregular shapes on 
binary images. The Maxi11lalZ7lick1wss of a connected component is then obtained by propagation of the 
highest value of the disroncefunctio~~ inside each component. It provides an image on which each pisel 
h= the numering value of the Maximal Thickness inside the connected component. (Fig. 4). 

The result of computation of the dista~~cefunctiorr on the binary image (Fig. 3) gives 12 pisels as the 
value for the Maximal Z7lick1wss. From computation of the ~hickness of the lines which correspond to the 

A B '  in equation (1). we can deduce an estimation of the vertid fault throw h, knowing that: 
h - ~ ~ s i n a '  

The vertical fault throw h along the fault line. was calculated from a value of 12.5 meters for the pisel 
of the ERS-1 scene, and from a A'B' displacement value on the image of 8 pisels. ~vhich corresponds to 
one component on the example shown on Figure 4. 

According to recent measurements on the ground, the slope along the scap on this fault segment is 
about 77" (Gonzales et al. 1996). We conclude therefore that. takjng into account both thelayover and 
theforeslwrtening, effects on ERS-1 image, the fault throw at this place of the fault, can be estimated in 
this case as 120 meten high, from image analysis. 

REFERENCES 

Armijo R. and Thiele H.. 1990. Active faulting in Northern Chile: Ramp stacking and Lateral 
Decoupling along a Subduction Plate Boundary. Earth Planet. Sci. Len.. v01 98, 1990, pp40-6 1 

Chorowicz J., Deffontaines B., Huaman-Rodrigo H.. Lusey P.. Pubellier and J.P. Rudant, 1993 
Geomorphic objects detected by ERSl-SAR images in different geod!namic contests. Proceedings of 
Second ERS-l S)7nposum Space at the Senrice of orrr Environment, Hamburg. Germany, 11-14 October 
1993, pp923-929. 

Daniellson P.B. 1980. Euclidian Distance Mapping. Computer Graphics and Image Processing, 
v01 14, pp237-248. 

De~vey J.F. and Lamb S.H. , 1992 Active tectonics of the Andes, Tectonoph~sics, v01 205, pp 79-95. 
Franceschetti G..Marino R. Migliaccio M. and Riccio D. On SAR simulation on three-dimensional 

scenes. SPIE. V0123 16. SAR Data Processing for Remote Semirrg, 1994. pp192-198. 
Gonzales L.G.. Niemeyer H., M d n e z  E.. 19%. Evolucion Tectonics Cenozoica del bordo continental 

en las immediaciones de Antofagasta. su relacion con la sedirnentacion y la r-lorfologia Revista Geol. de 
Chile (in press). 

Mering C. and Parrot J.F., 1994. Radar image analysis using morphological filters. Mathematical 
Morplwlogy and ifs Applicafiorrr to Sig~raI Processi~rg, eds J. Serra and P. Soille. Klu~ver Academic 
PubIisher, pp353-360. 

Okada A. . 1972. On the neotectonics of the Atacama region. heliminary notes on Late Cenozoic 
Faulting and geomorphic development of the Coast range of Northern Chile. Bull. Dept Geography. 
Univ. ToLyo, ~ 3 ,  ppl7-65. 

Serra J., 1988. Image Analysis and Mathematical Morphology. Vol. 2. Theoritical Advances, 
Academic Press. London. 41 1 p. 

Ulaby F.T.. Moore R K  and Fung A.K. 1982. Microwave Remote Sensing. v01 2. Archtech House Inc. 



Third [SAG, Sr Malo (France), 17-1 91911 996 

Figure 2: ERS- l subscene of the Atacama Fault Zone 

Figurc 3: Extraction of fault scarps Figurc 4: Maximal Thickness image 
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'rile .lauuary 17, 1929 C:u~ni~na carlIiqu;~ke, ~~ort l ieas~cr~i  Venczuel;~, \\l;rs ;~ssociatetl witli ilic 
activity of [lie El 1'il:lr I ' ; ~ u l t  '%one. ;~ lo~ig  wllicll tllc tlcxrral rnotion hclwee~i ~l lc  ('i~rihbe;ul :111tl 

South-Americ;ln pl;~tcs is ~>r.e?;e~ltly titking l>lace. No\\j;ld;~ys. scisrllic activity collcclrtratcs tow;lrcls 
the eastenlmost rip ol' Ihc 1:;1u11 %.one. close lo its ju~iclion \\!iili tllc 1,esscr A~l~illc> sul)duc~ion /.one. . . Ihis seis~llic :~cti\lity cau I>c dividcd illto tllrec 1n:1i11 types (c.  g.  Kusso et 21.. 1093): shallow 
earthquakes displayiug riglil-laler;~l slrikc-slip ~notiorls whe~i loc;~tecl i~lo~ig c;~st-\\iesl trc~itlirlg quasi- 
vertical faults, dcep cartliclui~kes (k)c;~l dcptli 11 grcaler [hall 60 km) a ~ ~ < > ~ i i ~ l c t l  will1 llle dcsccrltliug 
slab of [he I.,esser Autilles sul~ductio~l zone, ;rntl iolcrmedinle dcp~li cartllcluakcs (20 km < 11 < 60 
km) wliicll :u-c represc~itnti\:e of ~lle  complex slri~in rcleiisc 1aki11g pli~ce :IL the j~~nction hclween tlle 
El Pi lx  Fault Zone aotl tlie subtluctioll zone, i n  the vicinity of l'riniclad islaud. l'he ;ire21 close to 
Cu~uana cily contrasts wilh these later regions by its low Ic\jel of seismic acrivily. Tliree different 
hypothesis can be ~~roposetl to expl;rin tllis ol~servalian: ( l )  creep l>lle~~O~iic~ii~ contribute ~nainly to 
the nlotio~i in  this area. (2) seismic  notion Ilirs already 1,ecrl accc~mo~l;~lccl d ~ ~ r i ~ ~ g  Iiistoric;~I large 
events. (3) ~ccloriic stresscs are presently accu~~iul;~li~lg in  lllis area. I n  lliis co~itcxt, a tlcl;~ilecl study 
of [lie 1929 evcllt is inlpor~ant hccausc i t  is [lie I:~tesl rll;~ior C \ ~ ~ I ~ I  wllicli occurcd ill  tlic ;~rc ;~  prior to 
1062, \\/hen [lie Wol-l-\Vidc Sl:~ntlartl Scis~iio;~;~l>ll Network hccallic opc~'alio~l;~l. 111 p:~~.tit.ula~.. were 
the reported v,idcsl,~'eatl tl;~ru;~$es tl~re riiai~il!. 10 loc;~l site cl'l'ccls. or \\,:IS Illis e\!cnl ; I  ~naior onch '! 

Cumana tit!! is sellled or1 ir co~npressionaI L'auIt jog of llle El Pilirr 1:aul~ Zone. 'l'he kola1 
width ol' [lie fa011 jog reilclles 5 k ~ n  ill  ;l ~lor~li-soutli clireclion, ;uld Cu~niul:~ cily is located on tlie 
norlliern edge 01' tlic jog, on llle western sitlc of' the so-called Cerros dc C;~igu'ire (F ig~~re  I ) .  'l'hesc 2 
km wide hills consis[ ol' l'oldetl pliocenc sctlimc~lts. l'llese I'olds i~~co~iiotlntc slress changes due 10 
the termination of lhc ~lorlllenlmost br;~~icll of tlie El I'iliir Fault Zo~ie. l'liis kiricl ol' geological 
stn1ctu1.e is now widely rccogrlizetl :IS all inll!cdirnen~ to the propapliorl of scis~nic rul>~urc (King. 
1086: Sibson, 1986). l udcctl, I'aigc ( 1030) rcportcd tll;rt t l u r i~ i~  the 1029 e\lelll, lwo linear surl':~ce 
ruptures e~nergetl soutli 01' Punla I)cls;rtl;~. prop;12;11cd \\:es~\\~;~rtl. ; I I I ~ I  sloppe(l tlicir pl.op;lp;~lion soorl 
after affecting the (Ycrros clc ('ai911'irc (I:ig~~re I ). 'l.lic~'c is no slro~ip c\.iclc~icc I'or ; I  I'111'1llt.r \vcsl\\,;lnl 
propagation 01' tlic nlplllrc. A -3 ni Iiigll sea-\\,;l\*c i~i\,;~tletl lllc ha~.l ,o~~r i n  tlic ~>lacc ii;~~netl Si~l;~tlo. 
In this area. [lie slope 01' the t'oirsr is very sleep. up 10 45", ;uitl o\ ,c~'l ;~i~i \\..illl loosy \v:~Icr-s;~tur;~tc.tl 
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sedimeats. Seawartl 1:11eral spreading of the hcatlla~~tl bar was tloc~rmeoletl tluriog the car'tllyuake 
(Beltran and Rodriguez, 1995). Therefore. slumping call explain che occurence OS this wave. The 
presence of a sha~~ered zone within 111c area wI1c1.e r~~plure eotls has been doc.c~~ncn~etl lor califonlian 
earthquakes by Scholz (1990). Such pheno~nenon c'an explain Ihc slrong grountl rno~ions reported i n  
Cuinana City. Shaking was also amplified hy local xilc el'l'ecls. Intlced. the low11 was Iwill on loosy 
sediments. Detailed geomorphologic:~I mapping (Bel~ran and Rodriguez, 1995) showed that most of 
severe damages occurcd within sites where builtli~lgs were constructed either 011 I;~gunal areas or 
upon deserted meantlers ol' the Manzauares river (Figure 1). 

First-hand historical docuincnts, ~,holographs, reporls. and testimonies related 10 danages 
inside and outside Cumana city Ira\~e been carefully co~npiled by Rndriguez ancl Chacin (1993). 
These descriptions include the damages ancl destructions which affected public buildings and 
houses, ground fractures, liyuefac~ion phenomena, water and sand blows, induced landslides, 
collapse spreadings, and ground noise. The most destruclive cffects were concencraced along a 30 
km long narrow bancl fringing the soulhenr coasl 01' Ihc Gull' of Cari;~co. These macroseis~nic data 
enable us 10 draw (he isoseis~nal !nap shown in lTigure 2. The inslrun~ental epicenler relocaled hy 
Russo et al. (1992) is also shown. l'he error ellipse of the relocalet1 cpicenecr is ralllcr large because 
instrumental dakr were sparse. tlowe\!er, this localion is concortla~it will1 (he MKS Vlll in[cnsi[y 
area derived for111 ~nacroseismic tlnla. 'l'hc whicc tlols in Figure 2 represent the localions wherc 
aftershocks were most scrongly fell up 10 one week afler Ihc main shock. I n  our view, Ihcse data 
indicate that the ruplurcd l"ti111 length shoul(l not have bee11 longer Ihnn 25 to 30 km. 

One of the most important ~nncroscis~nic dala was [he widespread cestinlony tllal people i n  
Cuinaila city felt shaking (luring 5 10 15 sec (Paige. 1930). Wllile we make Ihe Ilypoihesis (hat Illis 
duration was not o\reresti~naled by S~.ighlened people, its value ~nust be regardetl as a ~naximum 
value, because i t  in\rolves Ihe lolal source duration r ,  Ihe tlil'krent a~rivals of near-field seismic 
waves, and the response ol' soil ancl buildi~lgs. Since [he total seismic ~noment M0 ol' a11 earthquake 
scales with r3  (e. g. Furu~noto and Nakanishi. 1983). Ihesc nlasimu~n values correspond lo 1017 Nm 
I MOlnax I 1019 Nm, or equi\rwle~ltly. 5.3 2 Mwln;is 2 6.7, wI1e1.e MW is (he energy magnitude 
defined by Kana~nori (1977). lJnSor~u~~;~~ely.  no scaling relalinns arc a\!ailal>lc \:cl Sol- \:e~lezuelall 
earthq~~~akes. By ;tn:~logy will1 califc)nli;~~l c;~l-111qu:tkes. Ihesc \~:~lucs correspontl to ~naxi~num 1'11ul1 
lengths comprised helulcc~l 5 211lcl 30 km. ' l ' l ~ i h  lalcsl \~nlue i.; i l l  yootl i~grccnlcrll \\,it11 ~llc ~ni~ximu~ll 
fault lenglh inferred li.o~n ~n;~croseisrnic tI;rtii. 

CONCLUSIONS 

The 6.9 inagni~ud tlerived by Gutenberg and Richlcr (1954) f~.o~n the instru~nen~wl record of 
Pasadeua (California) should be regartlctl 21s an exlrelne possihle value. hecause il would involve 
fault lenglh ancl source duralio~l \:allres gre;rrer than 40 krn. ;rntl 20 sec. rcspec~ivcly. Macroseis~nic 
data indicate thac Ihe lolal l ' ;ruIc lenglh Inus1 hn\lc been sm;rller Illall 30 k ~ n .  Musl tlestructions arc 
explained by local s i t  eSSecls. 'l'his inlcrprcli11io11 rllcans 111~11 ( I )  Ihe 1029 ('unlalla c;~rtl~c~ua~kc clid 
no1 release a siguificanl ;rrnounl ol' leclonic slrcss alollg Ihe sot~cllcnl ('i11.ihh~i111 ~ > I ; I I c  ~ O L I I I ~ ~ ; I I . ~ .  t~nd 
that stresses are going or1 accurnula~i~~g in  his irrca. (2) 1oc:rI soil contlilio~lh in ('u~narl:~ c i ~ y  i~rl t l  

sun'oucliug regions are very poor i n  lllc sense Ihal llicy ;rlnplil'y grc;tIly the clcstruclivc ct'l'cc~h 01' 
moderately sized earlhquakch. 
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Fig. 1. Tectonic map of Cu~nana city and surrounding area, after Beluan and Rodrieuttz (1995). 

Fig. 2. Isoseistnal curves of the January 17, 1929 Cumana earthquake. Venezuela. Topography is 
indicated it1 meters. 

1 
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INTRODUCTION 

Most of the methods used to find a precursor signal to big earthquakes in seismic gaps have 
generally failed, mainly because they are not reproducible in space and time. From a seismological point of 
view, the usual parameters which are looking for as a medium or short term event precursors, are the local 
seismicity pattern versus time, temporal variations of seismic velocities and coda wave attenuation [l]. 

At the beginning, coda wave was mainly focused on a simple way to study the seismic source and 
later the attenuation between the source and the receiver. Complex processes as interferences of S-waves with 
heterogeneities into the propagation medium is considered to be one of the cause of coda wave generation. 
Funhermore, coda wave is also involved in defining site effect, magnitude and seismic moment 

Single scattering theories were developed in order to explain, for an isotropic medium, the observed 
coda wave decay with time as a function of the attenuation, where it is not necessary to take out the 
instrumental response from the signal and to h o w  precisely the source mechanism, but only the absolute S- 
arrival time [2,3]. In a first approximation, coda wave attenuation Q-l is the sum of the intrinsic attenuation 
Qi-' or absorption, which dissipates seismic energy into heat and the scattering attenuation as the result 
of heterogeneities into the propagation medium which redistributes seismic energy into a certain volume. 
However, these theories assume that only one body can scatter the seismic ray between the hypocenter and 
the sensor. 

Our study is involved mainly with the behavior of coda wave attenuation prior and after the 
Antofagasta July 30, 1995 earthquake, the biggest one which occured in the Antofagasta region, by using a 
multiple scattering attenuation method to analyze lhe time evolution of the inuinsic and scattering 
attenuation at different seimic stations of the Antofagasta local seismic network, whose the closest slation 
(CEN) to the epicenter of the main event was at distance of about 20 km [4]. 

METHOD AND DATA PROCESSING 

Nowadays, several isouopic multiple scattering methods are available and consider a more realistic 
wave1 path between the source and the station to better fit the coda amplitude decay. Therefore, for our 
purpose, we used the isotropic multiple scattering algorithm developed by Zeng [5] for the acoustic 
approximation, to calculate Qi" and and applied it to a set of local earthquakes recorded at the 
Antofagash seismic network between January 1993 and the first months of 1996. As we are interested in 
following the variations of attenuation versus time, we consider every attenuation measurement as the result 
of an independent physical process and do not make any average to smooth the results. Otherwise, we chose 
the mean free frequency a as a better parameter to represent the attenuation process and which can 
be determined without filter the coda at different frequencies. We focused mainly our observations on the 
attenuation behavior prior and after the Antofagasta seismic event of July 30, 1995 of magnitude MW 8.1. 
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During June, 1990, The Institut de Physique du Globe of Strasbourg France), ORSTOM (France) 
and the University of Chile (Chile) installed a telemetric seismic network of nine short period (Is) stations 
around the city of Antofagata, in order to monitor the local microseismicity of magnitude more than 2. This 
network is situated on the southern edge of the rupture zone of the 1877's Northern Chile earthquake of 
magnitude MW 8.8. In spite of some lacks of data hecause of some power cuts and acquisition failures, the 
dataset of more than five years of local seismicity is almost complete previous, during and after the 
Antofagasta big earthquake of last July 30. 1995. With the threshold used in the Antofagasta telemetric local 
network, between five to ten earthquakes were commonly daily recorded prior to the Antofagasta eanhquake. 
The majority of this microseismicity is localized along the Benioff zone from depths of about 25 km till 
depths of about 250-300 km. 

In this study, we were mainly interested in earthquakes with an arbitrary epicentral distance of less 
than 30 km from the seismic stations considered, hecause the higher tbe epicentral distance, the bigger the 
volume involves in generating coda wave and the more difficult to interpret one attenuation measurement 
from another. Obviously, if the distance between the station and the epicenter is to short , the number of data 
will not be enough to follow the attenuation behavior versus time. Keeping in mind these conditions, we 
select from the nine stations of the Antofagasta seismic network, only 5 (MEJ,CEN, GOR, PAS and APB) 
where the attenuation time sequence is almost continues from 1993 to march 1996. The station CEN is 
localized upon the modeled fault plane of the Antofagasta eanhquake, at 20 km away from the epicenter, and 
MET at about 45 km far of the northern edge of the rupture zone [6]. Once a seismogram is chosen at a 
station, it must be not saturated (in general, the magnitude ML of the seismic event must be less ban 3.9, 
the coda wave must reach the noise level (in fact twice the amplitude of the noise prior to the first P-arrival) 
and no glitches have to be included into the coda portion. The numher of events selected varies from one 
station to another mainly because the seismicity in that region is not uniform in both space and time. 

DISCUSSION AND CONCLUSIONS 

The mean free frequencies ai and as for the time period 1993 to 1996 are still in process at CEN, 
APB, GOR and PAS and could not be part of the following discussion, but will be incorporate later. They 
were, however, performed at MEI but with a dataset not complete in time as it was expected. Thus, although 
our discussions and conclusions will be partial and concerned only the region around MU, we can 
nevertheless make some remarks. 

The propagation medium between the interface of the Nazca subducting plate and the Soutb 
American plate around MEJ is mainly homogeneous in space and time because intrinsic attenuation always 
exceeds scattering attenuation and thus control the attenuation process (figure 1). Furthermore, the intrinsic 
attenuation in this study is in fact the total attenuation calculated by the single scattering attenuation theory 
of Sato [3] as it was already obsenled for intrinsic scattering as a function of frequency [7]. 

Althougb each local attenuation measurement in time can be very different to the others (day 1096 
on figure l), probably because they are generated by different scattering volumes, the general temporal 
behavior of inuinsic attenuation is uniform and does not show any evidences of variation prior and after tbe 
Antofagasta earthquake of July 30,1995 (figure 1). On the other hand, h e  scattering attenuation is in general 
bigher in 1995 prior to the big event than in 1993 and the beginning of 1996 (figure 1). However, more 
attenuation measurements should he performed at MU, specially for the year 1994, to improve the temporal 
coverage of scattering attenuation, in order to localize in time, with a better precision, this variation. 

We used our program to calculate intrinsic and scanering attenuation from synthetic coda waves 
which had crossed different propagation mediums. Each medium has a different number of scatters, randomly 
distributed in an equal volume. Though, they were generated for the single isotropic scattering case [8], we 
found that when the number of scatters increases of a factor of 2 for a same volume, the inuinsic and total 
attenuation decrease of a factor of about 2, whereas scattering attenuation increases of a factor closed to 4.5. 
So, if the scattering attenuation increases before and decreases after a major earthquake as it seems to be tbe 
case for the Antofagasta earthquake, therefore, the number of scatters increased prior to the main event and 
diminished after. These observations could be explained by a dynamical system of earthquake occurrence 
where shear stress an pore pressure control both the spatial and temporal pattern of the distribution of 
beterogenei ties or scatters [g]. 
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Figure 1: Intrinsic (open squares) and scattering (black dots) mean free frequency versus time calculated at 
MET. Each symbol is an independent measure. Segments link the different symbols according to their time 
occurrence. The day 0 is January l", 1993. The vertical dashed line represents July 30. 1995 when occurraj 
the big Antofagasta eanhquake of magnitude Mw = 8.1. 
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NORTHERN CHILE SUBDUCTION PLATE-BOUNDARY AND QUATERNARY UPLIFT 
MOTIONS 

At subduction plate boundaries, it is commonly expected that relatively strong vertical motions 
occur. The coast of northern Chile, like that of southern Peru (Goy et al., 1992; MacharC & Ortlieb, 
1992; Ortlieb et al, 1995a; 1996) did register such positive vertical deformation that is linked to the 
subduction of the Nazca plate below the South-American plate (Barazangi and Isacks, 1976). Emerged 
marine terraces are preserved along long stretches of the northern Chile coast (Radtke, 1989). Recent 
studies focused on the idenufication, age determination and morphostratigraphy of the remnants of 
Pleistocene shorelines, to decipher the neotectonic behaviour of the 1000 km-long coastal segment 
located south of the Peruvian border. The methodology points to a quantification of the vertical 
deformation, at a 10'y scale, and to the detection of variations in locdregional uplift rates during the 
late and middle Quaternary. The study also deals with the determination of differential vertical 
movements between structural blocks, and the obtention of a chronostratigraphical framework for the 
reconstitution of Quaternary faulting activity in the coastal area.. 

At the present stage of the co-operative project, we completed a general reconnaissance of the 
Quaternary marine terraces in the whole study area, and realised detailed studies in the sector between 
Antofagasta and Hornitos (Ortlieb et al., 1995b 1997). Geological, paleontological and 
geomorphological surveys in the Antofagasta-Hornitos region now provide a morphostratigraphical 
interpretation of the various types of coastal remnants: wave-cut terraces, beach ridges, marine deposits. 
Geochronological and geochemical analyses involving U-series dating, amino-acid stratigraphy and 
stable isotope measurements assess the chronostratigraphical framework currently being established 
(Hillaire-Marcel et al., 1995). 

In the coastal sector between Antofagasta (23O30'S) and Iquique (20°S), the oldest Pleistocene 
marine remnants and Late Pliocene sediments are usually found at the foot of the Coastal Escarpment, 
at elevations of the order of +l00 to +200 m (Ortlieb et al., 1995b). In this coastal region, Middle and 
Late Pleistocene marine terraces are often set in staircase disposition, with the oldest terraces covered 
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by alluvial fans. The most recent and best preserved terrace was formed during the last interglacial 
stage (isotopic stage 5, ca. 120 ka). The elevation of its inner edge varies from a few metres above 
present MSL (e.g. at Coloso, S of Antofagasta) to more than +40 m (asl) (Hornitos). 

At Antofagasta, the vertical motions were relatively slow during Quaternary time (ca. 50 mm. 
10" y) on the long range. North of Mejillones Peninsula the mean net uplift rate, for the whole 
Quaternary, is about 100 mm.10' y (Onlieb et al., 1995b). However, looking in more detail, distinct 
tendencies were inferred. At Coloso (Antofagasta), the uplift rate appears to have diminished through 
time (no uplift in the last 125,000 y), while it increased at Hornitos and more to the north. 
Gmhonological measurements on marine shells and morphostratigraphical considerations led to 
interpret that the H~mitos area was uplifted at a rate of 240 mm.10' y in the course of the last 330 ky 
(Ortlieb et al., 1997). It can be inferred that, in the Hornitos area and in a large sector of the northern 
Chile coast, between 20" and 23"S, vehcd deformation was slow in Early Pleistocenelearly Middle 
Pleistocene. and that it accelerated in late Middle Pleisimne/Late Pleistocene times. 

MARINE TERRACES AND BEACH FUDGES IN hlE JlLLONES PENBSULA 

Between Antofagasta and Hornitos, the peninsula of Mejillones registered strong Quaternary 
deformations. Large fracture zones that trend N-S and NW-SE, delineate a series of structural blocks 
which were vertically displaced by amounts reaching hundreds of metres, in the course of the last few 
million years. Some of these deformations are still active. The flat tops of several mesas, like Cerro 
Bandurria (+400 m), that clearly result from wave erosion, were classically interpreted as formed 
during the Quaternary (Okada, 1971; h i j o  & Thiele, 1990). Actually, the sediments that cover these 
high-lying wave-cut surfaces include a typical nearshore Pliocene fauna (with Chlamys vidali, Chlamys 
simpsoni, Ostrea ferrarisi, Fusinus remondi). We interpret that some of the highest wave-cut terraces 
that surround Morro Mejillones, generally devoid of sedimentary and faunal remains, are also of 
Pliocene age. 

The highest-lying Pleistocene marine deposit identified (on paleontological grounds) in the 
peninsula is located 2 hn ESE from Morro Mejillones, at an elevation of +U0 m (Ortlieb et al., 1995b) 
and close to the N-S vending Mejillones Fault. The strong deformation evidenced along Mejillones 
Fault (apparent vertical offset of the order of 500 m) most probably reflect altogether an extensional 
normal component related to the semi-graben structure of the northern peninsula and a net positive 
uplift motion. 

In the central and eastern parts of the peninsula, the latest Pliocene and earliest Pleistocene 
marine deposits are commonly lying at elevations of the order of +200 to +220 m, thus suggesting that 
the amount of Quatemary uplift of the whole isthmus and eastern peninsula was not greater than about 
220 m (Onlieb, 1993). 

Three large sequences of regressive beach ridges are presenred in the northern (Pampa Mejillones), 
northwestern (Caleta Herradura de Mejillones) and southern (Pampa del Aeropuerto) parts of the 
peninsula (Fig. 1). These series of exceptionally well-presenled coastai features cover wide, gently 
seaward sloping, surfaces that reach maximum elevations of ca. +220 m. Several discrepant 
chronosuatigraphic interpretations were proposed for these beach-ridges (Herm, 1969; Okada, 1971; 
Ferraris & Biase, 1978; h i j o  & Thiele, 1990; Ortlieb, 1993). For several geochemical and 
methodological reasons, it has been difficult up to now to establish the age of the ridges. Only recently, 
we obtained chronostratigraphic elements that suggest an (early) Middle Pleistocene age for some of the 
oldest sets of beach-ridges (Ortlieb et al., 1995b). The lateral correlation between the northern and 
southern beach-ridge series was based on the occurrence of a anomalous warm-water assemblage of 
mollusk sbells (including: Cerithium stercusmuscarum, Olivella sp., Prunum cunum, Turbo cf. T. 
fluctuosus, Bulla punctulata, Anomia peruviana, Arcopsis solida, Mactra velata, Ostrea megodon, 
Donax peruvianus and Trachycardium cf. T. procerum). Geochronological data combined with 
geometric considerations led to propose that the (( thermally anomalous molluscan assemblage B be 
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C/ 
Pleimcene 
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Figure 1. Tectonic sketch 
map of Mejillones Peninsula 
showing the large sequences 
of Pleistocene beach ridges 
(in white) which document 
relatively slow uplift motions 
of the Mejillones graben (200 
- 100 mm. 10" y). Wave-cut 
marine terraces on the western 
part of the peninsula are not 
shown here. 

assigned to the isotopic stage l l high seastand (400 ka) (Ortlieb et al., 1995b). This chronostratigraphic 
interpretation suggests a higher uplift rate than previously proposed (Ortlieb, 1993) during the last half- 
million years, and much slower motions during the period late Pliocene- early Middle Pleistocene. 

CONCLUSIONS 

Tbe peninsula of Mejillones is a composite crustal block that was uplifted by a mean net amount of 
the order of 200 m within the last 2 My or so. This motion was not significantly stronger than those 
registered in the coastal region north of Hornitos. Previous interpretations that implied more rapid uplift 
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motions of the peninsula were based upon unverified chronostratigraphic assumptions. The uplift of 
some faulted compartments of the western peninsula, which amounts to a maximum value of 240 m, 
seems to result from compressional deformation. 
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INTRODUCTION 

The seismicity and tectonic of central Chile is mainly characterized by the subduction of the oceanic 
Nazca plate beneath the continental South American lithosphere. The rate of convergence between 
these two plates is relatively constant within the studied region due to the distant location of their 
rotation pole. This convergence rate is about 8.4 crnlyr in the N78"E direction [l]. 

Several studies have shown that the shape of the oceanic downgoing slab in the region, exhibits 
lateral variations in the dip [2,3,4]. Major changes in dip had been interpreted as segmentation of the 
downgoing slab bounded by tears or by continuous flexure of the slab. Based on teleseismic locations, 
the boundaries between these segments have been interpreted as tears in the oceanic slab [2,5]. In Chile- 
western Argentina, a continuous contortion of the slab around 33"s has been proposed [4,6,7]. Beneath 
the latitudes 28"-33"s. the subducted Nazca plate extends eastward in an almost subborizontal trajectory 
for bundreds of kilometers at a depth of -100 km before reassuming its downward descent [4,7]. These 
investigations are mainly focused around the principal changes in dip and there are no detailed studies 
south of 34" S, where the seismicity level is lower than in other regions of Nazca plate. 

In this study, we improve the local and teleseismic hypocenter locations and determine new focal 
mechanisms, which along with those reported within the region permit a better analysis of the 
seismotectonic characteristics of cenual Chile relative U, the shape of the subducted Nazca plate, the 
associated stress field and the geometry of the interplate coupled zone. 

LOCAL AND TELESEISMIC DATA 

The data used in this study are accurately determined bypocenters obtained from local data recorded 
by seismological stations at the zone and from events recorded at teleseismic distances by the world wide 
seismological network, which were relocated using the method of Joint Hypocenter Determination (MD) 
(81. Focal mechanisms of 18 events that occurred between 1980 and 1987, were determined using body 
wave inversion [g] of the long-period P, SH and SV wave forms recorded at teleseismic distances (25'2 
A 290") by the Global Digital Seismograph Network. Focal mechanisms reported by other authors were 
also used. 

Accurate hypocenters of local earthquakes were determined using data from the permanent 
telemetric network of the University of Chile since 1980 (32.7"-34.6"s) and from temporary networks 
deployed in the zone in 1985 (32.9"-34.5"s). 1986 (32.4'-33.7"s) and 1995 (34.0"-35.5"s). 
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Eanhquakes with magnitude mb24.8 recorded at teleseismic distances, were relocated in central 
Chile with the JHD method [g], using the phase readings reported by the International Seismological 
Centre (ISC) between 1964 and 1994. The calibration events used in this relocation correspond to 15 
earthquakes locally recorded and focal depths constrained by the body-wave inversion. The reason to 
relocate hypocenters from teleseismic data is the observed mislocation between the hypocenters reponed 
by the inlernational agencies (ISC, NEIC) and the ones determined with local data. On average, this 
mislocation results to be of -10 km in the N67"E direction, but in many cases this mislocation can 
exceed 20 km. 

DISCUSSION 

The epicentral distribution of the accurately located local and teleseismic events is presented on 
Figure 1. To analyze the geometry and state of stress of the subducted slab, eight cross-sections of the 
seismicity, including focal mechanisms, were drawn (Figure 2). The cross-sections are oriented in the 
direction of convergence between the Nazca and South American plates [l], and their origins coincide 
w~ith the trench axis. 

The shallow part of the subduction zone indicates a constant interplate geometry, under a 
compressional stress regime, that initially dips -10% and gradually increases to -25OE at a depth of -60 
kxn (Figure 2). This geometry is observed throughout the subduction zone in central Chile, and appears 
to be independent of the age and relative convergence rate of the interacting plates. No lateral changes 
of the interplate geometry are observed at places where major balhymetric features are subducted, as the 
Juan Fernandez Ridge (ER) around 33"s (Figure 1). 

The depth extent of the seismogenic interplate contact can be estimated from the maximum depth of 
the shallow b u s [  earthquakes and the depth of transition between compressional to tensional events 
[10]. This depth is -60 km throughout the studied zone of central Chile, in agreement with previous 
results on selected places along the chilean subduction zone [10,11,12]. This result yields a maximum 
seismogenic width of 145 km, assuming an average dip of the subducted slab of 20" and considering that 
the slab is aseismic at the first 10 km from the trench. 

The subducted Nazca plate shows lateral variations in the dip angle at depths greater than 60 km, 
where the stress regime is tensional (Figure 2). The seismicity pattern at these depths defines two 
regions within the downgoing slab bounded by the inland projection of the JFR, which is parallel to the 
convergence direction (Figure 1): 
(1) A northern region, where the seismicity defines a Wadati-Benioff zone with variable dip, from 

-30°E (Figure 2A) to a gradually shallower dip to the south, where the slab becomes almost 
subhorizontal underplating the continenlal crust between latitudes 28" S and 33"s at depths of -100 km 
(Figures 2C, 2D). The seismicity is well observed down to depths of 200 km, from where a void in 
seismicity is present until depths between 550 and 600 km, where the plate is again seismic active 
(Figures 2A, 2B, 2C). If no detachment of the Nazca plate is assumed, the slab is sharply bended around 
depths of 200 km and then it sinks into the mantle with an almost constant dip of -45", with seismicity 
that reaches to maximum depths of 600 km. 
(2) A southern region, where the seismicity is more scarse and defines a Wadati-Benioff zone that 
reaches maximum depths < 200 km, at closer distances from the trench than in the northern region 
Figures 2E, 2F. 2G. 2H). The deep seismicity observed at depths between 550 and 600 km in the 
northern region, disappears in this region. 

Back-arc crustal shallow seismicity occurs mainly in the zone of subhorizontal geometry of the 
downgoing Nazca plate. This geometry permits to transfer compressional stress to the ovemding plate 
and inhibits the presence of a mantle wedge, so there are no active volcanoes over this zone (Figures ?C, 
2D). Outside this zone, the active Quaternary volcanoes are well developed and they are located over 
the zone where the Nazca plate reaches depths of -100 h. 

A sharp flexure in the slab occurs around 33" S, with strike parallel to the convergence direction 
between the interacting plates. The intersection of the JFR with the trench near latitude 33" S, which is 



Figure 1.- Epicenters of the earthquake dalaset used in this Figure 2.- Cross-sections of be  relocated seismicity of Figure 1. The origin is at the trench 
study from local data (solid circles) and from teleseismic data and oriented in the convergence diction (N78OE). Focal mechanisms determined in this 
(open circles). The locations of the cross-sections of Figure 2. study (black) and reported from wave inversion (grey) are presented on a side-looking, lower 
the Quaternary volcanoes in the zone (solid triangles) and the hemispheric projection. The top of the down1:oing ocanic Nazca plate is shown on each 
projection of the JFR (dashed line) are also shown. cross-section with a solid line; a dashed line is shown where it is interpolated. The location of 

Quaternary v~olcanoes (black triangles) are alsc~ projected at the top of each cross-section. At 
the right bottom, a summary of the Wadati-Benioff zone observed in each cross-section is 
presented. 
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located at the northern edge of the Challenger Fracture Zone, implies that lithospheric plates of different 
ages are subducted, being younger to the south of this boundary 

CONCLUSIONS 

These observations suggest an older segment of the Nazca plate to the north of the projection of the 
JFR at 33"s. which sinks into the mantle down to depths of 600 km and bends probably due to 
gravitational forces. Between latitudes 28's and 33"s however, at intermediate depths (60-100 km) the 
slab flattens and moves upwards probably related to the subduction of buoyant lithosphere associated to 
the the FR. To the south of 33's. a younger and shorter Nazca plate is suggested. 

The observed stress pattern shows compression at shallow depths (<60 km) related to the coupled 
plate interface between the oceanic and the continental ovemding plates. Downdip, at depths greater 
than 60 km, the downgoing plate is under tensional suess regime with T-axes oriented, in general, along 
the direction of the subducted oceanic plate. 

The subhorizontal geometry of the subducted Nazca plate between 28's and 33"s. at depths less 
than100 km and distances from the trench between 200 and 500 km, may be responsible of the absence 
of Quaternary volcanism, the crustal shortening of the Andes and the associated back-arc crustal 
seismicity in Argentina, among other tectonic anomalies that occurs in this region of central Chile. 
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FOREARC DYNAMICS AND NEOTECTONIC ARC DEFORMATION 
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INTRODUCTION 

The upper brittle crust of the wedge shaped forearc lithosphere between the Chile trench and the 
Western Cordillera of the Andean System can be subdivided into distinct crustal sub-wedgcs charactcris- 
ing an outer forearc domain with submarine toe erosion and active extensional deformations onshore, and 
an inner forearc domain with recent compressional deformation which also affects the western margin of 
the active magmatic arc. Dynamic wedge models, developed by Dahlen et al. (1984), are applied to 
explain the neotectonic processes of the north Chilean trench-arc system between 22" S and 24" S. 

RECENT NORTH CHILEAN TRENCH - ARC SYSTEM 

The forearc prism is bounded by (a) the recent slope between the trench and the active magmatic arc, 
(b) the subduction zone, and (c) a intracrustal detachment in the overriding continental plate. The forearc 
region is seginented by large N-S trending strike-slip fault zones (fig. la)  and the Atacama Fault separates 
the onshore outer extensional forearc from the inner compressional forearc region (Buddin et al. 1993). 
The forearc prism consists of several sub-wedges and we distinguish between tectonic wedges within the 
brittle upper crust and deeper crustal/mantle wedge structures (fig. l b) 

The outer forearc region extends 120 km from the trench axis to the Atacama fault zone and is devided 
into two wedges: The toe-wedge with a trench slope dipping 6" and the outer forearc wedge with a trench 
slope of 3 3 "  continuing onshore into the western slope of the coastal range (bathymetry data from 
Schweller et. al 1981). The bottom of the toe- and outer wedge dips 10" and parallels the subducting 
Nazca plate. The toe and the upper part of the outer forearc wedge consist predominantly 01' magmatic. 
volcanic and sedimentary rocks of an old Jurassic-Early Cretaceous arc system, Palaeozoic basement 
rocks and an incomplete succession of Cretaceous to Recent deposits. The lower part of thc outer forearc 
wedge has been interpreted as partly serpentinized Jurassic-Cretaceous mantle rocks (Wigger et al. 1994). 

Thc inner forcnrc wcdgc cxtcnds ovcr a distance of 210 km and is situated bctwcen thc Ataca~na Fault 
and the western ~nargin of the active magmatic arc. The topographic slope of the wedge is approximatcd 
with 1". We define the base of this internal forearc wedge with an intracrustal discontinuity dipping 7" to 
the east, represented by a low velocity zone in interpreted seismic sections betwcen Tocopilla and 
Chuquicamata/Calama (Schmitz 1993; Wigger et al. 1994). The inner forearc wedge hosts Mid Creta- 
ccous to Upper Crctuccous arc rocks and upliftcd Precalnbrian to Lowcr Palaeozoic mctalnorphic rocks, 
Carboniferous-Permotriassic magmatic and sedimentary rocks, and a Cretaceous to recent marine / conti- 
nental sediment succession with intercalated evaporitic layers. The western rim of the active magmatic arc 
is dominated by Upper Miocene to Pleistocene ignimbrites and Neogene to recent andesites and dacites. 
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Neotectonic surface structures between the Chile trench and the Western Cordillera are caused by active 
extension in the outer forearc domain, affecting Pliocene and Pleistocene deposits between the Mejillones 
Peninsula and the Atacama fault. The inner forearc domain and the western margin of the active magmatic 
arc are characterised by recent compression. Here Quaternary lacustrine sediments and Upper Miocene to 
Pleistocene ignimbrites are faulted by trenchward verging thrusts north of San Pedro de Atacama in the 
Rio Salado and Vilama areas and arcward verging thrusts, with the eastern most, the Talabre thrust, 
beneath the Tumisa and active Lascar volcanoes bounded in the east by a more than 100 km N-S trending 
lineament, the Miscanti fault, where post-Pliocene transpressive deformation can be observed (fig. 1). 

Neoteaon~c thrust faults 

Chlla Oubr Forwo lnrnr Forwo Magmatic Arc 
Tranch Wdga Wdga 

Alacama Premrdilleran Sal= de Westen 
W Fault System Fault $stem Ateaana 

n .. 

m our ~orurcwdp~ K q l m F a r r W . q * r  B de 
rrllhad.njwul&falMtim compnubnrl Mometiml J Ola*nmrhm 

Uonrclrc*cmtndbn 

Fig. 1: a. Main structural features and neotectonics of the North-Chilean trench-arc system. 
(RS Rio Salado Area, VT Vilama thrusts, ?T Talabre Thrust, MF Miscanti Fault; 
Atacarna- and Precordilleran fault kinematics after Armijo & Thiele 1990; YSez  et al. 1994). 
b. Schematic dynamic cross section of the trench-arc system of Northern Chile. 
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WEDGE MECHANICS AND DYNAhlICS 

Active lithospheric stresses are transmitted from the subducting Nazca Plate onto the overriding South- 
America Plate due to high frictional resistance between the plates. For Northern Chile, between 18" S and 
24" S, Tichelaar & Ruff (1991) estimated a plate coupling extending to depths of 45 - 48 km. The North- 
Chilean convergent plate margin is a non-accreting margin characterised by subduction erosion with re- 
moval and transport of rock material from the upper plate to greater depths (Huene & Scholl, 1991). In 
our dynamic model the rigid wedges of the forearc lithosphere are backstopped by the rheological buffer 
of the thermally weakened active magmatic arc (fig. 1 b). 

Wedge mechanics illustrated by Mohr suess circles (fig. 2) demonstrate the limit stress conditions and 
required geometric relationships between the topographic slopes, subduction fault, crustal detachments, 
internal toe detachments, normal- and thrust faults, and stress field orientation of the rigid forearc wedges. 

EY~$T$~~(Js~ - 
fault locke-- % A'- 

surface slope of outer 

I y s u r f a c e  slope of toe wedge a = 7' 1 forearc wedge a = 3,4" 

effective slope a' = 5.2' 
C l l C L l l V c ;  o 1 u p c  U = IU,;r \ rr = U.WJ 

( h = 0.6) 
c) inner forearc 

wedge Ts (rz.oz) discrete stress state 
at depth z below wedge surface 

@ Q '  internal angle of friction 
effective basal friction 

/alp ap main principle axes of stress in 
,,.,. active and passive Rankine state of stress 

A p pole of active and passive 
Rankine state of stress 

center of active and passive 
Mohr stress circles 

effective slope a' = a 

Fig. 2: Limiting stress conditions and fault mechanics in the North Chilean forearc system 
(a) toe wedge (b) outer forearc wedge (c) inner forearc wedge. 

The compressional stress regime and similar rheological properties in the toe-wedge and along its base 
prohibit a discrete wedge base and a stable wedge geometry. Internal deformation favours west verging 
detachments with off-scraping of the basal part of the toe-wedge carried away with the subducting Nasca 
plate, stress conditions are shown in fig. 2a. Increasing pore fluid pressure andfor decreasing basal friction 
along the descending subduction fault lead to underplating of these crustal slices and thickens the outer 
forearc wedge. The basal accretion rises basement rocks into upper crustal levels (Platt 1986). This 
mechanism influences the uplift of the basement rocks of the Coastal Range in the north Chilean onshore 
outer forearc. Thrust faulting indicated by focal mechanisms of shallow earthquakes (depth S 30 km, 
Comte et al. 1992) support this dynamic model. In contrast to this compressive basal accretion mecha- 
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nism, neotectonic and active surface structures in the outer forearc show trench parallel extension. These 
normal faults are dynamically interpreted as a result of the extensional collapse of a supercritical wedge 
build up by continuous thickening during basal accretion. The simultaneous critical extensional and 
compressional stress conditions and the geometric relation of fault mechanics in the outer forearc wedge 
are modelled in the Mohr stress circles in figure 2 b. 

The inner forearc wedge is characterised by neotectonic west-verging forethrusts and east-verging 
backthrusts, represented by out-of-the-sequence thrusts, favoured by numerous evaporitic layers within the 
rock succession and by older upper crustal discontinuities of former tectonic stages. This wedge is under 
active compression and in a subcritical stage (fig. 2 c). 

CONCLUSIONS 

Based on observations of surface structures in the Chilean trench-arc system frictional plastic wedge 
models have been developed which help to understand the dynamics of the rigid crust in the forearc 
region. Mohr circle constructions illustrate the varying rheological conditions in defined subwedges of the 
forearc system and explain the relationships between neotectonic deformation processes and the active 
state of stress. The uplifted basement rocks of the Coastal Range and neotectonic to active N-S trending 
normal faults in the onshore region of the outer forearc are governed by toe erosion and underplating 
processes and by contemporaneous internal extensional adjustment of wedge geometry. Synchronous post 
PlioceneIPleistocene west verging forethrusts, East-verging backthrusts and folds in the inner forearc and 
along the western rim of the recent Andean magmatic arc reflect compressional internal deformation 
within a subcritical crustal wedge backstopped by the rheological buffer of the active magmatic arc. 

REFERENCES 

Armijo, R. & Thiele, R. (1990): Active faulting in northern Chile: ramp stacking and lateral decoupling 
along a subduction plate boundary? Earth and Planetary Sc. Lett., 98: 40-61. 

Buddin, T.S., Stimpson, I.G. & Williams, G.D. (1993): North Chilean forearc tectonics and Cenozoic 
plate kinematics.- Tectonophysics, 220: 193-203. 

Comte, D., Pardo, M,, Dorbath, l., Dorbath, C., Haessler, H., Rivera, L., Cisternas, A. & Ponce, L. (1992): 
Crustal seismicity and subduction morphology around Antofagasta, Chile: Preliminary results from a 
microearthquake survey.- Tectonophysics, 205: 13-22. 

Dahlen, F.A., Suppe, J. & Davis D. (1994): Mechanics of fold-and-thrust belts and accretionary wedges: 
Cohesive Coulomb Theory .- J. Geophys. Res., 89(B 12): 10.087- 10.101. 

Huene, R. v. & Scholl, D.W. (1991): Observations at convergent margins concerning sediment 
subduction, subduction erosion, and the growth of continental crust.- Rew. Geophys., 29: 279-3 16. 

Platt, J.P. (1986): Dynamics of orogenic wedges and the uplift of high-pressure metamorphic rocks.- Geol. 
Soc. Am. Bull, 97: 1037-1053. 

Schmitz, M. (1993) Kollisionsstrukturen in den Zentralen Anden: Ergebnisse refraktionsseisrnischer 
Messungen und Modellierung krustaler Deformationen.- Berl. Geowiss. Abh. 20(B): 1- 127. 

Schweller, W.J., Kulm, L.D. & Prince, R.A. (1981) Tectonics, structure. and sedimentary framework of 
the Peru-Chile Trench.- Mem. Geol. Soc. Am., 154: 323-349. 

Tichelaar, B.W. & Ruff, L.J. (1991): Seismic coupling along the Chilean subduction zones.- J. Geophys. 
Res., 96, B7: 1 1.997-212.022. 

Wigger, P.J., Schmitz, M., Araneda, M,, Asch, G., Baldzuhn, S., Giese, P,, Heinsohn, W.-D., Martinez, 
E., Ricaldi, E., Rower, P. & Viramonte, J. (1994): Variation in the crustal structure of the southern 
central Andes deduced from seismic refraction investigations.- in: Reutter, K.-J., Scheuber, E. & 
Wigger, P.J. (Eds): Tectonics of The Southern Central Andes, pp 23-48. Springer. 

Yaiiez, G., Mpodozis, C. & Tomlinson, A.J. (1994) Eocene dextral oblique convergence and sinistral 
shear along the Domeyko fault system: A thin viscous sheet approach with asthenospheric drag at the 
base of the crust.- 7" Congreso Geol. Chileno 1994, Actas Volumen 11: 1478-1482. 



Third ISAG, St Malo (France), 17-1 9/91] 996 

SEISMICITY AND FOCAL PARAMETERS IN NORTHERN CHILE 
AS OBSERVERD BY TEMPORARY LOCAL NETWORKS 

Alexander F.  RUDLOFF & Giinter ASCH 

GeoForschungsZentrum Potsdam, Dept. 2.4 "Seismology & Tomography", 
Telegrafenberg A17, D-14473 Potsdam, Germany; email: rudloff@gfz-potsdam.de 

KEY WORDS: Seismology, Seismicity, Stress regime, Focal Parameters, Northern Chile 

INTRODUCTION 

This paper will report about two local networks which have been operating in northern Chile 
in the years 1994 and 1995. The regional geodynamic setting is dominated by the fast subduction 
(more than 9 cm/a) of the oceanic Nazca plate beneath the South American continent. This 
process is accompanied by recent volcanic and seismological activity. 

The first network, PISCO '94 (Proyecto de Investigacidn Sismoldgica de la Cordillera Occi- 
dental) was part of the studies of the Collaborative Research Center 267 "Deformation processes 
in the Andes" from Berlin and Potsdam/Germany. A temporary network was installed covering 
an area between 21' and 25' S and 67' and 70' W. It  was situated a little further east than the 
Chilean network of 1988, described by Comte et al. [1994]. For a period of 100 days, more than 
30 digital seismological stations were recording continously (see Figure 1, black triangles). The 
preliminary catalogue contains more than 5.000 events, mostly of local origin. Its distribution is 
concentrated in two parts: one, uniformly distributed over a large area a t  an average depth of 
about 100 km; and a second, smaller but dense cluster a t  about 200 km depth. The magnitude 
distribution ranges from - 0.2 to 6.0 ( M p r s c o ) ,  with a threshold magnitude of about 2.0 and a 
maximum number of events between 0.7 and 2.5. From broadband seismograms data  of teleseismic 
events are used to get information about anisotropy and upper mantle discontinuities. Results 
from a subset of the data will be also presented by Comte et al. [l9961 (this issue). 

The second project was deployed in the middle of 1995. On July 30 a MW = 8.1 (HRV) 
earthquake struck Antofagasta and the whole north of Chile. At this time the active part of 
the project CINCA '95 (Crustal Investigations and on- and off-shore Nazca Plate/Central Andes) 
was a t  full operation. It was a combined land and sea program with a participation of several 
German groups, working with different geophysical methods. The seismological network on land 
was operating between August and October 1995, covering an area of 250 km north-south and 
100 km east-west. More than 30 digital stations plus 6 strong motion recorder were used. From 
the end of September on, the network was extended towards the trench by nine Ocean Bottom 
Hydrophones (see Figure 1 ,  white squares). The analyses of the da ta  from this project is in its 
beginning (Husen et al. [1996], this issue). 

Further more two projects are planned in the near future (see Figure 1, dashed lines). The 
ANCORP '96 network will be an extension of the PISCO '94 network towards the north. It will 
be placed both on Chilean and Bolivian territory. The  network will also support the ANCORP 
seismic traverse which will go along the 21' S latitude, from the coast to the high mountain 
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ranges. The PUNA '97 network is planned to extend the PISCO '94 network towards the east, on 
the Argentinian side. 

Figure 1: Map of temporary local networks in northern Chile (past & future) 

RESULTS 

About 40% ( m  2100) of the events from the PISCO '94 network are quite well located and 
lay within the borders of the network or a t  least close to it. We use events with medium size 
magnitudes and stronger to calculate fault plain solutions (by now 41). All these events lie along 
the subducting plate, between 50 and 150 km. To  a depth of 70 km fault plain solutions describe a 
compressional regime. Within the region of the strongest activity, between 80 and 120 km, nearly 
all events are extensional, with their t-axis pointing in the direction of subduction. Plunge values 
vary between O0 and 40°, with azimuths of 50-120'. The  stress regime for this depth region seems 
to  be mainly of extensional type. The tomographic studies are presented by Graeber [l9961 within 
this issue. From Figure 2 one gets a good impression what temporary seismological nets can be 
good for. Two sections are shown, each half-a-degree wide, projected on a east-west-profile. The 
seismicity presented is taken from a period of less than 4 month. The Wadati-Benioff-Zone can be 
seen very clearly, as a sharp line 
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One of the most interesting results of the CINCA '95 project is the high activity following 
the main shock, even after 60 days later. There is no descrease during the whole period. More 
than 200 events were triggered each day, which is twice the amount detected by the PISCO '94 
project. 

Seismicity between 23.5" - 24.0" S 

PISCO '94 8. CINCA '95 - Selected Events 

Seismicity between 24.0" - 24.5" S 

PISCO '94 8. CINCA '95 - Selected Events 
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Figure 2: Vertical sections of the merged data set (PISCO: black, CINCA: white) 
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CONCLUSION 

Up to now a double seismic zone could not be identified as clear as by Comte & Suar6z 
[1994]. This is mainly caused by the fact, that  we found only two compressional events a t  a depth 
of about 100 km. Comte & Suarkz estimated a double seismic zone, derived from the results of a 
local network and the existance of two different zones of stress. 

With data from all projects as marked in Figure 1 a unique set of information will be formed 
for a large area. For local seismological studies a period of 3 months seems to be the minimum, 
if a broad scale analyses is planned (especially for tomography). Studies with teleseismic methods 
make poor sense for shorter than a year. 
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A strong eanhquake hluj = 8.1 occurred on July 30. 1995 in Xntofagasta (Sonhern Chile). This is 

one of the largesl el-ents during this century in lhe region, \\here the historical record contains a 

sequence of two great subduction earthquakes 01 = 8 5 - 9) in 1868 (Soulhern Peni) and 1877 

(Yonhern Chile). The 1995 earthquake ruptured h e  soulhemmost portion of a seismic gap in 

Yonhern Chile, between lSCS and 2jCS, a region that we had a l read~  selected as a target for a study 

of the seismic cycle and a search for seismic precursors. The project included a GPS net~iork \i.ith 

about 50 bench marks col7ering a region nearly 900 km long w-S) and 200 km wide (E-\V). 

Founeen of these marks were re-sun.e!.ed ~ ~ i t h  GPS afier the 1995 eanhquake during a ten day 

period (August 12 to 23) to characterize the deformadon. Comparison with 1992 positions indicate 

relati1.e horizontal displacement of the coastal bench mark  to\iards the trench of the order of 0.7 

m. Bench marks located inland subsided se~.eral tens of cm. The bench mark located in hfejillones 

Peninsula was uplifted by more than l 5  cm. Teleseismic My 1iaI.e modelling of \'BB records gi1.e~ 

a focal mechanism uith F8"E strike, 19' dip, and 1 10° rake. The source time function s h o ~ . s  three 

distinct episodes of moment release. There is southward directi\ity with a\.erage rupture \,elocily of 

3 .3  km S-l. Modelling the displacement field using a dislwction with uniform slip in elanic half- 

space suggeas a rupture zone estending to a depth no greater than 50 km with X-S lengh  of -180 

km and an a\.erage slip of -5 m.; in close agreement ~ i i t h  the body-wa1.e model and with the 

interplate thrust geometry. The obsen.ed component of right-slip does not require slip partitioning 

at the plate boundary. Normal fauldng along the Coanal Scarp is likely to accommodate 

interseismic deformation. That the \jell-constrained nonhern end of the 1995 rupture zone is under 

the southern part of the Mejillones Peninsula increases the probability for a nex? rupture in the gap 

nonh of it. (*) French-chilcan learn for h e  study of h e  seismic v i l e  : R Armijo, P. Briole. K LyonCaen. 
J.C. Rossignol. J.C. Ruegg Inni~u~ de Ph;.sique du Globe, Poris, Fronce; T .  Duquesnoy. IGA! St 
6iondi. Fronce; L. Onlicb, ORS7O.Y Paris, Fronce & Anrofogmo, Chile. S .  Baniemos, J. 
Camps. R Thjele: L'niversidod de Chile, Sonliogo, Chile; M Arancibia. J .  Cafium, 
SlX4'AGEO.\4Ib', Sontiogo. Chile; D. L a m .  L. Semm'cr: b'nniversldodArfuro Prot, Iquique. Chile; 
M.  Chang IGP, Umo. Peru. 
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Fi y r e  1 : Subduction segments and seismic gap in Northern Chile, GPS network,, aftershocks and 
models for the 1995 Antofagasla earthquake. Plate convergence (7.9 crnlyr) from De Mets et 
a1.(1990). 
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Fi y r e  2 : Average fault plane solution corresponding with the 3 point sources model used in the 
inversion and corresponding observed and synthetic body wave band pass filtered displacements. 
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Figure 3 : Uniform slip model based on GPS measurements. Obsenled and modelled 1,alues : 
(a) Fit to horizontal displacements tvilh 19' dip (solid arrows with 95% confidence ellipses: 
obsenfed; dashed : modelled) . S1, S2, S3 are the three point sources from body naves modelling. 
Fit to vertical displacements with 2Jodip (squares tvilh error bars, observed; crosses, modelled; 
cunre, modelled across AB section). 
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NON-CLUSTERED ACTIVITY OF "LONG PERIOD" 
EVENTS IN COTOPAXI VOLCANO, ECUADOR 
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INTRODUCTION 

The Cotopaxi Volcano is one of the most important volcanoes of the Ecuadorian Andes due to its 
very active history during the last 5.000 years, the variety of volcanic hazards linked to its activity, 
and the highly populated area located in the probable affected zone. 
Its seismic behavior shows many interesting features, including high rates of the so-called "long 
period" events, which are studied in this paper. 

SEISMICITY OF COTOPAXI VOLCANO 

The Cotopaxi volcano is continuously monitored, since 1986, by an 1Hz vertical seismic station 
located at 5.8 km of the crater. Three additional stations were installed in 1990 at distances of 7.0, 
9.2 and 10.4 km from the sommital crater. Using this network, 3868 local seismic events have been 
recorded from January 1991 to December 1995. We classified them as High Frequency A Type 
(HFA), High Frequency B Type (HFB) and "Long Period" (LP) events, following the criteria of 
Minakami (1974) and Chouet (1994). 'The (LP) events are the most observed (77 % of the recorded 
events ; figure 1). 

THE L.P. EVENTS 

The Cotopaxi LP events have fundamental frequencies in the range of 0.8 to 2 Hz. The power 
spectra densities of 26 LP events recorded by the station closest to the crater from October 1993 to 
December 1994 show peaks in the same frequency range (figure 2). The Cotopaxi LP events have 
the same characteristics pointed out by Chouet (1994) : I )  an abrupt onset with a burst of high 
frequency energy evident at small epicentral distances, 2) an extended monochromatic coda (figure 
3), 3) sharply peaked velocity spectra , and 4) stability of the spectra peaks across multiple stations 
(figure 2). 
Since 1991, two stages of activity have been recognized in the monthly number of LP events. The 
minor one runs from January 1991 to December 1992, and the more active one from January 1993 to 
December 1995 with averages of 21.5 and 66.3 eventslmonth respectively. However, during the 
period 1991-1995 a stable behavior of the distribution of fundamental frequencies, magnitude ranges 
and monthly energy release is observed. No peaks of activity nor total calm periods have been 
observed in the LP activity of the Cotopaxi volcano. 
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We were able to reliably locate only 42 LP events (RMS 1 0.5 sec. and condition number 4 0 )  
using HYPOINVERSE (Klein, 1978). The top of the velocity model used for the location has been 
set at 6 km above sea level, i.e., the elevation of the Cotopaxi volcano. 
These 42 events are widely distributed in and around the volcanic cone, with a cluster (20 events) 
located beneath the flanks of the cone (figure 4). They are distributed between the summit of the 
volcano and 17 km depth ; 15 % only are shallower than 4 km, while 66 % fall in a range between 
8 to 18km. confirmaing the intermediate depth characteristic of the LP Cotopaxi events. 

DISCUSSION AND CONCLUSION 

Prior to the Redoubt volcano eruption, events with frequency characteristic lying in a range of 1.3 to 
1.9 Hz and 1.9 to 2.3 Hz occurred (Stephens et al, 1994), as well as before the 1993 eruptions of 
Galeras volcano (Fisher et al., 1994) . As pointed out by Chouet et al. (1994), swarms of LP events 
preceded the 1958 and 1983 eruptions of Asama Volcano, the 1987 eruption of Meaken-dake 
volcano, the 1981 eruptions of St. Helens, the 1982 eruption of El Chichon and the 1991 paroxysmal 
eruption of Pinatubo, and less intense activity of LP preceded the 1988-1989 eruptions of Tokachi- 
dake, the 1985 eruption of Nevado del Ruiz. These observations were strongly in favour of using LP 
events activity as an important clue to volcanic eruption prediction (Chouet, 1994), leading to the 
elaboration of several pre and CO-eruptions models in order to explain the LP activity origin. 
Long period events are indicators of pressure transients or transport of fluids involving both liquid 
and gas phases in cracks or conduits beneath the volcano (Chouet, 1994). Julian (1994) proposed 
that LP events were provoked by oscillations caused by disturbances of a steady flow such as 
earthquakes near the fluid-carrying channel or sudden changes in the channel network, without great 
impedance contrast between the fluid and the channel walls. Fisher et al. (1994) relate LP events to 
degasing in open vents. Nishimura et al. (1990) found that LP events have a shallower origin than 
explosion event. Hamaguchi et al. (1992) mentioned vertical forces associated to collapses or 
landslides as LP generators Shallow LP events are interpreted by Gil-Cruz et al. (1987) and 
Martinelli (1990) as produced by thermal interaction between magmatic heat and a separated 
ground water system. Finally, Weaver and Malone (1976) associated LP events recorded in St. 
Helens to glacier movements. 

In the Cotopaxi case, the spatial distributions of epicenters and focal depths discard an origin of LP 
events inside the ice-snow cap as Weaver and Malone (1976) found in  St. Helens. The sign, 
fundamental frequencies, spectra and long coda of the Cotopaxi LP events suggest an volcanic- 
related origin. There is no evidence of collapses or landslides to support a source controlled by the 
action of a vertical force in the generation of these events as found by Hamaguchi et al. (1992). 
There are minor fumaroles in the sommital crater and on the upper flanks of the volcano, but it is 
thought not to be enough to produce these events, and at the time present there is not any evidence 
of a relationship between those and the LP events. Despite small and constant fumarolic activity, 
there is no signal of important unrest of the volcano which could be linked to the LP activity. The 
stability of many parameters such as the temporal distribution of the frequency content, magnitude 
and energy release, since the LP seimicity started being monitored in 1991, suggest that the LP 
activity is a normal pattern of the Cotopaxi volcano, possibly produced by transient of fluid at 
intermediate depth beneath the volcano. 
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Figure 1 : Monthly distribution of LP, HF(A) and HF (B) earthquakes of the Cotopaxi volcano from 
1991 to 1995, recorded at the closest (5km) station from the crater. 
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Figure 2 : Example of spectra obtained at the four Cotopaxi seismic stations for a LP event, signal 
of this event is shown in figure 3. 
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Figure 3 : Example of a LP event signals recorded at the four Cotopaxi seismic stations. 
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Figure 4 : Spatial distribution of the best located earthquakes in the Cotopaxi area. A : map view ; 
B N-S cross-section ; C : E-W cross-seclion. 
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INTRODUCTION 

In their work about the Holocene tephrostratigraphy of volcanoes of Ecuador, Hall and Mothes 
(1994) succintly presented the recent activity of Cayambe volcano. Since 1995, this volcano has been 
studied by the Geophysical Institute of the National Polytechnical School of Quito and ORSTOM (French 
Scientific Research Institute for the Development in Cooperation). To date, a detailed tephrochronology of 
the last 5000 years of Cayarnbe's activity and a preliminary geochemical study showing unusual chemical 
characteristics of its rocks are available and presented here. 

CAYAMBE VOLCANO: GENERAL STRUCTURE 

Cayambe volcano is constructed on the northern Cordillera Real of Ecuador, which is composed 
by immense glacial capped stratocones sitting astride a basement which pertains to the easternmost 
metamorphic chain of the ecuadorian Andes (Fig. 1). The central part of this metamorphic belt mainly 
consists of triassic semi-pelitic schists and paragneises of continental origin (Loja Division; Litherland et 
al., 1994). A N35OE and N125OE fault system probably controls the location of the volcano, the La Sofia 
- Rio Chingual fault being the most important (Soulas et al. 1990; Tibaldi and Ferrari, 1992; Ego et al. 
1995) which ends in the NE quadront of the volcano. 

Cayambe is a large composite volcano, which has a rectangular base at about 2800 m elevation. 
Its summit reaches 5790 m and is covered by a huge glacial cap, more than 100 m-thick. Glaciers reach 
down to 4200 m on the eastern flank and only to 4600 m on the western side. As a whole, the volcano is 
formed by (Fig. 2) : 11 A western mostly lavic edifice, the Old Cayambe, which shows strong evidences 
of glacial erosion. Barberi et al. (1988) report an age of 0.25 + 0.05 Ma for a dacite sample from this 
edifice; 2/ The Nevado Cayambe, less voluminous, which was built over the remnants of the Old 
Cayambe probably after a caldera collapse event. Nevado Cayambe consists of basal lava flows topped by 
an active summit dome complex which is the source of several recent pyroclastic flows; 31 a small eastern 
edifice, called "Cono de La Virgen" from which several thick lavas flowed toward the eastern slopes of the 
Cordillera (Planada de la Virgen lava flows). 

UPPER HOLOCENE PYROCLASTIC ACTIVITY 

On the NE flank of Nevado Cayambe, four pyroclastics flow deposits are observed. The older 
three (PFl to PF3, Fig. 2) are large dome collapse block and ash flow deposits, whereas the youngest 
(PF4) is represented by a minor sequence of surges. Within these deposits, dacitic blocks are usually 
dense, but a few pumitic ones are also encountered. Mineralogical heterogeneity and banding show 
evidence of magma mixing in the juvenile blocks of three deposits (PF2, PF3 and PF4). The oldest flow 
deposit (PF1) is massive, 20-30 m-thick, and originated in a dome collapse near the eastern summit (5487 
m). PF2, a 100 m-thick multi-layered flow deposit with 15-20 layers has its origin at the small "Tarugo 
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Fig. 1 

Location of Cayambe volcano in Ecuador 

I. COTACACHI 9. PULULAQUA 17. PAN DE AZUCAR 
2. CUICOCHA 10. CASITAQUA 18 ATACAZO 
3. IMBABURA I 1. PAMBA MARCA 19. PASOCHOA 
4. CUBILCHE 12. lUMBl 
5. MOJANDA 13. PUMAS 
6. CUSlN 14. RUCU PlCHlNCHA 
7. CAYUIBC 15. GUAQUA PlCHlNCHA 
8. REVENTADOR 18.llALO 

Fig. 2 Cayambe volcano (Ecuador). C= Cayambe town, JM= Juan Montalvo, A= Ayora, 
SC= Santa Clara, O= Olmedo, P= Pesillo, CC= Cerro Cusin, LSM= Laguna San Marcos, 
CEC= Cordillera Espinal Chupa, PLV= Planada de la Virgen, CED= Cordillera El Divisc 

Cono de la Virgen (active) and Planada de la Virgen lava flows m 
Nevado Cayambe (active). PFl to PF4: recent pyroclastic flows 
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Corral" dome (4553 m) , located on the high north slope of the eastern summit. PF3 is massive, also 100 
m-thick, and corresponds to the collapse of a dome extruded near the main 5790 m summit ; it dammed 
the Azuela river, forming San Marcos Lake. Lastly, PF4 corresponds to a sequence of surge deposits 
which have a total thickness > 10 m. A C14 date obtained from carbonized plants within the soil layer 
beneath PF4 gives an age of 360 f 70 y BP. 

On the SW flank of Nevado Cayambe, at 4000 m elevation, a small glacial valley is presently 
occupied by an active peatbog. Here, a detailed 4 m-thick section has been studied (Fig. 3), giving us a 
fairly good record of the last 5.000 years of ashfall andlor pyroclastic flows events of the Nevado 
Cayambe. 

Two eruptive periods which include numerous events, separated by quiescence, form the recent 
activity of the volcano. Three C14 dates on peat samples from the lower part of the section were 
obtained. They show a long period of eruptive activity from 3900 to 1800 y BP. A second long period has 
been observed, up to present time. The results of three additional datings will constrain the duration of 
this second period which has probably not concluded. As evidence, Ascazubi (1802) in a letter to A. von 
Humboldt describes an small eruptive event of Cayambe in 1785, i. e. =l65 y BP, which could be 
considered the last eruption. At present, mountainers frequently report a strong sulphur smell in the 
summit area of the Nevado. 

GEOCHEMISTRY 

55 samples from Old Cayambe, Nevado Cayambe and Cono de La Virgen have been analyzed for 
major and trace elements. All Si02 contents range from 59 to 67% (L01 free and total recalculated to 
100%). The rocks are medium-K andesites and dacites, except for samples from Cono de La Virgen which 
are high-K andesites. All the rocks from Nevado Cayambe are depleted in Y and Yb and have high LalYb 
and S r N  ratios. The origin of these rocks (adakites) is discussed by Monzier et al. (this volume). On the 
contrary, the few rocks analized from the Old Cayambe are normal calc-alkaline series. 

CONCLUSIONS 

Nevado Cayambe volcano has been very active during the last 5000 y BP, this activity being 
mainly characterized by lava dome extrusions, dome collapses and pyroclastic flows. The geochemical 
characteristics of the resulting products argue for a dominant melting process leading to a large adakitic 
suite in which crystal fractionation only plays a minor role. Magma mixing is also present, especially in 
the recent phases of the volcano. 
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Fig. 3 Nevado Cayambe bog. Cross-section through the ash and lapilli and 
peat layers; C14 dated samples are shown (results of the last three 
datations are soon expected). Ages on the right side of the columns are 
calculated assuming the layers of tephra were deposited instantaneously. 
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INTRODUCTION 

In the subduction areas associated with oblique convergence, relative plate motion should be 
partitionned between displacements along the subduction plane and parallel-to-the margin strike-slip 
deformation within the overriding plate. The NazcaJSouth American N76"convergence off Chile is 
strictly oblique and has to be mechanically accommodated by strike-slip (shear) deformation (Fitch, 
1972; Jarrard, 1986; Sebrier and Bellier, 1993; Bellier and Sebrier, 1995; Ego et al., 1995) which could 
be localised, at about 30"-31°, along the El Tigre Fault (Bastias and Uliarte, 1988; Bastias et al., 1990). 
This NIOOE-trendlng dextral fault is located on the eastern side of the intra-Andean Calingasta-Iglesia 
Valley (Armijo and Sebrier, 1991) (Fig.1). Geomorphologic analysis on SPOT images allow us to 
precisely characterize the fault geometry and to quantify the active deformation along the El Tigre Fault 
Zone. 
Segmentation and Geometry of the El Tigre Fault Zone 

The 120-km-long El Tigre Fault Zone, is subdivided, from South to North, into 26, 48 and 46 
km-long main segments (Fig. l). Both Quaternary to recent geomorphologic features and stream channel 
offsets outstandingly agree with the apparent Present-day fault activity. According to previous studies 
(Bastias, 1990) this fault should have a 800 km long rupture length. Nevertheless, no evidence has been 
observed from the SPOT images analysis to justlfy such a rupture length. Indeed, the southern tip of the 
southernmost segment (#l Fig.1) is characterized by a merging within the Precordilleran Paleozoic 
strata and, because of its very distributed surface deformation, the northernmost segment (#3 Fig. 1) is 
interpreted as the northern termination of the El Tigre Fault Zone. 
Late Quaternary horizontal displacement along the El Tigre Fault Zone 

The high resolution (10 m a pixel) panchromatic SPOT images provide evidences of recent 
tectonic activity such as stream channel offsets within Quaternary fan deposits along the central segment 
(#2 Fig. l). These alluvial fans are composed by imbricated detritic fans which can be related to locally 
or regionaly significant climatic pulses. The measured offsets range between 60 and 180 m. The larger 
offsets inside the fans are assumed to be the older because they are probably not as much rejuvenate by 
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erosion than the smaller on the borders. Thus, as a mean value we assume 170 f 10 m to be the 
maximum Late Quaternary right-lateral strike-slip displacement on the El Tigre Fault Zone. 
Seismic Hazard of the El Tigre Fault Zone 

The geometric parameters (surface rupture lengths and horizontal displacements) inferred from 
the SPOT images analysis allow us to improve the seismic hazard evaluation along the El Tigre Fault 
Zone using statistical empirical laws (Wells and Coppersmith, 1994). Estimates of the moment 
magnitude (MW) for the maximum expected earthquake, i.e. earthquake reactivating the total segment 
length, are of about 7 f 0.5. 
Horizontal slip-rate estimation using in-situ produced ' O B ~  

In order to constrain the El Tigre Fault Zone horizontal slip-rate we decided to date the along- 
strike displaced morphological features as it has been performed in Mongolia mtz et al., 1995). We 
thus sampled alluvial fan surfaces to determine their cosmic ray exposure dates using in situ-produced 
'!Be (Lal, 1991; Cerling and Craig, 1994). Preliminary results, obtained at the Tandetron AMS facility 
(Gif-sur-Yvette, France), seem to indicate that each detritic pulse that led to the deposition of the 
alluvial fans is related to known interglacial stages. These data, combined with the measured+ffsets of 
stream channels allow us to estimate an horizontal slip-rate roughly of the order of 1 mmlyear. 

CONCLUSIONS 

Considering the linkage between the Precordilleran mountain ranges geometry and the 
segmentation of the fault, a crustal signtfication is given to the El Tigre Fault Zone. Parallel to the 
mountain belts motion on the faults depends on the mountain belts trending with respect to the plate 
convergence (N76'E), thus reverse motion should occur on N-S to NNW-SSE trending structures, 
whereas transpressive motion should occurs on NNE to SSW trending structures. The Calingasta-Iglesia 
Valley, and the Precordillera at 30'-31°S, can be seen as a transpressive zone of crustal scale : 
deformation being partitioned between right-lateral strike-slip motion along the El Tigre Fault Zone and 
reverse motion on the Precordilleran thrust faults. 
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LVTRODUCTION 

Along the Southern Venezuelan Andes, the Bocono fault shows a progressive displacement to the 
West of his YT-SW trending active trace with respect to its axial position exhibited North of Merida 
(Fig. 1). Such a shifting of the Bocono active trace is produced by the introduction of a sigmoidal 
releasing bend connection between several YF-SM' segments of the fault, which are characterized by a 
right steppover geometry. This kind of double deflection pattern occurs close to several highly 
complicated structural sites located along the fault trace, which constitute significant potential bamers 
to fault rupture propagation, as may be the case for the following neotectonic features: La Gonzalez- 
Estanques pull apart, South of Merida; Bailadores steppover; La Grita double. .bend; Los !L%rtos- 
Zumbador composite pull apart and Capacho restraining bend, West of San Cristobal; La Mulera and 
Cerro Rangel transpressive push-up ridges in the venezuelan margin of the Rio Tachira, and La 
Huchena right steppover on the colombian side of this river (Fig. 2). At several of these potential bamer 
sites, the Bocono active fault displays a system of secondary active traces characterized by a dense 
branching pattern on the east side of the master fault, and by a progressive damping to the South against 
the h!V-SE sinistral reverse Bramon fault system. 

Between hferida and San Cristobal, we have surveyed the following secondary branch faults (Fig. 
2): San Jose de Bolivar, Queniquea and La Colorada-La Maravilla right lateral faults, and the San 
Cristobal right lateral reverse fault. Between the Capacho restraining bend and the Tachira river, the 
Bocon6 main active trace displays a left lateral active branch on each side: to the South, the Caiia Brava 
faults cutting across the Rubio basin (SlEIER et al., 1987) and to the North, the Llano Grande Fault. 
Close to the Colombia borderland, the Bocono active trace gets a conspicuous anastomosed pattern 
along the transpressive push-up structures of the La Mulera and Cerro Rangel ridges. 

Such an occurrence of branching and transpressive faulting features, observed along the southern 
end of the Bocono active fault and the associated Sierra de Cazadero thrusting structures (MEIER, 
1984), take place as a consequence of the convergent movement produced by the Bocono and Bramon 
fault systems into a squeezing zone defined by the geometry of these faults. In the same way, these 
kinematic conditions explain the occurrence of a significant damping of the strike-slip motion of the 
Bocono fault and the accommodation of the corresponding decreasing activity through compressional 
deformations. 

As an attempt to estimate the importance of the Bocono fault damping along its southwestern end, 
we have got ekjdences of a markedly decrease of its slip-rate activity using a paleomagnetic age 
controlled Pleistocene offset drainage, located transversally to the Peribeca pull apart (North-South 
Catamica-Velandria canyon drainage) and other drainage offsets data obtained near the Dantera canyon 
cross-site, close to the Colombian border. In this way, the slip-rate of the Bocono fault at the first site is 
less than 1 d y - r  and at the second site, probably as low or less than 0.5 d y ~  (SINGER et al., 1991). 
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Fig. 1 General tectonic setting of the Southwestern Venezuelan Andes and Colombian 
borderland. 
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According to the above slip-rate estimate, it appears that a rate right lateral rate displacement as 
high as 5 to 7 rnmlyr obtained by SCHLBERT et al. (1983) South of Merida along the Plio-Pleistocene 
La Gonzalez-Estanques pull apart and 5 to 6 ~ ' J T  obtained by AUDEMARD & SOULAS (1995) 
From paleoseismic trenching assessment at La Grita, cannot be extrapolated to the southern venezuelan 
segment of the Bocono fault and also along its prolongation beyond the Colombian frontier through the 
Palo Colorado fault (BOlNTT, 1985). Additionally, the above mentioned evidences of a decreasing 
activity of the slip rate along the southern end of the Bocono fault, is consistent with the apparent 
existence of a kinematic discontinuity introduced by the connection pattern between this right lateral 
strike-slip fault and the Chinacota and Chucarima left lateral reverse faults, that define part of the 
geometry of the "Pamplona indenter" in the colombian borderland (BOlN'ET, 1985). 

Moreover, the progressive deactivation of the main lateral motion of the Bocono master fault 
seems to be acmrnmodated by subparallel right lateral acti~re fault system identified on both sides of the 
main fault (Fig. 2). On the west side, the active traces of the three SW-hZ branches of the San Pedro- 
Aguas Calientes fault cross the Tachira and Pamplonita alluvial valleys through the Cucuta and Villa de 
Rosario urban areas, respectively along the Cerro Bogota (or Libertad) hill and the Lomitas-Hacienda 
San Javier fault scarps. A good correlation can be observed between these active fault traces and the 
epicentral area of the 1875 earthquake, which destroyed both cities. However, this earthquake was 
previously attributed to the Bocono seismogenic source. In fact, it appears that the contribution of the 
southern end of the Bocono fault as a seismic source. loses importance with respect to the northern 
segment located between La Grita and hlerida where the 1610 and 1894 earthquake occurred, and also 
when compared to the faults that define the "Pamplona indenter", probable source for several 
destructive earthquakes. 

CONCLUSIONS 

A significant decrease of the right-lateral motion of the Bocono fault, .considered as plate 
boundary between the Caribbean and South America plates, may occur in the Venezuelan Southern 
Andes as a result of a conspicuous branching and damping of the fault activity against the transversal 
Bramon fault system. Additionally, the progressive deactivation of the main movement of the Bocono 
fault is consistent with the kinematic connection pattern between this fault and the left lateral reverse 
faults of the Pamplona indenter, and is also explained by the occurrence of subparallel active faulting on 
each side of the main fault, which contribute to absorb another significant amount of the relative 
Caribbean and South America plates displacement occumng along the Venezuelan Andes range. 
Therefore, the seismogenic sources scenario of the Venezuela-Colombia borderland is much more 
complex than previously considered. 
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Fig. 2 The Bocono active fault system and other minor active faults 
in the Venezuelan and Colombian borderland. 
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The major explosive eruption in historical times in the Central Andes took place 
at Huaynaputina, a small volcanic center (16"37'S, 70°51'W) located in the northern 
part of the Central Volcanic Zone (South Peru, Figs. 1 & 2). Huaynaputina does not 
display a typical volcano morphology but relatively uncommon volcanic structures (de 
Silva & Francis, 1991): three nested funnel-like vents and ash cones located on the 
floor (4,200m) of a 2.5x1.5 km horseshoe-shaped caldera which reamed out the eastern 
edge of a volcanic plateau. The summit (4,800 m) is breached towards the East, forming 
an amphitheater open to the deep canyon of Rio Tarnbo, 6 km horizontally and 2.7 km 
vertically from the crater rim. Most of the caldera has been formed prior to the 1600 
eruption, resembling other horseshoe-shaped scars which eat away the volcanic plateau 
r 4,200 m in elevation (Fie. 1). Lava flows, ignimbrites, and pyroclastic deposits of no 
more than 500 m thick built up this high-plateau which includes one early extrusive 
lava dome to the south edge, and overlies the deeply dissected sedimentary bedrock of 
MesozoYc age. 

According to chronicles, the A.D. 1600 eruption began on February 19 after at 
least 4 days of intense seismic activity, while the Plinian stage lasted until February 21. 
Repeated ash fallout and earthquakes unil March 2 devastated 7 indian villages as far as 
15 km away from vent and damaged Arequipa city 75 km away (Bamga, 1951). The 
bulk volume of the eruptive deposits is estimated at about 10 km3 (~onzales-  err an, 
1990). The deposits include: (1) a very widespread plinian fallout (Fig. 2); (2) large- 
volume pumice-flow deposits, including proximal lag brecciae and channelized 2 30  
km in the Tambo valley (Fig. 3); (3) pyroclastic-surge deposits, observed on the caldera 
slopes and as far as 13 km in the Quebrada del Volcan (Fig. 4), and; (4) late ashfall and 
debris flows. An additional minor explosive event in 1667 may have contributed to the 
last ashfall. The plinian-fall deposits are distributed in two lobes, the most voluminous 
extending several hundreds of km to the West and WNW ( r  10 cm thick in Arequipa, r 
3 cm at the Pacific coast 150 km due WSW), and the second several tens of km towards 
the North. In addition, fine white ash observed along the NW-trending Pacific coast as 
far as 900 km from source, was carried away by SE high-altitude winds. 



Figure 1. Schematic map ol the area of Huaynaputina volcano and related volcanic 
deposits and features (based on one SPOT satellite image and air-photos). 
1. Plinian lalloul deposit: 2 2m thick (a) < 2m (b). 2. Ignimbrite=pumice-llow deposit. 
mostly channelized (? where inlerred). 3. Probable debris-avalanche deposit (dashed 
where inlerred, upper Rio Tambo). 4. Block-and-ash llow deposit prior to the A.D. 
1600 event. 5. Large-scale debris-avalanche deposit lrom the Ticsani stratovolcano, 
to the East. 6. Floodplain and alluvial terraces. 7. Limit ol the volcanic high-plateau 
(dashed where inferred). 8. Pre-1600 dome ; A.D. 1600 vents. 9. Scar ol the pre- 
1600 caldera. 10. Fresh scar ol debris avalanche ; subdued scar ol landslide. 11. 
Ring fractures and collapse leatures. 12. Ridge !n sedimentary bedrock. Arrow W-E 
in Qda del Volcan indicates location of cross-section In Fig. 4. 

B 
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Figure 3. Measured stratigraphic section ol the A.D. eruptive deposits at 
Huaynaputina 
1. Calicanto, 2050 m. 13 km lrom vent: ps pyroclastic surge deposit, wall ol the 
buried houses and tilled terraces. 2. Rim of the caldera, 4500 m, 1 km lrom vent 
(from top to base): asc, ps ash-cloud surge, pyroclastic-surge deposit; pb, s pumice 
blocks, scoriae; I I large lithics (accidental and accessory, including sediments); jdb 
juvenile dacite blocks. I-r.u. lithic-rich units. I lithics, ha hydrothermally altered lithics. 
Ip leaves ol puna vegetation, pre-1600 soil, removed ash and pumice lapilli. 3. 
Pass to altillanura, 3850 m. 5 km lrom vent: rem. removed ash. asc ashcloud surge 
deposit, phm phreatomagmatic bombs, Ign 1. 2 ignimbrite = pumice-llow deposits. 
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According to preliminary field data, we infer that the pre-1600 edifice and early 
domes were blown away during the eruption, leading to the formation of the complex 
crater, the failure of the north rim of the caldera, and finally to the nested vents and low 
cones of silicic tephra (Fig. 1). In addition, pumice-rich pyroclastic flows and probable 
debris avalanches choked the upper Rio Tambo (Fig. 1 ). The canyon reportedly was 
dammed at least 28 hours, leading to two temporary lakes and subsequent catastrophic 
release of large-scale debris flows. 

The proximal sections (Fig. 3) show the thick Plinian, massive tephra-fall deposit, 
overlain by lag-breccia deposit which form high and large crescent-shaped dunes 
protruding from the ash apron that surround the caldera rim (Fig. 1). Interestingly, the 
base of the tephra-fall includes a large amount of sedimentary blocks and 
hydrothermally altered lithic lapilli. Recurrent l-m-thick lithic-rich units are interspered 
in the middle and upper part of the otherwise massive pumice-fall deposit. The medial 
sections (Fig. 4) show a complex pyroclastic sequence. The pre-1600 units encompass: 
(1) block-and-ash flow and dome collapse deposits; (2) a pyroclastic sequence 
including a Plinian tephra-fall deposit similar in composition to the 1600's. The A.D. 
1600 sequence entails: (1) a Plinian pumice-fall deposit; (2) two to three nonwelded 
pumice-flow deposits, the earliest carrying phreatomagmatic bombs; (3) a pyroclastic- 
surge deposit showing cross-stratified bedding and dune-like features, and; (4) a late 
ashfall layer. 
The mineral assemblage of the erupted dacite encompasses plagioclase, biotite, 
amphibole, magentite, and ilmenite. However, the evolution from deposit 1 to deposit 4 
is correlated with significant chemical and mineralo$cal changes : ( l )  decrease of SiOz 
(65.5 to 62.8 %) and K20 (2.9 to 2.6 %) contents, whle MgO (1.7 to 2.15 %), CaO (4 to 
4.5 %), Fe2@ (4.2 to 4.5 %) and Sr (696 to 754 ppm) increase; (2) increase of 
Mg/Mg+Fe of biotite (58 to 70) and amphibole (56 to 71) and of.An % content of 
plagioclase (An2552 to 3459). These preliminary results are consistent with emptying 
of a zoned dacitic magma chamber. 

Our preliminary data preclude to indicate what caused such a catastrophic 
explosive eruption (VEI 6). However, we suggest two triggering processes: ( l )  a small 
amount of basaltic component exists in the tephra-fall; (2) a significant amount of 
hydrothermally altered lithics at the base and lithic-rich units throughout the Plinian 
fallout, as well as phreatomagmatic bombs in the lower ignimbrite, witness to 
hydromagmatic interaction. The deposits including lag brecciae and volcanic features 
such as funnel-like vents and landsliding of part of the caldera point to eruptive 
processes involved in maar-like craters and small explosive calderas. Such a large-scale 
explosive silicic eruption did not involve caldera collpase; however, ring-fractures and 
collapse features surround the vents and the northern caldera rim (Fig. 1). 

References 

Barriga V.M. 1951. Los terremotos en Arequipa (1582-1868). La Colmena, 426 p. 
de Silva S. and Francis P.W. 1991. Volcanoes of the Central Andes. Springer, 216 p. 
Gonzales-Ferran 0. 1990. Huaynaputina volcano: the biggest historical dacitic eruption 
in the Central Andes of South America, on February 19, 1600. IAVCEI Volcanological 
Congress, Maint, 1990 (Abstract). 
Gourgaud A., Thouret J.-C., Salas G. 1995. The A.D. 1600 Plinian eruption of 
Huaynaputina (Peru). Preliminary stratigraphy and petrology of the eruptive products. 
E UG8,1995 (Abstract), Terra Abstracts, vol. 7, p.134. 



250 
Third ISAG, Sf Malo (France), 17-19/9/1996 

Figure 2. Schematic map showing the approximate extent of the A.D. 1600 Plinian fallout 
from Huaynaputina. 
tephra-fall isopach, thickness in cm; X are measured sections (preliminary data, 1995). 

WEST EAST 
QUEBRRDR DEL VOlCRN - 2 l00 m 

Figure 4. Cross-section of Quebrada del Volcan, 12 km South from vent (arrow in Fig. 1). 
1. Pre-1600 deposits: vs volcaniclastic sediments; b-a.pf block-and-ash pyroclastic flows; 
OPS old pyroclastic sequence (probably lower Holocene in age). 2. A.D. 1600 deposits: 
P1i.f Plinian-fall deposit; ch. ign. channelized pumice-flow deposits; ps pyroclastic-surge 
deposit; af ashfall deposit. hw house wall of the buried Calicanto village. scree, debris 
talus from bedrock and removed ash. 
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About 900,000 people live at risk in Arequipa area 17 km away from the vent of 
the active El Misti stratovolcano (16"17'45"S, 71°2430"W), in the northern part of the 
Central Volcanic Zone (Figs. 1 and 2). El Misti has been built on 200 to 300-m-thick 
ignimbrites (upper Tertiary) overlain by 200-m-thick volcaniclastic~sediments (mostly 
debris flows and interbedded ignimbrites). El Misti encompasses two edifices: a 
'modem' stratocone, to the East and SE, has been built up side by side and has 
overlapped in part an 'older' stratovolcano, to the West and hW. 

The older stratovolcano (lower to middle ?) Pleistocene in age consists of 400-m-thick 
and long andesite lava flows, overlain by debris-avalanche deposits at least 100 m thick 
towards the West and SW. These deposits burying a piedmont in excess of 50 km2 in 
area record the probable destabilization of the 'older' stratovolcano, which occurred 
sometime before late Pleistocene (see the scar of the probable flank failure in Figs. 1 & 
2). To the SE, they intertwine with similar deposits from the extinct Pichu-Pichu 
stratovolcano (Fig. 1 ). 
The bulk of the ca. 70 km3 and 5,825 m high stratocone consists of stubby lava flows 
and pyroclastic debris piling up to 1.8-2.4 km in thickness. On top of the cone-shaped 
summit, the historical crater 500 m across and 200 m deep including an andesitic plug 
nests in another crater 900 m wide, whose horsheshoe-shaped walls parallel NS- and 
WNW-ESE-trending fractures. Both vents are located within a summit explosive 
caldera 1.5 km across, whose rim partly buried to the West may correspond to the scar 
of the probable flank failure (Figs. 1 and 2). 
Based on fieldwork and interpretation of air-photos and SPOT satellite image, five units 
of deposits record the late Pleistocene eruptive history, as follows (Fig. 3). 

(1) Lava flows, block-lava flows, and buried domes form the lower stratocone (above 
3,000 m) towards the South, SW and NE. This is overlain by an old pyroclastic 
sequence (block-and-ash flows) and stubby lava flows which have built up the cone- 
shaped summit, above 4,000 m (see composition of lavas in Fig. 4). 



FIGURE 1. Sketch map of volcanic deposits on El Misti and in Arequipa 
area 
1. lgnimbrites of upper Tertiary overlain by volcaniclastic sediments of 
Plio-Quaternary ago. 2. Old lava llows (pre-Misti ?). 3. 'Older' 
stratovolcano (lower to middle ?) Pleistocene in age: a) andesite lava 
Ilows: b) block-lava Ilows. 4. Lava llows 01 the lower 'modern' stratocone 
(middle to late ?) Pleistocene in age. 5. Debris-avalanche deposits (end ol 
middle Pleistocene ?). 6. Summit stratocone of late Pleistocene to 
Holocene. 7. Piedmonts built up ol pyroclastic deposits (units II to V. Fig. 
3). 8. Area mantled by black scoriae and ash deposits (related to the 
summit caldera-lorming eruption ?). 9. Fans 01 volcaniclastic deposits in 
the lower radial valleys. 10. Lacustrine deposits of the (Last Glacial ?) 
Chiguata basin. 11. Pumice-flow deposit 1920 + 200 yr B.P. old. 12. Scar 
ol the probable llank lailure. 13. Nested craters and plug. 14. Main 
fracture. 

I 
FIGURE 2. Schematic cross-section of the El Misti volcano (WSW-ENE) 
Basement (Precambrian gneiss and Jurassic sediments). Sillan=ignimbrites, I-c=light-colored, p=pink. 
o=orange. pu=purple, w=welded, d=devitrilied. sf.phm = scoria-flow and phreatomagmatic deposit. If=lava 
flow. d= dome. ign=ignimbrite. DA=debris-avalanche deposit. 0.p.s. I y.p.s. = old I young pyroclastic 
soquence. 
(Right-hand corner) Schematic cross-section of tho radial valleys. SSW flank. DA=debris-avalanche deposit. 
dc= doposit of domo collapse. Ill-V y.p.s.=units ol the young pyroclastic sequence (Fig. 3). ign 1900 yr 
B.P.=radiocarbon dated pumice-llow deposit. 
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(11) A pyroclastic sequence (mostly scoria flows and fall) mantles the flanks of the 
extinct Chachani stratovolcano to the West and the North and NE Misti's flanks. Based 
on interspersed deposits of glacial source, this sequence can be placed close to the last 
glacial period. 
(111) A pile of pumice or ash-flow and tephra-fall deposits, rhyolitic in composition, 
may reflect an explosive episode which lead to the formation of the summit caldera. 
Organic material on top of a brown soil within the upper part of these deposits yielded a 
radiocarbon age of 33,870 -c 1800/1460 yr B.P. (GrN 21574). 
(IV) Block-and-ash pyroclastic-flow deposits up to 50 m thick on the south and SW 
flanks include interbedded pumice and lithic-rich flow deposits. They record alternated 
dome growth and destruction. 
(V) A 510-m-thick pile of pumice and ashfall deposit, postglacial in age, show that El 
Misti has erupted explosively at least 20 times over the last ca.14,000 years. The 
Plinian-subplinian activity has decreased or come to rest for short periods only, as 
shown by poorly developped soils in ash. One pumice-rich flow deposit has formed a 
pyroclastic fan 210 km2 in area and was cha~e l i zed  12 km from vent in gorges that cut 
deeply the south flank (Fig. 1). Its basal pumice-fall deposit yielded a radiocarbon age 
of 1920 * 200 yr B.P. (i.e., calibrated 200 yr BC-AD 200). On the surface, a 210-cm- 
thick ashfall layer witnesses to some explosive activity at A.D. 1440-1480, as refered to 
in historical accounts. El Misti has been reportedly active at the end of the 1700's and 
1800's, while fumarolic activity at the crater plug resumed in 1949 and 1984- 1985. 

Stratigraphy and sedimentology point to alternating, large-scale plinian activity 
and dome growth for at least the last 40,000 years. Thus, the most severe volcanic 
hazards for the 900,000 people of Arequipa are as follows (Fig. 4). 

(1) Low Plinian columns (<S km) may cause ash fallout in the city, as shown by the 
approximate extent of the mid-1500's ashfall (Fig. 4). For higher columns (20-25 km) 
based on mapping of the 3cm and 5cm isopleth of the ca. 1900 yr B.P. plinian tephra- 
fall deposit carried towards Arequipa by prevailing NE winds, the thickness of the 
relevant layer could amount 50 cm in the city. 
(2) The expected extent of the pyroclastic flows is towards the south, SW, and SSE, 
owing to the crater wall geometry (Fig. 4). The destruction of the summit dome can 
yield block-and-ash flows which are expected to travel 8 to 12 km downstream when 
valley-confined; thus, they might hit the NE suburbs of Arequipa. More mobile pumice 
flows are expected to travel another 4 8  km further downstream, as well a s  towards the 
populated Chiguata area. The pumice-flow tuff ca.1900 yr B.P. old was channelized in 
the radial valleys as far as the present suburbs of Arequipa, while subsequent small- 
volume lahars spread out further downvalley. 
(3) Finally, flank failures can occur along fractures on the steep-sided West and SSE 
flanks of the volcano. Subsequent debris avalanches may choke the Chili valley and 
spread out on the southern piedmont. 
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FIGURE 3. The stratigraphy of El Misti stratovolcano (measured sections in Fig. 1). 
Basement (1 5) same as Fig. 2. Pre-Misti: ignimbrites (14) and volcaniclastic sediments (13). 'Older' 
stratovolcano: lava flows (12) and debris-avalanche deposits (1 1). Lower 'modern' stratocone = 
Unit I, andesite or block-lava flows and old pyroclastic sequence. Summit stratocone: lava flows 
and young pyroclastic sequence (Units Il-V). Unit I1 = 10: deposit of dome collapse 9:lithic-rich 
pyroclastic-flow deposit. 8:scoria-flow deposit. 7: scoria-fall deposit. Unit Ill = 6: pumice-flow and fall 
deposit, rhyolitic in composition. Unit IV = 5. pumice and lithic-rich pyroclastic-flow deposits, 4: 
block-and-ash flow deposits. Unit V = 3. Plinian pumice-flow and pumice-fall deposit, 2: poorly 
developed soil in ash. l :ashfall layer AD 1540-1 580. 16: stratigraphic unconformity. 
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Since the discovery of the NW Ridge offshore of Central-Southern Peru by 16"s latitude (SCHWEIG- 
GER 1947). many are the authors which have been interested on the possible tectonic effects on the 
overriding forearc of the shallow subduction of that major oceanic high. 

RUEGG (1952) was the fmt to notice the existence of an abnormaly elevated sector in the Coast 
Range. culminating near 1800 m at Cerro Huaricangana, just facing that aseisrnic-ridge.and to suggest a 
possible relation between them. While it falls to EVES (1975) to have drawn attention on the magnitude 
of the coastal uplift near San Juan de Marcona as testified by the exceptio~aly high number of marine 
terraces developped there (BROGGI 1H7; LEGAULT 1%3), and on the striking deflexion of the hydro 
graphic system about Ica and Nazca sectors. 

Since then, detailed studies about marine terraces height varia- 
tions and stratigraphy along the coast between Paracas (13.5"s) 
and Lomas (15.6"s) (MA- 1987; M A ~  & ORTLIEB 
1992; HSU 1988, 1992) have revealed a striking quaternary longi- 
tudinal deformation of the coastal area The pattern of deformation 
displays indeed an asymmetrical cwiplanar dome-shaped curve, 
very similar to the bathymetric cross-section of the Nazca Ridge 
but with a maximum altitude of around +g00 m for the highest 
terrace (upper Pliocene) which apex is clearly displaced south- 
eastward above the southern ilank of the ridge as a predictable 
consequence of oblique ridge subduction. In the present geody- 
narnic context (Fig. 1) i.e. a plate convergence direction about 
N080° at a rate of 78 mmla (DE IvlETS et d. 1990) and a trench 
axis wending approximately N315". the orientation of the long axis 
of the ridge about N040" implies that during the last million years 
the ridge in the course of its oblique consumption has been 

Fig. 1. Location of Marcona studied scanning the continental margin southeastward at the rate of about 
area and its geody-ic context 50 M M a  (MA- 1987). Founded on old rates of convergen- 

ce and a simplified trigonometric calculus an overestimated scanning of 71 M M a  has been set up by 
HSU (1992). but revised with the more recent estimates of plate motions (DE METS et d.1990.1994) it 
shows to be very nearest to the p'revious value. 
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Attemps of modelling Lhe coastal uplift as induced by the geometry and kinematics of the subducting 
Nazca Ridge have been proposed (h4ORE'ITI 1982; HSU 1988. 1992). but concerned exclusively by the 
vertical effects. In a word, any of the proposed models have considered the possible horizontal 
compressive effect the system may produce. That derives from the fact that according to &BRIER et al.. 
1985) the onshore geology along the Pacific coast opposite the Nazca Ridge reveals a preferential 
quaternary and recent extensional regime manifested by a normal faulting with metric throws. Whence 
the emphasis put by HSU (1992) on the lack of compressional tectonics and by MAC& & ORTLIEB 
(1992) on the idea the ridge does note collide with the South American Margin. 

EVIDENCE OF COMPRESSIONAL hE0TECTOh'ICS 

However, consequential evidences of early Quaternary compressional deformations affecting the Plio- 
cene marine beds between Pisco and Nazca have been reported by ~~AcH.& (1987). The structures are 
specially obvious at the boundary between the Coast Range and the Piedmont Depression of Ica-Nazca 
and result in impressive flexures with kilometric throws apparently induced by reverse faulting with hE 
vergence.in the basement 

From that point of view, one of the most privileged site of observation of that kind of structures is 
decidetly the Huaricangana periphery from Rio Grande to Lomas. Furthermore it focused the main 
MACHARI?~ observations evidencing particularly the Rio Nazca Rexure which accounts for the 
northwestward deflexion of the stream and the significant folding of the Pliocene. Noteworthy too is the 
size of the area involved by compressional deformations since it seems to extend as far north as 30 km 
from the front of the massif. As regards the punctual measurements of microstructures. they give variable 
directions of shortening from NNW-SSE to NE-SW (MA- 1987) which fit the very shape of the 
massif. 

However, the standart mapping (CALDAS 1978) having evidenced a major NW-SE trending fault 
bounding the northeastern edge of the Huaricangana W g a  Fault), the Rio Nazca Flexure is interpreted 
as its extension. Beyong. an eventual connexion with the western fault of Ica is also considered 
(MONTOYA, GARCIA & C.4LDAS 1993). 

W A R  IMAGERY AN?) hEOTECTOh2C PATTERN 

With the aim to specify the accurate neotectonic pattern of the area we turned to a SAR ERS-1 image. 
Radar imagery has proved to be particularly convenient for neotectonic studies because it enhances 
topographic features, specialy scarps and thalwegs, more than optical imagery and permits extensive 
observations at regional scale (CHORO'A?CZ el al. 1995). 'Are used a scene centred upon Marcona, 
active illumination is from the WE on descending orbits. The image covers an area 100x100 km, it was 
produced at 11250 000 scale and inversed (Fig. 2). This type of presentation of the image has the advanta- 
ge to display in dark the bright slope facing the radar and affected by shortening and layover effects, 

Fig. 2 Reverse print of ERS-1 SAR Marcona scene. Fig. 3. Structural interpretation of the Marcona scene. 
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giving the impression of shadow. Slopes backing the radar are then clear and give the impression to be 
illuminated. They are rich in information because generally stretched. More-over, the image was pre- 
processed with the Connecled Cenfer FillerPC ( MERING & PARROT 1994) to reduce the speckle while 
preserving the connectivity of the lineaments. On the filtered image. light continuous lines are inter- 
preted as recent faults and therefore extracted by mean of an upper thresholding of the grey tones. 

Visual analysis of the SAR scene shows immediatly the 
striking symmetry in the deflexion of the hydrographic system 
seeing that the Rio Las Trancas swerves to the NW and the Q. 
Jahuay to the SSE. The other outstanding stroke is the clear scarp 
facing northeastward girdling the C" Huaricangana from the 
mouth of the Rio Grande to Lomas. By its continuity and 
convexity we interpret this feature as product of a major reverse 
fault involving a global thrust of the massif to the W V .  (Fig. 3). 
The extraction of the fault line merely confirms the continuity and 
sureep of the fault and therefore the geometry suggested (Fig. 4). 
The third feature to mention deals with the structures revealed by 
the small massif of C" Los Pozos isolated at the mouth of the 
funnel-shaped interstream between Las Trancas and Jahuay rivers. 
It appears to be cut indeed by a set of faults slightly curved with 

Fig 4. Extraction of Ihe Huaricangana convexity and scarps facing to the Eh= we interpret, there again, 
fault line by mean of an upper 

thresholding of the SAR image. as reverse faults. 

This remarkable neotectonic pattern ufith its rather astonishing symmetry proves indisputably the area has 
undergone horizontal compressional forces oriented mainly towards the h'E ulhich appears consistent 
with the direction of convergence and so can be considered as tectonic effects of the subducting Nazca 
Ridge. However, since the symmetry is not perfect (the axis of curvature of the Huaricangana Fault 
doesn't fall in the one of C" Los Pozos), the relation seems more complex and may imply some rotations 
during the time in consequence of the oblique subduction. In short. much would be to learnt from a 
modelisation at lithospheric scale seeing that we are confronted with a complicated case of oblique inden- 

tation by a trapezoidal-shaped wedge, apparently not yet 
investigated by the literature. 

At last, considering the tectonic signification of the hydro- 
graphic deflexions just discussed and the striking analogy 
between the pattern observed at Marcona and the one shown at 
Ica with the Rio Pisco turned to the W and the Rio Ica to the 
SSE, this leads to believe the subducting Nazca Ridge has 
produced two major successive impacts upon the continental 
margin of central-southern Peru (Fig. 5). This militates for a 
morphology of the ridge axialy rather irregular and discon- 
tinuous for the recently subducted part e.i.. fairly comparable 
with the one developped offward (h4AMMERICKX & SMITH 
1978). This irregular morphology could explain the apparent 
contradiction between the compressive neotectonics preserved 
onshore and the actual offshore evidences for a very minor 
compressional deformation in the lower forearc (HAGEN & 
MOBERLY 1994). In short, the "big bone" should have 
passed. This recalls, at a greater, scale the general model of 

Fig. S. Tectonic interpretation of the Coast subduction of a seamount proposed by VON m h E  & 
Range of Central-Southem Peru as the LALLEMA,.! (1990). So. the dynamic morphotectonic reply 
result of successive impacts of the of the forearc to subduction of asperities should be quicker 

Nazca Ridge upon the continental margin. than usual]y 
Pre-Cenozoic bedrock of the Coast Range 

( l )  and the Western Cordillera.(Z) 
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Finally, one should not be surprised by such an inland extent of horizontal convergent structures, 
Costa Rica neotec-tonics in consequence of the Cocos Ridge subduction provides an other example but in 
a normal convergent cantext (KOLARSKY et al. 1995) . 
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ABSTRACT 
The Rio Caiiete Basin in the Central Coastal Ranges of Peru (C.C.R.P.) represents a fault-bounded 
frontal-arc Late Jurasic (Tithonian) to Albian sequence formed by aborted intra-arc spreading process 
during the early evolution of the Andes (Fig.1). The sequence, exposed in the Lima area, consists of more 
than 6000 meters of volcaniclastic sedimentary rocks, lava flows, lime mudstones, shales, quartz rich 
sandstones and subordinated fossiliferous limestones and evaporites. The stratigraphy records several 
episodes of volcanism and extension along and across the basin and provides new insight in the evolution 
and crustal growth of the Central Andes. 

INTRODUCTION 
Four widespread groups and one areally restricted formation mark important stages in the stratigraphic, 
sediimentologic and tectonic evolution of the Rio Caiiete Basin. The Puente Piedra Group consists of 
volcaniclastic debris, basaltic to andesitic lava flows, shales and subordinate limestones that document the 
presence of a Jurassic volcanic arc (Fig.2). The overlying quartz rich sandstones and shales of the Morro 
Solar Group (fig.3) records an abrupt change in sedimentation and tectonic style. Ensialic extension 
accompanied by subsidence of the volcanic arc and concomitant uplift of the Paleozoic (o Precambrian 
"Coastal Cordillera" (Paracas Block) explains the change of source and provenance. The areally restricted 
Pucusana Formation (Fig.4), made up of alkaline lavas, volcanic breccias and lapillistones, is interpreted 
(o represent a localized volcanic center perhaps related to subduction of oceanic fractures. Above the 
Morro Solar is the Lima Group (fig.5) consisting mainly of lime mudstone, shale, gypsum and bioclastic 
limestone that represent the maximum pulse of the Neocomian transgression. Spatial and temporal 
volcanism took place along and across the basin coeval with this shale-limestone sequence, reflecting 
early pulses of volcanic activity related (o the emplacement of the Coastal Batholith of Peru. The 
widespread nature of the volcanic activity is recorded in the overlying Chillon Group (Casma Group) 
which represents volcanism (Fig.6) coeval with the early emplacement of Albian gabbros and diorites of 
the Coastal Batholith. Extension was coeval with volcanism as documented by the presence of quartz rich 
sandstones in this group. 

BASIN EVOLUTION 

The Rio Caiiete Basin was formed at least as early as the Late Jurassic with the deposition of the arc- 
derived Puente Piedra Group. Ensialic extension concurrent with arc volcanism played a paramount role 
in the evolution of the Andes at least since Late Triassic when an arc trench setting was established 
(James, 1971; Cobbing, 1978; Atherton et al, 1983, 1985). Narrow, elongated, fault-bounded basins were 
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perhaps formed in response to embryonic ensialic back arc spreading in similar way to the mechanism 
described by Levi and Aguirre (1981) and Veragara et al (1995) in central Chile and Petford and Atherton 
(1995) in central Peru. Integration of stratigraphic and sedimentologic information in the Rio Caiiete 
Basin have allowed the recognition of several stages during its evolution. 
STAGE I.- The early stage in the evolution of the Rio Caiiete Basin was initiated with the formation of 
the Jurassic volcanic arc and deposition of the Puente Piedra Group derived largely from arc activity. 
Deposition took place in a narrow elongate basin, as documented by Cobbing (1978), formed by 
extensional processes related to embryonic back-arc spreading. Both effusive and explosive volcanism 
alternated throughout deposition of this group with several periods of volcanic quiescence as it is recorded 
in several shale sequences (Fig.2). These shaldvolcaniclastic sequences are interpreted to represent 
relative small transgressive-regressive cycles within an overall global sea level rise. 
STAGE 11.- During the Late Berriasian, a new period of ensialic extension (Atherton, 1983, 1985) took 
place along the Western Peruvian Trough as documented by the abrupt change in source terrane from an 
arc derived to a continental block suite. This new episode of extension was probably related to changes in 
the rate of plate motion in the south American plate and changes in the angle of subduction as it is 
documented by cessation in volcanism. Extension was probably episodic and contemporaneous with 
sedimentation and perhaps accounts for the uplift of Paleozoic or Precambrian rocks. Partial subsidence of 
the Jurassic arc and its roots was concomitant with deposition of quartz rich sandstones of the Salto del 
Fraile Group. The positive nature of these older rocks is documented in the west and northwest by the 
continuation offshore of the Coastal Cordillera which makes up he Paracas Block (Myers, 1975). also 
known as the Outer Shelf High. 
STAGE III .- In this stage, the uplifted Paleozoic or Precambrian terranes were submerged during a 
global rise of sea level. Tbis was accompanied by a change in deposition from a quartz-rich sandstone 
facies to a limestone-shale facies with significant to moderate volcanic contributions along and across the 
basin (Lima Group). Some of the submerged Paleozoic highs may have played a very important role in 
restricting the circulation and communication of the basin with the open ocean, therefore, increasing the 
likelihood of evaporite precipitation within the basin. Deposition of a shale-limestone sequence alternating 
with perverse arc volcanism varied in space and time along and across the basin and may have been 
associated to third order global sea level changes and early phases of cauldron subsidence and gabro 
intrusions of the Coastal Batholith. Furthermore, variation in volcanic activity in these formations along 
the basin might also be related to segmentation of the Coastal Batholith which accounts for temporal and 
spatial variations in plutonic activity in time and space (Cobbing et al. 1977). Subduction of deep crustal 
fractures, in the same way as envisioned by De Long et al (1975). might account for the localized and odd 
nature of the volcaniclastic, alkaline lava flows of the Pucusana Formation. 
STAGE IV.- Embryonic back-arc extension persisted throughout the Middle Albian with deposition of 
the volcanic derived Chillon Group. Tbis group represents the maximum paroxysm of volcanic activity 
associated with the early emplacement of the Coastal Batholith (Cobbing, 1978). Renewed pulses of 
extension, contemporaneous with the Chillon Group, might have exposed the sandstones of the Morro 
Solar Group as it is documented in some of the quartz-rich beds found in the lower part of the Chillon 
Group in the Perico Hill. Widespread subaqueous volcanic activity in the Chillon Group is correlated 
with the gabbro to gabbrodiorite plutonic intrusions (Patap Super-unit) and cauldron subsidence of the 
Coastal Batholith of Peru (Pitcher and Cobbing, 1985). 
STAGE V.- Extension was interrupted at the end of the Middle Albian by a short-lived compressional 
event related to the initial stages of the Andean Orogeny (Mochica Phase). North of Lima, in the Huarmey 
Basin, where this phase is relatively well expressed the Casma Group (equivalent to the Chillon Group) 
has been folded following a NW-SE trend subparallel to parallel to the Coastal Batholith (Webb, 1976; 
Child, 1976). The folds are open, upright and parallel, rarely showing a slight SW vergence (Guevara, 
1980). This orogenic phase is expressed with variable intensity in the Western Peruvian Trough and may 
be linked to different rates of subduction along the arc-trench system. 
STAGE M.- Soon after the Mochica Phase of the Andean Orogeny, the frontal-arc basin rocks were 
uplifted due to pervasive underplating along the roots of a long-lived arc. Indeed deep seated plutonic 
rocks of the Coastal Batholith were emplaced along the Rio Caiiete Basin and provided the roots for 
isostatic uplift 



mta 



Third ISAG, St Malo (France), 17-1 9/9/1996 

REFERENCES 

Alleman Vera, 1985, Virgotrigonia : Genero nuevo de Trigoniidae Lamarck, 1819 (Mollusca : vivalvia) : 
Soc. Geol. del Peru, no. 75, p. 1-11. 

Atherton, M. P., Pitcher, W. S., and Warden, V.,1983, The Mesozoic marginal basin of central Peru: 
Nature, 305, p. 303-306. 

Bosc, E., 1963, Geologfa de la regi6n comprendida entre la Quebrada de Parca (Chilca) y el Valle de 
Mala: Umpub. Thes. Univ. Nac. Mayor de San Marcos, Lima, Peru, 84 pp. 

Child, R., 1976, The Coastal Batholitb and its envelope in the Casma region of Ancash, Peru : Umpubl. 
Ph. D. Thesis, Univ. of Liverpool. 

Cobbing, E. J., 1985, The tectonic setting of the Peruvian Andes: in Pitcher, W. S., Atherton, M. P., 
Cobbing, E. J., and Beckinsale, R. D., (eds.): "Magamtism at a Plate Edge", p. 3-18, John Wiley 
and Sons. 

De Long, S. E., Hodges, F. N., and Arculus, R. J., 1975, Ultramafic and mafic inclusions, Kanaga Island, 
Alaska and the ocurrence of alkaline rocks in island arc: Jour. Geol., v. 83, p. 721-782. 

Fernandez, J., 1966, Geologfa de la Region Marquez y Ventanillas (Lima): Univ. Nac. Mayor de San 
Marcos, Bach. Thesis. 

Fernandez-Concha J., 1958, Geologia del Morro Solar, Lima: Soc. Geol. del Peru, no. 33, p.3-50. 
Guevara, C., 1980, El Grupo Casma del Peru Central entre Trujillo y Mala: Soc. Geol. del Peni, no. 67, p. 

73-83. 
Levi, B., and Aguirre, L.,1981, Ensialic spreading-subsidence in tbe Mesozoic and Paleocene Andes of 

central Chile: Jour. Geol. Soc. London, v.138, p.75-81. 
, 1907, Geologfa de Lima y sus alrededores, Imprenta Gil, Lima 
Myers, J. S., 1974, Cretaceous stratigraphy and structure, Western Andes of Peru between latitudes 10" - 

10 30": Bull. h e r .  Ass. Pet. Geol.,~. 58, pp. 474-487. 
Pitcher, W. S. , and Cobbing, E. J., 1985, Phanerozoic plutonism in the Peruvian Andes: in Pitcher, W. 

S., Atberton, M. P., Cobbing, E. J., and Beckinsale, R. D. (eds.). "Magmatism at a Plate Edge", 
p. 19-25. 

Rivera, R.,1951, La fauna de 10s Estratos Puente Inga : Soc. Geol. del Peru, v.22, p. 5-53. 
, G. Petersen, and M. Rivera, 1975, Estratigrafia de la Costa de Lima. Soc. Geol. del Peni, no. 65, 

p.159-186. 
Rosenzweig, A. , 1953, Geologfa de la Isla San Lorenzo: Bol. Inst. Nac. Invest. y Fomento Minero, no. 7, 

30 PP. 
Scott, R. and A. Alemhn, 1984, A Lower Cretaceous Biostrome, Peru, Jour. of Paleontology, v., p. 1136- 

1142. 
Vergara, M., Levi, B., Nystrom, I.O., and Cancino, A.; 1995; Jurassic and early Cretaceous island arc 

volcanism ,extension and subsidence in the Coast range of central Chile: Geol. Soc. 
he.,v.l07,p. 1427-1440. 

Webb, S. E. , 1976, The volcanic envelope of tbe Coastal Batholitb in Lima and Ancash, Peru : Umpubl. 
Ph. D. Thesis, Univ. of Liverpool. 



Third ISAG, St Malo (France), 17-19/9/1996 

THE ANDEAN STRUCTURE OF THE CORDILLERA ORIENTAL 
FROM REPROCESSED YPF SEISMIC REFLECTION DATA 

Richard W. ALLMENDINGER'') and Tom& R. ZAPATA"' 2, 

(1) Department of Geological Sciences and Institute for the Study of the Continents, Snee Hall, Cornell 
University, Ithaca, New York 14853-1504, USA 
(2) now at: YPF S.A. 

KEY WORDS: Cordillera Oriental. Subandean belt, decollement 

INTRODUCTION 

The processes by which topography is developed and maintained in active mountain belts have 
captivated geoscientists for the last decade or more. The greatest uplift on Earth, the Tibetan-Himalayan 
system seems intuitively straight forward in the context of a continent-continent collision, even though 
the details of the lithospheric architecture and mechanics remain controversial. More enigmatic is the 
Altiplano-Puna of the central Andes. This second highest continental plateau - more than half a million 
square kilometers at an average elevation of almost 4 km - has developed in the absence of significant 
continental collision or terrane accretion. Nearly all workers in the Central Andes agree that crustal 
thickening by structural shortening is responsible for the topographic uplift, with lesser contributions 
from magmatic addition and lithospheric thinning (e.g. Isacks 1988). Although shortening is deemed 
important, virtually nothing is known of the geometry of major faults or the distribution of shortening at 
depth. 

The location and geometry of the Subandean decollement beneath the Cordillera Oriental is a 
first order problem with substantial importance for estimates of Late Cenozoic shortening and its relation 
to topographic uplift of the Central Andes. Seismic reflection data have the potential to image that 
decollement beneath the Cordillera Oriental, but general lack of lmown economic targets and the rugged 
terrain have discouraged exploration. The seismic reflection surveys canied out during themid-1980's by 
Yacimientos Petrolfferos Fiscales (now, YPF S.A.) just south of the international border in the vicinity 
La Quiaca. Argentina constitute virtually the only seismic reflection data collected in the entire Cordillera 
Oriental of the Central Andes. We have reprocessed four crossing lines from that YPF S.A. data set, 
using the technique of VIBROSEIS extended correlation, to obtain data lengths of 15 s (about 45 km). 
Our reprocessing shows a remarkable suite of deep reflections which we interpret to be a ramp in the 
Subandean belt decollement and possible duplexing of the lower crust farther west. 

GEOLOGIC SETTING AND PREVIOUS WORK 

The region of study lies within the southern part of the Cordillera Oriental, west of the 
Subandean fold and thrust belt. These two tectonic provinces are separated from each other by two major 
fault zones, the CabalgamientoFrontal Principal (CFP) and the Cabalgamiento AndinoPrincipal (CANP). 
To the east of the CFP, the decollement of the Subandean fold and thrust belt is within Silurian rocks 
and, at the surface, isolated ridges of Paleozoic units are surrounded by extensive outcrops of Tertiary 
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strata (Baby et al. 1992, Dunn et al. 1995, Kley 1993, Mingramm et al. 1979). Although interpretations 
of internal fold and thrust geometry within the Subandean belt vary widely, the depth to the decollement is 
similar in most interpretations: it lies between 13 and 15 km below the surface outcrop of the CFP (about 
12-14 km below sea level). Shortening within the Subandean belt increases progressively northward from 
less than 60 km in northern Argentina at 22'30's latitude (Allmendinger et al. 1983, Mingramm et al. 
1979) to 100 or more km in southern Bolivia at 21°S (Baby et al. 1992, Dunn et al. 1995, Kley 1993, 
Kley & Reinhardt 1994). The Subandean belt dies out between 23O and UOS, due to southward erosion of 
the Paleaoic stratigraphic wedge beneath the Upper Cretaceous Salta basin, cutting out the decollement 
horizon (Allmendinger & Gubbels 1996, Allmendinger et al. 1983, Mingramm et al. 1979). This 
important lateral change occurs 1-2 degrees of latitude farther south than the seismic lines described here. 

West of the CANP, extensive outcrops of Ordovician strata, covered by minor Cretaceous and 
Tertiary units, characterize the Cordillera Oriental. One of the highest amplitude folds in the Cordillera 
Oriental is the Camargo syncline, a structure that can be traced for nearly 200 km along strike and is 
imaged on the seismic lines shown here. The seismic data which we have reprocessed was first interpreted 
by Bianucci et al. (1987). who described the well-displayed shallow thrust structures, including the Yavi 
thrust which bounds the west side of the Camargo syncline. 

Thc Sal J u u  dc Olo surface truncates virtually all of the major structures in this part of the 
Cordillera Oriental. Deposits above the surface are flat-lying or gently dipping and have been dated at 
about 10 to less than 2 Ma (Cladouhos et al. 1994, Gubbels et al. 1993). The youngest deformed rocks, 
which may be either syn- or pre-deformation in age, are 13 to 18 Ma (Cladouhos et al. 1994, Gubbels et 
al. 1993). The surface deposits are cut locally by young strike-slip and normal faults which have, in 
general. displacements of less than 10 m (Cladouhos et al. 1994). The timing of deformation in the 
Subandean belt is much less certain, owing to the primitive state of knowledge of the upper Cenozoic 
strata over much of the area. Gubbels et al. (1993) proposed that the deformation was younger than about 
10 Ma based on the perceived age of the Yecua Formation. However, Reynolds et al. (1994) have recently 
shown that the Anta formation of northwest Argentina (25-26OS), which is considered to be the lateral 
equivalent of the Yecua, is about 14 Ma. They suggest that uplift in the Puna began by 15 Ma and in the 
Cordillera Oriental by about 13 Ma. 

THE SEISMIC REFLECTION DATA 

We have reprocessed four seismic reflection lines located just east and southeast of La Quiaca, 
Argentina, which were acquired during the middle 1980's by YPF S. A. as a part of the exploratory work 
carried out in the Puna. We have extended these data to 15 seconds using a "self-truncating" extended 
con-elation (Okaya & Jarchow 1989). The reprocessed lines form an intersecting network, providing 
excellent 3-D control and confirming that the major features described below are in the plane of section 
and not side-swipe. Preliminary constant velocity migrations have been carried out to get first order 
control on the location and dip of the major dipping features on the lines. The datum for the reprocessed 
lines is 4 km above sea level, all depths are given with respect to sea level. and all times sited below are 
two-way travel ttmes. 

INTERPRETATION 

Because of the east-northeast strike of surface structures, the NW-SE wending Line 4219 
provides an approximate true dip section. However, all features described below can be tied with crossing 
lines. 

The main features visible on the original correlated 5 s data and described by Bianucci et al. 
(1987) can also been seen on our reprocessed lines, although our processing was optirnized for deeper parts 
of the section. The Camargo syncline is clearly visible on all of the lines beneath the Miocene 
unconformity. The hioh amplitude reflectors at the base of the syncline were interpreted by Bianucci et al. 
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(1987) to be from the Cretaceous Salta Group; where they flatten out on the west limb a about 2.5 S, they 
are about 0 to 2 km below sea level. The syncline is bounded on its western side by the Yavi thrust, 
which is somewhat lishic and dips a b u t  25-30'. Like the syncline, the thrust is exposed in southern 
Bolivia north of the continuous part of the San Juan de Oro surface. To the east of the Camargo syncline, 
subtle thrust structures can be discerned on large scale copies of the lines. 

One of the most striking features of all the seismic lines is a band of strong mid-crustal 
reflections which occur between 4.5 and, locally, 6 S (about -9 to -13 km; all depths are given with 
respect to sea level and the datum of the reprocessed lines is +4 km). The top of this band was imaged on 
the ariginal fully correlated data but it's true extent only became apparent upon extended correlation. The 
internal structure of the band of events is quite complicated and is distorted by velocity pull-down beneath 
the Camargo syncline. At least locally, thrust imbrications appear to splay from the band, suggesting 
that it may be a shallow zone of decollement. However, the band would appear to be 5 to 10 km too 
shallow for the Subandean belt decollement and does not clearly correlate with any mapped feature farther 
east; it is, conceivably, related to the down-dip projection of the CANP. Alternatively, it may be related 
to the shallow zone of high conductivity described by Schwan. (1994), or both. 

At about 7-8 s (-16-20 km) on the east end of line 4219, a band of reflections dips steeply west 
at about 35' (migrated). Cross line control shows that this event dips to the northwest and strikes parallel 
to Andean folds and faults. Beneath this dipping reflection, scattered horizontal reflections are present to 
about 12 s (-32 km). Reflections to the west above the dipping event have geometries similar to hanging 
wall anticlines and appear to be truncated against the event. This dipping event underlies the east limb of 
the Camargo syncline and correlates closely with the westward projection of the Subandean decollement. 
In fact, Mingramm's (1979) section showed the beginning of the footwall ramp in the decollement almost 
exactly where the dipping reflector is located. The crossing lines suggest more complicated structure to 
the west of the Camargo syncline, with reflections to 15 s ( 4 1  km), displaying a series of truncations 
and horizontal and dipping segments which we tentatively interpret as ramps and flats and multiple 
decollement levels. It is unlikely that any of these lines have sufficient penetration to image Moho, 
which is reported to lie at about 50-55 km on the Berlin refraction data to the north Wigger (1994). 

DISCUSSION 

We tentatively propose that the Camargo syncline coincides with the position of the footwall 
ramp in the Subandean decollement. If correct, this interpretation allows us to determine a minimum 
displacement of 50-60 km on the Cabagalmiento Andino Principal and the Subandean belt farther east at 
this latitude; shortening farther west within the Eastern Cordillera has not been determined. The ramp 
apparently extends to near the base of the crust and, thus, would also mark the western limit of 
under-thrusting of undeformed craton beneath the orogen. It is possible that the location of the ramp was 
controlled by Late Precambrian and/or early Paleozoic tectonic features. Shortening should increase farther 
north as suggested by previous authors and as can be observed by the northward divergence of the 
Camargo syncline and the major thrusts in southern Bolivia. Indeed, in southern Bolivia at 21°S, DUM et 
al. (1995) interpret about 100 km of shortening in the Subandean belt and the distance between the CFP 
and the Camargo syncline is 105 km. 

Although the ramp appears to correlate spatially with the Camargo syncline, the kinematic and 
temporal relations between the syncline and thrusting on the ramp remain enigmatic. If most of the 
shortening in the Subandean belt is younger than 10 Ma, then the location of the syncline above the ramp 
must be totally coincidental because folding of the syncline was completely finished by 9 Ma. Alternatively, 
if substantial shortening in the Subandean belt is older than suspected (e.g. younger than 14 Ma) then 
there may be a kinematic relationship between the Camargo "hanging wall" syncline and the footwall 
ramp of the Subandean belt decollement. Finally, it may be that the CFP, the ramp and the syncline are 
kinematically and temporally related but that subsequent shortening in the Subandeanbelt wasaccommodated 
along a deeper decollement. However, there is no evidence of such a ramp on the existing seismic. 

The steepness of the ramp is striking. This area is located reasonably close to the southern 
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limit of flexural compensation and it is possible that the steepness is related to that transition. If so, we 
might expect that the ramp dips at a considerably shallower angle to the north. The northward 
termination of the Camargo syncline is consistent with this hypothesis. A northward shallowing of the 
dip of the ramp would be clearly consistent with the observation that deeper structural and stratigraphic 
levels are exposed in the Argentine Cordillera Oriental than along strike to the north in Bolivia. 

We have proposed a regional deep seismic reflection line to test these hypotheses. 
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INTRODUCTION 
The Domeyko basin in northern Chile (Fig. 1) originated as one of a series of Upper Permian to Triassic 
transtensional rift basins along the western margin of Gondwana. Initial syn-rift continental clastics are 
overlain by Norian (Upper Triassic) marine limestones in the area of the Precordillera between 23'30'- 
26'30's (Fig. 1). Subsequent Jurassic-Early Cretaceous post-rift thermal subsidence is recorded by a 
2000 m thick mixed carbonate and siliciclastic marine succession. The depositional system is interpreted 
as a mixed carbonate and siliciclastic ramp environment, characterised by the deposition of siliciclastic- 
dominated successions at times of low accommodation space (lowstand and late highstand systems tracts) 
and carbonate-dominated successions during periods of high accommodation space (transgressive and early 
highstand systems tracts). The end of the Jurassic is marked by a regional marine regression and followed 
by continental red-bed deposition of Early Cretaceous age. 

SEQUENCE STRATIGRAPHY 
Sequence stratigraphic analysis has identified five Exxon-type unconformity bounded sequences which 
provide a time framework for the understanding of chronostratigraphic development of the Domeyko basin 
(Fig. 2). Relative sea-level fall in the upper Lower Sinemurian, earliest Pliensbachian, earliest Aalenian, 
Lower Callovian, earliest Valanginian, and rises in the earliest Hettangian, earliest and Late Toarcian, 
Lower and Late Bajocian, Late Bathonian and earliest Oxfordian of the Domeyko basin appear time- 
equivalent to similar events in other southern and northern hemisphere basins and thus are interpreted to 
be products of eustatically driven, global sea-level cycles (Fig. 3). Relative sea-level falls in the earliest 
Bathonian, latest Oxfordian, earliest Valanginian and rises in the Late Kimmeridgian are interpreted to be 
tectonically-driven, continental-scale changes in accommodation space (Fig. 3). Although the earliest 
Valanginian relative sea-level fall has been documented in northern hemisphere basins, the sequence 
boundary is interpreted to be tectonically-enhanced through regional uplift in Chile and Argentina. 

AN EXAhlPLE O F  A TECTONICALLY-DRIVEN SEQUENCE BOUNDARY & 
LOWSTAND SYSTEMS TRACT 
The latest Oxfordian (Late Jurassic) of the Domeyko basin is characterised by a 10-200 m thick, sharp- 
based succession of basinal evaporite facies interpreted as lowstand deposits, directly overlying offshore 
marine siltstone facies of the previous highstand (Fig. 2). The evaporite facies record an abrupt 
shallowing and basinward shift in facies seen throughout much of the basin, indicating sequence boundary 
formation. This interpretation is supported by the biostratigraphic data which shows the evaporites to 
have a synchronous duration of five ammonite Zones. Bimammatum-Acanthicum (Gygi & Hillebrandt 
1991). lasting approximately 7.5 Ma. The latest Oxfordian-Late Kimmeridgian evaporites are 
predominately subaqueous basinal evaporite facies with limited marginal sabkha evaporite facies seen in 
the north (22"s). 
The Neuqukn Basin records similar aged latest Oxfordian-Upper Kimmeridgian evaporite facies (Auquilco 
Formation) directly overlying marine carbonates (La Manga Formation) interpreted to have resulted from 
restricted marine connection associated with barring of the basin (Legarreta & Uliana, 1991). The large 
spatial distribution of lowstand evaporites traceable for over 2000 km along the back-arc basins of Chile 
and Argentina, with a marked Late Oxfordian unconformity in southern Peru (Jaillard er al., 1990) are 
interpreted to record a continental-scale tectonic event affecting all the back-arc basins of western 
Gondwana (Fig. 3). In the NeuquCn basin there is abundant evidence for structural inversion in the Late 
Oxfordian (Vergani er al., 1995). Uplift of the basin floor and volcanic arc caused the barring and relative 
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Figure 1 Map of northern Chile showing the Jurassic volcanic arc (La Negra Formation) in stipple 
outcropping along the Coastal Cordillera and the Jurassic marine rocks in black outcropping predominately 
along the Chilean Precordillera. (modified from Prinz et. al., 1994). 

Figure 2 Chronostratigraphy of the Domeyko basin from Late Triassic-Early Cretaceous. 
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Figure 3 Comparison of Jurassic relative sea-level changes in northern Chile with global (Haq et al. 1987; Hallam 1988) and relative sea-level changes in the 
Jameson Land basin, Greenland (Surlyk 1990), Andean basins (Hallam 1991) and Neuquen Basin (Legarreta et. al., 1993). Absolute ages of stage boundaries 
are taken from Gradstein et. al., (1994). The F' and R' inflection points mark sequence boundaries (Solid lines) and flooding surfaces (Dashed lines) 
respectively with prominent third-order surfaces (Dotted lines) indicated. Correlatability of events is based on whether the event is seen throughout the South 
American basins (S) or if it can be traced into the northern hemisphere basins (N). The subsequent interpretation of principle driving mechanism is explained in 
the text and indicated as either regional tectonic or global. 
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sea-level fall within the basins (Legarreta & Uliana, 1996), despite a pronounced Late Jurassic global 
eustatic sea-level rise (Haq et al., 1988) (Fig. 3). 
The first episode of oceanic spreading within Gondwana took place with its bisection along the Somali, 
Mozambique and Weddell Sea Basins. Upper Jurassic sea-floor has been recognised along the length of 
this ocean strait (Simpson et al. 1979). Oceanic onset is well constrained particularly midway along the 
strait in the Mozambique Basin, where the Jurassic Magnetic Quiet Zone has been detected adjacent to the 
continental margin (Simpson et al. 1979) and the onset unconformity on the Mozambique shelf is dated 
at 157 Ma (Salman & Abdula 1995). The effect of Gondwana bisection on the southern Andes was to 
introduce northward transgression from the newly formed ocean in the south. Previously all marine 
transgressions entered the basins from the north, through Peru and northern Chile (Jaillard et al. 1990). 
We suggest that it was this intra-Gondwana spreading event that caused regional contraction, resulting in 
barring of the Andean back-arc basins and triggering regional evaporite precipitation. The scale of the 
evaporite deposits is similar to that of the Messinian evaporites of the Mediterranean and such an ocean- 
spill model has provided an analogue (Legarreta & Uliana 1996). This continental-scale relative sea-level 
fall was effected during rising global eustatic sea-level. 

IMPORTANCE O F  SUPERCONTINENTAL FRAGMENTATION EPISODES 
Previously the origin of contractional tectonic events affecting the South American margin have been 
difficult to explain (Vergani et al. 1995). Almost exclusively changes in subduction activity associated 
with oceanic spreading and ocean plate splitting in the Pacific area have been proposed as their principal 
cause (Vaughan 1995). This is despite the fact that there are no particular signatures in terms of the 
variation in spreading rates (Larson 1991) that stand out to explain each of the compressional episodes 
that we document. We believe that thermally induced Gondwanan fragmentation episodes provide a more 
immediately viable explanation, in that they provide a mechanism for plate re-organisations driving 
changes along the circum-supercontinental subduction zone. Increased subduction coupling is considered 
to result in uplift recorded in the marginal basins as tectonically-driven sequence boundaries. Specific 
basin responses include: (a) Type-l and -2 sequence boundaries in fully marine successions; (b) basin 
barring and regionally extensive evaporite formation by spill replenishment; (c) incremental and overall 
changeover from marine to continental deposition systems; and (d) stepwise eastward migration of the 
volcanic arc. Plate tectonic theory emphasises the dynamic interaction between adjacent plates, whereby 
relative rates of motion can be fixed to either the underiding or overriding plate as a reference frame. with 
reference to the circum-Gondwana subduction zone, we believe that in the past an overemphasis has been 
placed on the motions of plates in the Pacific region, while our conclusions point to the importance of 
thermally induced spreading effecting relative motions of plates within Gondwana as the principal driving 
agent promoting subductional coupling. Thus, careful sequence stratigraphic analysis of active margin 
sedimentary basins provides a high resolution record, presently under-utilised in detecting, identifying and 
analysing global tectonic events in time. 

CONCLUSIONS 
The Domeyko basin succession thus appears to be dominantly controlled by global sea-level fluctuations 
during the Early-Middle Jurassic and by continental-scale (but not global) fluctuations during the Middle 
Jurassic to Mid-Cretaceous. The global sea-level fluctuations are interpreted to have been driven by 
glacio-eustasy, while the continental-scale tectonic events are interpreted to have been driven by the break- 
up of Pangea and subsequent fragmentation of Gondwana. 
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INTRODUCTION 

Studies of the kinematic and chronologic history of the Jurassic-Lower Cretaceous Andean arc between 
25" and 27" S, in combination with the recognition that magmatism and deformation were coeval (Brown et al., 
1993; Grocott et al., 1994; Dallmeyer et al., 1996), have codmated that the magmatic arc developed in a 
wide transtensional setting which involved a change fiom a ductile dip-slip dominant to ductile strike-slip 
dominant displacements in the Early Cretaceous (c. 130 Ma). 

Recently published results on younger rocks farther to the east document the existence of two other 
events in the Lower Cretaceous back-arc and in the Upper Cretaceous-Lower Eocene arc which were also 
dominated by dip-slip and by strike slip (Arevalo, 1994; Arevalo, et al., 1994; Arevalo, 1995). These suggest 
that the extension andtor transtension perhaps intermittently continued within the arc and back-arc until the 
Lower Eocene. The way that dip-slip and strike-slip were partitioned is matter of current research. 

REGIONAL SETI'ING 

The Copiapo area is located on the west side of the Andes in the central part of the Atacama Region 
between 27" and 28"S.The area is distinguished by three morpho-geologic elements. From west to east: (1) a 
coastal range formed by an eastward migrating Plutonic Arc of Jurassic-Cretaceous age which intrudes a 
basement formed by Upper Palaeozoic metasedimentary rocks and Permian intrusions; (2) a central zone with 
a very thick sequence of Cretaceous volcanic and volcaniclastic rocks and limestones interpreted to have 
developed in a Back-Arc Basin (Coira et., al, 1982) and (3) unconformably covering the back-arc association, 
an eastern zone of Upper Cretaceous-Lower Eocene sedimentary rocks, lava flows and ignimbrites which infilled 
a system of Rifts and Calderas (Arevalo et al., 1994), bounded to the east by the Domeyko-La Ternera Fault 
System. 

THE JURASSIC-CRETACEOUS ARC: A SYNPLUTOMC E X T E N S I O N A ~ S T E N S I O N A L  
FAULT SYSTEM 

In the plutonic arc many workers (Brown et al., 1993; Grocott et al. 1994 and Dallmeyer et al., 
1996) have shown that the emplacement of Lower Jurassic to Lower Cretaceous plutonic complexes was 
associated with a progressively east-stepping extensional fault system that culminated in the initiation of the 
Ataama Fault Zone as a mainly strike-slip structure in the Early Cretaceous (c. 130 Ma). The construction 
of the plutonic arc was closely associated with the displacements on syn-plutonic mylonite belts detined by 
hornblende and biotite schists (Grocott et al., 1994; Dallmeyer et al., 1996) that trend parallel to the north- 
south elongate pluton margins. 
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THE LOWER CRETACEOUS BACK-ARC: A STACK OF EXTENSIONAL ALLOCHTONS 

The back-arc is associated with a thick sequence of calcareous and volcanic rocks of Early to Mid- 
Cretaceous age (Valanginian to Santonian). The basal rocks have been subdivided into five formations: Punta 
del Cobre, Abundancia Nantoco, Totoralillo, and Pabell6n (Chafiarcillo Group; Sergerstrom and Parker, 1959) 
which interfingers with the Bandurrias Formation to the north and south. Both Chaiiarcillo and Bandurrias units 
are overlain by the Cerrillos Formation. 

The Bandunias Formation and the Chdarcillo Group constitute tectonic units detached from the Punta 
del Cobre Formation (parauthocton ) by the Punta del Cobre detachment which sho~vs a variety of structures 
indicative of eh3ension: low angle 'young over old" faults and large blocks disposed in e\?ensional domino 
geometries. 

In Sierra de Fraga Region, detachments of unequivocal ex-tensional origin have been described 
(Mpodozis and Allmendinger, 1993). These have affected the Permian to mid-Cretaceous (Aptian) strata in 
a broad domain east and southeast of Copiap6, probably during the Late Cretaceous (post Aptian, pre- 
Campanian), are similar in style to those of the Basin and Range province in the Western United States 
(Critenden et al., 1980). and have been related to the opening of an aborted marginal basin in Central Chile 
(Levi and Aguirre, 1981). Deposition of Mid-Cretaceous sedimentary and volcanic sequences (Cenillos 
Formation) in the C e d o s  basin immediately inboard (east) of the Lower Cretaceous back-an: basin could 
reflect subsidence associated with these detachments.The closing of the Cerrillos Basin is asociated with an 
important compressive deformathe phase during the Upper Cretaceous indicated by the Cernllos Thrust and by 
the Chaiiarcillo and Lautaro fold and thrust belts: of sinular formation age. 

THE UPPER CRETACEOUS-EOCEh'E ARC: A SYSTEM OF EXTENSIONAL RIFTS Ah?) 
CALDERAS 

The rocks of these periods are mainly related to the evolution of the Hornitos Basin (Arevalo et al., 
1994). The basin started as a volcanotectonic depression limited to the west by a system of normal-slip 
growth faults with a right lateral component of movement where rhyolitic dome complexes were 
synchronously emplaced. Talus breccias were deposited along the borders of the basin while alluvial 
conglomerates and lacusnine sandstones and siltstones were deposited toward the centre of the basin. A thick 
and widespread sequence of high potassium basalts and trachybasalt lava flows infilled the basin. The 
evolution of the basin finished with a phase of explosive volcanism and lava flows which preserve 
exuaordiDarily well most of the primary volcanic superstructure (megacalderas, nested caldera complexes, 
stratovolcanous). 

Synsedimentary structures and geometric features recognized in the basin are compatible with 
deposition in a dilatational transfer tone between the system of normal growth faults and the southern 
termination of the Domeyko-La Ternera Fault System. Both these characteristics, and the bimodal and 
tholeitic geochemical behaviour interpreted for volcanic rocks of the same suites in the Salvador region 
(Cornejo, et al., 1993), imply a regional extensional setting for the Upper Cretaceous-Eocene arc. 
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ISTRODUCTION 

Analog modelling has become a relatively common practice in Structural Geology from the beginning 
of the last century. This technique aims to make models the closest possible to the geometry andor 
mechanical behaviour of their natural equivalents. Nevertheless, experimental models generally simplify 
natural problems due to an unsufficient knowledge of the geological setting to be reproduced (precise 
geometry of rock masses and mechanical behaviour of rocks under stress) or to techical reasons (physical 
difficulties in reproducing mechanical parametres of rocks or their geometry). Consequently, diverse 
heterogeneities of nature are not taken into account. 'lberefore, if models are simplified versions of natural 
problems, the arisen conclusions should also reflect this fact. However, experimental modelling allows to 
study large-scale deformation in an ori@ manner and to establish the relations between initial 
conditions imposed to a model and the geometry of generated structures, as well as their evolution during 
deformation. 

The main objective during this study has been to reproduce the geometry of a segment of the 
Guadalupe-Mina & CoroChuchure thrust fault system that juxtaposes the today-inverted Oligo-Miocene 
Falc6n basin and the ParapanA high, in northwestern Venezuela. 'lbe comprehension of the geometry and 
origin of thrust faults associated with sedimentary wedges has deeply progressed due to analog modelling 
results but the compressive structures reproduced during most of those experiments did not try to 
comprehend the oblique deformations that very frequently perturb the lateral continuity of such structures 
in nature, such as: strike-slip faults, "en Bchelon" folds, thrusts or imbricated lateral connectors. These 
oblique zones to fold-and-thrust belts are classically described as tear fault zones (Hanis, 1970; Harding, 
1985), implying certain amount of strike-slip motion along certain faults. Several of such oblique 
structures have been identified along the GuadalupeChuchure thrust fault (Fig.1). Calassou et aL (1993) 
have been able to model analogically those complexly deformed zones by imposing, during modelling, 
several geometrical and mechanical initial conditions: variable thickness of sedimentary cover, offset thrust 
front, different friction law at thrust sole and variable angle between the maximum horizontal stress and 
the basin axis. Recently, Baby et aL (1993) have also modelled the last condition in order to explain 
transfer zones in the foreland basin at the foothills of the Bolivian Eastern Cordillera. 

GEOLOGICAL SETTISG 

The north-vergent Guadalupe-Mina de Coro-Chuchure thrust system extends westward for some sixty 
kilometers in northwestern Venezuela from the town of Puerto Cumarebo to the village of Las Piedras 
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(Audemard, 1993), located south of Sabaneta (Fig.1). Its easternmost segment corresponds to the north- 
vergent arcuated Guadalupe thrust, located offshore along the northern coast of La Vela anticline. The 
associated La Vela brachy-anticline is bounded on the west by the Carrizal fault, that strikes N010°-N0150, 
and on the east by the NW-SE trending fault system that controls the eastern coast of the Falc6n State 
(Fig.1). The thrust system front is disrupted twice by short left-lateral (tear) faults or complex zones that 
can offset it southward of few to about ten kilometers, such as east of Coro. There, the front jumps south, 
between the villages of Caujarao and La Vela, from the southern Carrizal fault tip to a north steeply- 
dipping monocline affecting the fanglomerates of the Late Pliocene-Early Pleistocene Coro formation 
(Fig.1). In between, the thrust plane does not outcrop, but its presence is underlined by a set of NE-SW 
trending "en Bchelon" folds that c o ~ e c t s  both segments (Audemard, 1993) (Fig.1). l'his geometry and the 
associated structures suggest the existence of a transfer zone. Further west, the second h n t  disruption 
happens at the western end of the segment extending between Caujarao-El Isiro and San Antonio, SW of 
the city of Coro. (Fig.1). The San Antonio or HatiLlo fault offsets it 2.5 km left-laterally, but the post- 
Pliocene slip is less than 1 km. Even further west, between San Antonio and Sabaneta, the thrust fault is 
located south of la fila Capole within the mudstones of the Middle Miocene Querales formation and along 
the valley of the small village of Chuchm (Fig.1). 

ANALOG MODELLISG 

An experimental modelling approach was followed to reproduce those oblique stuctures o w e d  across 
the main east-west trend of the Guaddupe-Mina de CoroChuchure thrust system. We only modelled its 
segment located east of Coro, though it corresponds to the most complex portion, comprising strike-slip 
faults and "en Bchelon" folds. large sandbox experiments have been performed because they allow a 3-D 
analysis of structures after deformation (along-strike structural variations). 

Many investigations, either theoretical or experimental, have proven that dry sand is an excellent 
analog of sedimentary sequences, because it is a brittle material that follows the MohrCoulomb rupture 
criteria (Hubbert, 195 1; Byerlee, 1978; Dahlen, 1984; Krantz, 1991; Lallemand et aL, 1994). The sand 
used for building the models is made of well-rounded quartz gains of eolian origin. 'Ihis dry noncohesive 
sand is characterized by a 30' friction angle and presents a NavierCoulomb rheology. Its density is about 
1.6 g/cm3 and its grandometric sorting, smaller than 50 pm, is obtained after sieving. l"hjn horizontal 
markers have been intercalated within the sand fill and a coloured 10 cm X 10 cm reference grid was drawn 
on top of it in order to observe deformation. 

The designed experimental apparatus tries to reproduce the basement geometry, whereas the sand fill 
represents the Oligo-Miocene sedimentary sequence of the Falc6n graben before tectonic inversion, taking 
into account collected field geological data as well as previously published and i n m e t e d  seismic profiles. 
Then, the apparatus comprises three undefonnable wooden blocks, sliding freely on a waxed P.V.C. table 
(Fig.2). The table is 1.20 m in width, thus allowing to study the along-stnke structural variations away 
from &face pernubated table edges. The wooden blocks w m  cut respecting the 6 P  dip of normal faults 
limiting the graben, and blocks have been placed on the table reproducing the geometric problem. The 
imposed analogies are: (1) NW compartment + Paraguad high with rather thin sedimentary cover, (2) 
NE compartment + La Vela bay basin, (3) central compartment + deepest part of the Falc6n graben; and 
(4) south compartment + southern margin of the Falc6n basin. 

MODELLING RESULTS 

From the very beginning of the experiment, a wedge started to form normal to motion of the south 
block. This wedge comprised in-sequence imbricated structures. When approaching the differentiated 
geometry of the northern compartments, an important virgation developed. The thrust front prograded to a 
more northern position on the NE compartment (analog to basin of La Vela bay), where the basement is 
deeper (Fig3a). The virgation fonned right above the basement step, thus corresponding to a transfer zone. 

During this experiment, common facts have been observed with Calassou et al. (1993)'s experiments: 
virgation develops right above basement jump (Fig.3a); thrust front progrades to a more external position 
where basement is deeper, for each thrust formed in the thick-sequence compartment (Fig3c), two smaller 
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thrusts form in the thin-sequence compartment (Fig.3b); complex structures affect the sedimentary fill 
above the basement step as observed in nonnal-to-wedge cross sections. 

The experiment allows us to make the following analogies with the Guadalupe-Mina de Coro- 
Chuchure thrust system: (a) on surface, virgation is compamble to the one offsetting the thrust system 
front, southeast of Coro (Fig. 1 and 3a). Therefore, Los MBdanos fault is responsible for such virgation 
because it vertically displaces the basement between the P a r a p d  block (NW compartment) and the basin 
of La Vela bay (NE compartment); (b) the transfer zone of the Guadalupe-Chuchure thrust comprises a left 
lateral fault (Carrizal fault) and a set of "en khelon" folds located at the southern tip of this fault. The "en 
khelon" folds m s p o n d  to the folded structures observed in the paral.le1-to-wedge cross sections. Then, 
the Carrizal fault should be considered as a lateral ramp; (c) Comparing a NE compartment cross-section 
(Fig.3~) to a seismic profile across La Vela anticline interpreted by Cabrera (1985) (FigA), a close 
reseinblance is observed. Let us recall that a large portion of the upper part of the La Vela anticline is 
already eroded. We also observe the fault plane where it dips about 30%, very similar to the dip of the 
modelled fault plane at depth. Model's backthrusts are equivalent to those of the natural example. 

CONCLC'SIONS 

From the close similarities between the performed analog modelling and the natural example, we can 
conclude that the virgation of the Guadalupe-Mina de Coro-Chuchure thrust fault system, located southeast 
of Coro, is closely linked to the difference of Neogene sediment thicknesses between the P a r a p d  high 
and the contiguous basin of La Vela bay, producing a typical transfer zone right above a basement step, in 
turn, generated by the Los MBdanos fault (down-to-the-east normal fault). The transfer zone of this thrust 
system comprises a short lateral ramp (the left-lateral Carrizal fault) and a set of NE-SW trending "en 
khelon" folds, responsible for tmnsport of the La Vela anticline to the north, in a more external position. 
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Fig.1 Neotectonic setting of northern Faldn State, near Coro, showing the Guadalupe-Mina de Core 
Chuchure thrust system and its virgations (after Audemard, 1993). 

.oou 

Fig.2 Apparatus used during analog modelling of transfer zone and graben inversion. Fig.3 Flnal 
condition after deformation: a) birdeye view of model showing transfer zone formation above basement 
step. Large arrow indicates kinematics imposed, b) NW compartment cross-section; c) NE compartment 
cross-section. Fi g.4 Interpreted seismic profile across the La Vela anticline (after Cabrera, 1985). 
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INTRODUCTION 

The Central Andes, between 10 and 28's. are characterised by the elbow shape of the mountain 
range (The Bolivian orocline), a thick crust (55-75 km), high relief (several summits over 6000 m) and an 
enigmatic high plateau (the Altiplano) with an average altitude of 3650 m.a.s.1.. Recent works have 
shown the importance of crustal shortening for the development of the structural pattern of the Central 
Andes [Allmendinger et al., 1983; Isacks, 1988; Roeder, 1988; Roeder and Chamberlain, 1995; Sheffels, 
1990; Baby et al., 1989, 1992a, 1992b, 1995; Gubbels et al., 1993; Schmitz, 1994; Kley et al., 19951. 

The purpose of this paper is to present two crustal balanced cross-sections across the northern 
and southern branches of the Bolivian orocline, which show the Neogene thrusts geometry of the back arc 
system and the Neogene shortening contribution to crustal thickening. 

TECTONIC SETTING 

In Bolivia, the Andean thrust tectonics started in Late Oligocene [Sempere et al., 19901 and is 
still developing. The sediments involved in thrusting consists of an pre-orogenic series from Cambrian to 
Oligocene and an Oligo-Miocene to recent continental syn-orogenic infill. 

The back arc system of the Bolivian orocline is divided from east to west into five 
morphotectonic units (cf. Fig.). The Chaco and Beni plains correspond to a poor deformed Neogene 
foreland basin underlain by the Brazilian shield. It is overthrusted by the Subandean Zone, a complex 
thin-skin fold and thrust belt characterised in its central part (Santa Cruz elbow) by important transfer 
zones, and which developed since 10 My [Gubbels et al., 19931. The pre-orogenic sedimentary series 
presents (Ordovician to Cretaceous) lateral variations of facies and thicknesses which play an important 
role in controlling the structural geometry. The Interandean zone and the Cordillera Oriental correspond to 
thick-skin fold and thrust belts. The Interandean zone is only built of Devonian and Silurian sediments. In 
the Cordillera Oriental - built mainly of Ordovician anchimetamorphic sediments - the Neogene thrust 
system is superimposed on a deeply eroded pre-Cretaceous fold belt. The Altiplano is a complex 
intermontane basin overthrusted by the Cordillera Oriental, and characterised by a thick Cenozoic 
sedimentary infill deformed by a Neogene thrust and tectonic inversions. Maximum crustal thicknesses of 
70-74 km under the Altiplano and Cordillera Oriental thin to 32-38 km 200 km east of the Andes in the 
foreland basin [Beck et al., 19951. 
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SURFACE AND SUB-SURFACE THRUST STRUCTURES 

Subandean zone 
The northern branch of the Subandean Zone is characterised by important thrust sheets (10-20 

km) and broad synclines filled by Neogene sediments - piggy back basins with 6,000 m of syn-tectonic 
sediments [Baby et al., 19951. Surface mapping, reflection seismic data, and drilling information provided 
by the Bolivian State Oil Company (YPFB) show that the main detachments are located in the 
Ordovician shales, in the Silurian shales, in the Devonian shales and in the Permian shales. The foredeep 
has a bottom that slopes at 4". In our cross-section (cf. Fig.), the amount of shortening taken from 
tectonic balancing is 74 km, i.e. 50%. 

In the southern branch, an important east verging thrust (Mandiyuti Thrust) divides the southern 
Bolivian Subandean Zone into two fold and thrust belts that differ according to their thrust system 
geometry. The western belt is characterised mainly by fault propagation folds and fault bend folds, 
whereas the eastern belt is characterised by fault propagation folds and passive roof duplexes [Baby et al., 
1992al. The main detachments are located in the Silurian dark shales, in the early Devonian shales, and in 
the base and top of the Middle to Late Devonian dark shales. The Silurian-Devonian succession is covered 
by more than 2000 m of late Paleozoic and Mesozoic sandstones with no potential detachments; in some 
places it is also covered by several thousan i meters of syn-orogenic Neogene sedimentary rocks. The 
foredeep has a bottom that slopes at 2". Total shortening decreases from 20" S (140 km, i. e. 50%) toward 
the south (70 km, i. e. 35%, at 22" S). 
Interandean zone and Cordillera Oriental 

They are deformed by involved basement east-vergent thrusts and associated back-thrusts. Near 
the surface, shortening is concentrated in the west-vergent thrust system at the western part of the 
Cordillera Oriental and - in the southern branch - in the Interandean zone (cf. Fig.). The Cordillera 
Oriental is characterised by presence of small Neogene piggyback basins which have recorded the 
deformation history [Htrail et al., 19961. Surface data allowed to construct some balanced cross-sections. 
An amount of shortening between 80 and l00 km is estimated. 
Altiplano 

The combined study of field and seismic reflection data shows that the Altiplano is structured by 
Oligocene extensional basin partially inverted during the Neogene, and by the west-vergent thrust system 
of the Cordillera Oriental [Rochat et al., 19961. 

The northern Altiplano (cf. Fig.) is characterised by a very thick series of Cenozoic continental 
sediments (more than 10 000 m) which come from the Oligocene extensional tectonics and from the 
Neogene uplift of the Cordillera Oriental. The southern Altiplano shows the maximum amount of 
shortening. It is deformed by an important east-vergent thrust system [Baby et al., 1992bl. Construction 
of balanced cross sections has been made possible due to surface mapping, reflection seismic data, and 
drilling information provided by the Bolivian State Oil Company (YPFB). 

DEEP DATA AND CRUSTAL BALANCING 

From surface and geophysical data obtained in the last decade, we have constructed two crustal 
balanced cross-sections (Fig.). 

In the northern branch of the orocline, some results of the French Lithoscope experiment - a 
teleseismic field experiment [Dorbath et al., 19931 - have been used to construct the deep structures. The 
Moho shape was established from PKP residuals. In the southern branch, the results of the Berlin Group - 
seismic refraction data [Wigger et al., 19941 - give a Moho shape and show that high velocity zones under 
the Cordillera Oriental can be interpreted as high positions of lower crustal material. 

In the two crustal balanced cross-sections, the total amount of shortening in the Paleozoic, 
Mesozoic and Cenozoic cover, calculated from our regional studies, is accommodated by the development 
of a duplex of middle and lower crust. This duplex can explain the crustal thickening under the Cordillera 
Oriental, but not under the Altiplano. These results are in accordance with the balanced model of Schmitz 
(1994) in the southern Central Andes. 

CONCLUSIONS 

From north to south, our balanced cross-sections show that, in the back arc system of the 
Bolivian orocline, the total amount of shortening varies from 191 km to 231 km. These values are in 
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accordance with the amount of shortening (210 km) calculated by Sheffels (1990) in the central part of the 
Bolivian orocline. This increase of shortening from north to south coincide with an increase in the cmstal 
thickness [Beck et al., 19951 and an increase in the width of the chain - the chain is wider in the south 
where the Interandean and h e  Subandean zones are more developed. 

In the north as in the south, the Neogene shortening is insufficient to produce the cmstal 
thickening evidenced by geophysical data under the Altiplano. This crustal thickening can be explained by 
a pre-Neogene shortening, but we have not evidence of other important shortening later than the pre- 
Cretaceous erosion. Other processes of cmstal thickening must been suggested. 
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INTRODUCTION 

The accretion of exotic terranes to the south American margin during Mesozoic and Cenozoic time 
characterizes Northern Andes. In Ecuador and Colombia several allochtonous terranes (or blocks) 
limited by collisional sutures have been identified (Fig. 1; MC Court et al., 1984; Mtgard, 1989; Duque- 
Caro, 1990; Van Thournout et al. ,  1992; Aspden & Litherland, 1992, and references therein). In 
northwestern Colombia the Choc6 block is bounded to the east by the Cordillera occidental and to the 
south by the Istmina fault zone (IFZ). The coastal plain with the Cordillera occidental of Colombia and 
Ecuador form the oceanic Coastal Terrane. The Calacall-Pallatanga Suture (CPF) and the Cauca Fault 
(CF) limit the latter from the Chaucha-Amaime Terrane which accreted along the Peltetec (PF) and 
Romeral (RS) Sutures. In northern Peru, the Amotape-Tahuin Block (ATB) is bounded to the north by 
the Raspas Fault (RF) and to the east by the Las Aradas Fault (LAF). Strike-slip motion, related to 
increased subduction rate, occured along the sutures triggering basins formation during the Neogene 
(Baudino, 1995). The study of two Neogene strike-slip basins of Ecuador, structurally linked to the CPF 
and PF sutures, revealed that their evolution is however incompatible with classical pull-apart models. 

BASINS ANALYSIS 

The Chota basin, in the northern ecuadorian Andes is located between the CPF and the PF (Fig. 1). 
Unconformable non-marine deposits of Miocene age, with a minimum thickness of 2400 m, overlie a 
Mesozoic metamorphic basement and are discordantly topped by Plio-Quaternary volcanics. The 
sedimentary fill is bounded by NE and N striking faults. 

Sedimentologic analysis shows that the sedimentary fill can be divided into two main sequences 
(Baudino, 1995; Barragan et al., 1996). Fining upward fluvial and lacustrine deposits form the lower 
main sequence, whereas the upper one is made of coarsening upward lacustrine and alluvial fan 
deposits. Local unconformities separate the two main sequences which correspond to different stages of 
the basin's evolution : opening during lower to middle Miocene and closing during upper Miocene. 

Structural analysis revealed near horizontal slickensides, the migration through time of the 
deposition center towards the most active zones and flower structures, which are arguments for strike- 
slip basin related to dextral motion of the bounding faults. In addition, synsedimentary tensional faults, 
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resulting of N120°E extension, indicate simultaneous fault-normal extension during lower to middle 
Miocene. Folding and faulting, resulting of N120°E (along NE striking bounding faults) and E-W (along 
N striking faults) compression indicate simultaneous fault-normal compression during upper Miocene. 

Figure 1: Morpho-tectonic map of Northwestern Andes showing ranges (hached) and Neogene 
sedimentary basins (dotted); Ch. Chota basin; C-G. Cuenca-Gir6n basin; CP. Cauca-Patia Depression; 
IFZ. Istmina Fault Zone; CPF. Calacali-Pallatanga-Palenque Suture; PF. Peltetec Suture; RF. Raspas 
Fault; LAF. Las Aradas Fault; FSA. Ecuadorian Subandean Tectonic Front. 

The Cuenca-Gir6n basin, in the southern ecuadorian Andes is an episutural basin situated upon the 
PF (Fig. 1). More than 5000 m of Miocene continental deposits unconformably overlie a late Oligocene 
and Mesozoic basement, and are discordantly topped by Plio-Quaternary volcanics. The Cuenca and 
Gir6n basins were formerly considered separately, but recent studies have shown that it is a unique 
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asymetric basin with a thicker sedimentary fill near the eastern bounding fault (Baudino, 1995). This 
bounding fault is NE striking in the Gir6n and southern Cuenca basins (the active Gir6n Fault) and N 
striking in the northern Cuenca basin. 

The sedimentary evolution is characterized by two main sequences (Noblet et al.,  1988; Mediavilla, 
1991; Baudino, 1995) : a lower fining upward main sequence (made of fluvial and lacustrine deposits), 
and an upper coarsening upward main sequence (made of lacustrine and coarse alluvial fan deposits). 
These two sequences correspond to different stages of the basin's evolution : opening during lower to 
middle Miocene and closing during middle to upper Miocene. 

In the light of detailed structural analysis, the Cuenca basin was defined a strike-slip basin related 
to dextral motion of regional faults by Noblet et al. (1988). These authors and Lavenu et al. (1995) 
proposed that a compressive stress field affected the basin with NNE-SSW to NE-SW shortening (and 
normal NW and WNW-ESE related extension) during the opening stage, rotating to an E-W and WNW- 
ESE shortening during the closing stage. However, the same authors described a synsedimentary 
extension normal to the bounding faults which counters the compressive stress field hypothesis during 
the opening stage. The NNE-SSW to NE-SW shortening was deduced from conical synsedimentary 
folds. These folds are however located near and have axis normal to the bounding faults, and appear 
then to be better explained by strike-slip motion of the faults rather than being characteristic of a 
regional compressive stress field. I think, thus, that transtension (simultaneous strike-slip motion and 
fault-normal extension) should be better used to characterize the tectonic regime affecting the Cuenca 
basin during the opening stage. Compression was coeval with strike-slip motion during the closing stage 
(Noblet et al.,  1988; Lavenu et al . ,  1995). Moreover, a careful1 examination of synsedimentary folds 
location show that compression is normal to the bounding faults, giving rise to N-S elongated folds in 
the northern part of the Cuenca basin and NE-SW elongated folds in the southern part. Transpression, 
thus, can be better used to characterize the tectonic regime affecting the basin during the closing stage. 

In the Gir6n basin, transtension (with Girdn Fault-normal extension) during the opening stage, and 
transpression (with fault-normal compression) during the closing are well documented (Baudino, 1995). 

DISCUSSION 

Stress fields associated with right-lateral strike-slip motion on the N and NE trending bounding 
faults of the Chota and Cuenca-Giron basins, and nearly parallel folding and faulting (normal or 
reverse) are incompatible with classical faulting theory. In the latter, the direction of maximum 
horizontal compression is expected to be 30"-45" for a vertical strike-slip fault plane (Anderson, 1951). 
One could invoke rotations affecting pull-apart basins and triggering tectonic inversion on a same fault 
in a stable compressional stress field (e.g. Richard et al.,  1995). In the present dextral strike-slip setting, 
however, this should be a clockwise rotation of the basins and not the anti-clockwise rotation suggested 
by Noblet et  al. (1988) and Lavenu et al. (1995) for the Cuenca-Gir6n basin. Neither the Chota nor the 
Cuenca-Gir6n basins can thus be interpreted as pull-apart basins. An alternative to pull-apart basins has 
been proposed by Ben-Avraham & Zoback (1992) : relatively large-scale extensional or compressional 
features can develop parallel to transform faults that are best explained by the strong crust - weak 
transform conceptual model developped by Zoback et  al. (1987) for the San Andreas fault system. In 
such cases, the horizontal principal stresses have to rotate to orientations approximately parallel and 
perpendicular to the weak transform fault so as to minimize shear stress on the fault. This reorientation 
resulted in fault-normal extension during lower to middle Miocene and fault normal compression during 
upper Miocene in the ecuadorian strike-slip basins genetically linked to collisional sutures. The 
Neogene basins of the Cauca-Patia Depression of Colombia, are related to strike-slip motion along the 
Cauca and Romeral Sutures (Fig. I ) .  Transtension during lower to middle Miocene and transpression 
during upper Miocene is also well documented in these basins (discussion in Baudino, 1995). 
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CONCLUSIONS 

In the light of the previuous considerations it appears that the collisional sutures of the Andes of 
Ecuador and Colombia, which are deep crustal faults comparable to transform, acted as weak faults 
during the Neogene. Northward motion of the allochtonous terranes triggered transtension along the 
sutures. Strongest coupling between the subducting and overriding plates with buttressing effect 
provided by the Chocd block accretion and underthrusting of the Caribbean plate are probably 
responsible for the occurence of transpression during the upper Miocene (Baudino, 1995). 
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INTRODUCTION 

The A!-sen Basin is a north-south elongated basin (Fig. 1) in which over 1200 m of shallo\v 
marine sediments accumulated in a narrow, epicontinental sea parallel to the continental margin in 
the southern Andes during early Cretaceous times (SuArez and De la Cruz, 1994). The basin formed 
in a back-arc setting as a thermal sag during a period of volcanic and tectonic quiescence. It was 
linked to the Magallanes Basin to the south. The sediments were derived from the continental San 
Jorge Basin in the east. 

TECTONIC SEl'TING 

Ex-ensi~e marine and continental sedimentaq basins developed on the continental crust of 
southernmost South America during the Mesozoic and Cainozoic. The early Cretaceous evolution of 
these basins (Fig. 1) was controlled by two major tectonic events, one on either side of the continent. 
In the nest, subduction of an oceanic plate produced a magmatic arc parallel to the continental 
margin. At the same time, in the east, the split-up of the Gondwana supercontinent and the opening 
of the South Atlantic Ocean resulted in the development of an ex-ensive passive margin. The basins 
are of great economic sigruficance as they enclose the petroleum provinces of Chile and Argentina. 

Early stages of basin development during mid-Jurassic to earliest Cretaceous times \%ere 
associated with ex-ensional rifling of the continental crust. Subsequently, during the Lo~ter  
Cretaceous, the dominant tectonic Q-le over most of the area was a slow, gentle and broad subsidence, 
probably related to thermal sagging. There is little evidence in the sedimentary record for 
qndepositional tectonic or magmatic activity related either to the subduction in the West or the 
ex-ension in the east. A foreland basin, associated with a western fold and thrust belt, only started to 
develop in the Magallanes Basin in the southern part of the region in the uppermost Cretaceous. 

The sedimentaq basins are floored with metasedimentary continental basement rocks, some 
of which were probably the product of terrane accretion These are unconformably overlain by a 



Third ISAG, St Malo (France), 17-191911996 

widespread succession of late Jurassic subaerial 1.01canic rocks. By early Cretaceous (Berriasian) 
times broad subsidence and do\vnwarping had resulted in the development of two major NW-SE 
trending sedimentary basins (Fig. 1). In the northeast between 45Oand 47's was the east-west 
elongated San Jorge Basin. This was separated by the uplands of the Deseado Massif from the larger 
Magallanes Basin to the south (Riccardi, 1988). The San Jorge Basin was filled with predominantly 
lacustrine and flu\ial continental sediments and the Magallanes Basin with pelitic marine sediments. 
The evidence from prograding sequences idenflied by seismic stratigraphy (Biddle et al., 1986; 
Fitzgerald et al., 1990) indicates that most of the sedimentary infill of both the San Jorge and the 
Magallanes basins was derived from the north and northeast. The Somuncurh Massifwas the source 
of sediments in the San Jorge Basin and the Deseado Massif provided clastic debris to the Magallanes 
Basin. 

AYSEN BASIN 

Linking the San Jorge and Magallanes Basins in the west, and probably cut off by an inactive 
segment of a magmatic arc from the Pacific Ocean farther to the west, was the north-south elongated 
Aysen Basin (Sdrez and De la Cruz, 1994). Although most of the clastic debris which fills this basin 
was derived from the erosion of volcanic rocks. there is little direct nidence for contemporaneous 
volcanic acti\ity in the form of interbedded pjroclastic deposits or lava flows. A lack of soft-sediment 
deformation structures, mass flow deposits and turbidites suggests that the area was tectonically stable 
during the accumulation of the sediments. 

Marine sedimentary rocks of the Coyhaique Group (Table 1) infilled the Aysen Basin. 
Limestones, sandstones and p~roclastic rocks of the Toqui Formation form the base of the succession. 
They were deposited as reefs and beaches during a marine transgression across the rocky shores of 
active silicic volcanoes. Deepening of the seas to form a large, sheltered marine embaymenf resulted 
in the deposition of a thick succession of carbonaceous black shales of the Kanerfeld Formation. 
Fossil fauna assemblages indicate that the Aysen basin was linked to the Magallanes Basin to the 
south. The fossils also suggest that the basin was isolated from basins to the north. The black shales 
are overlain, with a sharp and probably regionally si@icant contact, by rippled sandstones and 
shales of the Apeleg Formation. Sandstone lithologies and paleocurrents in the Apeleg Formation 
indicates that the sediments were derived from rivers flowing wernvard from the continental San 
Jorge Basin (Fig. 2). 

The thick successions of well-sorted, fine-grained sandstones and mudstones, together nith 
abundant plant debris, indicate that the sediments of the Coyhaique Group were derived from densely- 
vegetated areas of low relief nith a warm, humid climate. The Kanerfeld Formation was deposited in 
a large restricted marine embajment produced by flooding of the continental shelf from the south. 
Subsequent opening up of this embajment to the influence of tidal currents weeping through the 
narrow seaway, produced the Apeleg Formation, characterised by the deposition of large, low-relief 
offshore tidal sandbars in a shallow shelf sea. The sea level rises which produced the initial flooding 
and subsequent opening of the emba~ment may have been related to global sea level rises of 
Valanginian and Hauteri\ian times (Vail et al., 1977), 

The Aysen Basin dneloped in a back-arc position between an active continental margin and 
an undeformed continental platform (Fig. 1). Despite this setting it does not display the sedimentary 
characteristics of a foreland basin (Allen and Homewood, 1986). The area was apparently tectonically 
stable and the sediments show no e~idence of earnyards thinning or fining successions. The 
paleocurrents indicate derivation from the continental landmass to the east rather than from a 
magmatic arc or a fold and thrust belt in the west. 

Marine sedimentation in the Aysen Basin ended with a minor and localised episode of 
deformation, uplift and erosion in Barrernian to Aptian times. These events were followed by 
ehqensive Aptian-Albian calc-alkaIine subaerial volcanic acti~ity which produced the unconformably 
overljlng sedimentary and silicic volcanic rocks of the Divisadero Formation. This late Cretaceous 
volcanic activity was associated nith a major phase of plutonic activity in the Patagonian batholith 
(Fig. l). 

CONCLUSIONS 
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The epicontinental Aysen Basin of southern Chile and Argentina formed during early Cretaceous 
times as an interior seaway behveen an volcanically and tectonically quiescent segment of a 
subduction-related active continental margin in the \vest and a passive margin in the east. 

Sedimentay basins in southernmost South America record a ~ariety of distinctive tectonic 
hislories. Cretaceous thermal subsidence in the Aysen and San Jorge Basins was follo~ved by Tertiary 
uplift and erosion (Fitzgerald et al., 1990). By contrast the northern part of the Magallanes Basin 
molved from an early Cretaceous continental thermal sag, with sediment derived from the northeast, 
into a late Cretaceous and Cainozoic foreland basin, with sediment derived from a fold and thrust belt 
in the west (Biddle et al., 1986: Ramos, 1989). Farlher south in the south of the Magallanes Basin. 
the Rocas Verdes back-arc basin, ~vhich opened as a narrow ophiolite-floored sea in the late Jurassic 
or earliest Cretaceous, became filled nith deep marine sediments during the early Cretaceous. This 
basin was uplfied and deformed in the late Cretaceous (Dalziel, 1981). The distinct magmatic, 
structural and sedimentary nolution of each of these adjacent areas reflects the segmentation 
resulting from variations in the geometq of sections of the dourngoing oceanic slab. 
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Table 1. Sualigrsphy of lhc A- Basin 

Di\isadero Formation 

Age 

Aptian-Abian 
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Wu~eri\ian-Aptian 

Valanginmn-Haulerivian 

Bcrrissian 

Mid to Uppm Junstic 

Early Mmzoic 

Late Ruemzoic to 
Palamzoic 

Coyhaiquc Group 

Apcleg Fomulion 

bnerkld Fornunion 

Tcqui Formalion 

Sucess~on or ocnl  I 

Subacrial mlc-alkaline \olwnim 

Local unmnfonnily. Dclormalion and uplin 

Rippled sandslona and shales 

Fossililnm~s black shala 

Limestones, sandnona and p!~oclaslia 

Subnvial silicic \o I~nism 

Regional unconlorrnif). 

Continental bnmcnl  rocks 

hno Fonnalion 

Mruudirnentarj 
bavment 

In~crprauon 

Magmatic ani\.ir). in u.mcrn arc 

M~nor folding and thrusting 

Tidal sandbun in n a m u  scans?. 

Ernbayrncnt with m~ricrrd cirmlation 

Marine wanrgrcrsion across a d \ t  \olcanm 

Magmn~ic arc in n m ,  crunal cnension in can 

UpliR and erosion 

Possible Palcozoic Knane amclion 



Fig. I. Distributio~i of early Cretaceous 
sedimentary basins in southernmost Soutll Amcricil. 

So~nuncura Massif 

Fig. 2. Pnlcogcography of southern South Atnerica during thc carly 
Crctaccous. 
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REGIONAL GEOLOGY 

The Ecuadorian country has a physiography and a geology deeply related to the subduction system 
affectin uninterruptedly the West South American margin from Colombia to Chile. Consequently, there 
are recognized in Ecuador three main morphotectonic regions: the Coast or Forearc Region, the Sierra 
(Highlands) or Volcanic arc (two chains: Western and Eastern or Real) and the Oriente or backarc region 
which joins to the Amazonian foreland. 

The Ecuadorian subduction system is characterized by the oceanic origin cretaceous basement of the 
forearc region and Cordillera Occidental. The same situation has been postulated for the equivalent 
colombian regions. Both, the colombian and ecuadorian Andes, compose the so called Northern Andes. 
The oceanic terranes accretion has been performed during the Palegene provoking a very deep 
paleographic change. 

FOREARC STRATIGRAPHY 

Two main paleographic zones has ben distinguished in the forearc region. At present they are 
separated by the Colonche Fault. To the North of this fault in the Chongon-Colonche Hills outcrops the 
early cretaceous oceanic origin basement (the Piiion Formation), covered by a thick volcanoclastic 
sequence (the Cayo Formation) dated as upper Cretaceous. At the top of this sequence it is found a finer 
marine sequence (the Guayaquil Formation) with sparse intercalations of tuffaceous material dated 
Maastrichtien in the more cherty base and Paleocene in the slighty more calcareous resto of the 
formation. The top of the Cayo Formation and the Guayaquil Formation have been laterally replaced in 
the Manta zone by volcanic series of island arc origin called San Lorenzo Formation (Lebrat, 1985). 
Over the oceanic-volcanic related series and after a diastrophic event in the Paleocene-Eocene boundary 
there are turbiditic limestones (San Eduardo Formation) of Early to Middle Eocene age followed by 
hemipelagic siliceous mudstones (Las Masas and Cerro Formations). The sands and conglomerates (San 
Mateo Formation) deposited at the end of the Middle Eocene clearly indicates the beginning of the 
continental feeding just at the time of the collision between the oceanic terrain against the continental 
southamerican landmass. From the late Eocene until the Oligocene there are found only argilaceous 
neritic to upper bathyal deposits, Resting unconformably on the previous series we found the mainly 
Miocene to Quaternay sequences corresponding to the filling of the forarc basins formed after the 
collision stage. 

To the South of the Colonche Fault in the Santa Elena Peninsula oilfield district cretaceous and 
paleogene rocks also outcrop but much more deformed tha those of the Chongon-Colonche Hills. The 
basement presumably of the same oceanic origin doesn't crop out, but only tectonized fragments of it are 
found intercalated with contorted radiolarian shales similar to those of the Guayaquil Formation. They are 
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dated Campanian to Paleocene. After unconformity of middle Paleocene age the Azucar turbidic sands and 
conglomerates dated late Paleocene are found. This formation is mainly composed of quartz and 
matamorphics detrital elements which indicates a contienental basement provenance, corroborated by 
NNE trend of the paleocurrents; the area souce is certainly the Amotape NW peruvien province. After a 
new diastrophic event they are deposited in the Early?-Middle Eocene the turbidites and argilaceous beds 
of the Ancon Group in a paleoenvironment of neritic to bathyal depth. An unconformably neogene 
filling is found in the subsiding zones of Progreso and Jambeli forearc basins. 

VOLCANIC A R C  STRATIGRAPHY 

In the Cordillera Occidental a similar to the Northern Coast Cretaceous to Paleogene stratigraphic 
sequence is found, though more deformed and less known at present. Tectonic scales of an oceanic 
basement, and of late cretaceous volcano-clastic series have been mapped. There are also found arc-island 
origin series named Macuchi unconformably covered by turbiditic Eocene limestones (Unacota 
Limestone), follou~ed by the Apagua Formation sandstones and conglomerates (Eguez, 1986; Santos and 
Ramirez, 1986). The first calcalkaline volcanic arc rocks are the Alausi adn Lower Saraguro Formations 
recently dated Late Eocene by radiometric methods by La\tnu et a1 (1982). 

In the Cordillera Oriental or Real, buitl-up of metamorphic and igneous rocks of jurasic age reseted 
in  the Late Cretaceous (Aspden, 1992), i t  is not found a younger sedimentary or volcano-clastic cover 
but some datings in igneous intrusions seems to indicate a volcanic arc activity during the Paleocene- 
Eocene, contermporaneously with the blacuchi island arc. 

Three main evolutionary stages are distinguished in the forearc region and Cordillera Occidental. 
During the first stage (late Aptian-Early Campanian. 108-08 Xla) or pre-collision stage, this region 
underwent an oceanic type evolution. The early cretaceous oceanic crust (Piiion Formation) was 
unusually thickened due to the influence of a hot spot. Over this crust i t  developed an dipping East 
island-arc system which emerged locally (Cayo Arc). The arc products originated thic prawackes deposits 
(Cayo Fm.) in the barck-arc marginal basin located bet~veen the arc and the Southamerican continent. 

The second stage or collision stage does not occur simultaneously in the whole forearc region. The 
collision is essentially oblique, beginning in the South by the collision of the Amotape Block against 
the NO peruvian margin during the Early Campanian (E. Jaillard pers. comm.) provoking its rotation 
and accretion. The collision continues to the North with the accretion of the Santa Elena Peninsula 
during the Paleocene. The Coastal Block to the Xorth of the Colonche Fault and the Cordillera 
Occidental were accreted at the end of the bliddle Eocene. 

The third stage or post-collision stage started in the Late Eocene developing the present forearc basins 
which underwent a stronger subsidence period during the bliocene and locally during the Pliocene- 
Pleistocene. The main deformation in this stage is atributed to transcurrent faulting due to the partition 
phenomena of the Nazca Plate oblique subduction. The collision and subduction of the Nazca (12 Ma) 
and Carnegie (2 Ma) ridges have locally and temporarily affected the sedimentation buy they have not 
produced very deep transformations in the forearc region. 

The invoked mechanism capable to provoke the collisions is the installation during the Campa~ian 
of a second East dipping subduction zone paralell to the ancient cretaceous system subsisting to the 
West, which followed the marginal basin axis then located bet\\.een the cretaceous island-arc and the 
Southamerican continent. Both subduction systems might ha\.e funcioned simultaneously until the 
Middle-Upper Eocene. From the Oligocene i t  sur\,ives only the more ancient and more occidental 
subduction system which envolves during the Neogene to its present condition. 
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INTRODUCTION. 

The NeuquCn Basin lies to the imme&ate east of the Andean Cor&llera in Argentina, between the 
latitudes of 35" and 41"s. It formed as a back-arc extensional basin during the Late Triassic and Early 
Jurassic, open to the Pacific at its northwestern margin. The Mesozoic and Cenozoic sedimentary infill 
reaches a thickness of 7km (Vergani et al., 1995), a lengthy period of thermal subsidence (Aalenian to 
Albian) succeeding the initial rifting (Norian to Toarcian). Inversion of the generally north-south trending 
normal faults in the western half of the basin began in the Eocene, uplifting several sizable basement 
blocks above surface level. One of the largest of these blocks is the Cordillera del Viento in the 
northernmost part of NeuquCn Province. The results of field studies, the analysis of seismic lines and 
Landsat TM images, and palaeomagnetic data from around this range and to the north in Mendoza 
Province will be presented here. 

STRATIGRAPHY 

Recent works on the stratigraphy have analyzed it using sequence stratigraphic &visions (e.g. 
Legarreta and Gulisano, 1989). The Jurassic to Early Tertiary succession can be separated into ten 
mesosequences, the first two of whch make up the Norian to Toarcian synrift, lying on a basement of 
Carboniferous to mid-Triassic volcanics (Choiyoi) and clastics. The mesosequences begin with a 
continental clastic unit, then a transgression to give platform and deeper basin deposits, followed by 
gradual progradation of marginal facies from the south and east towards the northwest. The termination of 
several mesosequences reveal basin dessication and hypersalinity, the evaporite horizons having since been 
utilized as detachments during inversion. 

Sediment thicknesses increase greatly towards the northwest of the basin, a large depocentre 
originally being located in the Chos Malal area (Figure l), although amalgamation of the isolated 
half-grabens in response to thermal subsidence did not occur until the mid Jurassic (Vergani et al., 1995). 
Following the subsidence during the later Mesozoic, the loading by the Andean magmatic arc in the 
Tertiary produced a narrow foreland basin along the Chilean border. 
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STRUCTURE 

A variety of structural styles are observable in the area around Chos Malal (Fisures 2&3). Field sections 
made across this region show large-scale basement involvement in the compression, but in a tluck rather than 
thin-skinned style (which would utilize low-angled thrusts); significant changes in fold wavelength; multiple 
detachii~ents a d  kickhisting.  

The Cordillera del Viento is interpreted as an inversion of a large west dpping half graben in whlch 
significant increases in the synnft Los Molles Formation (Toarcian) thickness occur. Uplifi of the basement on 
high angle reverse faults (50°-70°) has produced a broad anticline, movement on the west-dipping thrust passing 
into backthrusts at the base of Los Molles. At the outcrop scale a brecciated band, 15m thick, of these shales is 
found above the basement (Choiyoi Group), with top-to-the-west shear sense in highly deformed beds. Structures 
here show mesoscale inversions (Figure 3) which provide a good analogue for the Cordillera del Viento anticline. 
Why fonvard propagztion of the thrust should be transfexed to antithetic motion k r e  a: the pre to spiif? 
boundary may be explained by the elasteplastic, non-viscous nature of overpressured shales (Los Molles is one 
of the source rocks for the overlying sandstones), in which localized shear zones can form but complete 
decoupling around the fault cannot (Verschuren et al., 1996). It is equally feasible that these backthrusts represent 
inversion of secondary normal faults, fom~ed during the Pliensbachian-Toarcian rift phase, giving an inherited 
weakness to this unit. 

Fifteen kilometres to the east along section, and less well constrained, is the Las Macinas anticlinz. This 
can be related to the structural il~version of anorher smaller half-gnben of similar polarily (normal displacement 
approxin~ately 500111). Thrust moveinent has been transferred from the steep palaec~normal fault to footwall 
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Cordillera Las Curaco Pampa Huantraico 
W del Viento Macinas Yesera Tril E 

Figure 2. Sketch section showing the structures along a W-E transect from the Cordillera del Viento to 
Filo M o d o  (see Fig. l for location). Sequences - PC: Pre-Cuyo; CL: Cuyo and Lotena; Mendoza 
Supersequence; N: Neuqukn, (all are mesosequences unless stated). * marks location of outcrops 
shown in Fig.3. No vertical exaggeration. 

shortcuts, evidenced by overturned folds at the surface in the Huitnn Formation. Foreland-directed thrusting out 
of the graben occurs at the pre-sy~f t  boundary, possibly in response to back-rotation of the normal fault about an 
horizontal axis. 

To the east of Las Macinas there is a change from west to east fold vergence and an increase in fold 

Fiyre  3. Mes~scale inversion structures within the IAS Molles Formation. A: Inverted norn~al fault 
showing expulsion of the hanging-wall, with possible reworking of earlier antithetic faults. B: 
Incipient Ile flottante footwall shortcut of a palaeo-normal fault. Footwall cut-offs on lower thrusted 
segment are 70° - 80°, identical to those preserved in the uninverted fault. 

wavelength and asymmetry, reflecting a change in inversion style. The Curaco Yesera del TromCn and Pan~pa 
Tril nionoclines have very gently dipping backlimbs of 10-15km length and short, hmked forelimbs. Wells 
drilled through Parnpa Tril show basement a: a depth of 1470m (Viiies, 1990). This fold may have formed as a 
basement-involved fault propagation fold localized on the underlying normal fault - the short Huantraico Rift, 
beneath the syncline of the same name. Earlier interpretations of this structure have reconstructed it with hidden 
duplexes in the triangle zone Setweer, tlie two folds, (Vifies, 1990, and Ploszkiewicz, 1987). The Huitrin salt 
horizon which forms the top of the seventh inesosequence (Aptian) becomes active as a detachment in this 
strclcture. It acts as a slip horizon backthrusting the western limb of the Huantraico syncline over the monocline 
forelimb. 
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This is the eastern limit of the Andean deformation front, the undeformed external parts of the basin lying 
in the foreland Basement involved thrusting of similar geometry is also characteristic of the fold and thrust belt 
margin to the north towards Malargiie in Mendoza Province. 

CONCLUSIONS 

The role of basement in affecting the structural style of the NeuquCn fold and thrust belt has been 
significant. Shortening across the area has been in the order of 20%, and occurred mostly during the Oligocene 
and Miocene in response to easterly-directed compression from the Andean chain, though possibly including a 
component of ridge-push from the South Atlantic ridge. 

J.Booth wishes to thank Daniel Boggetti for help and advice in the field, and GAMSA in Mendoza for logistical 
support and the Landsat data. 
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INTRODUCTION 
The Maracaibo basin, which is located between two 
andean chains, the Merida Andes and the Sierra de 
Perija (fig. l), has been subjected to several deforma- 
tion styles during its geologic evolution. 
The objective of this paper is the explanation of the 
different tectonic phases which deformed the sedi- 
ments of the Maracaibo basin. This structural evolu- 
tion was constructed from the interpretation of a 
transect of 2D and 3D seismic lines, which cross the 
basin from NW to SE (fig. 2). 

STRUCTURAL FRAMEWORK 
The actual Maracaibo basin is located inside a 
triangular tectonic block (fig. l), bounded by the 
Bocono fault, in the Merida Andes, the Santa Marta 
fault, located west of the Sierra de Perija in Colombia, 
and the E-W striking Oca fault, running parallel to the 
boundary with the Caribbean plate. 
Before the uplift of the Merida Andes, the basin 
included the Barinas-Apure basin, located south of the Andes. 
lnside the triangular tectonic block, one can differentiate two fault systems: a N to NE striking fault 
system, which experienced compressional deformation by episodic pulses, and an extensional W to NW 
striking fault system. The N to NE striking system consist of two main faults (fig. 3). A lower fault, which 
is a thrust propagated at basement and Cretaceous levels and generally absorbed by the Colon shales 
(Upper Cretaceous). This fault is converted into a drape fold structure at Paleocene levels. The upper fault 
is a normal growth fault at the Eocene level and strikes opposite to the overprinted thrust 

STRUCTURAL EVOLUTION 
During the breakup of Pangea (Triassic-Jurassic times), the North and South American plates separated 
from each other forming a belt of rift-grabens (Pindell, 1990), opening the space for the depositional 
history of the Maracaibo basin. The graben system extended from the Gulf of Venezuela to the south- 
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Schematic NNW-SSE 
Transect across the 
Maracaibo Basin 

reaching Ecuador (Bartok, Reijers and Juhasz, 1981). 
The Jurassic La Quinta formation filled the grabens with volcano-sedimentary sequences. Some of these 
grabens are buried under the thick sediments of the Maracaibo basin and others are outcropping both in 
the Merida Andes and the Sierra de Perija 

The graben system that developed from extension changed to a compressional phase presumably during 
Upper Jurassic to Lower Cretaceous times. Subsequently, the sediments were folded and faulted culminat- 
ing in a partial to total erosion (Stephan, 1980). 

During the Cretaceous , the sediments were deposited in a passive margin setting (Pindell, 1990) under 
broad subsidence . After the basal Rio Negro sands thick sequences of the Cogollo group carbonates were 
deposited (Lower Cretaceous). This was followed by the black bituminous limestones of La Luna forma- 
tion, which is considered as the main 
source rock for oil in the basin. The Upper 
Cretaceous was characterized by the 
shaly Colon formation, set behind the arch 
environment (Bartok et al., 1981). 

Up to the end of Paleocene and during 
Eocene the basin area faced an eastward 
moving Caribbean plate across its north- 
em edge. The encounter with this Pacific- 
derived plate caused two different kinds 
of events. To the northwestern part of the 
basin ocurred z collision and subduction. 
But, the northeastern edge underwent an 
obduction. 

( Fig 3. E-W Section across the Icotea Structure I 

The oblique collision with the Caribbean 
plate caused a subduction under the Santa 
Marta Massive in Colombia, which 
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extended under the Maracaibo 
basin (van der Hilst, 1993). The 
resulting compression created a 
thrust belt in the Sierra de Perija 
and a foreland tectonic province 
in the Maracaibo basin. The 
thrust belt is characterized by 
faults in a thin-skinned setting, 
while the foreland area developed 
basement-involved faults. 
In the foreland tectonic province 
set in the Maracaibo basin, the 
compression caused thrust 
propagation along old N to NE 
oriented Jurassic grabens and 
related structures. The thrusts 
extended across the basement and 
Lower Cretaceous carbonates, but 
once reaching the Upper Creta- 
ceous Colon shales, the reverse 
faulting detoured and was absorbed. At Paleocene levels, the thrusts were developed into drape fold 
structures. In the foreland province of the Rocky Mountains in Wyoming, one can observe similar drape 
fold structures (Lowell. 1985). The resulting high and low areas were filled by Eocene tectono-sedimen- 
tary sequences and bounded by normal growth faults dipping opposite to the overprinted thrusts. The 
compressional deformation took place though episodic pulses. Each tectono-sedimentary sequence began 
with a sediment deposition under extensional regime. After a compressional pulse the sediment wedges 
were shortened, slightly folded, inverted and sometimes slightly eroded. A new deposition began once the 
compresional pulse ended, began a new deposition. Seismic lines of the Mara field (in the western part of 
the basin) defme three different tectono-sedimentary sequences for the Eocene and another three for post- 
Eocene times (fig. 5). 
The compressional Eocene deformation involved only faults striking N to NE, while taking into account 
that the main shortening axis was oriented NW-SE (figs. 3 & 4). 

N 
Fig 4. 
Eocene Structural Duality 
(Compression /Extension) 

The extensional deformation was opposite to the compressional forces (fig. 4). As the Caribbean plate 
appeared along the northern edge of the Maracaibo basin, its charge produced a flexural deformation, 
resulting in a foredeep located close to the allochtonous body. The foredeep advanced eastwards together 
with the Caribbean plate. 
This event transformed the area of the Maracaibo basin into a foreland basin (Lugo and Mann, 1993). To 
accomodate to this new situation, the old sedimentary passive margin platform completed a lithospheric 
bend toward the foredeep. In this extensional environment were normal faults striking W to NW, allowing 
for a stepweise descent into the foredeep. 
Towards the central part of the lake (during Lower Eocene times) was located a high, which was presum- 
ably a reactivation of the Merida High - active during the Paleozoic. Large normal growth faults bound 
the northern and southern edges of this high. 
The eastward migration of the Caribbean plate lead to an obduction. The Lara nappes were pushed over 
part of the actual Falcon and Lara areas (Stephan, 1977,1980). The foredeep was located close to the 
obduction zone in the northeastern part of the basin. 

The combination of NW oriented compression with the eastward foredeep migration which merged with 
the Caribbean plate) resulted in a clockwise rotation of the main blocks of the Maracaibo basin. This 
action caused sinistral strike-slips along the main faults striking N to NE. 
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Evolution (W-E) of Mara Field through 
compressional episodic pulses. 

CONCLUSIONS 
The structural styles that have ocurred in the Maracaibo basin were heavily influenced by plate tectonics. 
The breakup of Pangea opened the space for Jurassic sediment deposition, followed by a quiet Cretaceous 
passive margin. Once the Caribbean plate appeared in the northern edge of the area during the Upper 
Paleocene, the environment changed to a foreland tectonic province. During the Eocene, the oblique 
collision with the Caribbean plate in the northwestern edge of the basin (and the following subduction) 
produced a NW-SE compression. This caused thrust propagation at the border of old jutrassic grabens. 
While in the opposite quadrant a foredeep produced by the charge of the allochton and later, by the 
obduction produced in the northeastern basin edge, gave place to an extensional deformation in a foreland 
basin setting. The resulting normal faults strike E-W to NW-SE. 
Additionally, the combination of the NW oriented compression with the eastwards foredeep migration 
(which merged with the Caribbean plate) resulted in a clockwise block rotation. Thus causing sinistral 
strike-slips along the main faults striking W E .  
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RESUMEN 

Las Capas Rojas del grupo San Jeronimo eran consideradas de edad Cretiicica superior y su origen 
estaba relacionada a la fase Tectcinica Peruana. Sin embargo, la sucesicin estratignifica, observaciones de 
camp ,  correliciones y una datacicin radiometrica, muestran que esta unidad abarcaria desde el fin del 
Eoceno mcdio hasta cl f in  del Oligoceno inferior y que la sedimentacicin estaria relacionada a1 evento 
Tectcinico Inca 1, que en la regicin se traduce como un c.ontinuurn tectcinico compresivo, desarrollando 
fallas de rumbo, sobre las que se formaron cuencas prrll-ap~rf. 

INTRODUCTION 

A red series of continental origin which is more than 5,000 meters thick, which is known with 
the name of Red Beds (Marocco, 1978) or San Jeronimo Group (Cdrdova, 1986), wide1 y crops out in the 
region of Cusco and Sicuani. I n  Cuzco, the San Jercinimo Group has been divided i n  3 Formations, Kayra 
(3000 m), Soncco (1600 m) and Punacancha (1700 m) (Cdrdova, 1986). 

Former Studies had considered to the Red Beds of the San Jerdnimo Group, as the Latest 
Cretaceous-Tertiary age (Marocco, 1978; Cdrdova, 1986).The Maastrichtian times, gi\,en to the Kayra and 
Soncco Formations,was based first on the charopytes presence near the Kayra base, which indicate The 
Maastrichtian age and then for the "dinosaur tracks" presence near the top of the Soncco Formation 
(Ccirdova, 1986; Noblet et al 1987). Then the Punacancha Formation would be Tertiary, this 
disconformably overlies the Soncco Formation. Further studies (Carlotto, I W?), have demonstrated that 
the San Jercinimo Group cwerlies on the paleontologycally dated series, which is of The Paleocene- 
Earliest Etxene times (Quilque and Chilca Formations) (Fig. lA), that is why i t  was considered the 
overthrust i n  order to explain the suppc>sed abnormal superpcxition (Carlotto 1992; Jaillard et al 1993). 

The field works, the tectonic sections analysis and the stratigraphic correlations gave the benefit 
of the doubt to the overthrust existence, that is tvhy, i t  was important to review and look for other ways 
or datation for the Red Beds. To the South-east of Cuzco, i n  the SW anticline limb, Mje have the type 
section of the San Jercinimo Group where the volcanic turfs, which were found under the "dinosaur 
tracks", were sampled to be submitted to a radiometric datation. These samples gave a KlAr age of 
29.9k1.4 Ma (Carlotto et al 1995). 
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This age, plus the stratigraphic succession, the correlations and structural sections, indicate that 
the Red Beds of the San Jeronimo Group are before to the Late Oligocene times (28 Ma) and discard the 
Latest Cretaceous age based in supposed dinosaur tracks. Therefore, they also discard its relation with the 
Peruvian Tectonic Event. 

SEDIMENTARY EVOLUTION AND STRUCTURAL SETTING 

The obtained datation only lets us know the top's age of this unit. However, the Red Beds 
overlie on disconformity to the Chilca Formation of Late Paleocene-Earliest Ecxene age. On the other 
hand, Noblet et a1 (1987) has made sedimentation rate calculations of the Sicuani's Red Beds (near Cuzco), 
where by comparisons with the pull-apart and the rift basins, he indicates that these Red Beds could have 
been deposited in 15 Ma approximately. If  we consider these data as valid the Red Beds' base would be of 
the final Middle Eucene ( 4 3  Ma). 

The sedimentary evolution of the Red Beds is divided in two coarsening upward sequences (Kayra 
and Soncco Formations) (Fig. 1A). The deposit means are characterized by floodplains that are flown by 
braided rivers (Cbrdova, 1986). The first sequence (Kayra Formation) corresponds to the basin opening 
related to the strike-slip faults, where the coarsening upward sequences indicate that the fluvial 
sedimentation progrades especially from South to North (C6rdova ,1986). The volcanic activity seems 
weak and null. In the second sequence (Soncco Formation), the rivers proceed preferably from the SE 
(C6rdova, 1986). The development of progressive unconformities predominates in different places, 
beginning from the inferior limit of this sequence and i t  is associated to the compression. The volcanic 
activity becomes more important. The dated sample is located at the top of this Formation, in other 
words, i t  is found on the last levels of the progressive unconformities. Synsedimentary tectonic features 
has been already recognized within the Cuzco-Sicuani basins by Noblet (1985) and Cordova ( 1986). 

Red Bed outcrops appear in the Cuzco region, to the north of a curved structure (Fig. lB), to the 
limit between the NE border of the South Peruvian Western Trough and the Cuzco-Puno Swell. These 
outcrops can be divided in 3 different sectors: In the NW Sector there are folds NE-SW (Fig. ]B), while in 
the East Sector, the folds have a NW-SE, N-S and E-W direction, i t  is in this last system, where more 
spectacular progressive unconformities can be seen. Finally in the Central Sector, mainly gypsum, silts, 
and limestones crop out in a diapir fashioned way, on which little isolated bodies of the Red Beds appear. 
Inside of this evaporitic body there are thrustings that make the gypsum levels repeat. Nevertheless, the 
evaporites also appear in the other sectors delimiting the folds that affect the Red Beds. 

What is essential of the structuration as i t  is observed now, has been acquired during the 
sedimentation of the Red Beds. The later tectonic effects have not greatly modified it.(Ccirdova,1986). 

GEODYNAMIC CONTEXT 

The Inca 1 Tectonic crisis of the Middle Erxene (44-42 Ma) is defined as a short duration event 
(Soler, 1991). This event corresponds to the anomaly 18 ( 4 3  Ma) (Pllger, 1983) that indicates an abrupt 
velocity increase of the PaciCic SE and a slight direction modification of the convergence. Also, for the 
Pacific SE, the anomaly 13 (Pilger, 1983) corresponds to a change of convergence direction between the 
Farallon and South America plates and a net velocity decrease. The convergence direction passes from 
N4S0 (Anomalies 13 - 16) and N70" (Anomalies 13- 12). 

According to this geodynamic context, we think that the so called Inca 1 Tectonic crisis would 
be responsible of the beginning of the Red Bed basin functioning and that this would not have beha\.ed 
only as a short duration crisis, but as a continuum tectonic. Thus the tectonic evolution of the 3 
formerly described sectors can be explained considering the average vector of convergence between the 
Farallon and South America plates of N4S0, before the anomaly 13 (Pilger, 1983) and N7O0, that is 
posterior to this anomaly. A senestral strike-slip mo\rement is produced with the NE \,ector in the fault 
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segment in the NW Sector. This movement controls the opening of the NE-SW pull apart basin and its 
posterior evolution, evidenced now by the NE-SW folds. In the East Sector, which is the most complex, 
the different direction folds seem to define pull-apart basins controlled by old accidents (Cordova 1986). 
The origin of these pull-apart basins would be related to regional dextral strike-slip motions. In this East 
Sector, the main efforts NE (N45" to N70°), can produce locally senestral strike-slip faults. Indeed, the 
progressive unconfonnities of the Ancaschaca zone and the Occopata one (Fig. l) ,  can be explained by 
senestral motions, controlled by old accidents. The progressive unconfonnities not only had a tectonic 
control but also they seem to have been controlled by diapirisim phenomena, which have synchronically 
worked. In the Central Sector, the regional strain NW-SE, produces thrusting. In front of them type 
Dome structure of evaporites are formed, which explains the great gypsum abundance (Fig. 1C). Little 
Red Bed bodies are placed over the evaporites and in front of the thrust. 

CONCLUSIONS 

The Red Beds sedimentation of the San Jeronimo Group, corresponds to the pull-apart basins, 
controlled by strike-slip faults, as it was previously interpreted (Cordova, 1986; Noblet, 1987). These 
faults are inherited structures of the Pre-Mesozoic and Mesozoic paleogeography, to the boundary between 
the Cuzco-Puno Swell and the NE border of the South Peruvian Western Trough. In this compressive 
context the Cusco region, presented a curved zone with the NW-SE and E-W faults propense to the strike- 
slip fault development. 

The sedimentological evolution, the synsedimentary tectonic structures (progressive 
unconfonnities, faults, clastic dykes, etc), clearly show that the Red Beds of the San Jeronimo Group 
have been deposited under a constant tectonic regime. In a first moment the pull-apart basins individualize 
themselves and important progressive unconformities are developed right after. This is explained by the 
regional changes of strain related to the convergence of the plates. All of this is interpreted as the result of 
the Inca 1 Tectonic Event that starts in the Middle Eocene Times (44-49, Ma) and continues as a tectonic 
continuum until the end of the Early Oligocene times. 
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A new model to explain the tectonic evolution and present structural configuration of the North-Andean 
Flanck (Torondoy-Caja Seca-Valera; Figure I) is presented. The deformation style is based on the geome- 
try of flexure folds applied to thrusting areas. The geometry is formed by ramps and flats associate to 
fault-bend folds (Suppe; 1983), wich evolve into fault-folds (Figure 2 and Figure 3). 

In the study area, this deformation is the cause of complex imbricated thrusting and intercutaneus thrus- 
ting wedge system, which are consequence of distinct tectonic events. These events have affected the An- 
dean Flank since the Oligocene-Miocene period until recent Pleistocene. The Virtudes Thrust (Figure 2) 
is the main expression of this system. 

The system has developped in two phases: the first event (Fipre 3-1 to 3-3), Pre-Pliocene in age, is de- 
velopped over a ramp 3-4 km long dipping about 30-35 to the south-east, towards the Bocon6 Fault. A 
second event, Plio-Pleistocene in age, with a ramp of 3-4 km and dipping 55-60 to the south-east is for- 
med on the upper flat of the first ramp (Figure 3-4). 

Andean basement rocks have been overthrusted up to 34-36 km into the Maracaibo Basin. It is the cause 
of the Cretaceous and Tertiary rocks decollements over the fault-bend fold. The decollements of the Me- 
so-Cenozoic cover are situated within the shaly units of the Upper Cretaceous Formations (Luna-Colon) 
and also within the Mio-Plio-Pleistocene Betijoque Formation. 

This complex thrusting is associated (Figure 2) with strike slip faults, dextral (Piiiango Fault) in the 
south or senestral (Rio Momboy and Rio Motatan Faults) in the east. 

In agreement with Hospers and Van Wijnen (1959), Kellogg and Bonini (1982, 1985), Giegengack 
(1984), Kohn er al. (1984) and De Toni and Kellogg (1993), this work, based on remote sensing studies, 
field observations and cross-section modelizations, suggests that the Venezualan Andes uplift is caused 
by crustal shortening along two generations of complex southeast dipping thrust faults. 
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Figure 1: Location map of the study area (slightly modified from De Toni and Kellogg, 1993). 
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R.M.F.: Rio Motatan Fault 
P.F.: Pinango Fault 

Figure 2: Structural analysis using remote sensing data (Landsat TM path 006-row 054) and landscape 
observations. 

a: Pre-Pliocene back thrusts (figures 3- 1 to 3-3); b: Plio-Pleistocene back thrust (figure 3-4); c, d & e: 
Synthetic thrusts, Plio-Pleistocene in age (not modelled on figure 3); c: Las Virtudes thrust (Plio-Pleis- 
tocene); d: Ancient Pleistocene thrust; e: Recent Pleistocene thrust and back thrust. 
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Neogene Paleoroic basement 

~aleogene Precambrian basement 

Cretaceous 

Figure 3: Modelled cross-sections of the Northwestern flank of the Venezuelan Andes using progam 
"Thrust" (Chirlesworth and Jahans, 1992). 

3- 1 to 3-3: Pre-Pliocene events; 3-4: Plio-Pleistocene event. 
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INTRODUCTION 
Regional-scale long-lived shear zones spatially associated with ancient and present-day magmatic 

arcs provide a unique oppomnity to address the link between tectonics and magmatism at a crustal scale, 
both in the long and short-term. Valuable information concerning the tectonics. of magmatic arcs also 
comes from the study of the regional-scale trend of dike swarms, spatial distribution of volcanic centers 
and focal mechanisms of inua-arc crustal earthquakes. The nature of deformation partitioning of the 
convergence vector at subduction zones may also be assessed through constraining the kinematics and 
timing of intra-arc deformation and its correlation with coeval plate motions. 

The Cenozoic geodynamic setting of the southern Chilean Andes is well constrained showing 
relatively steady right-oblique subduction of the Farallon (Nazca) plate beneath South America since 
48Ma, with the exception of nearly orthogonal convergence during the 26-20 Ma time span, following the 
breakup of the Farallon plate (Pardo-Casas and Molnar, 1987). During the last 14 Ma the Nazca-South 
America-Antarctica triple junction has migrated northward from Tierra del Fuego to its present position at 
the southern end of the Southern Andes Volcanic Zone (Cande and Leslie, 1986). Both oblique 
subduction and ridge subduction have been proposed to be driving mechanisms for intra-arc shear (Beck, 
1991; Nelson et al., 1994). 

We propose that the long-term and short-term kinematics of the Cenozoic magmatic arc in 
southern Chile are recorded in: (1) Pre-Eocene(?) and Miocene-Pliocene ductile shear zones and Miocene- 
Pliocene brittle faults of the intra-arc Liquine-Ofqui fault zone (LOFZ) (Herve et al. 1979; Lavenu and 
Cembrano, 1994; Cembrano et al. 1996) ; (2) Eocene-Miocene dike swarms (Herve et al. 1995); (3) 
spatial distribution of Holocene volcanic centers (Nakamura, 1977, Lopez-Escobar et al. 1995); and (4) a 
few, intra-arc crustal earthquakes (Chinn and Isaacks, 1983; Banientos and Acevedo, 1992) (Figure 1). 

In this work we present the results of systematic field and petrographic observations in several E- 
W transects across the intra-arc northeast-wending LOFZ which extends for more than 1000 km northward 
from the Nazca-South America-Antarctica triple junction. Geological observations together with new and 
published geochronological data suggest marked Merences in kinematics, physical conditions and 
possible age of deformation in the magmatic arc of the southern Chilean Andes for the Cenozoic (Figure 
1). The spatial distribution of dike swarms and volcanic centers in southern Chile is also addressed to 
help constraining the intra-arc tectonics. 
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Figure 1. Regional scale sketch map showing the main tectonomagmatic features of the Cenozoic 
magmatic arc of the southern Chilean Andes (compiled from Barrientos and Acevedo, 1992; Chinn and 
Isaacks, 1983; Cembrano et al. 1995; Herve et al. 1979; Herve et al. 1995; Lopez-Escobar et al. 1995). 
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NATURE AND TIMING O F  INTRA-ARC DEFORMATION 

Pre-Eocene (?) mylo~t ic  strips up to one km in width document sinistral transpressional ductile 
deformation near the northern end of the LOFZ (Liquine, 39"s). This is in contrast with post-Miocene 
ductile to brittle dextral strike-slip deformation further south (Figure 1). At 42" S, new U-Pb zircon ages 
from one synkinematic and one prekinematic pluton are 9.9f 0.6 and 135k 12, respectively. Published K- 
Ar and &-Ar ages are mostly -9-13 Ma in hornblende and -6-3 Ma on biotite, indicating either uplift and 
cooling or pervasive thermal resetting of Cretaceous plutons during Miocene time. New Ar-Ar ages on 
biotite from both ultramylonitic shear zones and less deformed plutonic rocks range from 3.59k0.01 to 
3.78k0.01. Microstructural observations suggest the latest ductile fabrics in plutonic rocks formed at 
greenschist facies conditions (300-350°C) similar to biotite Ar closure temperature. 

Work in progress at 44"-46"s near the southern end of the LOFZ (Puyuhuapi-Aysen area, figure 
l) ,  shows that brittle faulting predominates over ductile deformation along north and northeast-trending 
lineaments making up a strike-slip duplex (Cembrano and Herve, 1993). Ductile dip-slip along with 
dextral strike-slip kinematics has been inferred from fabric studies on meter wide mylonitic shear zones 
occumng within the Patagonian Batholith and metamorphic wallrock. Kinematic analysis of fault slip 
data shows transpressional to compressional deformation of possible Miocene-Pliocene age. Eocene- 
Miocene mafic dike swarms (Figure 1) have a predominant northeast trend over an area of several hundred 
square km., which is consistent with an overall dextral strike-slip kinematics at the time of emplacement. 
Likewise, the spatial distribution of Holocene basaltic minor eruptive centers between 38" S and 46 "S is 
mostly resmcted to northeast, en echelon, alignments (Figure l), which are believed to document rapid 
magma ascent through subvertical tension fractures within a transpressional dextral strike-slip volcanic 
arc. Previously published seismic data for the southern Andes volcanic arc is limited to only two 
earthquakes (Chinn and Isaacks, 1983; Banientos and Acevedo, 1992), both having dextral sbike-slip focal 
mechanism (Figure 1) 

CONCLUSIONS 

Available long-term and short term data show that the magmatic arc of the southern Chilean 
Andes has been undergoing transtensional to transpressional dexmal strike-slip deformation for several 
million years. This tectonic regime has exerted a major control in the long-term and short-term magma 
ascent and emplacement as shown by synkinematic Eocene-Miocene dike swarms, Miocene plutonic rocks 
and present-day volcanic centen. Different degrees of deformation partitioning of the Farallon (Nazca) 
South America convergence vector into arc-parallel shear and arc-orthogonal shortening has likely been 
responsible for the existence of episodic andtor coeval dextral-strike-slip and dip-slip deformation along the 
arc. 
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INTRODUCTION 

The Neuqukn Basin of West-Central Argentina (Fig. 1) was 
formed in the late Paleozoic to early Mesozoic as a result of 
continental rifting (Legarreta and Uliana, 1991; Uliana and 
Legarreta, 1993; Urien and Zambrano, 1994; Vergani er al., 1995). 
During the Mezosoic and Cenozoic, more than 7 km of sediments 
were deposited, including marine, continental and volcanoclastic 
units. 

In general, the NeuquCn Basin has been well studied, because 
it produces petroleum (Uliana and Legarreta, 1993; Urien and 
Zambrano, 1994). However, the western reaches in the Andean 
foothills are less well known. 

We have studied the Chos Malal region, where well-exposed 
sections provide insights into basin development, inversion and the 
formation of Andean structures. 

DEVELOPMENT O F  THE NEUQUEN BASIN 
Fig. 1. The Neuqutn 
Basin (after Urien and 
Zambrano, 1994). 

In the western NeuquCn Basin, late Paleozoic \~olcanic units (Andacollo and Choiyoi groups, Fig. 2) 
form the top of economic basement (Urien and Zambrano, 1994). They were deposited in an intra-arc 
setting. From the Triassic to the Early Cretaceous, a phase of extensional tectonics resulted in half- 
grabens, trending NNE to N (Manceda and Figueroa, 1995; Urien and Zambrano, 1994; Uliana et al., 
1995; Vergani er al., 1995). Two major marine cycles (Jurdsico and Andico) occurred between the Liassic 
and the end of the Albian, while the basin was in a back-arc position (Legarreta and Uliana, 1991). Each 
cycle resulted in thick black shales, passing upwards into sandstones or evaporites (Fig. 2). Near the base 
of the Jurdsico cycle, the Los Molles Fm. contains many layers of tuff and a major turbidite, indicating 
strong tectonic control on the development of the basin, which was near a volcanic arc. 

From the Cenomanian to the Paleogene, continental sandstones of the Riogrdndico cycle appear to 
have been deposited in a foreland basin (Bamo, 1990; Vergani er al., 1995). During the Cenozoic, 
abundant volcanoclastics show that the basin was in an intra-arc setting. 
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STRUCTURE OF THE CHOS MALAL AREA 

Our structural map (Fig. 3) and cross-sections (Fig. 4), drawn on the basis of fieldwork, Landsat 
images and subsurface data, show two structural domains: one north of Chos Malal, dominated by thick- 
skinned thrusting; the other, south of Chos Malal, showing only thin-skinned structures. 

In the northern domain, two mountains nearly 3000 m high (the Cordillera del Viento and the 
Tromen volcano) have formed above eastward-verging blind thrusts (Uliana et al., 1993; Urien and 
Zambrano, 1994; Uliana et al., 1995). The Cordillera del Viento, which started as a ramp anticline and 
became a pop-up, brings late Paleozoic basement to outcrop. Further east, the Pampa de Tril thrusts detach 
within Paleozoic basement. Here, the cover has been backthrust westwards (Vifies, 1990), detaching on 
Aptian evaporites (Huitrin Fm.). The resulting triangle zone forms the current mountain front. 

In the southern domain, the basement does not crop out. Thin-skinned structures include thrusts and 
folds. Anticlines are typically box folds with km-scale wavelengths and their hinges can be followed for 
several tens of kilometers along strike. Synclines tend to be wider, reaching 15 km in the south. In 
general, fold axes trend N160° to N 170' throughout the area, but there are some anomalies (Fig. 3): (i) the 
southern edge of the Cordillera del Viento anticline trends N060°, instead of N170° elsewhere; (ii) around 
Tromen volcano, folds swing from N to NE on the southeastern side and from N to NW on the 
southwestern side; (iii) SE of Collipili, fold axes trend N060°. 

Within the cover sequence, there are several detachments. The uppermost is in the Aptian Huitrin 
Fm. (Viiies, 1990; Vergani et al., 1995), where up to 300 meters of halite are known from subsurface data 
(Gabriele, 1993). Other detachments are in thick black shales of the Los Molles and Vaca Muerta 
formations (see Vergani et al., 1995). On reaching the Los Molles, the basement thrust ramp of the 
Cordillera del Viento passes upwards into a flat, visible on a seismic line. As for the Vaca Muerta shales, 
they fill the cores of detached anticlines in the southern domain (Fig. 4b) and anomalous thicknesses have 
been encountered locally in wells. In general, the shales are overpressured (Vergani et al., 1995). 

We have measured fault-slip data at 6 localities in Late Cretaceous rocks (Fig. 3) and 19 localities 
in Jurassic rocks. The data were analyzed using the method of right dihedra (Angelier and Mechler, 1977). 
In Late Cretaceous rocks, the principal direction of shortening is sub-horizontal. For localities 1, 2 and 3, 
the principal shortening trends N070°, sub-perpendicular to regional fold trends and sub-parallel to the 
convergence direction of the Nazca plate since 49 Ma (Pardo-Casas and Molnar, 1987). In contrast, for 
localities 4, 5 and 6, the principal shortening trends N 170". The significance of this result is not clear. In 
Jurassic rocks west of Chos Malal, the principal shortening is either sub-vertical (associated with normal 
faults) or sub-horizontal (associated with strike-slip faults). The principal extension trends NE, but varies 
with age (from N020° before the Kimmeridgian to N 100' in the Kimmeridgian). Negative flower structures 
and synsedimentary faults are common. The latter show stratigraphic thickness variations (growth) or 
evidence for burial in the last stages of faulting. Thus the tectonic context was extensional or 
transtensional during much of the Jurassic. 

There is evidence for basin inversion during the Late Cretaceous and Tertiary. 1. On seismic 
evidence, most eastwards-verging thrust flats and ramps are reactivated Jurassic normal faults (see Manceda 
and Figueroa, 1993; Urien and Zambrano, 1994; Uliana et al., 1995; Vergani et al., 1995). 2. West of 
Chos Malal, we have found at outcrop several examples of listric normal growth faults, reactivated as 
reverse faults. 3. The southern edge of the Cordillera del Viento was a lateral thrust ramp during Andean 
compression, but may have been an extensional transfer fault during the Jurassic. 4. In the southern 
domain, linear belts with anomalous northeasterly fold trends may also be reactivated Jurassic transfer 
faults. Tertiary volcanic sills around Collipilli have two main trends (Llambias and Malvicini, 1978), one 
parallel to regional fold axes, the other at N040° to N060°, parallel to anomalous fold trends. 

As for the fold axis deviations around the southern edge of  the Tromen volcano, we suggest that 
they are due to gravitational collapse during the Tertiary. 

On seismic evidence, Andean compression began during the Late Cretaceous (Vergani et al., 1995). 
It reached a paroxysm during the late Paleocene and early Eocene (Manceda and Figueroa, 1993; Vergani et 
al., 1995). Thus the Sierra Mayal (Zollner and Amos, 1973), an intrusive andesitic porphyry of Eocene 
age, cuts a large anticline. The cross-cutting Collipilli volcanic sills are also Eocene in age (Llambias and 
Rapela, 1989). Deformation induced by collapse of the Tromen volcano appears to be later than 
Pleistocene-Holocene basalts. 
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CONCLUSIONS 

In the Chos Malal area, Andean shortening of Paleogene age is responsible for thin-skinned 
deformation of the Mesozoic sedimentary cover on at least three levels of detachment. In the northern 
domain, thick-skinned deformation involved eastwards-verging basement thrusts, formed by reactivation of 
Jurassic normal faults. Jurassic transfer faults, striking NE, were also reactivated and may be responsible 
for anomalous fold trends and lateral thrust ramps. The main Andean deformation ended before the 
Oligocene. The Tromen volcano, formed during the Quaternary, locally modified the structural pattern. 
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RESUMEN 

El limite Cordillera Oriental-Altiplano en la regicin de Urubamba (Cuzco-Peru) esta dado por un 
alto estructural, controlado por [allas de rumbo, donde convergen cabalgamientos del Altiplano con 
vergencia NE y cabalgamiento de la Cordillera Oriental con vergencia SW. El Alto estructural corresponde 
al Umbral Cuzco-Puno que control6 la sedimentacicin, paleogcograria y la tcct6nica, pc)r lo menos a partir 
del Pdleozoico superior. 

GEOLOGICAL SETTING 

The Urubamba region is located between two morpho-structural units: The NE border or the 
Altiplanc) and the SW border or the Eastern Cordillera, limited by the valley or the Urubamba river which 
represents aproximately an Intermediate Jkmaine. 

I n  the Eastern Cordillera of the study zone, a lot or stratigraphic units crop out. Stratigraphic 
units sach as: The Silurian-Devonian, the Early Permian (Copacabana Group), the Permian-Triassic (Mitu 
Group) and scarcely the Mesozoic (Huancane Formation and Yuncaypata Group). This domainc is 
characterized by the NW-SE thrusts, which make the Mitu group to repeat and put the Silurian-Devonian 
rocks in contact with the Mi tu Group. These thrusts have a vergence towards the SW. 

The Altiplano domaine is represented by the Huancane Formation (Ncclcomian), The Yuncaypata 
Group (Albian-Maastrichtian), the Quilque and Chilca Formations (Paleocene-Early Eocenc), and [inally 
by the Red Beds of  the San Jeronimo Group (Middle Eocene-Early Oligcxenc).Thcse units are alTected by 
thrusts and fault propagation rolds. The folds arc plurikilometric or WNW-ESE to NW-SE direction, with 
axial plane slightly bent to the south (Piuray Anticline).'The anticline west limit is cut by evapcxite 
domes (Maras domes, Marocco, 1978). Gypsum seems to come rrom fhe Lower part or the Yuncaypata 
Group. 

The Intermediate Domaine is given by strike-slip raults and i t  is here where two thrusting 
s),stcms converge. Eastern Cordillera thrusts with SW vcrgcncc and the Altiplano thrusts with NE 
vergencc. The strike-slip Cault is probably or a dextral motion that takcs out Lower Paleozoic rclcks to 
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outcrop in flower structure way. Paleogeographically this Intermediate Domaine would correspond to an 
structural height (Cuzco-Puno Swell). Various quaternary shoshonite bodies locate along this strike-slip 
fault system. 

All of these domaines are affected by a posterior folding of NE-SW direction and by N-S and NE- 
SW faults. 

A chronology of phases has been deducted from the geological plane analysis. Thus we have that 
the NW-SE system of folds that really constitute the fault propagation folds, has been originated in the 
first place in the Altiplano Domaine. After that the thrusts have been formated with SW vergence of the 
Eastern Cordillera. The strike-slip fault system of the Intermediate Domaine has moved later on; ho~ever ,  
this system is older, because it has controlled the sedimentation and the synsedimentary deformation of 
the Red Beds of the San Jer6nimo Group. Finally a NE-SW fdding and N;S and NE-SW faults affect the 
three domaines. 

GEOMETRIC ANALYSIS 

Semi-balanced cross sections have been constructed out of the superficial geology (AA' Section) 
restoring it in a no-deformed state and considering the location of the syn-orogenic sedimentation (San 
Jer6nimo Group) (BB' Section). 

A common detatchment in the Altiplano and the Eastern Cordillera is located in the Lower 
Paleozoic (Ordovician) which is deadened in the Intermediate Domaine, in front of a structural height, that 
is originated by the strike-slip fault presence (AA' Section). A superior detatchment has also been 
recognized into the Yuncaypata Group in the Altiplano Domaine. In both domaines it is possible to see 
fault propagation folds, differenciated by their vergence. Asymetric synclines are developed in the San 
Jeronimo Group, which present greater thicknesses toward the eastern limbs (AA' Section). In the 
Altiplano, the structures with vergence to the NE are limited by the structural height (Cuzco-Puno 
Swell), and mainly affect the whole sedimentary cover. In this domaine, intercutaneous thrust wedge are 
observed which are associated to a passive backthrust (AA' Section). In the Eastern Cordillera the 
structures with SW vergence deform the Paleozoic, Permo-Triassic, and Mesozoic rocks, and they are also 
limited by the structural height of the Intermediate Domaine. 

From the construction of the semi-balanced cross section (AA' Section)), a structural shortening 
of 35% has been calculated. 

KINEMATIC ANALYSIS AND INTERPRETATION 

The possible ausence of the Copacabana Group in the Altiplano and its presence in the Eastern 
Cordillera, can explain the existence of a positive zone that controlled and limited the Permian- 
Carboniferous basin which could be the precursor structural element of the Cuzco-Puno Swell. A veq 
intense distensive tectonic activity developped during the Permian-Triassic, originated the Mitu basin 
individualization that limits in its western part with the Cusco-Puno Swell, developping variable and 
more important thicknesses to the NE (BB' Section). During the L t e  Permian-Early Triassic a positive 
zone (Cusco-Puno Swell) seems to be already well differenciated. The Eastern Cordillera behaves inestably 
and contemporarily granitic btxlies are placed possibly through normal faults, intruding rocks of the Mitu 
Group. 

The Neocomian sedimentation (Huancane Formation) is established in the three domaines. 
NeverthIess, the Intermediate Domaine behaved as a high depth with reduced sedimentation.The tectonic 
regime for this time was more estable. 

The Yuncaypatii Group is de\elopped over the Intermediate Domaine (Cuzco-Puno Swell) 
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spreading toward the Alti plano and being more restricted toward the Eastern Cordillera 

The Quilque and Chilca formations, mainly spread in the Altiplano, the slructural height 
controlled and avoided a greater extension towards the Eastern Cordillera. The thickness of these units is 
more or less constant, but regionally i t  seems to increase to the SW. 

The San Jer6nimo Group, is also restricted to the NE border of the Altiplano ,this has been 
deposited in pull-apart basins of NO-SE direction, controlled to the North by strike-slip faults of the 
Intermediate Domaine. progressive unconformities can be seem inside these basins. 

In the Cuzco region the Inca 1 Tectonic event ( 4 - 2 8 M a )  seems to manifest by a compressive 
regime that originated a tectonic front with possible vergence to the NE. In front of this structural 
element developped the San Jerdnimo Group sedimentation (Middle Ecxene-Earl y Oligocene) (Carlotto et 
al 1995). The movement of strike-slip faults of the Intermediate Domaine that partly controlled the 
sedimentation, seems to be Paleogeographic pre-Mesozoic accidents. The progressive unconformities 
seem to be the result of thrusts, strike-slip faults and diapiric phenomena, that sinchronically worked 
(Chavez, 1995) 

The folding that comes after to the deposit of the San Jeronimo Group, the development by fault 
propagation folds of NE and SW vergences, the functioning of intercutaneous wedges that originate a 
passive backthrust and the possible reactivation of the strike-slip faults, could be explained by the tectonic 
crisis of the Early Oligocene (Quechua Phase 0 -28-26Ma). The strike-slip fault reactivation and an 
important activity of thrusts with SW vergence of the Eastern Cordillera, see11, :o be caused by the 
Quechua Phase 3 (=7-6 Ma) (Chavez, 1995). 

CONCLUSIONS 

The Altiplano-Eastern Cordillera, in the Urubamba Region (Cuzco-Peru) is given by an 
structural height controlled by a strike-slip fault, where the Altiplano domaine thrusts converge with NE 
vergence and the Cordillera domaine thrusts with SW vergence, The structural height corresponds to the 
Cusco-Puno Swell that controls the sedimentation, the paleogeography and the tectonic at least since the 
Upper Paleozoic. The present structure shows that the andean deformations first affected the Altiplano 
Domaine and then the SW border of the Eastern Cordillera, and they are linked mainly to the Inca and 
Quechua tectonic events. 
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INTRODUCTION 
Unlike the adjacent Caribbean and Central Andean orogens, the Merida Andes (Fig. 1) do not 

relate to direct interactions between the South American craton and either arc terranes or oceanic 
domains, but represent only minor intraplate readjustements between the Eastern Cordillera in the south 
and the South Caribbean transform margin in the north.Although no deep seismic profiling has yet been 
attempted across the Venezuelan Andes, a large set of conventional seismic reflection profiles has been 
recorded by the petroleum industry in the Maracaibo and Barinas-Apure basins, respectively along the 
North and South Andean foothills. In addition, isolated refraction and magnetotelluric data are available. 
However, only the gravimetric coverage is really complete, thus providing a relatively coherent image 
of the basement architecture. 

STRUCTURE OF  THE SOUTH ANDEAN FLANK 
The Barinas-Apure basin extends from the Andean foothills in the northwest to the Guyana 

shield in the southeast, thus encompassing most of the drainage area of the Rio Apure, a tributary of the 
Orinoco River. Southwards, it connects directly with the Llanos basin in Colombia. The Barinas basin 
hardly compares with a flexural basin. It is largely dominated by either north- or south-verging basement- 
involved structures. The tectonic inheritance is obvious, as Paleogene normal faults are locally inverted 
and early emplaced Paleogene Caribbean nappes are frequently reactivated or refolded by younger 
oblique Neogene Andean structures. Seismic profiles in this area also attest to the strong Neogene 
structural inversion of Upper Jurassic-Lower Cretaceous grabens. Seemingly, Paleozoic, Hercynian or 
more likely Caledonian structures were reactivated during both the Tethyan rifting and the Andean 
deformations, and account for local pre-existing crustal heterogeneities. 

STRUCTURE OF  THE NORTH ANDEAN FLANK 
Tectonic inheritance is less obvious along the North Andean flank, with most structures being 

exclusively derived from the Neogene Andean compressions. Although outcrop conditions are rather 
poor, numerous seismic lines and exploration wells also provide good control of the overall architecture 
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of this part of the orogen. In the north, a flexural basin developed in Neogene times between the Andes 
and the Lake Maracaibo. North-verging thrusts are mainly detached in the pre-Cretaceous substratum 
and form a deeply buried antiformal stack, whereas secondary dkcollement levels occur either in the 
Upper Cretaceous or Tertiary strata, accounting for the passive roof thrust of a conventional frontal 
triangle zone. 

CRUSTAL ARCHITECTURE OF THE MERIDA ANDES 
Although no deep seismic and only scarce refraction data are yet available, two trans-Andean 

regional profiles (Fig. 1 and Fig. 2) have been balanced and constrained by an inversion of the 
gravimetric data. Both sections fit with a progressive deepening of the northern Moho and require 
minimum south-dipping subduction of the infra-continental lithospheric mantle of the Maracaibo 
microplate. The shortening for both sections averages 60 km. 

Palinspastic restorations assume a relative cylindricity for the deep crustal architecture of the 
Andes and minimize the possible effects of a progressive right-lateral escape of the Maracaibo 
microplate with respect to stable South America along the Bocono Fault. Due to strain partitioning, the 
Neogene oblique convergence induced surficial thrust fronts parallel to the plate boundary, strike-slip 
motion in the allochthon along the Bocono Fault, and an asymmetric subduction (wedging) at depth. 

CONCLUSIONS 
The Venezuelan Andes constitute a Neogene transpressional feature. In detail, however, the 

tectonic inheritance of older structures accounts for contrasting structural styles along the strike of the 
North Andean flank, or between the northern, central and southern segments of the orogen: 

Pre-existing Paleozoic thrusts account for the asymmetry observed during the subsequent 
Jurassic episode of rifting, as well as for the localization of intra-crustal southeast-verging Neogene 
conjugate backthrusts. 

Pre-existing late Paleozoic or Jurassic extensional structures account for a pre-orogenic thinning 
of the Maracaibo lithosphere in the southern Andean segment, resulting in its presently moderate reliefs. 
In addition, the Neogene inversion of Jurassic grabens controls locally the structural culminations, 
especially in the southern part of the Barinas basin. 

By contrast, pre-existing Paleogene normal faults and reactivated Eocene Caribbean thrusts are 
essentially restricted to the northern part of the North Andean foothills, in the Barinas basin. 

An estimate of 60 km of Neogene shortening results from the construction of crustal-scale 
balanced cross sections. Constant along the strike of the Venezuelan Andes, this value precludes any 
major rotation of the Maracaibo microplate with respect to the stable South American craton. 

The Merida Andes are a key example of an intercratonic orogenic belt, developed in response 
to oblique convergence between two independent continental lithospheric blocks. In this case, only the 
northwestern foreland develops as a conventional flexural basin. The surficial asymmetry of the orogen 
is effectively highly significant of what is happening at depth. Unlike the coastal Caribbean belt in 
eastern Venezuela and Trinidad, or farther south in the true Andean Cordillera, the South American 
lithosphere is not subducted beneath the Merida Andes. By contrast, it is the Maracaibo lithospheric 
microplate that is progressively involved in a southeast-dipping A-subduction. 

The understanding of these particular and contrasted structural styles is of major importance for 
petroleum exploration. Numerous prospects indeed appear to postdate the major episodes of hydrocarbon 
generation and migration, and thus would not be of any interest unless a remigration of early entrapped 
hydrocarbons occurred. 

Hopefully, this is frequently the case, as attested to by numerous discoveries in the Barinas 
basin, and the oil seeps that frequently occur along the North Andean foothills. 
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Bonaire basin 

Barinas - Apure basin 

Andean deformation (Neogene) 

Figure 1: Structural map of the northwestern part of South America, imaging the Merida Andes, 
the Bocono Fault and their relationships with the Colombian Andes in the south, the Caribbean 
allochthon in the north-east. 

Figure 2: Crustal-scale balanced section across the Central Andes. Notice the progressive 
underthrusting of the Maracaibo lithosphere (upper mantle) beneath the South American plate, and the 
progressive wedging of the upper crust. See Fig. 1 for location. 

Figure 3: Crustal-scale balanced cross-section in the Southern Andes. Notice the relative thinning 
of the lithosphere in the restored section (Jurassic rifting), in place of the future Andes. For location, see 
Fig. 1. 
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INTRODUCTION, GEOLOGICAL FRAMEWORK 

A study of the subsidence history of the northern Oriente of Perd (Maraiion Basin) has been under- 
taken using the backstripping method (Steckler & Watts 1978, Sclater & Christie 1980, Allen & Allen 
1990). This study highlights the tectonic evolution of this distal backarc area during Cretaceous and Ter- 
tiary times (Contreras 1994, 1996). 

The Cretaceous cycle began with transgressive sandstones (Cushabatay Fm), which rest disconfor- 
mably on Paleozoic to earliest Cretaceous rocks. Their base is strongly diachronous from West (Valangi- 
nian ?, Tarazona 1984) to East (Albian). Marine shales of early Late Albian age were deposited all over 
the basin (Raya Fm). They are overlain by regressive deltaic to fluvial sandstones (Agua Caliente Fm), the 
top of which is strongly diachronous, being dated of Late Albian to Early Turonian age from West to East 
(Kurnrnel 1948). The overlying marls, limestones and scarce sandstone beds of Turonian to Santonian age 
(Chonta Fm) express a major transgression. Disconformable sandstones are dated as Campanian and Early 
Maastrichtian (Vivian Fm, Salas 199 1). A short-lived marine transgression of early Maastrichtian age (Ca- 
chiyacu Fm) is then followed by the deposition of fine-grained red beds of Maastrichtian age (Huchpayacu 
Fm, Mathalone & Montoya 1995). 

The Tertiary series begins with fine-grained continental red beds of Paleocene age (Yahuarango 
Fm). They are disconformably overlain by disconformable marine to brackish shales and marls, and red 
siltstones and sandstones of Eocene age (Pozo Fm, Mathalone & Montoya 1995). After a probable hiatus 
of most of the Oligocene, red beds with local coal measures and evaporites were laid down during the 
Early Miocene (Chambira Fm). They are followed by a new short-lived, restricted marine transgression of 
late Early to early Middle Miocene age (Pebas Fm, Hoorn 1993). Red beds with conglomerate interca- 
lations ascribed to the Late Miocene and Pliocene (Maraiion Fm) are overlain by coarse-grained fluvial 
sandstones and conglomerates of mainly Pleistocene age (Corrientes Fm). 

METHOD AND RESULTS 

Thirty wells have been selected, on the base of their geographic location, suitable depth, good qua- 
lity electric records and micropaleontological and stratigraphic data. They are scattered throughout the 
northern part of the Oriente basin of Peru (Maraiion Basin). 

The age of the formation boundaries was determined using the paleontological data available in pu- 
blished works and confidential industrial reports (fig. 1). However, biostratigraphic revisions of the creta- 
ceous ammonites of Peru are in progress, and some ages will need emendments. The importance and dura- 
tion of sedimentary hiatuses were often approximated andtor extrapolated. Conversion to absolute ages 
was made using the time-scale and eustatic chart of Haq et al. (1987). 

Corrections for eustatic variations through time were made on the base of the relative sea-level es- 
timates of Haq et al. (1987). Paleobathymetric corrections were estimated following the indications of fau- 
nal assemblages and the determination of sedimentary environments. 

Data processing was performed with the software "Back" version 01 (Contreras 1996), inspired 
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from the algorythms elaborated by Stam et al. (1987). 
"Back restaures the original thickness of the formations, 
talung into account the depth-porosity relations obtained 
from electric logging. 

PLEISTOCENE As a whole, tne tectonic subsidence of the Peruvian 
Oriente is low. Total tectonic subsidence since the Aptian 
vary from 1.6 km in the Southeast and 3.9 km in the 
Western part of the basin, with an average rate of tectonic 
subsidence of = 35 m/Ma (Contreras 1994, 1996). This 
value is higher than that of the Ecuadorian Oriente (5 to 10 
m/Ma, Berrones 1992, Thomas et al. 1995), and lower than 
that of northwestern Peru during the Cretaceous (30 to 75 
m/Ma, Jaillard 1993). 

During the Cretaceous, average decompacted sedi- 
mentation rates vary between 5 mfMa (Casa Blanca Fm) to 
15 m/Ma (Raya Fm), and 75 mfMa to 56 m/Ma (Upper 
Chonta Fm). During the Tertiary and Quaternary, sedimen- 
tation rate is maximum during the deposition of the 
Corriente (160 m/Ma) and Chambira Fms (125 m/Ma) and 
minimum during the Eocene (9 mfMa, Pozo Fm). 

m Chambira Fm During the Cretaceous, the average subsidence rates 
vary between 1 m/Ma (Casa Blanca Fm) to 4 m/Ma (lower 
Vivian Fm), and 43 mfMa (Cushabatay Fm). During Ter- 
tiary and Quaternary times, they range from 101 m/Ma 
(Chambira Fm) to 9 m/Ma (Corrientes Fm). 

The subsidence rates also vary in space, evidencing 
a decreasing trend towards the East, SE and NE. During 
Late Albian and Cenomanian (Agua Caliente Fm), the sub- 
sidence rate in the western areas locally reached 35 m/Ma, 
whereas it is only of 6 m/Ma near the eastern border (fig. 
3). During the Paleocene, subsidence rate varied from more 
than 90 m/Ma in the West to less than 10 m/Ma in the East 
of the basin. Finally, during the Early Miocene, subsidence 
rate was more than 160 mfMa in the northwest, and less 
than 20 m/Ma in the southern part of the studied area (fig. 

TECTONIC HISTORY : INTERPRETATION AND DIS- 

CENOMANIAN 

Three major tectonic periods can be distinguished in 
the evolution of the basin. Each period begins with a high 
subsidence stage followed by a slowdown or uplift (fig. 2). 

The first period corresponds to the Cretaceous ( l  13- 
65 Ma). The initial subsidence (Aptian-Albian) coincides 

Fig-. 1 : Composite stratigraphic log of the with the Mochica tectonic period (= Albian, Mkgard 19841, 
Cretaceous and Tertiary series of the whereas the uplifts and very weak average subsidence 
Oriente of northern Peru. observed during latest Cretaceous times are partially coeval 

with the Peruvian compressional period (Coniacian- 
Campanian, Steimann 1929, Jaillard 1993, fig. 2). The depocenter is located near the center of the basin 
(fig. 3). Detailed analysis suggests that NE and NW-trending paleogeographic structures controlled the 
subsidence pattern. The low average subsidence rate (= 12 m/Ma) and the lack of significant initial subsi- 
dence suggest that there was no significant crustal stretching, the Oriente Basin behaving as a stable per- 
icratronic, distal back-arc basin. 

The second period (65-28 Ma, Paleogene) began with a drastic increase of the tectonic subsidence 
(Paleocene) and ended with a slight but long-termed uplift (Oligocene hiatus, fig. 2). During this stage, the 
depocenters migrated toward the West or Northwest, expressing the flexure of the continental crust due to 
the incipient crustal shortening and thickening of the paleo-Andes (fig. 3). The subsidence pulse of the 
beginning of this stage is poorly understood. It could be related to the end of the Peruvian compressional 
phase. The basal disconformity of the Pozo Fm coincides with the Late Paleocene-Early Eocene contrac- 
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(Contreras 1994, 1996) 

tional Incaic 
phase. The 
m o d e r a t e  
a v e r a g e  
subs idence  
rate (= 27 
rn/Ma), the 
link between 
subs idence  
and compres- 
sional tecto- 
nic phases 
and the pat- 
tern of the 
isosubsiden- 

............................................................................................................................................................. 3.. ce curves 
suggest that 

............................. ........................................ ............................................................................ b........... the Oriente 
?g. 2 : Average tectonic subsidence of the Onente Basin of northern Peru and Ecuador. basin was 

submitted to - - -  

a flexural subsidence regime. This period is regarded as intermediate between the former pericratonic and 
the subsequent foreland periods. 

The third period (28-0 Ma, Neogene) recorded a dramatic acceleration of the tectonic subsidence 
(Early Miocene), followed by a slowdown of subsidence (Middle Miocene-Pliocene) and then an uplift of 
the basin (Pleistocene). The beginning of this period coincides with an important compressive tectonic 
phase (Skbrier et al. 1988, Sempkrk et al. 1990) and with the creation of the Miocene Andean intermontane 
basins (Marocco et al. 1995). The uplift recorded in the latest Pliocene-Pleistocene could correspond to 
the general and fast uplift of the whole andean chain since = 6 Ma (Skbrier et al. 1988, Laubacher & 
Naeser 1994). On maps, the pattern of isosubsidence curves is disturbed, due to the incipient deformation 
of the subandean zone, located on the western border of the basin (fig. 3). The relatively high average 
subsidence rate (= 67 m/Ma) indicates that flexural subsidence dominates, and that the Oriente basin of 
Peru has becomed a foreland basin. 

Thomas et al. (1995) identified comparable periods in the Oriente Basin of Ecuador. Their first per- 
iod (108-72 Ma) seems to correspond to our first stage. However, Thomas et al. (1995) ascribed the whole 
Tena Fm to the Maastrichtian, while it most probably spans the Maastrichtian and Paleocene stages 
(Jaillard et al. 1995). Therefore, they determined a strong subsidence rate for the Maastrichtian (35-40 
m/Ma) which they include into the second stage, and a hiatus during the Paleocene, which appears as a 
period of high subsidence in Peru (fig. 2). The age discrepancy about the beginning of the second stage 
(fig. 2) probably arises from the poor stratigraphic constraints about the Oligocene times. In the Oriente 
of Peru, the badly documented Oligocene hiatus has been mostly assumed on regional considerations 
(Contreras 1994). 

Our results are in agreement with the interpretation of Thomas et al. (1995) of a flexural mecha- 
nism for the subsidence, typical of a foreland basin, from the beginning of the second period onwards. 
However, problems remain unsolved. (1) There are growing evidences of Senonian contractional deforma- 

Fig. 3 : Tectonic subsidence rates during Middle Cretaceous, Eocene and Early Miocene times. 
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tions in the forearc zones, which are not recorded in the subsidence history of the Oriente basins of nor- 
thern Peru and Ecuador. (2) The hiatuses that follow the subsidence pulses occur in most parts of the 
Oriente basins and are more frequent and important on their western border. Therefore, it seems difficult 
to interpret them as due to the migration of the flexural forebulge (Thomas et al. 1995). (3) In Ecuador, 
the subsidence seems to have not increased during the third stage (fig. 2), which is a period of rapid shor- 
tening in the subandean zone. 

Therefore, it is necessary to specify the age and tectonic significance of the Tertiary deposits of the 
Oriente basins, in order to check wether a simple flexural model can account for the subsidence history of 
the Andean eastern basins at this time. 
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INTRODUCTION 

The Southern Patagonian Cordillera lies between 46'30' S and 55" S (Fig. 1). It first formed as a 
result of rapid convergence between the oceanic Nazca plate and continental South America. From 49 Ma 
to 25 Ma, the vector of relative motion trended approximately NOIOO. Since then, it has remained steady 
at N080° and the rate of convergence has been about 9 cm/a (Cande and Leslie, 1986; Pardo-Casas and 
Molnar, 1987). However, the Chile ridge collided with the Chile trench west of Tierra del Fuego at about 
14 Ma (Cande and Leslie, 1986; Ramos and Kay, 1992) and rapidly moved towards the North. The 
Southern Patagonian Cordillera is now in the zone of convergence between the Antarctic and the South 
America plates. This convergence has been slower (about 2 cm/a) and directed more nearly East-West 
(Cande and Leslie, 1986). 

Lago Viedma is a glacial lake (Fig. l) ,  on the eastern side of the mountains and at the 
northwestern edge of the Magellan Basin. This basin first formed during a Triassic rifting event (Uliana et 
al., 1989). It further developed as a foreland basin during Andean compression, from Albian to Oligocene 
times (Dott et al., 1982). A fold-and-thrust belt developed in the foothills at its western edge (Katz, 1972; 
Winslow, 1982; Ramos, 1989; Kraemer, 1993; Alvarez-Marr6n et al., 1993). 

Between Lago Argentino and Lago Viedma (Fig. l), the main structures within the fold-and- 
thrust belt trend N to NNE and alternatively verge eastwards or westwards (Kraemer, 1993). Between 47' 
and 49"S, Ramos (1989) described passive roof duplexes, where a Paleozoic sequence underthrusts 
overlying Jurassic and Cretaceous sequences without emerging at the surface. 

From changes in the associated pattern of sedimentation, deformation in the westernmost parts 
of the area could have started in the early Cenomanian (Riccardi and Rolleri, 1980; Wilson, 1983, 199 1). 
In easternmost parts, deformation may have started in the Eocene, reaching a paroxism in the early to 
middle Miocene, when the Chile ridge collided with South America (Ramos, 1989; Ramos and Kay, 
1 992). 

We have mapped a transect and drawn a section across the fold-and-thrust belt. It runs for 40 km 
along the northern shore of Lago Viedma, from the Miocene granitic intrusion of Monte Fitzroy (El 
Chalttn) in the West, to the undeformed foreland in the East (Fig. 2). The transect crosses Upper 
Paleozoic to Pliocene sediments. It yields new information on the structure of the fold-and-thrust belt and 
on the kinematics and timing of deformation. 



332 
Third ISAG, St Malo (France), 17-1 9/9/1996 

LAGO VIEDMA TRANSECT 

In section, folds and thrusts are thick-skinned in the West and thin-skinned in the East (Fig. 2). 
Between Cerro Fitzroy and the Rio de las Vueltas, Paleozoic marine sediments (Bahia La Lancha 
Formation), Jurassic volcanics (Tobifera or El Quemado Formation), Early Cretaceous marine shales 
(Rio Mayer Formation) and the Fitroy granitic intrusion have all been uplifted to the surface on steeply- 
dipping faults with reverse components, associated with folds of km-scale wavelengths. Exhumed Early 
Cretaceous shales display a low-grade slaty cleavage. 

Eastwards from Cerro Faldeo, folds and thrusts within unmetamorphosed Cretaceous marine 
sandstones are thin-skinned, above a detachment within Rio Mayer shales, about 30 km long. The top of 
the Tobifera volcanics is inferred to be flat-lying beneath the shale detachment. There is no surface 
evidence for basement duplexes underlying the eastern part of our transect. 

The folds in the Cretaceous sandstones are of chevron, kink or concentric styles, typical of 
flexural slip between regular layers. Structures verge either eastwards or westwards. Towards the eastern 
end of the section, fold wavelengths tend to be larger and amplitudes smaller, recording a decrease in the 
intensity of shortening. Depocentres in synclines and condensed sequences over anticlines and 
hangingwalls of associated reverse faults, all indicate that folding was synchronous with ongoing 
sedimentation. Shortening was thus already underway in the Middle to Late Cretaceous. 

Magmatic rocks provide further constraints on the timing of deformation. In the hinterand, the 
Fitzroy granitic pluton is a shallow-level, syntectonic, multiple intrusion. A cooling age of 18 f 3 Ma 
(Miocene) has been obtained by the method of WAr on biotites (Nullo et al., 1978). The edges of the 
pluton are vertical, but an associated granitic sheet has been thrust over intensely folded Rio Mayer 
shales. In the foreland, Pliocene plateau basalts, capping the sedimentary sequence, are flat-lying or only 
slightly tilted. However, basaltic feeder dykes, cutting Early Cretaceous shales, are sequentially offset to 
the east by slip between sandstone layers, indicating that deformation continued to accumulate after the 
Pliocene. 

Evidence for active tectonics is provided by sharp escarpments associated with major reverse 
faults in the hinterland. 

Restoration of sections, assuming both line and area balancing, yields an estimated shortening of 
only 6% for the Middle to Upper Cretaceous sandstones, but as much as 37% for the Early Cretaceous 
shales. This difference may reflect the way deformation has accumulated throughout time, or it may 
indicate an eastwards attenuation in space. However, such restorations should be treated with great 
caution, because of probable motions into or out of the plane of section. 

There are several lines of evidence in favour of right-lateral wrenching parallel to the strike of the 
mountain belt. In the foreland, major faults are low-angle thrusts, trending NNW, obliquely to the 
mountain front; whereas, towards the West, faults become of higher angle and they curve into parallelism 
with the mountain belt. Of the folds in the sedimentary sequence, some are flat-lying, whereas others are 
upright. Flat-lying folds tend to have horizontal axes trending NNW, whereas upright folds tend to have 
steep axes and axial surfaces trending more nearly N. These features are characteristic of wrenching in a 
layered sequence (Odonne and Vialon, 1983). Further evidence for wrenching is provided by flat-lying 
striations with right-lateral senses on steeply-dipping fault planes, especially at the mountain front (Fig. 
2). Finally, the mountain front itself is a very sharp topographic feature and deformation decays rapidly 
away from it. 

CONCLUSIONS 

In the Lago Viedma area, the Andean foothills form a fold-and-thrust belt. Between Cerro Fitzroy 
and the Rio de las Vueltas, thick-skinned reverse faults bring Jurassic volcanics, Paleozoic sediments and 
the Fitzroy granite to the surface. Further East, thin-skinned folds in Cretaceous sandstones detach on 
flat-lying Early Cretaceous shales. 

Growth folds indicate that shortening started in the Middle Cretaceous. It appears to have 
continued to the Present. Fold geometries and orientations, fault striations, sharp relief and steep 
gradients of deformation, all provide evidence for a component of right-lateral wrenching along strike. 

We suggest that the observed kinematics and the timing of deformation are due to oblique 
convergence of the Nazca and South American plates during the Late Cretaceous and Tertiary. 
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INTRODUCTION 

The sub-Andean basins show excellent examples of the geometry and kinematics of structural 
basin inversion, illustrating the processes by which half-grabens rotate and shorten, with coeval 
expulsion of the basin-fill. Fig. 1 shows an example from one of the basins in northern Peru. The 
original extensional fault may be locally and partially reactivated as a steep reverse fault, curving to 
develop a new flatter thrust profile upwards. The basin fill may be expelled in moderate to low-angle 
antithetic thrusts, which may form triangle zones with their own backthrust systems. Footwall shortcuts 
may develop, synthetic to the original normal fault and these may form their own triangle zones and 
back-thrust systems. The result is a thickening of the syn-rift and post-rift succession above the original 
half-grabens. Without seismic data or regional modelling, it is often difficult to determine the location 
and original position of the normal fault. Many structural interpretations ignore the basin inversion and 
concentrate on the thin-skinned aspects of the deformation, even sometimes attributing the deformation to 
salt migration. 

The same arguments apply to the larger inverted basins forming the Eastern Cordilleras of 
Colombia, Ecuador, Peru and Bolivia. The original basins range in age from Ordovician to Cretaceous; 
the sharp curvature of the Andes in northern Peru is due to reactivation of two sets of orthogonal rift 
systems. 

EASTERN CORDILLERA OF BOLIVIA 

The eastern edge of the Altiplano Basin in Bolivia displays an excellent example of large-scale 
basin inversion. Cretaceous source rocks are essentially confined to this basin; knowledge of its 
geometry is therefore critical for modelling subsequent oil maturation and migration. 

The northern part of the Eastern Cordillera is characterised by a major E-dipping normal fault 
system of Paleozoic age, reworked to form a Cretaceous basin which, when reactivated by Andean 
compression, forms a series of E-dipping, W-verging thrusts, formed on the footwall of the original 
extensional fault (Fig. 2). However, to the S, the extensional structures had a different polarity. Here the 
Andean structure involved back-steepening of the basin-bounding W-dipping fault and westward tilting of 
the Paleogene and Neogene sediments towards the Altiplano. There was only small-scale basement fault 
reactivation on the flanks of the Eastern Cordillera. 
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Fig.]:  Invened hapgraben, nonhern Peru. 

The thrusts along the western edge of the Cordillera are clearly Paleogene structures, reactivated 
during the Neogene. There is no outward migration of the mountain front and the structures locally back- 
step. Paleogene shonening exceeds Neogene shonening so that the Paleogene sections of the thrusts are 
longer than their reworked Neogene sections and many of the Paleogene folds and thrusts in the eastern 
Altiplano are unconformably overlain by only gently tilted Neogene sediments. 

Thrusts along the eastern edge of the Cordillera are thin-skinned but modified by basement 
reactivation and local basin inversion. The thin-skinned structures can be modelled in terms of Lhe 
eastward expulsion of the basin-fill, away from the main depocentre in Lhe western part of the Cordillera. 
However, the amount of ovenhrusting across the Chaco Basin does not balance total crustal deformation 
without some large lateral eastward translation of Lhe original rift basin. The deeper parts of the Eastern 
Cordille~an rift system probably underlie the Altiplano. 

Fig. 2. Section through the western bounding fault of the Eastern Cordillera , Bolivia 
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EASTERN CORDILLERA OF COLOMBIA 

Many of the recent structural sections through the Eastern Cordillera of Colombia have 
emphasised the imporlance of thin-skinned deformation and shown how the surface structures can be 
modelled in terms of fault bend and fault propagation folds. Thin-skinned models are clearly applicable to 
the eastern edge of the Cordillera in the Yopal-Cusiana area. However, there are two arguments against 
the general thin-skinned footwall-propagating thrust model: 

(i) There is no general migration of the thrust structures or foreland basin depocentre eastwards away 
from the Cordillera; several of the structures appear to cut back and the flexural basin has grown in 
situ rather than migrated. It does not fit a typical Alpine or Himalayan model for a foreland basin. 

(ii) Along strike of main part of the Eastern Cordillera, the structures can be traced into the Upper 
Magdalena Basin, where they clearly involve basin inversion. Many of the original normal faults 
dip east. antithetic to the thin-skinned thrusts on the eastern margin of the Cordillera. Shortening 
of the half-grabens has involved displacements along bedding-parallel detachments in the syn-rift 
Viletta Formation shales. 

The simplified composite structural section in Fig. 3 illustrates the reinterpreted structure and 
essentially incorporates aspects of previous thin-skinned (Colletta et al., 1990) and thick-skinned models 
(Dengo and Covey, 1993). Fig. 4 illustrates a simplified reconstruction. 

Fig. 3. Simplified west-east section through the Eastern Cordillera, north of Bogota 
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CONCLUSIONS 

The interpretation of seismic data as well as field data in many parts of the Eastern Cordillera and 
sub-Andean basins has allowed new or modified interpretations to be made of the structure. These 
interpretations may be combined with regional tectonic data to develop models for whole crustal 
deformation in the eastern Andes. The new models are critical for understanding basin evolution, 
particularly involving hydrocarbon source rock location, maturation and subsequent hydrocarbon 
migration. The inverted basin concept allows the different hydrocarbon kitchen areas to be located and 
modelled through time. 
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The Cenozoic structural evolution of the High Andes of San Juan, Argentina, near 32"001S and 
70°00'W along the international border with Chile is the result of three deformation stages (Cristallini et 
al., 1994) (see figure 1). The first one started with NNW trending structures detached in upper Jurassic 
gypsum, and is typical of a thin-skinned fold and thrust belt. In the second stage the basement is involved 
by the tectonic inversion of Triassic normal faults producing a thick-skinned fold and thrust belt 
characterized by the refolding of the old structure, and consequently a passive and ductile deformation of 
post Jurassic deposits took place. The deformation of the basement with high angle reverse faults at the 
Ramada-Espinacito Massif, produced a sticking point in the foreland propagation of the thrust belt (see 
figure 1). This is responsible for the third stage, characterized by NNW out-of-sequence-thrusts developed 
in the westernmost sector. These three stages contribute to the development of La Ramada fold and thrust 
belt (Ramos et al., 1995). 

The erosion of these cordilleras provide the fill of the Manantiales foreland basin located to the east 
@fez, 1995) (see figure 1). U n r d n g  studies made in this basin constitute the main constrains to 
establish the timing of the structural evolution. These deposits are represented by the Chinches Formation 
Wrre ,  1966) consisting of seven different members (TCO-TC6) (Perez, 1995). In each one is possible to 
correlate different composition with the lithology of the Mesozoic sequences that outcrop in La Ramada 
fold and thrust belt. These Tertiary deposits can be divided in three sections. The lower one is composed of 
red sandstones and conglomerates with clasts of rhyolites, carbonates and piroxene bearing andesites 
indicative of the Cordillera del Limite uplfi. The middle of the sequence is represented by shales, 
sandstones and conglomerates composed of clasts of limestones and red sandstones and it is indicative of 
the Cordillera del Medio uplift. These two sequences represent the first deformation stage of the fold and 
thrust belt. The top of the Tertiary foreland sequence is represented by conglomerates and breccias bearing 
big blocks of rhyolitic composition that indicate the begnning of the basement uplift (Cordllera de Santa 
Cruz, Cordbn del Espinacito). This latter represents the second stage of deformation developed in the 
western part of the region. Quaternary deposits unconformably overlying the Chinches Formation are 
composed by granitic and rhyolitic blocks in the conglomerates, that represent the final uplift of the 
basement, and may be related with the last stage of the fold and thrust belt development. 

The u n r d n g  studies of the Tertiary sequences have proved that the clasts have been derived from 
the main Cordillera. Combining the information of Tertiary sequences and structural relationships it was 
possible to established the timing of the deformation in the High Andes at this latitude. The base of the 
Tertiary deposit can be dated about 20 Ma @%fez, 1995). This suggests that the deformation begun in the 
area at the Lower Miocene. Andesitic lavas dated in 9.2 h0.3 (Cristallini and Cangni, 1993) to 10.7 h0.7- 
12.7h0.7 (F%rez, 1994, 1995) unconformably overlaid the structure of La Ramada fold and thrust belt. 
These constrain the High Andes uplift among 20 and 10 Ma at this latitude. The unconfonnity between 
Tertiary and Quaternary deposits, suggest the a find uplift at Pliocene-Pleistocene. 



Third ISAG, St Malo (France), 17-19/9/1996 

Figure 1: Geological map of the location the Chinches Formation and the main structure of the La 
Ramada and fold and thrust belt. 
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INTRODUCTION 

The revision of many type stratigraphic sections of the Bolivian Paleozoic Cordilleran cycle in 
the Altiplano, Eastern Cordillera and Subandean region revealed frequent gravity-flow deposits within the 
sequence. While their presence is not new, their revision and interpretation is of interest in order to 
corroborate the latest interpretations of the Paleozoic evolution of the Bolivian Central Andes. This work 
summarises the principal findings with respect to gravity-flow deposits of a 7-month-long revision of 
most of the type stratigraphic sections of the Silurian through Mid-Carboniferous of Bolivia, and draws 
conclusions on their relation with the tectonic setting during that time. 

STRATIGRAPHY AND TECTONICS 

Basic stratigraphy for the Paleozoic of Bolivia has been recently revised and published under the 
YPFB-ORSTOM scientific cooperation agreement (Sempere, 1995; Oller, 1992). The Lower Paleozoic 
(Cambro-Ordovician) Tacsarian sequence mostly reflects the development of a backarc basin, which was 
followed by a Silurian to mid Carboniferous foreland successor basin (Sempere, 1989, 1995; Isaacson and 
Diaz, 1995). The Cordilleran cycle (SuBrez, 1989) represents the infill of this basin (see figure 1 for 
reference). 

1. Initiation of the foreland successor basin: the Cancaiiiri Fm. 

This unit has been dated as Early Silurian (Llandovery) based on the latest (more recent) non- 
resedimented fauna present in it (SuBrez, 1995). The Cancaiiiri Fm. presents all types of evidence for 
submarine sediment instability, including mass slides, rafted beds, slumps, debris flows, mud flows and 
turbidites. Slided and rafted beds may reach thicknesses exceeding 50 m and widths exceeding several 
kms. Grain-size of the resedimented material varies greatly, leading to many different lithologies 
depending on the degree of mixture. Evidence for glaciation of the source area is indicated by the presence 
of large outsized granitoid clasts, and faceted and striated clasts found within the debris flow deposits. 
However, there is no evidence for subglacial deposits (tillites, pavements), and it is here suggested that 
glaciation was local and temporarily reached the basin margins as tidewater glaciers. The thickness of 
this unit varies greatly from a few meters or absent, to more than 1 km in western areas. Several 
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different events of catastrophic resedimentation can be identified, together with intermediate phases of 
"normal" deposition. It is probable that these events affected different areas at different times, beginning 
in the late Ashgillian and ending in the Wenlockian. To the west, the Cancaiiiri Fm. lies within two 
deep-marine shaly units: the Tokochi and Huanuni Fms. The overlying Llallagua Fm. consists of 
turbidites with a western source area, and the common depocenter area hosting the Tokochi, Cancaiiiri, 
Huanuni and Llallagua Fms. probably corresponds to the foredeep of the basin in response to tectonic 
deformation and piling of thrusted blocks to the west and south. 

2. The Siluro-Devonian shallow-marine sedimentary fill of the foreland basin 

Beginning in the Wenlockian with the Uncia and Kirusillas Fms., and ending in the Famennian 
with the Colpacucho and Iquiri Fms., the filling of the mid-Paleozoic retroarc foreland basin of the 
Bolivian Central Andes took place as a wave- and storm-dominated shallow-marine platform (epeiric sea). 
The high subsidence rates and sediment-supply rates kept pace with global sea-level changes, allowing for 
the recognition of at least three third-order cycles with variably-developed systems tracts. The depocenters 
and areas of maximum subsidence progressively shifted to the east and north from the Ordovician to the 
Carboniferous (Montemurro, 1994). This trends are related with an active deformational front located to 
the south and west. Higher degrees of erosion and wider pre-Cretaceous gaps in the same direction 
corroborate this inference. Evidence for sediment instability can be found in all the units, specially 
towards the southern and western areas (Figure 2). As with the Cancaiiiri Fm., all the different stages of 
submarine gravity flows are present in the Siluro-Devonian sequence, from massive slides, rafted slabs, 
slumps, debris flows, mudflows and turbidites. Figure 2 summarises the geographic location and the 
distribution in the stratigraphic column of the most important events. 

3. End of the foreland setting and change of tectonic regime in the Carboniferous 

The gradual shallowing-upwards and regressive tendency of the Late Devonian units is abruptly 
cut by a marked deepening and the initiation of resedimentation in the latest Famennian (Strunian). The 
Cumanh and Itacua Fms. overlie a short and poorly-preserved deepening event, followed by high clastic 
influx and deposition of the Ambo Group in the northern Altiplano, and the Machareti and Mandiyuti 
groups in the central and southern Sub-Andes and Chaco. As with the Cancaiiiri Fm., evidence for a 
glaciated source area is indicated by the presence of large outsized granitoid clasts and frequent faceted and 
striated clasts found within the debris flow deposits or as dropstones. However, there is no evidence for 
subglacial deposits (tillites, pavements) in Bolivia, and it is suggested that glaciation was only local and 
temporarily reached the basin margins as tidewater glaciers (Diaz and Isaacson, 1994). Displacement of 
the region to lower latitudes during the Carboniferous led to important climatic changes (Sempere, 1995; 
Isaacson and Diaz, 1995). Serpukhovian regression set the end of the foreland basin development and the 
beginning of a new tecto-sedimentary cycle with erosion of relict reliefs and deposition of the Titicaca and 
Cuevo Groups in a different tectonic setting. 

CONCLUSIONS 

Two major periods of instability events and resedimentation initiate and terminate respectively the 
development of the Cordilleran cycle. These two periods (latest Ordovician-Early Silurian and latest 
Devonian-Early Carboniferous) are characterized by resedimented units locally exceeding I-km thickness 
each, which provide evidence for a tectonic imprint on the global eustatic cycles affecting the Central 
Andean basin. Widening of stratigraphic gaps to the south and west, and progressive displacement of the 
foredeep (maximum subsidence areas) and depocenters towards the east and north, are probably related with 
propagation of the deformational front in this latter direction. Variable-sized gravity-flow deposits 
throughout the sequence evidence tectonic instability during the whole Cordilleran cycle (Figure 2). 
Tectonic piling in the deformational front was the probable cause for the increased subsidence, sediment 
supply and tectonic instability which facilitated sediment failure, as well as for the development of reliefs 
leading to local glaciation during periods of cold climate and favourable orientation (late Ashgill- 
Llandovery and late Famennian-Tournaisian). 
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Figure l : Simplified stratigraphy and correlation of the Paleozoic Cordilleran cycle 
(Silurian-early Carboniferous) of the Bolivian Central Andes. Triangles indicate the 
two major events of tectonic instability and resedimentation. A, B, C: main third- 
order cycles. EC: Eastern Cordillera, SSA: southern Sub-Andes. 
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Figure 2: Selected stratigraphic sections of the Ordovician 
through middle Devonian sequence present in the Bolivian 
Central Andes, shown here to emphasize gravity flows and 
resedimented deposits (black bars). Note their higher frequency 
and size towards the west and south. OR: Ordovician, cR: 
CancaAiri Fm., LL: Llallagua Fm., KI: Kirusillas Fm., UN: 
Uncia Fm., TA: Tarabuco Fm., CA: Catavi Fm., SR: Santa Rosa 
Fm., VV: Vila Vila Fm., IC: Icla Fm.. HU: Huamarnpampa Fm. 
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INTRODUCTION AND GEOLOGICAL SETTING 

Between the Patagonian 
Cordillera (trending N-S) and the Darwin 
Cordillera (trending E-W), the Southern 
Andes form an arc. This bounds the 
Magellan Basin on its western and 
southern sides (Fig. 1). Both arc and 
basin result from complex tectonics at 
the southwestern margin of Gondwana 
since the Late Triassic (Rapela & 
Pankhusrt, 1992, Storey, 1993). The 
basin has been through three main stages. 
First, a stage of regional extension 
(Triassic to Early Cretaceous), 
contemporaneous with early opening of 
the Southern Atlantic, formed a rift 
system trending NNW and led to opening 
of the Magellan back-arc basin (Dalziel, 
1974). Second, during the Late 
Cretaceous, closure of the back-arc basin 
coincided with changes in the plate 
tectonics. The closure was associted with 
uplift of the Cordillera and thermal Figure 1: Map of southern South America showing 
subsidence of the Magellan Basin tectonic setting with adjacent oceanic plates. Grey 
(Nelson. 1982)- Third* during lhe arrows indicate relative motions between plates. 
Tertiary* the Magellan Basin Sediment thicknesses in Magellan Basin are indicated 
formed and deformation propagated in  shades of grey (modified from Ramos, 1989). 
cratonward, via a fold-and-thrust belt 
(Winslow, 1982, Alvarez-Marr6n et al., 1993). The sedimentary infill of the basin, synchronous with 
deformation, is locally as much as 8 km thick. The distribution of Tertiary sediments shows a degree of 
mirror symmetry about the Magellan Straits (Fig. 1). 

We present a structural interpretation of the area, based on field observations, satellite imagery, 
kinematic analysis of fault data and analogue models. 

Sea~menl Ihekness (km) 
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FAULT KINEMATICS 

We have measured over 1500 striated fault planes at 74 localities between lake Buenos Aires and 
Tierra del Fuego (Fig. 2). Localities are either in basement rocks or in their Mesozoic and Cenozoic cover 
and they are mainly along the southwestern edge of the basin. A graphical and kinematic method has been 
used to analyse fault-slip data. Results show that (1) the principal directions of shortening are sub- 
horizontal and strike sub-perpendicularly to the Cordillera, (2) the principal directions of extension are 
also sub-horizontal and (3) strain ellipsoids are estimated to be mainly of plane-strain to flattening type at 
regional scale (Fig. 2). 

At outcrop scale, fault-slip data provide information on the relative proportions of strike-slip and 
dip-slip faulting. Strike-slip is dominant, either right-lateral and trending N along the Patagonian 
Cordillera or left-lateral and trending E along Cordillera Darwin. These observations are consistent with 
strike-slip faults interpreted on satellite imagery. We have also found normal faults trending 
perpendicularly to the Cordillera, especially along lakes Viedma and Argentino, and, most important, 
along the Magellan Straits. 

Figure 2: Schematic geological map with results Figure 3: Schematic geological and structural map 
of kinematic fault analyses at 74 localities. Small of studied area. Major reverse faults in Chilean 
black arrows indicate calculated shortening Cordillera are partly from Landsat interpretation. 
directions. Large dark arrows summarize regional 
trends. 
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REGIONAL STRUCTURES 

Major folds and thrusts have long been recognized in  the Cordillera and its foothills next to the 
Magellan Basin (Servicio Nacional de Geologia y Mineria, 1980). Strike-slip faults have been less 
documented. A few left-lateral ones have been described in Cordillera Darwin (Cunningham, 1993, 
Klepeis, 1994) and the right-lateral Liquiiie-Ofqui fault system has been documented in the field and from 
satellite imagery in the Patagonian Andes north of latitude 45" S. Our own studies have revealed other 
strike-slip fault systems, including left-lateral ones, both ductile and brittle, in the Cordillera of Tierra del 
Fuego (Argentina) and right-lateral ones in the foothills of the Patagonian Cordillera. Using geological 
maps, satellite images and field observations, we have compiled a schematic map of major faults and 
folds (Fig. 3). Major thrusts are sub-parallel to the Cordillera but have strike-slip components. Of 
greatest novelty are grabens and half-grabens of Tertiary age which accommodate extension in directions 
sub-parallel to the Cordillera. Prominent examples lying along the Magellan Straits have partially 
separated Tierra del Fuego from the mainland. Some normal faults also have components of strike-slip, 
depending on their trends. 

Some of the major Tertiary structures are reactivated faults of Mesozoic age or possibly older. 

ANALOGUE MODELS 

We have investigated the plate tectonics of southern South America and the possibility of 
inducing deformation at its southern tip, using analogue models at fully lithospheric scale. Brittle upper 
crust was modelled with dry sand; ductile lower continental crust and lithosperic mantle, with silicone 
putties of appropriate viscosities and densities. For oceanic lithosphere, the ductile lower crust was 
omitted. The model lithosphere floated on a less viscous asthenosphere. Continental South America was 
given a rectangular shape with a rounded corner. Horizontal forces and velocities were applied in a given 
direction to the oceanic plate, to simulate spreading at a mid-oceanic ridge. 

During the experiments, subduction initiated spontaneously at the western continental margin 
sub-perpendicular to the applied convergence. The oceanic plate subducted at a low angle and the adjacent 
continent became folded at lithospheric scale. In contrast, at the southern margin, deformation was 
transpressive and more localized. In some experiments, rifts developed at the corner of the continent and 
the blocks between them underwent rotations about vertical axes. These preliminary results are consistent 
with structural observations made in the field and with our analyses of fault-slip data. 

CONCLUSIONS 

In the southern Andes and Magellan Basin, the observed structural pattern is consistent with the 
complex tectonic context of southern South America. Deformation within the continent is due to relative 
motions between the Nazca, Antractic, Scotia and South American plates. The deformation includes 
shortening in directions subperpendicular to the mountain belts and also components of strike-slip: right- 
lateral along the Southern Patagonian Andes and left-lateral along Cordillera Darwin. Between them, 
stretching along the arc has resulted in the formation of rift valleys. 
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INTRODUCTION AND GEOLOGICAL SETTING 

In Northern Patagonia, the Andean 
chain is made of several structural and 
topographic units (Cingolani et al., 1991): 
the Coastal Ranges (an accretionary prism), 
the Central Valley, the main Cordillera 
(containing the current volcanic arc) and the 
Sub-Andean zone (Fig. 1). These units 
formed during subduction of the Nazca plate 
along the Chilean trench. The plate boundary 
between Nazca and South America is oblique 
to the direction of relative plate convergence 
(Fig. l). 

The Bariloche area straddles the 
eastern part of the main Cordillera and 
Tertiary sediments of the Sub-Andean zone 
between 40' and 42's. The area includes the 
northern part of the Ririhuau Basin, south of 
lake Nahuel Huapi (41's). 

The eastern part of the main 
Cordillera is made of metamorphic and 
intrusive rocks (Cazau et al., 1989) and 
remnants of Mesozoic sedimentary basins 
which are inverted grabens. Early Tertiary 
volcano-clastic rocks (Huitera and Ventana 
formations), a product of the volcanic arc, 
have been incorporated into the main 
Cordillera north of lake Nahuel Huapi. 

Figure 1: Schematic map showing location of area studied. Inset shows tectonic setting of southern 
South America with adjacent oceanic areas. White arrows, indicating relative motion between plates, are 
from model NUVEL-l of Grjpp and Gordon (1990). CR: Chile Ridge, CT: Chile Trench, NSR: North 
Scotia Ridge. Main map shows Central Valley (dashed zone) between Coastal Ranges (grey line) and 
main Andean Cordillera. Altitudes over 1000 m. are shaded (grey). Solid triangles indicate volcanoes. The 
Liquifie Ofqui Fault Zone (LOFZ) is a set of right-lateral fault segments (black lines with opposing 
arrows) visible on Landsat images (after Dewey and Lamb, 1992). 
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In the Late Tertiary, volcanic 
activity diminished and thk Ririhuau 
Basin developed in a back-arc context. It 
contains shallow-marine and fluviatile 
sediments (~i r ihuau Formation, Lower to 
Middle Miocene), followed by continental 
sediments with some volcanics (Collon 
Cura Formation, Upper Miocene and 
Pliocene ). 

Our structural interpretation of 
the area is based on field observations, 
digital data and a kinematic analysis of 
fault-slip data. 

REGIONAL STRUCTURES 

A digital topographic image 
shows the general northerly trend of the 
Andes and its sharp eastern taundary 
(Fig. 2). Major transverse valleys are 
occupied by Quaternary glacial lakes. A 
close correlation between topography and 
regional structures is revealed by 
superimposing digital geological and 
topographic maps. Major structures 
follow two main trends (Fig. 3). Reverse 
faults trend SE, as along lake Nahuel 
Huapi. High-angle oblique-slip fault 
systems (reverse, right-lateral) trend N, as 
in the valley north of El Bols6n and 
within both basement and Tertiary 
sediments north of 4 1 O S .  

FAULT KINEhlATICS 

We have mesured striated fault 
planes at 33 outcrop localities, bcated in Figure 2: Digital topographic image, compiled from 
both basement and cover rocks (Fig. 4) the following maps edited by the Instituto Geographic0 
and have analysed the fault-slip data using Militar Argentino at 11250 000: San Martin de  10s 
graphical and kinematic n~ethods. The Andes (4172-D), San Carlos de Bariloche (4172-W) and 
principal direction of shortening is sub- Esquel (4372-II and 4372-1). Artificial illumination is 
horizontal and strikes between NNE and from the NE. 
ENE at regional scale; the principal 
direction of extension is also sub- 
horizontal (Fig. 4). Strain ellipsoids are 
estimated to be mainly of plane-strain to 
flattening type. 

At outcrop scale, fault-slip data provide information on the relative proportions of crustal 
thickening and strike-slip faulting. Predominant are faults with components of right-lateral strike-slip 
trending N or conjugate left-lateral strike-slip trending E. 

CONCLUSIONS 

Throughout the area, major reverse faults and thrusts trend SE, forming the edges to Cenozoic 
basins of foreland or ramp styles. Some of these are inverted grabens of Mesozoic age. The dominant 
strike-slip faults are right-lateral and trend nearly N, parallel to the Andean chain. Conjugate left-lateral 
faults trend near1 y E. 

From the fault-slip data, the principal direction of shortening trends NE. It is compatible with 
the oblique direction of convergence between the Nazca and South America plates. However, we also infer 
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a regional component of right-lateral wrenching. This tectonic style seems to have lasted throughout the 
Neogene. 
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Figure 3: Schematic structural and geological 
map (Mercator projection) of area studied. Major 
reverse faults are from Landsat interpretation and 
from superimposed geological maps and digital 
topographic data (see Fig.3). Black triangles 
point in  directions of undenhrusting. 

Figure 4: Results of kinematic fault analyses. 
Map shows directions of shortening (black 
arrows) and extension (white arrows for 
horizontal extension, white circles for vertical 
extension) at 33 localities. 
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INTRODUCTION 

The pioneer paleomagnetic work carried by a Japanese team (Kono et al., 1985) did show clockwise 
rotations of the Chilean forearc, counterclockwise rotations in Peru and evidence for a tectonic origin of 
the bending of the Central Andes. Later, Isacks (1988) proposed that mountain building in the Central 
Andes, characterized by differential along-strike shortening, has enhanced the development of the Bolivian 
orocline (see also Watts et al., 1995). Recently however, some authors have questioned the origin of the 
rotations, observed mostly in Mesozoic rocks, along the forearc of northern Chile. Forsythe and 
Chisholm (1994) and Grocott et al. (1994) indicate that clockwise rotations recorded in Jurassic-lower 
Cretaceous rocks are linked to the sinistral motions along the Atacama fault system during the Early 
Cretaceous. On the other hand, they discard the possibility that a significant amount of clockwise 
rotations is associated to oroclinal bending. In contrast, we interpret the general clockwise sense of 
rotation as evidence for a dextral shear and oroclinal bending effect during the Tertiary. 

In this study we report new paleomagnetic results based on an extensive sampling (100 sites) from 
22"s to 26"s. During our last fieldwork in February 1996, the paleomagnetic sampling was mostly done 
in lower Tertiary volcanics east of the Mesozoic arc in order to have a better control on the timing and 
spatial distribution of the rotations. 

PALEOM AGNETIC SAMPLING 

The forearc of northern Chile is principally composed by north-south trending features. The coastal 
magmatic arc with Mesozoic intrusives and volcanics (La Negra formation) is longitudinally cut by the 
Atacama fault system. The ductile deformation along this fault system is of lower Cretaceous age 
(Marinovic et al., 1995) and clearly shows a sinistral sense of shear. Some of the faults have been 
reactivated during the Late Tertiary - Quaternary and they mostly show normal scarps. The late Cretaceous 
and early Tertiary volcanics outcrop east of the Mesozoic magmatic arc and west of the Domeyko fault 
system and they usually show little deformation. Most of the Andean deformation in northern Chile is 
observed across the Domeyko fault system. The tectonic style is complex and involved E-W shortening 
with successive dextral and sinistral shear (Mpodozis et al. 1993; Reutter et al., 1991). 

We sampled the Jurassic La Negra formation near Tocopilla (12 sites), Antofagasta (16 sites) and 
Taltal (9 sites). Six sites were drilled in Mesozoic intrusives. In the central valley, east of Taltal, we 
sampled Paleocene-Eocene volcanics. About 200 Km further north, we sampled upper Cretaceous and 
lower Tertiary volcanics and sediments near Baquedano and Quebrada del Buitre. West of the Salar de 
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Atacarna, we drilled two sections in the Tonel-Purilactis red sandstones and interbedded sills and one site 
in the Oligo-Miocene Paciencia red beds. 

Figure 1 : Simplified geological map from northern Chile and paleomagnetic sampling 
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PALEOM AGNETIC RESULTS 
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Figure 2: Paleomagnetic results from the Mesozoic arc. 
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Figure 3. Paleomagnetic results from the area in between the Atacama and Domeyko faults system 

The Jurassic volcanics 
Magnetic susceptibility is usually high to very high (up to O.lSI). Multidomain magnetite and 

maghemite is often the main magnetic carrier and secondary magnetizations are widespread. In the 
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Antofagasta area, in many cases, normal and reverse polarity magnetizations are found within the same 
flow. This behavior is likely associated to low temperature metamorphism during burial of the thick 
volcanic sequence. After detailed thermal and AF demagnetizations we were however able to determine a 
characteristic magnetization for several sites (Fig. 2). 

Upper Cretaceous and Tertiary 
~Guedano and Purilactis formation 

East of Baquedano, about 70 Km NE of Antofagasta, the characteristic magnetization in the sediments 
and interbedded lavas corresponds to a remagnetization associated to an oxidizing event of possible 
hydrothermal origin. This remagnetization is however well defined and in good agreement with the 
primary magnetization recorded in a ryolitic lava located 10 km east of the Baquedano section. On average 
these sites record a clockwise rotation of about 60". We sampled also 5 sites in the Quebrada Buitre but 
there is a large scatter between the sites. Only one section in the red sandstones and interbedded sills in the 
~onel -~ur i lac t i s  formation gave reliable paleomagnetic results; this section also documents large 
clockwise rotation (Fig. 2) and this result is in good agreement with a previous study in the same 
formation and located further north (Hartley et al., 1992). 
Central Valley (East of Taltalfrorn 24'45' to 26") 
For all sites, the characteristic magnetization was determined precisely with the majority of the samples 
showing univectorial magnetizations (Fig.3). After removal of 3 directions which are at more than 2 
standard deviations from the mean, the mean declination is 25". This result demonstrates that clockwise 
rotations are not restricted to the coastal domain. 

Our new paleomagnetic results provide additional evidence for a tectonic process involving large 
clockwise rotations in northern Chile during the Tertiary. The differential along-strike shortening model 
of Isacks (1988) implies clockwise rotations during the Late Cenozoic by about 10". Paleomagnetic 
results obtained in Bolivia (Butler et al., 1995; Roperch et al, this volume) suggest that the largest 
rotations occurred before 20Ma. Thus, the difference between the observed and expected (from the Isacks 
model) rotations emphasizes the importance of early-middle Tertiary tectonics in the structuration of the 
Central Andes. 

Acknowledgments. Discussions about the geology and tectonics of Northern Chile with C. Mpodozis, 
P. Cornejo and A. Tomlinson have been very helpful to prepare the paleomagnetic field sampling. 
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INTRODUCTION 

The Altiplano is a 3.500 - 4.500 m high plateau located between 15" and 27" South latitude. 
This mosphostructural unit characterize the Bolivian Orocline in the Central Andes. It is composed by 
thick Tertiary continental, detritic sedimentary series, which were deformed under compressive stresses 
(SemperB et al., 1990). The Altiplano is not an homogeneous back arc bassin ( i.e. Lavenu, 1986; 
SemperB et al., 1990; HBrail et al., 1992; Kennan et al., 1995). In the eastern border the remaining 
sedimentary series are rather thin (less than one to few kilometers) and remmants of erosion surfaces attain 
the Eastern Cordillera. Deformation occurred essentially before 13- 10 Ma. In the Central Altiplano the 
deposits reach thicknesses of more than 10.000 m in the Corque-Rosapata syncline (Meyer and Murillo, 
1961), their source beeing the uplifted margins of the basin after compressive deformation. Highest reliefs 
and bigger structural displacement are located to the East (Rochat et al., 1996). 

The composition and structure of the sedimentary infill evolve from east to west (Rochat et al., 
1996). In Bolivia, these structures can only be described partially on the basis of seismic information. In 
Chile, on the West margin of the Altiplano, good exposures permit a more complete analysis of the 
stratigraphic series that register the tectonic evolution of this side of the plateau. In this paper we describe 
the structure of the West margin of the Altiplano in the region near BelCn (Fig. 1) and intend to 
reconstruct the chronology of its tectonic evolution. 

THE DEFORMED SERIES 

a )  The substratum and the Cenozoic volcanic series. The basement outcroping in this region is 
the BelBn Metamorphic Complex (Complejo Metamdrfico de BelCn = CMB) consisting of metamorphic 
and magmatic units (Montecinos, 1963; Pacci et al., 1980), dated at 1.000 Ma (Pacci et al., 1980). 
Recent age determinations indicate early Paleozoic ages and a complex evolution (Basei et al., 1995, 
1996). The CMB is unconformably covered by sandstones of the Jurassic Livilcar Formation (Muiioz et 
al., 1988), which were deposited on the East margin of the Jurassic backarc basin (Muiioz and Charrier, 
1993). 

The Cenozoic stratigraphic series begins with the accumulation of volcanic deposits and some 
volcano detritic intercalations. The approximately 500 m thick Oxaya Formation (Montecinos, 1963; 
Salas et al., 1996; Garcia, 1996) is a dacitic to ryolithic, welded ignimbrite, with several kinds of fluidal 
structures and containing big pumice fragments, some of which attain 20 cm in diameter. All xenoliths 
are of volcanic origin. A WAr age on a biotite from the upper part of the formation gave ages between 
19 .M.6  and 19.9f l .  l Ma (Naranjo and Paskoff, 1985; Aguirre, 1990; Muiioz and Charrier, in press). A 
WAR age on biotite from an ignimbrite level located 300 m below the top of the series gave 21fl.6 Ma 
(Table 1, Fig. 1). 

The 1.500 m thlck Lupica Formation, defined by Montecinos (1963), was assigned a Cretaceous 
age. Garcia (1996) differenciated three members in this unit: a lower member composed of breccious and 
porphyric andesites with tuffaceous intercalations, a middle member composed of ignimbrites and 
volcaniclastic intercalations, and a mainly sedimentary upper member consisting of sandstones, shales, 
limestones, and andesitic and tuffaceous intercalations. The lava flows and breccias of the lower member 
were deposited in an extensional environment. In fact, East of Belen (Fig. 1) the lower part of this 
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Figure 1: Geological map of the Belen Altiplano border. 
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member is in tectonic contact with the CMB. The lower layers of the Lupica Formation are more 
deformed than the upper ones. This indicates syntectonic deposition during extensional conditions and 
suggests that deformation ceased during deposition of the Lupica Formation. The presence of lacustrine 
deposits in this unit is an evidence for endoreic basins developed in active volcanic environments, 
probably caused by collapse of a caldera. These events occurred between 23M.7 Ma and 18f0.7 Ma ago 
according to radioisotopic ages obtained in an ignimbrite layer from the floor of the middle member, and a 
tuff from the middle part of the upper member. We finally conclude that the Oxaya and Lupica 
Formations are coeval and that they were deposited during a long lasting episode of explosive volcanism 
and caldera development. 

The Zapahuira Formation (Garcia, 1996) forms an approximately 500 m thick series composed 
of andesitic, basaltic lavas and laharic flows of similar composition, that unconformably overlie the 
Oxaya and Lupica Formations, and the syntectonic conglomerates of the Joracane Formation. Three ages 
obtained in this newly defined unit fall between 11.4f0.3 and 12.7f0.1 Ma. 

b) The syntectonic conglomerate deposits. The Joracane Formation (Garcia, 1996) is composed 
by nearly 1.600 m thick conglomerates and rare volcanic intercalations. To the East, this unit is 
westwardly thrusted by the Lupica Formation and the CMB, while to the West it thrusts also westwardly 
the Huaylas Formation (Fig. 1). These conglomerates are essentially composed by volcanic fragments of 
the Lupica Formation; calcareous clasts of the upper member of the Lupica Formation are locally present, 
as well as clasts of theCMB (Tignhar  region). The conglomerates are of fluvial origin. They form 
metric to more meters thick, rather soft, layers. Measures of imbrication and the granulometric pattern 
indicate a sediment supply from areas located to the East. These areas were uplifted by activation of the 
BelBn-Ticnamar. K-Ar ages on biotites from tuff levels intercalated in this conglomeratic series gave 
18.2f0.8 and 16.8f 1.5 Ma. 

The Huaylas Formation (Salas et al., 1966) consists of conglomeratic deposits that 
unconformably overlie the Oxaya Formation and cover with progressive unconformity the units located to 
the East of the Copaquilla-Tigndmar fault; to the west the Huaylas Formation onlap the Oxaya 
Formation. These conglomerates are also of fluvial origin. The sediment supply directions and the clast 
composition indicate a western provenance and an origin from the Lupica Formation and the CMB. The 
lower levels of this unit are deformed by the Copaquilla-BelBn fault, while the upper levers are not 
deformed and extend to the East of the fault (Fig. 1). The Huaylas Formation lies over the Pampa El 
Muerto basalts which were dated 11.4f0.3 Ma and contains Huayquerian fauna (Salinas et al., 1991). It is 
covered with strong angular unconformity by the 30 m thick Huaylas ignimbrite dated at 4.4f0.3 and 
4.8f0.3 Ma (Naranjo and Paskoff, 1985). 

AGE AND SEQUENCE OF THE CENOZOIC DEFORMATION 

The early Miocene deposits lie directly on top of the Precambrian-early Paleozoic metamorphic 
complex and the marine Jurassic deposits. Cretaceous as well as early Cenozoic rocks, well exposed on 
the East side of the Altiplano, are not present in this region. It is, therefore, possible to conclude that the 
West margin of the Altiplano remained elevated and exposed to erosion for most of the Mesozoic and the 
early Tertiary. Early Miocene deposits accumulated in an extensive tectonic regime (most probably a 
caldera environment). After approximately 18 Ma the western border of the Altiplano was subjected to 
compressive deformation. The compresive episode, that came to an end between 8 Ma and 4-5 Ma, caused 
a series of westvergent folds and thrusts, and triggered the deposition of syntectonic conglomerates: 
Joracane and Huaylas Formations (Fig. 1). 

The Joracane Formation is associated to activity of the BelCn-Tigndmar fault. This fault cuts 
across the conglomeratic series and no progressive unconformity was observed, suggesting a late 
reactivation phase. The activity of the BelCn-Tignhmar fault started at 18 Ma and stopped around 12 Ma. 

The Huaylas Formation is associated to the Copaquilla-Tignhar fault. The activity of this fault 
began after 11 Ma and ended before 4-5 Ma, but well after 8 Ma. The synsedimentary deformation in this 
unit is well developed; its lower levels are folded and thrusted, while the subhorizontal upper levels cover 
with erosional unconformity the upthrusted block. The conglomeratic filling has been strongly eroded 
and an erosional level 100 to 150 m below the top of these conglomeratic series is sealed by the Huaylas 
ignimbrite. The remmants of the ignimbrite East of the Copaquilla-Tigndmar fault (NW of Cerro 
Copaquilla) lie nearly one hundred meters above the general level of the ignimbrite, suggesting a late 
reactivation of the fault after 4-5 Ma. 



362 
Third ISAG, St Malo (France), 17- 19/9/1996 

The thrust faults, Beltn-Tignbmar, to the East, and Copaquilla-Tignbmar, to the West are 
developed in sequence. 
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GEOLOGICAL SETTING 

The Maraiion basin is Icxated in the NE slope of the Peruvian andean mountains.This basin, is part of 
the estructural depression that spreads from Colom bia to Argentina and i t  is found between the Guyan-Brazilian 
Craton and the Andean Cordillera.Morpho-estructurally, i t  can assume arbitrary boundaries (Fig. I ).Its south 
boundary is given by the Contaya-Cushabatay Arc, that is characterized by having a little depression 
topography. The north border is limited by the Conanaco Arc that divides the Marafion Basin from the N a p  
basin o f  Ecuador. Its eastern portion is limited by the Iquitos Arc. This positive structural element.that borders 
the Brazilian and Guyan Cratons joins both cratons, which are separated by the Amazon graben (Morales 1959). 
Its western portion is limited by the sub-andean thrust belt, that is characterized by having an accidented, 
thrusting and folding topography, as a product of the Andean orogeny. The Maranon basin contains a thick 
series of sedimentary rocks that go from the Paleozoic to the Quaternary times. They overlie a substritum of 
Precambrian granitic rocks (Fig. 3). All of this group of rocks is affected by compressional reactivations of 
paleozoic and mesozoic extensional faults (tectonic inversions). Laurent and Pardo ( 1974) had already evidenced 
extensional paleozoic phenomena that originated uplifted blocks crumbled down towards the Nor-East and South- 
East of the basin. These apparently extensional phenomena continued to the Triassic-Jurassic times originating 
like this the Pucara and Sarayaquillo basins. This extensional tectonics was alterned by regional and local 
uplifts, which were originated either by compressional andlor isostatic phenomena (Gil, 1995). A slight 
erosional unconformity between the Pucara G r ~ u p  (Upper Triassic-Early Jurassic)), seems to show an uplift 
phenomenon, possibly originated by Fleuuring. A slight disposition in  onlap tcwards the base of the 
Sarayaquillo Formation, which was observed in the Cretaceous Charnella zone, can indicate that this one already 
constituted a structural height during the jurassic sedimentation. This would evidence a flexuring as a 
consecuence of the subduction beginning in the peruvian margin (Gil, 1995). An erosion surface located between 
the Sarayaquillo (Late Jurassic) and Chusabatay Formations (Early Cretaceous) indicate a regional uplift, which 
is syn andlor post-Sarayaquillo but ante-Cushabatay. The Cretaceous is characterized by the tectonic inversions 
essencially located in the eastern and central part of the basin. These slructures are controlled by the pre- 
cretaceous paleogeography. Most of them correspond to tectonic in\rcrsions of pale070ic half-graben or graben, 
located at the eastern border, and Triassic-Jurassic in the Central and Western zone. In the Tertiary, an asi~netrical 
foreland basin is evidenced which depocentre migrated to the East, at the same time as the Orogenic Front's 
(Marocco 1994). In the Neogene series, three impcwbnt coarsening upward sequences ha\ e been observed, which 
constitute the sedimentary response to 4 continuum tectonic periods: 28-36 - IOMa, 10 - 7Ma, 7 - 2.7 Ma and 
2.7 - OMa (Marocco, 1994). The actual structures present an homogeneous deformation of all the Neogene 
sedimentary series, indicating a late structuration. In  the North-East extreme of the Maranon basin, the 
Cretaceous rocks lie over blocks apparenlly of Precambrian and Paleozoic age. I n  the central part and SW over 
the Jurassic series. The contact with thc Paleozoics is in an strong angular unconformity, while the contact with 
the .lurassic is in  a weak unconf(xrnity, which is becoming concordant to\\,ard the East. 

TECTONIC EVOLUTION 

For the kynenlatic analysis of the 8 (Fig. 2 )  studied structures, technic e\,olution (Palinspastic restoration) 
sketches were made determining eutensional and compressive e\.ents (lectonic in\,ersions) (Fig. 4 and S). 



Third ISAG, St Malo (France), 17-191911996 
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FIG. 3 !mRATICRAPAIC COLUMN FIG. 5 STRUCTURES COMPRESSIONAL REGIME 
OF THE MARAMN BASIN 
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Extensional Tectonic. Extensional events 01'  the Late Palec>u>ic times are registered by the Nanay, Nahuapa, 
Belen and Bolognesi structures. These structures show very deformed units in  sc>metimes roll-over blocks that 
directly underlie to the Cretaceous in angular unconformity. Extensional events of the Triassic and Jurassic are 
evidenced in  the Loreto structure where an extensional regime contemporarily happened to the Pucara Group 
sedimentation (Upper Triassic-Early Jurassic). I n  the Late Jurassic, the Sarayaquillo Formation is also 
developped in an extensional general regime, which is evidenced in the Loreto, Yanayacu, Capirona-Pavayacu 
and East Chambira structures. 

Uplift and Flexuring 
U~lift  and tectonic inversion of the Middle Jurassic inversion (DoggerJ: Apparently, a first compressive event 
manifested by a tectonic inversion appears in the Middle Jurassic before the sedimentation of the Sarayaquillo 
Formation. This phenomenon is evidenced in the Loreto Structure, in which i t  is poss~ble to distinguish an 
erosion surface between the Pucara Group and the Sarayaquillo Formation. 

Uvlift bv flexurinn of the Latest Jurassic- Earliest Cretaceous: This uplift phenomenon, possibly originated by 
flexuring, is evidenced by the erosion surface, between the Sarayaquillo and Cushabatay Formations. I t  is about 
a regional uplift mainly located in the Cretaceous Charnel la zone. 

TECTONIC INVERSION O F  CRETACEOUS TIMES 
Tectonic inversion of the Avtian: The Nahuapa, Yanayacu, and East Chambira structures present little tectonic 
inversions contemporary to the sedimentation of the Cushabatay Formation. 
Tectonic Inversion of the Albian: The Belen, Bolognesi and Yanayacu structures present tectonic inversion 
synchronically developped to the sedimentation of the Raya Formation (Middle-terminal Albian),and Agua 
Caliente Formation (Late Albian- Cenomanian). I n  the Belen Structure, this compressi\'e event apparently 
spread at least to the Palecxene. 
Tectonic Inversion of the Earlv Turonian: The Belen structure presents a tectonic activity for this lime. 
Tectonic Inversion of the Turonian-Coniacian: This compressive event is evidenced during the sedimentation of 
the Chonta Formation and is registered i n  the Nanay, Belen and East Cham bira structures. I n  the Nanay and 
Chambira East structures, this compressive phenomenon prolongates until the Santonian, while the Belen 
Structure, shows a reactivation until the Early Eocene. The Nanay Structure shows a good sign of this 
deformation, and besides, i t  presents the absence of the Late Turonian (ROBERTSON, 1990). 
Tectonic Inversion of the Santonian: During this period the Nanay and Belen Structures show a tectonic activity. 
Tectonic Inversion of the Cam~anian: Campanian marine deposits are covered in  unconformity by Maastrichtian 
sandstones (Vivian Formation). This erosion is apparently produced at the same time as the tectonic inversions, 
which are manifested in  the Belen and East Chambira structures. 
Tectonic Inversion of the Maastrichtian-Paleocene: They are noticed in the Belen, Yanayacu and Capirona- 
Pavayacy structures. 

TECTONIC INVERSION O F  TERCIARY TIMES. 

All the terciary sedimentary column is locally deformated by tectonic inversions. I t  is impossible to 
evidence a syn-sedimentary tectonic in  the 3 Neogene sequences. Apparently, the tectonic inversions that affect 
the tertiary foreland sediments of the Maraiion basin are very late, of the Pliocene or Quaternary times. 

DISCUSSION 

In the peruvian margin, the Aptian is characterized by the absence of vulcanism and by a general 
regimen i n  distension (Jaillard, 1993), neverthless, compressive and contemporary events to the Cushabatay 
Formation are registered in the Maraiion basin. I n  the Late Aptian-Early Albian a slight distension is registered 
in the peruvian margin (Jaillard 1993), i t  is impossible to differenciate this phenomenon i n  the Maraiion basin. 
I n  the Albian, the activity of a very important volcanic arc is accompanied by the Coastal Batholit location. 
This period is marked by thick volcanic efusions located in  the western part of the Peru\ ian margin and the 
south of Ecuador, and abruptl). end i n  the Cenomanian. At the same time a \.cry important tectonic phase o f  
compressive character is developped, irhich corresponds to the Mt~hica phase (Megard, 1%; Vicente, 1989); 
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jaiiiard, iW4). It is possible that the eustatic regression of the Late Albian-Early Cenomanian could have been 
reinforced by this tectonic event. 
An stratigraphic hiatus of the Early Turonian (ROBERTSON, 1990). restrincted in the eastern border of the 
Maraiion basin (proximal part) could have been originated by a tectonic uplift, i t  is also posssible that this 
statigraphic hiatus is originated by later erosions associated to a eustatic emersion (Jaillard 1994). 
In the Late Turonian an stratigraphic hiatus is also registered in  the Maraiion basin, which covers a greater area 
than the Early Turonian indicating an increasing erosion to the East. According Jaillard (1994) i t  would be 
originated by tectonic events at great scale and reinforced the contemporary eustatic regression. 
The peruvian phase appears in the Andean Mountains (Jaillard, 1993) culminating the Late Campanian. This 
deformation is restrincted to the eastern portion of the basin. 
Then an importan regression is registered in  Central and South Peru as well as in Bolivia. Which explains the 
almost general absence of all the deposits of the Late Santonian in the peruvian East. This eustatic regression 
(Haq, 1987), is reinforced by the effects of the Peruvian tectonic. 
I n  the Maraiion basin, the marine deposits of the Campanian are covered in unconformity with the sandstones in  
the Vivian Formation (Maastrichtian), which points out the Late Campanian erosions ocurrence. The same 
thing has been noticed in  the East of Ecuador (Jaillard, 1994). 
In the Upper Campanian the greatest peruvian phase is well determined and it is reponsible of greater events 
such as the Cincha-LLuta overthrusting in the Arequipa zone (Vicente, 1989; Jaillard, 1993). The definite 
general emersion of all the peruvian andean mountains and of the sedimentary hiatus of the Late Campanian in 
most of the part of the peruvian margin. This greater event occurs i n  the Eastern basin, possibly in  the 
Maastrichtian-Paleocene times, due to the fact that some studied structures (Belen, Yanayacu and Capirona- 
Pavayacu) present a tectonic inversion in this time interval. 
The Neogene series of the Maraiion basin, present three great coarsening upward sequences that can be correlated 
to the Quechua 1 ,  2 and 3 tectonic phases, that reactivate the sedimentation (Marcxco, 1994). Besides i t  is well 
kown that the litostatigraphic organization in three coarsening upward sequences is also common in  the eastern 
slope of the Ekuatorian and Bolivian andean mountains (Marocco, 1994). 

CONCLUSION 

In the Maraiion basin, tectonic inversions have been produced since the Aptian to the Paleocene. I t  is 
impossible to talk about tectonic phases, but of a deformation continuum that is distributed i n  an heterogeneous 
way in all the basin. Only the Belen structure seems to ha\.e registered the whole deformation continuum. These 
conclusions agree with Marocco's observations ( 1  990) .Indeed, according Morocco, the Central Andean 
Mountains initiate their emersion in the Santonian. I n  the superficial zones of the crust, this compression 
happens through a tectonic continuum that produces, according the local conditions, fracturation, ductile 
deformation, or active basin's formations. During the Neogene, a typical basin o f  foreland basin instalates. A 
second period of tectonic inversion of pre-cretaceous faults appear during the Pliocene and probably the 
Quatema~. 
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INTRODUCTION 

The studied area is located in the Province of Salta, in the nothwest of Argentine, covering an area of 
6300 km2. It belongs to the " Santa Barbara Tectonic System" where many geological studies were 
performed during the last decades. The results obtained with the ~iildcats drilled during the 70's - 80's 
(more than 10 dry ~vells) associated with geochemislry studies, both indicated that no oil generation had 
existed regarding Yacoraite Fm (Upper Cretaceous). After this negative esploration stage two sl~allow 
oil fields were discovered, both related to structural traps (faulted anticlines), Cuchuma and Lumbreras, 
productive from fractured limestones in the Yacoraite Fm. (Figure I). To ex-plain heir existence, new 
sedimentary and tectonic models were developed and a most accurate petroleum system is also suggested 
STATIGRAPHY AND TECTONIC 
The stratigraphic column is conformed by rocks that involve ages behveen Precambrian and Quaternary 
with a total approx. thickness of 8000m. (Figure 2). 
Precambrian (Puncoviscana Fm. Turnerl9GO): mainly composed of slates, its real thickness is 
unknown, and is highly deformed by several tectonic events. 
Paleozoic: (Meson Gr .Turner 1960, Mojotoro Fm, Cachipunco Fm. Hagerman 1933) (Cambrian to 
Devonian). Marine quartzites and shales (Vistalli C.1987) with a total appros. thickness of 2500m. 
Affected by the compressive stages (thick skinned) related to the orogenic Ocloyica (Base Silurian) and 
Chinica (Base Carboniferous) . 
Cretaceous, Paleocene, Lower Tertiary (Salta Group - Turner 1959):This sedimentary cycle 
represents a Synrift stage.( Bianucci et a1 1982) (Pirgua Subgroup.Reyes et a 1973. Lower-Upper 
Cretaceous), and Postrift (Balbuena - Moreno 1970 and Santa Barbara Subgroups - Moreno 1970). The 
total thickness has approx. 2500m and is composed of fluvial and eolian sandstones and conglomerates 
in the Syndl, whereas the Postrift stage is represented by limestones shales, sandstones and evaporites 
deposited in shallow lacustrine, playa lake and eolian environrnents.(Gomez Omil et a1 1987.) 
Neogene(0ran Group - Russo 1975)(Upper nliocene to P1iocene):They represent the synorogenic 
sediments. The oldest are fluvial distal facies and the youngest local fluvial facies mainly 
fanglomerates, with a masimun thickness about 5000m(Gebhard J.et a1 1974). At least three 
compressive tectonic events have been recognised (thick and thin skinned) during this time intenlal. The 
first happened around 17 M years related to tectonic inversion (Grier M. 1990;Letouzey 1990)(Sosa 
Gomez et a1 1993) (Salfity et a1 1991) (Quichua phase I-Mddle Miocene),the second around 10 M years 
(Quichua phase 11,Upper Miocene),and the third in the Pliocene (Diaguita phase)(Jordan T.l984).Due to 
it simportant deformation many different types of structures could be defined: fault propagation fold,out 
of the graben thrust faults,and also tensional faults (Syn rift) and strike slip faults. Most of the anticlines 
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are related to grow structures and have a strong sedimentary control mainly developed since the uppcr 
Miocene (Quichua phase II).(Medwedeff D. 1989)(Suppc J.et al. 1992) 
PETROLEUM SYSTEM 
Source Rock: The only stratigraphic unit with good source potential is the lacustrine Yacoraite Fm 
(Upper Cretaceous),related wilh the post rift stage.Shales with TOC values between 1 to 6% and type II- 
I11 kerogen has been described.The ma~imun source rock thickness is about 40m in the studied area. 
Maturity: Based on vitrinite reflectance values from surface samples and in Basin Mod analysis, mature 
areas are located just in some qnclines where the total subsidence over the Yacoraite Fm was more than 
3500m. In all the cases this subsidence happened in the upper Miocene and Pliocene, related to gro\\zh 
anticlines. The difference in thicknesses between the synclines and the anticlines for the upper Miocene 
and Pliocene is about 2000m.The main oil generation could have begin at 5.5 MM )ears. 
The present geothermal gradient in the region according to \\ells is about 2.6 to 3" C 1100m. 
Migration: A very short and local migration has been stablished with no more than 10 km from the 
kitchen located in the synclines to the nearest anticlines (Cuchuma and Lumbreras) . 
Carriers: There are no good carrier nith enough porosity as sandstones or limestones related to the 
source rock Yacoraite Fm. It is possible that fractures could be the main carriers that connect the kitchen 
to the final trap. 
Scal:The shales and evaporites that represent the initial post rift sequences (Olmedo Fm) which cover 
the main reservoir, have a thickness about 40111 and also a regional distribution. It's the proved seal in 
oilfields Cuchuma and Lumbreras. 
Rcscn~oir:The reservoir in both oil fields is related to fractured limestones. 
Trap: The discovered traps are i n  both cases anticlines \vith four-way clossure, confonned in different 
timing each. 
The Petroleum System herein defined is deficient because the discovered oil fields are filled up about 
10% of its structural clossure .and also many other structures drilled are dry. The main problem could be 
related to the restricted and isolated kitchen so the area of effective drainage is very little. 

CONCLUSIONS 

A poliphasic tectonic and also a sedimentary evolution are defined since ;?I: Precafiibrian to the present. 
The Petroleum System is analysed. The behal~ior of both subjects together allo\vs to explain the existence 
of the only t\vo oil fields found in the region (Cuchuma and Lumbreras), the bad results obtained in the 
oil exploration (10 well dry) in past decades.as \yell as to focus the exploration efforts in specifical areas. 
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INTRODUCTION 

Emplacement of plutonic complexes in the Coastal Cordillera was associated with deformation in 
ductile shear zones. Undeformed plutonic rocks and mylonites in adjacent wall rocks yield 4 0 ~ r / 3 9 ~ r  
hornblende and muscovite cooling ages and zircon ages for the undeformed pluton that are, within error, 
identical. Therefore: (1) plutons were emplaced at h g h  level and cooled rapidly; (2) heat to allow 
ductile deformation advected to high levels within the arc during magmatism. To account for arc 
asymmetry defined by east-younging plutonic rocks and east-down Isplacements in associated shear 
belts, Grocott and others (1994) proposed that Lower Jurassic to Lower Cretaceous plutons were 
emplaced as sheets at Ilational jogs in an east-dipping extensional fault system. They identified also a 
change in arc kinematics during Early Cretaceous time (c130 Ma) when ductile deformation became 
dominated by sinistral strike slip. Farther north in the Cordillera, authors report a Late Jurassic to Early 
Cretaceous transtensional regime partitioned into arc-normal and arc-parallel sinistral strike-slip 
components (Scheuber et al. 1995). Recent research on granite emplacement has emphasised that it is 
not necessary to create space at a dilational site withn a fault system to emplace plutonic complexes. 
Rather, magma pressure is capable of dilating any fracture where it exceeds the regional normal stress 
component acting across it allowing intrusions to be emplaced as sheets by magma wedging (Ingram & 
Hutton, 1994). Successively emplaced sheets may build into composite bodies of batholithic proportions 
(McCaffrey and others 1996). Here, we re-evaluate emplacement models for plutonic complexes in the 
Coastal Cordillera in the light of t h s  new work, and use new AMS (anisotropy of magnetic 
susceptibility) data to demonstrate strain partitioning during emplacement of the Lower Cretaceous Las 
Tazas plutonic complex. 

PERMIAN AND TRIASSIC (P-T) PLUTONIC COMPLEXES 

These tonalite to leucogranite plutonic complexes are N-S elongate, composite sheets folded by 
upright, low amplitude, large wavelength E-W open folds and earlier, inclined, close to tight NE- 
trending folds. They are located close to the present-day coast (Fig. 1) and have map dimensions 
typically 30km X lOkm and thicknesses > l  km. Plutons were emplaced into strongly deformed 
Devonian-Carboniferous metasedimentary rocks. Structures within the metasediments include SW- 
vergent major recumbent folds and mylonite belts. The plutonic complexes were emplaced sub-parallel 
to the pre-existing foliation and have gentle dips imposed by later folding. Where composition was 
appropriate, andalusite and muscovite mark a narrow contact aureole, though little ductile deformation 
is present in the country rocks. Neither magmatic state nor crystal-plastic fabrics have been recorded in 
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the plutons. The main upper and lower contacts are welldefined but there is interleaking of thin, 
concordant granitoid sheets with metasedimentary country rock above and below the main contacts. 
Laterally, the plutons interfinger with country rocks in the manner described by McCaffrey and others 
(1996) for the Lake District batholith, N England, At the edges of the intrusions contacts are steeply- 
dipping implying that sheet edges are blunt rather than tapered. We conclude that P-T plutons were 
emplaced as composite, sub-horizontal sheets parallel to the anisotropy of the metasedimentary rocks. 
Their orientation, absence of direct association nith faults and lack of internal and external deformation 
are consistent with emplacement by dilation of sub-horizontal, mode 1 fractures induced by magma 
pressure. 

LOWER (LJ) AND UPPER JUTUSSIC 0 PLUTONIC COMPLEXES 

Evidence from LJ tonalitic to granodioritic plutons (Fig. 1) has provided strong arguments for 
emplacement at dilational jogs in an eastdipping ex-tensional fault system fed by a dyke-transport 
ma,ma ascent mechanism (Dallmeyer, et al., 1996). Plutons were emplaced within mylonitic 
metasedimentary rocks and are nov exposed at roof level. The mylonites contain both pre- and qn- 
tectonic contact-metamorphic musco\ite and andalusite and this implies that Palaeozoic shear zones 
were reactivated during emplacement Stretched andalusite defines an !W$'-ESE ex3ension lineation 
associated with top-east shear sense indicators that appear to confirm low-angle normal-slip 
displacements linked to pluton emplacement. 

A dioritic UJ plutonic complex (Las Animas) lies inboard of the LJ plutonic rocks. It is elongate N- 
S and passes upward into a folded sill complex that cuts arc volcanic rocks of the La Negra Formation 
(Fig. 1). In exposure, pluton margins are steep though the wide aureole implies that the pluton is a 
moderately east-dipping sheet A narrow belt of high temperature mylonites uith steep extension 
lineations is present in country rock along the western margin of the complex and has the same 
4 0 A r / 3 9 ~  cooLing age as the pluton. Farther W, vertical, h%-SW trending swarms of basaltic andesite 
yield similar 40Ar139Ar ages to the plutonic complex and may be representative of dyke feeder($ of the 
UJ plutonic and the sill complexes. The emplacement mechanism for this pluton is uncertain and we 
have no data on its internal structure. There is however, no specific evidence pointing to emplacement 
at a dilational jog. Instead, the steep high temperature shear zone at the western margin is consistent 
with emplacement as an east-dipping sheet nithin a dip-slip shear zone. 

LOWER CRETACEOUS (LK) PLUTOSTC COMPLEXES 

Las Tazas plutonic complex (Fig. 1) \\.as emplaced at c.130 Ma inboard of the UJ plutonic complex and 
is bounded by the western and central branches of the Atacama Fault Zone (AFZ). The complex 
contains hvo plutons, one of which is a composite N-S trending vertical sheet with dimensions 60km 
xlOkrn. Along the western margin of this sheet a broad N-S belt of high-temperature mylonite has 
vertical foliation and steeply pitching stretching fabric. The vorticity vector (Robin & Cruden, 1995) is 
perpendicular to the stretching lineation and deformation non-coaxial with a kinematic vorticity number 
approaching 1. Kinematic indicators demonstrate east @luton)-side-down displacements. Again, 
40~r/39Ar are similar for the mylonites and the pluton indicating that cooling rates for both pluton and 
mylonites were rapid. The western margin of the pluton cuts the mylonitic rocks and we suggest that 
deformation partitioned immediately into the ma,oma as it was emplaced. Late qn-plutonic strain, 
reflected by anisotropy of magnetic susceptibility (AMS) and magmatic state fabrics, is characterised by 
a margin-parallel flattening with a weak, steeply south-pitching, linear element. The AMS data show 
that the late-synplutonic deformation of the pluton was characterised by a coaxial strain partitioned into 
the pluton with a weak, oblique-slip non-coaxial component. Locally developed low-temperature 
crystal-plastic fabrics within the pluton also reveal eastdown displacements parallel to a steep stretching 
fabric. Major and trace element geocherniw sho\vs that the pluton was emplaced from west to east as a 
sequence of vertical sheets. The south-pitching linear element of the AMS fabric becomes shallower 
eastward in the younger sheets due to an increasing dex-al component in the non-coaxial portion of the 
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strain. In the eastern country rocks of the complex mylonitic deformation was pol~phase. Dextral 
kinematic indicators on horizontal sections are overprinted by low-temperature (greenschist facies) 
mylonites with sinistral strike-slip displacements associated nith a sub-horizontal stretching lineation. 
According to Grocott and others (1991), Las Tatas complex was emplaced at a dilational jog in an 
estensional fault system. The new AMS data does not support this interpretation and the pluton may 
simply have dilated the north-south trending belt of mylonitic rocks now eqosed at its western margin 
when magma pressure overcame the normal stress acting across the ductile shear belt. 

Remolino plutonic complex (Fig. I )  covers an area of 130km X 10km. The internal structure of the 
pluton is unknown. At its eastern margin a broad belt of greenschist facies, sinistral strike-slip 
mylonitic rocks has the same 4 0 ~ / 3 9 ~  hornblende cooling age (c.125 Ma) as the undeformed pluton. 
This mylonite belt can be traced south for at least 60km on the western side of the Lower Cretaceous 
batholith (Arhalo, 1995). The eastern country rock of the pluton is characterised by a narrow belt of 
high-temperature mylonite with a vertical N-S trending foliation and a down-dip stretching fabric. This 
shows that, although sinistral strike-slip is the dominant style of ductile deformation in the magmatic 
arc post<: 130 Ma, dip-slip deformation continues to be associated with the early stages of the 
emplacement of arc plutonic complexes. 

La Borracha pluton has a 4 0 ~ / 3 9 ~  hornblende cooling age of c. 106 Ma and is the youngest 
plutonic complex we have so far dated in the Lower Cretaceous batholith. Llke Las Tazas and Remolino 
complexes it appears to be a vertical sheet emplaced along the AFZ. Its dimensions are lOOkm X 10 km, 
it trends W - S S E  and cuts the sinistral shear belt at the margin of Remolino complex (Fig. 1). In a 
shear zone developed in country rock at the western margin of the pluton, steeply pitching stretching 
lineations with eastdonn kinematic indicators are present Locally, low temperature sinistral strike-slip 
mylonitic deformation was superimposed on the &p-slip fabric. The trend and shape of the pluton and 
dip-slip mylonites imply emplacement at a releasing bend in the AFZ (Fig. 1). 

CONCLUSIONS 

Re-evaluation of pluton emplacement mechanisms in the Coastal Cordllera between 25'-27's indicates 
that P-T plutonic complexes were emplaced as sub-horizontal sheets at high crustal levels. LJ, UJ and 
earliest LK plutons were mainly emplaced as sheets by ma,m wedging rather than at specific dilational 
sites in fault systems. The plutons were emplaced in an ex~ensional arc nith an increasing strike-slip 
component through time and transtension certainly pro\ides the most satisfactory setting for the 
youngest LK plutonic complex studied (La Borracha). However, we non have AMS e\idence for at least 
local arc-normal shortening during emplacement of the earliest LK plutons at 26"s. 
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figure 1. Detailed geological map of the area between 26"s and 27"30'S, Atacarna Region. North Chile 
showing the plutonic complexes and main zones of ductile and bride deformation referred to in the 
text. *Arf9Ar sample localities of Dallmeyer er a1 (1996) are indicated. POR is the Porvenir plutonic 
complex, PAS is the Pastenes plutonic complex. (From Dallmeyer er al. 1996) 
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INTRODUCTION 

It has been suggested that during the Cenozic the tectonic regime along the Pacific margin of South 
America was controlled by the angle and rate of convergence at the subduction zone (Pardo-Casas & 
Molnar, 1987). Periods of rapid convergence (>l00 mmla) correspond to phases of compressional 
deformation and periods of relatively slow convergence ( 4 0  &a) correspond to intervals of 
tectonic quiescence. The angle of convergence is considered to have controlled the amount of strike- 
slip deformation, an increase in obliquity resulting in an increase in transpressionalltranstensional 
deformation. A number of deformation phases have been determined for the Cenozoic of the Central 
Andes which have become relatively widely accepted in the literattlre (e.g. Jordan & Alonso 1987) 
these include: the Late Eocene Incaic, an Early Miocene phase, the L,ate Miocene Quechua and the 
Pliocene Diaguita phases. The Incaic and Quechua deformation phases correspond with periods of 
increased convergence (Pardo-Casas & Molnar, 1987). The Central Andean margin appears, 
therefore, to have been subject to a compressional tectonic regime throughout much of the Cenozoic, 
interspersed with periods of tectonic quiescence. However, the structural and sedimentological 
expression of these tectonic regimes varies considerably. Here we examine the Cenozoic structural 
and stratigraphic evolution of the north Chilean forearc using new and published data in a traverse 
across the forearc through the Coastal Cordillera, Central Depression, the Precordillera and the 
Preandean Depression. We suggest that compressional episodes were interspersed with periods of 
active transtensional basin formation and that Late Miocene extension of the Coastal Cordillera is 
related to crustal flexure and extensional collapse. In addition, much of the palaeomagnetically 
determined rotation which has affected the north Chilean forearc can be attributed to localised strike- 
slip deformation associated with these periods of deformation, and not oroclinal flexure. 

TECTONO-STRATIGRAPHIC EVOLUTION 

Following the Late Eocene Incaic Orogeny a period of 'tectonic quiescence' was associated with 
pluton emplacement and development of a regional pediplain across northern Chile. The posr-Incaic 
evolution of the forearc is detailed for distinct morphotectonic zones. 
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Preandean Depression 
Deposition in the Preandean Depression (Salar de Atacama) commenced in the Early Oligocene (30 
Ma) following Incaic deformation at approximately 40 Ma. Sedimentation was continuous until at 
least the Early Miocene (19 Ma). In a southerly sub-basin, 800 m of sandflat, playa and sheetflood 
sediments were deposited between 30 and 24 Ma. At 24 Ma an abrupt influx in coarse grained 
detritus produced 600 m of alluvial fan sheetflood and debris flow deposits up to 19 Ma (Kape, 
1996). In the northern sub-basin 500 m of distal sheetflood sediments were deposited before 24 Ma, 
prior to deformation and development of an unconformity between 24 and 15 Ma (Kape, 1996). 
Elsewhere, sedimentation did not commence until approximately 10 Ma when deposition of the 
'Hollingworth gravels' took place unconformably over the Early Miocene succession at 
approximately 10 Ma (Naranjo et al., 1994). A thick sequence of ignimbrites and interbedded 
gravels were deposited between 10 and 4 Ma (San Bartolo Group) followed unconformably by 
deposition of Plio-Pleistocene sheetflood and lacustrine sediments (Vilama Formation) which in turn 
were locally deformed prior to the Holocene. 

Precordillera 
Sedimentation in the Precordillera took place within the Calama Basin. The basin forms a link 
between the Preandean and Central Depressions and is located within the Cordillera de Domeyko. 
Following Incaic deformation, sedimentation commenced in the ?Late Eocene to Early Oligocene 
with deposition of 500 m of alluvial fan deposits (?35-?28 Ma). Deformation in the Late Oligocene 
to early Miocene took place prior to deposition of 100 m of fluvial and playa deposits in the Early to 
Mid-Miocene (?21-?l4 Ma). Deposition of 115 m of alluvial-lacustrine sediments (interrupted by 
localised deformation) took place in the Late Miocene (9-3 Ma) following Mid-Early Late Miocene 
deformation and non-deposition. Sedimentation recommenced in the Late Pliocene to Pleistocene 
with deposition of 30 m of fluvio-lacustrine sediments, minor deformation and incision. 

Central Depression 
Deposition within the Central depression followed Incaic deformation (after 42 Ma) in the Late 
Eocene to Early Oligocene (?35 Ma). Approximately 1000 m of alluvial fan and lacustrine 
sedimentation took place throughout the Oligocene and Miocene (the Sichal Formation) up to 11 Ma 
(Jensen et al. 1995)(although it should be noted that exposure is poor over this interval). A hiatus 
between 11 and 7 Ma was followed by deposition of volcanics (Ichuno Formation) and alluvial- 
lacustrine sediments of the Quillagua Formation up to the Late Miocene-?Early Pleistocene (Saez, 
1995). 

Coastal Cordillera 
Up to 120 m of interbedded shallow marine and alluvial fan sediments were deposited along the 
western flank of the Coastal Cordillera from the Late Miocene onwards (La Portada and Mejillones 
formations). Sedimentation was largely conformable with localised unconformities developed 
adjacent to active faults, and has taken place in active half-grabens or topographic lows carved in 
Jurassic volcanics and granodiorites. 

SYNTHESIS: BASIN FORMATION AND DEFORMATION 

Comparison of the stratigraphic sections from the studied areas reveals the following sequence of 
events: 
1) Commencement of alluvial fan and playa sedimentation across the area in the Late EoceneEarly 
Oligocene following regional deformation associated with the Incaic Orogeny. The Calama Basin 
and Preandean Depression almost certainly formed part of a single basin. 
2) End OligoceneEarly Miocene deformation in the Calama Basin and northern part of the Salar de 
Atacama. Whether deformation took place in the Central Depression is difficult to ascertain due to 
the lack of detailed information. 
3) Continuation of alluvial fan and playa sedimentation from the Early to MidJLate Miocene. 
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4) Regional deformation associated with the Quechuan orogeny which affected the Central 
Depression, Calama Basin and Preandean Depression. 
5) Commencement of sedimentation in the Late Miocene across the forearc with ignimbrite 
emplacement dominant in the Preandean Depression and alluvial-lacustrine sedimentation in the 
Calama Basin and Central Depression. The latter two basins were linked after localised deformation 
in the latest Miocene. Initiation of sedimentation on the western side of the Coastal Cordillera and 
development of extensional tilted fault blocks. 
6) Localised Late Pliocene to Pleistocene deformation in the Calama Basin and Preandean 
Depression synchronous with localised sedimentation and incision. 

DISCUSSION 

It is suggested that following the Incaic deformation phase, the Oligocene period of tectonic 
quiescence was represented by transtensional basin formation recorded by virtually synchronous 
sedimentation in the Central Depression, Calama Basin and Preandean Depression. Changes in 
sediment thicknesses adjacent to large-scale faults (e.g. Precordilleran Fault system) suggest these 
faults were active (Jensen et al. 1995). The development of a transtensional tectonic regime could be 
due to extensional collapse of the Incaic Orogen following a decrease in convergence rate. A 
significant deformation phase took place at the end Oligocene/Early Miocene. The regional extent of 
this phase is difficult to constrain, however, the amount of deformation appears to have been greatest 
in the Calama Basin - a feature which suggests deformation associated with movement along the 
Precordilleran Fault System (May et al. this volume). Alluvial fan and playa sedimentation in 
transtensional basins continued up to the end of the Mid-Miocene across the study area prior to the 
regional Quechuan deformation phase. The full extent of sedimentation in the Preandean Depression 
during this time period is difficult to quantify due to post-depositional uplift and erosion associated 
with the Quechuan Orogeny. 

A significant change in deposition took place from the Late Miocene to Late Pliocene. The products 
of the volcanic arc swamped the Preandean Depression, whilst diatomite and carbonate lacustrine 
sedimentation dominated over much of the Calama Basin and Central Depression. Interestingly, this 
lacustrine sedimentation is coincident with a change from a semi-arid to hyper-arid climate (Alpers & 
Brimhall, 1988). A series of localised deformation phases affected the forearc during the Late 
Pliocene and Pleistocene which may correspond to the Diaguita phase of deformation (Jordan & 
Alonso, 1987). Throughout much of the Tertiary it appears that the Central Andes were subject to 
periods of intense compressional-transpressional deformation interspersed with periods of fault- 
controlled subsidence. Subsidence is likely to have been related to a transtensional tectonic regime 
generated by periods of crustal collpase and stress relaxation. Localised deformation appears to have 
continued throughout much of the basin-fill and may be related to movement on individual faults. 
This cycle of compression and relaxation could account for much of the tectono-stratigraphic 
development of what is now the Andean forearc. 

An extensional collapse process may also explain the Late Miocene development of the Coastal 
Cordillera. The leading edge of the South American Plate is represented by a series of extensional 
graben and half-graben (Moberly et al. 1982; Padilla & Elgueta, 1992) which have an inferred 
Miocene fill. It is proposed that stress relaxation following uplift associated with the Quechuan 
deformation phase has resulted in extensional collapse of the leading edge of the continental plate, 
possibly due to a decreased convergence rate andtor less effective coupling with the Nazca Plate. 
This process could explain why synchronous extensional and compressional deformation has affected 
the forearc. 
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A number of palaeomagnetic studies have been undertaken on rocks of different ages from 
throughout the north Chilean forearc. The studies have frequently found evidence for block rotation 
which is commonly interpreted in terms of Oroclinal bending. It is possible that many of the 
palaeomagnetically determined rotations simply reflect localised deformation associated with 
transpressional/transtensional fault movement. 

REFERENCES 

Alpers, C.N. & Brimhall, G.H. 1988. Middle Miocene climatic change in the Atacama Desert, 
northern Chile: evidence from supergene rninerlization at La Escondida. Bulletin of the 
Geological Society of America, 100, 1640- 1656. 

Jensen, A., Dorr, M.J., Gotze, H.J., Kiefer, E., Ibbeken, H. & Wilke, H. 1995. Subsidence and 
sedimentation of a forearc-hosted, continental pull-apart basin: The Quillagua Trough 
between 21°30 and 21°45 S, northern Chile. Recent and Ancient Lacustrine Systems in 
Convergent Margins, GLOPALS - IAS Meeting, Antofagasta, Abstract, p. 5-6. 

Jordan, T.E. & Alonso, R.N. 1987. Cenozoic stratigraphy and basin tectonics of the Andes 
Mountains, 20-280 South latitude. Bulletin of the American Association of Petroleum 
Geologists, 7 1,49-64. 

Kape, S.J. 1996. Basin Analysis of the Oligo-Miocene Salar de Atacama, northern Chile. 
Unpublished PhD Thesis, University of Birmingham, U.K. 

Moberly, R., Shepherd, G.L. & Coulbourn, W.T. 1982. Forearc and other basins, continental margin 
of northern and southern Peru and adjacent Ecuador and Chile. In: Legget, J.K. (ed), 
Trench-Forearc Geology, Special Publication ofthe Geological Society, London, 10, 171- 
189. 

Naranjo, J.A., Paskoff, R. & Ramirez, C.F. 1994. Morphostratigraphic evolution of the northwestern 
margin of the Salar de Atacama Basin (23OS-68OW). Revista Geologica de Chile, 21, 91- 
103. 

Padilla, H. & Elgueta, S. 1992. Neogene marine deposits of Caleta Patillos, northern Chile: their 
relationship with Neogene sediments of the Peninsula de Mejillones. Revista Geologica de 
Chile, 19, 83-89. 

Pardo-Casas, F. & Molnar, P. 1987. Relative motion of the Nazca (Farallon) and South American 
plates since Late Cretaceous time. Tectonics, 6, 235-248. 

Saez, A. 1995. Cenozoic and Quaternary lacustrine systems in northern Chile (Central Andes, arc 
and fore-arc zones). Recent and Ancient Lacustrine Systems in Convergent Margins, 
GLOPALS - IAS Meeting, Antofagasta. Excursion guidebook. 



Third ISAG, St Malo (France), 17-1 9/9/1996 
3 79 

STRUCTURE OF THE ARGENTINE ANDEAN CORDILLERA 
BETWEEN 30" 30' AND 31" 00' S 

N.Heredia (l), L.R. Rodriguez Femiindez (2) & D. Ragona (3) 

(1) Instituto Tecnol6gico Geominero de Espafia, Avda. Repliblica Argentina, 30, lQ B, 24004 Le6n 
(2) Instituto Tecnol6gico Geominero de Espalla, C/Rios Rosas, 23,28003 Madrid 
(3) Semicio GeoMgico Argentino, Avda. Julio A. Roca, 651, 1322 Capital Federal 

Key Words: Andean Cordillera, Gondwanic Orogen, Andean Orogen, normal faults, inversion 
tectonic. 

Introduction 

In the Argentine Andean Cordillera between latitude 30" 30' and 31" 00' (fig.l), two main 
tectonostratigrafic groups can be defined : a Paleozoic (Gondwanic) basement with a characteristic thin 
skinned tectonic structure and the Andean cover with remarkable extensional structures inverted by 
Tertiary compressional tectonic event. 

The Gondwanic basement is constituted by Silurian?, Devonian and Permo-Carboniferous 
marine sedimentary units, generally deposited in c h n a t e  or siliciclastic sedimentary platforms, 
intruded by Upper Paleozoic granitoid rocks ( Tocota pluton ). The most important structures related 
with Gondwanic Orogenic Cycle are thrust and related folds, with transport direction to the East and 
remarkable shortening. 

The Andean cover discordant over the Gondwanic basament has a volcanic and volcanoclastic 
origin with some interbedded continental sedimentary rocks. Two tectonostratigraphic groups can be 
also defined: a preorogenic sequence linked with an extensional tectonic event, and a synorogenic 
sequence linked with a compressional tectonic event producing the inversion of the previous 
extensional features. The lower units (Choiyoi Group and Vizcachas Fm. of Permian and Triasic age) 
are affected by normal faults with downtrow of the Western blocks and are intruded by Triasic 
granodioritic rocks. These faults involve the Gondwanic basement in a typical thick skinned tectonic 
style and are grouped in bands with a N-S direction. The uppermost units (Melchor and Olivares 
groups of Tertiary and Plio-Quaternary ages) are also discordant over the last ones. The normal faults 
were inverted in the Upper Miocene by an elevation of the West blocks, deforming the lower and 
upper units in a compressional context during the Andean Orogenic Cycle. 

The Gondwanic Orogenic Cycle 

The Gondwanic Orogenic Cycle goes from the upper Devonian to the lower Permian. The 
preserved structures linked to this Orogenic Cycle in this area were generated during San Rafaelic 
phase at lower Permian (Ramos, 1988). The deformation characteristics are of thin-skinned type: 
almost complete absence of metamorphism and schistosity, and the presence of numerous thrust 
levels, with folds related to thrust surface geometry. 

Usually, the thrust surfaces are placed on favorable levels -as the Silur-Devonian 
limestones situated on the bottom of the Paleozoic succession. The main geometric structures at 
different scales (m to km) are imbricate fans or duplexes. m e  observation of different kinematic 
criteria shows an East tectonic transport direction for all Gondwanic thrusts. 

Some folds at different scales appear to be related to the Gondwanic thrusts. The folds have 
different geometric features. Asymmetric folds are the most common type depicting interlimb angles 
lower than 70Q and the axial plane dipping 20Q to 40Q W. The folds are facing towards the E or the SE. 
Generally, they are cylindrical folds, but sometimes we can find folds with non cylindrical shapes. 
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B - PRECORDILLERA 

Fig.1.- Geological sketch map with location of study area. 
I-Principal Cordillera. 11- Frontal Cordillera. III- Rodeo-Calingasta Basin. 

IV- hecordillera 

Although it was not possible to restore the Gondwanic deformation, we were able to estimate 
the shortening of some minor structures. The calculated shortening is up to 70% in some duplex 
structures in the Atutia river area using a bed-length balance method. The calculated shortening must 
not be too different from the regional shortening generated by the Gondwanic deformation. 

The Andean Orogenic Cycle 

The Andean Orogenic Cycle (Ramos, 1988) is the ultimate responsible of the tectonic 
construction of the Andean Cordillera. In this cycle we can distinguish two main stages: the first one 
is an extensional tectonic episode, starting in upper Permian and concluding in the lower Cretaceous; 
the second one is a compressional tectonic episode, which goes from the upper Cretaceous to the 
Quaternary. 

The extensional stage 

In the upper Permian starts an important extensional stage, which generates a significant 
volcanism (Choiyoi volcanic episode). From the Triassic to the lower Jurassic, this process 
accelerates, but it slows down in the rest of the Jurassic and the lower Cretacic, and the first marine 
deposits appear. The deposition area and the Mesozoic sedimentation depocenters migrate to the W, 
conditioned by the extensional deformation migration in the same direction. 

The structures related to the Andean extensional tectonic process are normal faults grouped in 
bands with a N-S direction (fig. 1). Sometimes we can find normal faults with a NO-SE direction, 
which represent transfer zones. 

The normal faults are listric, mergin to a common detachment level dipping to the W. In the 
cross section I-I' and II-II' (fig.2) we can observe the Andean extensional prism geometry, with the 
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Gondwanic basement dipping to the W, and at the same time, each fault-block dipping to the E. This 
geometrical configuration defines a half-graben model and determines the existence of an important 
Gondwanic basement outcrop in the E of the studied area (Tocota Horst). We must remark the 
presence of Jmssic sediments in the W side of the Cortadera Fault (fig. 2). This fact shows that the 
Cortadera Fault represents the limit between the two main paleogeographical and structural domains 
of the Andean Cordillera in this area: the Cordillera Frontal and the Cordillera Principal. 

0 
MONDACA CORD. 

E 

LAS PIRCAS Fm.  I CHOIYOI  OR. 
~ ~ O , A ( P J U U D S  (PERMO-TRIASSIC)  
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(MIOCENE)  NEORAS Fm 

Fig. 2.- Geological cross sections. F w  location see Fig. 1. 

The compressional stage 

The Andean compressional stage starts in the upper Cretaceous in the same lalitude in Chile 
(Legarreta and Uliana, 1991). However, in the studied area, it probably starts in the Oligocene, which 
is the age of the first synorogenic sediments (Melchor Group). The Melchor Group lays 
unconformabily over the preorogenic successions and the Gondwanic basement (fig. 2), and its 
depocenters migrate from the W to the E, opposite to the extensional stage depocenters. The 
geometrical configuration of the Melchor Group is determined by the extensional structure and the 
erosion surfaces developed over the different fault-blocks from the Jmssic to the Oligocene. In the 
upper edge of the fault blocks the Melchor Group rests on the lower Andean units (cross sections I-I' 
and 11-11', fig. 2); and in the E of the studied area, it even rests on the Gondwanic basement. 

The most important compressional structures are reverse faults and thrusts, and scarce related 
folds. Most of the faults are generated by the inversion of the extensional faults during compressional 
tectonics process. However, some faults formed later cut the preexisting faults (fig. 1 and 2). The 
observation of different kinematic markers shows an East tectonic transport direction for the Andean 
compressional structures. 
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The inversion ratio of the reverse fault measured in the Tertiary sinorogenic rocks is usually 
less than 1 km. The crustal shortening calculated in the cross section I-I' and 11-11' (fig. 2) is of about 
8%. This fact contrasts with the more than 50% calculated shortening of the Precordillera unit 
(Gosen, 1992). All this shows that most of the crustal shortening of the Andean Cordillera at the 
compressional stage has been transferred to the Precordillera unit through the lower detachment fault. 
This facts also show that the Cordillera Frontal unit is an uplift block in which the estensional 
structures have been preserved, and that the Rodeo-Calingasta basin is of piggy back type. 
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INTRODUCTION 

Late Oligocene-Miocene piggyback basins in the Eastern Cordillera of southern Bolivia developed 
on top of the evolving Andean thrust belt These orogenic wedge-top basins contain progressive 
unconfonnities and have been folded and cut by thrust faults. Field mapping, measured stratigraphic 
sections, and 40Ar/39~r isotopic dates reveal the sequence of fold-thrust deformation in the region. In 
general, out-of-sequence thrusting within an eastdirected thrust system led to the development of fault- 
propagation and fault-bend folds that flank individual piggyback basins. 

GEOLOGIC SETTING 

Three north-trending basins, referred to as the Estarca, Tupiza, and Nazarano basins (from west to 
east), are separated by mountain ranges that average -4 km elevation. The basins themselves are -10 km 
wide by -80 km long and situated at elevations of -3 km. In southern Bolivia, the Eastern Cordillera is 
part of the thrust-belt hinterland consisting of a thick section of penetratively deformed, low-grade 
metamorphosed Ordovician rocks with subvertical slaty cleavage and narrow north-trending synclinal bells 
of modestly deformed, unmetamorphosed Cretaceous rocks. Cenozoic fold-thrust deformation in the 
hinterland thus affected a geologic column consisting of a preexisting "slate belt" of Ordovician rocks and 
a few isolated occurrences of Cretaceous rocks. This complex pre-thrusting geomey may have inhibited 
development of continuous regional decollements in specific suatigraphic horizons and favored 
development of both east- and west-vergent structures. 

BASIN STRATIGRAPHY 

The piggyback basins contain nonmarine clastic deposits of late Oligocene-Miocene age. Rapid 
lateral facies changes and stratigraphic pinch-outs within and among the basins have led to differing 
stratigraphic interpretations (Montana, 1966; Herail et al., 1996). The Tupiza basin consists of three 
north-wending outcrop belts representing three distinct piggyback basins. m e  oldest deposits, herein named 
the Bella Vista unit, are exposed in a syncline in the eastern outcrop belt This unit consists of a 400-600 
m thick alluvial-fan conglomerate dominated by clasls of Ordovician shale on the east limb of the syncline 
and clasts of Cretaceous sandstone on the west limb. The eastern section and underlying Ordovician rocks 
were folded prior to deposition of the overlying Tupiza Formation volcanic rocks. The 300 m thick Tupiza 
Formation volcanic rocks overlie the eastern Bella Vista section with a highly angular unconfonnity and 
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conformably overlie the westem Bella Vista section. The Tupiza volcanic rocks and probable equivalents to 
the north have been dated at 22.7 +/- 0.6 Ma and 29.9 +/- 0.9 Ma (WAr ages; Herail et al., 1996). 

The oldest deposits of the central outcrop belt of tbe Tupiza basin are tbe Catati Formation, a 400 
m thick section of floodplainllacustrine shale with thin gypsum layers deposited witb slight angular 
unconformity on Ordovician strata. Paleocurrent indicators show that a basal conglomeratdsandstone with 
predominantly Cretaceous sandstone clasts was derived from the west and ripplecross-stratified sandstones 
from the uppermost Catati were derived from the southeast The Catati Formation is correlated with 
similar lithologies at the top of the Tupiza volcanic rocks of the eastern outcrop belt and is thus early 
Miocene in age. The Tupiza Formation conglomerate is a red alluvial-fan &posit conformably overlying 
the Catati Formation in tbe central outcrop belt and the Tupiza volcanic rocks in tbe eastern outcrop belt. 
The Tupiza conglomerate, about 500 m thick in the eastern belt and 1000 m tbick in the central belt, 
exhibits an unroofing sequence in which basal strata are dominated by Cretaceous sandstone clasts and 
upper strata contain mainly clasts of Ordovician shale. Large clasts of Tupiza volcanic rocks are present 
only in tbe eastern belt A tuff near the base of tbe eastern belt of the Tupiza conglomerate yielded an 
40Ar/39Ar age of 16.14 +/- 0.06 Ma. Clast-size variations and cross-stratified conglomerate/sandstone in 
both outcrop belts reveal paleoflow toward the east 

The Nazareno Formation, the oldest deposit in the western outcrop belt of the Tupiza basin, is up 
to 1000 m thick and is typically in unconfonnable contact or fault contact with Ordovician rocks. A basal, 
200 m thick red conglomerate dominated by clasts of Ordovician shale pinches out eastward, suggesting 
that it could not have been continuous with the Tupiza conglomerate. The rest of the Nazareno Formation 
is composed of shale and fine-grained sandstone. A tuff within the Nazareno Formation has been dated at 
18.0 +/- 0.5 Ma (W&, Herail et al., 19%). The Oploca Formation is a 600 m thick section of braided- 
fluvial conglomerate/sandstone that unconformably overlies Nazareno and Ordovician strata. Conglomerate 
clast compositions include Ordovician shale and Tertiary volcanic rocks. Sediment transport was 
dominantly along the basins's north-tending axis, with a probable Ordovician source t e m e  to the west 
and volcanic sources to the north. A tuff near the base of tbe Oploca Formation yielded an 40ArP9Ar age of 
13.33 +/- 8.15 Ma. A tuff near the top is 8.28 +/- 0.74 Ma (WAr age; Herail et al., 1996). 

The Estarca basin is composed of an eastwardcoarsening and thickening section of conglomerate, 
sandstone, and shale. The basin deposits overlie Ordovician strata with a highly angular unconfonnity and 
are up to 800 m thick. The section is dominated by Ordovician detritus and is presumably the temporal 
equivalent to the Nazafeno and Oploca Formations of the Tupiza basin. 

The Nazareno basin contains a fining-upward, shale-dominated section up to 800 m thick 
Conglomerate horizons contain clasts of Ordovician shale and Tertiary volcanic rocks. A 20.9 +/- 0.6 Ma 
tuff near the base (WAr age; Herail et al., 1996) and a 12.79 +/- 0.12 Ma tuff near the top (40ArP9Ar age; 
Gubbels et al., 1993) reveal a Miocene age for the basin. 

SEQUENCE OF DEFORMATION 

Progressive unconfodties, provenance characteristics, and cross-cuning thrust relationships 
involving Tertiary deposits &fine a pattern of out-of-sequence thrusling within an overall east-vergent 
thrust belt. 

(1) A late Oligocene westdirected thrust on the eastern margin of the Tupiza basin provided an 
eastern source of Ordovician detritus for the Bella Vista unit. This thrust folded the conglomeratic unit in a 
footwall syncline prior to unconformable overlap by the late Oligocene-early Miocene Tupiza volcanic 
rocks. Syndepositional deformation west of the Bella Vista unit is suggested by interbedded Cretaceous- 
clast conglomerates derived from the west 

(2) Early middle Miocene eastdirected thrusting and associated growth of a fault-propagation fold 
and fault-bend fold is linked to deposition of the lower-middle Tupiza conglomerate (16.14 +/- 0.06 Ma; 
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40Ar/39Ar age). A progressive unconformity in the eastern SW suggests syndepositional growth of a 
structure on the western margin of the eastern outcrop belt. Tbe central outcrop belt lacks progressive 
unconformities, suggesting no nearby structures with actively rotating limbs. However, both the central 
and eastern belts of Tupiza conglomerate record unroofmg of a major sediment source to the west Tbe 
eastern belt also contains clasts of Tupiza volcanic rocks reworked from the area between the central and 
eastern belts. Tbese provenance indicators and growth strata suggest growth of a fault-propagation fold 
with active limb rotation within the Tupiza conglomerate depositional area. This feature provided minor 
amounts of Tupiza volcanic rocks to the east. A fault-bend fold that lacks evidence for rotating limbs is 
present on the west flank of the Tupiza conglomerate depositional area; this structure was the primary 
source of sediment. Both folds are consistent with an east-directed thrust system with a rampflat geometq. 

(3) Late middle Miocene-late Mocene eastdirectid, out-of-sequence thrusting and fold growth is 
associated with deposition of the upper Tupiza conglomerate and lower Oploca Formation (13.33 +/- 0.15 
Ma; "OArP9Ar age). In h e  cenual outcrop belt, a progressive unconformity in upper strata of the Tupiza 
conglomerate suggests a growing structure to the west. In the western outcrop belt, a progressive 
unconformity in the lower Oploca Formation suggests a growing structure to the east A fault-propagation 
fold at the tip of an east-directed out-of-sequence thrust accounts for both progressive unconformitites and a 
mapped thrust on the west margin of the central outcrop belt which places Ordovician rocks on the upper 
Tupiza conglomerate. This break-back thrust may have cut up from the footwall ramp of the pre-existing 
fault-bend fold on the west margin of the Tupiza conglomerate depositional area. 

(4) Post-middle Miocene (post Tupim conglomerate) folding and thrusting characterized the 
eastern outcrop belt of the Tupiza basin. Tight folding of the Tupiza conglomerate may be related to 
reactivation of the west-directed thrust on the eastern basin margin, which cuts the upper Tupiza 
conglomerate, and potential reactivation of a thrust between the central and eastern outcrop belts. 

(5) Late Miocene fault-bend fold growtb post-dates the Oploca Formation and deposits of the 
Estarca and Nazareno basins. Tbe eastern E s m a  deposits, western Oploca deposits, and western Nazareno 
deposits lack significant progressive unconformities and have been tilted approximately parallel to the 
slopes of their adjacent range fronts. Tbese features are consistent with growth of two fault-bend folds 
separating the Estarca, Tupiza, and Nazareno basins during translation along a deeper decollement 

CONCLUSIONS 

Late Oligocene-Miocene deformation within the predominantly east-vergent hinterland ponion of 
the Andean thrust belt led to isolation of individual piggyback basins. Shortening within this ramp-flat 
thrust system produced fault-bend folds that served as major sediment source areas and fault-propagation 
folds with actively rotating limbs which led to growth of progressive unconformities in adjacent deposits. 
Out-of-sequence thrusting within the Eastern Cordillera of southern Bolivia from late Oligocene to late 
Miocene lime may represent a prolonged phase of subcritical thrust-wedge conditions such that the thrust 
front could not migrate eastward. By late Miocene lime (-10 Ma) thrust-wedge taper had apparently 
increased enough to initiate thrusting fartber east in the Subandean Zone. 
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INTRODUCTION 

Uplift and deformation of the Andes are related to the subduction of the Nazca plate underneath the 
South American continent. The Ecuadorian Andes consist of two parallel N-S striking mountain chains 
separated by the Interandean valley. The Cordillera Real in the east consists of Paleozoic and Mesozoic 
metamorphic rocks and the Cordillera Occidental in the west of Cretaceous to Neogene volcanics. In the 
Interandean zone several sedimentary basins developed during the Neogene. Uplift and deformation events 
are recorded in the mostly continental basin fill series, revealing a detailed Neogene history of the 
Ecuadorian Andes. 
The project consists of a detailed analysis of stratigraphy, sedimentology and deformation of several basins 
in southern Ecuador (Fig. 1, Cuenca. Nab6n, Gir6n. Santa Isabel, Loja. Malacatos-Vilcabamba, 
Catamayo-GonzanamB, Playas and Zumba). The stratigraphic framework and the timing of basin fill 
deformation is established by fission-track age determinations in intercalated pyroclastics. A study of 
microfossil and facies patterns allows the reconstruction of depositional environments. 

BASIN STRATIGRAPHY 

The geological frame of the sedimentary basins is hardly known, except for that of Nab6n 
(Hungerbuhler et al., 1995). Earlier studies focused on the Cuenca basin, resulted in a geological map and 
established the stratigraphy. Timing of the basin fill was based on two K-Ar analysis of intercalated 
pyroclastics (Lavenu et al., 1992). Correlation from other basins to the Cuenca basin was based purely on 
lithological similarities (Putzer, 1968). However, our fission-track ages as well as fossil mammal data 
(Madden et al., 1994) show considerable variability in timing of sedimentation from basin to basin. 

In the Nab6n basin (Winkler et al., 1993; Hungerbuhler et al., 1995) the continental fill (about 
600 m) consists of primary and reworked volcaniclastic sediments. A detailed stratigraphic analysis with 
12 fission-track ages and paleomagnetic stratigraphy showed that the sedimentation took place during a 
very short period of time (8.5 - 7.9 Ma). High sedimentation rates of dominantly volcaniclastic material 
in the Nab6n basin relates to the acidic volcanic activity at the time. Synsedimentary compressional 
deformation features (growths folds and sedimentary wedges) in the scale of several 100 m indicate a 
WNW-ESE shortening, perpendicular to the basin axes. 

In the other basins the fill series consist of alluvial and lacustrine sediments derived mainly from 
the Cordillera Real and coeval volcanics. The sediments rest unconformably on a volcanic unit (Late 
Oligocene - Early Miocene) and turbidite series (Late Cretaceous) in the northern region and on 
metamorphic units (Devonian) and volcanic series (Paleogene) in the south. Most of the basins were 
developed in a half graben setting during extension. There is evidence for a marine or brackish 
environment (ostracods, shrimps) at the base of the series of Cuenca and Malacatos-Vilcabamba. 
Deposition took place during relatively short time ranges in the Middle and Late Miocene and sediment 
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accumulation was rapid: Malacatos-Vilcabamba (1 500 m) 4 Ma, Loja (1 000 m) 3 Ma and Cuenca (2700 
m) 7 Ma. Facies distribution, transpon directions and metamorphic pepple components in the sediments 
indicate an eastern source area for all the basins. There is almost no input derived from the West. 
Therefore, there is no evidence for a pronounced positive relief of a western mountain chain (Cordillera 
Occidental) during the time of sedimentation. 

Fig. 1. Simplified maps of Ecuador, a) Morphotectonic areas of Ecuador, b) Geological map of southern 
Ecuador with position of the main Neogene sedimentary basins (after Litherland et al.. 1993). 

Zircon fission-track ages of volcanic horizons are the first age determinations of Neogene 
sediments in southern Ecuador on a regional scale. They indicate much younger and shorter periods of 
sedimentation in the basins than previously assumed. The obtained chronostratigraphy is summarised in 
Fig. 2, which is based on about 80 fission-track age detenninations. The data show synchronous 
sedimentation of basin fill in Cuenca, Malacatos-Vilcabamba, Santa Isabel and Loja, the oldest preserved 
sediment being 15-14 Ma. Basal sediments in Gir6n are clearly older than in the other basins. 
Sedimentation was continuous within individual basins but was variable in time between them. Airfall 
deposits from the top of the Loja and Malacatos-Vilcabamba basin series give an age of about 11 Ma, 
assuming a shorter sedimentation period than in the Cuenca basin (top at 8 Ma). The basin fill of Nab6n 
is clearly younger than in all other basins. The basin series are often sealed by young pyroclastics of an 
age between 6 and 2 Ma, indicating regional volcanic events in southern Ecuador. Where these young 
pyroclastics are missing it is difficult to estimate how much sediment has been removed by denudation. 
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Together with the zircons, coeval apatites have been dated. Since apatite has a blocking 
temperature of 100+S°C (Harrison, 1985) some estimation of burial depth can be obtained by measuring 
the amount of annealing, both through the age determination as well as track length measurements. 

There are major unconformities in the sequences with good correlation from basin to basin. 
implying regional activity rather than local events. The basal unconformity between the volcanic 
basement and the basin fill series represents a long time gap (4 to 15 Ma). In addition several minor 
discordances are present in all fill series. The angular unconformity at around 8 Ma marks a younger 
regional tectonic event which can be observed in the northern part of the studied area. 
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Fig. 2. Chronostratigraphic correlation chart of basement and fill of the Miocene basins i n  southern Ecuador, 
based on about 80 zircon fission-track age determinations. These ages were determined using the external 
detector method. The zircons were extracted using standard separation techniques and were mounted in teflon and 
polished. Etching was carried out at 210°C in a eutectic melt of KOH and NaOH for 36 - 100 h. Samples were 
irradiated together with Fish Canyon Tuff age standard and glass dosimeter (CNI and NBS SRM 612). All ages 
were determined using the zeta approach. Errors are expressed as 2 o. 

DEFORMATION OF THE BASIN FILL SERIES 

Most of the basin series suffered dominant, postsedimentary deformation in an E-W compressional 
regime which is related to the convergence of the Nazca plate. This defonnation is characterised by large 
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scale thurst faulting, inverse faults and folding. The timing of the postsedimentary deformation is 
provided by fission-track ages of undeformed sediments which unconformably overlie the basin series. A 
Latest Miocene age is indicated. 

In particular the strong postsedimentary E-W shortening in the Cuenca basin caused west and east 
vergent thrust faulting. The faults can be traced in N-S strike direction over more than 80 km. The timing 
of the deformation can be clearly determined. It postdates the depositon of the MangAn Formation 
(uppermost basin fill, 9.5 Ma) and was completed before the intrusion of the Cojitambo dacite (7.8 Ma), 
which cuts the deformed sediments discordantly. Coeval compressional synsedimentary deformation is 
restricted to the basins of Nab6n and to the top of Malacatos-Vilcabamba series. A major pulse of uplift 
during this deformation event can be assumed. 

CONCLUSIONS 

Sedimentation in the individual basins took place during relatively short periods in the Middle and 
Late Miocene. Two major unconformities indicate periods of higher tectonic activity between 18 - 15 Ma 
and around 8 Ma. 

Sedimentological features such as evidence for flow direction from the basins, fragmentary facies 
relations and discordant basin sediments outside of the main basin domains suggest that the preserved 
sedimentary series represent only relicts of larger basinal areas. 

Observed half graben configurations confirm early extensional settings during basin development. 
There is no evidence for synsedimentary transpressional tectonics as assumed, except in the young Nab6n 
basin. 

Most of the basin series suffered a dominant, postsedimentary deformation around 8 Ma, in an E-W 
compressional regime, which correlates to the synsedimentary deformation in the Nab6n basin. 

The marine or brackish facies at the base of some basin fills and the strong volcanic input suggest 
perhaps that the older basins were formed in a volcanic arc environment at or below sealevel. Only the 
young Nab6n basin shows clear evidence for a truly intermontane setting. 

A dominant eastern source area and marine or brackish ingressions from the West indicate a 
younger age for the uplift of the Cordillera Occidental (Steinmann et al., 1996) than generally assumed. 
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INTRODUCTION 

The Peruvian Andes are considered an orogenesis related to the subduction of the Pacific oceanic 
plate beneath the continental margin of South America. During late Cretaceous and Paleogene times, the 
Peruvian margin can be divided into several palaeogeographic zones, trending parallel to the trench. These 
are, from West to East : 

- The volcanic arc (Soler 1991) was active mainly during the Albian and was the site of repeated ba- 
tholith intrusions during late Cretaceous times. This zone seems to have been deformed and partly or episo- 
dically emergent since the late Albian-Cenomanian. 

- The Western Trough is mobile and subsident basin filled by a thick shallow-marine series 
(Benavides 1956, MCgard 1978). Compressional tectonics occurred since the Senonian and led to the pro- 
gressive emergence of this zone, which became the late Cretaceous-Paleogene paleo-Andes. 

- A positive threshold ("Maraiion Geanticline") received a reduced sedimentation (Wilson 1963, Me- 
gard 1978), and was deformed mainly during Paleogene and Neogene times. 

- The Eastern Basin, with moderate subsidence, is characterized by a mixed, marine-continental sedi- 
mentation, and was deformed mainly during the Neogene. 

The Red Beds of Central and Northern Peru were deposited on the eastern edge of the Western 
Trough. Their stratigraphy was established by Benavides (1956), Wilson (1963) and MCgard (1978). For the 
Paleogene succession, Noble et al. (1990), Naeser et al. (1991) and Jacay (1994) specified the stratigraphy 
and proposed tectonic interpretations. 

STRATIGRAPHY OF THE LATE CRETACEOUS-PALEOGENE SUCCESSION IN PERU. 

In Central and Northern Peru, the late Cretaceous - Paleogene succession can be subdivided into 
three main sedimentary cycles (Jaillard 1994) : Coniacian - Campanian (Celendin Fm) ; Late Campanian - 
Paleocene (Casapalca and Fundo el Triunfo Fms) ; and latest Paleocene - Eocene (Chota and Rentema Fms, 
upper Mb of the Sacapalca Fm = El Carmen Conglomerate). 

Coniacian - Middle (?) Carnpanian 
During early Senonian times, Central Peru was the site of deposition of marls and evaporite 

(Celendin Fm), the top of which has been dated as Coniacian (Romani 1982) or Santonian (Wilson 1963). 
Farther North, marine fossiliferous marls and limestones of the Celendin Fm were dated as Santonian in the 
Cajamarca area (Benavides 1956) and as middle Campanian in the Bagua syncline (Mourier et al. 1988). 
The end of the marine sedimentation in Peru is, therefore, diachronous from South to North. However, a 
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major sedimentary hiatus occurred between the Santonian and Middle Campanian marine transgressions, 
which can be due to mild tectonic uplift or eustatic regression. 

Late Campanian - Paleocene 
This period is marked by predominantly fine- to medium-grained, continental red deposits of alluvial 

plain environment. Short-lived marine incursions are indicated by the occurrence of marine foraminiferas 
and brackish algae at the base of the Sacapalca Fm of Central Peru (Mabire 196 1, Bizon et al. 1975, Jacay 
1994), and by selachians and mesohaline ostracods at the base of the Fundo el Triunfo Fm of Northern Peru 
(Mourier et al. 1988). In the latter area (Bagua), selachians, dinosaur bones and charophytes indicate a Late 
Campanian-Maastrichtian age for the red beds (Mourier et al. 1988). In the Sacapalca Fm, MCgard (1978) 
quoted Maastrichtian charophytes (Jaillard et al. 1994). 

Late Paleocene - Eocene 
This period began with unconformable coarse-grained deposits. The El Carmen Conglomerate of 

Central Peru overlies the lower part of the Sacapalca Fm with local angular unconformity (MCgard written 
comm. 1996). It is interpreted as deposited on a proximal alluvian fan with local andor episodic lakes, 
whereas the coarse-grained sandstones and microconglomerates of the Rentema Fm of Northern Peru were 
deposited by braided streams in a middle alluvial fan environment (Jacay 1994). In Northern Peru, tuffs as- 
sociated with the Rentema Fm yielded 54.2 + 6.4 Ma FIT ages (Naeser et al. 1991). Farther west, the un- 
conformable volcanic Llama and conglomeratic Chota Fms were dated by WAr as 54.8 k 1.8 and 49.5 k 2 
Ma, respectively (Noble et al. 1990). Thus, the age of the basal unconformity nay be considered as close to 
the Paleocene-Eocene boundary. In Central Peru, the El Carmen Conglomerate is unconformably overlain 
by the "Carlos Fransisco volcanics", which yielded late Middle Eocene WAr ages of 39 + 1.9 Ma (Noble et 
al. 1979) and 39.8 Ma (MCgard, written comm. 1996). Vertebrates remains are currently under study. 

TECTONIC INTERPRETATIONS 

In the Western Trough of Central and Northern Peru, the marine sedimentation ceased between Late 
Coniacian and Middle Campanian times (Celendin Fm) and gave way to continental red bed deposits of late 
Campanian - Maastrichtian age (Fundo el Triunfo and Casapalca Fms). The fine-grained clastic supply re- 
corded from the Coniacian onwards and the progressive emergence of the Western Trough result from Seno- 
nian contractional deformations and crustal thickening of the westernmost areas of the margin (Peruvian 
phase; Steimann 1929, Jaillard 1994). However, the eustatic sea-level drop of Late Santonian-Early Campa- 
nian age (Haq et al. 1987) can account for a substantial part of the marine regression. 

In the studied areas, the basal unconformity of the Chota and Rentema Fms, and El Carmen 
Conglomerate evidences an erosional hiatus of most of the Paleocene, which is also recorded on the western 
edge of the Eastern Basin of Southern Peru (Jaillard et al. 1993) and Ecuador (Faucher et al. 1971). This 
indicates that uplift and, therefore, shortening occurred in the former Western Trough during part of the 
Paleocene. 

The deposition of unconformable coarse-grained conglomerates and sandstones of latest Paleocene 
andor Early Eocene age can be ascribed to the compressional early Incaic phase of late Paleocene - Early 
Eocene age (Noble et al. 1990). Since these deposits are widespread in the Eastern Basin, the early Incaic 
phase affected the whole western areas. 
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During the Cretaceous, the Andean margin of Peru and Ecuador comprised arc and forearc zones, 
a subsident western trough, an axial threshold, and a shallow marine to continental eastern basin, often na- 
med the Oriente basin. Therefore, the latter represented the easternmost marine area of the active margin. 

The mainly marine Albian-Maastrichtian succession of the Oriente Basin of Ecuador (Napo Gp, 
fig.) is marked by four conspicuous facies (Jaillard et al. 1995). The first one consists of massive transgres- 
sive, often glauconitic sandstones with erosional base. The second one is made of thin-bedded bioclastic 
limestones with erosional base, deposited in an open marine shallow shelf environment. The third one is 
constituted by unbioturbated laminated black shales deposited in a marine, very low-energy, disoxic to 
anoxic environment. The fourth facies is represented by massive laminated and unbioturbated limestones 
deposited on a very low energy, disoxic marine shelf. Other facies include open marine marls, marine sand 
sheets and prograding sandstones. 

Such a facies succession express the alternation of open marine environments with moderate ener- 
gy, and restricted low-energy depositional periods. This alternation can be explained through the dynamics 
of the marine Cretaceous sedimentation of the Oriente basin, controlled by palaeogeographic and climatic 
features, and by the creation rate of accomodation space. 

CHARACTERISTICS OF THE ORIENTE BASIN OF ECUADOR 

Palaeogeography. The Oriente basin is located on the eastern side of the South American conti- 
nent. It was therefore protected from the eastward blowing dominant winds and eastward migrating tropi- 
cal storms (Whalen 1995). This situation was also responsible for the occurrence of upwellings currents 
that induced a high planctonic productivity zone and, therefore, an 0 2  depleted layer in the water column 
(Arthur & Sageman 1995). This latter could invade the neighbouring shallow platform, namely the 
Andean basins, during important sea-level rises, provoking the deposit of anoxic beds (Wignall 1991). Fi- 
nally, the upwelling of cold water contributed to the inhibition of sedimentary production, and thus favou- 
red the preservation of the organic matter. Several types of topographic thresholds protected the Oriente 
Basins from the open marine influences. During at least Albian times, a locally emergent volcanic arc 
developed. During Senonian times, contractional movements produced the emergence of part of the pre- 
sent-day coastal areas. Finally, paleogeographic highs, such as the "Maraiion geanticline" acted as efficient 
thresholds during most of the Cretaceous. These barriers limited significantly the oceanic influences. Most 
of the marine Cretaceous deposits of the basin are of shallow marine environment. Therefore, the basin 
was very shallow and its average slope was very low. This feature probably favoured the damping out by 
friction over the sea-bottom of the open marine factors such as swell, tides, storms and currents. In 
contrast, the very low gradient may have induced local high velocity tidal currents, since tide surges cove- 
red large horizontal distances, even with microtidal regime (Tucker & Wright 1990). 

These characteristics altogether explain that the basin was generally protected from the oceanic 
energetic factors, and that most of the sediments were deposited in very low-energy conditions (Irwin 
1965, Friedman & Sanders 1978). 

Climate. "Middle" and early Late Cretaceous times were a period of greenhouse climate (Hallam 
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1985). At this time, the Oriente Basin of Ecuador 
located in the equatorial zone (Ross & Scotese 
1988), was probably submitted to a wet and hot 
climate. The latter was responsible for the deve- 
lopment of a dense vegetal cover on the conti- 
nental areas that inhibited mechanical erosion, 
explaining partly the scarcity of coarse detrital 
particles in the Cretaceous sedimentation. 

The hot temperatures induced the forma- 
tion of a superficial layer of warm, low density 
water. Heavy rains fed large rivers that flowed 
into the basin, inducing the formation of a super- 
ficial wedge of hyposaline, low density water, 
reinforcing the density contrast due to the tempe- 
ratures. Because the lack of significant energeti- 
cal factors prevented the mixing of this superfi- 
cial layer with the denser deep waters, the water 
column was then marked by a thermo-haline stra- 
tification that limited or even inhibited the cir- 
culation and oxygenation of the lower layer. 

Tectonics. The Oriente Basin exwrienced 
a low tectonic subsidence rate during the Creta- 
ceous, ranging from 4 to 10 mMa, according to 
the areas (Berrones 1994, Thomas et al. 1995). 

Late Albian is a period of contractional 
deformation in Peru, which can explain the arri- 
val of noticeable clastic amounts in the Oriente 
Basin ({{TD sandstones). Coniacian-Santonian 
times ckincide with the biginning of the Peruvian 
compression that must have triggered the flexural 
subsidence of the Eastern basins. The high sedi- 
mentation rate observed in the Maastrichtian can 
be related to the renewal of flexural subsidence 
due to the Campanian tectonic event. The latter 

Cretaceous series of the Oriente Basin of Ecuador. can account for the arrival of clastic sediments 
during Campanian and Maastrichtian times. 

Eustatism. When subsidence is low as in the case of the Oriente basin of Ecuador, the accomoda- 
tion space variations are nearly coeval with the sea-level changes (Jervey 1988). In the same way, if the 
sediment input is low, the sedimentary accumulation is low and the facies evolution roughly reflects the 
thickness of the water column (Jervey 1988). 

The high-energy, open marine facies are restricted to the transgressive deposits. During eustatic 
trangressions, marine influences (swell, currents, tides) were able to enter into the basin, because of its flat 
topography, and of the low sedimentation rate that did not allow the rapid fill of the accomodation space. 
This gave way to the reworking and deposition of relatively high energy nearshore sands (Nummedal & 
Swift 1987), or to the sedimentation of shallow open marine limestones. Both types of deposits overly ero- 
sional surfaces formed during the previous emergence period andor by nearshore wave activity. 

DEPOSITIONAL SEQUENCES OF THE CRETACEOUS MARINE SUCCESSION 

Two end-member types of depositional sequences can be recognized in the Oriente Basin. 
Retrograding sandstone sequences are characterized by an erosional base (SB+TS), an important 

clastic fraction generally represented by glauconitic sandstones, a clear transgressive vertical facies suc- 
cession (TST), a shaly maximum flooding (MF), a reduced thickness (2- 10 m) and the lack or reduction 
of prograding deposits (HST). They are interpreted as deposited during periods of low creation rate of ac- 
comodation space (Cenomanian, Late Santonian-Early Maastrichtian). Because of the lack of subsidence, 
only the major eustatic rises reached the basin. The lack of creation of accomodation space provoked the 
emergence of the basin early in the eustatic cycle, and prohibited the deposition of prograding HST. The 
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nental clastic systems, and to erosion and reworking of the marine or continental former deposits. Tecto- 
nic activity and subsequent rejuvenation of reliefs (Late Albian, Campanian) can also have increased the 
clastic supply, which inhibited the production of carbonate sediments. Good examples are represented by 
the " T  (lower part), "U", "M-2"?, "M-l" and Basal Tena sandstones. 

Prograding carbonate sequences are relatively thick (10-50 m), predominantly carbonated 
sequences with erosional base (SB). The TST can be either thin and constituted by calcarenites andlor bio- 
clastic marls, or thick and made up of laminated, anoxic carbonates, depending on the subsidence and sea- 
level rise rates. The MF is expressed by disoxic marls or shales, and the HST is represented by thick li- 
mestones made of stacked shallowing upward parasequences. They are interpreted as deposited during 
periods of relatively rapid creation of accomodation space (Late Albian, Turonian-Early Santonian). The 
high relative sea-level provoked the continentward shift of the shoreline, the retrogradation of the conti- 
nental clastic systems and allowed the carbonate production. Substantial accomodation space allowed the 
deposition, before emergence, of HST much thicker than the TST. Relatively short emergence hiatuses 
allowed the preservation of the HST and minimized the production of detrital particles. Good examples of 
these sequences are the lower "T", "A" and "M-2" limestones. During major sea-level rises (Late Albian, 
Early Turonian), the 02-depleted waters of the outer shelf overwhelmed the basin, provoking deposition 
of dysoxic to anoxic carbonated TST ("B", "A" limestones). 

Intermediate cases are represented by two types of sequences. (1) Thick prograding clastic se- 
quences formed during periods of high rate of creation OS accomodation space, and of important clastic 
supply. Both parameters seem to have been controlled by tectonic events (Late Albian Mochica phase for 
the c<Tn sandstones, Senonian Peruvian phase for the Tena Fm). (2) Aggradational stacks of thln retrogra- 
dational carbonated parasequences (<<C>>, upper "TV, "U" limest.) seem to correspond to periods of low rate 
of creation of accomodation space and relatively high average sea level. Due to the reduced accomodation 
space, the TST is well-expressed, but only the basal HST is preserved below the SB erosional surface. The 
relatively high sea level account for the scarcity of detrital material and the development of carbonates. 

PALAEOECOLOGY OF THE ORIENTE BASIN 

Because of palaeogeographic and climatic features, the sedimentological behaviour of the Oriente 
epeiric basin of Ecuador was comparable to that of a closed shallow sea and shares some features with 
lakes. The Oriente Basin was protected from oceanic influences by paleogeographic and topographic fea- 
tures. Climatic factors were responsible for the density stratification of the water-column. Wind waves, 
local storms and the OZrich river water were able to oxygenate only the superficial water layer. As a 
consequence, in stable conditions, the isolated cold, saline, dense deep waters could become rapidly anae- 
robic and promoted anoxic deposits. 

Stratification of the water column can also account for the peculiar biota of distal parts of the An- 
dean Basin. During sea-level rise, the thickness of the hyposaline superficial layer was probably minimum, 
due to the entry of marine energetic factors, and the reduction of continental areas and correlative decrea- 
se of fresh water sources ; the fauna was dominantly marine. During highstands, the upper water wedge 
developed, inducing the development of euryhaline, or mixed, hyposaline and marine faunas. During sea- 
level drops, the upper low-density water wedge thickened due to the decraese of marine influences, the 
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enlargement of drainage areas and increase of fresh water sources; fresh water to brackish fauna was 
dominant. Finally, the beginning of lowstand periods could be marked by a lacustrine stage, due to the 
disappearance of the saline wedge and predominance of the fresh water input. To consider such peculiar 
conditions may contribute to solve recent controversies about the palaeoecology of some Andean basin 
fauna (e.g. Gayet et al. 1993, Rouchy et al. 1995). 

CONCLUSIONS 

The low-energy character of the Cretaceous deposits of the Oriente Basin of Ecuador can be 
accounted for by mainly paleogeographic factors (western margin of a continent, topographic barriers, gra- 
dient of the basin). These, together with climatic factors due to the equatorial latitude (temperature, hea- 
vy rains, large rivers) induced an environment protected from the open marine influences and a thermo- 
haline stratification of the water column, which favoured the deposition and preservation of organic mat- 
ter. 

The low subsidence rate and a low sediment supply recorded in the Oriente Basin influenced the 
nature of the depositional sequences. On one hand, a high (respectively low) rate of accomodation space 
creation controlled the deposition of mainly progradational (respectively retrogradational) sequences. On 
the other hand, a high (respectively low) relative sea level andtor a weak (respectively important) tectonic 
activity induced a low (respectively important) clastic supply, and the deposition of carbonate (respecti- 
vely clastic) sequences. 
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INTRODUCTION 

The Celica basin is a turbiditic trough of Late Cretaceous age located in southwesternmost Ecua- 
dor and northwesternmost Peru, where it is named Lancones Basin. The sediments rest on the Paleozoic 
Amotape-Tahuin Massif (A-T Massif) to the West, and on the Celica volcanic arc to the East (fig.). Hen- 
ce, the sediments of the basin are mainly siliciclastic toward the West and volcaniclastic toward the East. 

In Ecuador, the cover of the A-T Massif has been defined as a single formation of Cretaceous age 
(Puyango Gp or Cazaderos Fm, Kennerley 1973, Bristow & Hoffstetter 1977) that would grade laterally 
into the eastern series. In Peru, stratigraphic and sedimentological studies of the A-T Massif cover (Copa 
Sombrero Gp) resulted in the definition of several stratigraphic units (e.g. Iddings & Olsson 1928, Olsson 
1934, Fisher 1956, Morris & Aleman 1975, Reyes & Caldas 1987). 

Stratigraphic data on the Eastern series of the Celica Basin have been published previously (Jail- 
lard et al. 1996). This paper presents new stratigraphic results obtained from the western part of the Celi- 
ca Basin of southwestern Ecuador, i.e. the Cretaceous sedimentary cover of the A-T Massif. 

STRATIGRAPHY 

Basal Conglomerates. In Ecuador, greywackes and shales bearing silicified woods unconforma- 
bly overly the A-T Massif basement. Then, conglomeratic quartzites with silicified tree-trunks are over- 
lain by shales and fine-grained sandstones with thin intercalations of limestone and tuff. From poorly spe- 
cified layers, Shoemaker (1982) determined Auracariaceae of Early Cretaceous age (fig.). Tuffs yielded 
reset WAr ages of 75+9 and 64+6 Ma (Shoemaker 1982). In Peru, similar quartzose conglomerates that 
unconformably rest on the Paleozoic A-T Massif are ascribed to the Albian (Gigantal conglomerate, Reyes 
& Vergara 1987). 

Lower limestones. Overlying the siliciclastic rocks are grey to black, laminated bituminous marls 
and limestones. In Ecuador, unprecised beds yielded ?Hypacanthoplites sp., Parahoplites sp., Brancoce- 
ras aegoceratoides, Desmoceras latidorsatum, Hysteroceras orbignyi, Oxytropidoceras (?Laraiceras) sp. 
and Ox. (Venezoliceras) commune of early to early late Albian age (Bristow & Hoffstetter 1977). In 
Puyango, we collected bivalves (Ceratostreon sp. Cucullaea sp., heterodonts), and the ammonite Epiche- 
loniceras s.1. sp. of late Aptian to earliest Albian age (fig.). In Peru, comparable limestones are dated as 
Albian by foraminiferas, inoceramids and ammonites (Pananga and Muerto Fms, Iddings & Olsson 1928, 
Chalco 1955, Zuiiiga & Cruzado 1979, Reyes & Caldas 1987). In both countries, the limestones are over- 
lain by a thick clastic series made up of dark shales interbedded with sandstones and greywackes deposi- 
ted by turbidity currents (Copa Sombrero Gp of Peru, Morris & Alemhn 1975, Reyes & Caldas 1987). 
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Copa Sombrero Group. In Ecuador, a calcareous nodule or 
a block from the base of the succession yielded the ammonite 
Brancoceras sp. of early middle Albian age (fig.). Higher in 
the succession, in shales and greywacke turbidites, we found 
post-Albian ammonites, which are currently studied. In Peru, 
the lower part of the succession consists of black shales and 
calcareous siltstones, with sandstone and pyroclastite interca- 
lations, interpreted as basin plain to slope deposits (Huasimal 
Fm, Reyes & Caldas 1987, Reyes & Vergara 1987, Morris & 
Alemdn 1975, Chdvez & Nuiiez del Prado 1991). It yielded 
ammonites of middle to late Albian (Fisher 1956), and early 
Cenomanian age (Olsson 1934). 

In Ecuador, the upper part of the turbidite succession inclu- 
des two thick, unfossiliferous quartzose conglomerate layers 
correlated with the Jahuay Negro and Tablones formations of 
Peru, respectively. It contains numerous unidentifiable inoce- 
ramids. The upper part of the Copa Sombrero Group of Peru 
contains also two conglomeratic layers interpreted as upper to 
middle fan deposits (Chdvez & Nuiiez del Prado 1991). The 
lower one (Jahuay Negro Fm) contains scarce Cenomanian 
ammonites and Cenomanian-Turonian inoceramids (Reyes & 
Vergara 1987. Reyes & Caldas 1987). The upper conglomerate 
has been correlated either with the ccmiddle Conglomerates~ of 
Olsson (1934) (Chalco 1955), or with the Tablones Formation 
ascribed to the Campanian (Reyes & Caldas 1987). They are 
separated by a shaly unit with t hn  interbeds of arkosic sand- 

Location of the studied area. stones bearing scarce inoceramids (Encuentros Fm, Moms & 
Alemdn 1975, Reyes & Caldas 1987, Chhvez & Nuiiez del Pra- 

do 1991). From the Copa Sombrero Group, cf.Barroisiceras habe$ellneri of early Coniacian age (Peter- 
sen 1949) and Senonian microfauna (Weiss 1955) were reported. 

Unconformable limestones and marls. In Ecuador, in the northern part of the studied area 
(Puyango), thick-bedded, sandy coarse-grained limestones with large bivalves unconformably rest on the 
Albian black laminated limestones or on the overlying turbidites. A loose ammonite of unknown origin 
found on these outcrops is a Vascoceras ex gr. cauvini Chudeau, 1909 of latest Cenomanian age. These 
limestones grade upwards into yellow marls interbedded with light-coloured, skeletal and oolithic limes- 
tones. A whorl fragment of Texanitinae ? gen. sp. indet. found in these marls suggests a late Santonian to 
Campanian age (fig.). These carbonated units are only locally present. The Campanian foraminiferal 
assemblage mentioned by Sigal(1968, Bristow & Hoffstetter 1977) may proceed from these beds. 
In the Lancones Basin of Peru, Monis and Alemhn (1975) consider the Campanian Tablones Formation 
to be an unconformable shallow-water deposit, that postdates the emergence and deformation of the Copa 
Sombrero Group. In the Talara Basin, transgressive sandstones and conglomerates of Campanian age rest 
unconformably on Paleozoic rocks or on the Albian limestones (Redondo Fm, Weiss 1955, Gonzhlez 
1976). Farther south, in the Paita area, shales, calcareous sandstones, massive limestones and subordinate 
conglomerates of probable Campanian age, rest unconformably on Paleozoic rocks (La Mesa Fm, Olsson 
1944). These units express a regional transgression in open shallow marine shelf to nearshore environ- 
ments (Olsson 1934, 1944, Morris & Alemhn 1975, and obs. pers.). 

Overlying deposits. In Ecuador, the uppermost unit of the Celica Basin consists of black shales 
with calcareous nodules and thin-bedded sandstone turbidites. Toward the West (Cazaderos), we found the 
inoceramid Platyceramus sp. of Senonian age and poorly preserved ammonites among which Acantho- 
scaphites sp., Pachydiscidae indet. and two specimens of Diplomoceras sp. indicate a late Campanian to 
Maastrichtian age (fig.). Farther southeast (Zapotillo), thck black siliceous shales are characterized by 
numerous Platyceramus sp. and may be coeval with the late Campanian-Maastrichtian deposits. 
In the Lancones Basin of Peru, the upper shaly unit (Pazul Fm) is considered as Coniacian (Fisher 1956), 
Campanian (Morris & Alemdn 1975), or Maastrichtian to Paleocene in age (Reyes & Caldas 1987), accor- 
ding to the authors. It is regarded as a lower fan or basin plain deposit (Chhvez & Nuiiez del Prado 1991). 
On the A-T Massif of the Talara area, black shales (Clavulina shales, Olsson 1934) rest on the Copa Som- 
brero Group, and are overlain by coarse-grained quartzose conglomerates (Monte Grande Fm, Iddings & 
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Arnrnonlte indet. 

Ecuador : Acsnthoscephites sp., 
Diplomoceras spp., 
Pachydlxidae 7, 
~~atyceramus sp. 

Cenomanian ? 

Olsson 1928, Olsson 1934). In these black 
shales, we found Exiteloceras sp. of late 
Campanian to Maastrichtian age, whereas 
the overlying conglomerates only yielded 
an unidentifiable ammonite (fig.). In the 
Talara Basin, the Maastrichtian and Pa- 
leocene stages are represented by marine 
black shales (Gonzdez 1976). Near Paita 
(NW Peru), the transgressive deposits are 
overlain by coarse-grained conglomerates 
of Maastrichtian age that mainly contain 
clasts of metamorphic rocks (La Tortuga 
Fm, Olsson 1944). In Rio Playas (SW 
Ecuador), coeval conglomerates contain 
clasts of mainly volcanic origin (Casanga 
Fm, Jaillard et al. 1996). In Bagua (fig.) 
red beds of coastal and alluvial plain envi- 
ronment are dated as Maastrichtian (Mou- 
rier et al. 1988, Naeser et al. 1991). 

EVOLUTION OF THE WESTERN 
CELICA BASIN. 

During the early and middle 
Albian, the A-T Massif was a stable area 
of the Andean forearc zone. 

The Celica Basin was created du- 
ring the late middle to early late Albian. Its 
formation was associated with a strong 
synsedimentary tectonic instability expres- 
sed by slumps, olistolites, clastic dykes, 
and turbidite flows (Morris & Alemhn 
1975, Reyes & Caldas 1987, ChAvez & 
Nuiiez del Prado 1991). This event can be 
related to the Mochica tectonic phase of 
Peru, marked by an alternation of contrac- 
tional and extensional deformations (MC- 
gard 1984), probably due to a dextral shear 
regime (Soler 1991, Jaillard 1994). 

The conglomerate intercalations 
(Cenomanian-Turonian?) indicate that the tectonic activity was going on, and that the A-T Massif was sub- 
mitted to intense erosion. Some times after the Turonian or Coniacian, the Celica Basin was deformed and 
became emergent. This tectonic event is coeval with part of the Peruvian contractional phases of Coniacian 
to Campanian age (Steimann 1929, Jaillard 1994). 

The unconformable limestones postdate the deformation and emergence of the Celica Basin. The- 
se deposits indicate an important shallow marine transgression, which we propose to correlate with the 
Campanian transgressive beds recognized on the eastern side of the Celica Basin of Ecuador (part of El 
Naranjo Fm of Rio Playas, Jaillard et al. 1996), in the Talara Basin (Weiss 1955, GonzAlez 1976) and the 
Paita area of northwestern Peru (Olsson 1944) and in the Bagua syncline of northern Peru (Mourier et al. 
1988. Naeser et al. 1991). They express the creation of a wide forearc basin of late Campanian-Maastrich- 
tian, possibly Paleocene age. Although field evidences are still lacking, it appears that this basin extended 
NNE-ward throughout Ecuador, where black shales and turbidites (Yunguilla Fm) yielded the ammonites 
Sphenodiscus peruvianus, Solenoceras sp. and microfaunas of Maastrichtian age (Faucher & Savoyat 
1973, Bristow & Hoffstetter 1977). The Yunguilla ccHyschn is presently tectonically pinched between 
accreted terranes and the continental Andean margin (fig.). 

In northwestern Peru and southwestern Ecuador, the coarse-grained conglomerates of Maastrich- 
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tian age express an important tectonic event of late Campanian-early Maastrichtian age (?) that rejuvena- 
ted volcanic (Ecuador) or metamorphic reliefs (Peru) and contributed to the emergence of the Bagua area. 
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INTRODUCTION 

Along most of its 8000 km length, the eastern flank of the Andean orogen is underlain by thrust 
belts of Tertiary (mostly Ncogene) age. Structural styles, however, vary greatly along strike. It has been 
shown that the seg~ncnration of Andcan foreland deformation coincides both with the segmented geometry 
or the downgoing slab and with smatigraphic and structural inhomogencities of the upper plate (northern 
Argentina; Allmcndinger ct al., 1983; Jordan et al., 1983). Here, we describe the varying styles of 
foreland deformation along the entire orogen and discuss the relative importance of the different 
controlling factors proposed. 

TYPES OF FORELAND DEFORMATION 

Three principal types of foreland deformation can be distinguished: (1) Thin-skinncd fold-and-thrust 
bclts with a basal dCcollemcnt within the sedimcntary cover (Fig. la). Shortening of the cover in the 
foreland belt is balanced by extensive overthrusts of basement sheets in the internal zones of the thrust 
bclt. (2) Thick-skinncd thrust bclts with a dkollement at mid-crustal dcpths. Some of thcse belts occur at 
thc orogcnic front in a position similar to thin-skinned bclts (Fig. Ib), but otlicrs lic at a largc distance 
from thc orogcn. (3) Laramidc or Pampcanas-type bascmcnt thrusts which possibly affect thc entire crust 
(Fig. lc). Thc widcly spaced thrusts usually occur in irregular, anastomosing patterns. 

None of tlicsc structural styles are mutually exclusive, and the lransitions betwccn them are 
sometimes gradual (Fig. 2). Areas of thin-skinned thrusting may later become affected by thick-skinned 
thrusting as a result of the piggy-back propagation of basement-cover thrusts (e.g. Cordillera Oriental of 
Colombia; Interandean Zonc of southcrn Bolivia; Fig. la). The slructural style can also switch from thin- 
skinned to thick-skinned and vice versa in both space and time as deformation propagates cratonward. 
Deep-seated basemcnt thrusts are the exclusive stylc of deformation in eastern CoIombia and western 
Venezuela (Sierra Nevada de Santa Marta, Sie~ra dc Periji, MCrida Andes). In northwestern Argentina, 
howcver, the bascmcnt thrusts of the Sierras Pampcanas are coeval with thin-skinnctl thrusting in thc 
Precordillera. Foreland bascment thrusts may also pass laterally into basement nappes of the intcrnaI belt 
(Shira uplift and Cordillcra Oriental in southern Peru). 

FACTORS CONTROLLING STYLE VARIATIONS 

Many regional studies suggest that slratigraphy and the pre-Ncogenc tectonic history of individual 
areas exert an important control on thc development of distinct structural styles. Thin-skinned Fold-and- 
thrust belts depend on the existence of a more or less undisturbed sedimentary cover at least some 2-3 km 
thick, and in some cases on a particularly weak basal layer. Many, i f  not all, basement-involved thrust 
belts rcsult from thc inversion of Mesozoic rift basins (e.g.Colletta et al., 1990; Grier et al., 1991; 
Salfity ct al., 1993; Uliana et al., 1995). The conditions for the development of Pampeanas-type 
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Fig. 1: Examples for the different styles of foreland deformation. Cross-sections are located in Fig. 2. 
a) The Subandean Ranges in southern Bolivia, a well-developed thin-skinned thrust belt (structure from 
Baby et al., 1992, and Dunn et al., 1995, slightly modified). The Interandean Zone is a thin-skinned belt 
camed piggy-back on younger basement thrusts. 
b) Zapla Range and Santa Barbara System of northern Argentina, a thick-skinned thrust belt developed 
from a Cretaceous rift. Depth to detachment is estimated from cross-section balancing. Deep structure of 
Cordillera Oriental is hypothetical. 
c) The Sierras Parnpeanas, Argentina. Names refer to individual ranges. Depth of faulting under Sierra Pie 
de Palo and Sierra del Valle FCrtil from earthquake hypocenters (Jordan & Allmendinger, 1986). 

31' 15's 
S i e r r a s  Pampeanas E 

basement thrusts are probably least understood. The boundary of the Sierras Pampeanas with the thick- 
skinned thrust belt of the Santa Barbara system is transitional. Reactivation of earlier normal faults does 
play a role in the development of some of the Sierras Pampeanas (Schmidt et al., 1995). but apparently 
not in all of them. 
The correlation of subducted slab geometry and suuctural style is strongest in the foreland from 20' to 33' 
S (southern Bolivia and northern Argentina). It is less evident on an orogen-wide scale, where a well- 
developed thin-skinned belt occurs over a flat slab (Santiago and Huallaga belts of northern and central 
Peru) and deep-seated basement thrusts occur over a slab which dips at 25-30' at present (eastern 
Colombia and western Venezuela; Laubscher, 1987; MalavC and SuArez, 1995). If the coincidence of 
segmentation in the lower plate with an older segmentation of the upper plate in northern Argentina is 
not merely by chance, then we are forced to conclude that in some way the properties of the upper plate 
have influenced the development of the flat slab segment between 27' and 33' S. Isacks (1988) pointed 
out that a stiff upper plate will tend to flatten the slab dip if plate convergence is rapid. North of 22' S, 
thick Silurian shales unaffected by Cretaceous extension permitted the development of a wide thin-skinned 
fold-and-thrust belt, with internal basement thrust sheets advancing far over the craton. Farther south, 
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tiqo and Huallaga thrust belts 

Thick-skinned thrust MS 

Basement Involved In 
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Fig. 2: Thc distribution of dilferent styles of foreland derormation along thc Andes. The extent of f7af 
subducting segments of the Nazca plate is also shown. Only the structural units mentioned in the text arc 
labcled. 

whcrc the Andean lront impinges on thc Crchccous rilt, a thick-skinncd loreland belt developed, which 
eventually grades into thc basement thrusts of thc Sicrras Pampeanas. These changes in structural style 
reflect an increasingly rigid uppcr plate, with shortening decreasing southward. The difference in 
shortening is not sullicicnt to explain thc full downdip cxtent of thc flat slab, but it might represent the 
bigger for its development. 
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CONCLUSIONS 

Different styles of Andean foreland deformation are characterised by the way basement is involved 
in thrusting: Basement thrusts with large displacements are typical for the internal zones bordering thin- 
skinned belts. In thick-skinned thrust belts and provinces of Pampeanas-type basement thrusts, the 
displacement on individual thrusts usually does not exceed a few kilometers. Apparently, it is the 
development of a basal dCcollement in the overlying sedimentary cover that allows large slip to 
accumulate on a single basement thrust. The frequent link of thick-skinned belts with former rift areas 
might thus be explained by two factors: First, potential dkollement levels can be offset by normal faults, 
and second, reactivation of earlier normal faults may be easier than the evolution of a new dkollement. 
Outside the rift areas, the lack of a thick sedimentary cover may prompt basement-involved thrusting 
which possibly affects the entire crust. 
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INTRODUCTION 

The Patagonian Andes are di~ided into the External and Internal Tectonic Domains. The 
External Tectonic Domain is characterized by structures developed in the sedimentary cover, scarce 
basement outcrops, low temperature deformation (usually not above green schist facies) and almost 
absent calcalcaline magmatism. The Internal Tectonic Domain is characterized by low to high grade 
polydeformed metamorphic rocks emplaced as basement thrust sheets, basic rocks with oceanic crust 
affinities, and abundant calcalkaline magmatism. These two descriptive domains can be mapped 
regionally and the boundary is a transitional zone with basement thrust-and basement cored 
anticlines. Here I show a regional balanced cross section through the Patagonian Andes which goes 
from Tierra del Fuego island to the Pacific ocean (Figure I-A). It was constructed using the fault- 
bend folding theory [Suppe, 19851. The cross section presents a new interpretation linking the 
structures of the External and Internal domains. The rocks of the Internal domain are interpreted as 
alocthonous thrust sheets transported hundreds of kilometers along a basal decollement. The 
deformation propagates from the Internal to the External domain since Mid Cretaceous to Cenozoic. 

External Domain 
The External Domain is characterized by a thick folded and thrusted sedimentary cover. Fault related 
folds are the typical structures to the north and imbricated thrust systems to the south (Figure I-A). 
The frontal folds are interpreted as fault bend folding structures related to three decollements, D1-D2 
and D3 located near the top, middle and bottom of Eocene-Oligocene clastic deposits (Figure I-B) 
[Cagnolatti et al., 1989; Alvarez Marr6n et al.. 19931. The age of deformation of the frontal fold belt 
is post (S4) and can be related to a Miocene regional event of deformation. The shortening in the 
frontal zone is partially transfered to a back-thrust (BT) which is the limit of the frontal folds. south 
of this backthrust there is an imbricated system of five thrusts sheets composed of Upper Jurassic- 
Lower Cretaceous rocks (S1) and Upper Cretaceous rocks (S2). These thrust are related to a 
decollement located at the top of the Jurassic volcanics of Tobifera Formation (D4) described in 
surface at the Cerro Verde anticline by Klepeis [1994]. At the north edge of the imbricated thrust 
system, the Vicuiia thrust (VT) and a back-thrust (BT) define the triangular zone described by 
Alvarez Marr6n et a1 (1993). The Cerro Verde anticline (CV), affected by Quaternary strike slip 
faults, is the first outcrop of Tobifera Formation along the section. It is interpreted here as two 
stacked basement thrust sheets which are connected to the basal decollement of the orogen (D5) by 
a 15' ramp under the Darwin Cordillera (DC) (Figure l-A). The shortening produced by the 
displacement of the basement thrust sheets along the top of Tobifera volcanics (D4) and top of Upper 
Cretaceous-Lower Tertiary rocks (D3) account for most of the Tertiary shortening of the fold belt east 
of the Deseado thrust. The Cerro Verde anticline refolds the deformed cover due to the activation of 
a lower decollement in the basement. This is a possible mechanism for thickening the orogenic 
wedge and to propagate the deformation toward the foreland during consecutive events of 
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deformation. The fact that the low grade basement thrust sheet (BT) at the north end of Darwin 
Cordillera was emplaced out of sequence during the Paleocene-Eocene [Klepeis, 19941, suggest a 
post Mid Cretaceous (age of the main deformation in southern Darwin Cordillera) and pre Eocene 
event of cover deformation during Maastrichtian-Paleocene. 

Internal Domain. 
The Darwin Cordillera is the most important basement outcrop in Tierra del Fuego, metamorphosed 
during the Upper Cretaceous as a consequence of the Mid Cretaceous compressive deformation 
[Kohn, 19951. Along the profile three basement thrusts were mapped [Mingramm, 1982; Caminos et 
al.. 19811. Here they are interpreted as an east vergent imbricated thrust system with more than 200 
km of shortening and rooted in the basal decollement (D5) at 30 km below sea level (Figure l-A). 
The southern limit of Darwin Cordillera is a tectonic boundary associated with an abrupt 
metamorphic grade change from chlorite-biotite grade to kianyte grade along the Beagle Channel 
fault [Kohn,1995]. This metamorphic jump is not recognized 20 kilometers toward the east in the 
section because the rocks on either the north coasts of Dumas Peninsula (DP) or the south coast of 
the Beagle Channel (BCH) are in chlorite-biotite grade (GS in Figure l-A). This lateral changes 
probably reflect variable crustal shortening and uplift along the irregular margins of the back arc 
basin deformed during the Mid Cretaceous. The outcrops of the Upper Jurassic volcanics (Tobifera) 
in depositional contact below basic rocks of the back arc basin (Tortuga Complex) along the coast of 
Dumas Peninsula [Suarez et al, 19851, are here interpreted as transitional crust of the north side of 
the back arc basin thrusted over continental crust of Darwin Cordillera. The basic rocks of Tortuga 
Complex are an incomplete ophiolite sequence outcroping extensively south of the Beagle Channel. 
They are composed by pillow lavas, sheeted dikes and gabbros representing the upper levels of the 
oceanic crust formed in a Mesozoic marginal basin [Suarez et al, 19851. The metamorphism and 
geochemistry of these rocks support an origin related to a spreading center [Stern and Elton, 19791 
but no ultrabasic rocks were found yet in the Tortuga Complex neither in the Sarmiento Complex 
toward the north. south of the Beagle Channel fault in  Dumas Peninsula (PD) and Pasteur Peninsula 
(PP) several thrusts merge to a decollement located 5 kilometers below the top of the basic rocks 
and two more decollements are infered at the bottom and top of the Upper Jurassic-Lower Cretaceous 
sedimentary rocks. The southermost thrust transport Upper Jurassic-Lower Cretaceous rocks 
associated to the activity of a magmatic arc located on the southern margin of the basin. 
It is proposed here that the basic rocks are alocthonous thrust sheets emplaced over continental crust 
and transported hundreds of kilometers toward the foreland along D5. Most of the deformation south 
of the Beagle Channel is related to a Mid Cretaceous compressive event between 87-90 Ma and 100- 
1 10 Ma [Halpern and Rex, 19721. 

CONCLUSIONS 

The Patagonian Andes of Tierra del Fuego are divided into an External and Internal 
Tectonic Domains, each one having different style of structures and rock association. The structures 
of the External Domain are related to four main decollements (Dl-4) located in the sedimentary 
cover and the deformation migrates toward the foreland in at least three events of shortening during 
the Maastrichtian-Paleocene, Eocene and Miocene. The emplacement of basement thrusts that fold 
or cut the previously deformed cover is a possible mechanism for thickening the orogenic wedge and 
to propagate the deformation toward the foreland during consecutive events of deformation. 
The structures of the Internal zone in Darwin Cordillera are basement thrusts rooted in a basal 
decollement (D5) located at 30 kilometers below sea level and a 15' ramp link the basal 
decollements of the Internal and External domains. The structures south of Darwin Cordillera are 
related to a basal decollement located in the oceanic crust of the back arc basin. This basic rocks 
are interpreted as alocthonous thrust sheets emplaced over continental crust and transported 
hundreds of kilometers toward the foreland. The main episode of deformation in the Internal domain 
is Mid Cretaceous age sustaining the general propagation of the deformation toward the foreland 
since then. 
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Figure l-A Regional cross section in the Patagonian Andes of Tierra del Fuego. VT: Vicuiia thrust; 
DT: Deseado thrust; CV: Cerro Verde anticline; BT:Basement thrust; BCH:Beagle Chanell; 
DP:Dumas Peninsula ; PP:Pasteur Peninsula; P0:Pacific ocean. 

l-B.S1-S4:tectostratigraphic units bounded by unconformities, J:Jurassic unconformity, 
MK:Mid Cretaceous unconformity, MP: Maastrichian - Paleocene unconformity, E:Eocene 
unconformity; M:Miocene unconfomity. D1-5: Decollements. 
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INTRODUCTION 

The north Chilean Coastal Cordillera represents the first magmatic arc (Jurassic to early Cretaceous) 
of the Andean cycle. This arc is composed of > 5 km of arc volcanics (mainly basaltic andesites) and 
gabbroic to granodioritic intrusives. The main structure of the Coastal Cordillera is the > 1000 km long 
a r c - p d e l  Atacama Fault Zone (AFZ) which was activated in the early Cretaceous as a trench-linked 
strike-slip fault. South of Taltal (25'24.100 S 1 70'29.100 W) the Atacama Fault Zone separates two 
blocks of strongly different geological and tectonical development, the Cifuncho-Block to the west and 
the Pingo-Block to the east. 

The CIFUNCHO - BLOCK is made up of an assemblage of different crustal slivers represented by three 
fault-bounded sub-blocks. These are from W to E: 

- a western block consisting entirely of Palaeozoic rocks, strongly folded phyllites and quartzites, 
outcropping mainly along the coast, which were intruded by granites of the Per- Cifuncho Pluton. 

- a middle block consisting of - 1500 m of a coarse to medium grained continental sedimentary 
sequence, locally containing intermediate volcanic intercalations of late Triassic age, Lower Jurassic 
marine sediments overlain by a Lower Jurassic volcanosedimentary sequence 

- an eastern block composed entirely of arc volcanics, - 5000 m of the Jurassic La-Negra Formation and - 800 m of the likewise volcanic Lower Cretaceous Aeropuerto Formation 

The stratigraphic record of the PINGO - BLOCK bordering the Cifuncho-Block to the east is strongly 
reduced. Triassic and Jurassic formations are lacking: Palaeozoic sediments and plutonic rocks are 
overlain only by the magmatic arc volcanics of the Lower Cretaceous Aeropuerto Formation. The 
Pingo-Block was intruded by gabbros to granodiorites of the Cerro del Pingo plutonic group in early 
C r e m u s  times. 
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TECTONICS 

In general the structures of the Cifuncho-Block were formed in an arc-parallel (N-S) sinistral 
transtensional regime in late Jurassic times. The following types of structures can be observed: 

a) N-S trending strike-slip faults occur mainly at the bounda~ies of the sub-blocks. Fault rocks are fault 
gouge and breccia. Displaced marker horizons and microslmctures indicate a mainly sinistral sense of 
displacement 

b) Folds and thrusts occur only in the Triassic-Lower Jurassic sediments. Fold axes and thrust planes 
trend - ENE: vergencies are directed towards NNW and SISE. 

C) N - S to NNW - SSW striking n o d  faults 
d) NE trending dextral strike-slip faults. Along these faults the Cifuncho-Block has been fragmented 

into smaller parts 

The age of deformation is constrained by predefonnative dioritic sills and stocks (K-Ar in Hornblende: 
155 f 5 Ma) and by post-defomtive andesitic dikes. N of Aatofagasta similar dikes gave a cooling age 
of 147 f 6 Ma (K-Ar in hornblende). This time-lag correspcads to the final stage of igneous activity in 
the Cifuncho Block which cooled below 100°C at 77 f 7 Ma (fission track on apatite) 
The different composition of the Pingo-Block poses the question whether this block, before it became 
part of the early Cretaceous magmatic arc, was covered by Jurassic marine backarc sediments in a 
similar way as the areas east of it (Cordillera Domeyko) or if it was an elevated area during that time. In 
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the fmt case exhumation of the Paleozoic rocks must have occurred during the late Jurassic or early 
Cretaceous, perhaps at the time of the intrusion of the Pingo-Pluton (- 120 Ma). Defonnation 
concentrated on the Atacama Fault Zone which separates the Pingo-Block from the Cifuncho-Block. 
Here a - 500 m wide mylonitic belt developed. Numerous kinematic indicators uniformly reveal a 
sinistral sense of shear. Two mylonitic zones could be distinguished: an older one, developed in a late 
Jurassic diorite yielded 141 f 6 Ma (K-Ar in hornblende), a younger one developed in an early 
Cretaceous granodiorite yielded 123 f 3 Ma (K-Ar in biotite). Thus, also in the Pingo block 
defonnation was contemporaneous to magmatic activity. The Palaeozoic rocks fell short of the 100°C- 
isotherme at 134 f 9 Ma and the Cretaceous granodiorite at 90 f 9 Ma. 

CONCLUSIONS 

The Pingo-Block and the Cifuncho-Block as well as its subblocks are all bounded by major strike slip 
faults and show great differences in their respective geological evolution. Thus, these blocks could be 
interpretated as "terranes" which, according to Coney (1989) are "geologic entities of regional extent 
with a coherent stratigraphic sequence different from the cratone nearby and bounded by a major fault". 
It can be shown, however, that these blocks owe their origin to the special conditions of magmatic arc 
tectonics and the movement of the forearc with respect to the upper plate so that the term "terrane" may 
be not adequate for this phenomenon. The following facts have to be considered: 

a) The blocks were originally part of the upper plate and were affected by arc magmatism. 
b) The mobility of these blocks depends entirely on igneous activity in the arc which, by advective heat 

transfer, leads to a weakening of the crust of the arc. This weakening results in a decoupling of the 
forearc from the remaining upper plate. Decoupling in turn allows the forearc slivers to move parallel 
to the arc. When magmatism stops, the crust of the arc becomes rigid and the forearc slivers become 
locked. 

C) The overall movements of the blocks are constrained essentially to directions parallel to the arc along 
trench linked strike slip faults. 

The described lateral movements were a consequence of strongly oblique plate convergence towards SE 
(JAILLARD 1986). This oblique convergence caused the movement of the Cifuncho-Subblocks relative 
to the Pingo-Block. Although the amount of the lateral displacement cannot be determined at the 
moment, the described contrasting stratigraphic records of the two blocks are an indication of large-scale 
displacements. 
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INTRODUCTION 

The inversion of microtectonics data, obtained from mesoscopic faults asociated with the main 
alignements of a structural system, allows to make a more thorough description of the kinematics and 
interpret it in the regional setting. In this work we compute stretching and shortening axis (strain) (e.g. 
Marret y Allmendinger, 1990) for a set of structures contained in the domain of Atacama Fault System 
(AFS) (Saint Amand, 1960), "El Salado" segment (Naranjo, 1987). particularly between 260 and 27OS. 

These antecedents, jointly with available paleomagnetic data, magmatism ages and mineralization 
characteristics associated with M S ,  allows to apply for a partition model of-deformation for the 
discussed area. 

MICROTECTONIC DATA 

PS alignments : represented by the AFS main traces, relevant to anastomosic cleavage areas and 
occasionally to sensu strict0 faults with subhorizontal striae. The kinematics indicators describe a 
generally sinestral lateral displacement. (Fig.]) 

NE-SW alipnment~ : of little frequency, thogh with lengths surpassing 10 km, are remarkedly associated 
to mineralization occurrences of Fe-Cu. In the Cerro Negro mining district, mainly normal mesoscopic 
faults defining a NW-SE maximun stretching axis and a subvertical shortening axis. 

NW-SE a l i ~ n m e n ~  : represented in the forearc region, AFS west, for a set of mainly sinestral 
displacement faults and wich would be linked to the clockwise block rotation. In jurassic rocks, this 
rotation reaches 35O with no important latitudinal displacement (Taylor, 1994). In the AFS domain this 
set is recorded too, particularly well exposed in the Manto Verde Fault (MVF) (Linsay U., 1994), in 
the 10s Pozos-Manto Verde mining district. The MVF, displayed at aproximately 30° between the AFS 
central and eastern branches, relevant to a group of mainly normal or sinestral-normal displacemet 
mesoscopic faults. Said kinematics defines a maximun NE-SW horizontal stretching axis and vertical 
shortening axis. 

DEFORMATION MODEL 

The geometry of the structural system and the described kinematics, allows to infer a domain of 
arc where the deformation would be partitioned in a simple shear component, without greater displacement 
in the borders of the shear zone (AFS main alignments), and with extension associated to NW-SE 
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Fig.1. Geologic sketch that shows three major units, from west to east: (1) Paleozoic Basement including 
Devonian-Carboniferous metamorphic rocks and Permian-Tnassic and Triassic granitoids, (2) Mesozoic 
Magmatic Arc and (3) Tertiary-Quaternary Alluvial. Coluvial ant1 Pediplain Deposits. Major structural systems 
are displayed and its corresponding stereoplot. with strain axis. ;re shown too. 
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structures (MVF). A simultaneous component of pure shear is justified by the low angle of the MVF and 
the borders of the shear zone taken in to account. On the other hand, the forearc domain would reflect the 
remaining pure shear fraction absorved with leakage of blocks or "slivers" in the NW-SE structures, 
developed in a sector of coast prortruding towards west. Moreover, the NE-SW structures could be linked 
to the first and solve space 
problems associated with the blocking rotations. The reduced component of lateral displacement 
described, as well the geometric display of structures in the arc and forearc, allow to assume a 
transpressive deformation system of "pure shear dominated" (Tikoff y Teyssier, 1995) associated with a 
slanting subduction of important component (convergency angle greater than 200). 

Chronologic relationships, though imprecise, allows to describe the following sequence 
of events: 

Jurassic-Lower Cretaceous (156-125 Mal : Extensional (Grocott eral., 1994), or transtensional arc. 
First clockwise rotation (15O-20°) (Taylor er., 1993) of jurassic rocks through preceding structures of 
NW-SE direction in the forearc domain. Said event could be related to a very low spreading rate in the 
Phoenix-Farallon ridge and the reducedconvergency velocity resulting from considering fixed the 
Sudamerican plate, previous to the Atlantic ridge opening (Uyeda y Nakamori, 1979, Mpodozis y 
Allmendinger, 1992). 

Valan~inian-Cenomanian (125-115 Mal : Change of tectonic regime. Ductile deformation in the 
sinestral transpresive regime in the central and eastern branches of the AFS. Fe mineralization in the 
AFS main branches, associated with the upper structural level. Fe-Cu mineralization on the arc domain 
(Manto Verde-Los Pozos district) associated with the same level. 

This deformation events would only be initially related to the important spreading rate of the 
Pacific ridge (125 Ma) with convergency direction towards the SE. Indeed, it is empirically accepted the 
inconsistency of intraarc megafaults and "extensional" subduction regimes (or "Mariana" type by Uyeda y 
Nakamori, 1979) (Jarrard, 1986). as the one generated as from this period. Instead this, an important 
extension in the backarc region is developed. This event would be registered in the full development of 
marginal basins in the continental margin. Therefore, after the initial deformation of the period, the AFS 
would provisionally abandoned. 

Aptian-Albian (115-100 M d  : Pure-simple shear in the arc domain. Reactivation of NW-SE (MVF) 
extensional structures displacing mineralized bodies. Pure shear in the forearc domain with NW-SE 
structures reactivation and clockwise rotations (20°-15O) (Taylor d., 1993). 

These transpressive deformation events coincide with the opening of Atlantic ridge (somewhat 
subsequent to the 115 Ma, in this latitude) (Rabinowitz y La Brecque, 1979). Though the Pacific ridge 
spreading continued, the displacement of Southamencan plate generate less favorable conditions for the 
backarc subsidence (Uyeda y Nakamori, 1979; Mpodozis y Allmendinger, 1992). 

Albian-Santonian (100-851 : Extension in the backarc region. This event would be related to the 
extinguishing of the Phoenix-Farallon ridge at 100 Ma by reducing the speed of the subducted plate. This 
would cause the reactivation of the marginal basin area and the new abandonement (?) of the AFS. The 
period could end with the inversion phase of the basin (pre-Santonian) followed by a new Upper 
Cretaceous-Paleocene regional extension. 

The microtectonic analysis in progress, as well as the dynamic models subject to built 
on it, added to a better chronologic constrain of the deformative events, will contribute with antecedents 
concerning the evolution of the continental margin, expressed in the arc and forearc domains, during part 
of the Lower Cretaceous. 
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INTRODUCTION 

The Eastern zone of the Andean chain is formed by the Subandean belt. The syn- 
orogenic sedimentation in this zone is located in either a flexural through or in large and 
deep piggy-back basins. We want to understand the role of the superficial mass transfer 
on the kinematical evolution of this thrust belt. It has already been shown that 
superficial processes are of great importance in the evolution of a thrust wedge 
considered at large scale, but can erosion and sedimentation control tectonics at a 
smaller scale, and what are the consequences of this control on the final geometry of a 
thrust system? To investigate those interactions, two kind of modellisations are 
proposed. 

The first approach consists in "sand-box" models which have been scaled to have 
a realistic mechanical behaviour. The second approach uses numerical models in which 
forward kinematical models are coupled to erosional processes. 

GEOLOGICAL SETTING 

The Subandean Zone of Bolivia forms the external border of the Andean chain. 
This zone is 140-150 Km large, and is bound at the east by the CFP ("Cabalmiento 
Frontal Principal"), and at the west by the present foreland basin. Shortening structures 
separate Tertiary basins more than 25 Km large and more than 6000 m thick. This zone 
was characterised since Oligocene by sedimentation ahead of the Andean belt. Its 
deformation is not very important until 6 Ma, (Baby, 1995): only a few anticlines began 
their growth in the Sub Andean zone whereas thrust tectonics mainly affects the Eastern 
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Cordillera from 2 1 Ma to 9 Ma. After 6 Ma the strucluration is intense in the Subandean 
Zone, and the average shortening velocity is about 7 &yr. in southern Bolivia and in 
northern Bolivia. 

The variation from north to south of the thickness and lithologies of the series 
implies some differences in deformation style (Baby and al., 1989). In the northern part 
of the Bolivian Subandean Zone, the basal detachment is located in the Ordovician 
formation. In the southern part, the basal detachrrient is located at the base of the 
Silurian formation. These variations in the sedimentary wedge from north to south also 
implies a variation in the basal detachment slope. In the north, its dip is about 5", while 
in the south it is only 2". The topographic slope of the Subandean belt also varies from 
1.4- 1.7" in the north to 0.6- 1.3" in the South. 

ANALOGUE SANDBOX EXPERIMENTS 

Analogue sandbox experiments were undertaken to investigate interaction 
between sedimentation, erosion and tectonics. Initial geometry, shortening rate and 
sedimentation rate have been defined from the regional studies of the Subandean Zone. 

Modelling has been realised in a normal gri~vity field with the "Structurator" 
sandbox. It conception was especially realised by :[:IFP (Institut Franqais du Petrole) to 
fall in the investigation field of an X-ray tomograph (medical scanner). The apparatus is 
formed by a basal rigid plate associated with two step by step motors that respectively 
moves a lateral border and tilts the basal rigid plate. Experiments were made using 4 
materials: glass micro beads, silicone, sand, and pyrex. The model is constituted, from 
bottom to top, by : one glass micro beads layer for the basal decollement, one sand layer 
for the lower competent series, one layer of silicone for an intermediate decollement, 
one sand layer for the upper competent series. 

Four experiments have been performed to investigate erosion, sedimentation and 
tectonic interactions: we made one experience with basement tilting, without erosion 
and without sedimentation; one with basement tilting, sedimentation and without 
erosion; two with erosion and sedimentation and respectively with and without 
basement tilting. 

A NUMERICAL MODELLING 

This numerical method is based on a forward kinematical model, a progressive 
tilting of the basement, a superficial short range transport and a Coulomb wedge theory. 
This code (Chalaron et al., 1995) allows to study a vvide range of parameters. 

The mechanical parameters has been fixed :From the equilibrium study of the 
critical taper of northern Bolivia. The best fit to fill the basins of north Bolivia is 
obtained, from a trial and error procedure, with a high value of transport capacity (500 
m21yr.). 

During this experiment, two piggy-back basins develops above the wedge and 
have different evolutions. 
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The extension of the external basin is nearly the same from the beginning to the 
end. 

The extension of the internal basin always reduces during the deformation. In the 
eastern part of the basin, sediments are continuously eroded, whereas in the western part 
some onlaps are preserved from erosion. Toplaps mark a very extended unconfonnity 
related to change in the thrust sequence and in the development of duplexes. 

CONCLUSION 

Concerning the modellisations: 
1) The two approaches show that the evolution of a thrust wedge considered at 

large scale is controlled by the growing of a shortened Coulomb wedge. The change 
imposed along it upper boundary by surface transport influences the nucleation of 
ramps, the propagation of decollement along weak layers and partitioning of 
displacement along the fault system. 

2) Analogue models without surface transport are characterised by a forward 
breaking sequence for the ramps in the duplex between the two decollement levels, and 
by a forward breaking sequence for the emergent faults. Displacement mostly occurs 
along the outer and deeper trajectory of the thrust system when there is no surface 
transport. 

3) Analogue models show that superficial processes are important for the 
nucleation of new faults and for the partitioning of displacement along the fault system. 
Erosion favours tectonic indentation that restrains the forward propagation of the thrust 
system. This tectonic indentation is induced by the development of major emergent 
back-thrusts, and out-off sequence reactivation in the duplex between the two 
decollement. 

4) Wedge shaped sedimentation, induced by the increase of subsidence from the 
foreland to the front of the thrust belt, favours a forward shift of this front. This shift 
occurs abruptly when the tilt of the basement reaches a given value, and is followed by 
out-of sequence reactivation. 

5) Anteorogenic wedge shaped body located above a weak layer could propagate 
deformation far in the foreland and a backward sequence reduces the backward 
topographic slope created at the back limb of the frontal ramp anticline. 

6 )  Numerical models show that several duplexes develop in a thrust system where 
three decollement levels are linked by irregularly spaced ramps. In this case, several 
independent culminations bump the topographic surface, and delimit depressions. Out- 
of sequence reactivations attempt to reduce the bumpy aspect of the topography, but the 
culminations persist at the hanging-wall of the ramps that transfer displacement from 
deep decollements to higher decollements. The out-off sequence reactivation could even 
increased the high of the inner culmination. 

7) Numerical models show that the superficial processes smooth the topography 
by erosion of the antiforms and sedimentation in the depressions. Augmentation of the 
efficiency of surface transport increases the erosion rate and the sedimentation rate until 
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a state where all the depressions are filled and the topographical effects of the 
culminations are nearly hidden. greater augmentation have no more influence. 

Piggy-back-basin development could be induced by: 1) the increase of the 
foreland basin taper; 2) the incorporation of an ante-orogenic wedge taper in the thrust 
belt; 3) relative depression between two independent anticlines related to two ramps 
located along a unique thrust trajectory; 4) a change iin mechanical parameters and most 
probably increase of fluid pressure. 

Concerning the thrust belt of the Subandean Zone of Bolivia: 
1) Angular unconformity of growth strata above fold structures in the Southern 

Subandean Zone show that a strong sedimentation is synchronous with the tectonics, 
and the piggy-back basins are separated from foreland by weak relief. The development 
of the piggy-back basins could be linked to the plmogressive tilting of the basement, 
andlor to the increase of the pressure along the decollement zone during a phase of 
hydrocarbon generation due to tertiary deposits. 

2) In the Subandean Zone of North Bolivia, this study suggests that the Tertiary 
sediments presently located above the thrust belt were deposited in a piggy-back basin 
separated from the foreland by a relief affected by erosion since 10 Myr (Quendeque 
formation). 

Reflectors evidenced in the inner piggy-back basin seems comparable to the large 
unconfonnity that marks in the numerical models a change in the thrust sequence. 

The cause of the early development of the piggy-back-basin is the wedge-shaped 
Silurian-Ordovician rocks. Furthermore, this study supports the interpretation, still 
debated, that the displacement related to the duplex alt the boundary between Subandean 
zone and Eastern Cordillera, is transferred eastward to the external thrust system of the 
Subandean belt, whereas back-thrusts at the roof of this duplex are minor structures. 
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Introduction 

Uplift and crustal thickening in the Central Andes occurred in Miocene to Recent times. However, the 
cause, processes and timing of uplift is still poorly constrained and has led to conflicting 
interpretations.We present new observations from the Chilean Western Escarpment of the Central Andes 
at 18's relating to the tectonic style and timing of deformation of the Andean metamorphic basement 
rocks and their overlying Cretaceous to Tertiary volcano-sedimentary cover. 

Belin Metamorphic Basement and overlying Cretaceous to Tertiary rocks 

Exposures of amphibolite-facies metamorphic basement rocks near BelCn and Tignhmar have long been 
known (Salas et al., 1966, Pacci, 1980). A very rough protolith age between 1.5 to 2.0 Ga was 
determined by Nd model ages and Sm-Nd by Damm et al. (1986) and Basel et al. (1995). A younger 
metamorphic overprint between uplift and cooling is documented by K-Ar ages on micas and amphiboles 
in the range of 490 to 500 Ma. The youngest (and most reliable ??) ages of 360 to 390 Ma on the 
basement metamorphic age (orthogneiss) is given by Lucassen (1994). Intrusions occurred also between 
475 and 507 Ma (Basel et al., 1995). Damm et al. (1994) reported one fission track age of 75 Ma on 
zircon, indicating a Lower Cretaceous uplift or reheating event. 

Detailed mapping at a scale of 1:15.000 over the entire range of basement exposures and its deformed 
overlying volcano-sedimentary units to the N of the village of BelCn led to the following observations: 

The BelCn basement is overlain unconformably by a basal sequence of basement conglomerates and 
breccias grading into finer-grained sandstones and siltstones. Carbonate rocks are rare and conspiciously 
rich in detrital material. The carbonates contain brachiopodes of Permian age, while in the basal 
conglomeratic sandstone we found poorly preserved gastropods. This basal sequence is irregularly 
distributed indicating a varied shallow marine environment close to a shoreline. 

Andesitic conglomerates, breccias, lava flows and quartz-bearing ignimbrites (c. 700 m, Lupica 
Formation, Salas et al., 1966) overly the basal sequence. Volcanic and volcanoclastic rocks are rarely 
intercalated by coarse-grained fluvial sediments. Sedimentology and reddish-green alteration suggest a 
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terrestrial, low elevation environment for deposition. Salas et al. (1966) included fine-grained fluvial and 
lacustrine sediments of volcano-detritical origin to the sourth and north as an upper member into the 
Lupica Formation for which he suggested an Upper Cretaceous to Oligocene age. The latter fluvio- 
lacustrine sediments could represent a shallow and quiet water environment equivalent to the upper part of 
the coarse-grained member of the Lupica Formation N of Beltn, but may also well be significantly 
younger (up to only 25 Ma, Muiioz, 1991). This unit is overlain conformably by a series of slightly 
welded ignimbrites consisting of eight flow units with an estimated total thickness of 500 m ("BelCn- 
Ignimbrites"), and a series of mafic aphyric andesite scoria, and breccias. Ignimbrites and breccias are 
almost entirely unaltered and distinct from the breccias and ignimbrites of the "Lupica Formation". 
Lupica Formation, BelCn-Ignimbrites and younger andesite scoria and breccia are variably folded from 
open folds in the E to tightly folded in the W with vertical fold planes. 
Silicified, xenolith-rich and flat lying ignimbrites disconformably overly these folded Cretaceous/Tertiary 
strata at elevations between 4300 m and > 5000 m up to tlhe crest of the Western Cordillera which is 
strongly dissected by glacial kars ("Kar-Ignimbrites"). These ignimbrites are quartz rich and show only 
limited distribution. They may be related to silicic post tectonic intrusions into the Lupica Formation 
which are abundant further N between Zapahuira and Putre. 
Younger rocks, which are not exposed in the immediate worllcing area, belong to the Oxaya Formation, of 
which the uppermost welded ignimbrite has been dated at about 19 Ma (Naranjo & Paskoff, 1985; 
Walfort et al., 1995). These plateau-forming ignimbrites occur from the Altiplano (Condoriri Ignimbrite) 
to the coast near Arica ( Schriider & Womer, this meeting), and show large vertical displacements due to a 
second major phase of uplift and a resulting episode of erosi'on and basin sedimentation (Uhlig et al., this 
meeting). Our interpretation here, however, is mainly concerned with the older, pre-Miocene history. 

Our stratigraphic framework and ages for the different volcanic units and their deformational history 
suggests an episode of crustal shortening and compressive tectonics in pre-Miocene times which led to an 
initial stage of uplift, erosion and sedimentation. The metan~orphic basement rocks are involved into the 
compressional tectonic movements: At several places the boundary (i.e. the old land surface) between 
basement rocks and overlying strata is cut by flat to steieply E-dipping reverse faults and thrusts. 
Individual basement blocks are found to overthrust the basiil sequence and the andesitic breccias of the 
Lupica Formation, often by not more than 100 m. The westc:rn boundary of the BelCn basement block is 
in reverse fault contact to the younger, folded sediments. By contrast, the eastern boundary of BelCn 
metamorphic rocks, which is exposed at elevations between 3595 m and 4000 m, is marked by a N-S 
trending vertical fault uplifting of the basement in the W against the Lupica Formation in the E (Fig. 1). 
Both, the W-vergent thrust in the W and the vertical fault in the E can be traced clearly along most of the 
basement exposure. 

Metamorphic rcxks 
(Esquislos de BelCn) 

C 2000 m vertical exaggeration approx. 1:2 I 

Fig. 1 Schematic W-E cross section through tht Westem ELcarpment of the Altiplano near Belen 
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Overlying silicified Kar-Ignimbrites are not affected by this folding but show evidence for extensional 
movements which could be due to either gravitational subsidence near the oversteepened escarpment or to 
younger extensive movements related to normal faulting of the >l9 Ma Oxaya Formation. 

Significant crustal shortening. in Eocene to Oligocene times involved the metamorphic basement. 
Distinctly more intense style of folding in the volcano-sedimentary rocks (Lupica Formation) to the W of 
the BelCn basement exposure indicates the possibility of the rigid basement blocks acting as a tectonic 
back stop or ramp against the more easily deformed sediments. The age of deformation must be older than 
the Kar-Ignimbrites (which are older than 19 Ma). New Ar-Ar ages of the Kar-Ignimbrites and the folded 
BelCn-Ignimbrites will put a narrow bracket on this compressive movements of the first phase of Andean 
uplift in this area. 

These compressive movements are clearly older than the age and deformation of the Oxaya Formation 
which is normally faulted resulting in the large Oxaya block. Elevation difference between this block and 
correlated exposures of ignimbrites from the Altiplano indicate realative movements of at least 1500m. 

Conclusions 

Field investigations in the vicinity of the BelCn basement inlyers provide evidence for style and timing of 
Cretaceous to Tertiary Andean deformations. Permian brachiopodes in carbonates and clastic sediments 
overlying the basement indicate exposure and erosion of the metamorphic basement during the Upper 
Paleozoic. The younger Lupica Formation; which can be correlated to many other occurences of similar 
facies in Northern Chile, is strongly folded. Contacts between the basement and overlying strata range 
from purely sedimentary to tectonic. The volcanic to volcanoclastic Lupica Formation was observed to be 
overthrusted by the metamorphic basement along W-vergent thrusts. These deformations are related to an 
early phase of Andean uplift which was clearly compressive in style. Degree and style of folding of the 
CretaceousRertiary Lupica Formation differ regionally. We explain this by the basement block acting as 
rigid ramps at the base of the Lupica Formation in BelCn. 
Normal faulting and lateral extensional displacement of the Miocene Oxaya Formation represents a second 
major phase of Andean uplift (Uhlig et al. this meeting). 
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INTRODUCTION 

Late Eocene subduction related ma_matic arc tectonics produced orogen-normal shortening and dextral 
orogen-parallel strike-slip motions in the Precordillera of northern Chile (Scheuber and Reutter, 1992). This 
Incaic tectonic phase, within the Precordillera, formed the Domeyko Fault System along which numerous Eocene- 
Oligocene intrusive complexes bearing porphyry copper mineralization were emplaced, 

The Falla Oeste is often referred to as the essential branch of the Domeyko (Maksaev, 1990) or 
Precordilleran (Reuner et al., 1991) Fault System in northern Chile. The Falla Oeste is best defined as a fault 
system of regional scales ,with individual branches or sub-systems of faults that record approximately 40 m.y. of 
regional deformation. 

Within the Chuquicamata district the Falla Oeste fault system is comprised of the Mesabi, Estanques 
Blancos, Balmaceda, Nor-Oeste, Este, Americana, Calderones, West Fissure, Chucos, San Lorenzo, Zaragoza, 
C2 and several important un-named faults and fault systems. The regionally important Falla Oeste, which has 
tectonic significance, must be differentiated fIom the district scale fault that traverses the Chuquicamata open pit, 
herein, the West Fissure, as displayed on original district and deposit scale maps (see Lopez, 1939). 

Differences in the kinematics of the Domeyko fault system (right-lateral, unknown total displacement) 
with those of the West Fissure (left-lateral, estimated 35-40 km (Ambrus, 1979)) have been explained by a 
tectonic inversion of the fault system (Reuner et al., 1993). 

Due to poor surface exposure along its length, little is known about the relationships between the fault 
systems and alteration/mineralization processes. The open pit of the Chuquicamata porphyry copper deposit 
offers an unprecedented lateral (3.3 km) and vertical (0.55 km) surface exposure of the West Fissure and all of 
the related faults of the Falla Oeste fault system (Figure 1). This exposure enables a detailed examination of the 
fault systems their relative timing relationships and association with multiple alteration-mineralization events. 

The Mesabi fault, probably the oldest in the Falla Oeste system, is concentrated within and along a 
Triassic through Cretaceous(?)volcano-sedimentary package. This mylonitic, N10-30°.fault consistently displayes 
a right-lateral sense of displacement. Mineralization along this fault (magnetite bodies) appears restricted to zones 
of intersection with later faults, such as those of Estanques Blancos. Ductile deformation fabrics, such as 
foliations, lineations, and mylonitic shear zones are irregularly distributed throughout the open pit and to the north 
east, being increasingly more common as the Mesabi fault is approached. It is expected that a similar fault may be 
located on the western side of the Chuquicamata intrusive complex but this fault has not been recognized. The 
ductile nature of these shear zones indicates that dextral deformation at relatively high temperatures continued 
during or just after intrusion (-33-34 Ma) of the complex. Newly discovered thrust zones within the 
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Fig.1. Distribution of mapped faults and fault-veins found within and adjacent to the Chuquicamata 
open pit. All faults are within the domain of the Falla Oeste fault system. The West Fissure can be seen 
to be comprised of a number of distinct but inter-related faull: branches. Sense of displacement shown. 
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Chuquicamata complex suppon a NE-SW directed compressive stress regime at this time. Late magmatic 
alteration and porphyry copper mineralization took place as the intrusive cooled. Plate tectonic reconstructions 
and estimates of relative plate velocities indicate that a dextral transpressive tectonic regime was likely active 
during Eocene-Oligocene times (Pardo-Casas and Molnar, 1987; Pilger, 1984). 

The Estanques Blancos fault system is within a domain that contains an array of streaming veins and 
veinlets indicating a structural control and anisotropy of mineralization. The dominant faults are all brittle features 
bearing breccia and fault gouge containing dextral shear sense indicators. In a number of cases the gouges are 
almost completely composed of the sulfides chalcocite and pyrite. The majority of these faults have sericite 
alteration halos. Recent JOAr-39Ar radiometric dating indicates this alteration-mineralization event occurred at -31 
Ma. This fault system dextrally displaces the Mesabi fault system approximately 500 m. These faults although 
having displacements along strike may also have a substantial normal component of slip. 

Field mapping, geochemical traverses and grain size analysis show the West Fissure to have undergone 
periodic, multiple, weakly oblique strike-slip events beginning after mainstage n~ineralization. Original cross- 
sections based on drillcore intersections with the fault illustrated a Seometry incapable of large strike-slip 
motions. Relogging and interpretation of this fault in drillcore shows a system of inter-related branches capable of 
the previously hypothesized tens of kilometres (35-40 km) of displacement (Ambrus, 1979). Different metals 
concentrate within different fault branches indicating distributed displacements and increasing the potential for 
displaced mineralized fault slivers, or side wall rip-outs. Although some of the faults in the Falla Oeste fault 
system show structural fabrics inversion (Reutter et al., 1993); (eg. hlesabi), a detailed study of the West Fissure 
shows no indication of inversion and shows no evidence of high temperature ductile deformation within, or 
adjacent to, the present fault zone. 

CONCLUSIONS 

The superb exposure of the Falla Oeste fault system outcropping in the ~ h u ~ u i c a m a t a  open pit allows 
one to observe early deep ductile emplacement and pre- to syn-mineralization structural features through late 
upper crustal brittle features and their relationships to multiple mineralization events. Conclusions that can be 
drawn from mesoscopic to microscopic analyses of structural features are as follows : 

- The Falla Oeste is a large fault system that has been active in northern Chile since the Eocene. 
Different faults and fault systems within the Falla Oeste can be differentiated and evaluated with respect to 
mineralization and alteration events. 

- Earliest deformation is associated with the emplacement of the Chuquicamata intrusive complex and 
continued transpressive deformation associated with the late Eocene Incaic tectonic phase. 
- Main stage mineralization occurred after the peak of the Incaic tectonic phase and prior to the 
development of the West Fissure. 
- The Estanques Blancos fault system had formed and was active during the latest alteration- 

mineralization event -31 Ma. 
- The West Fissure is a late upper crustal structure that played no pan in the emplacement of the 
Chuquicamata intrusive complex, or the initial development of the associated porphyry copper deposit. 
However, it played an important role in the control of mineralization during the -3 1 Ma and the 
supergene mineralization events. 
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INTRODUCTION 

We report the occurrence of skarn xenoliths in the eruption products 
of Lascar volcano, N Chile. These rocks are samples of a chemically zoned 
metamorphic-metasomatic skarn body developed around the subvolcanic 
magma chamber. This skarn system is still actively developing at present. 
Using a variety of geochemical techniques we have identified the host rock 
as impure limestones and carbonate-cemented sandstones belonging to the 
Late Cretaceous Yacoraite formation, which outcrops extensively in NW 
Argentina, thus proving that this unit extends a considerable distance 
westwards beneath the young volcanic zone in this area. 

YACORAITE FORMATION 

In the Early Cretaceous several rift troughs opened in northwest Argentina and 
surroundings, thus starting the accumulation of the Salta Group basin and equivalents. 
During Mid-Eocene times the Inca diastrophism inverted the basin and interrupted 
sedimentation (Marquillas and Salfity, 1988; Salfity and Marquillas 1994). The Yacoraite 
Formation (Maastrichtian-Eopaleocene) is an extensive, partly dolornitic limestone of the 
postrift accumulations of the Salta Group. This unit has developed not only over the 
former synrift troughs but also over the San Pablo high and other structural highs (Figure 
1). In the Argentinian Puna the limestone lies on Ordovician basement at the northern El 
Toro Lineament, and on Precambrian basement in the south. In the Puna the outcrops are 
scarcer and more isolated than in other areas. The development of these accumulations 
also affected the territories of Bolivia and very probably the north of Chile. The Yacoraite 
Limestone was deposited by epeiric flooding, in a frame of tectonic quiescence; 
deposition occurred under shallow water conditions, with frequent subaerial exposure. 
These transgressive deposits are mainly ooid grainstone, packstone, stromatolites, 



432 
Third ISAG, Sr Malo (France), 17-1 9/9/1996 

sandstone, and in the relatively deep facies, shales and the calcareous mudstones. A 
maximum thickness of 200 m has been recorded. 

Figure 1. Isopach map of the Yacoraite formation, showing the 
position of Lascar volcano. 1: Basement high. 2: Isopach in metres. 3: Fault or 
lineament. 4: Isopach control point. 5: Salar. Hu = Huaytiquina, PO = Poquis, Ch 
= Chaupiorco, CC = Casa Colorada, CO = Coranzuli, QY = Quebrada Yacoraite, AC = 
Abra Calvario. 

LASCAR VOLCANO 

Lascar is a composite calc-alkaline stratovolcano located on the 
volcanic front in NE Chile (5,592m, 23'22'S, 67'44'W). Its eruption products 
are medium- to high-K andesitic to dacitic rocks in the form of lavas and 
pyroclastic flows (Matthews et al., 1994a). The magmas are the product of 
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combined magma mixing, fractional crystallization and assimilation of 
country rocks. The dominant magmas are 2-pyroxene andesites although 2- 
pyroxene dacites and hornblende- and biotite - rich dacites are also 
important. Lascar magmas are highly oxidized, containing anhydrite 
phenocrysts, and this has been attributed to f 0 2  buffering by a coexisting S 0 2  
- H2S rich gas phase (Matthews et al., 1994b). 

SKARN XENOLITHS 

Skarn xenoliths are common throughout the stratigraphy of the 
volcano (Matthews et al., 1994a; 1996). They have a variety of mineralogies, 
ranging from contact-metamorphic wollastonite-rich rocks to pyroxene- 
garnet and magnetite-pyroxene-rich samples which are interpreted as the 
product of Fe-Mn-Mg-Ti-A1 metasomatism. These xenoliths originated in a 
zoned skarn system around the subvolcanic magma chamber of the volcano. 
Retrograde alteration by magma-derived acid sulphate fluids produced 
secondary carbonate veins and sulphate alteration. 

RELATIONSHIPS WITH THE YACORAITE FORMATION 

Skarn xenoliths from Lascar are interpreted as fragments of a zoned 
skarn body around the subvolcanic magma chamber. The protolith has been 
identified as the Yacoraite formation on the basis of whole-rock major 
element and REE compositions. Following normalization of the whole rock 
major elements in both the xenoliths and samples of Yacoraite rocks by 
removal of the C02 from the analyses (e.g. CaOn = CaO X TOTAL / (TOTAL - C02), 
the wollastonite skarns fall in the range of Yacoraite compositions. Other 
skarn types can be related to the Wollastonite skarns by metasomatic addition 
of Fe, Mn, Mg, Ti and Al. Examples are shown in Figure 2. 
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Figure 2. Plot of normalized whole-rock A1203 and Fe203 showing the 
relationship between various types of Lascar skarn xenoliths and rocks of 
the Yacoraite formation. The wollastonite skarns are the product of thermal 
metamorphism. 
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Chondrite-normalized REE spiderplots of Yacoraite samples are similar 
to those of the skarn xenoliths (light REE enrichment, positive and negative 
Eu anomalies). The slopes of the plots for both Yacoraite samples and the 
skarn xenoliths fall in the same range. The wollastonite skarns have a 
negative Ce anomaly of variable size which can be traced to late-stage 
retrograde calcite veins. REE and stable isotopic data (13c  and 1 8 0 )  indicate 
that this calcite was dissolved from Yacoraite country rocks and redeposited 
in the skarn by magma-derived acid fluids (Matthews et al., 1996). 

CONCLUSIONS 

Lascar volcano is underlain by a zoned skarn body developed within 
impure limestones which have been identified on geochemical grounds as 
belonging to the Yacoraite formation. The limestone protolith was 
geochemically similar to outcropping Yacoraite rocks along the Chile- 
Argentina border, indicating that similar facies are likely to underlie Lascar. 
This confirms previous interpretations that this unit extends a considerable 
distance westward beneath the Puna of NE Chile. It is likely that the 
subvolcanic intrusions beneath the volcanic zone in this area have 
developed an extensive field of skarn orebodies and that the volcanoes 
represent the surface expression of such an orefield. 
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INTRODUCTION 

The Calama Basin is located between 22"s and 23"s in the forearc of N. Chile (Fig. 1). It 
forms one of the pre-Andean basins of the region that are situated between the Pre-Cordillera (Cordillera 
de Domeyko) to the west and the current volcanic arc (Western Cordillera) to the east. Sediments within 
the basin have been poorly constrained stratigraphically but were thought to comprise 3 unconformable 
successions of lower(?) Miocene to Pleistocene age (Naranjo & Paskoff, 1981). New data is presented 
that shows the basin fill to be older and more complex and recording a number of deformation phases 
which appear to correlate well with known movements on the West Fissure fault system. 

BASIN STRATIGRAPHY 

The basin is filled with over 700 m of continental sediments that form 5 unconformable 
successions of Oligocene to Quaternary age (Fig. 2). Newly obtained "'ArI3'Ar ages (Table 1) from ash 
horizons interbedded within each succession has allowed constraints to be placed on the timing of 
sedimentation and intervening deformation events. 

A summary of the basin stratigraphy is shown in Figure 2. Up to 500(?) m of alluvial braidplain 
conglomerates comprise the lowest succession in the basin. They unconformibly overlie the Cretaceous 
to Eocene Purilactis Group along the eastern margin of the basin and contain a 30.15e0.26 Ma ash near 
the top of the succession, thereby constraining their age as lower Oligocene. These are unconformably 

Table 1. q'Ar13yAr ages for volcanic deposits within the Calama Basin. The site 
numbers correspond to the stratigraphic positions shown in Figure 2. *indicates 
average age (K-Ar) of the Sifon Ignimbrite obtained by De Silva (1989). 

Sample 
EK19-A-34 
EK19-A-26 
Sifon Ign* 

EK19-A-20 
EK19-A-7 

EK19-A- 10 

Site 
1 
2 
3 
4 
5 
6 

Location 
Quebrada Yalqui 
Quebrada Yalqui 

Various 
Angostura 

West of Calama 
Angostura 

Age (Ma) 
30.15k0.26 
19.62k0.36 
8.3390.15 
7.82k0.10 
5.76+0.10 
3.3790.06 
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Figure 1. Location of the Calama Basin within the N. Chilean forearc. 
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Ignimbrite 

Gypcrete 

Figure 2. W-E stratigraphic section 
through the Calarna Basin from Caiama 
to Quebrada Yalqui (See Figure 1 for 
locations). The boxed numbers (1-6) 
correspond to the dated ash horizons 
shown in Table 1. The uplift and folding 
phases within the basin (shaded boxes) 
show a good correlation with dated 
movements on the West Fissure Fault 
System. 



Third ISAG, St Malo (France), 17-191911 996 

overlain by approximately 100 m of fluvial and playa sediments. An ash towards the base of this 
sequence has yielded an age of 19.62k0.36 Ma placing sedimentation within the Lower Miocene. An 
upper age is uncertain but the development of thick gypcretes suggests a significant time gap prior to 
resumption of sedimentation in the Upper Miocene. The Upper Miocene to Recent stratigraphy 
comprises 3 unconformable successions (May et al., in review). Between 8.3 and 7 Ma 30 m of alluvial 
fan sediments, passing basinwards to lacustrine diatomites were deposited. These were locally folded 
prior to the deposition of up to 85 m of palustrine carbonates between 6 and 3 Ma. A widespread episode 
of folding followed, before the deposition of 20 m of localised Quaternary(?) fluvio-lacustrine sediments. 

Phases of uplift and deformation within the basin are constrained as occurring during the upper 
Eocene, upper Oligocene-lower Miocene, upper Miocene and upper Pliocene. The cessation of 
sedimentation during the middle Miocene is presumably related to the regional change to hyper-arid 
conditions at this time (Alpers & Brimhall, 1988) and not tectonic uplift as the strata are conformable 
with overlying successions. 

DISCUSSION AND CONCLUSIONS 

The onset of sedimentation during the lower Oligocene is mirrored in sediments of the 
Paciencia Formation in the Salar de Atacama Basin (Kape, 1996) and the Sichal Formation in the 
Central Depression (Jensen, 1992). Therefore, subsidence following the end of the Eocene Incaic phase 
of Andean deformation is seen across the forearc of the region. Phases of deformation on the West 
Fissure system (Fig. 1) occurred as dextral strike-slip during the Eocene (Reutter et al., 1993), sinistral 
strike-slip during the lower Miocene (25-17 Ma: A. Tomlinson, pers. comm., 1995) and as post upper 
Miocene transpression. These tectonic phases correlate well with the observed deformation, and 
subsequent sedimentation, periods within the Calama Basin (Fig. 2). 
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INTRODUCTION 

In the North of Chile, the Domeyko Range forms the Precordillera of the Andes, situated 
between Longitudinal Valley and the Western Cordillera. The Domeyko Fault System, otherwise known 
as the West Fissure Fault System, is located within the Domeyko Range (Figure I). The fault system is 
known to extend for some 800km, from 21"s to 28"s. It can be divided into segments, based on the fault 
patterns and continuity. In between each segment is an area of non exposure (Mpodozis et al 1993). The 
northernmost segment extends 200km from Quebrada Blanca to Chuquicamata. Immediately to the south, 
from Chuquicamata to Limon Verde, the Calama Basin hides any exposure of the Domeyko Fault system. 
The central fault segment passes 300km from Limon Verde to Vaquillas and is limited to the south by 
50km of non- exposure. The southern segment is about 200 km long and begins near El Salvador passing 
to Quebrada Carrizalillo. Considerable effort has been expended in the analysis of satellite imagery. As 
such, the traces of major structures are well known. All three accessible segments have been mapped and 
to some extent three dimensional geometric models have been developed. Kinematic analyses of these 
fault systems are rather rarer. Very detailed kinematic studies have been completed in particular mines but 
there are few data across more extensive regions of the Domeyko Fault system. This paper presents 
preliminary kinematic data from the southern portion of the central segment of the Domeyko Fault 
system and outlines some of the problems associated with collecting such data from the Domeyko region. 

Faulting activity in the Andes, broadly corresponds temporally and spatially with the activity of 
the magmatic arc. Faulting is thought to relate to the emplacement of the porphyry bodies in the Eocene 
(Coira et a1 1982, Scheuber et a1 1994). The present high Cordillera has not always been the site of the 
magmatic arc. The locus of the magmatic arc in the Latest Cretaceous to Oligocene corresponded to 
today's Precordillera. It is believed that hot fluids in the crust, corresponding to the magmatic arc, raise 
crustal temperatures and pore-fluid pressures. These factors contribute to a weakening of the crust at the 
site of the arc. As the magmatic arc migrated east over time, so the deformation centres (generally fault 
systems) have also migrated east over the same time. The age of individual faults and the relationships 
between individual faults however remains obscure. 

STRUCTURE OF THE DOMEYKO RANGE 

The structure of the Domeyko range is characterised by a core Palaeozoic rocks, mainly 
intrusives, flanked with igneous extrusives and volcanogenic sediments thought to be of Triassic age 
(Chong, 1973), some Triassic reefal sediments, Jurassic marine rocks and Cretaceous continental clastics. 
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There are later Tertiary sediments and ignimbrites further away from the range. The contacts between the 
core, Triassic and Jurassic and younger units are mainly tectonic, commonly thrusts (as exemplified by La 
Escondida fault). Typically at any latitude in a section across the Precordillera, the faults comprise one 
major strike slip fault and smaller thrust faults or vice versa (Tomlinson et al, 1993). The structure of 
this hill range has been interpreted as both an anticline (Reutter et a1 , in press) and a positive flower 
structure( Mpodozis et al, 1993). 

The Domeyko Fault system was active during the Incaic tectonic event (Reutter et al., in press: 
Maksaev, 1990: Dobel et al, 1992) and the emplacement of the main copper porphyries is dated in the 
same time period. The fault system is interpreted to have accommodated a transpressional regime (cf. 
Sanderson and Marchini, 1981). Work carried out by Maksaev suggests a dextral sense to the main faults, 
whilst work by Reutter et al suggests a dextral sense for the system until 33Ma, when, after a change in 
the orientation of active faults from north south to NE-SW and back again, the sense changed to sinistral. 
This is based upon textural studies in altered rocks in the Chuquicamata region. The faulting has been 
interpreted as responding to the transmitted stresses from the subduction interface. From the relative plate 
motion vectors (Pardo-Casas and Molnar, 1987 ) this would lead to an expectation of a dextral sense from 
49-35 Ma, followed by a more compressive phase until 26Ma then later sinistral compressive stresses. 

In the southern portion of the central fault segment the main strike slip fault is the Sierra de 
Varas (SdV) fault. Abutting this are the Profeta thrust and the La Escondida fault. This study concerns the 
area to the south of the intersection of the SdV fault and the Profeta thrust (figure 1). Immediately to the 
north, the La Escondida fault and the SdV fault define a shear lozenge (Mpodozis et al, 1993b). The area of 
study may be the northern part of a similar lozenge. Here, the SdV fault provides the eastern limit of the 
fault system. The limit of the fault system in the west is a reverse fault juxtaposing Jurassic and Tertiary 
units in contact. 

Passing from west to east, across the system, the first evidence of deformation is the fault 
bounding the Jurassic units. The fault dips to the east. In the north of the study area the fault is shallow, 
carrying Jurassic calcareous siltstones over poorly lithified Tertiary conglomerates. In Quebrada Profeta, 
also in the north of the study area, this fault occurs along an evaporite horizon of varying width, generally 
of the order of 10's of metres. In Quebrada Las Mulas, further to the south, the fault occurs over a much 
smaller width (-5m), cutting through an intrusive ignimbrite. The fault emplaces Jurassic rocks against 
younger Tertiary units to the west. The fault plane is sub-vertical with very well developed, mainly down 
dip slickenlines. The slickenlines are contained in seams of a few mm thickness comprising a fine 
grained, dark coloured material.. Profile views of many of these seams show offsets. Across 
approximately 5 metres perpendicular to the fault, these seams form a complex network. Cross cutting 
relationships indicate a complex local deformation history involving rather more than the simple down- 
dip movements. The mechanism of deformation here is clearly different to that in the evaporites, 
presumably a result of the presence of the ignimbrite with a different rheology and possibly higher 
temperature of deformation. These seams provide some of the freshest fault rock material from the 
Domeyko range and detailed laboratory investigations will be completed to constrain better the local 
kinematic history and the conditions of deformation. 

Passing into the Jurassic marine rocks to the east, there are a variety of deformation structures. 
There are folds on 10's metres scale throughout the Jurassic and small scale faults. The folds have hinge 
lines orientated NE-SW, with shallow plunges. In the north of the area, there is a substantial evaporite 
horizon (Oxfordian - Kimmeridgian) which has folded in a complex manner. This evaporitic material is 
contained within a fault bound wedge which dies out to the south. The hinge lines of folds lie sub parallel 
to the Profeta thrust to the east suggesting that the folding and this.structure may be related. 

The Jurassic is limited to the east by the Profeta thrust. Interactions with topography clearly 
show that this dips shallowly to the east. The Profeta thrust emplaces andesites, probably of Triassic age, 
above the Jurassic marine rocks. No outcrop scale kinematic indicators have been observed associated with 
the Profeta thrust. 

In Quebrada Las Mulas, at the south of the studied area, andesites, probably of Triassic age, have 
been mapped in detail, at scales of 1:500, in an attempt to unravel the structural history. The andesites 
exhibit primary structures such as flow banding and are cut by a series of breccia bands, of 2-20cm 
thickness. The significance of these breccia bands is somewhat ambiguous. The primary fabrics form a 
cluster when plotted as poles on a stereonet. The breccia bands at the eastern margin have a single 
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intersection. Further west however the breccia bands have a seemingly random distribution. It is uncertain 
whether they represent some tectonic disturbance. If treated as Andersonian structures the intersection may 
represent the intermediate stress axis. Alternatively the breccias may be depositional, possibly forming 
around "tongues" of andesite as it flowed. To resolve this, sample analysis and geometrical modeling are 
being undertaken. 

To the east the SdV fault is poorly exposed. It is assumed to be vertical, from its interaction 
with topography, and is covered by a lower Miocene ignimbrite which it offsets with a dextral sense by a 
few 10's of metres (Mpodozis et al, 1993b). 

OUTSTANDING PROBLEMS 

The different lithostratigraphic units of the Domeyko Range have responded differently to the 
deformation associated with the Domeyko fault system. Kinematic information is slight, but it is clear 
that there are variations in kinematics and kinematic histories on several scales. It is clear that different 
lithologies will have had different rheologies and will have responded differently in deformation. This is 
particularly important if there were significant thermal differences, such as those generated by intrusions 
concomitant with deformation. However, at this stage, it is not clear how much of the differences in 
deformation style and kinematics can be attributed to partitioning in a single deformation episode as 
opposed to the superposition of discrete events with different kinematics and perhaps at different 
conditions. 

One practical problem is in obtaining good kinematic information from desert exposures. Whilst 
lack of vegetation is a clear advantage for remote sensing and large scale mapping it is a hindrance to 
detailed kinematic analyses. Good exposures are rare, especially in the case of important contacts. Where 
exposure is observed one has to fairly pervasive fracturing related to very recent tectonics, unroofing and 
weathering. 

In order to add as much detailed information as possible about the chronology, absolute timing, 
sense and conditions of deformation, further work is being carried out on numerous samples. Dating, 
stable isotope work (to identify source and mobilisation of fluids), microstructural analysis (to identify 
deformation mechanisms and senses of movement) and geometrical modeling are all being undertaken. 
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The structure of the most southerly segment of the Eastern Cordillera, located between 22" and 
27" S in northern Argentina, clearly distinguish it fiom those extending northward in Peni and Bolivia. 
This segment of the Eastern Cordillera developed over an ancient west-verging faultbelt belonging to the 
Ocloyic orogen (late Ordovician-Silurian) and over Cretaceous rift basins which are oblique to the strike of 
the Cenowic Cordillera, therefore it shows notable along-strike differences in its stratigraphy and 
structure. The Proterowic basement was intensely involved in Cenozoic folding It is a foldbelt where 
most of the anticlines, cored by Proterozoic basement (Figures l -A and 1-B), were thrust and imbricated 
by the younger than 1,5 Ma Diaguita movements. Some of the early Paleozoic and the late Cretaceous 
structwea were reactivated and inverted, and sometimes transported pasively to the surface by the 
Cenozoic thrusts, therefore some of the structural complications are inherited fiom older tectonic 
orogenies. 

STRUCTURE 

Between 22" and 24" S lat the Eastern Cordillera is a fold and thrust-belt with a predominantly 
eastward vergence (Figure 1-1). The west verging structures moping out at its west border are in fact 
older Ocloyic structures transported passively to the surface (Figure 1-2). This segment consists mainly of 
folds of Precambrian basement covered unconformabiy by thick Cambrian (Meson Group) and 
Ordovician (Santa Victoria Group) marine strata (Turner, 1 960) (Figure l -A and l -B). The Tertiary and 
late Cretaceous successions are scarcely developed. South of 24" S lat, the Eastern Cordillera displays 
double-vergence, its western edge is thnrst over the tectonic depression of the Calcwui Valley and its 
eastern edge is thrust over the Subandean Ranges. South of 25" S lat, the Eastern Cordillera undergoes a 
pronounced change: the Proterozoic basement plunges under the late Cretaceous (Salta Group) 
successions; the early Paleozoic strata thinned out and the Cretaceous strata are lying directly over the 
Proterozoic basement. The Cretaceous-Tertiary continental rocks attain a combined thickness greater 
than 4000 m. This part of the chain consists of major folds developed in these Cretaceous and Tertiary 
continental suruccessions. It coincides with a pronounced structural depression where the axis of the 
basement- involved folds located northward are plunging to the south and those located southward 
plunge to the north. The southern end of the Eastern Cordillera (south of 26" S lat) is an anticlinoriurn 
which plunges at its both ends, made up of basement folds with a thin Cretaceous-'Tertiary cover (Figure 
l -A). 
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The shortening decreases southward from 40%. measured in some cross-sections of the 
Quebrada de Humahuaca, to 25% at its southern end. The reconstructions of the deep structure based on 
surface data and on interpretation of seismolo~cal data allow to postulate a regional dbllement 
surface about 20 km deep. (Grier 1990; Cahill et al. 1992). The dhllement surface of the Subandean 
Ranges seems to be higher, therefore it could be a ramp below the boundary between Eastern Cordillera 
and Subandean Ranges (Figure 1-3). 

The present-day structure is the result of several superposed tectonic movements, starting in late 
Cretaceous, and the reactivation of ancient Paleozoic structures. This chain developed over a west 
verging fault belt belonging to the foreland of the Ocloyic orogen (Mon, 1993). Probably the Ocloyic 
M t s  were partially reactivated coinciding with the west-verging backthrusts of the western edge of the 
Eastern Cordillera. It seems that there is a correlation between the west-verging tendency and the intensity 
of the Ocloyic d e f o d o n .  The Ocloyic d e f o d o n  decreases northward in the same way as does the 
double vergence. The Cretaceous successions cover unconformably the older rocks; they are lying over 
the Recambrian basement and different Paleozoic levels. Because of the long stratigraphic hiatus it is 
impossible to establish the age of the movements represented by this unconformity, which may be 
attributed to the Ocloyic movements as well as to the younger Precretaceous movements. Upper Miocene 
red beds lie unconformably over the late Cretaceous beds and the older rocks indicating a folding episode 
between the Upper most Cretaceous and the Upper Miocene. They can be attributed to the Pehuenche 
movements ( Salfity et al. 1984; Jordan & Alonso, 1987). The most intense movements occurred between 
Upper Pliocene and Pleistocene, when the pronounced uplifting of the chain produced the sedimentation 
in intramontane basins of thick fanglomerates beds yielding isotopic ages of 1,s Ma (Marshall et al. 
1982). These beds are ovemden by Cretaceous and Proterozoic basement plates. That signifies that these 
segments of the Eastern Cordillera were thrust over the products of its own erosion at very recent time. 
These last movements belong to the Diaguita orogeny. Probably the folding of the Eastern Cordillera 
started with Mt-propagation folds which later were dislocated by the younger Diaguita thrusts. ARer 
Marrett et al.(1994) and Claudohous et al. (1994) this young thrusting episode is not represented 
northward of 22' 30' where it is replaced by normal and strike slip faults. This cinematic change could be 

to major crustal variations (Allmendinger et al. 1993; Whitman et al. 1993). 
The Eastern Cordillera rides over the cover of the Subandean Ranges by major thrusts set en 

echelon (Figures 1 - 4  1-3). This tectonic edge coincides with a palemgeographic boundary represented by 
the west termination of the Silurian and Devonian successions of the Subandean Ranges. These 
successions are absent in the Eastern Cordillera. North of 24' S !at, the west margin of the Eastern 
Cordillera is marked only by a morphological change with the Puna. The Puna has internal drainage and 
the drainange ofthe Eastern Cordillera flows to the Atlantic basins. South of 24' S 4 the west edge of 
the Eastern Cordillera is thrust over the Tertiary succssesions filling the tectonic depression of the 
Calchaqd Valley. Southward the eastern belt of the Eastern Cordillera has a sudden termination at 2 7 O  S 
lat, the west belt has a transitional passage with the Pampean Ranges (Figure 1 A). 

CONCLUSIONS 

Southward of 22' S lat, near the boundary between Argentina and Bolivia, the Proteromic 
basement reaches the surface and becomes the main component of this part of the chain. The 
sedimentary cover, made 
up of Paleozoic. Cretaceous and Tertiary beds, was folded together with the basement. Folding took an 
important part in the deformation of this segment of the Eastern Cordillera. Major thrusting is related to 
the late movements of the tectonic evolution, dislocating the folds already formed. In this segment of the 
Eastern Cordillera there are not major dbllements and lateral tectonic transport as those described 
northward. in Bolivia (Sempere et al. 1988; Kley & Gangui, 1993). Probably this segment represents the 
outcrops of the deep basement thrust sheets postulated by Kley & Cmgui, 1993 in the subsurface of 
southern Bolivia. The tectonic movements become younger from north to south, the late Oligocene-carly 
Miocene movements described in Bolivia (Sempere ct al. 1990) are replaccd southward by l ~ e  Miowne- 
Pliocene movements. The 9 Ma thrusting episode reported by Cladohous et al. 1994 tn the 
Altiplano continued until l .5 Ma or even younger times (Mon et a1 1993; Marrett et a1 1094) The 



Third ISAG, St Malo (France), 17-191911996 445 

major thrust designated as "Cabalgamiento Andino Principal" (Semp[ere et al. 1988) wrs not identified in 
the surface southward of 22' S lat, but the "Cabalgamiento Frontal Principal" (Sempre et al. 1988) can 
be clearly recognized, it represents the boundary between the Eastern Cordillera and the Subandean 
Ranges. 

FIGURE 1. 1 - A. Regional schematic map. 1 - B. Map of basement-involved folds trt both sides of the 
Humahuaca valley. 1-1 ; 1-2 and 1-3 cross-sections of the east-verging segment of the Eastern Cordillera, 
in cross-section 1-2 are represented west verging ocloyic (Lower Paleozoic) ~tru~ctures transported 
passively to the d c e .  Proterozoic basemet, horizontal lines; undifferentiated Lowcer Paleozoic, solid 
points; Upper Cretaceous, vertical lines; Tertiary, open points. 
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INTRODUCTION 

Once the stages of mechanical and thermal subsidence that controlled the ac~umulati~ons in the rift 
basin of the Salta Group (Cretaceous-Eocene) had finished, compressional episodes took place in 
succession, wfuch resulted in the inversion of the basin. At the same time, they set the structural framework 
of accumulation for the post-Eocene sequences. 
The East migration of the thrust front is described here, together with the progressive incorporation of the 
Tertiary foreland basin deposits to the fold and thrust belt. 

THRUST FRONT MIGRATION 
Even though precise chronology of the different compressional episodes and post-Eocene Tertiary units is 
not yet available, it is inferred that the first compressional stage started in the Eocene (Incaic Phase), while 
the Lumbrera Formation deposited (Vergani and Stack 1989, Monaldi et al. 1993). 
This episode originated low structural relief, wfuch was probably linked to blind thrusting. 
Later on, a new compressional episode (Lower-Middle Miocene), more intense than the previous one, 
resulted in a fold and thrust belt whose deformation front was located West of the present Calchaqui valley, 
whereas a foreland basin was generated on the East (Figure la). In the fold belt (present Puns:), the Pastos 
Grandes Group deposited in intermontane basins (of piggy-back type?), whereas in the foreland basin the 
accumulations of the Oran Group and equivalent ones succeeded (Monaldi et al. 1993). 
In the region of the Lerma valley, the Oran Group is formed, from base to top, by the Meth Subgroup (Rio 
Seco, Anta and Jesus Maria Formations) and by the Jujuy Subgroup (Guanaco and Piquete Falrmations). 
These units deposited in eolian, ephemeral and braided fluvial, l a c u s ~ e  and alluvial fans environments 
(Vergani and Starck 1989; Gonzalez et al. 1995). 
When the deformation spread towards the East, the sedimentary wedge of the foreland basin ~ [ a s  
progressively incorporated to the fold belt and began to be a supply source for the syntectonic  deposits that 
accumulated in its front. The presence of small limestone clasts from the Yacoraite Formation in the 
conglomerates of the Guanaco Formation (Upper Miocene), suggests that some positive structures had 
already generated in the foreland basin during the deposition of the Guanaco Formation and thi2t erosion 
levels got to affect its substratum constituted by the Salta Group. 
During the deposition of the Piquete Formation (Pliocene-Pleistocene), two conspicuous thrust fronts 
existed already in the foreland basin, as inferred from the mapping analysis carried out in the L,erma valley 
and adjacent regions. One of them was located in the western flank of the Lerma valley, whereas the 
remaining one was situated on the western border of the Meth valley (Figure lb and 2). 
The synorogenic deposits of the Piquete Formation show, towards the thrust fronts mentioned above, 
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Figure 1: Schematic cross sections (not to scale) 

typical geomeby of growth strata, with onlap arrangement on the different underlying units, which in turn 
are a E d  by erosive truncations of its strata (Figure lc and l d). Far away from the hnts ,  the Piquete 
Formation lies in apparent concordance on the underlying Guanaco Formation. The structural and 
topographic relief of deformation fronts was a factor that controlled the preservation of the Oran Group 
units deposited before the Piquete Formation (Metan Subgroup and Guanaco Formation). In this way. 
units mentioned above were, in some cases, eroded against the frontal ramps of the thrusts that constitute 
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Figure 2: Piquete Formation and coevals (Upper Pliocene-Pleistocene). Isopach map. 

the deformation fronts. Thus the Piquete Formation deposited on stratigraphic terms belonging to the Salta 
Group. There was more preservation in areas with lower structural relief or against lateral or oblique ramps. 
The composition of synorogenic deposits of the Piquete Formation shows the unroofing of the deformation 
fronts, with clasts originating from the Salta Group in the lower levels and progressive increase of detntus 
originating from the basement in the upper levels. On the other hand, their thicknesses are much greater 
towards the thrust fronts (Figure 2). 
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Locally, the thrust fronts provided greater quantities of sediments as compared to the higher hmterland. 
However, the erosion products of the latter might have reached the basin (or basins) of the Piquete 
Formation, either crossing the deformation fronts or laterally surroundmg them, following structural 
depressions along them. 
Finally, a new deformation episode (Diaguita phase) folded the synorogenic deposits of the Piquete 
Formation, originating the morphology that, without major changes, can be observed at present. This 
episode ocurred after 1,3 Ma (Gonzdez et al1995, Malamud et al. 1995) and might still be active, if the 
seisrnicity of the region is taken into consideration. 

CONCLUSIONS 

In the Valle de Lerma Region, the East migration of the thrust fronts during Late 
Pliocene-Pleistocene incorporated the deposits of the Neogene foreland basin (Metan Subgroup and 
Guanaco Formation) to the fold and thrust belt. At the same time, the new thrust fronts exerted control on 
the composition, geometry and thickness of the Piquete Formation synorogenic deposits. 
After 1.3 Ma, the deposits of the Piquete Formation were faulted and folded, thus originatmg the 
morphology that can be observed at present. 
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h~troduction: 
Petroleum exploration in the Bolivian Altiplano has been active in the 70's years without any 

commercial success and started again in 95 with three wells drilled by YPFB and EXXON. This new 
phase began with a complete re-evaluation of the zone based on seismic interpretation and field studies. A 
more coherent structural interpretation has been proposed and the source rocks content has been quantified. 
We will present here an evaluation of the petroleum potential of Altiplano based of the structural sketch 
proposed by the YPFB's geologists and the ORSTOM's ones P. Baby and Ph Rochat (Univ. of Grenoble) 

Source rock; 
The two main source rocks on the Bolivian Altiplano are the Paleozoic (Sillurian + Devonian) 

and the Upper Cretaceous (Chaunaca Fm, Santanian, and El Molino Fm., Maastrichtian to Danian). 
The Lower Paleozoic contains some rich organic levels. It is overmature in the Eastern Cordillera as well 
as in the Sub Andean Zone, but may eventually play some role on the western part of the Altiplano, 
where the Middle to Upper Paleozoic is supposed to have been thinner, or missing as in the San Andres 
well. The Middle Paleozoic is the main source rock on the Sub Andean Zone (Moretti et al., 1994, Fig 1) 
and, at least in the Eastern part of the Altiplano, shows similar facies to the ones known on the Sub 
Andean Zone (Moretti et Aranibar, 1995). It is a marine source rock with a rather low but constant 
petroleum potential (Initial Sl+S2 around 5 mg HCIg, Fig 2). The main dubiousn~tss concerning the 
influence of this source rock is its thickness in the Altiplano. The Silurian and Devonian reach a total 
thickness of up to 4000 meters on the Sub Andean Zone, as opposed to the Altiplano, which may 
correspond more or less to the western border of the Silurian-Devonian foreland basin. Southward, from 
the Uyuni-Kheuany faults, the Devonian is missing 
The Permian and Carboniferous are present in the north, around the Titicaca Lake, but are missing in the 
south due to pre-Jurassic erosion (Diaz, 1994). The Lower Carboniferous is c:haracterised by a 
progradational deltaic sequence and does not present a high potential except very locally. The Upper 
Carboniferous and Lower Permian Copacabana Fm. is an excellent source rock on the northern part of the 
Sub Andean Zone (Lliquimuni area, Moretti et al., 1994) and, by reputation, i t  is the source rock of the 
Pirin field in Peru, but organically rich and thick facies have not been recognized in the Bolivian 
Altiplano area, where the Copacabana Fm. is mainly calcareous. 
The El Molino Fm. could locally present very high potential (S2 up to 20 mg HC,lg, Aranibar et al., 
1995), but the data are rather inhomegeneous. The best values are from the Eastern Cordillera, where the 
Cretaceous is immature (Fig 1). On the Altiplano, Cretaceous outcrops are numerous on the eastern part 
and lead to various debates in terms of depositionnal environment (Gayet et al.. 1993, Blanc-Valleron et 
al., 1994). Westward, only the Tertiary is outcropping, and a lot of uncertainties remain on the facies and 
even on the units existing on subsurface, the existence of an Ordovician source rock as well as some 
Jurassic ones, related to the Chilean back arc opening, is not to preclude but remains h:ypothetical. 

Tectonic setting 
The Pacific subduction started in early Mesozoic times, first in an extensional context (various 

backarc basins may be recognized from Jurassic to Cretaceous over the whole margin from Venezuela to 
south Chile, and then in a compressional context (Jaillard, 1994). The change from extension to 
compression is not synchronous along the margin, and in Bolivia is late compared1 with neighboring 
regions. The Cretaceous is still extensional and the Paleogene is characterized by large and deep half 
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grabens which may correspond to strike-slip faults. The first definitively inverse faulting started at the end 
of the Oligocene (27 My, Sempere et al., 1990), wirh thrusting and uplift in the modern Eastern 
Cordillera. Nevertheless the compression may hase started before late Oligocene (Butler et al., 1995). 
Late Oligocene also corresponds to the formation of the Altiplano as an isolated basin, limited to the east 
by the Eastern Cordillera and to the west by the Western Cordillera, formed by the Andean volcanoes. 
The erosion of the Eastern Cordillera induced conglomeratic deposits along the east (Coniri Fm.) when 
the western part is mainly volcano-detritic. The previously formed half grabens were then progressively 
inverted on the Altiplano and subsidence continued in  some basins. This phase of compression took place 
at the end of the Miocene, and is conteniporaneous with the eastward migration of the compressional front 
of the Sub Andean Zone, where the thrusts are dated from 14 Ma to recent (Baby, 1995). The current 
phase starting in the Pliocene is also compressive (Baby et al., 1990, 1992), and leads to the uplift and 
strong erosion of the eastern part of the Altiplano (Geise, 1994). The very rapid venical movements 
which started presumably at the Upper Miocene, are due to deep processes: crustal thickening (James, 
1971) and lithospheric thinning (Wigger, 1993) and are accommodated by high-angle faults. 

Tl~erniicitv; 
The current heat flow is very high, the average value reaches 100 mw/m2 (Henry et Pollack, 

1988). These data are compatible with the already mentioned lithospheric thinning and lead to a shallow 
oil window (around 2500 meters). One may correlate this heat flow to the present desequilibrium (-400 
mgal on the Bouguer gravity anomaly) and uplift of the area. We suggest to date the increase from a 
normal heat flow (around 60 mWlm2) to 100 mw/m2 at the Upper Miocene coeval with the increase of 
uplift rate in the area. 

T i m i n ~  o f  HC peneration and mi~ra t i oa  
Supposing that the Middle Paleozoic source rock did not mature during the Late Paleozoic, the 

generation of HC from both Paleozoic and Cretaceous source rocks started in the Oligocene, at the end of 
the Potoco-Tihuanacu deposits, and i t  is mainly active during Miocene time. The speculated reservoirs are 
Cretaceous to early Tertiary, so the traps are all connected to the Neogene evolution of the area. Recent 
structures (end of Miocene to present) are risky because they are more recent than the increase of 
subsidence. One of the main risk, is also the lack of reservoir, for instance the Toledo-X1 well drilled by 
EXXON in the northern part of the Poopo lake found the Paleozoic below the Miocene without proving 
any reservoirs since the Cretaceous and Paleogene were missing due to erosion at the top of the structure. 

Current exoloratlon; 
The Altiplano is a frontier zone where only 8 wells have been drilled, 5 between 1970 and 1976 

and 3 between 1995 and 96. Three of them were badly located (salt domes or basement structures). The 
southern one (Vilque) was drilled on a Paleozoic high and showed that the Cretaceous is very thin and not 
organically rich in this part. Large quantities of methane and nitrogen have been reported. The methane 
seems to indicate the presence of an overmature source rock, and the nitrogen has not been explained. The 
northern well, San Andrts de Machaca, is also dry and does not record any source rock potential. The 
Precambrian basement has been found directly under a sandy Cretaceous leading to very negative 
conclusions for the northern western part of Altiplano. The oil seeps are all on the eastern part, except the 
Rio Mauri one. The origin of each one is still a matter of debate. 

 conclusion^ 
From a structural point of view, the Altiplano may be divided in two parts. The eastern part is 

thursted by the Easrern Cordillera and affected by strong compressional features. The western part is 
characterized by Early Tertiary deep half-grabens that may still be recognized and have been slightly 
inverted during the Miocene. Eastward, many of the structures involved evaporites from the Cretaceous 
and Early Paleogene, as can be seen on outcrops and in numerous seismic lines. 
From a geochemical point of view, the eastern part is rather well known: the Paleozoic source rocks exist 
from north to south (to the Uyuni-Khenayani Fault) and the Cretaceous (El Molino Fm. & Chaunaca 
Fm.) presents an excellent potential. Nevertheless, the Chaunaca Fm. is too thin ( 5 meters of source 
rock) for an active participation to the petroleum system, and the true thickness of source rock in the El 
Molino Fm. is still poorly known (from 30 to 100 meters). To the north, the Permian and Carboniferous 
source rocks are present, but are also very thin, and the outcropping Cretaceous does not show any high 
HC potential. To the ,south, the same fact has been recorded, the El Molino Fm. reduces its potential and 
becomes thinner and more sandy. Eastward everything is speculative and there is no proven source rock. 
Hopefully, a new well in this part will allow a better knowledge of the area on the coming months. 
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From a timing point of view, the best structures are the oldest ones, and this means the highest part of 
the Early Paleogene halfgrabens (as Santa Lucfa to the west), or the first compressive one related to the 
Late Oligocene phase (they are numerous on the Poopo Lake area). 

This study has been done through the YPFB-ORSTOM convention. The data c0rnc.s from the YPFB- 
GXG data base and some additionul sanlples has been collected durirlgfield studies nurde with the TOTAL 
geologists J.L Pittiori and M. Specht. Ii'e thanks the YPFB colleagues (J. Jarandilla, E. Martinez y G. 
Navarro) for many helpfull discussions and the YPFB exploration nlanagment, Ing.r. M. Cirbia'n y M. 
Ldpez, for help and autoriiation to publish. 
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INTRODUCTION 

The southern Andes are characterised by a huge calc-alkaline batholith whose northern part 
between 39 and 47" S is called the North Patagonian Batholith (NFB). A roughly north-south lineament 
system, the Liquine-Ofqui Fault Zone (LOFZ), extends along the axial pan of the NPB. It is regarded as a 
dextral strike-slip fault zone related to the oblique convergence of   he Nazca and South America plates in 
this area (Dewey & Lamb, 1992). The youngest plutonic activity (Miocene) occurred near the LOFZ, 
whereas the rest of the batholith yielded mainly Cretaceous ages (Pankhurst & Heme, 1994). Despite the 
the difficult field conditions, structural mapping has been attempted between 44 and 45'30 S (Fig. la) by 
systematic anisotropy of magnetic susceptibility (AMS) measurements from orieintated sampling in 
AysCn region between 44 and 45 ' 30 S (Fig. la). 

Foliation poles Lineations 

p- 

Fig. 1. a. Location of the studied area. b. Orientation diagrams of magnetic structures (equal area; lower 
hemisphere; n = 32; contour interval = 2%). 
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PETROSTRUCTURAL DATA 

The continental part of the NPB in Aystn is mainly made of tonalites with abundant mafic 
bodies along the coast and dominant pnodioritic rocks towards the east. They are separated by granitic 
units roughly aligned along a north-south trend. Samples were picked out from all these domains. All 
samples display magmatic textures in thin sections, with the sole exception of the peraluminous granite 
east of Puerto Cisnes (see below). The high level emplacement conditions of the eastern grandorites are 
deduced from the common occurrence of microgranular and granophyric facies. 

Magnetic susceptibility intensifies range from 7 to 11058 X 1 0 - ~  SI. Most values are typical of 
ferromagnetic rocks. Magnetic structures (Fig. lb) mostly represent magmatic fabrics. Foliations are 
subhorizontal or variously dipping, often towards the west. There are two main lineation orientations: 
subhorizontal lineations with a N40 strike and lineations plunging toward the north-west at a low to 
moderate angle. 

The peraluminous p n i t e  east of Puerto Cisnes (Fig. 2) yielded a Rb-Sr whole rock isochron age 
of 10 Ma (Herve et al., 1993). It deserves special attention owing to its uncommon mineralogy (garnet - 
aluminosilicates - muscovite) and to its texture typical of incipient to pronounced solid-state deformation. 
The highly foliated samples display shear planes characterized by quartz ribbons, sillimanite and late 
muscovite, together with submagmatic fractures in feldspars. Magnetic foliations are roughly north-south 
and steeply dipping to the west. Lineations plunge at a very low angle to the south. These features 
suggest syntectonic emplacement along a north-south strike-slip shear zone, very likely the LOFZ. 

Fig. 2. Detailed foliation (a) and lineation (b) maps with 10 Ma-old syntectonic granite (dashed contour). 

CONCLUSIONS 

Most plutonic rocks of the NPB display magmatic textures, with the exception of an Upper 
Miocene peraluminous granite that was syntectonically emplaced in a strike-slip regime related to the 
LOFZ. Work in progress will unravel the P-T conditions along this fault and propose a tectonic 
interpretation for the structures of the other plutonic units. 
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INTRODUCTION 

Newly available geological and geophysical data yield new constraints on the late Cenozoic evolution of 
the southern Bolivian central Andes (Fig. 1) and motivate re-evaluation and refinement of former 
tectonic models (e.g. Suirez et al., 1983; Isacks, 1988; Roeder, 1988; Sheffels, 1990; Schmitz, 1992). 
The main purpose of this effort is to quantitatively unravel the detailed tectonic evolution in consistency 
with geological and geophysical data at hand. Such a model allows to study the rf!levance of other 
processes suggested for Andean orogeny, i.e. thermal uplift (Froidevaux & Isacks, 1984) and magmatic 
addition (Thorpe et al., 1981; de Silva, 1989). Furthermore, the model provides a gui~deline for further 
quantitative modelling studies in which the thermal and mechanical aspects of the suggested tectonic 
model can be examined. 

h e ~ k & $ i i ~  Chaco 

FIGURE 1: Map of the 20"-22"s section of the Central Andes showing the main tectonic units, and 
major thrusts in the region between the Altiplano and the Chaco (KTS: Khenayani Thus t  System; S W :  
San Vicente Thrust System, A m :  Aquile-Tupiza Thrust, CTT: CamargeTojo Thrusz, YT: Yunchara 
Trust, SST: San Simon Thrust; MT: Mandeyapecua Thrust). 
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METHOD & DATA BASE 

Based on different geological and geophysical data a plausible scheme of the crustal evolution fiom late 
Oligocene to present (27-0 Ma) along an idealised cross-section reaching from the Western Cordillera to 
the Chaco foreland (20"-22"s) (Fig. 1) is synthesised in an area-balance model. The tectonic evolution is 
described by relating upper-crustal thrusting to crustal-scale deformation. The amount of isostatic uplift 
is included by Airy isostasy. The reordered upper crustal convergence is balanced by a corresponding 
mantle-lithospheric shortening. In the model thermal and rheological arguments are used to distinguish 
between pure and simple shear deformation. 
The model is constraint by and tested against the following geological and geophysical data. Estimates 
of upper crustal shortening together with age data (e.g. Baby et al., 1992, 1990, 1989; Gubbels et al., 
1993; Wey, 1996; Kley et al., 1996) supply the detailed deformation history along a continuos section 
through the southern Bolivian Andes. Evidence on the timing of crustal thickening along the profile is 
derived fiom data on the uplift history (e.g. Jordan & Alonso, 1987; Sempere et al., 1990; Gubbels et al., 
1993). The present-day deep seismic structure (Wigger et al., 1993) yields clues to tectonic processes at 
depth and confines the crustal structure of the model at 0 Ma. The magmatic activity @avidson et al., 
1990; Avila-Salirias, 1991) is associated with a region of thinned mantle-lithosphere (Isacks, 1988). 

W magmatic activity 

/ 
depth (km) / 

I 
Sn C n  YT SST Interandern I 

FIGURE 2: Area-balanced model of the 27-0 Ma phase of the tectonic along an idealised cross-section 
reaching from the Western Cordillera to the Chaco foreland. The Figure shows snapshots of the model 
(a) at 27 Ma, (b) at 5 Ma, and (c) at 0 Ma. Motions are indicated by black half arrows; active thrusts are 
shown in white lines, inactive thrusts are shown in dashed black-white lines. The area of magmatic 
activity is outlined by black triangles. The hatched line indicates the initial Moho at 27 Ma followed 
through time. 
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AREA-BALANCED MODEL OF THE TECTONIC EVOLUTION 

At the on-set of deformation (-27 Ma) the initial state of the Chaco, the Subande!;, the Interandean 
Zone, the Altiplano and the Western Cordillera (Fig. 2a) is characterised by a largely uniform crustal 
thickness of 40 km (Isacks, 1988, Schmitz, 1991). The eastern part of the Eastern Cordillera is assunled 
to inark the eastern transition to the thinned, 30 km thick crust of the western Eastern Cordillera where 
Cretaceous rifting events are documented (e.g. Avila-Salinas, 1991). The width of the individual 
tectonic units is restored according to the recorded shortening amounts. These are in the Altiplano -20 
km (Baby et al., 1990), at the western margin of the Eastern Cordillera -35 lun (Kley et al., 1996; Baby 
et al., 1990). in the Eastern Cordillera -30 lun (Kley et al., 1996), in the Interandean Zone 4 5  lun 
(Kley, 1996). and in the Subandes -1 10 lun (Kley, 1996; Baby et al., 1992, 1989). The thinned mantle 
lithospllere of -10 km thickness corresponds to the area of late Oligocene magmatism reaching fiom the 
Western Cordillera to the western Eastern Cordillera; further east the mantle-lithospheric thickness 
amounts to -60 km. 
Based on the data sumnlarised above the late Cenozoic tectonic evolution of the southern Bolivian 
Andes is suggested to be due to two major thickening mechanisms for crustal convergence. 
During the -27-5 Ma phase (Fig. 2a and b) upper crustal shortening of -130 km in the Altiplano, the 
Eastern Cordillera and the Interandean Zone is adapted along a major detachment (future "Interandean 
blind thrust"; Kley, 1996) which follows the brittle-ductile transition at upper-crustal level beneath the 
Eastern Cordillera and at nud-crustal level beneath the Altiplano. At depth the cold (rigid) nuddle and 
lower crust of the Eastern Cordillera thrust under the Altiplano and the heated (ductile) lower crust of 
the Altiplano and the Western Cordillera thicken by pure shear. In the Western Cordillera and the 
Altiplano, this phase accounts for thickening (-57 km) and for major uplift (-3 km). The Eastern 
Cordillera is only affected by minor thickening ( 4 0  km) and uplift. 
During the -5-0 Ma phase (Fig. 2b and c) a new major detachment ("Subandean bllind thrust"; Kley, 
1996) establishes. The Subandean crust thrust under the crust of the Eastern Cordillera by simple shear 
deformation. This process accounts for upper crustal shortening of -1 10 km in the Subandean fold- 
thrust belt, and thickening, uplift and erosion in the Eastern Cordillera. This deformation could be 
responsible for the distinct change from rugged, deeply incised topography of the Eastern Cordlllera to 
valley-and-ridge topography of the Subandean fault-thrust belt. 

CONCLUSIONS 

(1) In the suggested model the present-day crustal volume of the seismic structure is well reproduced 
east of the San Vicente thrust indicating that tectonic shortening played the dominant role in the eastern 
part of the orogen. West of the San Vicente thrust, under the Western Cordillera and the Altiplano, 
crustal volume is missing. This volume would correspond to an additional shortening, of -80 km in the 
area between the Altiplano, Eastern Cordillera and Interandean Zone. 
(2) The nlodel suggest that additional processes are responsible for crustal uplift and tluckening in the 
Western Cordillera and Altiplano. Magmatic addition would require -2500 km2 of magma intrusion. 
Thermal upld would demand delarnination of the lower lithosphere at the eastern margin of the 
Altiplano. An update of the chronology of magmatic activity could yield constraints am the relevance of 
this processes in Andean orogeny. 
(3) A distinct characteristic of the tectonic nlodel is the different uplift mechanism for the Altiplano and 
Eastern Cordillera The Western Cordillera and Altiplano rose uniformly by pure shear thickening of the 
lower crust whereas the Eastern Cordillera uplifted stepwise with inception at its eastern border and 
westward migration with time. Geochronological data giving constraints on the timing and amount of 
exhumation are necessary to cofirm this pattern. 
(4) In comparison with the model by Isacks (1988) and Gubbels et al. (1993) our model accounts for the 
observed Interandean and Subandean thrusts (Kley, 1996). The "Quechua" phase (-11-10 Ma) leading 
to compressive deformation in the Altiplano (Jordan & Gardeweg 1989) afYects in southern Bolivia the 
eastern Eastern Cordillera whereas deformation in the Altiplano is predated to -27-19 Ma. 
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INTRODUCTION 

The tectonic setting of Northern Patagonia is unique and provides one of the most exiting 
tectonic field laboratories in the world. The South American continent has been bounded by a subduction 
margin throughout the Tertiary. Today a mid oceanic ridge segment is in the process of subduction at 
46'30's latitude (Cande & Leslie, 1986; Behrmann, Lewis et al., 1992) and ridge subduction has operated 
intermittently for 14 million years (Cande & Leslie, 1986). Another ridge subduction event may have 
occurred in the Eocene (Cande & Leslie, 1986). Geophysical data has been used to suggest that subducted 
ridge segments, or the slab windows postulated to form at the locus of subducted spreading centres, 
continue to be tectonically active several hundred kilometres east of the trench (Murdie et al., 1993; 
Murdie et al, in review). Detailed investigations in Argentina have attributed Tertiary blasalts, Tertiary 
molasse basin sedimentation and development of a foreland thrust belt to the history of ridge subduction 
and slab window development (Ramos & Kay, 1991; Ramos, 1989). Within Chile there are significant 
topographic and related climatic variations which correspond to the change from the continental margin 
affected by ridge subduction (south of the Chile Triple Junction) and the margin unaffected by ridge 
subduction immediately to the north (Forsythe & Prior, 1992). The Chilean segment olf Northern 
Patagonia is pivotal to the tectonic understanding of this region, providing the link bet,ween the trench and 
the region comprising the foreland thrust belt, molasse basin and plateau basalts. Structural analysis of 
this region is particularly complex since many of the units have a considerable pre-Tertiary tectonic 
history. This is particularly true of the Palaeozoic basement (Herve et al, 1987) which has enjoyed 
significant poly-phase deformation during the Palaeozoic. The Mesozoic volcanic succ~:ssions (Skarmeta, 
1978) provide a poor stratigraphic template. Remnants of Tertiary sedimentary basins provide the best 
opportunity for a first order analysis of the Tertiary structure and history of this region. This paper 
presents a summary of work completed on the Tertiary Basin systems of Chile between 46'30' and 
47'30'S, expresses the significance of these data and suggests future research direction:$. Figure l shows 
the location of the main basin remnants. 

BASIN TEMPLATE 

The Tertiary basins are variably unconformable upon Mesozoic volcanics or F'alaeozoic 
basement. A schematic stratigraphy of the Tertiary of Chile South of 46'30's is shown in figure 2. 
Locally the clastic sedirnents lie conformably over an acidic volcanic succession which is itself 
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unconformable upon the Upper Cretaceous Divisiderol Cardiel formation. The status of this younger 
volcanic formation remains unclear; it has been assigned to the Divisiderol Cardiel by the geological 
survey (Skarmeta 1978; Niemeyer et al., 1984) whilst Niemeyer (1975) assigned these to a separate 
formation, the Chile Chico formation and suggested that these volcanics may be Tertiary in age. 
Although there is no independent evidence for the Tertiary status of these volcanics we also assign them 
to the Chile Chico Fm. 

The Guadall Centinela Formation is the lowermost recognized unit within the Tertiary 
sedimentary succession. We have distinguished a continental clastic succession usually assigned to the 
base of the Guadal. This is sufficiently distinct to deserve formation status and we have named this the 
San Jose Formation. The San Jose formation comprises alluvial-fluvial facies in the west, in the 
Cosmelli Basin. The San Jose formation of the Cerro Rocoso basin comprises fluvial and perhaps deltaic 
facies. Palaeocurrents within the San Jose are generally to the East. 

The Guadal Formation comprises marine and marginal marine facies. Fauna1 constraints are poor 
but suggest an age between Eocene and Miocene. In the Cosmelli basin marginal marine facies of the 
lowermost and uppermost Guadal sandwich a thin more open marine facies. The lowermost marginal 
facies, including significant oysterbanks, is of regional significance, being clearly identifiable at Lago 
Posades in Argentina. Palaeocurrents in the Marginal facies of the Cosmelli basin are dominantly N-S. In 
the Cerro Rocoso basin the Guadal is restricted to a thin layer within Plateau basalts. The basalts lie 
conformably above the San Jose formation. here the uppermost San Jose includes a significant coal 
horizon. 

The Guadal is overlain by the GaleratSanta Cruz Formation. The nature of this contact is a little 
cryptic but in general seems to be erosive. The Santa Cruz is an extensive Molasse type fluvial facies 
system extending several hundred km into Argentina. Palaeocurrents are dominantly to the east. In 
Argentina further plateau basalts of Pliocene age lie above the Santa Cruz. Mammalian fossils and KJAr 
ages of tuffs have been used to constrain the ages of the Santa Cruz between 22 and 12Ma, with younger 
ages in the north. 

BASIN STRUCTURE 

Fold and fault structures are identified in both the Cosmelli and Cerro Rocoso basins. These 
structures accommodate E-W shortening and almost certainly connect to the foreland thrust belt identified 
to the south and east in Argentina. An east dipping fault defines the west margin of the Cosmelli basin. 
In both the south and north of the Cosmelli basin this structure has a thrust like geometry, although 
emplacing Tertiary over older strata. In the north of this basin, the latest movements recorded on the 
western basin margin fault have a significant N-S strike slip component. The Cosmelli basin has an 
overall synformal form. In the west of the basin the San Jose and Guadal formations are stacked in a 
complex imbricate fan suggesting thrusting to the east. The structural complexity decreases up 
stratigraphy so that the lowermost Galera is only gently folded. Internal disconformities and palaeocurrent 
patterns suggest that this structure was growing during the sedimentation of the uppermost Guadal. 

In Cerro Rocoso the Chile Chico, San Jose, basalts and Guadal are carried by a large scale east 
directed thrust over the top of lowermost Galera fluvial sediments. The Chile-Chico to basalt stratigraphy 
now defines a hanging-wall antiform structure. Soft sediment deformation within the lowermost Galera 
show identical kinematics to the major structure and suggest that the structure was active here during 
deposition of the lower Galera. An unusual recumbent fold structure in sills within the plateau basalt 
complex is geometrically comparable to other folds. 

The Patagonian fold and thrust belt is thought to have propagated from South to North through 
time (Ramos, 1989; Ramos & Kay unpublished data). Data from the Chilean Tertiary basins also 
suggests an overall propagation from west to east, so that tectonic activity in the Cosmelli basin occurred 
during Guadal deposition , whereas deposition further to the east in the Cerro Rocoso basin occurred 
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during Galera deposition. The latest strike-slip movements of the fault bounding the Cosmelli basin may 
also suggest that there is a component of superposed northward propagation. 

TECTONIC SIGNIFICANCE 

Ramos (1989) and Ramos & Kay (1991) have suggested that the Patagonian molasse basin and 
the foreland thrust belt relate to the history of ridge subduction. The degree of coincidence of continental 
topographic, sedimentation and deformation patterns with the region which has experienced ridge 
subduction is a powerful suggestion of a link between these processes. However, the mzijority of the 
dating information suggests that the molasse basin sedimentation and at least some of th~e deformation 
initiated before the first ridge collision so that the link between continental plate processes and the plate 
margin is not so simplistic. It is possible that the initial generation of topography and the molasse basin 
was in response to subduction of younger and more buoyant crust as the ridge approached. 

Further qualification of these models requires an analysis of how the topography and deformation 
have evolved with time along the margin. The key obstacle to this is the unraveling of Tertiary structures 
in the Mesozoic and Palaeozoic. In the Mesozoic an understanding of the spatial distribution of volcanic 
facies and the identification of any regional marker horizons is crucial. In the Palaeozoic it is important to 
understand fully the Palaeozoic deformation history to establish what has been superpos'ed on this. 
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INTRODUCTION 

The Piuquenes pass along the border between Argentina and Chile is one of ihe classic localities 
first described by Darwin in 1835 during his celebrated world trip. His precise stratigraphic descriptions 
were the first geological observations in the Central Andes. The excellent exposures of *he Aconcagua fold 
and thrust belt as well as the widespread development of the Cenozoic volcanjsm made this area an 
interesting target to analyze the relationship between volcanism and tectonics through Cenozoic times 
which is the aim of the present study. 

The area is located east of the city of Santiago de Chile, and west of Tunuyi~l city in Argentina. 
The access in the Chilean side is by road up to 10 kilometers of the Piuquenes pass while from Argentina 
the pass is more than 30 kilometers away from a secondary road and is reached after two days walk 

The original description of Darwin (1846) recorded the first fossiliferous Mesozoic marine 
sequence of the Central Andes. But, perhaps more important for the scope of this wor:k is the description 
of the Tunuyin Conglomerates where he analyzed the provenance of the clasts. He mentioned the 
occurrence of large clasts of crystalline basement in these conglomerates that should have been derived 
from an eastern source. More than a century latter, the regular survey of the region by Polanski (1964) was 
the only other published reference of the geology of the area. In recent years, the laboratory of Andean 
Tectonics of the University of Buenos Aires surveyed the area in detail at both slope; of the Andes. 

GEOLOGIC SETTING 

The area has a Proterozoic metamorphic basement emplaced by Carboniferous to Permian arc- 
related granitoids. These rocks are unconformably covered by the Choiyoi Group volcanuc sequence. These 
Permo-Triassic rocks range from basalts, andesites to rhyolites and record the transition from a subduction 
related volcanism at the base to a widespread extensional intraplate volcanism in the ulppermost rhyolites 
during Triassic times. 

The Mesozoic sedimentary sequence is composed by marine and continental dqposits and has been 
the object of different studies (Polanski, 1964, Thiele, 1980). The lower detachment is controlled by a 
Middle Jurassic gypsum and is responsible for the presence of Callovian rocks in the core of the Yeguas 
Muertas anticline in the Chilean side (Godoy, 1993). The eastern slope of the Andes is characterized by 
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an imbrication of thrust slices detached from the Auquilco Gypsum (Oxfordian). As a result of that, red 
beds, black shales, and carbonates of Tithonian to Neocomian age are repeated and deformed along the 
axis of the fold and thrust belt. These sequences interfingered to the west with volcaniclastic and volcanic 
products derived from the arc. 

THE SYNOROGENIC DEPOSITS 

A series of shales and fine sandstones of lacustrine to low energy fluvial facies represent the distal 
synorogenic deposits of Paleogene age. The overlying Tunuyin Conglomerates, which are correlated with 
the Santa Man'a Conglomerates of the Aconcagua region, located further north, range in age from 20 to 
8 Ma. The Tunuyin Conglomerates are a coarsening up sequence, deposited in alluvial fans and breaded 
proximal rivers, and reached up to 1,300 m. Most of their clasts are derived from the different lithologies 
deformed and uplifted in the fold and thrust belt, west of the thrust front of Cerro Palomares. These 
conglomerates are covered by the Butalb Formation (Polanski, 1964), which consists of fine sandstones 
and clays, with reworked tuffs and thin limestones and shales with fossil gastropods. Fine conglo~uerates 
of this unit record the first clasts of crystalline basement that show an east provenance, probably derived 
from the Cordbn del Portillo. 

THE CEhTOZOIC VOLCANICS 

There are three major volcanic episodes in the region. The Contreras Formation is the lowermost 
unit at the base of the Tunuyin Conglomerates. It consists of lava flows and basaltic breccias, covered by 
andesitic pyroclastic flows. All these rocks have been folded and thrust during deformation of Tunuyin 
conglomerates. These rocks are correlated with the 22 Ma old Miquinas Basalt in the flat subduction 
segment (Ramos et al., 1989). The geochemical analyses of Contreras volcanics indicate a typical retroarc 
or intraplate setting (Fig. 1). 

Hf/3 
Figure 1: Woods diagram of the volcanic 
rocks of the Piuquenes Pass region 
A: N-MORB; B: E-MORB & within-plate 
tholeiite; C: within-plate alkaline basalt, 
and D: arc volcanics. 

T h  Ta 

The second volcanic sequence corresponds to the andesites and dacites of the Marmolejo volcanic 
center. These rocks are separated by an angular unconformity from the deformed Mesozoic sequences. 
They are typical calcalkaline volcanic rocks formed in a magmatic arc setting (Fig. 1). These volcanics are 
assigned to the Late Miocene-Early Pliocene. The volcanic rocks are tilted by an out-of-sequence thrust. 

The third volcanic episodes is represented by andepites and dacites e ~ p t e d  from the San Juan 
Volcano. These arc related rocks (Fig. 1) are unconformably covering the previous structures and rocks, 
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and are assigned to the Pliocene. 

TECTONIC EVOLUTION 

The structure of the area has a minimum orogenic shortening of 50 km, produced during the 
Miocene in a thin skinned fold and thrust belt (Phgaro et al., 1995). The analysis of the structure indicate 
a piggy-back order for the major thrusts that cannibalized part of the synorogenic depoljits. The last episode 
recorded is an out-of-sequence thrust that west-tilted the base of Mannolejo volcanics, during the Late 
Miocene-Early Pliocene. This OST may be related to a sticking point produced by the uplift during the 
Upper Miocene of Cordon del Portillo basement in the Frontal Cordillera. The Pliocen~e San Juan volcanics 
postdated all the thrusts in the Principal Cordillera. 

An interesting relationship is seen when the geochemical data from the volcanic sequences are 
introduced in the structural evolution of the area. The REE slope inferred from the La/Yb ratio, were 
plotted against the relative enrichment of the light REE assumed by the La/Sm (see :Fig. 2). As proposed 
by Kay et al. (1991) in the flat segment there is a clear trend of increasing these ratios during time. This 
increase was correlated by different authors with the thickening of the crust. Striking s.imilarities are found 
when the magmatic and tectonic evolution in this normal subduction segment at the latitude of Piuquenes 
Pass (33'30s) is con~pared with the evolution in the flat slab segment (Kay et al., 1987). It is evident that 
although in both segments the tectonic and magmatic histories are similar there some irnportant differences. 
The timing of deformation is younger and the degree of m t a l  thickening is smalller in the southern 
segment. 

10 1 l 

Figure 2: LaJSm and L a m  ratios of the different volcanic suites of the Piuquenes Pass. 
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- The tectonic evolution of this segment of the Andes begun with a retroarc basaltic volcanism of Early 
Miocene age, that is interfingered with the first synorogenic deposits. At this time the crustal thickness was 
normal or sligthly attenuated. 

- The orogenic front migrated from the Chilean side in the Lower Miocene to the Argentine side in the 
Middle-Upper Miocene. Consequently, thickenning of the crust was followed by an expansion of the 
westerly derived synorogenic deposits to the east. 

- The Mannolejo volcanics during the Late Miocene-Early Pliocene unconfomably covered the 
deformed rocks of the Aconcagua fold and thrust belt. The volcanic front have migrated at that time from 
the Chilean side to the present international border. 

- The uplift of the Frontal Cordillera may have generated a sticking point in the normal piggy-back order 
of thrusting to the foreland in the Principal Andes. As a result of that an out-of-sequence thrust in the inner 
previously defornled area tilted the Marmolejo Volcanics. 

- During the Pliocene the region became stable, and the andesites and dacites of San Juan Volcano 
unconformably overly the structure of the fold and thrust belt. 

The relationship between the structural evolution, and the magmatic arc trend, indicates that crustal 
thickening derived from some geochemical parameters tightly matched the thickness obtained through 
balanced structural cross-sections. 
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INTRODUCTION 

The stratigraphic sequence of the Ecuadorian Oriente Basin, is strongly influenld by the early Andean 
orogenic events, which \\'ere weak until the Santonian-Carnpanian. During this time, rninor erosional surfaces 
developed. In the younger parts of the section (Paleocene-Oligocene), the unconfomities become stronger and the 
first molasse deposits appear in response to the western Andean emersion. 

GEOLOGICAL EVOLUTION 

Aptian - early Albian 

The Hollin Formation unconformably overlies the Preaptian eroded and deformed formations (Fig. 1). It 
comprises a sequence of coarse sandstone fining and Ihining upward, with minor carbonaceous claystone, siltstone and 
coal interlayers. It thins to the east and pinchs out near the Ecuadorian-Peruvian border. 

This period is characterized by a relative tectonic quiescense. The braided Cretaceous river flowed into the 
basin, caning the basal sandstones. Later deposition was the result of marine transgresion (estuarine. and tidal 
enviroments ). The main bulk of sandstones seems to be derived fiom the Paleoamazon system , but an important source 
was the higlands of the Brasilian-Guyana Shield located in the east and northeast. 

Middle Albian - Campanian. 

The Napo Formation comprises four members : sandy-shaly Napo Basal, sandy Napo Inferior, limy Napo 
Medio and shaly-sandy Napo Superior (fig. 1). 

The Napo epicontinental marine basin, was characterized by restricted circulation . creating anoxic 
conditions during the middle Albian, Tumnian and Coniacian times. Black and dark organic rich grey shales, marls and 
limestones were deposited under those conditions. To the east, the rivers flowed into the basin forming deltas and 
estuaries. 

During the Albian - Santonian times, minor qnsedimentary movements and reactivations of older faults 
occured. 

For the late Turonian - early Coniacian times, in the outcrop of the Mirador Anticline located in Central 
Subandean Zone Jaillard E. (1 995) reported an unconformity at the top of the Turonian M2 limestones. It's the first 
indication of an uplift of the Subandean Zone. This event is characterized by reactivation of numerous faults. 

In the middle-late Campanian, the Andean uplift, caused by the Macuchi-Continent plate collision (Odin & 
Odin 1995). is recorded in the upld of the Subandean Zone, malnly in the Central part of that zone ("Napo Uplift" 
and " Pastaza Depression" ). The Carnpanian section was almost completely removed by erosion in the North Subandean 
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(ten-twenty feet) of Coniacian sediments. In the Southwest of the Zone (Jaillard E. 1995) the erosion is minimum, and 
the Campanian deposits (M1 sandstone) are preserved as in the eastern part of the basin. 

These facts show a differentiated important uplift of the Subandean Zone. The uplift was stronger in the central 
area, where the eastern terrains were dragged up. It reached the area of Cononaco and Rurniyacu fields (where the 
Campanian deposits are almost complete eroded) located in the western flank of the basin. In the Subandean Zone 
important regional extent oblique tectonic elements seem to control its dynamics. 

A small NNO foreland basin formed back to the stronger uplifted zone. It shows that the uplift began at the 
late Santonian, and some of the paleocurrents began to have eastern directions. An important group of faults were 
reactivated during the Coniacian - Santonian and their related folds were formed. 

Maastrichtian-Paleocene. 

The Tena Formation unconfomably overlies the Napo Formation in the west, were an important thilcness of 
the Napo Superior was eroded (fig. l). But to the east, the unconformity changes into a conformity . It comprises a 
medium-coarse to conglomeratic transgresive basal sandstone and multicoloured claystones and siltstones. This 
formation gradually thins to the east. 

The uplift of western Andean domain caused the withdrawal of the sea from the basin , and set the new west- 
east diwtions of f l w i d e  system. The Guayana-Brazdian Shields continued as a secundary source of sediments during 
Maastrichtian-Paleocene times (Jaillard E. 1995). 

Eocene 

As a result of the uplift and erosion of the ancestral Andean ranges, Tiyuyacu conglomerates and coarse 
sandstones, claystones and siltstones were laid down in the basin . The axis of Eocene basin was almost the same that 
the present basin axis. 

The Andean mountains experimented a multiepisodic uplift, which produced at least two conglomeratic 
secuences. The main conglomeratic depositation laid down along the northwestern and northcentral areas of the 
Oriente Basin in alluvial fans and plains. 

The preferential deposition in the northwestern portions of the basin is probably due to the Andean ranges, 
which were nearest in the north than in the south (the altitude was higer in the north). Campbell C. J. (1 970) explains 
the absence of coarse clastic sediments in the Marailon area by the continued existence of the Marailon Portal to the 
west. 

A group of reverse faults and related folds formed . The basin structured in t h ~ s  time, and two subbasins 
developed: the northern Napo Subbasin narrower than the soutern Pastaza Subbasin , with high density of faulting and 
folding, which decreases toward the Pastaza Subbasin. The increased structural deformation is the result of Jurassic- 
C r e m w  extension and subsecuent Tertiary compression being taken up by a more limited rock volume (Jenks 1956 
in Dashwood M. F. & Abbots,l990). The faults reactivated at t h ~ s  time, and related folds, together with those 
reactivated in the Turonian-Campanian, are the more important in the hidrocarbon history. 

Afkr Tiyuyacu h e n t a t i o n  occured diastrophic events related to Andean orogeny wich provoked erosion 
of those sedirnents, reaching 5.800 feet at the eastern portion of the basin (Tiputini 1 well. Llerena M. G. 1991) 

At the late Eocene the Andean source area were reduced by erosion, and progressively finer sediments were 
deposited in the basin. A short transgression took place. The Orteguaza deposited (fig. 1). It consists of green shales 
and sandstones. Afterwards the Chalcana Formation which comprises brown-redish claystones, with subordinate 
sandstones and conglomerates, deposited under continental to marginal-marine conditions. 

There is no evidence of tectonic activity at this time, only sporadic andean uplfting laid down minor 
conglomerates in the Chalcana formation. 
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CONCLUSIONS 

The first indications of Andean compresion are evidenced by the Santonian-Carnpanian uplift of the "Napo 
UplW and "Pastaza Depression" in the Subandean Zone. 

The basin is almost defmetly structured at the Eocene, when the andean compression formed two regional 
structures: the northem Napo Subbasin, more structured than the southern Pastaza Subbasin. 

The Albian-Eocene is a critical time for the hydrocarbon sistem. The productive structures began to develop, 
the reservoirs rocks and potential source rocks were depositing. 
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INTRODUCTION 

The Altiplano is an enigmatic high plateau of the Central Andes, characterized by a thick crust about 70 
Km (Wigger et al., 1994, Beck et al. 1996). Recent seismologic data show that magmatic accretion did 
not cause this crustal thickening (Dorbath et al., 1992), and numerous authors have emphasized the 
importance of horizontal shortening in the Altiplano structuration (Roeder 1988; Baby et al., 1992; Htrail 
et al., 1993). New seismic data available in YPFB as well as recent field works allow us to present a new 
geometrical model of the northern Altiplano, and to discuss its sedimentary evolution characterized by 
thick accumulations of Tertiary continental sediments (10.000 m). 

STRUCTURAL SE'ITJNG 

Recent field's works and analyses of seismic perfiles reflexions available in YPFB permit us to propose a 
new tectonic setting. 
The northern Bolivian Altiplano can be divided in three structural domains (fig. 1 5 2) 
- domain 1: At the eastern edge, the La Joya-Toledo plain forms the northern extremity of the Poopo 
basin, where late Tertairy and Quaternary deposits overlay the SW verging thrusts system of the 
Cordillera Oriental (Coniri Fault system). This plain is limited to the west by the Chuquichambi thrust, 
which forms the oriental flank of the Corque syncline. More to the north, in the Corocoro area where the 
Coniri limit is outcropping, synsedimentary structures prove a compressionnal activity of the Coniri fault 
as a thrust west verging system. This generation of structures is fold latter with a transpresionnal 
geometry showing a strike slip movement along this limit. 
- domain 2: In the central area, the Corque syncline (2A) corresponds to the eastern part of an inverted 
half-graben. In the central part of the syncline, reflexion siesmic data show a thickness of 10 000 meters 
of Tertiary deposits, whithin which no erosionnal surfaces are observed. Its oriental flank represents the 
hanging wall of the Chuquichambi thrust, whereas its occidental flank is carried on the Turco thrust. The 
sole thrust is located in the base of the Tertiary series characterized by evaporitic layers. Little lenght 
wawe of structures located in the western flank are compatible with a thin skin tectonic and show that 
the basement is not impliquated in the compressive structures. In the central part of the northern 
altiplano, at the Andamarca latitude, the eastern edge of the Corque hemi-graben (not inverted) is N-S 
oriented, and reactived with a dextral strike-slip movement. More to the south at the east of the 
continuation of the Chuquichambi trend fault, Salinas de Garcia Mendoza area, oblique and sygmoide 
folds developped into Cretaceous deposits provide a transpresionnal regime induced by the dextral 
movement along the Chuquichambi limit. 

- domain 3: The western edge is characterized by undeformed Pliocene and Pleistocene formations. These 
sediments seal: to the east, the preserved part of the Corque basin (2B), and to the west, a hemi-graben 
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(3). limited at its eastern edge by the Villa Flor fault, which is the continuation of the Mauri basin 
outcropping to the North in the Berenguela area. Tectonic style is reactivation of vertical faults well 
constrained by seismic perfiles. 

TERTIARY SEDIMENTARY SEQUENCES 

Using recent new datations (Swanson et al., 1987; Lavenu et al., 1989; Marshall et al., 1992, 
Kennan and al, 1995), we characterize five major depositional sequences which regroup all the 
previously sedimentary formations defined on the Altiplano (Hochstatter 1972; Cheroni, 1968 for 
exam le): 

- gequence 1 (Eocene-Oligocene: Tihuanacu Fm.. Berenguela Fm.. Turco Fm.), is formed by an 
alternance of red sandstones and argilites, characterized in its upper part by lenses of west-proceeding 
fluvial conglomerates (Sempere et al., 1990). This sequence does not outcrop in the Cordillera 
Oriental; it is 3000 m thick in the domain 2 and 2200 m thick in the domain l .  
- Sequence 2 (basal Upper Oligocene - Lower Miocene: Coniri Fm., Kollu Kollu Fm., Azurita and 
Huayllapucara Fm., Mauri 1-5 Fm.) is characterized by coarse conglomeratic layers, which are 
composed of Paleozoic rocks pebbles coming from the East (Coniri Fm), in domain 1, and red 
granites and gneiss pebbles coming from the West, in domain 3. In the Corque syncline (domain 2), 
the sequence consists of sandy sediments. Near the Coniri fault (domain I), the sediments show 
progressive unconformities recording the uplift of the Cordillera Oriental. The base of the Coniri Fm 
has been dated at 25,5+1,7 My (Sempere et al., 1990) and the base of the Mauri Fm at 25,2f 1 My 
(Lavenu, 1989). 

- Sequence 3 (Middle Miocene) overlies the Oligo-Miocene on the domain 2, and an erosional surface 
on domains 1 and 3. It is 5000 meters thick in the center of the Corque syncline and thinner to the 
west. The base is characterized by sandstones, thin conglomerates and argillite (Caquiaviri Fm.), and 
the top by argillites and local evaporites (Rosapata Fm.). In the Mauri basin, the sediments (base of 
Mauri 6 Fm) are volcano-detritic and pinch out to the West. In domain 1, the sediments are thinner 
and pinch out to the East. 

-Sequence 4 (Upper Miocene: Pomata Fm.) shows progressive unconformities and overlies the 
Middle Miocene with the Callapa tuff dated at 9,03M,007 My (Marshal1 et a1.,1992). This sequence 
is composed of argillites and lenses of conglomerates with Paleozoic rocks pebbles in domains 1 and 
2, with some volcano-detritic sediments to the West. The domain 3B is characterized by greywackes. 

- Sequence 5 (Pliocene) dated at its base at 5,34M,003 My ( Marshal1 et al., 1992), unconformably 
overlies the Upper Miocene. This sequence is composed of lacustrine sandy loam with lenses of east- 
prograding conglomerates, in domain 1, and volcano-detritic sediments, in domains 2 and 3. 

BALANCED CROSS SECTIONS 

Four sections have been constructed using the kink method. For each one's, structures are built with 
hypothesis of a mimimun shortening. The main detachments are located in the base of the Ordovician, 
base of the Silurian, base of the Devonian and base of the Tertiary rocks; In Salinas de Garcia Mendoza 
area, base of the Cretaceous is a decollement surface permitting the expulsion of an cretaceous basin. The 
thrust system geometry is characterized by fault progation folds of 1" generation (sometimes 
reactivacted), fault bend folds and duplex structures. The eastern limit of the Corque basin was built as a 
normal fault reactivacted in the north and creation of short cut (deformation of the footwall) in the south. 
These mecanisms of inversion are well imaged by tomographic images resulting of analog sand box 
experiments realised and analysed by tomography in IFP. 
In our balanced cross section,the value of shortening ranges between 25 km to 60 km. Shortening is 

bigger in the south where the Poopo basin is well developped. 
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CONCLUSIONS: KINEMATIC MODEL AND CRUSTAL GEOMETRICAL MODEL 

A combined study of the structural geometry and depositional sequences allow us to propose a 
tectonosedimentary evolution : 

During Eocene-Lower Oligocene times, the Altiplano corresponded to a basin filled up by a low detritism 
coming from the West. The Chuquichambi trend could control the sedimentation during this period, and 
induce the difference of thickness between domains I and 2 and the depot center of evaporitic layers 
present at the base of the first sequence. 

During the Oligo-Miocene, the Altiplano started to structure and corresponded to a compressional basin 
thrusted by the Eastern Cordillera. Erosive surfaces in domains 1, 2B and 3 show that the basin 
boundaries were deformed and eroded, while the central part of the basin (2A) was undeformed and filled 
by sediments, due to the erosion of the Eastern Cordillera and the western Precambrian basement. 

The Middle Miocene is characterized by very high rates of sedimentation in two north-south elongated 
hemi-graben: the Mauri basin and the Corque basin. This period corresponded with a gentle tectonic 
activity along the thrusts of the Coniri system (HCrail et al. 1993). Geometry of the synsedimentary 
deformation, recorded within the upper Miocene sequence in the Corque syncline and Poopo basin, show 
that the Corque hemi-graben suffered the tectonic inversion and that in the same time Coniri system was 
reactivacted with a strike slip component. 

During the Lower Pliocene, in domains 3 and 2, the Upper Miocene structures were peneplaned and 
sealed by volcano-detritic sediments. The Poopo basin (I) corresponded to a terrigene basin controlled by 
the development of the Chuquichambi thrust, which becomk a ridge between two Pliocene basins. At the 
same time, the Subandean zone was structured (Baby et al., 1989); crustal shortening increased and 
produced an uplift of the Cordillera and the Altiplano. 

Combinning our regional studies of the Altiplano and Subandean zone and surface mapping of the 
Eastern Cordillera provided by the Bolivian Oil Company YPFB, we purpose two crustal balanced cross 
sections with a shortening of 191 km for the 18" transect and 23 1 km for the 22" transect (Baby and al, 
this issue). At this crustal scale the Altiplano take characteristics of a piggyback basin and corresponds to 
the bigest detritic basin of the andean chain. 

REFERENCES : 

BABY, P., SEMPERE, T., OLLER, J., BLANCO, J., ZUBIETA, D. and HER AIL,^., 1992. Evidence for 
major shortening on the eastern edge of the Bolivian Altiplano: the Calazaya nappe, Tectonophysics, 
205, 1-3, p. 155-169. 
BECK, S., ZANDT, G., MYERS, S., WALLACE, T., SILVER, P. and DRAKE, L., submitted. Crustal 
Thickness Variations in the Central Andes, Geology. 
CHERRONI, C., 1968. Geologia de la Serrania de Berenguela, Informe YPFB (GXG-1338). 
DORBATH, C., GRANET, M., POUPINET, G. and MARTINEZ, C., 1993. Teleseismic study of the 
Altiplano and the Eastern Cordillera in northern Bolivia: new constraints on a lithospheric model, J.  
Geophys. Res., 98, B6, p. 9825-9844. 
HERAIL, G., SOLER, P., BONHOMME, M. and LIZECA, J. L., 1993. Evolution gkodynamique du 
contact Altiplano - Cordillbre Orientale au Nord d'Oruro (Bolivie) - Implications sur le dtroulement de 
I'orogCnbse andine, C.R. Acad. Sci., 3 17,sCrie 11, p. 5 12-522. 
HOCHSTATTER, H., 1972. Informe sobre la region NE del Altiplano septentrional, lnforme YPFB 
(GXG- 1792). 
KENNAN, L., LAMB, S. and RUNDLE, C., 1995. K/Ar dates from the Altiplano and Cordillera Oriental 
of Bolivia, impliquations for Cenozoic stratigraphy and tectonic, J. South Amer. Earth Sci., 8, 2, p. 163- 
186. 
LAVENU, A., BONHOMME, M., VATIN-PERIGNON, N. and de PACHTERE, P., 1989. Neogene 
magmatism in the Bolivian Andes between 16" and 18" S. Stratigraphy and K-Ar geochronology, J. 
South Amer. Earth Sci., 2, l, p. 35-47. 
MARSHALL, L. G., SWISHER, C., LAVENU, A., HOFFSTETTER, R. and CURTIS, G., 1992. 
Geochronology of the mammal-bearing late Cenozoic on the northern Altiplano, Bolivia, J. South Amer. 
EarthSci., 5, ] , p .  1-19. 



Third ISAG, St Malo (France), 17-1 91911 996 

ROEDER, D.,1988. Andean age structure of eastern Cordillera, Tectonics, 7, l ,  p. 23-39. 
SEMPERE, T., HERAIL, G., OLLER, J. and BONHOMME, M., 1990. Late Oligocene-early Miocene 
major tectonic crisis and related basins in Bolivia, Geology, 18, p. 946-949. 
SWANSON, K. E., NOBLE, D. C., McKEE, E. H., SEMPERE, T., MARTINEZ, C. and CIRBIAN, M., 
1987. Major revisions in the age of rock units and tectonic events in the northern Altiplano basin of 
Bolivia, GSA Meeting, Abstracts with Programs, 19, p. 456. 
WIGGER, P., SCHMITZ, M., ARANEDA, M., ASCH, G., BALDZUHN, S.,GIESE, P., HEINSOHN, 
W., MARTINEZ, E., RICALDI, E., ROWER, P. and VIRAMONTE, P., 1994. Variation in the Crustal 
structure of the Southern Central Andes deduced from Seismic Refraction Investigation, in : Reutter 
,K.  J. ,  Scheuber ,E .et Wigger ,P. J, kd., Tectonics of the Southern Central Andes, p. 23-48. 

vinlu n o n -  Altiplano 
Mund Poopo Bar~imn 

Cordillera 
B W R ~  (C or urns Bwim C ~ U S ~ ~ ~ ~  Oriental 

Fault rrvstem Conirl 

Cretaceous m Precambrian 

Fig 2: Schematic section of the  northern Altiplano 
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INTRODUCTION 

Magnetostratigraphic dating can be a very powerful tool in the study of continental basins. In the 
Andes, for example, magnetostratigraphic studies have brought important constrains in the understanding 
of the development of the foreland basins of the Sierras Pampeanas [Johnson et al., 1986l.In this study, 
we report an attempt to use paleomagnetism to determine sedimentation rates in one of the thickest 
Andean Tertiary sedimentary basins located in the north-central Bolivian Altiplano [Kennan et al., 1995; 

The sequence of Tertiary 
continental deposits is well 
exposed within the Corque 
syncline (Fig. 1). This 
structure is oriented N150 
and its axis can be traced for 
more than 100 km. The 
lowest sedimentary sequence 
is the Eocene-Oligocene 
Tihuanaku formation which 
is well exposed on the 
eastern border of the basin. 
The age of this formation is 
poorly constrained because of 
the lack of fossils or 
interbedded volcanic units. 
This sequence is followed by 
the more conglomerate 
Coniri formation of Late 
Oligocene- Early Miocene 

Figure 1: Simplified geologic map of the Central Bolivian Altiplano age. The middle Miocene 
(modified from Rochat et al., in press). Squares correspond to the Totora formation overlay 
paleomagnetic sampling. conformably the Coniri 

formation. Most of the 
deformation took place in late Miocene and the main tectonic structure is the curved Chuquichambi 
thrusts system. 

We first did a paleomagnetic survey to determine the stability of the magnetization and evidence of a 
reliable magnetostratigraphic record.. Most of the successful studies in the Neogene basins of NW 
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Argentina deal with sediments rich in volcanoclastic and the remanent magnetization carried by magnetite. 
In contrast, the central Altiplano basin is mostly filled by red beds deposits. 

The Tihuanaku formation 
(also named Huayllamarca) is 
mainly composed  of 
consolidated fine red sandstones 
with interbedded red claystones. 
The sandstones do not record a 
stable magnetization and only 
the claystones have a stable 
remanence carried by hematite. 
The red claystones record in 
sequence normal or reverse 
polarity and this observation 
indicates a detrital or early 
diagenetic origin for the 
hematite. However, the lack of 
fresh exposure of a sufficiently 
continuous sequence has so far 
prevented the acquisition of a 
magnetostratigraphic record in 
the Tihuanaku formation. The 
Totora formation is mainly 

Figure 2: Map showing the locations of the magnetostratigraphic c O m ~ O s e d  of poorly 

sections consolidated sandstones with 
interbedded clavstones. After 
removal of 10.to 20 cm of 

weathered clays, instead of taking oriented blocks, we choose to drill the soft sediments with air-cooling; 
a technique which enables to collect a large number of samples (997 cores in this study). 

MAGNETOSTRATIGRAPHY OF THE TOTORA FORMATION: 

In Situ After tilt correction 
N N 

Figure 3: Equal-area projections of the characteristic magnetizations for section D in in situ and after tilt 
correction. Open (filled) symbols correspond to negative (positive) inclinations. In in situ coordinates the 
observed magnetizations are significantly different from the present day field. Normal and reverse polarity 
magnetizations are also antiparallel.. 

The Totora formation is a thick formation which outcrops largely on the eastern limb of the Corque 
Syncline with layers dipping to the west from about 45" to 30" (Figure 2). An other important feature of 
the Totora formation is the existence of numerous tuff layers and two of them have been previously dated 
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by K-Ar and ~ r ~ ~ - ~ ~  radiometric dating. The Callapa and Ulloma tuffs are also well recognized in the 
field and they provide straightforward stratigraphic markers. We sampled four main sections (A, C, D and 
E). It was almost impossible to perform an E-W traverse perpendicular to the strike of the sedimentary 

sequence. The positions of the sampling sites were obtained by GPS 
positioning and the complete thickness of our magnetostratigraphic 

7 ,  m sequence was calculated according to the strike and dip of the 
Q, 

Q, v 
structure. We arbitrarily put the base of our sequence at the base of 

g section E. Sampling between the Ulloma and Callapa tuffs was 
performed north of the Callapa village. From the base of section E 
to the top of section D (Tuff Callapa), the sequence is about 4600m 

m 
a thick. The large 
U 

5 5 0 0 0  
sampl ing  gap  

Q 2 between sections E 
0, - m 4 5 0 0  

and C and the 
8 a b s e n c e  o f 
a - radiometric control 

g 1 0 0 0  in the lower part of 
% 

m a, - the section do not 
g 5 j 5 0 0  permit 
0 .O .- 

1 1  c magnetostratigraphi 
c F 3 0 0 0  c dating of the 

2800 - 
m" 
E lower part. We will 
0, 0 2 5 0 0  only report the 

2600 - C 
12 2 interpretation of the 

2400 -- Z 2000 composite section 

2200 - 
2 9 9 5 10 10 5 11 11 5 1 2  (C+A+D). Normal 

age (Ma) a n d  r e v e r s e  
polar i t ies  a re  

Figure 4: Correlation of the observed record with the GRITS observed.  The  
magnetization is 

carried by magnetite and hematite. There is a slight increase in magnetic susceptibility toward the top of 
the sequence (from 2-3 1 0 - ~  to 10-3 SI) indicating the volcanism input in the sediments. The tilt toward 
the west of the sedimentary strata provides a good control on the age of the magnetization and we can 
discard the effect of vlscous overprints in the present day field (Figure 3). The numerous radiometric 
datings of the Callapa and Ulloma tuffs indicate that this part of the magnetostratigraphic record should be 
correlated to the geomagnetic reversal polarity timescale [4] (GRPTS) in the time interval 8- 11 Ma. The 
correlation of the observed magnetic record with the GRITS shows that sediments were deposited from 
about 1 1.7 Ma to 9 Ma with an almost constant sedimentation rate of 0.97KrnIMa. Using this mean rate 
of sedimentation, the Ulloma tuff is dated at 10.23 Ma and the Callapa tuff at 9.17Ma. These estimates 
are in excellent agreement with the best ages given by Marshal1 et al. (1992) of 10.35k0.06 and 
9.03f 0.07Ma. 

TECTONIC ROTATION OF THE CENTRAL ALTIPLANO BASIN. 
The Chuquichambi thrust system is characterized by its curved structure. This curved shape is possibly 
inherited or was enhanced during deformation. Nine paleomagnetic sites (129 cores) were drilled where the 
structures are NW oriented and 5 sites (71 cores) further south in the north trending structures. The mean 
declination for the northern sites is deflected from the expected direction by about 30" while the southern 
sites give 20" suggesting that most of the Chuquichambi curvature is possibly due a paleogeographic 
feature (Fig. 5). The two populations are however not statistically different. An additional sampling is 
needed to ensure the 10" difference between the two branches of the Chuquichambi structure. Nevertheless, 
our paleomagnetic study indicates that the whole Chuquichambi struture is rotated counterclockwise by 
about 20' 
The paleomagnetic results from the dispersed sampling within the Totora formation as well as those from 
sections A,B and C and D (Fig.6) also confirm the existence of a counterclockwise rotation greater than 
10" after 9 Ma. The consistency of the paleomagnetic results over several tens of kilometers demonstrates 
that the Central Altiplano basin rotated about 10" since the late Miocene. The respectively 20' and 10" 
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rotations are likely related to the shortening observed across the eastern cordillera and subsequently in the 
subandes. 

Figure 5: Paleomagnetic results from the Chuquichambi structure. A) northern branch, B) southern sites 

Figure 6: Paleomagnetic results from the Totora formation. A: dispersed sampling; B: section D mean 
298 samples ; C: sections A+B+C mean 272 samples 
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INTRODUCTION 

The Andes result from oblique subduction of the oceanic Nazca plate beneath the continental 
South America plate (Fig. 1). Between 27's and 32'S, the Andean Cordillera trends N-S and lies above a 
subhorizontal segment of the descending Nazca plate (Fig. l). From the Chile trench towards the 
foreland, the mountain belt consists of a series of N-S trending structural units: the Coastal Cordilleras, 
the Principal Cordillera (inactive volcanic arc), the Frontal Cordillera, the Precordillera and the Sierras 
Pampeanas. This work deals with the foreland basin geometry between the Precordilleran fold and thrust 
belt and the westernmost basement uplifts of the Sierras Pampeanas. 

Between 29" and 33" S, East of the Precordilleran thrust front, the NW-SE trending Desaguadero- 
Valle Ftrtil fault marks the western boundary of the Pampean ranges (Fig. 1, VF). In the foreland, in 
successive compressional basins alternate with basement uplifts, bounded by high-angle thrusts (Jordan 
& Allmendinger, 1986). Five structural domains can be identified from West to East (Rossello et al., 
1995): (1) the Precordilleran thrust front, (2) a proximal foreland basin, (3) the intervening Valle Ftrtil 
basement high, (4) a distal foreland basin and the Pampean Ranges. Our description of compressional 
structures is based on field observations and seismic data. 

PRECORDILLERAN THRUST FRONT 

In the Precordillera (Fig. 2) a series of east-verging thrust sheets involving Early to Lower 
Paleozoic sediments, overthrust intercalated Neogene deposits (Beer et al., 1990). The amount of bulk 
regional shortening across this segment of the Andes may 65-70% (Allmendinger et al., 1990). 
Asymmetric anticlines westwards verging alternate with tight synclines. On the western margin of the 
Precordillera, the upper Tertiary cover (younger than 15 Ma., Beer et al., 1990) reaches a thickness of 4 
km within the Valle de Iglesia. The Precordilleran front is thrust over the Tertiary foreland detrital 
deposits (Fig. 2). 

PROXIMAL FORELAND BASIN 

The immediate foreland basin (Bols6n Bermejo, Fig. 2) is filled with Neogene syn-orogenic 
deposits reaching a thickness of 7,000 m (confirmed by wells). These 14-2.3 Ma detrital sequences are 
upward coarsening (Johnson et al., 1987, Beer & Jordan, 1989). The Neogene sedimentary cover forms 
fault-propagation folds and lies unconformably, either on the Paganzo Group sequences (to the East) or 
on lower Paleozoic sediments (to the West). The Bermejo basin is a roughly symmetric ramp basin. It 
deepens towards the West under the Precordilleran front (Zapata & Allmendinger, 1996) and is overthrust 
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on its eatern margin by the Valle Ftrtil Ranges. Furthermore, in the middle of the basin the top of the 
crystalline basement is symmetrically kinked (Fig. 2) and emerges locally at the surface in the Sierra Pie 
de Palo area (Fig 1, PL). 

Within the foreland, the Valle Ftrtil Range has an anomalous NW-SE trend. It is an assemblage 
of crystalline basement blocks, locally covered by folded Paleozoic rocks to the North (Paganzo Group). 
These blocks are bounded to the West by high-angle westward verging thrusts. In detail, the structure 
consists of (1) en kchelon N 170 trending left-lateral thrusts, (2) associated N-S fold hinges and 
culminations, (3) conjugate right-lateral faults trendin N 070 and (4) normal faults trending N 120. 
Hence, the eastern margin of the Valle Ftrtil system is a major transpressional left-lateral wrench zone. 
Faulting involves the crystalline basement and can be interpreted in cross-section as a positive flower 
structure (Harding, 1990), verging towards the West. This structure probably reactivated Triassic normal 
faults. Along the abrupt western margin of the Valle Ftrtil Ranges, the vertical offset of the top of the 
basement is at least 7,000 m according to seismic information (Fig. 2). On the eastern margin, an 
erosional surface exposed on the top of the range (Jordan et al., 1989) dips gently eastwards, beneath the 
sediments of the Villa Union-Pagancillo Basin. 

DISTAL FORELAND BASIN 

East of the Valle Ftrtil Range is the distal domain of the Andean foreland. The Villa Uni6n- 
Pagancillo basin is filled with Neogene detrital sequences which rest unconformably on the upper 
Paleozoic deposits of the Paganzo Group. This asymmetric ramp basin deepens eastwards, the base 
sloping 10" to 15", from the Sierra Valle Ftrtil-Sierra Morada to the Famatina-Saiiogasta Ranges. The 
depocenter reaches a depth of 4,000 m. Surface geology (Malizia et al.,  1995) and sub-surface data 
indicate a thinning of the Tertiary sequences towards the East. The eastern edge of the basin is bounded by 
a thrust fault along the Famatina-Safiogasta Ranges. 

PAMPEAN RANGES 

The Sierra de Famatina-Saiiogasta are made of crystalline basement. The interface between the 
basement and the sedimentary cover is the erosional surface mentioned above. This interface is locally 
overlained by sequences of the Paganzo Group and sedimentary remnants attributed to the Neogene. 
Thick-skinned tectonics characterize the Pampean Ranges. Uplifted blocks of basement are bounded by 
high-angle thrusts (Jordan & Allmendinger, 1986). These regional faults results in large vertical offsets 
of the top of the basement. The highest basement outcrops are on the Famatina range (6,250 m a.s.1.). In 
surrounding Neogene basins, sediments reach thicknesses of several thousand meters (10 km in Quebreda 
la Troya basin). Consequently, the vertical offset locally exceeds 10 kilometers. 

CONCLUSIONS 

The foreland basin, 200 km wide between 29" and 32"S, is of ramp type. The eastern margin is 
against the Famatina-Safiogasta Ranges. The central sector is uplifted and emerges at the surface along 
the left-lateral Valle Ftrtil wrench zone. This major regional fault divides the foreland into two 
asymmetric basins. According to the geometry and sedimentary characteristics of the Neogene cover, the 
Andean foreland basin is of typical ramp style (Cobbold et al., 1993). 
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INTRODUCCION 

The Neogene sedmentary basins of Argentine Central Andes and neighbouring regions 
developed into different tectonic frameworks; therefore, they were of different geologic origins. 
This paper deals with the tectonic setting and regional distribution of the Tertiary basins developed in the 
Argentine Central Andes (22"-36" LS) during post-Incaic (post-Middle Eocene) and pre-Diaguita (Late 
Pliocene-Early Pleistocene) times. 
The meaning of Neogene is here used in its widest sense. The sedimentary history of these Neogene basins 
began from Miocene times on, or before from late Eocene up to Oligocene. These sedimentary episodes are 
also named "Tertiary". 

STRUCTURAL HIGHS 
The available information about the present-day distribution and the hcknesses of Tertiary deposits -in 
outcrops as well as in subsurface- let Yrigoyen (1969) draw the isopach lines of the main Argentine 
depocenters. 
The region considered in h s  paper includes the Argentine Central Andes between the southern end of the 
Central Volcanic Arc (AC) and the northern end of the Southern Volcanic Arc (AS). 
It is possible to distinguish the following structural highs: 
El Desierto High, located in the northern part of the Chaco-Paranense basin. 
Domeyko Arch. It was the western edge of the Atacama Tertiary basin of northern Chile. The Tertiary 
deposits lay in angular unconformity on the Cretaceous-Eocene Purilactis Group. 
San Rafael High, in the southern end of the region. Over this arc basaltic retroarc flows will take place 
during Pliocene-Pleistocene times. 
Central Andean Arch and Southern Andean Arch. Both archs were the host rock of the Miocene- 
Pliocene volcanic arcs. The Central one has transverse volcanic belts into de Argentine Puna. 
Pampean Arch. It was the western edge of the marine Parana Formation ingression; nevertheless, a 
westward dispersion of this ingression between 28-30°SL has been proposed. 
Cordillera Frontal-Precordillera Occidental High, where piggyback like basins developed. 
Other structural hlghs, that were in force during Paleozoic and Mesozoic times, remain buried by Ternary 
basins. They are: 
Michicola Arch. It is located on the northern wedge of Olmedo Sag and governed pre-Ternary basins from 
the Carbonifeorus up to Paleocene times. 
Quirquincho Arch. It was buried by upper Cretaceous-Paleogene posrifi deposits and also by Neogene 
strata. 
Traspampean Arch. There developed sedimentary basins separated by Ordovician transverse structural 
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highs. From Miocene times, these highs were the host rock of transverse volcanic belts of the Argentine 
Puna. 
Pie de Palo Arch, was a part of the Sierras Pampeanas Occidentales during pre-Oligocene times. Neogene 
deposits buried this arc completely, except for the present-day Sierra de Pie de Palo that emerged since the 
Quechua diastrofism.. 

DEPOCENTER DISTRIBUTION 
The post-Incaic orogenic front originated the foreland basins of the region (Figure 1). This front is a series 
of en echelon thrusts of N-S Andean trending; the northern thrusts are displaced eastward and the southern 
ones westward. 
The main Neogene depocenters are divided accordmg to their with regard to the orogenic front (Figure 1): 
a) Andean depocenters located westward, and b) foreland and extra-Andean depocenters, some of them at 
the subsurface, located eastward the orogenic front. 
The distribution of depocenters, their sedimentary history, and the geologic nature and structural framework 
of the pre-Oligocene basement, let us distinguish the following regional tectonic domains where the 
Tertiary sedimentary basins developed: 
Northern Foreland: Includes the sub-Andean System of northern Argentina, developed to the east of 
Cordillera Oriental and Puna Austral. This foreland is the southern end of the Bolivian sub-Andean 
Neogene belt. The sehmentary filling (Orin Group) consists of foreland deposits at the base and taphric 
synorogenic basins at the top. 
Olmedo Sag. Post-Incaic strata of Orin Group inherited the extensional tectonic framework, with thermal 
subsidence, that governed into the underlying Salta Group basin during Campanian-Eocene times. Thus, the 
sedimentary processes would have been able to be continuous between both Salta and Orhn groups; 
Cenozoic Andean tectonics did not reach the Olmedo rift. 
These deposits buried the previous Cretaceous basin and covered northward the Paleozoic basement of 
Michcola arch. In these regions the Neogene deposits overburdened and matured Devonian (Los Monos 
Formation) and Cretaceous (Yacoraite Formation) sources oil rocks. 
Famatina Forleand. The Famatina foreland and associate basins developed in the transition area between 
southern Puna and northwestern Sierras Pampeanas, and between Northern Foreland and Cuyo Foreland. 
The sedimentary succession has a thick coarsening-upward stratigraphc column. 
Cuyo Foreland. Post-Incaic coarsening-upward successions accumulated overlying the Precambrian 
basement, Lower and Upper Paleozoic, and non-marine Triassic and Cretaceous basins. The triangular 
geometry is curiously symmetrical to that of Northern Foreland-Olmedo Sag, in both cases located between 
the orogenic front, and Valle Ferhl and Aconquija-Los Blancos lineaments, respectively. 
Backarc tectonic troughs of the Puna. Since the Middle Eocene isolated troughs originated because of 
fragmentation of the Ordovician basement. These troughs are separated by WNW-ESE trending horsts. The 
first stage of filling is thinning-upward and was accumulated before the Miocene-Pliocene volcanic arc. In 
this way, the troughs developed between Central Andean Arch and the Northern Foreland. The Mocene- 
Pliocene volcanic arc had a great ~nfluence on the upper sedimentary succession. 
Atacama Forearc (Chile). In h s  basin the angular unconforrnities in the base and top of Paciencia Group 
(Oligocene-Lower Miocene) are clearly distinguished. %S group lies on Purilactis Group (Cretaceous- 
Paleogene) and underlies San Bartolo Group (Miocene). The sedimentary succession is thinning-upward, 
like the ones in the Puna backarc basins. In both cases there was magmatic quiescence. The Atacama basin 
was separated from the Puna's basins by the Central Andean Arch. 
Basins over Pampean Region. They are intermontane basins m a d y  in the subsurface, of less thickness 
than in the Andean basins. They developed over Precambrian basement and over Upper Paleozoic, Triassic, 
and Cretaceous non-marine basins. 
Chaco-Paranense Marine Platform. The Upper to Middle Miocene Atlantic marine ingression (Parana 
Formation) reached the Northern Foreland, probably the Olmedo Rift, the Paraguayan Chaco and the 
Bolivian sub-Andean system. 
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FIGURE 1: Present-day location of the main post-Incaic depocenters. Isopachs lines in km (white). 

1, Post-Incaic thrust. 2, Faults and lineaments: T, Tomasito; LB, Los Blanws; FO, Western Fault; A, 
Awnquija; VF, Valle Fertil. 3, Assumed faults of the Puna's horsts. 4, Main structural highs: ED, El 
Desierto; SR, San Rafael. 5, Structural highs (Central -AC- and Southern -AS- Andean archs) where the 
Neogene volcanic activity took place. Basin tectonic framework: 6, Northern Foreland. 7, Olmedo Sag; 8, 
Famatina Foreland; 9, Cuyo Foreland. 10, Puna's Backarc troughs. 11, Atacarna Forearc Basin (Chile). 12, 
Cordillera Frontal (CF)-Western Prewrdillera (P) block, where piggyback basins developed. 13, 
Intermontane basins over Pampean region. 14, Marine platform of the Chaco-Paranense basin (arrows 
denote ingression path). 
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CONCLUSIONS 

Present-day distribution and tectonic setting of the post-Incaic basins of the Argentine Central Andes let 
to classify them in the following tectonic domains: Northern Foreland, Olmedo Sag, 
Famatina Foreland, Cuyo Foreland, Backarc Troughs of the Puna, Atacama Forearc Basin (Chile), 
Cordillera Frontal-Precordillera High where piggyback bassins developed, Pampean Region Basins, and 
Chaco-Paranense Marine Platform. 
The post-Incaic orogenic front separates the western Andean basins and the eastern foreland basins. Th~s 
front is a series of en echelon thrusts of N-S Andean trendmg. 
The main structural highs were El Desierto High, Cordillera Frontal-Prewrdillera High, and San Rafael 
High as the southern end of the Cuyo Foreland. 
The Central and Southern Andean archs would be structural highs coevally with early Neogene basin 
evolution. These structural highs were the host rocks of the volcanic arcs, that began their evolution from 
middle Miocene. 
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INTRODUCTION 

The ductile strike-slip mot.en1ents of the Ataama Fault System during Jurassic and Cretaceous 
are \\,ell documented (Hens& 1987b, Scheuber and Andriessen 1990, Scheuber et al. in press). On the 
contrary, the Tertiary kinematics of this fault system is less knot\.n, although some studies ha\,e been 
done (Armijo and Tiehle 1990, Hen6 1987a, Nannjo 1987, VCliz 1994). The aim of this contribution is 
to furnish new data regarding the Tertiary activity of the Atacama Fault System in its northern part 
(flg.1). both in the Coastal Cordillera (Salar Gr ide )  and the nestern margin of the Longitudinal Valley 
(Sdarde Llamara area, along the Lower h Valle~). Special attention n.ill be paid to the relationships 
beni-een fault movements and stratigraphic units. 

STRATIGRAPHIC UNITS 

Uncomformably ot.er the Paleozoic and Mesozoic rocks or the Coastal Cordillera four main 
stratigraphic units ha1.e been distinguished along the Lo\ver h Valley (Cabrera er al. 1995): 

1) At the bottom, cot.ering a strong paleorelief, the Loa Canyon Breccias Uni t  crops out 
along the Loa Canyon and reaches a masimum obsen,abie thickness of 400 m. Clasts are heterometric, 
angular and of local prot.enance. 

2) A Red Alluvial Sandy-congiomeratic Unit \\.ith interbedded anhydritic lalfers (Siez 
er al. 1994) reaches several tens of m in thickness near Quillagua. This unit corresponds to distal allu\.ial 
fan deposits related to the Precordillera, and therefore it is part of a transverse alluvial system. I t  \\-edges 
out to the West. Jensen (1992) named this unit Hilaricos Fm. and tentati\,ely correlated i t  to Sichal Fm. 
which is supposed to be Oligocene(?)-Miocene in age. 

3) The Diatomitic Fluvio-lacustrine Unit, defined by Fheu (1975). is estensi\.ely 
described as Quillagua Fm. in S k z  er al. (1994) and Cabrera er oL (1995). Its detritic deposits ha\re a 
southern origin and constitute a longitudinal fluvial system. The masimum obsened thickness is 55 m. 
A cineritic level (Aduana Cinerite) related to the volcanism det.eloped in the Alta Cordillera is found at 
the bottom of this unit. It is 6.8 My old (KJAr method, Kiefer er al., in press). Units 2 and 3 correspond 
to Quillagua Fm. from Jensen (1992). 

4) The Upper Evapotitic Unit (Soledad Fm., Bobenrieth 1979) includes all the et.aporites 
(anhydrites and halites) \\.hich are found at the top of the sequence, and comprises those inrilling Salar 
Grande. The age of this unit may range from Oligocene(?) to Plio-Pleistocene. 
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STRUCTURE 

From the sunr\.  carried out in the Salar Grande area and along the Loa Canyon the follo\iling 
features should be pointed out: 

The structure of the Salar Gnnde basin is a N-S elongated half-gnben defined by an extensional 
fault system. The main faults run along its western margin and the salt infilling the basin lies on the 
tilted and do\\,n thr0n.n eastern block. The Salar Grande forms part of a tilted block structure \vhich is 
well imaged by the present-day niorfology; the N-S oriented hills ha\,e a steep eastern slope and a gentle 
\i.estern one (fig.?). The salt layers are horizontal and partially fill  up the paleo-relief created by the 
mentioned N-S normal faults. Probably they lie on local breccias, like those outcropping SW of Salina 
Guanillos, which possibly may be correlated to the Loa Can!.on Breccias Unit. 

Along the Loa Can~~on, from the coast to fell. km south of Quillagua, the described 
stratigraphic units are undeformed, filling up a \vigorous paleo-relief de\feloped on basement (Paleozoic and 
Mesozoic) rocks. This paleo-relief is asymmetric: steep slopes an gently inclined ones. This paleo- 
morphology is interpreted as the result of an extensional e\.ent \i-hich produced a tilted block s!'stem, the 
steep slopes corresponding to normal faults. The pre\.alent trends of the normal faults along the Loa 
Canyon are aprosimately N-S and E-W resulting in a complex block system. Most part of the Loa 
Canyon Breccias Unit is undefornied. Ho\i.e\:er, the lo\\.est beds outcropping in the can\.on close to an E 
W fault show internal Ion.-angle unconformities (fig. 3), e\.idencing their s).ntectonic deposition. Thus, it 
is concluded that the E-W extensional elrenl, \vhich indi\.idualized the Lon_eitudinal Valley and the Coastal 
Cordillera, and also some smaller basins like Salar Grande in  the Coastal Cordillera, occurred at the 
beginning of the sedimentatin of the Loa Canyon Breccias and stopped during the deposition of this unit 
(Oligocene-Earl y Miocene [?I). 

The structures related to the described estensional ei.ent are cut by the normal fault system 
\~.hich defines the coastal scarp. Since the oldest marine terraces are Pliocene (Hartley and Jolley 1995). 
this faulting e\.ent probably occurred at the Miocene-Pliocene boundary. The small basin filled lvith 
breccias SW of Salar Grande, near Salina Guanillos, constitutes an esample of early extensional structures 
cut by the coastal scarp system during latest Miocene times. 

Some of the faults outcropping in the surveyed area show neotectonic or e\.en presentday 
actif.ity. Ho~vever, most of the faults which led to the formation of the a.estern margin of the 
Longitudinal Valley (Quillagua basin) and the Salar Grande basin de\.eloped mainly at the beginning of 
Loa Canyon Breccias deposition. Since then they ha1.e remained unac1ij.e as sho\\m by the undisturbed 
younger deposits that seal them. 

CONCLUSIONS 

The relationships behileen the stratigraphic units and the normal faults e\.idence nvo main 
estensional phases during Tertiary: 

The first one (Oligocene (?)-hliocene) developed in the Coastal Cordillen and Longitudinal 
Valley. It resulted in a tilted block structure which steps down towards the East. This phase is 
responsible for the formation of the \i,estern margin of the Longitudinal Valley and the associated 
lacustrine basins (Quillagua basin, Salar Grande). 

The second one (Miocene-Pliocene) de\.eloped more to the West and ga\.e rise to the Coastal 
Scarp Fault which thr0n.s donm the n,estern block. 

Thus, during Tertiary, the E-W extensional activic migrated towards the West. 
The preset-day Coastal Cordillera is a horst resulting from the superposition of both described 

brittle phases. 

This contribution is pan of the DGICYT PB94-0901 project and has been partially financed by 
the Comissionat per Uni\:ersitats i Recerca, Generalitat de Catalunya (GRQ94-1048). 
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Fig. l .- Selling of thc sun c! cd arca 

A. F. S. Alacarna Fault S).stcn~ 
1.  Salar Grdndc 
2. Salar dc 1,lamara 
3. Quillagur~ 

A and B: Cross-sections ol' fig.?. 
Rcctilnele: Figurc 3. 

n A A  Upper Evapor~l'ic Unit 

Fip.3,- 51ap anJ crc)ss-sec1ion of thc Loa Canlon (see location in fig. l ) .  C. Internal Ion--angle 
unconforl~litics in thc Loa Can!-on Breccias Unit (skctch aftcr a photograph). 
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INTRODUCTION 

Large volcanic caldera complexes, up to 30 km in diameter, of Miocene age are located i n  a 
region with active strike-slip tectonics and reverse faulting, the Puna Altiplano of northwestern 
Argentina. Strike-slip tectonics is produced by the oblique subduction of the Nazca plate beneath the 
South American plate (Fig. 1) (de Silva, 1989). The Puna Altiplano is placed east of the present 
magmatic arc and west of the active foreland fold and thrust belt, the Santa Barbara System (Fig. 1). N-S 
reverse faults as well as WNW-ESE sinistral strike slip faults are being active in the Puna during all the 
Cenozoic times (Allmendinger et al. 1983). Superimposed on the former tectonic setting caldera collapse 
events developed starting in  Middle Miocene and ending in Upper Miocene. 

Miocene volcanic complexes are located between 3500 and 5000 meters above sea level and are 
thought to represent part of an ancient magmatic arc (Viramonte & Petrinovic, 1990). Volcanism is 
typically orogenic, i.e. calc-alkaline type (Harmon & Barreiro, 1984), and is closely related to the strike- 
slip tectonics and reverse faulting developed in  the Puna. After caldera formation strike-slip and reverse 
faulting masked some of the geomorphologic features produced by caldera collapsing. In order to evaluate 
the effects of pervasive strike-slip and reverse faulting on short-lived caldera collapse dynamics a detailed 
study of the Aguas Calientes caldera complex has been canied out (Fig. 2 and 3). 

The Aguas Calientes caldera complex 

The Aguas Calientes complex is a 10 Ma old caldera located between two major WNW-ESE 
strike-slip faults (Fig.2), the Calama-Olacapato-El Toro fault and the Pastos Grandes fault. Both faults 
can be traced throughout the Puna following major satellite lineaments and also volcanoes and sag ponds 
alignments (Fig. 2). The eastern part of the Aguas Calientes caldera wall can be seen as a fault scarp that 
trends N-S and bends to E-W in the southern pan of the caldera (Fig. 2 and 3). The fault scarp is located 
in the south block of the Calama-Olacapato-El Toro fault in  a zone where the trend of this fault slightly 
bends to the ENE yielding a transtensive fault bending (Fig. 2). Adjacent to the caldera fault scarp the 
caldera floor is depressed, but funher east it is elevated up to 1000 m above the fault scarp. This elevation 
is thought to be caused by a thermal resurgence of caldera floor after caldera collapse (Petrinovic, 1995). 

The stratigraphy in the Aguas Calientes area is composed of pre-caldera Ordovician granites, 
welded syn-caldera ignbimbrites with a strong columnar jointing and quaternary post-caldera deposits 
represented by lava flows of shoshonitic composition and alluvial fan deposits (Fig. 3). Pre-caldera rock 
exposures are located outside the caldera depression, whereas syncaldera and post-caldera deposits crop out 
either inside and outside the caldera depression (Fig. 3) (Petrinovic, 1995). 



Third ISAG, St Malo (France), 17-19/9/1996 

The Calama-Olacapato-El Toro fault extends from Calama in northern Chile to El Toro in 
northwestern Argentina and is expressed as a major lineament in satellite images. Segments of this fault 
link two shoshonitic volcanic cones of 200 ka to 400 ka near San Antonio de 10s Cobres and are the 
northern end of the Aguas Calientes caldera (Fig. 2 and 3). In this zone the sinistral movement on the 
Calama-Olacapato-El Toro fault has displaced about 10 km a post-Cretaceous thrust that places 
Precambrian rocks over alluvial fan Cretaceous deposits (Fig.2), whereas east of San Antonio de 10s 
Cobres the displacement observed on the syn-caldera ignimbrite is 2 Km. A broad, spaced (cm to dm) and 
steep cleavage has developed adjacent to the Calama-Olacapato-El Toro fault plane on the syn-caldera 
deposits (Fig. 3a) in the northern part of the Aguas Calients caldera. 

The Pastos Grandes fault links three WNW-ESE aligned \~olcanoes of Lower Pliocene age south 
of the Salar del Rincdn and can be traced from the former volcanoes to Santa Rosa de Pastos Grandes 
(Fig. 2). South of this fault another WNW-ESE fault can be traced along several step over fault segments 
that produce small Quaternary sag ponds. Some of the fault segments are transpressive step over 
segments which indicate a sinistral shear movement (Fig. 2). A weak, spaced and steep cleavage can be 
observed adjacent to the fault plane on the Aguas Calientes syn-caldera ignimbrite near Santa Rosa (Fig. 
2). 

Structures with a N-S trend that bound uplifted zones of Ordovician and Precambrian rocks and 
depressed zones filled up with Quaternary alluvial fan deposits and N-S elongated Quaternary salars are 
coinmonly observed in the Aguas Calientes area (Fig. 2). Most of these structures are interpreted as N-S 
trended reverse faults being the fault plane either dipping to the E or to W (Allmendinger et al. 1983). 
Northeast of the Aguas Calientes caldera N-S reverse faults bend to the SW as a result of sinistral 
movement on the Calama-Olacapato-El Toro fault (Fig. 2). 

In the northern boundary of the Aguas Calientes caldera one of the former N-S reverse faults is 
trending NNE-SSW, dipping 45' to the WNW, and is displacing two fault blocks of syn-caldera 
ignimbrite (Fig.3b). The fault plane is characterized by a 10 m thick hydrothermally altered zone in the 
footwall and by a closely spaced cleavage in the hangingwall as well as in the footwall (Fig. 3). Cleavage 
displays a sigmoid geometry that indicates a reverse movement on the fault plane. This fault is buried by 
a shoshonitic lava flow extruded from a \lent located on the Calama-Olacapato-El Toro fault plane (Fig. 
3). 

The Aguas Calientes caldera fault scarp and caldera depression have been extensively studied in 
order to find evidences on the influence of regional tectonics in caldera dynamics. Hydrothermal alteration 
postdates caldera formation since it has been observed in the syn-caldera ignimbrite along the fault scarp 
and along E-W and NW-SE fault planes located inside the caldera depression (Fig. 3). The Aguas 
Calientes caldera wall is interrupted to the north by a segment of the Calama-Olacapato-El Toro fault 
(Fig.2, 3). North of this strike-slip fault no geomorphological signature of the caldera wall can be 
observed and minor exposures of syn-caldera ignimbrite occur (Fig. 3). Striated surfaces on fault planes 
inside the caldera depression and on the caldera wall indicates a poliphase kinematic history that postdates 
caldera collapse. Therefore most fault planes have at least two sets of striae, one of them indicating a 
strike-slip and other a dip slip movement (Fig. 3c and 3d). Strike-slip may be either dextral or sinistral, 
whereas dip slip striae clearly postdates strike-slip ones but no sense of movement has been possible to 
deduce from them. 

CONCLUSIONS 

The location of the Aguas Calientes caldera in the context of the regional tectonics in the Puna 
Altiplano suggest that caldera collapse dynamics is closely controlled by a network of previous fault 
planes. This caldera is located south of a transtensive bend of the Calama-Olacapato-El Toro fault and 
only minor erupted volcanics crop out north of this fault. Thus, we suggest that the former strike-slip 
fault was reactivated as a normal fault during caldera collapse allowing the extrusion of volcanic material. 
After the volcanic event strike-slip movement continued as demonstrated by fault cleavage and fault 
displacement observed in the syn-caldera deposits either on the Calama-Olacapato-El Toro fault and on 
other faults located inside the caldera. Dip slip sets of striae on the former faults postdates collapse events 
are likely to be related to the thermal resurgence. Movement on reverse faults outside the caldera also 
continued after caldera collapse as demonstrated by cleavage and fault displacement observed in syn-caldera 
deposits. Thus, after the short-lived caldera collapse events the regional strike-slip and reverse faulting 
that dominate the Aguas Calientes area continued. 
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Fig. 1. Simplified tectonic map of the central Andes in northwestern Argentina showing oblique 
subduction of the Nazca plate beneath the South American plate and location of the studied area. 
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Different palaeogeographic reconstructions of southern South America have been reported by 
Harrington. 1962; Camacho, 1967; Riccardi. 1987, Uliana and Biddle, 1987, 1988; Macellari. 1988 and 
Urien et al., 1995. Our study was specifically designed to develop eight palaeogeographic maps of 
Patagonia, between the Late Triassic and the Late Cretaceous in 15 to 30 Ma steps. More than 300 
references relevant to the interval 210-75 Ma were selected to compile a palaeogeographic database 
including stratigraphic, structural, sedimentologic, geotectonic and palaeoenvironmental information. 

In the Late Triassic Patagonia was an almost positive land with narrow and isolated continental 
rifts. filled with volcaniclastic sediments (Fig. 2a). Calc-alkaline intrusions (Central Patagonian Batholith) 
and the Comallo volcanics are emplaced at the NW end of the Gastre Fault System. 

The 180 Ma map (Fig. 2b) shows the opening of the NeuquCn and the Pampa de  Agnia basins, 
characterized by shallow to deep marine deposits related to a palaeopacific transgression. A dominantly 
acidic volcanisln (Marifil Complex) covers large areas of northern Patagonia. 'The older evidence of an 
Andean magmatic arc occurs at the southern margin of the Pampa de Agnia depocenter. 

During the Bathonian-Callovian transition ( 1  65 Ma), most of the Patagonian region to the south of 
the Gastre Fault System is characterized by the (Chon Aike and Tobifera) bimodal volcanism. In central 
and southern Patagonia several NW-SE and NNW-SSE trending grabens formed as a result of widespread 
extensional tectonism. Transcurrent displacelnent along the Gastre Fault System controlled the Carladdn 
Asfalto depocenter in north-central Patagonia. 

The Late Jurassic lnap (150 Ma, Fig. 2d) shows significant palaeogeographic changes. The Rio 
Mayo-San Jorge and the Magallanes basins are enterely developed, and the silicic volcanism is restricted 
to SW Patagonia, where submarine rhyolite-flows intercalate with deep marine siliciclastics. The Andean 
~naglnatic arc reaches the 50 " S.L. The early rift continental deposits of the San Jorge Basin laterally 
grade into continued shallow marine sediments in the intra-backarc Rio Mayo basin. Shallow marine 
facies in most o'f the Magallanes basin indicate the onset of widespread extension, and to the west. deep 
marine deposits suggest an effective connection between the Magallanes basin and the Pacific Ocean. 

At l35 Ma (Fig. 3a) the Andean magmatic arc extends along the whole western Patagonian 
margin. However. the Pacific connection of the Magallanes basin persists, and the marginal Rocas Verdes 
basin, floored by oceanic crust, develops in a backarc position. 

The Aptian (120 Ma, Fig. 3b) was a time of transition. Continental red beds are widespread in the 
Neuquen and San Jorge basins. The topographic barrier of the magmatic arc produced the closure of the 
Rio Mayo basin. To the south, several paths through the volcanic chain connect the Magallanes basin 
with the Pacific Ocean. 

During the Cenomanian-Turonian (90 Ma, Fig. 3c), the NeuquCn and the San Jorge basins are 
integrated in a single continental depocenter. In northeastern Patagonia, the newly opened Colorado rift is 
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also filled up of  continental deposits. Along the western margin o f  southern South America the Andean 
magmatic arc chain separates Patagonia from the Pacific Ocean. In the Magallanes basin, a foreland stage 
causes strong detrital contributions from the west and progressive migration o f  the depocenter to the east. 

The 75 Ma map (Fig. 3d) shows a widespread transgressive episode embracing the Colorado basin 
and the North Patagonian platform. The San Jorge basin becomes again a large and isolated continental 
depocenter. A general regression is recorded in the Magallanes basin. caused by both renewed uplift 
along the Andean margin and a marked NNW to SSE fluvio-deltaic progradation. 
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INTRODUCTION 

A study of the thermo-tectonic history and assessment of the amount of uplift and exhumation in 
the Ecuadorian Andes yields information that helps one to reconstruct the paleogeography. The uplift 
event of Late Miocene and Early Pliocene age was described by Kennerley (1980) as "the Andean Event", 
which caused differential vertical movement in the Sierra and folding and thrusting of the Subandean zone 
in the Oriente. Uplift and deformation events are also recorded in the fill series of Neogene basins in the 
Interandean zone of southern Ecuador (Hungerbuhler et al., 1996). In the Cordillera Real, an earlier uplift 
event during Late Cretaceous, was shown through radiometric age determinations on metamorphic rocks 
(Aspden et al., 1992). In the current, ongoing study, samples from the "basement" rocks of southwest 
Ecuador, in an east west profile from 3000 m to sea level, have been collected for fission-track analysis to 
determine exhumation rates. 

METHODOLOGY 

The fission-track technique is now a widely used dating method with particular application to 
thermo-tectonic histories of mountain belts. Since the blocking temperature of apatite is quite low 
(approximately 105" C, Parrish, 1983), relative to other dating methods, it has become particularly 
applicable for evaluating low temperature thermal histories. Thermal history information can be obtained 
not only from the ages but also from length measurements of the etched tracks. From the age and track 
length distribution, time temperature paths experienced by the apatite can be estimated. Modelling using 
genetic algorithmus can sometimes refine the interpretation. This application of apatite fission-track 
technique is a very useful tool in the analysis of tectonic evolution of mountains, including exhumation, 
unroofing andfor cooling histories, locating and determining amount of vertical movement of major 
faults, and provenance studies of sedimentary sequences that have not seen the required temperatures to 
erase the initial detrital grain ages. In addition, dating of zircon, with a higher blocking temperature, 
allows cooling histories to be extended back in time. Current temperatures for zircon are approximately 
240" C, (Yarnada et al., 1995). 

The concept of a single unique blocking temperature for fission tracks has had to be extended to a 
range of temperatures since, as a rock sequence passes upwards and / or cools down, there is a range of 
temperature over which the tracks begin to both form and disappear (anneal); this is called the partial 
annealing zone. This temperature range is generally accepted as between 120°C and 60°C for apatite. 
Below 60" C one can assume for all essential purposes that the tracks that are formed are retained. 

By measuring track lengths in apatites insight into the rate of exhumation and the thermal history 
of the rock can be estimated. Only tracks in grains in which the c-axis is parallel to the polished surface 
of the grain are measured. Further the tracks must be beneath the surface having been etched through 
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cracks or through other tracks (Bhandari et al., 1971). In order to measure full lengths, only those 
horizontal to the plane of the surface are measured. Such tracks are termed confined horizontal tracks. The 
form of the tracks-length histogram and associated statistics allow more detailed information regarding the 
history of a rock. 
England and Molnar (1990) pointed out the confusion between exhumation or uplift of rocks with 
tectonic uplift. They define the relationship as: 

tectonic (surface) uplift = uplift.of rock - exhumation 

It is well to keep this in mind when interpreting fission-track data. 

major faults 

MiePliocene volcanics 

Olige E. MDcene calc-alk. 

Cretaceous MORB-type 

melamaphic series 

Fig. l Simplified geological map of southwestern Ecuador (after Litherland et al.. 1993). The NW-SE 
cross-section (A-A') shows the sample location and the altitude above see level (v.e. = 3x) . 
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GEOLOGICAL SETTING AND INITIAL RESULTS 

Southern Ecuador is composed of three major geological zones (Fig. 1): 1) Paleozoic to Mesozoic 
metamorphic series in the Cordillera Real and in the El Oro Province; this El Oro metamorphic belt 
separates 2) Cretaceous to Eocene detrital volcaniclastic series in the southwest from 3) Cretaceous to 
Eocene MORI3 typ and island arc volcanic series in the north (Cordillera Occidental). 

Fourteen samples from these "basement" rocks and from granitic intrusions were collected in 
roadcuts from Loja to Machala and from Pasaje to Gir6n. 12 zircons and 11 apatites samples were 
separated, 1 from the San Lucas intrusion (Eocene), two from the metamorphic Chiguinda Unit 
(Paleozoic?), two from the Alamor Group (Cretaceous), six from Jurassic to Miocene intrusions and one 
from the Yunguilla Fm. (Cretaceous). The Loja - Machala section crosses several terranes which were 
accreted during Mesozoic collisional events (Aspden and Litherland, 1992). The fission-track analysis of 
this section will demonstrate if the terrane boundaries were reactivated during the Cenozoic. 

Initial zircon ages range from Cretaceous to Miocene; apatites range from Palaeocene to Miocene. 
Mean confined track lengths in the apatites lie between 13 and 14 pm with unimodal distributions, 
implying a simple exhumation/cooling history, from a depth of 3-4 km, over this period. 
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INTRODUCTION 

The back-arc region of Southern Bolivia comprises three major units (fig. 1): The Altiplano, forming a 
high plateau at about 4000m, is an intramontaneous basin with Cenozoic infill. The Eastern Cordillera 
(EC), reaching more than 5000m altitude, is built up mainly of a very thick pile of Ordovician 
anchimetamorphic sediments. In places, it is covered by Cretaceous and Paleogene or Neogene 
sediments, respectively, among which continental ones prevail. To the W the EC is overthrust upon the 
Altiplano. The Subandean ranges with Late Paleozoic to Neogene rocks, form part of an E-verging fold- 
and-thrust belt, together with the eastern part of the EC (Interandean). As the Altiplano and the 
Subandean units have been subject of oil prospection, geological exploration was much more intensive, 
there, than in the EC. Looking, however, for a geodynanuc model of the back-arc evolution in Mese  
and Cenozoic times, the EC plays a key role. In this view we present new results from extensive field 
work in the western part of the southern EC (Tupiza Region) combined with WAr and apatite fission 
track dating. The onset of major deformation phases, deformation style and progress can be well 
outlined herein through Cenozoic times. 

GEOLOGICAL FRAMEWORK 

The EC is bound to the adjacent physiographic provinces by a p r  of dvergent thrust systems. To the 
west the Paleogene-Neogene sediment infill of the Altiplano basin is overthrust at the San Vicente thrust 
system by turbiditic rocks of Llanvirn-Caradoc age (Erdtrnann et al., 1995) whereas at the eastern border 
of the EC, accomodated thin-skinned folding and thrusting in Carnbrian to Triassic strata of the 
Interandean zone refer to a basement involved thrust (Kley, in press). 
The oldest Mesozoic rocks of the Southern EC are swarms ofmafic dikes and sills intruding Ordovician 
strata. These rocks are exposed in the area of Cornaca, 50 km N of Tupiza. A sample of a dlke N of 
Cornaca yielded an Early Jurassic age of 184.e4.9 Ma (KIAr, whole rock). The emplacement of these 
magmatic rocks is due to extensional processes that culminated east of South America in the opening of 
the South Atlantic. 
Predominantly continental Cretaceous sediments of the Puca Group are completely recorded for the 
timespan ?Kimmeri@an to Paleocene in a back-arc rift setting. In the southern part of the high 
fragmentated Potosi basin discontinuous Cretaceous successions from the N-trending synclines of 
Tupiza and Camargo reflect active rifting processes accompmed by normal faults and alkaline basaltic 
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volcanism. In the syncline of Tupiza Coniacian basanitic lava-flows of the Aroi5lla Fm. (Sempere, 
1994) are the youngest Cretaceous strata. However, Tertiary conglomeratic rocks of the Tupiza region 
include Pucalithus limestone fragments of the El Molino Fm. (Maestrichtian) which does not crop out in 
the area, at present. 

I I I I 

fig. 1 - - 
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TuT Tupiza thrust 
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Fig 1: Major physiographic and structural provinces of the Southern Bolivian Andes. 
Fig. 2: Generalized geological map of the Tupiza-Tarija region, Southern Bolivia. 
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Tertiary continental strata occuring in the EC are conserved in a twofold record. In the Carnargo 
syncline Paleogene to probably Oligocene deposits represent a paleo-foreland basin, whereas fault- 
related Late Oligocene to Middle Miocene deposits in the area of Tupiza have been developed within 
intramontaneous basins (fig. 2). Here the sedimentary infill is mainly conglomeratic and composed of 
fragments of the underlying Ordovician and Cretaceous rocks and trachyandesitic volcanics, which 
intruded into Cretaceous and lowermost Tertiary strata. 
Deformation in the backarc has migrated eastward since late Oligocene times and is essentially 
chracterized by a major eastward shift from the Altiplano and the EC to the Subandean Ranges at about 
10 Ma (Kley et al., in press). 

CENOZOIC BASINS OF TUPIZA 

The Tertiary redbeds of the Tupiza area are preserved in three distinct N-trending depressions called the 
Tupiza, Estarca and Nazareno basin. 
The Tuviza basin is a complex of four partly overlapping Tertiary basins being affected by syn- and 
postsedimentary thrusting. Here the oldest Cenozoic sediments belong to the tightly folded Catati Fm. 
and the transitionally overlapping first "member" of the Tupiza Fm. (ml). Both successions are bounded 
to the east by the W-vergent Tupiza thrust . The base of the Catati Fm. is marked by a sharp angular 
unconformity to the Ordovician basement. 
Since no datable materials and no upper contact to the following members exist, the age of these 
deposits can only be predated by the rhyodacitic intrusion of Kharachi Orkho, which breaks through 
these strata A whole-rock sample from this locality yielded a WAr age of 21.450.5 Ma. The lowermost 
stratigraphic limit can be considered as post-Cretaceous because of the numerous limestone pebbles 
included in the Tupiza Fm. m l .  
In the syncline of Cerro Bolivar (S of Tupiza) the Tupiza m2 can be subdivided into two parts. The 
lower conglomeratic part contains only pebbles of the underlying Ordovician rocks. Eastward directed 
paleocurrents indicate that these conglomerates were deposited in a basin separate from that of Tupiza 
ml. The upper part consists of 250 m thick trachyandesitic lava-flows. A basal sample from the western 
hinge of the syncline obtained a biotite WAr age of 21.750.4 Ma. N of Tupiza identic lava-flows overlie 
the Ordovician, forming a wide anticline. Previous assumptions that these lavas are much younger than 
those of Cerro Bolivar can definitely be denied, as a sample collected at the eastern hinge of the anticline 
(E of Estancia Tolonias) yielded a biotite WAr age of 21.6k0.4 Ma. The source of these lava-flows is 
assumed to be the subvolcano of Mojon Pampa (E of Tupiza), because of its central position and the 
geochemical composition of its rocks. 
The overlying Tupiza m3 consists of polymictic conglomerates containing clasts of trachyandesites from 
its base. The outcrops are restricted to the east of RIO Tupiza and demonstrate a separate basin 
configuration with a southward dipping basin axis. Biotites from a dacitic pyroclastic tuff from the lower 
parts close to Tupiza yielded a WAr age of 1 7. e 0 . 5  Ma. 
The westernmost part of the Tupiza basin is covered by conglomerates of the Oploca Fm.. Coglomerates 
similar to the Tupiza Fm. m3 are locally preserved beneath the Oploca Fm.. This basin-infill is 
embraced to the east by the W-vergent Oploca thrust located W of the Tupiza thrust and to the west by 
the E-vergent Urulica thrust. Both thrusts have caused gentle foldlng at the basin margins where lower 
strata come to light. Biotites from thick pyroclastic intercalations from the western margin (S of 
CMoca) gave a WAr age of 17 .e0 .4  Ma. In a small area (N of Palquisa) at the eastern margin the 
Oploca Fm. unconformably overlies a folded gipsyferous silty to sandy succession with tuffaceous layers 
in its lower parts. Biotites from these tuffs have been dated with a WAr age of 24.3t0.6 Ma. 
The Estarca basin contains essentially Ordovician clast bearing fanglomerates of the similar named 
formation bound to the east by the W-vergent Estarca thrust. The lack of volcanogenic material suggests 
that the Estarca Fm. is coeval with the upper parts of the Oploca Fm.. This assumption can be supported 
by the simultaneous development of the Urulica thrust as the backthrust of the Estarca thrust later than 
about 17 Ma. 
Conglomerates of the Nazareno Fm. are located east of the Cretaceous syncline of Tupiza in the 
Nazareno basin. Undeformed Maceous layers from the fine grained upper parts were dated at 
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12.74t_0.12 Ma (ArIAr) by Gubbels et al. (1993). This upper section consists of fluvial and pedlment 
deposits which are connected with the origin of the San Juan del Oro peneplain. The southern 
prolongation of this surface at the Argentinian boarder covers also the Tupiza and the Estarca basins. 
Lava-flows from the Tupiza Fm. m2 locally enter the basin at its western edge (Rancho Chuchuli) in a 
basal position. Biotites from a trachyandesitic sample from this locality yielded a biotite WAr age of 
21.350.4 Ma. Here ongoing conglomeratic sedimentation is recorded by progressive angular 
unconfonnities whch demonstrate synsedimentary folding. The eastern limit of the basin is marked by 
the westvergent Nazareno thrust. 

APATITE FISSION TRACK DATA 

Two Oligocene ages have been obtained from apatites of magmatic rock samples of pre-Cenozoic origin. 
Coniacian basanitic lava-flows from the top of the Aroifilla Fm. exposed near Tupiza yielded an age of 
32.154.9 Ma. Apatites from an Early Jurassic dike intruded into the Ordovician rocks in the area of 
Cornaca have been dated with 29.752.7 Ma. These data testifie to an early Tertiary uplift of the EC. 

CONCLUSIONS 

The fission track data point to an Early Oligocene uplift of the EC, which may have caused erosion of 
the Cretaceous-Paleocene cover. T h s  event was followed by the deposition of the probably Late 
Oligocene Catati and Tupiza m l Fms.. 
Neogene basin development started with a major tectonic pulse at 24-22 Ma which effected an angular 
unconfonnity at their bottom. The basins are mainly controled by W-verging overthrusts, whch 
probably pass into a deepseated detachment plane near the brittlelductile transition zone. Withn the 
single basins compressive deformation is heterogenous. In the Nazareno basin, continuous deformation 
is recorded from 22 to 12 Ma, whereas in the Tupiza and Estarca basins thrust activity happened later 
than 17 Ma. 

REFERENCES 

Erdtmann, B.-D., Kley, J., Muller, J., and Jacobshagen, V., 1995, Ordovlcian basin dynamics and new 
graptolite data from the Tarija region, Eastern Cordillera, south Bolivia, VIIth International Symposium 
on the Ordovician System: Las Vegas. 
Gubbels, T.L., Isacks, B.L., and Farrar, E., 1993, High-level surfaces, plateau uplift, and foreland 
development, Bolivian Central Andes: Geology (Boulder), v. 21, p. 695-698. 
Kley, J., in press, Transition from basement-involved to thin-skinned thrusting in the Cordillera 
Oriental of southern Bolivia: Tectonics. 
Kley, J., Muller, J., Tawackoli, S., Jacobshagen, V., and Manutsoglu, E., in press, Pre-Andean and 
Andean-age deformation in the eastern Cordillera of southern Bolivia: Journal of South American Earth 
Sciences. 
Sempere, T., 1994, KimmeriMan? to Paleocene Tectonic Evolution of Bolivia, in Salfity, J.A., ed., 
Cretaceous Tectonics of the Andes: Braunschweig, Wiesbaden, Vieweg, p. 168-212. 



Third ISAG, St Malo (France), 17-19/9/1996 
509 
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The Coastal Cordillera, Central Depression and PreCordillera of northern Chile between 25- 
27"s are separated or dissected by major strike-slip fault systems, namely the Atacama Fault Zone, the 
Central Valley Shear Zone and the La Ternera-Domeyko fault systems (Figure 1). These fault systems 
are dominantly sinistral (Brown et al., 1993; Cornejo et al., 1993). Palaeomagnetic data from geological 
units affected by these fault systems indicate substantial clockwise crustal rotation upto -47Q (Randall et 
al., in press). In general the palaeomagnetic data appear to show a decrease in rotation eastward across 
the whole region, but are difficult to reconcile with previously proposed large scale models developed to 
explain the observed change in sense of rotation about the Bolivian Orocline. 

The oldest strike-slip fault system which affects the Coastal Cordillera is the Atacama Fault 
Zone (AFZ), which is characterised as a ductile sinistral, trench-linked, strike-slip fault system which 
had previously developed as an extensional fault system (Grocott et al., 1994). A~~O-A~'' dating indicates 
that the ductile motion on the fault zone was Early Cretaceous in age and was intimately associated with 
the emplacement of granitic plutons during the period 132-126 Ma and motion may have continued until 
106 Ma (Dallmeyer et al.. 1996). Recent field mapping by ourselves and others (Arbvalo 1995). coupled 
with Landsat interpretation shows that the principal fault zone is not a continuous feature, as previously 
thought, but is segmented and cross-cut by major sinistral NW trending faults. 'These faults cut the 
youngest pluton in this region (106 Ma), and appear to sole into a N-S to NE-SW trending fault zone 
which separates the Coastal Cordillera from the Central Depression. This shear zone we term the Central 
Valley Shear Zone (CVSZ) which, together with the NW trending strike-slip faults, define an Atacama 
Fault System. This fault system affects the entire width of the Coastal Cordillera and appears traceable 
from at least 29 to 25QS (Taylor et al., in press). In the region around Inca de Oro, the CVSZ is a 
transpressive strike-slip fault zone which is intruded by syn-tectonic plutons dated to -80 Ma (Sylvester 
& Palacios, 1992) while east of Copiapo it is a narrow fold and thrust belt dissected by a sinistral 
mylonite zone (Arthalo, 1995) which affects Late Cretaceous sedimentary units. 

The structure in the east of the area is dominated by the La Ternera-Domeyko fault system 
which is again a major transpressive sinistral strike-slip fault system. Detailed field studies and 
geochronology reveal that this fault system was active during the period 42-33 Ma when it was 
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kinematically linked to the fold and thrust belt of the Porterillos-El Salvador area in the north and to a 
set of NW wending sinistral faults to the south of Porterillos (Cornejo et al., 1993). Clockwise rotation of 
crustal blocks was predicted from the structural geometry and has been confirmed palaeomagnetically. 

PALAEOMAGNETISM AND ROTATION 

Table 1 lists published palaeomganetic results from the region and adjacent areas and two new 
results, one from layered gabbros at Caldera (Early Jurassic) and the second from volcanics and 
intrusives of the Sierra de Duchasa Fm. (Late Cretaceous) which crop out 15 km east of Copiapo, east 
of the CVSZ (Table 1). Work is in progress on a range of units from this latter area and from near Inca 
de Oro. One problem in defining the amount of rotation observed at any location is the reference 
directions with which the observed data are compared. We have rotated African data into S. American 
co-ordinates to supplement the available data from the S. American plate and have selected poles on the 
basis of reliability criteria (Table 2). The most doubtful of these reference directions is that for the Early 
Jurassic which is markedly different from the younger directions and must either imply rapid plate 
motion at this time or that the available poles are inaccurate. 

The data show a general W-E decrease in the magnitude of the rotations across the major fault 
systems. Previous models used to explain rotations in the S. American margin include oroclinal bending. 
dextral shear crustal shear, differential shortening across a pre-existing bend and block rotation in a 
transpressive sinistral fault system (Figure 2a-d) (references in Randall et al., in press). The oroclinal 
bending and dextral shear zone hypotheses are rejected as the observed geology in this part of northern 
Chile does not support such models. The differential shortening model, as originally proposed, would 
not lead to the variation in rotation observed nor to rotations greater than 20Q or so. We favour a model 
involving repeated deformation and rotation in a series of sinistral transpressive fault systems, due to 
oblique convergence at an advancing subduction boundary. which have migrated eastward through time. 
and may incorporate a lesser component of rotation due to differential shortening in Neogene times. 
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Figure 1. Generalized geological 
map of northern Chile. Inset shows 
location with resmt to the 
western margin 61 South knerica. 
1. Lale Ce.nozoic continental 
sedimentary rocks; 2, Miocene- 
Oligocene plutonic rocks; 
3, Early Tertiary plutonic rocks; 
4, Palaeocene-Eocene volcanic and 
sedimentary rocks; 5.  Cretaceous 
volcanic and sedimentary rock, 
6, Cretaceous plutonic complexes; 
7, Jurassic volcanic rocks; 8, Early 
Cretaceous-Late Junssic plutonic 
rocks; 9, Jurassic-Triassic 
sedimentary rocks in the east; 10, 
Early Jurassic plutonic rocks; 11, 
Triassic-Permian plutonic 
complexes; 12, Palaeozoic pre-arc 
basement. Numbers in circles 
refer LO sampled sites (Table 1). 

Figure 2. Previously proposed models 
for rotation in the Chilean margin. 
a) differential shortening; b) in situ 
block rotation due to dextral shear 
c) in situ block rotation due to sinisual 
shear; d) oroclinal bending. All 
referenced in Randall et al., (In press) 

:i 



TABLE 1. PALAEOMAGNETIC ROTATIONS RECORDED BETWEEN 22.5' AND 27.6's. NORTHERN CHILE 
Locality Age Ma Lat.OS Long.OW No. Dec. (O) Inc. (O) (O) Rotation 

WEST OF ATACAMA FAULT ZONE 
Caldera gabbros' 192 27.1 
La Negra ~ m .  M. Jur 26.0 
Cifuncho ~ r n . ~  ? M. Jur 25.6 
Flamenco dykes4 M. Jur 26.3 
Vetado dykess M . Jur 26.2 
Las Animas dykes6 155 26.2 
Las Tazas dykes7 132-126 26.3 

WEST OF CENTRAL VALLEY SHEAR ZONE 
Remolino dykes8 126 26.3 

WEST OF LA TERNERA FAULT ZONE 
Sierra La Dichusa volcanics9 7742 27.2 

EAST OF LA TERNERA FAULT ZONE 
Cemllos Fm. (CEG locality) ? E. Tert. 27.6 
Quebrada Monardes Fm. E. Cret 27.6 
Quebrada Monardes ~ m . "  E. Cret 26.7 
La Ternera Fm. L. Triass 27.6 
Lipiyoc Mocene 22.5 

Ref. 

TABLE 2. PALAEOMAGNETIC REFERENCE DIRECTIONS 
Time oeriod No. Dec. (OI Inc. (OI aor fO\ 

Miocene-Recent 
Early Cenozoic 
Late Cretaceous 
mid-Cretaceous 
Early Cretaceous 
Late Jurassic 
Middle Jurassic 
Early Jurassic 

Table 1. Numbers on localities refer to Figure 1. Lat. and Long. are 
position of sampling site; No. is number of sites; Dec. and Inc. are 
declination and inclination of palaeomagnetic vector; a95 is 95% 
confidence circle. Rotation and flattening calculated according to 
Beck (1980) with correction of Dernarest (1983). References are; 1, 
m s  study; 2, Randall et al. (In press); 3, Forsythe et al. (1987); 4, 
Riley et al. (1993); 5, Randall (1996); 6, Somoza et al. (In press). 
All referenced in (2). 

Table 2. Headings as in Table 1. 
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INTRODUCTION 

New results have been obtained recently ( Desmet, 1995; Estrada, 1995; Toussaint and Restrepo, 1994, 
in print) about the tectonics, geochemistry and the paleomagnetism of the Western part of Colombia. 
They confirm that the Northern Andes are composed of a mosaic of aloctonous Terranes accreted to 
the Amazonian Craton (Fig. 1). 

This information allows to determine the geodynamic settings of the terranes with oceanic crust, 
diverse types of sutures and the several accretion ages. 

THE SITUATION AT THE BEGINNING OF THE MESOZOIC 

At the beginning of the Mesozoic, Eastern Colombia was formed by the collage of a continental terrane 
(The Chibcha Terrane) to the Llanos Orientales which are part of the Amazonian Craton. 

However, at that time, no terrane of Western Colombia was accretioned, being possible that the 
Tahami Terrane wich continental crust, was localized South of its actual position. 

Its possible that during the Triassic and Jurassic situation, various terranes at present time located in 
Central America (Chortis and Maya Terranes) were situated West of the Eastern Colombia. These 
Terranes were separated from South America Plate at late Jurassic. 

FORMATION AND ACCRETION O F  THE OCEANIC TERRANES. 

During the Cretaceous was when the formation of the terranes with oceanic basement started. Above a 
oceanic crust of which are some ophiolites, a great quantity of Plateaux basalts were poured out. These 
basalts show an ecuatorial paleolatitud (Estrada, 1995). This volcanism is attributed at  the beginning of 
the Hot Spot activity of the Galapagos Islands. In other regions of the ocean, it also formed some 
volcano-sedimentary sequences of Insular Arcs (Desmet, 1995). 

During Early Cretaceous, a oceanic Terrane (Calima Terrane) was amalgamated by means of ophiolitic 
suture with eastern vergency to a continental Terrane that was located South of its actual position 
(Tahami Terrane). The tectonic characteristics of this amalgamation are marked by an important 
overthrusting and by a metamorphism of medium and high pressure. 



Third ISAG, Sr Malo (France), 17-1 9/9/1996 

The Composite Calima-Tahami Terrane was united to the Eastern Colombia at Late Cretaceous period 
by means of the dextral Otu-Pericos fault. This movement is directly related with the movement in the 
same direction of the Caribbean Plate in relation to South America. 

The Cauca-Romeral fault system is not a cretaceous suture; it is a dextral wrench system which 
disperses terranes that was pre\'iously joined. These dispersion movements continued during all the 
Cenozoic Era. 

During the Miocene period, two oceanic terranes (Gorgona and Cuna Terranes) was accreted to the 
Andean Block. The last collision was marked by an overthrusting with eastern vergency and by some 
ultrabasic rocks. The collision of the Cuna Terrane had an effect in all the Colombian Andes and 
permitted the formation ofthe Eastern Cordillera. 

Fig. 1: Schematic map of the main terranes of Colombia according to Toussaint and Restrepo (1988 
and 1994). 
An: Andaqui Terrane, Ch: Chibcha Terrane, Ta: Tahami Terrane, Ca: Calima Terrane, Go: Gorgona 
Terrane, Cu: Cuna Terrane. PC: Precambrian suture, Pzs: late Paleozoic boundary fault, Ki: Early 
Cretaceous suture, Ks: Late Cretaceous boundary, M: Miocene suture. 
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In the present time, the Colombian Andes a re  located between three great plates which converge to it. 
The actual instability of this zone is a consequence of this situation. 

The Cuna Terrane is affected by a dispersion fault which overthrusts the Panama Terrane over the 
Colombian Andes. This dispersion is marked by an important seismic node. Another fault, the dextral 
striking Guaicaramo fault, produces the dispersion of the Colombian Andes in relation to the South 
American Plate. 

CONCLUSIONS 

This results show that the geodynamic processes that permit the formation of the Northern Andes a r e  
differeot from those who had influence in the Central Andes. With this course, the formation of this 
part  of the Andes is similar to the western margin of North America. 
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RESUMEN : En el Noroeste Argentino (27"S), el limite meridional de la Puna es una zona 
transpresiva dextral : la zona de transicidn de Tucumin. Las estructuras regionales nedgenas se 
desarollaron como consecuencia de las variaciones de la intensidad de deformacidn continental 
entre dos segmentos corticales. En el sector Norte (Puna), el accortamiento ne6geno y el espesor 
cortical son importantes. AI Sur, en las Sierras Pampeanas, la deformacidn continental es menor. 
Un mttodo numtrico de reconstruccidn en mapa nos permite estimar 10s desplazamientos y el 
campo de deformaci6n producidos por la tect6nica nedgena a travCs de la zona. 

INTRODUCTION : 

The Sierras Pampeanas of Argentina are located in the Central Andes at the southern edge 
of the Altiplano-Puna (27"s). The boundary between the high plateau and the northernmost 
Pampean Ranges is a major dextral transpressional zone : the Tucumin transfer zone (Jordan et al., 
1983; Urreiztieta et., al, 1996). A variation in the style of deformation within the foreland occurs 
across this transition zone (Allmendinger et al., 1983). The Sub-Andes are affected by thin-skinned 
deformation whereas the Pampean Ranges, located further South, are characterized by thick- 
skinned deformation. Deformation within the Pampean Ranges involves faulting and basement 
uplifts associated with block rotations about vertical axes. The study area consists of alternating 
Neogene compressional basins and ranges of Pre-Mesozoic crystalline basement. Ramp basins and 
basement uplifts are bounded by high angle thrusts and result from the bulk subhorizontal shortening 
and crustal thickening of the area since Miocene times (Gonzalez Bonorino, 1950). The Neogene 
detrital cover lies unconformably on an erosional surface which is exhumed on the tops of most 
crystalline basement ranges. This interface is easily identified both on the ranges (via topography 
and satellite images) and at the base of the basins (via seismic profiles). This plane of reference 
and the regional fault pattern were used to estimate the overlaps along major faults and to draw a 
mosaic of fault-bounded blocks throughout the Pampean Ranges area (Fig. I). We have restored the 
crustal rigid block geometry using a numerical method of reconstruction in map view in order to 
compute the field of finite displacements associated with the fault network. We compare the 
numerical results with previous interpretations based on structural and paleomagnetic studies and 
discuss the regional tectonic patterns across the Pampean Ranges. 

PRINCIPLE OF THE METHOD 

To estimate the Neogene kinematics within the Pampean Ranges we used a numerical 
restoration method applicable in map view to non cylindrical compressional structures (Rouby et al., 
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Figure 2. 

a) Deformed geometry 

b) Tilting and unfolding of the erosional surface 
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Figure 3. 
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Figure 4. 
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1993; Bourgeois, 1994). The principle of restoration is to compute the initial undeformed state of an 
horizontal reference surface, assuming that displacement on the faults is achieved by rigid 
translations and rotations of the fault blocks. The initial data is a mosaic of fault bounded blocks 
overlaping each other along compressional structures (Fig. I). The width of the overlaps is equal to 
the horizontal component of the amount of overthrusting corrected by the folding and tilting of the 
reference surface (Fig. 2). The displacement on the fault is inverted by minimizing gaps and 
overlaps at block boundaries using a series of rigid body translations and rotations about vertical 
axes centered at the block centroids. In doing so, we assume that internal strain of blocks is 
negligible with respect to the displacement along faults. The comparison between restored and 
deformed states gives the fields of finite displacements, finite block rotations and finite strain. 

RECONSTRUCTION OF THE PAMPEAN RANGES 

For the study area, the reference plane is the erosional surface (interface between Neogene 
cover and crystalline basement). We assume that it was horizontal before deposition of the Neogene 
cover. The carving of the area into 128 fault-bounded blocks fits the regional fault pattern (Fig.1). 
The dip of fault planes is arbitrarily chosen at 45". The amount of overthrusting along regional faults 
is estimated using field observations and seismic surveys and corrected by untilting and unfolding of 
the reference surface (Fig. 2). The blocks are adjusted against the stable easternmost boundary 
(equivalent to the Andean foreland; Fig. 1). After numerical fitting, gaps and overlaps between rigid 
blocks remain but they are negligible with respect to the overall area. 

FIELDS OF FINITE DISPLACEMENTS, ROTATIONS AND STRAIN 

Displacement vectors are the finite displacements of points of a regular grid attached to the 
block mosaic between the initial and final stages (Fig. 3). Displacements increase away from the 
stationary boundary (Fig. 4a). Furthermore, displacements increases from the South towards the 
Northwest, defining two sectors limited by a NE-SW trending strip (equivalent to the Tucumdn 
transition zone). This pattern suggests that the absolute motion of the blocks towards the East is 
greater in the Puna. Rigid blocks in the vicinity of the plateau were translated twenty kilometers 
towards the NE. This finite displacement field (Fig. 4a) and the geometry of the regional fault 
pattern are compatible with a dextral component along the NE-SW trending Tucumdn transfer zone 
(TTZ). 

Individual rigid block rotations calculated by the reconstruction are mostly clockwise (Fig. 
4b). Rotations reach maximal values (9") within the TTZ, where en e'chelon blocks bound the 
plateau. This pattern of bulk clockwise rotations is compatible with a regional component of dextral 
wrenching along the southeastern edge of the Puna. The clockwise block rotations are consistent 
with paleomagnetic measurements along the southeastern edge of the Puna (Roperch et al., 1996). 
Paleomagnetic results within Cretaceous to Pliocene sequences also confirm the bulk clockwise 
pattern of block rotations (up to 29" within the TTZ). The magnitudes of rotations calculated by the 
restoration are smaller than the measured paleomagnetic rotations. This suggests that we have 
probably under-estimated the strike-slip components along major faults. 

The finite element analysis of the displacement field gives the orientations of the principal 
shortening and stretching axes within each cell of a regular grid. We have compared the orientations 
of the principal axes of deformation with the orientations of axes obtained from the analysis of fault 
populations measured at 72 localities in the field (Fig. 5). The fault population analysis shows that 
the shortening directions are sub-horizontal at most localities and are therefore comparable with the 
horizontal shortening directions obtained by restoration. Both methods show a substantial scattering 
of the orientations of shortening axes throughout the area (Fig. 5). There is a good consistency 
between both sets of results (Fig. 5). Two main shortening directions are represented. The first 
shortening orientation is widespread and trends roughly E-W. The second shortening orientation is 
locally observed in the vicinity of the Puna within the TTZ and strikes NW-SE. Furthermore, unlike 
field observations, restoration estimates the amount of dextral wrenching parallel to the TTZ (Fig. 
6). The dextral component along the southern edge of the Puna appears to be significant (bulk 
dextral shearing is about y= 0,20.) It is combined with a NW-SE regional shortening of 10%. 
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Figure 5. 

P Shortening axes from fault kinematics 

Shortening axes from restoration 

lnicial state Find state 

Figure 6. 

CONCLUSIONS 

The finite displacement, rotation and strain fields calculated by restoration are consistent 
with the results of ( l )  the fault populations analysis, and (2) the paleomagnetic study. 

The displacement field confirmes a dextral component along faults parallel to the TTZ and 
indicates an overall dextral motion along the TTZ of 20 km. The clockwise rotations associated 
with the motion along regional faults are maximal within the TTZ. Furthermore, we confirm that the 
NW-SE regional shortening across the TTZ is at least 15 km. Fault population analysis and 
restoration show a strong consistency. The scattering of shortening directions measured in the field 
is also shown by the numerical restoration. Across the Tucumin Transfer Zone, results of both 
methods reflect the superimposition of two main deformation fields: ( I )  a ENE-WSW to E-W 
subhorizontal shortening probably related to bulk convergence between Nazca and South America 
plates, and (2) a NW-SE subhorizontal shortening consistent with dextral wrenching along the TTZ 
and with southeastward expansion of the high plateau. The resulting bulk $rain is locally of 
constrictional type, with subvertical principal extension. 

The finite displacement and strain field calculated by the reconstruction method does not 
take into account the history of deformation. However, the remarkable correlation between the 
results of this numerical method and other independant methods suggests that the complex strain 
field accumulated in  the area probably results from a progressive deformation. 
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INTRODUCTION 

In the Oriente Basin of Ecuador, the early Cretaceous marine transgression begins with the deposi- 
tion of poorly dated continental to marine sandstones (Hollin Fm), which disconformably overly Paleo- 
zoic to earliest Cretaceous rocks (Tschopp 1953, Bristow & Hoffstetter 1977, White et al. 1995). The over- 
lying Basal Napo Formation of Albian age comprises from base to top (Faucher et al. 1971, Bristow & 
Hoffstetter 1977, Jaillard et al. 1995, fig. 1) : marine, glauconitic shales and sandstones ("Basal Sand- 
stones"), locally capped by thin massive limestones ("C Limestones"); marine black shales ("Basal Napo 
Shales"); open shelf limestones ("T Limestones"), and marine to deltaic sandstones ("T Sandstones"). 

Recent biostratigraphic data demonstrate that this succession is strongly diachronous through the 
basin (Villag6mez 1995). It express the progressive backstepping of continental to marine strata onto the 
border of the basin, the facies sequence reflecting the large-scale Cretaceous transgression in the Andean 
Basin. 

VERTICAL FACES SUCCESSION 

According to most authors (Kummert & Casal 1986, Souza Cruz 1988, White et al. 1995), the 
lower part of the Hollin Formation, is characterized by coarse-grained, cross-bedded sandstones, conglo- 
meratic beds and plant remains (amber, coal measures), deposited by braided stream in a continental envi- 
ronment. The upper part of the formation, made up of medium-grained sandstones with gentle trough 
cross-bedding was deposited by meandering fluvial systems, or in estuarine to shoreline environments (fig. 
1). The Guianese shield is believed to have been the source-area (Villag6mez 1995). 

The Basal Napo Sandstones (Upper Hollin of some authors) begin with massive cross-bedded sand- 
stones, fine-grained rippled sandstones and shales of shoreline environment (Souza Cruz 1988, White et 
al. 1995, fig. 1). The upper part of the unit is made of glauconitic sandstones, shales, marls and sandy 
limestones with thick shelled bivalves, interpreted as deposited in an open marine shallow clastic shelf 
environment, in a transgressive context (White et al. 1995, Jaillard et al. 1995). They are capped by the 
glauconitic "C Limestones", which contain echinoderms, algae and bivalves, of open marine shelf envi- 
ronment. The latter often present thin layers of ammonite-bearing limestone separated by erosional sur- 
faces, expressing stacked flooding events separated by emergence periods (Jaillard et al. 1995, fig. 1). 

The Basal Napo Shales are unbioturbated, black laminated shales. They contain abundant inocera- 
mids, ammonites and foraminifers (few Ticinella, some Hedbergella) at the base, and restricted plancto- 
nic (Hedbergella, few fish remains) and benthic associations (Cibicides, Praebulimina) in the upper part. 
The base of the unit represents a major maximum flooding, whereas its upper part express a progradation 
in a low energy, disaerobic marine environment (Jaillard et al. 1995, fig. 1). 

This vertical facies succession evidence a large-scale marine transgression. 
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B IOSTRATIGRAPHY 

Biostratigraphic data available from wells and field 
sections allow to define three chronostratigraphic units. 

Undetermined dwarf ammonites, inoceramids and 
Hedbergella cf. delnoensis obtained from marine shales 
at the base of the Hollin Formation indicate a post-Ear- 
ly Aptian age (Tiguino-l, Mills 1971). A comparable, 
though undated, marine shale has been mentioned 
w i t h  the Hollin Formation (Zorro- l ,  Lammons 1975). 
In other places, micropaleontological associations of 
probable Late Aptian age have been obtained from part 
of the Hollin Formation (n'o Misahualli, Faucher et al. 
1971; Villano-3, Stratigraphic Service 1995). Thus, the 
base of the Hollin Formation appears to be of <<middle, 
or Late Aptian age. Yet, Robertson Research (1988) 
ascribed to the Early Aptian the association of Hedber- 
gella delnoensis, H. cf. gorbachikae, H. cf. sigali, Nan- 

. . . .. . .. . : noconus globulus, Rhagodiscus achlyostaurion, Rh. 

..:.:.:::.<:...* angustus, Callialasporites tnlobatus and Inaperturopol- 

. .. : .. : .. ::: lenites curvimuratus found at the top of the formation in 
25 m M a r i n e  Cowi-l (fig. 2). This would imply an Early Aptian or 

Alluvial older age for the Hollin Formation at this place. Howe- 
..::..:....:a...:.. valley fill ? ver, the results of recent biostratigraphic studies suggest 

that this association can be younger. 
Fig. I : Lithostratigraphy of the Aptian- Early to Middle Albian micropaleontological 

transgression in the part of assemblages have been identified in the upper part of the the Onente Basin of Ecuador 
(adaptedfrom White et al. 1995). Hollin Formation in the northern and central part of the 

basin (Pungarayacu-30, Ordofiez et al. 1994; Tiwae- l ,  
Arai et al. 1990; Villano-3, Stratigraphic Service 1995, 

fig. 2). They include Prediscosphaera columnata, Callialasporites tnlobatus, Classopolis echinatus, Ela- 
terospontes klaszi, Perotnletes pannuceus, Sofrepites legouxae and tricolpate pollens of angiosperms. In 
the Southwest, however, an ammonite assemblage of earliest Middle Albian age with Mirapelia sp., Bran- 
coceras aegoceratoides and Lyelliceras gr. ulrichi occurs at the top of the massive "C Limestones" and at 
the base of the Basal Napo Shales (Chinimbimi, Bulot & Jaillard 1995, Jaillard et al. 1995, fig. 2). 

Late Albian palynomorph markers (Elaterospontes protensus, E. verrucatus) are common in the 

Chinimbimi Pungarayacu Villano 

. 'T" Sandst. 

Fig. 2 : Biostratigraphic data for the Aptian-Albian transgression from selected wells and field sections. 
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Basal Napo Shales of the northwestern and central parts of the basin (Pungarayacu-30, Ordoiiez et al. 
1994; rlo Misahualli, Faucher et al. 197 1, Jaillard et al. 1995; Tivacuno-l, Ordoiiez et al. 1989; Tiwae-l, 
Arai et al. 1990; Cowi- l ,  Robertson Research 1988; Villano-3, Stratigraphic Service 1995; fig. 2). On the 
eastern border, however, they occur in marine shales overlying directly the pre-Cretaceous basement, be- 
low the "T Sandstones" (Tambococha-l, Zambrano et al. 1994), thus indicating the lack of Late Aptian to 
Middle Albian sandstones (fig. 2). In the northwestern part of the basin, an ammonite assemblage of ear- 
liest Late Albian age with Dipoloceras gr. bouchardianum and Venezoliceras (Venezoliceras) cf. venezo- 
lanum was found at the base of the Basal Napo Shales (Pungarayacu-30, rlo Misahualli, Bulot & Jaillard 
1995, Bulot et al. in press). In the South, a similar association occurs in the upper part of the Basal Napo 
Shales (Chinimbimi, Bulot & Jaillard 1995, Bulot et al. in press, fig. 2). 

INTERPRETATIONS AM) CONCLUSIONS 

In the Oriente Basin of Ecuador, the Early Cretaceous transgression is marked by at least two im- 
portant Maximum Floodings representing useful time-lines. "MiddleUto Late Aptian marine shales are 
locally present, and predate the deposition of sandstones of Late Aptian to Albian age. The major Maxi- 
mum Flooding of early Late Albian age occurs at the base of the Basal Napo Shales in the northern part 
of the basin, and within its upper part in the South. Other Maximum Floodings of probable Early Albian 
(Basal Sandstones) and earliest Middle Albian age (Basal Shales) were identified in the southwestern part 
of the basin (Chinimbimi, fig. 2 and 3). However, additional studies are necessary to correlate them with 
other sections. 

These biostratigraphic data demonstrate that the Aptian-Albian marine transgression resulted in a 
large-scale backstepping of the facies and thus, in an important diachronism of the lithological units. As 
an example, the disconformable continental sandstones would be of Late Aptian to Early Albian age in the 
central-southern part of the basin, of Late Aptian to Middle Albian age in its northern and central parts, 
and of Late Albian age in its northeastern border of the basin, where they are, therefore, coeval with the 
"T Sandstones" of the rest of the basin. In this interpretation, the Hollin facies represents the coastal onlap 
deposits of the "middle" to Late Aptian Maximum Flooding. In the same way, the Basal Napo Shales 
facies is of earliest Middle Albian age in the Southwest, and of early Late Albian age in most of the basin. 

During the Early Cretaceous transgression, the lateral facies succession in the basin comprised (1) 
continental sandstones deposited by braided streams; (2) glauconitic sandstones and shales of shallow 
shelf to nearshore environment; (3) fossiliferous limestones of open marine, shallow-shelf environment; 
and (4) deeper marine, disaerobic black shales (see also White et al. 1995). These lithofacies are strongly 
diachronous. In the westernmost part of the Andean basin (Lima area, Peru), the transgressive Early Cre- 
taceous sandstones are of probably Early Valanginian age (Rivera et al. 1975, Benavides 1956, Jaillard & 
SempBrB 1989). As a consequence, the Early Cretaceous transgression displays a diachronism of nearly 30 
Ma across the whole Andean Basin. Therefore, chronostratigraphic correlations cannot be established in 
the transgressive deposits of the Andean basin, without previous careful biostratigraphic studies. 

Age of transgressive sandstones Age of marine shales or limestones 
Fig. 3 : Paleogeography of the Aptian-Albian transgression in the Oriente Basin of Ecuador. 
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INTRODUCTION 

The Magdalena valley and the Eastern Cordillera represent, to varying intensities, an 
inverted Mesozoic rift system. The inversion has been achieved by extensional fault reactivation and 
back rotation. The rift system runs approximately NE-SW, coincident with the Carboniferous 
Caledonian collisional fabric. 

Two stages of fault 
reactivation are apparent, 
namely the Pennian to 
Jurassic extensional 
reactivation of the 
Caledonian fabric, recorded 
in the syn-rift deposits, and 
the Cenozoic compressional 
reactivation of this extension 
which is recorded in 
numerous inversion 
structures. This is an 
example of the positive 
feedback process that often 
occurs in continental 
reactivation. The Espinal 
block provides a clear 
example of the inversion 
(Fig. l). 

Fig. 1 Location of study area showing the trend of the inverted extensional 
faults. Base map'modified from Barrio and Coffield 1992 
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CHRONOLOGY OF INVERSION 

A late P a l a m n e  to early Eocene series of thrusts has imbricated the Villeta, Guadalupe and 
Guadas formations and has then been erosionally truncated. It is postulated that these imbricates 
represent the tip of a gravitationally driven detachment forming at the base of the thick overpressured 
shale formation, the Villeta (Fig.2). Deformation at this time was mainly restricted to the Western and 
Central Cordilleras and is driven by the highly oblique dextral accretion of the Western Cordillera to 
Colombia. It is thought that a minor uplift of the Eastern Cordillera occurred during this time, for the 
following reasons. With convergence rates of around 2 0 0 d y r  (Daly 1989) and taking a force 
balance approach (McCaflky 1992) dextral motions in southern Colombia of approximately 
1 2 5 d y r  would have to be accommodated there. Due to the curvature of the Colombian margin the 
obliquity (the angle between the trench normal and convergence direction) rapidly decreases at  ON, 
the same latitude as the Espinal block; As a result no dextral motion would be expected in Northern 
Colombia the oblique convergence being accommodated in the subduction zone. This would cause a 
very high stress gradient around 4% and this may have driven an early, minor uplift of the Eastern 
Cordillera producing enough of a gravitational potential to cause slip along an overpressured horizon. 
This stress has also driven the oblique reactivation of the most westerly Jurassic fault that is included 
in the area of study (Fig.1). This has folded the syn-rift deposits producing a doubly plunging 
anticline which has been erosionally truncated, with the imbricate slip system, in the Late 
Palaeocene/Eocene. 
The areas central extensional fault is reactivated in the Mid-Eocene producing a prominent inversion 
anticline, folding of the earlier imbricates and thrusting in the CretaceoudPalaeocene post-rift and 
was active until the beginning of the Miocene (Fig.3). Reactivation of this steep primary fault is an 
effective way of producing vertical motion but not horizontal shortening. This has led to the formation 
of a footwall propagating shortcut thrust that is kinematically and mechanically more favourable for 
accommodating large scale horizontal displacement. An imbricate of the shortcut thrust active during 
the Oligocene has caused the uplift and erosion of growth and pre-growth strata (the Doima, Porterillo 
and Chicoral formations, the Gualanday group) producing a midnate Oligocene unconfonnity. This 
shows that the fold growth rate was much greater than the sedimentation rate. Deeper footwall 
shortcuts have propagated along the decollement horizon that exists at the stratigraphic and 
mechanical boundary of the Villeta shales and the underlying Caballos quartzareniteconglomerates. 
This has produced fault propagation folding during the earlylmid-Mocene, folding the Cira and 
Honda formations and refolding the Gualanday group. A dimensionless growth rate (Suppe et a1 
1990) of 0.56 indicates that sedimentation rates in the fluvial Honda formation were high compared 
to the rate of fold growth. The absolute growth rate is unknown as stratigraphic horizons have not 
been accurately dated. 
Folding of the Eocene imbricate system has inhibited the easy movement along it so that when the 
third and most easterly extensional fault is reactivated in the Late MiocenePliocene the motion was 
accommodated by the development of large overthrusting (Fig.4). The displacement on the overthrust 
would be the sum of the displacement on the inverted extensional fault (A) and the early Eocene slip 
plane (B). However, minor reactivation of the earlier imbricates has occurred tilting the Miocene 
strata so the overthrust displacement would in fact underestimate the motion on the extensional fault 
and slip plane. Reactivation of the extensional fault has folded the slip plane in this region so that it 
would now act as a buffer to strain propagation hen= raising the possibility that overthrusting will 
occur in the region of this perturbation if another fault reactivated to the east. 

CONCLUSIONS 

The Espinal block provides an excellent example of the intimate relationshp between the 
Mesozoic rift system and the subsequent Andean deformation as the extensionat faults have beeh 
sequentially inverted from west to east. The study area may also indicate a Palaeocene upla  of the 
Eastern Cordillera that should be looked for elsewhere. 
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Fig.2 Phase 1 - Detachment at base of Villeta driven by Eastern Cordillera uplift 
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Fig.3 Phase 2- Reactivation of extensional fault 
Phase 2b- Propagtion of footwall shortcut along tilted CaballosNilleta boundary. Tilting was 
driven by Phase 1 reactivation of westerly extensional fault 
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3. LATE MIOCENE / PLIOCENE OVEmHRUSTING 
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Fig.4 Phase 3-Reactivation of easterly fault drove overthrusting and folded earlier Villeta detachment 
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INTRODUCTION 

The Andes mountain belt began its main uplift during the Cenozoic through several 
deformational phases (Roeder, 1988; Sempere et al., 1990; Herail et al., 1990; Baby et al. 1992). Along 
the eastern external border of the orogen developed the Andean foreland basin, hosting thousands of meters 
of clastic sediments, most of them continental. Foreland basins such as those of the Andes are 
characterized by an asymmetrical geometry with a greater thickness of sediments deposited closer to the 
deformational front, and important lateral facies changes within the sequences due to the diminution of 
depositional energy (Flemings and Jordan, 1989). During the Late Oligocene, Miocene and Pliocene, the 
Central Andean foreland basin was filled with clastic supply from the west. Tectonic pulses at different 
time intervals alternate with periods of tectonic quiescence reflected in the changes of depositional style 
from aluvial fans to fluvial and lacustrine environments. 

This work presents the preliminary results of a study of part of the basin occupying the 
Subandean deformational belt and the Beni and Chaco plains, between 15'30' and 22'00's. The objective 
is to identify the distribution and lateral facies changes of the sedimentary sequences that filled the basin 
from the Late Oligocene to present times, as well as thickness variations and their relation with tectonic 
events and deformation during the Cenozoic. 

BASIN DEVELOPMENT 

As the deformation in the Eastern Cordillera advanced eastwards and the Subandean belt began to 
develop, the basin received an important clastic supply from the west. It is at the front of the active 
thrust belt where the bulk transport direction is toward the evolving basin (Allen et al., 1986). Along the 
proximal margin of the basin, the base of the sequence is represented by the sandstones and conglomerates 
of the Petaca and Bala Formations of Late Oligocene-Middle Miocene age (Sempere et al., 1990; Marshall 
and Sempere, 1993). Along the distal edge of the basin, this unit unconformably onlaps sediments of 
alleged Maastrichtian-Paleocene? age (Zubieta Rossetti and Sandi, 1994). Over these units, a period of 
relative tectonic quiescence of Middle Miocene age is represented in the distal part of the basin by the 
fluvial and lacustrine sequence of the Yecua Formation, which includes evidence for marine influence 
(Marshall and Sempere, 1993). The model for deposition of fine-grained sediment as an indicator of 
tectonic reactivation in foreland basins (Blair and Bilodeau, 1988) may be applied to this sequence (Yecua- 
Tariquia and Quendeque Formations), which presents an overall thickening and coarsening trend. The 
transition to the Tariquia Fm. is marked by fluvial deposits representing relative tectonic quiescence and 
progradation as a result of the erosion of reliefs. A tectonic reactivation began in the Late Miocene, with 
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Figure 1: Isochrone map of depth to base of Tertiary in the Bolivian Andean foreland (Chaco and Beni 
plains). Sections represent seismic lines of Figure 2. Isochrones are in seconds. Western limit is the 
external border of the Andean deformational front. 
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Figure 2: Interpreted seismic sections showing the geometry of the Cenozoic sedimentary fill of the 
Andean foreland basin, and the structural style of the Andean deformational front at different latitudes. 
See location in Figure 1. Note the different horizontal scales. Vertical scale is in seconds. Dotted: 
Cenozoic; black: Mesozoic; gray: Paleozoic; crosses: basement. 
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renewed coarse-grained sedimentation interpreted as a result of the migration of the deformation front 
towards the east, and leading to synorogenic deposition of the Guandacay and Charqui Formations. The 
deposition of the Emborozli and Tutumo Formations in the Pliocene correspond to the last most intense 
tectonic phase of Andean deformation in the Subandean region. 

CONCLUSIONS 

Clastic sediments deposited in the Central Andean foreland basin during the last 27 Ma have a 
direct genetic relationship with the uplift of the Eastern Cordillera and Subandean ranges. The isochrone 
map of the base of the Cenozoic (Figure 1) shows the geometry of the sediments accummulated in the 
basin as they relate with the interactive processes of deformation, erosion, transport and deposition. 
Seismic sections at different latitudes (Figure 2) show that the structural style is related with the 
geodynamic evolution of the deformational front, and with the presence of pre-Andean structural elements, 
such as the Madidi, Chapare and Izozog highs. 
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INTRODUCTION 

Results of a petrological reconnaissance of Mesozoic and Cenozoic volcano sedimentary rock 
sequences of Patagonia (43" - 46"SLat) are reported with the aim to describe and discuss the characteristics 
of very low and low-grade metamorphic phenomena affecting these rocks.The sequences cover from the 
middle-late Jurassic to the Neogene and correspond to the Ibiiiez Formation (Jurassic) and some coeval 
units, to the Divisadero Formation (Cretaceous), to the Esuatos de Las Juntas (Paleogene?), and to 
younger lava flows (Neogene) (Fig.1). The Mesozoic extrusive activity is mainly represented by 
calcoalkaline volcanic arcs composed of andesitic suato volcanoes, dacitic domes and rhyolitic ignimbrites 
(De La Cruz et al. 1994) with minor basalt and basalt andesite flows. The Paleogene rocks represent arc 
deposits and flood basalts of back-arc or continental intraplate type (Prieto and CortCs, 1995). The 
Neogene rocks correspond mainly to eroded volcanic centres in the Puyuhuapi area. 

LITHOLOGY 

The Jurassic rocks comprise: (a) arnygdaloidal, porphyritic, andesite and andesitic basaltic 
flows; (b) porphyritic dacite flows with albitized plagioclase and altered amphibole phenocrysts in a 
felsitic groundmass; and (c) dacitic ignimbrites with chloritized "fiamme". The Cretaceous rocks 
correspond to: (a) porphyritic, partly amygdaloidal, andesite flows and flow-breccias with plagioclase 
phenocrysts in an intersertal groundmass of plagioclase and iron oxides ; (b) arnygdaloidal olivine basalts 
with partially albitized phenocrysts of plagioclase and olivine (ghosts) in a fine-grained groundmass of 
plagioclase microliths, clinopyroxene (augite), and iron oxides. Among the Tertiary rocks, those 
belonging to the Esuatos de Las Juntas are represented by: (a) poorly amygdaloidal basaltic andesites with 
plagioclase and clinopyroxene phenocrysts; (b) porphyritic andesite flows and; (c) lapilli tuffs with 
abundant diabasic clasts.Those of Neogene age mainly correspond to: (a) porphyritic, highly amygdaloidal 
olivine basalts with plagioclase and fresh olivine (Fo80-Fo85) phenocrysts in a hyalopilitic groundmass, 
and (b) fine to medium-grained, amygdaloidal basaltic flows with quench textures. 

METAMORPHISM 

All the rocks are strongly altered which is reflected in high H,O contents (0,3 to 8,0%, mean = 
3,8%, c= 2,6 for 9 rocks analywf chemically) and in the presence of a variety of secondaq minerals. 
These appear as replacement of primary minerals, filling amygdales and veinlets, and as patchy alteration 
of glassy and intergranular groundmass. The secondary associations found in the c. 80 sections studied 
(microscope, EPMA, XRD) are combinations of the 18 phases shown in Fig.2. Associations typical of 
the zeolite, prehnite-pumpellyite, prehnite-actinolite and greenschist facies are represented and no 
deformational features are recorded, the metamorphic transformations being purely mineralogical. 
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The Tertiary rocks have been mainly metamorphosed in the zeolite facies. Low temperature 
parageneses including zeolites, smectites, interstrafied smectite/chlorite (SIC), and celadonite are common, 
notably in the Neogene lavas. Among the zeolites, analcite, natrolite-mesolite and phillipsite are 
represented. In some amygdale cores, tobermorite, a Ca-A1 hydrous silicate, has been found rimmed by 
phillipsite. Mafic phyllosilicates in these Tertiary rocks are mainly interestrafied SIC with average X% 
(=chlorite content) between 56 and 89; the highest X% values are found in lavas of the Estratos de Las 
Juntas with compositions corresponding to pycnochlorite. The temperatures of formation of these 
phyllosilicates, according to the Cathelineau & Nieva (1985) thermometer, are of c. 280°C for the 
Estratos de Las Juntas and of c. 150°C for the Neogene basalts. The albitization of plagioclase is strong in 
flows of the Estratos de Las Juntas whereas in the Neogene basalts the original calcic compositions are 
preserved or only slightly modified. Aragonite filling amygdales was found in Paleogene basalts located 
12 km NW of Balmaceda. 

In the Cretaceous rocks,  the main metamorphic assemblages include pumpellyite, prehnite, 
epidote, chlorite, and albite. The almost total absence of zeolites , the scarcity of smectites and the 
considerable amount of chlorite contrast with the features observed in the Tertiary lavas. Pumpellyites 

have total iron as Fe203 higher than 10% with X F ~ ~ +  in the interval 18-33, typical of Fe-pumpellyites 

in sub-greenschist facies. Fe3+ partitioning between pumpellyite, prehnite and epidote in these 

assemblages takes place with XFe3+epi > X ~ e ~ + ~ u r n  > X ~ e ~ + ~ r h .  Mafic phyllosilicates (mainly 
pycnochlorite) with X% between 90 and 100 predominate indicating temperatures of formation of 220" - 
330°C. Albitization of the plagioclase phenocrysts is intense in most samples with compositions 
approaching the albite pole; however, relictic plagioclase is found as patches of An,, composition.. 
Titanite contained in some samples is Al,O,-rich (4,2-7,3%), a feature diagnostic for subgreenschist 
facies. 

Mineral associations in the rocks of Jurassic age are those of highest grade. The common 
presence of secondary actinolite, and of biotite in some associations, indicate temperatures of the 
greenschist facies. Pumpellyite is practically absent, only recorded as tiny flakes in some narrow epidote- 
rich veinlets. Amphibole is the most representative secondary phase. In the classification diagram (Leake, 
1978) two amphibole groups are apparent in relation with the value of the ratio Mg/(Mg+Fe2+) (Fig. 3). 
The first, richer in Mg, corresponds to locality 1 in the Futaleufc area and the second, richer in Fe, to 
locality 12 near La Tapera (Fig.1). In both groups, a linear variation exists with compositions displayed 
from the actinolite to the ferro-tschermakite-hornblende field. Three areas are identified in the Leake(1978) 
diagram (Fig.3): (a) weakly altered primary ferro-hornblende; (b) partially transformed primary Mg- 
hornblende, and (c) metamorphic actinolite and actinolite-hornblende. The very low NaM4 contents in the 
Ca-amphiboles of the Jurassic rocks indicate (Brown, 1977) pressures below 2kb for their formation.These 
values, added to temperatures as high as 340°C obtained with the chlorite thermometer in these same 
rocks, indicate metamorphic conditions similar to the Californian Sierra Nevada region (see Brown,1977 
and references therein) where batholithic intrusions have strongly influenced the regional thermal 
gradients. 

CONCLUSIONS AND FINAL REMARKS 

All the rocks, from Jurassic to Neogene, are affected by non deformative, very low and low-grade 
metamorphism. The secondary mineral phases and their associations are indicative of the zeolite, prehnite- 
pumpellyite, prehnite-actinolite and greenschist facies. Differences in metamorphic grade related to the age 
of the sequences have been established. Thus, zeolite-bearing associations are present in the youngest, 
Neogene,rocks; pumpellyite coexisting with prehnite and epidote is characteristic in the Cretaceous 
volcanic rocks, whereas the presence of actinolite, in places related to biotite, has been only recorded in 
the Jurassic rocks. The temperatures inferred for these metamorphic assemblages go from c. 120" to near 
350°C with pressures probably not exceedng 2 kb. The metamorphism of the Cretaceous rocks is the 
most pervasive and probably took place in a fairly thick subsiding pile under a slowly rising thermal 
gradient in an environment with a high fluidrock rati (extensive albitization, formation of chlorite s.s., 
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presence of pumpellyite, etc.). The batholithic intrusions with ages around 95 Ma (see Pankhurst and 
HervC,1994) exposed close to or immediately adjacent to the Cretaceous outcrops, have not disturbed the 
low-grade pattern of the Cretaceous rocks, one which stands close to that of hydrothermal burial 
metamorphism. Recent estimations of the age of the Divisadero Formation indicate a minimum age of 
102 Ma (Belmar, 1996). In central Chile, dating of the low-grade metamorphic phenomena that a f f d  
lower Cretaceous rocks has shown that these phenomena occurred about 15 Ma after deposition of the 
sequence (Aberg et al. 1984). If a similar interval could be envisaged for the AysBn region, the 
metamorphism of the Divisadero Formation could be as young as 87 Ma, that is subsequent to the main 
batholithic intrusions in the region. This would explain the preservation of the low-grade metamorphic 
pattern observed. Contrasting with the previous case, the greenschist metamorphism of the Jurassic rocks 
bears the imprint of a rapidly imposed thennal regime with a low fluidlrock ratio and selective fluid 
circulation. These characteristics resulted in metastable equilibrium of some primary minerals and patchy 
growth of secondary phases, e.g. partial albitization of plagioclase, partial transformation of primary 
amphibole into actinolite, persistence of SIC phyllosilicates, sporadic biotite formation. The thermal 
influence of the Cretaceous batholithic intrusions on the Jurassic sequence is thus quite apparent and 
could be partly explained by the screen position of the main belts of these rocks in the region (Fig. l). It 
is possible, however, that this batholith-related thermal metamorphism overprinted a pre-existent burial 
pattern as suggested by the rare presence of pumpellyite in two of the Jurassic rocks studied. 

A tentative sequence of events in the region would be: (1) deposition of the Jurassic units 
followed by a burial metamorphic episode; (2) deposition of the Divisadero Formation (from the 
Hauterivian to c. 102Ma according to Belmar, 1996); (3) batholithic intrusion at c. 95 Ma overprinting 
and obliterating the Jurassic low-grade pattern ; (4) burial hydrothermal metamorphic phenomena affecting 
the Divisadero Formation (c. 87 Ma?); (5) deposition and metamorphism of the Estratos de Las Juntas and 
metamorphism, mainly hydrothermal, of the Neogene volcanic rocks. 
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METAMORPHIC GRADE 

I 5 sampled locality 

Figure 1. Geology of the Patagonian 
region (43Q-469S) showing distribution 
of metamorphic facies and localities 
sampled. 

1 .- Quaternary sediments, 2.-Tertiary 
sedimentary rocks and basalts; 3.- 
Upper Cretaceous rhyolitic and 
dacitic tuffs, andesitic lava Ilows: 4.- 
Lower Cretaceous marine 
sedimentary rocks; 5.- Jurassic 
rhyolitic and dacitic tuffs, andesitic 
lava flows; 6:Patagonian Batholith: 
granitoids and metamorphic rocks; 
7 . -  Zeolite facies; 8,- Prehnite- 
pumpellyite facies; 9.- Greenschist 
facies. 

Flgure 2.-Frequency of metamorphic minerals Figure 3.-Composition of amphiboles in rocks 
in the Mesozoic and Cenozoic volcanic rocks of Patagonia (43Q-46QS). Classification and 
of Patagonia (43Q-46QS) fields according to Leake, 1978. 
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Na-rich plutonic and volcanic 
rocks are not uncommon in the Andes. 
They vary in age from Lower Palaeozoic volcanic rocks 

to Tertiary. The Na-rich volcanic rocks 
described so far include those in North 
Chile of Quaternary age (Feeley & 
Hacker, 1995), which overlie the thickest 
part of the crustal keel (>70km, Fig. 1). 
Compositionally similar rocks are also 
present in the MoceneIQuaternary 
volcanoes of Tupungato and Marmolejo, 
east of Santiago again over thick crust. 
Plutonic rocks with similar chemistry can 
be divided into two groups. The first, 
those in a similar setting to the volcanic Nonh Chile (Tertiary) 

rocks form Tertiary plutons (Eocene, & EI Abrs (Eofene) 

Miocene and possibly Pliocene) whch 
also lie along the spine of the Andes, 
where crustal thickness 250km (Fig. l). 
They include the CorQllera Blanca, Peru, 
El Abra, N. Chile and a series of small 
Tertiary plutons in Chile near the 
ChleIArgentina border which extend 
southwards to the latitude of Santiago at 
least. 
Fig. 1. Map of the Andes showing hlagonian Belhdirh 

locations of Na-rich plutons (diamonds) 
and Quaternary volcanic rocks (triangles) 
in north Chile (inset) and east of 
Santiago. (Teniary) 
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The second group, with poorly understood geotecto~c settings are of Ordovician to Tertiary age eg, 
Tertiary plutons in the PatagoNan Batholith and Lower Palaeozoic plutons such as Cachi in Argentina 
Fig. 1. This group intrudes crust where structure and history is unclear. 

Rocks from these plutons and volcanoes have high (La/yb)~, SrIY ratios, htgh Nib0 contents 
and low Y and Yb values, compared to the more voluminous Cordilleran Batholithic plutons such as the 
Coastal Batholith, Peru (Eig.2 and Atherton & Petford, 1993). 

Fig. 2 

Consideration of the Mocene Cordillera Blanca Batholith in north central Peru, for which we have 
considerable data and a good understanding of the crustal structure below the Batholith, indicates that 
together with the characteristics outlined above there is also a marked decrease in FeO, M@, TiQ and 
CaO in the granites, compared to the more basic rocks. Furthermore the values are lower than rocks 
with similar SiQ contents (70-75%) from the Coastal Batholith (Eig.3), which were derived by shallow 
partial melting or high level fractional crystallization (Atherton, 1990). The 'dramatic' decrease in 
these elements and increase in S i Q  in partial melts when garnet was stabilised at 12-1 8 kb was first 
described by Rushmer (1993) in experiments on melting hydrated basalt. Chemical modelling of the 
Cordillera Blanca rocks is compatible with thts, with melts leaving residues of pyroxene + garnet f 
hornblende f plagioclase (Petford & Atherton, in press). Such residues are present in the experiments 
and are typically found in mafic lower crustal xenoliths (Rushmer, 1993). 

Fig. 3 
+ Cordillera Blanca Batholith 
A Coastal Batholith (Lima segment) 



Third ISAG, St Malo (France), 17-1 91911 996 541 

Rocks similar in many respects to those described here ie, high (La/Yb)N, Sr/Y ratios, high 
NazO contents and low Y, Yb values have been considered to characterise Archaean high grade gneiss 
terrains eg. TTG (Tonalite Trondhjemite Granodiorite) suites (Fig.4). A common interpretation of the 
data and thermal considerations suggest that they were melts of hydrated subducted ocean crust (see 
Atherton & Petford, 1993 for brief review). Indeed such a genesis is attractive considering the 
importance and longlife of subduction along the Andean margn. However it is clear the rocks of the 
Cordillera Blanca Batholith formed by melting of thickened crust as the slab is too old, cold and 
dehydrated to melt (Atherton & Petford, 1993). As the age of the batholith rocks youngs systematically 
with increasing acidity over the period 13-5 Ma the marked decrease in the major elements described 
above marks the incoming of garnet as a major component in the source mineralogy. This relates to the 
well documented Miocene thickening of the crust below the batholith. 

Fig. 4 An - Ab - Or diagram showing Cordillera Blanca tonalities + granodiorites (squares), 
leucogranodiorites (black diamonds) and pegmatites (circles), with the Coastal Batholith 
granite field (dotted) shown for comparison. Inset shows kchaean I T G  field with Cordillera 
Blanca leucogranodiorites. 

The thickened crust melting model may, we thnk, be extended to the rest of the Na-rich rocks 
above the Andean keel (Group 1) reflecting the thckening of the Andean crust during the Tertiary. It 
may also relate to the second group of plutons, where information on crustal thckness is absent or 
where, in the case of the older plutons, it may have changed due to delamination or lower crustal 
erosion. 
If this is the case, the intrusionlextrusion of these Na-rich rocks in the Andes marks periods of major 
crustal thckening and their absence periods of quiescence. 

Finally, the presence in the Andes, of Na-rich rocks with a chemistry similar to Archaean, apparently 
slab derived melts, but here formed by lower crustal melting of hydrated basalt, suggests the o r i ~ n  of 
Archaean TTG rocks is still problematic. 
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The Andes in Ecuador contains one of the most complete records of igneous activity available for 
the western margin of South America They display a strong geochemical and petrological zoning from west 
to east and provide a good opportunity to test the nature and the effects of subduction, cmstal thickness and 
upper-piate snuciure on the genesis and evolution of magmatic arcs. 

The Ecuadorian Andes lie in two parallel north-striking belts. Besides, several isolated volcanoes 
lie b e h i ~ d  the arc in the subandean zone. There are some fundamental differences in the tectonic setting of 
the volcanic belts of Ecuador eastward from the trench that could influence cross-strike differences in the 
magmas from these volcanoes: The Benioff zone drops from about IOOKm to 200 Km (?). Successively 
older and chemically different basement exists. The western (trenchward) belt lies on Cretaceous to 
Tertiary terrines of oceanic affinity. The eastern volcanic chain lies on strongly metamorphosed Mesozoic. 
The back-arc volcanoes lie on a thick Phanerozoic sedimenrary sequence that overlies the Amazon craton 
and are not associated with any extensional structures. The crust thickens fiom 40 to 60 I(nl between the 
Western and Eastern Cordilleras, then thins back to 30 Km (Feininger et al., 1983). Besides these 
complications, the volcanoes from Ecuador lie above the subducting Carnegie ridge. 

A study of the entire volcanic chain would obviously be an overwhelming task. Therefore. a few 
well-suited volcanoes have been selected for detailed study because they are aligned perpendicular to the 
trench, are representative of their geologic setting and each has had Holocene activity. These volcanoes 
from west to east are Atacazo from the Western Cordillera, Antisana fiom the Real or Eastern Cordillera and 
Sun~sco from the back arc basin (Fig. 1). Because this transect is parallel to the convergence of the Eiazca and 
South American plates, variables that are associated with different features of the subducted slab should be 
eliminated. Instead. this study is focused on the effects of magmatism respect to depth of the subducted slab 
a i d  the effects of ma-ma production and evolution in different cmstal settings. 

As is typical of most arcs, lavas fiom the Ecuadorian volcanoes are progessively richer in 
potassiuin away from the trench, ranging fiom medium-K andesites and dacites at Atacazo to high-K 
andesires and dacites at Antisana to tephriphonolites at Sumaco (Fig. 2). 
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The absolute concentrations of most of the incompatible trace elements increase inland (Table. 
l), so that Suinaco volcano is the richest and Atacazo the poorest in these elements, despite the fact that 
the lavas are, on average progressively less siliceous. All three volcanoes are characterized by 
anomalously low concentrations of HFS elements relative to LIL elements, although the size of the 
anomaly decrease inland from the trench (Fig. 3). The depletion of HFS vs LIL elements is a nearly 
obiquitous feature of subduction-reIated lavas and is thought to be inherited from fluids derived From the 
subducted lithosphere (Hickey et al., 1986). These characteristics are also we11 displayed on the diagram 
of LILMFS vs. LIL (i.e., BaMb vs. Ba) (Fig. 4). Although the Sumaco lavas are most strongly enriched in 
all incompatible elements, they have the lowest L I L W S  ratios (Table. l) ,  suggesting less slab 
contribution. In contrast, Antisana and Atacazo volcanoes have progresively lower incompatible element 
concentrations but higher LILMFS ratios, suggesting relatively more slab contributions 

Sr isotope ratios range from 0.7042 to 0.7043 at Atacazo, 0.7045 to 0.7047 at Antisana, and 
0.7042 to 0.7043 at Sumaco. The slightly higher Sr,,/Sr8, of Antisana ma,smas is best explained by 
assimilation, because of the v e y  thick crust there. Presumably, the cratonic crust beneath Sumaco has the 
most radiogenic Sr, but the lavas there do not show evidence of extensive assimilation, which is also 
apparent in the low silica contents of those lavas. 

TABLE. 1 

Sinthesis of major, mce  element abundances and Sr isotopic ratios for volcanoes in study 

CONCLUSIONS 

Si02  
E0 

Na20 

Zr 
Bn 
R b 
Sr 
Y 

Xb 
La 
CC 
Th 
U 
Nd 
Sm 
EU 
Tb 
Y b 
LU 
Hf 
Tn 

Bfib 
LPlSm 
BntSm 

Srt7/Sru 

On the basis of the major, trace element evidence and Sr isotope ratios, there are some 
possible explanations for the systematic compositional trends in the Andes of Ecuador: 

ATACAZO 
Occidcntal Cord. 

(%) 
57.65-66.1 
0.87-1.26 
3.68-4.61 

(PP"') 
88-129 
353-600 
17-28 

335430 
6-16 
11 

4.63-10.8 
12-18 

1.07-1.55 
0.5-0.7 
3.65-1 1.2 
1.1-2.8 
0.72-0.83 
0.2 1-0.44 
0.48-1.5 
0.06-0.22 
2.25-2.85 
0.19-0.25 
1 14-223 
3.3-4.3 

214.3-230.7 
0.7012-0.7043 

A3TISAS.4 
Eastcro Cordillcra 

(%l 
55.64-64.35 
1.55-3.14 
3.721.65 

(PP"') 
115-1 89 
61 1-764 
58-122 
580-885 
12-19 
7-12 
8-2 1 
38-68 
6-1 7 
1.5-6.1 

22.9-55.9 

1.06-2.11 
0.1-0.78 
1.03-1.97 
0.17-0.28 
3.16-6.05 
0.42-0.94 
76-125 
1.83-2.08 
139.8-150.7 

0.7015-0.5047 

SU.\L4CO 
Oricnte Basin 

(?'o) 

45.21-54.22 
3.96-4.13 
6.33-6.93 

(PP"') 
396406 
2390-2610 
96- 125 

2542-2621 
31-19 
53-82 
27-31 
183-285 
28-30 
7.3-10.7 
86.3-121 
13.7-18.5 
3.65-5.03 
1.07-1.59 
3.384.67 
0.5-0.63 
5.65-6.9 1 
2.60-3.14 
3133 

1.67-1.97 
152-187 

O.iO42-0.7043 
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- The volcanoes are supplied by similar parental magmas, which undergo different amounts of 
crustal interaction. ~ ~ e c i f i c a l l ~ ,  ~umaco's alkaline magmas may have assimilated more alkali-rich crustal 
material than the trenchward volcanoes. However, the thickest crust underlies Antisana volcano (60 km). 
Also, most of  the exposed basement in the North Andes zone is siliceous, and Sumaco lavas are notably 
silica poor, suggesting that this hypothesis is invalid. 

- The volcanoes are supplied by similar parental magmas, but they assimilate different kinds of 
crust. Namely, the terranes underlying the volcanoes are older and have stronger continental affinity away 
from the trench and younger and of oceanic affmity towards the coast. However, the obvious lack of 
siliceous contaminants in Sumaco's lavas and the isotopic data suggests this model is not correct either. 

- The parental magmas for each vo~cand come ftom fundamentally different sources. The 
magmas of Atacazo and Antisana have both been strongly effected by assimilation in the lower crust, 
~ t a c a z o  less because of the thinner crust and its oceaniE affinity. Sumaco is mostly unrelated to the other 
volcanoes and results from melting of recently enriched alkalis continental lithosphere. This may be 
related to the depth of the Benioff zone and therefore different pressure conditions in the melting region 
beneath each volcano. Alternatively, there may be an ancient enriched lithospheric component. In this 
case. 
-Crustal assimilation, although detectable with Sr isotopes, does not strongly alter the major and trace 
elements in the magmas. Therefore, fundamental differences in the melting regime in the source cause 
different extents of partial melting. Atacazo magmas (low ITE, high LILlHFS) result from large input of 
the slab component and large extent of melting. Sumaco ma,smas (high ITE contents, low LIL,WS) result 
from a small slab contribution and small degree of melting. We presently prefer the latest model, because 
the Sr isotopes do not coirel,?te with any other geochemical parameters. 
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INTRODUCTION 

As chemical classifications of gabbroicdioritic rocks from the Andes (e.g. Argentine, Chile, Peru) 
also contribute to the geaesis of this mountain range, the topics of this paper is the -on of 
geochemical diagrams, based on TiQ, SiQ, F a t . ,  MgO, K20, Y and Zr of this rock group, which 
allow the classification of the geowtonic positions from recent ages to Precambrum. 

The presented dugrams are based on 60 references with 287 critically selected data sets where data 
with secondary alterations of all kind or data interpretations which pennit two or more different 
possibilities were strictly omitted 

The same geotectonic position of gabbroicdioritic rocks as of their volcanic or subvolcanic 
varieties (basalticdioritic rocks) is often revealed by dflerent quantities of major and trace elements. 
Some examples shall explain this. The TiQ content of basalticandesitic rocks hardly exceeds 3.2 
wt% (MyaShiro & Shido, 1975; Ikeda & Yuasa, 1989). Among gabbroicdioritic rocks, however, 
TiQ > 3.2 wt.% is of no scarcity. On the contrary, TiQ quantities of 2 to > 5 wt.% are characteristic 
of ocean-island cumulate gubbros (fig. 1). Island-arc basalts W), according to Pearce (1983): are 
characterizedby Zr = 13 to 280 p. Typical of island-arc gabbros (fig. 2), however, is the quantity of 
this trace element which ranges between 2.5 and 80 ppm only. Among n-type mid- ridge basalts 
(n-type MORB), Zr amounts to 30 - 150 ppm (Shervais & Hanan. 1989); n-type mid-ocean ridge 
gabbros, in their turq reveal a range of Zr from 15 to 200 p. Mid-n ridge basalts (MORB) 
contain Y of 15 - 60 pjnn (Pearce et. al., 1984). Unfortunaiely, the term "MORB" is not c H e d  
more detailed The n-type mid- ridge gabbros, however, which reach a Y quantity of 5 - 30 ppm 
are a mmdmble example for gabbroicdioritic rocks to be investigated by means of geotectonic 
classification diagrams which are defined specially for this rock group. 

CONCLUSIONS 

The following classification diagrams can be used for all the diorites and gabbroic rocks which are 
&lined by Streckeisen (1978). The S i q  co- of the gabbroicdioritic rocks which are investigated 
by the user are less than 62 wt.% (Gulson, 1972) and higher than 36 wt.%. For the explanation of the 
fdlowing cbagrams, instead of "gabbroicdioritic rocksu, only the term "gabbrosU is given. 

In the field "ocean-floor gabbros" of the TiQ - SiQ diagram (fig. l), the data are characteristic of 
M g O > l O w t % ( i n e r r t r e m e ~ M g O > 3 0 w t . % ) d o f o f 0 < 9 ~ %  NaZO+KZOoftendonot 
amount to more than 1.0 wt.% of the whole rock composition. Cr shows a quantity between 400 and 
1000 ppm. These data show that pmbmmaatly m t i v e  gabbroic rocks are to be find in h s  field 
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continental arc gabbros 
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tal rift (cu- 
mulate) gab- 
bros, ocean- 
island cumu- 
late gabbros 
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Fig. 1: T i a  - S i a  diagram 
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1 n-type mid-ocean ridge (cumulate) gabbros, F&. 2: h g n m  cm F& + 
intracontinental rift (cumulate) gabbros T i 4  vs. Zr. 

AS t he  two d i a m  show a 

2 primitive mid-ocean ridge (cumulate) gabbros, broad w i d y  in the MC 
8dIhge of the gabbroidoritic 

n-type mid-ocean ridge (cumulate) gabbros d they should bc uscd prior 

3 island-arc gabbros, continental arc gabbros 
to me of the following &a- 
g- (fig. 3 and 4). 
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with tbe focus on a high share of MgO. In the field "ocean-floor (cumulate) gabbros", however, 15 
w t %  CaO and 2 wt.% Na20 + K20 are nothing unusual. Primitive mid-ocean ridge gabbros which 
also occur in this field are n o m y  characterized by such a high CaO quantity. Na20 + K20 up to 
3.5 wt.%, Cr c 150 ppm and a higher amount of Zr emphasize a more evolved stage of the ocean- 
island cumulate gabbros as compared with the ocean-floor gabbros. Apart from their increased 
quantity of SiO;! to > 60 wt.%, the continental arc gabbros are characterized by c 150 ppm Cr, and 
Na20 + K20 often mount to > 5 wt.%. A strong variation from 3.5 to 11 wt.% shows CaO. 

In the diagram FeOtot + TiO;! vs. Zr (fig. 2). the continental arc gabbros are noticeable 
for their high Zr quantitiy up to 350 ppm. Among the ocean-island cumulate gabbros, this trace 
element shows a variation from 35 to 200 ppm. The minimum mount of FeOtot. + TiO;! is 10 
wt%, more than 25 wt.% of these element oxides also ocur within this tectonic position. 

The diagram MgOfli02 vs. Zr (fig. 3) only shows the ocean-floor related rocks: the 
primitive mid-ocean ridge gabbros are characterized by a high MgOA'i02 ratio as a consequence of a 
high amount of MgO, and a low quantity of TiO;! (and of FeOtotj which decrease as low as 0.02wt. 
% (1.5 wt%). Zr is characteristic of a variation between 2 and 20 ppm. A broader range in Zr take 
the n-type mid-ocean ridge (cumulate) gabbros from 8 to 200 ppm. The field "primitive island-arc 
gabbros" which can be separated relatively well from the other fields reveal a lower MgOfli02 ratio 
as compared with the primitive mid-ocean ridge gabbros. Zr quantities of less than 3 ppm and not 
more than 30ppm is also characteristic of this tectonic setting. 

For ocean-flax gabbros, ocean-island cumulate 
gabbros and island-arc qabbros: 

500 
ocecn-island cunulate gabbros 

[PP l 

2 
l 

F- gzbbras ocecn riaqe / 
/ 

- - -  -J 

nao - Fig. 3: Diagram on 
T i 4  MgO/TiO, vs. Zr 

for ocean-floor 
related gabbros. 
For the continent- 

1 pricitive island-zrc gabbros, evolved island-crc related gabbrw, the 
diagram in fug. 4 is 

qabbros applied. 

2 primitive mid-ocecn ridge (cuoulate) gcbbros, n-type 
mid-ocean ridge (cumulate) gabbros 
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ocau. The reason for the low MgOITiQ ratio for the ocean-island cumulate gabbms, of course, is not 
only the high amount of TiQ, but also the low share of M@, often M n g  to 5 wt.%. The TiQ 
- Yl20 - K20 triangular diagram for arc and continental gabbros (fig. 4) gives the user following &- 
tails: the field "intracontinental rift (cumulate) gabbros" has a &creased share of Y as compared with 
arc-related and continentcontinent collisional gabbm (strictly spealung also arc-tectonic setting gab 

bros). Indeed, the typi- 
cal amount of Y for 

For arc gabbros and continental gabbros: 

90 continental arc 

continent- 

:' late) gabbrosj 
',- - - - - - - - - - - - - - - - - - - - - - - - -2 

intracontinental rift (cu- 
mulate) gabbm varies 
between 2 and 10 wt.%. 
The continentcontinent 
collision gabbros are ty- 
pical of high K20 in 
comparison with the 
gabbros from the other 
tectonic settings. K20 
often amounts to more 
than 2.5 wt.%. Summa- 
rizing, the diagrams 
also can be used for me- 
tamorphc rocks up the 
higher amphibolite fa- 
cies metamorphism. For 
volcauic rocks (basaltic 
and amhitic rocks). 
however. they cannot be 
a w e d  K20 should be 
interpreted with care if 
a higher metamorphsm 
has affected the user's 
investigated rocks be- 
cause of its low stabili- 
ty. 

4: T i a  - Yl20 - K# trim&u dmgmn for arc gabbros and &eatal gabbros. 
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INTRODUCTION 

The Altiplano, a high plateau 200 km-wide and 1500 km-long is undoubtely the major feature of 
the Central Andes. One of its most characteristic feature is the presence of varied magmatic events, 
referred to as the Inner Arc Magmatic Domain by Clark et al. (1990). This magmatism started about 48 
Ma ago and shows a greater diversity compared to the Main Arc Domain of the Western Andean 
Cordillera. Several occurrences of phlogopite lamproites, phlogopite-diopside-sanidine lamproites and 
ultrapotassic minettes have recently been discovered (Carlier et al., 1996) in addition to the peraluminous 
magmatism of dominantly crustal origin and high-K calc-alkaline to shoshonitic volcanism previously 
identified (Pichavant et al.. 1988; Clark et al., 1990). This led to a reappraisal of the Cenozoic Inner Arc 
magmatism in Southern Peru, which is presented here along with new age determinations and 
geochemical data on the ultrapotassic lavas, the high-K calc-alkaline to shoshonitic volcanism and the 
calc-alkaline plutons. These data provide important informations on the evolution of Central Andes for 
the past 50 Ma. 

LOCATION, AGE AND NATURE OF THE ALTIPLANO CENOZOIC MAGMATISM 

The South Peruvian Altiplano (SPA) constitutes the northern ending of the Bolivian Altiplano. 
It is progressively pinched northward and disappears in the Abancay region (Fig. l). Like the Bolivian 
Altiplano, the SPA is divided into a Western Domain and an Eastern Domain separated by the Sicuani- 
Huancane sinistral active fault system (SHF). The Western Domain is structured by N- to NE-verging 
thrust fault systems, i.e. from the north to the south the Paruro-Acomayo fault (PAF), the Langui Lake 
fault (LF), the Calapuja fault (CF) and the Mafiazo fault (MF). 

The Cenozoic Inner Arc magmatism always occurs in the vicinity of the different thrust fault 
systems defined above. It started at about 48 Ma, in the Northernmost part of the Western Domain by 
gabbro-diorite plutons intruding the southern area of the Paruro-Acomayo thrust fault (Fig. 1). These are 
the Acomayo and Pomacanchi plutons dated at 48-34 Ma and 44-37 Ma respectively, and coeval with the 
large Andahuaylas-Yauri batholith which intruded the eastern margin of the Western Cordillera. All these 
rocks have textural and geochemical features of calc-alkaline cumulates crystallized at the bottom of 
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shallow magmatic chambers. The outcropping of cumulates indicates a period of uplift and erosion of the 
southern margin of the PAF and the eastern margin of the Western Cordillera before the intrusion of calc- 
alkaline dacitic and trachydacitic subvolcanic plugs dated at 34 and 32 Ma. The erosion products of this 
calc-alkaline magmatism filled the Cusco and Sicuani molassic basins (CMB and SMB, Fig. 1). 

Magmatism becomes widespread between 30 Ma and 27 Ma, affecting both domains of the SPA. 
Significant changes in its composition and its location are observed in the Western Domain (Fig. 1). 
Sparse alkaline syenite dykes occur in the Abancay area, in the northern part of this domain. Alkaline 
lavas of similar ages are observed along the Calapuja thrust fault. These are the Ayaviri leucite-bearing 
basanite-phonotephrite-trachyte suite which coexist with high-K monzograbbroic subvolcanic intrusions. 
Meanwhile, a calc-alkaline magmatism (subvolcanic intrusions) still persists along the Maiiazo thrust 
fault, to the south of the studied area (Clark et al., 1990). During the same period, the Eastern Domain 
was the locus of a peraluminous magmatism, the earliest cordierite-bearing peraluminous monzogranite 
intrusions being dated at 28 Ma (Clark et al., 1990). Numerous small peraluminous cordierite-bearing 
monzogranitic stocks and cordierite-muscovite-sillimanite-bearing dacitic and rhyolitic peraluminous ash- 
flow tuffs have been recognized over a distance of 200 km, in close association with shoshonites 
(Laubacher et al., 1988; Pichavant et al., 1988). The most important feature of this domain is the 
occurrence of potassic to ultrapotassic minettes with diagnostic features of Spanish phlogopite 
lamproites, i. e. orthopyroxene-bearing phenocryst assemblages, low CaO contents (<2wt%), strong 
enrichments in large-ion lithophile elements - L I E  (Ba=1550-6550 ppm, k 2 1 7 - 7 7 9  ppm, L a ~ f f b ~ = 1 7 -  
65), Mediterranean Cl-normalized REE patterns ( L a ~ / N d ~ c l  .S; Eu/Eu*<l) and negative high field 
strength elements -HFSE, Ba and Sr anomalies in primitive mantle-normalized multi-element patterns 
(Carlier et al., 1996). These minettes, dated at 24-20 Ma, are interpreted as Al-rich phlogopite larnproites 
contaminated to various degrees by partially crystallized peraluminous granites. 

The peraluminous magmatism of the Eastern domain becomes increasingly important during the 
Miocene. The last peraluminous magmatic events give ages of about 4 Ma. Meanwhile, in the Western 
Domain, the calc-alkaline magmatism recognized along the Maiiazo fault reaches its major development 
(Clark et al., 1990) and other evidences of calc-alkaline magmatism of similar ages are known along the 
Calapuja thrust fault. An important shoshonitic event dated at 5-6 Ma is also known along the Maiiazo 
thrust fault, in the Puno department (Lefevre, 1979). 

For the past 3 Ma, the magmatic activity was focussed along the Abancay-Curahuasi-Anta, 
Cusco and Sicuani-Huancane fault systems which separate the Western Domain from the Eastern one and 
the Eastern Cordillera. Previously identified as only shoshonitic (c.f. Lefevre, 1979), the Plio-Quaternary 
Inner Arc Magmatism is in fact composed of shoshonites, minettes, lamproites and even peraluminous 
rhyolites and dacites. Shoshonites can be sub-divided into a hornblende-bearing Pliocene suite in the 
Abancay-Anta area, a phlogopite-bearing Quaternary shoshonitic suite in the Cusco area and a pyroxene- 
bearing Quaternary shoshonite suite in the Sicuani-Ayaviri area. Peraluminous rhyolites and dacites 
showing minettes inclusions (K20/Na@=1.5- 1.7, Ba=4930-5 170 ppm, Sr=2370-2700 ppm, 
L a ~ / Y b ~ = 3 6 - 4 6 )  are closely related to the Sicuani-Ayaviri shoshonite suite. In addition, phlogopite- 
diopside-sanidine-K-richterite lamproites dykes, dated at 2.3 Ma, have been identified in the Cusco and 
Ayaviri areas (Carlier et al., in prep.). These lavas resemble the Leucite Hill phlogopite lamproites in 
having very high LILE contents (Ba=4750-12400ppm, ~ a = 6 . 1 0 ~  X CI-chondrites) and no negative HFSE 
anomaly (La/Nb=l . l -  1.2) in primitive mantle-normalized multi-element patterns. 

CONCLUSION 

For the last 34 Ma., the Western Domain of the SPA has experienced a general N- to NE- 
trending compressional regime. In this domain, the Cenozoic magmatism is mainly composed of calc- 
alkaline suites which are related to the subduction of Nazca plate beneath the South America Plate. 
Alkaline and shoshonitic suites documented local extensional regimes at about 28-30 Ma and 5-6 Ma. 

The larnproite occurrences provide petrologic evidence of the existence of a thick lithosphere, 
undoubtedly the western margin of the Brazilian Craton, beneath the Eastern Andean Cordillera and the 
Northern Altiplano. The westward displacement of this ultrapotassic magmatism from the Eastern 
Domain to the Western Domain during the last 25 Ma suggests a north-eastward thrusting of the 
Altiplano (and probably the Western Cordillera) above the Brazilian Craton. A consequence of the 
Altiplano thrusting is a local fusion of its lower crust that produces the peraluminous magmatism. 
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FIGURE 1 : Location, age and nature of the Southern Peruvian 
Altiplano Cenozoic magmatism. 
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Structural and magmatic features of the SPA could be explained by the progressive northward 
migration and counterclockwise rotation of the Western Cordillera during the Eocene-Miocene times then 
followed by its south-eastward displacement along the the active sinistral Abancay-Curahuasi-Anta, Cusco 
and Sicuani-Huancane fault systems. Such displacements of Western Cordillera and Altiplano deduced 
from the study of the Inner Arc Cenozoic magmatism in Southern Peru are consistent with the directions 
commonly assumed for the convergence between the Nazca plate and the South America Plate since the 
Eocene (Pardo-Casas & Molnar, 1987). 
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INTRODUCTION 

The geology of the Aystn region (44-47" S) is dominated by the presence of a huge calc-alkaline 
batholite, the North Patagonian Batholite (NPB), which constitute the spine of the chain. This 200 km 
wide plutonic complex intruded to the west the Chonos Late Paleozoic metamorphic complex, and to the 
east, Paleozoic and Mesozoic volcanic and sedimentary units (Pankhurst and HervC, 1994). The Mesozoic 
stratigraphy comprises two main subduction-related volcanic episodes, the Middle to Upper Jurassic 
Ibaiiez Formation and the Middle Cretaceous Divisadero Formation. The Lower Cretaceous marine 
Coyhaique Group, deposited in a back-arc basin, provides a usehl stratigraphic marker between the 
volcanic successions (Bell et al., 1994; De la Cruz et al., 1994). Volcanic activity resumed after a period 
of quiescence in Eocene time. Mesa basalts, situated in a back-arc position, crop out in the Balmaceda and 
Rio Cisnes regions. Pliocene and Quaternary andesitic stratovolcanoes and monogenetic basaltic centres 
of the volcanic arc are located westward, near the Liquifie-Ofqui fault zone (LOFZ), a 1000 km long, 
trench parallel, dextral strike-slip duplex, which has been active at least since the mid-Tertiary (Cembrano 
and Hervd, 1993). 

GEOLOGICAL SETTING 

A basaltic succession, approximately 150 m thick, composed of subhorizontal lava flows with 
frequent columnar jointing, outcrops in the Balmaceda basin. The flows tend to be thicker toward the top 
(up to 10 m). The first eruptions occurred in a subaqueous environment as revealed by the presence of 
pillow lavas with interstitial hyaloclastites and sediments, or finely stratified surtseyian-type surge 
deposits exposed in the Rio Oscuro valley. In this last locality, the basaltic sequence lies above poorly- 
welded tuffs which are probably also Tertiary (Suhrez et al., 1994). The Balmaceda basalts were overlaid 
by Miocene to Pliocene continental sediments with intercalated acidic pyroclastic units. Base upon a 
whole rock WAr radiometric age (46 * 2 Ma; Baker et al., 1981), an Eocene age can be assigned to the 
Balmaceda basalts. Some zeolites are visible in hand specimen, and were identified as heulandite 
clinoptilolite in the pillows, and chabazite in the massive flows. Two basaltic plugs with abundant fresh 
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Fig. 1 : MORB-normalised element abundances (B) and Chondrite normalised rareearth patterns (A) of Early Tertiay basalts from the northern 
Patagonian Andes. The following observations can be enhanced: (1) progressive fadmg of the Ta-Nb anomaly for the Rio Cisnes and Rio Winchester 
basalts; (2) absence of this anomaly, typical of OIB, for the B a l m a d  basalts; (3) progressive enrichment in light-REE and (La/Yb)n ratios (B) 
from the basaltic plugs through the Rio Cisnes and Balmaceda basalts. 
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olivine were also sampled; one east of Cerro Divisadero (94-15), the type locality for the Cretaceous 
volcanic succession, and the other in the upper part of the Rio Oscuro valley (96-6). These basaltic bodies 
intruded the ignimbrites and are, therefore, probably also Eocene. 

Flat lying mesa basalts also occurred, 200 km north of Balmaceda, in the Rio Winchester and Rio 
Cisnes valleys. The Rio Cisnes sequence (about 100 m thick) shows a progressive decrease of the 
thickness of the lava flows (from 20 m for sample 95-28 to 1 m for 95-24) and an increasing oxidation, as 
revealed by the iddingsitisation of olivine phenocrysts, toward the top of the volcanic pile. Most of these 
flows are olivine-rich basalts. Peralkaline rhyolitic domes (El Chueco) are associated with the basalts. No 
radiometric ages are available on these basalts but overlying Lower Miocene continental sedirnents (Rio 
Frias Formation, Marshal1 and Salinas, 1990) and Upper Miocene to Pliocene glacial or fluvio-glacial 
deposits clearly post-date the volcanic activity which can be considered as broadly contemporaneous with 
the Balmaceda sequence. 

GEOCHEMISTRY 

The Early Tertiary PatagoNan basalts are fairly uniform in mineralogy. Olivine is the principal 
component, but some flows also contain few clinopyroxene andor plagioclase phenocrysts. The twenty- 
one new chemical analyses presented here contribute to define the geochemical signature of these Plateau 
basalts. All the basalts are olivine normative (48-50 wt % silica); only four contain some nepheline (less 
than 1%) in the norm. They have the composition of continental tholeiites. Basalts from Balmaceda are 
more differentiated (M@ - 55) than the Rio Cisnes ones (M@ - 64); the basaltic plugs of Cerro 
Divisadero and Rio Oscuro are proximate to a primitive pole with M@ - 68. The geochemical 
characteristics of the basalts and their spatial evolution are discussed based on Fig. 1. The MORB- 
normalised trace element abundances, expressed on the Pearce (1983) spidergram, show clear differences 
between the Balmaceda and Rio Cisnes basalts. The later, and the basalts from the Divisadero and Rio 
Oscuro plugs, are enriched in incompatible elements (above all Ba and Th) and present a negative 
anomaly in Ta and Nb, less pronounced for the Rio Winchester basalt. This kind of trend is interpreted 
either as the result of cmstal contamination or as indicative of an origin from the enriched sub-continental 
lithosphere (Hawkesworth et al., 1990; Amdt and Christensen, 1992; Amdt et al., 1993; Turner and 
Hawkesworth, 1995). Low BaIZr ratios, as defined for the Early Tertiary basalts from south-east 
Greenland (Fitton et al., 1995), indicate that contamination does not play any role, while low L a m  and 
Zr/Nb ratios characterise an enriched lithospheric mantle source. The Balmaceda basalts have a different 
trend which doesnot exhibit Ta and Nb anomalies and, therefore, more akin to OIB signatures. REE 
patterns of the Balmaceda basalts are slightly more enriched and the (La/Yb)n ratios higher (5.7 to 10.2) 
than that of the Rio Cisnes basalts (2.5 to 5.4). 

CONCLUSION 

Early Tertiary basalts from Balrnaceda and Rio Cisnes are related with incipient extensional 
tecto~sm responsible for the generation of back-arc basins. These basalts, of probable Eocene age, 
correspond to the mostly tholeiitic Early Patagonian plateau basalts (Baker et al., 1981; Stem et al., 1990). 
More recent (25 Ma to recent) undersaturated alkali basalts extended further East in the Cosmelli basin, 
on the southern side of Lago General Carrera (Flint et al., 1995), and in Argentina. Differences in the 
geochemical signatures between the Rio Cisnes and Balmaceda basalts, particularly the fading of the Ta- 
Nb anomaly, remind the widely studied evolution observed in the Basin and Range province of south- 
western United States and north-western Mexico, interpreted as a typical exemple of progressive decrease 
of the influence of the lithospheric mantle source during cmstal thinning, and the correlative increase of an 
asthenospheric component (Fitton et al., 1988 and 1991; Kempton et al., 1991). The geodynamic context 
is fairly similar and corresponds to the progressive cessation of subduction, as a result of the collision of 
an oceanic ridge with a continental plate (Ramos and Kay, 1992), and the corresponding development of a 
slab window (Hole et al., 1995) and back-arc extension. 
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INTRODUCTION 

Six basalts have been sampled on the Chilean Altiplano, along the Calama-Olacapato-El Toro 
lineament, in the Central Volcanic Zone (CVZ) of the Andes (fig. 1). This is the first record of 
occurrence of basalts (Si02 < 53 wt %) upon the Chilean Altiplano in South-Central Andes (SCA), 
whereas basalts have already been sampled in northermost Chile as parasitic cones of Nevados de 
Payachata volcanic complex (Worner et al., 1988; Davidson et al., 1990) in Peru (Lefevre et al., 1973; 
Kontak et al., 1986) Bolivia (Soler and Jimenez, 1993; Davidson and de Silva, 1995) and Argentina 
(Hormann et al., 1973; Viramonte, unpublished). The Chilean basalts are undoubtedly of Recent age and 
occur as small lava flows, some of them being accompanied by a small (c 0.01 km3) unnamed 
pyroclastic cone near the Argentinazhile boundary. It is noteworthy that these basalts are exposed East 
of large stratovolcanoes (e.g. Miscanti, Lascar) classically made of andesites and dacites but nearby 
minor eruptive centers (e.g. Cord6n Puntas Negras, Volcan Puntas Negras, DCruelle, 1994). 

PETROGRAPHY AND MINERALOGY 

The basalts have a typical microlitic porphyritic texture with phenocrysts of plagioclase (An 
53.2-70.4) sometimes in disequilibrium, of olivine (up to Fo 86.8), diopside and augite (WO 42.2- 
47.4), magnetite and chromite (38.4 < Cr203 wt % < 44.8; 12.0 < A1203 wt % < 21.9) in a 
groundmass of plagioclase, augite, magnetite and chromite. These basalts contain neither orthopyroxene 
nor ilmenite. Their mineralogy is quite different from that of alumina basalts that frequently occur in 
Meridional Andes (Southern Volcanic Zone) and contain phenocrysts of plagioclase, olivine, and scarce 
augite in a groundmass of plagioclase, augite, and Fe-Ti oxides sometimes accompanied with 
microcrysts of olivine (DCruelle,1982). 

The occurrence of chromite as phenocrysts is uncommon in Chilean basalts. Chromite is not rare 
as tiny inclusions in olivine phenocrysts in Andean alumina basalts and basaltic andesites (DCruelle, 
unpublished) as well as in peridotite xenoliths occurring in alkali basalts (Xu et al., 1993). 

GEOCHEMISTRY 

Chilean Altiplano basalts have similar Ti02, Fe203 CaO and Na20 contents as SVZ alumina 
basalts but have lower AI203 and higher MgO and K20 contents (fig. 2a, b). They contain higher Rb, 
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Fig. l .  Location the Chilean Altiplano basalt~ 
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Fig. 2. S i 4  vs K20 (a) and MgO (b) diagrams (all data after Dtruelle, 1982, 1991, 
except Bolivian Altiplano lavas. after Davidson and de Silva, 1995). 
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Fig. 3. Si02vs Th diagram (same data source as in fig. 2). Fig. 4. Si02vs Cr diagram 
(same data source as in fig. 2). 
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Sr, Ba, Ta, Th, U and rare-earth elements (fig. 3). They are also richer in Cr (fig. 4) and Ni. Their 
8 7 ~ r / 8 6 ~ r  ratios (0.7057-0.7063) are in the same range as those of lavas from El Negrillar minor 
eruptive centers in SCA (DCruelle et al, 1982) but are by far higher than those measured in SVZ alumina 
basalts (< 0.7045, Dtruelle et al., op. cit.). 

DISCUSSION AND CONCLUSIONS 

On the one hand, it is first noteworthy that the basalts studied here are the only ones recorded up 
to date upon the Chilean Altiplano of SCA, where stratovolcanoes are only made of andesites and 
dacites. On the other hand, it is clear that Chilean Altiplano basalts are different from those that built up 
SVZ stratovolcanoes. They are also different from NW Argentina shoshonites and furthermore to alkali 
basalts occuning farther East, away from the subduction zone. On the contrary they present similarities 
with Late Cenozoic basalts of the Bolivian Altiplano (Davidson and de Silva, 1995). They are 
characterized overall by very high chromium contents. 

Their magmatic specificity is probably related to a deep origin, and their eruption has been 
controlled by the Calama-Olacapato-El Toro shear zone. Nevertheless their deep source is probably of 
lithospheric nature (high Cr and moderate Ta contents) and a crustal contamination may have played a 
role in their genesis, as attested by their high 87~r186~r ratios when compared to those of extra-Andean 
Argentinian alkali basalts. 
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INTRODUCTION 

Licancabur volcano (22O56' S, 67O53' W) is located in the Central Volcanic Zone (CVZ) of the 
Andes, on the Chilean-Bolivian boundary (fig. 1). It looks like a 1500 m high almost perfect cone, 9 km 
base diameter, and a constant slope of 30". The total volume of the cone is 35 ICm3. Due to its location 
on the border of the Altiplano which dips in Chile towards the Salar de Atacama pull-apart basin, the 
western flank is better developed than the eastern one. Although this volcano is one of the most famous 
in Chile and Bolivia, it has not been yet the object of a detailed geological study (Dtruelle, 1979; 
Marinovic and Lahsen, 1984; De Silva and Francis, 1991). 

GEOLOGY 

A sketched geological map (fig. 2) based on field work and photo interpretation has been 
established. Licancabur is built upon Chaxas and La Pacana ignimbrite formations (Gardeweg and 
Ramirez, 1987). No historical activity has been recorded. Nevertheless all the lava flows are well- 
preserved and were not affected by glaciations. Some of them present pristine levees and ridges. The 
oldest lava flows (OLF) occur West and North and are partially covered by the lava flows that built up 
the cone (CLF). Some OLF are underbedded with pre-caldera Sairecabur lava flows. Avalanche deposits 
occur west of the cone. Numerous N130° faults, parallel to the Calama-Olacapato-El Toro lineament, 
affect the Licancabur and Sairecabur basement. 

PETROGRAPHY 

The most common phenocryst phase is plagioclase. Orthopyroxene phenocrysts predominate over 
clinopyroxene ones. Scarce subhedral olivine phenocrysts andlor amphibole, with some Fe-Ti oxides are 
also present. The basaltic andesite contains olivine phenocrysts (up to 6 mm) which are generally 
rimmed by orthopyroxene. No biotite has been found at Licancabur. 

MINERALOGY 

Olivine phenocrysts generally present normal zoning, with Fo 82 cores and Fo 69 rims. 
Orthopyroxene phenocrysts are also zoned with En 78 cores and En 70 rims. Clinopyroxene phenocrysts 



Third ISAG, St Malo (France), 17-1 91911 996 

Fig. 1.  Location of Licancabur volcano 
in the Central Volcanic Zone. 

Fig. 2. Geological sketch map 
of Licancabur volcano. 
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Fig. 3. Harker diagram for Licancabur lavas. 
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are mainly augite and scarce diopside. Plagioclase phenocryst compositions vary from An 78 to An 52 
(core) and An 74 to An 48 (rim). Scarce Mg-hornblende phenocrysts occur in some andesites and the 
dacite and are commonly rimmed with Fe-Ti oxides, plagioclase and pyroxene crystals. Phenocrysts of 
titanomagmetite are common whereas ilmenite ones are rare. 

GEOCHEMISTRY 

CLF are only andesites (56 SiO2 wt % < 63) and one dacite (L19, 64.84 SiO2 wt %). OLF are 
andesites and one basaltic andesite (L31, 55.69 Si02 wt %). In a Harker diagram (fig. 3), CaO and 
Fe203 distributions define a clear trend for all the lavas. On the contrary, TiO2, Al2O3, Na20, and P205 
show a rather scattered distribution. MgO contents permit to well distinguish between OLF (with higher 
MgO) and CLF. OLF present a good differentiation trend for K20 (from 1.7 to 2.2 wt %), whereas CLF 
are gathered around 2.5 K20 wt %, except the dacite which has higher Si02 and K20 contents. 
Transition element (CO, Cr, Ni) contents also allow to distinguish between OLF and CLF (fig. 4). 

Si02 wt % Si02wt % Si02wt % 

Fig. 4. Si02 - Cr, - CO, and - Ni diagams for Licancabur lavas. 
- .  

DISCUSSION AND CONCLUSIONS 

The geochemical data confirm that OLF and CLF are distinct. OLF are somewhat similar to oldest 
Sairecabur lavas (DCruelle, 1982) and also to shoshonitic lavas of NW Argentina, which erupted along 
the Calama-Olacapato-El Toro lineament, and were recognized as the result of magma mixing . 

(Diruelle, 1991). OLF are more basic and richer in transition elements than CLF. An origin of CLF as 
the result of various steps of mixing between OLF and L15 dacite magmas (see fig. 3, K20-Si02) is 
proposed. 
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INTRODUCTION 

The Late Oligocene - Early Miocene basic Tambillo lavas are located in the 
central Altiplano, between the Miocene to Recent subduction related volcanic arc and 
the Late Miocene-Pliocene peraluminous ignimbritic fields of Morococala and Los 
Frailes in the Cordillera Oriental (fig. 1). The Tambillo lavas extend for over 80 km, 
within a NNW-SSE belt, at the Eastern side of the Salar de Uyuni. Nevertheless, 
equivalent volcanic formations extend as far north as the BoliviaPeru border. The 
petrography, and major and trace element characteristics of the lavas evidence alkaline 
affinities which suggest particular processes in magma generation. 

GEOLOGY AND MINERALOGY 

The Tambillo lavas consist mainly of sills, dykes and lava flows; varying from 
basaltic to andesitic compositions. The hornblendite of Cerro Poke (23.621.3Ma) and 
the andesitic intrusive stock of Yarhui Koya (22.120.5Ma) correspond to the same 
magmatic event. 
The sill thickness varies from about 50 cm to 120 m; in the Serrania de Urachata (fig. 2) 
15 sills are currently mapped, with a total thickness of 500 m. The sills extend laterally 
from several kilometers to several tens of kilometers. Each sill shows very 
homogeneous mineralogy and grain size. Most of the sills are porphyritic; with 
pyroxene (2 1.5 cm) or plagioclase phenocrysts up to 3 cm. 
The dykes strike to the north-east and to the east and rarely to the north. Generally they 
show finer grain size than the sills; however, sometimes, they contain phenocrysts of 
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pyroxene or biotite up to 1 cm long. Some of the dykes contain millimetric to 
centrimetric mafic enclaves. 
The mineralogy indicates changes with the degree of differentiation; the Tambillo lavas 
contain abundant olivine in the most basic rocks, augite, calcic plagioclase, opaque 
minerals, apatite; biotite (phlogopite) and hornblende are more abundant in andesitic 
lavas. The lavas contains cumulus minerals, which may show resorption borders, 
evidencing disequilibrium and change during the stages of crystallization. 

GEOCHEMISTRY 

The rocks are silica undersatured, olivine- and nepheline-normative with high 
K20 (1.2-6%), Ti02 (0.7-2.25%), P205 (0.6-0.9%). The most basic rocks are 
relatively undifferentiated whereas some sills and dykes define trends with diverse 
ranges of differentiation, mainly by crystal fractionation. 
Incompatible LIL elements rare strongly enriched (up to 1300 ppm of Ba), but the 
element ratios (e.g., Lam, Ba/Nb) and Nb/Y versus Zr/P plot, suggest alkaline affinity 
rather than subduction related compositions (fig. 3). 
The chondrite-normalized patterns of the RRE show enrichment of LREE relative to 
HREE 9-20) with relative flat HREE segment (Sm/hN 2-5) (fig. 4). 

DISCUSSION 

Most of the samples show comparable patterns in the normalized spidergram 
which suggests a derivation from basic parent magmas with small degrees of partial 
melting of a garnet-bearing lherzolitic mantle source. Trace element compositions 
apparently preclude large amount of crustal contamination. 
As indicated by mineral zoning, cumulus phases, and trends in compatible element 
plots, etc., the Tambillo lavas result from variable degrees of fractional crystallization of 
relatively homogeneous magmas. 
The presence Oligocene alkaline magmatism located eastward of the calc-alkaline arc 
appears to be related to particular tectonic setting, with transtensional conditions. 
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Fig. 3: normalized incompatible element spidergram of Tambillo lavas 

*m--77-- 
Ba Rb Th K Nb Ta La Ce Sr Nd P Srn Zr Hf Ti Tb Y Trn Yb 

Fig. 4: REE normalized spidergram of Tambillo lavas 
(note the similarity between samples) 
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INTRODUCTION 

Extensive Neogene Patagonian plateau lavas (46.5" to 49.5"s; Fig. 1) are related to progressive 
opening of asthenospheric "slab-windows" associated with collisions of segments of the Chile Rise with 
the Chile Trench at 12 Ma and 6 Ma. Temporal and spatial variations in trace elements (Fig. 2), volumes 
of erupted magma, and Sr-Nd-Pb isotope ratios (Fig. 3) are consistent with a model in which variable 
melting percentages are produced by upward flow of an OIB-like, asthenospheric mantle through a 
northeastward migrating "slab-window" (Fig. 4). The asthenospheric mantle must have been 
anomalously hot andlor contained volatiles that lowered its melting point to explain the observed melt 
volumes and the high percentages of partial melting. 

TECTONIC SETTING AND RADIOMETRIC AGE CONSTRAINTS 

Abundant Neogene Patagonian mafic plateau lavas occur southeast of the modern Chile Triple 
Junction (46.2"s). about 100 to 400 km east of the volcanic arc gap between the Southern (SVZ) and 
Austral Volcanic Zones (AVZ) (Fig. 1). The Late Cenozoic tectonic history of the Chilean margin has 
been punctuated by the collision of Chile Rise segments with the Chile Trench (Fig. 1). 
Reconstructions of the oceanic tectonic history (Cande and Leslie, 1986), radiometric age dating of 
plateau lavas, and kinematic modeling of the subducting Nazca and Antarctic Plates (Ramos and Kay 
1992; Gorring et al. submitted) support a model in which these lavas erupted in response to the opening 
of asthenospheric slab windows that accompanied ridge collisions at 12 and 6 Ma (Figs. 1 and 4). 
Estimates of Neogene absolute plate motion vectors for South America (Minster and Jordan 1978; Cande 
and Leslie. 1986) indicate that these lavas do not represent a hotspot track produced by a deep mantle 
plume. Slab window magmatism is best developed in the backarc where ridge collision occurred at 12 
Ma (Fig. 1). In this region, two sequences of slab window lavas have been identified: 1) a voluminous, 
tholeiitic, Late Miocene to early Pliocene "main-plateau" sequence, and 2) a less voluminous, alkaline, 
latest Miocene to Quaternary "post-plateau" sequence. A 2 to 5 Ma hiatus separates main- from post- 
plateau sequences. Both main- and post-plateau lavas postdate ridge collision and become systematically 
younger (1 1 to 5 Ma and 7 to 2 Ma, respectively) to the northeast (Fig. 4). The geophysical. 
geochemical, and radiometric age data fit a slab window model in which main-plateau lavas track the 
passage of the trailing Nazca Plate edge, and are produced by strong asthenospheric flow into the opening 
slab window. Post-plateau lavas are produced by weak, upward flow in the slab window when it has fully 
developed (Fig. 4). Slab windows inferred to have existed south 49.5"s that were associated with mid- 
Miocene ridge collisions did not produce similar sequences of main-plateau lavas. 
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FIGURE 1 - Tectonic map 
of southern South America 
showing the distribution of 
Neogene slab window lavas 
(boxed area), and relative to 
other important tectonic 
features. Timing of ridge 
collisions (Cande and Leslie 
1986) and projected borders of 
individual slab windows are 
shown (dashed lines). 
Important xenolith localities 
(Pali Aike and Estancia Lote 
17) are also shown. Plate 
motion vectors (open = 
relative; filled = absolute) from 
Minster and Jordan (1978). 

TRACE ELEMENT CONSTRAINTS ON SLAB WINDOW MELTING 

Main- and post-plateau slab window lavas have OIB-like trace element characteristics ((LaIYb), > 1, 
Lf la  <20), are unlike MORB or SVZ arc lavas, and show little evidence for crustal contamination. 
Both sequences have similar incompatible trace element ratios (Th1L.a = 0.1 to 0.2, Th/U = 3 to 5), 
suggesting that the mantle source had relatively homogeneous trace element characteristics, therefore, 
trace element modeling can provide constraints on source region chemistry and spatial and temporal 
variations in melting percentages. In order to investigate source chemistry and chemical variability 
generated by melting percentages, trace element characteristics of these lavas are compared with 
nonmodal, incremental batch melting models (Fig. 2A-B). A trace element-enriched garnet Iherzolite, 
with 2 to 3x chondritic trace element abundances was used as the source. Trace element content of 
magmas were corrected for crystal fractionation by adding equilibrium olivine and clinopyroxene until 
major element compositions were in equilibrium with olivine of Fogo, and thus, represent the inferred 
trace element content of primary magmas. Fractionation-corrected samples match the trend of the melting 
model well, consistent with an enriched mantle source region with relatively homogeneous trace element 

FIGURE 2A-B - Plots showing trace element systematics of fractionation-corrected slab window lavas 
compared to a nonmodal, incremental batch melting model. Samples in B from the Meseta de la Muerte. 

Main- and post-plateau lavas show systematic temporal and spatial chemical variations (Fig. 2A) in a 
SW-NE transect across the backarc northeast of the 12 Ma ridge collision (Fig. 1). Main-plateau lavas 
from the southwest and central regions (Mesetas de la Muerte, Central, and Belgrano) can be modeled by 
the highest melting percentages (6 to 15%), whereas, post-plateau lavas can be modeled by much lower 
melting percentages (2 to 5%). In contrast, both sequences in the Northeast Region can be modeled by 
low to intermediate melt percentages (2 to 8%). Major elements (SiO2, TiO2, K20) correlate well with 
the trace element variations and with observed eruptive volumes. Depleted HREE signatures indicate 
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garnet is an important residual phase, even at high melting percentages. Melting within the garnet 
stability field and Fe0  contents of 9 to 11.5 wt% are consistent with melt generation depths in the 70 to , 

100 km range based on experimental and theoretical studies in the literature. 

ISOTOPIC CONSTRAINTS ON SLAB WINDOW MAGMA SOURCE REGIONS 

Sr, Nd, and Pb isotopic ratios of southern Patagonian slab window lavas have strong affinities with 
southern hemisphere OIBs with positive Dupal Pb anomalies (Fig. 3A-B) that are interpreted to reflect 
the OIB-like mantle source. Ranges of isotope ratios are similar for main- and post-plateau lavas 
( 8 7 ~ r / 8 6 ~ r  = 0.7036 to 0.7047, &~, j  = +4.8 to -0.5, 2 0 6 ~ b / 2 0 4 ~ b  = 18.28 to 18.87, 2 0 7 ~ b / 2 0 4 ~ b  = 
15.58 to 15.65, and 2 0 8 ~ b / 2 0 4 ~ b  = 38.2 to 38.8). Regionally distinctive features are higher 87srlg6sr 
and lower E N ~  and 2 0 6 ~ b / 2 0 4 ~ b  ratios than for both Neogene slab window lavas from the Antarctic 
Peninsula (Hole et al. 1995), and Plio-Pleistocene lavas from Pali-Aike (Fig. 1; Stern et al. 1990). 
Patagonian slab window lavas also have lower 8 7 ~ r / 8 6 ~ r  ratios at a given E N ~  than most mafic arc lavas 
of the southern SVZ (Lopez-Escobar et al. 1993), consistent with the lack of significant contamination 
by subduction-related fluids. Evidence for crustal components is also lacking in that Sr and Nd isotope 
ratios do not correlate with parameters sensitive to crustal processes (i.e. Si02, MgO, ThILa). However, 
both main- and post-plateau lavas from the east-central backarc have consistently lower 2 0 6 ~ b / 2 0 4 ~ b  
ratios than lavas from the western backarc (Fig. 3B). This may reflect minor assimilation of lower 
crustal components that have distinct Pb isotopic compositions due to variations in basement age. The 
lack of evidence for large amounts of crustal components indicates that the OIB isotopic signature of 
these lavas is subcrustally derived. Based on the relatively "depleted" Sr-Nd isotopic signature of southern 
Patagonian mantle xenoliths thought to represent the lithosphere (Stern et al. 1989; Fig. 3A). the 
"enriched", OIB-like signature is most likely derived from the asthenosphere. 

FIGURE 3A-B - Plots showing Sr, N'd, and Pb isotopic data for slab window lavas (symbols as in 
Fig. 2). Fields for other volcanics and lithospheric xenoliths are from the literature and our unpublished 
data. NHRL is the Northern Hemisphere Reference Line. 

IMPLICATIONS FOR THE SOUTHERN PATAGONIAN SLAB WINDOW MODEL 

The geochemical data fit a slab window model in which main-plateau lavas track the passage of the 
trailing Nazca Plate edge and are produced by strong asthenospheric flow (Fig. 4). Spatial and temporal 
variations in major and trace elements document a northeastward decrease in percent partial melting, total 
volumes of melt produced, and average depth of melting that generated the main-plateau sequence. This is 
consistelri with 1) thicker lithosphere beneath the eastern backarc, and 2) suppression of slab window 
flow as the plate edge is subducted to greater depths. Post-plateau lavas erupt when the slab window is 
fully develope.' and are produced by weaker, residual slab window flow (Fig. 4) and show little significant 
spatial or temporal variation, suggesting that percentages and depths of melting were similar across the 
backarc. Based on trace element modeling and Fe0  contents, and estimates of lithospheric thicknesses, 
melt generation and final equilibration would have occurred in the asthenosphere, at depths of 70 to 100 
km. Thus, the Sr, Nd, and Pb isotope ratios of southern Patagonian slab window lavas are interpreted to 
reflect a dominant OIB-like, asthenospheric source. Two models could explain OIB-like asthenospheric 
mantle beneath southern Patagonia: 1) the entrainment of a pre-existing, weak plume-like feature (Fig. 
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MULTIPLE MAGMA SOURCES IN THE TAITAO PENINSULA REGION 
(46"-47"S, CHILE TRIPLE JUNCTION). 

Chnstkle GUIVEL (l), Yves LAGABRZELLE (l), Jacques BOURGOIS (2), Rent MAURY (l), Hem6 
MARTIN (3), Nicolas ARNAUD (3), Joseph COlTEN (l). 

(1) URA 1278, Universitt de Bretagne Occidentale, 6, Avenue Le Gorgeu, 29287 Brest Ctdex, France. 
(2) CNRS, Universitt Pierre et Marie Curie, Boite 119, 4, place Jussieu, 75252, Paris Cedex 05, France. 
(3) URA 10, Universitt Blaise Pascal, 5, rue Kessler, 63038, Clermont-Ferrand, France. 

KEY WORDS : Ridge subduction, forearc magmatism, contamination, slab melting sources. 

INTRODUCTION 

During the Pliocene, the subduction of the Chile ridge beneath the South American margin was coeval 
with the emplacement of magmatic suites and possible ophiolite obduction close to the trench axis 
(Taitao Peninsula). The chemical characteristics of the plutons and volcanic rocks indicate that magmas 
originated either from mantle sources, or from slab melting, or directly from the subducted spreading 
center interacting with the overlying Chile margin continental crust. 
Based on field data and geochemical characteristics, 5 categories of magmatic products can be 
distinguished among the plutonic-volcanic suites exposed in the Taitao region. 

l. The Bahia Barrientos ophiolite. The Bahia Barrientos ophiolite includes mantle peridotites, 
gabbros and rare doleritic dikes. The gabbros show depleted N-MORB REE pattern (i, fig.2). Precise 
geochronological data from the ophiolitic rocks are not available yet, 2 WAr ages around 13 Ma and 6 
Ma have been obtained on a hornblendite vein and a doleritic dike respectively (Bourgois et al., 1993; Le 
Moigne, 1994). Elements of the ophiolite complex are also found as exotic fragments of various size 
included in later intrusions. Gabbros and doleritic lenses are included in the Seno Hoppner pluton. 
Dolerites are present as inclusions in granodiorite magmatic breccias well exposed along the western coast 
of the Tres Montes Peninsula. Numerous decarnetric fragments of gabbros and dolerites are included in the 
acidic dike complex exposed in the central part of the Taitao Peninsula. 
2. The volcano-sedimentary units. The Pliocene Chile Margin unit (CMU) (Fig. l) ,  4-6 km 
thick, consists of interbedded sedimentary and volcanic material showing numerous evidences for 
deposition in shallow-water environment. It unconformably overlies the pre-Jurassic metamorphic 
basement of the Chile margin. The Main Volcanic Unit (MVU) consists of pillow-lavas and associated 
sediments that accumulated also in a shallow water environment. It differs from the CMU by a well 
developped greenschist metamorphic overprint and the lack of pyroclastic material. The MVU and CMU 
flows show a large range of composition including N-MORB, E-MORB, and calc-alkaline lavas (h,k,l, 
fig. 2). The MVU and CMU volcanic suites result of eruptions of magmas originating from the 
downgoing active spreading center buried at shallow depths, and uprising through the Chilean continental 
basement. These magmas were affected by various degrees of upper crustal contamination coupled with 
fractional crystallization during their ascent and possible storage within the Chilean continental crust 
(Lagabrielle et al., 1994). 
3. The acidic dike complex (central area). A sheeted dike complex is exposed in the central part 
of the Taitao Peninsula. The dikes intruded the gabbros and associated dolerites of the Bahia Barrientos 
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ophiolite. They show dacitic to rhyolitic compositions and have REE pattern typical of calc-alkaline 
series (g, fig.2). Polymict volcanic breccias with a rhyolitic matrix exposed in the central part of the dike 
complex were emplaced subsequently above the previously eroded dikes. They include angular fragments 
of granite and subordinate coarse grained ophiolitic dolerites (Fig. l). 
4. The Taitao plutonic intrusions. The plutonic suite includes 5 plutons (Cabo Raper, Seno 
Hoppner, Bahia Barrientos, Estero Cono and Tres Montes). Contact between intrusions and surrounding 
units are tectonic at many localities, but primary magmatic relationships are preserved locally. Granite 
fragments present within the rhyolite breccias (Fig. 1) belong to the plutonic suite. The Cabo Raper 
pluton, located less than 17 km landward from the trench axis, is a biotite and hornblende bearing 
granodiorite. WAr data on separate biotite from two samples yield ages of 5 f  l Ma and 4.8kO.3 Ma. The 
chemical characteristics of the Cabo Raper pluton and samples from the Tres Montes intrusives are 
similar to those of adakitic or 'ITD suites which are believed to derive from partial melting of metabasalts 
under amphibolite-eclogite transition PT conditions (Kay et al., 1993). The Seno Hoppner pluton is a 
fine to medium grained granite. It displays typical characteristics of calc-alkaline series and most probably 
originated from the partial melting of the forearc mantle wedge. WAr ages obtained from biotite and 
feldspar are 5.9f0.5 Ma and 6.8f0.2Ma respectively. The present day location of the intrusions at less 
than 30 km from the trench axis is a possible result of strong tectonic erosion in relation with ridge- 
subduction (Bourgois et al, in press). 
5. The Pliocene volcanic edifices. Volcanic and hypo-volcanic edifices (volcanoes, stocks, 
calderas) are present in the eastern part of the studied area in a region laclung extensive deformation. 
Radiometric ages obtained on two edifices (Pan de Azucar, the Fiordo San Pedro Caldera) range from 
3.8f0.8 Ma to 5. l f  1.3 Ma (Mpodozis, 1985). The geochemical compositon of the Pan de Azucar and 
Fiordo San Pedro volcanoes are similar to that of the Cabo Raper pluton with typical HREE low values. 

CONCLUSION 
The Mio-Pliocene Taitao magmatic suites are characterized by a wide range of chemical affinities and 
display a large number of possible sources (MORBs, contaminated MORBs, slab melting-derived 
magmas, calc-alkaline magmas). The origin of the various magmatic component is closely linked to the 
active ridge subduction which occured between 6 and 2 Ma. The Taitao Peninsula units allow to better 
constrain (1) the sources of near-trench plutons and associated volcanic rocks, (2) the massive removal of 
forearc material from the ovemding plate, both being two major consequences expected from spreading- 
ridge subduction. 
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Introduction 
The North Patagonian Batholith is a complex elongated batholith in the Andes of 

Southern Chile, parallel to the continental margin and forming the basement of the 
present day volcanic arc. In the Aysen region (43" to 47OS Lat.), it is >l00 km wide, 
and exhibits a marked E-W age zonation. Pressures of crystallization, determined 
mainly by the Al-in-hornblende geothermometer, are presented and compared with the 
ages of crystallization determined by the Rb-Sr whole-rock method. The pattern of 
calculated uplifVdenudation rates is related to the tectonics of the continental margin. 

Geochronology 
A summary of available geochronological data for the granitoids of AysCn was 

presented by Pankhurst and HervC (1994), revealing a systematic spatial distribution of 
ages within the batholith. The western margin of the batholith is of Early Cretaceous 
age, particularly in the southern part of the area. The eastern margin of the batholith is 
mainly mid-to-Late Cretaceous, although Early Cretaceous ages are also present in the 
northern area and plutons with ages close to 10 Ma also occur as satellite bodies to the 
east of the main batholith. The median zone is characterised by plutonic events at ca. 
45 Ma, 25-15 Ma and 10 Ma or less, representing discrete stages in the establishment 
of the present-day subduction regime (Pankhurst et al., 1995). 

Geobarometry 
Crystallization pressures were calculated from electron microprobe analysis of 

hornblendes from 18 samples (Schmidt, 1992). All samples contained the buffer 
mineral association prescribed for valid calibration of the method. Geothermometric 
determination (Blundy and Holland, 1990) indicated essentially magmatic temperatures 
of mineral equilibration in all samples (600-774°C). Spatial distribution of samples 
was limited by the compositional and sampling restrictions. The results are shown in 
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Table 1, together with calculated average uplift rates asurning the indicated ages of 
crystallization of the magmas. The suggested error in calculated pressures is k0.5 kb 
(i.e. 1.9 km in terms of depth). Most of the samples were collected at sea level, those 
inland were at altitudes less than 0.7 km. 

Eastern Margin 
Lago Verde 
Rio Toqui 
Rio Murta 
Las Llaves 
Central Part 
Rio Cisnes 
Bahia Erasmo 
Bahia Erasmo 
Bahia Exploradores 
Rio Palena* 
Cholgo* 
Rio Mariquita* 
Western Margin 
Estero Vidal 

Pressure Depth Uplift1 
denudation rate 

(mmfyr) 

Table 1. Pressure, depth and uplifVdenudation rates as determined in this study. Pressures are averages 
for 2 to 6 hornblende analyses for each sample (Lago Verde is an average of 5 samples). Pressure for 
Rio Cisnes was derived on phengite. An asterisk (*) denotes samples from north of the area of Fig. 1. 

Discussion and conclusions 
The crystallization pressures obtained are within middle to upper crustal range, 

consistent with the epizonal to mesozonal characteristics of the studied intrusive rocks. 
The shallowest intrusions are those of Lago Verde and Paso Las Llaves, both of which 
have well developed rniarolitic cavities, considered indicative of shallow emplacement. 
Pressures determined by fluid inclusion analysis in the Paso Las Llaves pluton (Vargas 
and Herve, 1995) are consistent with the Al-in-hornblende results. The rest of the 
plutons were emplaced at depths greater than 10 km and some more than 20 km. 

The average upliftldenudation rates obtained are around 0.1 to 0.2 d y r  for both 
western and eastern marginal zones of the batholith. Deeper emplacement of plutons in 
the western margin is in keeping with their intrusion into Late Palaeozoic metamorphic 
rocks, whereas those of the eastern margin intrude volcanic sequences deposited over 
such basement. Thus, the present day exposed margins of the batholith represent 
different levels of emplacement and erosion. 

Average uplift rates one order of magnitude higher (0.7 to 3.1 d y r )  were 
calculated for the Tertiary plutons in the central zone of the batholith. Deeper levels of 
emplacement are also indicated for these plutons (average 16 km) compared to those of 
the Late Cretaceous eastern margin (10 km). The Miocene plutons are spatially related 
to the Liquiiie-Ofqui Fault Zone, where tectonic activity has been effective from at least 
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Mid-Tertiary times (Hewe et al., 1995). Igneous bodies were differentially transported 
upwards at high rates along this dextral strike slip fault zone in the Late Cenozoic, a 
feature characteristic of "flower" structures in transpressive environments. This central 
zone with rapid uplift rates coincides with the present main topographic range of the 
Andes, for which Holocene uplift rates of 4-10 d y r  have been independently 
suggested (Hewe & Ota, 1993). 

Uplift/denudation rates for the last 20 Ma are much higher in the Andes of Aysen 
than in the main Andean cordillera near Santiago (0.15-0.26 d y r ;  Skewes & 
Holmgren, 1993). In contrast, the height of the range is much greater in the latter area 
(6 km) than in Aysen (3 km). If subduction parameters were comparable in both areas, 
climatic difference may have been a factor in allowing and sustaining higher uplift/ 
denudation rates in AysCn. 
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A barrier to understanding Andean magmatic source regions and processes in the Puna- 
Altiplano plateau has been a lack of chemical constraints from primitive and near-primitive mantle- 
derived magma. The observation is that Miocene and younger magmas erupted through the 
thickened crust of the plateau show enriched isotopic and trace element sijpatures. These chemical 
sijpatures have been variably ascribed to old enriched mantle, subducted sediment, subducted 
tectonically eroded forearc crust, in situ crustal contamination, or some combination of these 
processes (see review by Kay and Abbruvi 1996). The purpose here is to address the nature and 
evolution of the mantle source region by examining the chemistry of primitive Plio-Pleistocene and 
Oligocene mafic magmas from the southern Central Volcanic Zone (CVZ). The data indicate that 
the Puna mantle has been enriched through the subduction process since the Late Oligocene. The 
existence of primitive Plio-Pleistocene mafic magmas in the region of highest average elevation in 
the Central Andes also raises questions as to how dense magmas rise through thickened crust. 

T E f f O N I C  SEl-I'KNG O F  THE MAFIC MAGMAS 

The lavas considered here outcrop in the reion of the southernmost CVZ near 27" S (Fig. 1). 
The Oligocene lavas occur in the forearc of the modern C V 2  in the Segerstrom belt (26" 52', 
68" 49'). They sit backarc to the main andesitic-dacitic Oligocene volcanic arc (see Kay et al. 1994) 
and are among the early lavas erupted in the modern Andean magmatic cycle. These lavas 
constitute one of the scattered occurrences of Oligocene backarc mafic lavas that extend from at 
least 30" S to 22"s latitude. Two samples yield whole rock K/Ar ages of 24.M0.9 and 24.30.9 Ma. 
The Plio-Pleistocene magmas erupted some 50 km to the east in the modern CVZ volcanic arc 
from mafic cinder cones on the flanks of the Incahuasi (top at 6610 m) and San Francisco volcanic 
centers near 26.9" S, 68.25" W latitude. Their young morphology and their superposition over 
dacitic lavas on San Francisco dated at 1 2 0 . 7  Ma limit their age to < 2 Ma. The cinder cones 
are at a minimum elevation of 5000 m. 

These Pleistocene lavas as well as other young Puna basaltic and basaltic andesite lavas have 
erupted from cinder cones and fssure flows associated with normal/strike slip fault zones. The 
fault zones separate major crustal blocks and are major zones of crustal weakness. The San 
Francisco and Incahuasi region flows are some of the mafic flows near the northeast-trending fault 
zone which includes the Escarpe Robertson fracture of Gonzalez-Ferran et al. (1985) and extends 
northward towards the elongate, fault-controlled Salar de Antofalla. The most mafic Puna flows 
are Late Miocene to Pleistocene in age and overlap the most recent period of motion on these 
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Figure 1. Map of central 
Andes showing mafic lava 
sample sites relative to 
m o d e r n  t e c t o n i c  
framework. Circles are 
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volcanic centers. Modern 
active Central Volcanic 
Zone terminates at Ojos 
de Salado volcano on 
southern edge of dot 
marking location of 
Incahausi and San 
Francisco volcanoes. 

F i e r e  2 - Extended trace 
e l e m e n t  p a t t e r n s  
normalized to MORB for 
volatile elements and 
chondrites Factors (ppm): 
K (116), Ba (3.77), Sr 
(14), U (0.015), Th (0.05), 
Ta (0.02), La (0.378), Ce 
(0.976), Nd (0.716), Sm 
(0.23), Eu (0.0866), Tb 
(0.589), Yb (0.249) and Lu 
(0.0387). Data in Table 
1. 

Figure 3 - Plot of cNd 
versus 8 7 ~ r / 8 6 ~ r  for 
Oligocene Segerstrom and 
Pleistocene Incahuasi and 
San Francisco lavas 
relative to Cretaceous 
alkaline, Oligocene arc, 
southern CVZ mafic 
( ~ 6 0 %  SO2) and Puna 
shoshonitic lavas, and 
Cerro Galan ignmibrite to 
east. Note Incahuasi and 
San Francisco data overlap 
southern CVZ mafic lavas. 
Data from Kay et al. 
(1994), Kay and Abbruzzi 
(1996), Francis et al. 
(1989) and references 
therein. 
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faults. Kay et al. (1994) have proposed that this fault motion is genetically linked with catatrophic 
loss ("delamination") of continental Puna lithosphere since the Late Miocene. 

CHEMISTRY OF THE MAFIC LAVAS: EVIDENCE FOR NEOGENE MANTLE 
ENRICHMENT AND MIXING WITH PONDED SILICXC MAGMA IN THE THICKENED 
CRUST 

The primitive nature of the Oligocene and Pleistocene lavas whose analyses are shown in 
Table 1 is indicated by their low FeO/MgO ratios, their high MgO (>9%), Cr (500 to 690 ppm) 
and Ni (155-200 ppm) concentrations, and their phenocryst populations. In detail, the most mafic 
Oligocene basalt (CC320c - 49% SO2) has a higher FeO/MgO ratio (1.0 versus 0.8) and less 
primitive phenocrysts (olitine - Fo82; clinopyroxene - En46Fs9Wo45; plagioclase - AN72) than the 
Pleistocene lavas (CC339 and C m ) .  The Pleistocene lavas are characterized by about 53% 
SiO primitive FeO/MgO ratios (0.77-0.82), primitive phenocrysts (olitine: F088-89; clinopyroxene: 
~ n 8 ~ s 8 ~ 0 4 4  - CC339 only) that are in equilibrium with a magma of the whole rock composition, 
and a lack of plagioclase phenocrysts. 

Comparison of the 
Table 1 - COWPOSITIONS OF NEAR PRIMITIVE PUNA MAGMAS O l i g o c e n e  a n d  

Plisocena Pleistocene Pleistocene magmas 
Segerstrom Incahuasi San Fran. 140delx L. Verde 

OC S s  aqma V3 6 suggests that the 
sio2 49.18 53.55 53-08 48.49 74.00 Pleistocene magmas are 
TiO 1.24 0.90 1.19 1.39 0.30 from a more enriched 
A1 6, 15.32 14.80 14.81 15.12 13.39 
~ e 6  9.64 7.22 7.40 8.72 1.28 

mantle source then the 
MnO 0.14 0.13 0.15 0.17 0.06 Oligocene magmas. 
MgO 9.09 9.36 8.99 10.88 0.36 E)idenct7 coqg; from 
CaO 10.18 8.33 8.36 9.91 1.29 
Na 0 2.73 2.97 3.14 2.96 3.97 

1.29 1.57 1.86 1.36 4.16 
I~!$~~/IG~ 

K26 
lower 

P2°5 0.31 0.28 0.31 0.35 0.15 ratios (Fig. 3) and higher 
Volatiles 0.43 0.45 
Total 99.55 99.11 99.29 99.35 

normalized light REE 
99.41 

~a 16.9 39.1 40.9 41.4 38.4 and Ba levels (Fig. 2) at 
ce 36.5 79.9 83.7 85.0 77.6 roughly the same heavy 
Nd 17.8 33.3 37.0 39.7 24.9 
Sm 4.22 6.07 6.77 7.11 5.2 

REE level. As discussed 
EU 1.23 1.37 1.49 1.65 0.75 below, this "enrichedu 
~b 0.654 0.681 0.770 0.839 0.456 component is difficult to 
Yb 1.78 1.81 2.13 2.20 1.82 
LU 0.243 0.254 0.279 0.291 0.228 
S r 471 618 579 67 5 14 1 
Ba 276 4 50 460 396 750 
CS 0.57 0.93 0.92 9.8 
U 1.1 1.7 1.7 10.4 
Th 4.0 6.2 7.2 29.7 
HI 3.0 4.0 4.1 4.1 4.4 
Ta 0.69 0.90 1.4 1.3 2.1 
SC 31.7 23.4 23.6 28.0 3.0 
Cr 689 602 507 618 <l 
Ni 155 197 188 229 <l 
f o  C 6 37 37 4 5 1 
FeO/MgO 1.06 0.77 0.82 0.80 3.55 
Ba/La 16.4 11.5 11.2 9.6 19.5 
La/ Sm 4.0 6.4 6.0 5.8 7.4 
La/Yb 9.5 21.6 19.2 18.8 21.1 
Eu/Eu* 0.92 0.79 0.76 0.83 0.55 
La/Ta 2 4 4 3 2 9 3 2 18 

4.0 3.6 4.2 2.9 
nJ:d/144Nd 0.512857 0.512538 0.512525 0.512544 0.512389 

+4.3 -2.0 -2.2 -1.8 -4.9 
!3r/8:8rpb 0.703978 0.705230 0.705797 0.705782 0.706500@ 

2 0 7 ~ ~ / 2 0 4  
18.979 18.890 18.90 

208$$204$ 38.976 15.618 39.008 15.631 39.04 
15.67 

*Model - composition calculated by subtracting 182 of Laguna 
Verde Ignminbite LV364 from San Francisco lava CC340. 

@isotopic composition approximated from other ignimbrites in 
region. Referenced to eNd. 

explain solely by crustal 
contamination in the 
thickened Puna crust. 
The data support an 
enriched mantle source 
as predicted by modeling 
of less primitive CVZ 
back-arc lavas by Francis 
et al. (1989), Mantovani 
and Hawksworth (1990), 
and Kay et al. (1994). 

That is not to say 
t h a t  n o  c r u s t a l  
contaminants enter the 
Pleistocene magmas as 
they ascend In fact, their 
relatively high SiOZ 
contents (53%), thelr 
negative Eu anomalies 
despite a lack of 
plagioclase phenocrysts 
and high Sr contents 
(>600 ppm), and their 
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sparse feldspar and quartz xenocrysts are best explained by a crustal contaminant (see also Kay et 
al. 1994). Addition of = 18% of a silicic crustal melt like the nearby Pliocene Laguna Verde 
ignimbrite (74-77% SO2; Table 1 and Fig. 2), seems a likely process. Removing such a component 
from the Pleistocene lavas results in a primitive magma (Table 1) that differs primarily in having 
lower Si02 (48.5%), (l.%%), U, and Th, and higher MgO (10.9%) and C a B  ( 9 3 p )  
concentra i S I ortantly, the "enriched" source signals of the Pleistocene lavas - high Sr/ Sr 
and low i@fjd/%d ratios and REE pattern (Figs. 2 and 3) - are little modified by such a 
process. The model is not perfect as too much U and Th is removed and a negative Eu anomaly 
remains. The model is somewhat improved by a silicic component with a larger Eu anomaly and 
lower U and Th contents. However, the lower Sr and REE contents of such a contaminant would 
have even less effect on the "enriched" signal of the mantle-derived magma. 

The best explanation is that the Pleistocene magmas are primitive mantle-derived magmas 
that mixed on ascent with pockets of silicic melts ponded at levels in the crust where both feldspar 
and quartz were crystallizing. The presence of only sparse olivine phenocrysts and the near 
primitive character of the San Francisco lava shows that only a small amount of fractionation 
occurred and that ascent was rapid. This is more consistent with contamination being primarily 
through mixing with ponded silicic magmas rather through fractionation-assimilation (AFC) 
processes. Even extreme AFC models like that of Aitcheson and Forrest (1994) have problems 
producing these magmas if the Laguna Verde ignimbrite is representative of the contaminant. The 
conclusion of an enriched mantle beneath the southern Puna in the Pleistocene seems inescapable. 

The Late Oligocene Segerstrom basalts put a timescale on this mantle enrichment as they are 
derived from a less enriched mantle. Other support for at least pos Cretaceous enrichment 
comes from the depleted isotopic signatures (modern day ratios - '$;;'b",r = 0.7033; r Nd = +5) 
in - 85 Ma lavas from the Salta region east of the Puna (Kay et al. 1994). The mechanism of 
mantle enrichment must thus be linked to the Neogene subduction process. 
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APPENDIX - ANALYTICAL METHODS 
Major elements by electron microprobe at Cornell Univ. (CC339, CC340) and by atomic 

absorption and wet methods at Chilean survey (CC320c; LV364). Trace elements by Instrumental 
Neutron Activation Analyses (INAA and 'sotopic ratios on VG Sector ectrometer at 
Cornell University. Sr norm 86Sr/8'Sr = 0.1194. Standard valuer: @l'8Sr on NBS987 
= 0.710265 (2.000036) and 9B5',"dd;94%d on La Jolla + 0.511847(20.000036). r Nd based on La 
Jolla at -15.15. Within-run 20 errors = 2 0.000005 to 0.000007. Pb ratios corrected for mass 
fractionation using 206~b/m%'b = 16.937, 207~b/20%'b = 15.493, and 2 0 8 ~ b / 2 0 4 ~ b  = 36.705 for 
NBS SRM981. 

This project was supported by the US National Science Foundation (EAR-9508023) and the 
Chilean FONDECYT (1950025). The paper is a contribution to IGCP project 345. 
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Introduction 

Mantle xenoliths derived from the sub-arc mantle have been erupted with Quaternary basalts at the Cerro 
del Fraile, 25 km to the east of the Holocene Andean volcanic front in the Southern Andes (50's). Their 
petrographical and chemical investigation provide information on the composition and thermal structure, 
and on metasomatic and magmatic processes of the mantle wedge beneath the Southern Andes. 

This study reports the major and trace element chemistry of 20 characteristic xenolithes as determined 
by XRF and ICP-MS analyses. The major element composition of mantle minerals in 20 selected 
xenoliths was investigated by electron microprobe. 

Results  

On the basis on their mineral and chemical composition the mantle xenoliths can be devided into three 
groups: (1) Spinel-harzburgites are chemically depleted compared to a primitive mantle (Hofmann 1988). 
They have low contents of CaO (< 2 wt.%) and A1203 (> 2 wt.%), high Mg# (>go) and relatively low 
contents of Y (< 1.2 ppm), HRE (e.g. Yb <0.15 ppm) and HFS elements. Compared to the HFS element 
content (Ta, Nb, Ti) the LIL element concentrations (Ba, Rb, K, Sr) are significantly higher suggesting a 
metasomatic overprint. Geothermometry (Brey & Kohler 1990) indicate that these rocks equilibrated at 
pressures from 0.7 to 2.1 GPa and at temperatures between 900°C and 1040°C. (2) Spinel-lherzolites are 
chemically less depleted than harzburgites (higher contents of CaO, Al2O3. REE and HFS elements). The 
mineral texture is often heterogeneous and the mineral chemistry variable suggesting local enrichment 
processes at different scales. Veins in the lherzolites are composed of clinopyroxene, apatite, phlogopite 
and rutile. Some lhemlites contain tiny patches of glass forming interconnected networks along grain 
boundaries. The melt from which the glass derived reacted selectively with lherzolitic clinopyroxene and 
spinel. The glass is tonalitic in composition and not in chemical equilibriuum with olivine or 
clinopyroxene. Chemically it can not be inherited from the host basalt. (3) Olivine websterites and 
pyroxenites which are chemically and mineralogically variably enriched compared to primitive mantle. 
Peridotitic components in the websterites are chemically comparable to the harzburgites. Relictic 
chemical equilibria indicate temperatures between 950°and 1040°C, which are comparable to those of the 
harzburgites 

Conclusion 

The trace element budget of the harzburgites can be explained by 20-25% melt extraction of a fertile N- 
MORB mantle (Pearce et al. 1995). The LIL element enrichmet in the harzbugites is due to a 
metasomatic process probably related to the subduction of the Antarctic plate under the most southern 
Andes. 

Chemical and petrographical evidences of spinel Iherzolites sugbest that they were formed by different 
magmatic and metasomatic enrichment processes (different melt types and fluids) modifying previously 
depleted peridotites. The chemical disequilibrium in most lhemlites may suggest that the enrichment 
process is relatively young (Tertiary ?). Patches of tonalitic glass observed in some lherzoliths may by be 
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due to melt infiltration from a deeper, probaly eclogitic source (Antarctic Plate: Stem & Kilian 1996). 
The glass composition (60.0 wt.% Si02, 5 - 6 wt.% Na20, 5 - 7 wt.% CaO, 19-21 wt.% M2o3; Mg# 
82-87) can be inherited from a trondhjemitic melt (with low Mg# 25-40, and low CaO/NazO <l ) derived 
from the subducted Antarctic plate which has selectively assimilated 20-25% clinopyroxene, 10-12% 
spinel. 3% olivine and 3% orthopyroxene (relative to the mass of the primary melt) during ascent trough 
the mantle wedge. 

Olivine websterites and pyroxenites were formed by basaltic melts infiltrating the peridotitic mantle. 
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INTRODUCTION 

The Salar de Antofalla volcanic field (SAF) is a huge area of Miocene to recent calcalcaline 
volcanism located in NW Argentina ( about 26" S, 67" W) at the southern end of the Andean Central 
Volcanic Zone (CVZ) (Fig. 1). It is emplaced within the southern part of the Puna high plateau and belongs 
to the back arc region of the CVZ. Volcanic structures comprise large Middle Miocene - Pliocene 
stratovolcanic complexes with andesitic to dacitic rocks and Pliocene - Pleistocene monogenetic mafic 
scoria cones and associated lava flows. Whereas the younger mafic cones are structurally controlled and 
affected by N-S and NNW-SSE trending strike-slip and normal faults, the older stratovolcanoes are aligned 
with a NW-SE-lineament but are not affected by true faulting. It is one of the lineaments transverse to the 
Andean mountain chain which segment the southern argentine Puna (Alonso et al., 1984). 

Currently detailed age and geochemical information on the stratovolcanic complexes is lacking 
whereas data of the monogenetic mafic rocks are interpreted in terms of delamination processes (Kay et al., 
1994) and to show both subduction and within-plate geochernical signatures (Thorpe et al., 1984). 

Here we discuss new geochernical data on the stratovolcanoes and scoria cones in relation to 
contemporaneous volcanic rocks of the Andean cordillera in the west. 

SAMPLE LOCATIONS, PETROGRAPHY AND AGE 

Three stratovolcanic complexes (Cerro Archibarca, Tebenquicho, Beltran) have been sampled 
which are aligned together with Cerro Galan at the NW-SE trending Archibarca-lineament (Salfity et al., 
1985). They consist of andesitic to dacitic domes and flows constructed above a basal platform 
(Tebenquicho, Beltran) or associated with an older ring structure (Archibarca). Sampling covered both 
platforms as well as flows and domes. Age relations are constrained by erosional state and by two K-Ar age 
determinations. Tebenquicho is the oldest complex (12.0 Ma, Gonzales, 1983), followed by Beltran (7.7 k 
0.2 Ma, K-Ar on biotites) and Archibarca volcanics. Additionally to the Archibarca lineament volcanics 
(ALV) the basal andesitic lava flow of Cerro De La Aguada volcano has been sampled which forms part of 
the contemporaneous Antofalla stratovolcanic complex 30 km to the south of ALV. 

The predominant mineral assemblage of all volcanics is plagioclase-biotite-hornblende-magnetite 
with minor quartz-apatite-(Beltran: titanite) in the dacites and minor orthopyroxene-clinopyroxene in the 
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andesites. Fe-Ti-oxides are common to all samples. Disequilibrium textures comprise resorbed quartz and 
plagioclase grains. 

The monogenetic mafic rocks sampled are localized predominantly at the eastern side of the Salar 
de Antofalla but also occur at its southern end and to the northwest. They are basaltic to andesitic in 
composition and have typically a microcrystalline/glassy matrix with 5-10 vol-% phenocrysts. These 
comprise olivine, clinopyroxene and orthopyroxene in basalts/'basaltic andesites and mostly plagioclase with 
olivine, clinopyroxene and orthopyroxene as microlites in the andesites. As noted by former workers 
(Pichler & Zeil, 1972, Kay et al., 1994) quartz and plagioclase often occur as xenocrysts up to 2 cm 
showing disequilibrium textures as pyroxene rims and embayment by resorption. 

The oldest rocks of this type overlying discordantly folded evaporites were dated with 5,6 f 0,3 
Ma (K-Ar on whole rock sample). 

WHOLE ROCK GEOCHEMISTRY 

1. Major and trace elements 
According to their whole rock composition the volcanic rocks of the SAF region classify as high- 

K calcalcaline basalts to dacites. Major and trace elements show similar ranges and trends displayed by the 
Cerro Galan complex (Francis et al., 1989). Archibarca rocks show at given silica content enrichment in 
A2O3 relative to Beltran and Tebenquicho rocks. This correlates with slightly higher CaO and Sr contens 
and has to be interpreted as a higher plagioclase content. Archibarca rocks show also higher HFSE (Zr, 
Nb, Ta, Y) and lower compatible element (Sc, Ni, Cr, V) contents and have a tendency to higher LaISm 
and lower LatYb ratios relative to Beltran and Tebenquicho rocks. This could be due to variation in source 
composition, crystal fractionation or magma mixing. 

At given Si02 or K20 values Ba contents are higher in Archibarca rocks but Th, Pb, Rb and CS are 
lower. It has to be noted that potassium feldspar is absent in ALV rocks. Furthermore in a plot Nb/Ta vs 
Zr/Hf which tries to avoid fractionation effects of biotitelhornblende and zircon, each volcanic complex 
displays a distinct range (Fig.2). Both facts points to variation of source composition rather than 
fractionation effects. 

2. Isotopes 
Monogenetic mafic rocks (50 - 60 wt% Si02) of SAF area have iR7~rlS6Sr = 0,7051 - 0,7089 and 

ALV rocks (59 - 65 wt% Si02) have 8 7 ~ r / s 6 ~ r  = 0,7077 - 0,7091 and 1 4 3 ~ d / 1 4 4 ~ d  = 0,51231 - 0,51243 
(ALV rocks have not been time corrected due to uncertain age. However, age corrected values would not 
be far outside the error limits), which is within the range of basaltic to andesitic rocks of the CVZ. The Pb 
isotopic data of mafic and ALV rocks fall in the typical range of the southern CVZ: 208~b/20?b 38,446 - 
39,167, '07pb lZo4I'b 15,594 - 15,703, 206~b /204~b  18,55 1 - 18,988. 

The 87~r186~r  initial ratios of mafic rocks correlate with Si02, which is commonly interpreted as a 
feature of open system AFC processes (Francis et al., 1989) in which crustal components are melted and 
assimilated by parental mantle magmas. Sr and Nd isotopic ratios of ALV rocks are within the range of the 
monogenetic rocks and can be interpreted also as mixed or AFC melts triggered by injection of mantle 
melts. This is indicated also by the d180 value = 7,92 of a dacitic lava sample of Cerro Beltran. 

We compare these data with Sr, Nd and Pb isotopic compositions of four contemporaneous 
stratovolcanoes of the Andean Cordillera 50 - 90 km to the west (Azufre, Cordon del Azufre, Lastarria, 
Llullaillaco) (Fig. 3, Fig. 4). As pointed out by Wittenbrink & Kraemer (1996) intermediate to acid lavas 
from these centers were derived by interaction of already altered basaltic andesites and crustal melts during 
their ascent within the middle crust. 

Andesites - rhyolites of the Cordillera reach lower Sr and Pb and higher Nd isotopic ratios 
compared to rocks of SAF region (0,7059 - 0,7071, 208~b /204~b  38,634 - 38,827, 2 0 7 ~ b / 2 0 4 ~ b  15,627 - 
15,638, 206~b/20?b 18,688-1 8,873, 0,51253 - 0,5 1242 respectively). At given Pb and Si02 contents the 
volcanics of the SAF region are displaced to higher Pb isotopic composition than arc rocks. The enriched 
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isotopic ratios of the SAF back arc region can be explained by higher ThPb-, UIPb-, 8 7 ~ r 1 8 6 ~ r  and lower 
'43~dl''%d ratios of contaminant(s). 

This could be interpreted as variable age andlor composition of the underlying basement rocks. 
Ramos (1986) postulated two allochthonous terranes of Precambrian and Paleozoic age to have been 
accreted between the two regions. However, new data on high-grade metamorphic rocks of basement 
outcrops in N Chile and NW Argentina show similar conditions of metamorphism and a peak- 
metamorphism age of 500 Ma. This does not support the idea of terrane accretion (Lucassen et al., 1996) 
and, thus, the isotopical zonation can not be explained by basement rocks of different age. 
As noted by Feeley & Davidson (1995) at Ollague volcano assimilation processes in upper crustal regions 
are of minor importance in the magmagenesis of andesites and dacites. Thus, we conclude that 
compositional variation within the deep crustal precambrian basement block is most probably to account for 
the isotopical zonation between the SAF back arc region and the Andean Cordillera. The trace element 
pattern of ALV rocks also indicates the stated variation of source rock composition. 

CONCLUSIONS: 

Andesitic to dacitic rocks which extruded at stratovolcanoes of the Archibarca lineament have 
crustal sources of variable composition mixed with ascending basaltic mantle melts. Compared to 
contemporaneous intermediate to acid volcanic rocks from the Andean Cordillera 50 - 90 km in the west 
they reach higher Pb and Sr and lower Nd isotopic ratios. 

The zonation of isotopic composition between these two regions is attributed to variation of 
underlying precambrian rocks of the same crustal basement block. It is not due to allochthonous terranes 
which have been postulated elsewhere. 
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INTRODUCTION 

Triassic volcaniclastic and intermediate to acid volcanic remainders can be found in some small graben- 
like structures whereas preserved volcanic successions of a Jurassic magmatic arclback arc system are 
widespread in Northern Chile between around 20" and 26'30' latitude south within the Coastal Range 
and subordinate in the Precordillera. 
Interbedded lava flows, pyroclastica, and other sediments with fossil content on places allow 
biostratigraphic age-correlations as shown in Table l .  New findings and analytical results characterize 
the Mesozoic volcanic successions of Northern Chile as rather variable in space and time. 

OCCURRENCES AND SOME GEOLOGICAL-VOLCANOLOGICAL FEATURES 

The pyroclastica-lava series of Upper Triassic graben-like structures from the Coastal Range are calc- 
alkaline and of intermediate to acid character, different from the Triassic Paramillos volcanic complex 
of the Cuyo basin, West-Argentina. This is made up by alkaline basalts (cf. Ramos & Kay 1991). 
Predominant pyroclastic rocks and lavas, which are concentrated around eruptive centers, appear in the 
Lower Jurassic (Sinemurian) Posada de 10s Hidalgos-Formation south of Taltal. They are calc-alkaline 
intermediate rocks. 
The volcanic successions, chiefly formed in the Middle Jurassic, are predominant mafic and may reach 
great thicknesses, e.g. up to more than 5 km near Antofagasta (cf. Palacios 1978). They are built up by 
lava flows and may be intruded by porphyritic and doleritic sills and dykes. Partly they were extruded 
submarine, forming pillow lavas, e.g. in the Caleta Ligate- and El Godo-Formations, and comprise 
trachydacitic to rhyolitic lavas or ignimbrites. Often the successi6ns form laterally extensive lava flows, 
in part composed by finger-like flows as within the La Negra-Formation near Antofagasta and Taltal. 
More than 300 m thick basaltic andesitic series occur in the Quebrada Tranquita area, Precordillera. 
They correspond to the basaltic andesitic to trachyandesitic La Negra volcanics of the Coastal Range 
between Taltal and Antofagasta by their chemical character. They have no analogy immediately 
westward in the Coastal Cordillera. 
Around 22" longitude south volcanics of the La Negra-Formation appear in the Coastal range near 
Tocopilla (cf. Palacios 1978), but alkaline olivine basalts have been recognized as intercallation into 
sediments of the Cerro Jaspe, Precordillera. 
The youngest volcanic succession investigated, according to Thomas (1970) is of Lower Cretaceous age. 
It is part of the Puntas Barancos-Formation and comprises trachydacitic to rhyolitic lavas as well as 
pyroclastic- and tuff-breccias. 



Table 1: Preliminary results on the occurrence of Triassic to Upper JurassiclLower Cretaceous volcanic successions from volcano- 
sedimentary formations of the Northern Chilean Coastal Range and Precordillera, simplified. Age correlation on biostratigraphic base 
according to Kossler (1996), Prinz et al. (1994) and Thomas (1970). Abreviations: c-alk: calk-alkaline, alk: alkaline, LREE: light rare earth 
elements 

Precordillera 
Quebrada Tranquita 
Sierra Candeleros 

Basaltic Andesite, Basalt, 
Trachyandesite, medium 
LREE, low & medium Ti 

Lower 
Cretaceous 

Upper 
Jurassic 
Middle 
Jurassic 

Lower 
Jurassic 

Triassic 

Coastal Range 
Cerro Jaspe 

Alkaline Basalt, 
negative Nb-Ti- 
anomalies missing 

Lower 
Oxfordian 
Callovian 
Bathonian 

Bajocian 

Sinemurian 

Taltal - Chanaral Antofagasta - 
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TRACE ELEMENT TRENDS 

Figure 1 gives a first glance over the hygromagmatophile (incompatible) element abundances. It shows 
different LILE(1arge ion lithophile elements)/HREE(heavy rare earth elements) ratios with the highest 
concentrations of LILE in the Cretaceous dacites and lowest HREE in the Triassic volcanics. 
All the investigated Triassic to Lower Cretaceous volcanic rocks which occur along the Costal Range 
and in the Precordillera around 27" latitude south display negative Nb-P-Ti anomalies and are primarily 
calc-alkaline which is characteristic for collisional or subductional areas. 
Recorded by the contents of SiO,, MgO, Cr and other trace elements, the Jurassic volcanics are 
predominantly mantle-derived mafic rocks (cf. also Lucassen & Franz 1994), and they are crustal- 
influenced as indicated by variable ThINb and LdSm ratios. A negative Eu-anomaly becomes more 
significant in the course of the Bajocian to the Lower Callovian time resulting from increasing 
fractionation of plagioclase. Indicated by Th/Nb and LdSm ratios, there is an increasing crustal 
contamination within mafic and intermediate volcanics with time. 
The hygromagmatophile element abundances of the alkaline Cerro Jaspe basalt show convex-up pattern 
which are typical of asthenospheric mantel provenance. 

CONCLUSIONS 

As shown by the interdigitation of biostratigrafically dated sediments, volcaniclastics and lava flows, on 
principle, the volcanic activities are lasting and quite intensive during Jurassic times in Northern Chile, 
beginning in the Sinemurian (e.g., Posada de 10s Hidalgos-Formation) and extending up into the 
Callovian (El Godo-Formation). A coastal profile south of Iquique verifies volcanic eruptions throughout 
the Bajocian, Bathonian and Callovian. The distribution of the calc-alkaline basaltic andesites and 
trachyandesites south of Taltal and in the Quebrada Tranquita area, Precordillera, hint at a possible 
eastwards-dislocation of the volcanic arc around 27" latitude south. 
The Jurassic, especially Middle Jurassic, magmatism procured a huge input of melts from the mantle 
wedge into the arc crust. It may have triggered acid crustal melting (ignimbrites). The Jurassic 
volcanism is clearly bimodal by those intercalated acid lavas and ignimbrites. Triassic and part of Lower 
Jurassic precursors of intermediate to acid character have predominant crustal sources. Until now we 
know one Jurassic alkaline basalt complex (Cerro Jaspe) with an asthenospheric source within the study 
area. These may be due to a slab 'window', caused by either rift subduction or a flattening slab. 
The chemical changes (increasing crustal influence) up to the Upper Jurassic/Lower Cretaceous reflect a 
development towards the maturation stage of the Mesozoic volcanic arc. 
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Figure 1 .  Ske.;h map of the study area in North Chile and hygromagmato- 
phile element abundances normalized to primitive mantle according to 
Hofmann (1980). The selected examples may nearly represent the varia- 
bility of the abundances in mafic to intermediate Mesozoic volcanites. 
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INTRODUCTION 

The high-K back-arc volcanism which was emplaced on the Bolivian Altiplano during the 
Neogene differs from the Andean Cordillera Central Volcanic Zone (CVZ) arc activity in the small 
volumes of lavas emitted by minor monogenetic centers instead of stratovolcanoes, and its close relations 
with the tectonic regime on the Altiplano. But its genesis seems to be linked to complex processes as in 
the arc. Try to decipher the story of these small magma batches, using mineralogical and isotopic 
evidences, is the purpose of this study. 

GEOLOGICAL SETTING 

Since the Upper Oligocene period, a peculiar volcanism was emplaced on the Bolivian 
Altiplano, in a back-arc situation, East of the CVZ subduction-related volcanic arc (400 km from the 
trench), above a very thick continental crust of about 70 km. This volcanism is characterized by a 
temporal alternation of mainly two types of minor events, distributed along major fractures, essentially in 
the northern and central parts of the Altiplano (Fig. 1) : acidic phenocryst-rich domes (andesitic to dacitic 
in composition) on the one hand, mafic aphyric flows on the other hand. According to available 
radiochronological data (K/Ar method), this alternation seems to be related to tectonic episodes (Soler & 
Jimenez, 1993) : during periods of compressive deformation, domes were emplaced whereas, during 
extensive or transtensive short-lived episodes, the lavas were erupted as reduced flows. These volcanic 
events represent small volumes of magma (between 10" and 1 0 ~ '  km3 ) compared to the large volumes 
emitted by active stratovolcanoes of the volcanic arc. This observation leads to suppose that these 
monogenic centers erupted from small crustal reservoirs (or conduits?) rather than large magma 
chambers. The edifices concerned by this study are Early to Late Miocene domes and Middle Miocene 
and Quaternary flows. The whole-rock geochemistry of the two types of events is quite similar, excepted 
for K 2 0  contents which are higher in the lava flows, classified for this reason as "shoshonitic" flows 
instead of "high-K calc-alkaline" for the domes. 
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FIG.l : Location map of miocene to quaternary back-arc volcanic 
minor centers of the central Bolivian Altiplano. 



Third ISAG, St Malo (France), 17-19/9/1996 

COMPLEX MINERALOGICAL ASSOCIATIONS 

Domes and lava flows, though differing in their type and time of emplacement and their amount 
of phenocrysts, share complex mineralogical associations and show xenoliths of crustal and magmatic 
origin. 

The two main petrogenetic processes highlighted by this unusual mineralogy are crustal 
assimilation and magma mixing. For both processes, we can observe two kinds of evidences : complete 
xenoliths andor  xenocrysts (with reaction rims) coming from disaggregated or digested xenoliths. 

- Crustal assimilation. Some lava flows contain numerous metamorphic crustal xenoliths of granulite to 
amphibolite facies. These xenoliths, millimetric to centimetric in size, are partially digested but exhibit a 
well-preserved schistosity. The most frequent xenolith type corresponds to a sillimanite and biotite- 
bearing gneiss, probably extracted at lower crustal level since this part of the crust is supposed to be 
composed of high-grade crystalline metamorphic rocks, instead of sedimentary, volcanic and plutonic 
rocks as in the upper crust (Gill, 1981). Domes sometimes contain amphibolite xenoliths coming 
certainly from the same crustal depth as the gneiss xenoliths. 

However, the majority of our samples (domes and flows) only present metamorphic xenocrysts 
with reaction rims. The most frequent xenocrysts are : garnet rimmed by plagioclase and orthopyroxene, 
sillimanite, kyanite replaced by green spinel, quartz with undulatory extinction and clinopyroxene rim ... 
Biotite and feldspars (plagioclase and K-feldspar) of metamorphic origin are microscopically 
distinguishable from the host-rock magmatic phenocrysts by their degree of alteration or destabilisation 
(with or without rims). 

The only possibility to explain the occurrence of such minerals in volcanic rocks is the 
involvement of crustal assimilation during magma ascent through the continental crust (Maury & 
Bizouard, 1974 ; Pognante, 1990). According to the nature of the xenoliths and preserved xenocrysts, this 
process probably occurred in the lower crust, at a depth between 20 and 70 km. 

Major elements contents show that these rocks are not peraluminous and then cannot be 
interpreted as cmstal melts, such as Macusanites (Pichavant et al. 1988). 

Isotopic data (Soler et al., 1993) confirm the importance of crustal contamination and, more 
precisely, the role of the lower crust Precambrian gneiss. We can indeed see, on a ' 4 3 ~ d ' 4 4 ~ d  versus 
87 srla6sr diagram, that isotopic values of our rocks tend towards the deep crustal end-member represented 
by a quartz-sillimanite gneiss xenolith found in one of the lava flows (Pampa Aullagas) from the central 
Altiplano (Davidson & de Silva, 1995). Even the most mafic flows (with Mg# between 61 and 64) are 
contaminated and cannot provide informations on the nature of the mantelic source. 

- Magma mixing. In the same way, we can find in both domes and flows rounded dark basaltic xenoliths 
with vacuolar hyalodoleritic texture, composed of large acicular hornblende crystals, around olivine and 
pyroxenes cores. Plagioclase (sometimes with skeletal shapes) and Fe-Ti oxides occur as microcrystals in 
a glassy groundmass. All these characteristics are typical of quenched basaltic liquids (Coulon et al., 
1984) and imply that these xenoliths formed by mixing of a hot basaltic magma with a more acidic and 
cooler one. 

Domes and flows more often exhibit xenocrysts in disequilibrium originated from the mafic 
magma : olivine rimmed by orthopyroxene, clino- and orthopyroxene aggregates rimmed by amphibole 
microcrystals, or scattered hornblende phenocrysts with pyroxene cores. Host-rock felsic phenocrysts can 
also develop reaction textures such as sieve-textures for plagioclase (systematically with an inverse 
zoning) or clinopyroxene rim around quartz ... These features were already recognized as the result of a 
magma mixing phenomenon by several authors (Paz,1992 ; Stimac & Pearce, 1992 ; Matthews et al., 
1994). Exceptionally, in some lava flows, there are evidences of two mixing episodes, one with a more 
basic magma, and the other with a more felsic (i.e. rhyolitic) magma. 

The problem is to determine at what crustal level this process happened. Since the mixing 
occurred between a basaltic and a more felsic, i.e. cristallized magma, it probably took place in small 
shallow reservoirs, where the acidic magma was trapped. After the basaltic intrusion in the reservoir, 
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mixing occurred between the two different magmas and probably triggered the eruption of the hybrid 
mixing product (Sparks et al, 1977). 

Fractional crystallization is supposed to have occurred during the last part of the ascent, in small 
chambers. 

CONCLUSIONS 

We can conclude from the petrographical, mineralogical and isotopic data available on the domes 
and lava flows that mantle-derived parental magmas have undergone at least one episode of crustal 
assimilation and magma mixing during their ascent through the thick continental crust under the Bolivian 
Altiplano. The petrogenetic story can be as follows : primary magmas, generated by partial melting of a 
mantelic source that is still not well defined, first arised in the lower continental crust where they sampled 
and partly digested ancient granulitic crustal rocks, such as sillimanite and biotite gneiss found as xenoliths 
in some lava flows. Then, parental magmas continue their ascent and mix with more acid magmas stocked in 
shallow reservoirs, triggering the eruption of small volumes hybrid magmas, emplaced as high-K calc- 
alkaline domes under compressive tectonic conditions or as shoshonitic flows under transtensive or extensive 
conditions. 
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INTRODUCTION 

Adakites are andesites-dacites-rhyolites (but mainly dacites) with peculiar characteristics such as 
relatively high A1 and Na contents, very low Y and Yb contents, and high LalYb and S r N  ratios, that are 
not associated with parental basalts. They are usually considered to be derived from the partial melting of 
metamorphosed basalts (amphibolite and eclogite) at high pressure, leaving garnet or amphibole in the 
residues, thus giving them their unusual geochemical characteristics (Defant and Drummond, 1990; 
Defant, et al., 1991; Drummond and Defant, 1990; Atherton and Petford, 1993; Defant and Drummond, 
1993; Sajona et al., 1993). It is generally accepted that adakitic magmas form where young (<25 Ma), 
hot oceanic crust is subducted and melts at 23-26 kbar (75-85 km) and 700-775°C (Drummond and 
Defant, 1990), i.e. near the corner of the mantle wedge. Accordingly, adakitic volcanoes should lie quite 
close (= 80 km) to the trench. However, Atherton and Petford (1993) presented evidence that the partial 
melting of basaltic material of the lower crust at 4 0  km depths by newly underplated hot magmas 
(generated in the underlying asthenospheric wedge) should be considered as an additional way to generate 
adakite, when 11 subducting oceanic crust is too old and cold, 21 volcanism is very far from the trench, 
and 31 local heat flow is high. 

ECUADORIAN ADAKITES 

Young oceanic lithosphere (<20 Ma) formed along the Cocos-Nazca spreading axis is being 
subducted under central and northern Ecuador since at least the early Pliocene with a rate of convergence 
of - 8 cm/y (Fig. 1). The Benioff plane dips - 25" eastward, attaining ~130-150  and -150-175 km depths 
under the Quaternary volcanoes of the ecuadorian Western and Eastern Cordilleras, respectively (Winter, 
1990). The Eastern Cordillera constitutes the eastern edge of the Andean Block (AB), a wedge between the 
Nazca (NAZ) and South American (SAM) plates presently affected by an E-W compressive state of stress 
(Ego et al., 1995). The collision-subduction of the Carnegie Ridge in front of Ecuador (Pennington, 
1981) or, more certainly, the oblique NAZ-SAM convergence in the Ecuador-Colombia area (Ego et al., 
1995) would explain the northeastward motion of the AB, along the great NE-SW right-lateral 
transpressive faults of the East Andean Front Fault Zone. 

ORSTOM (French Scientific Research Institute for the Development in Cooperation) and the 
Geophysical Institute of the National Polytecnical School of Quito are collaborating since 1994 in a 
joint volcanological program which includes studies on several volcanoes of Ecuador, namely Cotacachi, 
Fuya Fuya, Mojanda, Pululahua, Cayambe, Cotopaxi, Tungurahua, Sangay ... (Fig. 2) We present here 
the first results in  geochemistry (see also Robin et al. and Samaniego et al., this volume). To date, all 
the rocks sampled within the framework of this joint program have Si02 contents > 55%; they are 
mainly medium-K basic andesites to rhyolites, and a few high-K acid andesites to rhyolites (Fig. 3; all 
values L01 free and recalculated to 100%). For comparison, basaltic rocks clearly predominate in a typical 
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Fig. 1 

Geodynamics of the Andean Block. 
COC= Cocos Plate; 
N U =  Nazca Plate; 
CAR= Caribbean Plate; 
l=  Galapagos Gore; 2= oceanic ridges: 
CCR= Cocos Ridge, CR= Carnegie 
Ridge; 3= Andean Block (AB); 
G= Galapagos Islands. 
Large arrows= NAZ and CAR plate 
convergence with respect to SAM fixed. 
IAV= Inter Andean Valley; 
EAFFZ= East Andean Front Fault Zone; 
Q= Quito, P= Popayan, M= Manizales, 
Bo= Bogota, Bu= Bucaramanga, P= 
Panama. After Pennington (1 98 1) and 
Ego et al. (1993). 

Fig. 2 
Quaternary volcanoes 
and main tectonic lineations 
of the Ecuadorian Andes 
from l" N to 2" S 
(from Barberi et al., 1988). 

A= Western Cordillera: Macuchi 
Formation and Cretaceous-Eocene 
clastic deposits; 
B= undifferentiated basal 
volcanic complex (Late Miocene- 
Quaternary); 
C= volcanic and volcano-sedimen- 
tary deposits filling the Interandean 
Depression ; 
D=Eastern Cordillera: mainly 
metamorphites. 
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island-arc, such as the New Hebrides arc (Southwest Pacific; Monzier et al., in prep.). A marked increase 
of K20 content is also obvious in  the volcanic products from the Western Cordillera to the Eastern 
Cordillera, an observation already noted by Barberi et al. (1988). Another striking difference between the 
rocks from the two cordilleras is the value of the BaLa ratio (LILE / HFSE), >49 in the Western 
Cordillera and <49 in the Eastern Cordillera (Cayambe, Chacana, Cotopaxi, Tungurahua), an observation 
which may reflect a greater slab contribution in the magmas of the Western Cordillera. Diagrams of S r N  
vs. Y and La/Yb vs. K20 (Fig. 3) emphasize the very high Sr/Y and LdYb ratios of recent Cayambe 
dacites, a characteristic signature of dacitic melts derived from metamorphosed basalts, i. e. adakites. 
These adakites from Cayambe clearly follow a broad melting trend on the LdYb vs. K20 diagram, 
fractionation being only of minor importance. Contrarily, in the Tungurahua suite fractionation is the 
dominant process. Sr/Y ratios and Y contents of adakites from Cayambe and Mount St Helens (Defant 
and Drummond, 1993) are very similar. Lastly, it should be stressed that samples from the old part of 
Cayambe are not adakitic. All samples from Cushnirumi and Fuya Fuya also have a strong adakitic 
character, whereas only some of the rocks from Cotacachi, Pululahua, Quilotoa, Cotopaxi and 
Tungurahua volcanoes are adakites. Conversely, all Mojanda samples are calc-alkaline. 

PRELIMINARY CONCLUSIONS 

At this point of the program, i t  appear that adakites are common in Ecuador, in both cordilleras. 
They can appear either during a given period of the history of a single volcano (Cayambe: Samaniego et 
al., this volume) or simulteanously with calc-alkaline rocks at two close volcanic centers (Fuya Fuya and 
Mojanda: Robin et al., this volume), which entail some interesting volcanological questions. The 
question of the basaltic source, i. e. slab or lower crust melting, remains unsolved for the moment, but 
as ecuadorian adakitic volcanoes (especially Cayambe) lie far from the trench, it is perhaps more 
reasonable to contemplate a crustal origin than a slab one, even if the subducting crust is young (<20 
Ma). Regional crustal modeling and heat flow measurements would be very convenient to solve this 
question as well as detailed studies on the mode of subduction below Ecuador and the role of the Carnegie 
Ridge in this process. 
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Fig. 3 K20 vs. Si02, SrlY vs. Y and LalYb vs. K20 diagrams for volcanic rocks from Ecuador. Mounl SI Helens dacites (Smith and 
Leeman. 1987) and New Hebrides island arc rocks (Monzier et al., in prep.) are given for comparison. An approximalive boundary 
between adakites and 'normal' rocks is also presented, but its exact location is questionable. 
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INTRODUCTION 

The Lower Cretaceous Ocoite Group (Aguirre et al. 1989) with a thickness of 3-13 km 
constitutes a c. 1000 km long belt of volcanic rocks in the Coast Range of central Chile. Predominant 
rock types are basic lava flows characterized by high K content which classify as high-K calcalkaline 
basalts and basaltic andesites with shoshonitic affinity (Levi et al., 1982, 1988; Vergara et al., 1995). 
They present porphyritic textures with abundant phenocrysts of plagioclase and minor clinopyroxene. 
Very low to low-grade burial metamorphism affects them with development of quartz,albite,K-feldspar, 
prehnite, pumpellyite, epidote, actinolite, white mica, chlorite, calcite and zeolites present as 
pseudomorphs of primary minerals, as groundmass replacement and filling amygdales. Metamorphism 
increases in grade with stratigraphic depth in the rock pile from zeolite facies at the top to greenschist 
facies at the base (Levi, 1969;Levi et al. 1982). 

Here we study the chemical composition of some of the secondary minerals present in the basic 
lavas of the Ocoite Group from the Bustamante Hill area located c. 35 km west of Santiago. In this area 
the Cretaceous lavas are well exposed with the presence of unaltered levels in which the primary 
mineralogy and the chemistry are preserved. The aim of this work is to show the chemical variations of 
some of the secondary minerals, both at a macro and microdomains. 

MINERAL CHEMISTRY 

In order to avoid the influence of microdomain chemistry in the composition of the metamorphic 
phases, the study was largely restricted to minerals filling amygdales among which K-feldspar, chlorite, 
epidote and pumpellyite are the most representative phases. Minor prehnite, albite and quartz appear in 
some lavas. Most commonly,primary plagioclase phenocrysts are partially or totally replaced by albite, 
epidote and white mica, with some relict primary patches of composition between An56Ab400r4 to 
An70Ab280r2 (figure l a). 

Chemical analyses were performed in a CAMECA-CAMEBAX microprobe (20kV, lOnA, lop) 
at the University of Granada, Spain. 
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K feldspar (Or67 to Orgs with An 5 4) appears as patches replacing primary plagioclase 
phenocrysts as well as filling amygdales (figures l a  and 1 b). K-feldspar replacing primary plagioclase 
phenocrysts are characterized by a BaO content ranging from 0.30 to 0.56% (figure lb). On the other 
hand secondary feldspar in amygdales is mainly adularia (Org7Ab3) with BaO contents up to more than 
2.5% (figure lb) and varying in composition from core to rim in a same crystal. 

Pumpellyite 

Pumpellyite in amygdales presents strong chemical variations in terms of Fe203 and A1203 
(figure 2) with X F ~ ~ +  values (= 1 0 0 ~ e ~ + / ( ~ e ~ +  + Al,)) ranging from 12 to 33% and increasing from the 
top levels to the bottom, a tendency already pointed out by Levi et  a1.(1982). We have studied 
pumpellyite chemical variations at the scale of a single crystal in different amygdales finding that a 
similar variation, characterized by increasing Fe203 and decreasing A1203 from core to rim, exists in 
these crystals. This chemical variation is strong and accounts for high point spreading in the Al-Fe-Mg 
diagram where compositions in a same crystal plot in different reference fields (which could be 
interpretated as generated at different metamorphic facies!). 

Chlorite 

Chlorite also presents remarkable compositional variations from top to bottom of the Ocoite 
Group. The general trend is characterized by an increase in chlorite molecular component (%Xc) from top 
to bottom (figure 3) accompanied by the increase of the temperature value obtained from the Cathelineau 
geothermometer (Cathelineau & Nieva, 1985). At the level of one amygdale, an increase in chlorite 
component, and consequently of the temperature of formation, exists from rim to core 

Epidote 

Epidote compositional variations in amygdales are very similar from top to bottom in the pile, 
with no particular trends being observed. Largest variations of the X F ~ +  observed cover the interval 22 to 
37%. 

DISCUSSION 

The presence of secondary minerals rich in K and Ba (adularia and white mica) replacing 
primary plagioclase phenocrysts and filling amygdales can be interpreted as being conditioned by a 
primary high K whole rock composition or as produced by K and Ba being introduced to the system 
during burial metamorphism. In this respect, it is worth noting that in the Mesozoic magmatism of central 
Chile, only those rocks with a shoshonitic affinity include adularia in the secondary assemblages. The 
K20 contents in whole rock analyses of unaltered aphanitic samples from the studied region range from 
1.18% (in basalts) to 3.90%(in andesites) (Vergara et al., 1995). Considering the maximum K 2 0  content 
found in primary Ca-rich plagioclase (c. 0.6%) and taking 30% as the modal percentage of plagioclase 
phenocrysts in the rocks, the K 2 0  content of the groundmass can be calculated applying simple mass 
balance. Thus, the K20  contents could vary from c. 1.0% in basalts to c. 3.7% in andesites. These 
contents of primary K could account for the presence of secondary adularia in patches of primary 
plagioclase phenocrysts due to internal remobilization of K. More chemical work is needed to determine 
if the K available in the system suffices to explain the presence of abundant adularia in amygdales. 
Concerning Ba, calculations are more complex due to the fact that only some phenocrysts are partially 
replaced by adularia and, in these cases, the BaO content of this adularia is very minor. 
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The compositional variations from top to bottom found in pumpellyites, with an increase of the 
contents, could be related to the metamorphic gradients (Levi et al., 1982). Moreover, the strong 

compositional variations observed in a same arnygdale, with increase in Fe203 from core to rim, must be 
interpreted as due to local variations in jD2 in thermodynamic conditions of disequilibrium. These 
dramatic variations in the pumpellyite chemistry are a major limitation in using the composition of this 
mineral for qualitative estimations of the metamorphic grade. Variations in the X F ~ ~ +  in single crystals of 
epidote and pumpellyite from a particular amygdale are also taken as a consequence of disequilibrium 
conditions, at least at the amygdale scale. 

Chemical variations observed in chlorites agree with the general metamorphic pattern 
determined by Levi et al. (1982), with an increase in the chlorite component from top to bottom. 
Variations into a single amygdale also agree with the general trend characterized by a rising chlorite 
component from rim to core. For the lower levels of the volcanic pile studied, the calculated temperatures 
coincide with the temperatures usually assigned to the prehnite-pumpellyite to greenschist facies. 

CONCLUSIONS 

Two main conclusions can be drawn based on the chemical variations described. These 
variations largely fit in the regional metamorphic pattern already established by Levi et al. (1982). 
However, the compositional trends found for some index minerals, i.e. chlorite and notably pumpellyite, 
reflect highly heterogeneous conditions during this burial metamorphism, at least at the scale of a same 
lava flow. This heterogeneity can result from severe variations in@:! from top to bottom in a same lava 
flow during the formation of the pumpellyites and the mafic phyllosilicates. Thus, conclusions concerning 
metamorphic grade based on the compositional reference fields of the Fe-AI-Mg diagram should be 
critically assesed. 

Concerning the presence of abundant Ba-rich adularia in amygdales, further detailed work must 
be canied out to clarify its origin, either primary or metasomatic. 
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INTRODUCTION 

The Central Volcanic Zone (CVZ) of the Peruvian and Chlean Andes is an active, convergent margin, 
continental arc, but with a highly thckened crust (up to 75 km) which is thicker than any other 
subduction zone. This gves rise to volcanic suites whlch are chemically and isotopically dstinct from 
those erupted in other parts of the Andean arc, where the continental crust is of normal thckness 
(Thorpe et al., 1984; Harmon et al., 1984; Worner et al., 1992). A quantity of data exists for young 
volcanic rocks south of 17"s (Worner et al., 1992) but data from volcanic centres above this latitude are 
scarce. We detail here some data from the volcanic centre of Huayanaputina in Southern Peru. 

The Volcano Huaynaputina is situated at 16O35'03" S: 70°52'00"W in the province of Moquegua, 
Southern Peru at approximately 80 km east of the town of Arequipa. The last recorded eruption from 
t h s  volcano was in 1600 when a series of large plinean type eruptions took place lasting for 
approximately one month. From contemporaneous accounts, the ash and pumice fall out from this series 
of eruptions was extremely heavy, and resulted in a large loss of life over a fairly wide area. At the 
same time records also show that large pyroclastic flows descended the valley of the Rio Tambo (Figure 
1 .) reaching the coast some 130 km from the source. 
In t h s  paper we detail the geochemistry of the products from this last eruwon together with rocks from 
earlier eruwons and attempt to show the geochemical evolution of this typical CVZ calc-alkaline 
volcano. 

GEOLOGICAL SElTING: 

The Volcano rises to a maximum elevation of 4800 metres but the actual volcanic edifice is much 
smaller than this having an approximate elevation of less than 1000m. The volcano is situated on a 
plateau with an average elevation of 4200 meters which has been deeply incised by the Rio Tambo and 
the eastern side of the volcano falls away into the gorge (Figure 2). The volcano is built on volcanics and 
sediments of the Barroso formation, which lie unconformably over, to the west gneisses and granites of 
the Precambrian basement, whch have been faulted to the surface, these have been intruded by basic 
and acidc dykes but it is not known if t h ~ s  was a contemporaneous episode. To the south the rocks are 
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formed of sediment5 of the Yura (Upper Jurrassic-Lower Cretaceous) formation whilst to the east the 
rocks are of the Toquepala (Cretaceous) formation which have been intruded by tonalites and 
granodiorites whch have been RbISr dated to 22.8 +l- 2Ma (Oliver et al. 1993). 

Figure 2. Landsat photo of Huaynaputina volcano (centre left) with Ubenas volcano (top right). 

GEOCHEMISTRY 

Rock types from the Huaynaputina volcano range from andesites to dacitic pumices (Si02 wt% from 57- 
67.8), Fig 3 and as with other examples from the northern part of the CVZ fall into the high-K field of 
volcanic rocks. Relative to hgh-K calk-alkaline rocks the Huaynaputina lavas are indistinpshable from 
andesites from Solimana, (Vatin Perignon et al., 1992) and Coropuna, (Venturelli et al., 1978). 
Multielement discriminant diagram patterns are almost identical to other centres from this repon 
(Figure 4.), although some samples show a dstinct negative anomaly for Ta. T h s  possibly indcates an 
increasing contamination by crustal components @avidson et al., 1988). 

Figure 3. Plot of wt% K20 versus wt% SiOz Figure 4. Multielement discriminant 
for rocks from the Huaynaputina volcano, diagram for representative samples from 
S. Peru Huaynaputina volcano 
(circle is field for other CVZ rocks (Wilson, 1989) 
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This is born out by a plot of Th versus Ta (Figure 5) where samples from Huaynaputina lie both in the 
field of subduction zone magmatism and Orogenic related magmatism indicating the crustal 
contamination of these volcanics. However it is also evident that some crystal fractionation has taken 
place which is shown by a plot of Zr versus Hf (Figure 6.) where the lavas follow a trend away from 
mantle values. 
The variation of Sr isotopes with SiQ For Huaynaputina volcano is compared with other data from the 
CVZ. The variation of 8 7 ~ r / 8 6 ~ r  ratios is fairly small varying from 0.70637 to 0.70692 

Figure 5. Plot of Th versus Ta for Huaynaputina Figure 6. Plot of Zr versus Hf for 
volcanics. Huaynaputina volcanics. 
(fields are from Cabanis et al., 1990) 

Figure 7. Plot of Sr isotope ratios versus Siq for andesites 
and dacites from the Huaynaputina volcano compared to data 
from (A) San Pedro-San Pablo. N. Chile (Thorpe et al., 1976), 
(B) Solimana, S. Peru, (Goemans, 1986). 

These values fall witlun the fields described for the San Pedro-San Pablo complex, N. Clule, field A on 
Figure 7., and Solimana volcano, S. Peru, field B. m s  indicates similar source types as for other 



612 
Third [SAG, St Malo (France), 17-19/9/1996 

volcanic centres within the regon with similar amounts of crustal contamination. Tlus is born out by a 
slightly negative correlation for E with increashg Sr content. 

CONCLUSIONS 

The geochemistry of the Huaynaputina volcano is shown to be typical for the CVZ, with andesitic to 
dacitic magmas showing evidence for both crystal fractionation and crustal contamination. 
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The area discussed is a 30 km transect along the Mendoza City to Santiago de Chile road in western 
Mendoza Province, Argentina (32O25'-33"10', 69"- 69'20). The most southerly point on the map (Fig. 
I) is situated 30 km west of Mendoza City. Previous work by Caminos (1965) showed that two 
stocks of granitic rocks, Guido and Cacheuta, lie in a NNE/SSW trending basin of mainly acidic 
volcanic rocks of the Choi Yoi Lower Triassic, and syn and post rift sedimentary rocks of Upper 
Triassic age. Although both stocks intrude the Choi Yoi, they remain to be dated isotopically. 
Sedimentary rocks of Carboniferous and Devonian age crop out in the area, as well as a faulted 
basement slice. To  the south of Cacheuta Stock is an contact between granitic and older dioritic 
rocks. Dykes of basalt and basaltic andesite intrude both stocks. All older lithologies have been 
affected subsequently by extensive brittle deformation. 

GRANITE PETROLOGY 

Guido Stock 

Guido Stock has an ellipsoid outcrop pattern with a long axis parallel to the trend of the 
sedimentary basin the separates the stock from Cacheuta Stock (Fig. 1). It covers an area of 
approximately 60 km2 and forms a mountainous terrane of peaks mostly over 2000m above sea level. 
Guido Stock granitic rocks can be subdivided into discrete facies (see Fig. 1) on the basis of 
petrological evidence. These are: 1) Quartz-rich granitic rock, 2) Coarse k-spar-n'ch granitic rock and 3) 
Xenolithicgranitic rock. Enclave size ranges from l-lOcm in diameter, and undeformed examples tend 
to be roughly circular in shape and occur with a frequency of 0-10 m2. A narrow band of xenotilths 
occurs along the road at the southern contact with a hornfelsed lithology of as yet unidentified age. 
Magmatic enclaves are also present in this facies. 

Cacheuta Stock 

Cacheuta Stock is ellipsoid in outcrop pattern with a NNE/SSW trending long axis; its area is 
approximately 90km2 with peaks up to 2500m. Cacheuta Stock can also be subdivided into 2 discrete 
granite facies: 1) Rapakivi granitic rock and 2) 'Normal' granitic rock containing coarse k-spar, quartz 
and plagioclase, with biotite flakes and occasional fine euhedral hornblende (Fig. 1). 
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Fig. 2 Guido Dyke Trends 
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GRANITE STRUCTURES 

Metric scale faults bisect the intrusions with orientations parallel to the main joints. Later fault 
movement has occurred along some planes. Abundant cataclasites were found in the xenolithic 
granitic rocks. Near the southerly contact of Guido Stock they have shallow dip angles with strikes 
ranging from N/S to NE/SW dipping to the W and NNE. Most importantly, brittle shearing on 
both the centimetric and metric scale was observed in both stocks. Shallow angle roof and sole faults 
of duplexes occurring in the xenolithic and rapakivi granitic rocks gave a dextral shear sense (Fig. 4). 

DYKES 

Both stocks are cut by dykes of more mafic compositions; Guido by basaltic andesite, and Cacheuta 
by basalt. The near vertical dykes vary in width from 0.5 - 22 m. All dykes exhibit a marked 
sinuosity in their outcrop pattern, although dyke-granite contacts are sharp, indicating that they 
intruded at a late syn-plutonic stage. The dykes of both plutons have a common orientation with 
those of Guido clustering around trends approximately NW/SE, whilst those of Cacheuta Stock 
cluster around orientations between E/W and NW/SE and also have a marked occurrence of N/S 
trends (Figs. 2 and 3). It is likely that the dykes are exploiting structures formed in relation to the 
large NNE/SSW trending faults of the area, and their significance will be discussed along with the 
granite emplacement. 

GRANITE EMPLACEMENT 

By combining field data from both stocks with regional structures around 33"S, a tentative model for 
the emplacement of the Frontal Cordillera granitoids can be made (Fig. 4). Regional fault sets 
trending NW/SE intersect major N/S fault lineaments at approximately 75" and are thought to 
define RI  Riedel shears. Dextral movement along these faults is consistent with an overall sinistral 
shear sense along the major faut axis. Dyke orientations within the plutons reflect emplacement 
during extension associated with 'P'shearing and granitoid emplacement (eg. Tikoff &Teyssier, 
1992). We conclude that the grainitc rocks of the Frontal Cordillera were emplaced during a period 
of left-lateral strike-slip motion concurrent with regional plutonism. 
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INTRODUCTION 

Numerous studies have been done in the Northern Patagonian Batholith (NPB) in order to 
characterize the accross-NPB temporal and compositional variations (Halpern & Fuenzalida, 1978; 
Hervt, 1984; Bartholomew & Tarney, 1984; Bmce et al., 1991; Pankhurst & Hervt, 1994). A large 
number of radiometric dates obtained with different method (Rb-Sr, K-Ar and Ar-Ar) indicate that the 
Meso-Cenozoic plutonism have developed in a more stationaxy condition than the eastward migrating 
plutonism developed in the Andes of central Chile (cf. Drake et al., 1982; Parada et al., 1988). This 
study includes rocks of the NPB and rocks of the poorly dated volcanic units developed further east. The 
Liquifie - Ofqui Fault Zone (LOFZ), is the western boundary of this study. It represents a major dex-tral 
srtike-slip fault system along which important displacements of the western block of the continental 
margin are not ruled out (Cembrano & HervC, 1993). Based on publihed and 34 new ages together with 
geochemical and isotopic data, we attempt to characterize the main Meso-Cenozoic magmatic events. 
This study was camed out in three areas: i) eastern part of the NPB at about 44'-30' S; ii) eastern part of 
the Aydn Region, between Coihaique and Balmaceda (45' 30' - 46'S), and iii) along the rivers Rio 
Chacabuco and Rio Baker (47' - 47'305). 

TRANSVERSE AGE VARIATIONS IN THE NPB AT ABOUT 4 4 O  30' S. 

At a regional scale the spatial age distribution in the NPB gives rise to across-batholith 
zonation in which the youngest ages (Miocene) are in the central part adjacent to the LOFZ (HenrC, 
1984; Pankhurst & HervC, 1994). To the east of the LOFZ the plutons are Cretaceous in age, whereas to 
the west, Jurassic to Eocene intrusions are recognized (Bartholomew & Tarney, 1984; Bruce et al., 
1991; Pankhurst & Heme, 1994) forming poorlydefined belts. At 48' S, the NPB do not exhibit regular 
unidirectional migration of the intrusions with time (Weaver et al., 1990). Sixteen Ar-Ar ages were 
obtained accross the eastern part of the NPB. They c o b  the previous documented regional scale age 
zonation characterized by Upper Miocene plutons at the LOFZ, Lower Miocene rocks further east and 
extensive Lower Cretaceous intrusions in the easter part of the NPB. 

At the local scale, three age ranges emerge fiom the data of the Miocene event: 15 - 18 Ma, 9 - 
11 Ma and 5 - 7 M a  The first range is documented with a whole-rock Rb-Sr isochron (Pankhurst & 
HervC, 1994) and three new Ar-Ar hornblende ages obtained in samples fiom the El Queulat diorite 
located 10 Km east of the LOFZ. Tbree new Ar-Ar biotite ages obtained in the same samples of the El 
Queulat diorite, and previous whole-rock Rb-Sr isochron and Ar-Ar ages obtained in three different 
garnet granite plutons (Hervt et al., 1993), define the second range. The third range is given by three 
Ar-Ar ages in garnet granites plutons. In addition, ages of 5.5 Ma were obtained in biotite and 
muscovite of three milonite samples fiom the LOFZ near Puerto Cisnes. 

The emplacement of one Miocene plutonic unit appears to trigger the uplift and subsequent 
cooling of the previous unit. The first age range represents the plutonic emplacement of the El Queulat 
diorite. The second range includes emplacement ages of the garnet granite intrusions and cooling ages 
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of the El Queulat diorite emplaced during the first range. The third range represents cooling ages of the 
garnet granite pluton. The ages of the milonite fall within the third age range and suggest that the 
subsolidus cooling of the garnet granites was produced by the youngest activity of the LOFZ recorded in 
the area. 

Accross the Cretaceous plutonic belt of the NPB between 44' and 44' 30' S, an eastward 
decreasing ages emerge from the previous radiometric data and 4 new Ar-Ar ages. Those ages range 
from 124 to 75 Ma. 

AGES OF VOLCANIC ROCKS IN TBE AREA BETWEEN COIHAIQUE AND BALMACEDA 

Based on previous and new (1 1) radiometric dates (Ar-Ar in biotite and plagioclase and whole- 
rock K-Ar), three volcanic events can be recognized between 115 - 40 Ma. The oldest event is formed by 
abundant felsic tuffs, minor amount of basalts and small plutons that crop out along the foothill of the 
Patagonian Andes between Coihaique and Balmaceda. Rocks of this event have Ar-Ar and K-Ar ages 
between 100 and 115 and were assigned to the Cerro Divisadero Volcanic Complex (Belmar, 1996). 
The second event corresponds to a bimodal association (basalt and rhyolite) which developed to the east 
of the former event. Previous and new (5) age deterrninations define a range between 90 and 75 Ma, 
with the exception of one Ar-Ar age of 96 Ma. Basalts and rhyolitic tuffs from the Alto Rio Coihaique, 
as well as pilow basalts and associated rhyolitic tuffs near Balmaceda, form part of this event. A 
sequence of olivine basalts represents the last volcanic event, which have K-Ar ages of 46 and 55 Ma 
(cf. Belmar, 1996). A new whole-rock K-Ar age of 49 Ma was obtained for a basalt from a sequence 
located 5 Km north of Balmaceda. 

AGES OF MAGMATIC ROCKS ALONG THE RIVERS RIO CHACABUCO AND RIO 
BACKER 

Three magmatic episode are recognized in this are.: Middle Jurassic, Cretaceous and Eocene. 
The volcanic products of each episode were deposited over plymetamorphic and plydeformed schist 
and phyllites of a Paleozoic basement 

The Middle Jurassic event has been dated in two areas. Ln the Alto Rio Chacabuco, near the 
Chile - Argentina boundary, rhyolitic tuffs of a felsic volcanic sequence have Ar-Ar biotite and 
plagioclase ages of 160 and 144 Ma respectively. This sequence is intruded by a granitic pluton around 
which an argillic alteration developed at about 130 Ma. U-Pb and Ar-Ar biotite ages of about 155 and 
158 Ma respectively, were obtained in two plutons intruding a volcanic sequence in the El Faldeo area, 
south of Cochrane. These jurassic ages represent the oldest mesozoic magmatic event in the studied 
segment of the Chilean Patagonia and correspond to the volcanism of the Ibaez  formation. At L a i d n  
Peninsula in the General Carrera lake (- 46' 30's) a rhyolitic tuff of the Ibaez  formation gave an Ar-Ar 
biotite age of about 130 Ma. 

Two Cretaceous ages of 104 and 92 Ma (K-Ar and Ar-Ar respectively) were obtained from a 
volcanic-sedimentary sequence developed to the west of the Jurassic volcanics of the Rio Chacabuco. 
The older age was obtained in a rhyolite located near the confluence of the rivers Rio Chacabuco and 
Rio Backer, whereas the younger age was obtained in an andesite located 20 Km further east. A sample 
of hornblende tonalite from the easternmost part of the NPB of these latitudes, gave an Ar-Ar 
hornblende age of 114 Ma. 

An Eocene volcanic-sedimentary sequence, developed along the NNW-SSE segments of the 
rivers Rio Backer and Rio El Salto, is documented by two K-Ar ages of about 47 Ma obtained from 
rhyolitic tuffs The sequence also includes sedimentary breccias, basalts and felsic sills. 

Compositional variations have been observed accross the NPB at about 44' 30' S. Within the 
Tertiary granitoids near the LOFZ, two types of granitoids were recognized: garnet-muscovite granite 
and hornblende-biotite diorite. This plutonic association differs ffom that of hornblende-biotite granite 
and tonalite, which characterize the Cretaceous granitoids developed further east. All the analyzed NFB 



Third ISAG. St Malo (France), 17-19/9/1996 
619 

granitoids have VAG signatures. However, more fractionated REE patterns and LIL element enri~hrtmt 
are observed in the Cretaceous granitoids than in the Tertiary diorites. 

The volcanic events recognized in the studied area are characterized by an association of 
abundant rhyolitic W s ,  and minor basaltic to andesitic lavas. The exception is the poorly known 
Jurassic event, in which only felsic material have been recognized. Similarities among the rhyolitic tuffs 
of the different events are recognized. These rocks have LaATb between 5 and 20 and negative Eu 
anomalies. In addition they have near constant HREE enrichment of about 10 X chondrite values, 
precluding the garnet participation as a residual phase. Likewise the rhyolitic W s ,  the basaltic materials 
do not show sigdicant differences. Compared with basalts of the Southern Volcanic Zone, most of the 
analyzed basalts show high LILE and moderate HFSE enrichment respect to MORB. Some of the 
Eocene basalts have OIB signatures. 

Sr and Nd isotope data were obtained for representative samples from the Jurassic, Lower 
Cretaceous, Upper Cretaceous and Eocene magmatic events. Most of the rhyolitic - dacitic samples have 
initial Sr ratios between 0.705 and 0.712 and E N ~  values behveen 0.0 and 3.6,  which suggest and 
important crustal contribution. Sr and Nd isotopic \?alues within the same ranges have been obtained for 
Middle Jurassic granitoids south of Cochrane. 

CONCLUSIONS 

The studied segment of the NPB represents a portion of the magmatic arc dareloped during the 
Cretaceous and Upper Tertiary. The jump of the plutonism to the LOFZ indicates that this structure 
became in the locus of the magmatism and constituted the uplifted Neogene margin north of the 
collision of the Chile ridge with the trench at 47' S. Taking all the avilable radiometric data, an age 
correlation exists between plutonism and volcanism. However, the plutonic counterparts for the Middle 
Jurassic, Upper Cretaceous volcanism are poorly represented. 

Unlike the plutonism, the Mesozoic - Early Cenozoic volcanism generated a bimodal 
magmatism The felsic materials exhibit geochemical and isotopic similarities regardless the age, 
suggesting a common origin. According to the published Sr isotopic data, the NPB and Southern 
Patagonian Batholith (SPB) have comparatively lower values than theirs volcanic counterparts. In the 
SPB at 48'S, the initial Sr ratios increase with increasing age (from Middle Jurassic to Eocene), 
indicating that the crustal contribution decreases with time (Bruce et al., 1991). Such coherent age - 
crustal contribution relationship is not observed in the Mesozoic - Paleogene volcanic rocks. On the 
contrary, the crustal contribution appean to be ubiquitous in the origin of the studied felsic volcanic 
rocks. 
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INTRODUCTION 

Within the global tectonic frame, the occidental edge of South America is an active 
continental margin product of the convergence betwen the Nazca and Antartica plates and the south 
American continental plate (Le Pichon, 1968; Isacks and Oliver, 1968; Janes, 1971; Stauder, 1973; 
Menjard and Philip, 1976) originating an igneous activity (Volcano-tectonic) that remains at present 
time. The convergence plane (Benioff Zone) presents angle variations along the active margin 
(Barazangi and Isacks, 1976; Isacks and Barazangi, 1977; Bevis and Isacks, 1984; Jordan et al., 1983, 
etc.). 

During the past decade, numerous studies have increased the knowledge about the Benioff 
Zone behaviour and geometry. In function of distribution and features of magmatic sequences which 
have been developed during the Plio Holocene, this work, with the support of studies and geophysical 
information localized at the south Andn region, interprets and postulates a geometrical model of the 
descendng plane in the zone included between 36" and 39" S latitude. 

Gathering the geological, geophysical and volcanic evidences, complementind with 
petrogenetic concepts (particularly those related to the Shoshonitic magma generation hypothesis) and 
together with the analysis of registered seisms between 36" and 39" South Latitude during 1906-1980, a 
theoretical model of oceanic plate descending evolution from Pliocene up to Holocene is proposed. 

The first data group allows us to distinguish three subductin areas in the plate, separated 
by fractures which are approximately located between parallel 33" and 37" SL; 37" and 38" 30' S; 38" 30' 
and 45" 146" S, triple point (Figure 1). 
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Figure 1 : Map showing the fracture zone of the Oceanic Plate and extensions of the Mocha and Valdivia 
Factura Zones onto the continental margin, reinterpretation of its outlines after Herron (1981). The map 
also shows the location of Chle kdge and Peni-Chle Trench and volcanic activity during the Pliocene- 
Holocene, between 36' and 39' lat. S. 

Based on the information exposed in the study, the following conclusions can be extracted 
from: 

a) At 37' and 38' 30' SL the subducted plate is segmented because of the interaction with the South 
American plate. The fracture area at North is represented by Mocha Fracture (37" SL) and it is defined 
at the South by Valdivia Fracture 38'30'. These fracture zones delimit an area that outlines the limits 
between a crust which, at Trench sector, has Merent ages and structures (Herron, 1981) and in the 
continental area reflects in surface unequal volcanic characteristics, related to evolution, dtstribution and 
composition aspects. 
b) The fracture zones pointed out above, allow us to interpret the existence of a "splinter or microplate". 
Tlus splinter corresponds to the separationof a minimum portion of Nazca plate, at SE. in the contact 
area with Chle Ridge. This small fraction with a N 80' E pushing dtrection (Stauder, 1973) Merent 
than the one at the North of 37" SL (N WOE, Stauder, op. cit.) has a penetration front with a N 10' W 
general direction. This disposition is probably due to the unequal penetration speed since the edges have 
Merent contact surfaces (the contact area is greater at North whilst at the South it is reduced by 



Third ISAG, St Malo (France), 17-191911996 
623 

interaction with Chile Ridge). At the same time, its reduced size decreases the pushing force, being this 
a probable cause for major inflexion of penetration angle. 
c) The efusive centers, which are the origin of the Plio-Holocene calcoalkaline and shoshonitic 
magmatic sequences, have an unequal distribution. 
At North of 37" the calcoalkaline front extends up to 69" 45' and to the South up to 70" 30' and the 
distribution surface of the shoshonitic (?) magmatic sequences hase an extension of 60 km. to the North 
of 37" SL in EW direction, and this area is restricted to a narrow h n g e  of 10 km. to the South. At the 
same time, there is a concordance betwen the volcanic &stribution areas in surface, the data information 
about the seismic profiles and the magma generation zones, which is approximately 80 to 100 km. depth 
for calcoakaline magmas (Hanus and Veneck, 1978) and 150 km. for shoshonitic magmas (Deruell, 
1982). 

CONCLUSIONS 

This set of data allows the postulation of a theoretical model of the subduction plane 
geometry since the Pliocene to the Holocene (Figure 2). The most remarkable characteristics of the 
theoretical model are: 

I) At North of 37" SL, the subduction (?) plane gets deeper through a 28" to 30" plane (Swift and Carr, 
1974) and penetrates slowly to 150 to 160 km. depth. Its influence in surface should have been extended 
up to 69" 45' W minimum. 
II) Between 37" and 38" 30' in the area close to the Trench, the "splinter or microplate" gets deeper with 
a small angle of 20" approximately (Plafker, 1972). From 72" 30' 1 72" 15' the oceanic microplate 
penetration angle increases. This change of angle and higher depth is corroborated with the location of 
active calcoakaline volcanism at 71°, 71" 30' W. Furthermore the Andean Andesitic primary magmas 
generation areas can be found at these latitudes in coincidence with seismic profile data. It is 
interpretated that t h ~ s  penetration angle remains up to a depth of 130 to 150 km. approximately 
(Shoshonitic magmas generation area) since the extension of efusive centers of ths  sequence at surface 
is limited by a narrow fringe of 10 km. approximately. 

Figure 2: Interpretation of the oceanic plate geometry in the continental area between 36" - 39" last. S. 
During Pliolocene - Holocene, in function to volcanic evidence. 
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From Eocene times onwards southern-central Patagonia has been the site of a number of 
ridge-trench collisions (Cande & Leslsie, 1986; Ramos and Kay, 1992). Subduction of a 
spreading oceanic ridge beneath continental lithosphere is a rare event and the potential 
effects of ridge subduction on the overriding South American plate are still poorly 
understood. In order to better constrain the timing of igneous activity and the possible 
effect of tectonic rotations formed in response to ridge subduction events, *Ar-j9Ar 
radiometric age dating and palaeomagnetic studies of key outcrops were undertaken in the 
region south of Coyhaique between 45'30 and 47"s. 

REGIONAL GEOLOGY 

The regional geology of the study area is summarised in Figure 1. The oldest rocks 
exposed in the region are Palaeozoic basement shales and phillites, overlain 
unconformably by volcanic arc rocks of the Jurassic Ibanez and Cretaceous Divisidero 
Formations (Suarez et al., 1994). During this time, the bulk of the Patagonoan batholith 
was believed to have been emplaced, although recent K-Ar and Rb-Sr ages (Pankhurst & 
Herve, 1994), supported by new data presented here, suggest that granitoid magmatism 
continued well into the Tertiary. A major phase of igneous activity began at the end of 
the Cretaceous with the extrusion of the voluminous Patagonian flood basalts and 
associated minor intrusives (Petford et al, this volume). 

COYHAIQUE DYKE AND GRANITOID STOCK 

40Ar-39Ar ages 

Eight samples (five whole-rock and two mineral separates) were selected for age dating. All 
quoted ages and related MSWDs are 36Ar/*Ar-39Ar/*Ar isochron ages. Errors (in Ma) are 
quoted at * 1s. 

Figure 1 shows plots of the O/039Ar gas release spectra, ages and geographical 
location of three whole-rock basalt samples SC 59, SC 13 and SC 11, along with two 
biotite separates SC 31 and SC 32 from the Patagonian batholith. The oldest rock dated in 
this study was the basaltic andesite dyke SC located 15 kilometres south east of 
Coyhaique. The dyke is part of a well exposed vertical swarm trending generally NNE- 
SSW that intrude into local black shales of the Cretaceous Divisidero Formation. The 
sample ~ i e l d s  a well defined gas release spectrum, with a whole-rock (isochron) age of 61 



Fig. I .  ' ' ~ r - ~ ~ ~ r  gas release spectra for three basalts (whole-rock) and two mineral separates 
(biolites) from the Patagonian batholith around Coyhaique (45°30-47000S). Samples SC 59, 32 and Basalt dyke (SC59) ,I 

t,~,-,] M M . 4  
3 1 are 3"Ar/40Ar-39Ar/'OAr isochron ages +- 10. SC 13 and SC 12 show minimum estimated total gas , MSWD = 0.7 
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0.4 Ma (MSWD = 0.7) similar to the total gas age of 61.6 k 0.6 Ma indicative of a true 
cooling age undisturbed by any subsequent thermal resetting. 

Samples SC 32 and SC 31 are biotite fractions from a granitoid stock located to 
the east of the main Patagonian batholith that intrudes into volcanic rocks of the Ibanez 
Formation. The rocks are dioritic with SiOz contents of 52.49 and 54.63 wt0/0 respectively. 
Biotite 40Ar-39Ar mineral isochron ages are identical within error at 9.6 Ma. This 
unexpectedly young age places the stock in the Mid Miocene, and is further evidence for a 
young component within the Patagonian batholith. Although their total gas ages are 
broadly similar (9.6 k 0.5 and 10.4 k 0.4 Ma), their relatively high MSWDs of 6.9 and 18.5, 
and slightly erratic gas release spectra indicate mild disturbance may have occurred during 
or  after cooling. 

Palaeomagnetic Results 

Palaeomagnetic results for samples 59 (Coyhaique dykes) and, 31 and 32 (granitoid stock) 
are characterized by initial NRM direction with steep negative inclinations. During partial 
thermal demagnetization over 80% of the remanence is lost on heating to 350°C. Above 
this temperature there are no systematic directional changes and vector analysis indicates 
that the characteristic remanence lies in the temperature range 100-400"C.There are 
insufficient palaeomagnetic data to calculate a realistic virtual geomagnetic pole for the 
Coyhaique dykes. 

The granitoid stock shows more complex palaeomagnetic properties than the 
Coyhaique dykes. The initial NRM directions have southerly declinations with a 
relatively steep positive inclination (reversed polarity). During thermal demagnetization a 
low blocking temperature component is removed between 0 and 100°C. Above this 
temperature there is usually a slight relative increase in NRM intensity followed by a 
sharp drop near the Curie temperature of magnetite (580°C). Vectorial analysis indicates 
that the NRM comprises two major components, one with a lower unblocking 
temperature spectrum between 100-400°C has a north easterly declination.and shallow 
negative inclination. The mean direction of Dec: 182; Inc: 64; n 5 ;a95 6.9. The direction 
corresponds to a Virtual geomagnetic Pole at Lat: 88s Long:160 SE with QI 8.8 and 
Dmll.0. 

INTRUSIONS IN THE COSMELLI BASIN 

The Cosmelli basin is located above a segment of continental crust that has experienced 
several ridge subduction events over the last 15 Ma. Recently, Flint et al., (1992) have 
interpreted the Cosmelli basin as a foreland basin that formed in response to ridge 
subduction processes. 

40Ar-39Ar ages 

Comparison with the other sample spectra in Figure 1 shows that the gas release spectra of 
two basaltic sills SC 13 and SC 11 intruding the Cosmelli basin sediments are severely 
disturbed. Indeed, it was not possible to obtain an isochron plot for either sample, due to 
the high degree of scatter of individual gas fraction ages. Such scatter is characteristic of 
rocks that have undergone extensive isotopic resetting of radiogenic argon after initial 
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cooling, with the 'U'-shaped gas release spectra of both samples diagnostic of excess 
radiogenic argon. Total gas ages (the sum of all the individual gas fractions) comparable 
with ages that would be obtained by K-Ar dating are 146 Ma for SC 13 (Tithonian) and 
31.6 Ma for SC 11 (Oligocene). Clearly the older of these ages is at odds with established 
stratigraphic correlations within the Cosmelli basin, although they do show the advantage 
of "Ar-39Ar technique over K-Ar dating in identifying samples that have had their primary 
ages reset. Taking the total gas age of the lowest age steps from both spectra gives some 
indication of the possible maximum age of the sample. This is about 40 Ma for SC 13 (steps 
7, 9, 11,12,13) and about 18 Ma for SC 11 (steps 14-17). Although no significant emphasis 
should be placed on these age estimates (they account for approximately 35 and 20°/0 of 
total 39Ar released), they are nevertheless closer to  assumed stratigraphic ages based on 
correlations between intercalated sediments. 

Palaeomagnetism 

Palaeomagnetic data for the basalt sills is different. The Lower Sill (SC 11) has reversed 
polarity whereas the Upper Sill (SC 13) is of normal polarity. There are also important 
directional differences between the two. The initial NRM of SC 11 has a northerly 
declination with steep negative inclination. During partial; thermal demagnetization there 
is a near exponential decay of the NRM intensity and above 150°C there is only a single 
component of magnetization. The lower sill shows a smooth demagnetization trend with a 
slight concave-up curve. The median destructive field lies at about 200mT. The othogonal 
vector plot shows the presence of only a single component of magnetization consistent 
with those seen in the partial thermal demagnetization. The mean direction calculated for 
the combined data is Dec: 155 Inc: 71 n 12 a95 7.3 The corresponding VGP is Lat: 72s Long 
339E with Dpll.1 and Dm 12.7 

References 

Baker, P.E., Rea, W.J., Skarmeta, J., Caminos, R. & Rex, D.C. 1981. Igneous history of the Andean cordillera and Patagonian 
plateau around latitude 46s. Phil. Trans. R. Soc. London, 303, 105-149. 

Cande, S.C. & Leslie, R.B. 1986. Late Cenozoic tectonics of the Southern Chile trench. JGR,  91, 471-496. 

Charrier and others, 1979. K-Ar ages of basalt flows of the Meseta Buenos Aires in southern Chile and their relation to  the 
southeast Pacific triple junction. Geology, 7, 436-439. 

Flint, S., Prior, D. ,  Agar, S.M. & Turner, P. 1994. Stratigraphic and structural evolution of the Cosmelli basin and its relationship to  the 
Chile triple junction. J.  Geol. Soc. London, 151, 251-268. 

Pankhurst. R.J. & Herve, F. 1994. Granitoid age distribution and emplacement control in the Northern Paragonian batholith in Aysen (44- 
47"s). 7 Congresso Geologico Chileno, 2, 1409-1413. 

Ramos, V.A., & Kay, S.M. 1992. Southern Patagonian plateau basalts and deformation: backarc testimony of ridge collisions. 
Tectonophysics, 205, 261-282. 

Suarez, M,, Prieto, X., Belmar, M. & Quiroz,  D. 1994. Estratigraphica Terciaria del sector nororiental de Aysen. 7 Congresso Geologico 
Chile, 1, 533-537. 



Third [SAG, St Malo (France), 17-191911996 
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New chemical and age data from the Chile Chico region (ca. 46"S), located within the current 
Andean volcanic arc gap are reported from a detailed traverse 250 m through an exposed lower 
plateau basalt sequence of Hy-normative olivine tholeiites. *3Ar/'9Ar ages of 51.7 L- 0.7 to 51.8 0.9 
imply an eruption time of ca. 0.1 Ma and confirm the similarity in age of these rocks with the 
neighboring Posadas basalts in Argentina. Ages less than 10 Ma in an upper sequence of Ne- 
normative alkali olivine basalts confirm the wide range in ages reported in earlier K-Ar 
reconnaissance studies of the region, and show that flood basalt magmatism occurred throughout 
most of the Tertiary (ca. 50 Ma) in this region of Patagonia. The minimum estimated volume of the 
lower sequence and surrounding Miocene basalts exposed between 4649"s is ca. 2 X 10' km', giving 
an average magma eruption rate of 0.2 km' yr, comparable with the Parana lavas. 
The basalts are OIB-like (Ba/La < 15, La/Nb - 
< 1.6) with Mg numbers up to 67, epsilon Nd 
values of +6  to +2 and "Sr/s6Sr ratios of 
0.7030-0.7045. Correlation between La/Nb, 
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Ti02 and sotopic composition between the 
lower and upper sequence basalts suggest a 
switch in source region from predominantly 
asthenospheric to  lithospheric mantle with 
time. 

LOCAL GEOLOGY 

The Chile Chico basalts (ca. 46'30"-46'45"s) 
are located on a plateau (Meseta) at a mean 
elevation of 2000 m, close to the Chilean- 
Argentinean boarder (Fig 1). The plateau is - 
itself an extension of the larger Meseta Buenos 
Aires (ca. 500 km3 located mainly in Fig. 1. Present day plate tectonic setting of the Paragoninn 
~ ~ ~ ~ ~ ~ i ~ ~ ,  but which has been deeply flood basalt pmvence (after Murdie et al.. 1993). 
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dissected by the Rio Heinemeni which marks the boarder between both countries in this region. 
They form a sequence of basalt lavas and occasional sills and intercalated sediments covering an area 
of approximately 300 kmz where they rest upon Mesozoic-Tertiary volcaniclastic rocks and marine 
sediments. The orientation of the well exposed lower sequence lavas ranges from subhorizontal to ca. 
25" SW/140°. The estimated current thickness of the lower sequence is about 250 m, giving a 
minimum estimated volume of 75 km3. However, the pile is cut by volcanic necks and plugs 
(including the nodule-bearing Cerro Lapiz) which acted as feeders for younger surface cones and 
flows, indicating the basalt pile was once much thicker. The minimum estimated volume of the 
lower sequence and surrounding Miocene basalts exposed between 46-49"s is > 104 km3 

40Ar/39Ar BASALT AGES 

The 'OAr/39Ar age spectra and 
stratigraphic position of analysed 
basalts in the Chile Chico lower 
sequence are shown in Figure 2. 

C W S  
'3Ar/39Ar Ages from the base and 

S I S ~ Q . ~  MSWD.~  l 

upper part of the sequence are within g 
L 

error, indicating extrusion rates of the * , , m m  " -: 

order of 0.1 Ma. "Ar/'6Ar-'9Ar/aAr 
isochron ages range from 51.7 i 0.7 
Ma at the base of the sequence to 51.8 o 

o S (O n too 1 
i 0.9 just beneath the plateau surface, %-M cc10 

4a.7H.O 
both comparable with the minimum ~ ~ ~ l ~ ~ l 2 . 1  

K-Ar age of Charrier et a1 (1979) from 
Cerro Lapiz. 

The youngest rock dated in 
this study is a basaltic dyke that cuts 
up through the Chile Chico lower lm; CC I 

sequence. Its isochron age of 8.5 i 0.2 3j 50.7t1 MSWD-ZOO o 
Ma coincides with early Miocene to i ! ?m- 1 C U O  

,@I :eau 36m Pliocene ages reported by Charrier et i S] - m-4 5 1 . 7 ~ ~ 7  usw0.30  

a1 (1979) for the upper unit of the 1 Q 
3: 

1 :' 
I - . . . . . . " . I h . I  

Mestea Buenos Aires at Chile Chico, - 
8 -  

s ": e--- 
and is a likely feeder dyke for these 

0; . m ,A 
younger rocks. Taking the estimated %-U 

minimum basalt volume of Eocene o ( ~ n l m  

basalts in Patagonia we obtain an \-U 

average (minimum) eruption rate of 
0.2 km3 yr, comparable with the 
Parana flood basalts. 

Fig. 2. Composite log through the lower sequence basalu showing 
position and thickness of each basalt unit sampled. Quoted errors arc i 1 sigma. 

BASALT CHEMISTRY 

Half the Chile Chico basalts have Mg numbers > 60 similar to primary mantlederived liquids. The 
upper and lower sequence basalts can be subdivided according to Ti0z contents into a high Ti-group 
(Ti02 > 2 wtO/o) and a low-Ti group (TiOz < 2 wtO/o). Incompatible element abundances are similar 
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to the Eocene Posadas basalts (Ramos and Kay, 1992), with a general enrichment of HFSE over LILs 
pig.  3). Low Ba/La (< 15) and La/Nb (< 1.5) ratios similar t o  those reported in previous studies 
are further evidence for the OIB-like nature of the Patagonian flood basalts. Although E N ~  ( + 6  to 
+2) and 87Sr/86Sr ratios (0.7035-0.7045) suggest derivation from a relatively depleted mantle source, in 
detail their are important differences in the chemical and isotopic compositions of both groups (Fig. 
4). Eocene Lower Sequence basalts have E N ~  values of + 5  to +4, 2-3 wt0/0 T i02  and Nb/La > 1, 
while the post-Eocene Upper Sequence basalts have more evolved E N ~  values of +3.5 to +2, 2-1 
wt% Ti02  and Nb/La ratios < 1, consistent with a switch from asthenospheric to lithospheric 
mantle source regions with time (cf. Columbia River basalts). 
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Fig. 3. Incompatible element plot for C h l r  Chico basalu. Posadas basalu (shaded) shown for comparison. 

5 m U 
0 

Lower Sequence basalts 0 
(Eocene) 

Upper Sequence basalts 
A (post-Eocene) 

Fig. 4. E N ~  v TiOz plot for Lower and Upper sequence basalrs showing a shift towards lower Ti and more 
enriched (lithospheric) isotopic compositions with time. 
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ORIGIN OF EOCENE BASALTS 

Ramos and Kay (1992) have proposed that the Eocene Posadas basalts are closely related to the 
collision of the Aluk-Farallon ridge with the Andean subduction zone between 52 and 42 Ma and the 
subsequent formation of an asthnospheric slab window. Significantly, the new 40Ar-'9Ar ages for the 
Posadas basalts at Chile Chico (51.8 Ma) coincide nicely with the predicted onset of Eocene ridge- 
trench collision. Major and trace element modelling (Cheadle & Petford, 1993) suggests that the 
Eocene age Chile Chico magmas originated by ca. 5% melting of an anomalously hot mantle source 
at between 80-90 km depth, at a mantle potential temperature of 1400-1450°C (Fig. 5). Although the 
subducting slab normally prohibits hot mantle from rising to melting depths, slab windows within 
the subducting oceanic lithosphere may provide temporal and spatial opportunities for hot, 
relatively depleted to  OIB-like subcontinental mantle, to rise to more shallow depths where melting 
can occur. Whether the mantle heat source is deep seated o r  shallow remains an important open 
question (King & Anderson, 1996). 

0.2 , 1 

( ~ d i a b a l i c  upwrllinp: Mant l r  temp-1280 1 

Adiabatic upwrllinp: mantlr  temp 1450 

B a l a  of L i l h o l p h r r r ?  

Fig. 5. Melt fraction v depth. Upwelling of hot mantle v p  1450°C) at base of 80 km-thick lithsphere produces 
5% melt. 
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INTRODUCTION AND GEOLOGICAL SE'ITING 

Southwestern Ecuador includes oceanic terranes of Cretaceous age accreted to the continental An- 
dean margin between late Cretaceous and late Eocene times (Goossens & Rose 1973, Feininger & Bris- 
tow 1980, Jaillard et al. 1995). The oceanic floor, known as the Pi8611 Fm, yielded 110- 100 Ma WAr ages 
(Aptian-Albian, Goossens & Rose 1973). It is thought to constitute the basement of the whole coastal area 
of Ecuador, and bears three distinct island arcs. In the Guayaquil area, the thick volcaniclastic deposits of 
the Cayo Fm of Cenomanian?-Campanian age are believed to represent the products of an island arc ( ~ 9 5 -  
75 Ma, Bristow & Hoffstetter 1977, Jaillard et al. 1995). It overlies the Piii6n Fm through a thin but dis- 
tinctive volcanic layer referred to as the Las Orquideas beds. The presently NE trending San Lorenzo 
Fm is represented by conglomerates and greywackes intercalated with lava flows, which crop out NW of 
a fault system that separates it from the Cayo Fm (Manta area, fig. 1). It yielded consistent late Santonian- 
Paleocene ages (85-53 Ma, Goossens & Rose 1973, Lebrat et al. 1987, Wallrabe-Adams 1990). The Ma- 
cuchi Fm of early to middle Eocene age crops out in the NNE-trending Western Cordillera. 

The continental Andean margin of southernmost Ecuador includes various volcanic units. The Celi- 
ca Fm consists of submarine, mainly andesitic lava flows, agglomerates and tuffs that crop out near the 
Peruvian border. It is usually interpreted either as a continental arc (Lebrat et al. 1987, Wallrabe-Adams 
1990). Since it is crosscut by the Tangulla granite which yielded inconsistent 114 to 49 Ma WAr ages, an 
early Cretaceous age was inferred for the Celica Arc (Kennerley 1980). However, its extension in Peru is 
dated by Albian to Cenomanian fossils. The Celica Fm is overlain by the Alamor Fm made of coarse- 
grained greywackes and intercalated volcanics of early late Cretaceous age (Jaillard et al. 1996). Farther 
East, the Sacapalca Fm consists of subaerial agglomerates, tuffs and lavas, interpreted as a continental 
volcanic arc (Mamberti 1995). Since it is crosscut by plutons, which range in age from 26-21 Ma to 59- 
5 1 Ma or even 66-61 Ma, the Sacapalca Fm would be of early Eocene-Paleocene, or even late Cretaceous 
age (Jaillard et al. 1996). 

The aim of this paper is to present preliminary results about the mineralogy, geochemical composi- 
tion and geodynarnic significance of the middle Cretaceous to Paleocene volcanic units of both, oceanic 
and continental origins. 

MAGMATIC AFFINITIES 

All the volcanic-rocks of southern Ecuador are affected by a low grade hydrothermal alteration 
with preserved magmatic textures. Clinopyroxene and plagioclase are replaced by smectites and calcite + 
epidote, respectively. The groundmass is always replaced by smectites while prehnite + pumpellyite + 
smectites fill vacuoles. The samples analyzed for this study are relatively fresh with preserved clinopy- 
roxene and plagioclase. 
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The volcanic rocks of oceanic origin (Piii6n and 
San Lorenzo Fms, Las Orquideas beds) show mafic 
(Mg0>5%) to intermediate compositions and are mainly 
dolerites, basalts and andesites. Basalt is the main rock type 
of the Piii6n Fm and Las Orquideas beds. Dolerites occur in 
the Piii6n and San Lorenzo Fms while andesites are only 
found in the San Lorenzo Fm. All these rocks iue formed of 
plagioclase, clinopyroxene and Fe-Ti oxides. The crystalli- 
zation sequence in the basalts and dolerites of Pinon and Las 
Orquideas Fms. is: plagioclase -> cpx -> oxides while in the 
rocks of the San Lorenzo Fm, Fe-Ti oxides crystallize befo- 
re plagioclase. Orthopyroxene is uncommon. Plagioclase 
predominates (50 to 80 % of modal composition) in all the 
rock-types and shows normal zoning with labradorite core 
(An75) and oligoclase rim (Anlo). Clinopyroxene exhibits 
augite composition (En45, Fs12, W O ~ ~ ) .  In the San Lorenzo 
andesite, clinopyroxene shows diopside core rimmed by 
augite. Oxides are Ti-rich (Ti02 - 5%) magnetites. 

Basalts and dolerites of the Piii6n Fm show 
E.MORB affinities with flat REE patterns [0.9<(LalYb)C 

I 'd I I 
............... .......... ....................... Tertiary forearc v v v Tertiary vol- 

I <1.3, fig. 2A) and Nb, Hf, and ~a-emichments relative to 
D depasits canic arc N.MORB (fig. 3A). They cluster in the E.MORB field in 

Latest Cretaceous- v v v Cretaceous the Hfl3-Th-Ta diagram (Wood 1980, fig. 4). Basalts, dole- 
. . . . . Paleocene forearc f volcanic arc rites, andesites of the Las Orquideas beds and San Lorenzo m Cretaceous-Paleo- Pre-Cretaceous 

gene island arcs 0 \'\'X basement Fm differ from the E.MORB of the Piii6n Fm by LREE 
enriched patterns [2.31<(La/Yb)C<3.9, fig. 2B] and a 

Fig. 1 : Location of the studied area. depletion in Nb, Hf, and Ta relative to N.MORB (fig. 3B). 
They are enriched Ba, Rb, Sr relative to N.MORB (fig. 3B). 

All these rocks fall in the calc-alkaline field in the Hfl3-Th-Ta diagram (fig. 4). The REE abundance of 
the basalts and dolerites of the Las Orquideas beds is 10 times the chondritic abundance and markedly 
lower than that of the San Lorenzo rocks. Moreover, the igneous rocks of Las Orquideas beds show a 
significantly depletion in HREE, Zr, Ti, and Y, compared to the calc-alkaline rocks of San Lorenzo and 
more generally to the calc-alkaline mafic rocks of oceanic arcs (Wilson 1989). 

The Piii6n E.MORB tholeiite is characterized by an &Nd, back calulated at 110 Ma, of +7 (fig. 5) 
which falls in the range of Oceanic Island Basalts. The Las Orquideas calc-alkaline rocks show similar 
&Nd ratios, back calulated at 110 Ma, that range between +6 and +7 (fig. 5). These &Nd ratios fall in the 
range of oceanic arcs. In contrast, the initial (87Srl86Sr)i ratios of the E.MORB tholeiite and calc-alkaline 
lavas, back calculated at 110 Ma exhibit a wide range of values (-4.2<&Sr<+4.2). The enrichment of both 
rocks in radiogenic Sr is probably linked to hydrothermal alteration experienced by these submarine lavas. 

Thus, the basalts and dolerites of the Piii6n Fm display E.MORB tholeiitic affinities, very similar to 
those of oceanic plateau basalts (Floyd 1989). Moreover, they share in common with the Late Cretaceous 
tholeiites from Cura~ao (Kerr et al. 1996) and the Cenomanian-Coniacian E.MORB tholeiitic basalts from 
Hispaniola (Dupuis 1995), flat REE patterns, Ta, Nb, Hf enrichments relative to N.MORB and &Nd ratios 
of +6/+7. The Las Orquideas and San Lorenzo calc-alkaline rocks display petrological and geochemical 
features of intra-oceanic arc-rocks. The low HREE and Y contents of the Las Orquideas rocks suggest the 
presence of residual garnet in the mantle source. 

The lavas exposed on the continental margin (Celica, Alamor and Sacapalca Fms) show contras- 
ting petrological and geochemical features with respect to the E.MORB tholeiites and calc-alkaline rocks. 
They occur as flows or fragments in pyroclastic breccias. They show intermediate to felsic compositions. 
Dacite is the most common rock-type. Mafic to acidic andesites are also present. Plagioclase is the most 
abundant mineral (30 to 80% of phenocrysts) and exhibits anorthite composition Two groups of 
rocks may be distinguished on the basis of the nature of the ferro-magnesian phenocrysts. The lava in 
flows and pyroclastic breccias of the Celica Fm are clinopyroxene- and orthopyroxene-phyric, respective- 
ly. The andesites and dacites of the Alamor and Sacapalca Fms are amphibole- phyric. The dacites inclu- 
de quartz phenocrysts. Amphibole is always zoned ; it is a K-poor (K20<1%) hornblende. Fe-Ti are Ti02 
(4 to 6%) rich magnetite and crystallize before the plagioclase and clinopyroxene. 
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Fig 2 : Rare Earth Element normalized abundance normalized Fig 3 : N.MORB-normalized spiderdiagrams (Normalisation 
to C1 chondritic meteorite values (Normalisation values : Sun values : Sun and MC Donough, 1989). 
and MC Donough, 1989). A : Pition Fm. 
A : Piti6n Fm. B : San Lorenzo Fm and Las Orquideas Beds. 
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Fig 4 : Hf13-Th-Ta discrimination diagram (alter Wood, 1980). (calculated at t=110 My). 
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All the lavas show LREE enriched patterns [1.5c(La/Yb)Cc3.11, fig. 2C], except for a volcanic frag- 
ment in a breccia of the Alamor Fm, which shows a flat FEE pattern [(La/Yb)C=1.06]. A dacite of the 
Alamor Fm differs by lower REE concentrations (10 times the chondriitic abundance), but his FEE pat- 
tern is of calc-alkaline type. The trace element patterns normalized to N.MORB are enriched in LILE and 
depleted in Ti and Nb (fig. 3C). In the Hfl3-Th-Ta diagram (fig. 4), these rocks fall in the volcanic arc 
basalt field, and more specially in the calc-alkaline field. Their Th levels are relatively high (2.31cTh 
ppmc4). This suggests a crustal contamination. 

Thus, the lavas of the Celica, Alamor and Sacapalca Fms show calc-alkaline affinities. The predo- 
minance of dacites, the presence of hornblende and the high content in Th suggest that they were develo- 
ped in an active continental margin setting. 

CONCLUSIONS 

The Piiidn Fm may represent part of a Cretaceous Caribbean-Colombian Pacific-derived oceanic pla- 
teau. This would explain whyit could not be subducted and was part of the terranes accreted to the North 
and South American cratons sometimes during the late Cretaceous-early Eocene. Because of its oceanic 
plateau nature, the Piiion basement constituted the upper plate of successive intra-oceanic subduction sys- 
tems. The overlying Las Orquideas and San Lorenzo calc-alkaline rocks developed in island-arc setting. 
A calc-alkaline volcanism developed on the continental margin of southern Ecuador during late early Cre- 
taceous (Celica Fm), late Cretaceous (Alamor Fm) and Paleocene (?) times (Sacapalca Fm). 
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INTRODUCTION 

In Ecuador, Mojanda volcano, located 50 km Northeast of Quito, is one of the most voluminous 
volcanoes in the Interandean Depression which separates the western Cordillera from the Cordillera Real. 
Very little information (Hall 1977) is available about this edifice which was previously thought to be a 
single volcano, truncated by a small summit caldera, 2.2 X 2.8 km wide. The volcanic complex consists 
of two contemporaneous volcanoes. Here, we emphasize the striking differences between these volcanoes, 
concerning their history, eruptive styles and magmatic characteristics, despite their proximity. 

MAIN PHASES OF DEVELOPMENT AND ERUPTIVE STYLES 

The Mojanda volcanic complex is 26 km in diameter and rises to a maximum elevation of 4263 
m from its base, between 2200 and 3000 m elevation. The orientation and convergence of lava flows and 
other deposits indicate the existence of two volcanic centres, located only 4 km apart : the Mojanda ss and 
the Fuya Fuya (Fig. 1). 

Mojanda ss centre. This volcano experienced two caldera events. The truncation of a basal, 
essentially effusive edifice (Mojanda I), observed between 3750 and 4000 m elevation, suggests a former 
caldera, 5 km in diameter, around the previously recognized small summit caldera. Mojanda I consists of a 
monotonous series of andesitic and siliceous andesitic lava-flows and breccias (56-63% Si02). 

Mojanda I1 : Except for pyroclastic deposits and a series of lavas that flowed to the North, this 
new cone did not extend over the limits of the caldera. Four volcanic units comprise this cone : 
1- Lava flows from Yanaurco (uni t  MII-I), composed of diopside and olivine basaltic andesites (55-56% 

Si02). 
2- Scoria flow deposits (56-58% Si02) containing bombs and vitric blocks, found on the SE and N 

flanks (unit MII-2). These deposits suggest eruptive episodes in  an open-conduit regime. Dense juvenile 
blocks also indicate that andesitic domes emplaced in the summit area were destroyed by strong explosive 
activity. 
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Figure 1. Simplified geological map of the Mojanda volcanic complex. Mojanda volcanic centre : 1- Basal edifice (MOJ I, 
mainly lava flows). 2- Post-caldera edifice (mainly mafic with scoria flows; MOJ 11-111). 3- Yanaurcu breccias (MOJ IV). 
4- Undifferentiated pyroclastic deposits from Fuya-Fuya and Mojanda (mainly ash and pumice fallout deposits), epiclastic 
deposits and superficial reworked ashy deposits (Cangahua). 5- Limit of flowage of lava from MOJ I. 
Fuya-Fuya volcanic centre : 6- Basal lavas and domes. 7- Outcrop zones of pyroclastic deposits related to the Plinian and 
dome activity (especially the thick rhyolite pumice layers R1 and R2, ash and bloc pyroclastic flow deposits and associated 
lahars). 8- San Bartolo volcanic cone (lava flows). 9- Avalanche deposits. 10- Ahs and pumice flows following the avalanche 
event. 11- Summit complex ofFuya-Fuya (lava flows and domes). 12- Recent pyroclastic flows related the summit domes. 
Cushnirumi : 13- undifferentiated deposits (mainly lava flows) from Cushnirumi. Heavy lines represent the limit of calderas. 
LGM = Laguna Grande de Mojanda. 
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3- A 300 m thick unit of basic andesite to andesite breccias forming the upper part of the cone around 
Laguna de Mojanda (unit MII-3). These breccias, bearing abundant quenched vitric clasts, have 
hydromagmatic characteristics. 

4- A sequence of Plinian and phreatoplinian deposits (ash and lapilli beds) of basaltic andesite and 
andesite. These products have been ejected during a major eruption or series of eruptions responsible for 
the formation of the small summit caldera. Mafic dykes which cross the caldera in a N-S orientation are 
associated with this phase. 

Fuya-Fuya volcanic centre. Upon the western flank of Mojanda I, thick andesitic to dacitic 
lavas and lava domes were extruded, forming the Fuya-Fuya basal edifice. Thick sequences of Plinian and 
dome collapse deposits are related to this stage of development. The interpretation of numerous sections of 
pyroclastic deposits on the outer south slopes (block and ash flow deposits, block rich lahars, Plinian 
ashfalls and extensive pumice fall deposits), clearly indicate that, during this period, the activity of Fuya 
Fuya was strongly explosive, constantly related to acid magmatism from a gas-rich shallow magma 
chamber and acid extrusions. 

Six major Plinian deposits interbedded with deposits of dome activity and emitted during two 
long magmatically and volcanically cycles are observed. Each cycle began with a voluminous Plinian 
eruption resulting in a thick rhyolite pumice deposit (70-71% Si02), which was followed by episodes of 
dome construction and collapse, and minor emissions of ash andtor pumice. 

The two main rhyolite pumice deposits, R1 and R2, at the base of each sequence, have been 
recognized as far away as Quito. The lower pumice R1, 4 m thick at 15 km SW of Fuya Fuya centre, is 
divided into two layers. The lower one is progressively enriched towards the top in andesitic (Si02 = 60%) 
juvenile clasts (cauliflower bombs and scoria). Both deposits R1 and R2 represent cataclysmal Plinian 
eruptions, probably responsible for the opening of large vents in the summit area. 

The intermediate construction stage of Fuya-Fuya is represented by the San Bartolo cone, formed 
by a pile of andesitic and acid andesite lava flows covering the remnants of the summit domes. A large 
Mount St Helens collapse event was then responsible for the loss of the major volume of this new cone 
and part of Fuya-Fuya's basal lavas and dome extrusions. The collapse also affected the western flank of 
the Mojanda I1 edifice (Fig.1). Voluminous dacitic pyroclastic flows, overlying the avalanche deposits, 
followed the avalanche event. 

During the Late Pleistocene and Holocene, a new complex consisting of viscous lava flows and 
domes formed in the Fuya-Fuya avalanche caldera. Its eruptive activity is mainly represented by 
pyroclastic deposits directed to the west by the drainage and prevailing winds. Unglaciated Colangal and 
Panecillo domes are the last extrusions of this complex. 

GEOCHEMISTRY 

48 analyses of major and trace elements have been made other the whole volcanic complex. Both 
Mojanda and Fuya-Fuya volcanic centres show remarkably distinct chemical characteristics on diagrams 
using both major as well as trace elements. Both suites lie in the medium-K calc-alkaline field, but the 
Mojanda series is clearly more K-enriched than the Fuya Fuya series. The Mojanda suite has higher 
contents of Ti, Fe and Ca, and consequently is less silicic. A discriminant diagram to differentiate the two 
series is the SrIY vs Y diagram. On figure 2, rocks from Fuya-Fuya fit within the adakite field, while the 
Mojanda suite shows characteristics of the normal continental andesite-dacite calc-alkaline rocks. In this 
diagram, rocks from Cushnirumi volcano, a third, nearby older volcano, greatly destroyed by an avalanche 
and dissected by erosion (Fig. l ) ,  also appear as adakites (Monzier et al, this volume). 

DISCUSSION AND CONCLUSIONS 

Two major closely associated volcanic centres form what was previously considered as Mojanda 
volcano. Although completely contemporaneous and only 4 km apart, these centres developed different 
histories and eruptive styles. 

At Mojanda, an andesitic basal edifice ended with a caldera collapse. A new cone began with 
basaltic andesite lava flows, which later turned to andesites with explosive dynamics characterized by 
magma-water interactions. The volcanic history of this cone ended with the last phreatoplinian eruption 
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producing the summit caldera. At each evolution stage of Fuya Fuya, explosive activity related to silicic 
ma,omas was dominant. Climactic explosive dynamics occurred during two major cycles which began with 
a cataclysmal rhyolitic Plinian eruption and died out with acid andesite / dacite dome extrusion. Explosive 
volcanism related to silicic magmas continued during and after a large sector collapse of the volcano. 
Lastly, the avalanche caldera was occupied by a later dome complex. 

These opposite types of development are related to two drastically different magmatic suites and 
indicate the existence of two magma reservoirs. Although both magmatic suites fall into the medium-K 
calc-alkaline field in a K20 Vs Si02 diagram, the Mojanda suite is more K-enriched than the Fuya-Fuya 
suite which also demonstrates obvious adakitic characteristics. Adakites are andesite-dacite-rhyolite 
sequences (but mainly dacites) that are not associated with parental basalts, and are considered as being 
derived from the partial melting of amphibolite or eclogite at high pressure. They are characterized by 
relatively high contents of AI and Na, very low Y and Yb, and high LaIYb and S r N  ratios (Defant and 
Drummond, 1990; Dummond and Defant, 1990). Below the Mojanda volcanic complex, the slab is - 130- 
150 km deep. At this deph, the P-T conditions exceed those normally proposed for adakitic magma 
generation (23-26 kbars; 700-775°C). Thus, the presence of the Fuya-Fuya adakjtes agrees better with a 
hypothesis that implies their formation by partial melting of newly underplated (magmatic accreted) 
basaltic material than by a melted slab hypothesis. The simultaneous presence of two distinct magmatic 
suites at the same place stress an interesting volcanological question. Another question is the possible 
interaction between both volcanoes, since the juvenile andesitic magma within the R1 deposit from Fuya- 
Fuya is not adakitic but clearly belongs to the Mojanda series (Fig 2) and thus may have come from the 
Mojanda magma reservoir. More geochemical studies are in progress in order to answer these questions. 

80 

70 

60 

50 

40 

30 

20 

10 

REFERENCES 

+ Fuya Fuya 

Mojanda 

m Cayambe 
"Normal' andesite- 

N H  island-arc rocks 

# 

o , , , " ; " ' ' ~  " " ; " " ;  " " 1  

Defant M. J. and Drummond M.S. 1990. Derivation of some modem arc magmas by melting of young 
subducted lithosphere. Nature, 347,662-665. 
Dummond M. S. and Defant M. J. 1990A model for trondhjemite-tonalite-dacite genesis and crustal 
growth via slab melting: Archean to modem comparisons. J. Geophys. res., 95, B 13, 2 1503-2 152 1. 
Hall M. L., Publ. del I.P.G.H., Seccion Nacional del Ecuador, 1977, 119 p. 

5 10 l S 20 25 30 35 40 45 50 

Fig. 2. SrlY vs. Y diagram for rocks from Fuya Fuya, Mojanda and Cushnirumi volcanoes, Ecuador. 
Analyses from Volcan Cayambe (East of Mojanda) are also reponed. New Hebrides island arc rocks 
field is given for comparison. An approximative boundary between adakites and "normal" rocks is 
presented. 
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INTRODUCTION 

The Pucarh Group platform carbonates (Upper Triassic - Lower Jurassic) were laid down in 
northern and central Peru in a NNW-SSE elongated basin (Fig. 1). They represent the first sediments of 
the Andean cycle, the beginning of which is marked by a Norian transgression (Mtgard, 1978). The sedi- 
mentary evolution of the Pu& Group can be explained in terms of a large transgressivelregressive se- 
cond order sequence which consists of predominantly shallow water carbonates including a maximum 
flooding period represented by ammonite-bearing bituminous calcareous shales. 

Detailed investigations in the southern part of the basin show that the Pucarh Group thickens 
progressively from west to east in the form of a half-graben (Fig. 2). This can be explained by asym- 
metrical subsidence during sedimentation such being assisted by contemporaneous faulting along the 
eastern margin of the basin (permitting rapid subsidence) and a stable hinge zone to the west. Synsedi - 
mentary kctonics at the eastern edge led to the formation of discrete structural blocks with extreme varia- 
tions in thickness and facies. It has been suggested that, during burial diagenesis, these faults served as 
channelways for the basinal brines responsible for MVT-mineralization (FontbotC et al.. 1995, Span- 
genberg, 1995, and Moritz et al., 1996). 

0 

(' Upper Triassic volcanism) 
cj communication between h v l s  - - probable basin limb 
- orrtcrops limk 
V synwdirnonUF/ vulcanism , Fig. 1. Paleogeographic scheme for the Liassic. 
A evaporites . Modified from Audebaud et al. (1973), Megard 
.: :: cbslic rodimems 

I (1978), Fontbote (1990). and Rosas (1994). 
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Fig. 2. Schematic section of the PucarA Group and its western equivalents. The location of some MVT and volcanic- 
associated deposits is shown (from Rosas & FontbtB, 1995) 

Table 1. XRF-analyses of magmatic rocks intercalated in the Pucara Group. 
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A sequence analysis of the western margin of the southern part of the basin, together with the 
westward thinning of the sequence, point to the existence of a structural high at the western margin of the 
basin and to a connection between the Pucarh basin and open ocean in the north-western part of Peru (see 
also discussion in Rosas, 1994 and Rosas & FontbotC, 1995). This contrasts with previous interpretations 
(Loughman & Hallam, 1982) which on the basis of the relatively large amounts of phosphate in the 
middle part of the PucarA Group, suggested that the Pucarh basin was a carbonate shelf umestrictedly 
open to the paleo-Pacific to the west. As an explanation for this phosphate formation, they proposed an 
upwelling of phosphate-rich waters from deep ocean. However, according to Calvert & Price (1971), up- 
welling of water from great ocean depths is not strictly necessary for phosphate formation, and according 
to Bentor (1980), Pevear (1966), and Follmi (1993) the origin of phosphates of this type is in any case not 
necessarily related to upwelling. This makes Loughman & Hallam's assumption unnecessary. 

Intercalated in Pucarh sediments are known a number of volcanic occurrences (Rosas, 1994, 
Kobe, 1995). The purpose of this contribution is to present geochemical data of selected volcanic rocks in 
order to determine the possible geotectonic setting(s) during deposition. 

VOLCANIC INTERCALATIONS IN THE PUCARA GROUP 

Upper Triassic volcanic intercalations are unknown in the occidental series. However, evidence 
of Upper Triassic volcanic activity has been reported in central regions of the basin. They are basic and 
quartz-dacitic altered lava flows and tuffaceous layers in Atacocha (Hirdes & Amstutz, 1978, Hirdes, 
1990) and alkaline olivine basalts in Lircay (Rangel, 1978, MCgard et al., 1983, Morche et al., 1996). The 
geochemistry of these rocks (Table 1) is not indicative of volcanic arc activity but of within-plate volca- 
nism (Fig. 4). Tuffaceous layers have been described at the lower part of the PucarA succession in the 
Yauli Dome by Dalheimer (1990), but they can not unequivocally be ascribed to the Upper Triassic. 

Younger intercalations of lava have been observed in a few places. One of these is in the Yauli 
Dome where several dark-brown lava flows are intercalated with Liassic carbonates over a thickness of 40 
m. These lavas are known as the "Montero Basalt" and show an aphanitic texture with vesicles and amyg- 
dales filled with calcite, chlorite, and zeolites. Incipient flow-banding has also been recognized. Geoche- 
mica1 studies, including trace element analyses (Table l), indicate an andesite basalt composition (Fig. 2) 
and a clear within-plate signature for these rocks (Fig. 4). 

Relatively thin (<3 m) intercalations of acid tuffs have been studied in the lower Liassic series of 
the Yauli Dome and in the Malpaso region. They consist of greenish altered fine-grained rocks, which 
trace elements indicate to be of rhyodacitic, dacitic, or trachyandesitic composition (Fig. 3). 

In the north-western part of Peru, Pardo & Sanz (1979) and Prinz (1985) describe Upper Liassic 
volcanic rocks in a succession of tuffaceous graywackes, red beds and bedded cherts. They are known as 
the C o b  Formation. The volcanic components of this unit have been studied geochemically by Romeuf 
(1994), from which she concludes a calc-alkaline basaltic composition and a volcanic arc setting. 

In the southern coastal area of Peru volcanic rocks occur in the middle Liassic (Benavides 1962, 
James, et al., 1975, Vicente et al., 1982, Boily et al., 1984). They are known as the Chocolate Formation 
and consist of between 900 and 3000 m of andesites, subordinate dacites, volcanic agglomerates and brec- 
cias which could represent early stages of volcanic-arc activity. 

DISCUSSION AND CONCLUSIONS 

Audebaud et al. (1973) proposed the existence of a western volcanic arc contemporaneous with 
PucarA sedimentation. However, the above data suggest that within-plate volcanisin characterized the 
PucarA basin during Upper Triassic times as well as up into middle Liassic times. The volcanic arc started 
its activity in the northwest and south of Peru during Liassic times, as it did also in northem Chile where 
Hillebrandt et al. (1986) dated Hettangian and Sinemurian marine carbonates below the calc-alkaline 
basalts and basaltic andesites of the La Negra Formation. The influence of the volcanic arc elsewhere in 
the PucarA Basin is not revealed in the lithofacies described in Rosas (1994) and Rosas & FontbotC 
(1995). 

In conclusion, the Pucarh Basin possibly formed mairlly as a result of aborted rifting at the 
western margin of the Brazilian shield. Some within-plate volcanism accompanied this stage. The western 
volcanic arc developed only coetaileously with the uppermost part of the Pucarh Group and had little if 
any influence in the sedimentary record of the central part of the basin. 
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INTRODUCTION 

Large volume monotonous ignimbrites in N-Chile, W-Bolivia and S-Peru (17°-200S/7 1'-68'E) represent 
one of the worldwide largest silicic provinces in the Cenozoic. Several pyroclastic outflow-sheets > l  .000 
km3 were deposited during Miocene and Pliocene. These magmas are interpreted as a result of large scale 
crustal melting in response to events of crustal thickening (-70 km) in the last 25 Ma and may represent a 
similar event as the "ignimbrite flare up" (desilva, 1989) in the Salar de Atacama region (21'-24's). The 
working area is distinct from the Salar de Atacama region with respect to the considerably older age of the 
ignimbrites, and the Andean crust showing a different style of tectonism and uplift. We present data on the 
timing and volume of the two major ignimbrite events in northernmost Chile and western Bolivia in 
Miocene and Pliocene times. These events are related to the timing and style of uplift of the Andes in this 
region. 
At 18's we distinguish four main phases of ignimbrite volcanism: 

(1) Pre-Miocene Ignimbrites 

The metamorphic basement near Beltn is overlain by a sequence up to 700 m thickness of altered lava 
flows, lava breccias and silicified ignimbrites. These tectonized volcanics and intercalated ignimbrites are 
associated with proximal pyroclastic and volcaniclastic, as well as fluvio-lacustrine sediments. This se- 
quence was correlated by Salas et al. (1966) to the Lupica-Formation at North and South (Upper Creta- 
ceous/ Tertiary). Ignimbrites in this formation are altered and strongly folded. Within the upper member of 
the Lupica Formation, we found a series of 8 strongly folded unwelded and only slightly altered 
ignimbrites to th N and W of Beltn (-500 m). These "Beltn-Ignimbrites" underly an equally folded series 
of mafic andesite breccia and flows of large lateral distribution. Clearly the breccia and Belen-Ignimbrites 
are younger than the Lupic-Ignimbrites, and older than the stratigrafically higher "Kar-Ignimbrites" 

A series of lithic-rich, strongly silicified ignimbrites disconformably overly these folded Cretaceous-Terti- 
ary strata and form the highest crests of the Western Cordillera with altitudes between 4.300 and 5.200 m 
where they are glacially disseccted by kars ("Kar-Ignimbrites"). These ignimbrites have only local distribu- 
tion and can be correlated to abundant post-tectonic silicic intrusions into the Lupica-Formation further N 
between Zapahuira and Putre. 
This succession is composed of eight outflow-sheets with a thickness of 500 m. To the top this sequence 
changes to unaltered layers of andesite scoria and -breccias. The volume of these older ignimbrites cannot 
be determined. 
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(2) Oxaya-Ignimbrites (20-19 Ma) 

Monotonous large volume ignimbrites (-19 Ma) at 18"s form the inclined West-Andean slopes 
in northernmost Chile and are suggested to result from an event of extended cmstal melting around 19 Ma. 
These ignimbrite sheets with a total thickness of up to 900 m together with the underlying >1.000 m of 
monotonous alluvial, fluviatile and lacustrine sediments form the Oxaya-Formation. This association 
suggests that the Miocene ignimbrites post-date a first major phase of cmstal thickening, uplift, erosion 
and sedimentation. 
The Oxaya ignimbrites are subdivided into four main outflow-sheets (members 1-4) with a combined 
maximum thickness of 930 m in the Quebrada Cardones. The uppermost welded Oxaya-Ignimbrite gave 
an ArIAr sanidine step heating age of 19.38M,01 Ma. (Walfort et al., 1995). The Oxaya-Ignimbrites can 
be traced in E-W direction over a distance of 130 km from the Westem-Cordillera (-4.600 d a g o  
ChungarB) to the Coastal Cordillera. Corrleated occurrences on the Altiplano have been assigned the name 
"Condoriri"-Ignimbrite by Salas et al (1966). Closer to the coast and, presumably, more distally, the 
ignimbrites are less welded but still reach 300 m at the coast near Arica. 
Satellite images, air-potographs and field data show that the Oxaya ignimbrites can be correlated 300 km 
along the continental margin, from Southern-Peru (-17"s) to the Chilean Camarones valley (-20"s). 
This area1 extent and measured thickness suggest total volumes of of the Oxaya ignimbrites of ~ 3 . 0 0 0  
km3. The source area of the Oxaya ignimbrites is still unknown. 

There is no indication of a significant time span between the individual ignimbrites because erosion bet- 
ween the out-flow sheets is limited. Only distally and towards the coast, the ignimbrites are intercalated 
by a fluvio-lacustrine sedimentary succesion up to 200-400 m thick in the Camarones valley. 
Nevertheless, the ignimbrites represent a large volume of silicic (cmstal ?) melts erupted within a geolo- 
gically short period around 19 Ma. 
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(3) The Lauca-PCrez ignimbrite (Huaylas-Fmt, 2,72+0,01 Ma) 

A younger post-tectonic ignimbrite of the Huaylas-Formation ("Lauca-IignimbriteU)was dated by the Ar- 
Ar-method to 2.7M,01 Ma (Walfort et al. 1995) and can thus be correlated with the ignimbrite of the 
"Ptrez-Formation" which covers wide areas in western Bolivia and southern Peru. 
The source area was identified by regional distribution and topography on Landsat satellite images as well 
as field-work to underly younger stratovolcanoes of the Cerros de Condoriri complex just E of the border 
between Chile and Bolivia, and NE of the Nevados de Payachata volcanoes. The caldera itself is not 
recognized by satellite images. However, the thickness increases up to >l00 m on a flat ramp descending 
from the Cerro Condorir area. We also observe a higher degree of welding in an upper flow unit rich in 
fiamme which only occurs near the Cerro Condoriri area. These obeservations are evidence for a proximal 
position. Chemical data, Ar-Ar ages as well as petrographic and field correlations clearly show that the 
Lauca-Ignimbrite in northern Chile correlates to the PCrez-Ignimbrite 2.2-3 Ma (K-Ar, Everden et al. 
1977) and 3 Ma (K-Ar, Lavenu et. al. 1989) in western Bolivia. We therefore use the name Lauca- Perkz 
Ignimbrite. 

Today, the Lauca-Pertz Ignimbrite is strongly dissected by erosion. The initial total areal extend of -200 
km is estimated from widely distributed erosional remnants to about 15.000-20.000 km2, with most of 
the area covering the flat-lying Bolivian Altiplano (Fig. l). The maximum distance traveled is -130 km, 
one of the largest distances demonstrated for an ignimbrite, comparable with the Taupo ignimbrite in New 
Zealand (Wilson et al., 1995). The aspect ratio (ratio of average thickness of a deposit to the diameter of a 
circle that covers the same area) is -1:3.500 (Wilson 1995). A bulk volume is estimated to >775 km3. 
From the relationship between caldera dimensions and the size of the associated ignimbrite the caldera to 
the LaucalPCrez ignimbrite is expected to be in the order of 15-25 km wide. Such a caldera would well fit 
under the extensive Cerro de Condoriri stratovolcano complex. 

The Lauca-Ptrez ignimbrite fills in morphological depressions and valleys, onlaps andfor passes over 
higher topography, and thus serves as a reliable morphological and stratigraphic marker in northernmost 
Chile and Western Bolivia. 

We subdivide the Lauca-Ptrez ignimbrite into a groundsurge of 10-50 cm thickness at the base and three 
flow units. The lower, first flow unit is fine-grained with typical phenocryst-poor fibrous pumice 0.5 to 2 
cm in size. This unit is in some places restricted to morphological lows whereas the second flow unit 
appears to have been more mobile. The second layer is characterized by an abundance of large qurtz- 
beraring pumices in its upper part. These reach diameters of 20 to 50 cm typically in the most distal parts 
(Alctrreca, Cerro Ujarani in Bolivia) near to the termination of the flow (see also: Wright et al. 1981). 
The uppermost youngest flow unit occurs only near the source area and shows evidence of intense welding 
(fiamme-structures). This petrographic variation and the occurrence of white-grey heterogeneous lapilli 
suggests magma mingling and eruption from a chemically zoned magma chamber. 

The Lauca-Ptrez ignimbrite flowed radially from its source but encountered the flat-lying Altiplano only 
to the N, W and S. This resulted in the widespread distribution of the Pertz-Ignimbrite and the mesa-like 
occurence on the Bolivian Altiplano. Here, the total thickness of the outflow-sheets amounts to 20-100 m 
in proximal areas, depending on underlying morphology. A major portion, however, flowed to the west 
and filled the depression between the volcanic front and the Western Cordillera (Chilean Altiplano). One 
large part of the flow continued S over 80 km into the Lauca-Basin (Kott et al, 1995). Another part of the 
flow started its descent to the coast after passing through narrow valleys and passes cutting through the 
Western Cordillera (Upper Lluta Valley, Portezuelo Las Quevas, Portezuele Chapiquifia). The ignimbrite 
descended the extreme morphology from 4.500 m to about 3000 m onto the the Pampa de Qxaya block 
(Uhlig et al, this meeting) where the flow again separated into different lobes. One lobe followed the half- 
graben along the Pampa de Oxaya 70 km to the south reaching Cerro Margarita. Several other flows 
concentrated into several valleys (Lluta-, Cardones-, Diablo-, Azapa- and Cerro Ujarani) and continued over 
a distance of 90 km to the Pacific Ocean, near the city of Arica. At the narrow passage of the Lluta-valley 
entrance the thickness of the ignimbrite-deposits increases strongly to over 100 m due to ponding effects. 
In the deeply incised Lluta- and Azapa-valleys remains of the Lauca-Ptrez ignimbrite between 600 and 20 
m above the present valley-bottom. This places constraints on the amount of valley incision in the past 
2,7 Ma (Uhlig et al. this meeting). 



648 
Third ISAG, St Malo (France), 17-191911996 

The Lauca-Pkrez ignimbrite suffered only minor, mostly normal faulting indicating that since about at 
least 2,7 Ma there was no major tectonic activity in the area, except possibly for large regional 
movements unrelated to small scale faulting. 

(4) Local small volume ignimbrites (Pleistocene/Pliocene) 

Local small-scale ignimbrites are also observed, but can be distinguished from for example the Lauca- 
Pkrez Ignimbrite by their chemical and petrographic composition. These local ignimbrites are related to 
the stratovolcanoes of the volcanic front (Miocene to Recent). 

CONCLUSIONS 

The occurrence of ignimbrites at 18's in the Andes mark a major episode of crustal melting at around 19 
Ma which is preceeded by extensive erosion and deposition of sediment. Normal faulting with high verti- 
cal offsets in a second pulse of uplift resulted in a stair-case topography locally overprinting large-scale 
anticlines. This steep topography was formed between <l9  Ma and about 10 Ma, and has since not been 
changed significantly by either erosion or subsequent tectonics (Uhlig et al., this meeting). A second, 
minor pulse of ignimbrite magmatism occurred at 2,7 Ma. 
Timing and relative volumes of the ignimbrite volcanism at 18's are thus quite distinct from the Salar de 
Atacama region. This region is mostly characterized by strike-slip displacements with strike-slip 
transpression and local pull-apart tectonics. Resulting dissection and crustal extension may have favoured 
the ascent of crustal melts and consequently the eruption of extensive ash-flow tuffs. In this region 
voluminous ignimbrite volcanism is observed between 4 and 10 Ma. 
In the Arica area, however, large strike slip movements are absent since at least Miocene times One 
reason could be that only in the Arica bend area at 18's the convergence between Nazca and South 
American plates is normal whereas further south the convergence is oblique. 
Miocene ignimbrites at 18's representing large magma volumes (>l .000 km3) can be correlated over large 
areas, and thus be used to characterize and date the tectonic and erosional events. The "young" Lauca-Pkrez 
ignimbrite (2,7 Ma) overlies and seals as a marker horizont the older topography. It represents a 
widespread ignimbrite flow and -emplacement from a high topographie with altitudes of 4.600 m over a 
large distance from the Bolivian Altiplano down the coastal valleys into the Pacific Ocean. 
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INTRODUCTION 

Miocene volcanics of the Farellones Formation are located at the north of the no  Aconcagua, 
east of the Oligocene-Miocene magmatic belt and west of the present volcanic arc in the Central 
Chilean Andes (Vergara et al., 1988; Rivano et al., 1990; Rivano & Sepukeda, 1991). Deposits of this 
period form a N/S trending chain of 400 km long to 2565 km wide between 31'30 and 34's. This 
segment of the calc-alkaline magmatic arc is crosscutted by an equivalent age localized rnafic to 
intermediate magmatism forming a HYE Lineament with a discordant orientation. The stratigraphy and 
detailed chronology established for this Formation h n e  been given by Beccar et al. (1986), Rhzno et 
al. (1990, 1993) and the isotopic character of lavas by Mpez-Embar et al. (1991). More recently, 
Stern and Skewes (1995) show that lower and upper plate parameters may hme the same importance 
for producing spatial and chemical segmentation of the Andean arc. 

M a n e  Farellones activity is characterised by calc-alkaline volcanic rocks ranging from 
basalt through andesite and &cite to high-silica rhyolite. The h40ntenegro-Cer~o h4anquehue 
Linea~nen! prcnides outstanding exposures of l a z  necks and domes ranging from basalts to dacites, 
extruded during the same period and commonly aligned along a W-€ fault zone. We use trace element 
and rare earth element (REE) abundances, petrography and mineral chemistry to ((fingerprint 
eruptive products and to describe the mmpositional distinctions between the volcanic series. The 
plrpose of our contribution is to clanfy the relationships between ignimbrites, andesites and the 
transversal basaltic lineament. 
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GEOLOGIC SETTING 

The volcanic sequences at Cerro La Gloria (Qpe locality) can be divided into two major 
episodes. The Lower Adember is composed mainly of rhyolitic welded and non-welded ignimbrites and 
air-fall deposits intehedded uith lacustrine sediments and its thickness varies from 1 m to about 300 
m. 4 0 ~ / 3 9 ~  ages indicate an age of about 26.7 Ma for the oldest phase of the Farellones Fnl. (Rivano 
& Vergara, 1996). The well defined history of multiple eruphons begins about 20 Ma. The Q p e r  
Adember consists mostly of andesitic to dacitic lavas (up to 1500 m) nith minor dacitic tuffaceous beds, 
erupted between 19 and 8 Ma, and associated uith several riodacitic domes and dykes extruded during 
this period. 

Basaltic necks and dacitic domes of the W/E Aiontenegro-Cerro Aianquehue Lineament are 
part of isolated Miocene volcanic rocks and plutons which intruded the foothills of the Central Chilean 
Andes. The basaltic neck of Cerro Huechlin has been dated at 20.2 and 20.3 Ma and the dacitic dome 
of Chacabuco at 18.4 Ma by K-Ar method (Rivano et al., 1993). 

The Portezuelo del Azufre unit is formed by small dacitic to rhyodacitic intrusions which are 
Miocene in age (18 Ma, Rh-ano et al., 1993) and in relation \+ith volcanics of the L'pper Aiember of 
the Farellones Fm. 

PETROGRAPEN AND MINERAL CEKEMISTRY 

Rhyolites (70-75% Si02) represent about 95% of the total eruptives of the Lower A4ember and 
are variably porphj-ritic ~+i th  plagioclase (oligoclase-andesine) as dominant phase and quartz usually 
present. The greatest petrographic variation lies in the subordinate assemblage of biotite * hornblende 
* Fe-Ti oxides. 

The most rnafic rocks of the L'pper Adember are basalts and basaltic andesites but plagioclase- 
two-pyroxene andesites make up the dominant group. Basalts and basaltic andesites are variably 
porphyritic and generally contain phenocrysts of plagioclase and clinom~oxene in a granular to 
subophitic grc-mdmass of plagioclase, pyroxene and magnetite. Oliline (Foss4:) and plagioclase (Any3. 
7s) occur as F enocrysts and microphenocrysts in the most primitive lavas ( G 0  ut% Sio2 ). Augites 
show relative little compositional variation (WOU~ E ~ 1 4 2  FSIS-18). Plagioclase phenocrysts oiien 
display core to rim zonations ) and augite ( W o 4 ~ ~ ;  F s I ~ ~ x )  and pigeonite (W% Eni4 
Fs2) increase in relative abundance. In more mohed compositions, andesites contain hornblende, 
biotite and glomerocrysts. 

Phenocryst assemblages of basaltic andesites of the W E  Lineament are characterised by 
plagioclase orthom-roxene (We-3 En53.7~ Fs2-;4), clinopyroxene (WOUS E14345 Fs~.~s), 
magnetite and rare oliline. Microlites (Anstrsi ) and intersertal groundmasses change in composition. 
Dacitic domes are sparsely porphj-ritic nith plagioclase ( h 7  ), augite (W042 En3t FS?,), pigeonite, 
Fe-Ti oxides and contain vesiculated mafic inclusions. 

RARE-EARTH AND TRACE ELEMENT GEOCHEMISTRY 

Contents of REE and trace elements in representative Farellones and W/E Lineament lavas 
are given in Table 1. 

Chondrite-normalized rareearthelement (REE) profiles for the rhyolites of the Lower 
A4ember and for andesites of the C'pper .tdember are very similar. Andesites and rhyolites have evolved 
patterns and show low LREE/HREE factionation (La/Yb , = 5 - 7) and negative Eu anomalies 
increasing uith Werentiation. These characteristics are consistent with lavas formed mainly through 
crystal fiactionation. Basaltic andesites of the Upper ,I4ember are comparable nith those of the W"E 
Lineament shouing less e-volved and regular REE patterns and only a slight enrichment of LREE 
relative to the HREE.(La/Yb, = 2 - 3). The relative parallelism of their patterns confirm their genetic 
relationship. Dacites e h i i t  ma-+a1 variations in REE abundances and have no Eu anomalies. These 
lavas are characterized by higher LREE/HREE fiactionation and have among the highest LaIYb, (14- 
19) of all Farellones lavas. 
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Table l .  Major and trace element analyses of representative Farellones samples 

XW analyses for major elements (in wt.%) and ICP-MS anal!.ses for trace elements (in ppm) at the Geological 
Department of the University Joseph-Fourier of Grenoble. 
Anal~tical procedures f a  trace element and REE concentrations follouing those of Barrat et al. (1 996). 
Farellones Fm: louzr Member: anal. 1 to 2, upper Member: anal. 3 to 8, MontenegroCerro Manquehue lineament: 
a d .  9 to 12. Miocene dacitic intrusion (Portezuelo del Azufre) assa5ated nith the Farellones \~olcanics: anal. 13. 

.V 
sample 

8 0 2  
E 0 2  

AIi03 
Fe2031 

. 4 l d  

MgO 
CaO 

AWO 
K23 

P205  
L0.I. 

Toial 

Ba 
Rb 
Sr 
Y 

Zr 
1% 
C S  

Hf 
Ta 
Th 
U 
L0 
Ce 
Pr 
Sd 
Sm 
Eu 
Gd 
Tb 

Ho 
Er 
1% 
Lu 

On a multielement diagram normalized to N-MORB, rhyolites of the Lower Ayeember and 
andesites of the Upper Aie~nber show typical patterns for e~olved subduction related magmas with 
marked enrichment of the large-ion lithophile (LIL) elements ( e.g. K, Rb, Th) w i t h  the excepbon of 
Ba and Sr (and Eu) indicating the effects of feldspar and accessory mineral fractionation. The negative 
anomaly of Ba may be also an indication of a refractive mineral phase, possibly phlogopite, in the 
source material. Ti and P show marked negative anomalies for rhyolites, this is general for all the 
analysed rhyolites and is very typical for arc magmas indicating the early fractionment of ilmenite or 

l 2 3 4 5 6 7 8 9 10 11 12 13 
CH95-13 1801-B CH95-16CH95-I4 CH95-9B 2801-09 15-1 4 CH95-18CH95-3A CH95-4 CH95-I 1301 -04 2801-01 

70.33 75,52 49,82 51.24 56.86 59.10 61.55 62,54 50,26 50.39 51,51 62.80 63.92 
0.26 0,28 1.53 1,41 1.11 0.96 0,76 0.64 0,89 0.90 0.61 0.56 0.64 
13,14 11,89 19.43 19.02 19,36 16,51 16,99 17.82 18.46 18.51 19.04 15.67 17.04 
l 1,41 9,00 8.35 6,16 7,19 5.24 435 R,90 8.84 7.92 2.67 3,17 
0.06 0.03 0.14 0.18 0.11 0.14 0.11 0.05 0.13 0.13 0.13 0.08 0,06 
0,26 0.16 4.04 3,24 1,76 3,16 1,79 1.59 434 4,74 6,32 0.31 1.81 
2.54 2.35 8.86 8.05 4.97 4,93 4,65 4.15 9,48 9,43 10,68 7,90 4.32 
1.68 l 3.48 3.83 4.46 2,% l 5,85 3,08 3,11 2.64 3.74 4,62 
5.19 3,77 2.20 2,32 3.31 l 1,87 1,39 0,84 0,85 1,11 1.74 l.% 
0.01 0.04 0.32 0.31 0.28 0.11 0,16 0.07 0.36 0.37 0,08 0.06 0.10 
4.06 3.60 1,68 0.99 1,75 3,85 2,18 1.29 2.50 2,47 0,77 4,85 1.31 

99.01 100.64 100.50 98,94 100.13 100,50 99.45 99.94 99.74 99.74 100,81 100,38 99.15 

473 335 323 382 512 515 380 331 314 323 266 830 581 
173 187 42 59 85 45 65 21 17 21 11 58 53 
45 128 4% 455 469 318 441 544 749 784 752 586 658 
26 22 33 32 31 20 19 8 18 18 13 10 8 
179 207 215 239 306 157 193 170 92 96 55 131 112 
10 7 9 12 l 5  5 5 3 5 5 2 5 4 

4.13 11,20 1,94 1,89 3,52 1.54 1.55 @,M 0,65 0,89 0,64 8,85 2,19 
6.54 6.45 5.93 6.85 8.52 4.35 5.26 2.01 2.34 2.38 1,59 3.18 2.99 
0.85 0.81 0,59 0.75 0,94 0.40 0.46 0,23 0.30 0,31 0.08 0,40 0,40 
21.00 24.20 5,44 7,lO 8,31 6.21 11.10 2,18 2.56 2.53 1,43 5.31 434  
5.35 5,58 1,53 1.82 2,14 1,88 3,44 0.53 0,79 0,80 0,45 1.66 1.44 
21.14 24,73 21.07 23.08 28,21 15.89 17,85 10.24 16.09 16.39 6.78 24,33 18,39 
49,12 54,42 49,33 53,26 66,76 35.18 37.47 22.31 35,Ol 36.82 16,43 47,76 38.35 
5.92 6.51 6,59 6,99 S,80 4,70 4 .n  2.S3 4.60 4,71 2.32 5.62 4,72 

22.43 23.96 28.26 29.48 36.24 19.75 19.69 11,OO 18-78 18,81 10.27 20.11 18.75 
4.88 5.06 6,41 6,48 7,73 433 3,89 2,02 4,18 4,17 2,57 3,61 335  

0.72 l 1.62 1.59 1.76 1.22 0,% 0.64 1.27 1.32 0.88 0,% 1.02 
3.98 4.13 6,11 6.13 6,81 3,86 3,39 1,80 3.41 3.58 2,32 2,63 2.55 
0.65 0.67 0,91 0.90 0.97 0,62 0.55 0.23 0.54 0,55 0.36 0.36 0,31 
4,00 3,71 5,28 5.23 5,38 3.56 3.13 1,21 3,34 3.24 2.16 1,92 1,63 

0,83 0.87 1,09 1.08 1.07 0,79 0,71 0.24 0,69 0,70 0,47 0,37 0.31 
2,45 2.23 3.02 2,97 2.90 1.89 1.66 0.64 l , R  1,78 1.30 0 , s  0,76 

2,73 2.63 2.77 2,71 2,64 1,S8 1,S2 0.62 1,84 2,00 1,31 0 , s  0,67 
0,41 0.42 0.42 0.41 0.39 0.28 0.29 0,lO 0.26 0.26 0.20 0,16 0,09 
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Ti-magnetite and apatite. Nb also least some of the magma is of mantle origin. Decreases of Zr and Ba 
in these rocks may be esplained by fractionation of biotite. Rhyolites have patterns much llke those of 
high-silica rhyolites with Nb and Ti depleted relative to the REE and a pattern of high field strengh 
(HFS) elements (Ta, Nb, Zr, Hf) typical of arc magmas. Basaltic andesites of the M7E Linearnent are 
the most mafic compositions erupted and displa!. a low range in concentrations including the relati1.e 
enrichement of the LIL elements and depletions of HFS elements relative to the REE. their patterns are 
different of those of basaltic andesites of the Cbper Alerrrber, especially one basaltic andesite (CH95-1) 
in haling all the elements depleted . Dacites are enriched in Ba and in common with Yb, Y decreases 
and the overall decrease in these elements may be probably due to hornblende fractionation. 

All of the lams have a high ThITa ratio: 25-35 for rhyolites, 15-24 for dacites, 10-15 for 
andesites and 8-9 for basaltic andesites. In general, Th \.S Ta trends are very coherent for basaltic 
andesites and andesites of the C'pper dler?iber and the 11;E Linear~ient whereas rhyolites of the Lower 
.Wer?rber and dacitic domes are \.cry different. Compositional \-anations show also coherent trends for 
basaltic andesites and andesites on binary elementelement diagrams for a number of other elements 
(e.g. Zr YS Hf, Yb 1,s Ce) and show that these lavas h a e  the same parental magma and their e~olution 
may be largely dominated by cqstal fractionation. The differences in REE and trace element 
compositions for rhyolites and dacitic intrusions may be attributed to source heterogeneity of lavas. 

CONCLUSIONS 

The volcanism of the Farellones FIN. and the \{'.E Lineament is characterized by the relative 
enrichments of the L E E  accompanied by, enrichments of LIL elements. Mafic magma of the If;E 
Lineament and andesites of the Lspper .\lerrrber of the Farellones Fm. can be related to each other by 
crystal fractionation. REE and trace element concentrations show coherent trends which may reflect a 
relati~ely homogeneous magma source. Compositions of rhyolites and ash flow tu£fs of the Lower 
Alember and dacitic intrmsions are \-ery different and may reflect large components of continental 
crust formed or reworked in a subduction-related environment. 
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INTRODUCTION 

Tertiary volcano-sedimentary sequences constitute an important geological unity that covers a large part 
ofthe Andean Cordillera at least between latitudes 33"s and 37"s. However, Tertiary volcanic outcrops 
are scarse between 37's and 40°S, being restricted to the Longitudinal Depression (Central Valley) and 
Coastal Range. Deep drilling projects, carried out by ENAP (Chilean Oil Company), have allowed to 
determine the distribution and thickness ofthis unity in the latter region. 

This report discusses the stratigraphy and geochemistry of the Tertiary volcanism that outcrops in the 
Andean precordillera between latitudes 35'20's and 35"50'S, that is between the latitudes of the Chilean 
cities of Talca and Linares. 

GEOLOGY 

In the Andean precordillera between Talca and Linares, Beccar (1966) defined a 1500 m thick Tertiary 
unit mainly consisting of volcanic rocks. Its base is represented by a sequence of basaltic lava flows 
showing amygdules of zeolite, pyroclastic tuffs, pyroclastic flows (ignimbrites) and volcanoclastic 
sediments. Overlying this sequence there is a thick sequence ofvolcanic detritus flows, tuffs and volcanic 
sedirnents offluvial, alluvial and lacustrine origin. The latter sediments, that represent about 70% of this 
column, consist of turbidity deposits, volcanoclastic deposits with normal andlor inverse gradation, 
planar lamination and traction structures. This sequence also shows deposits of detritus flows and lahars 
related to the synchronous volcanic activity. On the basis of WAr age determinations, the basaltic lava 
flows from the base ofthis unit are Upper Oligocene (Karzulovic et al., 1979). A 39Ar140Ar age obtained 
in plagioclase from a basal weldge tuffgave 27.4 Ma. (Fig. 1). On its eastern side, this Tertiary unit is 
intruded by the Rio Melado granodioritic stock, dated at 23 Ma by Drake et al. (1982). On its western 
side, this unit is overlain by ignimbrites, rhyolitic domes and basaltic lava-breccia flows of Miocene age 
(17 Ma). Dyke clusters and volcanic plugs of Miocene age are also found on the western part of the 
Andean precordillera. Beccar (1996) has described an intense alteration with zeolite minerals such as 
wairakite and laumontite. This suggests the existence of a high paleogeothermal gradient associated with 
paleogeotherrnal fields. 

GEOCHEMISTRY 

Lava flows from the base ofthe Tertiary unit are mainly Cpx basalts, Cpx+Opx basaltic andesites and, in 
less proportion, Opx + Arnph andesites. Basalts and basaltic andesites are prophyrytic with phenocrysts 
of plagioclase (An54-An60), augite-type clinopyroxene (En4 I Fs 1 8Wo41 ) and orthopyroxene inmersed in 
a groundmass whose texture varies from intergranular to hyalophitic. Analyzed samples have a relatively 
low K content, being tholeiitic according to the Peccerillo and Taylor (1976) classification criteria. Their 
location in the AFM diagram also confirm their tholeiitic affinity. However, their MgO contents are low 
(3.8-4.2%), indicating that they are quite differentiated. Compared with most Southern Andes Quaternary 
volcanic rocks, Tertiary basalts from the Talca-Linares region exhibit low (La/Yb)n (1.5-2.2; Fig. 2) and 
(La1Sm)n ratios (0.97 to 1.42), and slightly positive Eu anomaly (probably due to plagioclase 
accumulation). Their (La/Yb)n and (La/Sm)n ratios are similar to those presented by island arc tholeiitic 
series (Pearce et al., 1995). Samples No 9 and 12 are basalts with 45 and 47% Si02 respectively; 
samples 10 and 11 are basaltic andesite and andesite respectively. 
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Fig. 2. Chondi-itc normalized l<EE abuildai~ces lix- Oligoc-c-hlioc*cllo 
Iavas or the 'l'alca-Linal-es pl-ccol-dilIc1-a. 
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CONCLUSIONS 

The Oligocene-Miocene volcanic rocks fro111 the Andean precordillera of 'l'alca-Linares are representalive 
ofa rnagrnatism that is more tholeiitic than tlie magrnatism that gave origin to Quaternary basalts fioni 
the Southern Andes. This magmatism was probably associated with a thin crust and a relatively high 
geotherrnal gradient (as suggested by the alteration mineralogy of these rocks). The Upper Oligocene- 
Miocene volcanic rocks froni further north (latitudes 33-34"s) also present tholeiitic afliriities and their Sr 
and Nd- isotope ratios (Lopez-Escobar et al., 1991; Nystrom et al., 1993; Stern and Skewes,1995) are 
more primitive than those exhibited by Quaternary basalts from the Southern Andes. 
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INTRODUCTION 

The Andean cordillera represents a major zone of continental crustal growth, but the details of the 
mechanisms remain controversial. One concern is the balance between lateral accretion through 
subduction-accretion processes, which tectonically intermixes continental detritus with scraped-off 
anomalous ocean floor, and vertical accretion through emplacement of mantle- or subducting slab- 
derived granitoids, or through basaltic underplating. A critical point is the nature of the deep crust beneath 
the Andean margin, whch is commonly invoked as a component source in granitoid magmas, but there is 
little firm information available as to its major or trace element or isotopic character. Whereas xenolith 
suites brought up in volcanic breccia pipes provide such information on the composition of the deep crust 
and upper mantle, these are mostly available from the interior of cratons, or in back-arc regions (e.g. Pali- 
Aike, Patagonia) with only a few examples from active continental margins (e.g. Itinome-gata, Japan; 
Calbuco, S. Chile; Kodiak Island, Alaska). The Granatifera tuff-breccia. located east of Mercaderes, SW 
Colombia, provides a rich assemblage of mantle and deep crustal nodules essentially from beneath an 
active volcanic arc, and so provides a valuable window into the deep crust and crustal accretion 
processes. Is it possible to evaluate the contribution to Andean crustal growth? 

PETROLOGY OF THE GRANAT~FERA XENOLITHS 

The Granatifera tuff-breccia, located in SW Colombia (Figure 1). contains a rich assemblage of deep 
crust and mantle xenoliths. These include garnet peridotites. garnet pyroxene rocks, pyroxenites. garnet 
amphibolites and garnet granulites (cpx-gt-plg-qz). A proportion of the mantle xenoliths have 
deformation fabrics, the garnet peridotites in particular showing sheared mosaic porphyroclastic textures 
(Harte 1977), whereas the garnet pyroxenites show fine grained recrystallisation textures at grain 
boundaries. Thermobarometry on the deformed garnet peridotites provides estimates of pressures in the 
excess of 18 kb and temperatures over 860°C for the mantle rocks. Temperatures for the crustal rocks 
range from 890 to 1000°C for the garnet pyroxene rocks, 994 to 104g°C for the granulites, and 727 to 
1036°C for the amphibolites, calculated at 10 kb. Pressures estimated for a garnet amphibolite are 12 to 
13 kb. Other xenoliths (bombs) found in the Granatifera Tuff. are basaltic andesites and dacites. and 
amphibolitic pegmatites. Additionally there are low grade slates and schists representing upper crust 
compositions. 

There is every reason to believe that this rich assemblage of rock types enclosed in an basltic andesitic 
to andesitic host (but with much comminuted crystalline debris) may be representative of the crust and 
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TRACE ELEMENT AND ISOTOPE GEOCHEMISTRY 

Compositionally there is a complete range of rock types from ultranlafic, through mafic and 
intermediate to silicic but, as with many other xenolith suites, there is a high proportion of basic rocks. 
The crucial issue is the petrogenetic relationships between these rocks. 

Many of the andesitic and pegmatitic rocks have moderately high A1203 (> 15wt%), high Sr, very low 
Rb/Sr ratios, low Y, high K/Rb and low Nb, giving prominent rzegative Nb anomalies and positive Sr 
anomalies, as shown in Figure 2. The trace element characteristics are found in adakitic volcanics, 
generally linked with zones of ridge subduction (see Drummond and Defant, 1990), but are also found in 
much greater volume in Precambrian tonalite-trondhjemite-granodiorite ("TTG") suites (Martin 1994; 
Tamey & Jones 1994). There is a consensus that such trace element characteristics result from partial 
melting of a mafic source with hornblende and/or gamet in the residual assemblage. The conditions are 
most easily attained through partial melting of young, hot, subducting lithosphere (during ridge 
subduction), though are not necessarily unique to that environment. Additionally the majority of these 
xenoliths have low 87SrP6Sr ratios (0.7035-0.7053). The isotopic characteristics imply that the mafic 
material must have a relatively short crustal residence time and not have suffered significant ridge 
hydrothermal activity or permeation by subduction fluids. 

An additional petrogenetic factor is that the region to the west of the Mercaderes-Rio Mayo area 
comprises a thick pile of nlafic rocks, believed to be part of an accreted Cretaceous (ca. 88 Ma) oceanic 
plateau (Kerr et al .  1996). Although the upper altered parts of the plateau have clearly been imbricated, 
scraped-off and abducted, the deeper parts of this plateau nlay have "subcreted" beneath the continental 
margin, and suffered diverse dehydration-nielting events to produced the extensive volcanisni present at 
the surface, as well as that at depth, leaving behind a restite of amphibolitic to granulitic composition. 
Experimental studies and modelling of the melting of basaltic amphibolites has shown that restites 
include gamet amphibolites and granulites (cpx-gt+plg-lhbl) (Rushmer 1993: Peacock et al. 1994; Sen 
and Dunn 1994). The more mafic crustal xenoliths of the Granatifera Tuff could represent these restitic 
materials; so  the potential exists within the xenolith suite to evaluate and demonstrate these relationships. 
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Fig. 1 .  Sketchmap showing location of Granatifera (Mercaderes) tuff, together with outcrops of 
accreted obducted mafic oceanic plateau sequences in Colombia and the Caribbean. 
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Fig. 2. Multi-element diagram (normalised to primordial mantle) of the volcanic and pegmatitic 
xenoliths from the Granatifera Tuff. 



Third ISAG, St Malo (France), 17-191911996 



Third ISAG, St Malo (France), 17-191911 996 66 1 

THE GENESIS OF PRIMITIVE TONALITES ASSOCIATED WITH AN 
ACCRETING CRETACEOUS OCEANIC PLATEAU: THE ARUBA 

BATHOLITH AND THE ARUBA LAVA FORMATION 

Rosalind V. WHITE l ,  John TARNEY l ,  Gerard Th. KLAVER 2, and Armin& V. RUIZ 

l Department of Geology, University of Leicester, Leicester, LE1 7RH, UK 
Rijks Geologische Dienst, Richard Holkade 10,2000 AD Haarlem, The Netherlands 
Geoscience Section, Archaeological Museum, Oranjestad, Aruba, Netherlands Antilles 

KEY WORDS: Aruba batholith, tonalite. oceanic plateau sequence, amphibolite melting, imbrication 

INTRODUCTION 

Andean batholiths are usually dominated by tonalite, but the nature of the source components and the 
petrogenetic mechanisms in generating tonalite still need to be resolved. Lower crust, subducted mafic 
crust or magmatically underplated mafic crust are all possible sources; but each has thermal problems. 
Some tonalites however appear to be generated entirely within the oceanic environment and so the 
number of possible sources and the tectonic and thermal regimes under which tonalite may be generated 
are much reduced. Here we describe the occurrence, relationships and geochemistry of the tonalitic 
batholith on Aruba, Netherlands Antilles (Figure l), which appears to have been generated as the thick 
mafic crust of an ocean plateau was being imbricated, obducted and underplated. The batholith has both 
the trace element and isotopic characteristics (87Sr/86Sri = -0.7036, Klaver, unpubl. data) that indicate a 

Figure 1: Location map 
showing the position of 
Aruba relative to other 
obducted fragmants of 
the oceanic plateau 
sequence of the 
Caribbean Plateau. 
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primitive source with short crustal residence time. The results are relevant to the generation of 
Precambrian tonalites (Martin, 1993). 

FIELD RELATIONSHIPS 

The Cretaceous batholith that crops out on the island of Aruba comprises dominant tonalite with 
subordinate trondhjemite, diorite, gabbro and notably melanocratic magma type ("hooibergite") that 
forms small plugs within the batholith. The batholith is bordered by mafic rocks of the plateau sequence, 
the Aruba Lava Formation, that comprises pillow basalts, dolerite sills, tuffs and minor sediments, and 
has chemical affinities with the sequence of pillow basalts and picritic flows exposed on the adjacent 
island of Curaqao (Klaver, 1987). The Aruba Lavas may represent a stratigraphically higher member of 
the plateau sequence because of the greater proportion of tuffs exposed, indicating a shallower eruption 
depth, and the presence of calc-alkaline tuffs but few picrites. The Curaqao and Aruba Lava Formation 
basalts have a transitional (T-MORB) signature. 

Important shear zones, up to 1 km wide, transect the Aruba Lava Formation, and are interpreted as 
zones where the plateau began to imbricate as it collided with the S. American continenil margin 
subduction zone. Some are high-grade (amphibolite) and must have been exhumed. The plateau, being 
unusually thick (c. 15km from seismic evidence), and possibly still hot, and would have resisted 
subduction. One lower-grade shear zone has small tonalitic intrusions within it that have been boudinaged 
by subsequent shearing, thus dating the tonalite intrusion as syn-deformation. In the high-grade shear 
zone the amphibolite is net-veined by silicic melts. Examination of small-scale structures reveals that the 
amphibolite is in fact melting, but there is a considerable volumetric component of melt just "passing 
through the amphibolite, with agmatitic textures requiring that this melt was at high magma pressure. 
These melts are dominantly trondhjemitic, but there are also tonalites and more dioritic rock types cutting 
the amphibolites that have no chilled margins, and were clearly emplaced into hot rock. 

Complex cross-cutting relationships exist between the various rock types of the batholith, and again, 
chilled margins are very rare, suggesting that the timing between successive episodes of intrusion was not 
enough for the first magma type to completely cool. Up to five phases of intrusion can be identified in 
exposures of just lm2, and the order of intrusion is not necessarily the same in different exposures, 
implying that intrusion of the different magma types occurred in a short time period. 

The earliest and latest intrusive phases are the most mafic: gabbro being followed by the dominant 
tonalite/diorite intrusion, and finishing with the spectacular melanocratic hooibergites. The latter magma 
was clearly wet enough to crystallise abundant hornblende, but was also hot enough to trigger re-melting 
of the surrounding tonalites, and acid back-veining of the hooibergite in various rheological states is 
observed. The hooibergite may represent either melting of the amphibolitic residue remaining after 
tonalitic and trondhjemitic liquids had been extracted, or melts with a significant mantle component. In 
either case this requires a later thermal pulse. A late thermal pulse is also indicated by the numerous 
mafic dykes cross-cutting the batholith, but are chilled against it. 

GEOCHEMISTRY 

The Aruba Lava Formation, like that on Curaqao, is dominated by mafic rocks that are less-depleted 
with respect to light REE and other incompatible elements than normal MORB (Kerr et al. 1996). perhaps 
a consequence of entrainment processes in the ascending plume head. Effectively, this leaves it a more 
fertile source for tonalite production than normal oceanic crust. The tonalites have many compositional 
similarities with modem adakites and with Precambrian tonalite-trondhjemite-granodiorite (TTG) suites: 
low Y, high Sr and Ba, low Rb and with high SrfY and K/Rb ratios, but with prominent negative Nb 
anomalies and small positive Sr and Ba anomalies on multi-element mantle-normalised spidergrams. 
These characteristics would be compatible with melt generation from a mafic source similar to that of the 
host amphibolites. The low initial Sr isotopic ratios (0.7036) and positive Nd would be compatible with 
this. 



Third ISAG, St Malo (France), 17- 19/9/1996 663 

THE ROLE OF HYDROUS FLUIDS 

Water seems to have played an important role in promoting the development of shear zones 
(greenschist- to amphibolite-facies) within the relatively fresh Aruba Lava Formation, penetration of 
hydrous fluids being aided by the imbrication of the plateau. With dehydration-melting of amphibolite- 
facies assemblages, high field strength elements such as Nb and Ta may have been retained in residual 
titanite or mtile, and Y and the heavy REE in residual garnet or hornblende during tonalite generation. 
Further melting under higher temperature conditions during the later thermal pulse may have released 
water (i.e. anhydrous residues) leading to emplacement of the wet melanocratic magmas (hooibergites) 
that are characterised by extensive sub-solidus hornblende growth, and which promoted hydrous 
remelting of the tonalites to cause back-veining and production of hornblendic pegmatites. 

COMPARISON WITH ARCHAEAN and OTHER TONALITES 

There are a number of interesting similarities with Archaean tonalites. The association of tonalites, 
trondhjemites and granodiorites, with abundant mafic enclaves, is very similar to that of Archaean TTG 
suites (the melanocratic hooibergite resembles more closely Scottish Caledonian appinites), The 
correspondence extends to the late stage emplacement of abundant mafic dykes. Greenstone belts have 
been likened to oceanic plateaus (Storey et al., 1991; Kusky and Kidd, 1992) because of the occurrence of 
spinifex komatiitic or piaitic flows in obducted Cretaceous plateaus (cf. Gorgona: Kerr et al, 1996c). 
Precambrian greenstone belt mafic sequences are commonly associated with pene-contemporaneous 
voluminous tonalites (IITG), and hence it is possible these may have formed in exactly the same way as 
on Aruba. 

CONCLUSIONS 

The association of a primitive tonalite suite with an accreting oceanic plateau implies that voluminous 
silicic crustal compositions can be generated during imbrication and thrust stacking of thick mafic 
volcanic sequences. There are implications for Archaean greenstone belts and for mechanisms of crust 
generation. 
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In a volcanic system, part of the activity corresponds to the circulation of hot fluids, which are 
responsible for the alteration of the percolated m k s  and the transfert of chemical elements (metals or 
not). Thanks to accurate studies of the minerals developped during these fluid-rocks interactions (mineral 
composition, geothermometers, related fluid inclusions), it is possible to define the characteristics and the 
space-time evolution of this hydrothermal activity in a cooling volcanic dome. 

The Cerro Bonete massif in Bolivia (near the Argentinian border) (fig.1) belongs to the Early Cenozoic 
magmatic belt, which extends all along the Bolivian orocline. In the area, the oldest volcanic formation 
is the Rondal formation, which corresponds to 

high-K, meta-aluminous andesites and andesi- 
basalts After erosion, they are followed by the 
intermediate to acid volcanics of the Quehua 
formation. It consists of voluminous (up to 700 m) 
pyroclastics flows cut and overlain by coalescent 
lava domes, flow breccias and lava flows. They are 
high-K, peraluminous rhyodacites (Fornari et al. 
1993 ; Bailly, 1994). These domes host several 
mines and prospects known as the "Bolivian 
polymetallic veins", mined out for some of them 
during the spanish times (Sugaki et al. 1986 ; 
Richter et al. 1992). Two of them were studied 
(Bailly, 1994). Bolivar mine (Ag, Bi, Pb, Zn, Cu) 
consists of a subvertical E-W vein emplaced in an 
extrusive dacitic volcanic dome, whereas Lipena 
mine (Sb) was mined in the Rondal lavas. 

In Lipeila mine, the mineralization (pyrite, 
marcasite, stibnite, realgar, orpiment) precipitation 
in the vein is related to the replacemedt, in the 
wall-rocks, of the primary igneous assemblage 
(olivines, pyroxenes, plagioclases) by 
montmorillonites (+ marcasite, pyrite) and farther fig.1 - Location of the Cerro Bonete area on ' 

from the vein by mixed-layered minerals (+ eastern border of the cenozoic volcanic belt 
jarosite). These mineralogical transformations are 
geochemically characterized by a strong leaching of Ca. Mg, Mn, Na, trace and rare earth elements. 
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In Bolivar mine, in getting farlher away from the vein, the dominant illite - subordinate chlorite 
(chamosite) association is replaced by a dominant chlorite (brunsvigite)-subordinate illite one. In the 
same way, a decrease of the XFe ratio for both illite and chlorite (fig.2) and an increase of the phengitic 
substitution rate of the illites occur. 

A 

B 
eP 
A 

Oo 

O o m  (In mutes) 

0 O m  (hpl.W-) 

0 m  (h blomec cvl ty hie velnieu) 

7 

fig.2 - CAI and Si vs XFe diagrams for the chlorites developped in the wall-rocks according to 
their distance to the vein. The box (a) corresponds to the composition of the unaltered biotites in the 
reference sample. 

During the alteration, Na and Ca are strongly leached, whereas large mounts of Fe and K are 
added. In the vein, the chlorites are the only alteration minerals observed in close association with each 
stage of mineralization deposition. Even if they are all chamosites, significant chemical variations occur 
between the different generations. Both chlorites and illites are used in order to estimate the waterfrock 
ratios during fluid circulation and the fluid temperatures in the vein and the wall-rocks. Combined with 
fluid inclusion studies, they lead to a multi-staged, space-time evolution of the hydrothermal activity 
during the volcanic dome cooling (fig.3). 

Stage 1 is initiated by the raising, towards shallow levels, of deep, hot (around 350°C), 
moderately salted (4.9 to 16.8 wt % eq. NaCl) and reduced hydrothermal fluids. The arsenopyrite- 
pyrite assemblage precipitates in fractures created in the dome by the fluid pressure. Simultaneously a 
pervasive chloritization of the biotites is observed up to at least 30 m from the vein. At 30 m, the 
waterlrock ratio is low, the chlorite composition is controlled by the composition of the former 
minerals and there is a thermic equilibrium between the fluids and the cooling dome around 260 "C. 
After this first pulsation, the illites crystallization occurs in the previously fractured dome, in response 
to mixing of colder and less salted fluids, probably of meteoritic origin, with the previous ones. 

Stage 2 corresponds to a second pulsation of hot (250-190°C) fluids. They are associated to the 
polymetallic mineralization (Bi-Ag-Pb-Zn-Cu).'lhe percolated volume is smaller due to an increasing 
fluid channelization in a colder dome (around 190°C ?) 

The last stage (stage 3, sulfides-carbonates) corresponds to a third pulsation of more hot (230- 
290°C) and Ca-enriched fluids. This stage is only observed within the vein. A possible continuity of 
the hydrothermal activity between stages 2 and 3 seems to be argued by the progressive increase of 
the fluid salinities and temperatures. 
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fig.3 - Space-time evolution of the fluid temperature and of the percolated volume in the Bolivar 
dome during its cooling. 

Such a space-time fluid evolution with several pulsations of hot volcanic fluids and mixing with 
dilute meteoritic fluids, is often described for the epithermal-type ore deposits related with volcanic 
activity (Hedenquist et al. 1992 ; Hedenquist and Lowenstern, 1994 ; Marcoux, 1995). 
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INTRODUCTION 

The Coastal Cordillera of the Central Andes, northern Chile hosts extensive hydrothermal base- and 
precious-metal mineralisation of late Mesozoic - early Cenozoic age. Detailed field, petrologic and 
structural investigation of selected mineral deposits within the Atacama fault system has enabled a 
structural model for the mineralisation to be constructed and has allowed two styles of hydrothermal Fe 
mineralisation to be assigned to different phases of tectonism within the Andean margin. 

ATACAMA FAULT ZONE 

The Atacama fault zone, a 1000 km long, trench-linked, predominantly left-lateral, see-s l ip  
fault zone (Brown et al., 1993) is the dominant structural feature of the Coastal Cu-Fe belt. The fault 
zone is comprised of NNE-SSW trending fractures formed during late Jurassic to early Cretaceous times, 
as a response to south-easterly directed, oblique subduction of the Aluk plate. Initial ductile shearing, 
associated with the emplacement of the main lower Cretaceous batholith, circa 130-125 Ma (Dallrneyer 
et al., 1996), was followed by arc abandonment and cooling. This lead to the development of a brittle 
fault system which acted as a conduit for circulating hydrothennal fluids. 

MAGNETITE-DOMINATED MINERALISATION 

The NNE oriented fractures, which comprise the Atacama fault zone, host numerous 
occurrences of magnetite-dominated mineralisation, collectively referred to as the Cretaceous (Atacama- 
Coquimbo) Iron Belt. Magnetitedominated deposits, pertaining to two styles of magnetite 
mineralisation, were studied in the Coastal Cordiilera of the Lower Cretaceous batholith. 

Kiruna-type, magnetite-apatite mineralisation was studied at Mina Fresia and Mina Carmen 
(Fig. 1). These mineral deposits comprise lenticular bodies with a principal mineralogy of magnetite 
(>60%), and variable amounts of haematite, apatite, actinolite and scapolite. Quench textures, fine vein 
networks and large volumes of propylitised wall-rocks, suggest that the magnetite fluid had a low 
viscosity which is attributed to an abundance of volatiles. It is thought that these mineral deposits formed 
during the pegmatitic stage of crystallisation. 

Two examples of magnetite-actinolite-chalcopyrite mineralisation were studied at Mina Las 
Adrianitas and Mina Cerro Negro Norte, to the south of the field area (Fig. 1). These deposits comprise 
andesitic composition volcanics (Bandurrias Formation) replaced by magnetite, and are irregular in form. 
The replacement magnetite is cut by quartz veins and fracture controlled actinolite, and is sometimes 
found in microbreccias. In addition, disseminated pyrite and chalcopyrite occurs throughout the mineral 
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Fig. 1 Simplified map illustrating the different 
generations of fractures that comprise the 
Atacarna fault system. 
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Fig. 2 Tectonic setting of magnetite-dominated Fig. 3 Tectonic setting of speculariteclominated 
mineralisation in the Lower Cretaceous. AFZ fault mineralisation in the Mid-Upper(?) Cretaceous. 
comprises the western margin to the back- Gf intra- Mineralisation occurs in dilational fault structure 
arc basins, with the €NE trending fracture zones (jogs or bends) along NW AFS faults or along 
representing transfer zones in the faulted margin. reactivated segments of the AFZ. 



Third ISAG, St Malo (France), 17-19/9/1996 
673 

deposits, as well as minor apatite. By analogy with the Punta del Cobre Cu(Fe) deposit (Marschik & 
Fontbote, 1995), these deposits probably represent examples of hydrothennal mineralisation associated 
with deep seated plutons, with temperatures of formation around 400"-500" C. 

The Atacama fault zone may have acted as the western bounding fault of the Neocomian inua- 
and back-arc basins (Thiele & Pincheira, 1987). The stress regime in the back-arc was probably similar to 
the transtensional environment in which many lower Cretaceous arc-plutons are emplaced (Grocott et al., 
1994). The mineralisation at magnetite-dominated mines generally has a N-S (010-020") orientation, 
related to the Atacama fault zone, andlor a ENE-WSW orientation related to a set of transfer faults in the 
Atacama fault zone which seem to have been important ENE-WSW lineaments during the arc/ back-arc 
development. (Fig. 2). The location of magnetitedominated deposits at the intersection of the two fault 
sets suggests that these zones were important in the focusing of crustal fluids. The shear sense of the 
transfer structures would be right-lateral under a sinistral transtensional regime (Fig. 2), explaining the 
common observation of ENE-NE oriented faults offsetting the Atacama fault zone along its length. Mina 
Fresia lies very close to one such right-lateral zone. It is inferred that magnetite-rich fluids (and their 
source magmas ?) utilised the N-S Atacama fault zone fractures and the ENE oriented fracture zones 
(displacement transfer structures ?) as conduits, and that transtensional displacements created dilational 
zones within the areas of fracture intersection, where the mineralising fluids were focused (Fig. 2). 

Published ages of the magnetite-dominated mineral deposits, close to the Atacama fault zone, 
range in age from 128 Ma at Boqueron ChaAar (Oyarzun, 1990), south of the field area, to c. 102 Ma at 
Cerro Imh, Copiap6 (Zentilli, 1974). 

ATACAMA FAULT SYSTEM 

The Andean margin has been affected by extensional tectonics untd c. 80 Ma (see Mpodozis & 
Allmendinger, 1993; Arevalo & Grocott, this conference), after which it is thought that the margin 
became dominated by transpression. Post c. 80 Ma, magmatic and structural activity stepped towards the 
east, with the formation of the recently recognised Central Valley Fault Zone (Taylor et al., in review), 
thought to be a terrane boundary between the Coastal Cordillera and Precordillera (Fig. 1). As a result of 
displacements along the Central Valley fault zone, large NW-uending sinistral shears propagated through 
the forearc, cutting and displacing the Atacama fault zone (Fig. 1) and the lower Cretaceous batholith. 
These faults are referred to collectively as the Atacama fault system. Sinistral displacements along the 
NW Atacama fault system shears caused clockwise block rotations with circa 3S0 of rotation (Randall et 
al., in press). 

SPECULARITE-DOMINATED MINERALISATION 

Numerous small-medium sized specularite-dominated mineral deposits occur throughout the 
Coastal Cordillera. The mineralisation typically takes the form of hydrothermal breccias, cemented with a 
mauix of specularite, or as fault-hosted specularite veins. Specularite is the principal mineral within the 
breccia matrixes and veins. In addition, Cu sulphides (and supergene Cu minerals) are found distributed 
throughout, as well as minor magnetite. 

Specularite-chalcopyrite mineralisation frequently occurs in hydrothermal implosion breccias at 
dilational jogs along NW trendng, sinistral strike-slip faults, inboard (towards the E) of the Atacama 
fault zone, e.g. Teresa de Colmo (Fig. 3). The NW trending host faults belong to the Atacama fault 
system and are probably associated with the accommodation of crustal scale fault block rotation, and 
therefore fault block shape change. However, this style of mineralisation is also found along the N-S 
trending Atacama fault zone. It is inferred that mineralising hydrothermal fluids (and their sub-volcanic 
sources ?) utilised re-activated segments of the Atacama fault zone as transport pathways and were 
focused into fault-hosted dilational structures. For example, the Mantoverde deposit comprises a 
hydrothermal breccia located along a dilational bend of a Mantoverde fault, which transfers displacement 
between two reactivated segments of the Atacama fault zone (Fig. 3). The extent of Atacama fault zone 
reactivation is unclear, but was geomeuically necessary to accommodate the shape change during crustal 
scale block rotation. 

Dates for the age of mineralisation are, at present, constrained by structural arguments alone. An 
upper age for the specularite mineralisation during the AFS development is tentatively thought to be 80 
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Ma. This argument is based on the premise that displacements on low-angle extensional fault systems in 
the Sierra de Fraga (Mpodozis & Allrnendinger, 1993)(Fig. 1) are incompatible with sub-vertical sinistral 
strike slip displacements in the Atacarna fault system. Therefore, the AFS is thought to post-date the 
phase of mid-Cretaceous extensional tectonics. 

CONCLUS IONS 

1. Magnetite dominated mineralisation appears to be suongly linked to the Atacama fault zone and 
an ENE trending fault set, which are likely to have been important in the development of the volcanic 
intra- and back-arc basins, during the lower Cretaceous. 

2. Specularite-chalcopyrite mineralisation took place during the development of the Atacama fault 
system during the Upper Cretaceous. Mineralising fluids were focused into dilational fault structures 
associated with NW trending shears of the Atacama fault system and along reactivated segme3ts of the 
Atacama fault zone. 
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INTRODUCTION 

This paper presents the results of structural studies (Branquet, 1995; Lopes, 1995) realized on 
two major emerald deposits of Colombia located in the western border of the Eastern Cordillera (EC) 
(Fig. 1). These studies have been motivated by the recognition of the sedimentary-hydrothermal origin 
and the syn-tectonic nature of the mineralization in the eastern border of the EC (mining district of 
Chivor) (Giuliani et al., 1992; Giuliani et al., 1995; Cheilletz and Giuliani, 1996). A new tectonic 
model emerges from this study. 

Figure 1. Location of the Muzo 
and Coscuez emerald deposits in 
the Villeta anticlinorium in the 
EC (Scharnel, 1991, modified). 
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GEOLOGICAL SETTING 

Between subduction-related Western and Central cordilleras and the Llanos foreland, the EC is 
supposed to have originated in the inversion since Upper Miocene (except for Middle Eocene folds, 
Cooper et al., 1995) of a Triassic-Paleogene basin, with development of thrusts, ramp folds and reverse 
faults verging eastwards over the Llanos foreland but also westwards over the middle Madgalena basin 
(Colleta et al., 1990; Dengo and Covey, 1993; Roeder and Chamberlain, 1995). In the west of the EC, 
emerald deposits are hosted within the lower part of Early Cretaceous series, which cores kilometric 
scale anticlines forming the Villeta anticlinorium (Fig. 1) .  The formations outcropping in the deposits 
are, from bottom to top: (i) dolomitic limestones (at Coscuez only); (ii) carbonated black shales (CBS), 
hosting the emerald mineralization; (iii) siliceous black shales (SBS); (iv) argilites. 

THE COSCUEZ DEPOSIT 

A N35"E vending fault (Coscuez fault) separates a western domain characterized by thrusts (or 
reverse faults) and ESE-ward vergent N25"E folds, from an eastern one (including the mine) presenting a 
main thrust (Coscuez thrust) superposing SBS and CBS units. The eastern domain shows E-W, 
northward vergent, horizontal folds and thrusts with white hydrothermal tectonic breccias (HTB) 
cemented by carbonates and pyrite, younger N-S folds and N30°E cleavage. The Coscuez thrust is 
outlined by a HTB and cuts the E-W folds. In the Coscuez mine, thrusts are proved by greatly truncated 
strata and the presence of an HTB. Two deformational events are recognizable: (i) a NNE-ward vergent 
Dl, especially in the eastern domain (firstly E-W folds and lastly Coscuez thrust); (ii) a ESE-ward 
vergent D2 presenting N25"E folds, especially in the western domain. The Coscuez fault, outlined by a 
HTB, acted firstly as a tear senestral fault during D1 and then as the reverse fault during D2, when the 
western domain moved moderatly onto the eastern one. 

THE MUZO DEPOSIT 

The Muzo deposit is exploited in two mines: the Quipama mine on the southside of the 
N 135"E trending Itoco fault and the Tequendama mine on the other side. The Muzo deposit is mainly 
characterized by thrusting which is demonstrated by CBS over SBS superposition, HTB, and truncated 
strata. 
The Quiparna mine have a complex structure in which the 3D geometry of the tectonic units limited by 
thrusts, can be precisely described. According to this geometry, using folds as kinematic indicators and 
establishing a chronology based on the folding of thrusts, two deformational events can be identified: (i) 
D1, characterized by N130°E folding and thrusting which presents a N30°E transport axis (vergency 
undeterminated); (ii) D2, characterized by ESE-ward folding and thrusting. 
At Tequendarna, the same D I and D2 structures occurred, but a D3 event has deeply reworked them. The 
D3 event is marked by the development of a red HTB (cement of ankerite). D3 is also characterized by an 
hectometric scale NW-ward vergent fold and a reverse fault. Relatively to D2, D3 was a backthrusting 
and backfolding event linked to the Itoco fault which was clearly a senestral tear-fault. During these three 
phases, first thrusts can be folded by a later phase, they can also be reactivated with a different transport 
axis. 

DISCUSSION AND CONCLUSION 

If a duplex is defined by an array of thrust horses bounded by a floor thrust at the base and by a 
roof thrust at the top (McClay, 1992), the emerald deposits are two -or (at Tequendama) three-phase 
duplexes which have induced structural highs deterrninated by NNE-SSW and NW-SE lineaments, hence 
the limited extend of the CBS and emerald mineralization, except northwards at Tequendarna; hidden 
structures probably exist that seem worth being prospected. The three deformational events were 
associated with an hydrothermalism (responsible for emerald precipitation) which generated under- 
compacted levels and enhanced high rate deformation (thrusts) besides the low rate one which produced 
folds and cleavages. 
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INTRODUCTION 

The Salar Grande (Fig. l),  located about 80 km at the South of Iquique (70°00' W, between 
20°45' and 21°45' S latitude), is the only significant intennontane evaporitic basin in the Coastal Range 
of Chile. It is some 45 km long (in N-S direction) and 5 km wide. The altitude of the salar surface ranges 
from 640 to 750 m.a.s.1. 

The salar basin is located in a tectonic depression controlled by one branch of the Atacama Fault 
System. This fault controls the Salar Grande basin on the SE, W, and NW edges. The fault generates 
several blocks (in the northern part of the salar) displaying level differences of several hundreds of meters. 
The Atacarna Fault cuts the salar obliquely, producing a sharp scarp. E-W faults control the eastern edge, 
generating creeks perpendicular to the salar shoreline. 

I\ Loberas / Salar surface 

0 Lower banded halite 

UDE~ massive halite . . m Geode halite 

Level 2 

Lower level 
Level S of the open 

10 Irm - '&E,+ Gypsum and lutite bearing levels 

F'ig.1. The Salar Grande Fig. 2. Mina Loberas. North end of Salar Grande. 

The Salar Grande, still not covered by younger sediments, is an ancient salar (Chong, 1984) that 
has lost its brines and whose sedimentary infill is composed of very pure halite, with very scarce 
amounts of sulphates, and no clear evidence of bull-eye facies distribution, as expected in a salt lake. The 
salar surface shows thick saline crusts with polygonal cracks. The effects of deflation, 
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dissolution, and capillar processes (produced by the effect of local fog -camanchaca-) are evident. Large 
blocks, probably related to subsmte fractures, are visible in aerial and satellite images. 

BASIN INFILL CHARACTERISTICS, MINERALOGY, AND PETROLOGY 

Several open pits (mainly in the northern part) and four boreholes (made towards the center and 
the southern part) are the only available sources of information about the substrate composition of the 
salar. These sources reveal that their sedimentary infill is composed of a massive halite body, reaching 
about 100 m in thickness. Their composition is homogeneous, without significant detrital (or other) 
sediments. The extremely scarce interlayers (cm- to mm- thick) are black and brown altered volcanic 
ashes. 
De~th (m) 

O n  - 

10 - 

Fig. 3. Metal concentration 
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30 - HCl, and bl ,  c and d using 

distilled water. In c, SO4 
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Y P P m M g  - 
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The salt body outcropping in the open pits of Salinas Punta de Lobos (northern part of the salar) 
(Cabrera et al., 1995) is about 45 m thick. Beneath it, fine clastic sediments of volcanic origin, bearing 
gypsum and halite cement, are present. In its lower 10m the salt body displays a thinly banded structure 
(lower banded halite, LBH). The bands or cycles (l to 2 cm thick) are formed by chevron-like halite 
crystals, cm- to mm- in sue. Cycles are separated by dissolution surfaces that smooth or truncate the 
chevron apex. Very few sulphate minerals (mainly glauberite, thenardite and polyhalite, pm-sized) and 
clays are present along these dissolution surfaces as well as interstitially between the halite crystals. 
Towards the upper part, the halite crystal aggregates evolve to coarse (reaching several cm in size), 
disoriented, and masive (upper massive halite, UMH), becoming more brownish due to the presence of 
interstitial temgenous material. Euhedral thenardite crystals (cm in sue) are common on levels 2 and 3 
(Fig. 2). Thenardite crystals act as a diagenetic cement, replacing halite and displaying poikylitic growths 
and solid inclusions of glauberite, clay, and micrite. Polyhalite is the most abundant sulphate, always 
related with grain boundaries and dissolution surfaces. The transition between lower and upper halite units 
is made through a several-meter-thick interval displaying alternances of both lithofacies. Moreover, 
synsedimentary halite, another generation of very coarse grained (until 50 cm in size), masive, extremely 
pure halite, is present as pockets (reaching tens of meters in diameter). Large halite crystals infill the 
pockets following a geode-like arrangement. Some levels, bearing isolated thenardite crystals (until 5 cm 
in sue) are present in the UMH. The entire salt body is affected by cracks. The lateral edges of the salt 
body are affected by dissolution and encrustment; the salt rock is in direct contact with the substrate 
rocks. No concentric mineral pattern is evident. Nevertheless, anhydrite levels (some meters thick) 
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displaying selenite gypsum pseudomorphs (reaching some decimeters in size) are present on the SE and S 
margins. At the SE end of the salar there is an anhydrite level located at the top of the salt body which 
continues eastwards towards the Salar de Llamara. There is no physical continuity (only in sulphate 
lithofacies) between these two salars. 

GEOCHEMICAL DATA OF ROCK SALT 

Minor and trace elements 

Twenty-six elements (Al, As, B, Ba, Be, Ca, Cd, CO, Cr, Cu, Fe, K, Li, Mg, Mn, MO, Ni, P, 
Pb, S, Se, Si, Sr, Ti, V and Zn) have been determined in 50 salt rock samples scattered along a vertical 
section (Fig.2; Mina Loberas section) of the salt body. PCA performed on this analytical dataset reveales 
three well &fined correlation factors. The first factor (involving Al, Fe, Mn, P, Si and Ti; Fig. 3a) is 
related to the particulate silicate fraction (eolian dust, volcanic ash, terrigenous material) always mixed in 
minor amounts with rock salt. The second factor (involving As, Cd, CO, Cr, Cu, Ni, Pb, Se, V and Zn; 
Fig. 3b) is strongly related to sulphide ore (leachate) inputs entering the salar through the hydrologic 
system. The third factor (involving B, Ca, K, Li, Mg and Sr) is mainly related to minor amounts of 
accessory saline minerals (glauberite, thenardite, polyhalite; Fig. 3c) and to the interstitial brines (Fig. 
3d) present as fluid inclusions in the halite. 

Fluid inclusion composition 

The LBH displays a number of primary (synsedimentary) fluid inclusions in its chevron-like 
halite crystals whereas the UMH only shows grain boundary fluid inclusions. Cryo-SEM-EDS analysis 
(Ayora et al., 1994a) were performed on the primary fluid inclusions of the banded halite of the LBH and 
on a sample of a banded halite alternance located in level 4 (Table 1). 

The brine chemical composition is very homogeneous. This implies that during the 
sedimentation of the Salar Grande halite, the parental brines reached a steady-state without significant 
changes in their solute content. 

Brines are of the Cl-SO4-Na-K type, very rich in SO4 and depleted in Mg y Ca. The high 
concentration of SO4 is explained by the kind of imputs entering the basin (recycled volcanic S) and by 
the extremely low Ca content in the brine. More Ca give rise to an increase of sulphate mineral 
(gypsum, anhydrite or glauberite) precipitation. When Ca is lacking, dissolved SO4 increases by 
evaporation trending to saturation in thenardite. Nevertheless, halite saturation was reached before, 
lowering the Na concentration of the brines. K is also very abundant in the Salar Grande brines, being 
similar to that measured in halite samples from marine potash salts (Ayora et al. 1994b). 

Sat. Ind. 
-0.0279 
-0.0469 
-0.0282 
-0.0523 
-0.0301 
-0.0488 

Sample-m 
181-27,W 
188-27,90111 
263-35,80111 
287-37,70111 
317-41,10111 
34044,50111 

Table 1. Average contents of solutes (moVkg H20) in fluid inclusions. 

Sample 
181 
188 
263 
287 
317 
340 

Na 
5.65 
5.71 
5.66 
5.62 
5.18 
5.21 

Table 2. Mineral saturation index of brines. 

Halite 
-0.07 
-0.07 
-0.07 
-0.07 
-0.16 
-0.06 

M g  
0.39 
0.40 
0.37 
0.33 
0.49 
0.50 

Sylvi te  
-0.68 
-0.69 
-0.70 
-0.70 
-0.67 
-0.54 

K 
0.63 
0.62 
0.58 
0.59 
0.70 
0.77 

so4 
0.90 
0.89 
0.82 
0.83 
0.97 
0.76 

Glauberite 
-0.16 
-0.18 
-0.19 
-0.18 
-0.27 
-0.26 

'Thenardite 
-0.11 
-0.10 
-0.13 
-0.13 
-0.18 
-0.22 

C1 
5.48 
5.41 
5.56 
5.60 
5.15 
5.83 

Anhydrite 
-0.64 
-0.67 
-0.67 
-0.64 
-0.68 
-0.64 
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The mineral saturation index data (Table 2) implies that parental brines trapped in the Salar 
Grande halite are in equilibrium with halite and thenardite. Sylvite subsaturation is due to the high Na 
concentration that had led previously to halite precipitation. Assuming a Ca concentration of 0.001 
mollkg H20 (under the detection limit of the cryo-SEM-EDS analytical method used), brines are close to 
saturation in glauberite and clearly subsaturated with respect to anhydrite. 

SEDIMENTOLOGICAL AND PALEOENVIRONMENTAL IMPLICATIONS 

Halite lithofacies infilling the salar (LBH and UMH) implies the following paleohydrological 
evolution: (1) Early environments with cm-deep free brines showing banded halite with piramidal 
(chevron) texture. Dissolution surfaces indicate the ephemeral character of brines and the alternance of 
dessication and inundation stages. (2) A change to environments where brines are mostly in pore 
position, generating displacive halite (and thenardite) facies. This fact reveals a hydrological evolution 
where the amount of brine becomes gradually smaller. Halite is the only sedimentary product of 
precipitation. Thenardite, glauberite and polyhalite are early diagenetic precipitates developed in 
dissolution pockets and grain boundaries. 

The type and distribution of facies, and the salar geometry, suggests that the salar underwent 
fracturation, brine losses, and surface erosion, the latter implying partial or total elimination of marginal 
and surficial facies. Nevertheless, the marginal facies preserved in S and SE edges are poorly developed. 
This, and the extreme purity of the halite body, implies evolved parental brines. Pore brines trapped as 
fluid inclusions show high potassium and sulphate contents, being saturated as regards halite and 
thenardite (and nearly saturated concerning glauberite). Ca-depletion was generated by precipitation of 
calcium sulphates. The waters coming from the Puna, moved towards the Central Depression which in 
turn acted as an endorreic system, making the Salar Grande basin the final container for the most evolved 
(Ca-depleted) brines. The Salar Grande basin was originally connected with the Central Depression at its 
SE edge. Their disconnection is probably related to recent movements of the Atacama Fault System. The 
absence of significant temgenous levels indicates a dominant underground recharge. 

The content and distribution of minor elements through the salt body reflects the inputs entering 
the salt lake: 1) Terrigenous inputs growing towards the upper part (Fig. 3a) indicating a progressive 
increase of interstitial processes; 2) Trapped brine content (as fluid inclusions in halite) higher in the 
lower part of the series (LBH, Fig. 3d), and sulphate minerals higher towards the upper part of the salt 
body (Fig. 3c) reflecting the halite facies distribution; 3) Trace metals present in rock salt in two forms: 
one, extractable with distilled water (Fig. 3bl), probably related to fluid inclusions, and another 
extractable with N HCl, binded to temgenous inputs. 
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INTRODUCTION 

The generation of petroleum in basins involves accumulation of organic matter (OM), its gradual 
burial, diagenesis breakdown and maturation via biodegradation or thermal cracking processes within a 75- 
150°C "oil window" temperature range. In hydrothermal regimes, as illustrated by active submarine rift 
basins (Simoneit, 1985), transformation of OM in sediments by high temperature fluids, up to 360°C, is 
an effective and more rapid process than in conventional basins. The study of such systems are of great 
interest to understand sulfate-hydrocarbon redox reactions specially for the thermochemical sulfate 
reduction (TSR), because the hydrothermal fluid discharge contains base-metal sulfides, sulfates, 
carbonates and petroleum. Moreover, the existence or a thermal gradient induced between ambient and 
supercritical waters, permit to define the minimum temperature at which TSR reaction began. 
Hydrothermal experiments have shown that TSR take place a1 temperatures as low as 175OC whereas 
geological evidences suggest lower minimum temperatures, 100-140°C, as illustrated by the formation of 
the Pine Point Mississippi Valley type deposit (Powell and Macqueen, 1984). This paper deals with 
characterization of OM associated with the Colombian emerald deposition and its key role in TSR 
through high temperature hydrothermal regimes. 

THE EXEMPLAR CASE OF COLOMBIAN EMERALD DEPOSITS 

The Colombian emerald deposits are found within two narrow zones, located along the two major 
polyphased thrusted limits of the Eastern Cordillera (EC), corresponding to the original borders of an huge 
basin in Cretaceous time. The eastern zone consists of the mining districts of Gachali, Chivor and 
Macanal and the western zone, of the districts of Coscuez, Muzo, La Palma-Yacopi. Both are contained in 
Early Cretaceous black shale (BS) series. Two distinct ages of formation or the emerald deposits have 
been obtained for the western and eastern emerald zones, respectively, 38-32 Ma for the Coscuez-Muzo 
mines (Cheilletz et al., 1994). and 65 Ma for the Chivor mine (Cheilletz et al., 1995). The deposits result 
from a two-stage cinematic process in which shorlening tectonics affects lhe two borders of the EC, 
leading to decollement planes, thrusting, and lhrust-fault related folds (Cheilletz and Giuliani, 1996). 
Stage 1 is characterized by decollement planes which focused the circulation of hydrothermal fluids 
inducing albitisation and calcitisation of the BS. This metasomatism leads to leaching of major (Si, AI, 
K, Ti, Mg, P), trace (Ba, Be, Cr, V, C, B, U) and REE-elements from the enclosing BS; this stage is 
accompanied by the development of a vein system filled by librous calcite and pyrite. Stage 2 is marked 
by the formation of breccias along thrust faults, and thrust related anticlines; it is characterized by 
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extensional vein sets and hydraulic breccia development filled by muscovite, albite, rhomboedral calcite 
and dolomite, pyrite and finally by the precipitation in drusy cavities of fluorite, apatite, parisite, REE- 
bearing dolomite, emerald and quartz. 

Microthermometric, Raman-probe and SEM analysis demonstrate the presence of H2O-NaCI- 
CaC12-KCl-C02-N2 rich-brines trapped into emerald (Giuliani et al., 1992; Cheilletz et al., 1994; 
Ottaway et al., 1994), carbonate and pyrite (Giuliani et al., 1995). The trapping temperatures of fibrous 
calcite from stage 1 and rhomboedric carbonates and emerald from stage 2, are estimated respectively, at 
150-200°C and 300°C (Cheilletz et al., 1994; Giuliani et al., 1995). Oxygen and carbon isotope 
composition of quartz and carbonates in all the deposits indicates a basinal formation water origin for the 
mineralizing fluid (Giuliani et al., 1992), data confirmed by Ottaway et al. (1994) for the Muzo mines. 
The 6 3 4 ~  values of H2S in solution in equilibrium with pyrite from emerald deposits (Giuliani et al., 
1995) demonskate the evaporitic origin for the mineralizing brines. Cation analysis of fluid inclusions by 
crush-leach technique (Banks et al., 1995) confirms that fluid in emerald, fluorite and quartz are derived 
from the dissolution of primary halite and are predominantly Na-Cl-Fe-Ca-K brines. 

CHARACTERIZATION O F  SEDIMENTARY AND HYDROTHERMAL ORGANIC 
MATTER RELATED TO EARLY CRE'I'ACEOUS BLACK SHALES AND EMERALD 
MINERALIZATION 

The EC of Colombia corresponds, in its central part, to a fold belt which thrusts, on the East, 
the Llanos basin and on the West, the Magdalena basin. The Cretaceous sediments were deposited in a 
two arm basin, Tablazo-Magdalena at the west, and Cocuy at the east, separated by the Santander high. 
These basins were deformed and inverted at Cenozoic times. Fabre (1987) provides important estimations 
on burial and geothermal history of the EC basin during Cretaceous and Tertiary times. He showed that 
the basin formed by extension on a strongly thinned lithosphere which provoked a major thermal event 
coupled with intrusion of mafic magmatism. Fabre and Delaloye (1983), dated these different basic rocks 
and showed that an Early Cretaceous thermal episode developed from 118 to 93 Ma, up to the Albian- 
Cenomanian boundary. The vitrinite reflectance data from different portions of the Cocuy paleobasin 
(Fabre, 1987) indicate increase of matury in sediments from Une (Albian; 0.5 <PR<]) to Macanal 
(Berriasian; 2.5 cPRc4.5) formations, as well as the presence of blackened pollens. HCbrard (1985, in 
Fabre 1987) evidences also the neoformation of pyrophyllite from detrital muscovite and quartz, and 
measured illite crystallinity up to 4.5. These data and the burial curves show that the basal section of the 
Cretaceous i.e., Macanal BS series, reached a temperature of 300°C (near the anchizone) until the 
Campanian. Rock-Eval realized on the Macanal (Cocuy basin) and Paja-Simiti BS (Barremian-Albian 
serie from Tablazo-Magdalena basin) which contain emerald mineralizations, confirm the overmaturity of 
OM (6<Hydrogen Indexc61; l<Oxygen Index<20; 0.2<TOC<l .l %). The carbon isotopic composition 
of OM of the Macanal BS (-28.2<613c<-21.7 Ym; mean: -24 Ym) is different from the isotopic 
composition of Paja-Simiti BS ( - 2 2 . 2 ~ 6 ~ ~ ~ ~ - 1 8 . 4  7m; mean: -20.5 Ym). This difference evidences the 
variation of sedimentation between the two arms basins: continental input from Guyana shield with 
precipitation of humic OM within the Cocuy basin versus marine mudstone within the Tablazo- 
Magdalena basin. 

Carbonaceous hydrothermal material is closely associated with emerald mineralization (Giuliani 
et al., 1993b; Cheilletz and Giuliani, 1996). Petrographic investigations show that this material 
precipitated during the two stages of vein opening and until emerald deposition. Solid hydrocarbon 
(bitume) exhibits massive form (up to 2 cm in diameter) and sometimes infilled fractures. It shows 
conchoidal fractures and both in hand specimen and under the SEM, can present numerous hollow spheres 
and small voids ranging from 10 microns to 1 mm in diameter. Daughter mineral phases were identified 
in some bubbles as calcite, dolomite, anhydrite, vanadium-iron oxides, vanadium-rich muscovite, barite 
and zinc oxide. Bitumen has a low suliur content (0.2 to 1.2 %) and important trace concentrations (V up 
to 2000 ppm, Zn up to 740 ppm , Cr up to 87 ppm, U up to 37 ppm and MO up to 60 ppm). X-ray 
diffractograrns display a broad band between 10 and 18 degrees defining the amorphous character of the 
material. The first order Raman spectra of bitumen display a band located around 1590 cm-'? which 
corresponds to C-C vibrations in the aromatic layers, and a second broad band at 1350 cm-' which is 
attributed to defects in the graphite structure. The area ratio S 1590 / S 1350 is about 0.7. These data 
indicate a low structural degree of structural ordering and the non-graphitic character for the solidified 



Third ISAG, St Malo (France), 17-1 91911 996 685 

bitumen. The micro-transmission infrared microspectroscopy spectra show  he lack of aliphatic and 
aromatic bands and the disappearance of oxygen species. These results added t Rock-Eval data (Hydrogen 
Index< 1; 19 < Oxygen Index< 61) confirm the important ~hermal cracking suffered by these bitumen. 
613c values for bitumen range from -23.8 to -21.2 % and are similar to thoses obtained for the OM in 
the BS. 6D values are comprised between -73.2 and -122 960 and the H/C ratios are around 0.1. These 
isotopic data suggest a genetic relationship between OM and hydrothermal bitumen, and indicate the 
complete consumption of organic hydrogen during degradation of OM. 

T H E  ROLE O F  ORGANIC MATTER IN THE THERMOCHEMICAL SULFATE 
REDUCTION IN COLOMBIAN EMERALD DEPOSITS 

Colombian emerald deposits have no magmalic connection and they can be considered as pyrite 
deposits hosted by carbonate veins, emerald being an accessory mineral. Sulfide-sulfur source is evaporitic 
but the chemical process responsible for  he reduction of sulfate in sulfide is still in debate (Ottaway et 
al., 1994; Cheilletz and Giuliani, 1996). The presence of both OM in the enclosing BS and in the 
hydrothermal carbonate-pyrite veins opens to discussion of the possible role of OM in emerald deposit. 
Four main conditions are necessary to establish that OM has playcd a key role on TSR (modified from 
Leventhal, 1990): 

1 -  OM is now present in the ore body; il is the case in colornbian deposits where hydrothermal 
bitumen are found, 

2- OM was present when the different stages of the hydrothermal system developed and at the 
time of ore formation: in fact, hydrothermal bitumen precipitated during stages 1 and 2 and are found as 
daughter minerals within primary fluid inclusions hosted by emerald, 

3- two types of OM are present: in our case, original, i.e., OM in the BS, and hydrothermal, i.e., 
bitume in the veins. The organic-matter-bearing BS enclosing the emerald mineralization has suffered a 
thermal degradation due to burial and thermal history of the EC basin during Cretaceous time. The fluids 
related to emerald formation at Cenozoic times rcmobilized this OM provoking changes, differences in 
chemical composition and precipitation of bitumen, 

4- the chemical change in the altered OM is compatible wilh TSR: 
4.1- sulfate reduction implies always oxida~ion of OM. Oxidation of OM contained in 

the BS and subsequent carbonates precipitalion in cquilibrium wilh C02 would result in the formation of 
low 613C carbonates. 613C of the carbonates will depend on thcir temperature of formation and the initial 
isotopic composition of OM. Calcite-graphite 13C/'2C fractionation factors were calculated using the 
calibration of Bottinga (1969). The difference of 4.5% in 6I3C found bctween OM from Macanal and Paja 
-Simiti (?) BS, implies that the 613C of carbonates from stages 1 and 2 of the eastern emerald zone are 
lighter than those of the western one. In fact, thcre are two isotopic populations of carbonates. The higher 
6I3C values correspond to Coscuez, Muzo, Yacopi deposits (-9.3<613C< -0.4%). The more negative 
values are associated with the Chivor, GachalB, Macanal mincs (-16.7<613C< -3.1%)). In conclusion, it 
appears that carbonates crystallized in equilibrium with organic carbon at temperatures determined by 
microthermometry, 

4.2- a definitive change is a loss of hydrogen characterized by a lower H/C ratio or more 
by an aromatic structure. Rock-Eval analyses on both sedimentary and hydrothermal OM, coupled with 
hydrogen-carbon isotope data, have shown that organic hydrogcn was consumed during the reduction. 
The four main conditions for TSR reaction are chcckcd in the case of Colo~nbian emerald mineralization: 
OM acted as reactant and product, the chemical changcs producing a considerable loss of hydrogen as 
shown by the low H/C ratio (HIC: 0.1) and the oxidation of OM produced large quantities of C02 
necessary to form HC03-. 

Many reactions have been proposed for TSR and Machel(1987) summarized them in a global net 
balance exothermic reaction: hydrocarbon + S04-- --> altered hydrocarbon + bitumen + HCO3- + H2S + 
C02 (?) + heat. Considering the different products found in the colombian hydrothermal samples and the 
measured changes in chemical composition of OM, the following reaction is proposed to explain the role 
of OM in TSR (Cheilletz and Giuliani, 1996): Ra (CH20)2 + S04-- --> Rb + 2HCO3- + H2S where 
CH20 represents a carbohydrate and R(a,b) large organic molecules. HCO3- and H2S produced by the 
reaction reacted with ca2+ and ~ e ~ +  carried by the hydrothcrmal fluids to induce the precipitation of 
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calcite and pyrite i.e., HC03- + ca2+ -> CaC03 (calcite) + H+ and 7H2S + ~ e ~ +  + S04-- -> 4FeS2 

(pyrite) + 4H20 + 4H+- 

CONCLUSIONS 

The geochemical study of OM in the Colombian emerald deposits provided new informations and 
confirmed previous data on the degree of maturity of the Early Cretaceous BS of the EC and the burial 
history of the ore-filled area. It constraints also the possible role of OM on the mode of formation of 
emerald ore bodies. Bitumen appears to have been derived locally from the transformation of OM from 
sediments by high temperature hydrothermal fluids, up to 300°C. The question of genetic relationships 
between sulphides, OM and bitumen is solved. Sulfate-hydrocarbon redox reactions occurred at high 
temperature as described in active submarine rift basins, and isotopic evidences are suggestive of the 
effective role of OM in the formation of hydrogen sulfide necessary to produce sulfides (pyrite). The 
mechanism proposed involves the reaction between sulfate of evaporitic origin and OM, without the 
production of an intermediary elemental sulfur, to produce hydrogen sulfide. This redox reaction process 
has been already verified experimentally and invoked in dcssiminated or stratiform base metals or 
Mississippi Valley type deposits. 
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THE PUNTA DEL COBRE BELT, NORTHERN CHILE: INTRUSION- 

RELATED MID-CRETACEOUS Cu(-Fe) MINERALIZATION 

Robert MARSCHIK and Lluis FONTBO'II? 

Dipurtement de Minkrulogie, Universitkde Gentve. Rue des Muruichers 13, 1211 Gentve 4, Switzerluncl 

The Punta del Cobre belt is located about 15 km south of Copiap6, northern Chile. The belt 
comprises several Cu(-Fe) deposits in the Punta del Cobre (e.g., Carola, Resguardo, Santos, Socavbn 
Rampa, and Trinidad mines) and southern Ladrillos districts (Mantos de Cobre mine), east of the CopiapC, 
river, as well as the new La Candelaria deposit (Ryan et al., 1994) in the Oialcos Nuevo district west of 
the river (Fig. 1). The Cu(-Fe) deposits are hosted by the largely volcanic pre-upper Valanginian Punta 
del Cobre Formation, which is exposed i n  the core of the Tierra Amarilla anticline. The lower part of the 
Punta del Cobre Fonnation in the districts Punta del Cobre and Ladrillos, consists of altered calc-alkaline 
andesitic (Lavas Inferiores, Kpcli) and dacitic ("Albitbfiro", Kpcfa) volcanic rocks (Fig. 1). Above a red, 
in the lower part volcaniclastic, breccia (Basal Breccia, Kpcsb) follows a mainly continental sedimentary 
sequence consisting essentially of siltstone, chert, and limestone (Trinidad Member, Kpcs). Basalts to 
basaltic andesites, in part with chemical alfinities to mid-ocean ridge basalrs, turfs, and reworked tuffs 
form the upper part of the formation (Lavas Superiores, Kpcls). In the southern part of the study area the 
Punta del Cobre Formation is represented by the Quebrada Los Algarrobos Sequence (Kpcla), consisting 
of volcaniclastic rocks, basaltic andesites and andesites, and the Lavas Superiores (Mauschik et al., 1994). 

The Punta del Cobre Forination is overlain by Neocomian limestones of the Chaiiarcillo Group, 
which were deposited in the marine Andean backarc basin. Continental conditions established in middle 
Cretaceous as a result of regional uplift. Middle Cretaceous intrusive rocks of ~nainly dioritic, 
granodioritic, and quartz monzonitic composition, which fonn the batholith in tlle Copiapb area, were 
emplaced into the Neocomi,~ rocks in  the western part of the belt causing intense contact metamo~phism 
(Tilling, 1963, 1976). 

Contact metamorplnism is expressed in the volcanic rocks of the Punta del Cobrc Fonnation as 
parallel largely overlapping alteration zones (Fig. 2) that are characterized, from west to easr, by the 
alteration mineral assemblages: (a) Ca-anphibole f biotite + sericite, (a) biotite f chlorire f sericite 
+ epidote (discontinuous zone), and (c) epidote-chlorite f quartz, f calcite. These three zones are 
superposed on pre-existing ceilters of alkali metasomarism, in which an early episode of sodium 
metasomatism was locally followed by potassic alteration. Mineralization is spiltially associated with 
alkali metasomatism, in particular with potassic alteration (Marschik and FontbotC, 1994, in press). 

Copper is mined in the Punta del Cobre belt from breccia bodies, veins, stockworks, and concordant 
lens-shaped bodies (mantos). The mineralization is characterized by a simple hypogene mineral 
assemblage of chdcopyrite, pyrite, magnetite, and hematite. Average Cu grades are betwcen 1.1 and 2% 
and lnay reach more than 8% in veins. Massive ~nagnetite occurs as veins and irrcgu1:uly shaped bodies. 
In the Punta del Cobre and Ladrillos districts the mineralization is co~llrolled by NNW to NW-trending 
structures. 

Sulfur isotope ratios from chalcopyrile and pyrite show a n'urow range in 6 3 4 ~  valucs between -0.7 
and +l.l  960 (Fig. 3). These data suggest that sulfur was leached from the underlying igneous rocks or 
contributed by magmatic fluids (R. Marschik, in press). 

A 4 0 ~ r / 3 9 ~ r  incremental-heating experi~nerit on hydrothennal biotite, interpreted to have formed 
synchronous with the Cu(-Fe) mineralization, yielded an inverse isochroil age of 114.9f0.5 Ma 
(Marschik et al., 1906). This age is consistent with field evidence (Ryan et al., 1994) that suggest that 
mineralization predates balholith emplacement ( K l h  hornblende age 109.6f 1.7 Ma, KIAr biotite age 
97.9 f 1 .S Ma, F,urar et al., 1970; ages coilverted following Dalrymple, 1979). 
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Fluids in inclusions hosted by poslore calcite have salinities between 20.2 a i d  33.6 W[.% NaClequiv, 
and contain 12 to 24 wt.% NaCl and 13 to 23 wt.%, CaC12. Assuming burial belween 2 zuld 3 km in the 
mid-Cretaceous, the corrected formation temperatures for postore calcite lie between 122" and 174°C. and 
149" and 203OC for hydrostatic and lithostatic pressure conditions, respectively (Marschik, in press). 

The alteration pattern, geomeuy of the orebodies, ore formation temperalures of about 400' to 500°C 
(Hopf, 1990), and the age of potassic alteration pint  to a mineralization event associated with deepseated 
magmatic inuusion(s) that predates emplacement of the middle Cretaceous batholith. The sulfur isotope 
compositions of chalcopyrite and pyrite and saline fluid inclusions of post-ore calcite may indicate that 
these inuusion(s) not only provided heat but also contributed with magmatic fluids. Not excluding that 
the Punta del Cobre belt could represent an external part of a system similar to those known from 
porphyry coppers, the large amounts of magnetite found in the deposits of the Punta del Cobre permits a 
comparison with the magnetite(-apatite) deposits of the "Chilean iron belt", which show similar 
mineralization temperatures and ages, and are hosted by Neocomian rocks in the vicinity of mid- 
Cretaceous inuusives. These magnetite(-apatite) deposits are frequently characterized by the presence of 
skarn parageneses. In a scheme considering porphyry copper deposits, magnetite(-apatite) deposits, and Fe 
and Cu-Fe skarns as endmembers, the Punta del Cobre district is interpreted to genetically occupy a 
transitional position between the "Chilean iron belt" and Andean porphyry copper dcposits (Fig. 4; 
Marschik and Fonthote, in press). 
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INTRODUCTION 

The purpose of this paper is 1) to describe the different types of 
mineralization present in the Chilean Patagonia between 44" and 48"s (Aysen region), and 
2) to interpret, on a regional scale, its occurrence in metallogenic belts. 

GEOLOGY 

The oldest rocks of the region have been grouped into the Metamorphic Basement 
extended along the western margin and the southern part of the region. They are low to 
medium grade metamorphic rocks, represented by schists, phyllites, quartzites and marbles 
of probably Upper Paleozoic age. This basement is unconformably overlayed by Upper 
Jurassic volcanoclastic rocks of rhyolitic to andesitic composition (Ibafiez Formation). At 
the end of the Ibaiiez volcanic activity, started a back-arc marine transgressive-regressive 
cycle, corresponding to the Coyhaique Formation. This includes limestones, coquinas, 
black shales and sandstones of Lower Cretaceous age. The marine regression was 
accompained by the begining of the volcanism of the Divisadero Formation (Upper 
Cretaceous), represented by rhyolitic, dacitic, andesitic and minor basaltic rocks. These 
volcanic rocks underlie rhyolitic to basaltic rocks (Chile Chico Formation), that are 
products of a bimodal volcanism of Eocene age. In the Early Cenozoic, along the western 
side of the region, another volcanic arc was developped (Traiguen Formation), represented 
by silicic ash-flow tufs, sediments, and rhyolitic to basaltic lavas (Herve et al., 1995). 
Along the eastern part of the region, the Chile Chico Formation underlie deposits of 
marine (Guadal Formation) and continental (Rio Frias Formation) Cenozoic basins. Most 
of the intrusive rocks are part of the North Patagonian Batholith, which is about 100 km 
wide Meso-Cenozoic composite plutonic belt that crosses the region from north to south. 
This huge batholith range in composition £iom granites to gab. )S, and it's ages vary from 
Late Jurassic to Pliocene (Pankhurst and Herve, 1994). T1 : most important tectonic 
feature of the region is the dextral intra-arc strike-slip Liquiiie-Ofqui fault zone, at least 
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active since the Early Cenozoic (Cembrano et al., 1996). Holocene volcanism and Early 
Cenozoic volcano-sedimentary deposits (Traiguen Formation) have a close causal 
relationships with this fault zone. 

MINERALIZATION 
Mineralization in the last 170 Ma is generally restricted to three longitudinal 

metallogenic belts, in which hydrothermal activity was focused along the respective 
magmatic arcs: (Fig. 1). 
1) Upper Jurassic belt, along which Au-Ag epithermal and Zn-Pb-Agsu mesothermal 
mineralizati~n were formed. 
2) Lower Cretaceous belt, which contains Au-Ag epithermal, Zn-Au skarn, and low 
grade porphyry copper mineralization, and 
3) Miocene belt, which hosts Au epithermal and porphyry copper mineralization. 
The Upper Jurassic Belt, Precious metal epithermal mineralization is hosted in felsic 
volcanic and subvolcanic rocks of the Ibaiiez formation. It is related to silicic and sericitic 
alteration and consists of stockworks and disemination of pyrite, arsenopyrite, native gold, 
electrum, and minor sphalerite, galena, and chalcopyrite. The ore bodies are stratiform 
horizons and funnel-shaped pipes. Grades vary fiom 0.2 to 4 ppm Au and 10 to 70 ppm 
Ag. Basic metals mesothermal mineralization consists of irregular bodies containing 
stockwork and dissemination of pyrite, arsenopyrite, sphalerite, Ag-bearing galena, and 
minor gold. Mineralization is hosted in felsic volcanic and subvolcanic rocks of the Ibaiiez 
formation, which present sericitic alteration. Ore grades vary fiom 2 to 8% Zn, 0.4 to 3% 
Pb, 10 to 100 ppm Ag, and 40 to 1,100 ppb Au. Field observations, structural 
interpretations and radiometric dating indicate that both type of mineralization occurred 
synchroneously with a magmatic and tectonic activity, in an Upper Jurassic (152-140 Ma) 
intra-arc pull-apart basin environment. Probably, both types of mineralization correspond 
to an hydrothermal system peripheral to porphyry copper (Palacios et al., 1996a; Parada et 
al., 1996). 
The Lower Cretaceous belt. Precious metal epithermal mineralization is hosted in felsic 
volcanic rocks and domes of the Ibaiiez and Divisadero formations. Au-Ag mineralization 
occurs within sericitic and silicic alterations and consists of veins, hydrothermal breccias, 
stockwork and dissemination. Metallic assemblage is pyrite, silver sulphosalts, native 
gold, galena, and sphalerite. Ore grades vary from 0,3 to 15 ppm Au and 10 to 1,000 ppm 
Ag. Radiometric dating indicate that epithermal activity occurred between 99 and 11 3 Ma 
(Townley, 1996). Calc-silicate Au-Zn skarn mineralization is hosted in a fossiliferous 
limestone unit of the Coyhaique formation. Hydrothermal mineralization consists of 
sphalerite, native gold, electrum, hessite, scheelite, pyrrhotite, pyrite, arsenopyrite, galena, 
chalcopyrite, and maldonite. Geological information and radiometric data indicate that 
mineralization occurred between 100 and 108 Ma, related to felsic and dioritic intrusive 
magmatism (Palacios et al., 1996b). Low-grade porphyry copper mineralization consists of 
quartz dioritic stocks that intruded felsic tuffs of the Ibaiiez and Divisadero formations. 
Hydrothermal alteration corresponds to a potassic centre surrounded by phyllic and 
propilitic envelopes. Mineralization includes a weak stockwork with pyrite, chalcopirite, 
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Fig. l: Metallogenic belts in the Chilean Pa tugoniu. 
. Inclitled dusli: Upper Jurassic belt; Dotted zotic: Lower Cretaccoiis belt; Hotizotital dascli: A fiocetie belt; 

Diuniarid: epitltetnial nti~ieralizatiotr; Parallel liries: veiris (niairily epitliernial); Circle: skatlt 
mineralization; Square: popl lyy  copper mineralization. 
1. El Faldeo prospect, 2. Lago Cliacabuco prospect, 3. Lago h 1 1 1  prospect, 4. Rio Flitioso project. 5. Rio 
Atnarillo prospect, 6. Rocoso prospect, 7. Facliitial ntitte, 8. Turbio prospect, 9. Castor-Pollrix prospect, 
10. El Toqui mine, 11. Katetfeld project, 12. Sarita Teresa prospect. 13. Las Qiimas prospect, 14. Cerro 
Agujas prospect, 15. Leucayecprospect, 16. Mulchey prospect, 17. El Queulat bajo prospect, 18. El Queilat 
alto prospect. 
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molybdenite and magnetite. Ore-grades vary from 0,l to 0,2% Cu and 200 to 750 ppm 
MO (Candia et al., 1994). 
The Miocene belt. Consists in two metallogenic lineaments (oriented NS and NE) that 
follow the strike of the major fault-zones of the Liquice-Ofqui structure. Au-rich 
epithermal mineralization consists of veins, and irregular lens hosted in Paleozoic filites 
and Miocene microdioritic stocks, or forms stockwork in felsic volcanics of the Traiguen 
formation. Mineralization contains pyrite, arsenopyrite, and gold related to silicic andfor 
sericitic alteration. Ore grades vary from 0,2 to 60 ppm Au. Field observations suggest 
that the epithermal mineralization is strongly related to the epizonal intrusion of 
microdioritic stocks, dated in 5 Ma. Low-grade porphyry copper mineralization 
corresponds to quartz dioritic stocks that intrude the volcanic rocks of the Traiguen 
formation. Recognized hydrothermal alteration includes a phyllic centre with propylitic 
envelop, and mineralization (mainly as stockwork) is pyrite and chalcopyrite, with minor 
bornite and molybdenite. Ore-grades range from 0,2 to 0,5% Cu and 50 to 100 ppm MO. 
Both types of mineralization developed in a intra-arc pull-apart basin tectonic environment. 
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INTRODUCTION 

The El Faldeo district is located in the Patagonian precordillera of Aysen, 
Chile (72'20'W-47'27's). The purpose of this paper is to discuss the source of the Zn 
and Pb mineralization using geochernical and isotopic evidences. 

GEOLOGY OF THE DISTRICT 

The oldest rocks in the district are upper Paleozoic schists, phyllites, 
quartzites, shales, and marbles. These rocks are unconformably overlayed by a 200 m 
thick upper Jurassic sequence of felsic tuffs and lavas (Ibaiiez formation). The rocks are 
intruded by a dacitic intrusive-ehsive complex which consists of brecciated stocks, sills 
and felsic tuffs. In turn, these rocks are intruded by tonalitic to dioritic stocks and dikes 
dated at 15 1 Ma (Palacios et al., 1996a). The rocks in the district are pervasively altered 
and the primary mineral components are obscured by alteration. 

MINERALIZATION AND HYDROTHERMAL ALTERATION 

Hydrothermal alteration in the district is widespread affects entirely the 
Paleozoic and Jurassic rocks and covers approximately 12 ICrn2. In the district, two types 
of mineralization have been recognized (Palacios et al., 1996b): Au-Ag epithermal and 
Zn-Pb mesothermal mineralization, constituting the last one the focus of our studies. 
Basic metals mineralization consists of irregular pipe-like bodies of 100 to 200 m in 
diameter containing stockwork and dissemination of pyrite, arsenopyrite, sphalerite, and 
Ag-bearing galena. Mineralization is hosted by Jurassic volcanic and intrusive rocks, 
which present sericitic alteration. A propylitic and silicic halo surround the mineralized 
bodies. Ore grades varies from 2 to 8% Zn, 0,4 to 3% Pb, and 10 to 100 ppm Ag. 
Although the mineralization in the Paleozoic rocks is restricted only to few veinlets, the 
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ore and alteration mineralogy is similar to those exhlbit by Jurassic rocks. Fluid inclusions 
data indicate ore deposition during boiling at homogenization temperature varying 
between 250" to 330°C, and salinities ranging between 4 and 23wt% NaCl equiv. 

GEOCHEMISTRY OF THE PALEOZOIC ROCKS 

Table 1 show the statistic behaviour of Zn and Pb (analyzed by ICP) in 250 
chip samples of Paleozoic rocks. In general the curves exhibit 2 break-points defining 3 
different populations, which can be interpreted as negative, background,and positive 
anomalies respectively. 

TABLE 1.- Statistic populations of Zn and Pb, defined using log-probabilities analysis I 
I Elements (mm) 11 Negative anomalv 11 Background 11 Positive anomalv I 

Samples of the background population are unaltered rocks, which were 
taken far from the district. They probably represent the normal concentration of Zn and 
Pb of the Paleozoic rocks. In contrast to the former, the samples that lie within the 
anomalous population were taken from altered rocks in the district. Samples of the 
negative anomaly correspond to unrnineralized rocks that mainly. present propylitic 
alteration. Mineralized samples with sericitic alteration form the positive anomaly 
population. Correlation coefficients of the elements considered in this analysis range 
between 0.72 and 0.89 in each population. These results suggest that Zn and Pb were 
leached fiom the Paleozoic rocks during propylitic alteration, and probably the elements 
were reconcentred in the sericitized and mineralized rocks. 

ISOTOPIC GEOCHEMISTRY 

Sulhr isotope data from sphalerite separates exhibit 6 3 4 ~  values between 
1.0 to 2.8 per mil. The data support that the H2S in the hydrothermal fluid was derived 
fiom two sources: sulfate leached from the basement marine sediments and magmatic 
emanations (Ohmoto and Skinner, 1983; De Ronde and Blattner, 1988). Lead isotopic 
data from galena separates define a field above the orogenic growth curve in both 
uranogenic and thorogenic diagrams (Fig. 1). The position of this field could reflect a 
lower crust (Godwin et al., 1988) - upper crust mixing, indicating that the source of Pb 
had low U/Pb and ThPb ratios. 

Isotopic data on Jurassic dioritic to tonalitic stocks evidence Sr87/Sr86 ratios of 0.70695 1 
and 0.708203, and eNd of -2.9 and -3.7 suggesting an important crustal contribution 
(Parada et al., 1996). 
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U P P E R  C R U S T  --l 

Fig. 1.- Uranogenic and thoroge~lic diagrams showing the lead isotopic data fi-om galena 
separates. 
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INTRODUCTION 

The El Faldeo Au-Zn district is the southernmost Andean prospect, and is located in a Recent back- 
arc position, about 100 km east of the axis of the Patagonian Andes at 47'27's - 72'20'W. Two segments of 
the Patagonian Andes have been recognized on the basis of structure and magmatic configuration (Rarnos 
and Kay, 1992). The El Faldeo district is located in the southern segment, which ddfers from the norlhern 
one by the presence of extensive esposures of deep-seated Paleozoic metamorphic basement, a foreland fold 
and thrust belt, a gap in the Recent volcanic arc, Tertiary molasse deposits and Upper Cenozoic plateau 
basalts. The origin of the segmentation is attributed to the Miocene to Recent collision of the Chile ridge 
nith the trench at about 46'30's. 

The discovery of the El Faldeo mineralization was recently mad: (Lahsen et al., 1991) as a result of 
a base and precious metal exploration project in the Chilean Patagonia. The mineralization is mainly hosted 
in dacitic and rhyolitic tuffs and subvolcanic porphj-ries (Palacios et al., 1996);- and consists of early 
epithermal(140° - 170°C) gold mineralization and late Zn mineralization deposited at higher temperatures 
(250' - 330°C) and greater depth (op. cit). This paper provides a case study of a metallic district in the 
modem Patagonian back-arc, where the integration of field, radiometric and geochemical data, led to the 
recognition of its tectono-magmatic evolution on a regional scale and its metallogenic implications. 

GEOLOGY OF TE€E DISTRICT 

Stratigraphy 

The oldest rocks in the district are poljmetamorphic and pojideformed schist, phyllites, quartzites, 
shales and marbles of the Paleozoic basement (Fig. 1). These rocks are unconformably overlain by an Upper 
Jurassic homoclinal sequence (N80°E - N80°W/20 - 30N) of sedimentary and volcanic beds, which 
represents the lowest 200 m of the IbSez formation. This sequence occupies hvo discrete depositional 
centers and consists from bottom to top of a 50 m thick basal sedimentary breccia and 150 m thick 
seccession of dacitic and rhyolitic W s ,  felsic lavas, hydrothermal eruption breccia and their sedimentary 
reworked equivalents. Two intrusive units are recognized in the district: Quebrada Colorada Granodiorite 
(QCG) and Cord6n Esmeralda Tonalite (CET). The former unit is the more ex3ensive and consists of 
epizonal granodioritic bodies intruding the IbSez formation as plutons, sills and dikes. Strong to moderate 
hydraulic brecciation is a striking feature of most of the QCG esposures. The CET is composed of 
hornblende-bearing tonalites and diorites, which form two plutons and some related sills and dikes. The 
CET plutons intrude the Paleozoic metamorphic basement, the IbSez formation and the QCG. Their shapes 
and orientations are clearly controlled by N-S and NW-SE faults. 

Petrography of the Ib;lllez formation and associated intrusive units 
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The basal sedimentary breccias of the IbAilez formation are poljmictic, formed by abundant (> 80 
vol.%) fragments of schist, quartzite and phyllite of the Paleozoic basement, in a clay matrix. The fragments 
are both poorly sorted, and rounded, and have sizes variable between 2 and 1Ocm. The upper sedimentary 
beds are composed of breccias formed mainly of reworked tuffs, hydrothermal breccias and silicified igneous 
rocks similar to those outcroping in the district. The fragments are moderately sorted, have centimetric to 
decimetric sizes and are included in a fine-grained to medium-grained clastic matris (5-20%), which in 
places is cemented by barite. The igneous rocks of the district are, in most cases. penasively silicified and 
locally argillized, and therefore, primary minerals and textures can be obsenled in only few remnants. The 
dacitic and rhyolitic tuffs eshibit variations in grain size from lapilli to ash. Clasts consist of felsic pumice, 
volcanic rocks and crystal fragments of quartz and feldspar. Rocks of the QCG contain plagioclase, quartz, 
uralitic amphiboles, biotite, sphene and apatite. The hydraulic fracturing and brecciation that alTected the 
plutons and sills of this unit, gave rise to stockworks or breccias uith abundant (> 90%) angular, randomly 
rotated, granodioritic fragments with a scarce matris of powdered rock. The CET rocks show an 
equigranular intergronth grading to a porphjric texture. The primary mineralogy is partially propylitized 
and consists of plagioclase, quartz, amphibole, biotite, K-feldspar, magnetite, apatite and zircon. 

Mineralization and hydrothermal alteration 

The mineralization and hydrothermal alteration of the El Faldeo district developed in four stages 
(Palacios, et al., 1996), and affected about 12 km2 of Upper Jurassic rocks. Propylitic replacement of 
primary paragenesis and disseminated mineralization of pyrite characterize the first stage. The second stage 
gave rise to silicic alteration and to dissemination and veinlets of pjnte, arsenopj-rite and gold. Brecciation, 
stockwork and dissemination were associated with a quartz - sericite - calcite alteration and with pjrite, 
sphalerite, galena and gold mineralization The last stage is an open-space filling event, in which quartz, 
calcite, barite, pyrite and chalcopjrite were deposited. The above mentioned structures of the mineralization 
and alteration associated uith the first three stages, suggest a progressive rupture of the host rocks. 

U-Pb, 4 0 ~ r - 3 9 ~ r ,  K-Ar AND FISSION TRACK AGES 

Four zircon fractions from a sample of the CET were prepared for conventional multigrain U-Pb 
geochronologic analysis. They have discordant U-Pb ages that lie in an array parallel to concordia (Fig. 2). 
Regressing the U-Pb data results in a chord which intersects concordia at 147 f 10 Ma, and is interpreted to 
indicate a late Jurassic crystallization age for the sample. 10Ar-39Ar biotite dating of tu70 samples of the two 
CET plutons exhibit welldefined weighted mean plateau ages (Fig. 3) of 157.7 f 1.5 and 158.9 f 1.5 Ma. 
K-Ar whole rock dating of two penasively sericitized samples gave ages of 110 f 4 and 142 ?r 5 Ma. These 
similar ages are indicative of rapid cooling of the magmatism - alteration - mineralization system at a 
shallow crustal level. Two apatite mineral separates from CET have been anal>zed using the fission track 
dating technique. Fission tracks ages of the samples are 7 ?r 4 and 14 k 4 Ma. 

STRUCTURAL AND TECTOhJC SETTING 

The most important structures in the district are steeply dipping faults, which in general strike NW- 
SE, N-S and ENE-WSW (Fig. 1). The NW-SE faults are continuously traceable for about forty kilometers. 
Shear-sense indicators such as horizontal slickensides and grooves are locally obsened, suggesting dex-al 
strike movements. The N-S and the ENE-WSW faults are normal, and most of the dikes and veins were 
emplaced along them. 

The presence of separate depositional centers in the IbAfiez formation, and its thickening and 
inclination toufards the ENE boundary faults, indicate that these faults were active during sedimentation 
giving rise to a half graben array (Fig. 1). The faultcontrolled distribution of the IbAfiez sequence, plutons, 
dikes and veins, suggests a coeval formation of tectonic basins and spaces for magma emplacement and 
mineralization. The post-basement units are bounded by linear NW-SE transform segments and N-S and 
ENE-WSW normal faults, as is expected to occur in a pull-apart basin model in which simultaneous strike- 
slip movements and extension subparallel to the strike of the transform takes place (Ben-Avraham and 
Zoback, 1992). 
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The greater exposure of igneous rocks than sedimentary rocks in the El Faldeo district, indicates 
that magma supply exceeded sedimentation rate. An effect of the subsidence - filling of the basins is the 
common presence of sills intruded by vertical dikes forming part of the same magmatic event. Such an 
intrusive relationship is an indication that sufficiently thick magmatic and sedimentary overburden was 
present to produce a change of the least principal stress from vertical to horizontal. It is worth noting that 
the magmatic pressure must exceed the least principal horizontal stress and the tensile strength of the rock 
cover in order to form discordant intrusions. 

A few samples of the CET were geochemically and isotopically analyzed. They eshibit volcanic arc 
signatures (Fig. 4) and REE patterns similar to h ical subduction-related Upper Cenozoic tonalites of the 

$7 North Patagonian Batholith (Fig. 5). They have S ratios of 0.706951 and 0.708203 and sNd of -2.9 
and -3.7 suggesting an important crustal contribution in the formation of the CET. 

METALLOGENIC IMPLICATIONS 

The integration of field, radiometric, geochemical and isotopic data, constrains the alteration - 
mineralization of the El Faldeo district to an Upper Jurassic extensional arc regime associated \+ith del-tral 
strike-slip and related subsiding pull-apart basin. The results highlight the close links between tectonism, 
magmatism and mineralization, in which the continental crust made a si&icant contribution to the origin 
of both the magmas and the mineralization. Subsidence - filling and coeval mineralization may esplain the 
higher temperature and depth of the late mineralization stage as compared to the earlier one. Release of 
progressively higher volatile pressure would have been necessary to produce the increase in the degree of 
rupture of the rocks hosting the mineralization, from veinlets in the first stage, to hsdraulic brecciation in 
the third stage. 

The El Faldeo district was presenred at depth for an intend of about 140 m.y. after which the uplift 
and erosion caused by the Chile ridge - trench collision, brought it to the present position in Late Miocene 
time. 
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LEGEND OF FIGURES 

Fig. 1. Geological sketch of the El Faldeo district. 1: Cerro Esmeralda Tonalites (CET). 2: Quebrada 
Colorada Granodiorites (QCG). 3: IbMez formation. 4: Paleozoic metamorphic basement. 
Fig. 2. A portion of the concordia diagram showing the U-Pb isotopic data for a CET sample. 
Fig. 3. Age spectrum measured on biotite from the same sample as figure 2. 
Fig. 4. Rb vs. Y + Nb discriminant diagram for CET samples (crosses). Upper Cenozoic granitoids of the 
Northern Patagonian Batholith (squares) are also shona for comparison. 
Fig. 5. Ranges of chondrite-normalized REE patterns of CET samples (horizontal hatch) and Upper 
Cenozoic granitoids of the Northern Patagonian Batholith (vertical hatch). 
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INTRODUCTION 

Salars occur in inland basins in the arid zones throughout South America from near-shore areas 

to the Altiplano. The origin of salts in  the salars can be attributed to oceanic input as described for 

example for SW Australia (Chivas et al. 1991), or to a volcanic source. While the distribution of 

evaporites can be modified by subsequent dissolution-precipitation episodcs, ~riggered by exposure of 

evaporitic deposits to weathering due to uplift. The Salar de Atacama in Northern Chile located about 200 

Km from the Pacific coast at an altitude of 2300m with ridges of up to 3000111 elevation in  between, 

provides an excellent setting to adress the problem. Moreover the adjacent Cordillera de la Sal located to 

the west of the Salar contains a thick section of evaporites in the San Pedro Formation deposited in the 

Oligocene and deformed during the Miocene (Naranjo et al. 1994). provides a comparison to test wehether 

or not the same sources and processes were active at that time. 

The present reconnaissance study uses the isotopic composition of suli'ur and strontium as 

tracers for the origin of sulfate in the waters feeding the Salar de Atacama, the currently forming 

evaporitic deposits, and those exposed in the Cordillera de la Sal. 

RESULTS 

Water samples were collected from springs and wells to the north and cast 01' the Salar de 

Atacama and within the salar itself, locally with the associated evaporites. The variation in chemistry of 
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the water (not further discussed here) bears evidence to the complexity of the hydrological system. Several 

evaporite samples were collected along a transect across the San Pedro Formation in the Cordillera de la 

Sal. 

The isotopic composition of the water (6180 and 6D) was determined in order to characterise the 

fluids associated with the transportation of the solutes of interest. The copositions range between -8.7, 

-64.1 and +5.9 and -1.7%0 for 6180 and 6D respectively. The lower values fall on the Global Meteoric 

Water Line and the variations between samples are probably due mainly to differences between recharge 

areas. The higher values form an array which indicates evaporation under low humidity conditions. 

The sulfur isotope results ( 6 3 4 ~ ~ ~ ~ )  of the dissolved sulfate are in the range 3.4 to 7.0%0 and 

show no relation to the concentrations of dissolved sulfate or chloride. These values are lower than those 

of sea water sulfate throughout the Phanerozoic (e.g. Claypool et al. 1980). The initial 6 3 4 ~  of the 

dissolved sulfate seems to be determined by that of the S 0 2  emitted by volcanoes and subsequently 

modified by leaching of the volcanic rocks. The two values recorded from evaporites within the Salar (4.3 

and 5.4%0) are within this range. The 6 3 4 ~  of the Cordillera de la Sal sulfates have a range 3.0 to 5.4%0 

i.e. in the lower part of the range of the present day dissolved sulphate. 

Strontium isotope ratios ( 8 7 ~ r / 8 6 ~ r )  recorded from the water samples are in  thc range 0.70755 

to 0.70980, which in general correspond with values recorded from the volcanic rocks in the adjacent 

volcanoes. The values recorded from the Cordillera de la Sal (0.7068 1 to 0.70799) are in part lower than 

those of dissolved sulfate and corresponds to the values measured in  thc nearby Codillera Domeyko 

(Pankhurst, unpublished). The lowest ratios are recorded in the water of the San Pedro de Atacama spring 

where the spring waters are flowing next to the exposed evaporites of the Cordillel-a de la Sal and at Reine 

near the southern end of the salar ( 8 7 ~ / 8 6 ~ r  of 0.70760) where thc spring waters pass Cretaceous 

limestones with 8 7 ~ r / 8 6 ~ r  of 0.70775. All the values recorded arc lower than the 0.70910 ratio of 

present day ocean water. These ratios seem to relate to the ratios of the bedrocks with which the solutions 

come in  contact 

CONCLUSIONS 

The waters draining into the Salar de Atacama have isotopic compositions ( 6 3 4 ~  and 8 7 ~ r / 8 6 ~ r )  

indicative of igneous origin of the respective solutes. 

The evaporites of the San Pedro Formation in  the Cordillera de la Sal have similar 6 3 4 ~  and 

lower 8 7 ~ r / 8 6 ~ r  ratios, in  line with change in bedrock which is or was in contact with thc fluids. 

The isotopic composition of species dissolved in  waters cun-cntly draining into the Salar 

de Atacama, in evaporitic minerals precipitating from these waters or o f  cvaporitic minerals deposited 
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during the Oligocene, do not support the hypothesis that seawater is the main source of solutes for the 

Salar de Atacama nor did i t  contribute significantly to the Oligocene evaporites of the Cordillera de la Sal. 

These results and conclusions have implications on the assessment of sources of salinity in arid 

zones. 
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INTRODUCTION 

The Chilean nitrate deposits have been formed by complex paragenesis of saline minerals 
(locally named caliche) that infill the porosity of rocks ranging in age from Paleozoic to Cenozoic. 
Minerals which are normally extremely rare - nitrates, nitrate-sulphates, iodates and iodate-sulphates - are 
common in  the Chilean nitrates. Located in  the Atacama Desert (North Chile; between 19'30' and 2.5'30' 
S latitude, and 69'30' and 70'30' W longitude), the deposits follow an irregular N-S swathe, a few km 
wide (reaching a maximum of several tens of km). The distribution of the deposits parallels the contact 
between the Coastal Range and the Central Depression. 

The nitrate (and saline) ores can infill either cracks (joints, fractures) in the country rocks 
(volcanic, intrusive or sedimentary), porosity in breccias and conglomerates from alluvial fans and 
pediments, or porosity created by previous alteration processes. Ericksen (1981) divided the different 
styles of occurrence as deposits in rock and sedimentary deposits. Deposits in rock are characterized by 

Old alluvial sediments 

Fig. 1. Distribution of worked nitrate areas in the Pedro de Valdivia area. See the relationships 
between the nitrate deposits and tertiary alluvial sediments on the NW alluvial fans. 
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open fracture systems, and so can reach high local concentrations in sodium chloride and nitrate. 
Sedimentary deposits are characterized by narrow pore spaces, commonly millimetre-scale or smaller. 

The Pedro de Valdivia deposit is located 160 km to the NNE of Antofagasta (22O45' S, 69O40' 
W), close to the centre of the area in which nitrate occur, in  the Chilean Central Depression. It extends 
over a width of about 15km, and is elongated 40km in the N-S direction (Fig. 1). The altitude is 1500m 
on average, the topography being very uniform (+200m). The geological setting (Araya & Toro, 1983) is 
dominated by volcanic and intrusive rocks. The volcanic sequence is Jurassic (350m of andesitic flows -La 
Negra Formation), Cretaceous? (150111 of acid piroclastic tuffs and breccias), Paleocene-Eocene (150m of 
tuffs and ignimbrites), Miocene (alluvial clastic and volcanoclastic rocks -bearing the nitrate-ore; Fig. 1-) 
and finally (overlying in angular discordance the previous materials) Quaternary unconsolidated alluvium 
and colluvium. Intrusives are represented by mesozoic granites and monzodiorites, and cenozoic acid 
porphyries. The fault system has a dominant N-S trend, with subordinate trends to about N40E and E-W. 
Nitrate ores occur within the Miocene sediments (caliche negro) and are also present as disseminations 
(and infilling voids) in the sustrate rocks (caliche blanco) (Chong, 199 1, 1994). The ore (running at less 
than I 1 % Nog) can reach depths of 10m, more commonly being less than 3m deep. 

PETROGRAPHY AND PARAGENETIC RELATIONSHIPS 

SEM, optical mineralogy and XRD have been used to identify the minerals (Table 1 ) in the 
Pedro de Valdivia deposit. 

Table 1 

Chlorides: Halite NaCl 
Sulphates: Anhydrite CaS04 

Bloedi te NazMg(S04)~.4HzO 
Glauberite NazCa(S0 4)z 
Gypsum CaS04.2HzO 
Loweite N ~ I Z M ~ ~ ( S O ~ ) I ~ . I ~ H Z O  
Polyhalite CazMgKz(S04)4.2HzO 
Starkeyite MgS04.4HzO 
Thenardite NazS04 

Carbonates: Calcite CaCO, 
Nitrates: Nitratine NaNO3 

Ni ter KNO 3 

Darapskite Na?[N03S04].Hz0 
Humberstoni te K?Na7Mgz[(N03)z(S04)h] .6H2O 

Borates: Kaliborite K M ~ ~ H [ B ~ O R ( O H ) ~ ] Z . ~ H ~ O  
Proberti te NaCa[(B501)(OH>].3HzO 

Iodates: Lautarite Ca(I01)z 
Hectorfloresite Nag[(I03)(S04) 41 

Fuenzalidaite K ~ ( N ~ , K ) ~ N ~ ~ M ~ I ~ ( S ~ ~ ) I Z ( I ~ ~ ) I Z . ~ ~ H ~ ~  
Chromates: Dietzeite Ca2[(IO 3)zCr04] 
Oxides: Hemati tes Fez03 

Silicates: Quartz, heulandite, laumontite. 

The petrographic study shows that interstitial processes (Chong & Pueyo, 1992) are the main 
control on mineralisation in both kind of deposits (sedimentary and in rock). In the Pedro de Valdivia area 
these processes are principally controled by the composition of the volcanic host rock and the strongly 
saline solutions from which the ore minerals precipitate. 
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The precipitation sequence and arrangement of minerals is as follows: 

a) Submillimetre-scale fissures in a silicate host mineral showing a first generation of halite i n  
the walls and a central infilling of nitratine or, sometimes, mixtures of saline minerals (halite, nitratine, 
darapskite). Ocassionally, the first salt generation is euhedral to subhedral. 

b) Residual porosity in  the saline precipitate itself, forming geodes, where halite and nitratine 
coprecipitate. Geode cavities develop in  a mass formed by the silicate matrix and saline minerals (halite, 
nitratine, humberstonite, darapskite). Halite and nitratine represent the last interstitial precipitates. 
Euhedral iodates (lautarite, hectorfloresite, and fuenzalidaite) and borates (probertite) coprecipitate in the 
residual porosity. 

c) Subcentimetre-scale fissures in the host rock, infilled by a first generation of zeolite 
(commonly heulandite or laumontite), followed by another generation of coarse sparry calcite. This 
sequence can be recurrent, each couplet being separated by dissolution surfaces. Both minerals, zeolite and 
calcite, are present as mm-size cristals. A final zeolite generation is followed by sulphate mineral 
precipitation (anhydrite, glauberite). Moreover, the rock shows fissures between, around, and inside the 
grains, following exfoliation planes. These fissures, pm i n  size, are total or partially infilled by 
anhydrite, glauberite, halite or nitratine. 

d) Porosity almost totally obliterated by saline materials, where the last generation is nitratine. 
Nitratine infills previous voids between halite, glauberite, and silicate matrix. Nitratine exhibits abundant 
inclusions and triple junction voids. A sequence of minerals (nitratine between halite grains, and niter, 
lautarite, dietzeite, hectorfloresite and fuenzalidaite within nitratine) which precipitate in  these voids 
represent the last stages of evolution of the residual brine. 

e) Submillimetre-scale fissures in  the host rock, infilled by the sequence polyhalite (fibrous 
radiated), anhydrite, and nitratine. Other irregular porosities are infilled by euhedral, pm-size bloedite (or 
Ioweite) and, finally, nitratine. 

Other frequently associated minerals are darapskite-nitratine (or -humberstonite) and Ioweite- 
bloedite. K-Mg minerals (fuenzalidaite-niter-poly halite-(sylvite?)) frequently form an association with 
each other, and also with nitratine or nitratine-halite boundaries. Euhedral tabular kaliborite (pm-size) has 
been observed in  cavities between humberstonite grains. 

BRINE EVOLUTION INFERENCES 

A synthesis of the precipitation sequences, deduced from petrographic observation, is presented in  
Figure 2. 

The general evolution of brines is as follows: 

1 )  A first precipitation of Ca-bearing minerals (Ca-zeolites - calcite - anhydrite). 

2) A group of Na-Ca and Na-Mg (-K) minerals (glauberite - bloedite - polyhalite), defining two 
main evolutionary trends: a) A Na-trend, represented by the series glauberite - darapskite - (halite - 
nitratine) - hectorfloresite; and b) A Na-Mg-K trend represented by the series bloedite - (polihalite) - 
humberstonite - (halite - nitratine) - fuenzalidaite. 

The final minerals, which precipitate in the residual porosity, are nitrate-sulfates, iodate-sulfates, 
iodates, chromates and borates. Commonly these minerals precipitate i n  the last stages of brine 
evolution, when (or after) halite and nitratine coprecipitate. These minerals include elements that either 
are not compatible with previously precipitated minerals, or have not previously been consumed. 
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Fig. 2. Synthetic diagram of parental brine evolution in the Pedro de Valdivia deposit. The main 
paragenetic relationships are indicated in solid lines. The main general trends are marked by thick hatched 

arrows. 
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INTRODUCCION 

The Bolivian Altiplano (3650-3900 masl), is situated en the heart of the Andes (66-71" long. West, 
14-22" lat. South), between Eastern and Western branchs, which surpass the 6000 masl (figure 1) 

Nowdays, the lacusuine extensions (Titicaca, Poop6, Coipasa and Uyuni) are the result of the 
pluviomeuic gradient, very stepped, from the Norhteast (Eastern Cordillere, Lake Titicaca basin) to the 
Southeast of the Altiplano (Western Cordillera, Uyuni salines basin); the yearly precipitation change 
from 800 mm to 200 mm, while the estimate evaporation would vary from near 1500 mm per year in the 
North to near 2000 mm at the South (Roche et al., 1992; Grsjean, 1994). These climatic gradients are 
consecuences of the latitude displacement of the Interpropical Convergence Zone. 

METHODS AND RESULTS 

We had analized several kinds of registers, aiming to rkonstruction the paleoenvironrnent scenarios; 
the registers were from big geomorphologic units of the Altiplano: the Titicaca lake, the southern basins 
and the chain valleys. 

In the Titicaca lake, the sedimentological study of the TDl sample of 5.4 meters long (figure l), and 
the radiocarbonic date give us two kinds of information, related to the temperature and the high of the 
water level at the time when the sediment was settled. The lower part of the sample (540-200 cm) 
characterize lower lacusuine levels. The mean atmospheric temperature, rebuilt from the palinologic data, 
is 33°C to 4°C lower to the actual temperature; and has a period of deep freezing (-6°C) between 20 000 
and 19 000 years BP. There is an important hiatus at 200 cm of the sediment, which correspond to near 
18 000 to 15 000years BP. This hiatus is synonymous of a very hard drought. From 200 to 155 cm (15 
000 to 18 000 years BP). Neither the palinologic data nor the lower sediment index permit us to be 
precise at mark the maximun level reached by the lake in that time, nor limit its radiometric age, which 
is around 13 180 + 130 years BP. Aparently, this has happened simultaneously with the so called Tauca 
phase (Servant & Fontes, 1978). 'lbe temperatures are lower than today (-2°C). The existence of gypsum 
indicates the dryness of the Huillaimarca lake at the end of this period (Wimnann & Oliveira Almeida, 
1987). from 155 to 10 cm, the paleodepths are rebuilt from a uanference function of 
ostracodes/bathymetry values (figure 2) Mourguiart et al., 1992). from 10 to 0 cm, the absense of 
ostracodes cannot allow to rebuilt quantitatively the evolution of the lake levels. 

The deposits distribuited along the perimeters of the main basins in the South (Poop6, Coipasa and 
Uyuni) are completely different 'lbey show essentially as carbonated sediments, clayly or limely. In the 
figure 3 appear the rates agehigh. The ages were fixed by dating of organism and carbonated deposits 
(molluscs, vegetal biohems and microcrystalline crust). The Tauca phase extended from 14 000 to 10 
500 years BP. While during this humid phase, there were hydric balance with oscilations of great 
magnitude. 
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F- 1: Tbe Alliplano. L.oalmn of the cordrlleras. 
lakes. and &es. Tbe site of sampling TD1 is 
marked in the Huiiiaimarca lake. -. 

TEMPERATURE LAKE-LEVEL 

F i r e  2. The reconstruction of the paleoclimatology and paleohydro'ogy of 
the H u 6 a i m m  lake (sonde TDI). The shadowed are the rebuilt fmm data 
analysie of the palinanorfa (Ybert, 1992). The continua Line in graph at right 
represents the results from the transference function ostmxdeshter depth 
(Mourguiart et al.. 1992). 
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The traces of forewent glaciations and diverse kind of flowings that happen in the time were identified 
by radiocarbon dating. We find five groups of moraines (figure 4). they are called: Mla, chronologically 
situated after 23 000 years BP; Mlb, which is after 14 300 years BP and is considered as the last 
maximun glacier in the Bolivian Andes; M2, with unknow precise chronological position; M3, dated to 
be before 10 500 and 10 000 years BP, seems to be sinchronic with the Younger Dryas; M4, which 
correspond to the Little Ice Age, period of the centuries XVI to XIX ( Thompson et al., 1986). 

CONCLUSIONS 

The paleoenvironment evolution of the Bolivian Altiplano from aproximately 30 000 years BP, is 
fairly complex. Anyway it can be described as folows: 

-From 25 000 to 18 000 Years BP, progressive dryness of the Titicaca lake. It would correspond to the 
final phase of the Minchin lake. An advance of the Mla glacier around 19 000 years BP. 

- From 18 000 to 14 500 years BP, there is no information neither at the North nor the South of the 
Altiplano. The climate phase was dry. 

- From 14 500 to 10 500 years BP, is the lake Tauca phase, with an advance of the glaciers (moraines 
Mlb, M2, M3). 

- From 10 500 to 8000 years BP a new dryness of the Titicaca lake and a quick recease of the glaciers. 
- From 8000 to 3900 years BP, a little improvement in the water balances of the Titicaca lake. 
- From 3900 years BP to ? a notorious rise of the lake levels, but with dry phases, shorts but important. 
- From ? to nowadays, the Little Ice Age (moraine h14) and the actual period are characterized by a 

complex evolution of the lakes and glaciers. 
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Figure 3. Projected dates from the salines zones versus the high of the 
sampling site. The wide line correspond to a minimum level of the lake; the 
two dating on the narrow Line w m p o n d  to a shore Line. Tbe question marks 
pior cut isolated dates to be confirmed. 
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INTRODUCTION 

The active margin of central Chile is a remarkable feature of the Pacific rim (Aguirre. 1985; 
Dalziel, 1986; Herve et al., 1987, Mordojovich, 1974; see figure; Cicco. 1994). To develop an 
aerophotogrammetric approach of its geology. a study has been conducted to frame the subduction 
processes belonging to a margin with an alternate tectonic history and relatively shallow seismic foci 
(Barazangi, 1976) that drove to look for tangible evidences w i h n  the surface structures. 

The investigation was aimed at the local morphologies observed using airborne imagery in the 
Gulf of Arauco. Also. from the detected features, the study has subsequently addressed those large- and 
medium-scale structures produced by the evolution of the margin (Aguirre, 1985; Hervk et al., 1987. 
Jordan et al.. 1983). 

Notably, this work has focused on the two-way link existing between the morphological 
evolution of a turbulent area such as the one herewith described and the relatively deeper phenomena 
close to the crust-atmosphere interface (Barazangi, 1976; Jordan et al., 1983). Such interaction may 
show up with a substantial influence on the landscape setting. 

Morphotectonic maps arising from the study of the available aerial stereo-imagery are herewith 
presented, to display the five main geomorphological domains observed. The phenomena described are 
in most cases ongoing, when not in their infancy (Kiuzuka et al., 1974). 

CONCLUSIONS 

The morphotectonic evolution of the VIII Chilean region is heavily influenced by two basic 
factors. The tectonic framework, both past and present, is active and it actively shapes the drainage 
pattern. As opposing to tlus constraint, the wind action is such to condition distribution of continental 
sedmentation and river discharge (Thornburg, Kulm and Hussong, 1990). 

The present tectonic setting displays a N-S fault system which generated the Arauco graben 
west of the Coastal Cordillera. Swarms of lineations and faults are bound NE-SW and dsplace the 
western rim of the N-S graben. The lithologies thus exposed govern the abrupt morphology of the foot 
wall in the grabens. 

The activity of the wind, from SW towards NE. is witnessed by the vigourous erosion due to the 
Pacific wavesets, by extensive dune fields and by the control over the drainage pattern, especially in flat 
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areas and nearby the shoreline. In several cases, r ive~s are forced by the tectonic pattern to flow 
shorebound, whereas the action of the wind pushes the streams landwards. 

As a result of this steady interaction, a morphotectonic element is deemed to be caused. The 
system is composed by the N-S graben, the western promontory displaced by the NE-SW faults and the 
following pocket beach, open towards SW. Conversely, the displaced promontory is exposed to erosion; 
the pocket beaches get the reworked and redeposited material being transported northwards alongshore. 

On a regional scale, the above system is envisaged to be repeated several times along the 
CMean margin, from 20" to 40O S (Annijo and Thiele, 1990). and a remarkable example of such system 
is represented by the Gulf of Arauco (37" S). 
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The Laguna Salinas, an undrained basin in the Central Andean Volcanic Zone, lies 
at 4300 m in elevation on the Western Cordillera (16"22'S, 71 "08'W, 4,300 m, Southern 
Peru: Fig. lA,B). The Laguna is a saline playa, termed S&, which has acted and still 
acts as a sedimentary trap. The flat floor of the s a h  is occupied by a shallow saline lake 
35 km' in area, in the western part of the basin 12 km across. The volcano-tectonic basin 
is open in upper Tertiary lava flows, overlain by volcaniclastic sediments Pleistocene in 
age. The Laguna Salinas is surrounded by high, extinct stratovolcanoes such as Pichu 
Pichu to the West and South, which have been heavily glaciated. Front moraines end at 
about 4500 m in elevation and glacial outwash has formed fans that are overlain by 
lacustrine and palustrine deposits towards the S&. Within 50 km distance from the 
basin, the Misti, Ubinas, and Huaynaputina strato\lolcanoes have been active for the past 
five centuries (Fig. 1B). 

Seven tephras are recorded in this area since the end of the Last Glacial, when 
glaciers melted away. Two groups of tephras were recognized, the first in two quarries to 
the West of the Laguna Salinas, the second in two cores drilled in the salar (section sites 
in Fig. 1C). 

To the West, the pyroclastic sequence observed along the Arequipa-Puno road 
encompasses 4 tephras (from top to base, sections a and b, Fig. ID): (1) the 10-cm-thick 
white ash fall T.H., dacitic in composition, from Huaynaputina volcano; (2) a 65-cm- 
thick, white coarse Plinian pumice-fall, T.P.1, andesitic in composition; (3) a 40-cm- 
thick pumice and lithic-rich tephra-fall, T.P.2, andesitic in composition; (4) a 135-cm- 
thick Plinian pumice-fall, T.P.3, dacitic in composition; (5) a 25-cm-thick yellowish 
lithic-rich pumice-fall, T.P.4, andesitic in composition. A few thin eolian deposits and 
poorly developped soils in ash are interbedded in these tephra-fall deposits, suggesting 
that the fallout occured repeatedly, precluding long-lasting episodes of quiescence in the 
area. Interestingly, this pyroclastic sequence is missing on the formerly glaciated high- 
plateau to the East and NE. 
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Location of Laguna salinas (A and B) and coring sites (C). Description of 
studied sequences (D): a) road Arequlpa-Puno, roadcut at km 101.5; b) 
road Arequlpa-Puno, k'm 103.2, pit; c) S1, core taken wlth a "mssian 
corer"; d) S2, core taken wlth a "russlan corer". Abbrevlatlons of tephra 
beds: T.H., Huaynaputlna Tephra; LS.2, Laguna Sallnas Tephra 2; LS.3, 
Laguna Sallnas Tephra 3; T.P.1 to'4, pumlceous tephra beds 1 B 4,at km 
101.5 (road Arequlpa-Puno); T.P., pumlceous tephra at km 103;2'(road 
Arequlpa-Puno). 
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Two cores were drilled in  the southern part of the s h ,  the first in the upper 
lacustrine deposits (Sl ,  Fig. 1C and section c, Fig. ID) and the second in the palustrine 
deposits (S2, Fig. 1C and section d, Fig. ID). The sequence of the second core S2 
corresponds to the last 15,000 years, although the drilling was blocked by an unidentified 
coarse layer. The 4.7-m-thick S2 core includes 3 tephra-fall layers interspersed in thick 
peat or eyttja and salt: (1) the 50-cm-thick white ashfall TH from Huaynaputina, dacitic in 
composition (whose thickness has been exaggerated by runoff); (2) a black, scoriaceous, 
fine ash layer 5 mm thick, LS2 (section c, Fig. ID), olivine-bearing andesitic in 
composition; (3) a 70-cm-thick pumice and ashfall deposit, dacitic in con~posiiion.F~-or 
1% datings (section d, Fig. 1D) and tephrostratigraphy in the Misti-Huaynaputina area 
allow us to correlate and rank the three tephras in a time frame. The dacitic TH tephra 
belongs to the A.D. 1600 Plinian fallout of Huaynaputina. The black scoriaceous, 
andesitic ashfall was delivered by El Misti at A.D. 144-1480, based on the time span 
and rate of peat sedimentation between TH and LS2, and correlated to historical accounts. 
The third thick pumice fallout is slightly older than 9700 + 190 yr B.P., i.e., at the 
transition between Late Glacial and lower Holocene. 

Correlation with the pyroclastic sequence along the Puno road (Fig. 1D) shows 
that the coarse tephra-fall deposits T.P. 1 to T.P.4, misslng in the cores, are to be found 
below the radiocarbon dated peat layer at 14,690 + 200 yr B.P., i.e., before the Late 
Glacial period. However, the tephras TPI, TP2, and TP3 are probably placed close to the 
end of the Last Glacial period when the glaciers melted away, while the tephra TP4 may 
be contemporaneous with that period. Conversely, the lowermost tephra r 9700 yr B.P. 
old in the core is missing in the pyroclastic sequence to the West of the Laguna Salinas : it 
has been either eroded away or removed in eolian deposits and soils. 

Polen analysis has been canied out on the second core at 200 to 400 cm in depth 
(section d, Fig. ID). Based on 1% datings, this part of the core corresponds to the Late 
Glacial. The polen record shows that the paleovegetation was uniform: steppe grarninae 
(Poaceae), cushion plants (Caryophyllaceae) and shrub (Asteraceae) prevailed. Such a 
steppe vegetation point to arid to semi-arid climate in that area throughout the Late 
Glacial. Evaporation and drought increased or decreased according to temperature 
fluctuations, a fact that explains the observed changes in  the polen record. 

We distinguish two phases with distinct environments. The Salinas I phase (Late 
Glacial) is characterized by a tolm vegetation in the puna vegetation, i.e. dwarf trees 
(Arteraceue), Poljlepis, and a few graminae which point to a cold and semi-arid climate 
(less dry than that prevailing today). The Salinas I1 phase (transition from Late Glacial to 
lower Holocene) reflects a drier environment including graminae from desert steppe 
(Poaceae), alike that of the dry altiplano today. The vegetation was poor and the climate 
very dry. The transition between Salinas I and I1 occurs close to 280 cm in depth and 
may represent the Late Glacial-Holocene boundary. 
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INTRODUCTION 

Since Oligocene, the Andes of Ecuador are caracterized by an calcalcaline volcanic arc related to the 
subduction of the Pacific plate beneath the continental margin of the Andes. In southern Ecuador, 
emplacement chronology and modalities of this volcanism remain badly constrained. However, published 
radiometric data (Kennerley, 1980; Barberi et al., 1988; Lavenu et al., 1992) evidence several volcanic pulses, 
ranging from Oligocene to Early Pliocene. Large volcanic deposits, named Tarqui Formation, are considered of 
latest Pleistocene (Bristow & Hoffstetter, 1977). However, it seems that most of this outcrops are older, 
Pliocene to Pleistocene, and in some cases Miocene in age. 

1 - Study area and methods of analysis 
Quarcmairc 

m. 
O l i g d n e  a The aim of the present work is to cartography m p16isabne volcanic deposits previously assigned to the Tarqui 
rc-o~igaenc Formation (Baldock, 1982) from the southwestern 

Cordillera of Ecuador using satellite1 data and field - control (fig. 1). 
U 

We define as "Pedernales Formation", the oldest terms of this 
,. deposits that we consider to be of Pliocene to Pleistocene in age and, as 

"Quimsacocha volcanism" the younger terms made of overlying dacitic 
and andesitic lava-flows of a an eroded and poorly conserved volcanic 

The spacial data we used are extract from a Landsat Th4 scene of 
7 bands adquiered the 02/03/1990 at 14hrs49mn05sec TU and we 

Figure 1 : Situation of the study 
zone Quaternay. Oligocene 
to Miocene, Pre-Oligocene 
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Figure 2 : Mapping of the Oligo-miocene and Figure 4 : Image of unsupervised clustering 
Plio-Quaternay volcanisms classification 
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- classical methodes of image-processing : colored compositons, automatic unsupervised multispectral 
clustering classification (Diday, 1971) and automatic labelling of a binary image (Legeley et al., 1995), 

- Principal Components Analysis (PCA) that improves contrasts of the image so as of the geological 
structures and the main litological units (Vandemelbrouck et al., 1993), 

- morphological transformations on binary images (Serra, 1982; Callot et al., 1994) and greytone images 
(Crespo et al., 1993; Serra, 1988). 

2 - The mapping of ~ l i o - ~ u a t e r n a r ~  volcanism 

The Plio-Quaternary volcanic deposits crop out largely in the southern p.art of the image but acces to 
the outcrops is not easy. The extension bounds of these deposits are relatively detectable except in the 
northeastern part where their limits with older volcanic outcrops of Oligo-Miocene age are unclear. In a first 
step, we tried to determine the bound between both volcanism by caracterizing first the recent volcanic 
deposits and then the older one. The result is shown on Fig.2. 

3 - The mapping of the  "Quimsacocha volcanism" 

On the image of the first Principal Component calculated from all the bands (except Bd 6, thermal 
band), shows the center of the volcano in dark grey color (fig. 3a). The image was smoothed using an 
alternative filter whose aim is to realize a closing and opening by geodesic reconstruction (fig. 3b). 

For the Plio-Quaternay volcanic deposits, the study was on the Quimsacocha volcanism. In order to 
automatically subdivide the image, we use the unsupervised multidimensional clustering classification; we 
limited at 6 the number of classes (fig. 4), the last one comprising clouds and shadows. Each class was 
individualy processed and then they were put together. This automatic cartography (Fig.5a) has been tested 
during a short field trip in the study zone. On the basis of the new field observations we modified the 
automatic cartography and improved it (Fig 5b). 

CONCLUSION 

In the present study, Landsat TM imagery facilitated the indentification of two recent volcanic 
formations and the determination of the extension : the Pedernales Formation of probable Pliocene to 
Pleistocene age and the somewhat younger overlying Quimsacocha volcanism. 

With "Mathematical Morphological processing" applied on satellital data we obtained an acceptable a 
cartographical document without manual intervention (Fig.5a) that was then improved by field data (Fig.5b). 
However, to the north, processing results were unsuffisant to separate clearly the Plio-Quaternary volcanic 
deposits from the Oligo-Miocene ones and the bounds were better defined using field data. The delimitation of 
the Quimsacocha volcanism was made difficult by the strong erosion suffered by the volcanic center on one 
hand and by the abondant superficiels deposits that soft differences between the Pedernales formation and the 
Quimsacocha volcanic cover on other hand. However, the crater of the Quimsacocha volcanoe was clearly 
located on the image : it's a large depression of approximately 5 km of diameter whose ground is plane. This 
morphology and structural observations on the crater are in agreement with a caldera structure Perez (1990). 
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INTRODUCI'ION 

The geological maps 1: 100000 of the Ecuadorian shore were published in the 60's and 70's. A 
general geological map 1: 1000000 ~f t h~ :  Ecuador gave a first regonal approach. 

Recent works (80's - 90's) in Petroleum Geology has developed the geological knowledge of this 
part of the Ecuador. Then, a geological map updating seems necessary. 

1. Study area description and Digital Methodology 

This study is placed in an area between Guayaquil and the Santa Elena Peninsula known as the 
Progreso Bassin, that for many years has represented petroleum interest. 

The original image used in this work is an extraction of a IT4 Landsat from 21 February 1990. 

We used the following digital methodology: 

- colour composite produced from the 3, 5.4 TM Landsat channels; 
- principal component analysis of the 3, 5, 4 TM Landsat channels; 
- unsupervising classification by Nuees dynamiques of the first and the second principal 

components and application of the method of mathematical morphology to obtain an automatic 
map (figure 1); 

- supervising classification by rl.foyenne Euclidienne of the colour composite of the 3, 5, 4 channels 
and application of the method of mathematical morphology to obtain another automatic map 
(figure 2). 

2. Geological Cartography 

The results of the geological interpretation of figures la  and 2a after a field revision are in figures 
l b and 2b respectively. 



Figure 1 : Unsupervising classification by Nuees D~t~amiques . a - automatic mapping; b - interpreted mapping with field data 



a 

Figure 2 : Supervising classification by Mopenne Euclidienne. 

b 

automatic mapping; b - interpreted mapping with field data 
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In general terms, in the two maps (figures l b  and 2b) we can distinguish the great stratigraphic 
sets of: 

- Paleocene-Eocene: Azucar Formation; 
- Miocene-Pliocene: Zapotal-Dos Bocas- Villingota Formations; 
- Quaternary: Tablazos Formation, Alluvial-Colluvial deposits, estuarine deposits. 

CONCLUSIONS 

The automatic processing of the TM Landsat image with the two classification methods gave 
similar results with little differences because of the treatment techniques. 

We could make the great stratigraphic sets cartography, but we could not make the small units 
detailed mapping mainly because of the vegetation covering 

The cartography results are in concordance with the recent researches (Benitez, 1995) in the 
South Ecuadorian shore Lithostratigraphy and Geodynarnic Evolution. 
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Tectonics is a first-degree control whicll influences the arquitectural features of a basin, the 
cliniate conditions of the areas producing sediments as well as the sediment receptive ones, the magnitude 
of the flows, the valley slopes, the type, zize and amount of sediment to be eroded and transported and, 
finally, the arquitectural characteristiscs of the deposits. 

This study take place in the middle-west portion of the Argentine Republic (Fig. I) and involves 
the basin of lower de Los Patos river-San Juan river. It extends between 67'52' and 70'25' in western 
lenght and 3O016' and 32O25' in southern latitude. This basin has an extension of 32492 Km2 wiht a NW- 
SE oriented main axis of 294 Km and its principal heigts being the cerro Mercedario (6670 masl) and the 
Lagunas de Guanacache (515 masl). Its drainage system is part of the Desaguadero-Colorado fluvial 
system which empties its waters into the Atlantic Ocean whit the normal predictive flow in accordance 
with the other fluvial systems following the Horton laws and whit an alometric growth (Ruzycki, 1993). 
This drainage system covers the geological areas belonging to the Andes range, the Precordillera and the 
Pampeanas Range. The main trunk river (lower de Los patos river-San Juan river) is placed in the Barreal- 
Calingasta and Tulum valleys. It shows an antecedent section when i t  crosses the geological area of the 
Precordillera whit some minor sector of a subsequent type. 

The basin and its fluvial system is situated in the Central Andes Range which is related to the flat 
subduction between the Nazca Plate and the South American plate. 

This study takes into account the control of the cuaternary tectorilc activ~ty in the aluvial and 
fluvial deposits which are present along a fluvial section of 100 Km long. In this section, the San Juan 
river finds its way through the subprovinces of Western and Central Precordilleras inciceing its own 
deposits and the terminal portions of its tributaries fans. 

GEOLOGICAL CONTEXT 

The active thin-skinned thrust and fold belt of the argentine Precordillera, whith eastward 
vergence, forms a N-S mountain chain , about 300 Km Long and 80 Kni wide, whith niaximu~l of more 
than 4000 masl. It is composed of a thick sequence of early to late paleozoic sediments while mesozoic 
deposits are mainly preserved in basin structures along the western and eastern margins. Late terciary 
clastic sediments with volcanic intercalations and cuaternary deposits fill some intramountain basins. 

The structural style of deformation is generally characterized by N-S striking i~nbricated faults 
with easternward vergence which are interpreted as plunging reverse faults on the west showing a tendency 
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to become horizontal in depth. 
This Central Andes segment has a distinctive tectonic platte setting. Earthquake locations shape 

a Wadatti-Benioff zone which gently deepens to the east forming a shallow subduction zone (Isacks, 
1988). This flat subduction segment, between Nazca plate snd South American plate, is characterized by 
an eastern dip with a So- 10" range at about 100 Km deep and i t  is flanked by steeper segments to the 
north and south whit an about 30" easter deepining (Jordan et al, 1983). 

The present San Juan river valley is flanked by precuaternary (paleozoic and tertiary) mid 
cuaternary rocks mainly represented by two principal facial associations: fluvial and aluvial (in aluvinl- 
fluvial-lacustral sectors). 

The first association is composed of the present deposits and several continuos and discontinous 
levels of constructional terraces made up of thick and thin debris belonging to the Andes Range and the 
Precordi llera. 

The second associations is represented by its incisive tributaries fans (at present active) grading 
the San Juan River. It is copmposed of two (or three) superimposed generations of tributaries fans and 
debris from the local Precordillera section. 

These two associations are inteididigitalized in at least eight erosion-acumulation levels (Ruzycki, 
1996; in rev.). 

LONGITUDINAL PROFILE 

Ruzycki (1993) considers that the present lower de Los Patos river-San Juan River (Fig. I), with 
a wandering morphology in almost all of its antecedent section (Ruzycki, 1992, 1994), shows an upward 
conves longitudinal profile when crossing the Precordillera due to a conlplex tectonic, litliologic and 
hidrologic factors interrelation ship, being the tectonic one the most relevant. 

Ruzycki (1996, in rev.) also states, correlates and provides the longitudinal profiles of seven main 
erosion-accumulation levels (0= actual river, 01, 1, 11, Ill, IV, V) and three main sublevels (01 I ,  11, 11 1 )  
in the precordillera section of San Juan river between Km 127 and 35 of the Provincial Road NO20 linking 
San Juan city with the main town of the Calingasta Department. 

In general, both the seven main leves and the trhee main sublevels are upwardly convexed and 
show some kind of parallelism with an almost steady heigh difference among them. 

In particular, it can be seen that the convexity and the height difference between the levels and 
sublevels increase in some sections, that it is asymmetric and that there can also be some parallelism 
difference between the main levels and sublevels. 

In the main leves 0 and 01 erosion whit minor accumulation intervals prevails. 
The main levels I and 11, with a relative heigh between 10 and 20 metres, are entirely erosive. 
The main level 111 consist of an accumulation period that came to an end about 30000 years B.P. 

(Ruzycki and Paredes, 1996; in rev). 
The main levels 1V and V are erosive. They are characterized by carved surfaces in the paleozoic 

rocks with a thin aluvial-fluvial cover. These two last levels prevail only in some localized sections, 
mainly to the west of the Sassito river. 

Out of the three main sublevels: 111, I1 and 011, only 11 and Ill are mainly erosive. They extend 
between Km 11 1-53 (from the west margin of the Tontal hill to the Sasso river mouth) and the Km 102- 
42 (from the Los Ratones river to near Quebrada Aspera river) and between Km 84-37 (from the north 
of La Fortuna river to a little to the north of the Qubrada Albarracin river), repectively. 

Ruzycki (1996, in rev.) states that, in general, bout11 the seven main levels arid the.lnai11 three 
main sublevels are upwardly convexed and show some kind of parallelism whit an approximate difference 
in heights among them. In particular, concludes that the convexity is asymmetric and that the height 
difference between the levels and sublevels increases in some sections. Also she points out that the main 
levels parallelisnl is practically constant whereas such parallelism is not co~istant either between the levels 
and sublevels or among the sublevels themselves. 
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CON CLUSIONS 

As the presence of a spatial periodicity between the main levels involving cyclical-episodic 
(clinratic) events and also the presence of convex longitudinal profiles, interpreted as a consequence of 
an uprising, can be conclude that the main levels are a complex answer to climatic and tectonic events 
which have ocurred at a regional level during the mid-Pleistocene and Holocene periods. These periods 
brought about the geomorphological threshold excess external to thc system. 

The climatic processes would be mainly connected to glacial and interglacial periods that affected 
the superior basin catcliment influencing the hydrologic fluctuatio~is aiid the transported setii~iicntary lo;~d. 

The tectonic processes are mainly the result of the Andes efforts to provoke an important 
shortening in the Precordillera estimated over the 50% (Von Gosen, 1992; Allmendinger, 1990). 

Morever, it can be conclude that the main sublevels would be mainly linked to local tectonic 
processes provoking the local geomorphologic thresholds in the river stream. These influence not only [lie 
pattern of the different fluvial scctions but also thc dcformations of tlic disti~ictive fluvial and aluvial lcvcls 
existing in Precordillera. 

This work was supported in part by CONICET, PIA No 0144189 and by UNSJ (CICITCA) consenting to 
H. Bastias 
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The lower de Los Patos river-San Juan river basin (Lam. la) is placed in the middle-west of 
Argentina, in the Central Andes area, in relation to the flat subduction between the Nazca and Soutli 
American plates (Isack, 1988). This basin is part of the Desaguadero-Colorado fluvial system flowing to 
the Atlantic Ocean. Its drainage system, in the geological areas of the Andes Range, Precordillera and 
Pampean Ranges. has a predictive normal pattern similar to the other fluvial systems, follows the Horton 
laws and shows an alometric growth (Ruzycki, 1993). 

The lower de Los Patos-San Juan colector river is 320 Km long, grows in the Andes Range (1950 
masl), flows to into the Lagunas de Guanacache (5 15 masl) and shows a double transversal - longitudinal 
desing in relations to the regional structures (Ruzycki, 1993), (Lani. la). Both longitudinal profile (Lani. 
I b) and the design of its first order channel show the existence of intrinsic and extrinsic factors interfering 
with its environmental adjustement (Ruzycki, 1992-1993; Ruzycki and Paredes, 1996). 

In general, the colector river changes in pattern from its origin to the mouth, presenting the form 
of the multichannel with a low sinuosity (braided) at the beginning, then with a meandering shape, after 
forming an aluvial fan, and finally, keeping straight (Ruzycki, 1992). 

This study considers the control that neotectonics has over the river pattern morphology when 
crossing Tulu~n Valley. 

Tuluni Valley is an active broken-foreland basin placed in the pedemountain of the Oriental 
Yrecordillera (fault-thrust belt), mainly in the geological area of the Pampean Ranges and it is 
characterized by a series of crystalline basament blocks of Precambrian - Early Paleozoic Age. This 
basement was partially covered by a series of continental deposits consisting of the late Paleozoic 
Paganu, Group and terciary - cuaternary (Miocene to present) synorogenic deposits of alluvial and fluvial 
facies associated with the development of broken-foreland basin related to the broken-foreland 
Precordilllera and Pampean Ranges uplift (Gonzfilez Bonorino, 1950; Jordan et al, 1983). The main valley 
structure ("Tulum Fault") is composed of several high angle reverse faults, almost all with NNW-SSE 
strike. and normal faults almost with ENE-WSW strike, originating differential uplifts in the basa~ilent 
blocks, turned according to their axis, and downfalls to the SSE (Zambrano and Suvires, 1978). 

In ordre to know the precuaternary basament relief (mainly the Terciary) in the valley, a diagram 
block (Lam. 2) was drawn using drill data and geophisical methods (Vertical Electric Sounding) carried 
out by CRAS since 1965 till present. 

In this valley, wiht a neotectonic activity (Zambrano and Suvires, 1987; Bastias et al, 1990), the 
river presents a topographic unlevelling of 200 metres with a mean gradient of 0.0016 m/m (Ruzycki, 
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1992) and a several of the flowing sections coi~icide with traces of satellite alignment or u~rderground 
faults (Zambrano and Suvires, 1978). 

In general, Lam. Ic shows that both valley and river slopes are almost paralell and present two 
principal main slopes: one taking place in the fluvial plain of San Juan river (between the mouth to Km 
70 the fluvial stream), and the other in the aluvial fan of San Juan river (between Kni 70 and 129). 

In particular it call be establislicd tliat, in tlic fluvial scctio~rs (nicasurcd fro111 the ~iioulli) bctwccn 
Km 0 and 50 (fluvial plain) and Km 93 and 123 (apical and mid-superior sections of the aluvial fan) there 
is a loss of parallelinls between the river and the valley slopes, being always the valley slope the steepest. 

The approximate sinuosity (Lam. Ic) of the fluvial stream is 1 . 1 1  5 between the nrouth and Km 
30, 1.885 between Km 30 and 50, 1.5 15 between Km 50 and 70, 1.2 1 between Km 70 and 87, 1 . 1  15 
between Km 93 and 123 and 1.095 between Km 123 and 129. 

The channel pattern is a low sinuosity river with suspended-mixed load between the mouth and 
Km 30, a highly sinous meandering river whit mixed-suspended load between Km 30 and 50, a 
meandering river with mixed-suspended load and presence of bank erosion and flooding cutoff between 
Km 50 and 70, a low sinuosity river with bed load between Km 70 and 87, and a very low sinuosity river 
with bed load between Km 87 and 129. 

CONCLUSIONS 

Changes in channel morphology go with the evidences in the valley neotectonic activity: 
I- Firstly, the neotectonic activity originate local steppings in the valley slope: 1- an abrupt 

reduction between km 87 and 70 which shows the underground existence of reverse fault dippening to the 
East approximately at Km 87 and infering the underground existence of a normal fault with a lip falling 
down to the north approximately at Km 70, and 2- an increase a) an abrupt slope between Km 129-123 
as a consequence of the existence of a sinclinal approximately at Km 123, b) a moderate slope between 
Km 30-50 showing the underground existence of faults with a lip falling down to the South at Km 50 and 
at Km 30. 

11- In the second place, the neotectonic activity originate a bigger sedimentary agrading in 1- 
between Km 123-93 due to the sinclinal existence and in 2-between Km 50 and the mouth due to the 
subsidencies originated by the underground faults at Km 50 and 30. 

This work was supported by UNSJ (Res. 194194CS) and CRAS. 
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MTRODUCTION 

Large mountain ranges exhibit striking regional scale heterogeneities in landscape form and 
geomorphic process which affect the rate and style of morphologic evolution of the landscape, control the 
rate and locus of sediment removal ffom mountains, thereby feeding back into tectonic processes (Koons, 
1990; Beaumont et al., 1992; Isacks, 1992; Small and Anderson, 1995), and dictate regionally appropriate 
forms of land use. A mechanistic understanding of how these hillslope and fluvial geomorphic process zones 
evolve is necessary for interpreting the morphologic variability of mountain ranges and for predicting how 
shifts in climatic or tectonic regime would affect the distribution and rate of erosion ind sedimentation both 
within mountain landscapes and beyond the range ffont, where human populations are often concentrated. 

In this study, we document and explain the evolution of major regional patterns of morphology and 
geomorphic process within a large mountain range: the Eastern Cordillera and Subandes of Bolivia (hereafter 
referred to collectively as the Eastern Cordillera). These patterns are dominantly controlled by the incision 
history of the channel network, since fluvial incision l )  creates relief, which strongly modulates the type and 
rate of geomorphic processes acting on hillslopes; and 2) governs channel gradients throughout the network, 
which influences the ability of rivers to transport the sediment supplied to them. Therefore, our approach to 
explaining geomorphic patterns involves quantiQing the fluvial incision history of two major drainage 
basins (Beni and Pilcomayo) in the Eastern Cordillera during the latest phase of Andean deformation 
(approximately 10 mya) and linking hillslope and fluvial characteristics resulting from incision to specific 
types and rates of geomorphic processes. 

NATURE OF GEOMORPHIC VARIATION M THE EASTERN CORDILLERA 

In the Eastern Cordillera, downstream geomorphic variation is evident in basins that extend from 
the Altiplano to the foreland basin, such as the Beni and Pilcomayo basins. Systematic field surveys reveal 
that in the headwaters of the Beni, most streams are floored by bedrock and strewn with large cobbles and 
boulders, and deep-seated landslides >100,000 m' in volume are common in the steep, deeply dissected 
landscape. Further downstream, river channels are entrenched in narrow canyons alternating with reaches 
containing large gravel bars, broader valleys, and occasional patches of floodplain. High-relief hillslopes are 
scarred by numerous landslides several meters deep, tens of meters wide, and sometimes hundreds of meters 
long which remove the upper 1-3 m of colluvium and 1-3 m of weathered bedrock. In the Subandes, 
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numerous reaches of trunk rivers lie in broad valleys and have permanent floodplains associated with them, 
relief is moderate, and many ridges exhibit shallow landsliding. 

The Pilcomayo basin exhibits distinctly different downstream trends in geomorphic process and 
landscape morphology. Although landsliding occurs in some deeply incised valleys in the headwater region, 
extensive areas throughout the cordillera proper are characterized by extremely broad valleys and slightly 
rounded bedrock hillslopes with colluvium aprons dissected in some places by gullies. Satellite imagery 
illustrates these vast tracts of relatively subdued topography at high elevation, scored by a few deep canyons 
along which erosion is focused. Many streams in moderately dissected portions of the Pilcomayo basin 
occupy wide channels mantled by alluvium which appear to be actively widening. The western Subandean 
region of the basin is characterized by sharp ridges of moderate relief which support large, relatively shallow 
landslides of the kind described above, while in the easternmost Subandes, both landslides and gullies are 
rare. 

Field observations and image interpretations of these landscapes were combined to produce a map, 
stored in a Geographic Information System, of regions dominated by particular geomorphic processes. 
Using Landsat TM and MSS imagery, SPOT imagery, SIR-C radar data, and aerial photographs, and guided 
by our field mapping, we delineated zones dominated by three major hillslope processes: 1) diffusive 
processes, such as soil creep and rock ravel; 2) shallow landsliding, primarily of colluvium and a thin layer 
of weathered bedrock; and 3) deep-seated landsliding with failure surfaces tens to hundreds of meters below 
the land surface. We also divided river reaches into three major regimes: 1) incisional, with little sediment 
deposition; 2) transitional, with some sediment deposition or alluvial mantle but no permanent floodplain; 
and 3) alluvial, with permanent floodplain. 

Several types of morphometric analyses were performed on these landscapes to determine whether 
regional boundaries determined by eye on the basis of process are systematically reflected in form. For each 
geomorphic process zone, we calculated: a) fractal dimension, which has been shown by Outcalt et al. (1994) 
to be an effective discriminator of physiographic regions when applied to 30-arc-second digital elevation 
models of the United States; b) ruggedness number, which reflects degree of dissection of the topography; c) 
local relief (valley depth) and hillslope; and c) channel width to valley width ratio, which is strongly 
correlated with the presence of sediment in the valley bottom and therefore is a good predictor of fluvial 
regime. The topographic database used for these analyses consists of 1 :50,000 topographic maps and swaths 
of digital topographic data derived from SIR-C and TOPSAR radar interferometry. 

QUANTIFYING FLUVIAL INCISION 

To explain the modem distribution of geomorphic process zones, and to illustrate the evolution of 
these processes throughout a large mountain drainage basin, we utilized a simple one-dimensional model of 
fluvial incision into an uplifting landmass. The incision model is constrained by field data on rock mass 
quality, a significant control on incision rates, and by data on downstream variations in channel geometry 
and discharge. The uplift history of the Eastern Cordillera over the last 10 mya is derived from the 
geodynamic model of Masek et al. (1994) and is constrained by estimates of the timing and magnitude of 
shortening in different parts of the range (e.g., Allmendinger et al., 1983; Roeder, 1988; HCrail et al., 1990; 
and Kley and Reinhardt, 1994). Specifically, the incision model generates relief and dictates slope down the 
drainage network according to a widely cited hypothesis that the rate of fluvial incision, E, is related to 
stream power, a measure of work done on the channel bed by the flow, and the rate of change of bed 
elevation (z) is therefore: 

where 

E = -K(x,t)An'S" (2) 
Here, A is drainage area, S is slope, U is a temporally and spatially variable rate of uplift, m and n are 
exponents that vary among environments (Howard et al., 1994), and K(x,t) is a measure of rock mass quality. 
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The fluvial incision component of the model described above simply cuts vertically through 
topography according to equation (1). From this information we obtained an estimate of the pattern and 
maximum amount of exhumation that has occurred during the last 10 mya. This pattern will be checked 
against exhumation rates derived from fission-track analyses on igneous and metamorphic rocks collected in 
each basin which we are currently performing. 

GEOMORF'HIC IMPLICATIONS OF INCISION 

Based on the results of the fluvial incision model, a series of off-line calculations were made to 
determine: 1) the distribution of hillslopes currently at the limit of relief they can support; 2) hillslope- 
averaged rates of denudation required to convert hillslopes previously at the limits of their relief to their 
current shape and relief; and 3) temporal changes in the loci of incisional and depositional regimes. 

The depth of canyons created by fluvial incision is limited by the strength of the rock mass into 
which the rivers incise. Topographically induced stresses in the rock mass eventually become great enough 
to produce extensive cracking at certain loci (Miller, 1993), and a portion of the canyon wall fails as a deep- 
seated, bedrock landslide. The morphologic conditions -- gradient, relief -- under which such failures will 
occur have been calculated simply with a Culrnann wedge stability calculation (Spangler, 195 1). This 
calculation also identifies the location of the failure plane and the post-failure geometery. Continued 
incision of the river causes renewed slope instability and migration of the break in gradient between the 
undissected plateau and the slope adjacent to the channel toward the midpoint between channels. When the 
entire hillslope has failed back to a stable angle and has reached its maximum length (approximately half the 
distance between channels), the rate of ridgecrest lowering becomes equal to or greater than the rate of 
fluvial incision. Since the model describes the spatial and temporal distribution of incision rates throughout 
the network, we calculated the time required to incise a canyon deep enough to produce a hillslope unstable 
to deep-seated bedrock failure, as well as the time required to produce subsequent failures and the time 
required to reach steady-state. Because we also know the hillslope morphology after each failure, we were 
able to calculate rates of hillslope lowering by bedrock failures. 

Hillslope morphology is also altered through processes other than bedrock failures. We observe 
that the gradients of some hillslopes are lower than the angle at which hillslopes are just stable with respect 
to bedrock landsliding, which indicates that interfluve lowering has occurred faster than slope toe lowering 
for some portion of the hillslope's history. Because we have observed in the field that the resulting slopes are 
only very slightly convex and can be well-approximated by planes, the reduction of hillslope gradient by 
processes other than bedrock landsliding can be described with an erosion rate that decreases linearly from 
ridgecrest to channel and immediately adjacent to the channel is equal to the rate of fluvial incision. Because 
we have a model of fluvial incision rate through time, and because this model tells us when hillslopes 
reached their limits of relief, we can calculate the subsequent average interfluve lowering rate required to 
produce the current hillslope morphology. We will compare our calculated lowering rates to rates derived 
from field measurements. The average lowering rate of a hillslope or of all the hillslopes in a small basin can 
be determined by analysis of cosmogenic isotopic abundance in the colluvium at the base of the slope or in 
the alluvium at the mouth of the basin (Bierman and Steig, in press). We are currently conducting such 
analyses on sediment samples collected at a number of points throughout the Beni and Pilcomayo basins 
from places where deep-seated bedrock landsliding is not the dominant hillslope lowering process. 

To identify the loci of the three types of fluvial regime, we focused only on the Beni basin and 
made three simple assumptions based on field observations: l )  where long-term transport capacity of a river, 
T, is greater than or equal to long-term sediment supply rate, Q,, the fluvial regime is incisional, with valley 
width and channel width approximately equal; 2) where T, = Q,, the channel is in a transitional state, is 
mantled with patchy alluvium, and may be both widening its valley and incising; 3) where T, < Q,, the river 
becomes alluvial, with a permanent floodplain. To estimate long-term sediment transport capacity 
throughout the drainage network, we used a water balance and flow routing model to calculate the 
probability distribution of daily discharge at every point in the modem drainage network of the Eastern 
Cordillera, given an empirically defined precipitation pattern and a probability distribution of daily rainfall 
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amounts that represents the climate. We then determined the quantity of sediment moved by each of these 
flows using Bagnold's (1 980) sediment transport equations for gravel-bedded rivers. Finally, we calculated 
the total amount of sediment transported at each point in the drainage network and fit the results with a 
statistical model that is a fbnction of local slope, drainage area, and upstream precipitation. To estimate 
sediment supply throughout the network, we assumed a steady-state landscape has persisted throughout the 
latest phase of uplift of the Eastern Cordillera, so the local sediment supply was assumed to equal the rate of 
fluvial incision times the drainage area. This allows us to illustrate generally how the loci of incision and 
deposition change as a channel network incises an uplifting mountain range. 

CONCLUSION 

The distribution and evolution of geomorphically distinct regions in a large mountain range can be 
explained with a quantitative model of the history of fluvial incision into the range and several simple, 
related calculations. Geochronologic data are currently being analyzed which will allow more specific and 
quantitative tests of our landscape evolution model. 
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Introduction 

For about the past 20 Ma, the Western Andean Escarpment of the Altiplano in northernmost Chile (18"s) 
has had an extremely arid climate with intermittant periods of abundant (glacial?) water. In consequence, 
tectonic movements were only moderately compensated by erosion. However, the products of uplift. 
erosion and sedimentation are well documented. This results in an excellent geological record for the 
processes and timing of Andean uplift at the Western Escarpment near 18"s. 
The landscape evolution of the Northern Central Andes between 17.5" and 19.5"s is characterized by : 
(1) one of the driest deserts on earth with annual precipitation ranging from 2 to 330 mm depending on 
elevation (ABELE, 1984). 
(2) one of the steepest gradients on earth from the subduction trench at > 7000 m.b.s.1. to > 5000 m 
a.s.1. of the Westem Cordillera over a lateral distance of only 250 km. A Precordillera such as in the 
south does not exist. The Westem Escarpment of the Andes rises to the Altiplano in a huge ramp, 
modified by one giant antithetically rotated block of 40km by 20km dimension. 
(3) the lower parts of the Western Andean Escarpment and the Coastal Cordillera are dissected by several 
major valleys which all are up to 1200 m deep in the middle course (from N to S: Quebrada Lluta. Azapa. 
Vitor, Camarones, and Tiliviche). Such deep valleys are unusual for the Chilean Longitudinal Valley and 
Andean Front and result from enhanced precipitation and glaciers at high elevations (FISCHER 1991) in 
the geological past (and also today) depending on the influence of the subtropical high pressure zone. 

Abstract 

The landscape evolution of the Western Andean Escarpment at 18" S can be described as an interplay 
between individual stages of uplift, erosion, sedimentation, and gravitative collaps at various scales. Prior 
to the Miocene episode of Andean uplift, during the Jurassic and Cretaceous the region was characterized 
by low elevations, terrestrial redbed sedimentation and volcanism. Apart from the earlier Cretaceous and 
Jurassic units (arc and back arcs), the Longitundinal Valley represents the oldest and most persistent 
geological structure. It has accumulated sediments since at least 25Ma and is still active in its central 
undissected part. Structurally, it represents a half-graben formed between the eastward-tilted Jurassic 
Coastal Cordillera and the initial western Andean slope. Huge volumes of Miocene alluvial fan 
sediments, up to l00Om thick, derived from Cretaceous and minor Jurassic igneous rocks formed the 
ramp-like Western Slope of the Andes in northernmost Chile. These alluvial fan deposits distally grade 
into fluvio-lacustrine sediments east of the dam-like Costal Cordillera. This first sedimentary episode is 
interpreted as a first major stage of Andean uplift and crustal thickening: increased topographic relief in 
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combination with still abundant water produced the thick pile of alluvial sediments (c. 25 Ma to 20 Ma). 
This episode ended with the deposition of ignimbrite sheets of up to 900 m in total thickness. The age of 
the youngest ignimbrite sheet is 19.3 * 0.01 Ma (ArlAr sanidine step heating age. Walfort et al., 1995) 
which is in perfect agreement with age determinations of Naranjo & Paskoff (1985) for the same 
ignimbrites. Crustal melting after a period of thermal relaxation (several Ma) and, piobably continued 
magmatic input from the mantle wedge were responsible for the formation of the ignimbrites at around 
19Ma. Alluvial ramps overlain by ignimbrites are also known from regions further south (20" to 21"s). 
Here, however, the ignimbrites are younger (16 to 17 Ma; Baker & Keynes, 1977) and the tectonic style 
affecting the ignimbrites in Late Miocene times is dextral strike slip (in the W Salar de Huasco pull apart 
basin) rather than normal block faulting (see below). 
During the following short episode of volcanic and tectonic quiescence a westward oriented dendritic 
drainage pattern eroded the ignimbrites. Mafic andesite volcanism (ArlAr amphibole total fusion age: 18,7 
* 0.8 Ma) shortly followed the erosional event. The typical dense and mostly aphyric andesites of the 
shield volcanoes are found as characteristic detritus of the conglomerates of the Formacidn Diabolo. This 
deposit, however, was considered by Tobar et al. (1%8) and Vogel & Vila (1980) to be Quaternary in 
age. In our interpretation the Formaci6n Diabolo must be at least of Late Miocene age. 

A second episode of uplift resulted in westward steepening of the Miocene sediment and ignimbrite ramp, 
normal faulting and antithetic rotation of the Pampa de Oxaya block. As a result, the Pampa de Oxaya 
today is tilted to an east dipping position forming a new, upper, half-graben within the upper reaches of 
the Western Slope. Lacustrine, fluvial, and alluvial fan sediments filled up this new sedimentary basin. 
Furthermore, tilting partly reversed the drainage pattern of the Pampa de Oxaya leading to sedimentation 
within the upper courses of its valleys. The extensional style of this movement is clearly documented by 
graben structures which cut the valleys of the Pampa de Oxaya. The age of the second stage of uplift 
must be younger than the initial andesitic volcanism (c. 18 Ma) and older than the 8- 9Ma old mammal 
fossils found within the upper half-graben sediments (SALINAS et al. 1991). Our conclusions contradict 
those of Mufioz & Sepulveda (1992) and Munoz & Chanier (pers. comm.) who interpreted their 
observations in the region as compressional structures. Compressional structures in our working area are 
limited to the BelCn metamorphic basement rocks and their Creataceous cover. Although we cannot 
entirely exclude compressional tectonic structures of Late Miocene age, the general tectonic, topographic 
and morphological regime indicates extension, uplift and normal faulting rather than compression. 
The Early Miocene ignimbrites and the overlying low angle mafic andesite shield volcanoes are restricted 
to the region between 17"s and 19"s. coinciding with the distinct structural and evolutionary style of the 
Western Andean escarpment described here. 
An important secondary effect of the uplift of the Pampa de Oxaya was the partial oversteepening of its 
western slope which resulted in a giant gravitational collapse. The "Lluta Collapse" is exposed on both 
sides of the Quebrada Lluta for 20 km to the E of Poconchile. It covers an area of about 600 km2 and 
displaced a rock section over 800x11 tlick. This displaced mass is characterized by large tilted blocks and 
an unregular topography which in some places rises up to 200 m over the undisturbed ignimbrite ramp. 
Compressional faults are abundant in its lower parts. The collapse forms an amphltheater shaped scar E of 
the Pampa Plazuela. In the basal detachment zone of the collapse structure soft sediment deformations 
imply landsliding above a (wet?) clayey sand layer. Further, diatomite deposits were formed in small 
basins within the Lluta-Collapse area. The formation of these pure dtatomite lakes, lacking significant 
clastic input by rivers, must be explained by groundwater seeping into small basins within the collapse. 
The ponds formed in this way provided constant suitable conditions for the diatomites independent of the 
typical fluctuations of rivers in dry climates. The giant Lluta-collapse thus shows several features 
suggesting the presence and potential role of an extensive ancient groundwater body in the collapse 
vrmss .  
h e  age of the collapse is dtfficult to establish : It must be younger than the second stage of tectonic 
uplift (8 - 19 Ma) but older than the development of the Lluta valley (> 3 Ma). This time span also falls 
into the time of formation of the upper half graben sediments and the lacustrine sediments of the lauca 
Basin (Kott et al. 1995). again indicating the presence of water more abundantly than during the 
Holocene. This landscape was sealed by the 2.72 * 0.01 Ma (ArlAr sanidine age, Walfort et al. 1995) 
Lauca-Perez Ignimbrite which forms an extensive outflow sheet in western Bolivia and the Western 
Andean Escarpment (SchrMer & Wiirner, this meeting). 
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The iilcision of the deep valleys Lluta. Azapa. \'itor. Camarones, and Tiliviche finally dissected the 
Coastal Cordillera, the Western Slope and the tilted Oxaya block. By passing the Coastal Cordillera these 
rivers now gave \\'ay to all sediments to be canied directly into the sea. The 2.7 Ma Lauca-Perez 
igilimbrite entering h e  valleys of Lluta. Cardones, and Azapa - at least partly - postdates this dissection. 
Remnants of Lauca-Perez ignimbrite within a fluvial terrace 10 m above the valley floor and 500 m 
below the valley shoulders in the lo\t9er parts of the Lluta valley are evidence that erosion significantly 
had dissected the Western Slope prior to the ignimbrite event. These deeply iilcised valleys control the 
further history of the landscape in the Arica area. They truncate the hliiocene dendritic drainage pattern 
leaving hanging valleys up to nearly one thousand meters above the valley bottoms. The walls of the 
major valleys are mostly undissected and smootl~, sho\ving steep slopes often \\lith angles > 45". Landsat 
imagery presents beautiful evidence for frequent collapse of these steep valley u~alls along most of its 
nliddle and lo\ver course where incision reached up to 1200 m. The valley walls are subdivided by younger 
collapses formed by rotational sliding of blocks up to 300m in thickness and its conspicuous smooth 
detachment planes. Such landsliding often dammed the rivers evidenced by up to several tens of meters of 
lacustrine sediments upstream. Oversteepening of the valley walls during incision has certainly been the 
dominant cause for landsliding tvith earthquakes possibly serving as the ultimate trigger. The role of 
water as a lubricating (or instrumental) agent in h e  collapse process is difficult to evaluate. The water of 
allochthone rivers could not reach the detachment zone of the landslides which initiated above the valley 
bottom. Episodic heavy rainfalls could have provided abundant water even within a desert. Hoivever, such 
ruiming water neither caused erosion to coimect the hanging valleys to the main valley floors nor erased 
the character of the ancient dendritic drainage pattern still preserved since the Early h4iocene. Obviously, 
the quantity of rain water \\!as not si,onificant and therefore could hardly cause the failure along the 
detachment planes. The only other possibility to provide water may be by groundwater. Prior to the 
incision of the deep valleys, aquifers within the permeable conglomerates of the Lower Osaya Formation 
may have been charged by glaciers on the Altiplano. Incision of the valleys and the subsequent draining 
of ground\vater aquifers may have produced the conditions for gravitational sliding along t l~e oversteepened 
valley walls. Complete drainage of the groundwater and reduced recharge since about 3 Ma finally 
stabilized the valley walls. 

Fig.: Digital Elavation Model (UTh4-Coordinates) of the tilted Parnpa de Oxaya Block and the Lluta Collapse 
along the Western Slope of the Andes E of An'ca I 
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Conclusions 

1)The landscape of the Andes between 17.5" and 19.5"s is the product of two main phases of uplift in the 
Early Miocene (c. 25 to 2 0 h a )  and Middle Miocene (c. 9 to 19 Ma), which both resulted in distinct 
episodes of erosion and sediment deposition. 
2) Differential uplift and the formation of half-grabens were responsible for the present lllorphotectonic 
units: Coastal Cordillera, Western Slope, and Altiplano. 
3) Since the Miocene the general tectonic style of the area has been uplift, normal faulting, and extension 
probably related to the frontal subduction of the Nazca Plate. This is in contrast to the southern Central 
Andes where subduction is oblique and tectonics are linked to strike slip processes. 
4) The Formaci6n Diabolo must be at least of Late Miocene age. The dissection of the Western Slope and 
the deposition of the Pliocene Lauca-Perez ignimbrite within these valleys clearly postdate this 
sedimentary sequence. 
5) Oversteepening of the Western Slope resulted in a giant gravitational collapse covering an area of 
about 600 km2. This 'Uuta Collapse" predates the incission of the Lluta valley and is partly covered by 
the 2.7 Ma Lauca-Perez ignimbrite. 
6) We presume an ancient extensive aquifer within the sediments of the Oxaya Formation. The Lluta 
Collapse and the landslides along the walls of the deep valleys could have been facilitated by water 
seeping onto the detachment planes. Furthermore, the pure diatomite deposits in the Lluta Collapse area 
probably arised from ancient lakes fed by groundwater. 
7) Dissection of the Coastal Cordillera and subsequent headward erosion of deep valleys ceased 
sedimentation on the Western Slope. The steep walls of these valleys frequently collapsed and repeatedly 
dammed its rivers during incision. 
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INTRODUCTION 

As in other regions of the world a rather abundant stratigraphic nomenclature has been used to 
name Lower Paleozoic units in the Argentine Precordillera (Furque & Cuerda, 1979; Balhs et al., 
1982). In several cases different names are used for the same stratigraphic interval (Astini, 1994, 1995) 
in different areas of the basin. An allostratigraphic approach (cl: Walker, 1990; Woodcock, 1990) where 
strong emphasis is given to the sedimentary breaks, allows simplification of the stratigraphic picture and 
greatly helps in basin analysis and event-stratigraphic studies. In this contribution an allostratigraphic 
division for the Ordovician of the eastern tectofacies (according to Astini. 1992) of the Argentine 
Precordillera is presented. This method allows ddferentiation of the main breaks in the sedimentary 
record by considering a chronostratigraphic framework for the basin and also addresses the problems 
and causes of the disrupted stratigraphic record. The method can be applied in the Precordillera because 
of the relatively good knowledge on its faunas and their resolution and the relative clarity of the regional 
context (Astini et al., 1995). 

ALLOSTRATIGRAPHIC APPROACH FOR SEQUENCE STRATIGRAPHY AND BASIN 
ANALYSIS 

Several tentative and partial sequence stratigraphic schemes have been published in recent 
years on the Lower Paleozoic of the Argentine Precordillera including those of the author. Nevertheless, 
a main discussion on weather the Vail (several authors in Wilgus et al.. 1988. Van Wagoner et al.. 
1990) or the Galloway (1 989) criteria fits better is still lacking. Much of this problem could be solved by 
considering the bounding unconformities and their nature. A good starting point is that of an 
Allostratigraphic approach. Although of limited predictive potential (Martinsen et al., 1993) this may 
offer operational advantages over the other schemes and may be more useful than sequence stratigraphic 
models in basins with complicated tectonism and variable sources. where the relativity of sea level 
cannot be ignored. 

The relative magnitude and extent of different unconformities in a given basin can be assessed 
by constructing the rock preservation curve (Astini, 1993). This technique is described in detail by 
Woodcock (1990) and allows understanding the basin fill. On the basis of eleven generalized 
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Woodcock (1990) and allows understanding the basin fill. On the basis of eleven generalized 
chronostratigraphic logs carried out in a south-north trend in the Olrdovician System of the Precordillera 
a rock preservation curve was constructed (Fig. 1). Although some outcrop limitations affect the proved 
hierarchy of some of the gaps, showing them as of a more limited extent (local unconformities), by 
considering the intervening facies their local versus regional origin can be estimatid. Such is the case of 
the two lower units (not everywhere exposed) which are entirely carbonate and represent members of an 
evolved passive margin succession (Astini et al., in press) or the upper units, which. although of limited 
outcrop extent, have a distinctive glacial origin. In both cases a global (eustatic) character for their 
bounding unconformities can easily be accepted. 

Although a detail analysis of the driving mechanisms behind the above defined sequence 
stratigraphy is beyond the scope of this paper, a tentative interpretation is possible on an event- 
stratigraphic level. For this purpose a smoothed version of the rock preservation curve was drawn (Fig. 
2), which can be interpreted as a relative sea-level curve. considenng that the unconformities are due to 
relative base level fluctuations. Taking in consideration the cases outlined in the previous paragraph, the 
relative extent of the unconformities point out the local versus worldwide origin. Short-life widespread 
unconformities as those located between the carbonate alloformations (A & B, base of La Silla and base 
of San Juan Afms, respectively) as well as those related with the Late Ordovician glaciation (F & G, 
base and top of Don Braulio Mm) are interpreted as eustatic. Tectonic or subsidence components are 
ruled out in A and B due to their position in relation to a mature passive margin evolutionary stage. F 
and G are related respectively with wax and wane stages of the Hirnantian glaciation that affected 
Gondwana. Longer-life interruptions in the sedimentary record (I) & E) (Llandeilo and Caradoc draw- 
downs) are, at least in the Precordillera, related to main tectonic events like the accretion of 
Precordillera terrane to western Gondwana and the postcollisional relaxation period, although enlarging 
eustatic components cannot be ruled out. The longer span gap in C is locally expanded due to the 
dachronic effect given by the progress of a migrating foredeep during the approach of the Precordillera 
Terrane to western Gondwana in the Early-Mid Ordovician. This widely developed diachronous 
unconformity partially overlaps with global sea-level fluctuations. 

CONCLUSIONS 

A rock preservation curve based on eleven generalized c:hronostratigraphic logs carried out in 
the Ordovician System of the Argentine Precordillera (western Argentina). serves as a basis to highlight 
continuous sedimentation episodes separated by local andlor area-wide unconformities. Several 
allostratigraphic units were recognized and served as a ground for an event-stratigraphc approach based 
on presence and absence of rock record. Finally, a relative sea-level curve was constructed reflecting the 
extent of the recogruzed unconformities. This approach greatly simplifies basin analysis focusing on 
event-stratigraphy as a major tool in revealing basin evolution and basin fill architecture. Minor extent 
unconformities are interpreted as due to local subsidence pulses. whereas major unconformities are due 
either to sea-level eustatic changes or to regional tectonic events Short-life widespread unconformities 
as those located between the carbonate allofonnations (La Silla and San Juan Afms) or those related 
with the Late Ordovician glaciation (Don Braulio Mm) are interpreted as eustatic. Longer life 
interruptions in the sedimentary record (Llandeilo and Caradoc draw-downs) are, at least in the 
Precordillera, related to main tectonic events like the accretion of Precordillera to western Gondwana 
and the postcollisional relaxation period. The longer span gap is locally expanded due to the diachronic 
effect of tectonism. 
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H (number of logs) 

Fig. l: Rock preservation curve constructed for the Ordovician System of the Argentine Prewrdillera 
based on eleven chronostmtigmphic logs distributed in a south-north trend along the Prewrdilleran 
trnust belt. 

11 (number of logs) 
100% of logs 

(modified from Astini, 1993) 

Fig. 2: Smoothed rock preservation curve and allostratigraphic division of the Otdovician of the 
Prewtdillera basin. For discussion on the curve see text. 
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INTRODUCTION 

The present day Famatina System, a north-south trending orogenic entity extended between the 
Sierras Pampeanas and the Precordillera in northwestern Argentina (Fig. la) was an active volcano- 
sedimentary setting during the Early-Middle Ordovician. Several studies carried out during the recent 
years (for a review see in Durand et al., 1994) consider the Famatina belt as a complex magmatic arc 
typical of active margins (Toselli et al.. 1993; Sosa Gomez & Cisterns, 1994 and references therein) 
which may have extended to the north into the Faja Emptiva of the Puna and to the south into the 
Pampeanas Ranges in what is known as the Sierra de Paganzo and probably the Sierra de Los Llanos. 
According to this the Famatina System has more than 800 km in length and is exposed to Merent  
levels of erosion in the south and north. Whereas in the south the host rocks are low. medium and high 
grade metamorphic rocks of Pampean affinities. in the north. the host is a complex marine vulcano- 
sedimentaq association of Lower to Middle Ordovician Age. These substrate dfferences might be 
interpreted as a progressive evolution from Island-arc complexes in the north to a predominantly active 
margin setting within the south. Not until recently, the Island-arc hypothesis for at least part of the 
evolution of the Famatina System was suggested (Mannheim & Miller, 1992). Based on sedimentary 
features a back-arc setting was suggested for at least part of the Ordovician successions (Clemens, 1993; 
Benedetto & Astini, 1993). In a regional context. Benedetto & Astini (1993) and Astini et al. (1995) 
considered the Famatina as the volcanic arc related with the accretion of the Precordillera terrane to 
western Gondwana, which took place in the Mddle-Late Ordovician. Recent paleomagnetic data 
presented by Conti et al., (1995) as well as fauna1 studies (Benedetto & Sanchez, 1994, in press) allow 
considering the Famatina as a partly exotic island-arc complex with connections to the well known 
intra-Iapetus island-arcs within the Celtic province. 

NEW STUDIES 

Recent surveys in the central region of the Famatina mountain belt located in western 
Argentina between the Precordillera and the Pampean Ranges allowed the recognition of a fairly 
continuous sedimentary history during the Arenig-Lower Llanvirn interval (Vaccari & Waisfeld. 1994; 
Albanesi & Vaccari, 1994: Toro & Bmssa. 1995). which reflects the evolution of a rather complex 
tectonically controlled back-arc basin. Outcrops in the Cachiyuyo region include more than 2000 m of 
continuous section. Paleontological and sedimentological studies are still in progress but several 
informal members can be identified from bottom to top (Fig. lb): a) silicified black shales with thin tuff 
partings, b) grey-bluish laminated shales, c) bioturbated grey sandy siltstones with calcareous 
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fossiliferous nodules, and d) greenish-yellowish Cruziana rich sand.stones and bioturbated siltstones with 
frequent coquina lenses comprise the Suri Formation, whereas e) lower red and purple silt-and 
sandstones, f )  green volcanic breccias with tuffaceous fossiliferous siltstones and sandstones, and g) 
upper red and purple silt- and sandstones comprise the Los Mo1le;s Formation. Many of these members 
were formerly recognized as different units when studied scatter~dly throughout the Famatina ranges. 
The succession in covered by an extensive mainly rhyolitic to intermediate volcanism of the Morado 
Formation correlated with the Las Planchadas Formation in the north (Mhngano & Buatois. 1994). 
Active volcanism in the Famatina belt may have ceased after the collision of the Precordillera in the 
Middle-Late Ordovician, and may have been the source of the raently discovered K-bentonites in the 
Precordillera which occur in largely synchronous rocks. 

This succession can be interpreted as the progressive filling of a back-arc basin with provenance 
from both foreland and arc derived sources (Fig. lc). The first stage involved a rapidly subsiding trough 
reflecting the inception of initial thermal subsidence. T h s  stage is characterized by starved-basin 
graptolitic black shales with minor marly hemipelagic beds. After a lag-period the succession shallowed 
upward indicating high sediment rates and decreasing accommodation space. Several stack-up 
shorefaces develop in a recurrent pattern dominated by storm-influenced environments and prograding 
volcanic-volcaniclastic wedges. Rapid facies associations shfts indicate a narrow shelf with 
predominantly high gradients, subjected to periodical base level drops, herein mostly related to local 
tectonic activity. Final stages of deposition, recorded in the Los Molles Fm, involved subaerial and 
margnal marine environments with prograding volcanic aprons and periodical emergence with short- 
life transgressions also driven by active tectonics (relative sea-level changes). 

Throughout the Arenig and possibly culminating in the Early-Mid Llanvirn increasing volcanic 
activity took place. Silicified chonites and white-yellowish lamiiiated and graded tuff horizons firstly 
appear in the B. dej7exus Zone (Toro & Brussa, 1995). Increasirlg coarse volcaniclastics and volcanic 
breccias are common in the upper part of the Suri Fm., where they alternate with coarse shallow marine 
clastics and coquina layers. In most of the Los Molles Fm.. they are interbedded with pink cross-bedded 
tidally influenced sandstones (herring-bone stratification) with at~undant features of subaerial exposure 
and variegated shales with scarce fauna. Minor transgressiv~: levels with abundant brachiopods 
(Paralenorthis and Famatinorthis, see Benedetto, 1994) seldom occur. The volcaniclastic beds yield 
trough and planar cross-beds. The coarsening and thickening upward trend reflects an increasing 
gradient typical of volcanic aprons and high gradient shelfal environments adjacent to volcanic or 
Island-arc complexes. As previously recognized w n g a n o  & Bilatois, 1995), in the upper part of the 
succession, the low diversity faunal composition with unusulally large individuals, the unstable 
paleocommunity structure and the low diversity Chziana assembl.age suggest the existence of extremely 
stressful environments. 

Paleocurrents and sandstone composition indicate a double provenance. Most of the quartz-rich 
sandstones were derived from the east and are related to stable cratonal sources and subordinated 
recycled orogen. The volcanic source was located to the west and most of the paleocurrents measured in 
cross-beds show progradation toward the east-northeast. Most of the volcanic breccias and pyroclastics 
are derived from andesitic volcanism with minor felsic and basaltic components. 

The available paleomagnetic data (Conti et al., 1995), tlhe faunal similarities to those of other 
island-arc complexes W g a n o  y Buatois, 1992). and the predominance of Celtic mid-Iapetus 
brachiopods (Benedetto, 1994; Benedetto & Sanchez, in press) reveal a possible early stage island-arc 
setting. On the contrary, most of the features in the Arenig-Early Llanvirn suggest a back-arc 
environment. If a true island-arc complex developed in the early :Famatinian hstory then it should have 
accreted to western Gondwana previous to the Precordillera terrane accretion in the Middle-Late 
Ordovician. Magmatic composition and isotopic relationships support an initial volcanic arc setting with 
no influence of continental crust contamination and a later collisional stage with acid peraluminous 
magmas generated by crustal anatexis intruding the Ordovician siccession (Mannheim, 1993). Hence, it 
can be suggested that we should expect to find either two magmatic arcs in western Gondwana or. in the 
case of successively developed opposite dipping subduction, two superimposed or amalgamated 
magmatic arcs of slightly different ages in the context of the Famatina ranges (Fig. Id). 
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CONCLUSIONS 

Available sedimentological data in the central region of the Famatina belt shows a fairly 
continuous sedimentary record with no evident breaks through the Arenig and possibly the Lower 
Llanvirn. The inception of frequent sandy layers and volcaniclastic debris in an open-marine starved- 
basin with black shales indicates the initial closure of the basin, which was originally considered as a 
back-arc trough with a twofold provenance, from a volcanic arc to the west and from a cratonal region to 
the present east. Ho~ever, new paleomagnetic and fauna1 data suggest a probable early stage volcanic- 
arc setting as suggested from its magmatism, which still remains to be demonstrated on a 
sedimentological ground. 
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INTRODUCTION 

There seems to be a general consensus that the Argentine Precordillera represents a continental 
fragment that was rifted from the Ouachita embayment in Laurentia and subsequently accreted to 
Western Gondwana, present western South America (Astini et al., 1995a). Its origin from the Ouaciuta 
embayment is documented by several lines of evidence. including similar ages and geochemistq of the 
basement rocks, similarities in the faunas and stratigraphy. and similar sizes of the Ouachita embayment 
and the Precordillera terrane (in the order of 800-1000 km len,g.h). Several new aspects on the rifting, 
drifting and docking of the exotic block, as well as on the postcollisional history of the Precordillera are 
considered in this contribution. 

TECTONOSTRATIGRAPHIC DEVELOPivIENT 

Three main evolutionary stages can be differentiated in the iustory of the Precordillera: a) 
passive margin, b) foreland basin I and c) foreland basin 11. 

The passive margin stage involves the complete carbonate bank wiuch starts in the Lower 
Cambrian evolblng from synrift to a mature stage platform. m n g  of the Precordillera from the 
Ouachita embayment is recorded in its stratigraphy. and the geometry of the three-dimensional rift 
system should have had critical implications in the later contractional histories of both margins. In the 
context of low-angle extension models for continental rifting (e.g. Lister et al., 1986). Astini (1986) and 
Thomas & Astini (1986) have suggested that the western margin of the Precordillera is the conjugate of 
the Ouachita rift and its northern margin was defined originally by the Alabama-Oklahoma transform. 
The model suggests that the Ouachita rift margin is an upper-plate setting. whereas the Precordillera is 
considered to be the lower-plate margin. and hence. show complementary asymmetry. Thermal doming 
under the upper-plate Ouachita margin prevent development of qnrift rocks, and as predicted by the 
model, retarded the passive margin sedimentation in almost 20 m.y. In contrast, "samples" of the initial 
rift stage were found in western Precordillera, and a thick carbonate bank overlying locally important 
graben-fills (red clastics and evaporites) developed since the late Early to early Middle Cambrian, as a 
result of a lower-plate configuration. The Early Cambrian graben-fill in the northern region of the 
Precordillera could represent an intracratonic graben developed in the Precordillera, similar to those of 
the Birmingham and Mississippi Valley grabens. orthogonally related to the Alabama-Oklahoma 
transform. The onset of the passive-margin stage is recorded in an upward transition to a thick carbonate 
bank deposit, that apparently was controlled by thermotectonic subsidence and eustatic sea-level 
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fluctuations. The subsidence history of the Precordilleran platform was already closely compared to the 
Appalachian curve by Bond et al. (1981). 

The foreland I stage (FI) starts with the inception of ano:lcic depocenters which reflects the 
progressive migration of a foredeep related with the incipient peripheral foreland developed during the 
transformation from a pissive to an active margin. This stage includes the clastic Ordovician units 
which prograde westward as a clastic wedge over a complex pale~geography with predominance of 
tectonism over sea-level as the major accommodation control. Carbonate remnants persist into the 
Middle Ordovician in the Central Precordillera, where the peripheral forebulge was active. As a 
consequence of the collision, east-vergent deformation and metamoq~hism in the basement rocks to the 
east was developed. Associated magmatism in Pampeanas yields ages of -465 m.y. (Ramos et al., 1996). 

The third stage comprises from the latest Ordovician and E~uly Silurian through the Devonian, 
time when the Lower Paleozoic dominantly marine Famatinian cycle gives place to the Upper PaleoZoic 
Gondwanic cycle. This rocks are included in the second foreland stage (FII). This foreland basin was 
developed on top of the former passive margin of the Precordillera telrane and partly overlapped the first 
foreland as well. It developed as a response of contractional tectonics driven by the approach and 
collision of the Chilenia terrane to the present west. However, severaJ relasation episodes are present in 
between, shortly after each episode of shortening. Relaxation features include the generation of 
peripheral bulges, which cyclically affected the central Precordillera, generating erosive unconformities 
and local block faulting with associated clastic wedges. The F11 was bounded by the west by an incipient 
thrust front yielding low-grade metamorphosed Ordovician rocks of the accretional prism and to the east 
by a thrust front affecting Grenville basement rocks (present day Pampeanas Occidentales Ranges). 
originated in the old reactivated suture behveen Precordillera and Gondwana. The eastern thrust front 
also affected the Eastern Precordillera (-400 m.y. according to Ranos et al., 1996) and subsequently 
serve as the fundamental source of the Devonian clatic sediments which developed an oversupplied 
shelfdeltaic complex, opposite to the accommodation regime mhich predominate during the Silurian. 

PALEOGEOGRAPHY 

None of the three stages mentioned before are present in tlhe Western Gondwanic basins with 
these characteristics. what allows considering the Precordillera as an exotic terrane. Large lithological 
and faunal contrasts o f  the Cambrian and Lower Ordovician (passive margin stage) with the 
surrounding synchronous basins of Gondwana (Astini et al., 1995a; Vaccari. 1995; Sanchez y Waisfeld. 
1995), suggest that the Precordillera is an allochthonous terrane to Gondwana (c/: Ramos et al., 1986: 
Astini, 1995; Astini et al., 1995a. Benedetto et al.. 1995). By contrary, its strong faunal and 
stratigraphic similarities with successions in the southern cone of Laurentia point out to an unequivocal 
provenance from North America (Benedetto, 1993; Benedetto et al.. 1995, Astini et al., 1995a y 1995b). 
Recent studies carried out on basement xenoliths in the Precordillera are summarized in Kay et al.. 
(1996) and conclude on basis of U-Pb zircon ages, whole rock Pb and Nd isotopic data that the affinities 
of the Precordilleran basement are as those of the North American (3renville basement, and particularly 
close to that outcropping in Texas. Furthermore. Tosdal (1996) and Ka? et al., (1996) suggest an origin 
as a rifted fragment from Laurentia pointing out the strong differen'ces nith other basements present in 
Western Gondwana. According to this, the Precordillera is considered as a terrane exotic to Gondwana 
that rifted from Laurentia in the Early-Mddle Cambrian and collitied with Western Gondwana in the 
Middle-Late Ordovician (Fig. 1). An intermediate history of drifting and gradual geographic isolation is 
necessary to e,qlain the faunal differentiation and endemism notedl by Benedetto et al. (1995). It also 
explains the gradual cooling that affected the Precordillera since Arenig. The lithological indicators of 
climatic shift from low-latitude Bahamian-tjpe carbonates in the Cambrian-lowermost Ordovician to 
glacial tills in the Late Ordovician (Astini, 1995). Fauna1 links with Gondwana started in Llandeilo- 
Caradoc times. The conclusive effects of the Kmantian glaciation together with the typical Hirnantia 
fauna are categorical in favor of its definite connection with Gondwa.na. 
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CONCLUSIONS 

An up-to-date synthesis of the geologic evolution of the Argentine Precordillera during the 
Lower Paleozoic considers it as an allochthonous terrane that rifted from the Ouachita embayment in 
North America and collided with Western Gondbvana in the Mid-Late Ordovician. Its Grenville 
basement has similar geochemical characteristics than the Grenbille belt of southeastern North America 
and its closest match is with that of the Texas Promontory. Its basement outcrops in the present Sierras 
Pampeanas Occidentales from the Sierra de Pie de Palo in San Juan down to the Ponon Trehui area in 
Mendoza. 

Three main evolutionary stages can be defined in its history: a) a passive-margin stage. 
characterized by a common history with Laurentia including the asymmetric r a n g  and drifting stages, 
b) a first foreland basin stage, characterized by a clastic wedge prograding west, and deformation of the 
basement to the east due to the accretion of Precordillera to Gondbvana (Ocloyic diastrophism). and c) a 
second foreland basin stage, which characterizes the postcollisional interval and ends with the accretion 
of the Chilenia terrane in Middle Paleozoic times (Precordilleran distrophism). From a 
paleobiogeographical viewpoint a pure Laurenitan stage (Cambrian-Tremadoc), a dominantly isolated - 
with major endemism- drift stage (Arenig-Llandeilo) and a dominantly Gondtvanic stage (Caradoc- 
Ashgill) can be differentiated in the Cambrian-Ordovician history, where the Arenig and the Caradoc 
represent main turnover moments, hence transitional stages. The Silurian and Devonian faunas and 
environments of Precordillera are clearly Gondwmic and do not differ. as well as those of the late 
Ordovician, from those of surrounding South American basins. 

On the basis of contrasted basements and passive-margin stage rocks and faunas the Argentine 
Precordillera in considered a unique esotic terrane which can be differentiated from the rest of the 
surrounding regions and Lower Paleozoic basins in western Gondwana. 
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INTRODUCTION 

Since the first dating of Proterozoic rccks (1,000 Ma) on the ~ ~ ~ a n k  of the Altiplano in 
northernmost Chile (Pacci et al., 1980) other rock units at different localities have been surveyed in order to 
determine their possible Precambrian age. Mentions of the existence of Proterozoic ages or of ages near the 
Pmterozoic-Phanerozoic boundarq have been made by D m . e t  al. (1990) and Diaz et al. (1985). 

The presence of rocks of tbat age supported the existence in the basement of the Andes of northern 
Chile of the Anxppa-Anlofalla Craton Massif (Ramos, 1988), considered to be an allochtonous terrane of 
h n t i a  provenance by Dalziel et al., (1994). 

A dating program was carried out lo ascertain the Prokrozoic age of the Belh Metamorphic 
Complex (BMC), and the Mejillones Metamorphic Complex W C )  (Fig. 1). 

Samples were dated at tbe Centro de Pesquigs Geocronolbgicas of the Institm de Geociincias, 
Universidad de S o  Paulo, Brazil, by MAB. 

GEOLOGIC FRAMEWORK 

The Belh Metamorphic Complex @MC) forms a narrow strip along a high angle, west-vergent 
thrust system located on the ~~~ slope d the chilean Altiplano plateau between Chapiquih and Tignamar 
(h4uiloz and Charrier, in press) (Fig. 1). Along these Mts the CMB is m a d l y  thrusted wer late Tertiaq 
deposits. Unconformably cwering the BMC are Jurassic marine depsits, and Tertiary volcaniclastic and 
continental sedimentary deposits (h4ontuinos, 1%3; Salas et al., 1%6; Pacci et al., 1980; Muiloz et al., 1988; 
M u h q  1991; Garcia, 19%). The BMC is mainly composed by foliated amphilites and subo-ly by 
quartz mica schisfs, gneissic schis&, orthOgneiws and seipentinites. It is intruded by a small gabbro stock and 
mafic, aplitic and felsic dikes. 

The Mejillones Metamorphic Complex (MMC) consists of micaxhists, amphiilites, gneisses and 
migmdtes (Baeza, 1984) intruded by &C and granitic plutonic rocks (Fig. 1). 
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GEOCHRONOLOGIC IMPLICATIONS 

In the Belh Metamorphic Complex (BMC) the follmving ag,es were oblahed: 

1. 544+/-22 Ma (Rb-Sr, whole rock isochron) in the quartz mica schists of Quebrada Saxamar (locality 3, Fig. 
1). 

2. 536 to 516 Ma (K-Ar on m i n d )  in tbe Quebmda Savamar schisls (locality 3, Fig. 1). 

3. 507+/48 (U-Pb zircon age) in the quebrada de Achacagua orthogneiss (locality 2, Fig. 1). 

4. 475+/-31 Ma (U-Pb in zircon) on granitic veins at Quebrada Saxanur (locality 3, Fig. 1). 

5. 417 to 365 Ma (K-Ar on minerals) for the Saitoco orthogneiss (locality 1, Fig. 1). 

Ages in 1 and 2 are considered to be associated to the regional metamorphism of the BMC. The 
younger 5 16 Ma K-Ar age (see 2) could indicate uplift and cooling of the metamorphic complex 

Intrushre events (3 h a), tbough largely concordant aithin tmrs, appear to be slightly younger than 
ages (1 & 2) in the metamorphic rocks. 

Ages for the Saitm orthogneiss, given in 5, are considered to be cooling ages of the intrusive body. 

Model Nd-Sm ages of 1,746 and 1,543 Ma of the Quebrada !hamar xhists testlfj, of a long previous 
crustal origin of its constituents. 

In the Mejillones Metamorphic Complex the Jorgino Formation, constituted by gneisses and 
amphibolites gave K-Ar ages of 117 and 162 Ma (biotite) and 159 Ma (hornblende). Crosscutting granite veins 
were dated at 144+/-1 Ma (U-Pb in drcons) and 152 and 143 Ma (K-llr in muxxnite). 

The abinz results indicate that the main siw in the BMC are Pampean (middle Cambrian) 
plutonic and metamorphic events. Our data cast solne doubt on the validity of the 1,000 Ma event pmiously 
detemkd in the BMC (Pacci et al., 1980), because there is m indioition of it in the analjsed samples, which 
wereco~ectedatthesamelocalitiesasthepre\i~dated1,000Madatedrocksuite. 

The Jorgino gneisses and amphibole xhists (MMC) bear the evidence of a Jurassic htrushe event 
that may have reset the K-Ar system of the mebmorphic rodq which might be older as previous Rb-Sr studies 
indicate. TheBMCbearsme\~ofMesozoice\~astheMhACw~chiSlocated~ West, at the 
leading edge of South America 

Fig. 1. Location map ofthe studied region in South America a Morphostructural units of the central Andes of 
Northem Chile, Southern Peni, and Western Bohia: CR Coastall Range, CD. Central Depression, PC. 
brd i l l e ra ,  PD. Preandean -D, A Alliplano, EC: Eastenn Cordillera, SS. Subandean Sierras. b. 
Geological sketch map of the western Altiplano b e e n  Chapiquifia~ and Tignamar with sample localities in 
the BMC (based on Garch, 19%): 1. BMC, 2. ailcar F o d o n  (Jurassic, marine), 3. Lupica Formation 
(Lower M m ) ,  4. Joracane Formation (Middle Mi- qntectomic conglomemtes), 5. Porphyric intrusives 
(Middle M m ) ,  6. Huaylas Formation (Uppa Mi- qnteckmic conglomexates), 7. Plio-Pleistm 
deposits, 8. Sample localities. 
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East of the Andean Cordillera, three major geotectonic units contributed to the pre Gonduranic crustal 

evolution of southwestern South America. From west to east they are: the Precambrian Occidentalia 

Terrane that crops out along both edges of the Andes as highly tectonized blocks, the Late Precambrian- 

Middle Palaeozoic Farnatinian Orogenic Belt, u.hich comprises the Pampean Ranges, the Puna and the 

North Pataponian Massif and the Precambrian \t8esternmost Rio de la Plata-Brazil-Southern Africa 

cratonic area .Occidentalia and the Famatinian Orogenic Belt ha\,e been yustaposed as a result of Middle 

Ordovician (ca. 460 Ma) Laurentia-Gondwana collision (Dalla Salda et al, 1993 a,b). Se\.eral narrow 

discontinues basic-ultrabasic belts dated as late Precambrian to Lo\t,er Paleozoic exist west of the more 

granitized Famatinian belt. 

Occidentalia is composed by metamorphic and granitoid rocks (several radiometric ages indicate 

Grer~\~ille ages) trending nearly north-south mostly along the \vestern side of the Famatinian Orogenic 

Belt, form northernmost Chile to Patagonia. I t  includes the Chilenia terrane (Ramos et al., 1986) and is 

partially co\.ered by the Recordillera Carnbrian to Tremadocian carbonate platform, recently accepted as a 

terrane of Laurentia provenance (Dalziel et al., 19%).Dalla Salda et al. (1992 a,b) and Dalziel et al.(1994) 

interpreted i t  as a relic of eastern Laurentia detalched after the Taconian collision during Iapetus closure. 

The Famatinian Orogenic Belt is a complex metamorphic-igneous belt whose e\.olution covers 

the span from late Proterozoic to Devonian and includes t\vo distinct metamorphic and plutonic cycles. 

Pampean and Famatinian in the Eastern Pampean Ranges.Pa1npean Cycle co\.ers a span from Late 

Proterozoic (640 Ma) to Lolver Cambriam (530-540 Ma) and i t  includes metamorphic and igneous 

rocks.In the Eastern Pampean Ranges, scattered outcrops of trondjhemitic to tonalitic granitoids and 

metaigneous rocks (metanorites) older than 520 Ma has been asigned to this cycle (Rapela et al., 1990). 

A low grade metamorphic event is associated. The ca. 550 Ma limit Pampean/Famatinian Cycle is very 
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difficult to set. Tilcarica defo.rmational event. \\.hich affects the sin-rift sequences of the Punco\.isana 

Formation to the north of the Pampean Ranges, could be pointing out to the change in the geotectonic 

regime along the western margin of Gondwana Since a rift separated Gond\vana from Laurentia from Late 

Pro~erozoic (750Ma) on (Dalla Salda et al. 1993a. b), sometime Ixtnteen the rift-drift regime and the 

generation of the Famatinian acti1.e margin. a major change to a convergence regime would ha1.e 

happened. A continuous subduction regime installed along the \teestern margin of Gond\t.ana from the 

Cambrian;diacronous opening could explain magmatic arc signature coe\,al to passive margin affinities 

or more tholeithic compositions closer to the inferred spreading center. 

Farlzatir~ion Cycle (520-360Ma) comprehends an extensive period c'f metamorphism and igneous activity 

with peaks of metamorphic and igneous acti\.ity.This cycle can be considered as equivalent to G2 

granitoids (Rapela et al, 1990); D2 and D3 deformational domains (Dalla Salda,1987) are related to the 

Famatinian e\.olution. D2 in\.ol\.es NNW structures,it is essential1 y a ductile deformation associated to 

the higher metamorphic grade and migmatitization. Peak metamorphic temperatures seem to postdate D2 

(due to tectonic uplift). D3 is a higher crustal le\,el episode \vith an associated retrogradation. Three main 

groups of granitoids are distinguished on the basis of gemhemica1 features and their relation to D2 and D3 

deformational e\.ents:a pre-Taconic group,a Taconic group and a late Taconic (Acadian) group(lopez de 

Luchi and Dalla Salda, 1995). 

Pre-Taconic g m i  toid group(520-460 Ma) is represented by medi urrl to small granitic pl utons or polifacial 

batholiths with sligthly discordant to concordant contacts, lr~oderately to highly strained. This 

magmatism like calc-alkaline, metaluminous to perduminous and have and arc-like signature. If the Pre- 

taconic granitoids of the Famatina Arc are considered, an Andean t!;pe arc system parallels a coeval more 

mature arc inwards the eastern continent.Meanwhile in the Easl.ern Pampean Ranges, Pre-Taconian 

granitoids are intruded in metamorphic rocks, in the Famatina Arc, they are intruded in memedimentites 

and meta\.ulcanites. Volcanism associated to Lower Ordo\.ician sedimentary basins, appears in north and 

central Famatina Arc and the Puna Gabroids considered as roots of a magmatic arc emplaced in gmulites 

appears in Sierra de Ancasti and Sierra de Fiambala Famatinian Lower Ordovician granitoids are poorly 

defined in the Famatina. Continental arc signature corresponds to Taconian ages (460-440Ma); being so, a 

magmatic Famatinian arc \r,ould be coeval to collisional granitoids innlard the continent. Subduction 

process could have continued locally during the collision because of the irregular shape of the continents 

(the Famatina and the Puna magmatic arcs).Resetting of older ages might be an alternative explanation at 

least for a part of the Famatina Arc since 460-440 Ma ages are rnostly K/Ar mica ages in moderately 

deformed rocks or RbISr whole rock ages in granitoids \t.ith dirferent geochemical signature (i.e. in 

Paiman Ranges). 

Taconic granitoid group (460-440 or 420 Ma) include syntect'onic plutons concordant to regional 

structures or in a complex relation to the polyphasial deformation in  the crogen. All of them share 

collisional signature. Trace element inter-element relations show a marked Rb enrichment(Lope2 de Luchi 
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(considend as PermeTriassic), shifting the Famatinian Oropnic belt are represented. 



770 
Third ISAG, St Malo (France), 17-19191.1996 

and Dalla Salda, 1995).Taconic'granitoids arc associated to a granitic migmatitization unlike the tonalitic 

migmatitization of the Lo\ver Ordovician rocks. Crustal thickening, overthrusting and ramp tectonics 

associated to continent-continent collision overlap different struc:tural le\.els. Regional controlling 

structures of the Lower Ordovician plutons are NNW-SSE (escept for San Luis Hills). 

Late-Taconic granitoid group (440 to 430-360) is characterized by large batholiths like Achala, Capillitas, 

with a more syenogranitic composition, NNE fault controlled emplacement and contact aureoles or 

smaller ellipsoidal plutons (Batolito de Renca, Batolito de Las Chacras-Piedras Coloradas) that are 

predominantly monzogranites to syenogranites. The former are peraluminous to sligthly peralkaline 

crustal granites but share a collisional to ivithin plate trace element signature. The latter are 

metaluminous to middle peraluminous, richer i;l ?J!O Ivith a mixed mantle and crustal signature.During 

the Devonian, granitoid signature, meumorphism, structure and paleogeographic reconstructions allow3ed 

to interpret a dextral transpresive Laurentia-Gond~ana collision (Dalziel et a1.,1994). Granitoid plutons 

emplaced at an epizonal environment indicates post-Ordovician uplifi:.Peri-orogenic sy,; to postcollisional 

sedimentary basins formed as a consequence of this uplift. 

As it has becn already stated (Dalla Salda et a1.,1996. GSA, Austin) if Occidentalia was part of eastern 

Laurentia, it is feasible to suggest that the Appalachians-Ouaclhitas-Marathon and Occidentalia- 

Precordillera-Famatina Orogenic Belt may fit in a single geotectonic setting . 
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INTRODUCTION 
. The structure of the Brazilian shield is mostly due to the Brasiliano orogenic cycle, which occured 
between 1 and 0,5 Ga (Almeida et al., 1973; Brito Neves and Cordani, 1991). Several mobile belts 
formed during this cycle, surround cratonic areas that are made of earlier terranes and their stable cover. 
In the south-eastern Brazil, the Atlantic orogenic belt (Ferreira, 1972; Machado and Endo, 1993; Endo 
and Machado, 1993) streches for more than 2000 km from Uruguay to the Espirito Santo state in Brazil, 
on the edge of the SZo Francisco and Rio de la Plata cratons. The Luiz Alves intermediate craton divides 
the Atlantic belt into two domains: the Paraiba do Sul belt in the North and the Dom Feliciano belt in the 
South (fig. l) .  

This orogen shares several features with the Mesozoic-Cenozoic Cordilheras of the western Americas: 

1 - AN OROGEN BUILT ON A CONTINENTAL CRUST 
The Atlantic orogenic belt is made of several longitudinal domains separated by major complex faults 

(fig. l and 2). In every domain, both basement and cover series are recognized. The basement is made of 
Archean and Trans-Amazonian para- and orthogneisses. The cover series of Middle to Upper-Proterozoic 
age, are largely shelf sediments with minor interbeded volcanics. In the Alto Rio Grande domain these 
volcanics exhibit a geochemical zoning of active margin type (Campos Neto, 1991). 

2- A TRANSPRESSIONAL OROGEN 
The Atlantic orogenic belt exhibits a positive flower structure (Machado and Endo, 1993, fig.3): the 

northwestern units are thrusted on the SZo Francisco and Rio de la Plata cratons while the south-eastern 
units are thrusted south- eastwards. In the Dom Feliciano belt, the Pelotas batholith separates the 
domains of opposite vergences. 

This pattern is due to a polyphase orogenic evolution where two main cycles are recognized: 
1- the Brasiliano 1 cycle (850-750 Ma, Trompette, 1994), still poorly documented, produced the 

subduction of the "ophiolites" (described at the northwestern edge of the belt, Soares et al., 1990; 
Pedrosa-Soares et al., 1992; Roig and Schrank, 1992), the collision of the entire Atlantic belt terranes 
with the SZo Francisco and Rio de la Plata cratons and the emplacement of the G1 granites. 

2- the Brasiliano 2 cycle (650-490 Ma) comprise a first transpressional stage of contemporaneous 
thrusting and dextral shear faulting which is responsible of the remarkable positive flower structure of the 
belt. G2 granites, usually metamorphosed into orthogneisses (dated between 630 and 570 Ma), emplaced 
during this first stage. Later stages produced gentle folding and sinistral reactivation of previous shear 
zones. G3 and G4 granites (570-490 Ma) are contemporanous or postdate these late events. 

3- THE GRANITES: PETROLOGY, GEOCHEMISTRY AND REPARTITION IN SPACE AND TIME 
The G2 and G3-G4 granites form complex batholiths and stocks, emplaced at various levels of the 
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crust from greenschist to the granulite facies, scattered through the whole belt with the exception of the 
more external units towards the cratons. 

All these granites are complex intrusions that associate basic, intermediate and acidic rocks. These 
associations define magmatic series that present such variety that they cover almost the entire field of the 
granitoids (fig.4). These series share many common characteristics: same subalumineous character (the 
most differenciated members become slighly peralumineous), same iron-magnesium ratio that is 
comparable to the one of calcalkaline series, same sodium level. The variety of the rock types is due to 
the opposition between calcic and potassic series (confirmed by many other elements). 

Repartition in space and times of these magmatic series is notew'orthy: G2 granites exhibit a zonality 
through the belt with the most calcic series in internal position and the most potassic ones in external 
position toward the craton. The late G3-G4 series are potassic ones: in the Paraiba du Sul belt they are all 
in internal position superimposed on the domain of the early calcic series. The Pelotas batholith exhibit a 
weak zonation with less potassic series at the East (Pelotas suite) a:nd more potassic series at the West 
(Encruzilhada suite) . The youngest intrusion are alcaline syenites. I3rown (1982) considers such spatial 
and temporal disposition as characteristic of an active continental margin involving an old basement. 

CONCLUSION 
The tectonic pattern in positive flower structure, the presence everywhere of an old basement, the type 

and distribution in space and time of the magmatism, is similar to the Andean cordilhera model (Soler, 
1991; Smitz et al., 1993): the Atlantic belt of Southern Brazil is a remarkable example of an orogen of 
this type of Neoproterozoic age. Moreover, this belt exhibits a level of erosion that has not yet been 
reached in more recent orogens. It is thus a unique example of the deep-seated parts of an Andean type 
orogen. 
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INTRODUCTION. 

In recent discussions about the origin and provenance of the Argentine Precordillera, two basic 
models have been developed: 1) The Precordillera was part of Laurentia until Late Precambrian or Early 
Cmbrian times, when it rifted away from Laurentia (Astini and others 1995) to form an indipendant 
microcontinent. During the Cambro-Ordovician, this microcontinent drifted across the Iapetus to finally 
collide with western Gondwana during the Middle Ordovician. 2) The Precordillera was integral part of 
Laurentia until the MiddleIUpper Ordovician (Dalla Salda and others 1992, Dalziel and others 1994). 
The comparable history of the Appalachians and the Famatina System of South America are taken as 
evidence for a major continent-continent collision during Mid-Ordovician times. 

Recently, the Precordillera was interpreted to be part of a much larger "Cuyania composite 
terrane" (Rmos 1995), which includes parts of the basement of the Sierras Pampeanas of western 
Argentina and several limestone outcrops in the provinces of Mendoza and La Pampa. The Cuyania 
terrane in turn is thought to represent part of the "Texas plateau" (Dalziel in press), a promontory of 
Laurentia and the crucial link between Laurentia and Gondwana to form the Mid-Ordovician 
supercontinent of "Artexia" (Dalziel in press). 

In all models, the Ouachita Embayment along the southern margin of present-day North America 
is favoured as the almost unique candidate which might have accomodated the Cuyania Terrane until its 
separation from Laurentia. 

In this paper, the Cambro-Ordovician sedimentary history of the Cuyania terrane is described 
and interpreted in order to discuss the Lower Paleozoic geotectonic history of the Precordillera. 

THE SEDIMENTS OF THE CUYANIA TERRANE 

Basically, three different types of sedimentary successions can be distinguished during Cambro- 
Ordovician times: A "cratonal" setting, where carbonate platform rocks onlap crystalline basement during 
the Early Ordovician; a "miogeoclinal" setting showing a thick Lower Cambrian through early Middle 
Ordovician carbonate platform; and Ordovician slope and basin deposits. 

A cratonal section is present near San Rafael (province of Mendoza), where about 801x1 of 
dolomites and limestones are exposed. These carbonates of Tremadocian through Mid-Arenigian age 
(Bordonaro and others in press) rest directly on crystalline basement yielding a Grenvillian age (Ramos 
pers. comm.). The succession starts with coarse dolomites of probable algal origin which upward grade 
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into microbial laminites. Upsection, limestones with an abundant marine fauna are present. Most 
important is a reef-mound horizon which can be correlated to coeval strata in the Precordillera. The top 
of the preserved succession consists of nodular chert-bearing limeslnnes. 

The best documented sections of the miogeoclinal setting iue the classical sections around San 
Juan. Continuous sections are present from late Middle Cambrian times onward. More than 500m of 
limestones with intercalations of siltstones were deposited towards the MiddleIUpper Cambrian boundary 
(La Laja Fm.). The succession shows various 3rd and 4th order cycles and environments from the 
subtidal towards the lower intertidal. The Upper Cambrian mainly consists of dolostones. The Zonda 
Fm. (300m) is composed of mudstones and microbial laminites, tlie overlying La Flecha Fm. (400m- 
700m) of more than 100 small-scale peritidal shallowing-upward cycles. In the southwestern corner of 
the Precordillera (Cerro Pelado), these cycles are drowned and cov~cred with deep-water limestones and 
marls during the uppermost Cambrian. Elsewhere, sedimentation continues during the Tremadocian with 
limestones (La Silla Fm.: 300m-400m) of a shallow-water environment. Dominant rocktypes are 
mudstones and wackestones with gastropods and nautiloids, to,gether with peloidal and intraclast 
grainstones. Near the TremadocIArenig boundary, there is a change towards sedimentation of limestones 
(San Juan Fm.: 300m-350m) with an abundant and diverse fauna indicating open marine conditions. In 
the northern part of the Precordillera, carbonate sedimentation stops during the Mid-Arenig, whereas 
further south this event occurs during the earliest Llanvirn. One important feature of the San Juan Fm. 
are reefs and reef mounds. Near the base of the formation, sponge-algal-receptaculitid mounds are 
present, which correlate to the mounds in the cratonal section. In the upper part of the San Juan Fm., 
stromatoporoid-dominated mounds developed with minor participation of sponges and algae. 

During the Middle and Upper Ordovician, the former carbonate platform area accommodated 
several very different sedimentary successions. Locally, a carbonate slope environment (Las Aguaditas 
Fm.) developed above the San Juan Fm. and persisted until the Caradoc. Northeast of San Juan (Don 
Braulio section), a succession of siliciclastic rocks is present which starts with a prominent conglomerate 
unit (La Cantera Fm.) Upsection, mainly turbidites are developed and, after a hiatus, glaciomarine 
diamictites (Don Braulio Fm.) are found, attributed to the Ashgillian Gondwana glaciation. In the San 
Juan valley, a Caradocian pelagic carbonate platform rests on top of the deeply eroded San Juan Fm. 
West of Mendoza a 600m thick succession of shales with debris-flows and olistoliths is present 
(Empozada Fm.). To the west and to the east, carbonate platfonn rocks are present. The top of the 
succession shows shallow water calcareous sandstones which most probably are Ashgillian in age. In 
many places in the Precordillera, a chert-pebble conglomerate (latest Ordovician) seals these different 
successions. 

Autochthonous slope and basin sediments older than Middle Ordovician have not yet been 
documented. A regional slope developed during latest Llanvimian through Early Caradoc (?) times, 
where several lOOm of shales and marlstones were deposited. They host a variety of mass flow deposits 
in which the entire spectrum of carbonate platform rocks is present. In addition, there are Middle and 
Upper Cambrian olistoliths consisting of deeper-water agnostid bearing limestones. These olistoliths may 
be as large as 300 thick and more than llan long. In one section, tliey are associated with a boulder bed 
which consists of angular basement clasts up to 60cm across. Although the structural and age relations 
between the remaining slope and basin deposits are not always clear, the overall picture shows 
continental slope deposits along the western margin of the former carbonate platform. These sediments 
gradually pass into more distal turbitic successions and finally into basinal shales and siltstones. Rift- 
related pillow-basalts are intercalated into Caradocian graptolite shales. 

ANATOMY OF THE PRECORDILLERA DURING THE CAMB:RIAN AND EARLY ORDOVICIAN 

The Early Cambrian is only represented by some isa~lated outcrops. A redbed-evaporite 
succession is interpreted to be a rift-related graben fill, whereas the other occurrences are already 
attributed to a passive margin sequence. No paleocurrent data are i~vailable to interprete the provenance 
of the abundant siliciclastic rocks. During the Middle Cambrian, limestone-siltstone sequences are 
observed which closely resembling Depositional Grand Cycles. Depositional Grand Cycles are typically 
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developed all around Laurentia at that time. During the Late Cambrian, mainly peritidal conditions 
prevailed on the platform, which led to the accumulation of almost lOOOm of rocks. Middle and Upper 
Cambrian deep-water limestone olistoliths in the western slope facies are of local origin (Keller 1995) 
which implies that the carbonate platform passed into deeper water environments towards the west. This 
is also shown by the sudden drowning of platform rocks at Cerro Pelado, an event not observed on the 
remainder of the platform. 

Both, grain size and abundance of the siliciclastic input onto the platform decreased during the 
Cambrian. An eastern or southeastern source area is most likely. There, the basement of the Cuyania 
terrane was exposed at that time. In the Lower Ordovician rocks no siliciclastics are found. This is 
explained by the ongoing onlap of the carbonates onto the basement which finally shut off sediment 
supply. The expansion of the carbonate platform is well documented in the cratonal section of San 
Rafael, where 80m are correlative to more than 400m in the Precordillera. Neve.theless, these 80m still 
show all major events present in the miogeoclinal setting. 
Along the western margin of the platform, carbonate breccias and turbidites, in erosional contact with 
Middle Cambrian limestones, indicate the evolution of a local carbonate slope from the Cambro- 
Ordovician boundary on. In general, the Early Orodvician shows a relative rise in sea level, which 
culminates in the drowning of the platform during the Early Llanvirn. Until that time, more than 2100111 
of carbonates had accumulated around San Juan representing a thick passive margin succession (Baldis 
and others 1982). 

If compared to coeval passive margin successions arqund Laurentia (e.g., Skehan 1988), the 
Precordillera platform is highly incomplete: Along its present-day eastern margin 2100111 of miogeoclinal 
rocks are present and in a tectonically separated outcrop, 80m of a cratonal section are preserved. In the 
Appalachians, comparable sections are separated by about 600km. This distance results from slow but 
continuous transgression onto the craton. Even if regional differences are considered, timing and rate of 
onlapltransgression ought to be in the same order of magnitude. 

Another clue to the dimensions of the carbonate platform are the Arenig reef mounds. Almost 
identical eco-systems are present along the southern margin of Laurentia where they are typical of a 
relatively narrow belt along the shelf edge (Alberstadt & Repetski 1989). Cratonward, a broad zone 
(several 100s of kilometers) of "continental interior shelf environments" is present. Except for the 
outcrops near San Rafael, this interior zone is not preserved in the Cuyania terrane. According to the 
present-day coordinates, this zone might have been developed to the east and in consequence might have 
been a thin cover of the basement of the Sierra Pie de Palo. Hence, there are several lines of evidence 
suggesting that the dimensions of the platform and, in consequence, of the Cuyania terrane must have 
been much larger and might have been in the order of lOOOkm in length and 600 to 800km in width. 

ANATOMY OF THE PRECORDILLERA DURING THE MIDDLE AND UPPER ORDOVICIAN 

The main characteristics of the Precordillera during the Middle and Late Ordovician are the 
presence of highly varied sedimentary successions including a local carbonate slope, a pelagic carbonate 
platform, thick turbidite successions, and basinal shales with pillow basalts. An important feature is the 
development of a continental slope along steep escarpment faults which follow more or less the former 
carbonate platform margin. Along these faults, Middle and Upper Cambrian limestones and basement 
were exposed and gravitationally transported into the basin. Although collision between the Sierras 
Pampeanas and the eastern border of the Cuyania terrane is documented during the Middle Ordovician 
(Ramos 1988) no compressional structures of that age are present in the Precordillera. Instead, the highly 
varied sedimentary successions and the strongly varying thicknesses preserved underneath the pre- 
Silurian unconformity indicate an extensional regime responsable for the formation of horst and graben 
structures in the former platform area. Some of the grabens accomodated up to 600111 of sediment 
(Empozada Fm.), whereas in a horst position, a pelagic carbonate platform developed during the 
Caradoc. Crustal extension culminated during the LlandeiloICaradoc when huge amounts of pillow 
basalts extruded into the basin. 
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CONCLUSIONS 

During Cambrian and Early Ordovician times a passive continental margin developed on the 
Cuyania terrane. Comparisons with the Cambro-Ordovician margins of Laurentia show, that the original 
dimensions of the Precordilleran carbonate platform must have been much larger. The carbonates 
onlapped the Laurentian basement of the western Sierras Pampeanas during the Early Ordovician, hence 
the platform might have extended several 100 kms to the east or southeast. The Cuyania terrane was 
large enough, so that the effects of the collision at its eastern margin are hardly visible in the 
Precordillera. 

During the Late Cambrian, the carbonate platform starts to (disintegrate along its western margin 
(Cerro Pelado) where an isolated block was downfaulted and drowned. Similar events are observed in 
the Early Ordovician (slope facies, drowning at Guandacol) what is regarded as a precursor of the 
subsequent rifting. During the Middle and Upper Ordovician, sedimentation in the Precordillera was 
triggered by crustal extension. The formation of horst and graben structures accounts for the different 
sedimentary successions in the Precordillera. The relative movements of several lOOm over a short time 
period together with the extrusion of basic magmas are interpreted as a result of rifting which marks the 
final separation of the Cuyania terrane from Laurentia. There are nlo indications that a major ocean was 
present prior to this time. 
Hence, sedimentologic evidence supports the ideas of Dalla Salda and others (1992) and Dalziel and 
others (1994) about plate-tectonic constellations which place Laurentia and western Gondwana in close 
proximity. 
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INTRODUCTION 

Scarce outcrops of metamorphic rocks in the Central Andes (18"-26"s) occur in all mountain chains 
from the Coastal Cordillera in Chile to the Cordillera Oriental in Argentina (Fig.1). However, the present 
state of knowledge on the metamorphic conditions and on age relations of metamorphism and cooling 
did not allow a correlation of the scattered outcrops (summarized in Damm et al., 1990; Miller et al., 
1994). Nevertheless, the occurrence of Pre-Mesozoic metamorphic rocks is very important for the diffe- 
rent geotectonic interpretations of the Paleozoic Andean history that are mainly based on the 
sedimentary-faunistic record and the tectonic-magmatic evolution of the basins. The major lines of dis- 
cussion are: 
(1) The allochthonous terrane development of the Pacific Margin (23"-25"s; e.g. Ramos, 1988) started 

with the collision of the Arequipa-Antofalla craton in the Late Proterozoic (700-600 Ma, final collision at 
570 Ma) and continued with a rifling-collision history of the Cambrian-Ordovician basins (540- 470 Ma) 
with a para-authochtonous Arequipa Massif (ensialic development, Damm et al., 1990). The last major 

event was the advent of the Chilenia terrane (440-360 Ma). A similar history for a section at ca 30°S was 
recently discussed by Astini et al. (1995). 
(2) The * continous subduction history of the Pacific margin started from a passive margin setting during 

the Mid-Ordovician. Since that time, subduction triggered the processes of magmatism, basin formation 
and tectonics (Coira et al., 1982). 'The collision of the Arequipa microplate was in the Late Ordovician. 
(3) The Paleozoic Andes formed together with the North American Appalachians in a single orogeny du- 

ring the collision of the Laurentia and Gondwana continents in the Ordovician (Dalziel et al., 1994). 
(4) An intracratonic evolution of a Pre-Cambrian crystalline area that stabilized in Late Proterozoic- 

Early Cambrian was suggested for the Paleozoic by Hongn (1992) and Mon & Hongn (1991). 
The collision of allochthonous terranes or the rifling and collision of para-allochthonous terranes should 

have a major impact on the crustal thickness and on the thermal regime in the crust, therefore on the phy- 
sical conditions of metamorphism in the crust. The repeated process should lead to poly-deformation and 
poly-metamorphism or to belts of metamorphic rocks with different isotopic ages. 
We present new data on the metamorphic conditions from all outcrops of high grade metamorphic rocks 
in N-Chile and from a selected area in NW-Argentina. Field relations (Fig. 1) in N-Chile (Lucassen et al., 
1994) and in parts of the Hombre Muerto-Sierra de Quilmes in NW- Argentina (Becchio, Viramonte) 
were studied during several field trips. Based on the mineral chemistry we calculated P and T by various 
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thermobarometers and multi-equilibria calculations (Berman, 199 1). Along a W - E section, we determin- 
ed ages on minerals in the Sm-Nd system and in the K-Ar system. Snn-Nd ages were determined at the 
isotope laboratory at the RHBNC, K-Ar ages at the laboratory at the Universiut GBttingen and by Krue- 
ger Enterprise Inc., M.A.. USA. 
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METAMORPHIC CONDITIONS AND ISOTOPIC AGES 

Ductile deformation causes one major foliation (S,) N-S trend in all outcrops. S,  is marked by the ali- 
gnement of the peak-metamorphic mineral assemblages. A wider spaced foliation (S,) is rare and was al- 
so formed close to peak-metamorphic conditions. Granoblastic fabrics are common in migmatite and in 
rocks transitional to granulite. S ,  in these rocks is frequently marked by compositional layering. We 
found no relics of the prograde development in metasedimentary rocks. Primary magmatic fabrics of the 
protolith are preserved in deformation-protected areas of some orthogneisses. Neither mineral relics nor 
fabric relics of older metamorphic and deformational events were found. Reaction textures between mi- 
nerals are absent except retrograde reactions (sericitisation, chloritisation). The only prograde reaction 
texture found is the breakdown of muscovite into fibrous sillimanite (Hombre Muerto). Chemical zoning 
of minerals is absent or weak in most samples and restricted to small retrograde rims. A late brittle defor- 
mation is obvious in the kinking or disruption of grains and the formation of small quartz or calcite veins. 
Belen-Tignamar. Temperature in the Belen paragneiss [biotite (bt)-garnet (grt)-kyanite (ky)-muscovite 

(ms)-plagioclase (PI)-quartz (qtz)] which occurs together with bt-hornblende (hbl) orthogneiss was 650°C 
at 6 kbar. The T at the given P agrees with the local occurrence of migmatite. Temperature of the Tigna- 
mar metapelite (bt-grt-ms-potassic feldspar (kfs)-staurolite (st)-pl) ca 15 km south of Belen was - 550°C 
at 5 kbar (PT from multi-equilibria, GASP barometry, gt-bt thermometry). Migmatites were not found in 
this area. Metabasites, which are garnet-free, are rare in both areas. 
Sierra de Moreno. Gneiss or migmatite (bt-pl-qtz) are the most common rock types. Metabasite is rare 
and does generally not contain grt. Locally calcsilcate occurs. Mineral assemblages are not suitable for 
barometry. Calculated temperatures are 550"-650°C (grt-bt) and - 700°C (hbl-pl thermometry). This 
agrees with the occurrence of abundant migmatite. 
Caleta Loa. Migmatite (bt-pl-qtz) is the dominant rock type. Grt-bt pairs yield temperatures between 

600-750°C. 
Mejillones. Gneiss (bt-pl-qtbgrt) with subordinate amphibolite (hbl-grt-pl*qtz) comprise the high grade 

rocks. Temperatures were around 700°C-750°C at - 5 kbar (PT from hbl-pl-grt thermobarometry, hbl-p1 
thermometry). Hbl-cpx equilibra were found in few samples, confirming the high T conditions. 
Limon Verde. The metamorphic succession comprises mainly gneisses (bt-qtz-gmpl) with small inter- 

calations of amphibolite (hbl-grt-orthozoisite (zoi)*pl*qtz). Pressures are 13- 14 kbar at 650-700°C. (PT 
from hbl-pl-grt thermobarometry; hbl-p1 thermometry). 
Hombre Muerto - Sierra de Quilmes. Main rock types are migmatic gneisses (bt-pl-kfs-qtz-ms*grt), cor- 

dierite (cd)-bearing in more aluminous whole rock compositions. Subordinate metabasites (hbl-cpx-pl* 
scapolite) and calcsilcate (calcite-cpx-grt-zoi-titanite (tit)-qtz) were found. Two samples (bt-grt-ms-pl-cd- 
qtz) from the Sierra de Quilmes yield T of - 700-800°C at 5 kbar for core compositions of the rrinerals 
with biotite I and - 470°C at 3 kbar for rim compositions with a secondarily formed biotite I1 that only 
occurs in contact with garnet (PT from multi-equilibria). The breakdown of muscovite is indicated by fi- 
brous sillimanite in muscovite grains. 
Locations of samples used for isotopic age determinations are labelled with numbers (Fig. 1). Sm- Nd 

mineral isochrons were determined at Mejillones (4): Amphibolite (hbl-pl-grt) 524*12 Ma, Nd,=0.5 12332 
*l 3; Sierra de Moreno (Qda. Choja) (5): Calc-silicate (grt-zoi-cpx-tit) 5 12*18 Ma, Nd,=0.5 1 181 3*29; 
Hombre Muerlo (Argentina) (9): Calc-silicate (grt-zoi-cpx-tit-wr) 508*3Ma, Ndi=0.511649*4; Limon 
Verde (8): amphibolite (hbl-zoi-grt-wr) 308*146, Nd,=0.5 12349*179. The poorly defined Limon Verde 
age will be redone. 
K-Ar ages on mineral separates were determined for the same locations and for additional samples from 
Belen-Tignamar, Caleta Loa and Sierra de Moreno. K-Ar ages on intrusions were made to evaluate the 
influence of Carboniferous to Permian intrusions on the isotope system of the metamorphic rocks. Belen 
( l )  orthogneiss (hbl) 358*10Ma; Tignamar (2) orthogneiss (hbl) 389*1 1 Ma; Caleta Loa (3) orthogneiss 
(bt) 170*3; Mejillones (4) amphibolite (hbl) 152*5Ma, gneiss (bt) 151*3Ma; Sierra de Moreno (5) am- 
phibolite (hbl) 406*6Ma, migmatite (bt) 296*6Ma; (6) migmatite (hbl) 422*12Ma; (7) a sucession of 
samples from the contact with granite (bt) 300*8Ma, micaschist (bt) 284*6Ma, amphibolite (hbl) 327*9) 
Ma, amphibolite (hbl) 382*11Ma; Limon Verde (8) amphibolite (hbl) 235*6Ma; gneiss (bt) 234*5Ma; 
Hombre Muerto (9) migmatic gneiss (bt) 392*8Ma. 
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DISCUSSION 

High T, low P conditions of metamorphism in the high grade rocks of N-Chile (Belen-Tignamar, Caleta 
Loa, Mejillones, Sierra De Moreno) and of NW-Argentina (Hombre Muerto- Sierra de Quilmes) are ve- 
ry similar, indicating a high thermal gradient at mid-crustal levels (ca 15-20 km). Peak-metamorphism 
occurred at 500 Ma. A 500 Ma Rb-Sr age from metamorphic rocks is also known from Belen (Pacci et 
al., 1980 in Damm et al, 1990). K-Ar mineral ages indicate cooling of the metamorphic rocks to T below 
500-300°C at around 400 Ma for Belen, Sierra de Moreno and Hombre Muerto. Similar ages were recent- 
ly determined from the Salar de Antofalla basement (B. Kraemer, Berlin, pers. comun.) and are known 
for the whole area (Damm et al., 1990; Maksaev, 1990). Ages in the metamorphic rocks can be reset by 
Carboniferous intrusions, whereas K-Ar ages in the Coast Range (Mejillones, Caleta Loa) are reset to the 
cooling ages (140- 170 Ma; Maksaev, 1990) of abundant Jurassic intr~~sions. 
The exhumation close to the present erosion surface is indicated by erosional unconformities of 
Devonian(?)-Carboniferous to Permian (?) age and by the high-level intrusions of granites at ca. 300 Ma 
(Breitkreuz, 1986; Maksaev, 1990; our data). At Caleta Loa the metaimorphic rocks are intruded by high- 
level granites with an age of 322 Ma (Maksaev, 1990), indicating, that these metamorphic rocks were al- 
ready exhumed in the Carboniferous. Therefore, we suggest a similar metamorphic, cooling and exhu- 
mation history for Belen-Tignamar, Caleta Loa, Mejillones, Sierra de Moreno and the Hombre Muerto - 
Sierra de Quilmes area. The time between peak-metamorphism and cooling below 500-300°C is ca 100 
Ma, pointing to a slow uplift and cooling or to a long residence of the rocks at the depth of their 
format ion. 
Metamorphic conditions in the Limon Verde rocks are different and reveal high P (corresponding to -40 

km depth) at a moderate geothermal gradient. In the given frame of Early Paleozoic metamorphic rocks 
and the belt of Devonian-Carboniferous sedimentary rocks (Fig. 1) the meaning of this crustal unit is not 
yet clear. Age of metamorphism could be 300 Ma (Rb-Sr wr 300 Ma; Maksaev, 1990) or even younger 
(K-Ar ages of 235 Ma). Closely associated granites, which are separated from the metamorphic rocks by 
a fault, intruded at -300 Ma, (Damm et al., 1990) into a high-level. The K-Ar ages (235 Ma) of the meta- 
morphic rocks were not influenced by the granitoids. 

Distribution, age and type of metamorphism does not support the ideas of continental growth by terrane 
accretion, regardless the mechanism, during the Late Proterozoic-Paleozoic for the area between 
18"-26"s (Fig. 1): No separate metamorphic belts with different ages developed, no relics of older meta- 
morphic events (e.g. granulite metamorphism such as in the Peruvian Arequipa Massif at 1198-970 Ma, 
Wasteneys et al., 1993 in Dalziel et al., 1994) were found. With the closure of oceans and the accretion of 
terranes one would expect tectonic collision. Collision regimes (e.g. the Alpes) with crustal thickenning 
do not favour high T-low P metamorphism combined with slow exl~umation. Interpretation of our data 
favours an event for the high grade metamorphism around 500 Ma ,with a high heat flow at mid-crustal 
level and without major crustal thickenning. The abundant intrusions in NW-Argentina with ages of 500- 
430 Ma (Rapela et al., 1990) that are also present in N-Chile (Damm et al., 1990) and the presence of or- 
thogneisses and could be a hint to syntectonic magmatic activity. 
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INTRODUCTION 

Similar to paired metamorphic belts, the metamorphic basement within the coastal ranges of 
Chile south of 34"s can roughly be divided into a Western Series of low grade metamorphic rocks locally 
containing high-pressure, low-temperature rocks (e.g. glaucophane schists) and an Eastern Series with 
intermediate to high grade rocks metamorphosed under low pressure conditions (Gonzalez Bonorino & 
Aguirre, 1971; Aguirre et al., 1972). In the Western Series metagreywackes and metapelites dominate. 
Subordinate are greenschists, which partly show relic pillow structures and MORB signature. Intercalated 
are lenses of serpentinite, massive Fe-Cu-Zn-sulphides and metacherts. The thick clastic sequences of the 
Western Series are probably of Silurian to Devonian sedimentary age. Metamorphic ages are not older 
than Carboniferous younging towards the South (Hewt, 1988). The low grade Western Series is 
interpreted as part of an accretionary prism (Hewe, 1988). 

Because P-T data for the peak of metamorphism are very rare in the area and also related to 
some exceptional rocks (e.g. Collao et al., 1986), our aim was to study also the common metasediments 
for deciphering the P-T evolution. For that purpose, we concentrated strongly on the variable 
compositions of the minerals, mainly phengites and amphiboles, in the rocks. For the detailed 
petrological studies, we selected, so far, the following areas: (1) a region between Pichilemu and 
Constitucion, (2) an area around Mehuin N of Valdivia. 

PETROLOGICAL RESULTS 

On the basis of numerous thin sections of various rock types a selection was made to investigate 
some rocks with the aid of the electron microprobe in detail. So far, we have studied several metapelites, 
greenschists, blueschists, meta-ironstones and quarzites. 

Metapelites often contain the mineral assemblage chlorite, phengite, quartz and albite. Biotite 
can be occassionally present. Greenschists are also characterized by a common mineral assemblages: 
albite, chlorite, epidote, Ca-amphibole with minor phengite and quartz. Blueschists are very similar but 
contain Na-amphibole instead of Ca-amphibole and occasionally stilpnomelane. The latter mineral is 
abundant in meta-ironstones sometimes coexisting with garnet. Stilpnomelane, mssmanite, and quartz 
was also found in such rock types. 

Blue amphiboles from Pichilemu are crossite or glaucophane sometimes surrounded by 
actinolites (Table l), which typically occur in greenschists. Phengites from blueschists can contain Si 
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contents around 7.0 per double formula unit, but rim compositions ;are clearly lower in Si and also show 
significant Fe3+ (Table 1). The same compositional feature is also typical for metapelites. 

First attempts were made to apply thermodynamic mineral data for the calculation of the 
metamorphic P-T conditions with the PTAX software package using the variable mineral compositions 
(cf. Massonne, 1995). Metamorphic temperatures were in the range 300' to 400°C. Maximum pressures 
were around 8 kbar. During the metamorphic evolution, a significanlt pressure decrease occurred. 

Table 1: Representative analyses of minerals from a rnetapelite of the Mehuin 
area (sample CM9) and from blueschists from Pichilemu (samples MIL3404 
and MIL3409). Structural formulae were calculated on the basis of (1) 42 Val. + 
Na + K + Ba12 and a maximum of 4.1 octahedral cations for phengites and (2) 
15 + A cations, 0 = 23 for amphiboles 

Metapelite 
Phengites 

core rim core 
10666164 10666162 1 0078196 

Metr~basites 
Amphiboles 

rim core rim 
10078199 101 12110 101 1215 

6.782 7.950 7.710 
0.2 18 0.050 0.290 
2.534 1.350 0.049 
0.004 0.002 0 
0.003 0.006 0.005 
0.473 0.678 0.382 
0.1 14 1.155 1.623 
0.006 0.018 0.039 
0.965 1.792 2.902 

0 0.065 1.721 
0.029 1 .877 0.378 
1 .870 0.002 0.030 

0 0 0 

CONCLUSIONS 

Generalizing our new petrological results, the Palaeozoic metamorphic rocks of the Chilean 
Coastal Range had experienced very similar peak metamorphic conditions at high pressures and low 
temperatures. However, the rocks are strongly overprinted at greenschist facies conditions. High Si 
phengite compositions witness the high-pressure event even in clearly retrogressed metapelites. Relics of 
blue amphibole prove this in metabasites. Under these circumstances, the idea that the thick clastic 
sequence of the Western Series is part of an accretionary prism must strongly be considered. 
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For several years a lively discussion is in progress, whether the Early Palaeozoic orogenic events 
occurring at the South American active continental margin are due to the collision between Laurentia and 
Gondwana (e.g. DALZIEL et al. 1994) or not. Already published and new isotope data aim at a better 
understanding of the timing of intrusive, metamorphic and deformational events in NW Argentina. These 
age data are substantial for recognition of a potential Laurentia-Gondwana interaction during the Early 
Palaeozoic. 

AGES OF MAGMATISM AND METAMORPHISM 

BACHMANN et al. (1986) described Rb-Sr thin slab ages of 554 Ma for gneisses from the Sierra de 
Ancasti and the Sierra de Aconquija (Catamarca, Tucumhn). Similar K-Ar ages occur near Tucurnhn 
(ADAMS et al. 1989). These data document a strong late Vendian to Early Cambrian subduction of an 
accretionary wedge along the GondwanalPacific margin (WILLNER et al. 1987). The high velocity of 
burial and subsequent rising is further clearly proved-by the very late Vendian to Early Cambrian age of 
some of the subducted sediments (DURAND & AZENOLAZA 1990, MILLER et al. 1994). At about 5 15 
Ma sedimentation and metamorphism are followed by plutonism, which is acid in the north 
(BACHMANN et al. 1987) and basic in the south of the considered area (GRISSOM 1991; 
SCHALAMUK et al. 1983). 

After this first stage of plutonism orogenic activity ceased and only reappeared at 480 Ma with wide- 
spread intrusions of granitic to trondhjemitic magmas (LORK et al. 199 1, KNUVER & MILLER 1982, 
RAPELA et al. 1992). This stage of magmatism is particularly important in the Sierra de Cachi 
(unpublished data by A. LORK). Magmatism and accompanying metamorphism continued till the end of 
the Ordovician and partly up to the Early Carboniferous. Hence, for NW Argentina the following Late 
Precarnbrian to Early Palaeozoic history is documented: 

A Vendian to Early Cambrian passive continental margin (JEZEK & MILLER 1987) changed to an active 
one in the Middle Cambrian, when Laurentia probably was far off the margin of Gondwana (GRUNOW 
1995). 

Back-arc basins were filled up with volcanic and sedimentary rocks in the Early and Middle Ordovician, 
but a second phase of actual orogeny did not occur before the Middle and Late Ordovician (Famatina 
orogeny). The composition of magmas developed continuously from mantle source to strongly crustal 
contaminated (SCHON 199 1, REISSINGER 1983, RAPELA et al. 1992). 
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Between 515 and 480 Ma magmatic, metamorphic and deformaticmal events are remarkably scarce. 
However, in this time span magmas evolved within the crust becoming more acid and K-rich. Zircons 
which had formed in the fust magmatic phase (volcanic events within the uppermost, Early Cambrian 
parts of the Puncoviscana Formation) are found in Middle Ordovicisin granitoids of the Sierra de Cachi 
(LORK et al. 1991). They can be deduced from the melting of Puncoviscana Formation volcano- 
sedimentary rocks within the Middle Ordovician magmas, but they can be simple relics of the Middle 
Cambrian magmas as well. 

I 

6 8 O W  66" W 

l!ilii Faja Eruptiva de la Puna 
I Granitoids 

a Puncoviscana Formation 
and Equivalents 

[Z] Zircon 
[M] Monazite 

[error + 1-1 Mal 

Aguas Calientes 
481 Ma [M1 Hu~nahuaca 
479 Ma [M1 

El Vallecito ------- 
467 Ma [M1 
468 Ma [M1 

'-- La Angostura 
462 Ma [M1 

Fig. I .  U-Pb ages of the Cordillera Oriental and Faja Eruptiva de /a Puna; partly unpublished data by 
kind permission of A. Lork. 
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CONCLUSIONS 

Following isotope geochronology, the history of the NW Argentinian Gondwana margin in the Early 
Palaeozoic is mostly governed by a discontinuous oceanlcontinent subduction regime. An interruption of 
orogenic events occurred just at the time, when Gondwana may have been on the way to meet Laurentia 
(GRUNOW 1995). It is not clear, why during that time of very rapid moving together of both continents 
(several tens of rnla?) orogenic events in the Andean basement are lacking or at least unimportant. On the 
other hand they continued from the Middle Ordovician up to the Silurian, much time after the supposed 
collision of Laurentia with Gondwana had occurred (DALLA SALDA et al. 1992), and when Laurentia 
yet had moved away to € i d  its Permian position. Hence, Laurentia may have indirectly influenced the 
history of the Andean basement, but not by an actual continentlcontinent collision. 

This paper forms part of IGCP project 345, Andean Lithosperic Evolution. It was supported by Deutsche 
Forschungsgemeinschafi. 
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INTRODUCTION 

The Permian to Jurassic silicic igneous prcvinces of southern South America are characteristic of the 
Gondwana supercontinental stage in this region. "Gondwana" magmatism exhibits distinctive 
composition, geological setting and spatial distribution compared with those typical of the Cretaceous 
to modem Andes. Whereas the large rhyolite provinces of Permian-Triassic and Middle Jurassic age have 
attracted much attention (e.g. Kay et al.. 1989; Pankhurst & Rapela. 1995), the role of the intraplate 
batholiths has usually been overlooked. The precise timing and complete compositional characterization 
of both episodes are crucial to an understanding of the early stages that lead to "Andean type subduction" 
and the mechanisms that triggered the breakup of the supercontinent. New Rb-Sr geochronological 
and geochemical data are reported for three key localities of northern Patagonia that, together with results 
from previous studies, allow us to reach a broader view of the "Gondwana" magmatic episode and its 
possible tectonic scenario. 

INNER CORDILLERAN BATHOLITHS AND COEVAL VOLCANISM 

Recent geochronological and geochemical studies have shown that a series of calc-alkaline batholiths and 
plutons was emplaced in central and south-eastern Patagonia during the interval from 220 to 200 Ma 
(Rapela et al., 1992; Rapela & Pankhurst, in press). This episode preceded the eruption of the widespread 
syn-extensional rhyolites and related rocks of the Patagonian Jurassic Volcanic Province (Fig.1) by some 
10-30 Ma. The main subdivisions of this Late Triassic-Early Jurassic intrusive episode are: (a) the 
NNW-ESE Batholith of Central Patagonia, closely associated with the Gastre Fault System, (b) 
Subcordilleran plutonism between 40 and MP S and (c) the monzonite suites of the Deseado Massif at 4gQ 
S. Permian intrusive rocks are restricted to north-central Patagonia, near the Chasicd area (Pankhurst et 
al., 1992). 
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3)~atholith of Central Patagonia 

4)~onzonite suites of the 
Deseado Massif 

5)Colangiiil batholith o lgo&W 

Figure 1: Simplified geological 
map showing the distribution of 
Pennian to Jurassic magmatic 
rocks in southern South America. 
Insert shows the regional 
distribution of the Triassic-Early 
Jurassic extensional basins (Uliana 
et al., 1989). 

A common characteristic of all these high-level or subvolcanic plutons is the predominance of an 
intermediate igneous facies ranging in composition from hornblende-biotite granodiorite to quartz- 
monzonite (typically 6569% Si02; Fig.2a). This facies shows a transition to abundant biotite granites 
(70-74% Si02) and leucogranites (7577% Si02). Rocks with less than 65% Si02 (diorite to quartz 
monzodiorite) have been found in the suites of the Deseado Massif, but they are restricted to a marginal 
facies and enclaves, which have been interpreted as cumulus-rich (differentiates (Rapela & Pankhurst, in 
press). Geochemical data for the Batholith of Central Patagonia and Deseado suites display an arc- 
dominated signature. and the isotopic data (initial 87Sr186Sr = 0.7048 to 0.7058 and ~ N d t  = -0.3 to -3.1) 
are consistent with an origin in the mantle or depleted lower crust (Rapela et al., 1992; Rapela & 
Pankhurst, in press). 
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Figure 2: Alkali-silica variation diagram of Pennian to Jurassic magmatic rocks of Patagonia. (a) the field 
of plutonic rocks is from Rapela & Llamblas, 1985; Rapela & Pankhurst 1996 and Rapela et al., 1992. 
(b) the field of the Jurassic Volcanic Province is from Pankhurst & Rapela, 1995. Note that the 
hornblende-bearing Late Triassic volcanic rocks of Los Menucos show a different compositional range to 
that of the silicic members of the Jurassic Volcanic Province. 

The hornblende-biotite dacite ignimbrites of Los Menucos in northern Patagonia (Figs 1, 2) are 
especially significant since related air-fall deposits carry a rich Dicroidium and other associated flora 
(Labudia et al., 1995). Fourteen ignirnbrite samples define a perfect Rb-Sr whole-rock isochron (MSWD 
= 1.1). corresponding to an age of 222 + 2 Ma and initial 87Srl86Sr ratio of 0.7079 f 0.0001. 
Hornblende-biotite granodiorites and consanguineous aplites of the Chasicb area 90 km north-west of Los 
Menucos (Fig. 1, 2a) give an isochron relationship (MSWD = 0.8) corresponding to an age of 210 + 2 
Ma and an initial 87Sr/86Sr ratio of 0.7058 + 0.0001. These results indicate that equivalent intermediate- 
to-evolved calc-alkaline volcanism accompanied the intrusion of the early-emplaced suites of the 
Batholith of Central Patagonia in the Gastre area (220 f 3 Ma. Rapela et al., 1992). The shallow 
emplacement of these bodior i t ic  (dacitic) magmas see 7s to have occurred over a period of at least 20 
Ma in northern Patagonia. 

VOLCANIC PROVINCES 

The Jurassic volcanic rocks of eastern Patagonia are part of one of the largest known silicic igneous 
provinces (Fig. 1). Rb-Sr geochronology has indicated eruptive ages of 168-190 Ma and significant 
southward diachronism of activity (Pankhurst & Rapela, 1995). The whole province is dominated by 
high-K rhyolites, but less evolved rocks (47-62% Si02) showing subalkaline major and trace element 
geochemistry are sometimes mappable as separate units or occur as a very minor phase within the 
rhyolite outcrops (Fig. 2b). At individual localities there is always a variable gap in Si02 between the 
dominant rhyolites and the intermediate-basic volcanics, defining a bimodal assemblage (Fig. 2b). The 
majority of the rocks in the most intensively studied, northeastern, part of the province are isotopically 
uniform, with initial 87Srl86Sr = 0.7067 + 0.0003 and ~ N d t  = -4 f 2. It has been argued that this 
represents large-scale reworking of relatively unevolved Proterozoic lower crust. 

New Rb-Sr isotope data on 13 samples for the Lihue Calel rhyolitic ignimbrites 250 km to the north of 
the Jurassic Province (Fig. 1) give a perfect fit to the isochron model (MSWD = 1.2). with an initial 
87Sr/86Sr ratio of 0.7075 +- 0.0001and an age of 240 + 2 Ma (Early Triassic). Like the Jurassic volcanic 
rocks this sequence is bimodal, but has a strongly alkaline signature (Fig. 2b). The more basic 
trachyandesite and trachydacite members plot on the same isochron as the dominant rhyolites, indicating 
a cogenetic origin. This observation also holds true for some of the andesites and rhyolites of the 
Jurassic suite (Pankhurst & Rapela, 1995). 
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The overall picture of Gondwana magmatism that is begining to emerge from these studies is one of 
repeated alternation between inner cordilleran calc-alkaline batholirl~s and bimodal volcanic rocks. The 
first of these cycles began north of Patagonia, at 28-38%, and is represented by calc-alkaline plutonic 
rocks of the ColangIiil batholith (320-260 Ma, Llambias & Sato, 1995; see Fig. 1). This phase was 
followed by widespread eruption of rhyolites of the Choiyoi Pro~ince (Kay et al., 1989). with some 
coeval intermediate volcanic rocks and granites (s.s) (Llambias & Sato, 1995). The Lihue Calel 
ignimbrites are among the most easterly examples of this event. Calc-alkaline plutonism was then 
renewed in northern Patagonia (220-200 Ma), followed by the most widespread silicic volcanism in 
Jurassic times (190-165 Ma). The combined evidence of the plutonic and volcanic history thus 
reveals alternations that may reflect changes in the tectonic regime. [t could be postulated. for example, 
that the plutonic episodes correspond to periods of oblique-slip subd~iction and that these alternated with 
periods of cessation or slowing of subduction during which magmatism was represented by extensive 
silicic volcanism. 
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INTRODUCTION AND GEOLOGICAL SETTING 

DESCRIPTION OF THE LITHOLOGICAL FACIES 

The Frontal Cordillera Basement (FCB) conforms a NNE-SSW elongated belt, 230 km long, 

Micaceous, calcareous and amphibole sclusts: This group encloses a set of metasedlmentites, 
most of them rich in calcareous minerals, sometimes with nodular and horizontal layered segregation of 
quartz accordng with the schistosity. The micaceous schists contain muscovite and biotite in similar 

running from the RIO Tunuyan in the south to the Precordllera in the 
north. Along this belt lithological differences can be appreciated. In the 
Precordillera area, most of the components of the basement are low grade 
metamorphic rocks such as calcareous sclusts, limestones, slates and 
phyllites. Scarce basic igneous rocks are interbedded in the 
metasedmentary sequence. The ultrabasic rocks are mostly represented in 
the northern area, (Cortaderas, Rivadavia and Mendocina Mines). In the 
Rio de Las Tunas area (Fig. 1) the basement rocks are represented by 
micaceous and quartz-feldspar schists, calcareous schists, limestones, 
metapelites, pillow lavas and igneous basic rocks. In the Rio Tunuyan area 
the basement rocks are mainly micaceous and quartz-feldspar rock, but not 
detailed work has been done. The FCB was considered by Ramos et at. 
(1986) as remains of the Chilenia terrane, that collided against the western 
border of the Gondwana during Devonian times. However only a few 
papers relative to the nature of the FCB rocks have been published 
(Caminos, 1965; Villar, 1969; Caminos et al., 1982; Villar and Donnari, 
1989; Bjerg et al, 1990; Haller and Ramos, 1993; and Gregori and Bjerg, 
in press). Most of them are focused on the characteristics of the mafic and 
ultrabasic rocks but not on the metamorphic rocks. In tlus paper we 
present new lithological facies data and a brief description on the structure 
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of the FCB rocks in the Rio de las Tunas, in order to obtain new Figure 1. Map of localities. 
information on the nature of these rocks. 
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percentage. In the first profile (Fig. 2A), the amount of calcite increase and micas decrease gradually to 
the west, to turn into calcareous schists. In the calcareous schists the representative mineral is coarse 
grained calcite. Low quantities of tremolite occurs in thin lenses, interbedded with micaceous 
components. They usually conform fining upward sequences, foliated in the bottom gradng to massive 
in upper layers. Small outcrops of amplubole schists, composed by segregation of quartz, feldspar and 
plagioclase alternating with layers of tremolite and epidote are interbedded in the other rocks 

Metapelites: This group include fine grained lithologes, sometimes containing garnet. Most of 
them have high quantities of calcareous minerals gving these rocks a marly composition. Metapelites 
are deformed showing sclustosity accordng with the regional foliation. They are interlayed with schists, 
forming the top of fining upward sequences. 

Calcareous rocks. Calcareous rocks include limestones, mudstones and associated marbles. 
They are sigruficant constituents of the FCB. Limestones are composed by coarse grained impure calcite. 
Usually, they are massive and interbedded with sclusts and pelitic rocks. These rocks are assembled as 
coarsening upward sequences showing dsturbed structures, resembling calcareous bars. In the first 
profile (Fig. 2 a y b), they present low scale folding. In most cases the calcareous rocks conform 
extended bodies that changing to schists westwards. The mudstones occurs in the Rio de las Tunas 
profile (Fig. 2b) about 2 km, west of the cross section beginning. They show transitional contacts from 
limestones to mudstones, due to the increment of mud amount. A typical feature is the presence of 
stratfication and banded structures. Folding in the order of 1-2 cm. is; common. Silicified layers mainly 
restricted to the contact with metabasites are present in mudtones. Marble is a rare component in the 
basement. It is composed of white, coarse grained calcite enclosing big crystals of chlorite. This rock is 
interlayered with tlun layers of calcareous and micaceous schists. 

Metabasites and related rocks: Metamorphosed basic rocks and associated metasomatic rocks, 
as blackwall, are very voluminous in the FCB. The metabasites include four groups: pre-metamorphic 
dikes, syn metamorphic, post-metamorphic bodies and pillow lavas. E're-metamorphic dikes have been 
mostly recogrused in profile l (Fig. 2a). They are 1-2 m thick and intrude the sedimentary sequence. 
Porphiritic texture composed by hornblende, plagioclase and minor quantities of feldspar is typically 
displayed. Main metamorphic mineral is garnet and occurs as widespread coarse crystals. Abundant 
calcareous minerals replacing plagioclase conform a fine white matrix. The rocks are strongly affected 
by metamorplusm and deformation. Syn and post metamorphic bodies were recognised in both profiles. 
Syn- metamorphic rocks are abundant in the 12 Hermanos Mine profile. They occur as dikes up to 60 m 
tluck or sheet flows Dikes show porpluritic texture changing consecutively from coarse to fine grained 
attributed to dike in dike processes. Flow remains display alternating layers of brecciated and massive 
rock up to 3m thick beds. Foliation at the bottom of the beds and vesiculation at the top is clearly 
observed. Samples are composed by plagioclase and hornblende. According with the petrologcal and 
textural characteristics they are classified as amplubolites. Acidic segregation was found in transitional 
contact of 1 m tluck within the syn metamorpluc W e s .  They are more abundant and better exposed in 
profile 2 (Fig 2 c) in up 5 m wide expositions whereas the acidic Wy itself reach thiclcness of 2-3 m. 
The rocks e h b i t  a coarse grained granular texture, mainly composeld by quartz, plagioclase and biotite. 
The post-metamorphic bodies were recognised only in the first profile. They conform dark W e s  up to 
100 m diameter, intruding the calcareous sclust and mudstones. There rocks are relatively undeformated 
and retain their original microgranular texture. Important outcrops of pillow lavas were identified at the 
studied area. They appear interbedded with calcareous and micaceou,~ sclust, as well as metapelites. 
These rocks have suffered alteration and deformation. Blackwall (40 m thick) and talc schists restricted 
to the contact between the pillow lavas and the schists are common. Lava bodies are altered to a talc and 
serpentine minerals. Indvidual pillow size ranges from 20 to 40 cm, but in some cases diameters up to 1 
m were observed, 
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ARRANGEMENT OF LITHOLOGICAL FACIES AND STRUCTURAL CHARACTERISTICS 

The FCB contains a variety of interlayered lnetasedimentay and metavolcanic rocks. 
Micaceous metasedmentary rocks are confined to the eastern area, grading into thick calcareous bodies 
westwards. Metasediments conforming fining upward and minor coarsening upward sequences are 
restricted to the eastern middle section. Limestones and marbles are predominant at the northwestenl 
sides. (Fig. 2). Mudstolles interlayered with metabasites are restricted to the west area. Metapelites are a 

Micaceous, mphibdic 
.J f.J and calcaears schist Q m Metamorphosed 

basic dikes Grmite R Metqdite 
Syn and postmatamorphic f fi*n m ~imntona basicbakes 

Figurc 2. a-b: Rio de las Tunas profilc. c-d: 12 Hcrmanos Minc profilc 

rare element in this FCB section. They are interbedded with schists and metacarbonates forming the top 
of western sedimentary sequences. A remarkably large body of syn-metamorphic basic rocks 
predomillates in the 12 Hernlanos Mine profile represented by lava flows sequences. In the eastern side 
of the area the sheet flows are predominant. Similar textures and setting assemblages suggest the same 
volcanic origin for these rocks. confornling a typical volcanoclastic sequence. Pre and post metamorphic 
volcanic bodies are restricted to the northern area. Finally, pillow laws are an inlportant colnponent in 
FCB, but specially predonlinant southwards. Localities in which well-preserved volcanic features were 
observed they form &scontinuous layers with sharp conformable contact against the metasedilnentary 
units. A brief structural analysis of the different conlponents of this nletamorpllic belt section has been 
sketched. The FCB rocks ha\.e suffered a strong deformation represented by an important high scale 
foldng (wavelength - 100 m) with minor low scale folds (wavelength - 10-20 cm) associated. In the 
second profile (Fig 2 d) metabasites exhibit overprint folding in two main directions: N 60°E and N 30" 
W. Foldng features are interrupted by faulting representing a later defornlational event. 
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CONCLUSIONS 

The clastic rocks of the FCB (calcareous and inicaceous schists) were probably deposited in a 
marine platform environment. whereas the metapelites, lava flows and pillow lavas denote deeper 
environments. T h s  assemblage represents an up to 3 km thck tectonic melange. Similarities in the 
lithology and the emplacement features of the FCB components with California Klamath Mountains 
(Donato, 1989) suggest they are parts of an opholitic sequence. Villar & Donari (1989) described and 
interpreted an assemblage of mafic rocks to the south of 12 Hermano!; Mine profile as belonging to an 
ophiolitic sequence. Also metavolcanic rocks with similar characteristics were recognised by Gregori & 
Bjerg (in press) in the Arroyo Metales, 20 km southwestwards. In the Precordillera, similar 
arrangements were found by Haller & Ramos (1993) and Davies et a1 (in press). 
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INTRODUCTION 

The pre-Andean tectonic evolution of the western continental margin of 
southern South America involves the possible accretion and displacement of mobile 
terranes during Late Proterozoic and Paleozoic times (e.g. Rarnos, 1988). In 
particular, the Cambrian-Ordovician carbonate platform of the Argentine Precordillera, 
and its southward continuation in the San Rafael Block, has been proposed of being a 
Laurentian terrane that was accreted to Gondwana in the Early Paleozoic (e.g. Astini 
et al, 1995). However, up to date no paleomagnetic data has been obtained from rocks 
of that age from this region to test this proposal. Evidence of an important Permian 
remagnetizing event in Precordillera was firstly presented by Rapalini and Tarling 
(1993). This remagnetization has so far precluded from obtaining primary remanence 
directions from Cambrian-Ordovician limestones in this region. In order to constrain 
the paleogeographic evolution of this terrane in the Early Paleozoic a paleomagnetic 
study was carried out on the Middle Ordovician carbonatic rocks of the Ponon Trehue 
Fm. exposed in the San Rafael Block (western Argentina, Fig.2a). A complementary 
paleomagnetic study was also done on the Late Carboniferous clastic sedirnents of the 
El Imperial Formation, also exposed in the area. The results of this study show that 
both units carry an old characteristic magnetization that was acquired during the 
folding of the rocks in Early Perrnian times caused by the San Rafaelic tectonic event. 

RESULTS AND INTERPRETATION 

Six and seven sampling sites (thirty eight and forty-four samples) were located 
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on the Ponon Trehue and El imperial Formations respectively. The former was 
sampled on opposite limbs of a tight anticline, while the latter was sampled on two 
different sections separated around 5 km. One of these sections '(sites PJ6 and PJ7) 
was overturned. Standard paleomagnetic demagnetization of all samples was done 
with either AF or thermal procedures. While the former was efficient only in four 
sites of the Ponon Trehue Fm., the latter was the most effective in isolating the 
magnetic components in all other sites. Figure 1 shows typical magnetic behaviour of 
samples from the Ponon Trehue Fm. (Fi. la, lb) and El Imperial Fm. (Fig. lc). In both 
cases most samples were carrier of two consistent magnetic components that were 
defined by principal component analyses (Kirshvink, 1980). One directed up and 
north (component A), coincident with the present dipole direction, was deleted in most 
cases at temperatures around 150 to 300°C (Fig.lb, lc). This suggests a viscous and/or 
a chemical recent secondary magnetization. A secon~d magnetic component (B) 
directed down and south was isolated between 300 and 550°C in the Ordovician 
limestones, suggesting magnetite as the main ferromiagnetic carrier. A similar 
component was defined in the Carboniferous sandstclnes between 400 and 690°C, 
suggesting hematite as the carrier of the remanence. Mean sites direction were 
computed for component B (Table 1). Only mean s.ite direction from PJ-3 was ruled 
out due to a high a95, all others showing very good. within site consistency of 
directions (a95<15"). Application of stepwise structural correction and McFadden's 
(1990) fold test indicated that the remanence was acquired during deformation of the 
rocks. Maxima of Fisher's k parameter were attaineid for 21% (Ponon Trehue Fm.) 
and 38% (El Imperial Fm.) of structural corrections. In both cases the fold test was 
significant at a 99% confidence level. 
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Fig.1. Representative magnetic behaviour of samples from the Ponon Trehue (A, B) 
and El Imperial (C) Formations 
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Two paleomagnetic poles were computed from the partially corrected mean 
remanence directions, PN: 25.0" E 53.4" S a95: 8.8", El: 0.8" E 48.6" S a95: 19.6" 
(Fig.2b). The position of these poles is close to other late Carboniferous and early 
Permian poles from South America. This is consistent with the Early Permian age of 
the San Rafaelic tectonic phase that affected the western margin of southern South 
America in the late Early Permian (280-272 Ma, LLambias & Sato, 1995). Late 
Permian volcanics in the study area are not affected by this deformation. It is 
remarkable the coincidence of PN and E1 poles with other remagnetized poles from 
the Argentine Precordillera (e.g. the Hoyada Verde HV, the Alcaparrosa AL and the 
San Juan limestones SJ poles, see Fig.2). The latter were assigned to a remagnetizing 
event affecting the Central and Western Precordillera during Early Permian times and 
linked to the San Rafaelic tectonic phase. The new results suggests that the region 
affected by this remagnetizing event also comprises the San Rafaelic Block, several 
hundred km. south of Precordillera. Detailed rock magnetic studies of these units 
should shed light on the mechanisms of this regional remagnetizing events. 

r Sampllng locdlty 

r j  Perrnlan remogndlzed pde 

Mean South Amtican pole 

(.. . South Anwrlcan pok 

Fig.2a. Location map of the studied area (shaded rectangle). In black, outcrops of 
Early Paleozoic rocks (simplified from Cuerda et al, 1993). 2b. Late Paleozoic 
apparent polar wander path for South America and distribution of remagnetized poles 
from Precordillera and San Rafael Block (squares). C-P and PTr: Late Carboniferous 
- Early Permian and Late Permian - Early Triassic mean poles for South .America 
(Rapalini et al, 1993). 
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FORMATION SITE N REMANENCE (h shu) STRUCT. CORRECT. REM (h11 corrected) 

_- -- - - . -..---9a_c:.(3 -. -!E C)-.!?? CL - I(- - - . - ~ t ~ !  JP --ES(3--lnc. 0 .. 
Ponon Trehue F. Ln-l 6 124.8 28.2 10.0 45.8 182 71 205.2 58.6 

Ln-2 3 116.8 41.5 12.2 101.8 182 71 234.2 59.12 
Ln-3 5 139.2 31.7 5.2 216.5 182 71 208.3 45.8 
Ln-4 6 128.0 36.0 4.6 207.7 182 7 1  217.8 54.1 
LW5 6 150.5 46.9 9.5 50.0 350 64 120.4 6.6 
Ln-6 5 162.4 40.3 15.8 . 24.2 350 64 130.3 11.1 

&an sites (m situ) 6 136.5 39.2 12.5 29.9 
Mean sites (1 W % correct) 6 174.6 49.6 40.4 3.7 
Mean sites (21 % correct) 6 139.2 44.0 7.9 72 

El h p a i a l  F. Pj- l 5 114.8 34.1 14.0 30.7 155 81 191.6 37.9 
Pj-2 5 118.7 26.3 8.0 91.6 155 81 181.1 59.1 
Pj-3 3 127.7 28.6 30.4 17.5 
Pj-4 4 115.6 32.3 5.4 286.5 155 81 189.2 37.8 
Pj-5 4 113.3 32.0 9.7 90.4 155 81 189.5 39.8 
PJ-6 4 236.6 62.8 12.1 58.8 337 111 71.7 5.7 
Pj-7 5 222.7 64.1 11.8 42.9 337 111 77.3 2.8 

Mean sites (in situ) 6 130.5 50.7 33.6 4.9 
Mean sites ( l  0 0  % correct) 6 150.5 41.2 54.7 2.5 
Mean sites (38 % correct) 6 130.0 56.0 14.8 21.4 

Table'l. Paleomagnetic data of the Ponon TrehuC and El Imperial Formations. 
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Le nid de sismicité de Pisayambo (Equateur) : vers la naissance d'un volcan ? 
J. Aguilar, J.L. Chatelain, B. Guillier et H. Yepes 

737 séismes enregistrés par le réseau local sont utilisés pour déterminer la géométrie du nid de sismicité de 
Pisayambo. Nous mettons en évidence qu'il est divisé en deux parties localisées l'une au-dessus de l'autre. 
A l'aide du paramètre E de la loi généralisée de Poisson. du paramèbre b et de la distribution temporelle des 
séismes, nous mettons en évidence la nature tectonique des séismes les plus superficiels, alors que les plus 
profonds sont d'origine volcanique, indiquant la possibilité d'un processus de naissance d'un volcan. 

Métamorphisme de bas degré dans les séquences volcaniques mésozoïques et 
cénozoïques de la Patagonie (43O-46" S), Chili 
L. Aguirre, J.A. Cortes, D. Morata et F. Hervé 

Les séquences volcaniques de la Patagonie (43'46" S), d'âge compris entre le Jurassique et le Néogène, ont 
subi un métamorphisme non déformatif de très bas à bas degré en faciès zéolite, prehnite-pumpellyite, 
prehnite-actinote et schistes verts. Le plus haut degré métamorphique correspond aux roches jurassiques 
tandis que les associations de plus faible degré caractérisent les laves du Néogène. Les associations schistes 
verts, particulières aux roches jurassiques, seraient en relation directe avec l'effet thermique des intrusions 
batholithiques d'âge c. 95 Ma. 

Stratigraphie, sédimentologie et évolution tectonique du bassin de Rio Canete: 
chaînes côtières centrales du Pérou 
A.M. Aleman 

Le bassin de Rio Caiiete, dans les chaînes côtières centrales du Pérou, représente une séquence de front d'arc 
tardi-jurassique (Tithonique) à albienne, limitée par des failles, et formée par un processus d'étalement 
intra-arc avorté durant l'évolution précoce des Andes. La séquence, exposée dans la région de Lima, se 
compose de plus de 6000 m de sédiments volcanoclastiques, de coulées de lave, de boues calcaires, de 
pélites, de grès, et de quelques calcaires fossilifères et évaporites. La stratigraphie enregistre plusieurs 
épisodes de volcanisme et d'extension le long et à travers le bassin, et fournit de nouvelles données sur 
l'évolution et la croissance crustale des Andes centrales. 

La structure andine de la Cordillère orientale à partir de profils de sismique réflexion 
YPF retraités 
R.W. Allmendinger et T.R. Zapata 

Pour la première fois, la structure profonde de la Cordillère orientale des Andes centrales de l'extrême nord 
argentin a a pu être imagée, grâce à des lignes de sismique réflection profonde obtenues par corrélation 
étendue de données Vibroseis standard fournies par YPF S.A. Une excellente réflectivité crustale autour de 
13-15s permet d'imager un possible chevauchement au toit d'un duplex d'échelle crustale, ainsi que la 
rampe du mur du décollement subandin. 

Le séisme de Macas (MW 6.8) du 3 octobre 1995 dans le Subandin équatorien 
A. Alvarado, M. Segovia, H. Yepes, B. Guillier, J. L. Chatelain, J. Egred, D. Villagomez, M. Ruiz, P. 
Samaniego et R. Santacruz 

Le séisme de Macas, caractérisé par un mécanisme au foyer avec un plan nodal orienté N30E, s'est produit 
au niveau du bombement structural de Cutucu, sur la bordure occidentale de la zone subandine. Du 3 
octobre au 31 décembre 1995, il  a été enregistré environ 2100 répliques. Suite au séisme de 1987, le 
séisme de Macas met en valeur l'activité tectonique de la zone subandine. 
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La faille de Liquifie-Ofqui: résultats géophysiques dans la région de Puyuhuapi 
M. Araneda et M.S. Avendaiio 

Nous présentons des résultats gravimétriques dans le secteur de Puyuhuapi, le long d'un segment d'une 
mégastructure géologique où la faille de Luiquifie-Ofqui n'affleure pas à la surface. Cette zone est une 
structure faillée d'une largeur moyenne de 1.5 km, qui se répète dans d'autres parties de la mégastructure. 

Gravimétrie dans le Sud des Andes centrales, 38"-40" S 
M. Araneda, M.S. Avendaiio, S. Schmidt, M. Schmitz et H.J. Gotze 

Ce travail est la présentation de résultats préliminaires d'une étude faite à partir de données géophysiques 
entre les latitudes 38"-40" S. Cette étude consiste en un relevé gravimétrique composé de stations distantes 
de 200 mètres à 3 km. Le but est de déterminer les structures géologiques associées à des méga-failles dans 
une région de volcanisme récent, ainsi que la profondeur de la crôute et les structures mineures. 

Contraintes Tectoniques dans le Nord-Ouest de l'Argentine et leurs relations avec les 
principaux seismes superficiels 
M. Araujo et J.C Castano 

Les principales sources sismogeniques dans le Nord-Ouest de l'Argentine sont ici étudiées. Ces séismes 
placent la région au deuxième rang quant à l'importance du risque sismique. Les tremblements de terre 
superficiels ont produit de nombreux dommages le long d'une zone orientée SSW-NNE. Ici, l'orientation 
de la contrainte horizontale maximale, produite par la collision de la plaque de Nazca et de l'Amérique du 
Sud a été modifiée par des contraintes locales. Une des raisons de cette modification pourrait être que les 
hautes Andes soient soumises à un processus d'extension transmis vers I'est dans la plaque Amérique du 
Sud. 

Stratigraphie séquentielle du bassin Mésozoïque de Domeyko, Nord Chili 
J. Ardill, S. Flint, 1. Stanistreet et G. Chong 

Le bassin de Domeyko du Nord Chili enregistre des dépôts marins carbonatés et siliciclastiques du Trias 
supérieur au Crétacé inférieur le long de la marge du Gondwana. Une analyse des variations relatives du 
niveau de la mer, avec des comparaisons à d'autres bassilis marginaux sud-américains et de l'hémisphère 
nord permet une interprétation des contrôles dans le développement des séquences. Cinq baisses du niveau 
de la mer et 7 montées équivalentes dans le temps dans d'autres bassins des hémisphères nord et sud sont 
attribuées à un eustatisme global. Les baisses relatives du niveau de la mer du Bathonien inférieur, de 
I'Oxfordien supérieur, du Valanginien inférieur et du début du Cénomanien sont interprétés comme étant 
contrôlé tectoniquement par des événements à l'échelle continentale liés à la fragmentation du Gondwana. 

Tectonique transtensive du Jurassique à l'Éocène inférieur dans I'arc et l'arrière-arc de 
la région d'Atacama, Chili 
C. Arevalo et J. Grocott 

Les résultats récents publiés sur des roches jeunes à I'est de I'arc Jurassique-Crétacé inférieur montrent 
l'existence d'événements dominés par de I'extension et des décrochements dans l'arrière-arc crétacé et dans 
I'arc d'âge Crétacé supérieur à Eocène inférieur. Ceci suggère que I'extension etlou la transtension ont 
continué peut-être de façon intermittente, jusqu'à I'Eocène inférieur. 
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Evolution du paléoenvironnement des Andes boliviennes au cours du Pléistocène 
supérieur 
J. Argollo et P. Mourguiart 

Nous présentons une reconstruction climatique de I'Altiplano bolivien (Andes Centrales) basée sur des 
données géomorphologiques, sédimentologiques, et palynologiques, ainsi que sur l'analyse des faunes 
d1Ostracodes. Nous avons pu estimer la température et déterminer quantitativement les variations des 
niveaux lacustres depuis la fin du Pleistocène (30 000 ans BP). 

Stratigraphie et subdivisions allostratigraphiques de l'ordovicien de la Précordillère 
argentine, Gondwana du sud-ouest 
R.A. Astini 

Une approche allostratigraphique mettant l'accent sur les ruptures dans l'enregistrement sédimentaire a été 
entreprise dans les bassins ordoviciens de la Précordillère argentine. Les résultats contribuent à l'analyse 
des bassins et de leur stratigraphie événementielle, en permettant de discuter les ruptures dans 
l'enregistrement sédimentaire en termes d'histoire eustatique et tectonique du bassin. 

Paléoenvironnements et évolution des bassins sédimentaires dans une zone de 
complexe d'arc volcanique du Gondwana occidental préandin: la chaîne de Famatina 
R. Astini et J.L. Benedetto 

Les données paléontologiques et les récentes données paléomagnétiques permettent de considérer la chaîne 
de Famatina, située entre la Précordillère et les Sierras Pampeanas, comme étant une portion d'un 
complexe d'arcs insulaires exotiques connecté à la province celtique d'arcs insulaires intra-Iapetus. Les 
données stratigraphiques disponibles montrent une sédimentation très continue depuis I'Arenig inférieur 
jusqu'au Llanvirn inférieur. L'analyse pétrographique et le mode d'empilement des unités génétiques 
indiquent un environnement de plateforme alimentée par un arc volcanique à l'ouest, et par un domaine 
cratonique à l'est, ce qui apparait typique des contextes de systèmes de dépôt de type arrière-arc. 

Evolution tectonostratigraphique d'un terrain allochtone dans la marge Gondwanienne 
préandine: la Précordillère argentine 
R. Astini et J.L. Benedetto 

L'histoire tectonostratigraphique de la Précordillère est analysée depuis sa séparation de la Laurentia au 
Cambrien inférieur, jusqu'à sa collision avec le Gondwana occidental au cours de l'ordovicien moyen à 
supérieur. Les données géométriques, stratigraphiques, ainsi que la composition des différentes unités 
conduisent à distinguer trois principaux stades: un stade marge passive, suivi de deux stades bassin d'avant 
pays. La Précordillère est considérée comme étant un véritable terrain exotique pendant l'histoire pré-andine 
de l'Amérique du sud. 

Roches ignées sodiques et épaississement crustal dans les Andes 
M.P. Atherton et N. Petford 

Les roches ignées sodiques sont communes de I'Equateur au sud du Chili. Celles d'age tertiaire à 
quaternaire forment les volcans et les plutons au dessus de la croûte andine épaissie au Miocène. Avec les 
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plus vieux plutons paléozoïques, ils sont considérés comme étant formés par fusion d'une croûte inférieure 
épaisse basaltique, et leur présence indique des périodes d'épaississement cmstal. 

Le système de failles inverses de Guadalupe-Chuchure, bassin de Falcon, Vénézuela 
nord-occidental : exemple naturel et modélisation analogique d'une zone de transfert 
F.A. Audemard M. et S. Calassou 

Le système de failles de Guadalupe-Mina de Coro-Chuchure s'étend sur une soixantaine de kilomètres en 
direction ENE-WSW au nord de l'état de Falcon (Vénézuéla nord-occidental). La trace de ce système 
présente deux virgations qui décalent le front de quelques kilomètres. Nous avons modélisé analogiquement 
la plus orientale des deux virgations au moyen de modèles en sable. Cette virgation s'avère être une zone 
de transfert dûe à la présence d'un rejet au niveau du socle, introduit par la faille normale de Los Médanos. 

Activite quaternaire d'un système chevauchant (Piémont Llanero, cordillère orientale 
de la Colombie): données géomorphologiques et géologiques issues de l'anticlinal de 
La Florida, entre les rivières Upia et Cusiana 
F. A. Audemard M. et K. Robertson 

Situé dans le piémont de la cordillère orientale de la Colombie, l'anticlinal de la Florida, figurant 
également dans la bibliographie pétrolière sous le nom d'anticlinal de Cusiana, a été reconnu lors de 
l'exploration géophysique réalisée vers la fin des années 80. Nous présentons de nombreuses données 
géomorphologiques et géologiques de surface, permettant de démontrer, non seulement l'existence de cette 
structure, mais aussi son activité tectonique quaternaire. 

Séismicité et état de contrainte dans les Andes Centrales (région de I'Oroclinal 
bolivien) 
R. Ayala et G. Wittlinger 

La séismicité des Andes Centrales est imagée en utilisant un modèle de vitesse en 3 dimensions. Cette 
séismicité montre une principale concentration de séismes crustaux localisée près du coude de l'oroclinal 
bolivien, et un amas de séismicité de profondeur intermédiaire au sud de la frontière Pérou-Bolivie. L'état 
de contrainte est caractérisé par une compression horizontale ENE dans l'avant-arc et dans la zone 
subandine, parallèle à la direction de convergence des plaques Nazca et Amérique du sud. Les hautes Andes 
occidentales montrent une extension horizontale N-S. La plaque Nazca est affectée par une contrainte 
extensive parallèle à la direction du plongement de la plaque. 

Géométrie de chevauchement néogène et équilibrage crustal dans les branches nord et 
sud de I'orocline bolivien (Andes centrales) 
P. Baby, P. Rochat, G. Hérail, G. Mascle et A. Paul 

Deux coupes équilibrées d'échelle crustale ont été construites dans les branches nord et sud de I'orocline 
bolivien, à partir d'études régionales et de récentes données de géophysique nous renseignant sur la 
structure profonde de la chaîne. Le raccourcissement total augmente du nord vers le sud (191-231 km). 
Cette augmentation du raccourcissement coïncide avec une augmentation de l'épaisseur de la croûte et de la 
largeur de la chaîne. Les deux coupes équilibrées montrent que le raccourcissement néogène peut expliquer 
seulement une partie du surépaississement crustal connu sous la cordillère orientale de I'Altiplano. 
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Evolution spatio-temporelle de l'activité hydrothermale dans un dôme volcanique, sur 
l'exemple des minéralisations de type épithermal du Cerro Bonete (Bolivie) 
L. Bailly et J.L. Leroy 

La combinaison des études minéralogiques détaillées des altérations développées lors des circulations de 
fluides et celles des inclusions fluides associées permet de reconstituer l'évolution de ces systkmes 
hydrothermaux, en particulier leur température, les rapports eau-roche et les volumes percolés, de plus en 
plus limités avec le temps au drain principal. 

Pétrogénèse de l'arc magmatique équatorien sur une coupe à travers les Andes 
septentrionales: pétrologie, géochimie et observations isotopiques 
R Barragan Talenti et D.J. Geist 

Comme dans la plupart des arcs, les laves des volcans équatoriens sont progressivement plus riches en 
potassium lorsque l'on s'éloigne de la fosse. Une assimilation crustale, bien que détectable avec les 
isotopes du strontium, ne modifie pas fortement les éléments traces et majeurs dans les magmas. C'est 
pourquoi, des différences fondamentales dans le régime de fusion de la source entraînent différents degrés de 
fusion partielle. Les magmas Atacazo (cordillère occidentale) montrent une large contribution de la plaque 
océanique et un fort taux fusion. Les magmas Sumaco (bassin oriental) montrent une faible contribution 
de la plaque océanique et un faible taux de fusion. 

Sur la prédiction du soulèvement côtier et de la subsidence dûes aux grands seismes 
au Chili 
S.E. Barrientos 

Les changements d'élévation verticale qui ont été observées lors des trois grands tremblements de terre au 
Chili (1960, 1985 et 1995), sont utilisés pour déterminer l'extension de la zone sismogénique en 
profondeur. L'interpolation des axes de changement d'élévation nul observés pour ces trois grands séismes 
en fonction de leur distance 2 la fosse, et la comparaison 2 d'autres zones de subduction au Chili, permet 
d'obtenir des estimations des futurs changements d'élévation des lignes côtikres. 

Sismicité intraplaque dans la région centrale du Chili 
S. Barrientos, E. Vera et T. Monfret 

Plusieurs nids de sismicité superficielle intraplaque (0-20 km de profondeur), sans relation connue avec les 
failles en surface, sont détectés depuis déj2 dix ans par les réseaux sismologiques, sur le flanc occidental 
des Andes dans la région centrale du Chili. La localisation de ces séismes est faite 2 partir d'un modèle de 
vitesses déduit d'un profil de réfraction sismique. Les mécanismes au foyer obtenus indiquent que cette 
région est soumise à un régime tectonique compressif principalement est-ouest. 

Nouveaux âges (U-Pb, Rb-Sr, K-Ar) d'unités réputées précambriennes (Chili du nord): 
quelques implications géotectoniques 
M.A. Basei, R. Charrier et F. Hervé 

Nous avons obtenu des âges situés entre 5 4 e 2 2  Ma et 365 Ma, pour le Complexe Métamorphique de 
Belén (CMB), et d'autres entre 167 et 142 Ma, pour celui de Mejillones (CMM). Pour le CMB, nous 
retenons un métamorphisme et un plutonisme cambrien supérieur et un refroidissement postérieur, 
remettant en cause l'âge précambrien précédemment obtenu. Au CMM, il y aurait eu un rechauffement 
d'âge jurassique. 
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Bassins néogènes sur décrochements et le concept de "weak fault" pour les sutures de 
collision en Equateur et en Colombie 
R. Baudino 

Les Andes d'Equateur et de Colombie se caractérisent par la présence de terrains allochtones accolés à la 
marge sud-américaine. L'étude géodynamique de bassins néogènes sur décrochements génétiquement liés 
aux sutures de collisions montre qu'ils ne peuvent être inteprétés selon le modèle classique des pull-apart. 
Par contre, le concept de "weak fault" peut être invoqué pour expliquer leur évolution. 

Etude des variations latérales d'amplitude des phases régionales à travers les Andes, 
le long d'un profil à 20°S 
D. Baumont et A. Paul 

A partir de l'analyse des données sismologiques de l'expérience Lithoscope BOLIVIEICHILI en 1994, nous 
étudions les variations latérales d'amplitude des phases régionales pour en déduire des caractéristiques de la 
structure crustale. Notamment, nous cherchons à préciser s'il existe effectivement une anomalie de 
propagation des ondes Lg perpendiculairement à la direction des unités géomorphologiques. 

Croûte anormale dans les Andes Centrales 
S. Beck, G. Zandt, S. Myers, T. Wallace, P. Silver, L. Drake et E. Minaya. 

Un réseau large-bande passif déployé dans les Andes Centrales a enregistré de nombreux séismes 
régionaux. La modélisation des séismogrammes montre que la croûte de I'Altiplano est caractérisée par des 
vitesses P faibles, un rapport de Poisson de 0.25, et une épaisseur crustale de 65km. L'épaisseur crustale 
varie à travers l'orogène, de 70-74 km sous les cordillères Real et occidentale, à 43-47 km dans le sub- 
andin, et à 32-38 km sous la plaine du Chaco. Ces propriétés moyennes sont en accord avec un 
raccourcissement d'une lithosphère peu rigide entre deux lithosphères plus fortes. 

L'évolution du bassin d'Aysen (Chili): un bras de mer épicontinental d'âge crétacé 
inferieur à l'extrémité méridionale de l'Amérique du sud 
C. M. Bell, R. de la Cruz, M. Suarez et M. J. Townsend 

Dans le Bassin d'Aysen, de direction N-S, plus de 1200 m de sédiments de plateforme se sont déposés au 
Crétacé inférieur, à partir d'une mer épicontinentale étroite, parallèle aux Andes méridionales. Le bassin 
s'est formé dans un contexte d'arrière-arc et par subsidence thermique, lors d'une période tectonique et 
volcanique plutôt calme. Vers le sud, il rejoignait le bassin de Magellan. La source des sédiments est à 
rechercher plus à I'est, dans le bassin continental de San Jorge. 

La trace active de la faille d' El Pilar (Vénézuela nord-oriental) : évidences 
néotectoniques et données paléosismologiques 
C. Beltran, A. Singer et J.A. Rodriguez 

La trace active de la faille d' El Pilar, considérée comme un jalon de la limite sud des plaques caraïbe et 
sud-américaine, montre des évidences spectaculaires, et découvertes depuis peu en surface, d'un mouvement 
récent latéral dextre, observé également en tranchée, à I'est de Casanay. Cette tranchée a permis d'identifier 
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4 événements paléosismiques dont les âges Cl4  minimum sont les suivants : 7080 * 1460 ; 5985 * 735 

; 5595 f 275 et 4805 f 1050 BP. 

Evolution géodynamique en avant-arc du système de subduction équatorien 
S. Benitez 

A l'aide d'observations stratigraphiques, sédimentologiques et structurales, appuyées par des données 
sismiques et sur puits, issues de l'industrie pétrolière, nous ré-évaluons l'histoire géodynamique de la 
Province Côtière en Equateur et en particulier la Péninsule de Santa Elena, ou se situe un des plus anciens 
champs de pétrole au monde. 

Caractéristiques sismotectoniques de la zone Wadati-Benioff dans la région des Andes 
J. Berrocal et C. Fernandes 

La corrélation spatio-temporelle des séismes profonds sud-américains et sa corrélation apparente avec 
l'activité sismique dans la zone de Wadatti-Benioff suggère la continuité du slab en profondeur et 
latéralement dans la partie centrale de cette région. Ils suggèrent aussi que le slab est tordu vers le sud dans 
la région sud, et pratiquement pas dans la région Nord. Ce nouveau modèle de zone W-B sous la région 
Andine peut résoudre quelques unes des controverses existantes. 

Classification chimique des roches gabbro-dioritiques sur la base des teneurs en 
T i 0 2 ,  Si02,  FeOtot, MgO, K20, Y et Zr 
L. Biemanns 

Comme des classifications des roches gabbro-dioritiques des Andes contribuent aussi à la compréhension 
de cette chaîne de montagne, on présente quelques diagrammes géochimiques qui permettent la 
classification des positions géotectoniques de ces roches, dont les âges varient du Précambrien au 
Cénozoïque. Les mêmes positions géotectoniques des roches andésitiques et basaltiques sont cependant 
souvent indiquées par des teneurs en éléments différentes de celles des roches gabbro-dioritiques. 

Un modèle structural pour le développement des minéralisations Fe-Cu dans le 
système de failles d'Atacama (25°00'S-27015'S), nord Chili 
C.G. Bonson, J. Grocott et A.H. Rankin 

Le système de failles d'Atacama, système de décrochements senestres de la cordillère côtière du nord Chili 
associé à la zone de subduction, est le siège deux styles de minéralisations hydrothermales Fe-Cu, qui 
peuvent être associées à différentes phases tectoniques au ~ ~ i n  de l'arc magmatique crétacé. Les 
minéralisations riches en magnétite sont en général localisées le long de la zone de failles N-S et 
apparaissent être associées au développement de l'arrière-Iintra-arc néocomien aux environs de 128-106 Ma. 
Plus tard, après 80Ma, le système d'Atacama se marque par la propagation de failles orientées NW-SE à 
travers l'avant-arc. Le long de ces failles, des brèches et des veines hydrothemales à spécularite sont 
présentes dans les zones d'ouverture. 
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Failles de socle et inversion dans le nord du Bassin de Neuquén, Argentine 
J.L.M. Booth et M.P. Coward 

Dans la partie Nord du Bassin de Neuquén (Argentine occidentale), des grabens d'âge mésozoïque inférieur 
ont subi une tectonique d'inversion. Des anticlinaux à axe N-S se sont formés par la remontée et le 
plissement d'unités de socle. Des failles inverses de haute angle sont relayées par des rétrochevauchements 
à travers une séquence de pélites noires d'âge syn-rift (Formation Los Molles). Il existe plusieurs niveaux 
de décollement (marnes et gyspses) aux propriétés mécaniques différentes. 

Mise en évidence de structures compressives sur les gisements d'émeraude de la 
Cordillère orientale de Colombie 
Y. Branquet, B. Laumonier, B. Lopes, A. Cheilletz, G. Giuliani et F. Rueda 

Les gisements d'émeraude de Muzo et Coscuez localisés sur la bordure ouest de la Cordillère Orientale de 
Colombie, présentent une importante tectonique en chevauchement. Plusieurs phases compressives de 
vergences différentes développent ces chevauchements. Les datations radiométriques sur les phases fluides 
associées à ces événements compressifs fournissent à ces événements un âge limite Eocène-Oligocène. 

Structures en conductivité électrique dans le Nord du Chili 
H. Brasse, F. Echtemacht, M. Eisel et S. Tauber 

Des études électromagnétiques dans I'arc et l'avant-arc du Nord Chili indiquent des zones étendues de forte 
conductivité à des profondeur approximativement de 20 -60km sous I'arc volcanique de la Cordillère 
occidentale. La fusion partielle est discutée comme étant l'explication la plus probable de ces anomalies, 
particulièrement au regard des résultats de gravimétrie et de sismologie. Cependant, sur un profil près de la 
ville de Pica, la zone conductive est décalée vers l'avant-arc. Ceci est corrélé avec la lacune observée dans 
l'activité volcanique récente. 

Superposition de structures de différents styles, bassin de Maracaïbo, Venezuela 
E. Bueno R. 

Le bassin de Maracaibo, situé entre deux chaînes andines, présente des structures superposées de plusieurs 
styles, survenues au cours de son histoire géologique. Localisée dans une série de grabens, la 
sédimentation commence au Jurassique. Au Crétacé, les dépôts continuent dans un contexte de marge 
passive. A I'Eocène, la collision de la plaque caraïbe est responsable d'un raccourcissement NO-SE et d'une 
extension NE-SO, accumulées pendant plusieurs phases synsédimentaires. 

Réexamination du magmatisme cénozoïque d'arrière-arc da1.d le Sud du Pérou : 
conséquences sur l'évolution des Andes centrales durant les 50 derniers millions 
d'années 
G. Carlier, J.P. Lorand, M. Bonhomme et V. Carlotto 

Dans le sud du Pérou, le magmatisme cénozoïque d'arrière-arc (de 40 Ma à actuel) montre différentes suites 
de nature calco-alcaline, shoshonitique et alcaline potassique (basanites, phonotéphrites et trachytes à 
leucite) à ultrapotassique (lamproïtes à phlogopite). L'âge, la position et la nature de ce magmatisme sont 
mis en relation avec les déplacements, pendant le Cénozoïque, de la Cordillère Occidentale sud-péruvienne 
le long de I'Altiplano et de la Cordillère Orientale. Il est suggéré que ces déplacements ont induit le 
chevauchement, vers le NE, de la Cordillère Orientale et de 1'Altiplano sur le Bouclier Brésilien. 
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Les couches rouges du Groupe San Jeronimo (Cuzco-Pérou) marqueurs de l'événement 
tectonique Inca 1 
V. Carlotto, G. Carlier, J. Cardenas, W. Gil et R. Chavez 

Les couches rouges du Groupe San Jeronimo sont considérées de l'époque fini-Crétacé, et leur origine liée 
à la phase tectonique Péruvienne. Néanmoins, la succession stratigraphique, les observations de terrain, les 
corrélations et la datation radiométrique montrent que cette unité devrait être d'âge Eocène moyen à fini- 
Oligocène, et que la sédimentation serait liée la phase Inca 1, qui dans cette région est considérée comme 
un continuum tectonique compressif, associé à des failles décrochantes permettant la formation de bassins 
en pull-apart. 

Chevauchements et rétrochevauchements imbriqués sur le flanc nord-occidental des 
Andes de Merida entre Torondoy et Valera (Venezuela) 
J.T. Castrillo et Y. Hervouet 

Ce travail, utilisant l'imagerie satellitaire (Landsat TM), des données de terrain, et la modélisation 
informatique des structures tectoniques, montre que le flanc nord-ouest des Andes de Mérida est constitué de 
chevauchements à pendage sud-est et de rétrochevauchements imbriqués à pendage nord-ouest fonctionnant 
du Miocène au Pleistocène. Les décollements dans la couverture se situent dans le Crétacé supérieur et le 
Néogène. Le chevauchement du socle sur le bassin de Maracaibo atteint 35 km environ. Il se raccorde au 
chevauchement intracrustal responsable du soulèvement des Andes vénézueliennes. 

Nature et âge des déformations cénozoïque intra-arc du Chili méridional 
J. Cembrano,; E. Schermer, A. Lavenu, F. Hervé, S. Bamentos, B. McClelland et G. Arancibia 

La géométrie et la cinématique des zones de cisaillement crustales pré-éocène (?) à pliocène, l'agencement 
régional des dikes basiques, la distribution spatiale des centres volcaniques holocènes, et les quelques 
séismes crustaux intra-arc, suggèrent que I'arc magmatique des Andes chiliennes du sud a subi des 
déformations transtensives à transpressives durant l'essentiel du Cénozoïque. La combinaison épisodique de 
décrochements et de déplacements verticaux , bien mise en évidence dans les zones fortement déformées et 
dans les failles fragiles affectant I'arc magmatique, pourrait refléter différents modes et différents degrés de 
partitionnement du vecteur de convergence entre les plaques Farallon (Nazca) et sud-amérique pendant le 
Cénozoïque 

Sismologie Sociale : Projet de Gestion du Risque Sismique à Quito (Equateur) 
J.L. Chatelain, B. Guillier, H. Yepes, J. Fernandez, J. Valverde, B. Tucher, M. Souris, G. Hoefer, F. 
Kaneko, T. Yamada, G. Bustamante et C. Villacis 

Après avoir choisi des séismes pouvant affecter la ville, les intensités sismiques produites par ces 
événements ont été calculées afin d'estimer les dégâts aux bâtiments et aux réseaux. L'étude scientifique a 
été complétée par des entretiens avec les responsables des principaux services de la ville, afin de produire 
un récit des événements pendant et à diverses échelles de temps après un des séismes choisis. Enfin, une 
série de recommandations a été élaborée, devant permettre de réduire la vulnérabilité sismique de Quito. 
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La structure du piémont andin dans la région de Chos Malal (bassin de Neuquen, 
Argentine) 
V. Chauveau, B. Nivière, P.R. Cobbold, E.A. Rossello, J.F. Ballard et H.T. Eichenseer 

Dans la région de Chos Malal, le Bassin de Neuquén est affecté d'une déformation chevauchante d'age 
paléocène-éocène. La tectonique tégumentaire a fait intervenir au moins trois niveaux de décollement. Dans 
un domaine au nord, le socle est affecté de chevauchements profonds, réactivant des failles normales d'age 
jurassique. Quelques failles de transfert jurassiques, de direction NE, ont été reactivées sous forme de 
rampes latérales. La formation du Tromen, volcan quaternaire, a modifié le schéma structural. 

La limite Altiplano-Cordillère Orientale dans la région d'urumbamba (Cuzco-Pérou) 
R. Chavez, W. Gil, V. Carlotto, J. Cardenas et E. Jaillard 

La limite Altiplano-Cordillère Orientale dans la région d'urumbamba (Cuzco-Pérou) est caractérisée par un 
haut structural contrôlé par une faille décrochante où la faille à vergence NE du domaine de I'Altiplano 
entre en contact avec la faille à vergence SW de la Cordillère. La structure actuelle montre que la 
déformation andine à d'abord affecté le domaine de I'Altiplano puis la bordure SW de la cordillère orientale, 
principalement au cours des phases tectoniques Inca et Quechua. 

Carte néotectonique de la zone de faille d'Atacama (Chili) d'après les images RSO 
ERS-1 
J. Chorowicz, J.C. Vicente, P. Chotin et C. Mering 

Les images provenant du radar imageur à synthèse d'ouverture (RSO) du premier satellite européen de 
télédétection (ERS-1) couvrent chacune une région de 100x100 km, avec une résolution de 1 2 3  m. La 
morphologie est particulièrement bien exprimée sur ces images, ce qui en fait un outil idéal pour 
cartographier les failles récentes ou actives. Nous avons utilisé ces données pour séparer les failles relevant 
de la néotectonique des failles plus anciennes, dans la zone de faille d'Atacama au nord Chili. En effet, la 
région a été soumise à de nombreuses déformations depuis le Trias supérieur, avec une phase majeure de 
compression au Crétacé moyen. Les failles exprimées sur les images radar par des traits morphologiques 
nets sont actives depuis le Miocène supérieur et bordent des blocs basculés inclinés vers l'ouest. 

Résultats préliminaires de recherches géoscientifiques combinées à mer et à terre le 
long de la marge continentale du Chili du Nord 
Cinca study group (reporter : Christian Reichert) 

En été 1995, quatre institutions de recherche allemandes (BGR, GFZ, FUB et GEOMAR) ont réalisé, en 
collaboration avec des instituts chiliens et espagnols, le projet CINCA (Etude de la croûte au large et à 
terre dans la zone des Andes Centrales. Les résultats obtenus par plusieurs méthodes géophysiques sont 
présentés, en particulier les données de la sismique réflexion et de la réfraction marine. 

La Déformation cénozoïque à travers l'Amérique du Sud : données à échelle 
continentale et modèles analogiques 
P.R. Cobbold, P. Szatmari, C. Lima et E.A. Rossello 

Une synthèse de données géophysiques et géologiques permet de conclure que l'Amérique du Sud a subi des 
déformations cénozoïques d'intensité variable, maximale au niveau des Andes, mais n'épargant pas la 
marge atlantique et les régions centrales du continent. Les structures cénozoïques reprennent d'anciennes 
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failles formées lors d'orogénèses paléozoïques ou alors précambriennes. La justification mécanique de ces 
phénomènes est fournie par des modèles analogiques. 

Héritage tectonique et styles structuraux dans les Andes de Mérida (Vénézuela 
occidental) 
B. Colletta, F. Roure, B. de Toni, D. Loureiro, H. passalacqua et Y. Gou 

Contrairement aux Caraïbes et aux Andes centrales, les Andes de Mérida ne sont pas directement liées aux 
interactions entre le craton sud-américain et les zones d'arc ou les plaques océaniques voisines, mais elles 
résultent simplement de réajustements intraplaque mineurs entre la Cordillère orientale au sud et la marge 
transformante sud-caraïbe au nord. Différentes données, en particulier des profils de sismique réflexion et de 
gravimétrie, montrent le caractère transpressif des Andes vénézuéliennes, et soulignent que les structures 
héritées contrôlent les variation du style tectonique le long de la chaîne. 

Tomographie tridimensionnelle des ondes P autour d'Antofagasta, Nord Chili : 
distribution des contraintes le long de la partie la plus profonde de la plaque Nazca en 
subduction 
D. Comte, M. Pardo, T. Monfret, G. Asch, F. Graeber et A. Rudloff 

La distribution de vitesses dans le modèle 3D indique l'existence d'une zone à faible vitesse entre 30 et 40 
km de profondeur et la présence d'un prisme asténosphérique qui sépare le "slab" de la racine de la 
Cordillère des Andes. Des contraintes extensives et compressives s'observent simultanément autour de 100 
et 200 km de profondeur. 

Evolution de la subsidence dans l'oriente Nord-Péruvien (Bassin Maraiion) depuis le 
Crétacé 
C. Contreras, E. Jaillard et M. Paz 

La subsidence tectonique du Nord-Est du Pérou se produit en trois stades. Le premier (Crétacé moyene et 
supérieur) correspond à une subsidence faible apparemment contrôlée par les phases compressives albienne 
et sénonienne. Le deuxième (Paléogène) est intermédiaire. Le troisième (Néogène) traduit une forte 
subsidence liée à flexion de la plaque sud-américaine sous le poids de la chaîne andine en cours de 
surrection par épaississement crustal. 

Le Piemont des Andes patagoniennes à la latitude du Lago Viedma (49" 30' S) : 
Structure et cinématique 
1. Coutand, Y. Le Dez, M. Diraison, P.R. Cobbold, D. Gapais, E.A. Rossello et M. Miller 

A 49" 30' S, le piémont des Andes Patagoniennes est constitué d'une ceinture plissée et chevauchée. A 
l'ouest, des failles inverses de haut angle font remonter en surface un socle anté-crétacé, dont l'intrusion 
granitique miocène du Monte Fitzroy. A l'est, la présence de plis de croissance dans les arénites du crétacé 
moyen et supérieur permet de conclure à un âge précoce pour le début de la déformation. D'autres structures 
témoignent de la présence de décrochements dextres parallèles à la chaîne. Nous attribuons cette 
cinématique à la collision oblique des plaques Nazca et Amérique du Sud. 
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Inversion de bassins dans les Cordillères orientales 
M.P. Coward et A. Ries 

Les bassins sub-andins fournissent d'excellents exemples de la géométrie et de la cinématique de l'inversion 
structurale de bassins. Les données sismiques permettrent en outre de réinterpréter différents basins sub- 
andins en termes d'inversion tectonique. Les implications concernent la tectonique andine à l'échelle 
crustale, et la modélisation de l'évolution des hydrocarbures. 

La haute Cordillère et son bassin d'avant-pays (32" s, Argentine) 
E. O. Cristallini et D.J. Perez 

Dans la région de San Juan, nous avons étudié la structure cénozoïque de la Haute Cordillère et ses 
relations avec les dépôts du bassin d'avant-pays. L'étude des produits d'érosion au sein du bassin de 
Manantiales a permi de contraindre l'évolution de la ceinture plissée et chevauchée de La Ramada. Ce genre 
d'étude est un excellent moyen de dater le soulèvement de la Cordillère. 

Le contexte tectonique pré-andin du sud-ouest de l'Amérique du sud 
L.H. Dalla Salda, M.G. Lopez de Luchi, C. Cingolani et R. Varela 

Au Paléozoïque Inférieur à Moyen, le S.O. de l'Amérique du Sud a subi un cycle orogénique complet, 
depuis un état d'avant-collision, passant par une collision continent-continent et se terminant par un 
soulèvement. La collision (depuis 460 Ma et jusqu'à 440 Ma, ou alors 420 Ma) est responsable de la 
chaîne orogénique famatinienne, dévéloppée à l'est de la cordillère mésozoïque andine. D'ouest en est, les 
unités tectoniques étaient trois: le terrain éxotique d'occidentalia, la châîne famatinienne et le craton de La 
Plata-Brésil-AFnque. 

Modèles thermiques et gravimétriques de subduction d'une ride en expansion 
A.J. Daniel, P. Styles, N.J. Kusznir et R.E Murdie 

Une ride est en train de subducter au niveau de la fosse Chili-Pérou à la latitude de 46"s. Les données de 
gravimétrie sont utilisées pour contraindre les modèles gravimétriques et thermiques d'une ride en 
subduction. Les modèles sont en accord avec les observations pour la partie de la ride non encore subduite 
mais la différence est forte pour la partie subduite entre 3 et 6 Ma ce qui indique que la partie sud de 
l'Amérique du sud n'est pas en équilibre isostatique. 

Prévision de la fin d'une lacune sismique: le grand séisme d'Antofagasta (nord Chili) 
du 30 juillet 1995 
B. Delouis, T. Monfret, L. Dorbath, M. Pardo, L. Rivera, D. Comte, H. Haessler, J.P. Caminade, L. 
Ponce, E. Kausel et A. Cisternas 

Le séisme du 30 Juillet 1995 (MW = 8.0) et sa séquence de répliques ont pu être étudiés grâce au réseau 
local installé antérieurement dans la région pour suivre l'évolution sismique de la lacune existant au nord- 
Chili depuis le séisme de 1877. Le processus de rupture de ce séisme du 30 Juillet 1995 est précisé grâce à 
une modélisation des ondes de volume et une étude fine de la distribution spacio-temporelle des répliques. 
Les conséquences de ce grand séisme sur la réactivation probable de la lacune du séisme de 1877, située 
juste au nord, sont évaluées. 
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Régime de contrainte extensif dans la région côtière d'Antofagasta (nord Chili) 
B. Delouis, H. Philip et L. Dorbath 

Une étude néotectonique sur les failles de la région côtière d'Antofagasta a été menée pour préciser la 
cinématique de leurs derniers rejeux. Les failles normales d'orientation proche de Nord-Sud dominent, mais 
des déplacements horizontaux sont observés localement. L'amplitude relative des déplacements horizontaux 
par rapport aux déplacements verticaux, et leur sens (dextre ou senestre) varient de manière cohérente en 
fonction de I'azimuth des failles. L'ensemble des observations de terrain indique que la zone côtière, avec le 
système de la faille d'Atacama dans la cordillère de la côte, est soumise à un régime de contraintes extensif, 
avec une direction d'extension E-O. 

La ceinture orogénique atlantique du Brésil méridional: un orogène de type andin 
d'âge néoprotérozoïque? 
M. Demange et R. Machado 

La ceinture orogénique néoprotérozoïque atlantique du Sud du Brésil présente les caractères d'un orogène de 
type andin: orogène à double déversement en transpression construit entièrement sur croûte continentale, et 
organisation spatiale et temporelle des granites. Cette ceinture pourrait être un exemple des parties 
profondes d'un tel orogène. 

Géochimie des basaltes arrière-arc du début du tertiaire de la région d'Aysén, Chili du 
Sud (44-46" S): implications géodynamiques 
A. Demant, F. Hervé, R. J. Pankhurst et M. Suarez 

Les basaltes début Tertiaire, de type tholéiites continentales, affleurant dans les régions de Balmaceda et 
Rio Cisnes ont des caractéristiques chimiques contrastées. Ceux de Rio Cisnes présentent, sur un 
diagramme multi-éléments, une anomalie négative en Ta et Nb, typique de basaltes provenant d'un 
manteau lithosphérique enrichi, alors que ceux de Balmaceda ont un tracé qui s'apparente à celui des OIB. 
Ceci n'est pas sans rappeler l'évolution observke dans la province du Basin and Range où, par suite de 
l'étirement progressif de la lithosphère. l'influence du manteau sous-continental décroît au profit du 
manteau asthénosphérique. 

Des basaltes sur I'Altiplano chilien, Andes Centrales du Sud 
B. Déruelle, O. A. Figueroa et S. Moorbath 

Six basaltes ( S i 0 2 4 3  %) échantillonnés sur 1'Altiplano chilien le long du linkament Calama-El Toro 
contiennent des phénocristaux de chromite. Ils sont plus riches en MgO, Ni, Cr et ont des rapports 
8 7 ~ r / 8 6 ~ r  ("0.706) plus élevés que les basaltes des Andes Méridionales. Leur genése à partir d'un manteau 
lithosphérique est envisagée. 

Instabilité tectonique liée au développement du bassin paléozoïque de 1'avar.t-pays des 
Andes Centrales boliviennes 
E. Diaz, R Limachi, V. Goitia, D. Sarmiento, O. Arispe et R. Montesinos 

Le cycle Cordillerin de Bolivie (Silurien-Carbonifère infkrieur) correspond au remplissage d'un bassin 
d'avant-pays adjacent à un système de chevauchements à l'ouest et au sud du bassin et lié à une subduction 
oblique à vergence est. L'empilement tectonique au front de déformation était une cause probable de la forte 
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subsidence, de l'apport de sédiment et de l'instabilité tectonique qui ont facilité le transport des sédiments 
par courants gravitaires ainsi que le développement de reliefs entraînant des glaciations locales. 

Cinématique tertiaire des Andes australes et du bassin de Magellan (Patagonie) 
M. Diraison, P.R. Cobbold, D. Gapais et E.A. Rossello 

De la Cordillère Patagonienne (de direction N-S), jusqu'à la Cordillère de Darwin ( de direction E-O), les 
Andes Australes forment un grand arc qui résulte des interactions entre les plaques Sud-américaine, 
Antarctique, Nazca et Scotia. Cette arc constitue à l'Ouest et au Sud la limite du Bassin de Magellan. 
D'après l'étude d'images satellitaires, nos observations de terrain, l'analyse cinématique de populations de 
failles et la modélisation analogique, la déformation dans les Andes Australes est caractérisée par un 
raccourcissement sub-orthogonal au front de la chaîne; par des décrochements (1) dextre le long de la 
Cordillère Patagonienne (2) sénestre le long de la Cordillère de Darwin; et par un étirement horizontal 
parallèle à la chaîne accommodé par un ensemble de grabens. 

Décrochevauchements dextres cénozoïques dans la région de Bariloche, Andes 
patagoniennes 
M. Diraison, P.R. Cobbold, E.A. Rossello et A.J. Amos 

Dans le NW de la Patagonie, la Cordillère des Andes est formée de différentes unités morpho-structurales 
dont l'évolution résulte de la subduction de la plaque Nazca le long de la fosse du Chili. La Cordillère 
Principale et le domaine Sub-Andin entre 40 et 42"s sont orientés parallèlement à cette limite de plaques. 
L'étude d'un Modèle Numérique de Terrain et de sa surperposition avec des cartes géologiques, les données 
de terrain et l'analyse cinématique de populations de failles ont permis de mettre en évidence le caractère 
transpressif qui affecte cette région. Les chevauchements purs majeurs sont orientés NW-SE, ceux à forte 
composante décrochante dextre sont orientés N-S et leurs conjugués sénestres sont orientés E-W. 

Forme et continuité de la partie asismique de la plaque de Nazca dans le coude d'Arica 
par Tomographie télésismique 
C. Dorbath et le groupe Lithoscope Andes 

Le long de la subduction Pérou-Chili, la subduction de la plaque de Nazca sous l'Amérique du Sud est bien 
soulignée par le plan de Wadati-Benioff. Dans les Andes Centrales, la sismicité définit une plaque 
modérément pentée jusqu'à une profondeur d'environ 325 km. L'observation de quelques séismes entre 550 
et 650 km de profondeur après un silence sismique complet pose la question de la continuité de la plaque. 
Pour y répondre, nous avons effectué une tomographie télésismique du manteau à 20" S. L'image obtenue 
prouve clairement la continuité de la plaque subduite jusqu'au manteau inférieur, et nous permet de 
cartographier sa déformation dans le coude d'Arica. 

Néotectonique de la région côtière d'Equateur : un nouveau projet de recherche 
pluridisciplinaire 
J.F. Dumont, S. Benitez, L. Ortlieb, A. Lavenu, B. Guillier, A. Alvarado, C. Martinez, C. Jouannic, G. 
Toala, J. Vivanco et J.T. Poli 

Le bloc côtier équatorien se trouve en position de ride et de bassin avant-arc entre la zone de subduction de 
la plaque Nazca à l'ouest et la Cordillère Andine à l'est. Un mouvement latéral vers le nord conduisant à 
l'ouverture du Golfe de Guayaquil se superpose aux déformations verticales. Diverses méthodes de 
néotectonique seront mises en jeu (télédétection, terrasses marines (plia)-quaternaires, microtectonique, 
morphologie fluviale et MNT) afin d'obtenir une vue synthétique de la géodynamique récente de ce bloc. 
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Etude paléomagnétique sur le Nord du Chili : mise en évidence de rotations horaires 
dans les formations mésozoïques et tertiaires 
G. Dupont-Nivet, P. Roperch, P. Gautier, A. Chauvin, M. Gérard et G. Carlier 

Un échantillonnage paléomagnétique détaillé (100 sites) de la marge nord-Chilienne entre 22 et 26"s 
montre des rotations horaires variables pouvant atteindre 60" localement. Ces rotations ne sont pas 
limitées à l'arc mésozoïque mais sont aussi enregistrées par les formations paléogènes. Notre étude montre 
l'importance des rotations dans les processus tectoniques au cours du Tertiaire. 

Le Licancabur, un volcan andésitique dans le Sud des Andes Centrales 
O. Figueroa et B. Deruelle 

Le volcan Licancabur est un cône presque parfait, essentiellement constitué de coulées d'andésites à 
pnénocristaux de plagioclase (An 78-52), clionopyroxène, orthopyroxène (En 78) et Ti-magnétite, 
rarement d'olivine, Mg-hornblende et ilménite. Les laves du cône seraient issues du mélange entre, d'une 
part, les magmas ayant engendré les coulées anciennes et, d'autrre part, l'unique dacite reconnue. 

Magmatisme alcalin d'âge Oligocène supérieur-Miocène inférieur dans Altiplano 
Central de Bolivie 
M. Fornari, F. Espinoza, E. Baldellon et P. Soler 

Les laves Oligocène supérieur à Miocène inférieur de la Formation Tambillo affleurent suivant une bande 
NNW-SSE de plus de 80 km le long de la bordure NE du Salar de Uyuni. Ces laves basaltiques à 
andésitiques, mises en place sous forme de sills, dykes et coulées sont d'affinité alcaline ; elles dérivent 
d'un magma produit par fusion à taux modéré de manteau de type lherzolite à grenat et d'une évolution plus 
superficielle par cristallisation fractionnée. Ces laves, ainsi que les affleurements de même nature identifiés 
en Bolivie, semblent dériver du manteau sous-continental en condition tectonique de transtension et posent 
le problème de leur signification dans le contexte de la subduction de la marge active occidentale. 

Contrôle tectonique et climatique sur l'évolution géomorphologique de la marge 
chilienne entre 36 et 38"s 
U. Fracassi 

Le contexte tectonique le long de la côte chilienne entre 36" et 38" S est marqué par un système de failles 
N-S qui contrôle le graben d'Arauco. Les linéations et les failles sont orientées NE-SW et deplacent le bord 
ouest du graben. L'expression du vent dominant, dirigé du SW vers le NE, se voit dans les formes 
d'érosion et dans la géométrie du réseau de drainage. 

Le bord occidental de I'Altiplano de Belen (Chili du nord): un exemple d'évolution en 
avant-arc au Cénozoïque 
M. Garcia, G. Hérail et R. Charrier 

Les dépôts cénozoiques les plus anciens ( avant 23 Ma et jusqu'à 18 Ma) reposent en discordance sur le 
Complexe Métamorphique de Belen d'âge Précambrien à Paléozoïque inférieur et sur des sédiments du 
Jurassique. Ils ont été mis en place en régime extensif, probablement dans un environnement de caldeira, 
puis ont été déformés en compression à partir de 18 Ma. Deux lames chevauchantes à vergence ouest se 
sont mises en place successivement. La plus ancienne, à l'est entre 18 Ma et 12 Ma, la plus récente à 
l'ouest après 1 I Ma et avant 4 - 5 Ma. 
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Minéralogie et géochimie des roches halitiques du Salar Grande (1 Région de 
Tarapaca, Chile). Implications génétiques 
J. Garcia-Veigas, G. Chong et J.J. Pueyo 

Le Salar Grande est le seul bassin évaporitique cénozoïque localisé dans la Cordillère Côtière au N du 
Chili. II est placé dans une dépression tectonique de plus de 50 km de long et de direction N-S, qui est 
contrôlée par la faille d'Atacama. La dépression est remplie d'une roche halitique, très pure, dont l'épaisseur 
dépasse localement 100 mètres. La texture de la halite permet de distinguer deux unités: la halite litée 
inférieure, qui présente des cycles centimétriques avec des structures en chevron, et la halite massive 
supérieure, avec des cristaux plus grossiers, générés par un processus de croissance interstitielle. Un autre 
type de halite, avec des cristaux de grande taille (parfois métrique), remplit les cavités de dissolution de la 
halite plus ancienne. A partir des observations des textures halitiques, de la distribution des minéraux 
accessoires, de la distribution et des rapports des traces métalliques, et de la composition des saumures 
piégées dans les inclusions fluides, on peut reconstituer les détails de l'évolution sédimentaire et 
diagénétique du salar, et obtenir indirectement des informations paléogéographiques et paléoclimatiques. 

Le projet de recherche interdisciplinaire "Processus de déformation dans les Andes" 
P. Giese 

Un groupe de recherche interdisciplinaire "Processus de déformation dans les Andes" a été constitué entre 
les instituts de géosciences de Berlin et Potsdam. Le segment des Andes centrales entre 20 et 25's a été 
choisi parce que les processus de déformation y sont très bien développés. 

La nature de la sismicité intermédiaire dans les Andes Centrales 
P. Giese et G. Asch 

La structure thermique d'une plaque en subduction révèle deux zones de gradient de températures. Tandis 
que la transformation basalte-éclogite se déroule dans la zone supérieure, la transformation de I'enstatite a 
lieu dans la zone inférieure. Ces deux processus sont associés à l'émission d'énergie sismique à une 
profondeur de 70 à 200 kilomètres. 

Un continuum tectonique au cours du Crétacé-Paléocène dans les Andes du bassin 
d'avant-pays Péruvien (Bassin du Maranon) 
W. Gil, P. Baby et M. Paz 

Le bassin du Maranon, localisé dans le NE du Pérou, montre des inversions tectoniques de 1'Aptien 
jusqu'au Paléocène. II est possible de déterminer que ces inversions se distribuent de manière hétérogène 
dans tout le bassin. Une deuxièmc période d'inversions tectoniques apparaît à la fin du Tertiaire. Les 
interprétations montrent que durant le Crétacé-Paléocène la tectonique se manifeste de manière continue. 

Le rôle de la matière organique dans les systèmes hydrothermaux de haute température 
G. Giuliani, A. Cheilletz, C. France-Lanord et F. Rueda 

L'étude des gisements d'émeraude de Colombie qui sont encaissés dans les schistes noirs riches en matière 
organique du Crétacé inférieur de la Cordillère orientale, nous a permis de préciser le rôle joué par la 
matière organique dans un système hydrothermal à haute températue (300' C). Elle permet le 
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développement de réactions de thermoréduction de sulfates (TRS) qui provoquent la précipitation de pyrite, 
carbonate et bitume hydrothermaux. 

L'arc volcanique du Miocène moyen (Chili central): données sismiques et 
gravimétriques en faveur d'un épaississement tectonique 
E. Godoy, G. Yaiiez et E. Vera 

Au Sud des 33" 45', l'arc volcanique du Miocène Moyen à Supérieur (Formation Farellones) est décollé à 
2,5 km de profondeur sur sa base méso-cénozoïque. Sa limite occidentale correspond à une zone 
trianglulaire, entre chevauchement et rétrochevauchement. 

Résultats paléomagnétiques préliminaires sur le volcan pleistocène Villarica et la 
formation miocène de Farellones 
A. Goguitchaichvili, A. Chauvin, P. Roperch, M. Vergara et H. Moreno 

Une étude paléomagnétique a été entreprise sur les coulées pleistocènes du volcan Villarica (21 sites) et sur 
la formation miocène de Farellones (31 sites). Sur la formation de Farellones deux renversements de 
polarité ont été enregistrés et les premiers résultats suggèrent une rotation horaire de 10 à 20" de la 
séquence depuis environ 17 Ma. 

Evolution géologique et pétrolière dans le Bloc Olleros, Système Santa Barbara, 
Salta, Argentine 
R. Gomez Omil et L.M. Albarino 

Nous présentons l'évolution sédimentaire paléozoïque, crétacé et tertiaire, ainsi que l'histoire tectonique 
polyphasée, impliquant des chevauchements "thin-skinned et thick-skinned, du système de Santa Barbara 
dans la région de Salta. Le système pétrolier de cette région depuis le Crétacé supérieur jusqu'à l'actuel est 
également analysé. 

Contraintes chimiques sur le magmatisme mafique associé à une fenêtre 
asthénosphérique au Néogène dans le sud de la Patagonie 
M.A. Gorring, S.M. Kay et V.A. Ramos 

Les larges coulées du plateau de Patagonie datant du Néogène (de 46,5" à 49,5'S) sont reliées à l'ouverture 
progressive de fenêtres asthénosphériques associées à des collisions de segments de la ride du Chili i l  y a 
12 et 6 Ma. Les variations temporelles et spatiales en éléments traces, les volumes de magma extraits, et 
les rapports Sr-Nd-Pb sont cohérents avec un modèle dans lequel des taux de fusion variables sont produits 
par écoulement vers le haut à partir d'un manteau asthénosphérique de type OIB et à travers une fenêtre 
migrant vers le nord-est. Un manteau asthénosphérique anormalement chaud et (ou) ayant contenu des 
produits volatiles qui ont abaissé son point de fusion, permettrait d'expliquer les volumes de magmas, 
ainsi que les forts taux de fusion partielle. 

Champ de gravité et géoïde le long de la marge active sud-américaine (20' à 29"s) 
H.J. Gotze, S. Schmidt, A. Kirchner, M. Kosters, M. Araneda et N.G. Lopez 

De 1993 à 1995, le groupe international MIGRA constitué de participants du Chili, d'Argentine et 
d'Allemagne ont relevé environ 2000 nouvelles mesures gravimétriques le long d'un géotraverse des Andes 
couvrant le nord du Chili et le nord-ouest de l'Argentine entre 64'-71" ouest et 20"-29' sud. La base de 
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données comprenant les coordonnées des stations, des grilles de données de 10x10 km de l'anomalie à l'air 
libre, de différents types d'anomalies de Bouguer ainsi que l'anomalie isostatique résiduelle sont ici 
représentés dans une carte du champ isostatique résiduel, avec une interprétation sommaire. 

Un modèle 3D des vitesses sismiques sous le Chili du Nord à partir de la 
tomographie de tremblements de terre locaux 
F.M. Graeber et G. Asch 

Les durées de propagation d'ondes obtenues avec l'expérience sismologique PISC0'94 ont été inversées 
pour modéliser la structure 3D des vitesses de propagation dans la croûte et le manteau supérieur sous le 
Chili du Nord. La méthode est basée sur la technique "damped least squares". Dans le modèle calculé, deux 
des anomalies sismiques les plus importantes sont situées sous la Cordillère ouest et le long de la zone 
Wadati-Benioff. 

Mise en place des complexes plutoniques, déformation et partitionnement de la 
déformation dans la cordillère de la côte (25-27's) Nord Chili 
J. Grocott et J. Wilson 

Les mécanismes de mise en place des complexes plutoniques de la cordillère de la côte du Nord Chili sont 
réexaminées. La plupart des plutons se sont mis en place progressivement soit à la limite de zone de 
failles en extension ou transtensives, soit comme des lames avec des pressions de magma supérieures à la 
contrainte régionale perpendiculaire à la direction d'intrusion. L'anisotropie de susceptibilité magnétique du 
complexe plutonique Las Tazas du Crétacé inférieur montre cependant que certains plutons se sont 
localement mis en place en contexte transpressif. 

Microzonage et risque sismique à Quito, Equateur: résultats préliminaires 
P. Gueguen, J.L. Chatelain, B. Guillier, H. Yepes et J. Valverde 

A la suite du projet de gestion du risque sismique à Quito, une opération de microzonage de la ville a été 
entreprise. A l'aide d'une station mobile, les microtremors sont enregistrés sur environ 400 sites. Sui. 
chaque site, la fréquence de résonnance et l'amplitude potentielle relative sont obtenues en utilisant la 
technique de Nakamura. Nous présenterons des cartes isoamplitudes et isoperiodes. Celles-ci sont 
comparées avec le contenu spectral de séismes enregistrés à Quito afin d'évaluer l'aléa sismique de la ville. 
Finalement le risque sismique est évalué en croisant, à I'aide d'un SIG, ces données avec celles de la 
distribution du bâti. 

Expérience lithoscope dans le Nord de 1'Equateur: résultats préliminaires 
B. Guillier, J.L. Chatelain, A. Alvarado, H. Yepes, G. Poupinet et J.F. Fels 

La distribution spatiale de la sismicité obtenue à l'aide de 54 stations Lithoscope et 27 stations permanente 
révèle 3 lacunes de sismicité : une superficielle dans la plaque supérieure et deux à des profondeurs 
intermédiaires dans la plaque plongeante. L'étude plus détaillée de ces observations sera présentée, 
complétée par une cinquantaine de mécanismes au foyer. 
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Conséquences de la subduction d'une dorsale active: sources magmatiques multiples 
dans la région de la Péninsule de Taitao (46-47OS, Point triple du Chili) 
C. Guivel, Y. Lagabrielle, J. Bourgois, R. Maury, H. Martin, N. Arnaud et J. Cotten 

Pendant le Pliocène, la subduction de la ride du Chili sous la marge de l'Amérique du Sud s'accompagnait, 
dans la région de la Péninsule de Taitao, de la mise en place de suites intrusives et effusives. Parmi les 
produits magmatiques émis, on distingue quatre catégories liées à la subduction de la ride: (1) des laves 
provenant directement de la dorsale en subduction (MORB), (2) des MORB plus ou moins contaminés par 
la croûte continentale, (3) des plutons et laves intermédiaires à acides provenant de la fusion du coin de 
manteau (calco-alcalin), et (4) des plutons à "tendance adakitique" (contribution de la fusion de la croûte 
océanique subduite associée à celle du coin de manteau). 

Les zones de failles sismiquement actives à la bordure continentale des Andes 
centrales 
V. Hanus, J. Vanek et A. Spicak 

Treize zones de failles sismiquement actives sont reconnues le long de la marge continentale sud- 
américaine entre 22O-35"S et 63O-72OW. On peut distinguer trois types de zones en fonction de leur 
orientation par rapport à la marge du Pérou-Chili: les zones parallèles à la fosse, les zones perpendiculaires 
à la fosse et les zones orientées à 45" de la direction de subduction. Leur fonction tectonique est discutée. 

Evolution Tectono-stratigraphique cénozoique de l'avant-pays andin du Nord Chili 
A.J. Hartley, G. May, S.J. Kape, P. Turner et G. Chong 

La comparaison des séquences sédimentaires de la Cordillère de la Côte de la dépression Centrale, 
Précordillère et dépression pré-andine de l'avant-arc Chilien permet de contraindre l'évolution tectono- 
stratigraphique de cette région au Cénozoïque. Pendant cette période, la zone d'étude a connu des épisodes 
d'intense déformation compressive à transpressive, interrompus par des phases de subsidence contrôlées par 
des failles transtensives et générées par effondrement crustal. 

Structure de la Cordillère Andine d'Argentine entre 30'30' et 31°S 
N. Heredia, L.R. Rodriguez Fernandez et D. Ragona 

Dans la Cordillère Andine d'Argentine, entre 30'30' et 3 1 OS, deux groupes tectonostratigraphiques peuvent 
être définis: un socle paléozoïque avec une structure de type thin-skinned, et une couverture andine avec des 
structures d'extension inversées au cours d'événements compressifs tertiaires. 

Le batholite nord-patagonien (Aysen, Chili): âge et pressions de  cristallisation 
d'après la teneur en Al des hornblendes 
F. Hervé, R. Pankhurst, A. Demant et E. Ramirez 

Les pressions de cristallisation, obtenues d'après la teneur en aluminium des hronblendes, permettent 
d'établir des taux de soulèvement et d'érosion. Dans le batholithe nord-patagonien, ces taux sont nettement 
plus élevés (0.85 - 3.1 1 mmlan) pour les plutons miocènes de la partie centrale, où se trouvent les reliefs 
les plus hauts, qu'ils ne le sont pour les marges (0.08 - 0.17 mmlan). Le climat humide aurait permis des 
taux de soulèvement et d'érosion très importants. En revanche, les Andes du Chili central, plus hautes 
mais plus sèches, se sont érodées moins vite (0.1 5 - 0.26 mmlan). 
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Sismicite holocène et activité de la faille de Quito (Equateur) : un enregistrement 
paléosismique dans des sédiments lacustres 
C. Hibsch, A. Alvarado, H. Yepes, M. Sébrier et V.H. Pérez 

L'analyse des sédiments lacustres holocènes de Quito a permis de mettre en évidence plusieurs niveaux 
perturbés par des chocs sismiques. Une échelle d'attribution d'intensités sismiques est proposée d'après 
l'épaisseur du niveau déformé, en tenant compte d'exemples publiés, des courbes accélérationtintensité t:t 
des 460 ans de sismicité historique. La paléosismicité ainsi définie complète l'enregistrement historique et 
met en évidence la possible présence d'un événement supérieur d'un degré d'intensité aux maximales 
historiques entre le 1Oème et le 16ème siècle. Cet événement est corrélé avec des déformation~s 
sismotectoniques dans le bassin et désigne la faille de Quito comme la source probable du séisme. 

Déformation oligo-miocene et développement de bassins Piggyback dans la cordillère 
orientale du sud de la Bolivie 
B. Horton 

Des dépôts alluviaux d'age Oligocène supérieur à Miocène du sud de la Bolivie enregistrent le 
développement et la propagation de plis et de failles dans une zone de chevauchements à vergence est. Les 
discordances dans les formations Tupiza et Oploca caractérisent cette déformation hors séquence. 

Traces de fission et  stratigraphie néogène des bassins d'Equateur méridional: 
implications tectoniques 
D. Hungerbuehler, M. Steinmann, W. Winkler et D. Seward 

Plusieurs bassins de la zone interandine de 1'Equateur sont remplis par des sédiments volcanoclastiques, 
alluviaux et lacustres. Des datations par traces de fission sur zircon démontrent que la sédimentation dails 
les bassins s'est produite pendant des périodes relativement brèves au cours du Miocène moyen et 
supérieur. La majorité des formations sédimentaires a subi une déformation post-sédimentaire aux enviroiis 
de 8 Ma, sous un régime compressif orienté est-ouest. Les faciès marins à saumâtre de la base de certaiiis 
remplissages indiquent que ces bassins avoisinaient le niveau de la mer durant le Miocène moyen. 

CINCA 95: Sismologie passive sur et au large de la marge du Nord Chili 
S. Husen, G. Asch, M. Baumbach, C. Haberland, A. Rietbrook, A. Rudloff et K. Wylegalla 

La sismicité naturelle a été observée au cours des mois d'août à octobre 1995 dans la région située au nord 
d'Antofagasta. Le réseau consiste de 35 stations à terre et de 9 OBS à prooximité de la côte. La sismicité 
qui a suivi grand tremblement de terre d'Antofagasta est extrêmement forte. Un catalogue contenant 45Oû 
événements enregistrés sur CDROM et les temps de propagation seront utilisés pour une étude de 
tomographie locale détaillée. 

Les Andes d'Argentine-Chili: épaisseur crustale, isostasie, raccourcissement et  
détermination d'anomalies à partir d'études gravimétriques 
A. Introcaso, M.C. Pacino et F. Guspi 

Nous présentons les résultats d'une étude de 14 sections E-W à travers les Andes d'Argentine et du Chili. 
Les anomalies gravimétriques, les modèles de croûte et les quantités de raccourcissement ont été établis 
pour chaque section. Une bonne corrélation est observée entre les anomalies de Bouguer et les masses; les 
racines calculées par inversion de ces anomalies correspondent à des racines isostatiques. 
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Les couches rouges Crétacé terminal-Paléogène du Pérou, et les déformations andines 
précoces 
J. Jacay, E. Jaillard et R. Marocco 

Dans les Andes du centre et du nord du Pérou, la sédimentation marine prend fin entre le Coniacien 
supérieur et le Campanien moyen, en raison de la tectonique compressive sénonienne qui affecte les 
régions côtières. Elle est suivie par le dépôt de couches rouges du Crétacé terminal, puis par une 
importante lacune qui indiquerait un soulèvement au cours du Paléocène. Des dépôts grossiers discordants 
témoignent de la phase tectonique compressive du Paléocène terminal-Eocbne inférieur. 

Modèle sédimentaire pour le Bassin oriente d'Equateur au Crétacé 
E. Jaillard 

La trbs faible énergie de dépôt des sédiments marins crétacés du bassin oriental équatorien s'explique par sa 
position d'ambre-arc distal, sa localisation sur le bord occidental d'un continent, sa très faible pente et la 
présence de barribres topographiques. Dans ce contexte, le climat équatorial chaud et humide a 
probablement induit une stratification thermo-haline du bassin, favorisant l'anoxie des dépôts. La très 
faible subsidence enregistrée par le bassin explique la nature des séquences sédimentaires, essentiellement 
contrôlées par la création d'espace disponible. 

Stratigraphie de la partie ouest du Bassin de Celica (Sud-Ouest Equateur) 
E. Jaillard, P. Bengtson, L. Bulot, A. Dhont, G. Laubacher et E. Robert 

D'aprbs de nouvelles données stratigraphiques, le "bassin de Celica" s'est formé vers la limite Albien 
moyen-supérieur, s'est rempli de turbidites jusqu'au Coniacien (?), puis a été déformé et a émergé au cours 
du Sénonien. Un nouveau bassin d'avant-arc, oblique et discordant sur le "bassin de Celica" s'est ensuite 
formé au Campanien (moyen?) et a fonctionné jusqu'au Maestrichtien ou Paléocbne. 

Téphrostratigraphie et paléoenvironnement tardiglaciaire et holocène enregistrés dans 
la Laguna Salinas, Pérou méridional 
E. Juvigné, J.C. Thouret, A. Gourgaud et K. Graf 

La Laguna Salinas (département d'Arequipa) est une dépression fermée d'origine volcano-tectonique, qui 
constitue un pibge sédimentaire et un salar. Un sondage de reconnaissance a traversé les formations 
lacustro-palustres supérieures jusqu'à un niveau de matériau grossier non identifié. La séquence prélevée 
couvre les quinze derniers millénaires et regroupe sept téphras. La recherche pluridisciplinaire réalisée 
concerne la sédimentation, la corrélation et la géochimie des téphras, le diagramme de pollen, les 
diatomées, ainsi que 4 datations c l4 .  

Basaltes mantelliques des Andes centrales et enrichissement du manteau au Néogène 
sous le plateau de la Puna 
S.M. Kay, C. Mpodozis et B. Coira 

La comparaison des plus primitives des laves d'âges Oligocbne et Pléistocène des Andes Centrales (Si02 < 
53.5 %, M g 0  > 9 %, FeOMgO Y 0.8, Cr > 500 ppm, Ni > 150 ppm), indique que le manteau sous le 
plateau de la Puna a étC enrichi par des processus de subduction depuis le début du rCcent cycle Andin, il y 
a 25 millions d'années. Les magmas du PlCistockne ont été mélangés avec des pôles de magma siliceux (Y 
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20 %) au cours de leur rapide remontée à travers des zones de faille dans le sud de la zone volcanique 
centrale (CVZ), pour jaillir en surface à des altitudes atteignant ou dépassant 5 000 mètres. 

Structure de la précordillère argentine au Cambro-Ordovicien: arguments pour un 
transfert de Cuyania de la Laurentia vers le Gondwana 
M. Keller 

Dans la Précordillère d'Argentine occidentale, la séquence carbonatée d'age cambrien inférieur à ordovicien 
inférieur est typique d'un marge passive, alors que les sédiments silicoclastiques d'age ordovicien moyen et 
supérieur sont d'épaisseur et de composition variables. Ces derniers ont été déposés dans un contexte 
tectonique d'extension qui évoque le début de leur séparation de la Laurentia. 

Composition et conditions PT du coin de manteau supérieur sous-andin: 
reconstruction à partir des xénolithes mantelliques des Andes du sud (50"s) 
R. Kilian 

Les compositions chimiques des xénolithes mantelliques dérivés du "coin" de manteau supérieur sous les 
Andes du Sud (50") ont été déterminées à l'aide de I'XRF et de I'ICP-MS. Les minéraux ont été analysés à 
la microsonde électronique et les résultats des calculs des conditions PT donnent: 0.7 à 2.1 GPa pour la 
pression et 900-140°C pour la température. Les harzburgites appauvries prédominent (20-25% de liquide 
extrait d'un manteau N-MORB) et ont été contaminées par des fluides de la plaque Antarctique subduite. 
Différents types d'infiltration auparavant appauvries produisent des lherzolites et des webstérites à olivine. 

Un modèle 3-D pour les Andes centrales basé sur l'interprétation sismique et 
gravimétrique 
A. Kirchner, H.J. Gotze, K. Lessel et M. Schmitz 

Nous présentons ici les résultats d'investigations gravimétriques et sismiques dans les Andes Centrales du 
sud (20"-28"s) effectuées durant les années 80 et le début des années 90. Les structures grossières de la 
croûte peuvent être déterminées de manière à couvrir les unités morphostructurales principales des Andes 
entre 21" et 25" sud. Les investigations gravimétriques et sismiques ont été centrées sur les structures de 
l'arc et de l'avant-arc afin de fournir une connaissance plus détaillée de la structure de la croûte dans cette 
région. 

Segmentation longitudinale du bassin d'avant-pays andin 
J. Kley, C.R. Monaldi et J.A. Salfity 

La déformation d'avant-pays le long du front est des Andes est de trois types: plissements et 
chevauchements de type "thin-skinned", chevauchements de type "thick-skinned", et chevauchements 
d'avant-pays du type de celui des Sierras Pampeanas. A l'échelle de I'orogène, un contrôle du 
développement des différents styles structuraux par des discontinuités préexistantes, stratigraphiques ou 
structurales, est plus net qu'un lien direct avec la géométrie de la subduction de la plaque Nazca. 
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Le champ de gravité de la transition continent-océan à l'Ouest de la marge 
continentale sud américaine 
M. Koster, J. Fritsch, S. Schmidt, H.J. Gotze et M. Araneda C. 

Dans le cadre du projet de recherche interdisciplinaire CINCA (Crustal Investigations Off- and Onshore 
NazcaICentral Andes), les levés gravimétriques du groupe international MIGRA avec des participants du 
Chili, d'Argentine et d'Allemagne ont été étendus à l'Océan Pacifique. En été 1995, MIGRA a pris part à 
l'essai offshore SO-104, entre 20"s et 24"S, du projet CINCA appartenant au navire de recherche allemand 
"Sonne". Les données gravimétriques offshore ont été connectées aux levés gravimétriques sur terre afin 
d'obtenir une représentation gravimétrique complète de la transition océan-continent. 

Coupe équilibrée régionale des Andes patagoniennes en Terre de Feu (Argentine et 
Chil i )  
P.E. Kraemer 

Nous avons construit une coupe équilibrée régionale des Andes patagoniennes par la méthode des plis sur 
rampe ("fault-bend folds"). Cette coupe permet de mieux relier les structures cénozoïques de la chaîne 
plissée au dôme métamorphique ("core complex") de la Cordillère de Darwin. 

Contraintes géochimiques sur la structure crustale à partir des roches volcaniques 
néogènes de la région du Salar d'Antofalla et de la Cordillère andine adjacente (24- 
26"S, 67-69"s) 
B. Kraemer, R. Wittenbrink, K. Hahne et H. Gerstenberger 

Les données isotopiques Sr, Nd et Pb des roches volcaniques miocènes à récentes de la région du Salar 
d'Antofalla et de la Cordillère andine adjacente (sud Puna, NW Argentin) montrent une zonation entre ces 
deux régions. Ceci est attribué à des variations de composition du socle précambrien sous-jacent, et n'est 
pas dû à différents types de socles sous des terrains allochtones possiblement accrétés entre ces deux 
régions. 

Evolution géochimique des séries volcaniques jurassiques et triasiques du nord du 
Chili entre 20" et 26'30' de latitude sud 
W. Kramer et R. Ehrlichmann 

Les séries volcaniques de la chaîne côtière, qui comprennent des reliques de l'arc magmatique jurassique et 
des témoins de grabens extensifs d'age triasique, ainsi que les volcanites de la précordillère, ont été 
caractérisées par les données géochimiques, en particulier les terres rares. Les séries se composent d'une 
part d'andésites basaltiques, de basaltes, de trachyandésites, de dacites et de rhyolites (ignimbrites) montrant 
une signature d'arc volcanique, et d'autre part de basaltes alcalins à olivine, d'affinité de type manteau 
asthénosphérique. La comparaison avec les résultats de l'analyse lithostratigraphique permet de corréler 
dans le temps les évolutions des tendances géochimiques au processus de subduction. 

L'arc jurassique-crétacé inférieur de la Cordillère de la côte près de Taltal (Chili): un 
assemblage de blocs crustaux 
D. Kurth. E. Schreuber et K.J. Reutter 

Au sud de Taltal, la Cordillère de la Côte est séparée en deux blocs par le Système de Failles d'Atacama: à 
l'ouest, le bloc Cifuncho est composé de trois sous-blocs, limités par des failles, et constitués 
respectivement de sédiments paléozoïques, de sédiments triassiques à jurassiques, et de volcanites d'arc 
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d'âge jurassique; à l'est, le bloc Pingo est constitué de roches paléozoïques surmontées par des volcanites 
du Crétacé inférieur. Cet assemblage de blocs est attribué à la subduction oblique. 

Déformation fragile dans la région d'Arc et d'anvant-Arc en régime transpressif dans 
le Crétacé inférieur, Cordillère côtière (26"-27" S) : réinterprétation microtectonique 
L. Lara, S. Gelcich, 1. Carrasco et A. Diaz 

L'inversion des données microtectoniques existant sur les failles mésoscopiques associées aux principaux 
linéaments du système de failles d'Atacama et de la région occidentale permet de définir deux domaines de 
déformation. Dans la région d'arc, cisaillement simple et cisaillement pur sont combinés, alors que dans la 
région d'avant-arc la déformation s'apparente à du cisallement pur associé a des rotations rigides. Cette 
géométrie, ainsi que la cinématique associée, permettent de décrire la déformation de ces domaines comme 
essentiellement liée à du cisaillement pur associé à la convergence oblique (> 20") de la plaque Phoenix- 
Farallon réactivée avec l'ouverture de la dorsale de l'Atlantique, aux environs de 115 Ma à cette latitude. 

Apport de l'imagerie Landsat pour cartographier deux formations volcaniques 
tertiaires au SW de Cuenca (Andes occidentales dtEquateur) 
G. Laubacher et A. Legeley-Padovi 

Dans la présente étude, l'utilisation de l'imagerie Landsat TM a permis d'individualiser et de délimiter 
l'extension de deux formations volcaniques récentes : la formation Pedernales d'âge Pliocène à Pleistocène 
probable et le volcanisme Quimsacocha qui surmonte la précédente formation et dont l'âge et quelque peu 
plus récent. Pour ce faire, nous avons utilisé les techniques de traitement d'images classiques : 
compositions colorées, classifications non dirigées, analyse en composantes principales. Les traitements 
de Morphologie Mathématique nous ont permis ici de produire, à partir des données physiques, une 
cartographie satisfaisante sans intervention manuelle que nous avons précisée à l'aide de données de terrain. 

Etat de contrainte néogène à quaternaire dans la dépression centrale et le long de la 
zone de faille Liquiiie-Ofqui (Chili central) 
A. Lavenu, 1. Cembrano, F. Hervé, G. Arancibia, G. Vargas, 1. Garrido, S. Bamientos et T. Monfret 

L'étude néotectonique des Andes du Chili central (dépression centrale et zone de faille Liquifie-Ofqui) 
montre un champ de contrainte avec SHmax (sl) + EW au Miocène supérieur-Pliocène (entre 10 et 3 Ma), 
sub-parallèle à la direction de convergence des plaques Nazca et Amérique du Sud. Le régime tectonique est 
transpressif à compressif. A partir de 3 Ma, SHmax (sl) devient ANS en régime tectonique transpressif à 
transtensif. 

Le volcanisme potassique néogène d'arrière-arc de I'Altiplano bolivien: une histoire 
pétrogénétique complexe 
P. Legros, P. Soler, A. Demant, C. Coulon et M. Fornari 

Le volcanisme potassique néogène d'arrière-arc de I'Altiplano Bolivien, mis en place sur une croûte 
continentale surépaissie, présente des associations minéralogiques en déséquilibre et des xénolites de 
natures crustale et mantellique témoignant de l'intervention de processus complexes au cours de son 
histoire pétrogénétique : assimilation crustale au niveau de la croûte inférieure (confirmée par les données 
isotopiques) et mélange magmatique entre un pôle basique et un pôle plus acide dans des réservoirs 
crustaux peu profonds. 



Third ISAG, St Ma10 (France), 17- 19/9/1996 

Croûte profonde anormale sous les régions d'arc et d'avant-arc des Andes centrales 
(21"-23" S) 
K. Lessel, M. Schmitz et P. Giese 

En continuation des projets précédents, le SFB 267 a réalisé des investigations de sismique de réfraction 
dans les régions d'avant-arc et d'arc en 1994 et 1995. La croûte continentale inférieure s'étend jusqu'à 45-50 
km et le dessus de la plaque Nazca se trouve entre 70 et 80 km de profondeur. Entre la base de la croûte et 
la plaque plongeante, on observe une alternance de couches à grande et faible vitesse. Celles-ci impliquent 
une interprétation complexe de la croûte profonde. 

Les bassins transportés de la zone sub-andine (Bolivie): comparaison avec les 
résultats de modélisations numériques et analogiques 
P. Leturmy, J.L. Mugnier, P. Vinour, P. Baby et B. Colletta 

Les bassins transportés de la zone sub-andine de Bolivie sont caractérisés par des phénomènes tectoniques, 
sédimentaires et érosifs qui agissent simultanément. Pour étudier l'interaction entre ces phénomènes et 
mieux comprendre l'évolution géodynamique de la zone sub-andine, des modélisations ont été réalisées. 
Des expériences analogiques impliquant la déformation de modèles en sable-silicone, et leur visualisation 
au scanner médical ont été effectués à I'IFP, tandis que des modèles cinématiques directs incorporant 
l'érosion ont été réalisés grâce à des procédures numériques. Il apparaît que les développements des bassins 
transportés du nord de la Bolivie et ceux du sud semblent sensiblement différents. 

Analyse, inversion et  modélisation de sondages magnétotelluriques à travers la 
Cordillère orientale et le Chaco (NW Argentine) 
P. Lezaeta et M. Munoz 

Les données obtenues par sondages magnétotelluriques effectués à travers la Cordillère orientale et le 
Chaco ont été analysées rigoureusement pour connaître les effets de la distorsion produite par des structures 
tridimensionnelles. L'inversion et la modélisation des données magnétotelluriques par plusieurs techniques 
conduit à un modèle bidimensionnel de distribution de la résistivité électrique . Le modèle obtenu est 
comparé aux données géophysiques régionales. On discute ce modèle en fonction des propriétés électriques 
des roches de la croûte et du manteau, et on fait quelques propositions sur les propriétés rhéologiques de la 
région. 

Socle métamorphique et stratigraphie de la couverture volcano-sédimentaires à 18"s: 
implications pour le style et l'histoire des déformations andines 
J. Lezaun, V. Heber, A. Beck, K. Hammerschmidt et G. Worner 

Une cartographie détaillée de la région de Belen-Chapuquina dans le nord du Chili améliore la connaissance 
de la stratigraphie et des relations tectoniques avec le socle de Belen, et apporte de nouvelles informations 
sur les roches permiennes marines de la couverture. Nous présentons de nouveaux arguments en faveur de 
chevauchements de grande échelle actifs jusqu'à l'oligocène. Plus tard, les mouvements liés au récent 
soulèvement andin correspondent principalement à des failles normales. 
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Le système de failles de Falla Oeste: enregistrement de sa signification régionale 
dans la mine à ciel ouvert de Chuquicamata, Nord Chili 
D. Lindsay, M. Zentilli et G. Ossandon 

A l'intérieur du système de failles de Falla Oeste, on peut décrire plusieurs épisodes distincts de 
déformation. Les plus primitifs présentent des structures ductiles liées à la tectonique régionale et à la mise 
en place du complexe intrusif de Chuquicamata. La deuxième série de structures est formée dans la croûte 
superficielle cassante et est associée aux minéralisations hydrothermales à Chuquicamata. La dernière 
structure dans le système de failles est associée à la fissure ouest et découpe le complexe intrusif 
minéralisé. 

Le socle paléozoïque des Andes centrales (18'-26's) - aspects métamorphiques 
F Lucassen, H.G. Wilke, J. Viramonte, R. Becchio, G. Franz, A. Laber, K. Wemmer et P. Vroon 

Un métamorphisme de haut grade, haute température (600-750°C) et basse pression (environ 6 kb) est 
observé dans différents sites depuis le NW de l'Argentine jusqu'à la chaîne côtière du Nord Chili, avec des 
âges Sm-Nd de paroxisme métamorphique à 500 Ma. Les ages K-Ar sur minéraux indiquent un 
refroidissement des roches métamorphiques autour de 400 Ma. l'exhumation finale a eu lieu jusqu'au 
Carbonifère. Le degré de métamorphisme, la déformation et les relations d'âge montrent un événement 
métamorphique avec un fort flux de chaleur au niveau de la crôute moyenne. Ceci n'est pas en accord avec 
un développement de la marge continentale, à la fin du Protérozoique et au Paléozoïque, par un système 
multi-cycles "collision-ouverture de rifts". 

Formation de skarn sous le volcan Lascar, nord chili: arguments en faveur d'une 
l'extension occidentale de la Formation Yacoraite (Crétacé terminal) du nord-ouest 
argentin 
R. Marquillas et S.J. Matthews 

L'étude détaillée, par diverses techniques géochimiques, des xénolites de skarn des produits d'éruption du 
volcan Lascar du Nord chilien a permis d'identifier l'encaissant comme étant les calcaires et les grès calaires 
de la Formation Yacoraite (Crétacé supérieur-Paléocène inférieur), qui fait partie du Groupe Salta (Crétacé- 
Eocène moyen) du Nord-Ouest argentin. 

La ceinture de Punta del Cobre (Chili du nord): une minéralisation CU (-fe) d'âge 
crétacé moyen liée au plutonisme 
R. Marschik et L. Fontbote 

L'étude de la ceinture de Punta del Cobre montre que le modèle d'altération, la géométrie des corps 
minéralisés, les températures de formation du gisement d'environ 400" à 500" C, et l'âge de l'altération 
potassique indiquent une minéralisation associée à des intrusions magmatiques profondes. 

Modèles mécaniques de structuration crustale dûe à la convergence 
R.A. Mason et A. Ord 

Une modélisation numérique préliminaire permet de contraindre la façon dont la déformation s'accumule 
sur les marges convergentes stmcturées. Nous décrivons quelques modèles mécaniques simples portant sur 
les relations entre tectonique et minéralisations pour les cas des Andes et de la Papouasie, et nous évaluons 
l'intérêt de la modélisation pour résoudre ce genre de problèmes. 
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Tomographie par seismes locaux de la chaîne andine à 20"s 
F. Masson et C. Dorbath 

Un réseau temporaire de 41 stations lithoscope a été maintenu pendant 6 mois au nord Chili et en Bolivie, 
coupant la chaîne andine dans son intégralité à 20"s. Au cours de cette campagne, nous avons enregistré 
un grand nombre de seismes associés à la subduction de la plaque de Nazca sous le réseau. L'inversion de 
leur temps d'arrivée le long du profil doit nous permettre d'obtenir simultanément la position précise des 
hypocentres et des modèles de vitesse en onde P et en onde S de la croûte et du manteau au dessus de la 
subduction. 

Le métamorphisme basse température du socle paléozoïque supérieur, Chili central: 
nouvelles données pétrologiques 
H.J. Massonne, F. Hervé, V. Muiioz et A. P. Willner 

Dans la Cordillère de la Côte (Chili Central), la série occidentale est constituée de roches détritiques d'age 
paléozoïque qui ont subi des conditions métamorphiques maximales à haute pression et basse température. 
Cependant, elles sont rétromorphosées en faciès schistes verts. Des phengites à haut teneur en silice et des 
reliques d'amphiboles bleues témoignent de l'épisode haute pression. Ainsi, pour ces épais sédiments 
détritiques, les nouvelles données confortent l'hypothèse d'un métamorphisme au sein d'un prisme 
d'accrétion. 

Evolution sédimentaire et tectonique du Bassin de Calama (avant-arc du nord du 
Chili) de l'Oligocène à l'actuel 
G. May, A.J. Hartley et F.M. Stuart 

Le bassin pré-andin de Calama, situé dans la région avant-arc du Nord du Chili (22" et 23" S) contient 
plus de 700 m de sédiments continentaux, regroupés en 5 séquences discordantes, d'âge oligocène à 
quaternaire. A partir d'âges 4 0 ~ r / 3 9 ~ r ,  nous avons cerné plusieurs phases de remontée et de déformation 
(Eocène Sup., Oligocène Inf. à Miocène Inf., Miocène Sup. et Pliocène Sup.). Ces périodes coincident 
avec les mouvements reconnus sur un sytème de failles bordant le bassin. 

Styles structuraux dans la Chaîne de Domeyko, nord Chili 
S. McElderry, G. Chong Diaz, D. Prior et S. Flint 

La faille la plus à l'ouest du système de failles de la "West Fissure" se trouve le long d'un horizon 
évaporitique au niveau de sa terminaison nord, et le long d'une ignimbrite verticale au sud. La déformation 
dans les évaporites est diffuse. Dans les ignimbrites, il y a des surfaces striées ,et aussi un réseau de 
fissures sombres anastomosées. Nous avons entrepris l'analyse de ces fissures pour produire un modèle 
géométrique et cinématique de la déformation le long de la faille.Nous avons aussi analysé les différences 
de style de déformation dans les différentes lithologies. 

Détection des failles récentes et évaluation de leurs rejets verticaux sur les images 
Radar du satellite ERS1. L'exemple de la faille d'Atacama (nord Chili) 
C. Mering, J.  Chorowicz, J.C. Vicente et C. Chalah 

Les images Radar SAR du satellite SAR-ERS-I contiennent des informations très pertinentes dans le 
domaine de la géomorphologie et de la tectonique récente. En effet, sur ces images, l'intensité du signal est 
directement influencée par la rugosité et les variations de la topographie. Les escarpements abrupts des 
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failles récentes sont donc aisément reconnaissables sur les images. Les lignes de failles peuvent donc être 
extraites de l'image par traitement numérique. Par ailleurs, le lien existant entre la géométrie de la visée du 
radar et la topographie du relief étant connu, on évalue les hauteurs des escarpements déjà cartographiés le 
long de la ligne de faille par analyse numérique de l'image. 

Géochronologie du Paléozoïque inférieur et événements orogéniques dans le nord- 
ouest argentin 
H. Miller 

Dans le socle du nord-ouest argentin, les âges du magmatisme et du métamorphisme indiquent une forte 
activité orogénique au cours du Vendien supérieur et du Cambrien inférieur à moyen, suivie 30 Ma plus 
tard par de nouveau événements d'âge Ordovicien supérieur. Ceci est comparé au régime supposé de 
déplacement des plaques à l'ouest du continent gondwanien. 

Interprétation des données historiques du séisme de Cumana (Vénézuela) de 1929 
A. Mocquet, C. Beltran, M. Lugo, J.A. Rodriguez et A. Singer 

Le séisme de Cumana du 17 Janvier 1929 était associé à l'activité de la zone de failles de El Pilar, limite 
actuelle entre les plaques Caraïbes et Amérique du Sud dans la région nord-orientale du Venezuela. Les 
données macrosismiques montrent que la longueur de faille cassée durant ce séisme a dû être inférieure à 30 
km. Celui-ci n'a donc pas contribué de manière significative à la libération des contraintes tectoniques dans 
cette région. 

Structure de la Cordillère Orientale dans le Nord-Ouest Argentin 
R. Mon 

Le segment le plus méridional de la Cordillère orientale, situé entre 22' et 27' de lat. S, représente une 
ceinture de plis d'âge mio-pliocène avec une importante participation du socle précambrien. La couverture a 
été plissée avec le socle. Ces plis ont été cassés et charriés vers l'est par des chevauchements pliocènes- 
pleistocènes, plus jeunes que 1,5 Ma. Plus au sud que 24' de lat. S, la bordure occidentale est déversée vers 
l'Ouest et l'orientale vers l'Est. Ce segment montre des différences notables avec ceux-ci situés plus au 
nord dans le Pérou et la Bolivie. 

Fronts chevauchants de la vallée de Lerma (Salta, Argentine) synchrones du dépôt de 
la formation Piquete (Plio-Pléistocène) 
C.R. Monaldi, R.E. Gonzales et J.A. Salfity 

Nous présentons une description synthétique de plusieurs fronts chevauchants ayant contrôlé les dépôts 
synorogéniques de la formation Piquete (d'age plio-pléistocene) dans une partie du bassin d'avant-pays 
néogène du N.O. argentin (vallées de Lerma et Metan). 

Atténuation des ondes coda avant et après l'événement sismique majeur d'Antofagasta 
du 30 juillet 1995 
T. Monfret 

L'atténuation intrinsèque et I'atténuation "scattering" sont calculées pour des séismes qui se sont produits 
entre 1993 et 1996 à moins de 30 km de distance épicentrale de la station MEJ du réseau sismologique 
d'Antofagasta. Alors que I'atténuation intrinsèque ne montre aucune variation temporelle, I'atténuation 
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"scattering" augmente à MEJ avant le tremblement de terre d'Antofagasta du 30 Juillet 1995 et regagne en 
1 996 son niveau de 1993. 

Les adakites d1Equateur: données préliminaires 
M. Monzier, J.P. Eissen, J. Cotten, M.L. Hall, C. Robin et P. Samaniego 

Les premiers résultats du programme de volcanologie mené en Equateur par I'ORSTOM et l'Institut 
Géophysique de 1'Ecole Polytechnique Nationale (Quito) montrent une forte proportion d'adakites parmi les 
roches échantillonnées sur les volcans quaternaires. Ces roches résultent de la fusion partielle d'une source 
basaltique. Les volcans concernés étant relativement éloignés de la fosse, il semble logique d'envisager une 
fusion en base de croûte plutôt qu'une fusion de la plaque plongeante lui-même. 

Caractéristiques chimiques des minéraux métamorphiques dans les laves basiques du 
Crétacé inferieur de la Cordillère côtière, Chili central 
D. Morata, M. Vergara, L. Aguirre, J. Cembrano et E. Puga 

Dans la Cordillère Cotière du Chili central, les roches volcaniques du Crétacé inférieur, épaisses de 3 à 13 
km, ont subi un métamorphisme de bas grade. Les coulées basiques se caractérisent par leurs paragénèses 
riches en chlorite, pumpellyite, épidote et felspath potassique (adulaire, riche en Ba). Ces minéraux 
montrent de fortes variations dans leurs compositions chimiques et ceci a plusieurs échelles d'observation, 
depuis celle de cristaux à l'intérieur d'amygdales. Cette hétérogénéité résulterait de fortes variations de la 
fugacité de l'oxygène durant l'évolution métamorphique du système. 

Potentiel pétrolier de I'Altiplano Bolivien 
1. Moretti et O. Aranibar 

La partie est de 1'Altiplano bolivien contient deux intervalles-roche mère: le Paléozoïque et le Crétacé 
supérieur. Le Paléozoïque est épais mais d'un potentiel moyen, le Crétacé (Fm Chaunaca et El Molino) est 
localement très riche mais peu épais. L'exploration y est rendu risquée par les différentes phases d'érosion 
qui ont pu faire disparaître ces roches mères et par le fait que certaines des structures sont très récentes, 
vraisemblablement post-migration des HC. A l'ouest de nombreuses inconnues demeurent du fait du 
manque d'affleurement et de calage sismique. II est vraisemblable que le Paléozoïque moyen à supérieur 
soit absent et la richesse du Crétacé reste à prouver. L'existence localement d'autres séries riches en matière 
organique, Ordovicien ou Jurassique n'est pas à éliminer. 

Cartes de distribution de la densité du flux de chaleur terrestre en Amérique du sud 
M. Munoz et V.M. Hamza 

Les cartes sont basées sur la compilation de 655 valeurs de flux de chaleur obtenues par des méthodes 
diverses. Dans ce travail, à chaque valeur de flux a été associée un indice de priorité. Les cartes ont été 
préparées automatiquement et par contourage manuel. Les mosaïques de variations de flux de chaleur 
obtenues lors de la fabrication de ces cartes sont discutées en relation avec les observations géophysiques 
sur le continent. 
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Actualisation de la cartographie géologique de la côte SW équatorienne, entre 
Guayaquil et la Péninsule de Santa Elena, à l'aide d'imageries satellitaires 
E. Navarrette, A. Legeley-Padovani et G. Laubacher 

Le traitement d'une image Landsat TM et d'une image SPOT XS par des méthodes classiques de 
classification, d'une part dirigée (moyenne euclidienne) et d'autre par non dirigée (Nuées Dynamiques à 
centres mobiles) ainsi que les techniques de Morphologie Mathématique ont permis de différencier et de 
cartographier les ensembles stratigraphiques principaux de cette partie côtière de I'Equateur. Les différents 
types de traitements ont donné des résultats similaires pour les grandes unités mais ils ont laissé quelques 
imprécisions. Celles-ci ont pu être bien identifiées sur le terrain. Ces résultats sont en accord avec les 
récents travaux de Benitez (1995) sur la lithostratigraphie et l'évolution géodynamique. 

Résultats structuraux préliminaires sur le batholite nord-patagonien (Chili, Aysen, 
44"-45'30' S )  
A. Nédélec et A. Sanhueza 

Le batholite nord-patagonien est caractérisé par la mise en place de granites alumineux récents en position 
axiale. Les structures de ces granites (foliations N-S fortement pentées vers l'Ouest; linéations de direction 
N à NE subhorizontales à moyennement plongeantes vers le SSW) et leurs microstructures (magmatiques 
ou déformées à l'état solide) sont compatibles avec une mise en place syntectonique guidée par le 
décrochement dextre de Liquine-Ofqui. 

Un modèle de coupes équilibrées pour l'évolution fini-cénozoique de I'arc et de 
l'arrière-arc sud-Bolivien. 
N. Okaya, S. Tawackoli et P. Giese 

Les nouvelles données géologiques et géophysiques indiquent que I'arc et l'arrière-arc du sud de la Bolivie 
résultent de deux mécanismes d'épaississement. Le premier (27-5Ma) est du chevauchement par 
cisaillement simple crustal, avec épaississement de la croûte inférieure par cisaillement pur. Cette phase 
rend compte du raccourcissement entre llAltiplano et la zone interandine, ainsi que de l'épaississement et du 
soulèvement dans 1'Altiplano et la cordillère occidentale. La deuxième phase (0-5Ma) est de type 
subduction continentale et entraîne un raccourcissement dans la zone sub-andine, avec épaississement et 
soulèvement dans la cordillère orientale. Ce concept est étudié par un modèle de coupes équilibrées. 

Géochimie du volcan Huaynaputina, Pérou méridional 
R.A. Oliver, N. Vatin-Perignon, P. Goemans et F. Keller 

Le volcan Huaynaputina, situé dans le Sud du Pérou, a fait sa dernière éruption en 1600. Ici, nous 
examinons la géochimie de cette dernière éruption ainsi que les laves antérieures. La géochimie de 
I1Huaynaputina ressemble à celle de la plupart des autres volcans du secteur, comme le Solimana et les 
volcans du nord du Chili. La géochimie, surtout les éléments trace et les données isotopiques, montre que 
le magma a subi une contamination crustale relativement importante. 

Pétrologie et mise en place des granitoïdes de la cordillère frontale, Province de 
Mendoza, Argentine occidentale (33-34"s) 
H.M. Orme, N. Petford, M.P. Atherton, D. Gregori, M.A. Ruvinos et S.G. Pugliese 

Les intrusions de la cordillère frontale de Cacheuta et Guido dans l'ouest de l'Argentine sont des corps 
granitiques peu étudiés qui se trouvent dans un bassin sédimentaire et volcanique lié à un rift du Trias. La 
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tectonique régionale suggère que la mise en place des granites a eu lieu au cours de mouvements 
décrochants senestre le long de linéaments principalement orientés N-S. 

Morphostratigraphie et déformations verticales quaternaires dans la péninsule de 
Mejillones, Nord Chili 
L. Ortlieb, J.L. Goy, C. Zazo, C. HiIlaire-Marcel, B. Ghaleb, N. Guzman et R. Thiele 

L'étude géologique, paléontologique et géochronologique des dépôts marins et littoraux plio-quaternaires de 
la péninsule de Mejillones (23"s) indique que le soulèvement de ce bloc crustal de la côte nord-chilienne 
n'a pas excédé les 200 mètres, comme le reste du secteur côtier Antofagasta-Iquique. L'attribution des 
exceptionnelles séries de cordons littoraux préservés dans la péninsule au Pléistocène moyen suggère que 
l'essentiel du soulèvement s'est produit lors des derniers 500 000 ans. 

Ceintures métallogéniques de la Patagonie chilienne entre 44" et 48"s 
C. Palacios M., A. Lahsen A. et M. Parada R. 

La minéralisation est limité à trois ceintures métallogéniques, dans lesquelles l'activité hydrothermale est 
concentrée le long des arcs magmatiques correspondants. Au Jurassique supérieur, se forment des 
minéralisations épithermales Au-Ag et mésothermales Zn-Pb-Ag. Au cours du Crétacé inférieur, 
apparaissent des minéralisations Au-Ag épithermales, des skarns à Zn-Au, et des porphyres cuprifères. Au 
cours du Miocène, des minéralisations épithermales à or et des porphyres cupriîères se mettent en place. 

Remobilisation du Zn et du Pb du socle paléozoique comme source de minéralisation 
dans le district El Faldeo, Patagonie chilienne: arguments géochimiques et 
isotopiques 
C. M. Palacios, A. Lahsen A., M. Parada R. et S. Magri 

La source des minéralisations à Zn-Pb est discutée à partir des données isotopiques et géochimiques. Les 
données de la géochimie indiquent un lessivage des roches paléozoïques au cours d'une altération 
propylitique et une reconcentration dans des roches minéralisées et séricitisées. Les données isotopiques S 
et Pb indiquent que le H2S et le plomb ont une source crustale. Les données isotopiques Sr et Nd sur 
roches intrusives liées à la minéralisation suggèrent une importante contribution crustale. 

Evolution magmatique de la partie orientale de la Patagonie chilienne (Région 
d'Aysen): contraintes géochronologiques et géochimiques 
M. A. Parada, A. Lahsen et C. Palacios 

A partir de données radiométriques publiées et de 34 nouvelles datations, ainsi que de données 
géochimiques et isotopiques, cette étude contribue à la compréhension de l'évolution magmatique de la 
Patagonie chilienne. Les résultats confirment la zonation d'échelle régionale du batholite nord patagonien, 
mais montrent des variations géochronologiques et géochimiques à l'intérieur de zones particulières. Une 
corrélation est détectée entre le plutonisme et le volcanisme. Cependant, les produits de ces deux processus 
auraient une origine différente. 
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Géologie, géochronologie et évolution tectonique du secteur Au-Zn El Faldeo dans la 
Patagonie Chilienne 
M.A. Parada. C. Palacios et A. Lahsen 

La minéralisation à Au-Zn du secteur El Faldeo est contenue dans des tufs de la formation Ibanez et dans 
des porphyres subvolcaniques associés. Les observations de terrain, les âges radiométriques (U-Pb, Ar-Ar 
et K-Ar), et la distribution, contrôlée par failles, de la séquence Ibanez, des intrusions et des veines, 
suggèrent que l'espace pour mettre en place les magmas et les minéralisations dans l'arc Jurassique de la 
Patagonie chilienne est associé au développement de bassins extensifs. 

Sismotectonique et distribution des contraintes dans la région centrale du Chili, le 
long de la plaque Nazca en subduction (25"-40" S) 
M. Pardo, D. Comte, T. Monfret, E. Vera et N. Gonzalez 

Les caractéristiques sismotectoniques de la région centrale du Chili sont analysées à partir de la distribution 
des hypocentres et des mécanismes au foyer des séismes locaux. Nous déterminons la géométrie de la 
paque Nazca en subduction, le champ de contraintes associé, et la forme du contact sisrnogénique inter- 
plaque. 

Etudes de sismique grand angle sur terre et en mer en Chili du nord au cours du projet 
Cinca 95 
R. Patzwahl, A. Schulze, P. Giese et J. Mechie 

Du 3 1 juillet au 30 septembre 1995, deux études de sismique grand angle, sur terre et en mer ont eu lieu 
en Chili du nord, au cours du projet CINCA 95 (Crustal Investigations on- and off-shore NazcaICentral 
Andes). Ces études concernent les latitudes 19" et 26" sud et les longitudes 76" et 68" ouest. Nous 
montrons, selon l'état actuel de l'interprétation, les modèles 2D de structure de vitesse de la marge à l'ouest 
de la zone de subduction. 

Tomographie crustale des Andes Equatoriennes à partir de séismes locaux enregistrés 
lors de l'expérience Lithoscope 1995 
A. Paul, R. Bernal, B. Guillier, J.L. Chatelain et A. Alvarado 

Nous présentons les résultats d'une inversion simultanée des localisations hypocentrales et de la structure 
3D en vitesse d'ondes P sous les Andes Equatoriennes. Les données utilisées sont celles de I'expérience 
Lithoscope 1995 pendant laquelle 54 stations sismologiques courte-période ont été déployées sur 2 profils 
E-O et 3 profils N-S à travers la chaîne andine entre Quito et Robamba. Très peu de téléséismes ayant été 
enregistrés, nous utiliserons les séismes locaux bien localisés. 

L'arc magmatique plio-holocène entre 36" et 39's: contrôles sur la géométrie du plan 
de Benioff 
A.E. Pesce 

A partir des données géologiques, volcanologiques, pétrogénétiques, géophysiques et sismologiques, nous 
proposons un modèle théorique d'évolution de la plaque océanique en subduction entre 36" et 39" de latitude 
sud. 
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Age et origine des basaltes des plateaux de Patagonie méridionale, Chili, Région de 
Chile Chico (46'45's) 
N. Petford. M. Cheadle et B. Barreiro 

De nouvelles données chimiques et radiométriques de la région de Chile Chico, à l'intérieur de l'actuelle 
lacune de volcanisme, sont présentées pour une coupe détaillée à travers une séquence inférieure de basaltes 
des plateaux constitués de tholéites à olivine et hyperstène normatif. Des âges 4 0 ~ r / 3 9 ~ r  de 51.7 + 0.7 à 
5 1.8 + 0.9 impliquent une période d'éruption d'environ 0.1 Ma et confirment la similarité d'âge de ces 
roches avec les basaltes voisins d'Argentine. Les basaltes sont d'affinités OIB (BaLa < 15, La/Nb < 1.6). 
avec des valeurs de Mg jusqu'à 67, des valeurs d'epsilon Nd allant de +6 à +2, et des rapports 8 7 ~ ~ / 8 6 ~ ~  
de 0.7030-0.7045. La corrélation entre La/Nb, Ti02, et la composition isotopique entre les séquences 
basaltiques inférieure et supérieure suggère un changement dans le temps de la région source, d'un manteau 
principalement asthénosphérique à un manteau lithosphérique. 

Age 4 0 ~ r - 3 9 ~ r  et reconnaissance paléomagnétique de roches ignées dans la région de 
Coyhaique, sud Chili (45'30'-47"s) 
N. Petford et P. Turner 

Depuis I'Eocène, la Patagonie (sud-centrale) a connu plusieurs collisions de ride. Dans cette contribution, 
nous présentons les résultats d'une étude dont le but est de quantifier la réponse de la plaque continentale 
lors de la subduction d'une ride. Afin de mieux contraindre I'age de l'activité ignée et les possibles rotations 
tectoniques engendrées par les événements de subduction de ride, des datations 4 0 ~ r - 3 9 ~ r  et une étude 
paléomagnétique ont été entreprises sur des points clés au sud de Coyhaique, entre 45'30' et 47"s. 

Anisotropie des ondes S sous les Andes centrales à partir des expériences BANJO, 
SEDA et PISCO 
J. Polet, P. Silver, G. Zandt, S. Ruppert, R. Kind, G. Bock, G. Asch, S. Beck et T. Wallace 

Nous avons analysé les données des stations portables des expériences BANJO, SEDA et PISCO afin de 
déterminer les paramètres de séparation des ondes S (direction de polarisation rapide F, retard dt) sous les 
réseaux. Les réseaux suivent une ligne EW à 20" à travers les Andes, et une ligne globalement NS de 16" à 
26". Le long de la ligne EW, F est le plus souvent orienté EW, alors qu'ailleurs il est le plus souvent 
parallèle à la zone de subduction. Nous en concluons que le signal principal vient de sous la plaque Nazca, 
ce qui indique un champ d'écoulement complexe avec une composante parallèle à la zone de subduction. 
Nous suggérons que le champ d'écoulement est relié à la structure des Andes à grande échelle. 

Une approche en conditions aux limites par une force dépendante de la vitesse de 
déformation pour la modélisation numérique de l'évolution d'un plateau - Application 
à la déformation andine 
R. Porth 

Afin d'étudier l'effet des forces liées à la croissance d'un plateau, des conditions aux limites impliquant une 
force dépendante de la vitesse de déformation ont été appliquées à des modèles géométriques simples en 2D 
d'une lithosphère à différents stades de I'évolution d'un plateau. Le taux de raccourcissement diminue 
significativement lorsque l'altitude du plateau augmente, ce qui affecte non seulement la vitesse de 
déformation mais aussi le style de déformation à l'intérieur du modèle. Ceci montre l'importance de 
conditions aux limites impliquant une force dépendante de la vitesse de déformation pour les modèles 
numériques de I'évolution du plateau. 
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Tomographie des Andes équatoriennes 
R. Prevot, J.L. Chatelain, B. Guillier et H. Yepes 

Les temps d'arrivées d'ondes P et S de séismes locaux ainsi que des ondes P de téléséismes ont été utilisés 
pour définir les modèles de vitesses (1D et 3D) pour la croûte et le manteau supérieur, sous les Andes 
équatoriennes. Comme dans les Andes Centrales boliviennes, sous les cordillères, les vitesses sont plus 
rapides qu'au niveau de la partie centrale des Andes, Altiplano en Bolivie et dépression interandine en 
Equateur, le moho étant plus profond sous ces zones. 

Tectonique tertiaire du nord de la Patagonie: Évidence de vestiges de bassins chiliens. 
D. Prior, F. Ray et S. Flint 

Les vestiges de bassins tertiaires dans le nord de la Patagonie fournissent un enregistrement de la 
tectonique de la marge. Le bassin molassique patagonien et la chaîne chevauchante d'avant-pays peuvent 
être liées à l'histoire de la subduction de la ride. Cependant, les informations chronologiques suggèrent que 
la sédimentation molassique et au moins une partie de la déformation ont commencé antérieurement. Il est 
possible que la formation initiale de la topographie et le bassin molassique résultent de la subduction d'une 
croûte plus jeune et plus légère lors de l'approche de la ride vers la marge. 

Evolution tectonique des Andes principales centrales au Paso Piuquenes (33" 30' s),  
Argentine et Chili 
V. A. Ramos, E. Godoy, V. Godoy et F. Pangaro 

A la latitude 33" 30's (Argentine et Chili), il y a une relation étroite entre le développement de la ceinture 
plissée et faillée dlAconcague et l'évolution magmatique de la Cordillère Principale. Ainsi, le taux de 
raccoucissement calculé à partir de coupes équilibrées est compatible dans l'espace et le temps avec 
l'augmentation des rapports de terres rares, LaJYb et LalSm, déterminés sur les roches volcaniques. 

Magmatisme gondwanien de Patagonie: batholithes calco-alcalins internes à la 
cordillère et provinces de volcanisme bimodal 
C.W. Rapela, R.J. Pankhurst, E.J. Llambias, C. Labudia et A. Artabe 

Le magmatisme Gondwanien (Carbonitère supérieur à Jurassique) de l'Amérique du Sud Australe contient 
des alternances répétées entre des batholithes calco-alcalins internes à la cordillère et des provinces de 
volcanisme bimodal. Ceci peut refléter des changements dans le régime tectonique, avec des épisodes 
plutoniques correspondant aux périodes de forte obliquité de la subduction, les large provinces de 
volcanisme correspondant aux périodes d'arrêt ou de ralentissement de la subduction. 

Dynamique d'avant-arc et néotectonique de l'arc des Andes centrales, Nord du Chili 
C-D. Reuther et J. Adam 

Les structures néotectoniques de surface entre la fosse du nord du Chili et la cordillère occidentale sont 
caractérisées par des failles normales parallèles à la fosse dans l'avant-arc côtier externe, et par des failles 
inverses à vergence ouest et est dans l'avant-arc interne, jusqu'au bord occidental de l'arc magmatique actif. 
plusieur structures en biseau ont été définies dans la croûte fragile de l'avant-arc. Des modèles de biseaux 
plastiques et à loi de friction aident à comprendre la dynamique de la croûte rigide contrôlant le 
soulèvement des blocs de socles de la chaîne côtière chilienne, avec simultanément de l'extension E-W 
dans l'avant-arc externe et de la compression E-W dans l'avant-arc interne. 
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Pétrographie et géochimie des roches volcaniques océaniques et continentales d'âge 
crétacé moyen à paléocène du Sud-Ouest de I'Equateur 
C. Reynaud, H. Lapierre, E. Jaillard, S. Benitez, G. Berrones et G. Mascle 

Le substratum d'origine océanique de la côte sud-équatorienne, d'âge crétacé moyen, présente des 
caractéristiques géochimiques de plateau océanique. Ceci expliquerait pourquoi il n'a pas été subducté et a 
supporté des arcs insulaires successifs au Crétacé supérieur et au Paléogène. Pendant la même période, la 
marge andine de l'extrême sud de I'Equateur est marquée par le fonctionnement discontinu d'arcs 
volcaniques continentaux. 

Les séquences du Crétacé-Paléogène et les premiers événements orogéniques andins 
dans le bassin de l'oriente Equatorien 
M.V. Rivadeneira 

Les séquences stratigraphiques du Crétacé-Paléogène du bassin de l'oriente Équatorien sont influencées par 
des événements orogéniques andins très précoces. Faibles jusqu'au Santonien-Campanien et seulement mis 
en évidence par des érosions mineures, ces événéments sont mieux marqués dans les séquences Paléogène 
quand l'érosion s'accentue et qu'apparaissent les premiers dépôts molassiques qui mettent en évidence 
l'émersion des paleo-Andes à l'ouest du bassin. Les failles et les plis formés, ainsi que les sédiments 
déposés entre le Crétacé et le Paléogène, sont d'une importance critique pour la formation et I'accumulation 
du Pétrole dans le bassin. 

Dynamismes éruptifs contrastés associés à deux suites magmatiques distinctes 
(adakitique et andésitique) au volcan Mojanda, Equateur 
C. Robin, M. Jimenez, M. Hall, P. Escobar, M. Monzier, J. Cotten et J.P. Eissen 

Deux centres volcaniques majeurs (Mojanda et Fuya Fuya), distants de seulement 4 km, constituent ce qui 
était considéré comme le Volcan Mojanda. Les développements et dynamismes éruptifs de ces deux 
appareils contemporains difîèrent. Le Mojanda S.S., formé par une suite d'andésites basiques et d'andésites, 
est essentiellement constitué de laves et de dépôts pyroclastiques résultant d'explosions 
phréatomagmatiques. Au Fuya-Fuya, les roches sont adakitiques ; l'activité, surtout explosive, est celle de 
coulées visqueuses et de dômes essentiellement dacitiques, dont les différentes phases de mise en place est 
intercalée à de nombreux événements pliniens dacitiques et rhyolitiques (coulées pyroclastiques, épaisses 
retombées de ponces). 

Genèse et cinématique de 1'Altiplano en Bolivie du nord 
P. Rochat, P. Baby, G. Hérail, G. Mascle, O. Aranibar et B. Colletta 

De I'Eocene à l'oligocène Inférieur, I'Altiplano correspondait à un bassin rempli de sédiments en 
provenenance de l'ouest. Jusqu'au Miocène, ce bassin se structurait en régime compressif, chevauché par la 
Cordillère Orientale. Au Pliocène Inférieur, une bonne partie de I'Altiplano a été érodée et recouverte de 
sédiments volcano-détritiques. En même temps, l'épaississement et la structuration en zone subandine ont 
conduit au soulèvement de toute la région. 

Magnétostratigraphie et rotation paléomagnétique de I'Altiplano bolivien nord-central 
P. Roperch, L. Aubry, G. Herail, M. Fornari et A. Chauvin 

Une coupe magnétostratigraphique dans 2500 m de sédiments de la formation Totora au coeur du synclinal 
de Corque permet de déteminer un taux de sédimentation régulier et élevé de 970 m/Ma pour l'ensemble de 
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la séquence entre 1 1.5 et 9 Ma. D'autre part, la rotation antihoraire de I'Altiplano central enregistrée par les 
formations Eocène-Oligocène est supérieure à 20". Les résultats nombreux obtenus dans la formation 
Totora montrent que le bassin sédimentaire enregistre 12" de rotation depuis 9 Ma. 

Le volcanisme intra-plaque au sein des carbonates du Groupe Pucara (Triassique 
supérieur à Jurassique inférieur, Pérou central) 
S. Rosas, L. Fontboté et W. Morche 

Au Pérou central, la série carbonatée du Groupe Pucara, d'age triassique à liassique, est intercalée avec des 
roches volcaniques, principalement des basaltes alcalins ou andésitiques. Leurs caractéristiques 
géochimiques témoignent d'une origine intgra-plaque. Le bassin de Pucar5 aurait pu se former dans un 
contexte de rift avorté sur la marge occidentale du craton brésilien. 

La structure en fleur de Valle Fertil et ses relations avec la Précordillère et les 
Sierras Pampeanas (30"-32" S, Argentine) 
E.A. Rossello, M.E. Mozetic, P.R. Cobbold, M. de Urreiztieta, D. Gapais et O. Lopez-Gamundi 

Les structures andines ont une orientation sub-méridienne entre 27"s and 32"s. Cependant dans l'avant 
pays, à l'Est des chevauchements frontaux de la Précordillère, la faille de Desaguadero-Valle Fertil a une 
direction NO-SE. Elle constitue la limite orientale des Sierras Pampeanas. Les observations de surface et 
les données de sismique réflexion indiquent que cette faille a une structure en fleur et est caractérisée par un 
jeu transpressif senestre depuis le Néogène. 

Sismicité et paramètres focaux en Chili du Nord selon des observations par des 
réseaux sismologiques temporaires et locaux 
A.F. Rudloff et G. Asch 

Cet article est un rapport sur deux réseaux sismologiques qui ont été opérationnels en Chili du nord 
pendant les années 1994 et 1995 (PISCO 1994 et CINCA 1995). Les études faisaient partie d'un projet du 
Centre Coopératif de Recherche SFB 267, ayant pour but d'expliquer le processus de déformation dans les 
Andes à l'aide des méthodes géophysiques et géologiques. 

Le séisme (Mw=8,1) d'Antofagasta (nord Chili) du 30/07/1995: premiers résultats à 
partir des données télésismiques et géodésiques 
J.C. Ruegg, R. Armijo, J. Campos, S. Barrientos et coll. 

Le 30 juillet 1995, un très fort séisme (Mw=8,1) se produisait dans la région d'Antofagasta, au sud de la 
lacune sismique du nord Chili. Ce séisme a rompu une zone de 60x1 80 km de l'interface de subduction 
entre la plaque Nazca et la plaque Amérique du sud. Deux semaines après le séisme, nous avons remesuré 
avec GPS une partie du réseau géodésique mis en place antérieurement en 1992. Ici, nous présentons les 
déplacements géodésiques observés ainsi que les résultats de la modélisation du mécanisme focal obtenu à 
partir des données télésismiques, afin de préciser la position, la géométrie, et la dynamique de la rupture. 

Activité continue des séismes "Longue Période" du volcan Cotopaxi, Equateur 
M. Ruiz, J.L. Chatelain, B. Guillier et M. Segovia 

Depuis 1991, l'activité sismique en événements LP du volcan Cotopaxi est continue. L'analyse de la 
distribution spatiale des séismes montre que ceux-ci sont situés à des profondeurs intermédiaires (8 à 18 
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km). De plus, la stabilité des paramètres tels que le contenu fréquenciel, la magnitude et la libération 
d'énergie montrent que I'activité LP est un comportement normal du Cotopaxi et non un signal pouvant 
servir de précurseur à une éruption, comme cela a Cté observé pour d'autres édifices. 

Nature des roches métamorphiques de la cordillère frontale dans la région du Rio de 
las Tuna, Province de Mendoza, Argentine 
M.A. Ruvinos et D.A. Gregori 

Les roches métamorphiques du socle de la Cordillère frontale (calcaires et schistes micacés, métapélites, 
coulées et laves en coussins), qui peuvent atteindre jusqu'à 3km d'épaisseur, représentent probablement un 
mélange tectonique. Les similarités dans la lithologie et les mécanismes de mise en place des composantes 
du socle de la Cordillère frontale avec d'autres séquences de cette zone et de la précordillère suggèrent 
qu'elles appartiennent à une séquence ophiolitique. 

Contrôle de la tectonique active sur les dépôts alluviaux et fluviaux de la rivière San 
Juan, San Juan, Argentine. 
L. Ruzycki et J. Paredes 

La construction et les corrélations de profils longitudinaux d'érosion-dépôt ont été effectuées pour les 7 
principaux niveaux et les trois principaux niveaux intermédiaires de la rivière San Juan au niveau de la 
Précordillère, entre les km 127 et 35 de la route n020 qui relie la ville de San Juan à la province de 
Calingasta. Les résultats montrent (1) que les niveaux principaux constituent une réponse complexe à des 
événements climatiques et tectoniques d'échelle régionale, intervenus au cours du pléistocène moyen et de 
l'holocène, et (2) que les principaux niveaux intermédiaires semblent être essentiellement liés à des 
processus tectoniques locaux, induisant des seuils morphologiques locaux dans le cours de la rivière. Ces 
seuils influencent non seulement la géométrie des différents profils, mais aussi les déformations des 
différents niveaux fluviaux et alluviaux existant dans la Précordillère. 

Effets de la tectonique active sur la géométrie des réseaux de chenaux de la rivière 
San Juan dans la vallée de Tulum, San Juan, Argentine 
L. Ruzycki et C. Wetten 

Cette étude aborde le problème du contrôle néotectonique sur la morphologie de la rivière au passage de la 
vallée Tulum, qui correspond à la bordure active du bassin d'avant-pays au pied de la Précordillère orientale, 
principalement dans la province géologique des Sierras Pampéanas. A partir de la détermination et de la 
construction du profil longitudinal actuel et des changements dans la géométrie de canaux, il est établi que 
I'activité néotectonique entraîne la formation de ruptures de pente de la vallée, avec localement une plus 
grande agradation sédimentaire. 

Distribution et évolution des zones géomorphologiques dans la cordillère orientale de 
Bolivie .  
E.B. Safran et T. Dunne 

Les chaînes de montagnes montrent de fortes hétérogénéités morphologiques régionales qui sont 
caractérisées par des processus géomorphologiques différents. Cette étude montre et explique la distribution 
et l'évolution de ces régions géomorphologiques distinctes dans une importante chaîne de montagne, la 
Cordillère orientale des Andes boliviennes. Le modèle quantitatif d'incision fluviale relie la morphologie 
des pentes et l'érosion fluviale. 



Third ISAG, St Ma10 (France), 17-19/9/1996 
8 4 2  

Les bassins post-Eocène des Andes Centrales d'Argentine 
J.A. Salfity, S.A. Gorustovich, R.E. Gonzalez, C.R. Monaldi, R.A. Marquillas, C.I. Galli et R.N. 
Alonso 

Nous décrivons le contexte tectonique et la distribution régionale des bassins tertiaires developpés dans les 
Andes centrales argentines (22' - 36' latitude Sud) à l'époque post-incaïque (éocène précoce) et pré-diaguite 
(pliocène tardif - pléistocene précoce). 

Le volcan Cayambe (Equateur): tephrochronologie des derniers 5000 ans 
P. Samaniego, M. Monzier et C. Robin 

Le volcan Cayambe se trouve dans la Cordillère orientale dlEquateur. 11 a eu une très importante activité 
pyroclastique durant les 5000 dernières années, principalement durant deux périodes: la première entre 3900 
et 1800 ans BP, la seconde entre environ 1000 ans BP et l'actuel. Les roches de la partie récente du 
Cayambe (Nevado Cayambe) présentent un net caractère adakitique, à la différence de celles de la partie 
ancienne (Vieux Cayambe). 

Extension tertiaire dans la basse vallée du Loa, Nord du Chili (21-22' S) 
P. Santanach, D. Serrat, A. Saez, L. Cabrera et G. Chong 

Dans la région de la basse vallée du Loa, il y a eu deux étapes extensives pendant le Tertiaire. La 
Cordillera de la Costa est le résultat de la superposition des failles normales appartenant à ces deux phases. 
Sa limite avec la Vallée Longitudinale a été formée pendant la première phase (Oligocène (?)-Miocène) et 
son bord occidental, la falaise côtière, pendant la seconde (Miocène-Pliocène). L'activité tectonique 
extensive s'est donc déplacé de l'est vers l'ouest durant le Tertiaire. 

Les ignimbrites cénozoïques du nord Chili, de Bolivie occidentale et du sud Pérou: 
stratigraphie, extension géographique, corrélation et origine 
W. Schroder et G. Worner 

Les ignimbrites Miocène à Pliocène du Nord Chili fournissent des marqueurs stratigraphiques et des 
évidences pour de la fusion crustale à grande échelle en réponse à l'épaississement crustal. Des ignimbrites 
rhyolitiques d'age 20-19 Ma représentent un volume supérieur à 3000 Km3 et donc un court épisode de 
fusion crustale à cette époque. L'ignimbrite Lauca-Perez est un exemple inhabituel d'une ignimbrite (c 775 
km3) qui s'est mise en place le long d'un trajet d'une altitude de 4500m jusqu'à la côte Pacifique. Les 
observations de terrain et les corrélations chimiques sont présentées pour ces ignimbrites et leur 
implication pour l'évolution andine à 18's est discutée. 

Segmentation et vitesse de déplacement horizontal de la faille de El Tigre (Province 
de San Juan, Argentine) 
L. Siame, M. Sebrier, O. Bellier, D. Bourles, J.C. Castano, M. Aurojo, F. Yiou et G.M. Raisbeck 

La géométrie et la segmentation de la faille de El Tigre ont été étudiés sur images SPOT. Cette zone de 
failles, qui borde la Précordillère argentine dans la vallée interandine de Calingasta-Iglesia, peut être 
caractérisée par trois segments majeurs qui totalisent une longueur de rupture en surface de 120 km. Une 
étude du risque sismique qui lui est associé et de sa vitesse de déplacement est également proposée. 
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Couplage des plaques en profondeur, ou comment les Alpes ont contribué à la 
formation des Andes 
P.G. Silver et R.M. Russo 

Le récent ralentissement du mouvement absolu de la plaque Afrique (Af) au cours des 30 derniers millions 
d'années, combiné au mouvement relatif plutôt uniforme entre Afrique et Amérique du sud (AS), 
impliquent que le déplacement de la plaque AS s'est accéléré durant cette même période. Nous proposons 
que le ralentissement soit dû à la collision avec l'Eurasie, et que l'accélération concommitente de l'AS soit 
dûe à l'existence d'un flux de masse constant de matériel mantellique vers le bassin atlantique. Ce couplage 
profond induit aussi un couplage des déformations des deux plaques, en l'occurrence les Alpes et la phase 
andine Quechua. 

Failles actives dans les Andes du Sud-Ouest vénézuélien et à la frontiere de la 
Colombie 
A. Singer et C. Beltrfin 

Vers son extrémité sud, le taux de déplacement de la faille de Bocon6 chute de façon significative. En effet, 
la vitesse pourrait passer en dessous de 1 mrntan, voir 0,5 mmlan, avant que la faille ne pénètre en 
territoire colombien. La ramification importante de la faille, son amortissement contre le système 
convergent de Bramon, et les modalités de sa connection cinématique avec les failles senestres du poinçon 
de Pamplona pourraient être à l'origine du fait signalé. 

Influence de la tectonique régionale sur la formation de caldeiras volcaniques miocène 
sur I'Altiplano-Puna, NW argentin: Le complexe de la caldeira Aguas Calientes 
C. Soriano, J. Maarti, 1. Petrinovic et J. Viramonte 

Une étude détaillée de la caldeira Aguas Calientes montre que la dynamique d'effondrement a été contrôlée 
par un réseau de décrochements régionaux et de failles inverses. Quelques unes de ces failles ont été 
réactivées en faille normale lors de courts événements d'effondrement de la caldeira et, après l'activité 
volcanique, ces failles ont été à nouveau actives en décrochement et en failles inverses. 

Paléogéographie mésozoïque de l'Amérique du sud Australe 
L.A. Spalleti et J. Franzese. 

Huit cartes paléogéographique de Patagonie, entre la fin du Trias et la fin du Crétacé sont présentées en 
étapes de 15 à 30 Ma. Elles ont été compilées à partir d'une base de données paléogéographique incluant 
des informations stratigraphiques, structurales, sédimentaires, tectoniques et paléoenvironnementales. 

Distribution du flux de chaleur et implications pour la structure thermique de la 
croûte Andine 
M. Springer 

A partir d'un nouveau jeu de données géothermiques et de la compilation des données existantes pour les 
Andes centrales, cette étude contribue à déterminer la distribution de la densité du flux de chaleur et, dans 
une deuxième étape, à modéliser le flux de chaleur en 2D sur une coupe E-W. Cette modélisation montre 
que le chauffage par friction le long du contact entre les deux plaques et la présence du coin 
asthénosphérique dans la région de l'arc ont un impact important sur les températures dans la plaque 
subduite et dans la plaque sus-jacente, mais contribuent de façon limitée au flux de chaleur en surface. 
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L'origine des sulfates du SaIar de Atacama et de la Cordillera de la Sal, résultats 
initiaux d'une étude isotopique 
B. Spiro et G. Chong 

Les données isotopiques ( 0 ~ ~ 3  et 8 7 ~ r / 8 6 ~ r  des eaux des ruisseaux qui entrent dans le salar d'Atacama, 
ainsi que les eaux du salar lui même et le gypse associé, montrent que l'origine du sulfate est contrôlée par 
les émissions volcaniques, sans contributions significatives de sulfate maritime. Les données isotopiques 
de la Cordillera de la Sal, située au nord-ouest et ayant un âge Oligocène, indiquent que les sulfates ont la 
même origine. 

Evolution thermotectonique des Andes en équateur sud: étude de traces de fission 
M. Steinmann, D. Seward et D. Hungerbuehler 

A partir de 14 échantillons de roches, prélevés dans le socle et dans des intrusions granitiques, 12 
échantillons d'apatites et 11 de zircons ont pu être séparés. Les zircons sont d'âge crétacé à miocène; les 
apatites, d'âge paléocbne à miocène. Pour les apatites, les traces confinées ont des longueurs moyennes de 
13 à 14 mm et les distributions sont unimodales, évoquant une histoire simple d'exhumation tertiaire, à 
partir d'une profondeur de 3 à 4 km. 

Segmentation thermomécanique des Andes (15"-50" S): une approche par analyse 
flexurale 
A. Tassara et G. Yafiez 

L'analyse flexurale de 15 sections topo-gravimétriques a permis de caractériser la lithosphbe andine d'un 
point de vue compositionnel, structural et thermomécanique. La relation entre les variations longitudinales 
de ces caractéristiques et la segmentation tectonique de I'orogène permet de spéculer sur les facteurs qui 
contrôlent la construction et l'évolution des Andes. 

La cordillère orientale du sud de la Bolivie: Une région clé dans l'histoire de la 
déformation et du soulèvement de l'arrière-arc andin 
S. Tawackoli, V. Jacobshagen, K. Wemmer et P. Andriessen 

Les observations de terrain et les données de traces de fission dans les bassins tertiaires permettent de 
mieux comprendre l'évolution cénozoïque de la cordillère orientale du sud de la Bolivie. Après un 
soulèvement au début de l'Oligocène, les bassins néogbne se sont formés vers 24-22 Ma, principalement 
par le fonctionnement de chevauchements a vergence ouest. Le développement structural a cependant été 
différent à l'intérieur des différents bassins. 

Paléomagnétisme, systèmes de failles décrochantes, et rotation crustale dans la région 
25-27"s du nord Chili 
G. Taylor, D. Randall et J. Grocott 

Les résultats paléomagnétiques entre 25-27"s dans le nord Chili montrent des rotations horaires qui 
diminuent de l'ouest vers l'est. la région est disséquée par 3 systbmes de failles orientés N-S, le système 
d'Atacama, le cisaillement de la vallée centrale et le système La Ternera-Domeyko. Nous pensons que la 
transpression sur ces systbmes de failles est principalement responsable des rotations observées. 
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Le volcan Huaynaputina, Pérou méridional: site de I'éruption explosive majeure des 
Andes centrales au cours de I'histoire 
J.C. Thouret, A. Gourgaud et J.L. Le Pennec 

L'éruption plinienne (VEI 6) du petit centre volcanique du Huaynaputina le 19 Février 1600 a mis en place 
une retombée ponceuse > 8500 km2, des ignimbrites, des déferlantes et enfin des lahars. L'édifice pré-1600 
a été détruit en grande partie, formant le cratère complexe, l'effondrement partiel de la paroi nord de la 
caldera d'avalanche pré-existante, et enfin trois cratères et tuf-cônes accolés. Deux processus de 
déclenchement sont suggérés par la petite quantité de magma basaltique dans la retombée et par plusieurs 
indices d'hydromagmatisme. 

Le strato-volcan El Misti, Pérou méridional: histoire éruptive et implications pour 
l'évaluation des menaces volcaniques 
J.C. Thouret, F. Legros, A. Gourgaud et M.L. Macedo 

Environ 900 000 personnes vivent dans le bassin urbanisé d'Arequipa à 17 km du cratère du strato-volcan 
El Misti, qui comprend 2 édifices: un strato-cône récent (70 km3) construit contre et sur un strato-volcan 
ancien, dont les avalanches de débris vers I'Ouest et le Sud attestent l'écroulement partiel. Depuis 40 000 
ans B.P., des éruptions pliniennes dactiques et rhyolitiques ont alterné avec des périodes de croissance et 
destruction de dômes andésitiques. Les dépôts de I'ignimbrite de 1900 ans B.P. sont observés dans le 
périmètre d'Arequipa. 

Collisions mésozoïques et cénozoïques dans les Andes colombiennes 
J.F. Toussaint et J.J. Restrepo 

De nouveaux résultats tectoniques, géochimiques et paléomagnétiques confirment que les Andes 
colombiennes sont formées d'une mosaique de blocs éxotiques (terranes), accrétés au Craton Amazonien. 
Un premier bloc océanique (Calima Terrane) a rejoint un bloc continental (Tahami Terrane) au Crétacé. 
Cet ensemble s'est ensuite accrété à l'autochtone à la fin du Crétacé. Au Miocène, le dernier collage d'un 
bloc océanique (Cuna Terrane) est responsable de l'orogénèse andine. 

La réaimantation régionale permienne dans I'Ouest de l'Argentine: données 
complémentaires 
S. Truco et A.E. Rapalini 

Une étude paléomagnétique des formations Ponon Trehué (Ordovicien moyen) et El Imperia1 (Carbonifère 
supérieur), affleurant à travers le bloc de San Rafael, a mis en évidence une aimantation syntectonique 
acquise lors de l'évènement dit de San Rafael, d'age Permien inférieur. La région affectée par cet épisode de 
réaimantation serait donc plus vaste que ne le laissait entendre des études précédentes. 

L'évolution du paysage en Chili du nord (18.5"-19".5S): son implication dans 
I'histoire tectonique, sédimentaire et magmatique des Andes centrales 
D. Uhlig, H. Seyfried, G. Worner, 1. Kohler et W. Schroder 

Comme l'érosion ayant eu lieu depuis le Miocène est peu importante, i l  est possible de reconstruire les 
processus tectoniques, sédimentaires et magmatiques directement à partir du paysage. Pendant deux phases 
d'élévation des Andes centrales, des demi-fossés remplis de sédiments volumineux ont été formés. II est 
possible de dater les étapes de l'évolution du paysage par les différentes couches d'ignimbrite. 
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Restauration en plan des Sierras Pampeanas, limite méridionale de la Puna argentine 
M. de Urreiztieta, O. Bourgeois, D. Gapais, P.R. Cobbold, C. Le Corre, E.A. Rossello et D. Rouby 

Dans le Nord-Ouest de l'Argentine (27"S), l'extrémité de la Puna est limitée au Sud par la zone 
transpressive dextre de Tucumin. A travers cette zone de transfert, les structures régionales d'âge néogène 
accommodent les variations latérales de la quantité de déformation continentale entre deux domaines 
crustaux. La Puna, au nord, est un secteur fortement raccourcit et épaissi, alors qu'au sud, les Sierras 
Pampeanas sont plus modérément déformées. Nous proposons une reconstruction de la bordure méridionale 
du haut-plateau andin et des Sierras Pampeanas obtenue par une méthode numérique de restauration en 
carte. Cette analyse numérique nous a permis d'estimer les champs de déplacements et de déformation finie 
associés à la tectonique andine dans cette région. 

Les terres rares et les éléments en trace du volcanisme néogène de la formation 
Farellones et du linéament WE Montenegro-Cerro Manquehue (Chili central) 
N. Vatin-Perignon, S. Rivano G., Mario Vergara M. et F. Keller 

L'importante formation miocène Farellones, de I'arc volcanique NS du Chili central, se divise en un 
membre inférieur, rhyolitique et ignimbritique, et un membre supérieur, andesitique et lavique, associés à 
un linéament EW de necks basaltiques. Les caractéristiques géochimiques indiquent une identité de source 
entre I'arc andésitique NS et le linéament basaltique EW et une différence totale de ces volcanismes avec les 
ignimbrites. 

Evolution des saumures des gisements de nitrates du Chili (Pedro de Valdivia, région 
d'Antofagasta). Données minéralogiques et pétrographiques 
M. Vega, G. Chong et J.J. Pueyo 

Les gisements de nitrate du Chili sont formés par des paragenèses complexes de minéraux salins qui 
remplissent la porosité de roches d'âge très variable (du Paléozoïque au Cénozoïque). Ces minéraux 
(nitrates, nitrate-sulfates, iodates, iodate-sulfates) sont très rares dans d'autres environnements. Les 
gisements sont situés dans le désert d'Atacama et suivent une frange irrégulière (N-S) au contact entre la 
Cordillère côtière et la dépression centrale. La saumure qui remplit la porosité intergranulaire (dans les 
sédiments terrigènes cénozoïques) ou de fracture (dans les roches du substratum) génère, par précipitation, 
des cortèges minéraux dont la composition dépend de l'activité des ions en solution. Deux lignes 
évolutives différentes ont été distinguées une évolution de type Na, donnant lieu à la succession 
glauberite-darapskite-halite-nitratine-hectorfloresite, et une évolution de type Na-Mg (-K), avec la 
succession bloedite-humberstonite-(halite-nitratine)-fuenzalidaite. 

Caractéristiques géochimiques du volcanisme oligo-miocène de la Précordillère de 
Talca et Linares (35" 20' - 35" 50' s), Chili 
M. Vergara, L. Lopez et 1. Beccar 

Dans cette région, les roches volcaniques possèdent une signature de Terres Rares à caractère tholëitique, 
avec de faibles valeurs du rapport LaIYb. L'altération a donné lieu à des minéraux tels la wairakite et la 
laumontite. Leurs caractéristiques générales témoignent d'un magmatisme primitif ayant eu lieu dans une 
croûte très amincie, sous fort gradient thermique. Ces caractéristiques les différencient des autres roches 
volcaniques d'âge cénozoïque reconnues dans cette région des Andes. 
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Mise en évidence par imagerie radar d'impacts successifs de la dorsale de Nazca avec 
la marge continentale du Pérou central-sud 
J.C. Vicente, C. Mering, D. Huaman et M. Cernicchiaro 

Les traits néotectoniques du secteur de Marcona révélés par l'imagerie radar ERS-1 témoignent d'un 
chevauchement récent (Quaternaire ancien) vers I'ENE du Massif côtier du Huaricangana. 11 s'accompagne 
de l'écaillage d'un bourrelet frontal (Co Los Pozos) et la déviation symétrique du réseau hydrographique. La 
compression, parallèle à la direction de convergence, est attribuée à l'impact de la Dorsale de Nazca avec la 
marge péruvienne. L'existence d'une structure comparable au niveau d'Ica traduirait un impact antérieur. 
Dans le cadre d'une convergence oblique ces impacts successifs résulteraient de la morphologie irrégulière 
et discontinue de la Dorsale. 

La transgression marine de I'Aptien-Albien supérieur dans le Bassin Oriente 
d'Equateur 
R. Villagomez, E. Jaillard, L. Bulot, M. Rivadeneira et R. Vera 

La base des grès inférieurs transgressifs crétacés est d'âge Aptien supérieur (?) au Sud-Ouest, et Albien 
supérieur au Nord-Ouest de l'oriente équatorien. De même, les argiles et calcaires marins sont d'âge Albien 
moyen basal à Albien supérieur basal du Sud-Ouest au Nord-Est du bassin. Cette disposition traduit la 
rétrogradation des faciès sédimentaires au cours de la grande transgression crétacé sur le bassin andin. 

Xénolites de croûte inférieure et de manteau dans le tuff Granitifera (Colombie du S- 
0 ) :  conséquences pour le magmatisme andin 
M. B.1. Weber, J. Tarney, R. Kent et P. D. Kempton 

Le sud ouest de la Colombie est une région caractérisée par de grandes quantités de roches volcaniques 
alcalines. Les tuffs de la Toba Granatifera contiennent des inclusions provenant de la croûte inférieure et du 
manteau. Elles permettent de remonter, à travers des études en éléments traces et isotopiques, à la source 
des roches volcaniques et au rôle de la plaque subduite. 

Réactivation de failles dans le bloc Espinal, Colombie 
P.J. Wheeler, M.P. Coward et R. Gillcrist 

Le Bloc Espinal est un excellent exemple des relations qui existent entre le système de rift mésozoique et 
la déformation andine qui a suivi, car les failles extensives ont été successivement réactivées en failles 
inverses depuis l'ouest vers l'est. Cette réactivation a eu lieu au Paléocène supérieur, à I'Eocène moyen et à 
la fin du Mio-Pliocène. 

Génèse de  tonalites primitifs associée à un plateau océanique crétacé en voie 
d'accrétion: le batholithe d'Aruba et la formation des laves d'Aruba 
R.V. White, J. Tarney, G.Th. Klaver et A.V. Ruiz 

Le batholithe crétacé à dominance tonalitique qui affleure sur l'île d'Aruba (Caraibes) est caractérisé par (1) 
de faibles rapports 8 7 ~ r / 8 6 ~ r ,  témoins d'un manque de contamination par la croûte, et (2) des distributions 
en éléments traces rappelant celles des tonalites archéennes. Les données de terrain laissent penser que cette 
tonalite dérive de la fusion partielle survenue dans une zone de cisaillement en faciès amphibolite qui 
traverse la séquence de volcanites basiques (Formation Aruba Lavas). Cette zone de cisaillement aurait pu 
se former par imbrication du plateau, lors de sa collision avec une zone de subduction. 
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Etude comparée des croûtes épaissies des Andes et du Tibet à l'aide de réseaux 
sismiques large-bande passifs 
G. Zandt, S.L. Beck, et T.J. Owens 

Le déploiement d'un réseau sismique large-bande passif dans les Andes et au Tibet fournit un excellent 
échantillonnage des deux plus grands plateaux à la surface du globe. Les propriétés crustales moyennes des 
deux plateaux estimées à partir des deux expériences sismologiques sont significativement différentes. 
L'Altiplano est caractérisé par une croûte uniforme de 65 km d'épaisseur avec des faibles vitesses (P: 6.0 
kmls) et un rapport de Poisson (RP) d'environ 0.25. Le Tibet montre des variations N-S systématiques de 
l'épaisseur crustale et du rapport de Poisson: 75km avec un RP de 0.25-0.27 au sud, 70km avec un RP de 
0.27-0.28 aux latitudes centrales, et 55km avec un RP > 0.3 au nord. Alors que I'Altiplano apparaît être 
en équilibre isostatique, d'autres forces doivent agir pour maintenir le Tibet à son altitude uniforme. 

Evolution cénozoïque du bassin d'avant-pays andin entre 15'30' et 22' S 
D. Zubieta Rossetti, P. Baby et J.L. Mugnier 

Les sédiments clastiques déposés dans le bassin d'avant-pays des Andes centrales au cours des derniers 27 
Ma sont en relation directe avec le soulèvement de la Cordillère orientale et des chaînes sub-andines. La 
géométrie des sédiments accumulés dans le bassin est directement liée aux processus de déformation, 
érosion, transport et dépôt. Le style structural est lié à l'évolution géodynamique du front de la chaîne, et 
aux caractères structuraux et stratigraphiques pré-andins. 
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HAMMERSCHMIDT 
HAMZA 
HANUS 
HARTLEY 
HEBER 
HERAIL 
HEREDIA 
HERVE 

MACEDO 
MACHADO 
MAGRI. 
MAROCCO 
MARQUILLAS 
MARSCHICK 
MARTI 
MARTIN 
MARTINEZ 
MASCLE 
MASON, R.A. 
MASSON, F. 
MASSONNE 
MATTHEWS 
MAURY 
MAY 
McCLELLAND 

HERVOUET 
HIBSCH 
HILLAIRE-MARCEL 
HOEFER 
HORTON 
HUAMAN 
HUNGERBUEHLER 
HUSEN 

INTROCAS0 McELDERRY 
MECHlE 
MERING JACAY 

JACOBSHAGEN 
JAILLARD 

MILLER 
MOCQUET 
MON 
MONALDI 
MONFRET 
MONTESINOS 
MONZIER 
MOORBATH 
MORATA 
MORCHE 
MORENO 
MORETTI 
MOURGUIART 
MOZETIC 
M PODOZIS 
MUGNlER 
MUNOZ 
MURDIE 
MYERS 

JIMENEZ 
JUVIGNE 

KANEKO 
KAPE 
KAUSEL 
KAY 
KELLER 
KEMPTON 
KENT 
KILIAN 
KIND 
KIRCHNER 
KLAVER 
KLEY 
KOHLER 
KOSTERS 
KRAEMER, B. 
KRAEMER, P.E. 
KRAMER, W. 
KURTH 

NAVARRETTE 
NEDELEC 
NIVIERE 
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OKAYA 
OLIVER 
ORD 
ORME 
ORTLIEB 
OSSANDON 
OUANNIC 
OWENS 

SAFRAN 
SALFITY 
SAMANIEGO 
SANHUEZA 
SANTACRUZ 
SANTANACH 
SARMIENTO 
SCHERMER 
SCHEUBER 
SCHMIDT, S. 
SCHMITZ, M. 
SCHRODER 
SCHULZE 
SEBRIER 
SEGOVIA 
SERRAT 
SEWARD 
SEYFRIED 
SlAME 
SILVER 
SINGER 

PACINO 
PALACIOS 
PALACIOS 
PANGARO 
PANKHURST 
PARADA 
PARDO 
PAREDES 
PASSALACQUA 
PATZWAHL 
PAUL 
PAZ 
PEREZ. D.J. 

SOLER 
SORIANO 
SOURIS 
SPALLETTI 

~. 

PESCE 
PETFOR D 
PETRINOVIC 
PHlLlP 
POLET 

SPICAK 
SPIRO 
SPRINGER 
STANISTREET 
STEINMANN 
STUART 
STYLES 
SUAREZ 
SZATMARI 

POLI 
PONCE 
PORTH 
POUPINET 
PREVOT 
PRlOR 
PUEYO 
PUGA 
PUGLIESE TARNEY 

TASSARA 
TAUBER 
TAWACKOLI 
TAYLOR 
THIELE 
THOURET 
TOALA 
TOUSSAINT 
TOWNSEND 
TRUC0 
TUCKER 
TURNER 

RAGONA 
RAISBECK 
RAMIREZ 
RAMOS 
RANDALL 
RANKIN 
RAPALINI 
RAPELA 
RAY 
REICHERT 
RESTREPO ~ ~ -~ - 
REUTHER, C.D. 
REUTTER, K.J. 
REYNAUD 
RIES 
RIETBROOK 
RIVADENEIRA 
RIVANOS 
RIVERA 
ROBERT 

VALVERDE 
VANEK 
VARELA 
VARGAS 
VATIN-PERIGNON 
VEGA ROBERTSON 

ROBIN 
ROCHAT 
RODRIGUEZ. J.A. 

VERA 
VERGARA 
VICENTE 

RODRIGUEZ-F.. L VILLACIS 
V ILLAGOMEZ 
VINOUR 
VIRAMONTE 
VIVANCO 
VROON 

ROPERCH 
ROSAS 
ROSSELLO 

ROUBY 
ROURE 
RUDLOFF 
RUEDA 
RUEGG 
RUIZ, A.V 
RUIZ. M. 
RUPPERT 
RUSSO 
RUVINOS 
RUZYCKI 

WALLACE 
WEBER 
WEMMER 
WEMMER 
WETTEN 
WHEELER 
WHITE 
WlLKE 
WILLNER 
WILSON 



WINKLER 
WITTENBRINK 
WITTLINGER 
WORNER 
WYLEGALLA 

YAMADA 
YANEZ 
YEPES 

ZANDT 
ZAZO 
ZENTILLI 
ZUBIETA ROSSEïTI 
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Photographies de  couverture : 

Au centre, carte topographique de l'Amérique du Sud. 
(Cliché : Global relief data CD Rom, 

National Geophysical Data Center) 

Dans le fond, paysage andin, province du Cotopaxi, 
région du Quilotoa (Équateur). 

Cliché : Michel PORTAIS 




