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RE6 UMEN : Datos  isot6picos de Pb en mineralizacih y rocas volchicas del 
Altiplano  permiten  definir  tres  dominios de basamento  diferentes:  Altiplano 
Norte,  Altiplano Sur y  Cordillera  Oriental.  Los  dominios del Altiplano  Norte  y 
Sur se encuentran  conectados  mediante  una  zona  de  transici6n  localizada  en la 
Serrania  Intersalar,  mientras  que  el  limite  con  el  dominio de  la Cordillera 
Oriental  parece ser abrupto.  Existe una buena correlacih  entre los dominios 
isot6picos  definidos y estructuras  evidentes  en  mapas gravimCtricos  publicados. 

KEY WORDS: Altiplano, Andes, Ores,  Pb-isotopes,  Structure,  Volcanics 

INTRODUCTION 

Almost al1  of the Pb in  hydrothermal ore deposits O f  the Centra 11 Andes  must 
have  been  scavenged  directly  from  the  crust with which the ore-forming  fluids 
came in contact  since  such  fluids are initially  Pb-poor  and  their  circulation  is 
restricted to the  shallow  upper  crust  where  open  fractures * can  occur. In 
addition,  quantitative  geochemical  modelling  (Aitcheson  and  Forrest,  1993) 
suggests  that  over  three  quarters of the Pb in  the  volcanic  rocks of the  Central 
Andes is  derived  directly  from  the  crust which was in  contact with thë magmas 
through  crustal  contamination processes.  When there  is  such a large 
proportion of crustal  Pb present in ore  deposits and volcanic  rocks  the Pb 
isotopic  composition of these  materials can also be  regarded  as a crude  average 
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for  the  composition  of  the  crust  througk  which 
Where  large  regional  differences  in  crustal Pb 
basement  exposures are scarce or absent,  as in 
Central  Andes,  ore  deposits and voleanic  rocks 
out  the  different  crustal  isotopic domains. Sueh 
insights  into  the  gross  crustal  structure  of  the 

the  magmas or fluids passed. 
isotopic  composition  exist  and 
the  Altiplano  region of the 
are  powerful  tools  for  mapping 
rnaps can in turn  provide 
region. 

Central Andean  igneous  rocks  and Pb ores of Miocene-Recent  age  from 16-23OS 
have a  similar  and  wide  range of Pb isotopic  compositions (206Pb/204Pb=17.3- 
19.0, 2 0 ~ P b / 2 0 4 P b = l ~ . ~ 1 - l ~ . 8 5 ,  208Pb/204Pb=37.4-39.4)  whieh are imterpreted to 
reflect the isotopic  charaeter of the local  basement. The  data map  out  several 
distinct  erustal  domains which are  otherwise  hidden  by  superficial  deposits 
(Fig. 1): 

. Altiplano domain 
This dornain oceupies  the  northern  Altiplano  from  the  volcanic  front  to  Lago 
Poopo and extends  as  far south as the  Salar de Uyuni at 19.5"S. Pt is characterized 
by relatively uradiogenic Pb, i.e. low values of 206Pb/204Pb (c18.3) , 
207Pb/204Pb (a15.619) and 208Pb/204Pb ( ~ 3 8 . 5 ) .  This  domain  may be an 
extension of the  Proterozoie  Arequipa  Massif of Peru, which is also 
characterized by relatively  unradiogenic  Pb  isotopic  compositions. 

(2) E. Cordillera domain 
This dornain has more radiogenie  Pb, i.e. higker values  of the Pb isotope  ratios 
(206Pb/204Pb >18.6, 207Pb/204Pb >15.64 and 208Pb/204Pb >J8.9), and  extends 
eastwards  from L. Poopo into  the E. Cordillera. At L. Poopo this  domain  is 
separated  from  the N. Altiplano  domain to the west  by a skarp N-S-trending 
boundary  (probably a major  fault)  whieh  appears  to  be  offset  south of L. Poopo 
(W" in  Fig. 1). At L. Titicaca  the  two  domains appear to be separated by the NW- 
SE-trending  Copacabana  Fault  Zone. 

ltiplano domain 
This  domain  oceupies  the  southern  half of the  Altiplans  and  is  isotopically 
similar  to  the E. Cordillera  domain,  except  for  its  slightly  lower 208Pb/204P b 
ratios (38.5-38.9). The boundary  between the N. Altiplano  and S .  Altiplano 
dornains  is  a  broad  transition  zone (TZ, Fig. 1) between  19.5%  and  21"s  where 
both  (radiogenic  and  unradiogenic)  types of erust  are  present.  This  transition 
zone  might  represent a single  soutk-dipping  thrust  zone  (Worner et al.,  1992) 
or a more complex  zone  in which the two  types of crust  are  tectonically- 
in te r leaved .  

The  boundaries of the  three  main  isotopic  domains  correspond  to  important 
tectonie  boundaries  inferred by previous  workers. Some of the features of the 
isotopic rnaps also  have ,an expression in the Bouguer  gravity map of  the 
region  (Cady, 1992); for  example, there  is a  change  from NW-SE trending 
gravity  anomalies  in  the N. Altiplans to NNE-SSW-trending  gravity  anomalies 
in  the S. Altiplano,  which  presumably  reflecta  the  different  orientations  of 
basement  structures  in the two  areas,  while  smaller-seale Pb  isotopic  anomalies 
such as "A" in  Figure 1 seem to correspond  to  small  gravity  anomalies. - 
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Figure 1: Principal  crustal domains of the  Altiplano  (Bolivia  and N. Chile), 
inferred  from  Pb  isotopic  data from ore  deposits and volcanic  rocks  (data  from 
this  work,  Davidson & de Silva (1992), Worner et al. (1992),  McFarlane et al. 
(1990) & references  therein, and Harmon et al. (1984)). NA = Northern  Altiplano 
domain, §A = Southern Altiplano domain, EC = Eastern  Cordillera  domain, TZ = 
Transition  Zone  between N. & S .  Altiplano domains. "A" is a Pb  isotope anomaly 
which  corresponds  to  a  small  gravity  anomaly. "B" is an apparent  offset of a 
domain  boundary,  perhaps  by  faulting. 
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(1) Pb isotope  data  from  ores and volcanic rocks in the  Altiplano  region  define 
three  distinct  basement domains  eorresponding  to  the N. Altiplano, S .  Altiplano 
and E. Cordillera. 

(2) The  data  indicate  that  the boundary  between the  northern  and  southern 
Altiplano  domains  is a broad transition zone situated in the Sdar de Uyuni area, 
but  the  boundary  between  the E. Cordillera and the  Altiplano  domains appear-s 
to be very  abrupt. 

(3) Most  of  the  isotopic  domain  boundaries  correspond  to  major  tectonic 
boundaries  inferred  by  previous  workers and some  also  find  expression  in 
published  gravity  maps of the region. Pb  isotope  data  from  volcanic  rocks  and 
ores  thus  seem  to be an excellent  remote  sensing  tool  for  mapping  large-scale 
crustal  structure  in  poorly  exposed  areas. 
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RESUME:  Un profil de 34 stations  sismologiques  du  rkseau  Lithoscope  a  été  maintenu  durant 4 
mois  en  Bolivie,  coupant  I’Altiplano  et la Cordillère  Orientale  depuis  l’arc  volcanique  jusqu’à la zone 
sub-andine. Les téléséismes et les séismes  locaux  enregistrés  ont été inversés  séparément  afin 
d’ktudier la structure de la lithosphère et la géométrie  de la subduction.  Dans la région  étudiée, qui 
correspond à la virgation des  Andes, la zone de faille  de la Cordillera Real controle  les  cnangemenis 
de  structure très marqués  jusque  dans  le  manteau  supérieur. 

KEY WBRDS: Andean Lithosphere,  Altiplano,  Tomography. 

INTRODUCTION 

The msf significant  geomorphological  unit of the  Central  Andes is the Attiplano: it is, after 
Tibet, the largest high plateau in the world.  The  knowledge of its lithospheric  structure is essential 
to the understanding of the mountain building in the  Central  Andes,  which is undoubtedly  a  very 
complex process. Seismic tomography has proved to be a powerful tool in studying velocity 
structures,  especially in active  regions. In order to improve Our knowledge of the  deep  structure 
beneath  the Central Andes,  we  performed  a  seismic field experiment in northern  Bolivia in 1989- 
1990. Thirtyfour vertical short period seismic  stations of the  French  ”Lithoscope”  network  were 
installed during a period of 4 months  along  a 320 km long  profile, from the  Volcanic  Arc to the sub- 
Andean zone, crossing the Altiplano and the Eastern Cordillera in a direction approximately 
perpendicular to  the main  structural  trend of the Andean Chain. Among  the 500 recorded 
earthquakes,  we inverted separately the phases  generated  by 57 teleseismic  events  and 64 local 
events to study  the  lithospheric  structures  and  the  geometry of the  subducted  Nazca  plate. 
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STRUCTURAL SEfTlNG 

The geological  setting of the region under study, after  Martinez (Dohath et a1.,'1993), is 
presented on  Figure 1. The b l d  numbers  show the location of the temporary seismic stations, the 
permanent Bolivian stations are represented by their code names. The dotted line shows the 
location of the cross-section through the teleseisrnic  inversion mode1 presentpd on Figure 2a. The 
dashed lines show the locations of the northern and southern cross-sections through the local 
earthquake inversion mode1 presented on Figure 2b. 

The insert shows the morphostructural  zoning of the  Central Andes. From the Pacifie Ocean 
to the Bramilian eraton (area ma&ed with crosses), the main units are: the wastat range, the aial  
valley, the Western  Cordillera, the Altiplano-Puna region (shaded area), the Eastern Cordillera and 

and 69" and 69W, the dotted line represents the approxirnate  location of the seismic study 
described in this paper. The  rectangle in the insert shows  the  location of the Central Andes in 
South America. 

1 : Quaternary volcanoes. 2: Cenozoic volcans-sedimentary  cover. 3: Meso-Cenonoic Altiplans 
Basin and Paleomoic-Mesomoic Cenozoic sub-Andes. 4: Siluro-Devonian borders of the Eastern 
Cordillers. 5: Ordovician  axial zone of the Eastern  Cordillera 6: Hercynian plutons. 7: Andean 
plutons. 8: Thmst fauR. 9: Normal fault. 10: Strike-slip  fault. 

the SUtP-AfldeaR 20178. Crossing the Altiplan0 and the  Eastern  Cordillera,  behveefl 15"and 18"s 

The numbers of the legend refer to the different geological and tectonieal units: 
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DATA PROCESSING 

9 

Teleseismic Tomography (TT): The data set  contains 595 ObSeNatiOnS, nearly  equally 
divided into P and PKP-phases.  Relative residuals have been computed taking as a  reference the 
station 10 which  is  situated in the central part of the Altiplano  far  from  any  major  structural  change. 
These  residuals  have  a  maximum  amplitude  reaching 3 s for P-phases and they  show a  strong 
azimuthal  dependence. A noticeable sudden increase is observed, clearly associated with the fault 
system bordering the Eastern Cordillera to the West, the Cordillera Real fault system (CRFZ). The 
technique used here to invert the relative residuals follows the method developped by Aki et al. 
(1977), and involves  the  partition of the volume  under  investigation  into layers, which are 
themselves divided into  blocks. The starting P-velocity  model is a  smoothed  version of velocity 
models obtained by previous geophysical studies. Several tests have been performed to check the 
reliability of this inversion: change of the geometry of the blocks, checkerboard resolution test ... 
The final reduction of the variance obtained is 72%. 

Local  Earthquake  Tomography  (LET): As a first step, we computed  the  location of 
events reporting more than 15 arrival times with a  minimum of 2  S-waves.  We  then  kept  only  the 
events  that  met  .restrictive criteria insuring a high quality of their  location.  The  complete data set 
includes  about 1600 arrival  times consisting of 1200 P  and 400 S arrivals. Most of  the local events 
we located are related to the subduction zone. The seismicity  defines, between 90  km and 225  km, 
a part of the  slab deeping to the NNE with a  low  angle of  about 309 The  plot of mean  P-residuals 
along  the profile shows  a pattern similar to the teleseismic  profile;  particularly, a jump of 1 s is 
observed when  crossing the CFRZ. The tornographic inversion  used  is that developped by 
Thurber  (1983) for the iterative  simultaneous  inversion of P-wave  arrival  times  data for a 3D velocity 
structure and hypocentral parameters, adapted by Eberhart-Phillips (1986) to include  S-wave  data. 
The parametrization of the region under study is achieved  by assigning velocity  values  at fixed 
points on a 3D grid.The  same initial velocity mcdel was used as for TT. The  possibility offered by 
LET  to  get  velocity  structures  and  not  simply  perturbations of velocity  as with TT is very useful in 
order to improve  the knowledge of geological units;  it  also will help to estimate  the  Moho  depth. 
The  stability  of  the solution has been tested by the usual methods. The'reduction of the variance is 
87% for P-waves. 

RESULTS 

The results of the two tomographic  studies are presented for  P-waves on Figure 2a and b as 
vertical cross sections (see Fig.1 for their respective positions). They present consistent results, 
moreover  they  show  a close correlation with the geological  and teclonical units. For the two data 
set, the figures  show  a  similar  simple mode1 consisting of  two well contrasted  blocks  separated  by  a 
discontinuity sub-vertical or slightly dipping to south-West, which at the  surface Goincides with the 
CRFZ. The Altiplano  is  characterised by low velocities in the crust; the origin of velocity 
perturbations in the upper-crust  is  reasonably accounted for by  the depth variations of the 
sedimentary fill, with a  maximum  thickness of 12 to 20 km under  the  Altiplano  Basin. Ï he  spatial 
consistency between the main fauR systems and velocity  changes is very  precise,  particularly on 
Fig.  2b: the  two fault zones bordering the  Altiplano  Basin,  San  Andres (SA) and Coniri-Laurani (CL) 
faults,  enclose the well marked slow  anomaly connected with this basin.  The  velocity  perturbations 
in the  lower  crust  interpreted as variations of the  Moho  depth, as well as  the  geometry of the iso- 
ve1oc.Q lines obtained by  LET,  show  a Moho depth wich decreases from about 60 km below the 
Altiplano to 50 km below  the Eastem Cordillera.  The  absence of low  velocity  anomaly  below the 
crust does not support hypothesis of magma accretion at the bottom of the crust under the 
Altiplano. The high velociy zone under the Eastern Cordillera  extends down to 120 km on Fig.  2a, 
to the  bottom of the  model on Fig. 2b; we interpret this zone as the  Brazilian craton. The 
representation of the underthrusting of this craton is somewhat different on the teleseismic and 
local earthquake studies. Nonetheless, both results  are not consistent with a thin-skinn 
underthrusting as proposed in previous models. In the region under study, corresponding to the 
change of trend of the Central Andes, the western lirnit  of the underthrusting of the craton is cleariy 
the CRFZ, which is interpreted as an old suture zone. 
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IPESUMFN: El programa de investigacicin intradisciplinario "Procesos de Deformacidn en los Andes" ha 
sido instalado recientemente en Berlin y Potsdam con  el apoyo de la Comunidad  Alemana de 
Investigaciones Cientificas (DFG). Se llevariin  a cab0 investigaciones geofisicas, geolbgicas, geodestas y 
petroldgicas en los Andes Centrales a fin de resolver los problemas claves de  la evolucidn tect6nica andina 
con respect0 a la estructura y la reologia de  la litdsfera, la distribuci6n de las tensiones en tiempo y 
espacio, el transporte del calor, la  evolucih de cuencas, la isostasia y el consuo de energia durante el 
proceso orogénico. 

KEYWORDS: Central Andes, deformation processes, interdisciplinary research group Berlin and Potsdam 
SFB 267 

INTRODUCTION 

An interdisciplinary research program "Deformation Processes in the Andes" (SFB 267) has been 
established at the Freie Universitat Berlin, the Technische Universitat Berlin and the new 
GeoForschungsZentrum Potsdam, which is funded  by the German  Research Society (DFG). The results 
and experiences of the previous project "Mobility of Active Continental margins" which was active in the 
Central Andes from 1984  to 1990 have been  used to design  this new project, which is planned to run for 
about 10 years. The Central Andean  segment  between 20" and 26"s has been  chosen for this program 
because the orogenic deformation processes are distinctly expressed just along this section. The main and 
outstanding features on this geotraverse can  be outlined as follows: 
- a convergence rate of about 10 cm/y and  high strain rates, 
- a vertical uplift rate of about lmm/y, 
- an extreme crustal thickness up to 60-70 km, caused  by  magmatic underplating and crustal 

stacking, 
zones with extremely high electrical conductivity in various tectonic zones and depths ranges, 
high seismicity in shallow, intermediate and large depth ranges, 
recent and subrecent volcanic activity, 
a well developed forearc, magmatic arc and  back-arc, 

Jurassic to recent time, 

compressional deformations. 

- four magmatic arcs which  have  been  evolved  succesively  by eastwards migrating from 

- variations of the stress regime during the Andean  period causing extensional and 
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GOALS QF THE PROJECT 

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

the structure of the lithosphere and its rheological state and behaviour, 

the distribution of the stress field and strain in t h e  and space, 
the tectonic and petrological evolution of the upper plate uader varying conditions of 
convergence, 
the geothermal field and heat transfer, 
the evolution of intramontanous basins and isostasy, 
energy consumption during the orogenic processes. 

- the interaction betwecn  uppar  and  lower plate, 

A number of various field projects are uader preparatioa for the first three-year period 1993 - 1995. The 
main activities will be focussed in the magmatic arc of the Western Cordillera because this zone is seem as 
key region for the problems of stress transfer from the upper- Ilower plate system of the forearc into the 
strongly deformed back-arc region, 

In order to investigate the seismic structure of the magmatic arc and its relations to the adjacent zones a 
network of seismic refraction profiles are designed in the Western Cordillera. Further 20 mobile 
seismological stations will be set up in this region under operation for about 3 - 4 month aiming to record 
and investigate shallow and intermediate earthquakes. The study of seismicity, the determinatioa of focal 
mechaGsm and tornographic investigations should reveal the dwper structures and behaviour of a recent 
magmatic arc. Magnetotelluric deep sounding measurements will contribute additional information. 
Detailed gravirnetric measurements will be carried out aiming to study the deeper structure of 
intramontanous basins. 

The measurements on the GPS-profile ANSA transversing the Central Andes and being under execution 
since 1989 will be continued. This study will be remarkably  extended within an international co-operation 
with a profile ruming along the Pacifie Coast in N-S direction. 

Special geological and petrological investigations are planned in the old and modem magmatic ares airming 
to  reveal the complicated tectonic devvelopment  of a magmatic arc system. Neotectonic studies are designed 
aiming to imvestigate the recent stress and strain field. 

Such a project can be only realised  by a close cooperation with geoscientific institutions in Argeatina, 
Bolivia and Chile. In the past a successful  cooperdtion  has  been  davoloped which should be intensified and 
extended. 

STRUCTURE OP THE COLLABBWATIVE RESEARCH CENTER, '' DEFOWMATION 
PROCESSES Jrpd TKE CENTRAL ANDES" 

1. Deformation and stress field: 
Neotectonic studies, rwent kinematics by GPS measurements, modelling of the remnt stress 
and strain field. 

Rock behaviour under high temperature and pressure condition derived from lab and field 
weasurements, temperature field, heat transfer mechanism,  rheology and fracturing of the 
Andean crust. Application of GIS. 

Structure of magmatic arcs by geotogical  and  geophysical studies, magmagenesis and crustal 
evolution, crustal shortening in the back-arc  region. 

Evolution of basins in various crustal environments, 
Balancing studies of arosional  and  sedimantary procasses, isostatic studies. 

2. Rheological stratification at a convergent plate boundary: 

3. Crustal evolution controlled by varying convergence boundary conditions: 

4. Evolution of sedimentary basins and isostasy: 
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R&hmen: Tres modelos corticales con manto super ior  "normal" y ancjmalo en  
dos  secciones  gravimetr icas  (22" S y 25" S) de los Andes  Centrales,  fueron 
comparados. Se analiza la eleccibn  de uno u o t r o  Para evaluar  tanto el equi- 
l ibr io  isostitico como el levantamiento  andino. 

Key Words: Central  Andes, anomalous  mantle, isostasy,  andean  uplift.  

Introduction: 

I t  have  been  pointed  out tha t  below the  Central  Andes it could exist : (1) 
significant  heating on the  lithospheric  mantle  Ifroideveaux - Isacks, 1984; In- 
trocaso - Pacino, 1988; Introcaso, 1988) and (2) cooling  produced b r   t h e  Nam- 
Ca Plate  subduction  beneath  the  continental  lithosphere (Grow - Bowin, 1975; 
Introcaso - Pacino, i988). Me analime two e f f e c t s  : t h e  one OR the  gravity  and 
the  one an t he  Andean uplift.  Both of them would produce  density  anomalies 
from (1) and 12). From II), we would have lesser gravity  and  uplift CC * f m m  
( 3 ,  it wauld be  high  gravity  and  ssubsidence ceï O u r  study  involves two 
gravi ty   sect ions  located  an 22" and 25" South  lailtude, with  Eouguer anoma- 
lies of  more  than - 400 mGal. 

i' 

Iso~tatic compensation. Uplift mechanisms. 

In o r d e r  to anal ize   the  re la t ionship between the  upper  mantle masses 
anomaliesJ  the  isostatic  equilibrium  and  the Andean elevation, w e  study the  
compensation  by  calculatins isostatic anomalies  in  three  levels : (a) at the  
maximun c rus t a l  depth, with compmsating root (&Rila = 6.675 ht, where h t  is 
the t.opographic  elevation. In th i s  case we assume the  Bousuer anomaly MB)a 
as totally  orisinated by the   c rus ta l   roo t ;  Ib) a t  140 km deep, at the  bottom 
of the  thermal lithosphere. SC, the  thickness   of   the   crustal   root  I&Ri)b would 
be diminished in  8.25 L ~ .  respect t u  (&Rila and  the Bousuer anomaly ( A B b  
rhsould involve the  therma?  root  and the  crustal   thickness,  now diminished; Ic) 
a t  400 km deep  linvolving  the  subducted blazca  Plate). In th i s  case, according 
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- Observed Bouguer Anomaly (AB)a 

..... Calc. Bouguer Anomaly 
----- Therrnal Root Effect 

------ 
206 

Obs. Bouguer Anomaly corrected by 
.thermal  root effect (AB), 

---------- 

ïg. i. @ : Andean crus t   an  25" South  latitude. (BR)3 root  corresponds  to 
Iode1 (a) with "normal" uPper mantle. (AR)b and (AR)t roots  correspond  to 
todel Ib) with heating  in  the  lower middle par t  of the  thermal  lithosphere. 
3, : Observed  Eouguer anomaly (AB13 with maximun amplitude o f  more than 
400 mGal below the andean axi5, and  Eouguer anamalg (ABb corrected by 
eating  effect Ct (maximun C t  values: + 60 mGal). : Isostatic anomalies (AI)= 
nd (AI), calculated from modEls (a)  and (b) respectivelg. 
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Conclusi9ns 
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RESUMEN A partir de mediciones magnetotel~cris se determin6  a 10 largo de un perfil a los 22"S, 
desde la Costa Pacifica hasta el  Chaco,  la distribucih de resistividades eléctricas hasta 100 km de 
profundidad. Los resultados e s th  basados  en  modelados  magnetotelliricos  bidimensionales,  mediante los 
cuales pudo ser detectada una anomalia de alta  conductividad que se extiende bajo la Cordillera Occidental, 
Altiplano hasta el sector occidental de la  Cordillera  Oriental. 

KEY WORDS: Magnetotellurics - Geomagnetic  deep  soundings - 2D-modeling - Crustal  high conductivity 
zones - Partial melting 

INTRODUCTION 

Magnetotelluric (MT)  and  geomagnetic  deep  sounding (GD§) experiments  were done in the 
southern Central Andes  between the Pacific Coast of northern Chile and the Audean  lowland plains of 
southern Bolivia and northwestern Argentina  from  1982  to  1989  to investigate the crust and upper mantle 
structure (e.g., SCHWARZ et  al. 1984, 1993, KRÜGER et al. 1990).  Cross sections of previous 
publications are based on one-dimensional  models  only.  Here,  two-dimensional  electrical resitivity models 
were constructed to better image  conductivity  structures. A resistivity cross section at lat 22"s based on 39 
sites from the coastline across al1 morphostructural  units  up to the foreland region has been derived from 
three two-dimensional resistivity models  using the finite  element  method. I 

CROSS SECTIONS OF ELECTWICAL RESISTIVITY 

Two-dimensional resistivity  models  have been obtained by  trial-and-emor fitting of  model data and 
those  measured in the field.  Both,  MT-data as well  as GDS induction  vectors were used in modeling. A 
finite element forward algorithm as described by  WANNAMAKER et al. (1986, 1987) was utilized. 

Three EW-profiles were chosen for 2D-modeling  across  the  Andes  (fig.  1).  They are described in detail by 
KRÜGER (1992, 1993). Due to the strong inductive  effect (Coast effect) of the Pacific Ocean the model for 
profile 1, which starts at the Coast and  ends in the  Western Cordillera, must  include  the  ocean. The Coast 
effect is caused by the Peru-Chile trench  (depth Ca. 8000 m), located  nearly 100 km away from the 
coastline. Profile II crosses the Bolivian  Altiplano  at  lat 21" 20' S and  has  a  length  of  about 150 km. 
Profile III stretches from the western  part of the  Eastern  Cordillera at about lat 22" 30' S eastwards to the 
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Andean forelmd. Zt crosses West of Tarija a large scale conductive structure ( fig. 1) ob5er~ed earlier by 
geomagnetic deep souudings and inferred from 1B-modei inversion of totelluric dala as well 
(SCHWARZ et al., 1986). 

Fig. 1: Induction arrows, poiuting away from momalous bigh electrical eoaduetivity zones, as results of 
GBS-data. The profiles, where the Wo-dimensional mode1 search was carried out,  are mrked. 

A cross section of the southern Central  Andes  showing  schernatically the mode114 distribution of 
the electrical resistivity in the trust. is presented in figure 2. The m i n  faturcs described from W to E are: 

The q a t  below lhe Costal Cordillera has high resistivitim of more thm 3000 o W m .  
la this a r a  the MT-data of E-ph-izatioa (IParalld to st&e of esnductive structures) show a good 
conductor in the upper crust. 
The resistivity of the ' n o m l  Andean'  upper c m t  seem to be relatively lsw, having values of 90 ohm% 
< rho < 200 olnm*m. 

A high eonductivity zone (HCZ) is obsemed at shallow depth under the Western Codillera with a total 
conductance (eonductivity-tkchess product) of more than 25,680 Siemens. Aaother HCZ is Iocated below 
the Altiplmo  with a total conductance of about 15,OOO 9 in the lbwer crust and uprising from W to E. In 
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the western part of the Eastern Cordillera the total  conductance first increases and then drops abruptly 
somewhere  between La Quiaca  and  Tarija. The HCZ in the western part may be caused by partial  melting 
in the crust, whereas the eastermost HCZ could  be  related  to  tectonic features such as deep  rooted thrust 
levels. 

The lowland plains of the Subandeau  and  the  Chaco are characterized by a low resistive  cover. The 
resistivity of the crust and upper  mantle  increases  from  W to E  to  more  than 3000 ohm*m. 

W 

5D - Hazca 
Plate 

1w - 
HCZ 
50 < rho < 200 ohm* - 400 .c rho < 1000 ohm* 

\ \ rho > 3000 ohm*m 

- 
lm - 

- I U D  

km 

Fig. 2: Cross section (1:l) of the southern Central  Andes  at  lat 22" S showing  schematically the observed 
resistivities at different depth ranges.  Most  remarkable is a  crustal  zone  of very high electrical  conductivity 
which extends from the W-Cordillera  eastwards for about 250 km. Thick lines mark  seismological 
interfaces (WIGGER et al., this vol.). 
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RFiSUMEN La cantidad  del  acortamiento  cortical  en los Andes  centrales y la  evidencia parA la 
delaminaci6n (O subducci6n  intracontinental)  en  otros  cinturones  de  montafias  indican  que  la 
delaminacion  puede  ser un proceso  importante en  el  desarollo  de  los  Andes. Las estimaciones  del 
acortamiento  definen  la  deformaci611  de  la  litosfera  inferior, y sugieren  la  cantidad de la corteza y del 
manto superior  que  peude  ser  involucrado  en la delaminacidn.  Se  considera la evidencia  termica, 
gravimetrica,  estructural, y sismologica  para  la  delaminaci6n.  Una  comparison de los Andes  con  otros 
lugares  donde  la  delaminacidn  esta  propuesta  ayuda  en  definir  el  proceso  en los Andes y en  general. 

D Y  WORDS: delamination,  convective  instability,  crustal  shortening,  central  Andes,  Bolivia 

II\JTRODUCTION 

Crustal shortening  has  played  a  key  role in  the  formation  of  mountain b e l t s  around  the  world, 
ancient  and  modern,  in  a  variety of  tectonic  settings.  The  corresponding  shortening  within  the  lower 
crust  and  mantle  lithosphere  has  led to various  hypotheses  conceming  the  fate of those  regions  of  the 
continental  lithosphere,  including  subduction,  delamination,  or  convective  instability.  The  central 
Andes  provide  a  unique  opportunity,  since  they  are  young  and  actively  forming,  to  examine  the 
deformation of  the entire  continental  lithosphere,  and  to  assess  spatial  and  temporal  variations  in  the 
shortening of the  lower  lithosphere,  and  its  possible  loss to the  asthenosphere. 

This  paper  will  use  surface  structural  data  from  the  Bolivian  Andes  to  place  constraints  on  the 
deformation of the  lower  lithosphere,  consider  some  implications of  the  insights  provided  by  these 
constraints,  and  summarize  the  evidence  for  and  against  the  process of delamination in the  Andes,  both 
from  the  Andes  and  in  comparison  with  other  mountain belts. The term "delamination" is used  in  a 
general  sense,  to  indicate  a  final  geometry  that  results from loss of the  lower  continental  lithosphere  to 
the  asthenosphere,  but  is  not  meant  to  differentiate  between  specific  processes,  e.g.  the  delamination of 
Bird  (1978;  Bird  and Baumgadner, 1981) or the  convective  instability of England  and  Houseman  (1988, 
1989). 
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The central Andes are the site of the earthk second  largest  plateau  and  some of the  thickeat  crust on 
the  earth, malcing them a  unique  site on the  earth  today.  While  these  atlributes  invite comparison to 
the Himalaya  and  Tibet,  the  Andes  have  formed  in  response  to  subduction of weanic lithosphere  only. 
We currently  understand the formation of  the  high  elevations  and  thickened  crust as prirmsarily the  result 
of crustal shortening, the product of  deformation in fold  and  thrust  belts  extending  aeross the  Altiplano, 
Cordillera  Oriental  and  Sub-Andes (Raeder, 1988;  Isacks,  1988;  Sempere et al.,  1988;  Sheffels,  1988; 
H6rail  et al., 1990,  Baby et al.,  1992). 

The amount of crustal shortenhg documented  in  the  central  Andes  ean  be  used  to ~ ~ n s t r a i n  the 
deformation  of the lower  lithosphere  for  various  initial  crustal  and  lithospheric  thicknesses. A range of 
shortening  estimates  has b e n  determined from balanced  cross sections spanning  the Bolivim Cordillera 
Oriental  and  Sub-andes at apprsximately 18"s (Sheffels, 1988),  where  shortening  is  plausibly a 
maximum in the  central  Andes. A lower  bound of  210 kilometers is based on a set of restrictive 
assumptions for the cross section inkqetations; relaxation of individual  assumptions  yields  larger 
estimates of 32§ and a maximum  of 670  kilometers.  Shortening  estimates  derived  independently 
(Lyon-Caen et al., 1985;  Isacks,  1988; Baby et al.,  1992) lie in the  range of 300-350 kilometers. 

Lithospheric  roots correspnding to  the  various  estimates of shortening eam be  ealculated,  and 
demonstrate  a  sizable  space  problem.  Initial  thicknesses of 40 kilometers for the  erust and 100 
kilometers for the lithosphere  (including the crust)  and  plane strain deformation  are  assumed  initially. 
Initial crustal thiclmess is based on paleogeographic  evidence  and the tectonic  history  of  the  region. 
Substantial  thickening  of  the  mantle  lithosphere  results  for  each  estimate of shortening, even  the 
minimum case; the three  estimates  given  above  correspond to 2531, or 48 percent shortening. The 
geometry of the deformation is not  addressed.  Crustal  material  contributes  to  the  thickened  root if the 
cross  sectional a e a  resulting from a  given  estimate of shortening  and  initial  crustal  thickness  exceeds 
the  present-day  crustal  cross  sectional  area.  The  eritical  values of shortenhg are as follows:  crustal 
subduction  is  required if the  amount  of  shortening is greater thm 315  kilometers, asuming the  crust 
was  initially 40 kilometers  thick.  If  the crust was  initially  45 kailometers thick,  the nmessary amount 
of shortening  deereases  to  215  kilometers;  if  initiaUy 35 kilometers  thick, crust will  be  subdueted if 
shortenhg exceeds 4 5  Hometers. If the  lithosphere is initially  thinned  beneath  the  future  rnountain 
belt,  but is 140  kilometers  thick  elsewhere  (Isacks,  1988),  roots of the  same  size  or  larger are formed as 
when the  lithosphere is initially unifomly 100  kilometers  thick. A lower limit on initial  thinning is 
determined  to  produce  a  uniform  layer of continental  mantle 60 kilometers  thick  today,  an  average 
initial thichess of the  entire  litkosphere of 80  kilometers  is  required. 

In other rnountain belts,  crustal  subduction  and loss of  the  thickened  lithosphere  are  suggested  by 
similar constant area  arguments  and by indepndent evidence  for  a  thinned  lithosphere.  Indications  that 
the  asthenosphere hm replaced  the mmtle lithosphere  beneath  substantially  shortened  mountain  belts, 
have  led  to  hypotheses of convective  instability  (Houseman et al., 1981;  England  and  Houseman, 
1989),  or  delamination (Bird, 1978,  Bird and Baumgardner,  1981), as mechanisms  to  remove  the 
thickened  lithosphere  due  to  gravitational  instability.  Theoretical  considerations  suggest  that  the 
instability  ean  develop as quickly as 10 Ma after  shortening  commences (Houseman et al., 1981),  and 
that  a  critical  amount of shortening  is  required @ingland and  Houseman,  1989).  The  involvernent of 
the  lower  crust is dependent on the  initial  thicknesses assumed and on the  behavior of the  mantle 
lithosphere.  Others  have  argued  (Kincaid  and  Silver,  1993)  or  dernonstrated  (the  Alps,  Fleitout  and 
Froidevaux,  1982)  that  the thiclmed lithosphere kas not been  lost  beneath  shortened mountain belts. 
In light  of  these  diverse  observations  from  other  mountain  belts  and  the  constraints  imposed  by  the 
sudace structural  data in the Andes,  it  is  instructive  to  consider  whether  delamination  has  occurred  in 
the  central  Andes. 
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Several  lines of evidence  are  available  to  assess  whether  delamination  has  occurred  in  the  central 
Andes,  an  argument  that  has k e n  proposed  for  the  region as a  whole  or  with  reference  to  specific 
regions  (Froidevaux  and  Isacks, 1984; Sheffels, 1988,1993: Isacks, 1988; Whitman  et  al., 1992; Kay 
and  Kay, 1993). Heat  flow  data  that  indicate  that  the  Cordillera  Oriental  and  eastern  Altiplano  are 
unusually  hot  (Henry  and  Pollack, 1988) can be interpreted  to  indicate  that  asthenosphere  has  replaced 
lithosphere  in  those  regions,  although  this  interpretation  is  a  non-unique  one.  Gravity  data  suggest 
that  the  lithosphere  has  elastic  strength  throughout  the Subaides (Lyori-Caen et al., 1985), which  Fan 
be interpreted as a  lateral  limit on  the  width  of a  region  of  delamination;  where  the  lithosphere  no 
longer  behaves  elastically,  it  has  delaminated.  The  geoid  anomaly,  a  high of 25 m (Froidevaux  and 
Isacks, 1984), suggests  a  thermal  component  (Isacks, 1988) to the high elevations  observed,  which 
could  be  supplied by replacement of lithosphere  by  asthenosphere.  Seismicity  patterns  are  also 
suggestive:  deep  earthquakes (-650 kiiometers) may be  related to  the  subduction  of  the  lower 
lithosphere,  tensional  earthquakes  within  the  slab  at  intermediate  depths may reflect  bending  of  the slab 
resulting  from  deformation  by  the  lithospheric  root,  and low levels of crustal  seismicity may reflect  a 
higher  geotherm.  Attenuation  is  described as high  in  the  Altiplano  region  (James, 1971), although 
Whitman  et  al. (1992) restrict high attenuation  regions to  the  active  magmatic  arc  and  the  southern 
central  Andes,  arguing  against  delamination  beneath  the  Bolivian  Andes.  The  distribution  and 
magnitude of normal  faulting  does  not  seem to be  related  to  delamination  in  either  of  the  ways  that 
extensional  processes in the  Basin  and  Range  (Sonder  et  al., 1987) or the  Himalaya  seem to be 
(England  and  Houseman, 1989). While  the  extension  documented  in  the  Andes  could  be  related to 
delamination,  such  scenarios are not  the  simplest  explanation.  Some of the normal  faulting,  within 
the  portion of the mountain  belt  containing  the  Altiplano,  can  be  shown  to  be  secondary  faulting, 
accommodating  tear  faulting  in  thrust  systems  or  steps in strike-slip  faults;  this  interpretation may  be 
the  simplest,  but  additional  data  are  needed.  In  any  case,  the  absence of extension  is  not  conclusive 
evidence  that  delamination has not  occurred. 

In  summary,  a  definitive  case  for  or  against  delamination  can not be made. In addition to 
satisfying al1  of the  available  data,  conclusions  regarding  delamination in  the  central  Andes must 
integrate  additional  factors.  For  example,  the  "normal"  effects  of  a  subduction  zone  with  an  active 
magmatic arc on  geotherms  and  convection  must  be  considered. Also, the  magnitude  of  shortening 
affecting  the  lithosphere  suggests  that  three-dimensional  deformation may be important:  where 
shortening is a  maximum,  the  deformation of the  continental  lithosphere may control  the  dip of  the 
subducting  oceanic  slab,  rather  than  vice  versa:  tectonic  style  is  not  determined by slab  dip. 
Furthermore,  along-strike  flow may result from  the  convergence;  the  two-dimensional  space  problem 
may  be  resolved  either  by  moving  material  down  (delamination)  or  laterally  out of the  cross  section,  a 
possible  explanation for the  geometry  of  the  Nazca  slab.  Note  that  the  causal  ordering  follows  from 
the  surface  constraints.  Finally,  comparison  with  other  mountain  belts is used  to clarify  the  controls 
on the  delamination  process  in  continental  lithosphere. 

CONCLUSIONS 

Well-constrained  surface  data  from  the  Bolivian  Andes  allow  the  determination of  bounds  on 
amounts of lower  crustal  and  upper  mantle  shortening,  and  therefore on  amounts  of  subduction or 
delamination  that may  have  occurred,  for a range  of  initial  thicknesses.  Crustal  subduction is  not 
required  for  the  most  plausible  estimates of shortening  and  initial  crustal  thickness.  One  implication  of 
the  magnitude  of  shortening is that  the  shortening may  have  driven  the  along-strike  variation  in  the  dip 
of  the  Nazca slab  observed  today.  Although  similar to  the  Himalaya, a  mountain  range  produced  by 
continental  collision,  the  central  Andes  have  formed  in  a  non-collisional  setting.  Delamination  is 
suggested by analogy  with  other  mountain  belts.  Theoretical  considerations  suggest  that  sufficient 
time has passed  since  the  onset of shortening  for  a  convective  instability to develop.  While 
atttenuation  data  suggest  that  delamination has not  occurred  in  this  region,  heat  flow,  gravity, and 
seismicity  data  are  permissive  evidence  for  delamination. 
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R E  S U M E  N : Se  exponen  resultados  de  estudios  magnetotel6ricos  y 
magnetovariacionales  realizados  en  zonas  de  Argentina  y  Chile  adyacentes  a 
los Andes,  y  que  han  significado una  contribucidn  para la  individuaci6n  de 
capas  conductoras en la corteza  y  el manto, .corno también  para la discusi6n  de 
los  efectos  de  distorsih en  las  curvas  de  resistividad  aparente  y  del nive1 
hipotético  de  la  conduct6sfera. 

KEY WORDS: Argentina;  Chile;  Rlagnetotellurics;.  Asthenosphere; 
Conductosphere;  Geothermal  Fields. 

I I  

INTRODUCTION 
i 

The  magnetotelluric method  was introduced  in  South  America by 
H.G. Fournier, and  many  preliminary  results  are  contained  in  his Rapport. de 
mission (Fournier,  1981).  Here  a  review of studies  carried  out  in  the  central- 
southern  Andes  region  in  Argentina  during  the  past  years is presented,  as 
well  as  results of magnetotelluric  (MT)  soundings  done  between  the  Coastal 
Range  and the  Andean  volcanic zone in the area of southern  Chile.  The  areas 
discussed  in this  contribution  lie between latitudes  26"s and 39"s. 

Modelling  programs by Kisak  and  Silvester  (1975)  and ' Wannamaker 
et al.  (1987)  were used in these studies. 

SANTIAGO DEL ESTERO-TUGUMAN GEOTHEWMAL  AREA 

This  area  in NW Argentina is centered at about 26"s; 67030'W in the 
back  arc  region.  2 D modelling of six MT soundings  shows  a  zone of ,high 
conductance  (2500-27000  Siemens)  from O to 75 Km depth.  This  zone is limited 
at the  south of the  area (27"s) by structures of great  resistivities  (3000 - 20000 
ohmm)  where  seismic  activity  -absent  in  the  high  conductance  zone- 
reinitiates  with  foci  at  intermediate depths. Many hot Springs are known in 
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the  zone  of  high  conductance,  and  temperature  gradients  in  water  wells  are 
generally of about 100"C/Km. 

Modelling o f  this zone has  shown  that 3 D distorting  effects  -which 
in  some  situations  ean  be  stronger  in  the  E-polarization  mode-  are  acting  in 
some of  the MT soundings (Muiioz et al.,  1992). 

AREA AT 33"s LATITUDE ,IN AWGENTINA 

Near  the  Andes  Cordillera  -at  longitude 69OW- MT soundings  indicate 
conductive  layers  at  depths of about 16 Km, 34 Mm and 80 Km. Towards  the 
south  direction  the  depth  of  the  second  conduetive  layer is shallower  (heat 
flow is  here  possibly higher). At 64"W longitude  only  two  conductive  layers 
are  encountered:  one  at  40 Km and  another at more  than 200 Km depth,  and 
both descending in the east  direction  (Borzotta et  al., 1993). 

PETEROA ACTIVE VOLCAN0 AREA (ANDES CORDILLERA, AWGENTINA). 

Four MT soundings  in  an  extension of 40 Km at  latitude 35'30's show 
a monocline  conductive  layer  crossing  the  crust  in  the EW direction.  At  the 
West  end  the top level of  this layer is at  32 Km depth,  and  its  thickness is of 
about 12 Km.  Under the East  extreme of the  profile  the  top  of  this  layer is  at 
only 5 Km  depth;  its thickness is of  about  6.5 Km. Hot  sulphurate  water  Springs 
are  found  in the  centre  of  the  MT  sounding  profile.  Magnetovariational 
sounding  results  suggest a eonductive  zone  in  the  crust,  possibly  under  the 
Atuel  Valley, 25 Km at the NE of the MT profile  (Fournier et al., 1993). 

AREA  BETWEEN  THE PACIFIC OCEAN AND VIELARRICA VOLCAN0 
(39'25'9; 7l057'W) - CHPLE 

1D models  give a conductive  layer  for  three  sounding  sites  in  the 
zone o f  Villarrica  active  volcano.  This  conductive  layer  lies  in  the  depth 
range between about 40 to 100 Km. Wesistivity of this layer  is  between 20 to 80 
ohmm.  In  the  boundary  at  500  Km  depth  -which may be  the  conductosphere 
top  level-  the 1 D modelling  gives  a  resistivity  of 2 ohmm  whieh  manifests  the 
procedure  of  tying  in of  the  distorted  eurve to the  geomagnetic  global  value 
(Muiioz et al., 1990a). 

These  results  eontrast wih 2D models  which  consider  the  effects  due 
to  heterogeneities  in  the  crust  and  upper  mantle  structure  from  the  Paeific 
Ocean  to  the  volcanic  zone  in  the  Andes. In order  to  construet a  more  reliable 
model of the  earth's  structure of continental  Chile  at  latitude 39OS, a scheme 
including  oceanic  structures  has  been  assurned  and  subjected  to  nearly 80 
model  parameter  variations (Muiioz et al., 199019, 1992). The  conductive  layer 
under  the  ocean  has  been  characterized by resistivity  values of about  0.1-100 
ohmm with its upper  level  at a depth  of  nearly  45 Km. Coast  effect  and 
diversity  of  oceanie  mantle  clearly  changes  the  resistivity  pattern  under  the 
continental  area. Under  the area of Villarrica  volcano  and to the  east  (Andes 
Cordillera  and  Argentina) a resistive  lower  crust  has to be considered;  in  the 
eastern  region  the  transition  to  the  upper  mantle is also  eharaeterized  by a 
high  resistivity.  The  source of magma of Villarriea  volcano  seems  to be 
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concentrated  at  depths  between  70  and 80 Km  but  there is not  a  simple 
connection  with an  'asthenospheic  layer'  in the upper  mantle.  The  case  may 
be  that the asthenosphere  in the  transition  zone of the continent  is  subjected 
to  cooling by  the  subsiding  oceanic  lithosphere.  The  hypothetical  resistivity 
scheme  also  gives  a  conductive  layer (200 ohmm) of variable thi,ckness (10-15 
Km)  which  ascends  from the Pacific Ocean (30 Km top  level)  to  the  Andean 
Range (25 Km  top level) and penetrates  into the  back arc  region  in  Argentina. 

* The  scatler  of  data  does n,ot allow  a  reliable  determination of the 
upper  level  of  the  conductosphere,  but  different  resistivity  .values<  in  the 
range  of  20-0.1  ohmm  strongly  control  the Coast effect  over  a  large  period 
r a n g e .  

Hypothetical  magma  chambers  in  the  crust  have  not  been 
individuated  under the zone of Villarrica  volcano.  2D mode1 tests  carried  out 
for  this  area  have  shown  that,  besides the quality of data,  the  discovery  of 
magma  chambers by  using  the MT method  may  depend on  the  topography of 
the  region,  the  type  of  magma  and  the  extended  resistivity  distribution 
pattern,  During  the 10th  Workshop on Electromagnetic  Induction  in  the 
EarfJz (Ensenada,  México, 1990), George  Keller  presented serious  objections to 
such an enterprise, but  Mark  Berdichevsky  objected  that  one  of  his  colleagues 
have  already  done it. Who  stands  to  reason?  This is a  question  difficult  to 
answer,  as  follows  from the literature  concerning  this  problem (e.g., Newman 
et al.,  1985;  Sibett,  1988) 

CONCLUSIONS 

Magnetotelluric  studies  in  the  central-southern  Andes  region  are 
, giving  important  results  concerning  the  thermo-electrical  structure of the 

crust  and  upper  mantle  in  the  arc-trench and  back  arc  regions.  These  results 
should  be  useful  for  studying the volcanic and geodynamic  processes,  and  for 
the  assessment of geothermal  fields  in view of energy  applications. 
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RESUMEN:  Se  presenta  aqui una secci6n  gravimétrica  trans- 
continental E-W en 390  de  latitud  Sur  analizdndose,  adem6s 
de l o s  cldsicos  modelos  corticales,  posibles  mecanismos  de 
compensaci6n isostiitica y evaluando  el  acortamiento  compre- 
sivo  que  habria  contribuido  decisivamente  al  levantamiento 
Andino. 
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INTRODUCTION 

The  analyzed  section is refered  to a previous  study  at 
these latitudes (Diez Rodrigue2 and Introcaso, 1 9 8 6 ) ,  
incorporating gravity anomalies both in the Pacific. and 
Atlantic  ocean  sectors  and  altimetric  satellital  data(Fig.1) 

It was  prepared  with  data  from  the  Instituto  Geogr&fico 
. Militar Argentino and the Universidad de Chile, in the 
continental  sector,  while  at sea, batimetric  data  from  the 
satellital  file of the  Instituto  Antdrtico  Argentino  and 
Free  Air  anomalies  from  Bowin et al ( 1 9 8 1 )  were  used,  With 
these  data  Bouguer  anomalies  were  also  calculated by 
replacing  the  sea  water (Ga = 1 . 0 3  g/cm3 ) by  materials or" 
density G = 2 . 9  g/cm3 , (the assumed  continental  crustal 
density  according to Pacino  and  Introca'so, 1988;  Introcaso 
and Pacino, 1989;  . . . ) .  

The  profile,  which  exceeds 2000 Km.  length,  shows  minimum 
Bouguer  anomalies of about -90 mGal in coincidence  with  the 
largest  Andean  altitudes, w h i l e  maximum  values of -1-230 mGal 
are  located  offshore,  in  the  Pacific  Ocean  (Fig.1). 

GEOLOGICAL  SETTING 

This  section  crosses,  in  its  continental  itinerary, 
important geological provinces in Chile and  A.rgentina: 
Cordillera de la Costa, Valle  Central Chileno, Cordillera  de 
los Andes, Cuenca Neuquina, northwestern section of the 
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cuenca de Colorado,  Cuenca  Interserrana Bonaerense amd 
Southern  border of Tandilia. 

P A C I F I C  OC. 

. . . 

2 ALTITUDES 
E 0  

LL -2 

- 4  

300 
BOUGUER ANOMALY 
FREE A I R  ANOMALY . - - - _ _ _  

100 

.100 

P i g .  1: Location of the section. Altitudes, Pree Air and' 
Bouguer anomalies  profile. 

ISOSTA'EIC BEHAVIOUR 

The issstatic  balance f o r  the  section was analyzed  in  two 
ways: (a) by means  of a thickemed  crust in the  Airy  concept 
and (b), by means of both, a thickened  crust  and a thermal 
root in the  upper  mantle,  according  to  Pratt's  hypothesis. 

The results  indicate  that  the  studied  section  essentialy 
responds  to an Airy's isostatic.  model,  with  little  possitive 
and negative anomalies which, in' a great part, could be 
justified  locally  taking  into  account  inhomogeneities  in  the 
upper  erust in the  different  crossed  geological  provinces. 
The model with a lithospheric thermal root gives no more 
than 20 mGal in  its  maximum  and  it has a short  longitudinal 
extention, but it must  be taken  into  accolmt  attending ta 
the  important  manifestations of active  voleanism  southwards 
3 3 0  South  latitude  and  the  heat  flow  expressions  detected 
(Mufioz et al, 1 9 9 8 ) .  
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GRAVITY MODELS 

It has been analyzed the possible gravimetric influence 
from  the  subducted  plate, a wedge  of  asthenospherïc 
materials between the Nazca and Southamerican plates, two 
"roots"  in  the  intermediate  and  lower  crust  in  the 
continental  sector and ttantirootstt  in'the  lower  crust in 
both oceans. In this way, a simple one layer crustal model 
shows maximum depth f o r  the continental crust of about 43Km. 
This value could Vary in no more than 10% incorporating the 
other  gravity  effects  refered.  For  that,  and  as a 
simplification, a one layer crustal model is shown in Fig. 2 
together with its gravity response and the observed gravity 
data, Once again, and according to the results obtained  in 
previous studies f o r  different Andean sections (Introcaso 
and Pacino, 1988 ;  Pacino and Introcaso, 1 9 8 9 ) ,  it was proved 
that the observed Bouguer anomaly is mainly controlled by 
the M discontinuity and the subcrustal gravimetric effects 
are either rather smaller than. was supposed or they cancel 
each other out. 

300 
a~~~~ CALCULATED BOUGUER ANOMALY 

OBSERVED BOUGUER ANOMALY 

- 

61 00 

€ 
0 

-100 

Fig.2: One layer crustal model  and its gravity response. 

SHORTFNINGS 

Values of compressive shortening were also calculated f rom 
the topographic areas above the sea  level, and  the areas of 
crustal roots beneath the assumed "normal" crustal thickness 
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obtained  from  the  different  models. 

equilibrium, the shortening value found is 66 Km. By the 
other side, considering  the ttroots" from the  inversion of 
gravity  data  and  according to Introeaso  et al ( 1 9 9 2 ) ,  the 
shortening  value  reaches 72 Km. 

Following I s a c k s  ( 1 9 8 8 )  and  assumming  isostatic 

CONCLUSIONS 

From  gravity  data,  the  maximum  thickness f o r  the 
continental  crust  at 3 9 s  South  latitude  was  loeated  beneath 
the  Andean axes,  at 43 Km. depth, while  the  minimum  thick- 
ness for  the  ocean  crust  at  that latitude, with 12 Km. depth, 
would  be  located 300 Km. offshore,  in  the  Pacific  Ocean, 

A preliminar  isostatic  analysis  would  indicate  that  the 
section  essentially  responds  to an Airy's  isoatatic  mode1 
showing, as a whole, a reasonable  isostatic  equilibrium. 

models  are  in  the  order of 7 0  Km. 
The ealculated shortening values f o r  aPP the crustal 
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CRUSTAL  THICKENING ~ THE  CENTRAL  ANDES - 
RJBULTS FROM SEISMllC  REFRACTION AND CRUSTAL  BALANCING 
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RESUMEN: Las estructuras tect6nicas de sobrecorrimiento y el espesor actual de la corteza derivados de 
los resultados de sismica de refraccidn han sido  modelados por medio de un balance0 tectdnico con un 
acortamiento cortical de 320 km desde el Cretasico superior con un espesor  inicial de 35 km. El volumen 
de la corteza inferior en el antearco y debajo del arc0 magmiitico, aproximadamente el 20% del volumen 
cortical actual, no puede ser explicado por este acortamiento. La litbfera subcortîcal debe haber sufrido un 
acortamiento en el mismo rang0 que exige un transporte de material  hacia el manto ma's profundo. 

KEY WORDS: Central Andes; crustal balancing;  seismic refraction; crustal doubling. 

INTRODUCTION 

The Central Andes are part of the convergence  system  between the oceanic  Nazca plate and the South 
American plate. Elevations of about 7000 m above  sea  level  in the central parts of the mountain belt are 
observed where the crustal thickness reaches  about 70 km. The importance of tectonic shortening for the 
thickening of the Central Andean crust has been emphasized by various authors (Surirez et al. 1983; 
Allmendinger 1986; Reutter et al. 1988; Roeder 1988; Sheffels 1990). 

Within the frame of the  research group "Mobility of  Active  Continental Margins", new data on the crustal 
thickness and the velocity structure of the  Central  Andean crust on a transect at 21 O S ,  derived from seismic 
refraction observations, allow to derive a model  which  combines  data from cross-section balancing with 
seismic refraction data. Calculations about  the portion, that contributes tectonic shortening to the 
thickening of the Andes, are presented. 

METHOD 

Based on the velocity structure and crustal volume of the Andean crust derived from seismic refraction 
experiments, the amount of thickening caused  by tectonic shortenîng could be determined. The crustal 
development Was modelled with the program TRUSTBELT II (Linsser 1991),  and a regional isostatic 
compensation following Airy's principles (Buness  1991)  was  applied  to allow the application of cross- 
section balancing on a crustal scale, here  called "crustal balancing" (figure 1). In a forward modelling 
procedure detachment horizons and thrusts have been  changed iteratively until satisfying the observed 
crustal structures from seismic refraction  observations. Further geophysical data were used as boundary 
conditions and the  derived structure was  checked by raytracing  and gravimetric model calculations. 
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Development of balanced 
crustal sections 

Crustal  structure Shortenin 
(refraction seismim) (cross-section bafancing) 

Crustal balancing 
(forward modelling) 

Boundary conditions: 
Gravimetrie - Electrical conductivities 

Thermal  structure 
Temperature  dependent 
velocity - density relatiom 

' JI 
Mass deficit 
(compared to 

seismic structures) 

Figure 1. Developrnent of the balanced crustal section from the crustal structure (derived from seismic 
refraction) and shortening from cross-section balancing. 

The aim of the study was to develop an  areal  balanced  model  that should be able to explain the velocity 
model and the seismic discontinuities at 21"s. The program THRUSTBELT II does not allow the 
modelling of different rheological characteristics of the distinct crustal units. As the program only permits 
faults with the sarne vergency, no backthrusts were introduced  exept in the forearc, using a "pin-line" on 
the Altiplano. 

GROSS  CRUSTAL  STRUCTUW RdOM SEISMIC REFRACTION 

The velocity structure was derived by observations of 4 shotpoints dong a profile at 21"s with 
corresponding N-S profiles in the Coastal Cordillera and  in the Precordillera (position map s e  Wigger et 
al., this volume). A clear discontinuity at 40 km  depth in the Coastal Cordillera is interpreted as Moho of 
the subducted Nazea plate (Wigger et al. 1993). The continental crust in the forearc has a high average 
velocity of 6.5 kmls in the eoastal Cordillera, descending  to 6.2 km/s in the Precordillera. A division into 
a high velocity upper and middle crust, dipping from 20 km depth  in the coastal region to about 35 km 
depth beneath the Precordillera, and a deeper crust mainly  represented  by low velocity zones (LVZ) can be 
done. Strong absorption of the seismic waves  in the Western Cordillera and the Altiplano area leads to a 
comparable low average velocity (about 6.0 km/s) down to 190 km, but a Moho is not observed. IR the 
backarc, the Moho dips down from 40 km below the Subandean  Ranges  to about 70 km at the eastern 
rnargin  of the Altiplano. In the Chaco the velocities increase slightly from 6.1 lads at 10 h depth to 6.2 
k d s  at 30 km depth and a 10 km thick high  velocity lower crust is observed. Further West, in the Eastern 
Cordillera, high velocity material (6.8 kmls) at 20-25 km depth is underlain  by a broad LVZ down  to the 
crustal base (see Wigger et al., this volume). 

INITIAL MODEL AND APPLIED SHORTENING VALUES 

A simple layered crust with a 10 km thick  lower crust, 15 km middle crust, 5 km (Pre-)Cambrian to 
Ordovician rocks and a varying thickness up to 10 km of Silurian to Cenocoic sediments is taken for the 
initial model. Thus, the initial crustal thiclcness varies between 40 km  in the Andean foreland and 30 km in 
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the  Eastern  Cordillera,  where Cretaceous  rifting  took  place  (Marquillas & Salfity 1988). The  starting point 
for  the calculation of  the modelled  shortening is the  onset of the strong compressional  phases at  Upper 
Cretaceous  at  90  Ma (Scheuber et al.  1993). 

Cross-section  balancing was  done  for different  profiles  in  the  Central  Andean  backarc and  the  derived 
shortening  values Vary between 210 and  230 km for the Eastern Cordillera and Subandean Ranges  (Roeder 
1988;  Sheffels  1990)  at  about 18"s and 140  km  for the  Subandean  Ranges  and a transition zone (Kley & 
Reinhardt  1993)  at 21"s. In the area  of the  Altiplano and  the recent  magmatic arc  the determination  of 
tectonic shortening  is somewhat more difficult because of the young sedimentary  and  volcanic  cover. 
Shortening  values  of 55 km (Baby et  al. 199Oa) and 42  km (Baby et  al.  1990b) for the Altiplano  are 
reported. In the  forearc  region  shortening is most evident  in  the  Precordillera  (Chong & Reutter 1985). 

An amount  of  320  km  is taken for the  shortening between the trench and  the  Andean  foreland since  Upper 
Cretaceous  (Schmitz 1993), modelled mainly for two  tectonic phaes, the  Incaic Phase  in  the 
Altiplano/Eastern Cordillera  area  and the  Quechua  Phase  in the Subandean  Ranges. The detachments are 
located at  the base of  the  younger sediments, on top of the  middle  crust and  at  the base of  the  lower crust. 

CRUSTAL DOUBLIPJG JN THE BACKARC 

A crustal  thickening from 40 km in the Subandean Ranges to about 70 km in the Eastern Cordillera is 
observed, representing a crustal doubling  in the backarc. Material with  high seismic  velocities (6.8 kmls) 
was found in 20 to 25 km depth  in the Eastern  Cordillera. This can be explained by  lower crustal  material 
detached from  the  crustal  base  and overthrusted to  the east  (figure 2). The modelled structures  of  the 
Subandean  fold- and thrust  belt are in good  coincidence  with balanced cross-sections  (Kley & Reinhardt 
1993). Zones  of  high electrical  conductivities  might  have acted as detachments. 

w Section 21"s E 

a Racan1 IOWB, C,"Jt Of ' * 
200 - lha forsarc: allarnating 
km low and high ralocitias p Qanial melt: magma chambars 

Msrozoic Moho of th. 
c.ntin."tal Crus1 Of 
the foraarc 

-& Thrust faults 
hW ocsanie crust 

' Earthqusks data 1960-1987 
iSourC0: ISC and USGSl 

Figure 2. Interpretative cross-section  at 21 "S with main seismic  boundaries  and the tectonic  structure. The 
position  of  the Nazca  plate is from Cahill & Isacks  (1992). 

CONCLUSIONS 

Combining  seismic refraction  data  and a cross section balancing method, nGW aspects on the developmant 
of  the  Central  Andes  were derived. The crustal thickening in the  backarc was modelled as a crustal 
doubling  with  an  overthrust of the Andean crust over its  foreland (figure  2).  For  the arc- and forearc-region 
no crustal  thickening could be derived which is originated by crustal  shortening. 
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The lower crust of the forearc as well as of  the  magmatic arc region, which represents together about 20 % 
of the crustal volume under study, cannot  be modelled by the assumed shortening of 320 km. Othet sources 
must be taken in account to explain these crustal parts. Tectonically eroded and later underplated material 
from the continental margin could fil1 a part of the lower crust of  the westerly forearc area. Further east, 
transformed mantle or magmatic addition could have thickened the crust. 

The lithospheric mantle must have undergone the same shortening as the crust. Thus a convergence 
between the oceanic lithosphere and the continental mantle is evident in the area of the m e n t  magmatic 
arc. In consquence, mstntle material must be tramspotted into the asthenosphere below the magmatic arc. 

Allmendinger RW 1986 Tectonic development, southeastem border of the Puna Plateau, northwestern 
Argentine Andes. Ge01 Soc Am Bull, 97: 1070-1082. 

Baby P, SempérB T, Oller J ,  Barrios L, Hérail G & Marocco R 1990a Un bassin en compression d'àge 
oligo-mniockne dans le sud de I'Altiplano bolivien. C R Acad  Sci Paris, 311 (SBr II): 341-347. 

Baby P, Sempéré T, Oller J, Blanco J, Zubieta D & HBrail G 1990b Evidence for mayor shortening on the 
eastern edge of the Bolivian  Altiplano: The Galazaya  nappe. In: Inst Franc Rech Scient Devel, 
Colloques er SBminaires,  §ymp Int "Géodyn Andine", R6s Comm: 163-166, Grenoble. 

Buness H 1991 Isostatic compensation  of  balanced cross sections. In: Giese P , Roeder D & Nicolich R 
(eds) Joiut interpretation of geophysical and geological data applied to lithospheric studies: 181-188, 
Kluwer, Dordrecht. 

Cahill T & Isacks BL 1992 Seismicity and Shape of  the  Subducted  Nazca Plate. J Geophys Res, 94 (BE) :  

Chong DG & Reutter K-J 1985 Fendmenos de tect6nica compresiva en las Sierras de Varas y de 
Argornedo, Precordillera Chilena, en el ambito del paralelo 25" sur. IV Congr Ge01 Chileno, 
Antofagasta, Actas 2: 21219-21238. 

Kky J & Reinhardt M 1993 Geothermal  and  tectonic evolution of the Eastern Cordillera and the Subandean 
Ranges of southern Bolivia. IR: Reutter K-J ,  Scheuber E & Wigger P (eds) Tectonics of the southem 
Central Andes: 155-170, Springer, Berlin Heidelberg New York. 

Liasser H 1991 Enhanced interpretation of crustal sections with,the Thrustbelt Program. In: Giese P et al. 
(eds) Joint interpretation of geophysical and geological data applied to lithospheric studies: 165-179, 
Kluwer, Dordrecht. 

Matquillas R & Salfity JA 1988 Tectonic framework  and correlations of the Gretaceous-Eocene Salta 
Group, Agentina. In: Bahlburg H, Breitkreuz C & Giese P (eds) The Southern Central Andes: 119- 
138, Springer, Berlin Heidelberg New York. 

Reutter K-J, Giese P,. Gotze H-J,  Scheuber E, Schwab M, Schwarz G & Wigger P 1988 Structures and 
crustal development of the Central Andes  between 21" and 25"s. In:  Bahlburg H, Breitkreuz C 9r 
Giese P (eds) The Southern Central Andes - Lecture Notes in Earth Sciences, 17: 231-261, Springer, 
Berlin Heidelberg New York. 

17503-17529. 

Roeder D 1988 Andean-age structure of Eastern Cordillera (La Paz, Bolivia). Tectonics, 7 (1): 23-39. 
Schmitz M 1993 Kollisionsstrukturen in den Zentralen  Anden: Ergebnisse refraktionsseismischer 

Messungen und Modellierung krustaler Deformationen. Dissertation, Freie  Universitlt Berlin. 
Schwarz 0, Ghong DG, Kriiger D, Martinez E, Massow W. Rath V & Viramonte J 1993 Crusta1 high 

conductivity zones in the Central Andes.  In:  Reutter K-J, Scheuber E & Wigger P (4s)  Tectonics of 
the southern Central Andes: 49-68, Springer, Berlin  Heidelberg  New York. 

Sheffels BM 1990 Lower bound on the amount of crustal shortening in the central Bolivian Andes. 

Su6re.z G ,  Molnar P & Burchfiel BC 1983 Seismicity, fault  plane solution, dapth of faulting and active 
tectonics of the Andes of Peru, Ecuador and S-Colombia. J Geophys Res, 88 (B12): 10403-10428. 

Wigger P, Giese P & Schmitz M 1993 Main crustal anomalies of the Central Andeam lithosphere. This vol. 
Wigger P, Schmitz M, Araneda M, Asch G, Baldzulln S, Giese P, Heinsohm  W-19, Martinez E, Ricaldi E, 

Rower P & Viramonte J 1993  Variation in the  crustal structure of the southern Central Andes deduced 
from seismic refraction investigations. In: Rauttar K-J, Scheubar E & Wigger P (eds) Tectonics of the 
Southern Central Andes: 23-48, Springer, Berlin  Heidelberg New York. 

Gwlogy, 18:  812-815. 



-_ 
t i l  

Second ISAG, Oxford (UK), 21-23/911993 

THE  EVOLUTIO  OF  DEFORMATION AND TOPOGRAPHY OF THE 
CENTRAL ANDES 
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RESUMEN: La deformacih y topografia de los Ande Centrales fueron 
investigados usando  un modelo visco-plAstic0 depende de la temperatura 
de la  placa  Sud  Americana. El modelo predica la topografia solamente en 
los  casos que toman en cuenta que la  region  bajo  del Altiplano se debilita 
con la temperatura . 

The central Andean topography is characterized by a wide elevated 
plateau flanked in the West by a steep slope that descends into the deep 
Chilean Trench and in the east by a gentle slope that subsides gradually 
toward  the Brazilian Shield. The low  elevated  trench  topography is 
dynamically supported, whereas the high Andean mountain  topography 
is mostly isostatically supported by a thick crust. The last  mountain 
building phase, which thickened the crust and formed the  present-day 
Andes, began 26 m.y. ago, in the Late  Oligocene, with the increase of the 
convergence rate between the Nazca and the South American plates. The 
time evolution of the Andean deformation and topography is investigated 
by applying a temperature  dependent visco-plastic  *flow  model of 
continental lithosphere to the South American plate. 

The model predicts the observed present day topography  profile 
across the  Central Andes, from  the  trench across the  high  Altiplano 
plateau  to  the Brazilian Shield (Figure 1). Numerical results, combined 
with  observations of the  spatial and temporal distribution of igneous 
activity in the  Central Andes, lead to the conclusion that  the Altiplano 
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developed  and extended to its present  width of 400 km as a  result of 
thermal weakening of the lithosphere since Late  Oligocene until present. 
The mode1 also predicts the observed eastward migration of the locus of 
the Andean crustal deformation with time  (Figure 2). At early stages of the 
deformation, both  the crustal and mantle locus of deformation lie in  the 
thermally weak region, which results in crustal thickening in this finite 
region. At later stages,  as the crust thickens, it induces buoyancy forces of 
larger magnitude, which resist crustal thickening beyond 65 km, and as a 
result  the locus of crustal deformation migrates eastward. The detachment 
of the crustal locus of deformation from that of the mantle can  explain the 
observed change in  deformation  pattern  from thick-skinned tectonism 
during early stages of the deformation to thin-skinned tectonism during 
the more recent stages. 

Figures 

Fig. 1. A comparison between the characteristic observed  topographic 
profile (shaded)  and calculated topographic profiles. (a) Evolution of a 
thermally perturbed  lithosphere  that initially has a 35 km  thick uniform 
crust. (b) Evolution of a thermally perturbed lithosphere that initially has 
50 km thick crust above the wedge tip (300-400 km from the trench). (c) 
Evolution of a lithosphere with initially  thick crust (same as in b) without 
thermal perturbation. 

Fig. 2. Calculated topography, crustal structure, normal strain rate, and 
shear strain  rate  during  the initial and final stages of the Central Andes 
mountain  building phase. The locus of compressional deformation of the 
mantle  lithosphere is localized near the  wedge  tip  at al1 time  steps. 
However, the compressional deformation of the crust diffuses with time 
and its locus migrates inland  and is accompanied by a significant shear 
component concentrated in the weak  'lower crust. 
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Lithospheric  Structure  and  Along-Strike  Segmentation  of  the  Central 
Andean  Plateau, 17 -29"s 

D. Whitman, B. L. Isacks, and S. Mahlhurg Kay 

Department of Geological Sciences & Institute for the  Study of the Continents 
Snee Hall, Corne11 University; Ithaca, NY 14853 

RESUMEN: Los datos geofisicos y geoquimicos indican que cerca del paralelo 23" S, el espesor del plateau 
de los Andes Centrales decrece hacia el sur a Io largo de su rumbo. Mientras una lit6sfera gruesa subyace el 
Altiplano y las Sierras Subandinas, una delgada Io hace bajo la Puna y el Sistema de Santa BArbara. La 
diferencia en el estilo tect6nico de estos dos segmentos puede atribuirse al Cambio a Io largo del rumbo del 
espesor litosf6rico. 

KEY WORDS: Altiplano, Puna, lithosphere, flexure, seisrnic altenuation, back-arc volcanism 

INTRODUCTION: 

The central Andean Plateau is a 300 km wide,  nearly 4 km high plateau which is situated above a 30"E 
dipping segment of the subducted Nazca plate. Major along-strike variations in  upper mantle structure are 
demonstrated by systematic  changes in the topography, the upper mantle  seismic Q structure, the 
lithospheric flexural rigidity, and the distribution and  chemistry of back-arc lavas. South of 23' S ,  the upper 
mantle becomes hotter, and the lithosphere becomes thinner and weaker. This change in lithospheric 
thickness coincides with lateral variations in the tectonic style and timing of deformation in  two distinct 
physiographic segments of the plateau and its adjacent foreland thrust belt to the east: the Bolivian Altiplano 
and Subandean ranges in the  north  and  the Argentine Puna and Santa Barbara system in the south (see also 
Allmendinger et al., this volume). We conclude that lateral variations  in lithospheric thickness  and  rheology 
play an important role in this segmentation. 

SEISMIC WAVE  ATTENUATIOM 

One of the most sensitive indicators of variations in lithospheric structure and  the  thermal structure of 
the upper mantle is the efficiency of regional  high  frequency P and S wave propagation. In a recent study, 
Whitman et al. (1992) show that the upper mantle seismic attenuation (Q) structure varies along-strike 
beneath the plateau and foreland with generally low  attenuation  (high Q) beneath the Altiplano segment, and 
high attenuation (low Q) beneath the Puna segment (Fig. 1). Digital seismograms collected  during 
deployment of the portable PANDA network near Jujuy, Argentina (24"S, 65"W)  on the eastern margin of 
the Puna exhibit striking azimuthal variations in frequency content. Ray paths from intermediate depth 
earthquakes located north and northwest of the network transmit seismic waves with a higher frequency 
content than ray paths from earthquakes at similar depths and  distances  but  located West and southwest of the 
network. In the foreland, Sn phases from crustal earthquakes in the  Subandean ranges to the  north propagate 
efficiently to the network, while Sn is not observed from shallow earthquakes at similar distances to  the 
south. 

This data when combined with previously reported observations of shear wave propagation at  La Paz, 
Bolivia (17"S, 68"W)  on the eastern side of the Altiplano (Chinn et al., 1980) define a generally low Q 
region in the upper mantle beneath the plateau  which  varies in width  along strike (Fig. 1). In  the Altiplano, 
the low-Q is confined to areas of active volcanism in the  Western Cordillera, but  beneath the Puna, the low 
Q zone spans the whole width of the plateau and is present  beneath  the Santa Barbara ranges to the east, 
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Fig 1. Map showing regions of high 
seismic wave attenuation (dark, shaded rcgion) 
inferred  to  lie  between the subducting Nazca 
plate and  the overriding South American plate 
(after  Whitman et al, 1992)  and along strikc 
variations in back arc lava composition (after 
Kay and  Kay,  1993). SH: shoshonitic; C-A: 
calc-alkaline;  OIB:  ocean  island basalt-like 
lavas. Also shown  is depth to the Wadati- 
Benioff  zone (50 km contours after cdhill and 
Isacks, 1992)  and regions with average 
elevation over 3 km. 

MAGMATI§M 

The southward increase in  upper mantle 
seismic attenuation beneath the plateau is 
reflected in the distribution of young  back-arc 
mafic (< 60% Sioz) flows. In the Altiplano 
and  northcrn Puna, back-arc  mafic ccntcrs are 
composed of shoshonitic lavas indicative of 
small degree melts of enriched mantle 
lithosphere. From 24"s to 27"S, back-arc 
mafic centers progressively increase in volume 
and change in composition  from shoshonitic, 
to calc-alkaline, to OIB (intrap1ate)-like, to 
calc-alkaline lavas.  (Fig. 1; SH, C-A, and 
OIB). The change from shoshonitic to OIB- 
type  is consistent with a progressive incrcase 
in mantle melting percentage and a decrease in 
enriched lithospheric component. The largest 
centers with the highest melting percentages 

lie above a scismic gap in the  subducted  Nazca plate and  probably reflect anomalously  high temperatures in 
the mantle wedge. These results are consistent with a general  north  to  south decrease in lithospheric 
thickness  and  an increase in mantle wedge  temperature. 

The temporal  and  spatial  distribution of ignimbrites on thc plateau suggcsts that the present day 
lithospheric thickness  of  the  plateau  has  evolvcd since mid-Miocene. Ignimbrites erupted in thc Altiplano 
and  northern  Puna ceased in  mid to late Miocene while  those  erupted  further  south in the active Central 
Volcanic Zone are recent.  If  the large-scale crustal  melting  associated  with these ignimbrites is due to 
anomalously  thinned lithosphere, then since mid-Miocene,  the lithosphere beneath  the Altiplano and 
northcrn Puna has thickcncd,  whcrcas thc lithosphere of thc southcrn Puna has thinncd. 

O 14"s 
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Fig 2. Longitudinal cross 
section through the central 
Andes. Location of section is 
shown in Figure 1 .  Top shows 
averaged topography projected 
into a dong a 50 km wide 
swath dong line of section. 
Bottom shows inferrcd crust and 
upper mantle structure dong 
section. Thiclrness of mantle 
lid is inferred  from the patterns 
of upper mantle seismic wavc 
attenuation  (Chinn et al., 1980; 
Whitman et al., 1992). Top of 
the suhducted Nazca plate dong 
the  section  is 1.5 km above the 
projected WBZ contours of 
Cahill and Isacks (1 992). 

Distance Along Section 



Second ISAG, Oxford (UK), 21  -231911993 43 

ISOSTASY OF THE  PLATEAU AND FLEXURE OF THE FORELAND LITHOSPHERE 

The mode of isostatic compensation  changes along-strike beneath  the plateau. Near  22"S,  the average 
elevation of the plateau increases abruptly from 3.8 km in the Altiplano to around 4.4 km  in the  Puna  (Figs. 
2 and 4), and is a consequence of a thinned lithosphere beneath the Puna. Assuming typical thermal 
parameters for the lithosphere, the increase in elevation in the Puna can be explained by a decrease i n  
lithospheric thickness of 50 - 100 km, depending on whether the thin Puna lithosphere reflects a long 
standing difference from that  of  the Altiplano, or is due to a fairly recent (0-10 Ma) rapid removal or 
delamination of lithospheric material beneath  the  Puna. The elevation of the Altiplano is compensated 
primarily by crustal thickening, whereas the Puna is supported by both a crustal root and a thermal mantle 
root. 

In southern Bolivia, the  eastern  margin  of  the  Andes  is  compensated  regionally due to flexural support 
of the foreland lithosphere. This is reflected in a high-low isostatic residual  anomaly  pair  which tracks the 
location of the eastward verging Principal Frontal Thrust in the  Eastern Cordillera of Bolivia (Fig 3, top). 
The 50 mGal  high (Fig 3, ECH) is caused by a combination of high  density  basement rocks in the hanging 
Wall  of the thrust and local undercompensation of the  topography. To the east, the -75 mGal  Iow (Fig. 3, 
SAL) is coincident with the Subandean fold-thrust belt  and foreland basin,  and is due to a combination of 
low  density  sedimentary rocks in  the  foreland  basin  and  the  locally  overcompensated crust of the downflexed 
foreland lithosphere. Forward  modeling of this gravity profile (Lyon-Caen et al., 1985) indicates that the 
foreland lithosphere behaves as an elastic plate with thickness of 25-70 km (D =1023-2*1024  Nm)  which  has 
been  underthrust  beneath  Subandean belt and  Eastern  Cordillera by  at least 150 km. 

Farther south, the isostatic residual  across  the  eastern  margin of  the  Puna  and  the Santa Barbara  ranges  is 
much smaller than  that across the Subandean belt  (Fig. 3 bottom).  At the latitude of Jujuy, Argcntina, 
modeling of the gravity  anomaly  and a Moho proMe determined from an inversion of seismic traveltime 
residuals indicates that  the effective elastic  thickness of the lithosphere is only 6-12 km (D =1021-1022 Nm) . 
(Whitman, in prep). This supports the mode1  of a thinner and, hence, less rigid lithosphere beneath the 
foreland of NW Argentina. 
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Fig 3. Profiles across the Altiplano and Puna segmcnts of  the central  Andes showing avcragcd 
topography and point  valucs of the  isostatic  residual  gravity  anomaly  projected  into  section along a 
100 km wide swath. Location of profiles is shown in Figure 1 .  The profiles were constructed to 
be approximately perpendicular to  regional  trends  in  the  gravity anomalies. The isostatic residual 
was  computed by subtracting a calculated  isostatic  regional  and a degree I O  free air regional  from  the 
ohserved Bouguer  anomaly. The observed  Bouguer  anomaly is from Gatze et al. (1990) and older 
DMA sources. The isostatic regional was calculated at station level by assuming local Airy 
compensation, a zero elevation crustal thickness of 35 km, a topographic density of 2.67  gm/cc, 
and a density contrast at the crust-mantle boundary of 0.35 gmkc. CH: coastal high; WCL: 
Wcstern Cordillera low; ECL: Eastern Cordillera low; ECH: Eastern Cordillcra high; SAL: 
Subandean  low. 
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TECTONIC IMPLICATIONS 

The lateral segmentation in upper mantlc structure is 
coincident with  changes  in  the  physiography  and  tcctonic 
style of the plateau. The Altiplano and Puna segments 
of the plateau exhibit different elevation distributions 
(Fig. 4). Elevations in the Altiplano are conccntrated 
near 3.8 km, the height of the main Altiplano basin. 
This relatively narrow elevation distribution reflects cut 
and fil1 processes in the Altiplano basin  and  the  lack of 
compressional deformation in the Altiplano  and  Eastern 
Cordillera of Bolivia since Late Miocene (Isacks, 1988; 
Gubbels et al., 1993). In the Puna, elevations are more 
evenly distributed about the mean, a consequence of the 
grcatcr local  relief  and a longer duration of compressional 
deformation in the Puna than in the Altiplano (see 
Allmendinger et al., this volume). This longer history 
of compression in the Puna may  be a direct consequence 
of thinner, weaker lithosphere. 

The foreland tectonic  style  changes from thin 
skinned deformation in the Bolivian Subandes to thick 
skinned, basement involved deformation in the Santa 
Barbara ranges of northwest Argentina. We suggest the 
following explanation connecting the lateral changes in 

Elevation  Distribution 
of lnternally Drained Plateau 
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Fig 4. Differelfial  hypsometric  curves 
comparing the elevation distribution of the 
Altiplano and Puna segments of the central 
Andcan plateau. Elevation distribution was 
calculatcd from topography containcd within 
internally drained regions of the plateau only. 

Percent of Total Area 

upper mantle structure with thoie cxprcsscd at thc surface. Thc strong, thick lithosphere bcncath the 
Bolivian foreland  has  allowed  the  Brazilian  shield to bc underthrust  beneath the plateau  margin as a coherent 
unit,  with deformation confined  to  the  overlying  Paleozoic  sedimentary  wedge. A thinner  weaker lithosphere 
bcneath the Santa Barbara system of NW Argentina  has  lead  to diffuse basement  involved shortening within 
the crust. Since much of the shortening within the foreland is accommodated  within the basement, the NW 
Argentine foreland has not been extensively underthrust beneath the Puna. The tcctonic style of the Puna 
segment is similar to the thick skinned tectonics  of  the  Pampean ranges farther south. The similarities in 
tectonic style in these two  segments reflect similarities in lithospheric thiclcness  and the consequent overall 
rheology of the plate, with the lower Pampean elevations resulting from thermal coupling between South 
American  and  subducted  Nazca  plates  (Fig. 2) 

The along-strike lithospheric  segmentation of  thc central  Andean  plateau  and  its  adjacent  foreland  may  be 
due to one or a comhination of the following scenarios. The change in lithospheric thickness may predate 
the main stage of  Andean  uplift, or preexisting lithospheric properties of the  two segments may have at least 
influenced a later change in the thickness. The change in lithospheric thickness rnay be due to a largcr 
amount of shortening across the  mountain  belt in the  north with the undcrthrust Brazilian shield accounting 
for the thick lithosphere beneath the Altiplano. Finally, the lateral change in lithospheric thickness may  be 
due to a relatively recent removal or delamination of lithosphere beneath the Puna, possibly related to the 
southward  flattening of the  subducted  Nazca  plate. 

- .  
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RESTJMEN: Basadas en observaciones geofisicas obtenidas en la década de  los &O se derivan nuevas 
informaciones sobre  la estructura de la corteza  andina. Se revisa la estructura casi simétrica de  la corteza 
con un espesor de alrededor de 70 km en la zona  del arc0 magdtico, disminuyendo hacia el antearco y el 
trasarco. Mientras hay un doblamiento cortical en el trasarco, la corteza continental en el antearco est6 
compuesta por una corteza continental delgada con una zona de "mezcla" inferior. Resulta una estructura 
asimétrica con un antearco "delgado" y un trasarco grueso. El arc0 magdtico actua como amortiguador 
ductil entre los dos bloques mis rfgidos. 

KEY WORDS: Central Andes; geophysical  anomalies; crustal thickening; asymmetric crustal structure. 

INTRODUCTION 

Within the frame of the research group "Mobility of Active Continental Margins" at the Freie Universitat 
and Technische Universitat of Berlin, geological  and  geophysical investigations were carried out between 
20" and 26"s. Geophysical anomalies not only give knowledge about the lithospheric structure but they 
also allow to make statements about the dynamic  and evolution of the  Andean orogene. Across a traverse 
through the Central Andes a set of geophysical data is available (figure 1.) which allows, together with 
tectonic and petrological observations, conclusions about  the  geodynamic processes in the convergence 
system of the oceanic Nazca plate and the continental South  American plate. 

THE DATA 

In the 80th a considerable arnount of geophysical  data has been  measured in the Central Andes. Seismic 
refraction lines cover al1 morphostructural units from the Coast to  the  Andean foreland with a total length of 
the recording lines of more than 4000 km (Wigger et al. 1993). Magnetotelluric measurements were 
focussed on two profiles between 21 O and 22"s and at 24"S, crossing the Andes in their whole width 
(Schwarz et al. 1993; figure 1.). The net of gravimetric datapoints covers a great part of the area between 
20' and 26"s with varying distances between  the recording sites (Gotze et al. 1993). 

THE  CRUSTAL  §TRUCTUBE 

The Moho-discontinuity, at 40 km depth in the foreland, can  be  followed in the seismic observations down 
to about 70 km depth at the eastern border of  the Altiplano (figure 2.). Here, in the backarc region, the 
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crustal thickenimg is inteqreted as crustal doubling by stacking of differemt crustal units. The 
corresponding shorteniag  is documented in the sedimentary cover of the Subandeam Ranges by teetonic 
shorteming of 140  km (Ioley & Reinhardt 1993). High veloeity zones at 20-25 depth beneatk the Eastern 
Cordillera are interpreted as overstluusted lower crustal material to the east (Schmitz et  al, this volume), 
corresponding to am A-subduction of the foreland-crust beneath the Andes. 

Figure 1. Map with the position of the seismic refraetion lines and maguetotelluric (MT) recordimg sites 
(Schwarz et al. 1993). A gravimetrie survey (Gatze et al. 1993) covers almost the whole displayed area. 

Beneath the Western Cordillera and the Altiplano no clear crudmantle boundary C ~ R  be detected from the 
seismic results, but intracrustal discontinuities are indicated.  Based on the existence of a Bouguer amomaly 
of less than -400 mGal (G6tze et al. 1993) about 70 km of  material with crustal densities must be assumed. 
Zones of high electrical conductivity (HCZ) are observad at varying depths east of the magmatic arc, rising 
towards the surface in the Eastern Cordillera (Schwarz et al. 1993). In the Western Cordillera, the actual 
magmatic arc, the HG2 begimming at 10-15 km depth corresponds with low velocity zones (LVZ) in the 
same positiom. 

A different structure is observed in the forarc. Here, high velocities (7.0-7.2 h / s )  are observed d 20 km 
depth beneath the Coastal Cordillera, dipping to the east to about 35 km depth in the Preeordillera. The 
deeper crust of the forearc is characteriwd by LVZs with an average velocity of 6.6 to 6.2  km/s down to 
40 km depth beneath the Coastal Cordillera and  60-70 km depth beneath the Precordillera. The 40 km 
discontinuity beneath the Coastal Cordillera is imterpreted as oceamic " h o .  Its continuation to the east is 
not exactly lirnown. Thus the forearc crust can be devided into a  normal to thimned continental crust in the 
upper part amd and a lower part, consisting of  a mixture of material characterized by lower, but also 
relatively kigk seismic velocities. A high in the residual amomaly in the Precordillera soutk of Calama is 
interpreted by am intracrustal inhomogenity at 15-20 km depth. 
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Figure 2. Above: Bouguer  anomaly  and residual gravity at 21"s (Gotze et  al. 1993). The topography  is 
given  for comparation. Center: Electrical  conductivities between 21 and 22"s derived from 
magnetotelluric measurements  (Schwarz  et al. 1993). Below: Seismic  discontinuities  and  P-wave  velocities 
at 21 "S in  the  parts which are  proven by vertices  (Wigger et al. 1993; Schmitz 1993). The  average  crustal 
velocities are  given below. 

CONCLUSIONS 

The  most  outstanding anomaly of  the Central  Andes is the extreme  thickening  of  the crust  to  about 70 km 
beneath the Western Cordillera  and  the Altiplano  area  derived  from  seismic  and gravimetric data. Up to 
now,  the thickening of  the Andean  crust  was  seen as a more or less symmetric  phenomenon, but  this 
picture must be revised. A pronounced  asymmetric  feature  results from the  interpretation of the  existing 
geophysical  data. Genetic aspects of the andine  upper plate  point to a "thinned"  forearc crust  and a 
tectonically  thickened  backarc  crust. 

The Andean crust  shows a pronouncd rheological  structuration in vertical as Weil as horizontal  direction. 
In  the forearc, a normal to thinned  continental  crust is underlain by a pile  of material, that possibly 
contents a thickened  oceanic crust or remnants of that, continental material tectonically eroded  from  the 
continental  margin and underplated  in the forearc  region, or remnants of the  former continental mantle. 
From rheological  point of view  the upper plate shows a rigid behaviour  whereas  the lower part is probably 
ductile. The descending  plate  again shows a rigid behaviour. 

The  crust  of  the magmatic arc and  the  Altiplano is thickened,  undifferentiated, without a clear  Moho  and it 
has relatively IOW average velocities and a spectacular high electrical  conductivity  anomaly (> 10.000- 
20.000  Siemens)  in 10-20 km depth (Schwarz  et  al.  1993) which must be characterized as  "world 
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Figure 3 .  Rheological stratification of the Central Andean lithosphere. Hypocemtral data are taken from 
ICS, USGS and PDE. 

anomaly". Such extreme values of electrical conductivity ean be explainad ody  by fluids andlor partial 
melted zones. This crustal segment acts like a ductile buffer between forearc and baclcarc. 

In the Eastern Cordillera and Subandean region of the baclcarc the crust is thielrened with the development 
of a fold- and thrust belt. As the average crustal velocities increase again to the east, this crusta1 segment 
again is assumed to be rigid, but the distribution of high electrical conduetivity areas in the sedimentary 
cover in the Subandean Belt and parts of the middle and lower crust of the backarc are ductile. In this sense 
the downgoing HCZ under the Eastern Cordillera - Altiplano border could indicate a deep reaching sole 
thrust. 
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RESUM EH: Dos trincheras  de  exploracibn  paleosismolbgica  ejecutadas  sobre  las  fallas  de Oca y 
Anch, evidenciadas  por  microescarpes  afectando  rampas  detriticas  cuaternarias  de  las  llanuras 
costeras  de  Buchivacoa, al Este  de  Maracaibo,  confirmaron la actividad  cuaternaria  en  transcurrencia 
dextral  de  &as  y  permitieron  estimar  respectivamente  sismos  mhximos  probables  de  magnitud  7.4  y 
7.5 con periodos  de  retorno  de  4300  y  1900  aiios. 

KEY WBWDS: Neotectonics,  Paleoseismology,  Seismic  Hazard  Evaluation,  Trenching. 

The  Oca-Ancon  fault  system is a  major  east-West,  right-lateral  strike-slip  tectonic  feature  of 
northern  South  America  which  trace  extends  eastward  from  the  Colombian  atlantic-coast,  near  Santa 
,Marta, to the  town  of  Puerto  Cabello  located  on  the  caribbean  Coast  of  Venezuela,  across  the  Goajira 
Peninsula,  the  outlet  of  Lake  Maracaibo,  the  coastal  plains  of  Buchivacoa  (northwestern  Falcon  State) 
and  the  central  Falcon  range  (Fig. 1). This  system  truncates  the  north  ends  of  the.Santa  Marta  block  and 
Perija Range.  The  Oca-Ancon  system  converges with  the Bocono-San  Sebastian-El  Pilar  system on the 
Aroa - Golfo  Triste  depression. 

Spectacular  diagnostic  geomorphic  features  of  Quaternary  activity  have  been  reported  along 
this tectonic  system  since  the late  forlies.  VOORWIJK  (1948)  photointerpreted  pluri-kilometric  fault 
'scarplets  related to both  Oca  and  Ancon  faults in the  Quaternary  alluvial  plains  of  Buchivacoa,  some  fifty 
Kilometers  East  of  Maracaibo.  Few  years  later,  MILLER (1 960)  observed  displacement  of  Holocene 
beach-strandlines in Sinamaica,  slightly  North  of  The  City of Maracaibo.  This  second  site  was  trenched 
by CLUFF & HANSEN.  (1969) Who could  put  in  eiddence  the  Quaternary  activity  of  the  Oca  fault but 
they  only  could  establish  the  occurrence  of  the  latest  seismic  event  on  that  segment of the  system 
which  has  happened in the last 2700  years. 

'Despite  ail  these  evidences,,many  authors in recent  times  have  seismically  underestimated  this 
fault  system  and  they  have  occasionally  considered it inactive.  On  the  contrary,  other  authors  have 
overestimated its  lateral  displacement  to  fit  Caribbean  Geodynamics  models.  In  fact,  Oligocene  rocks 
outcropping  along  the mis of the  Falcon  anticlinorium  on  both  sides  of  the  fault  system  leads to 
estimates  of  apparent  dextral  displacement  of 3023 Km  (SOULAS,1987;  AUDEMARD,1991). 
Moreover,  JANSSEN  (1979) has proposed  no  more  than 50 Km  of  post-Middle  Cretaceous  apparent 
right-lateral  displacement  along  this  system  based  on  the  apparent  offset  of  the  Cogollo  Group  isopach 
map  from  northern  Lake  Maracaibo  and  TSCHANZ et al. (1974)  have  estimated  65  Km  of  apparent  right- 
lateral  offset  measured  on  Mesozoic  metamorphic  rocks.  This  estimates  do  not fit in many  Geodynamics 
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rnodels where large transcurrent  movements are required along the  southern boundary of the 
Caribbean plate. 

Still more amaming is the fact that  very  few  authors  have  rnapped thorsughly the  fault traces 
farther East of  Maracaibo  since  the  fifties ( JAEGKLI & ERDMAN,1952; MENDEZ 8 GUEVARA,1969; 
SOULAS,1987i AUDEMARD,1991 and AUDEMARD ef d.,1992) where profuse  geophysical and 
geological  information has been eolleeled by oil eormpanies. In fact, this fault system kas been very 
frequently  skechted aeross the Falcon anticlinsrium  following  diverse  positions  and  trends in order Is 
conneet the ldnown western  segrnent  of  the  fault  (westward  of  Maracaibo) with the Bocsno-San 
Sebastian-El Pilar fauR system ( AUDEMARDet al., op. cit.) 

In the western coastal  plains of Falcon State and East of Maracaibo, the Bea-Ancon fault system 
is farely simple as it is ecsrnposed by two sub-parallel  fauft strands: the 6ea and Anesn faults (Fig.1). 
Their traces are defined by pluri-kilometTic searplete in Quatei-ney alluvial rarnps that were reporteci by 
VOBRWIJK (1948 ). TRese scarplets of  the 6ca and Ancon faults have been smoothsd and tkey are 
0.3m and 1.2m in height  respectively. Both searplets face  each other and  they lima a large area of 
probable presenl subsidence becsruse large swamps are present, rivers becorne meandering and 
drainage flow is erratic. I believe  that  the w tern portion of this area is an active pull-apart basin loeated 
in the  right-stepover  between the dextral 6ca and Ancsn  faults  whick seems to be esrroborated by 
seisrnie profiles (AUDEWRD,op. cit.9. 

Figure 4.- Neteclornie map of northwestern Vene~uela and northern Cslornbia. The most relevant 
tectsnic  feature of the region is the WNW-ES€ right-lateral  strike-slip Bca-Aneon fault system. Srmall 
boxes identify treneh sites :1- CLUFF & HANSEN (1969); 2 and 3- AUDE RD (1991). Map so11rcE!s: 
MILLER (1966); TSCHANZef al. (1969); SOULAS (1985,1987) ; AUDEMARD (1991) and 
AUDEMARDet al. (1 $m). 
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This  segment  of  the  system  was  chosen  for  trenching  among  others  because of technical 
facilities and  favorable  geological  conditions,  and  mainly  because  the  simplest  segment,  the  one  West 
of  Maracaibo,  had  already  been  trenched in the  most  favorable  site (1 in Fig. 1 ; site  described by 
MILLER  (1960)  and  excavated by CLUFF & JANSEN  (1969 )) which  proved  to  be  poorly  satisfactory  as 
trench  excavation  could  not  go  beyond 2.5 m in depth  due to shallowness  of  water  table  and 
unconsolidation of loose  sands  of  Holocene  beach  strandlines. In consequence, two trenches had  to 
be  excavated (a trench  per  fault  Strand) in order  to  evaluate  the  seismic  potential  of  the  system  (2  and  3 
in Fig. 1). 

TRENCH  DESCRIPTION AND BBSERWATIBNS 

Each of both  trench  sites  were  located  on  those  scarplets  previously  mentioned  (2  and  3 in 
Fig.1)  and  trenches  were  excavated by bulldozer  down  to  7  or  8 m in depth . Width of trenches 
decreased  from 8 m at  the  top  to 4 m  at  the  bottom  and  length  varied  between  80  and  85  m.  Therefore, 
removal  of  some 2.500 to 3.000  cubic  meters of material  per  trench  was  required. 

60th  faults  were  clearly  observed in trench  walls  cutting  the  whole  sedimentary  sequence, 
except the present soi1 horizon.  Slickensides  were  measured  on  both  fault  planes.  The  Oca  fault is 
dextral  with  a  relevant  north-side-up  reverse  component. It is composed  of  a  single,  subvertical,  north 
dipping  fault  plane.  On  the  other  hand,  the  Ancon  fault  is  pure  right-lateral  strike-slip  with  an  apparent 
south-side-up  component or' slip.  The  Ancon  fault is also  subvertical  and it presents  a  broader 
deformation  zone  where  conjugated  minor  faults  accomodate  mass  volume  problems.  Striations 
observed  on  both  fault  planes  are in agreement  with  sedimentary  layer  throws  measured  on  the  trench 
walls  and  with  geomorphic  features ( scarplets ). 

PALEBSEISMIC IMTERPRETATIBM 

Trench  geological  observations  combined  with  radicarbon  dates  of  several  samples  collected 
from  selected  stratigraphic  horizons  outcropping  in  the  trenches  allowed  us  to  make  paleoseismic 
reconstructions of the  Oca-Ancon  fault  system  and  to  estimate  its  seismic  potential  (AUDEWIARD,1991). 

The  following  conclusions  can  be  drawn  from  this  paleoseismic  research : - Three  surface  rupture  events  have  occurred  along  the  Oca  fault,  dated  7755k320,  6240k390 

-One surface  rupture  event  has  happened  within  the  past  31255185  years  BP  on  the  Ancon 

- The  Holocene  slip  rate  of  the  fault  system  is  about 2 mm/a. - Any  of  both  Oca  and  Ancon  faults  can  generate  a  maximum  probable  earthquake  of  magnitude 
7.4 to 7.5. Recurrence of such  events  on the Ancon  fault is close  to  1900  years  white it is about  as  twice 
as  long on the  Oca  fault  (4300  years) 

and  19455630  years  BP. 

fault. 
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Resumen: Hundimientos  y  levantamientos CO- y  post-sismicos  de la costa  de  Chile  han  sido 
evidentes a travks  del  tiempo. Se presenta el cas0 del  terremoto  de 1985 (MW = 8.0) en  Chile central 
para  el  cual se cuenta con datos de nivelaci&, gravedad  y  registros  inkditos de dos  limnigrafos en el 
lago  Rapel,  situado  sobre  la  zona  de  ruptura  del  terremoto de 1985. Estos  muestran  una inclinacidn 
post-sismica de  gran  amplitud (6 pradianes)  con  duraci6n  cercana  a  un aiio. Esta seiial  se  interpreta 
como  creep  post-sismico en la continuacich  de la  ruptura cosismica sobrepuesta a una relajaci6n 
visco-elistica  regional. 

Key Words: CrustaI movements, fault creep,  postseismic  relaxation. 

Introduction 

Historical  records of large  earthquakes  for 
the  past 400 yr along the  central Chile  portion 
of the convergence zone between Nazca and 
SouthAmerican  plates  indicate  an  almost peri- 
odic earthquake sequence with a recurrence in- 
terval of 8 2 f 6  yr (Nishenko, 1985). The March - 
3, 1985 Ms = 7.8 central Chile earthquake 
is the  last event in  this sequence. Aftershock 
studies,  body-wave  modeling,  surface wave and 
strong  ground  motion analysis,  gravimetric ob- 
servations  and geodetic  estimates revealed a 
rupture region  approximately 160 km long in a 
north-south  orientation (Christensen and Ruff, 
1986; Korrat and Madariaga, 1986; Comte e t  
al., 198G; Houston and Kanamori, 1987; Bar- 
rientos, 1988; Choy and Dewey, 1988). A first 
order leveling line,  repeatedly  surveyed  in 1981 
and  four  months  after  the  earthquake, eviden- 
ced 0.5 m of uplift  near the  coastal City  of San 
Antonio  and a 10-cm subsidence about 60 km 
inland (IGM, 1985). Between these two points, 7 y w  . 72"W 7 1"W 70"W 
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Two Iimnigraphs,  separated by 20 km, have been recording  continuousiy for more than 18 years 
the water level of Rapel lake providing  a  measure of tilt of the lake  basin.  Gravity  data, along 
the  leveling  line in addition  to 3ca level memurernents at a tide  gage in Valparaîso  cornplsrnent  the 
information. 

Data 

The water levei of the Rapel lake is recorded by two Stevens A35 litmigraphe. The mechanical 
principle of operation of these  instruments is based OR a floating  device  which  transfer water level 

1 

The  tïme  dependent  tilt shows sev- 
eral chatacteristics: .a) a steady  oscils- 
tion  around  the zero baseliste with typi- 
cal excursions of about 3 cm, whicll also 
correspond to typicai  standard devis- 
tions of the daily  averages, b) at the 
time of the earthquake 110 cllange ww 
observed, therefore the lslce is located 
in a nul1 coseismic  tilt  regidn, c) a pro- 
gressiveiy  Iarger  tilt is developed grad- 
ually as a function of tinne right  after 
the  earthquake. It takes  between 8 and 
12 monLh3 to complete,  reaching 5n am- 
plitude of about 12 cm,  d) a long term 
slowly  decaying  signal whick oacilatea 

. with a one-year  period. 

variations  to a recording  styiue through 
a float pulley. A clock  connected by suit- 
able gearing,  provides the appropriate 
speed to the  drum. F'rom the analog 
records  the  daily average is cornputed  by 
sveraging  twenty  four  kourly samples. 
Figure 2 shows  the  water lave1 variation 
at   the   dam w a function of t h e .  Ex- 
treme variations of the Iake levsi reach 
6 ml with  spectral pesks at periode of 
one  yr, six montho  and one week (re- 
lated  to seasonai river flow) generated 
by  rain  and snow melt,  and  periodic en- 
ergy  demands. The regional tilt of the 
Lake basin due to  deformation  msociated 
with  the  1985  event c m  be extracted by 
directly  differencing the records of the 
two limnigraphs  (Fig. 3). 

-10 I 

30 ' 3; ' 82 ' i3 ' 2 4  ' 25 ' Sb ' 817 ' a$ 3'9 ' 40 
TlME (YR) 

Fig. 3. Dnily differences of waLer levei nt the two limni- 
graph.  The threo  segments o l  the  signal  (pre-earthquake, one- 
yenr post-enrthquake  and long poet-aeiamic decay) are discussd 
in the text. 

Anslysis 

Due to comparable  high  rates of deformation,  the first part of the anomalous signal, which departel 
siqnificantly from zero and  extende for one year after  the  occurrence of the  main  event, ie modelcd as 
fault  creep  dong  the  down-dip  extension of the coseismic rupture. The second partl which  corresponds 
to  the siowiy decaying  signal, will be modeled independently because  it  shows a different  time ecale 
behavior.  Pault  creep has been nsed by Kasahara (1975) to explain postseismic  deformation rrssociated 
with the 1973  Xemuro-Oki  eartllquake  dong leveling lines  and  tide  gages  records. §anvage and Plajker 
(1991) and Brown e t  al. (1977) offer the same mechanhm to mode1 postseismic elevation  changes  in 
relation  to  the  1964 Alaska earthquake. 
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T h e  vertical  displacement u,(z, L) at  a  point z on  the  free  surface of a haif-space  due  to  an 
inclined  dislocation of width L reaching  the  surface is (Barrientoa e t  al., 1992): 

As . u,(z, t) = --san+[(x/2 - 4) - - + tan-'(  
Lzsind L - ZC034 

x D= zsind 11 
where A3 is the  amount of fault  slip, 
Dz = Lz - 2Lzc034 + zz and 4 i5 the 

30 doys 
dip angle. A more  general  expression 

2 5  km/yr  for a buried  fault of width W = LI  - 
& wouid  be u,(z, W) = u*(z,L~) - 
u.(z,Lo). The  time  dependence b in- 

W 
A corporated  through Ll( t )  = wt. This is 

5 1  a down-dip  expanding  rupture  with ve- 
z locity of propagation w of the front LI. 
o 
LLJ The  inputs  to  the  fault  model  are  dip 

angle,  veiocity  and  starting  point of the 
propagating  pulse.  Dip  angle  and start- 

Lt -5- 
c3 

: X  
: =  I V  ing  point of creep  along  the  fault  are de- 
: s  termined by the  dip  angle  and  down-dip 

-10 extension of the  coseismic  fault. Fig. 4 

TlME (YR) days)  observed  vertical  movement  and 
80 I 8'1 ' 8!2 ' a5  ' & 815 ' 8 6  ' à7 ' 88 ' 8L9 ' shows  the  expected low-pasa filtered (30 

that  expected  due  to a d o w n d i p   p r o p  

vationa. Th0 model irnplies n rupture  propagation of 25 km/Yr. km/yr.  The  model  reproduces  ampli- 
tude of tilt aa well a itlr time  depen- 
dence. 

Fig. 4,  Expected tilt  change  produccd  by  the  ProPWating 
rupture (dmhed )in*) superimpoaed on the   30-d~y filterd obser- agating  rupture with a velocity Of 25 

Coseismic  vertical  changes  established by  re- 
peated  surveys of the leveiing line that ex- SAN ANTONIO-CASABLANCA 
tends  inland  from  the  coastal City of San An- - 0.6 - I '  -020 

/;!.\ O, 

1.) are  shown in Fig. 5. On. the  same  plot, g 
the  difference of three  gravity  surveys  are su- 2 _,_ .,..,.*. ..,. ..; . '., I , -0.12 w 

perimposed;  these  gravity  observations were 6 - 
surveyed  in 1983, 1985 (three  months  after z O: - 
the  earthquake)  and in 1990. The coseismic ? o.1 - 
stage (85-83), shown  by  long  dashed lines, has 2 * -  - CWV 83-45 

been  scaled  such  that  the  amplitudes  are CO- I?I - ELN 8'-81 

incident  with  the  values  observed along the -0.1 d o  O 10 ' i ÈO k Q . 0 4  

leveling  line.  The  scaling  factor  turns  out  to DETANF'E (&) 
be  very close to the  inverse of the  fiee AU Fig. S. Observcd  elevation  change bmed on 
Correction. the  leveling line (solid  trace)  and  gravity  observations. 
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Even  though  departures of the 
gravity  derived  height  changes  with 
respect  to  those  directly  observed 
are  important,  there  is a system- 
atic  decrement of the  gravity de- 
rived  height  observed  in  the 90-83 
period.  This  means  th&  the coseis- 

The coaeismicnlly  uplifted  region  gradually  subsider  with t h e .  
Fig. 6.  Visco-elastic  response of a lnyer over  a llnlfspnce. mically  uplifted  region is subsiding 

in a post-earthquake  stage. 



58 Second ISAG, Oxford (VK), 21-231911993 

To explain the obsewed differences between the two posteeismic gravity surveys in  combination 
with the lacer part of the  obsewed  tilt signal of the l a h ,  a viscoelastic relaation model ia proposed. 
The  procedure used to model the viscoelastic response is a semi-analytical  formalism, which can be 
applied  to any two-dimensional dipping fault, based on propagator  matrices which allwms for variable 
slip  faults embedded in vertically heterogeneous media (Barrientoa, 1993). Qualitative  preliminary 
results agree with  the obsewed tilt decrement as a function of time (Pig. 6 ) .  

Conclusions 

Continuous  meaurementa of tilt for ten y e m  at Rapel Lake, located above the  rupture region 
of the 1985 Central Chile earthquake, imdicate a lack of coseismic movement. A progressiveiy Iarger 
tilt ia developed  gradually 59 a function of t h e  immediately after the emthquake.  This  cumulative 
tilt  takes between 8 and 12 months  to complete,  reaching an amplitude of approximately 12 cm which 
is  equivalent to 6 pradians considering a bmeline of 20 km. After reaching  the  maximum value, a 
long term slowly decaying zigna1 is observed. The two parts of the  signal  are  interpreted,  due  to  their 
different  tirne seales, s9 the effect of distinct origin. The accelerated part k explained as fault creep 
on the down-dip  extension of the  ruptured region and  the slowly decaying signal is  modeled as the 
result of vhcoelastic adjustmento. For a 20' dipping fault a creep velocity of 25 km/yr best fit the 
observations. 
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VARIATIONS I THE RUPTURE MODE OF LARGE EAWTHQUAKES 
ALONG THE SOUTH AMERICAN SUBDUCTION ZONE 
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RESUMEN: Hemos analizado ondas telesismicas P y § para la mayoria de los terremotos 
de gran magnitud en la zona de subducci6n Sudamericana, y hemos encontrado grandes 
v*aciones, tanto espaciales como temporales,  en la liberaci6n de moment0 sismico.  En 
regiones con una O varias asperezas, la mayor parte de los terremotos se inician en O cerca 
de  la aspereza dominante. El  tipo  de segmentaci6n definida por  los terremotos en el 
presente  siglo,  parece ser inconsistente  con la secuencia  anterior dada por los eventos  en las 
fionteras de las placas a 10 largo de la  zone de subducci6n  Sudarnericana. 

Key  Words:  South  American  subduction  earthquakes,  source  pararneters 

During the last decade Our understanding of the rupture process of large subduction 
zone earthquakes has improved dramatically. Recently, many studies have identified 
temporal and spatial heterogeneity  associated  with the rupture process of underthrusting 
subduction zone events using  teleseismic  body  waves. These studies have shown  that  the 
seismic  moment release is not unifonnly distributed  but is concentrated in small regions or 
patches on the fault area. These patches of relatively  high  moment release and  hence  high 
slip  are  interpreted  as  asperities (Lay et al., 1982). Detailed  waveform  studies of 
earthquakes that occurred since 1963 provide us with a first-order asperity  map for part of 
the South Arnerican subduction zone. In order to expand Our understanding of the 
earthqualce occurrence along this subduction  zone, we have extended Our study to include 
the largest  historic  earthquakes. 

Although plate boundary segments fail repeatedly in large earthquakes, the seismic 
moment and recurrence  interval  for these major plate boundary events  often vary 
dramatically. Study of different earthquakes over a long time interval is essential for a 
thorough  understanding  of  the earthquake phenomenon.  Restricting Our analysis  to recent 
earthquakes (events in the last 30 years)  can lead to erroneous or misleading results for 
some  regions.  Thus,  detailed  analyses of earlier  historic  earthquakes  are  critical. For nearly 
80 years a large number of seismographs  have been recording at stations  around the world. 
Analyzing data from historic earthquakes can yield valuable information about the 
earthquake  occurrence. For events  between  1920  and  1963  we  have  collected  and  analyzed 
teleseismic  waveform  data  to  determine  source  parameters. In addition, we have  compiled 
information about tsunamis and intensities for events extending back approximately 400 
years (Silgado, 1985; Hatori, 1968, 1981). The historic earthquake record for the South 
American  subduction  zone  clearly  indicates that characteristic  earthquakes do not occur,  but 
rather we see large variations in the earthquake rupture mode  and  segmentation  between 
successive  earthquake  sequences. 
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Two different modes  of  rupture  have  occurred dong the sutduetion zone  segment  off 
the coast of Colombia-Ecuador (Kanamori and McNally, 1982). En 1906 a geat  
earthquake (M,=8.8) ruptured a 500 km segment of the  plate bundxy.  This s m e  
segment  subsequenrly  mprured in three  smaller earuthquakes, from  south to north, in 1942 
( M s  = 7.9), 1958 (&Iw = 7.71, and  1979 (MW = 8.2). Ir has been 50 yetirs since the 1942 
earPkquake, longer than  the 36-year interval  between  1906  and  1942;  hence, ic is important 
to evaluate the  1942 eatthquake. We analyzed long-period teleseismic P amd PP phases ro 
determine the size, source  duration amd rupture complexiq for the May 14,  1942,  Ecuador 
eankqu&e. The P-wave fust morions and body wave  modeling of the 1942 ewhquake 
indicate an underthrusring  meehanism  consistent  with the focal  mcchanism detemined for 
the 1979  Colombia earthquke. The source rime function  deeonvolved fiom body  waves 
indicate a. simple pulse of moment  release with a duration  of -25 sec and a depth exrent of 
6-30 !an. The 1942  earthquake  failed as a single-asperity  event with the moment release 
concentrard near the epicenter. Esrimating the spatial exrent of  the  main  moment release 
usimg the source duration and a rupture  velocity of 2-2.5 km/see  suggests  that most of the 
moment relense accurred on a srna11 part of the fault area and in a region with very few 
aftershocks. The 1942 evene is larger than the adjacent 1958 event, altkougk  both 
emkquakes initiated rupture nt the dominant asperity and  had similar numbers of 
afterskocks with rnb 9 5.5 (Mendoza and Dewey,  1984). In crsntnss, the  1979 emhquake 
had a mueh  longer  source duration, initiaaed  rupture -60 km from  the  dominant  asperity 
and hnd few aftershocks with ypZtp> 5.5 (Beck and Wuff, 1984). The kistoris emkquake 
record suggeses that a large tsunami-genenting event  has not occurred prior 10 1906 for at 
least 300 years. Large variations occur in the rupture characteristics of the individual 
emhquakes (1942,1958, amd 1979) as well as beeween successive eartkquake cycles almg 
the CoIornbia-Ecuador  subduction  zone. 

CElTVIXAL PERU SUBDUCTION ZONE 

The great eanhquakes of O&. 17, 1946 (rM,=8.1), May 24, 1948 (M,=7.9), Ocr. 3, 
1974.  (itf,=$.l) and Augusr 24, 1942 (M,-S.2) ruptured  adjacent  segments along the Peru 
trenck. With the exception of a 80-100 km gap betweea  1974  and  1942  rupture zones, 
wkere the Nrizca ridge  interseets the trench,  the entire segment  between IOOS and 16"' kas 
failed in  magnitude 8 earthqudces this  eentury. The 1946  and 1940 eartkquakes failed as 
single  aspemty  eapthquakes  witk  the  dominant  asperity near the hyrsocenter (Beck md Ruff, 
1989). In contrast, the 1974 event had a bilateral rupture and failed wirh nvo asperities, the 
Iargest occurrirng 80 km ssutk of the hypocenter  (Beck  and Ruff, 1989). The aspemties are 
concentratd on a small part of the aftershock  area  (Dewey and Spence, 1979). The 1942 
eartkquake failed  with 2 to 3 pulses of moment release,  but we eannot spatially lmate the 
moment release. The historie earthquake reeord suggests significant variations in the 
earthquake size during the last 400 years. Previous  events in 1687 and 1744 were muck 
larger than the earthquakes this  cencury (Beek and Nishenko,  1990). The intensity and 
tsunami data indicate that the 1687  evenr  ruprured not only the  1974  segment but the gap 
ktweem the 1974 and  1942 events. The 1746 eartkquake appears to have mptured b t k  the 
1966 and 1940 segments. 

CEPTIXAL c3p4LE SUBDUCTION ZONE 

Four large historie earthquakes have occurred dong the central Chilem subduction  zone. 
From north 6s south, these events occurred on November 11, 1922 (M,-8.3), Apml4, 1943 
(&-'7.9), December 1, 1928 (M,-8.0) and Snnuary 25,  1939 (M,-8). We have  evaluated 
source parameters for these events  using  long-period P and SH wavefsms, P-wave Fust 
motions, intensities, and  tsunami heighcs. We find that the 1922, 1998 and 1943 events are 
consistent with undenhrusting of the Nazca Plate beneath  the South American plate.  Al1 four 
events were  well  recorded in Europe at station  DBN. A cornparison of the source time 
functions determined using the P waves  recorded at DBN indicates  that  the  1922  event  was 
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approximately 4 times  larger  than  the  1943 event and  approximately 6 times larger than the 
1928 event. The 1922 and 1943 events produced tsunamis in Japan of 65 and 10 cm, 
respectively. In contrast, no far-field  tsunami  was  reported in Japan  for  the  1928  event. 

A moment tensor inversion using long-period P and SH waveforms for the 1928 
emhquake yieids a range in acceptable focal  mechanisms, al1 of  which are predominantly 
thrust events. The source time function for the 1928 emhquake has one main pulse of 
moment release with a duration of approximately 24  sec. The reported location of the 
maximum intensities and aftershocks for the 1928 earthquake are south of the main shock 
epicenter, suggesting a rupture to the south. The source duntion suggests that  most of the 
moment release occurred between  the  epicenter  and  approximately 80 km to the  south. The 
1943 earthquake also has a simple source time  function  with a duration of 24  sec;  however, 
the rupture direction is unclear. In contrast, the P-wave for  the 1922 earthquake  recorded at 
DBN indicates that  this earthquake has a complex source time  function  with  three pulses of 
seismic moment release and a total duration of at least 70 sec. The complexity of the 1922 
earthquake suggests it failed in a multiple-asperity rupture, indicating that this segment 
could rupture in several  smaller  adjacent events rather  than  one 1922-type earthquake. 

The most damaging earthquake along the Coast of southem Chile this century occuned 
on January 25, 1939. The 1939 earthquake caused 28,000 deaths  and did extensive damage 
to the City of Chillan (Campos and  Kausel,  1990). The 1939  event occuned just to the south 
of the 1928 earthquake. Although similar in size, the 1939 earthquake was  much more 
damaging than the 1928 earthquake. Analysis of  both these large subduction zone 
emhquakes indicates that  they  have  different  focal  mechanisms. 

We  analyzed P and S waveforms to determine  the  type  of  faulting  and  source  parameters 
for the 1939 emhquake. A comparison of waveforms  recorded at the same station for the 
1939 eanhquake and underthrusting earthquakes in 1925 and 1943 along the Chile 
subduction zone confirms that  the 1939 earthquake is not an underthrusting  event. The P ,  
S V  and SM first motions, the amplitude ratio of  the S H  to S V ,  and modelling of P 
waveforms indicate an oblique normal focal mechanism. The high intensities, lack of a 

! innaplate  event within  the down-going slab. Thus, large, intermediate-depth, intraplate 
earthquakes  represent a significant  seisrnic  hazard dong the  Coast of Chile. 

The 1928 earthquake ruptured southward with most  of  the seismic moment release 
occuning 60-80 km south  of  the  1928 epicenter but still  nonh of  the  1939  region. In Iight of 
this information the underthrusting plate interface segment (updip of the 1939 event) 
between 36's and 37.5"s needs  to be re-evaluated. This se,gment failed in 1835,  1751, and 

1 1657 with large tsunami-generating earthquakes.  Although we  know very littie about these 
previous  events, the large  tsunamis and intensity  patterns  suggest that they were 
underthrusting earthquakes and not inmplate  emhquakes similar  to  the 1939 event. If the 
1939 event is indeed not an underthrusting earrhqu'ake,  then  this segment  has not failed for 
157 years and may be a "seismic gap". 

CONCLUSIONS 

! tsunami, and inland location associated with the 1939 event are al1 consistent with an 

MÛch  of the South American subduction zone  has failed in magnitude 8  or  larger 
earthquakes this century. The rupture characteristics of these individual earthquakes have 
varied greatiy. The regions of high  moment release and  hence large displacement are 
concentrated on small patches of  the f w l t  area as defined by the aftershock area. Both 
single- and multiple-asperity ruptures occur and most earthquakes initiated at or near the 
dominant asperity. We do not understand what these seismicaily determined asperities 
represent  physically because, in general, they do not correspond to any observable 
geometric features associated with the subduction zone. The South  American subduction 
zone does not fail in characteristic earthqudkes. The segmentation defined by the 
earthquakes this century appears inconsistent with the  previous sequence of plate boundary 
events. Along segments of the Colombia-Ecuador, central Peru, and Chile subduction 
zones,  the earthquake rupture  mode  varies  between  successive emhquake sequences. 
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RESUMEN: Se  analizan las fuentes sismogBnicas y su relaci6n con los esfuerzos  tectdnicos 
regionales en la zona  centro-oeste  de la Argentina, desde  los  66Q W hasta el limite con Chile y 
desde los 28Q S hasta los 33Q S, que corresponde al hrea de mayor peligro  sismico de  este pais. Es 
Csta una de las zonas  andinas donde la Placa de Nazca  subduce en forma  horizontal  debajo de la 
Placa  Sudamericana. En dicha zona se grafican los mecanismos focales  de buena resoluci6n, co- 
rrespondientes a sismos  superficiales modelados con ondas  internas, observhndose que todos son 
de  tipo compresivo. Tambien se muestran las  fallas  activas,  predominantemente  inversas, asi 
como los principales  terremotos  histdricos  asociados a ellas. 
Los ejes  de  presi6n  de los eventos  considerados varian su orientacidn  azimutnl,  entre 65Q y 115*, 
Io que  corresponde a un esfuerzo tectdnico regional promedio de este-oeste,  coincidente con la 
orientacidn general del  fallamiento. 

KEY WORDS: Seismogenic  sources, tectonic stresses,  focal mechanisms. 

INTRODUCTION 

The  central West part of Argentina is the region with major seismic hazard of this country. 
Evidences of such hazard are given by historical  destructive  earthquakes and active  faulting.  Four 
historical  earthquakes  arises  over the rest,  due to their  particular  characteristics: (a) the March 20, 
1861  earthquake which destroyed the old City of Mendoza, killing 6,000 people  over a population 
of 18,000; (b) the October  27, 1894 earthquake with estimated  magnitude Ms 2 7.5, was felt  in an 
area of more tham three million square  kilometers  and  produced  extensive  liquefaction;  (c) the 
January  15, 1944 earthquake which produced heavy damage to the City  of San Juan,  killing 10,000 
people  over a population of 90,000, and (d) the November 23,  1977 earthquake (Ms = 7,4) that 
killed 65 people in the small City of Gaucete and,as  it happen with the 1894 earthquake, produced 
extensive liquefaction in the same area. 

In this  region, the main populated centers at risk are the  cities of Mendoza and San Juan, 
with 700,000 and 350,000 inhabitants  respectively,  and  also  the  cultivated  areas and the basic 
infraestructure, mainly irrigation channels and roads. 

Active  faults, with observed surface  displacements during Holocene  time,  are  present al1 
over the region, some of  them bordering or even crossing through the populated  areas. 

REGIONAL SEISMOTECTONIC SETTING 

The region under study is located in a tectonic  setting  resulting from the ongoing subduc- 
tion of the Nazca plate eastward beneath the South American plate. This  process has created such 
major structural  features as the complex of faulted, folded and uplifted basement rocks called the 
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Andes and the linear zone of volcanoes occumng within much of the Andes. These features 
continue to the e s t  with the Preeordillera and. f ind ly .  the Pampean Ranges . 
The major tectonic changes along the east side of the  Andes are related to the change in orienta- 
tion of the subducted Nazca plate as it passes east O f  the axis of the Andes. It changes dip 
between 2gQ S and 33O S to a near horizontal orientation (figure 1). and thea npidly resumes a 
steep eastward dip. The region overlying the sub- horizontal Na;cca plate also demarks a gap in 
the volcanic c h a h  

I 1 I 1 

200 Km 400 500 800 
300 I 

0 1 0w 

Figure 1: vertical cross section in  the x e a  under study. 

In brief, the regional geologic and tectonic setting of this region is characterized by east-West 
compressions. The South American plate is actively deformed along ils broad western mugin .  
resulting in  active geologic  structures, some of whieh are seismic sources in  and around the are9 
under study, mainly thrust faults with generally north-seuth trending. 

Based upom geologie and seismologic studies undertaken in the region, two types of seis- 
mogenic sources were identified: (1) active faults and (2) seismic volumes. 

Active faults were considered of great importance to this investigacioa for two primary 
reasons: (a) they have been and probably will be sources of damaging earuthquakes, and (2 )  they 
are potential sources of surface rupture. To study them, the methodology used invsived the 
following steps: literature review. nerial reconnaissance using  low sun angle techniques, grsund 
reconnaissance. topographic profiling and trenching. As a result of this study fifteen active faults 
or fault  systems were located and characterized (figure 2). some of them directly related with the 
historicnl destructive  emthquakes described in the Introduction. 

The most important volume of seismic activity affecting this region is the Benioff zone. 
with an average depth of 100 Km. The April 14, 1927 earthquake, witk magnitude Ms = 7.1 and 
depth H = 110 Km. which produced damages to Mendoza City (Argentina) and Santiago (Chile), is 
a sample of the potentiality of this seismic source. 

FOCAL MECHANPSMS 

The state of tectonic stresses resulting from the analysis of observables  evidences W ~ S  
confirmed by fault plane sofutions of the earthquakes which occurred in  the region. Eigth seismic 
events were studied. Qnly very reliable solutions were considered. which were obtained mainly by 
modeling body waves of earthquakes with magnitude rnb 2 5.3 

These solutions, which are presented in  figured 2 .  show that the pressure axis of al1 the 
events have a variable azimuthal orientation betwen 6gQ and 115*. This result could be interpreted 
as an average regional tectonic stress regime directed east to west (!IO$>, coinciding with the 
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Nurnber Date 
N Ms 
1 10-27-1 894 7.5 
2 O1 -1 5-1 944 7.4 
3 7 1 -23- 1 977  7.4 
4 06-1 1-1 952 7.0 
5 03-20-1861 7.0 
6 O1 -26-1  985 6.0 

Magitud 

Active Fault 

Figure 2: Activc b u l l s ,  historicd emhquakes and focal mechanisms. 
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general  orientation of fault movement, with localized deformations from this  average in certain 
areas,  due  to  coneentrated  local stresses. 

The main characteristics of the clear  evidences of active  faulting  observed in  the subandean 
zone of major seismic hazard of Argentina, agree with the  results  obtained from the analysis of 
focal mechanisms of important  earthquakes which occurred in the  region. 

This is in aeeordance with the teetonic setting of this particular  portion of the Andes, where 
the ongoing subduction of the Nazca plate eastward beneath the  South American plate, with near 
horizontal  orientation, gives place  to an east-West compression frame, where important  intraplate 
earthquakes occur and where no volcanic aetivity is present. 
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R E S U "  La subducci6n  en el norte de Chile es analizada  con  sismos  locales  obtenidos en dos 
experimentos  realizados  en tom0 a  Iquique-1991(2l0S) y Antofagasta-1988 ( N O S ) .  La inversi6n simultAnea 
de hipocentros  y  estructura  permiti6  obtener  modelos  bi-dimensionales  de la lit6sfera ocebica, del m t o  
superior y de la corteza  continental  en  ambas  regiones. Los mecanismos  focales  obtenidos  permitieron 
estudiar el contact0  sismog6nico  interplaca y la distribuci6n  de  esfuerzos  intraplaca,  que  sugiere  una  zona 
sismica  doble  a 100 km de  profundidad  con  esfuerzos  compresionales d s  profundos  que los tensionales. 

KEY WORDS: Subduction,  northern  Chile,  seismogenic  interplate  contact,  inverted  double  seismic  zone. 

INTRODUCTION 

Considering  that  northern  Chile is one of 
the  more  active  seismic  zones of the  circum 
Pacific belt, and that the last great event 
occwred there at the  end  of  the last century 
(1877,Mw=8.7),  two local microearthquake 
field experiments  were  carried out in the 
northern Chile seismic gap. The first 
experiment  was  located  in  the  southern  edge 
of  the  estimated  1877  rupture  zone in 1988 
n e z  Antofagasta,  and  the  second  one was 
located in the  middle of that  rupture  zone in 
1991, near Iquique (Fig. 1). About  200 
reliable microearthquakes  were  located  in 
each  experiment,  and  they  were  the data base 
for  the simultaneous 2-D inversion of 
hypocenters and velocity structure of the 
oceanic  and  continental  lithosphere,  and  the 
upper-mande in both regions. With  the 
resulting  2D  velocity  model,  the  morphology 
of  the  subduction was better  defined  around 
the  Iquique  and  Antofagasta  regions. The 
analysis of the  local  event  focal  mechanisms 
allows us to  study  the  seismogenic  interplate 
contact  zone,  and  the  distribution of stresses 
in the down-going part of the slab which 
shows  an  inverted  double  seismic  zone. 

Figure 1.- Distribution of seismic stations 
(squares)  and  events  (circles).  Black  triangles 
represent the active  volcanoes.  The  open- 
ellipse  shows  the 1877 estimated  rupture  area. 
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The set of arrival times recorded by  the  two local microseismic expriments peffomed im R ~ I - ~ ~ I ~ I T I  Chile 
are usai ta ~ias~ltaneo~sly detemine the hypocentnl Irxations and the I d  seimic velocity structure around 
the Iquique and Antofagasta regions. A detailai description of the invaion is found in Comte et al. ['1993]. 
The northem Clnile margin is parametrized in metabloch, where  the size of the blocb is governcd by the 
ability of the data to reolve the structures. The initial veiacity mssiels were obtained from the refraction 
profiles prfomed in northern Chile by Wigger et al. [1991; 19931. P-wave vdocities of the upper-rnamtle 
below the coatimental lithosphere were not well rwlved. However,  they coaverged "IRS~SERU~ to about 8.4 
k 8.2 W s  in bth expa-imena (Eig. 290 The P-wavve velocity  of  the continental litlsospheric melablmeh xe 
in good agreement with that detemined by the refraction studies. The inversion of the data collected n a r  
Iquique sbows m average P-wave velmity of 8.1 k 0.1 W s  withirn the siab. It was mot possible to resolve 
more details in the oceaaie lithosphere near Iquique, minly beause the mjority of the events wcurred at a 
&pth of a b u t  100 lm. Ne% .htofagasta there is evideam in  the slab of sulsductai omanic crust with a 
thichess of appro.ximately 16 km, witls a  P-wave  velocity of 7.4kO.l W s ,  which is observed down to a 
depth of &out 60 km. The sutxiucted axanie   crut  overlies an ocemic uppr-tmantle with a P-wave  velocity 
of 7.8f0.1 W s .  The thichless and the velocity of the subms td  zone indiaes  that ie is made up of 
u n m s f o m e d  basaltic oeeanie aust subduced with the uaderlying lithospheric mantle. and that the 
uansfomtion of basalt KI eclogik d not take place in the subducting slab at les t  dolm to depths of about 
BO km. Im the Antofagasta expedent. a low-velocity zone under the continentsti lithosphere was also 
obsewed. This low-velocity zone and the subducted memie m s t  qree with the low-velmity hyer obsexved 
in s&fnic ehction studies.. 

O 320 km 
-5 rn 153 

' k m  

Figure 3.- 2B P-wave velocity mode1 abfained for Iquique and Antofagasta The first two layers were not 
included in Ihe inversion. The white metablocks are unresolved by the inversion. In  the left-upper corner of 
each metablock, the velocity (lads), the resolution and the values m r  in W s  (below the resoluaon) are 
presented. In Antofagasta a low-velaity Iayer in the upper part of the slab b interpreted as ocemic m s t .  
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SEISMOGWIC INTERPLATE CONTACT 

The seismically coupled zone is the depth range of the plate interface that is capable of producing large 
underthrusting eanhquakes [Tichelaar and Ruff, 19911.  However, the determination of that depth is difficult 
in northem Chile because of the lack  of geodetic measures of coseismic ruptures. Tichelaar and Ruff  [19911 
studied the Chilean subduction zone using thrust earthquakes with magnitudes greater than 6.0 recorded 
teieseismically. Comte and S u h z  Cl9931 discuss the difficulties involved in measuring the depth of the 
seismogenic interplate contact, and the different values  obtained from teleseismic recording earthquakes in 
cornparison with hose obtained with  locally-recorded data using  permanent and temporary  networks  in Chile. 
We o b w e d  that the depth of the seismogenic coupling extends to approximately 50 km dong northern and 
central Chile without showing appreciable variations dong suike, and the landward extent of the coupled 
zone hHs a width  of about 110 to 60 km. There is also a change from  high-angle reverse fauiting to dom-dip 
tensional events. This could be an alternative method to detemine the maximum depth  of  the seismogenic 
coupling. The mechanical idea is that near and below the interplate surtace. where unstable sliding o"m, 
the subducted slab is under compression.' The compressive regime causes not only lhrusting dong the plate 
interface, but also intraplate, reverse faulting events within  the  slab.  At a certain depth, the s iab becomes 
completely decoupied from the upper plate and begins to sink due to its negative bouyancy. Thus, the 
transition fiom compressive to tensional  behavior  would  reflect the mechanical conditions in the shallow part 
of the subducted shb and may help to map indirectly the  depth of the seismogenic coupling. In the three 
regions, where a good l d  data exists u) conml chis change, Iquique, Antofagasta and central Chile, this 
trrmsitional depth lies consistently at a depth of about 70 km. 

AN WERTED DOUBLE SEISMIC ZOIW IN NORTHERPI CRILE 

The epicenlni distribution of the seismicity observed  in  Iquique during 1991 is simiIar to that observed in 
Antofagasta in 1988, in the sense lhat the seismic activity is mainly  concentrated  to  the mt in  the downgoing 
siab. A nucleation of intraplate events is observed in both experiments at about 100 km depth. the focal 
mechanisms of the nocleations show that  these intnplate events present a variety of tensional and reverse 
faulting events. The down-dip tensional events are shallower than the compressional micro-earthquakes. 
suggesting a double-planed seismic zone in nonhem Chile Flg. 3). 

The Iquique intraplate nucleation shows that the  tensional  events  ranges fmm 88 to 108 km deptb, and the 
compressional events show depths varying h m  I O 6  to 126 km. In the m e  of Antofagasta tbe tensional 
events have depths h m  80 to 108 km, and the compressional  ones are lmted  between 104 to 122 km depths. 
The error in depth for these events is estixnated to be about 3 km for both experiments, therefore, instead of 
the two sheets of tensional and compressional events are very close in  depth,  the lower errors obtained h m  
2-D velocity mode1 resulting h m  the inversion, permits us to conclude that there is a double seismic zone in 
northem Chile with  the polarity inverted relative to that observed in orher  subduction zones in the  world, such 
as those found in the Aleutians, Tonga and Honshu. 

The only intermedmte-depth emhquakes reported  teleseismically  which shows a cornpressional mechanism 
in northem Chile.  is the revene faulting eanhquake occurred on January 17, 1977 [Araujo and Su&rez,  19931. 
The focal depth of this event is 152 km, and clearly is located  beneatb  the sheet of tensional events which lie 
at an average depth of 110 km. Kono et al. Cl9851 also identified this earthquake 3s an intermediate-depth 
event and suggested the presence of a double seismic zone.  However,  due to their  lack of good hypocentnl 
depth conml, Uley incorrectly assumed that the sheet of down-dip  tensional events was  beneath this reverse- 
faulting earthquake as in other subduction zones of the  western  Pacific. 

Engdahl and Scholtz [1977] explained the presence of double-planed seismic zones as a result from the 
flexure suffered by the subducted slab as it unbends beneath the shallow interplate contact. This  hypothesis 
does not explain OUT observations because the polarity  of  tbe  expected stress sbem would be opposite to what 
is observed in northern Chile. Araujo and Sukez 119931 suggested that  the presence of this anomalous 
double-planed seismic zone is the result of the  sudden  downward  flexure of  the slab where a -tic change in 
the radius of curvature of  the downgoing plate o"m. However, we observed the double seismic zone in 
northem Chile in two regions with different dipping. The dip angle observed around Iquique is about 30°, 
and around Antofagasla is about 20°, therefore the  Iiorthern Cllile double-seismic zone probably is not 
controlled by the geometry of the slab. 

The question arises: Why is there an inverted double seismic zone in northern Chile, and why it is mainly 
observed with local data?  The double seismic zone in northem ChiIe is observed beneath the volcanic 
Andean belt in the Iquique and Antofagasta regions. Therefore, it is probably associated with the process 
involved with the generation of magmas q d  the  production  of arc volcanos. Recently, Kirby and Hacker 
cl9931 present new evidence suggesting a phenomenon  associated  with  the emhquakes that o"ur at depth of 
90-150 km in Lhe subducting lithosphere. In summary,  Lhey argue that  the oceanic plates has a laminated 
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RESUME : Un an d'enregistrement microsismique au Xord-Chili a permis de mieux préciser la géoméfrie de 
la subduction  andine  entre 22"s et 25"s et d' analyser I'tvolution du rdgime de convaintes à profondeur 
superficielle et intermédiaire. L'interface entre les deux plaques en contact est sismiquement couplé jusqu'h la 
profondeur de 50 km. La relation entre cette profondeur critique et le c h p  de contraintes est discutée. 

KEY WORDS : Subduction geomeny. Smss field, Faulting, Seismic coupling. 

INTRODUCTION 

A permanent telememc seismologid network has been installed in june 1990 in the surrounding of 
the Amofagasu City and the Mejillones peninsula (nonhem Chile), in the g e o g d k d  place of what c m  be 
considered the southern end  of the g n x t  1877 eanhquake rupture zone. The openting of the  network gives the 
opportunity to improve the knowledge of the present state o i  the subduction zone and u, study  the temporai 
evolution of the seismic activiry in the ara where the rupture of a p t  eanhquke may initiate in the n e x  
future. The present work describes results obtained h m  the analysis of about one y e x  (june 1990 - august 
1991) of locdly recorded microseismicity. As a fust objective, more precision about the geomerry of the 
Wad3t.i-Benioff Zone is looked for. Then, the characteristics of the smss field and its variations dong the 
subducting  slab  are investigated. Special attenuon is given to the cmcterisation of the vansirion between 
underthrusting BL the  plate interface and  the  deeper intra-slab faulting. 

METHOD AND  DATA  PROCESSING 

The hypocenters are located with the HYPOLNVERSE program (Klein, 1978). The crustal velocity 
structure is represented by a mode1  of flat homogeneous layers based on seismic rehction profiles (Schrnitz, 
1991). The avenge crustal veiocity for P wave is 6.6 km/s and the  depth  of  the Moho is set to 48 km. The 
manrle velocity is taken to be 7.9 km/s. Travel times are corrected for the elevation of the stations. The 
Vp/Vs ntio was determinated from Wadati plots. So as to minimize the effect of dependance of the final 
hypocentral solution with  the initiai (trial) solution, each earthquake is lodised with different trial depths. 
Trial depth is varied from 1 to 230 km with a 10 km increment. We remin x the "&sr" solution the one 
combining low R,MS and the higher possible number of P and S arrivals taken into account. In order to avoid 
bad quality and p r l y  constrained hypocenters we submitted the hypocenmi determinations to a sorting based 
on the following criteria: RMS inferior or equal to 0.15, total number urne arrivais Cp and S) taken into 
account p a t e r  or equal to 7, number of S-phases superior or equal to 2, computed horizon& md  venicd 
errors inferior or equal to 5 km. Using the selection criteria indicated above, and resmcting the latitude to the 
23'20's to '44'30'S interval. we obtained 411 hypocenters over the period june 1990 - august 1991. We 
present the discribution of the epicenters in Figure 1 and an EW cross-secnon in Figure 2. 
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Figure 1. Epicenaal map of the 412 se!ecsted earrhquakes locally recordp during tke period june 1993 - augusr 
1991. The selection criteria is detailed in  the tex. 

386 

Figure 2. E-W cross secfion showing the hypocenml location of the 412 seleced emhqdes lcmlly recorded. 
The topografk profil in dark g a y  is taken at latitude 23'515'. The refraction hloko is frorn Schrnia 
(interpreted seismic profil x latirude 34OS15', 1991). The shaded m a  above the Mohs (light gmy) and ia 
prolongation towards the uench reyxent  the  continental cmt.  
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In order 10 specify the stress field and the geomerrical chancteristics of the faulting dong the 
subducted slab, we used an aigorithm which pmvides simultaneous inversion of the orientation and shapt of 
the stress tensor and of individuai focal  mec.bisms for a population of eanhquakes (Rivera and Cistem. 
1990). The methcd assumes that the smss m s o r  is loc3lly homogeneous over rfie ara of study. The avantage 
of the method is that we obtain the Suess censor not €rom previously and individually determined focd 
mechanisms which contain 3 certain degree of arbirnry choîce, but nsher from the original data of frst motion 
polarities. The best way to detecr variations in  the stress regime in  the Wadad-Benioff Zone is to define a 
sliding window dong the slab. We Iimited OUT investigation to the upper part of the slab (l0ngitude>69~, 
depth<100 km). Deeper eanhquakes  are tm distant from  the l c u l  nenvork 10 permit 3 good enough consain 
of their focJ mechanisms. SO as to rely on the most trustworthy dan, we tested the subility of the 
hypocenaai locations and the focal mechanisrns with different velocity  models. 

Almost d1 eanfiquakes  are located dong a n m w  tongue of concenmted sismicity rehted to the 
subduction of the Nazca plate, i.e. defming a s h a q  W&ti-BeniofFZone (WBZ, see Figure 2). The upper limit 
of the WB2 is panicuiary well defued. The WB2 dips with an angle of 17"-18" up to about 100 km depth. The 
deeper pan of the slab dips more sreeply but we observe 3 systematic displacement of OUT hypenters  in the 
downward-westward direction relative to the world  wide recorded telwismic evenrs below 100 km depth (CahiU 
and Isacks, 1992). Lareral hererogeneities, in particular the sIab/rnantle veIwity c o n m t ,  not taken inro 
account in the velocity model. may explain such discrepancy (McLaren and Rohlich. 1985). A seismicdly 
quasiquiescent zone is observed k l o w  150 km depth. under the volcmic m. Deeper evenrs o"ur mainly in 3 
clustered form at 200-260 km depth. Synthetics tests proved that the quiescent zone cmnot be an artificîal gap 
produced by the location process and that the sharp  definition of the deep  clusrer is not an artificiai 
concenmtion of hypocenters. The intermediate depth quiescent zone is 3 chancreristic feature of the W3Z dong 
sourhem Peru and nonhern Chile. A smng concenmtion of hm-siab seismicity is generaIIy observed updip 
or' the quiescent  zone m d  is possibly related to the effective deshydnution of the ocemic c rus  and to the 
phase msformation From basalt to eciogite. Those mechanims me S U F ~ O S ~  to activate faulting (Liu, 1983; 
Ha& and Giese, 1986). The onset of the quiescent zone may correspond to the limit beyond which those 
mecfianisms end  andor may be related to the proximity of the asthenospheric wedge below  the volunic front 

The inversion of  the Suess tensor and  the f d  mechanisms for different depth range dong the WB2 
give very coherent restllts. From 20 km to 50 km depth we observe only underthrusting eanhquakes with a 
north-sou& nodal plane dipping siigrhly towruds the East (Figure 3). Aithough the rupture and the seismic 
moment release of p t  inrerphe emhquakes m y  exrend funher down, those undenhrusting microcmhquakes 
indiate chat the seismogenic pan of  the interface ends 50 km depth. Downdip, inm-siab normal faulting 
prevaib. Normal faulting, nrher heterogeneous fmt becomes very hornogeneous 3t sbout 50-100 km depth 
( F i g u r e  3). It is then chmcterized by 3 v e m d  or e s t  steep dipping nodal p h e  O€~WW to hW orientation. 

Over the full range of depth investigated ("_loO km) the stress field is chmcterized by a minimum 
principal mess cf3 oriented in the mean azimut 070". The intermediate principai stress 0 2  is horizontal and 
strikes in the azimut 335". Below 50 km depth, where normal faulting plus 9 few snike-slip fauiting o"ur 
(Figure 3), the stress regime is extensional and 03, which is low dipping, cm be related to the slab pull force. 
Above 50 km deprh, where underthrusting occur, the dip angle of 03 is loosely consmineci and may vary from 
25" to 70". Underthrusring focal rnechm*sms cm be so well explained by a 63  low dipping or by a 03 steep 
dipping. Two different scherne may  be proposed as possible interpreutions for the evolution of the Stress 
regime dong the WBZ, depending on the dip angle of a3 in the undenhrusring zone. 

If 03 is steep dipping (70"), then ~1 dips oniy slightly (30") in the azimut 255". Then, the Stress 
regirne is compressional ar the locked pinte interface. as it is genenlly  ssumed. and the compression expresses 
the donvergence between the two plates (aimut 075" or 155"). In that use, the stress field would invert 
abrupily a the  deprh of 50 km. 

Conversely, if 03  has a much greater horizonui component. dipping only 35" in the 3zimut 075", we 
havq'm alternative scheme in which  the slab pull force aco h o  at supenïchl depth in  the locked segment of 
the sllib, beeing possibly the dominant force there. Th~s alternative is supported by the occurrence of  tensionai 
e d j u a k e s  berieath the underthsting interiace jbhlgnnge and Madariaga, 1983, Comte et J.. 1992, hzIQ. 
In th$"present study, one tensional event has been located 100 km easf of the uench, 15-20 km benearh the 
coupied interface. Thus, the msi t ion  between interplate underthrusune md  inunplate normal faulting would 
not nec%@niy suppose a dnstic change in rhe stress regirne. bur would tssentially retlect the change in the 
mechanical behaviour of the interface which  wouid underg0.a unsubie-sable slip uzlnsition 
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KEY WOWBS: slip vector, strain, displacement,  rotation,  partitioning 

A particular problem of contractional continental plate bouadary zones is the way in 
which the  rate and direction of slip ktween adjacent plates is converted into strain, 
displacernent and rotation within the zone. Few continental plate boundary zones 
experience  purely  orthogonal  shortening; most have  a  substantial  strike-parallel 
displacement component leading to transpression within the zone. The oblique plate slip 
vector  causing  trsnspression may be decomposed into an orthogonal  coaxial 
contractional component and a stdce-parallei non-coaxial single shear cornponent.  How 
these components are expresed, in space and  time,  in  Continental plate boundary zones 
determines the structure style of the zone. The two  possible  end  members are complete 
partitioning into a single thrust and a single strike-slip fault versus  homogeneous oblique 
penetrative incremental and finite shortening parallel into the  plate convergence vector. 
We know of no plate boundary zone in  which either of these end  members is perfectly 
achieved; most obliquely convergent zones exhibit partitioning into orthogonal, strike 
slip and plate slip vector parallel components of strain and displacement from the 
regional to  the outcrop scaie. 

In the Andean plate boundary zone, approximately 90 mma-l of plate convergence is 
absorbed. The pattern of active tectonics shows great  variation in the  way in which  the 
plate  slip vector is partitioned into displacement and strain and the ways in which 
compatibility between and within different segments is solved. Along any Andean 
traverse, the sum of relative velocities between points must equal the relative plate 
motion. We  have  developed  a  kinematic  synthesis of displacement and strain 
partitioning in the Andes from 47's to 5"N relevant for the last 5 ma based  upon: 1) 
relative plate motion deduced from ocearnic circuits giving a roughly constant azimuth 
between 075 and 080; 2) moment tensor solutions for over 120 crustal earthquakes since 
1960; 3) structural  studies of  deformed  Plio-Pleistocene  rocks; 4) 
topographic/geomorphic studies; 5 )  palaeomagnetic data and 6) geodetic data. We 
recognize four neotectonic zones, with subzones and  boundary transfer zones, that are 
partitioned in different ways. These zones are not coincident with  the 'classic' zones 
defined by the  presence or absence of a volcanic Chain or  differences in finite 
displacements and strains and tectonic form; the long term segmentation and finite 
evolution of the Andes may not occur in  constantly-defmed segments in space and  time. 
In segment 1 (47" - 39"§), the slip vector is partitioned into roughly orthogonal Benioff 
Zone  slip with large magnitude/large-slip-surface earthquakes and both distributed 
dextral shear giving clockwise rotations of up to 50" and dextral slip in the curved 
Liquine-Ofqui Fault System giving 5' - 10" of anticlockwise forearc rotation. In 
segment 2 (39" - 2OoS), the slip vector is partitioned into Benioff Zone slip roughly 
parallel with the slip vector, Andean crustal shortening and a very small component of 
dextral slip. Between 39" and 34"S, a cross-strike dextral transfer,  which deflects the 
Chile Trench and the volcanic arc, absorbs the shortening contrast between segments 1 
and 2. In segment 3 (20' - 6'S), the slip vector is partitioned into  roughly orthogonal 
Benioff Zone slip,  crustal shortening trench-parallel faulting and NE-SW extension. 
Compatibility between segments 2 and 3 is maintained by the sinistral ESE-trending 
Cochabamba shear zone and N-trending dextral  faults.  In segment 4 (6's to 5'N), the 
slip vector is partitioned into roughly orthogonal Benioff Zone slip and dextral strike- 
slip faulting in the fore-arc and volcanic Chain. 
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RESUUE: L‘étude  néotectonique  des  deux  bassins de l’avant  pays  andin  montre  que la 
partie  distale  (coté  craton) est  déformée par la réactivation  des  structures du 
soubassement, alors que la partie  proximale  subit  l’influence  des  structures  andines.  On  en 
conclut à la priorité  des  structures anciennes  réactivées  sur  les  structures  subandines 
nouvelles,  et à une  explication  aux anomalies de direction  de  contrainte  observées à la 
limite  entre  craton et zone  subandine  au nord du Pérou. 

KEY WORDS: Neotectonics, Subsidence,  Foreland  basins,  Subandes,  Peru,  Bolivia. 

INTRBDUCTIBPI 

The neotectonic  relations between the Andes  and the  Brazilian  craton  are poorly 
documented.  The  usual  mode1  emphasized the  subsidence of the  foreland  basins,  which  is 
only  true in the  case  of  very  large  areas  and long periods  of  time. At the  scale of the 
Andean  range, the  geometry  of  the  subducted  oceanic  slab  is  related to the location of 
subsiding  basins over  normal  Beniof  zones,  and  non-subsiding  forelands  over  flat  slab 
segments (Jordan et a/.  1983). At a  regional  scale,  subduction  in  foredeep  depends,  on  the 
andean  side,  on the  structure of the  foothills  Piedmont, and  on  the  craton  side on 
reactivated  structures in the basement  of the basin.  The  aim of the  paper is to focus on the 
last  points,  using  data  from  the two main  subsiding basins  of the Andes, the  Maratibn  basin 
at the north and the Beni  Basin  at  the  South. 

GEOLOGICAL  SETTING AND STUDY METHODS 

The  Subandean  basins constitute  a  transition zone  between  the  Brazilian  shield to the 
east  and the  Subandean  Thrust  and  Fold  Belt  (Mégard 1984) to the West. They  are 
characterized by extensive  floodplains  with  highly  unstable  large  rivers  (MaraAon,  Ucayali, 
Beni  and  Mamore  rivers).  Neotectonics  is  studied  using  geomorphology  of  the  fluvial 
network,  successive  shifting of rivers  and  asymmetrical  patterns  (Dumont, in press,b),  as 
well  as geometric  pattern of  lakes  (Dumont,  in  press,a).  When  available, data from surface 
landforms  are  combined  with  structural  data from the basement  (Laurent  and Pardo 1975; 
Laurent  1985;  Sempere  1990)  and  neotectonic  and  sismotectonic  data from the 
surrounding  regions (Assumpçao  and  Suarez  1988;  Assumpçao  1992). 
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Fig.1. Lei?: Structural sckeme of Beruvian subandes  and Bramilian cratsn  border. Fligkt: A: 
ria M e s ;  B: elongated lakes. See location on the lefi figure. 

Fig.2. Center: %tructurai scheme of the Beni Basin and bsrders, from Sempere (1996), 
simplified  and  eornplemented. A: ria lakes (tilted); B: rectamgular lakes; (3: ria lakes. 
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The basin  extends  over  about  375  km WE and  475 km NW-SE. It comprises two parts 
(Fig.1):  the  North-trending Pastaza  Depression to the  north (Laurent  and  Pardo,  1975)  and 
the  triangle  shaped  Ucayali-Maration  (shortly Ucamara)  Depression to the  south.  Clusters 
of ria  lakes in the  lower Pastaza  and  West Maration  Basin  (Fig.  1  ,A),  (Dumont, in press,a) 
near the  foothills  border fit with  the  structural  axis  of  the  basin (Sanz  1974; Laurent  and 
Pardo  1975). In the Ucamara  Depression  we  observe NE trending  elongated  lakes 
(Dumont, in press,a), which are  parallel  with  the  successive  positions of the  Ucayali  River 
(Dumont, in press,b).  This direction is  related to the "en  échelon"  system  of the Marati6n 
Fault  Zone, reported  for  the  late Paleozoic by Laurent  (1985).  The  main direction  of  the 
lakes  is interpreted as the  surface  expression of tension stress,  superimposed  over 
reactivated  basement  structures  (Fig. 1 ,B),  (Dumont  and  Garcia  1991,  Dumont, in press,a). 
This is compatible with faults  observed in the Quaternary deposits of the  craton  border 
(Fig.lC; Dumont et a/. 1988).  This direction  is  parallel to P-axis orientation of focal 
mechanisms  observed  on both sides  of the  depression  (stereograms  on  fig.  1,  from: 
Assumpçao 1992,  and:  Assumpçao  and  Suarez  1988).  B-axis  orientation  in,  and around the 
depression  is  about 40  degrees  away from  the usual  (WE)  P-axis orientation  at  the 
Subandes-Craton  border  (Assumpçao  1992). 

THE BENI BASIN 

The  Beni  Basin  is  the  southern  drainage  area from the Andean-Amazonian  fluvial 
network.  The  flat  lowlands  are  about 800 km NS, broader to the  north (500 km) than to the 
south (150 km)  (Fig.  2),  which  fronts  the  apex  of  the  Bolivian  orocline  (Sempere  1990). 

The Northwestern  part of the  basin  is  characterized  by  the  extensive  floodplain  of  the 
Beni  River.  The  western  part  of the  floodplain,  close to the  Piedmont of the  foothills, 
expresses  active  subsidence,  evidenced  by  the flooding of forested  areas  (Dumont et al. 
1991 ,b), and the  formation of  large  lakes  of  black  water,  invaded  by  sedimentary  deltas 
from  the  silty  white water  of the Beni  River. 

stages  of  river shifting of the Beni  River  (Tapado,  Yata,  Biata  and  Negro  rivers)  are 
evidenced by  underfit  rivers.  This  shows  a  counterclockwise  displacement  of  the  Beni  River 
from  a  Northeast  trend  up to the present  Northern  direction  (Fig.  2,B). The shifting of the 
Rio  Grande towards  the West (counter  clockwise)  may  be  correlated to that  of  the  Beni 
River.  Numerous  ria  lakes  on  the  craton  border  (Fig.2,C)  characterize  the  former  floodplain 
aggradation  of  the  Rio  Grande  River in this area.  Similar  trends  of  river  shifting al1 over the 
basin  possibly  resulted  due to the onset  of a  thrusting event  along the  subandean  border  of 
the  Beni  basin. 

(Allenby  1988).  There, the present  Beni  River  Valley  appears to be structurally  controlled 
(Dumont et al. 1991,b). North of  Puerto  Siles  (Fig.2,A), a  cluster of more  or  less  rounded  ria 
lakes occurs far  away  from  the  influence  of  sediment  charged  rivers.  The  Mamore  River  has 
a  reduced  sinuosity  across  the  cluster  area,  along  reaches  limited  by  rapids.  This  is 
interpreted  as  changes of the  slope  induced  by  neotectonic  deformations  (Schumm  1986). 
Outcrops of  hard  rocks  generating  the  rapids  suggest  the  effect of block tectonics (Allenby 
1988),  and tilting,  which has  resulted  in  a  flooded  topography  and  ria  lakes. 

River shifting  is  obvious in several parts of the basin. In the central  part,  successive 

The  eastern  part of the Beni  Basin  is  characterized  by  a  basement  structure control 

CONCLUSION 

Distal,  or craton side,  areas  of  foreland  basins  are  characterized  by block tectonics 
which generate  subsidence  (Ucamara  Depression), tilting or uplift (Beni  Basin) along 
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reactivated  basement  structures. Most  of these structures are rapported to faults of pre- 
cretaceous age. On the other  side,  regional  subsidence occurs in the proximal areas of the 
basin,  in front of the foothills Piedmont. 

It is  suggested here that reactivated basement structures may explain the local 
deviation of sismoteetonie  constraints at the basin-craton  boundaries. 

Bifferences in the style of neotectonics berneen the proximal  and  distal  parts of 
foreland  basins  suggest that in a specific region the reactivation of old basement structures 
predate the onset of Andean  structures.  This conclusion may help to understand how the 
reactivated basement structures may influence the development of Andean foreland 
structures,  and  specially the obsetved anomalies. 
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QUANTITATIVE  ANALYSIS  OF  ASYMMETRICAL  FLUVIAL PATERN 
TO STUDY  ACTIVE  DEFORMATIONS IN SUBANDES  BASINS 

Jean  François  Catherine MERING”)(” Jean  François  et 
Hind  TAUD(3). 

(1) ORSTOM,  213 rue la Fayette,  75480  Paris,  Cedex 1 O. 
(2)  URA  D.1369  CNRS,  LGDI,  Univ.  Paris  Sud, Bt 509,  91405  ORSAY. 
(3) Laboratoire de Géologie-Géomorphologie  Structurale et Télédétection,  Dpt 
Géotectonique,  Univ.  Paris VI, 4 Place  Jussieu,  75230  Paris. 

RESUME: Les plaines  alluviales  dissymétriques  metent en  évidence la déformation de la 
surface d’un bassin.  Le cas du bas  Ucayali  est  abordé ici à partir  de  l’analyse  quantitative 
de  forme  réalisée  sur  une  images  SPOT. 

KEY WORDS: Fluvial  pattern,  foreland  basins,  Ucayali  River,  Remote  sensing,  Quantitative 
analysis. 

INTRODUCTION 

Neotectonic  analysis of  alluvial  floodplain  may  be  done  using two types of fluvial 
patterns:  sinuosity,  which  changes  is  related to longitudinal  slope  variations  (Schumm 
1986),  and  asymmetrical  floodplain  related to lateral  tilting  (Von  Bandat 1964). The  case of 
asymmetrical  fluvial  patterns from the  lower  Ucayali  River  (East  MaraAon  Basin)  has  been 
previously  described  (Dumont et al.,  1988;  Dumont  in  press). We present  here  new 
developments from this case, in the  aim to provide  a  method  for  the  analysis  of  short  term 
fluvial  response to active  deformation. 

GEOLOGICAL SETTIMG 

The Maraiion and  Ucayali  rivers  cross  the  Marafion  foredeep  basin,  and join at the 
eastern  border  of the  basin, in a  triangle  shaped  graben  edged by the  uplands  of  the 
Brazilian  Craton.  The  existence  of  the  graben  is  documented  by  recurrent  normal  faulting 
in  the  upland (Dumont et al.,  1988). In the  graben  the  Ucayali  River  has  an  asymmetrical 
floodplain. The recent  evolution of the  Ucayali River  is  also  clearly  asymmetric:  meanders 
are  simple  on  the  upland  side  (Fig.1 ,R) and  compound  on  the  floodplain  one  (Fig.1, L1  and 
L2 successively).  Meander  development is clearly  related to the  trend of the  river  and  the 
local direction of the  upland  border (Fig.1, A and B respectively).  The  Channel  of the 
Ucayali  River  is  limited  on  the  upland  side  by  the  cohesive  silts  and Clay  of the Pebas 
formation  which crop out  below  the  erodible Pleistocene  deposits,  whereas  banks on the 
floodplain side  are  made  of non consolidated  and  easily  erodible  silts  and  fine  sands  of 
late  Holocene  age. 



82 Second ISAG, Oxford (UK), 21 23/9/1993 

Asymmetrieal  floodplain is the most classieal  criterion of the effeet of lateral tilting 
over a Valley,  evidenced  early  from  aerial  photograpky (Von Bandat 1962). The  river 
ehannel tends to migrate  down the slope of the tilt, abandoning  meander loops on the 
upper  side of the floodplain,  whieh are ail concave  toward the migrating  direction of the 
river.  Aecording to the Van Bandat  criterion,  the  observation of tectonic  activity is snly 
possible if the process of lateral sliding of the meandering  river is effective during a 
relatively  long  time,  and  over a floodplain three or four time wider than the amplitude of the 
river  sinuosity. 

II may be inferred from the  eontinuity of the phenomenon that at any time  during the 
period of lateral migration the effeet of tectonics over the river  behavior is active. So that, it 
should be  possible to get  evidence for teetonie  aetivity  investigating short time parameters 
of the floodplain  morphology. 

We provide  here an example from the Ucayali  River, on the eastern border of the 
Marafi6n Basin. Short time  evolutisn of meanders is studied  using the ridge  and  swale 
pattern,  which is closely  related ts the recent development of meanders. We have 
developed a quantitative  approach  using SPOT image  analysis. 

Our objective here is to delimit shape entities that are thematieally  signifieant, that is 
to say the ridge  and  swale  pattern of alluvial  floodplain, from the initial  SPOT XS scene. 
The  pattern is evidenced by morphologieal and botamieal contrast between the swampy 
grassland in the swales and the forested  ridges. In order to extrad these forms, widely- 
known techniques of multispectral  classification is of no use  since these objects have no 
characteristic  spectral  signature  when  they  have a speeifie  sub-circular shape. On Grey 
level images  sueh as any of the XS ehannel (here XS3), one can visually  pereeive these 
objeds as very thin sub-eircular limes of light tone. The scope here is to filter these litses 
and to obtain a final  binary  image  containing  only the specified objects. Many  criteria  may 
be used for image  analysis: the specifie tone of the line  (lighter  tan the neighborhood), 
their  thiekness (one pixel  wide) and their shape (subcircular).  Experiments  have  shown 
that on square grids sueh as that of satellite  images,  well-known  gradient  techniques 
based  on  eonvolution with numerieal masks leads to snhance reetilinear shapea and break 
eurvilinear ones. Moreover  they transform al1 contrast lines  into  very  thick ones (Pratt 
1978). We prefer kere to ernploy  nonlinear methods (Serra 1986). We firsf transform the 
initial  digital grid into an hexagonal one whieh respects isotropy  and  where the euelidian 
distance beMeen the pixels can be assimilated to the digital grid. 

From the grey-tome  image on the hexagonal grid (Fig.2A) one first filter  tkin  and  light 
lines by a Top Hat Transformation with a linear  structuring element of given  direction 
among the six possible ones of the grid  (Meyer 1978). The resulting  Grey tone image kas a 
narrow histogram, but the lines of the image  have the higher  values  which allows to obtain 
a pertinent binary  image by threshold of the grey-tone  funetion. This binary  image  eontains 
small limes with wrong  directions  and  disconneeted to the desired ones. The  "cleaning up" 
of the binary  image is done by a rhhinning followed by a geodesic reconsrpuctisps: The 
thinning eliminates  groups of pixels  having a given  configuration  inside an elementary 
hexagon (it may be three pixels on a line or one  isolated  pixel on the center) and the 
geodesic  reconstruction restores the initial  conneeted eomponents whieh  have mot totally 
disappeared witk the previous  thinning. At the  spposite, limes ean be  connected  along a 
given  direction with a dosing or a thiekening Transformation with a linear  structuring 
element, whieh both fil1 up the holes inside the hexagon  aecording to the specific  direction. 
This type of sequenees enables to clean up the initial  binary  image  and to preserw the 
"good" limes.  Finally, in order to submit to geometrie  description one pixel-width structure, 
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Fig. 1. Lower reach of the Ucayali River near Jenaro Herrera.  “Orthogonal  lines” are the 
longer  lines  orthogonal to the ridge  and  swale  pattern. See commentary in text. 

Fig.2. See commentary in text 
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we  have  computed a skeleton by rhinning (Lantuejoul 1988) which preserves the 
connectivity of the initial set (Fig.2B). 

In order to make quantitative  description of the structural features previously 
detected, specific  parameters are computed using the Adonis  rnethod (Barrot and Taud 
1992): eaeh cuwe is individualized  and  approximated by a circular arc whieh is called 
reference circle (Re). A set of parameters  defined by the cuwe  and its reference circle 
enables the  characterization of the structures. These parameters rnainly concern the 
position of the eenter and the value of radius of Re, the number of pixels  belonging to the 
cuwe, the direction of the normal to the ehord, and  different  coefficients (chord, 
intersections, symett-y, etc...). Sorting of tkese parameters  get  evidence of different  families 
among the  structures  encountered. 

F i g X  shows the individualized structures,  tkeir  chords,  and the normal to the ehord 
whieh passes through the eenter of the reference circle.  According to the radius of the 
cuwes, the  relative  position of reference  circle  and  the  direction of orthogonal  lines we ean 
characterize the evolurion of meanders  and obtain quantitative  evidence for asymmetrical 
patterns using automatie analyze. 

Semi  circular patterns derived from active  and  Eibandoned  meandering  rivers cover 
extended areas of foreland  basins.  Quantitative  image  analysis appears to be vet-y  effective 
for  quiek  analysis of large  pot-iions of river. Here, we  apply the rnethod to asyrnmetrical 
pattern, but others fluvial patterns which are related to neotectonics, like  sinuosity  and  river 
bed widtk can also be analyzed. 
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RESUME : Une  recente  compilation  de  données  Seabeam et Hydrosweep,  acquises de 5"15'S B 6"lO'S le 
long  de la marge  nord-pkruvienne, a permis la mise  en Cvidence d'un  mega  glissement  sous-marin,  se 
developpant en plusieurs  etapes. 1) La principale Ctape  du glissement est un "debris-avalanche",  dont le 
materiel  s'est  accumule sur la  pente  infkrieure  et  en  partie  dans la fosse.  2)  la  deuxibme  phase  d'instabilite 
correspond au glissement de deux  blocs en  voie de detachement.  3) Etant donne  que la pente  moyenne  se 
bombe  le  long  du  plan de glissement  d'une  faille  normale  majeure, un m6ga-glissement de la pente  est B 
prevoir  dans un avenir  proche. 

KEY WORDS : Peru,  active  margin,  submarine  slide,  debris  avalanche,  subsidence,  subduction  erosion. 

INTRODUCTION 

A  morphological  analysis  realised  from  the  bathymetric  compilation of  Seabeam  and  Hydrosweep data 
acquired dong the  northern  margin  of  Peru,  shows  the  occurence  of  polyphased  mega-submarine  slides.  The 
surveyed  area is located  offshore  Paita  from  5'15's to 6'10's.  At  this  location,  the  continental  shelf  is  flat 
and  narrow,  the  continental  slope  is  steeper  than  to  the  south of the  margin  and  the  subduction  of  the  Nazca 
Plate  triggers a great  seismic  activity.  Therefore,  the  area  presents a typical  profile of East Pacific  active 
margin. 

STRUCTURAL SCHEME OF THE CONTINENTAL MARGIN 

From  the  continent  to  the  trench,  the  continental  slope is characterized by three  distincts  domains: 
1) The  upper  slope,  with a continuous  slope  gradient of 7', which is  incised  by  deep  parallel  E-W  canyons. 
2)  The  middle  slope,  which  presents  curved  directions in  the  central  part  of  the  area. 3) The lower  slope 
characterized by a rough  topography,  which  represents a debris-slide  deposit  (Bourgois et d . ,  1988). 
The  main  morphological  features of the  area are three  curved  scarps  respectively  named  from  upslope to the 
trench : the  upper  slope  scarp (USS), the  middle  slope  scarp (MSS) and  the  lower  slope  scarp  (LSS). 
The USS represents  the  limit  between  the  upper  slope  and  the  middle  slope area. It is a curved  scarp  with  an 
average  slope  gradient of  25".  As  shown  by a seismic  profile,  this  scarp  corresponds  to  the  emergence of a 
listric normal  fault,  dipping  seaward  (Bourgois et al., 1986,  1988). At the  base of the USS, the  middle  slope 
shows a dome-shape  deformation  combined with a swuctural  pattern  roughly  parallel  to  the  curvature  of  the 
uss. 
The  main  structure of the  area is the MSS. It extends for 30 km along  the  middle  slope  and  presents  an 
average  slope  gradient  varying  from  10 to 30" over a distance of 1 km. The MSS shows a typical  shape  of 
debris-slide  breakaway. 
The LSS appears as an amphitheater  shaped scar dong which  an  entire 500  m  height  block  has  glided  down. 
These  three  curved  scarps  results  from  different  stages  of  polyphased  mega-submarine  slides. 
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THE POLYPHASED MEGA-SUBMAWINE SLIDE 

The main stage of failure of this active margin is chancterized by a debris avalanche, which h a  let on the 
slope a brezhway named  MSS. This feature is regarded as a s a  dong which an important volume of mch  
fnas slid d o m  towards the trench (Bourgois er al.. 1986, Von Huene et al., 1988, Bourgois et al., in press). 
Sixteen  deep-sea dives with the submersible  Naulile were performed dong the MSS, during the 
NAUTPPERC m i s e  in 1991. The MSS appears to be compsed of a succession of small cliffs expsing 
domirnt wudstones and siltstones bounded by seps covered with reent  plagic sedimen&. Fresls outcrops 
are frequent and s m e s  are often obswed at the fmt  of the steepest s i o p .  Generally, the f r a b e s s  of the 
oumops suggests that rwk falb amd othen gnvity flows are still active dong the xxp. 
Micropaleontologid results obrained from w p l e s  collected during the dives indiate tkat the s e b e n &  are 
from Quatemary to Miocene in age. The s c a p  exposes d e p  srram of the middle slope thus confmirng that 
this feature can be considenxi as tl1e s u  of a major  slide. 
The debris sIide deposit covers the entire lower slope and in-fills a part of the trench. The deposit is 
charactaized by a succession of iwlated b l w k  without spxific ~ ~ n d s .  The clnotic topography obsewed at 
the tm of the continental margin is indicative of a debris-avalaache d e p s i t  which origimted most probably 
from the MSS. 
At tke base of the MSS. the middle slope is characterizad $y a flat terrace. As shom by seismic profile. this 
are presents a chaotic seismic facies. This feature is characteristic of a smootfn debris-flow deposit, which 
could represent the fine grained pm of the &bris avalanche. Tkese depsi& are kurying the main slide plane. 

Tbe second stage of failum is chmcterized by t ~ o  glided black. They appear as amplsithaater sbped  xars, 
that showing tke same trend. The first, wcured dong the middle slope scarp. The second is one of the  major 
feature of the slope and was named LSS. It is Iocated in the flat ana of debris-flow deposit created by the 
main debris avalanche. Isoth features are aligned dong a N80 direction, roughly paralle1 to the direction of 
the subducting Nazca Plate. 
These b i w h  have glided d o m  after the main debris avalanche.  They are indicative of a secondxy stage of 
faiiure probably induccd by the debris avalanche. This second stage of slope failure would k Iess 
catmtmphic tlnm the first one. 

The dome-shape deformation of the middle s1op.e is cowbined with a pxuliar structural fabric. characterizrd 
by the developement of d l  ridges md valleys. They are roughly panllell to the curetaLure of the USS. As 
shown by this structural pattern. the deformation of the middle slow dong the lisnic normal fault codd lx 
always active. The continuation of the deformation wuld able to prsduce a second giant submarine slide, 
which would affect the whole middle slope and which  avould  UT dong the seaward dipping normal fault. 
The upward progression of slope unstability is actually stopred at the location of the main n o d  fauit of 
the margin ( U S S ) ,  because tke upper slope is  incised  by deep paralle1 which dmsn't progms dovmward the 
US§. 

ORPGTN OF SLBPE FAIEURE 

These giant pdyphssed submarine slides result from a pxuliar state of stress of the continental slope in 
relation with the subduction of the Nazca Pate. For instance, amother simiIar case of great sale siop failure 
has k e n  recognized dong the nokern Chile conlinental slope, offshore Iquique (Li and Clark, 1991). 
S l o p  unstabilities mcur generally within unconsolidated materials and are favoured by a supply of 
sediments inducing m increase in slope gradient. It is not the case here. Because at this location, the 
continental margin is characterized by a lac$ of sedimentary supply coming from the land. Moresver. from 
tke in silu observations of the submersible Nautile dong the MSS. the sediments involved in the slope 
failure are predominantly  consolidated. The initiation of this great-scale dope failure are consequently mostly 
originated from the subduction of Nazca Plate. Obviously, the great seismic activity observed in this area 
prepare favorable  condition for the s l o p  failure. 
In such a context of active margin, several processes are able to produce the slope failure : 
The main stage of slope faiiure is assumed to corne  from  the oversteepening of the slope, whicb is induced 
by a roll-over deformation of the middle slope dong a seaward dipping listrie nomal fault ( U S S )  (Bourgois 
et af., in press). The debris avalanche m m d  for slope gradient greater than 13" (Dupernt et al., 1993). 
The deep  sea dives redised dong the MSS, have revealed the Occurence of numerous clams fields and 
wociated biological colonies related t6 fluid  vents. Bourgois et al, (in press) assmed that the fluid vents is 
the result of the unloading create by the failure of the slope. Such emergences could also lx induced by an 
inmase of pore pressure  fluids dong the subduction plane.  They could significantly d u c e  the shear smnght 
in the upper plate and generate a sedimentargt  mobility dong a minimum shear zone. 
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Then,  the slope failure occurs  within  consolidated  rocks by  an oversteepening of the  slope. The high 
seismicity of  the  area  and  the  circulation  of  fluids  have  probably  greatly  contributed  to  initiate  the  failure. 

The  debris  avalanche  deposit  covers the  entire  lower  slope  and  extends  to  the  trench a i s .  In  the  trench,  the 
topography  of  the  mass-wasting is smoother  than on the  lower slope ; but the  inner uench wall is 
completely  buried  by  the  debris-avalanche. By comparison  with  northem  and  southern  undisturbed  slope 
profile of  the  margin,  the  area  covered  by  the  deposit  shows  a  relative  topographic low of about 200 m. The 
topographic  low is partially  in-filled  by  the  debris  avalanche  deposit  and it is located just below  the  three 
main  curved  scarps  of  the  slope.  Therefore,  this  feature  within  the  Nazca  Plate is probably  responsible  for 
the  initiation of the  detachement  faulting  and  the  subsequent  polyphased  submarine  slides. The origin of 
such  a  depression  must  be  discussed. 
1) It could  be  explain by a process of subduction  erosion  along  the  base  of  the  continental  margin.  2) It 
could  also  result  from a change  in  the  dip  angle of the  subducting  Nazca  Plate,  which  could  originate  from  a 
change  in  the  Nazca  Plate  motion. This hypothesis  must be correlated  with a change of the kinematic 
organisation of  the  Nazca  Plate  versus  South  American  Plate.  3)  The  occurence of topographic  asperities 
within  the  subducting  plate is able  to  increase  locally  the  process of subduction  erosion  (Lallemand et al., 
1992).  These  asperities  could be representated by horsts  and  grabens  or  by  a  volcanic  seamount. 
Now, the  respective  influence of these  various  processes  needs to be  clarified. 
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R ~ s M ~  : L'inversion des m&anismes  au  foyer  superficiels  des  Andes  septentrionales, et l'analyse 
nkotectonique  des Andes d'guateur, montrent un champ de contrainte  homogkne  (01 4 E-W). Celui-ci  induit 
un mouvement  dextre sur les  failles N30-35"E et du  raccourcissement sur les failles N-S. (relais compressif 
nord  equatorien). Les vitesses de d@lacement  des failles dextres majeures sont calcul&s et discutees. 

INTRODUCTION 

The subduction of the  Nazca  Plate  beneath  South  America  results  from  a  N80"E  trending 
convergence (Fig. 1). This convergence is thus  oblique  along  the  N30"E  1500-km  long  northern  Andes. 
This  obliquity is accommodated  in  the  upper plate  by NNE trending,  active  dextrai faults. In Ecuador,  two 
major  active  strike-slip  fauits  are known. (1) The  Pallatanga  Fault (PR, that is located in  the Cordillera 
Occidental  of  southern  Ecuador, is well studied (Soulas, 1988; Winter, 1990; Soulas et al., 1991;  Winter et 
ai.,  1993). (2)  The Rio Chingual-la Sofm Fault (CSF), tbat is located in the  Cordillera Real (CR) of 
northern  Ecuador (Soulas et al.. 1988; 1991; Tibaldi gL Ferrari, 1992). is still p r l y  known. In addition, 
several Quaternary, N-S striking  folds  and  reverse  faults  have b e n  reported in northem  Ecuador  (Winter, 
1990; Ego et al., 1993);  They are interpreted as a restraining bend  between the PF and  the CSF (Ego et al., 
1993). In order to address  this  problem, we  have analyzed the stress pattern in northem Andes  inverting 
shallow focal mechanism data. Then,  we calculated slip mes on  the major strike-slip  and  reverse hults. 

INVERSION OF FOCAL  MECHANISMS 

In the  literature,  113  shallow focal mechanisms,  registered  by  world seismic networh. are  available 
(e.g.,  Pennington  1981;  CMTS by Dziewonski  1981-1992  and USGS catalog  1977-1988).  They are mainly 
dismbuted dong the  Andean  subduction  zone and in  the  Sub-Andean  region; in conti-ast,  few  evenrs are 
located  in  the  Andean  mountains.  We  have  defïned 8 zones,  each  one  corresponding  to a specific  structurai 
province. Tlm, data inversion  (same  method as Carey-Gailhardis & Mercier,  1987) was perfonned in each 
zone  in  order to calculate  its  mean  state  of  stress (Fig. 2). The  most  significant  result is that  the state of 
stress is quite homogeneous in northern  Andes, 01 trending  roughiy E-W, except  nearby  the  Caribbean. 

CSF SLIP RATE DE"INATION AND IAV SHORTENING ESTIMATE 

In  order to constrain  the  CSF  slip  rate,  a  detailed  fault  mapping was performed  using LAMlSAT 
imagery  coupled  with  aerial  photo  analysis  and  field  control.  Numerous dexnal  offsets are seen  along  the 70 
km long, N35"E striking  trace of the  CSF  in  Ecuador. The rio Chingual, a major riva of the  CR,  exhibits  a 
dextral  offset  ranging  between  7.5km  and 10.5km. Other strearns of minor imprlance show offsets between 
50m and 500111. AU these  offset  streams,  that  are from different ages, d o w  us to conclude that the fault has 
been  active  in  a  dextral  sense  for  a  long  time  (>lMy). These offsets  could be used to calculate  the slip rate of 
rhe fauk however,  lacking of precise Stream ages,  we  determined  the CSF slip rate using  the  Soche  lava 
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Figure 1: Geddynmic settjmg and mjsr structures in northea Andes and mcraining M d  mode1 for the 
northern Ecuadsrian Andes. CSF: Rio Chingual-la Sofm Fault, CPFS: Cauca-Patia Fault Syskm, IAV: 
Inter-Andean Valley and Pl? Pallatanga Fault. 
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Figure 2: State of stress in northern Andes calculakd by inversion from focal solutions. Due u) few da& 
only a test has becn performed for zone III. Solid black armws: 01 orientation. 
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Abstract 

Crustal seismicity in Central Chile (32"-34.5"§) has not  been  studied in detail up 
to now because it is blurred by the  "high noise level" generated by the seismic activity 
of the subduction. The most important events recorded in  the  region  are directly related 
to the subduction process, that is they are interplate events. Since these subduction 
events are the  most  destructive and strongest  ones, seismologists have paid  little 
attention to the crustal seismic activity  that reflects the actual deformation  to  which  the 
overriding  border of the South American Plate is being submitted. For example in 
September 1958 an important but not well known shallow crustal earthquake (ms=6.8) 
with epicenter located, in Las Melosas, 50 km to  the  south-West  of Santiago shook the 
region, causing damages in some  nearby  villages  and  being  strongly felt in Santiago and 
Valparaiso. This event was  accompanied by surface faulting on the high  mountains. 

In 1986 a field  experiment to record  aftershocks of the 1985  Valparaiso 
earthquake  and the microseismicity of the region was carried  out  from  the  20th 
September to the 5th November,  to study in detail the geometry of subduction 
(Fuenzalida et al, 1992). A group of 14 portable stations was deployed, expanding the 
permanent network of 10 telemetred stations, rnantained by the Seismological Service 
of the University of Chile. During this  time  an important number crustal events that 
evidences active seisrnic crustal deformation  were  recorded. 

Several clusters were  observed  in  the crut ,  one 30 km to the West  of Santiago 
and two others toward the Andean cordillera. The activity in the Central Valley was 
rather sparse. Focal mechanism, local  tomography and stress analysis are performed to 
determine the mechanical characteristics of crustal deformation. 
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Crustal sebmicity (filled cireles) for Oetober 19 
have depth c 30 lem. Triangles represent the network used. 
The location of the 1958 "Las Melosas" crustal earthquake ia 
shown south-east of Santiago. 
The epicenters and afterskock areas of the Valparaiso earthquakes 
of 1971 and 1985 are also showm. 
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REOUME: El estudio  de la evolucion  sedimentologia,  geomorfolagia y tectonica  del 
Mioceno-Holoceno  de  la  costa  norte  de  Chile  entre 21O30' y 24% ha  revelado la 
siguiente  seqeuncia  de  eventos:  1)  Subsidencia y sdirnentatcion del  mid  Mioceno al 
Pleistoceno, 2) Lewantamiento y  formacion  de  terrazas  marinas  controladas  por 
ascensos  eustaticos  interglaciones,  ascensos  tectonico y ascenso  controlado  por 
fallarniento  asociado a la domacion  regional  del  margen  de  subduccion. 

KEY WORDS:  northern  Chile,  Late  Cenozoic,  marine  terraces,  tectonics 

INTRODUCTION 
The  Late  Miocene  to  Recent  uplift  of  the  Central  Andean  Pacific  margin  of  South 

America  is  recorded by the  development  of a number  of  marine  terraces  and  exposed 
shallow  marine  and  continental  sediments  of  Miocene  te  Recent  age.  However,  whilst 
terrace  developrnent  has  been  recognised  for  sorne  lime,  correlation  along  the  Pacific 
margin  has  proved  extrernely  difficult.  Correlation  difficulties  have  arisen  because  of 
variations in the ages,  nurnbers  and  heights  of  terraces  due to a combination of 
fluctuations in sea-level  resulting  from  the  Quaternary  glaciation  superimposed  on  areas 
of differential  uplift  along  the  Pacific  margin.  Here we illustrate how a detailed  study  of 
Miocene to Recent  sedimentation  along  the  north  Chilean  coastal  masgin  can  help  to 
constrain  uplift  rnechanisms.  The  understanding of these  uplift  rnechanisms  has 
important  implications  for  the  tectonic  evolution  of  the Coastal Cordillera. 

PREVIOUS WORK 
Previous  work  on  coastal  uplift in northern  Chile  has  focussed  on  marine  terrace 

and  beach  ridge  development  across the  Mejillones  Peninsula  (Okada,  1971 ; Armijo 8a 
Thiele, 1990) Descriptions  of  these uplift  related  phenomena  are  restricted to  the  area 
around the b.49jillones Peninsula  and liitle  attention  has  been  paid to uplift  related  features 
north  and  south  of  the  Peninsula.  Here  we  present  data  on  Miocene to Receni shallow 
marine  sedimentation,  terrace,  beach  ridge,  alluvial  fan  and  fan  delta  development  along 
the  north  Chilean Coast  between  21O30'  and 24%. These  data  allow  constraints  to be 
placed  on  the  mechanisms  of  uplift  on b t h  local  and  more  regional  scales. 

IOCENE-RECENT STRATIGRAPHY 
Three  Miocene to Recent  stratigraphic  units  can be  recsgnised  on  the  coastal 
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margim between 21830' and 24"s overlying the andesilie  volcamim of the La P4egr.a 
Formation,  Jurassic  gransdioriles sr Cretaceous sdiments: 1) Shallow marine 
sediments of the 4.8 m thick  La Portada Formation of Mid  Micmxm-Plioeene age (Herm, 

Bi Biass, 1978) whieh crops out over the southern half of the  Mejillones 
xtends further ssuthwards to the northern edge of Antofagasta. 2) 

Pleistsceme ts Holocene shallow marine and beach sdiments of the Mejillones 
Formation  (Ferraris 8 Bi Biase, 1978). The  formation  is up to 88 rn thiek and 
disconformably  overlies  the La Psdadis Formation. The Mejillomee  Formation  is ex osed 
over much of the noflherm part of the Mejillonss Penimsula. 3) Pleistaeen@ Io He 
alluvial fan, aeolian, fan delta, beach and ahallow marine  sediments  (up to 58 m 
which flamk the Coastal Cordillera and are eqtuivalemt to  the  Mejillones  Formation. 

~ ~ I M ~ ~ ~ ~ ~ ~ ~ ~  
Betailed  eedirnentolsgieal analysis of these 3 stratigraphie  unita has led to the 

following  synethseis. Throughout Mid Micscene,  Plsistomme and HoIocene  times  viriually 
continueus shallow marins  sedimentation (upper shoreface, shorefaceforeshore 
trnsition, foreshore and Iseach) dorninatd over mueh of the sttudy area with the  exception 
of 4 )  a minsr  interruption in the early Pleisttscene indicatd by the develspment of an 
angular uneonkrmity bkatweem the La Porlada and Msjillones Formatisns and 2) loealised 
lault adivity during the lato  Miscene early Plioeene at Caletla Herradura indicated  by the 
develspment sf a minor  unmnforrnily restricted ts the half rabew. Quaternary alluvial 
and  aeolian  sedimentation was reetrictd ts the maqins of the basiw whwe sediment 
was supplied from the Coastal Cordillera and isalatled  (islands) fault blocka. Areas in the 
centre of the basim had restricted  elastic  input durimg the Pleistecene are characteriseci 
by the  development of biselastic  limestones  with calcarmus mudstsnes and chalks 
suggesting  deposition below fair-weather  wave base. 

Marine terraces (palaeo-elifflines) eut in Miscene-Recent sdiments, develsped 
along the eoastline of  northern Chile in the HoIoesne (8.5 io 16 m elevation) and Late 
Pleistoeene (1 6 to 78 m). Idp Io 6 terrace  cutling eventa are remgrniseci although in a 
number of places eomposits terraces are thsught ts have formed (Le. where 3 OP 4 base 
level  falls are amalgamated ts a single diff lime by erssion). A late Pleistocene  planatictn 
surface and two older planation surfaces are reccgnised  (over 668 rn elevation)  whieh 
are likely Io be of Early Pleisloeene  to PlicPeene age. Similar ages for a number of 
terraces (nsw at differemt  heighte) suggest that terraces were cuf $y  sea-level  highstands 
develsped during interglaeials.  Variations in terrace height are attributed Ica tec$onieally- 
induced  tectonie  uplift  parkicularly as the highest  planation surfaces are asssciated  with 
active faulls. 

1st fault aetivity and sea-level  highstands are responsible for terrace  formation, 
in order to presewe the terraces the atudy area as a whole must have been uplift 
feature present alowg the sntire Amdean margin.  Hewever in the study area, subtle 
variations in uplift can bs deterrnined by examining the present day height above $88- 
level of the last Pleistsceme shorelime depssits expssed in the terraces  themselves (as 
distinct from the shell lags formed on the terraces). The shorelime  deposits are sider 
than the oldest terrace dated at 344,808 years (Radtke, 1985) and are therfore likely Io 
be mid Io late Aeistoeene in age. The depssits can be trac4 along strike over much of 
the study area and are eonsidered  ts  represent a single  chronostratigraphie  event. There 
is a gradua1 increase in height of the shorelime from noflh to ssuth across the study area 
with  the  main locus  around the Mejillones Penimsula and a gradua1 decrease to  the south. 
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In  addition  the  distribution  of  Miocene to Recent  marine  sediments in Northern  Chile 
follows  a  sirnilar  pattern,  with  the  largest  presewed  record of marine  sediments  located 
adjacent to the  Mejillones  area  and a gradua1  decrease to  the  north  and  south  of  the 
peninsula,  a  feature also also recorded  by a narrowing  of the eoastal  plain  to  the  north 
and  south  of the Peninsula.  These  observations  irnply  that  there  has  been  a  broad 
updorning  of  the  Coastal  Cordillera  with the  main  area  of  uplift located on  the  Mejillones 
Peninsula. A hypothesis  supported  by  recent  tide-gauge  data  which  indicate  that  the 
area  around  Antofagasta  is in net  uplift.  lnterestingly  the  present  day  trace  of  the 
Atacama  Fault  Zone  parallels  this  zone  of  uplift  and  basin  formation -the fault is at its 
maximum  inland  distance  at  Mejillones  but to  the  north  and  south  the  fault  trend  swings 
out to sea  at  Salar  Grande in the  north  and  Talatal  in  the  south.  This  suggests  a 
possible  causal  relationship  between  uplift  and  the  trace  of  the  Atacama  fault  Zone. 

QRlGlN OF REGIONAL UPUFT 
Pleistocene te Recent  marine  terraces  have  been  uplifted  along  much  of  the 

Pacific  Margin of South  Arnerica  and as such  are  almost  certainly  related to changes in 
the  geodynarnics  of the  subduction zone.  The  scale  and aerial  extent  of  uplift in the 
study  area  precludes a fault-related  origin,  particularly  as  the  scale of fault-related  uplift 
can  be  identified (e.g. on the  Mejillones  Peninsula). In addition,  the  regional  variation in 
uplift across the study  area  suggests  that  ansther  mechanisrn  of  uplift is superimposed 
on  the  mechanism  responsible for  uplift of the  entire  coastal  rnargin  of  the  Central  Andes. 
Given  the  proximity  to  the  subduction  zone it is  likely  that  any  potential  mechanism  will 
be  relalted  to  heterogeneities  at  the  subduction  zone. The  most  likely  mechanisrn  for  this 
regional  uplift is that  of  aseisrnic  ridge  subduction,  where  subduction  of  anomalously  thick 
bouyant  oceanic  erust  is  thought  to  induce  local  uplift of the rnargin.  Examination  of 
bathyrnetric  data  for  the  ocean  floor of northern  Chile West of the study  area  reveals  the 
presence  of  an  aseismic  ridge  which  forms  a  spur  to  the  Iquique  Ridge  and is located 
due  West  of the  Mejillones  Peninsula. It is  possible  therefore  that  the  regional  uplift  of  the 
rnargin in the study  area is  related to aseismic  ridge  subduction  concentrated  around  the 
Mejillones  Peninsula. 

The  origin of the  general  uplift  of  the  Pacific  Margin of  South  Arnerica  is  beyond  the 
scope  of  this  paper,  however,  it  is  a  strong  coincidence  that  the  start  of  uplift  of  the 
margin  at  approximately 21 Ma also conicides  closely  with  the  propsed  time  of  shallowing 
of the  subduction  zone  propsed  by  Kay et al. (1988) for the  area  between 28 and 33OS. 

ORlGIN OF THE CBASTAL SCARP 
Recently the  Coastal  Scarp  has  been  intepreted as an  extensional  fault,by  Arrnijo 

& Thiele (1990). The  basis  for  this  observation  is  the  presence of surface  fault  breaks  on 
the  scarp.  However,  detailed  observations  from  aerial  photsgraphs  and  fieldwork  have 
failed  to  identify  any  exposed  fault  breaks  along  the  scarp  with  the  exception of the  Cerro 
Moreno  Fault  which  has  dernonstrable  left-lateral  kinernatic  indicators  and  extends  for 
approxiately 35 km. As Armijo & Thiele  suggest  that  the  Coastal Scarp fault  links to  the 
subduction  zone  it  is  sornewhat  strange  that  there  is  no  evidence  of pst-Pleistocene 
fault  breaks  along  its  length  or  any  linear  features  which  could  be  interpreted as possible 
palaeo-fault  traces  given  that  rnany  faults in the area  have  been  active  throughout  this 
tirne  period.  Consequently,  the  Coastal  Scarp  is  interpreted  here as a degraded  palaeo- 
cliffline  possibly of  early  Pleistocene  or  older  age. 

CsNeLusloNs 

northern  Chile  records  the  following  series  of  events: 
1) Subsidence  and  sedimentation in a fault-bounded  extensional  (half-graben  style) 
shallow  marine  basin  (the  La  Portada  Formation)  took  place  in  Late  Miocene  to  Pliocene 

The  Late  Cenozoic to Recent  tectonic  evolution  of  the  Coastal  Cordillera of 
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times, the presence of localieed  uncsnfsrmities  teslifies te s radis fault movement. The 
development of the Iwo oldsst  planation  surfaces on nerthe nd central parts of the 
Mejillonee  Psninsula and arsund the Cerro Morena Fault is also thought to have laken 
place at this  time. 
2) Local tilling  resulted in the developmewt of a minsr unconfsrmity and mntinued 
sutsidence end sdimentatiow in a fault unded shallsw marine  taasin  during 
Pleistaene times (Mejillowes Formation  ith  marginal  marine,  alluvial and aeslian 
sedimentatiom alsng the  margin of the  basin.  Cyelicity deveolped within  these  allernating 
centinental and marine  sediments may reflet3 mid-Pleistocene glaeio-eustafically-induced 
sea-levsl  fluctuations. 
3) Sporedo uplift and develspment SC marine terraces in the form of palaeo-clifflines (up 
to a maximum of 6) and basment  planation sudaces wcurrsd during the Late 
Pleistseens and Holwene. clpliet resulted in the exsapssure of Miocsne-Pleistocsng, 
marine ssdimmts within  the  terracss and large scab imciaion  within  alluvial fan ohanwel8, 
some of which  have kllowsd the same course for over 350,000 pers. 
4) Terrace formation is related to interglacial sea-levvel  highstkawds. 
5) Terraces sf the same age are presetntly al different  heights  due to differemtial uplifl 

6)  Uplilt of a. mid to late Bleistowne shorelime  within the study m a  reveals a regional 
seale uplift phenomena ceroterd on the Mejillsnea area whieh is of tao large a seale Io 
be fault-related and of tao small a scals to account for tks uplift of the entire central 
Andean margin (reprwmted by uplifted  marins  terraces nst by other wcprkers). Bue to 
the pmximity fo the sutdudion zone (1 6-30 km  below the  egastlins)  uplift is csnaidered 
to be relateci to local variations in subduction zone gmdynamics. The favoured 
hypothesis ie that of aseisrnie:  ridge  subduction  witkin the stludy area. 
7) The uplifted area forms a broad, eastlerly convex zone which parallsls the trend of the 
Atacama Fault Zone,  possibly  indicatimg that movement of the Atacama Faull Zone in 
this are8 may rssult f r t m  strain  pat-tioning bstween the  Coastal Godillera and the Central 
Depression (Pampa de Tamarugal) causd by aseismic  ridge  subduction. 
8) The Coadal Searp is  considered to be a Micpcene to Plimene palaeo-cliffline and not a 
major  extensional fault, due primarily to the lack of active  faulting almg the scarp and the 
absence of any linear  featuree  which csuld be intecysretd as possible  palaeo-fault  traces. 

u s d  by fault msvement. 
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ESUMEN: Fil sistema  de  subducci6n  de h é r i c a  del Sur entre 15"s y 45"s (la  costa  de  Chile) es 
analizado  utilizando  datos  sismicos  hist6ricos  e  instrumentales  junto  con las atimas estimaciones de edad 
y  velocidad de convergencia  de la placa  Nazca.  Se  argumenta  que  la  edad  de  la  placa  subducente  tiene la 
principal  influencia  sobre el régimen de subducci6n  (la  co&guraci6n  de  superficie  sismofocal y también la 
fuerza  de  acoplamiento  sismico) en Chile. 

EY WORDS:  Subduction,  plate  coupling,  seismicity,  seismic  slip,  slab  detachment 

INTRODUCTION 

The  tectonics,  seismic  regime  and  structure of subduction systems prevalently  depend on the  convergence 
velocity V and  age A of descending  lithosphere.  The  main  morphologic  features of oceanic  plate 
(ridges  and  fracture  zones)  involved in subduction  process may modify drasticly  the  "normal"  subduction 
regime  and  produce  noticeable  irregularities.  The  Chilean  subduction  system  merits  a  special  attention for 
the  big  variety  of A and  a  presence of subducting  Juan  Fernandez  ridge  and  a  number of fracture  zones. 
The  shape of subducting  slab in relation  with  a  distribution of  quaternary  volcanic  activity  and an orogenic 
structure of the  South  America  plate  provides an insight on the  tectonic  bistory of this zone. An important 
characteristic of  present  day  seismic  regime  and  plate  coupling  can  be  obtained  from  the  distribution  of 
seismic  energy  release  rate  and seismic slip  along  the  subduction  zone.  These  estimates  are  based on the 
study  of  catalogs  of  historical  earthquakes  and  the  theoretical  models of plate  coupling.  Subduction  zone 
system of the  South  America  between 15" S and 45" S (the  Coast  of Chile)  was studied using  historical 
[CERESIS, 19851 and  instrumental  (NEIC)  seismicity  data, the last  estimates of age  and  convergence 
velocity,  morphology of subducting  Nasca  plate,  tectonic  structure  and  volcanic  activity  of  overriding South 
America  plate. 
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Ag. 3. A three-dimensid  Tiie-Space plot of 
cumulative seismic energy release along the Chilean 
subduction zone based on the d y s i s  of catalog of 
historicrii  events. 

of Juan Femndez ridgo mur and Ba- 
Avraham, 19811. d a concept of Gausian 
m a t u r e  [ W U  and ha&, 19921 81\c not 
c m w g  89 llE&mhm of tlw flattening. 
An ample distonion of dip and considerable 
stretching of deep edp  of plate b clearly 
seen ktween 233-26"S, where the buoylpncy 
of plate p n m b l y  changes from negative 

part of shb confom ndequately to a big 
gap of deep seismicity (Figure 4). 

P t  Chilean thrust emhqu&s and the last 
revisions of 8 number of historical evem 
[Comte and Pardo, 19911 (F$u-e 3) enables 
to estimate B distsibution of cumulative 

( A > 50 =y.) to positive. The Sm- 

An d y s i s  of catalog [ r n I S ,  19851 of 

seismic energy W , energy r e l e a s e  rate W, , and averaged sismic slip dong the Chilean subduction 
zone (Figure 2). All these properties correlate well with the estimates of coupling btween the Nazca and 
South America plates obtained from the V-mode1 of viscous sedimentary layer interface [Kostoglodov, 19881. 
The plate coupling growing up form 29" S to the South a p s  with an increase of maximum magnitudes of 
great historical emhquakea and  a rise of W, . Relatively Iow values of W, were obtained for the 
Nortbem-part of Chile (190s - 29"S), where the mode of subduction is closer to the "Island arc-type" Wyeda 
and Kanamori, 19791. For the Tdtal area (22"s - 2523) dl historîcal events had magnitudes I e s s  than 8.0 
(except MW = 8.0 event, 9 Dtxernber 1950),  nevertheless  the seismic coupling hem could be of a 
sufficiently high level to yield eanhquakes with a maximum magnitude  up to MW = 85. 
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Rg. 4. Vertical projection of seismicity dong the Chilean trench. Active volcanoes are shown as 
filled triangles. The detachment of deeper part of the slab may be to the South of 24's. 

An extended group of deep earthquakes (530-630 km) of Chile  matches exactly the higher age zone of 
Nazca plate (Figure 4). The maximum depths of these events are in agreement with the thermal  mode1 of 
sinking slab with a depressed metastable olivin - shpinel phase transition boundary as a source of deep 
earthquake faulting Eostoglodov, 19891. This denies the hypothesis of Engebretson and Kirby [1992] of 
probable age discontinuity within the Nazca  slab. The deep part of the slab could be hgmentary detached 
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at ib southerarasst part, where a marked change in dip and  depth is  obsewed (the zone  of  flattened  slab). 
The  Space-Time  plot for the historia1 catalog shows a probable  tendency  of Nod-Soub migration of 

strong events ( MW >7.0) with B rate of - 7-8 W y .  which is in agreement  with an esthate of Barrientous 
c1991-J. 
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The Andean  Cordillera  is  the  result of the  convergence  behveen the Nazca and  the South 
American  Plates. The Central  Peruvian  segment is characterized by subhorizontal subduction, absence of 
recent volcanic activity  and  subsidencc of the coastal  region. 

High quality seismic data obtained in  five field seismic esperiments Ivith dense portable 
networks during thc  pcriod  1980-86 ha\.e been  used in order to obtain  hypocenters, focal mechanisms, 
stress shape and orientation. and  local  tomography. The geomctry of subduction, the  velocity structure o f  
the  crust  and  upper  mantle  and the state of stress and deformation in Central  Peru are thus  determined.  In 
particular, a cross section is made frorn the  coastal area to  the subandean region showing a precise picture 
of’ the subduction and  the  subandean crustal seismicity. 

Stress tensors are obtained from focal mechanisms (Figure l), both for the subduction  zone  under 
thc coast,  and for thc  subandean  region. A comparison is made rvith the focal mechanisms  calculated 
frorn teleseismic data, and a scale independent  behaviour  is  established. A similar analysis is made for the 
Cordillcra Blanca (North Peru) by using  neotcctonic  and  seismic information together. The resulting 
stress tensor is in a statc of estension wi th  a c q  mis oriented N60”, namely orthogonal to the  trend of the 
Cordillera. This is consistent with the  fact  that  the main tectonic feature is the outstanding Cordillera 
Blanca  normal fault which strikes along the  western margin of the  chain. 

Tomopraphic studies from P and S travel  times  show an uprising of hiph  velocity lower c ru t  
rnatcriat  under  the  coast (Figurc 2), a possible esplanatîon for the  presence o f  normal  faulting  related t o  
bcndinp  at  the continental shelf. Similar tomogmphy in the subandean  region (Figure 3) shows a 
thickcning of  thc  brittle  crust  duc t o  contincntal  subduction of thc Brasilian Shicld under  the  Eastern 
Cordillera. 

Subandean rcgion of Northcr  Peru  show  thrusting at a l o w  angle that ma)’ be continued into visible 
scarps at the surfacc, cast o f  the cpiccnters. This mechanisms arc compatible n.ith the compressional 
strcss rcgimc obtzlincd for thc Subandcan  rcgion o f  Central  Peru. 

Two reccnt earthquakes ( 1  190, M S  = 6.5 and  1991. MS = 6.8) in the Moyobamba region o f  thc 
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€ES-: Los desplazamientos  verticales  que  ocurren  a 10 largo  de  la 
costa  peruana  durante  el  Cuaternario  muestran  un  patrdn  complejo  en  que 
interactfian  la  superestructura  (subducci6n  bajo  la  margen  andina),  las 
megaestructuras  (dorsales  asismicas,  estructura  cortical  del  antearco),  y 
las  estructuras  tect6nicas  locales.  Se  analiza  la  posible  influencia  de 
distintos  factores  geodiniimicos  en  esta  zona  de  subducci6n  sobre  la  tec- 
tonica  costera. 

KEY WOaDS: Neotectonics,  vertical  movements,  subduction,  Peru 

INTRODUCTION 

Neotectonic  studies  in  coastal  regions  can  include  precise  informa- 
tion  on  relative  and  absolute  vertical  deformation  in  the  course  of  the 
last 1-2 my.  Marine  terraces  and  Pleistocene  shorelines  which  indicate 
the  former  position  of  a  referential  horizontal  plane  (the  geoid),  at 
given  instants of the  past,  provide  useful  data  for  the  reconstruction  of 
both  local  and  regional  vertical  motions. 

For  a  long  time,  the  Peruvian  Coast  has  been  recognized  as  an  emer- 
gent  area  (Bosworth, 1922; Steinman, 1929; Broggi, 1946). Recent  exten- 
sive  work  on  the  Peruvian  marine  terraces  now  provides  a  good  overview  of 
their  distribution  along  the 3,000 km  long  coastal  zone  and  also  local 
detailed  studies  that  include  geochronological  determinations.  This  work 
aims  to  analyze  the  Quaternary  vertical  motions,  as  deduced  from  marine 
terrace  data,  in  the  area 4"-19"S, and  to  investigate  relationships  that 
link  the  locallregional  deformation  pattern  and  several  parameters of the 
subduction  regime. 

TECTONIC SETTING OF THE pREs-EWI'-DAY SJBDUCTION I N  PERU. 

Subduction of the Nazca Plate beneath the South American Plate, 
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The contact  between  the  Nazca  and  South  American  plates is figured 
on the ocean floor by the  Peru-@hile  Treneh. The trench is grossly  paral- 
le1 to  the  Peruvian  eoast,  although the  shortest  distance  between  these 
two  features varies from 215 km (Trujillo, 9's) to 65 km (Cabo Blanco- 
Talara, 5 " s ) .  For the  last 10 my, at  the  latitude of  Peru, the nnean 
convergence  strike and  rate  have  remained stable around  the  respective 
values of N080"E and 10 cm/y (Pardo & Yolnar, 1987) .  

The seismicity  in Peru, which  helps  to  document  the  subduction 
regime,  inelude  three  groups of events: a )  "interplate"  events,  direetly 
assoeiated t o  the  subduction  process  and  to  the  east-dipping  Wadati- 
Benioff zone down  to a 300 km depth; b )  "intraplate"  shallow  events ( ~ 3 0  
ka), related t o  active  faulting of the  Andean  system:  and e )  deeply- 
seated  events  (down t o  700 km) whieh  remain  poorly  understood. The earth- 
quakes of the  first  group are by Bar  those which release  the  greatest 
mounts of energy  and  elastie  deformation. 

m d  structure OP the Ipemvim Coast 
The Peruvian  eoastal  region  lies  upon  the  Andean  forearc,  between 

the  trench  and  the  Western  Cordillera.  During  the Tertiary, several  sedi- 
mentary  basins  developed OB a basement  formed  by Precmbrian and Paleo- 
zoic  metamorphie roeks and  Xesozoic  volcana  sedimentary  arc  terranes 
(Nachare, 1987) .  The late  Tertiary  teetonie  activity was ekaraeterized by 
tensional stress witk basin  subsidence  interrupted  by  short-lived com- 
pressive  pulses  that  produced  uplift of the  basins.  In  Quaternary  tiwes. 
the continental  shelf and the  emerged  eoastal  region  experienced  relati- 
vely complex and strong  deformation:  subsidence  in  the shelf  area  and 
vertical.  uplift  motions  along  the  eoast  that locally reached  amplitudes 
of several hundred  meters (up to 1 km, in  either  direction). The magrnatic 
arc, located on the  Western  Cordillera.  kas  been active, during  the Qua- 
ternary, s n l y  soutk of latitude 15's. 

The main characteristics of the  Pleistoeene  marine  terraces 
(elevation,  chronology.  deformations) and  their  distribution  along the 
Peruvian  coast  were described in a series of papers  and  doctoral  thesis 
(Sebrier, 1978; DeVries, 1984,  1986.  1989; Waeharé, 1987; Hsu. 1988; Hsu 
et  al., 1989; Ortlieb & 3acharr5, 199Cta; Goy  et a l . ,  1992) .  Synthetie 
analyses of regional  deformation  deduced frow marine  terraee  data were 
recently  pefformed  in  the  southern  sector of the Peruvian  eoast  (Ortlieb 
L Maekark, 1990b; Hachare & Ortlieb, 1991, 1992; Hsu. 1992) .  

The northern  Peruvian coast, between 4 "  and 6"s. shows  evidence of 
uplift  motions with mean rates of the  order of 150-280 m/lO3y. Local 
tectonie  factors,  including block tilting,  upwarping  and  faulting aeti- 
vity, aeeount for some variations  of  this  mean  regional  uplift  rate  and 
for the geometric  deformation of the  northern  eoast  "tablazos". Late Qua- 
ternary (=last 125 ky) tectonie activity,  characterized by differential 
uplift of the  Illeseas  faulted bloek and the  northernmost  Peruvian 
coastal  region,  is  evidenced by  the  attitude o f  the well-preserved Lobi- 
tos  tablazo. The steeply  dipping  faults  which  deformed  the  tablazos  (with 
either  dip-slip or strike-slip motion)  seem  to be inkerited frsm Tertiary 
structures. 

The 950-km  long  central  sector of the  Peruvian  eoast (6"-14"S) does 
not show  remnants of Quaternary  marine  terraces. This particularity  may 
be  due either  to  subsident  motions or to a relative  atability of the 
CoaStal region (laek of net  uplift  motions)(Sébrier & Hachare, 1980; 6rt- 
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lieb & Hacharé, 1990). Quaternary  tectonic  structures  in  the  central 
sector  consist  in  normal  faults  that  strike  perpendicularly or obliquely 
to  the  coastline  and which produced  only  small  net  displacements. 

As mentioned above, the  southern  Peruvian  Coast  (14"-18"3O'S) 
received  much attention  in the  last  few  years. It was  shown  that  most of 
the  area  has  been  uplifted  at a rather  homogeneous  rate  (80-180  mm/lO3y) 
during  Quaternary  times. However, marine  terrace  data  indicate  that  the 
area  between  Lomitas  (14.6")  and  Lomas (15.3"§) experienced  mean  uplift 
rates  ranging  from  300  to 430 mm/lO3y;  during  the Late  Quaternary,  this 
area was uplifted  at a  higher  rate  (400-500  mm/103y),  whith a maximum 
rate  observed  in  the  surroundings of San  Juan  Marcona (700 
mm/l03y)(Ortlieb & Hachare, 1990a). The rapid  Quaternary  uplift  mations 
registered  at San Juan Marcona,  which  are the  strongest  reported in 
South-America,  were used  in  distinct  attempts of  modeling  the  influence 
of  the  Nazca Ridge  subduction  (Moretti,  1987;  Macharé,  1987; Hsu, 1988, 
1992;  Yacharé & Ortlieb, 1992). 

As  observed on most  active  continental  margins,  the  subduction 
regime seems to induce  regional  crustal  uplift of the  coastal  areas  lying 
above  the  interplate  contact.  Examples  were  provided  in  peri-Pacific 
regions (Ota, 19861, the  Aegean  area  (Yercier  et  al.,  1979),  Indonesia 
(Pirazzoli, 1991).  etc.. However, this  empirical  relationship  has  never 
been  plainly  explained. Tt is possible  that  the  heat  accompagnying  the 
subduction process  plays a role  (thermal  dilatation),  and/or  that  isosta- 
tic  mechanisms are  involved. 

At a regional scale, the  uprising  sectors of the Peruvian  Coast may 
thus  be  viewed as showing  a  "normal" tectonic  behaviour  in  the  context  of 
subduction  below  a  continental  margin, while the  subsident (or "stable") 
sector  of  central  Peru  would  appear  as  "anomalous". 

Jarrard  (1986)  tested  possible  relationships  between  a  series of 
subduction  parameters,  among 39 case areas, by using  multivariate  analy- 
sis. Unfortunately  he  did  not  include  any  parameter  "uplift  rate of the 
overriding plate", probably  because  of  the  paucity  of  reliable  data  in 
most areas. 

The close  relationship  between  the  subduction  of  the  Nazca  Ridge 
and  the  strong  uplift  motions  of  the  Lomitas-Lomas  sector  was  already 
addressed  (if  not  fully  understood). The fact  that  the  highest  uplift 
rates  recorded  in  the  north  Peruvian  Coast  (Cabo  Blanco)  are  located  at 
the  latitude  of  the  Sarmiento  Ridge  is  probably  significant. The N055'E 
trending, and 1600-m high  relief  of  this  ridge  that is subducting  beneath 
the Cab0 Blanco-Paita  area is  thought  to  produce a  deformation  pattern 
similar to the one  described  in the  area  affected by  the  subduction of 
the  Nazca  Ridge. 

The distance  from  the  trench  axis  to  the  coastline  is  definitely 
shorter  for  the  sectors  that  experienced  high  uplift  rates  than  for  the 
central  Coast of  Peru. This distance is  in  the  range 65-115 km  in 
northern Peru, 80-180 km in southern Peru, and 135-215  km  in the  central 
Coast  sector.  Thus  there  may  be  some  link  between  the  two  parameters, 
even  if  the  relationship  is  apparently  not  direct  and  proportional. 

A coincidence  is  noted  between  the  loci of the  Quaternary  marine 
terraces  and  the main  outcrops  of  the  Cordillera  de  la  Costa  basement. 
This  major  unit is  an Andean-trending  forearc  structure  preserved  on  the 
southern and  northern  coastal sectors, and  which  is  sunk  offshore  central 
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Peru, to form the  Buter ShelP High.  Quaternary  vertical  motions  thus 
appear  in some way  related  to  older  deformation  patterns. 

Pinally,  at a smaller  seale,  differences  in u p l i f t  motions  within 
uprised  coastal  seetors  are  probably  related  to  local/regional  structures 
that follow a general N-S trending  effective  horizontal  stress  (Mercier 
et a l . ,  1992). 

IR conclusion, our analysis  suggests  that in Peru the  type  and  rate 
of  coastal  vertical  motions  are  rather  independent from the rate and 
strike of the  convergence,  the  obliquity of the conver ence  relative  to 
the  eoastline,  the  slab  age  and  the s lab  dip. On the eoatrary,  some rela- 
tionskip is envisioned  vitk  the presenee of Precmbrian/Pakeozoic base- 
ment  (Cordillera  de l a  Costa),  the  distance  between  the  treneh  and  the 
present  coastline,  the  erustal  structure  and  the  density  distribution  in 
the upper erust. The relationship  between  vertical  Quaternary  movements 
and the seisraic activity  (magnitude  and  frequency of the  events)  still 
remains poorly understood. 
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RECENT  SEISMICITY (mb25.4) IN NORTHWESTERN VENE 
REGIONAL TECTQNIC  IMPLICATIONS 
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m§UMEPk El anasis de la sismicidad  de  magnitud  moderada (5.451n~bS5.9) ocurrida  recientemente  en el 
Occidente  de  Venezuela, ha permitido  determinar los parhetros focales de esos  sismos  y su relaci6n  con la 
tect6nica  regional. Los resultados  obtenidos  muestran  que  dicha  sismicidad estSl asociada principalmente  a los 
sistemas de fallas  secundarios  y  no  a los principales  sistemas  de  fallas  de Oca-Anc6n y Bocon6,  los  cuales  han 
sido  postulados  como la antigua y actual  frontera  entre  las  placas  Caribe y Sur  America  en  esta  regi6n. 

I a Y  WORDS: Caribbean,  Venezuela,  Andes,  seismicity,  tectonics,  inversion. 

mTRODUCTION 

The  border  between  the  Caribbean  and  South  American  plates in western  Venezuela  has  been  a source 
of controversy  in  understanding  the  tectonics of  the  Caribbean  region.  The  motion  on the southeastern 
Caribbean  plate  boundary is accommodated  mainly  by  major  right-lateral,  strike-slip  faults  like El Pilar  and 
Mor6n.  Towards  the West, the  continuation  of  the  plate  boundary is not  clear.  The  Bocon6  fault is a right- 
lateral,  strike-slip  fault  systems which  has  been  postulated  to  be  the  boundary  between  these  two  plates  in 
western  Venezuela  (e. g., Dewey,  1972;  Schubert,  1982; Soulas, 1986).  Most of the  seismotectonic  studies 
in this area are based on the  analysis of the  microseismicity  recorded  locally  by  temporary  networks, 
neotectonic  field  work,  and  first-motion  focal  mechanisms.  The  occurrence of seismicity of moderate  to  large 
magnitude (M25.0) associated  with a i s  plate  boundary is relatively  poor. Furthemore, the  low  relative 
velocity  between  the  Caribbean  and  South  American  plates  implies  long  recurrence  periods for large 
earthquakes,  rendering more difficult  the  evaluation of  the  seismic  hazard in this zone. 

In this  study,  we  analize  the  seismicity  mb25.4  which  has  occurred in western  Venezuela  from 1964 to 
1992 (15 earthquakes)  in  order  to  correlate it with  the  active  faults  in  tbe  area. The source  parameters  were 
determined by  the  epicentral  relocation  and  the  formal  inversion  of  the  long  period  body  waves  (Nsbelek, 
1984)  recorded  at  teleseismic  stations.  Because  of a low  signal  to  noise  ratio,  some of the  events  were  studied 
through  the  waveform  inversion  of  the  short  period  body  waves. The  results  show  that  only  the  July 19, 1965 
earthquake  nucleated on  the  Bocon6 fault  system.  The  other  earthquakes  are  apparently  associated  with 
secondafy  fault  systems. Another important point  of ais work was to  determine the depth of the  earthquakes. 
Most of the  events  studied  here, in particularly  those  in  the  soutwest  area of Venezuela,  have  been  reported 
with  a  depth of 40 km on average,  whereas  the  maximum  depth  determined  by  the  inversion is of  27 km. The 
only  exception  is  the  intermediate  depth  earthquake  of  November 11,1968. 
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The main tecmnic features of Western Veaezueta are asswîated with rhe interaction betweem rhe 
Caribbean and South Xmerican places. There are several mdels that explain the relative motion b e r n a  the 
Caribkm aud its meighboriag plates (Jordan, 1975; Sykes et al., 1982; Stein et al.. 1988). In genmd, those 
models agree that the Caribkan plate h a  a 1ow absolute veloclty in a hot-spot refemce f m e ,  and that it is 
moving predominanrly eastwards with respect 1.0 both the North and South Amerkm plates (Dewey  and 
Suairez, 1991). The relative motion between the Caribkan and South Americm  plates  does  not seem to be 
mucentrated dong a single fwlt system.  Apparenrly it is disuibut& over a wi& zone of deformatiorn along 
the Bmonb, Morh, md El Pika fault  systems (e. g., Soulas., 1986). 

Slip-rates  weasured at the 6ca-hcdn and BoronG fadt systew are Iowa than the predicted relative 
velacities between rhe k b b e a n  and  South Amricm p b s .  Slip-rates of the Bwonb fauit meaured from 
the offset of Pleistoeeae moraines- range fmm 0.3 crn/yr to 1.4 dyr (e. g., SchukG 1982; Soulm, 1986). 
whexeas the predicted sIip rate ranges frorn 2 v, 4 cdyr. The la% grea emhquake Ms7.8)  along tlse Bocon6 
fault was on March 26, 1812. Aggmvd et al. (1983) suggested tisat the present movement  observed on the 
$won6 fauit kgau  probably during the F%o-pleistssene. The pre nt rate of motion of the Oca-Andn fault 
system is in Che range of 2.5 to 4.0 dyr. However, it a p p m  that during  the k t  4 m. yr. the Oca-hcbn 
fault s y s ~  WB moving fater &an it is &ing at preseat (Souks et al., 1987). 

Baides these two major fault syscems. there are several faults in western Venezuela that appe~r to Ise 
seismica.lIy apa&le (Sou& 1986). Some of them have a N?XW direction, p d e l  to the BwonB fault (e.g., 
Capam. NW Piedemonte, SE Piedemonte) amd othm have a N-S orientation and splinter off the Bo.wn6 fault 
(e. 6.. Valera, Humocm. Icoaea). Soulas (1985)  suggested t h t  the Iower velmity obsmed on the southwest 
segment of the Bocon6 fault c&cs place b u s e  the C q m  fault absorbs a fnctiou ef the right-latcrai, s t r i k -  
slip relative motion kmem the Caribban-South Americm plates. 

A su- of the resulc obtsined in this study are shown on Table 1 and Figure 1. The recent 
W o w  whmicity in w e s m  Venezuela is appmnUy associate8 with the secomdary faull systems of the 
region and not with the main fault s y s ~ m  such as Crca-Ancbn or Bc~conb. Only the July 19,1965 earthquake 

focal mechanism. The Capam f a d e  ha§ k m  the most active feruure in the region during the b t  thae decades. 
The ewquakes of Jmmy 27, 1990, May 5,1979,  and  July 4, 1982  (events 4, 9, amd 11) &ow a right- 
heri3.b Stdce-slip-faulting m e c e m  amd were generated  probably on this fault. This assumption agrees 
with the hyphesis of Soulas (1985) rhas the Opam fault plays an important roIe in absorbing a fnction of 
the Caribbw-South Amaicm relative movement. Other faults that show frequent  activity in the zone are SE 
piedemonte and H m m .  The events of hriareh 5,1975 (6) and Lkcember 11, 1977 (8) could be attributai to 
the SE Piedemonte fault They both show revme-fauIting f o d  mechanisras, indiaring the presence of E-W 
horizontal compression, oblique to the Venezuelan Andes. The most reent e.ar&qu&e of mgnitude 11l~15.4 
ia w e ~ k m  Venezuela W W ~  on August 17,1991 (16). Both chi§ event and that of April5,1975 (7) appear 
to have aucleated on the Humwaro fa& with a leRhteral, s&e-slip-faulting displacement Taere was an 
important sdsrraic secuence in northwestern  Venezuela  duriug Apd-May 1989  (events 14 and 15). Those 
eathquakes have the peculiarity of being multiple rupture processes rhat origimted lorng body wave trains and 
inducd intense liquefaction in mmy of the toms Iscated uear the epicentral a m  (NzlalavC and Sukez, 1993). 
'FhWe €arthqaes were  gtmnaat%d  probably on a fault systern treading in the W - S E  direction, with a right- 
kral, stdke-slip meclmism. The event of Octotser 26,1949 (3) apparently m w e d  on the nsrthem end of 
the El Tigre fault showing left-hterd, strike-slip solution. This motion agrees with  that  postulated by Rod 
(1954) for t h e  fa&. The eathquake of M y  18,1986 (eveae 12) is a reverse fmltiug f d  mechanisra. It is 
8Ot  vergr clear to which fault i t  ceuld be related, since the motion  observed on fadB in this region is right- 
lateral sirilce-slip, tensional, or a combination of both. OR July 12, 1988  (13) a predominmtly Ensional 
evmt wurred inside M e  Mansaib. Unforcunately, the epicenter of b i s  earthquake lies in  a higlnly faulted 

(evennt 1 on figure 1) D tadhe place on the B m n 6  fadt system, hdicatiug a ri@.-lateral, strike-slip 
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zone, where  it is difficult to c m l a l e  it with a specific fault However, the regional trend in b k ~  "amilm 
shows  several  en-echelon, left-Iateral strik-slip faults oriented in a N-S direction, and pull-apm basins 
developing between the faults.  We suspect tbis event beneath Lake Maracaibo was  probably 'associated with 
one of these pull-apart basins.  The  event of October 18,  1981 (IO) is located near the place where Soulas 
(1985) has postulated that right-lateral, sfrike-slip motion on the Bocon6  fault  system  changes to reverse 
faultiag. "hem are several faults in this region showing reverse €aulting with an important  component of 
shibslip motion, in agreement wirh the  focal mechanism of tbis earthquake. The event of November 17, 
1968 (2) is different from dl the 0the.r mentioned  above. AU of them are shallow earthquaks, whmas this is 
an intmwdiate-depth  event  (166 km). Its fault plane solution shows the T mis dipping at 44' to the 
southeast. This event probably occurred within the slab subducted in northern Colombia and Venezuela. In 
order O compare this event and those of the Bucaramanga net, 200 km to the south, we modeled the event of 
August 30,1973 (5) that Occurzed in the nest Boa earthquakes show a vergr similar orientation of the T axes. 
F i y ,  examining the direction of principal stresses, the results of this study consistmtly  show horizontal 
compassion in the E-W direction in southwestern  Venezuela  and  in a NW-SE to PWW-SSE direction in 
northwestern Venezuela 

12°F 
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8' 

6' 
72'W 70' 68' 

Figure 1, Fault mechanisms determined in this study for earthquakes m g . 4  occurrd in Westerq Venezuela 
h m  1964 to 1992. The  faults are from Soulas, Y986 and Singer  et al., 1992. The arrows show the  direction 
of relative motion of the faults. The shadow ara in focal mechanians indicates  compressional arrivals. The 
reference numbers in focal mechanisms are rhe same on Table 1. 
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Neotectonics at Laguna Lejia, Atacama Desert, Worthern Chile. 

Steve  Matthews and Claudio Vita-Finzi. 

The  location of young faults in the Central Andean Cordillera  is  often  difficult 

due to the  blanket of ignimbrites and other  volcanic  structures.  Alignments of 

volcanic  centres  often  indicate  the  presence of large  fractures  which Channel magma 

in the upper  crust. In the area  around  Toconao, near San Pedro de Atacama, lineaments 

of this type fa11 into two groups; N-S alignments which can often be traced for 

. hundreds of kilometres, and NW-SE alignments which may  be tens of kilometres long. 

These  lineaments  commonly do not correspond to any  surface  expression of fault 

movements, and many of them are  probably not tectonically  active. 

A NW-SE lineament joins  a  series of domes and vents of Cerro Tumisa 

(approximately 2 m.y.) with a  large  isolated dome and a basaltic maar eruption.  This 

lineament,  the "Tumisa Line", passes  under  the  southern margin of a small  salar, or salt 

lake, known as Laguna Lejia. To the West of the Laguna is a large N-S lineament, the 

Miscanti Line. This passes through the active Volcan Lascar and a  series of elongate 

dacite  domes (5 m.y.) to  the  north,  southwards through Cerro Lejia and Volcan 

Miscanti. 

The southern  shore of Laguna  Lejia is represented by a lava flow from a nearby 

volcanic centre. Two  distinct raised beaches can be seen on this lava. These  are 

probably  due  to  post-glacial  shrinkage of the laguna. Sediments on the southern 

margin  are  uplifted and buckled,  forming an uneven platform. A section  through 

these  consists of interbedded  laminated  carbonates and coarser  lithic-rich  siltstones 

and sandstones.  These  contain  concentrations of thin carbonate  tubes,  representing 
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precipitation of carbonate  around  flamingo  feathers  whick  have  since  decomposed. At 

least three  earthquakes are indicated by recumbent  folding and disruption OC the 

beach  sediments,  followed in each case by a return to laminated  carbonate  facies. This 

sequence  may  represent a gradua1  upwarping  of the southern  shore,  interrupted by 

violent  resubrnergence  during  earthquakes. It is likely  that  the  Tumisa Line kas 

reeently  been  the  locus of earthquake  activity  since  the lasr. glaciation, despite the 

absence of a  fault  scarp in the  area. In srnall salars such as  Laguna  Lejia, it  is difficult 

to  distinguisk  tecronic movements from  lake  level  changes  due  to  clirnatie  effects. Pt is 

hoped  that  a  dated  section througk the sediments  wiil  yield  information  on  earthquakc: 

frequency  and  uplift  rates. 
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SOURCE PROCE§§ AND RUIPTURE HIISTORY 
OF THE 3 MARCH 19$§ CENTRAL CHPLE EARTRQUAKE 

Carlos MENDOZA('), Stephen  HARTZELL(2), and Tony M O m T ( 3 )  

(1) U.S. Geological Survey. National Earthquake  Information  Center, Box 25046, MS 967. Denver 
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(2) U.S. Geological Survey, Box 25046, MS 966, Denver  Federal  Center.  Denver, Colorado 80225. 
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RÉSUMF:: Nous avons oblenu par inversion sirnultanCe des donnCes  d'accCICromCtrie, des ondes dr 
volume tCICsisrniques et des ondes de Rayleigh de tri?s longue @iode, l'histoire  du processus B la source d l  
sCisme  du 3 mars 1985. du Chili central. Cette histoire est aussi confirmke par l'inversion des ondes dr 
volurne ICICsismiques. La moddlisation du mkanisme de rupture est donc simple. et ne n&cssite pas une 
cornposanie lente du  dCplacement pour expliquer l'amplitude  observ6e des ondes de longue @riode. 

KEY WORDS: rupture history, inversion, rise time. seismic  moment. source duration. 

INTRODUCTION 

The use of finile-fault inversion schemes has  become relatively cornmon in the study of large 
earthquake ruptures. They have been applied lo nm-source strong ground motions and leleseismic body- 
wave observations [O identify  the spatial and  temporal  rupture  pattern as a function of position  on  the fault. 
To date. seisrnic data recorded al  period longer than 100 sec  have not been readily considered in finite-fault 
studies though  they provide information on Ihe overall size and duntion of the  earthquake. 

In a i s  study, we  were interested in  the large  7.8 Ms Central Chile seismic event of 3 March 1985 . 
We apply a Iinear, point -by- point inversion  scherne to the  long-period Rayleigh waves. in addition 10 
near-source strong motions and teleseisrnic  body-waves, to infer the source properties of the earthquake 
rupture. For this  event, the seismic moment calculaled using surface waves and geodetic data are 
consistently p a t e r  than determined using teleseismic body  waves. This discrepancy in estimated seismic 
moment has led some to suggcst that  the 1985 Chile earthqu&e involved a slow component of fault slip 
that radiated little oi  no body-wave energy. Moreover,  the rupture length as the  depth extent of faulting a e  
also not well conslmined. 

Our results indicate however that a single rupture mode1  with a variable dislocation rise timc can 
explain the cntire suite of observations well.  and  it is not necessary to introduce a significant component of 
slower fault motion  to reconciie the  long-pcriod  Rayleigh-wave  amplitudes. 

F'INITE-FAULT lNVERSION 

1) Sekmic waveform data 
Our set of data consist of local stronp, ground  motion  records.  teleseismic  body-wave €mm the GD- 
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SN and surface-wave from GEOSCOPE and IDA networks. AU the data were corpscted for the response ol 
Lhe instrument amd bandpas-filtmd wilk a Butterwonh Filer. The stxong motion mords were integrated tc 
velocity and filtered from 2.0 to 7.5 sec. Body- and surface-wave records include teleseismic P and SH 
waveforms filtered al intemediate-periods and very l o n g - ~ & d  RI,  W2 and 83 vertical fondamental 
Rayleigh  wave uains bandpas-filtered fmm 100 to 350 sec. 

2) Method 
The procedure requires placing a fault plane in the earthquske source regiom and subdividing i t  

into a finite numkr  of subfaults. Synthetic Green's functiono are then genented for each subfault xsurning 
a dislocation rke time of finile duration and a constant propagation of rupture away from the hypaPceoter 
:Hartzell. 1989). Nevertheless;. we relax the restriction of a fixed ti-iangular rise tirne by using a timc 
ivirndow approach thae allows multiple consecutive slip intewds bat dixcatize the subfault Pise lime an 
upture time. In this approach, the slip function at any point on the fault is approximated by a discal 
lurnber of ~ Q X C W S  of fiied duration and variable  amplitude. The inversion tken wlves for the contributio 
I f  slip within each tirne window thus dlowing for a variable subfault rise time and relming the comtminl 
sf fixai rupture velwity. 

Slrong-motion and tclesseismic My-wave synthetics were calculaled usipsg l ~ ~ d  crustai velocitie! 
surface-wave  synlhetics were calculaled from the PWEM model. Synthetic waveforms were bandpas 
iltered in the same way as the data. 

Following Choy and  Dewey (1988). we identify a redistic fault geometry for the 1985 event: th 
i u l t  has a snike of 5" and consists of two separate segments wilk differcnt dips and d e s .  The uppe 
 grn ne nt h a  a dip of 15' and a dce  of 90" and the lower prtiorp a dip of 30" and a d e  of 118". The tw 
'ault segments meet at a depth of 26 h. 

3) Teiaeiarnic body-wave anaiysis 
' K e  1985 Chile exthquake is ehmcterized by a series of multiple events that are well sepmted i 

ime in the recorded P wavefom. Choy  and Dewey (1988) identify three distinct P arrivais. including tw~ 
mmrsory phases (msl and ms2)  prior 10 the main shmk (MS). 

In this study, we concentme ouf analysis on the MS portion of the recorded waveforms tr 
:onstr;lin the Iwation and depth of the principal moment ~leztse. The nucleation p i n t  of this MS event is a 
I dcpth of 48 km in the lower segment of the  hinged fault (Choy and Dewey, 1988). Slip distributiol 
~btained by inverling the MS teleseismic y waveform slnrpw four regions of peak slip on the faul 
Fig.1). The  correspsnding seismic moment is 1.2x10*8 dyne-cm. This vdue is computed by surnming th1 
ndividual subfault moments over the entire fault. The most intense moment release Bccurred in the vicinit. 
If the hypweenter and Icsser. but  significant.  moment relme mcurred on the southem portion of the faull 
aise times obsewed for the zones of maximum slip vary ktween 10-15 se". The nucleation point of thc 
n l f i n s h ~ k  MS at a depth of 40 lsrrn mches a depth of s b u t  55 km. 

3 

igure 1 .  Slip distribution  obtained from tirns-window  inversion of the teleseismic body v)aves using n 1-sec tirne- 
indsw interval.  Cumulative slip is contoured at 25-cm imtewnls and contains al1 fault displacements occuring wilhin 

sec after the pnssage of a ruptuee fmnt propogating at 3 km/see away kom the hypcenta (filled circle). A, B. C and 
mark the meas of maximum slip. 
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Source  durations  published  for the  1985  Chile  earthquake  using  long-period  surface-wave m 
between 60 and 80 sec. We re-examine  the  source  duration  and  seismic  moment  of that event by invertin 
the full Rayleigh  waveforms.  using a point-source  time-window  approach. We find  that  the  majority of th 
long-period  moment  release  occurs in an interval  from  20  to 80 sec following  main  rupture  initiatior 
consislent with previous  surface-wave  results.  The  surface-wave  moment in the first 80 sec. is 1.2xIdz 
dyne-cm,  consistent with previous  estimates  and similar to OUP body-wave  moment. 

4) Body-wave,  surface-wave, and strong-motion analgsis 
We  have perfomed a simullaneous  inversion of  the  leleseismic  body  waves.  vcry  long-perio 

surface  waves,  and local strong-motion 10 further  constrain  the  distribution  of  mainshock slip on  the  hinge 
fault used in the  body-wave  analysis.  Each  of  the three data sets is weighted  appropriately 10 prevenl an 
one  data type 10 dominate the resulL The solution is very similar to lhat obtained  using  only  body  wave 
(Fig.1)  and shows mainly fault motion  along  the  shallow  portion of the  plaie  boundary  (Fig.2). Tb 
mainshock  source  duration  is 68 sec with the principal  moment  release occumng within a 40-sec tim 
interval beginning about 5 sec  alter the  rupture  nucleation. The total  seismic  moment is 1 . 5 ~ 1 0 ~ ~  dyne-cm. 

S N 

150 1 O0 
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50 

Figure 2. Kesults of the  hingcd-fault.  tirne-window  inversion of the  entire  teleseisrnic, surface-wave. and strong-motion 
data set. The slip distribution shows cumulative fault slip contoured at 25-crn intervals 10 seconds after the passage of 
the  rupture fiont propagating at 3 km/sec away fmrn the  hypocenter (filled circle). The dashed line marks where the 
fault  dip changes frorn 15" to 30". 

As we  can  see in Fig. 2,  the  majority  of  the  moment  released cm be attributed 10 a broad sourcc 
region in the  northen  half  of  the  fault  which  contains two distinct  zones  of slip spanned  between 5 and 55 
km depfhs:  one  zone  of  2.3-m peak, near  the  rupture  nucleation  point  and  another of 2.8-m  peak,  updip in 
lhe  more  gently-dipping  portion of the  plate  interface  (Fig.2).  The  southern  portion of the  rupture  area 
includes a n m w e r  region  of  lesser slip of 1.5-m peak which does not  extend  deeper han 30 km. 

These  results  indicate lhat the  observed  seismic data considered  here,  which  cover a very  wide 
range  of  frequencies  (from 2 to 350  sec), can  be  explained by a single  rupture model. This inferred 
disiocntion modo1 predicta {ha absarvod Rnylaigh=wava ampllludara quila well und doai! trot raqulo'e n 
seperate longer-duration  component of fault motion, suggesting that a depth  extent of 5-55 km is 
appropriate for fhe  1985  Chile  eapthquakc.  This  dcplh  range  is in excellent  agreement  wiih  the  depth  extentl 
inferred by Banientos  (1988) fmm a finite-fault  inversion  of  the  post-seismic  geodetic  memuremenfs.  The 
inferred deplh range is also consistent with the long-pend surface-wave  centroid  depths. 
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CONCLUSIONS 

We  have  examined  local  strong  ground  motions  and  teleseismic  body  and  surface  waves  recorded 
for the  earthquake  using a variable  rise-lime  finile-fault  inversion  scheme  to  recover a detailed  rupture  his- 
tory of the principal  moment  release.  This  data set contains a wide  range of frequencies that  includt 

periods  from  about 2 to  350  sec. We assume a hinged  fault  with  two different  dips  (15"  for  the  shallower 
portion  and 30" for  the  deeper  one) Lo simulate  the  landward  increase  in  plate-boundary dip suggested by 
Choy  and  Dewey  (1988).  The  inversion  yields  a  rupture mode1 that  explains al1 three data types  equally 
well.  The  mainshock  source  duration  is 68 sec  with  the  majority of the  moment  release wcurring in  the f i t  
45 sec. The total  seismic  moment is 1 . 5 ~ 1 0 ~ ~  dyne-cm. The entire  rupture  area covers a lateral  distance of 
about 200 km. 

A variable  rise-time  inversion  using  only  the  teleseismic  body-wave data yields a very  similar 
distribution of mainshock slip with a slightly  lower  seismie  moment ( 1 . 2 ~ 1 0 ~ ~  dyne-cm); This resull 
indicates  that  the  body-wave  data  provide a fairly  accurate measure of the earthquake  rupture  history. TRus. 
a significant  downdip  component of relatively  slow  fault  mation  is  not  required  to  fully  explain  Rayleigh 
wave  data  set.  The  small  difference in seismie  moment  may reflect  the  band  limitation of the  body-wave 
data. The observed rise times  are  consistent  with  the  dynamic  rupture  of local asperityies  and rnay indicate 
a  mechanism of earthquake  generation  characterized by the  failure of individual  asperities across the fault. 

The rate of relative  plate  convergence in  this  region  (9  cm/yr)  would  suggest an accumulation of 
7.1  meters of tectonic slip in  the 78.5 years  between  the 1906 and  1985 earthquakes. Our inferred 
maximum  slip of 2.8 melers for the  1985  Chile  earthqualce  would  indicate  that  either a significant amount 
(about 60 percent) of aseismic  motion occurs across the  entire  plate  boundary  or a future  large-slip event 
has yet  to occur in  the  area. 
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The influence of ridge subduction on the geodynamics of the Southen Chile Trench. 
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Resumen 

El Chile Margin Triple  Junction es el  unico  ejernplo  actuales de la subducion  de un centro  de  propogacion 
activo.  Datos  seimological y gravitional habian  usado  para  investigar  el  neomtonics  de la region. Terremotos 
de la region no tienen un origen  de  empujon  encambio la majoria son normal. La gravidad  exhibe un baja 
encima de la posicion  del  centm  de  propogacion  cual  desaparscio  hacia 3 Ma 

Key  words:  Chile Mar@ Triple  Junction,  Seismicity,  Gravity,  Slab  Window. 

Introduction 

The  Chile  Margin  triple  junction at 46'305 7S045'S, is the  only  current  example  of  the  subduction  of an 
active  spreading  centre  beneath  a  continental  plate. This situation has been  recognised as having  occurred all 
around  the  Pacific  during  the  past  200My  (Cande 8z Lewis,  Stauder 1973). The main aim of  the projet is to 
investigate  how  the  geodynamic  processes  of  plate  creation  and  destruction are modified  when a  ridge  and  a 
trench  converge. If the  extensional  processes  associated  with  seafloor  spreading  continue  &ter subduction, 
what  are  the  geological  manifestations  of  this on the  upper  plate  and if at  some  stage  the  spreadhg  should 
cease,  how  are the differing motions of  the  Nazca  and  Antarctic  plates  accommodated. 

Seismqlogical  Objectives 

' The  seismicity  associated with the normal subduction of the Nazca plate is well known and  the 
shallow  seismicity  associated with the  Chile  Ridge  ,spreading axis can be ~ e d  into  the  'Trench.  However, 
the  seismicity of the area around  the Triple Junction is noticably  reduced. There is a decrease in the number 
of events  recorded  south of the  Triple  junction in comparison to the north. This has been  attributed to the 
Young  age,  and  the  shallow  and  slower  subduction  of  the  Antarctic  Plate  which  may be'of  limited  extent in 
this ara (Stauder 1973). 

We  hope to assess  the  seismicity of the  slab as it enters  the  trench  and fiom a study of the  focal 
mechanisms  distinguish it from transcurrent  motions  pmduced  by  slip on the transform fault.  Most of the 
Taitao  Ridge is still exposed  and expted to be  seismically  active.  If so, further  work  could  establish 
whether  the  Tres  Montes  and  Esmarelda  Ridges  which are fi.uther inland  are also sti l l  active  and  may  be 
located by upper plate seismicity. 

The  detection  threshold  for  teleseismic data from  the  regioh is about M=4 and  the  apparent  lack of 
seismicity may partly  reflect  this. § O  a  local  microseismic  network of ten  thiee-component  digitally  recorded 



122 Second ISAG, Oxford (UK), 21 -231911 993 

El 

ee 
m 
w I w 

W 



Second ISAG, Oxford (UK), 21 -23/9/1993 123 

Gravity Findings 

Figure 2 shows a band-pass  filtered  Bouguer  anomaly  map  of  Region XI. which has had the 
regional  trend  removed  and  then been filtered to remove  the  high  frequency  content. . The  map  shows  that 
the  main  feature is a Y-shaped,  negative  anomaly  of  amplitude -22 mgal  which lies dong the Golfo 
Elefantes, crosses perpendicular  to  the  Andes  and  then  sirikes  eastward  for  approximately 100 km up  the Rio 
Ibaniez,  toward  the  Argentinian  border.  The  north-South  trending arm of  the  low  appears to be  related  to  the 
Liquiai  Ofqui  transcurrent  fault  which  appears to have  been  produced to accommodate  the  differential 
movements  between  the  plates  north  and  south  of  the  Triple  Junction.  The  low dong the  Ibaniez  Valley 
corresponds  fairly  well  to  the  position  of  the  postulated  window in the  subducted slab which has opened  up 
due to the  differjng  subduction  rates  of  the  Nazca  and  Antarctic  plates as suggested  by Ramos and  Kay 
(1992). 

Tl;e  Power  spectrum  of  the  Bouger  anomaly  show linear segments  with a slope  indicating  spectral 
estimates  of  the  depths to the  causative  density  contrast  of  about 70km. If we  talce  the  angle  of  subduction to 
be 15', the  top of the  subducted  slab  would lie  at  a depth  of 53km. It therefore  seems  possible  that this 
contrast is related to thermally-derived  density  differences across the Lithosphere/Asthenosphere boundary at 
the  base of the  subducted  slab.  The  gravity  anomaly  observed  is an order  of  magnitude  larger  than  initial 
estimates  based  simply  on  the  effect  of  a  simple  subducted  ridge. This appears to imply  the  emplacement  of 
a  significant  volume  of  low-density  material  possibly as an  asthenospheric  upwelling  beneath this region. 
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Figure 2 Filtered  Bouguer  Anomaly  rnap  of  the Taitao region  with  the  position  of  the 
proposed slab window of Ramos and Kay (1992). 
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This ara i s  dehitely shows seismic  activity  with  the majority of evem kaving normal some 
m e c b m s  These are  pobably relatd to the Liquimi Sfqui Fault which is moving  the ch il^. Blmk 
norbvads h relation to the rest of IIE continent. The gravity data shows  the postulatecl cment  pstion of 
the Tres Montes Ridge segment and  the size of the  Bouguer  indicatm tlmt lhere 11% k e n  zm injectiom of a 
low  density material h the region. 
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: Los  intentos  de  determinacibn  de  la  velocidad de levantamiento 
reciente  de  la  peninsula de  Mejillones  (costa  norte de Chile)  produjeron 
resultados  muy  diferentes segiln los  autores: de 33,000 a 70 mm/lO3afios. 
Se confirma  que.  en  la  parte  nor-oriental  de  la  peninsula, los 
movimientos  verticales  cuaternarios  tuvieron  una  amplitud  total  de s6lo 
220 m  y  que  la  tasa de  levantamiento  ha  probablemente  ido  disminuyendo 
durante  el Pleistoceno,  desde Ca. 250 hasta 70 mm/lO3aiios. 

KEY bgms: Neotectonics,  vertical  movements,  Buaternary  shorelines,  Chile 

The 50 x 20 km Yejillones  Peninsula  (Fig.1)  constitutes  a  salient 
faulted  block  that  interrupts  the  N/S-oriented  Coastal  Escarpment of the 
northern  Chilean  Coast  and  disrupts  the  steep  continental  margin of the 
South-American  plate,  precisely  in  the  area  where  the  Peru-Chile  Trench 
shows  its  greatest  depth (8,060 m). For these  morphostructural 
characteristics  and  because  the  Hejillones  Peninsula is located  at  the 
latitude  where  some  Central  Andean  structural  domains are the  most widely 
developed  (Precordillera  and  "Depresi6n  preandina"  with  the  .Salar de 
Atacama),  there  is  much concern to  understand  the structure and  tectonic 
evolution of this  anomalous  block. 

The Mejillones  Peninsula  shows  much  evidence of Plio-Quaternary 
deformation:  large  crustal faults, block  tilting,  tectonic  scarps  cutting 
Quaternary  alluvial  fans  and  marine  deposits,  and  deformed  abrasion 
platforms. The preservation of  sequences of Pleistocene  regressive 
shorelines (NW, NE and SE sectors  of  the  peninsula)  indicates  that some 
steady  uplift  motions  (and not only fault-controlled  deformation)  also 
occurred  during  the  Quaternary. 

Up  to now, strongly  discrepant  estimates of recent  vertical motions 
have been  proposed by investigators  Who  made  preliminary  field 
observations  and/or  geochronological  analyses on some of the Pleistocene 
coastal  units of  the  peninsula. The estimates of mean uplift  rates for 
the  late  Quaternary  (=last 125,000 y) Vary  by as  much  as  one, or even 
two, order(s)  of  magnitude! Such  a  discrepancy is beyond  acceptable 
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lirnits for neotectonic  studies in a key area like the  Mejillones 
Peninsula; 

A few authors  estimated mean uplift  rates  over 2080 m/lO3y of  the 
peninsula  during  the  late  Quaternary.  Pirst,  Bkada (1971)  interpreted 
that, since the  last  interglaeial  high  seastand, some seetors of the 
peninsuh kad been uplifted  at a mean  rate of 3000 m/l83y. Craig (1988) 
hypothesized  that  up  to 200 m of uplift  motions might have  occurred  since 
the  Holocene sea level  maximum ( m .  6000 BP), in the area south of the 
bay of Hejillones:  auch a motioa  would  imply a mean rate of about 33,000 
m/103y in  the  second  half  of  the  Holoeene.  Lately, Armijo L Thiele 
(1990)  assumed  that up to  280 81 of uplift  was produceci since  the las t  
interglacial  higkstand  (average  rate of 2408  m/lO3y). 

Tkese  interpretations are based on unwarranted  assumptions,  since 
the  last  interglacial (o r  Holocene)  deposits were n s t  pssitively 
identified.  Craig's  interpretation was based  on  radiocarbon  results  (in 

e 38,000-25,000 BP) from skells  colleeted in +%O0 a-elevated 
coastal  deposits,  although * 4 C  results over 25,000 BP should nst be 
trusted  without  special  screening.  Bkada  (1971)  and  Armijo L Thiele 
(1990)  observed  tkree  major  sets of marine  terraces  and  abrasion 
platforms  in  the  peninaula  and  simply  assigned  the  lowest  one  (supposed 
elevation  range:  +30/+280 m), wkich  included  the  ,Llejillones  sequenee of 
shorelines,  to  the  last  interglacial high seastand.  Tkey did mot take 
into  account  neither  the early work of  Hem (1969) nor any  result of more 
recent ehronostratigraphic  studies on the  Pleistoeene  coastal  deposits of  
the  area  (Radtke,  1985, 1987a. 1987b; Leonard et a l . ,  1989, 1988; Hsu et 
al., 1989). 

IR a Pioneer wsrk OR the major  sequenee of regressive  shorelines 
located  south of Hejillones  (Pig.3),  Herm  (1969)  interpreted  that  these 
eonspieuous  coastal  deposits  had  been  formed  during  two  distinct  episodes 
of  higk sealevel (Serena I and II) in the  Early  Pleistocene.  Herm (1969) 
showed  that  the  liwit between remnants of the  two  transgressions  was 
traceable on aerial  photographs  and was figured  by a seaeliff  at 
ca.+80/90 m. He also pointed  out  that  the  oldest  Pleistocene  marine 
features  in  the  area SE of  Mejillones  were  preserved  at +220/*200 m. 

In  the  laid-eighties,  were perforrned the  first  attenapts  to  identify 
remnants of the  last  interglacial  highstands  along  the eoast of  northern 
Chile.  Badtke  (1985, 1987a, 1987b)  used  Th/U  and  ESR  (Electron  spin 
resonance) metkods,  while  Leonard  et  al.  (1987,  1988) and Hsu  et  al. 
(1989) developed the  first  aminostratigraphic  studies in northern  Chile. 
Through  these  dating  techniques,  the  wentioned  authors  showed  tkat,  in 
Mejillones-El  Rincon  area  (Pig.3),  the  last  interglacial  eoastal  deposits 
crop out  at  the  top  of  the  modern  seacliff,  at an elevation  below  915 [YI, 
and  that  the  local  uplift  rate  was  of  the  order of 70 m/lO3y for the 
late  Quaternary  (Radtke,  1985;  Leonard  et  al.,  1988). NE of the  bay  of 
Mejillones,  the  125 ka shoreline was found at  +35 m at  Hornitos 
(Pig.Z)(Badtke, 1985), and  at +40 m, 20 km N of  Hornitos  (Leornard L 
Wehmiller,  1991).  These  data  suggest mean uplift  rates of 240-250 mrn/l03y 
for the narrow eoastal plain a t  the  foot of the  Coastal  Esearpment. 

The  kigkest  late  Quaternary  uplift  rate  determined  in  the  region 
(500 m/103y), and  based on tentative  identification of the  last 

I .  
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laeial  deposits,  were  found on the  northern headlands  (Punta 
Angamos) of Mejillones  Peninsula  (Leonard  et a l . ,  1 9 8 8 ) .  

Preliminary  observations  made I n  the frmework of a program 
involving  detailed mapping and  chronostratigraphie  analyses of 
Pleistoeene  eoastal  deposits  in  Mejillones  BeminauPa (Agreement 
OR§TOM/Univ.  de Chile-Santiago/CSI~-P?adrid/~EOTB~-~ontr~~l), lead  to  the 
following eomments: - Near E l  Rineon, the 125 ka and 220 ka shorelines were identified a t  
*15 and +31 m (Radtke, 1 9 8 5 ) .  These two  youngest  terraces  postdate  the 
Mejillones  sequence of shorelines. 
- The sequence of closely  spaeed  beaeh  rid es preserved on a gently 

slopiwg surface, between  ea. t200 m and the msd rn seaeliff along the bay 
of Mejillones  (Fig.3).  is  of  Middle-Early ( ? )  Pleistoeene age. 
- The sequence  aetually  eonsists  in a series of sets  of beaeh  ridges 
(Pig.3)  wkieh seem to  correspond  to  successive  sedimentation  cycles 
eoevsl  with  higk  seastands. Current studies  aim  to  deternine  whether eaek 
set  of shoreline repfesent eustatieally  eontrolled enersaebents of the 
sea (during a series of iwterstadial  and  interglaeial  episodes) ia a 
regime of steady uplift, or if  episodie  teetonic  motions were also 
involved. 
- SE of Mejillones,  the  Pleistocene  marine  limit  is  located at about 

+2UO at  the foot o f  the Coastal Esearpment,  i.e. a t  the same elevation 
than the kighest regressive  shorelines of the  sequenee. I f  the  oldest of  
tkese  beaek  ridges were Formed around 1 Yy ago, the overall mean uplift 
rate i n  the area would  be  about 200 m/I63y. 
- Vertical  motions in the graben  of  Nejillones  probably  deereased 
thfough  time,  from  about 250 m/lU3y to 76 mm/lU3y in  the Late 
Quaternary.  Morphologieal  eharaeteristies of the  shoreline sequenee 
suggest  tkat  the apparently steady  uplift  motions  involved  deeply  seated 
cruetal  (thermal?)  mechanisms. - Bbviously,  the  western sector of Hejillones  Peninsula was more 
strongly  deforrned  and  experieneed  higker uplift rates  than the Yejillones 
area. Nevertheless, it still  remains t o  be  established  whether  the 
higkest  abrasion  surfaces,  found  between t400 and +600 m, are of 
Pleistoeene  age o r  older. 
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La marge  continentale de Perou  représent un sujet important des études ghphysiques chez 
GEOMAR.  Les résultats des interprétations des profiles sismiques  réflexion sont présentés en 
combinaison  avec  la  détermination du flux de chaleur apart de la profondeur du BSR (Bottom 
Simulating Reflection), des modélisations  avec  la  méthode des éléments  finites (FE) pour le 
flux des fluides et  du chaleur, ainsi que des modeles réduits analogiques pour tester les 
interprétations kinematiques. 

KEY WORDS: Peruvian Continental Margin,  Reflection  Seismics, Heat Flow, Fluid 
Transport,  Finite  Element  Modelling,  Sandbox  Experiment 

I I  

IaJTRODUCnON 

The Peruvian continental  margin is the  subject  of  an  integrated  geophysical  investigation at 
GEOMAR. .Results  from an interpretation of reflection  seismic  profiles are presented along 
with determinations of heat  flow  from the depth of the  Bottom  Simulating  Reflection (BSR). 
These results can be used in finite  element (FE) modelling of fluid and heat flow.  Sandbox 
modelling is used to  test  kinematic  interpretations. 

From  13  reflection  seismic  profiles in three  locations  offshore  Peru  we  present results from  the 
soùthernmost profiles,  lines 1017 and 1018, which are located at about 12' S (Fig. 1). These 
two  profiles  were  acquired  by SHELL in 1973 and have  been  re-processed at GEOMAR. In 
addition to  conventional  processing  with  a  post  stack  time  migrated  section as output we  have 
applied state of the art  pre stack depth migration.  The MIGPACK software  package  which 
we use for  this purpose provides both a depth section and a  velocity  model.  Two  major 
advantages of this technique,  which has been described by Diet et al. (19901, are the 
reduction of smearing effects compared to conventional post stack migration and  the 
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possibility to aeeomodate im the migration  small  seale lateral velocity  variations. "ppis leade 
to sigdficamt  improvememts  for the imaging of structures in tectonically  complex regioms. 

Rg. 2 presemts a teetornie  imterpretatiom  of  lime 4017. On the seaward side of tkis line, the 
subducted oeeamie plate and its cover of sedimemts Cam be  elearly  idemtified. These sediments 
are u n d e b s k d  m d  cam be fosluowed some 20 km d o m  the suMuetion zome. fiplex structures 
are imterpreted in the accretiomary wedge. A strortg BSR marks the lower  boumdary of the 
stability zone for methame hydrates. The BSR shows a sharp megative seismic impedanee 
contrast "a is most probably eausd by f r e  gas bemeatk the hydrate zome. A major structural 
elememt further towwds the continemt  ia  imtensive nomal faulting.  Stratigraphie  eomelation 
of seismie horizons based on borehole  imfomatiom from ODP leg 112 allows a teetomie 
reconstruction of the Pemviam continemtal margim at this latitude. An umcomformity whick can 
be s e n  about 60 to 75 km lamdward from the tremch represents a hiatus between late 
Mioeeme/early Pliscene during whieh there was an uplift of the eontimemtal plate, 
presumbly causecl by the subduction of the Naca  Ridge. 

A temperature gadiemt eam be detemimecl kom seismic  refleetion lines in whiek a BSW is 
idemtified. This methhod, which kas first beem presemted by  Shipley et al. (1979) amd Yamamo 
et al. (19821, is basecl on the assumption that the BSR is located at the lower hundav  of the 
methane hydrate stability zone. Thus, it represemts a pressure/temperature point im the 
phase diagram for methne hydrates. Pre  staek depth migration yielcls both a relatively 
accurate depth amd good velocity imformation for the sedimemts above the BSR. Pressure a6 
the BSR ean be  derived usimg a velocity/density eorrelatiom wkieh is determined from core or 
logghg data. Oceanogaphic data give access to temperatures at the seafloor. Infornation 
about hmmal eonductivity, which ie  available from ODP leg 112, them allows an estimation 
of heat flow values. The major advamtage of this indirect method is that heat flow cam be 
determined comtimuously domg the BSR. Tkerefore,  small scale lateral vamationsr which 
could imdieate fluid vemting8 eam be identified. A gemeral  imerease in heat pfow values towards 
the continent eam be  observe8 in tke lower dope portions of botk limes 1017 amd ¶Of$. 

Fluid amd heat transport withim the subducitiom zome off Peru is quantifid using 2D coupled 
finite elememt modellirng. These investigations assume a porous mode1 with Darciam flow. 
B a d  om the interpretation of the seismic data, tectomic n i t s  have beem diacretized using 
umegularly spaced meshes. Tke physical parameters, which we have  systematieally varied, 
are permeability,  porosity, themal eonductivity,  keat  produetiom, amd matrix compressi- 
bility. Our model  ealeulations  show the stromg esntrol of the teetomie structure on the fluid 
flow regime. Convective heat tramsport domimates omly,  if pmeability exceds 10-14 mz. 

BOXE 

Sandbox  experiments have beem eonducted at the Eabsratory for Structural Geology in 
Montpellier in Appil amd Beeemkr 1992 to test the coneept of  teetornie defornation at this 
convergent mrgim. Tkey are basd on the assumptiom that sedimemts in accretionary margims 
act as Coulomb material. It was possible with tkese  experimemts to model major structural 
elements and geometrisal features at eonvergemt margins and observe, how umderplatimg 
elevatd the front of the "backstop" off Pem. A period of tectomie erosiom followd, whieh is 
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assumed  to  have  caused  the  subsidence  observed in sediment  from ODP cores. 

Different  geophysical  methods  have  been  applied  to  achieve  a  better understanding of the 
complex  processes  which  control  the  tectonic  mechanisms in the  subduction  zone  along the 
Peruvian continental margin.  Improved  images of tectonic structures clearly show the 
accretionary  prism, the buttress of crystalline rock, against  which  accreted  sediment  was 
stacked, the normal  faults  from  flexing  of  the  continental  crust during erosion,  and  the  seismic 
stratigraphy  resulting from uplift  and subsidene. 

Heat flow derived from the depth of the BSR generally  increases towards the contintent, 
probably due to  heat production in the continental  crystalline.  Friction at the subducted 
plate,  however,  could  also  play  a  role as another possible  heat  source.  This should be 
investigated  using  modelling  techniques. 

Numerical  modelling  yields  constraints  on the thermal  state  and  fluid  flow  pattern,  whereas 
dynamic evolution and deformation behaviour is tested with sandbox experiments. 
Interpretations are constrained  and  greatly  improved  by  integrating  these  techniques. 

Future  seismic  work  will  focus  on  the  Chimbote  region  further  north, at about 9’s. We have  a 
relatively dense set of seismic  profiles  from this area,  which  provides  a three dimensional 
map of the main  tectonic features. Heat  flow in 3D  will  be estimated using the method 
described  above. 

It is planned  to develop a FE mode1  concept  which  allows  for  fluid transport in discrete 
fractures and for  non-linear  flow  laws. We plan  to  work  on the Chimbote data set for future 
investigations  to  get  a  basis  for 3D  modelling.  We  will try to  include  mechanical  deformation 
in the numerical  modelling. 

Diet,  J.-P.,  Audebert,  F.,  1990: A focus on focusing.  Abstract, paper presented at the 52nd EAEG 
Meeting, 28 May - 1 June 1990 in  Copenhagen,  Denmark, p. 107-108. 

Shipley, T.H., Houston M.H.,  Buffler, R.T., Shaub,  F.J.,  McMillen, K.J., Ladd,  J.W.,  Worzel, 
J.L., 1979:  Seismic evidence  for  widespread  possible  gas hydrate horizons on continental 
slopes  and  margins. AAPG  Bull.,  v. 63, no. 12, p. 2204-2213. 

Yamano, M., Uyeda, S., Aoki, Y., Shipley, T.H., 1982: Estimates of heat  flow derived from 
gas hydrates.  Geology,  v. 10, p.  339-343. 
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Fis. 1: %isPmie lines from offshore Peru whick are available at GEBMAR 
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Fig.. 2: Teetonic  interpretatiom of Iine 1017. 
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THE SEISMIC  PERCEPTIBILITY  IN  DETERMINIWG SOME FOCAL 
PARAMETERS OF HISTORICAL  EARTHQUAKES  IN CHILE 

David RAMIREZ L.'ll 

Universidad de Santiago de Chile, Facultad de Ciencia, De- 
partamento de Fisica, Casilla 307, Santiago 2. CHILE 

RESUl4F.M : Sobre  la base de algunas  expresiones  obtenidas por  
diferentes  autores y tomando en consideracibn la ubieacidn 
geografica de Chile, se propone utilizar la distancia de 
m6xima perceptibilidad para estimar el tamaEo de l o s  tenremo- 
+os histbricos. 

KEY WORDS : Size, Historical, Earthquakes, Regression, 
Parameters,  Perceptibility 

INTRODUCTION 

In Chile we have had many  earthquakes of great  magnitude 
such  as Ms = 7.5 to Ms = 8.6. The  ones that have happened 
after the  year 1906 have been determined with the  use of 
instruments.  For  this reason, some of their focal parameters 
as seismic magnitude, length of rupture,  seismic moment, etc. 
are  fairly well estimated. 

Although, the earthquakes  that  have happened before 1906 
(or historical) have been estimated through some indirect 
parameters, that  we  will  cal1  ffMacroseismic Parameters". Some 
of them  are,  duration of the main earthquakes, distance of 
maximum perceptibility, duration of aftershocs, etc. 

One of the macrosismic  parameters most frequently, quoted 
in the historical  documents; it is the  distance of maximum 
perceptibility (L"), which is the distance between, the 
epicentral zone and the zone where the  earthquake  was  felt  by 
a normal watcher who declares "to have perceived the 
earthquake". 

The  reason  why this is one of the b e s t  registered 
parameters is due  to the  yeographical  shape of the Chilean 
territory, which is a long and narrow  zone located in geogra- 
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phical  North - South  direction so that the rupture zones go in 
the same direction (paraPPel) ta the Coast Pine. 

SB, the differents isoseismic Pines in the graphic of a 
grreat isoseismic lines in the  graphic of a earthquakes  have an 
elliptical  form whoac largest  diameter is approximately 
o r i e n t e d  to W . $ .  direction  (Se@ Fig. 1). So it is often 
probable  that  the  limit of any isoseismal reachs, a city,  tswn 
or village in oup: country. 

For  the  eartkquakes  that  have  happened after: 1906 
(contempsrany) it has been detenmined  with fair accuracy the 
area abnvslved by the isoaeisrnal of levels V I 1  and V I I I  04.M. 1,  
and up although,  this  kas  not been possibPe for the isossismal 
of Pevefs IV, III ( N . M . )  and imferior,  because  theif l a rges t  
dimemsisn involve as the  Paeific  Ocean, SB the Wndean 
mountaims, so tkat f o r  this Pevcls of seismic intensitgr the 
lenght of the major semiaxis, represents  with kigher: p~ecision 
the Ievel of seismic perceptibility. 

Richter, (1958) p r e p o s e d  seme data  tkat  connected  the 
maximum intensity of a seism ( I m a x )  ts h i s  seismic magnitude 
(Ml and the  distance of maximum  perceptibility (L") starting. 
from  this d a t a  Wamdrez (9988), obtsined an  empirical  relation 
that linked L" to M. The same way Banrientos (19801, obtairned 
some relations of attenuation €OP a greup of 7 3  ChiPean 
earthquakes in which  this  three  parameters  connected 
themselves in a consistent way. 

Asuming that f o r  a normal  watcher  whsse  levef of 
perceptibility, is equivalent  to  that of a witness  present in 
a historical  earthquakes, the Iimit of the seismic 
perceptibility apprsaches  to  the extneme value of the 
isoseismal III (M.M.) Rarnirez (19881 ,  it is feasible t o  deduct 
from t h e  formula of attenuation, an empirisal relation that 
link L m  and M f o r  big  earthquakes  with  epicenters inferior 
to P O O  ( K m )  depth. 

A P s o  S.K.  Singh et al. (1986), obtained some ernpiricaf 
relations  that Pinked the areas delimited by the contours of 
the isoseimal IV, V, VI to the seismic  magnitude of some 
earthquakes, wkick occurred in Mexico. As a consequence, it 
is extrernely possible to derive empiricaf  relations  between 
the  Zengkt of the major semiaxis of that areas with the 
seismic  magnitude, so  that it wifP become similan ts the 
situation  wkich  occurs  presently i n  Chile. 

FinalPy, it is importamt t o  bring out that a l s s  Hanks  and 
Johnstom (1992) sbtained  and  empirical  relations  that Pinked 
the Karnamori magnitude (MW), to the area of perceptibifity of 
a seism (A,,L,) by using data of seisms registered in the 
region of California (U.S.A.). 
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On the basis of this antecedents we have aelected a group 
of great  Chilean earthquakes after the year 1900 of magnitude 
Ma 7.0 (Table 1) such that their distance of maximum 
perceptibility has been determined in a equivalent way of the 
one registered by a witness  present in some historical 
earthquake. Kausel y Ramirez (1993). Using the methods of 
reqression by minimum squares, starting from the data 
indicated  in Table 1, we can get the following equations of 
empirical character : 

The distribution and correlation of the points can be 
seen in figures 2, 3 y 4 respectively. 

TABLE .N 1 
f------------------------------------------------------------ + 
I DATE LAT. LONG. PROF. Ms MW L(km) L"(km) I 
+------------------------------------------------------------ f 

117.08.06 3 3 . 0  72.0 25.0P 8.4 * 8.2 250 1600 1 
111.11.22  28.5 70. O 25.OF 8.4 8.5 390 1500 I 
101.12.28 35. O 72.0 25.OF 8.0  7.6 90 1300 I 
125.01.39 36.3 72.3 --- 8.3 --- 200 1600 1 
106.04.43 30.8 72. O --- 7.9  8.2 200 1000 I 
102.08.46 26.5 70.5 50.OG 7.9 7.9" 110 950 1 
120.04.49 38.0 73.5 70.OE 7.3  7.3" --- 660 I 
117.12.49 54.0 71.0 --- 7.8 7.8" --- 1000 1 
109.12.50  23.5 67.5 1OO.OP 8.0 --- 120  1200 i 
106.05.53 36.5 73.0 60.OF 7.6  7.6" --- 560 I 
129.11.57 21. O 66.0 200 7.8 7.8" --- 800 1 
122.05.60 39.5 74.5 - -- 8.5 9.4 950 1600 1 
123.02.65 2 5 . 7  70.6  36.01 7.0  7.0" --- 450 1 
128.03.65  32.4 71.1 68.01 7.1 7.5 80  560 1 
128.12'66 25.5 70.7  23.01 7.8 7.7 140  800 1 
117.06.71 25.4 69.1 76.01 7.0  7.0" 40  600 1 
109.07.71 32.5 71.2 40.01 7.5 7.8 135 750 I 
104.10.83  26.5 70.6 15 7.3 7.3" 100 650 1 
103.03.85 33.1 71.9 17 7.8 8.0 170 1300 1 
f------------------------------------------------------------ f 

* Mat = MW if MB < 8.0 - Kausel y Ramirez (1993) 

CONCLUSIONS 

The results indicate that the equation (1) it is the one 
that shows the  better correlation due to  the  fact that the 
Richter (Ma) magnitude is proportional to the logarithm of the 
extent of the seismic waves of intermediate period (10 to 20 
sec. 1 ,  so they are registared with a better "human 
perceptibilitytt. But the relations (2) and ( 3 )  reveal a 
coefficient of inferior correlation, showing the problem of 
saturation in the seale of magnitude Ms facing the rupture 
length (LI and the distance of maximum perceptibility (Lw) 
facing the magnitude MW, what is the impossibility of joint 
the regressions (21 and ( 3 )  the earthquake happened  in 1960. 



This is consistent with the condition  that  the  magnitude MW is 
determincd in relation  to  periods  higher  than P O O  (sec.), as 
b y  definitisn M W  is proportional  to  the  logarithm o f  the 
seismic  moment ( M o )  and this is measured in cero frecuency. 
The length of rupture L s h o w s  a similar  bchavisrs to the 
magnitude M W  in front to Log L", as theoretically botk 
parameters appear linked each other, Geller and Kanamori 
(19771 * 

Due ta that  logarithm L" is proportional to Ms is 
possible  expect  that the empiric  eelation of the form log 
L" = A t B Ma with Mer > 8.6 shows a excell@mt csrrelation. 

The determination of L" for a histrsrical earthquakes has 
to s t a r t  by an exhaustive test o f  the historical  antecedents 
available,  allowimg  an  estimation of no more? than 10% of the 
measure of  t" of uncertainty. 
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' R&& : La composante paaII&le B la fosse dans une  convergrnace  oblique avec Subduction est accommod& 
par un des &formations d&"hantes dans la plaque  chevauchante ou par un glissement  oblique  de la 
suMuction. La comparaison entre l e s  Andes septentrionales et centrales suggh que si la nature rk l'avant-an 
est ockanique,  celle-ci  favorise une subduction oblique. 

Key Words : Sismotectonics, Sus of Stress, Subduction, Andes, Oblique  Convergence. 

Studies  of  subduction zones in oblique  convergent Settings argued for a simple saain partionhg of 
the  convergence  vector between a  normal-to-the-mnch cornponant that should be accomodated by  thrust 
mechanisms at the  subduction contact, and a paraIlel-@-the-trench  component that shwld be accommodated 
by major strike-slip fault(s) (Fhch, 1972; Jarrard, 1986). More  recently,  a w e f u l  re-exanmination of 
subduction slip  vectors at some  oblique  convergent  margins showcd thqt substantiai  amount of oblique  slip 
may occw at the  subduction  contact ("Caffrey, 1992). Consequently,  the amount of shik-slip deformation 
should be sigruficantly  lower than pviously expected what may e x p h  tbat the measured trznnsCurrent slip 
is fr-equently  lower than the  one  theoreticaily  expected h m  global models. In order to understand Bow is 
accommodated the  parallei to the trench component  of  convergence  associated with a subduction zone, we 
compared two different  cases dong the same convergent  margin:  northem  and cenaal Andes. In fact, this 
cornpitrison  suggests there is a mechanical effect  induced  by  the  oceanic  or  continental nahm of  the  forearc 
wedge. Indeed, the  orientation of convergence, and its rate amains m g h l y  identid from southern Colombia 
(3'W to cenval Peru (12OS). However, three striking  differences are observed:  the  age of the oceanic 
lithosphere at the  trench is younger in northern Andes than in cennal Andes, the  trench  orientation is NW in 
central Peru  while it is NNE in northern  Andes,  and  the forearc wedge is made of oceanic material in 
northern  Andes  while it is continental  in  central Andes. In order to compare northern and cenaal Andes,  we 
calculated in hth cases Che theoretical component of convergence ttnat is parallel to the  trench, then the' 

consequently the amount of transcurrent slip  that has to be accommodated  by  deformation of the ovemding 
plate.  Then,  we  compared  with  the  observed  deformations. This shows that  obliquity is predominantly 
accommodated  by  oblique  subduction slip in  northern  Andes  while it is essentially  accommodated  by  the 
deformation of the overriding  plate in central Pm. 

, amount of tbis component  which is accommodated  by  oblique slip at the  subduction  contact,  and 

METHOD TO CALCULATE THE AMOUNTS OF TRANScuRRENT SLIP 

The  subduction of  the Nazca Plate beneath South America results from a N8O0E;t5" trending 
convergence  (Fig. 1) with a rate Vc=8O0fio (DeMers et al., 1990). Along central Peru,  the  trench is oriented 
N150°E, i.e., the  trench normal Tn is N60°E whiIe dong northem  Andes,  the  trench azimuth is between 
N20" (Ecuador) and N35" (southern Colombia),  i.e.,  Tn is between N110"E and N125OE. Thus, the  obliquity 
angle, a, between  the  Trench  noxmal and the  convergence is 20° in central Peru  and -30° to - 4 5 O  in northern 
Andes. This allows to calculate  the  component of convergence, V p  that is parallei  to  the trend in both 
central and  noPthem Andes. From the above defiitions: 

VpVcSinrr (1) 
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Then, taking Vp78 d a  for northern Andes and V ~ 8 0  d a  for central Peau, we obtain V@ to 64 
d a  of  theoretical  dextral  motion in northern Andes and Vp=27 d a  of theoretical kft-lamal motion in 
cenual Peru. This simple  calculation  shows that the  amount of parallei-to-the-mnch compent  of 
convergence is higher  in  northern  Andes than in central Peru  (Dewey and Lamb, 1992). However, this d m  
not indicate how it is accommodated. In order to address this problem,  we used the method  proposed  by 
"caffrey (1992)  that  calculate the amount of transcurrent slip, Vs, that ha$ to be accommodated by  the 
deformation  of  the oveniding plate. 

with  Vc  convergence  rate, a obliquity  angle  between  the mnch normal and  the  convergence, f3 angle 
between the  trench normal and the slip azimuth of the subduction. 

vs=vc(sinacoscxtan~) (2) 

INVERSION OF SUBDUCTION FOCAL  MECHANISMS 

In order to determine the mean /3 angle  for both northern  Andes  and central P m ,  we used the 
available  shallow  thrust  focal mechanisms registered by  world seismic  networirs in those subduction zone 
areas (e.g., Pennington  1981; "TS by  Dziewonski  1981-1992  and USGS catalog 1977-1988). Then, data 
inversion  (same  method as Carey-Gailhardis & Mercier,  1987) was paformed in  the two zones in orda to 
determine the preferred fault plane  for  each solution (Eg. 1). The  most signifkant result is that &e 
subduction slip vectors are oblique in northern Andes while  they are close to the mnch normal in cenaal 
Pen. This  calculation  allows to estimate P=8"+7' for central Peru  and P=23"s0 to 38OSo  for  nonhern 
Andes. 

TRANSCURRENT SLIP RATES IN THE OVERRIDING PLATE 

Knowing  the j3 angle, the  amount  of  transcurrent  slip rate, Vs, may be calculated fmm formula 2  in 
both nortbern  Andes  and  central  Peru. In northern  Andes Vs= 733 to 1014 d a  of dextral  slip (see Ego et 
al., this volume)  while  in central Peru Vs=17+10 d a  of left-lateral  slip. Although  Vs value is not 
precisely  consrrained in central Peru, it suggests that the oveniding  plate in central Peru has to accommodate 
a larger amount of  transcurrent  slip than the  overriding  plate in northern Andes. Indeed, in northern Andes 
only 10-25% of VP is accommodated by strike-slip  deformations in the  overriding  plate  while  in cenaal 
Peru, this appears to be at least 26%. However,  major  strike-slip fault have been reported in naPthm Andes, 
conversely  some scarce strike-slip  faults are only known in  the Cordillera Oriental  of central Peru 

DISCUSSION 

In northern  Andes, Vp is accommcdated  by major right-lateral strike-slip faults (see Ego et d, this 
volume). In central Peru, may be  accommodated  either by the N-S extension  that  affects  the  Cordillera 
Occidental  and the Coastal  area  or by  the strike-slip deformations that prevail in the Cordillera  Oriental 
(SCbrier et al., 1988).  indeed, thrust and  reverse  faults of  the Subandes are nearly  purely dip slip and 
consequently  cannot  account to accommodate strike-slip  deformations  (Figure 1). N-S mnding extension 
may be  interpreted as resulting  from normla to the  topography gravitational  forces and a left  lateral 
component  of  strike-slip that would  accommodate  Vp.  However,  the rate of  extension  that is calculated  in 
the  Cordillera  Blanca  (SCbrier et al., 1988)  may  explain  1.5 d a  of left-lateral slip. Thus, the  strike-slip 
deformations of  the  Cordillera  Oriental  should at least  accommodate  of  the  order of 5 mm/a  of left-lateral 
slip.  Fmally,  the scriking difference in the  obliquity  of  subduction  slips  between  northern  Andes  and central 
Peru might be  explained  by the difference of nature of  the forearc  wedge : oceanic  in  northern  Andes  and 
continental in central Peru. This  conclusions  appears in good agreement  with  observations  performed  by 
Jmard (1986)  that  support  the  fact that the  subduction  zone  where  the oveniding  plate is oceanic seems to 
have  a  more  oblique slip than  the  ones  where it is continental.  This  should  indicate  that  the  oceanic  or 
continental  nature of the  ovenriding  plate  induces  different mechanical behavior. 
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We examine  seismic anisotropy of the Andean subduction  zone and NE South 
America, through shear-wave splitting measurements, in order to characterize mantle flow 
beneath the subducted Mazca Plate. The shear-wave splitting parameters (fast polarization 
direction @ and delay time 6t between the two Split shear waves) from two data sets  are 
discussed:  splitting from  the SKS phases  recorded at Andean  stations, and S waves 
originating  in the descending  slab and recorded at other stations at teleseismic distances. 
This latter data set primarily samples  the region directly below the slab. The SM§ data, 
however, also sample layers above the  slab: part of the descending slab itself, the mantle 
wedge and the subcontinental mantle below the station. It appears as though the dominant 
contribution,  however, is coming  from below the  slab.  The  splitting delay  times  for 
upgoing S waves from events in  the descending slab, which sample these same layers are 
much too small to account for the SKS splitting parameters. 

@ and 6t provide constraints on the direction of mantle flow and thickness of the 
flowing layer respectively. Based on reasonably well  established  relationships between 
splitting parameters and deformatin characteristics, and assuming that below the Nazca  plate 
there is an asthenospheric shear flow parallel to the absolute plate motion direciton (MM) 
of the Nazca plate, then we would expect a roughly EW direction for @ for nearly al  of the 
West  Coast  of South America. Instead, we find that about half of the  available data yield 
values of @ that are locally parallel to  the trench. The other half are more nearly trench- 
normal,  most of which are localized in two bands at 14"s and 24"s. The delay times 6t Vary 
from about 0.7s (for SKS) to more than 3.0s for the direct § phases. These large values for 
§ are found between latitudes of 15"s and 25"S and constitute the largest S delay times 
recorded globally thus far. 

We propose the following mode1 for Our data. We interpret the trench-parallel values 
of @ as a manifestation of significant trench-parallel flow beneath the Mazca plate with the 
flowing region having a thickness of order 100 km. We suggest the flow is  a direct result  of 
the  retrograde  motion of the  Nazca slab  due to compression-driven  slab retreat, and 
represents the transfer of mantle material from  the Pacific to the  Atlantic basins. The two 
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zones sf treneh-normal values of Q, are coincident with tws changes in slab dip: frsm 
'normal' subduction beneath the Altiplans to 'Rat' subduction bsth nsrth and south. ' W C  

suggest  that the trench-normal  values of Cp represent  either a modulation in the  treneh  parallel 
flow, or possibly flow asssciated with an  actual  breack  in  the slab. Finally, we cornsider the 
possibility  that  the  existence of Caribbean  and  Seotia  arcs, as wdl as  the Altiplans are direct 
sr  indirect  mamifestations of the trench  parallel f l ~ ~ .  
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STRUCTURAL STYLES IN THE SANTIAGO FOLD AND THRUST BELT, 
PERU :A SALT RELATED OROGENlC BELT 

Antenor M. Alemh and Robert Marksteiner 
Amoco  Production Co 

P.O.BOX 3092 
Houston, TX 77253 

luEwMEN 
Inestabilidades gravitacionales, inmediatamente despuCs de  la depositacidn de evaporitas, inici6 

los primeros movimientos de sal en la faja plegada del Santiago. Estos movimientos y el desplazamiento 
lateral de  la sal esta! manifestado en los cambios bruscos de espesores de las secuencias posteriores a la 
deposici6n de sal. Este estilo de  defomacidn fuC interrumpido durante las fases Quechua de  la Orogenia 
Andina, la cual se caracteriz6 por defohacidn  de escamas en la cual la sal jug6 un  pape1  muy importante 
como nive1 de despegue. Los pliegues y las fallas no  tienen  una  vergencia preferida y la intrusidn de 
diapiros de sal ha dado como  resultado la formacidn de eswcturas periclinales. AnLiIisis de huellas de 
fisidn en apatita ha  confumado una edad de 10 Ma para el fallamiento y plegamiento de  esta cadena. 

GEOLOGICAL SEaTING OF THE SUBANDEAN FOLD AND THRUST BELT (§r(-ra) 
The Subandean  Fold  and Thrust Belt,  adjacent to the  Maraiïon  Foreland Basin, is a  zone of mainly 

easterly  verging  steep  to shallow reverse  faults  and  asylnmetric  folds  developed  from  Late  Cretaceous  (Peruvian 
phase) to Pliocene  (Quechua-3)  phases of the Andean Omgeny  (Megafd,  1984).  The  evolution of this rmB is 
linked  in  space  and  time to the  presence  and  interaction  of  the  arc-trench  system.  Along  strike  variations in the 
styles of  deformation  and  width,  however, are mainly  controlled by the facies,  anisotropy  and  thickness  of  the 
sedimentary  wedge  rather than by  the  angle of subduction (Jordan et al, 1983).  Present day tectonic  activity  in 
this belt is docunlented by tilting of fluvial terraces and  by a  large  number  of  earthsuakes  (Suarez et al, 1983). 

ss 

f 

FIG. 1 Geological Map of the Santiago Basin. 

The hinterland, l~nbwn 
as the  Marai'ion  Geanticline 
(Benavides,  1956), is made up of 
Precambrian  to Late  Paleozoic 
rocks. This structural  element 
was  always  positive  during 
Cenozoic  defonnation  and oflm 
was a submerged  high  during 
Mesozoic  sedimentation.  The 
SFTl3 is made up  of  Mesozoic 
and  Cenozoic  clastic and 
carbonate  sequences  with folds 
and  faults subpardlel to. the  arc. 
The Maraiion  Forelatld  Basin is 
a West dipping monocline in 
which Pre-Cretxeous rocks 
have been  truncated  following 
moderate tilting  during  the 
Late Jurassic (Araucanian) 
movelnents. This basin  consists 
of up to seven  kilometers of 
Mesozoic and Cenozoic rocks 
characterized by  broad  to gentle 
structures  formed  during  Late 
Cretaceous to Cenozoic 
inversion  of  Jurassic grabens. 
Intrabasinal highs such as the 
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Loreto  High  and  the  Contamana Hills were active during  Cretaceous  and Teriiary deposition  and  are  thought to 
reflect  reactivation  of  pre-existing  highs. 
SANTIAGO FTB STRATIGRAPHY. 

The rocks outcropping in this orogenic belt range in age from Triassic to Pleistocenne, and the 
presence of Paleozoic rocks as old as Ordovician is suspected in this belt in the subsurface as documented 
in some foreland wells p i s .  1 and  2).  Two distinctive tectono-stratigraphie sequenees are present in the 
Santiago F.T.B. A pre-orogenic sequence, older than Santonian, is represented by the Triassic to Late 
Jurassic shallow water limestones and hituminous shales of the Pucar6 Formation (Rodriguez,l982) 
which are overlain  by the red, varicolored sandstones and shales of the Jurassic Sarayaquillo Formation. 
Cretaceous sedmentation was initiated in the Aptian  with the deposition of cross-bedded sandstones of 
the Cushabatay Formation and , after several transgressive-regressive pulses, terminaad with the 
Senonian  (Santonian ?) shales of the  Cachiyacu Formation (fig.2). 

The synorogenic sequenee in the Santiago FTB began 
with  the Late Cretaceous molasse sandstones and 
shales of the Huchpayacu Formation, which have not 
been differentiated in this belt and are probably 
included in the Lower Tertiary red sandstones and 
shales of the Lower P u a  Formation (Fig.2).  A period 
of relative tectonic quiescence was recorded during 
the Oligocene with deposition of marine shales, 
sandstones and  tuffs  of the Poso Formation. A new 
pulse of mokisse deposition was uiggered in the 
Miocene  with  deposition  of  the Upper Puca 
Formation which  probably continued throughout the 
Pliocene and Pleistomne with subtle breaks in 
sedimentation (Neiva and Corrientes Formation). 
Different pulses of molasse deposition are correlaled 
to known phases of  the  Andean  Orogeny  which 
involved supracrustal thrusting  and  uplifting of the 
hinterland. 

AGE AND ROLE OP THE EVAI’ORI’IES 
Bcn;lvitles (196X), in his dctailcd aualysis of 

the Huallaga diapirs, was the lirst to address the 
problem  of the age of the evaporites in the Sub- 
Andean Basins of Peru. Because of the poorly 
defined structural and stratigraphical relationship of 
the salt source, he eoncluded that the age of the salt 
could be either Permian, Triassic andor Jurassic. 
However, he did not rule out the possibility of 
multiple sources for some of the salt domes. 

Indeed, the Late Permian red sandstones, 
s h a h  and conglomerates of the Mitu Group contaio 

significant amounts of gypsum and salt (Newell et al, 19.53). The salt in the San Blas dome, in the central 
Andes, ha§ been  assigned to this  unit by Benavides (1968). He also described some beds  and lenses of 
gypsum  with a maximum  thickness  of 8 meters in the Mitu  Group near to the Pongo the Wentema (about 
80 Mm West of the Santiago Basin). Further evidence for a Permian andor Triassic age for the salt is 
found in the Huallaga Basin where the s d t  in the Yuramarca dome contains liiestones fragments that are 
interpreted to be from the Triassic/Jurassic Pucara  Group. Furthermore, salt flowage in the Pilluana dome 
has brought up limestones containing Myopkoriu pascoensis of Late Triassic age and  an Early Jurassic 
ammonite Arietites sp. (Benavides, 1968). 

Rodriguez and Chalco (1975), based  on S321S34 ratio in some of the evaporites in the Hudlaga 
Basin, have suggested a Permian age for the salt domes in  the Huallaga Basin; unfortunately,  they did not 
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elaborate on their analysis. Therefore, the age of the Salt in the Santiago and Huallaga FTB is Early 
Jurassic or older. 

Recently, some Wells (Loreto-1), drilled on the  Maraiion  Foreland  Basin, cored' crystalline 
anhydrite interbedded with  red  and  varicolored  sandstones  and  limestones  in the upper part of the 
Jurassic/Triassic Puma  Formation. Sabkha type limestones and dolomites are found in the Upper 
Ucayali  Basin  while Benavides (1968) has described some massive dolomites and limestones of Triassic 
age which rest upon gypsum  beds  that appear to  be also of the same age in the Utcubamba Valley  of 
northem Peru. He also describes the overlying  Middle Jurassic (Bajocian)  beds near the Yeso locality 
which contain anhydrite and gypsum correlateing with the gypsiferous Chambar6 Formation near Tarma, 
in central Peru  (Megard,  1978).  In the central Andes, at Morococha, Benavides (1968) also describes a 
body  of 150 meters thick of anhydrite unit  with shale and limestone interbeds interpreted to be Middle 
Jurassic in age. 

The Pucar6 Group is transitionally  overlain  by the Sarayaquillo Formation of Middle to Late 
Jurassic age which, in central Peru near La Merced, contains beds of salt near Cerros de  la Sal. North of 
this locality, the  Oxapampa-7-1  well contains 1720  meters of clear to white salt and anhydrite below 
Cretaceous beds  and above rhyolites and conglomerates of the  Permian  Mitu  Group.  Benavides  (1968) 
interpreted two of these Salt intervals to be Jurassic in age. In northem Peru, in  the  Utcubamba  region, 
the  red  beds  of  the Sarayaquillo Formation  contain several beds  of gypsum, some reaching several tens of 
meters in thickness (Benavides, 1968). 

Although the cores of most Salt diapirs in the Huallaga Basin are surrounded  by the Sarayaquillo 
Formation, the age of the Salt is still unknown.  According to Benavides(l968) the  source was a pre-Late 
Jurassic unit.  Distribution  of different thicknesses of Salt bearing units dong the  foreland  fold  and  FTB 
seems to have played a very important role, not only in the in the structural style but also in variations in 
the width of the S.A.F.T.B. Distribution of the Late Permian  Mitu  Group  was controlled by the 
preservation of grabens and  haIf-grabens  formed  during Late Pennian extension  (Megard,  1978)  which 
has not  been  recognized in Ecuador. On other hand,  the Triassic/Jurassic Pucara Group continues to  the 
north  in Ecuador where it is Known as the Santiago Formation. No evaporites have been described in thk 
unit however. The Pucara Group seems to  thin out southward near the Sira Mountains. Finally, the 
Jurassic Sarayaquillo Formation, which reaches significant thickness in northem Peru and  southern 
Ecuador, contains only  thin evaporites in the  Cutucu  Mountains  where it is known as the Chapiza 
Formation (Tschopp, 1953), also thins out southward and  disappears near the Sira Mountains. 

STINJCIIJKAL STYLES OP 'INHIC SANI'IAGO I V l L  
Gravitational instability triggered  early salt movement  soon alter Ule lïrst eiraporite  dcposition 

and was manifested by major outward and lateral movement of salt toward  the  Campanquiz  and 
Huaracayo Ranges. This event is documented by  rapid  changes  in  thickness  and facies of the post-sdt to 
Pelogene units. Indeed, Late Cretaceous to Paleogene  loading by molasse deposition  associated  with  the 
Peruvian  and Incaic phases of the  Andean  Orogeny  in the hinterland have merely enhanced the rate of 
salt movement, and thus the facies and  thickness  changes.  A pulse of relative tectonic quiescence with 
little or no salt movement (Pozo  Formation  de,position)  preceded  the  maximum  paroxysm of the Quechua 
phase (Neogene) of the  Andean  Orogeny.  In the Santiago Basin,  this Quechua event has been dated with 
apafite fission track (AFT) methods and  was  characterized by  thin  skinned  deformation and the  formation 
of a salt related fold  and thrust belt with a relatively moderate amount of shortening. 

The Santiago F T B ,  formed  by  the  complex  interaction  of  gravitational  instabilities  of salt and 
co~nprcsdond forces, is similar  to  olhcr Salt relatcd thrust bel& in the world  which are  characterized by  low 
taper  angle  (Davis  and  Engelder, 1985). This  orogcnic  belt  consists  of a complex in  and  out-of:sequence  fold 
and  thrust belt with  low cross-sectional taper angle similar to  the  Huallaga FTB to  the  south. The folds 
are characterized by anticlinal thickening  and synclinal thinning of the salt, with faulting dominated by 
high angle back  thrusts and diffuse forward vergent thrusts (Fig.. 3 AND 4). In general, there is a lack of 
a preferred structural vergence of ramps  and folds. Salt domes are often  developed near the axis of 
synclines with common development of rim synclines by either salt withdrawal at .the  footwall  of  the 
lislric faults or by nonnal listric faults formed by reactivation of pre-existing  thrust faults. Salt 
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piercement accounts for narrow periclinal structures 
and the enlargement of pre-existing  broad synclines. 
Most  of the periclines are pierced by diapirk 
structures. Signifiant uplifts of the frontal thrust and 
in the 
adjacent hinterland are related to pronounced salt 
thickening (Huaracayo and Campamquiz Ranges). 
The frontal tbrust is usually characterized by the 
development of box-folds, overtumed folds, or 
upright folds above a major salt core.  Indecd 
fonvard and back thrusting at the mountain front are 
often propagated in several splays over a paleo high 
formed by eariy salt withdrawal. 

The main orientation of the folds and thrusts 
changes from N-NE to NW near the latitude of the 
Maraiion River, similar to changes reported in the 
Eastern Cordillera (Han and Herrera, 1963). This 
oroclinal bending  was initiated during Early 
Creataceous accretion of the Tahuin Terrane to the 
Peruvian  margin and post-Oligocene clockwise and 
counterclockwise rotations respectively north  and 
south of the Huancabamba deflection (Mitouard et 
al, 1990, Laj et al, 1992). 

EVOLUTIONARY  STAGES OF THE 

The Late Jurassic Araucan  Orogeny  is 
poorly  defined in Peru and Ecuador and is 
represented  in  the S.A.F.T.B.  by modcrate tildng of 
the Sarayaquillo/Chapiza formations before the 
deposition  of  the Aptian Cushalsatay/Hollin 
Formations. Several sismic lines in the area (Touzett 
and Sam, 19235) provide suong evidence for at l ea t  
Early Cremcous salt withdrawal  with  cocval  growlh 
and variable sedimentation rates througbout the Late 
Miocene. The structural depression, along the 
Santiago River, was formed by pervasive thrusting 
accompanied by salt diapirism. 

The evolutioa of the Santiago Basin seems 
to have undergone the following structural/ 
depositional stages since the Mesozoic. 

STAGE 1.- Once deposition of evaporite 
bearing  units terminated, sedimentation and tectonic 
movements caused gravitational instabilities and 
triggered early movement of the evaporites. 
Evaporite withdrawal  took place during  the  Araucan 
Orogeny (Late Jurassic)  when the evaporites moved 
laterally and upward into the cores of the 
Campanquiz  and Huaracayo Ranges. Sediment 
loading at the center of the basin caused the 
evaporites to move in  a double end toothpaste tube 
fashion. Cretaceous sedimentation was thicker in the 
center of the basin (Santiago and  Neiva Basins S . S . )  

SANTIAGO FTB 
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than on the flanks (ranges). This pronounced change in thickness  was accompanied by significant 
changes in facies across the belt. 

Sediment loading continued throughout  the  Paleogene  with local intrabasinal Salt movement 
within the Santiago depression as illustrated in the Apingrasa Structure in  which some sort of growth 
faulting is recorded (Touzett and  Sans, 1985). High rates of sedimentation associated  with Late 
Cretaceous and Paleogene molasse of the  Peruvian  (Santonian)  and I I I C ~ ~ C  (Middle Eocene) phases of the 
Andean  Orogeny provided the mechanism for evaporite remobilization. 

Fig.4 

STAGE II.- The Oligocene was a period of tectonic quiescence with liltle or no S a l t  movement. 
Sedimentation  changed  from fluviatile in the Lower  Puca  Formation to the shallow marine environment 
in  the  Pozo  Formation  (Rodriguez, 1982). 

STAGE III.- Reactivation of S a l t  movement during  the Early and Middle Miocene was 
accompanied  by a recurrence of  the fluviatile Upper  Puca Formation. Salt piercement'accounted for 
narrow  periclinal anticlines and the enlargement of pre-existing  broad synclines. 

STAGE IV.- The Late Miocene  and Pliocene/Pleistocene movements of the Quechua phase of 
the  Andean  Orogeny were the result of horizontal compressional forces which reactived and  rnodified  the 
structural pattern established early in the  evolution of the  basin. Fonvard-vergent thrusting was rather 
diffuse while back  thrusts were steeper and more locdized.  Mast of the periclinal anticlines were  broken 

iyaquillo Fm. 
ara Gp. 

C 

by diapiric structures located above 
synclinal counterfolds. 

AFT ANALY SIS 
Four outcrop samples of 

Campanian to Aptian age were analyzed 
for apatite fission tracks with the 
purpose of obtaining  possible 
constraints on the thermal history, 
maximum  depth of burial,  and  timing 
and rate of uplifts  and  exhumation 
(Table 1). Two samples were  from  the 
Campanquiz Range (sample 1 and 2) 
and  the other two  were  from  the 
Husacayo Range (samples 3 and 4). The analyses were conduclcd by Cieouack InlernationrLI. 

. .  
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The four samples show consistent evidence of elevated temperatures at some time since 
deposition. Indeed, mean fission track ages are significantly less than the respective Cretaceous 
stratigraphic ages, and the majority of individual grains give fission  track ages which are very much less 
than the stratigraphic age. Furthemore, measured meau traclr lengths are al1 much less than the predicted 
values of  of the mean length ( 1 p=14.9 Pm). This mcans that the great majority of tracks in Lhese sarnples 
are shorter than would  be  expected if they  had fonned at the prevailing temperatures in each sample. The 
shorter tracks were the result of enhanced fission track a~~nealing at elevated paleotemperatures at some 
time &ter deposition. 
TABLE 1. AF'ATITE FISSION TRACK ANALYSIS 

B Standard Fossil Induced Chi FES. U Mean 
of track track track squar track cont. track 6 

x106cm-2 x1O5cm-2 x106cn-2 "O "a) iW Pm 
1 CUSII. 20 1.221 0.904 2.323 < 1 8.4 f 1.2 25  10.76 & 1.30  3.89 

2 Cush. 20 1.221 1.010 2.343 2.2 9.3 c 1.1 25  13.14 +O54 2.07 

3 Vivian 11 1.221 3.786 3.422 il 23.8 f 2.9 37 13.19 f 0.03 0.04 

4 Cush. 20 1.221 6.409 4.428 < 1 31.1 i 1.9 48 11.16 f 0.46  2.39 

Samp. Formt. grains density density demity proh age ppm lengtb 

(1921)  (52)  (1336) 20.3 f 10.5* (9) 

(1921) (73)  (1693) 13.3 t3.6* (15) 

(1921) (76) (697) 60.7 f 43.2* (%) 

(1921) (363)  (2508) 39.0 i 22.2*  (27) 
Brackets show numbcr of mach counted 

Standard and induced trnck demities measured OU mica external detecturs (g =O.§, and fossil track densitiea on interml mineral surfaca 

* M a n  age uscd wherepooled data fail x'test at 5%. Errors quoted at f 1 0  

Agw for samples calculated usine 5 = 3.527using (Aonlysis P.O. Sulivan) for dosimeter g las  S M 6 1 2  (Hurford and Green, 1983). 

Al1 four smples show clear evidence of having  undergone paleotemperatures in the range of 100' to 
110" C reached prior to a Late Tertiary cooling event (within  the 1 s t  10 Ma). Two samples frotn the 
Campanquiz Range (samples 1 and 2) reached a maximum post depositional paleotemperatures during 
the Neogene heating episode (Rg. 5). However, the two  from the western Huaracayo Range (samples 3 
and 4) show evidence to have experienced even higher paleo-temperatures at some other tirne prior to the 

Cooling was  rapid  wilh up 
100 6 to 3.5 to 4.5 km of section  removcd 

from both areas since cooling begun 
assuming  that the present day 

and the present day surface 

prevailed at the time of  uplift. The 
data do not allow accurate 
assessrnent of the active exhumation 
rate, but a minimum average rate of 
3.50 to 400 m a ,  is estiiated 

Ma to the present. 

Neogene (Fig. 6 ). 
Time (Ma) 

156 
8 

6 
O, 

$ 5 0  
gradient js 1.15 'F/100 ft (21oCh)  

F100 
e 

tempe.rature of 80°F (27 "C) H 
B 

1 50 assuming continuous uplift since 10 
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LATERAL VARIATIONS IN LATE CENOZOIC DEFOWMATION, 
TRAE ANDES, 20 - 28's 

R. W. ALLMENDINGER, T. GUBBELS, B. ISACKS, T. CLADOUHOS 

Dept.  of  Geological  Sciences & Institute for the Study of the  Continents 
Snee Hall, Comell University,  Ithaca, NY 14853-1504 USA 

KEY WORDS: Altiplano, Puna,Neotectonics, paleotectonics,  deformation  timing 

INTRODUCTION 

Major  changes  in  the  timing  and  geometry of late Cenozoic  Andean  structure  occur  between 23 and 
24"s and  include: (1) The  southward  terminus  of  the  Subandean  thin-skinned  thrust  belt  occurs at between 23 
and 24"s and farther south  the  foreland is dominated by the  thick-skinned,  basement-cored  blocks of  the 
Sierras  Pampeanas. (2) The  temporal  transition  from  major  thrust faulting to  minor  normal  and  strike-slip 
faulting  across  the  entire  plateau  region  occurs much later  in  the  south  (at .- 1-4 Ma)  than it does  in  the  north 
(at -10 Ma). In general,  neotectonic  activity is much greater  in  the  Puna  than it is in  the  Altiplano. (3) The 
average topography of the  Puna is about 1 km higher, and its interna1  relief is greater, than that of the 
Altiplano. (4) Cenozoic  sedimentary  basins  of  the Eastern  Cordillera-northem Puna are 2-4 km thinner than 
those  of  the  southern Puna. Major  geophysical  and  petrologic  changes  between 23 and 24"s - including the 
southward  termination  of a high-low  paired  isostatic  residual  gravity anomaly, lateral  variations  in  seisrnic 
waves attenuation,  and  primitive  mafic magmatism - are described  in  the  accompanyifig,  paper by  Whitman 
et al.  (this  volume). We suggest  that  these spatial and  temporal  variations in late Cenozoic structure and 
volcanism  in  the  Central  Andes are probably  linked  to  major, N-S changes in lithospheric structure and 
thickness. Some of these  changes have b n  associated with changes  in  angle of subduction  (e.g. Jordan et 
al., 1983) and  several  are  spatially  correlated  with  major  paleotectonic  features. 

FORELAND: SUBANDEAN BELT TO SIERRAS  PAMPEANAS - 

Throughout  Bolivia,  the  thin-skinned  Subandean  foreland  thrust  belt  bounds  the  eastern  margin of 
the  Andes, The thrust  wedge  taper  varies  from  about 7" north  of Santa  Cruz  to 2-3" in  southern  Bolivia. The 
basal  decollement is at -12 km beneath  the  Principal  Frontal  thrust  which  marks  the  boundary  between  the 
Subandean  belt  and  Eastern  Cordillera.  Behveen 23" and 2 4 O ,  the  structure  of  the  foreland  changes  dramatically. 
At 24", Cahill et al. (1992) showed  that  seismicity  in  the  foreland  extends to depths  greater than 30 km.  This 
area, known as the Santa Barbara ranges, constitulcs the  northernmost extent of the Sierras Pampcanas 
province of thick-skinned  basement.deformation.  Seismicity  data  throughout  the  Sierras  Pampeanas shows 
that  virtually  the  entire crust is involved  in  young  deformation  (Chinn & Isacks, 1983; Smalley et al., 1993). 
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Fig. 1. Regional  location map of the Central  Andes between 
18 and 28" %, shswing some of the major lateral changes. (a) 
region of primitive  rnafic  magrnatism in the  ssuthern Puna. (b) 
Approxirnate boundary between cessation of thrusting at -18 
Ma to the north and 1-2 Ma ts the ssuth. (e, d) Positive and 
negative, respectively, isostatic residual gravity anomalies. (e) 
Location of longitudinal stratigraphic section shown in Fig. 3. 

Shortening in the Subandean 
belt is probably less than 10 Ma  in 
a& (Gubkls et al., in  press).  Several 
different areas in the  northem  Sierras 
F'ampmnas contain evidence  for up- 
lift younger than 6 Ma  and  locally 
younger han 2-3 Ma  ago  (AUmend- 
inger et al., 1989; Snecker et al., 
1989). 

ALTIPLANO-PUNA-EASTERN 
CORDILLEU 

The  morphology of the Mtiplano is 
dominated by a  broad flat basin at 
an average elevation of about 3.7 
km (Isacks, 1988). In contrast, the 
Argentine Puna has  many intcrior 
mountain  ranges  and  has an average 
elevation of just under 4.5 km. The 
high flat, shallow  basins in  the  vi- 
cinity  of La Quiaca  and  Abra  Pampa 
are continuous in northem kgen tina 
but in Bolivia they occur as isolated 
erosional remnants in the Eastern 
Cordillera.  These  basins overlie a 
regionally  extensive  uneonformity, 
the  San  Juan  del  Oro surface, that 
truncates  compressional structures 
and is deformed  only  by small normal 
and strike-slip faults.  Tuffs  overly- 
ing the unmnformity  have bcen d a t a i  
at 8-9 hW, they  uneonfomably  over- 
lie folded  and  lhrust  faultcd  mid- 

Miocene  §Irata,  locally  dated at 12-17 Ma.  Deposits  near  the  top of the surface  have  yielded  ages  between 2 
and 4 Ma. Minematic analysis of the Miocene  deformation  near  the  international  border  indicates WNW 
shortening, perpendicular to the strike of the  mountain ranges, and vertical extension. The surfaces are 
defomed by  well preservd s c q s  of younger  normal  and  strike-slip  faults  which  have  produced  rninor, SSE 
subhorizontd extension  and WSW or vertical  shortening. 

South of 23"S, the  southern Puna and  Eastern Cordillera display the same relative kinematic 

Fig. 2. Lswer herni- 
sphere equal area projec- 
tions sumrnarizing Idne- 
matie data from the Puna 
and ssuthernrnost Bolivi- 
an Eastern Cordillera. 
Left: Older deformation 
(pre-9 Ma in north and pre- 
i Ma in the south). Right: 
Younger deformation. In 
both, solid dots are short- 
ening and open boxes are 
extension. 
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Southern 
Andes 

Sierras 
Pampeanas 

Sub Andean 
B d  t 

Fig. 3. Longitudinal stratigraphic section which shows the orogen- 
parallel  variation in basin geometry in the Andean foreland. Note that 
rnost of the variation is in the pre-Tertiary subcrop and thus  pre-dates 
the Cenozoic Andes. 

sequence  (Fig. 2) but the 
transition  from  older  thrust 
faulting to younger  strike- 
slip and  normal  faulting  oc- 
curred as recently as 1 Ma 
in the  Quebrada  del  Tor0 
and < 4 Ma in the Puna. 
Younger deformation is 
probably no older than about 
1 Ma and  continues  today. 
Tertiary  strata in  the north- 
em Puna  and  Eastern  Cor- 
dillera are genedy Iess than 
1 km in thickness.  Tertiary 
strata in the  Puna  from - 2 3 O  
southward  are  much  thicker 
than farther  north.  Several 
Neogene  basins  have more 
than 2000 m of strata, in- 
cluding  the  Hombre  Muerto 
region  with 5000 m of Mi- 
ocene  rocks  (Alonso et al., 
1991). 

PALEOTECTONICS 

Comparison  of  Cretaceous  subcrop  and  pre-Cretaceous  isopach  maps  with  modern  geologic  maps of 
the  Central  Andes  clearly  shows  that  the  many  of  the  modem  tectonic  provinces  have  inherited  their  location, 
extent, and  even  structural  geometry  from  pre-Andean  tectonic  events  (Allmendinger  et al., 1983;  Gubbcls et 
al., in press).  The  style of late Cenozoic  foreland  deformation  in  Bolivia  and  Argentina  correlates  almost 
exactly  with  the  extent of pre-Andean  basins  (Fig. 3). The Subandean  thin-skinned  belt  is  restricted to the 
thick  previously  undeformed  Paleozoic  basins which  mostly  pinch  out  between 23 and 24's; the  basement 
rocks of  the Sierras  Pampeanas  have  been at or near the  surface  for  the  last  150 Ma (Jordan et al., 1989).  The 
Bolivian  Eastern  Cordillera was  dcformcd  prior  to  the  Mesozoic  and was a  relative  positive  element  during the 
cretaceous. 

INTERPRETATION i 

We  suggest  the  following  scenario to  explain  the  family  of  changes  that  occur near 23's:  The  entire 
region  shares  a  similar  mid-Miocene  structural  history . Crustal  shortening,  oriented WNW-ESE (-lm'), was 
concentrated  in  the  regions of the Altiplano,  Eastern  Cordillera,  and  Puna.  A  major  change  occurred  a t about 
10 Ma: horizontal  shortening in  the  Altiplano  and  Eastern  Cordillera  ceased  and  shifted  eastward  into  the 
thick, undeformed,  eastward-tapering  Paleozoic  through  Tertiary  cover  of  the  Brazilizin  Shield.  Subsequent 
shortening in the Subandean  belt was predisposed to  be  thin-skinned  because of the pre-existing basin 
geometry;  thin-skinned  shortening  requires  underthrusting of cold Brazilian  shield  lithosphere  beneath the 
orogen  north of -23'. In  contrast,  shortening in the  Puna  and  Argentine  Eastern  Cordillera  continued to c4 
Ma  and locally is as young as 1 Ma.  Shortening  probably  remained  concentrated  in  the  thermally  weakened 
Puna  rather than propagating  eastward as a  thin-skinned  belt  because  pre-existing  basins in Ihe foreland  are 
thin  and  irregular. Thus, north of 23'S, the  Andes  have  experienced  a  two  phase  deformation  sequence  during 
the Late Cenozoic  with  a  transition  at  about  10  Ma  (Gubbels  et  al.,  in  press).  The  Puna  remained  in  phase 1 
until  much  more  recently  and  only  entered  phase 2 with  the  uplifting  of  the  northern Sierras  Pampeanas. 

Geochemical  data,  the  differcnce in altitude,  scismic  wave  attenuation, and  an  inferred  change  in 
stress  regime al1 suggest  that thc lithosphcre  south  of 24's is  substantially  thinncr than it is to thc north; 
delamination,  sub-lithospheric  erosion or stoping  are  the  most  logical  explanations  (Whitman  et al.,  1992; 
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Fig. 4. Schematic, lithsspheric- 
scale cross-sections aeross the 
Andes at thq latitudes of the Alti- 5 plans and the southern puna. 

$ See accomipanying abstract $y 
Whitman et al. (this volume) for 
the discussion of geophysieal 3 and geoehemieal data relating ts 
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REGUIME: Une  synthèse  structurale de la Zone Subandine Bolivienne est  présentée à partir de 
coupes BquilibrBes et d'une nouvelle méthode déquilibrage de cartes. On met  ainsi  en Bvidence 
et on quantifie  les  relations chevauchements-décrochements de part  et  d'autre  du Coude de 
Santa Cruz. 

KEY WORDS: Subandean, Bolivia, balanced cross section, map balancing, wrenching, plate 
convergence. 

INTRODUCTION 

The  Subandean Zone of Bolivia is a complex foreland fold and  thrust  belt 
[Sheffels,l988; Roeder, 1988; Baby et al., 1989, 19921 that forms the  eastern edge of the  central 
Andes mountains (fig. 1). In  its  central  part (between 16"s  and IBOS), this fold and  thrust belt 
forms  a bend (Santa Cruz bend) characterized by important  transfer zones. From north to  
South, the  structural geometry as  the amount and direction of shortening  present  important 
variations. 

The purpose of this paper is to present  a geometric and  kinematic  study of this complex 
foreland fold and  thrust belt deduced from cross section and  map balancing. The  geometry of 
the entire Bolivian Subandean Zone is analyzed and  its deformation quantified. 

GEOLOGICAL  GETTING 

The Bolivian Subandean Zone is bounded at  the Cordillera Oriental edge by the Main 
Frontal  Thrust (CFP),  whereas the orogenic front developed  below the Beni and Chaco plains 
at  the  eastern edge. The deformation started  in  the  Late Oligocene and  is  still developing 
[Sempere et al., 19901. The  material involved in Subandean  thrusting  in Bolivia consists of a 
series from Ordovician t o  Jurassic  and  a  Late Oligocene to recent  continental foredeep fill. This 
pre-orogenic sedimentary  series  presents  lateral  variations of facies and thicknesses which 
play an  important role  in controlling the  structural geometry. From north t o  South, three 
structural zones characterize the Bolivian Subandean fold and  thrust belt: the  Northern 
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Subandean Zone NW-SE oriented, the Central Subandean Zone  which  changes  from a NW-SE 
t o  a N-S orientation and the Sout.hern Subandean Zone N-S oriented. They are described in  the 
following  balanced  cross  sections. 

BALANCED CROSS SECTIONS 

Construction of balanced  cross  sections has been  made  possible  due to  surfac,e mapping, 
reflection seismic data,  and drilling information  provided by the Bolivian State Oil Company 
(YPFB). 
Northern Subandean Zone - between 13" et 16" 8 - (Pig. lA): It is characterized by 
important thrust sheets (10-20 km) and broad  synclines  filled by Tertiary sediments (piggy 
back basins with 6,000 m of synorogenic sediments). 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". The  maximum amount of shortening is 135 km, 
i.e. 50%. 
Central  Subandean Zone - between 16" et 18" 8 - (Pig. 1B-1C): It is characterized by the 
Boomerang-Chapare transfer zone  which is interpreted  as  a  lateral  ramp whose propagation 
was guided by the northern border of a Paleozoic sedimentary wedge,  obliquely oriented vis-à- 
vis the regional shortening direction  [Baby et al., 19931. This sedimentary wedge consists of a 
continuous series  ranging from  Ordovician to  Carboniferous thinning  northwards lies on the 
Cambrian-Precambrian Brazilian shield, and unconformably  covered by an isopachus series of 
500 meters of Mesozoic and more than 1,600 meters of Oligocene to  Actual  deposits. The major 
decollement is located in  the bottom of the Paleozoic sedimentary wedge. The maximum 
amount of shortening is 130  km, 45%. 
Southern  Subandean  Zone - between 19" et 22" 8 - (Fig. ID): An important  east verging 
thrust (Mandiyuti Thrust) divides the southern Bolivian Subandean Zone into two fold and 
thrust belts that differ according t o  their  thrust system geometry. The  western belt is 
characterized mainly by fault propagation  folds and fault bend  folds, whereas t.he eastern belt 
is characterized by fault propagation  folds and passive roof duplexes  [Baby et al., 19921. The 
main detachments are located in  the Ordovician shales, 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 
thousand meters of synorogenic Tertiary sedimentary rocks.  The  foredeep has  a bottom that 
slopes at 2". Total shortening decreases from 20" 8 (140  km, i. e. 50%) toward the south (70 km, 
i. e. 30%, at 22" S). 

In order t o  study the  lateral variation in  structural geometry, surface data  and 
balanced  cross  sections  were integrated t o  construct a Lower  Oligocene palinspastic map of the 
entire Bolivian Subandean Zone. This method  consists t o  di.vide the actual  structural map in 
elements characterized by a direction of shortening and an amount of shortening calculated 
from  cross  section  balancing.  Then,  every  elements are moved  to their pre-andean position. The 
final  palinspastic map (Fig. 2) contributes t o  the understanding of the kinernatics of the 
bending of the Bolivian Subandean Zone.  Wrench  components of displacement are shown and 
quantified in  the Northern Subandean Zone (senestral) and in  the Southern Subandean Zone 
(dextral). 

CQNCLUSION 

The Bolivian Subandean Zone  developed during  the N75" convergence between the 
Nazca and the South America plates [Isacks, 19851. In  the Northern Subandean Zone, SW-NE 
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Fig. 1: Balanced cross sections in the Bolivian Subandean Zone 
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W - S E  senestral wrenching have  accommodated the convergence, whereas in  the Southern 
Subandean Zone, it is accommodated  by  W-E shortening and N-S dextral wrenching. The 
amount of shortening can reach 140 km and the amount of wrenching 35 Irrn. The structural 
geometry of the  Santa Cruz  bend has been  controlled by the  northern border of the Paleozoic 
sedimentary wedge. 
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Fig. 2: Final palinspastic map - between 16" and 19' - contributing to understand the 
kinematics of the bending of the Bolivian Subandean Zone. 
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Resurnen 

La Zona Subandina ecuatoriana esth formada por los dos levantamientos estrucluxles regionales del 
Cutucù al Sur y del Napo al Norte, separados entre si por la depresibn del Pastaza. La evolucibn tectonica 
del Levantamiento del Napo ha sido estudiada por rnedio de un  levanta~nento geologico regional y 
estructural a la escala 1: 50,000 integrado por datos de subsuelo proporcionados por Petroecuador e 
INECEL. El Levantamiento Napo resulta ser formado por una faja de escmas scmimctamorfcas y 
cabalgamientos, un combamiento regional afectados por fallas trascurrentes y una flesura. Estas estructuras 
se han formado en tres etapas pricipales de deforormacih desde el Cretacico superibr llasta el presente. 

Key Words: Ecuador, sub-Andes, Napo uplift, tectonics, structural evolution 

Introduction 

The sub-andcan zone of Ecuador is a NNE trcnding dcfonncd bel1  wl;ich conncct the  highcr "Sierra" 
region to the west with the lowlands of the Amazonian foreland to the east. The sub-andes are rormed by 
two structural highs, known as Cutucù and Napo uplifts, wllicll are scparated by the Pastaza depression. The 
"Sierra" is formed by the parallel ranges of Cordillera Real (CR) and Cordillera Occidental (CO), which are 
considered allochtonous terranes accreted onto the South Arnerican niargin during two major tectonic phase 
in early Creataceous and early Tertiary tilnes respectively (Wallrabe-Adams, 1990). The CR is made of 
cristalline rocks dating back to Paleozoic and early Mcsozoic which undergone several orogenic pllases 
since early Triassic (Baldock, 1982). In early Cretaceous this terrane lias been metamorphosed, oflen 
dynamically, (Litlierland and Aspden, 1992) while during Tertiary lias been thrusted onto  the Sub-Andean 
zone with a ESE vergence. (Pasquarè et al., 1990). 

In tllis work we present a ncw synthesis on the tectonic evolution of the Napo uplilt which is the result of 
six years of stratigrapllic and structural studies in the northcrn sub-Andes of Ecuador. This work is based on 
an estensive gcologic nlapping of the wholc Napo  uplift and pnrls of tllc adjoining  arcas (Balscca and 
Pasquarè, in press) integrated with subsurfilce gcologic data kindly lnade available by Petroccuador and 
INECEL. The llew data dcpict a tcctonic evolution charactcrized by rapid changes i n  the .deformation styles 
and a strong rigidity of the whole rock  Inasses. The structure of the Napo uplift is  more comples  than 
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previously reported, being formcd by the  justapoxition of embricated tllrust slices, strike-slip faults and 
flexures. 
Structural sctting 

The Napo uplifl is a 70km-wide, 150km-long positive structure which lias a structural relicf o f  about 1.6 
km with respect to the Amazonian foreland. The core of the Napo uplift is made of Jurassic to Cretaceous 
sedinlentary and volcanic rocks (MisahuaIli, Hollin, Napo and Tena Fonnations),  with a general sub- 
horizontal  attitude  and, to the wcst, by various granitoids of Jurassic age (Abitagua, Cuchilla),  emplaced 
with a NNE trending  alignmcnt. Al1 these rocks are cul mainly by NNE to NE  trcndizg right-lateral strike- 
slip  faults  and, to a lower extent, by NNW-SSE left-latcral faults. The NNE and NE faults  show  sometimes 
a vertical component of motion particularly where the two set of faults converge to give  rise to restraining 
bands  which  contribute to produce the central culmination of the Napo uplift. At a regional scale  the 
maximum elevation of the Napo uplift is locatcd dong a NNW-SSE trending mis  passing through the 
Sumaco volcano. The soutllern sector is charactcrized by somc ltilomctric folds trending from N-S to m. 

Toward  the west, approaching  the CR, the sub-horizontal attitude of the  core strata turns to a more 
colnplicatcd arrangcmcnt. Jurassic-Crctaccous formations are involvcd i n  WNW dipping thrust sliccs wllicll 
display a dynamic mclamorphism and bot11 ductilc and briltle defonuatious. Thcsc rocks arc csposcd in a 

trending belt which is cut by NE trending right-lateral strike-slip faults. Blocks of the CR are tllrusted 
along W and WNW dipping revcrse and right-lateral reverse faults ovcr the dinaniomctarnorpllosed bclt 
producing a relatively lowering of this  zone with respect to the CR and the  central Napo core. Such a 
topographic  situation lias previously suggcsted the  esistcnce of a western flnnk o f  a large Napo anticline. 

In the northern sector, the limit with the Amazonian foreland is a wide flesure where Crelaceous to 
Miocene strata dip 50" up to 70" eastwards. This structure is intcrprctcd as the surface manifestation of a 
blind  thmst,  which Ilas bcen encountcrcd nt least i n  one site by an oil well (Rivadcncria and Ramircz, 
1985). The flexure is furtherly complicatcd by scvcral NE trending right-latcral strikc-slip fnults wliich 
coincide with large deformations of its geometry. Southwards, the flesure disappcars  and  the Napo uplift is 
truncated by a system of NE striking right-latcral strike-slip faults. 

Furthcr to the south the Pastaza dcprcssion is charactcrizcd by N-S trcnding rcvcrse filults and folds 
wllile its limit with  the  Amazonian plain is an arcuate  thrust buricd undcrncath tllc Plio-Quatcrnary 
alluvium. 

Age of faulting 

Although many tcctonic pllases cau be recognizcd i n  tllc study area. WC focusscd 011 the lalc Crclaccous 
to Quaternary tectonic history'which is rcsponsiblc for the formation of thc Napo uplift. The first pulse in 
this tectonic cycle evidenced by the erosion of thc upper part of the Napo Fonnation during  the  Campanian. 
Among the main structures of the Napo uplift the N-S to NNE-SSW trending reverse faults rcsulted to be 
the oldest structures, in agreement witll previous works in  thc CR (Pasquilrè et al., 1990). Thcse  faults 
absorbed most of tllc shortening which accoulpanicd thc formation of thc dynamomctamorphic slice bclt. 
The age of the rocks involved in this bclt constraincd to tlle Palcogcnc tllc dcvcloping of tllis structure. 
Later, the N-S to NNE-SSW fault planes were partially rejuvenatcd with right-latcral reversc motions. The 
W W  trending left-lateral strike-slip faulls are oldcr than  the NWE to NE trcnding right-lateral strike-slip 
faults because are systematically displaced by the latter but  no absolule agc is availablc for the formation of 
the  former.  Quaternary alluvial deposits of tllc Amazonian plain onlap tlle flesure  and are gencrally 
undeformed. Nevertheless, they locally show renlote-scnsed lincaments whicll may suggest an extension of 
the transcurrent  faulting towards the east. Finally, motions along  the  NE to NNE trending right-lateral 
strike-slip faults occurred during the Quaternary as witnesscd by morphological ncotectonic indicators and 
seismicity analyses (Tibaldi and Ferrari, 1992). 

Tectonic cvolutior~ 

Ficld data suggcst that the Napo uplift dcvcloped during tllrcc main stages of  dcformi1tiol1 since 
Paleogene times, although the first upraise of tllc rcgion bcgun in latc Crctaccous. 111 a first stage, occurred 
between Paleogene and Mioccnc, the CR was thrustcd toward the ESE ont0  the westcru sidc OP the Napo 
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area producing the dyIlamometall~orpllic slice bclt. In a second stage, the eastward propagation of 
deformation produced the regional arching and the  flesure which linlits the eastern flank of the Napo uplifi. 
During  this second stage, N-S to NNE right-latcrnl rcvcrsc faults dcvclopcd within  the dy~lamometamorphic 
slice belt, while NNW lefi-lateral and NE right-lateral f;lults developed eastwards. We tllink that  this  stage 
could correspond to the Neogene time. During  the third stage, in the Quaternary, right-lateral transcurrent 
motions along NE to NNE trending faults cut the Napo uplift into four main blocks. Tllese blocks were 
differentially thrusted toward the NE crenting in the distortion and  the truncation of the  flesure. 

ACMNOWLEDGMENTS 

We thanks Institut0 Ecuatoriano de Electrificacion (INECEL) Quito, for the logistical support in the 
field works and for the continuous sustnining of W.B. Ihroughout the study. We also acknowledge 
Petroecuador for  the kind permission of studying subsurface data. 

W.B. and L.F. benefitcd of a gralils of Consorzio Milnno Ricerchc. A.T. was pariially sopporied by a 
Ph.D, grmt from Ministero Italiano della Pubblica Istruzione. 

REFERENCES 

Aspden J.A. and  Litherland M., 1992. The geology and Mesozoic collisional history of the Cordillera Real, 
Ecuador. Tectonophysics, 205, 187-204. 

Baldock J.  W., 1982. Geologia del Ecuador (Bolclin de la esplicacîbn  y rnapa gcologico de la Rcpublica del 
Ecuador, escala 1 : 1,000,000). Dircccibn Gcneral de Geologia y Minas, Quito, 71 pp. 

Balseca W. and  Pasquarè G. Rcgîonal gcologic map of the Napo uplift, northcaslcrn Ecuador. Acta 
Vulcanologica, in press. 

Pasquarè G., Tibaldi A. and  Ferrari L., 1990. Rclationsllips bctwccn plntc convcrgcnce and tcctonic 
evolution of the  Ecuadorian active Thrust Bclt. In: A&asthithis S.S. (Ed.), Critical Aspccts of Plate Tcctonic 
Theory, Theophrastus Publications, 365-387. 

Rivadeneria M.V. and Ramirez F.H., 1985. La zona subandina amazouica ecualoriana y sus prospcctos 
hidrocarburiferos. VI" Latinamerican geological congres, Bogotd, Colombia, 

Wallrabe-Adams H., 1990. Petrology and gcotcctonic dcvclopmcnt of the Western Ecuadorian Andes: the 
Basic Igneous Comples. Tectonophysics, 185, 163-182. 



166 Second ISAG, Oxford (UK), 21 -2319t1993 

Figure 1. Structural slwfell-mal) of the Plapo uplift. 
1 = Polimetnmorphic rocks of thc Cordillcra Real. 2 = Napo uplifi: a) thnlst slicc zonc; b) zo11e with strike- 
slip and reverse fi~ults; c) zone with strikc-slip faults; d) zone with strike-slip and folds. 3 = P;lstaza 
dcpression. 4 = A~nazonia~~ foreland. 5 = normal faults. 6 = Strikc-slip filulis. 7 = rcvcrsc faults. 8 = 
Thnlsts. 9 = buricd fnults. IO = flesurc. I l =  anticlinc fold mis. 12 = sycliuc fold asis. 13 = solcrlnic 
collapsc. 14 = solcallic vcnt. 15 = infcrrcd fxdis. 
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RESUMEN: Complejos  plutonicos  Jurasicos (c. 190 Ma  and c. 153-138  Ma)  se  ubican 
escencialmente al oeste  del  Sistema  de  Falla  Atacama  (SFA),  emplazados en el basamento 
metasedimentario  y  los  complejos  plutonicos  anteriores.  El  SFA  corresponde  a  una  zona  de 
fractura  a  escala  cortical  con  una  larga  y  cornpleja  historia  de  desplazamientos  desde el Jurasico- 
Cretacico (c. 158  Ma, c. 132-126  Ma) al Reciente.  Complejos  plutonicos  Cretacicos  se  urbican 
a Io  largo (c. 127  Ma)  y al este (c. 106 Ma) dei SFA  emplazados en volcanitas  andesiticas 
Cretacicas, ya  que  durante el Cretacico, el foco  de la actividad  magmatica  migro  hacia el este. 

KEY WORDS: Ar  ages;  dip-slip  faulting;  Mesozoic  arc  magmatism;  strike-slip  faulting;  syn- 
kinematic  plutonism;  transtension. 

INTRODUCTION 

One  perplexing  feature of arc  systems  relates to the  relationship  between  the  apparently 
continuous  nature of subduction  processes  and  the  episodicity  of  regional  magmatic  events.  Such 
episodicity  suggests  that the rates of tectonic  processes  must be relatively  rapid. Also, the 
relationship  between  arc-related  strike-slip  faults  and  magmatism is uncertain.  Arc-parallel  trench- 
linked  strike-slip  faulting  is  common  along  convergent  margins  and  is  particularly  important in 
continental  arc  systems. As a  result,  fore-arc  slivers  typically  are  stranded  between  strike-slip 
faults  and  trenches.  Trench-linked  strike-slip  fautts, in addition to accommodating the  horizontal 
component  of  oblique  subduction,  cut  and  may  localize  arc  intrusions  and  volcanic  rocks.  One 
major  question  is  whether  relative  thermal  'softening'  within  an  evolving  magmatic  arc  is  required 
for  development  of  strike-slip  fautt  systems  or  whether  development  of  strike-slip  fauit  systems 
facilitates  the  ascent  and  emplacement of arc-related  magma?  One  aim  of  Our ongoing  research 
in North  Chile  is to understand  better  the  spatial  and  temporal  development of plutonic  complexes 
and  associated  tectonic  structures  within  an  eroded  continental  arc  system to provide  data to 
evaluate  more  fully  these  issues. 
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The major geologieal  features of the western  South Arneriean continental  margin are a 
manifestation of the  Iongevity of subduction along this  regional  plate hundary. Evolutionary 
stages have  been  influenced  $y the direction and magnitude of plate convergence vec to~ .  In 
North  Chile,  upper  Paleoaoic back-are basin and fore-arc sedimntary sequenms  (incluciing an 
extensive  awretionary  prism) formecl during  rollback of subduaing omanic lithosphere. These 
successions host a broad Pemian-Triassie  magrnatic are. The metasdimntary basemnVarc 
csmplex comprisecl a country rock terrane for subsequent  Lower  Jurassic, Upper Jurassie  and 
Lower Cretae%ous magmatic arcs whieh pfeesently are exposed in the Coastal Range. Mesozoie 
are complexes are transeded by a trench-linked strile-slip fault  system: the Atawma Fault 
System  (AFS). The AFS extends for  at least 1000 lm between  La Serena and Iquique  within the 
Coastal Range of North  Chile. It has been active from at least the Upper Jurassie,  with 
displacement  continuing intemittently into  the Upper Miocene.  The  trend of the system is sub- 
parallel to the continental  margin,  but  the major faults  within it change  orientation  systematimlly 
to  define three armate segments. We are mnc%med with the relationship  between magma 
emplacement and fautt  displamment in the  southem part of the AFS behveen Taltal and Copiapo, 
whieh has been referred  to as the El Salado segment. Between 25"00'S and 27'38'S, in the El 
Salado segment of the AFS, steep foliations in ductile  simple shear bettes have been reworked by 
brittle fault zones. To the east, inboard of the a ~ .  rocks, sedimntary and voleanie rocks of a 
Mesomoic ba&-are basin are exposed. This  Mesozoie $a&-are basin  forneci past of a system 
extending  throughout  Chile.  The major contradional event east of the AFS in Nodh Chile 
o m m d  in  the  Iate  Bligocene - early  Miocene when Palescene and older ro& of the Mesozois 
ba&-arc basin were thwst to the east. 

During the durasic and eady Lower Gretamus South Ameria appeaw to have b e n  
esentially statie, whieh lildy allowed development of the behind-arc  basina as a consequenee 
of subduction  zone rollbada and syn-subduction  extension. Plate recsnstrudions  for the Lower 
Cretawus suggest that the Aluk plate subduded  southeastward al an oblique  angle  relative to 
the South A m e r i ~ n  continental  margin.  This  kinematie  setting appears to have been maintaineci 
until the late Upper Cretamous, when the Farallon plate was tedonically juxtaposecl along the 
plate boundary of North Chile. 

In the Chanaral Region,  Upper Paleozoic sedimentary  sequences  and  granites of a broad 
Pemian-Triassic  magmatic are foaned the erust into whieh  Lower  Jurassie  (LJ), Uppsr Jurassie 
(UJ) and Lower Cretaceous (LC) magmatic arc rocks were  emplamd. Eaeh of these arcs is 
composa of an expanded range of esmpositions  from gabbrodiorite through tonalite Io 
granoclisrite (Brown, 1991). LJ  plutonie  complexes  have  equant  outerop patterns and are lomted 
West of the AFS, whereas the UJ and LC  plutonic camplexes are elongate  north-south and their 
emplacement  elearly was mntrolled by  the geometry of the Atacama Fault  System.  Plutonie 
complexes younger than C. 400 Ma are emplaeed ints the marginal  basin  behind  the are during 
sttrustural  inversion of the  basin and here again  plutonie mmplexes have  equant  sutcrop shapes. 
Individual  plutons  within  these Mesornoie complexes display  field,  textural and petrologiml 
characteristics  whieh  reflect  upper crustal levels  of magma emplacement and associated  rapid 
post-magmatie cooling. Al-in-homblende tsaroomett-y aeros the UJ and LC ares on rocks with the 

plutonic complexes along the AFS.  Several  ciike swams were ernplaced during the developmnt 
of the Mesozoie arcs and acceunt for east-West dilation of up to 15%. They show that the arc 
was extending during  emplacement  of are magmas. 

Magmatism appears to have been episodic as revealed  by p a k s  in 8 histogram of 
number of ages (published,  various  sources, al1 methods) IL geologie series (e. 30 Ma intewal), 
by published U-Pb zircon data, which refled erystallization ages, and by new dsarPAr hornblende 
plateau and isotope  correlation ages. The  rapid  cooling  implied  by a shallow erustal Ievel results 
in intraerystalline  mineral argon system remrding  isotopie ages very  similar to the time of initial 
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magma  emplacement.  Thus  Our  precise MArpAr dates  also  reflect  crystallization  ages. Peak 
of activity occurred in the  Lower  Permian  (LP),  the  Triassic O, the LJ, the  UJ  and  the LC.  Using 
the 40Ar/@Ar  method,  we  have  determined  precise  emplacement  ages of individual  plutonic 
complexes both along  strike  and  across  strike  within  each  of  the  Mesozoic  arcs.  On  the West side 
of the  Coastal  Range, 40ArpAr' hornblende  isotope  correlation  ages of c. 190 Ma  characterize  the 
LJ arc  suite  along  more  than  1 of latitude.  Ages of 153,  139  and  138  Ma  have been  determined 
on  homblende  from  samples W to E  across  the  UJ  arc  suite,  and  ages of c. 127  and  106  Ma 
have been  determined  on  hornblende  from  localities  across  the LC  suite.  These  ages  indicate 
that as the locus of  magmatic  activity  stepped  successively E, each  previous  arc  cooled. 
Furthermore, whole  rock @'ArpAr ages  of 156  and  154  Ma  from  calc-alkaline  basaltic  andesite 
dikes  indicate  emplacement of the  earliest  magmas of the  UJ  suite in an  extensional  environment. 

The  geochemical  features of granitoid (> 63% SiOJ  samples  from  the  LJ,  UJ  and  LC 
plutonic  complexes  from  the  Coastal  Range  include  enrichment in Rb,  Th, U  and K and  depletion 
in Ba,  Ta,  Nb,  Sr,  P and Ti,  characteristic  features of continental  margin  granitoids,  and  relative 
enrichment in the LREE  relative to the HREE.  Normalized  values  for Y of c. 5 suggest  shallow 
magma  sources.  For the  expanded  range of compositions,  WRb  and  Rb/Sr  do  not  change 
dramatically  with  increasing SiO, until very  high SiO,  contents,  features that  are  consistent  with 
fractional  crystallization  as the dominant  control of the  chemical  variation.  The  low  on  average 
BalLa  ratios  exhibited  by  the  rocks  suggest  low  alkali  earths in the source  region  and  argue  for 
limited  subduction  zone  enrichment  within  the  mantle  wedge.  This  is  confirmed  by  low  BalNb 
ratios  at  low SiO,  contents. 

THE  ATACAMA FAULT §YSTEM 

In the  El Salado  segment,  the  AFS  transects  intrusive  and  volcanic  rocks  of the  Upper 
Jurassic  and  Lower  Cretaceous  magmatic  arcs.  At El Salado,  and  for  20  km to the S, the AFS 
contains  three  principal  fault  zones  where  distinct  brittle  faults  have  reworked  rocks  that  display 
an  earlier  record of penetrative  ductile  strain.  For  much of its  length,  the  western  fault  zone 
juxtaposes  Jurassic  diontettonalite to the W with  Cretaceous  tonalite/granodiorite to the E. This 
briile fault  contact  is  located  within  a c. 800 m wide  ductile  shear  zone  which  appears to have 
initiated  during  upper  amphibolite facies  conditions.  A  variety  of  kinematic  indicators  al1  indicate 
east-sidedown displacement  (Brown et al., 1993).  Because field  relations  constrain at  least  an 
early  Lower  Cretaceous  age  for  ductile  displacement,  the  AFS  could  have  initiated  within  a  fault 
system  responsible  for  Jurassic - Lower  Cretaceous  subsidence in the Mesozoic  marginal  basin 
to the E. Jurassic plutonic rocks exposed West  of the  main  shear  zone  are  cut by small-scale 
shear  zones  which  again  display  amphibolite  facies  mineral  assemblages,  and  which  may  have 
formed  during  the  early  stages of  development of the AFS. The  eastern  fault  zone of the AFS 
marks  a  boundary  between  Cretaceous  volcanic  rocks  and  Cretaceous  tonalitelgranodiorite to the 
E. Cretaceous  plutonic  rocks  adjacent to the boundary  are  penetratively  ductilely  deformed in a 
700-1400m wide  belt of steep eastdipping mylonites.  Kinematic  indicators  indicate  sinistral 
displacement  across the high  ductile  strain  zone  (Brown et al., 1993).  Field  relations  suggest 
Lower  Cretaceous  movement,  and  intrusive  rocks of the  UJ  and  LC  magmatic  arcs  are  elongate 
parallel to the AFS. 

Further W than the main  AFS,  ductilely-deformed  metasedimentary  rocks  and 
leucogranites  occur  at the West  margin of the Upper  Jurassic  plutonic  complexes,  east of 
Flamenco.  Poorly  defined  kinematic  indicators  are  consistent  with  vertical  displacement.  @ArP"Ar 
plateau  ages on muscovite  of c. 159 and  156  Ma  suggest  that the earliest  ductile  displacement 
recorded  within  the  Mesozoic  plutonic  cornplexes  is of  Upper  Jurassic  age. 

Homblende  from two samples of mylonitic  diorite  from  within  the  western  fault of the AFS 
both  display welldefined 40ArpAr plateaus  and  yield  isotope  correlation  ages of c. 132-130  Ma, 
interpreted to date  cooling  through  the  appropriate  argon  closure  temperature  following 
deformation  under  amphibolite  facies  conditions  within  the AFS. This  provides  a  minimum  age 
for the  down  dip  component of ductile  displacement  on  the  AFS.  Hornblende  from  a  foliated 
mylonitic  diorite  from  within  the  east  fault of the AFS  displays  a welldefined &ArpAr plateau  and 
yields  an  isotope  correlation  age  of c. 126  Ma,  interpreted to date  greenschist  facies  ductile 



170 Second ISAG, Oxford (UK), 21 -23/9/1993 

defornation during strike-slip  displamment on the AFS. 
The upper amphibolite  facies,  east-sidedown shear zones along the West fault of the AFS 

are intepreted to have forrned in the wall-rocks of Lower Cretaceous intrusions  during 
emplacemnt. The shear zones dip steeply at the surface but may becsme Iow-angle at depth. 
Ductile  defolmation was promotd by heat suppliai from the arc plutons  which were emplaced 
at dilational jogs in this  extensional shear  zone system. The east fault of the AFS represents a 
boundary Io the extensional domain. The mylonites were  reworiced by sueeesively lower 
temperature,  sinistral  strike-slip ductile-to-brittle fautts. 

Our preliminary mArPAr data on plutonic complexes suggest that arc magmatism is  partly 
episodic. A signifimnt time gap exists between the Lower Jurasic plutonic complexes and Upper 
Jurassic  plutonie  complexes. Smaller, posibly signifimnt  tirne gaps o w r  within the Upper 
Jurassic and Lower Cretacmus plutonic complexes. 

The Atacama Fault  System  likely was initiatecl c. 160 m.y.  ago and was characteï3med by 
extension until c. 130 Ma. Sin= plate kinematic rmnstmdions suggest south-east dirxted 
subduction during this intewal, due Io the expansion of the Pacifie Owan Basin wkile South 
Ameflerl remained  essentially statitie in a mantle reference frame, i t  is  likely that the AFS 
represents a transtensional fautt during the ldpper Jurassic. The outcrop shape of plutonic 
complexes, spacing of emplacement at c. 30 m.y. intewal and the plate kinematie  framework al1 
indicate tkat in the intewal 196 Ma to 166 Ma subduction zone rollback initiateci a transtensional 
regime  which at 166 Ma wnlrolled pluton emplacement. In addresing the question of whether 
relative themnal  'softening'  of an evolving  magrnatic arc is  required for development of a strike-slip 
fault systern or whether the development of a strike-slip fauR system  facilitates the magmatism 
associateci with the arc, our data suggest that themal weakening  during  pluton emplacement at 
190 Ma and extensional  stresses generated by subduction zone rollback  allowed  initiation of the 
AFS at e. 166 Ma and subsequent growth of the AFS during the next 36-m.y. period to e. 130 Ma. 
Magmatism and themal wsakening  likely precede initiation of arc-parallel fault systems at active 
continental margins, although in detail  each  intrusion likely was asociated with  weakening of the 
arc that  allowed  ductile defornation followed  by a ductile-btrittle  transition during cooling. Once 
established, arc-parallel fault systems at active  continental  margins  rnay control ascent and 
emplacement of magma, as  evidenced  by  the LIJ and LC plutons. 

The @SarpAr results ffom the Atacama Fault  System suggesl a polyphase history of 
ductile  displacement. The data suggest a change from down-dip dudile displamment under 
arnphibolite  facies  conditions  to  sttrike-slip  ductile  displacement under greenschist  facies  conditions 
during th&? interval 130-126 Ma. The transition from downdip to sttrike-slip may cowespond to a 
decrease in depth and rnay reflect exhumation on the evolving fault system. These data permit 
two intepretations of arc tedonics. Either extension and magma emplacement Q C C U F ~ ~  together 
with  sinistral  strike-slip on the AFS but partition&  from it in a transtensional regim, or extension 
associateci  with  emplacement of arc magmas p r e d d  strike-slip displacemnts on the AFS 
during  the  waning stages of arc magmatism. In the second intepretation, csoling due to  arc 
abandonment, rather than exhumation,  may  have  contributed to the ductile-tsrittle  transition. 
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STRUCTURAL  INTERPRETATION  OF  CEUTA  FIELD,  LAKE  .MARACAIBO, 
VENEZUELA 

Emilio  BUENO,  Alfredo  CHIRINOS,  Johnny  PINTO  and José 
MORENO ( * ) 

(*)Maraven,  S.A.,  Apartado 829 Caracas 1010A, Venezuela 

RESUMEN: La interpretacidn  estructural  del  levantamiento 
tridimensional  del  Campo  Ceuta , en  la  Cuenca de Maracaibo, 
fué  realizada  considerando los diferentes  estilos de 
deformaci6n  a los cuales  estuvo  expuesta  la  Cuenca  desde  el 
TriAsico-JurAsico  hasta  el  Ne6geno.  La  deformaci6n  tuvo  lugar 
alternando  fases  tensionales  y  compresionales. 

KEY WORDS:  Ceuta  Field,  Pueblo  Viejo  Fault,  Maracaibo  Basin, 
Structural  Inversion 

INTRODUCTION 

This  interpretation,  achieved  in  an  interactive  workstation, 
is  centered  around  an  area  covered  by  a  3D  seismic  survey 
acquired  over  most  of  the  Ceuta  Field,  located  in  the 
Maracaibo  Basin,  which is situated  between  two  Andean  chains, 
on the  northern  edge of the  South  American  Plate. 

GEOLOGICAL  SETTING 

The  stratiqraphic  column  shows  over  a  paleozoic  basement, 
the  volcano-sedimentary  complex of Triassic-Jurassic La 
Quinta  Formation,  which  fills  deep  basement  depressions,  and 
is  uncomformably  covered  by  Cretaceous  and  Paleocene 
platform  sediments,  followed  by  passive  margin  Eocene 
sediments  and  finally,  the  continental  Neogene  embankment. 

The  structural  deformation  took  place  under  alternating 
extensional  and  compressional  tectonics.  The  major  structural 
features  of  the  field  are  the  Pueblo  Viejo  and  the  VLG-3693 
faults. 
During  Eocene  and  Miocene  times,  the  Ceuta  Field  was  located 
in  a  regional  high  structure,  which  gradually  has  been 
inverted  during  the  Upper  Neogene  reaching  the  deep  today 
situation  (Roberto,  Cramez  and  Duval,  1993). 
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The  Ceuta  Graben 
The  North-South  oriented  Pueblo  Viejo  fault is interpreted as 
the  border  fault  of a Triassic-Jurassie  graben,  which  western 
part is situated in the  Ceuta  Field,  in  Lake  Maracaibo.  The 
eastern  border-fault,  the  Valera  Fault,  is  outeropping in the 
Trujillo Andes and  the  Lara-Trujillo  Mountains, in the 
eastern  coast of Lake  Maracaibo. 

Lower  Eocene  Extensional  Deformation 
The  graben  was  eovered by Cretaceous  and  Paleocene  platform 
sediments, and was  reaetivated  under  extension  durfng  Early 
Eoeene  times. 
During the same  time,  and  due  probably to the  forebulge 
originated by the  emplacement  of  the  Lara  nappes  in the 
northeastern  part  of  the  Maracaibo Basin (Rodriguea, Bueno 
and  Ostos, 1993), a series of  listric  faults  were  developed. 
To  the  South of the  field  exists a remanent  of a Nesoaoie 
structural kigh, "the Merida A r e h ' I l  which is bounded by the 
big  listric  VLG-3693  growth-fault,  dipping to  the  North. 

Structural  Inversion 
During  Upper  Eocene  times,  and as a result  of  collisiom  of 
the Caribbeaa and the  South merieam Plates,  followed  by the 
oblique  subduction  of  the  Caribbean  crust under the Maracaibo 
Block (Van der  Hilst, Rob and Manm, 1993), the  sediments of 
the  Maracaibo  Basin  were  deformsd  under compression, which 
gave place to  the structural  inversion  of  the  Ceuta  graben. 
The main  stress  deformation axis was  oriented in a NW-SE 
direction  (Willemse,  Van de Graaff and Sancevic, 1990). 
During  this  phase,  the  normal  border-faults of the  grabem 
were  converted in reverse  faults,  partieularly  at Escerne 
levels Due to the high  angle  of  the  Puebls  Viejo  fault  at 
Cretaeeous and Basement levels, the  inversion  was  of  little 
signifieance  there. 
Antithetie  faults  situated  in  the  East  f l a n k  of the  Pueblo 
Viejs  fault were also converted  in  reverse  faults, g iv ing  
place to the  formation  of  wedge  shaped blocks, whieh, PocaPly 
are squeezed up as pop up  structures. 
Due to  its  orientation  almost  parallel  to  the  main 
deformation  stress,  the big VLG-3693  fault  has  not  been 
inverted,  exeepted in its  Northwesten  edge,  where  the  Pueblo 
Viejo  fault  overprints  the  VLG-3693  fault. 

Strike  slip  Paulting 
This  analysis  of  the  Ceuta  graben leds to dynarnie and 
cinematic  prscesses, which are  different  to the traditionally 
used for the structural  interpretation of the  area, until now 
considered as a  result  of  strike  slip  tectonics omly (VST, 
1986). The present  interpretatisn  considers  the  strike slip 
deformation  of  the  Pueblo  Viejo  fault as an event  assoeiated 
to  the  structural  inversion, and due to  block  rotations. 
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Post-Eocene  Deformation 
An  extensional  deformation  took  place  in  Early  Miocene,  which 
was  followed  during  Late  Miocene,  by  a  new  phase of 
compressional  deformation.  This  deformation  took  place  during 
the  uplift  of  the  Merida  Andes,  which  also  involved  the 
eastern  eastern  part  of  the  graben,  which  is  now  outcropping. 
During  this  phase,  the  Maracaibo  Block  escaped  northward  from 
its  Colombian  Eastern  Cordillera  convergence  (Pindell, 
1993). 
The  main  stress  deformation  axis  had  an  East-West  orientation 
(Willemse  et al. 1990). During  this  phase  occurred  also  a 
conjugated  shear-fault  system,  which  cut  the  Ceuta  High  with 
45 degrees  angles  to  the  Pueblo  Viejo  fault. 

Hydrocarbon  Traps 
The  tectonic  processes  were  very  important  for  the 
development  of  different  types  of  hydrocarbon  traps 
recognised  in  the  Ceuta  Field. 
Four  different  kinds of plays  can  be  distinguished, the 
Miocene-,  Upper  Eocene-,  Lower  Eocene-  and  Cretaceous-plays, 
which  are  related  to  specific  deformation  phases. 
The  Miocene  plays  are  related  to  the  entrampment  caused  by 
the  Pueblo  Viejo  fault. 
The  Upper  Eocene  play  consists  also  in  traps  developed  next 
to  the  Pueblo  Viejo  reverse  fault  and  its  antithetic  faults. 
The  Lower  Eocene  plays  are  situated  against  the  normal  faults 
oriented  NW-SE,  and  developed  during  the  extensional 
deformation. 
The  Cretaceous  plays  are  related  to  the  highs,  which  existed 
in  the  upthrown  f  lank  of  the  Pueblo  Vie jo  fault , during  the 
extensional  Lower  Eocene  deformation  phase,  assuming  a 
migration  previoug  to  the  structural  inversion. 

CONCLUSIONS 

Ceuta  Field  is  located  in  the  western  half  of  a  graben 
originated  during  Triassic-Jurassic  times,  which  after  being 
eroded  was  covered  by  Cretaceous  and  Paleocene  platform 
sediments.  During  Lower  Eocene  times  the  graben  was 
reactivated  under  extension.  During  the  Upper  Eocene,  and  as 
a  result  of  subduction of the  Caribbean  crust  under  the 
Maracaibo  Block,  the  sediments  were  deformed  under 
compression,  which  gave  place  to  the  structural  inversion of 
the  graben.  Finally,  an  extensional  deformation  phase  took 
place  during  Early  Miocene,  which  was  followed  by  Late 
Miocene,  by  a  new  phase of compressional  deformation  during 
the  uplift of the  Merida  Andes. 
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The LiquiAe Ofqui Fault Zone : a major Cenozoic strike slip duplex 
in the Ssuthern Andes  
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RESUMEN 
La zona de falla Liquifie-Ofqui (ZFLO)  se  extiende  por casi 1000  kms en los Andes del 

sur. Rocas deformadas ocurren  a Io largo de la ZFLQ, que coincide con el eje Mioceno del 
Batolito Norpatagonico y con cuencas  extensionales  terciarias.  Un movimiento dextral en el 
rumbo y luego normal, es consistente con la convergencia entre las placas de Nazca y 
Sudamérica  que ha variado  de  oblicua  a casi ortogonal. 

KEY WQRDS: Southern Andes, strike-slip duplex,  Cenozoic. 

INTRODUCTION 

The overall deformation resulting from converging plates is partitioned into strain, 
displacement along discrete faults and block rotation (Lamb  and  Bibby,  1989; Jackson and 
Molnar,  1990). Attempts to assess  the  contribution of these  three  components  of deformation 
along different mountain belts (Dewey  and  Lamb,  1992) face the problem that short and long- 
term slip rates, distributed strain,  and the amount and sense of block rotation are generally 
poorly constrained. This is the  case in the  Chilean Andes,  where  hundred-kilometer long crustal 
lineaments, regarded as  major  long-lived strike-slip fault  systems, have been causally linked to 
the margin parallel component of oblique subduction of the Nazca (Farallon) plate beneath 
South America (Hervé, M., 1976;  Beck,  1988;  Pardo  Casas  and  Molnar,  1988). 

The most relevant tectonic feature of the southern Chilean Andes, the 1000 km long 
Liquifie-Ofqui fault zone  (LOFZ) , has  been  lately the subject of geologic, geochronologic and 
paleomagnetic research. An updated  synthesis of a l 1  available  relevant information about the 
LOFZ is given below. 

GEOLOGICAL  SETTING 
Geometry 
The  Liquifie-Qfqui fault zone is represented by a series of NNE-trending  crustal 

lineaments,  mainly  corresponding to aligned  glacial  valleys  and  fjords. 
Their spatial arrangement as observed in satellite images, aerial photographs and 

geologic maps (Fuenzalida & Etchart,  1975;  Hervé et  al., 1979; Thiele et  al., 1986) allows the 
distinction of three categories of lineaments based on length and shape : straight  long 
segments; en échelon features; and  curved  splays. 

The main trace of the  LOFZ  is  represented  by two NNE-trending  straight  segments with 
a left step in between. These two main segments are linked by a series of NE-trending en  
échelon lineaments resulting in an extensional strike-slip duplex geometry (as described in 
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Woodcock  and  Fisher,  1986). The third important  element is a series of NW-trending, concave 
to the southwest,  oceanward  splays off the  two  main  segments  (Fig. 1). 

The LOFZ,  along most of its main trace, runs through plutonic rocks of the Meso- 
Cenozoic North Patagonian batholith, metamorphic rocks of the Paleozoic Accretionary 
Complex  and  Cenozoic  volcanosedimentary  units  (Hervé,  1976;  Parada  et al., 1987;  Cembrano, 
1992). The Miocene  belt of the North  Patagonian  batholith  has  a close spatial relationship with 
the main trace of the LOFZ,  as  does  the  holocene  southern  Andes  volcanic Chain. It has been 
suggested that the LOFZ is a  deep-seated structure cutting through the lithosphere, favouring 
magma  rising  and  emplacement.  (Parada et  al.,  1987;  Pankhurst et al., 1992). 

NS-trending strips of fault rocks, crop out in discrete areas along the LOFZ, between 
extensive  exposures of non-deformed rocks. A steeply-dipping foliation  striking  NNW 
characterizes the mylonites. Limited available data on mineral stretching lineations and fault 
striae  are  consistent  with  lateral  displacement. 

Mid-Tertiary extensional basins (Bartholomew and Tarney, 1986) and holocene 
volcanoes  are  spatially  compatible  with  the  extensional  duplex  geometry  described. 

Paleomagnetism 
Paleomagnetic  data on rock units adjacent to the  LOFZ (Garcia et al., 1988; Cembrano 

et al., 1992;  Rojas  et al. in press)  have  shown  a pattern of crustal block rotation consistent with 
the LOFZ geometry and  motion, characterized by small counterclockwise rotations West  of the 
LOFZ and small to moderate  clockwise  rotations  within  and to the  east of the  LOFZ.  Beck et al. 
(in press) propose that the observed pattern is the  result of small north-south displacement of 
blocks along curved splays West  of the LOFZ, giving  rise to counterclockwise rotation in contrast 
with distributed dextral shear producing clockwise  rotations  within and to the east of the LOFZ. 
Large-scale north-south transport -as found in the US western Cordillera- has not been 
documented,  but  available  data do  not  rule out a few hundred  km of lateral  offset. 

Nature and timing of motion 
Hervé (1976) proposed that it was  a  Cenozoic fault zone with both pre-Oligocene 

dextral and Late Tertiary normal up-on-the-east motions. The main evidence for the early strike- 
slip component was  a steeply-dipping mylonitic foliation along  with  a conjugate set of NNE- 
trending dextral and ENE-trending sinistral mesoscopic faults found in a 3km wide NNE - 
trending belt of fault rocks. The normal, up-on-the-east motion, was interpreted from the fact 
that deeper crustal levels crop out east of the LOFZ main trace.  At 41's the LOFZ juxtaposes 
weakly deformed Miocene  and  Cretaceous  plutonic rocks (Drake  et  al.  1992). At  42OS, NNW 
striking foliations, subhorizontal mineral lineations  and structural asymetries found in both Mio- 
Pliocene granitoid and their Paleozoic metamorphic wallrocks  document  a right lateral ductile 
shear  zone of pre-Pliocene age  (Cembrano,  1992). 

High  uplift rates have  been  calculated  for  the  LOFZ  by  Thiele  et al. (1986)  for the last 10 
Ma and,  up to 9  mmlyear, by Hervé and Ota  (in  press)  for  the  late  Holocene,  respectively. 

CONCLUSIONS 

The LOFZ is represented by  two  major NNE-trending crustal linearnents along which 
isolated outcrops of ductilely-brittlely deformed  rocks  occur.  Purely  geometric considerations of 
spatially related en échelon and curved oceanward  features  can  be  assimilated to a strike-slip 
extensional duplex  and  associated  splays. 

Field evidence from within the LOFZ is consistent  with  a right lateral shear zone with 
sharp  variations  in  the  nature of rock  deformation  along  strike. 

The fact that both the Miocene plutonic rock belt and Recent volcanoes spatially 
coincide with the LOFZ suggests that the structure has exerted control on magma rise and 
emplacement. 

Paleomagnetic data show  a pattern of block  rotation consistent with the geometry and 
sense of motion assigned to the LOFZ. 

Right lateral followed by  normal  motion on the  LOFZ reflects the Nazca-South America 
convergence which  varied  from  highly  oblique to nearly  orthogonal  during  the  Cenozoic. 
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RESUMEN: Los principales eventos en la evolucidn geodindmica del Ecuador han sido 
registrados en el Tridsico, Jurdsico, Cretdcico inferior, Campaniano y Eoceno superior-Oligoceno. 
Estos eventos se han determinado a  partir  de levantamientos geoldgicos regionales y  la 
determinaci6n radiometrica de aproximadarnente 350 muestras. 

KEY WORDS: Ecuador, Andes, AutochthonoudAllochthonous, accretionary prism, 
geochronological, Mesozoic-Tertiary evolution. 

MESOZOIC-CENOZOIC EVOLUTION 

Recent studies by various groups, including the publication of ca. 350 radiornetric ages, 
allow a  more  precise interpretation of the geological evolution of the  Ecuadorian Andes. 

In the  Cordillera Real (Eastern), during  the  Late  Triassic,  the semi-pelitic, Loja  division 
sediments were metamorphosed. This event was accompanied by regional, dextral (transpressional) 
shearing,  the emplacement of syn- to late- tectonic, granitoid batholiths (of S- and 1-type character) 
and mafic amphibolite bodies, migmatite formation and, possibly, minor volcanism in the east. 
Zircon and monazite, U/Pb dates indicate plutonic ages of 228 & 1 Ma and 227.6 & 3.2 Ma. 

In the Middle-Late Jurassic (ca. 190-140 Ma), major, volcano-plutonic activity occurred 
throughout the sub-Andean zone and  in the eastern part  of the Cordillera Real, to  the north of 23. 
During this period the  Zamora, Abitagua, Azafran, Chingual and Rosa Florida batholiths were 
emplaced and the (?)contemporaneous, volcanic Misahualli and the volcano- sedimentary Upano 
sub-divisions were  formed. 

Following  the cessation of this activity, in the Late Jurassic-Early Cretaceous (ca. 140-120 
Ma), the  Cordillera Real  and sub-Andean zone  were  deformed, uplifted and eroded.  Young,  K/Ar 
mineral ages (ca. 135-120 Ma) and a  reset, Rb/Sr whole-rock isochron (120 & 5 Ma) obtained 
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from the Jurassic batholiths are interpreted to relate to this event which, within the Cordillera, 
included an  important component of(?)dextral  shearing  along steep-to-vertical, NNE/SSW-trending 
zones. 

The western structural (?autochthonous) litnit of the  Cordillera Real  is defined by the 
BaBos-Las Aradas  fault  zone which represents the southern extension of  the Romeral fault in 
Colombia. Westward of this structure, and possibly n~ainly during  Late  Jurassic-Cretaceous  time, 
the  principle eleinents of an accretionaly prism complex were assembld. Much of this complex 
is now buried by Tertiary and Quaternary volcanic deposits  but  it includes: the east-West trending, 
metamorphic rocks of El  Oro  province in the southwest,  the  Late  Jurassic volcanie, oceanic arc 
sequence of the Alao division and the  quartzose/pelitic metasediments of  the (?)Lower Jurassic 
Guamote division in Central Ecuador, and various "basement/~metamor~~l~ic" windows  reported  from 
the  Chota Valley,  in the  north, and the  ChauchaManu areas, in the south. 

Detailed rnapping in the El Oro  Province  has established that  the accretionary complex 
contains inclusions of both 'continental' and 'oceanic' affinities. The former inclucle a variably 
lnetamorphosed (HT/LP), semi-pelitic sequence, syn-to late-tectonic, S- and I-type character 
granitoids, migmatites and amphibolites, al1 ofwhich can be correlated with rocks occurring in the 
Loja  division  of  the  Cordillera Real to the east. It is suggested that the El  Oro  rocks  were 
tectonically scavenged from the western margin of this  Cordillera  (or possibly its southern 
extension into northern  Peru-the Olmos Arch) and incorporated into the accretionary  prism  from 
ca. 140 Ma onwards, most probably as a  result of dextral shearing.  High-pressure inclusions 
(blueschists and eclogites) of oceanic  origin were also tectonically emplaced into the accretionary 
cornplex. A  single  K/Ar  bhengite) determination for  the El Oro  Province  gave  an (?cooling/ 
emplacement) age of 132 & 5 Ma ancl similar  dates, obtained from Colombian blueschists, that are 
interpreted to represent  the northward continuation of the accretionary complex, range  from 125 
& 15 t O  120 & 5 Md.  

In the Early-Late Cretaceous (ca. 120-55 Ma), in the sub- Andean zone, and probably 
extending westwards over  the Corclillera Real, the epicontinental sandstones, s h a h  and limestones 
of the  Hollin and Napo formations  were  deposited, with marked unconformity,  over  'eroded, 
deformed, pre-Cretaceous lithologies. The depositional environlnents recorded by these  sediments 
and the  general absence of plutonism, indicate a period of relative  tectonic quiesence. However, 
volcanic debris was shed into the extensional (?transtensional) Alamor/Lancones basin which was 
forlning  above  the accretionary complex in southwest Ecuador and northwest Peru.  Paleomagnetic 
data  from  the  Lancones basinal sediments suggest  progressive,  clockwise (up to 9 Q )  rotation took 
place  during  Early-Late Cretaceous time, implying a dextral shear  regime, possibly with a limited 
subduction eomponent. This  rotation would also account for  the marked east-West structural  trend 
of the accretionary conplex in the El Oro  Province. 

Following  the deposition of the Upper Napo formation in the east, a major period of Upper 
Cretaceous (Campanian, ca. 83-73 Ma) uplift and erosion affected the  Cordillera Real and 
sub-Andean zone.  This event coincides with a  regional, thermal disturbance (resetting) of the M/Ar 
minera1 ages and the elnergence of the Cordillera as a positive  topographie  feature.  During this 
period plutonic activity was restricted. 

In the uppermost Cr~taceous-Paleocene jca. 73-60 Ma) the continental Tena fbrmation was 
deposited along the eastern lnargin of the Cordillera Real  and the marine Yunguilla formation was 
laid down in the West, in (?)tensional hasins develaped on top of the Late Jurassic-Cretaceous 
accretionary complex.  During  Early  Tertiary tilne (60-38 Ma) the calc-alkaline, oceanic 
Macuchi-Sacapalca arc and associated marine sediments developed on  top of the  oceanic,  Early 
Cretaceous Pifion terrane which was prohably located sormewhere to  the West. To the east in the 
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sub- Andean zone and Oriente, the widely distributed, continental Tiyuyacu formation was 
deposited. In the  Cordillera Real a number of generally small (undeformed) stocks and plutons 
were emplaced. 

Near to the Oligocene-Eocene boundary (Ca. 38-35 Ma) an important change resulted in 
regional uplift and erosion and probably, the widespread reactivation of older  structures.  It was 
possibly at this time that the  Early Cretaceous, oceanic PifiGn terrane, together with its Upper 
Cretaceous-Lower Tertiary (pre-Oligocene), marine cover sequence, and the Macuchi-Sacapalca 
arc  were accreted. The Pifi6n terrane now forms  the basement of  the  Cordillera Occidental 
(Western) and Coastal Plain and the tectonic contact between this terrane and the western limit of 
the  Late Jurassic-Cretaceous accretionary complex is marked by the Calacali-Pallatanga fault in 
Ecuador and  by the Cauca-Patia fault in Colombia. During  the accretion the  Cordillera Occidental 
was deformed and sliced-up by a  series of dextral, NNE-SSW trending,  horse tail faults that 
terminated in the Calacali-Pallatanga fault. ln the Oligocene (Ca. 35-27 Ma) the continental, 
calc-alkaline Saraguro volcanic arc developed over the Ecuadorian Andes. Dextral, transtensional, 
intermontane basins were opened between the  Cordillera Real  and Cordillera Occidental. In the 
coastal (forearc) region sedimentation changed from marine  to continental and  in the Oriente 
(back-arc), the continental Orteguaza formation was deposited. 

At ca. 26 Ma there was a major reorientation in the relaitve motions of  the  oceanic and 
South American plates,  Events relating to this change are not well-documented but in the  Cordillera 
Occidental, Miocene (m. 20-9 Ma) granitoid batholiths were emplaced and Miocene-Pliocene (ca 
20-4 Ma) acid-intermediate, volcanic activity (Pisayambo Group) was widespread. 

At ca. 2 Ma the  Carnegie riclge came into contact with the  active subduction zone.  This 
collision brought about the cessation of volcanic activity to the south of Ca. 230’S, whereas to the 
north, large, andesitic, stratiform volcanoes were  formed, especially along reactivated, regional 
structures such as the Baiios-Las Aradas and the Calacali-Pallatanga faults. The oblique, NE-SW 
trending, regional faults, especially in the  Cordillera Occidental were also reactivated, movelnents 
along which continue until the present-day. 
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RESUMEN: Se estudia  una  zona de cizalle  ductil  pertenciente  al  Sistema de Falla de Atacama. 
La zona contiene  buenos  indicadores  cinematicos  mesoscopicos  para  inferir  movimientos 
transtensionales  en  el  Jurasico-Cretacico  inferior. Los desplazamientos son sincinematicos 
con el  emplazamiento de un cuerpo plutonico  (Pluton de Cerro Cristales). 

MEY WORDS: Kinematic  indicators,  transtensional  strike-slip  fault,  magmatic  arc,  Jurassic- 
Cretaceous boundary. 

INTRODUCTION 

The Atacama  Fault  System ( A F S )  is  exposed  in the Coastal Range of northern  Chile. Its 
shows fault rocks (mylonites  and  cataclasites), that are an  expression of the paleotectonic 
movements  along of the Coastal  Range.  The  fault rocks are exposed  as  a N-S trending  belt 
between 22" und  29" S (URIBE & NIEMEYER 1984, SCHEUBER & ANDRZESSEN 
1990,  BROWN et al. 199 1). Radiometric  dating of mylonites of the differents  segments of 
the AFS demonstrates that the AFS was  active  during the Upper  Jurasic-early Cretaceous 
(NARANJO  et  al.  1984,  HERVE  1987, SCHEUBER & ANDRIESSEN 1990). Gnematic 
reconstructions show  that the AFS acted as a zone of sinistral  strike-slip  faults  caused by 
oblique  convergence  between the Pacific Aluk Plate and the South American Plate. 
However,  according to preliminary  results  of  structural  observations  carried out in  a  ductile 
shear  zone in the A F S  between 23'55' and  24'1 1' S ,  the AFS displays,  in  addition,  mylonites 
with  kinematic indicators of  vertical  movements.  This shows that the history of the des- 
placements  along the AFS is not  yet  fùlly understood. 
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GEQLGGICAL SETTNG 

The Coastal Range in the study  area is composed mainly  of  plutonic rocks and  andesitie 
lavas  (Formacion  la  Negra, GARCIA 1967). The plutonic rocks consist of gabbros,  diorites 
and granodiorites that have an age  range  from  early  Surassic to early  Cretaceous,  while the 
age of the volemie rocks is  confined to the Jurassic. The scarce  sedimentary rocks of the 
area are represented by the Caleta  Coloso  Formation of early Cretaceous age (GAEtCIA 
196'9). 

Brittle faults form the boundaries  between  units  eorresponding to blo~lcs of differents 
structural  levels. h example  is the Caleta Coloso Fault that exhibits, in the western  block, 
plutonics rocks that  shows  deformational  eharacteristics of a  deep  level,  while lavas and 
sedimentary roeks are exposed in the eastern  block. The rocks of the western bloclcs are 
transected by a N-S trendig  ductile  shear zone, about 400 m wide, that ean be followed for 
12 lm. It forms the western  boundary of the Pluton Cerro Cristales (?CC). The rocks on 
western  side of this shear zone are lavas of the La Negra Formation  and  plutonic rocks of 
Jurassic age (maidy gabbros amd diorites). 

The shear zone eontains mylomites that were formed  and  recrystallized  under  rniddle to 
upper mphibolite-facies conditions. The rocks of the PCC of the eastern  side of the shear 
zone display a magrnatic flow orientation  wieh  is  overprinted by solid-state  deformation: 
The magmatic  flow structures a.re  revealed  by preferred  oriemtation of plagioclase  crystals 
that  have  weakly  developed core and  mantle structures. At the mesoscopie  scale, the mag- 
matic  flow is expressed by a well  developed  steeply  dipping  foliatiorn that is  parallel to the 
mylonitic  foliation  and the contact  between the PCC  and the ductile  shear  zone. This mg- 
gests that the emplacement the PCC was synlcinematic  with the displacement  along the shear 
zone.  This means that the AIS in  this  segment was activity  during the development of the 
magmatie are of the Jurassie-early Cretaceous. 

The mylomitie rocks show granoblastie  and  lepi-nematoblastic textures suggesting strong 
recrystallitation  %kat has obliterated the primary tectonic structures. For this reason the semse 
movement c m  mot be detenwnined using  microscopie  kinematie  indieators. On mesoscopic 
scale, however, the shear zone contains a variety of kinematie  indieators  that  permit the 
reconstruction of the displacement  history. 

The mylonitie  rocks  show an intense  steeply  dipping  foliation  with  not omly subhorizontal 
stretching  lineations, but a l s ~  steeply  plunging to vertical  stretehirng  lineations. The orienta- 
tion of the lineation  changes  systematically  at a deflection  of the shear zone in its southem 
segment,  where the N-S trend of the  foliation  changes  abruptly to am E-W direction. The 
mylonitic rocks in the northem segment  (foliation N-S) have  subkorizontal lineatioms, par- 
allel to the western  boundary of the PCC, witk a variety ofkinematie indicators  (asymrrretric 
extensional  crenulation  cleavage,  sigmoidal  foliation,  asymmetrie  foliation  boudinage) al1 
evideneing  sinistral  displacement. The mylonites on the southern  segments  have  steeply 
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p!unging lineations  toward  the PCC, with  kinematic  indicators  (asymmetric  extensional 
crenulation  clivage,  sheat  folds,  asymmetric  foliation  boudinage),  which  show  that the NE- 
side was displaced  downward,  correspondingly to the displacement  in  a  normal  fault. 

In both segments  strain  markers  (chocolate  tablet  boudinage in  basaltic  dykes,  ptygmatic 
folds in quarz-feldspar  veins)  indicate strong shortening  perpendicular to the mylonitic  folia- 
tion.  Thus,  a  deformation in a  advanced state with  both  simple  shear  and  pure  shear  can  be 
deduced,  and  a  mechanism of sub-simple  shear  deformation (SIMPSON & DE PAOR  in 
press)  is  suggested for this shear  zone.  The  asymmetric  extensional  crenulation  cleavage  was 
produced  when the principal  axes of the strain  ellipsoid were almost  parallel to the limits of 
the shear  zone. 

TECTOWTC INTERPRETATION 

The  shear  zone  at the western  border of the Pluton Cerro Cristales  represents  a  transten- 
sional  strike  slip  fault  which  was  active  contemporaneously  with the emplacement of the 
pluton  at the Jurassic-Cretaceous  boundary  (according to radiometric  datings by 
SCHEUBER & ANDRIESSEN 1990). The movements  were  determined by sinistral  slip  and 
additional  vertical  normal  slip  in the southern  segment,  where the shear  zone  changes its 
direction.  The tectonics which  produced the described structures in a  deep  cmstal  level 
caused,  at the surface, the opening of a sedimentary  basin  which  gave  rise to the clastic 
sedimentation of the Caleta  Coloso  Formation  (Titonian-Neocomian,  GARCIA 1967). 
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Middle Jurassic to Early Cretaceous plutonic rocks were emplaced in an extensional magmatic arc 
between 25"s and 27"s in the Andean convergent plate boundary zone of northern Chile. Abandonment 
of the magmatic arc in the Early Cretaceous was  accompanied by a change from an extensional to a 
strike-slip regime in the plate boundary zone. Sinistral strike-slip displacements on the Atacama fault 
system are  part of this regime. 

MEY WORDS: Magmatic arc, Mesozoic, Extension, Strike-slip, Atacama, Chile 

INTRODUCTION 

The mechanisms of lnagma emplacement in continental magmatic arcs dîffer according to whether the 
plate boundary zone is in extension or compression. Studies which attempt to relate displacements in the 
arc to emplacement mechanisms often focus on displacements associated with emplacement of plutonic 
igneous rocks. In fact, the ductile and brittle fault systems which accompany  magma emplacement are 
often linked to fault systems affecting the fore-arc, back-arc  and the volcanic sequences at higher 
structural levels within the arc. 

In extensional continental magmatic arcs, the arc and  back-arc are often thought of as distinct tectonic 
units. Indeed, the back-arc is typically characaterized by a marine marginal basin, whereas the arc 
remains at or largely above sea  level  because  of the addition of arc magmas to the crust. This 
conventional subdivision of tectonic units at convergent plate margins tends to obscure an important 
unifying aspect of the archck-arc couplet, namely the linked fault system responsible for the overall 
extension of the convergent plate bounclary zone. 

We  have studied deformation and magma emplacement in a Middle Jurassic to Early Cretaceous 
magmatic arc exposed  between 25"s and 27"s in the  Coast Ranges of northern Chile. We focus on the 
displacement history of arc-parallel fault systems, including the Atacama fault system, and point to the 
Iikely relationship between fml t  systems developed in the arc and those in the adjacent back-arc. 
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DUCTILE EXTENSIONAL DEFBWRIATION IN TI-E? RlAGMATIC ARC 

Plutonic rocks no\. exposed in  the  h4iddle Jurassic to Early Cretaceous magmatic arc of northern Chile 
were empIaced  between c. 153 Ma and c. 126 Ma at high levels in the crust - above  the regional ductile- 
brittle transition. This  is known because  of  the concordance of mineral and whole-rock cooling ages 
obtained for individual plutons by a range of isotope systems (Brown  and others, 1991; 1993). 
However, ductile deformation is prcsent in the  wall rocks of individual intrusions and has b e n  shown by 
field relations (Brown and others, 1993) and “Ar/”Ar geochronology (Brown and others, 1992) to be 
related to emplacement  of the intrusions. Therefore the magmas must have carried suffcient b a t  to 
high structural levels to allow ductile defortnation of their \.val1 rocks at temperatures as  high as the 
upper amphibolite facies. 

Steeply-dipping, ductile shear zones in the  wall rocks of arc plutons are up to 800111 wide, exhibit intense 
mylonitic fabric and contain steeply-plunging strctching fabrics. This ilnplies kilometers of vertical 
displacement on these shear zones yet thera is no evidmce for such large changes in structural level 
across these zones. Therefore the shear zones probably reach a low-angle detachment at shallow depth 
beneath the plutons. That this is prohably an extensional detachment is implied by: (a) passive 
emplacement  mechanisms; (b) general lack of pre-main crystallization fabrics in the intrusions; (c) lack 
of contractional structures in the arc and (d) emplacement of  conjugate dyke swams indictive of east- 
west extension throughout the  period  of  pluton  emplacement and ductile shear zone formation. 

BRITTLE EXTENSIONAL PAWT SYSTEhZ 

Middle Jurassic (post Sinemurian, pre Kimmeridgian) shallow- water limestones (Pan de Azucar 
Formation) are exposed in the magmatic arc ovcrlain by coarse conglomerates and a very tkiclc sequence 
of lavas and volcaniclastic sediments (La Negra Formation). Both formations are eut by West-dipping, 
listric normal faults associated with rollover anticlines. The hangingwall of the faults was displaced to 
the West and the fault systenl accornmodnted  east-west extension. Given  that the exposed Middle 
Jurassic plutons were emplaced in  an extensional regime nlso involving east-West extension, and  are 
probably slightly younger than the La Negra Formation, it is likely that the extensional faults in the 
plutonic and volcanic rocks of the arc belong to the s:me (linltrd) fault system. 

ATAGARIA FAULT SYSTEM 

Arc plutons become consistently younger from west to east across the arc towards a major arcparallel 
fault system: the Atacama fault system  (Brown  and others, 1992). The fault system is characterized by 
sinistral strike-slip displacement, fîrst in the ductile mode and subsequently in the brittle mode. The 
brittle sinistral strike-slip deformation is  associated  with  intense Cu-Fe mineralization. 

Ductile deformation under greenschist filcies conditions in the  Atacama fault system resulted in the 
formation of  a belt of mylonitic rocks  LI^ to 1 l m  wide charactarized  by sinistral strike-slip 
displacements. An mAr/3’Ar isotope correlation age from recrystallized hornblende in the mylolfite gives 
a cooling age of 126 Ma - similar to the cooling age of the intrusion in which the rnylonitic rocks were 
developed. Subsequent sinistral strike-slip deformation is ductile/brittle and later brittle and implies 
progressively declining temperature during continucd displacement. Structures characteristic of the 
ductilelbrittle transition include hrittle faults with  f1exur:tl-slip folds in their sidewalls which eould 
indicate that the tectonic regilne is transpressional. Minernlization is associated with the latest, most 
brittle, displacernents. 
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ROTATION  OF  THE MAGRlATIC  ARC 

Recent palaeomagnetic work by Taylor and others (1993) has shown that the rocks of the La Negra 
Formation exhibit a primary remanence indicating a net l o d  block rotation of c.35", West of the 
Atacama fault system between 25"s and 27"s. This rotation could be due to a combination of: 
(a) rotation on linked extensional faults associated  with  development of the magmatic arc; 
(b) dilation of wedge-shaped plutons; 
(c) antithetic rotation in sidewall ripout structures associated  with sinistral displacement ontthe Atacama 
fault system. 

EXTEN§IONAL FAULT SYSTEhl IN THE BACK-ARC AREA 

Recent work by Mpodozis and Allmendinger (1993) has identifid major extension on low-angle 
detachments in the back-arc area. This extensional deformation is between Aptian and Cenomanian in 
age. The major displacements involved  displacement of the hangingwall to the northeast and the 
development of basin and range-type structures. They also identify an earlier phase of extensional 
deformation with displacement  of  the  hangingwall  to  the northwest. 

Mpodozis and Allmendinger (1993) propose that northeast extension could be related to sinistral strike- 
slip on the nearby La Temera-Domeyko fault system (and on the Atacama fault system) in a 
trauspressional regime. Further, they suggest that northwest extension may be related to an earlier 
extensional regime in the plate boundary  zone. Our work in the  magmatic arc relates well to the 
conclusions of Mpodozis and Allmendinger (1 993) and this allows important generalizations to  be made 
about linkage of the arc/back-arc fault  systems. 

CONCLUSIONS 

(1) Emplacement of arc magmas  between c. 153 Ma and  c. 126 Ma in the MJ-LC arc was associated with 
east-West extension. Strike-slip displacements  did  not occur in the overriding plate at this stage despite 
the probability that oblique convergence characterized  the plate boundary zone at this time. Extension in 
the arc was likely linked  to northwest-southeast extension in the back  arc. 

(2) Linked extensional fault systems are probably present across both the magmatic arc and the back-arc 
basin in extensional margins.  Emplacement of magmas in the arc counteracts extension so that the arc 
remains at or above sea levei. 

(3) Ductile strike-slip displacement on the  Atacama  fault  system  was initiated at c. 126 Ma. Subsequent 
transition from ductile to brittle sinistral strike-slip suggests that the arc was abandoned at this time. 
Initiation of transpression in  the  margin and migration  of  magmatic activity to the east is linked to the 
start of opening of the South Atlantic in the mid-Cretaceous. 

(4) A second phase of extensional  deformation in the  back-arc  lnay be linked with sinistral strike-slip on 
the La Ternerd Domeyko and  Atacama  fault systems. 
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RESURIE: Des  bassins de Tupiza,  Estarca et Nazareno  (sud de la Bolivie)‘le  plus  ancien  d’entre 
eux (celui de.Tupiza) s’est  ouvert  aux  environs de 23 Ma sur une zone en dckrochement senestre 
orient& N-S. Ce n’est qu’a partir de 20  Ma  environ que l’evolution tectonique et sedimentaire a 

control&  par des chevauchements N-S. Ces  mouvements se sont  fortement  ralentis  vers 10 Ma 
permettant le developpement de topographies  d’aplanissement ttendues (Surface San Juan de 
Oro). 

KEY WORDS: Cenozoic basin, thrusting , strike-slip,  Bolivia. 

INTRODUCTION. 

During the Cenozoic, the tectonic  structuration  of  the  Bolivian  Andes  has b e n  adquired 
through thrusts. This tectonics is responsible  for an important  amount  of  shortening (Sempere et 
al., 1990; Sheffels,  1990).  Before  these  thrustings  took  place,  left-lateral  transcurrent  deformation 
is documented in the southern part of the Bolivian  Altiplano  (Baby et al. 1990) but, generally 
speaking, it is impossible to analyse with much detail these  movements  and their chronology. In 
the Tupiza region the sedimentary  rocks  and  deformational  features formed under the influence  of 
changing stress conditions are well  exposed  and  their  chronoiogy  can be constrained. 

REGIONAL SETTING. 

The Tupiza basin is 6 to 13 k m h  wide  and  extends  over 80 km in a N-S direction, parallel 
to  the Aiquille-Tupiza Fault, and continues towards the South in Argentina. The bottom of the 
Valley that drains it at present, is located  at  around  2800  m  above sea level  and is surrounded  by 
highlands  reaching  4000-4200m.  These  highlands  are  made  of  Early  to  Mid-Ordovician rocks and 
are cut by remains of well-preserved erosion surfaces (Servant et al., 1989): the Chayanta 
Surface (above 4000m  high) and the San Juan de Oro Surface (=3500-3800m).  On the western 
side,  a  highland  separates the Tupiza  basin  from  the  Estarca  basin  which  extends N-S over 70 km 
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and is 6  to 12 km wide.  Towards  the  east,  another  highland  separates  the  Tupiza  basin from the 
Nazareno  basin  which  extends  in  a N-S direction  over 80 km. Towards  the  south,  the Nazareno 
basin  and  the Btarca basin  gradually  lead  to  flat  regions:  Chaupi  Yacu (3500111) and  Livia  Pampa 
(3800m) respectively  that  correspond  to  the  San  Juan  de  Oro  Surface. IR eontrast, north of  the 
three  mentioned  basins,  San  Juan  de  Oro  Surface  remnants  (Mochara  Pampa)  are  exposed  at an 
altitude  of = 3500 m, at' 500 m above  the  bottom  of  the  present  valleys. 

The  Cenozoie  sediments  of  the  Tupiza bain have  a  continental  origin.  Conglomeratic 
facies  comtitute  the bulk of the  basin infill with minor sands,  clays,  sometimes  gypsifcxous  clays, 
and less commonly  carbonate  deposits.  The  sedimentary  pile is discordant on the top of the 
Ordovician,  which in turn is composed essentially of  blaek  pelites  (Cienegui1Ia.s  Fm amd Bbispo 

The  sedimentary  infill star& with  the  deposition  of r d  breccias (frquently affected by 
symedimentary  normal  faults) compsed of  Ordovician  rock  fragments  and  clays.  Loeally, in the 
deepest  parts  of the basin  (Palquiza  and  Quebrada  Catati  area) a more  eomplete  sequenee is 
preserved  which, in addition to the  basal  breccias,  contains  around 50 cm  thick  layers of well- 
sorted sands  with  ripples  or  cross bedded channels.  To  the  top,  these  sandy  sediments  change 
laterally  into  either scarce lacustrine depsits or  into  flood  plains  sediments in a evaporitic 
enviromemt (greenisk,  violaceous  and  sometimes  reddish  clays  whith  gypsum veidets, gypsum 
and  halite  layers  that  can  reach 50 cm tkick, and  scarce  beds  of limatones with  fish-teeth  and 
gasteropds-shells). This formation  (Catati Fm) is  around 50 m tkick. 

The Catati  Fm is overlaid by a thick accumulation of red,  coarse-grained  conglomerates 
(Tupiza  Fm - Montaiio,  1966)  which  outstands  in  the  landscape  of  the  basin  These  matrix- 
supported  eonglomerates,  organized  in  fluvial  to  fluviotorrencial  channels with normal  graded 
bedding,  are  essentially compsed of  pebbles  and  boulders  of  Ordovician  rocks, the  diameter  of 
which  may  exceed 50 cm. In addition,  they  locally  contain  Cenozoie lava clasts, Mesozoie 
sandstone  and  Pucalithus limstone fragments preoceding ffom the EI Molins Fm (Maastrichtian) 
which  does mot crop out in the  surrounding  area  of the  basin  at  present. The matrix is often  very 
abundant  and  interbedded  mudflows  are  nurnerous. In the  lowest part of the Catati  Fm.,  lava 
flows  crop  out  (Cerro  Bolivar, dong the way  Tupiza-Mochara, on the  foothills  from  the  Cerro 
Cruz to  the  Cerro  Chaupiloma).  Due  to  their  alkaline  feature, we  assimilate  them  to the lava  flows 
of the  Rondal Fm. (see Soler  and  Jimenez, this volume).  Clasts  of  these  lavas  flows are frquent 
in the  conglomerates of the  Tupiza Fm, but  they are scarce  in  the  brccias  of  the  Catati  Fm. 

The  Nazareno  Fm  overlies  the  Tupiza  Fm.  Generally, a reverse  fault  juxtaposes  both 
formations; in some  spots  of  the  central part of the  basin  however  (Quebrada  Catati,  Quebrada 
Checona)  the  stratigraphie,  uneonformable  contact  between  them is observed.  In the Nazareno 
basin,  the  Nazareno Fm star& with a depsit of submgular  conglomerate  the  clasts  of  which come 
from the Ordovician  (some 10 m thick  only)  The  conglomerates  are  overlaid by argillaceous  and 
sandy  layers  interbedded  with  either  conglomerates  or  dacitic  pyroclastics. The same pi&- 
colourd facies  with  clasts  from  voleanic  origin  (dacitej  and  scarce  ask-beds  crop  out  widely in the 
Tupiza  basin.  Moreover,  the  conglomerates  of  the  base of the  Nazareno  Formation  often  contain 
reworkd fragments  of  the  underlaying  Tupiza  Formation  sediments. 

The  sediments of the  Estarca  basin  are  contemporaneous  with  the  Nazareno Fm. These 
conglomerates  are  made of Ordovician  fragments.  The  basin infill corresponds  to  only one 
sedimentary  wedge. 'Po the  eastern  side of the  basin  the  series is thicker  (1000  to 150m) than 
towards  the  west,  and  the  alluvial  fan  conglomeratic  facies  prevail.  These  eonglomerates  come 
from  the  east. On the  western  side  of the basin,  the  sedimentary irnfill is thinner  and  overlaps 
progressively  the  Ordovician  strata. On this  side  the  sediments are formed by Ordovieian 
subangular  fragments  which  were  deposited by a sheet  flood.  These  sediments come from  the 

Fm). 
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West. To the center  of the Estarca  basin  both  these  sediments  and  those  coming  from  the east are 
interbedded  with  flood  plain  fine-grained  deposits. 

The Oploca Fm (Montaiio, 1966) overlies by progressive unconformity the Nazareno 
Fm, or by  an unconfonnity the Ordovician  basement. The light brown  Opoca Fm  is composed of 
fluvial conglomerates containing well  rounded  pebbles. Sometimes the sandy matrix is very 
abundant. Volcanic clasts (essentially of dacitic composition) are abundant, and volcanic tuff 
levels, generally reworked, are exceptionally found. The strata, generally from one to several 
meters thick, are very  continuous. The gradded-bedding is normal.  Measurements  of paleoflow 
directions  show  that  these  fluvial  sediments  were  transported by streams  flowing  according to the 
basin orientation; in contrast, in the older formations,  flow  directions  predominantly  went fiom 
the edges  towards the center  of the basin.  The  transition  between the Nazareno Fm and the Oploca 
Fm does not show  a sharp change in the composition  of the sediments,  only the coarse fraction 
becomes  more  abundant. I 

In the Tupiza Fm, a sample of  an alkaline lava  flow  of the Cerro Bolivar gave a WAr 
whole rock age of  22.7W.6  Ma. In the Nazareno Fm two  biotite WAr ages  yielded 20.W.6 Ma 
(Cerro Filosola) and 18.W.5 Ma  (near  Catati).  Fauna  collected in the  flood  plain sediments of 
Nazareno  basin  was  assigned  to the Friasian  (Oiso,  1991)  and a armadillo  armor  djscovered near 
Suipacha (Castellanos, 1925) was attributed to the Late Miocene (Hoffstetter, 1977). In the 
southern part of the Tupiza basin, an 4oAr/39Ar age of 12.79k0.12 Ma has been obtained 
(Gubbels et al., 1993). A volcanic  ash  layer  interbedded  with  sediments  covering the San Juan de 
Oro Surface yielded40Ar/39Ar  ages  of  9.32W.12  and 8.788.17 Ma  (Gubbels at al., 1993). 

THE DEFORMATION  OF  THE  CENOZOIC  SEDIMENTS 

The oldest sediments (Catati  and  Tupiza  Fm) are the most intensively deformed. They 
have b e n  affected by two  tectonic  events: 

a)  an early event, characterized  by  synsedimentary  normal faults with relatively small 
displacements (about 1 m). Metric strike-slips faults, decimetric drag folds and hectometric 
oblique folds (oriented  around N25" to N30") are  present  along the Tupiza basin. These tectonic 
features  are  compatible  with  sinestral  strike-slip  shear  process. 

b) a late event is characterized  by the development  of N-S oriented fold with subvertical 
1imbs.These folds are cut by a convergent thrust system. The Tupiza and Catati Fm have been 
transported to  the center of the basin by thrusts with  a  detachment  level in the black Ordovician 
pelites.  Minor thrusts were  developed  from  the  gypsum  levels of the  Catati  Fm. 

The Nazareno  Fm is overthrusted by the  Tupiza Fm  and its Ordovician  basement  (Quiriza 
Fault, Uralica Fault). On both the western and eastern edges of the basin the Cenozoic 
sedimentary  infil1 is directly  overthrusted by the Ordovician;  these thrusts are  convergent  and the 
dip of  these thrusts is gentle (10" to 15" eastward in Quebrada Epicaya for example). The total 
displacement of this thrusts is unknown. 

The Oploca  Fm, like the Nazareno  Fm, is folded  and  thrusted but the deformation is less 
marked  than in the Nazareno  Fm.  Geological  mapping  shows that the Oploca Fm progressively 
seals  tectonic  structures  developed in the Nazareno Fm. 

After the opening  and  infilling  of  these  basins  the  waning of the deformation  permits the 
progressive levelling of the reliefs surrounding  these  basins  (formation of the San Juan de Oro 
Surface). 

i 

CONCLUSIONS 

Three groups of tectono-sedimentary  events  have  been  recognized in the studied  basins: 
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- the firse one corresponds  to the deposition of the Catati and Tupiza Fm. These 
sediments, as well  as the alkaline  lavas  (Rondal Fm) associated with the opening of a 
transtemional basin, have x i s d  from distributed  lefl  lateral shear. This event  began  before 23 my 
ago  and  end&  before = 20 my. 

- the second one corresponds  to  the  deposition  of the Nazareno  and  Bploca  Fm.  These 
sediments were  deposited in the basins of Tupiza, Nazareno and Estarca  and  correspond  to 
different contempranmus sedimentary  wedges  associated  with N-S trending  thrusts. In the 
Tupiza basin itsew, these tfmsts cross-cut  the  structures  formed  during  the oprning of the basin, 
and  control the development of younger bains such as the  Estarca  basin which h a  ben, in turn, 
transported  to the West (piggy-back bain)  during the development of the Sm Vicente Fault. The 
Oploca Fm was deposited  at the end  of this tectonic  event  which  began  before 20 my and finished 
after 13 my. 

- the third one corresponds  to the San  Juan de Oro  urface  formation  which started 
around  10-9 my and  corresponds with a quiescent  teetonie  period. 
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RESUMEN : Las fases  compresivas y la  subsidencia  de  la  margen  andina  durante el Creliceo superior- 
Paldgeno estin analisadas  en  relacidn  con la geodinhica. El  regimen  compresivo a largo  plazo  seria  con- 
trolado  por el movimiento  hacia  la  fosa  de  la  placa  amcricana,  mientras que las  fases  compresivas  breves 
coinciden  con  cambios  en la velocidad de  convergcncia  (aceleracibn). Ademk periodos  de  convergencia 
rApida coinciden  con  6pocas  de  subsidencia  importante. 

KEY-WORDS : Late Cretaceous,  Paleogene,  Andean  tectonic  phases,  Subsidence,  Plate  Tectonics. 

INTRODUCTION 

Many classical  geodynamic  models  proposed to explain  the  origin of the tectonic  phases in continen- 
tal active margin  have  been  elaborated  through  the  observation  and  comparison of various  present-day  ac- 
tive  margins or through  physical  modelling.  Only  few  have  been  elaborated  through the study  of  active  mar- 
gin  during  long-tcrmcd  pcriods.  The  aim  of  this  papcr  is LO proposc  some  geological  constraints  and  ncw  hy- 
pothesis  about the origin of the  tectonic  phases  of  contincnlal  active  margins,  through  the  study of the  Cen- 
tral  Andes  from  middle  Cretaceous  up to late Eocene  times. 

EVOLUTION OF THE CENTRAL AND= FROM LATE JURASSIC TO EOCENE TIMES. 

The  Cretaceous  evolution of the  Central  Andes  actually  began  by  late  Jurassic  times. It can be  divided in- 
to  various  periods  (Jaillard  1993%  Semper6  1993,  and  references  therein).  At  this  time,  the  Andean  margin 
comprised  a  subsident  Western  trough  and an Eastern,  less  subsident  basin,  separated by an axial  swcll. 

1. Tithonian-Berriasian (Virli  period).  During  Tithonian  timcs,  lectonic,  mainly  extensional  evcnts  are 
coeval  with  the  activity of a  volcanic  arc dong the  Peruvian  margin,  and  provoked  the  sedimentation of 
widespread  clastic  dcposits, the cmergencc of part of Southcm  Pcru  and  the  creation of a vcry  subsidcnt 
sedimentary  basin  in  Northern  Peru. 

2. Valanginian-Aptian. During  early  Crctaceous  timcs,  east-dcriving  fluvio-dclmic  sandstoncs  were  laid 
down  throughout the Central  Andean  domain.  Magmatic and tectonic  activities  are  virtually  lacking. 

3. Late Aptian-Turonian (Mochica  pcriod).  During late Aptian  timcs,  the  Andean  margin  recorded  an 
extensional  tectonic  activity,  scattered  volcanic  outflows  related  to  intracontinental  tensional  regime,  and 
the large-scale  on-lap of fluvio-deltaic  dcposits on  the  Eastern  bordcr of the  Andean  Basin,  due  eithcr to 
eustatic  sca-lcvcl  rise or to kctonic subsidcnce.  The  Aibian  pcriod  is  markcd by a  marine  Lransgrcssion  that 
overwhclmed  the  whole  domain,  and  thcn by a rcgrcssion, that culminatcd in early  Ccnomanian  timcs  with 
the  progradation  of  eastern  deltaic  sandstones.  The  Western  part of the  margin  recorded  the  intense  activity 
of a  volcanic arc, the  beginning of  magmatic intrusions,  and  altcrnating  extensional  and  compressional tec- 
tonic  deformations.  The  volcanic  activity cascd by late  Albian-early  Cenomanian  times, as the western  part 
of the  margin was deformed by a first major  compressional  phase  (Mochica  phase).  This  was  probably asso- 
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ciated  with a strong  dextsal  wrcnching  component,  and  is  reeorded by extensional synsedimenq tectonic 
features  in  the  whole  western  domain. 

During  Genomanian  and  Turonian  times, a major  transgression  deposited  widespread shelf carbonates 
that recorded the main  eusmtic  discontinuities. 

4. Coniacian-early Eate Paleoeene (Peruvian  period).  On  the  whole  Andean  margin,  Coniacian  times 
were marked by the beginning of fine-grained  dctrital,  mainly  argillaceous  scdimentation,  probably  relatcd 
to the erosion  of  locally txtonizcd coastal areas. After a period of teetonic quiexence (Santonian-early 
Campaian). a major compressive  phase  occurred  during  latc  Campanian  times. It is responsible  for  large- 
scale overlhrusts (SW Pcru), creation of subsidcnt  troughs  (Cuzco),  marine  transgression in the forearc rc- 
gions (Talara) and  deposition of widespread  sandstones  in  the  Eastcrn  domain.  A  ncw kctonic quiescence 
occurred  during  Maastrichtian  times,  which  are  characterized by widespread,  short-lived  marine  uansgres- 
sions.  Maastrichtian  and Palemene times  were a pcriod  of  intense  and  widespread  volcanic  activity  through- 
out the Central Andean  margin. 

§. Eate  Paleoceme-Late Ewene (Inca  period). From Bolivia  to N Peru, widespread  unconformities are 
observed  between  fine-graincd  Palcocene  and  coarse-grained  Eocene  continental depsits (Inca 1 phase). In 
the forem regions,  the  accretion of the oceanic-floored  Peninsula of S Coastal Ecuador  was  concealed  by 
latest  Paleocene  unconformable  coarsc-grained high  density  turbidites  (Benitez et al. 1993). It was followed 
by the accretion of the  Amotape  continental  Terranc  of N 
Peru  (Berrones et al. 1993), concedcd by early  Eoccne 
coarse-graincd  conglomcratcs.  and  exprcssed by a scdi- 
mentary gap in Coastal Ecuador. Middle  Eoccne  times 
were a priod of extensional  subsidence  and of eustatic 8 
sa-level rise, which  provokcd  the  dcposition of a shal- 
lowiag-upward  marine  sequence.  This  pcriod  ended up 7 
by the deposition of polygenic  sandstones  and  eonglom- 
erates,  interpreted as resulting from the overthrust of the 6 
ocanic-floored coast of Ecuador on the continental An- 
dean  margin  by  early Late  Eocene  times  (Benitcz et al. 5 
1993). 

In summary, compressional  deformations OF the Andc- 4 
an  margin  began  in  Albian  times.  Discrete  tectonic  phases 
occurred  during latc Albian-early  Cenomanian,  Coniaci- 3 
an, late  Campanian, late Paleocenc,  earlicst  Eoccne timcs 
and  middle to late Escene times, and are separated by 
quiescence  periods. 

1 

SUBSIDENCE HISTORY 

The  Cretaceous-Palcogene  subsidcnce  evolution or thc 
Peruvian  margin cm be  dividcd  into Four periods. 

Betwecn 145 and 130 Ma (late Jurassic-Bcrriasian)  ei- 
ther uplift (SW Peru), or rapid  subsidcnce occurrcd. In N 
Pcru, a major  e.xtensiona1  tcctonic  phase was rcsponsiblc 
for the creation of the  Chicama  basin,  that  controllcd  the 
whole Cretaceous subsidence  history  of  this area (fig. 1). 

During early Cretaceous times (130 to 110 Ma), im- 
portant thermal subsidence occumed in the newly crealed 
basin,  whereas  the  unstretched areas recorded a slow  sub- 0 
sidence rate. 

From 110 up to 90 Ma (Inte  Aplian-Turonian), the 5 
subsidcnce rate incrcascd in al1 the Western  Pcruvian are- 
'as, floored by stretched  continental  crust. In Eastern Pcru, 0 
no  significant  changes are observcd. 
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subsidence  rate  drastically  decreascd,  whereas  it  remained  unchanged or slightly  increased  in S Peru,  (fig.  1). 
In  Bolivia,  the  strong  increase  of  subsidence  is  interprctcd as due to lithospheric  flexion  related to the incipi- 
ent Andsean shortening  (Semp6rd  1993). . 

RELATIONS TO CEODYNAMIC  PARAMETERS 

Although  the  geodynamic  reconstructions are ralhcr  unccrtain  for the late  Cretaceous  period,  sorne  par- 
ameters can be  analyzed in relation to the  tcctonic  cvolution of the  Andean  margin. 

1. Age of the subducted slab. Classical  modcls  assume  that  the  subduction  of a Young,  buoyant  oceanic 
lithosphere  induces a the  compressional  strain in the overriding  continental  plate  (Molnar &, Atwater  1978, 
Cross & Pilger 1982).  After  Solcr et al. (1989),  the  rejuvenation  of  the  oceanic  plate  roughly  coincides  with 
the  beginning  of the compressional  period  (Albian).  However, the late Cretaceous  and  Paleogene  cornpres- 
sional  phases  occurred  during a continuous  increase in the  age  of  the slab, fig. 2).  Therefore, the age of the 
slab  could  contribute to the appcarance of a long-tcrmed  compressional  regirne,  but  cannot  account for 
short-termcd  compressional  tcctonic  phascs. 

2. Absolute trenchward movement of the overriding plate. As  noted  by  many  authors (cg. Bourgois & 
Janjou  1981),  the  beginning of  the  westward shift of  the South  American  plate at the  equatorial  latitudes 
during  Albian  times  roughly  coincides wilh the  beginning  of  the  compressive  period  in  the  Andean  margin. 
Thus, this  paramcter  seems  to  control  the  long-tcrmcd  compressive  rcgime of the  continental  active  margin. 

3. Collision of continental or oceanic  obstacles. Cross & Pilger  (1982)  proposed  that the arrival in the 
subduction  trench of oceanic or continental  obstacles  (aseismic  ridges,  sea-mounts,  continental  microplates), 
will  provoke  the  blocking  of  the  subduction  and  the  compressive  deformation  of the continental  margin. 
However,  near  the  Peru-Ecuador  border,  the  accretions of the  Amotape  continental terrane (earliest  Eocene) 
or the  oceanic terranes of Coastal  Ecuador  (late  Paleocene  p.p,  late  Eocene)  coincide  with  cornpressional 
phases  observed  in  Bolivia or Southern Peru where  no  collisions are known  to  have  occurred.  Thus, it seems 
that  accretions or collisions  of terranes are  consequences  rather  than  causes of the compressional  phases,  and 
that both accretion-collisionand  compressional  phascs are consequcnces  of a same rnechanisrn. 
4. Convergence rate. Following  Uyeda & Kanamori  (1979),  Cross & Pilger  (1982) or Pardo-Casas & 

Molnar  (1987),  a  rapid  convergence  bctwecn the occanic  and  continental plates provokes a compressional 
stress in  the latter. On the  Andean 
margin,  periods of  high convergence 
rates  occurred in  Albian-Campanian 
and late Eocene-early  Oligocene 
times,  which  roughly  coincide  wilh 
tectonic  periods  (fig.  2).  However, 
the  short-lived  compressional  evenls 
seern to concide with changes in the 
convergence  velocity  (i.e.  accclcra- 
tion),  rather  than  with  the  vclocity it- 
self. If the reconstruction of Solcr & 
Bonhomme  (1990)  is  correct  (fig. 2), 
such  changes  occurred  in late Aptian 
(= 110 Ma), late  Albian-early  Ceno- 
manian (= 100-95 Ma), late Santoni- 
an (= 85 Ma), late Campanian (= 75 
Ma), late  Paleocene (= 55 Ma)  and 
late Eocene  tirnes (= 45 Ma). Except 
for  the  late  Santonian, d l  these  pcri- 
ods coincide  with impormt com- 
pressional  tcctonic  Andean  phases. 

5. Mechanical instabilities at 
the trench. According  to  SCbricr & 
Soler  (1991),  the  late  Tertiary  Ande- 

AGE OF THE 
SUBDUCTED SLAB 

an phases are due Fig. 2: Relations between tectonic phases and subduction parame- 
mechanical instabilitics in the sub- ters during middle Cretaceous - Paleogene times. 
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duction  zone,  that  make  impossible  the rctrcat of  the french to accomodate  the  trenchward  movement  of the 
continental  plate.  However,  the  causes  of  these  instabilities  are not clear.  Further  investigations  would  be ne- 
ces- to explore  the  relations  between  such  instabilities  and  the  convergence  pattern. 

6. Direction OP Convergence.  The  geomclry of the geodynamic  reconstruction are too porly conskainai 
to allow a valuable  discussion  for the lale Cretaceous. The Inca  tectonic  phases  (late Palescene to late Eo- 
cene)  coincide  with  changes in b t h  dircction and  ratc of eonvergcnce (pilger 19W4, Pardo-Casas & Molnar 
19879,  that make difficult to  separate  the  part  of  each  parameter.  Whatever  the case, a change  in  the conver- 
gence direction,  nmessmily  provokes  a  change in the  normal  convergence  rate, and, therefore,  could  have 
the  effects ssumed for the convergence  acceleration.  Mormver,  the  important  changes  in  the  convergence 
direction  from NfE to ENE by late  Palmcene-early Ewene tirnes  must  have  induced  drastic changes in  the 
subduction gmmetry. The  Ecuadorian  margin changexi from a rnainly transfom to a chefly  convergent re- 
gime,  inducing  the  accretion  of  neighbouring  terranes  and  the  birth  of new subduction  zones  West  of  thern 
(Benitea et al. 1993).  Thus  changes in the convergence dircction  play a part both in the  normal  convergence 
rab, and in the  regional  subduction  regimes,  that  could in  turn influence the tectonic  regime. 

7. Relation convergence rates-subsidence. In Northern Peru,  slow  convergence correlates witln  low sub- 
sidence rates (130-110 Ma ?, 80-45 Ma). Conversely, the periods of  high convergence  velocity are coeval 
with  periods  of  incrcascd  subsidence  rate (1 10-80 Ma,  and 45-35 Ma ?). This  could  be  explain  by an in- 
creascd bctonic erosion of the  dccp contincnhl margin  (von  Huene & Lallcmand  1990, von Huene & Scholl 
1991).  However,  this  model  only  account  for  the  subsidcnce  of the external  part  of  the  margin, close to  the 
~~Muct ion  zone,  whereas incrased subsidence is observai as far as the  present-day  Eastern  Cordillera. IR 
confrast,  thesa  observations are consistent with the thermal  model  of  Mifrovica et al.  (19899, akat assumes 
that  a fast convergence  provokes  an  increase of the  subsidence  rates  in  the  whole  continental  margin.  The 
lack of  such  correlations  in S Peru is most  probably  due  to  the  fact  that  compressional  tectonico begam earli- 
er than  in N Pau. There, tectonic  uplift of the margin  by crustal  shortening  and  thickening,  and  overload 
bctonic subsidence of  the  foreland  prevailed  since  Senoniam  tirnes  (Semph-6  1993, Jaillard  1993b). 

. According to the study  of  the  Andcan  contincnwl  margin  during  Cretaccous-Palcogcne  times, long- 
termed compression seems a0 be controlled by the absolute trcnchward  motion  of the overriding  plate, and, 
to a lesser  extent, by the  young age of the subducted  lithosphere.  Short-lived  compressional  phases  seem to 
k mainly  linked  to  acceleration (or dccelcralion) in  the  convergence  between the oceanic and continental 
plates, and  probably to changes in the  convergence direction. Pcriods of high and  low convergence  rates 
seem to  coincide with  incrcased  and  decreased  subsidenee  ratse  in  the  margin,  respectively,  and appms to 
be rather  indcpendant to cornpressional-cxtcnsional rcgimcs. 
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‘ CENOZOIC EVOLUTIQN OF THE  COCHABAMBA ARE& BOLIVIA 

L. Kennan 

Department of Earth  Sciences,  University of Oxford. 

Resumen La  tect6nica  Andina  en  la  Cordillera  Oriental’fuk  iniciada  en  el  Eoceno, 
formando una Cuenca de antepais  en  el  éste de la  Cordillera y al oeste de la zona 
Subandina. Esta Cuenca fue plegada en el Oligoceno superior. Las fallas 
transcurrentes y las  cuencas de Cochabamba  fueron  activas desde entonces  hasta 
el Pleistoceno  superior, cuando tuvo lugar una  transferencia de fallamiento al 
este. 

Keywords: Bolivia  Orocline  Tectonics  Shortening  Basins  Strike-slip 

Introduction 

The  Cochabamba  region  lies  in  the heart of the Bolivian  Orocline,  the  origin 
of which is still a  matter, of controversy.  Studies in the area  have  concentrated on 
two principle  problems: 1) identifying the relationship of regional  NW-trending 
folds and  faults to mappable unconformities at the base of widespread , 

Cretaceous and Eocene  sequences in order to  as5ess the relative importance of 
Andean  (post-Cretaceous) and pre-Andean structures and 2) understanding the 
relationship of these structures to the prominent ESE trending Cochabamba- 
Tapacari’Lineament  System (CTL) and associated  basins.  These studies are then 
put  in the context of recent  models  for the development of the Bolivian  Andes 
(Sempere et al., 1990, Isacks, 1988). 

Structural mapping was supplemented with  sedimentological studies of 
regionally  significant  sequences and localised  basin  fills.  A programme of K-Ar 
dating provided the first reliable dates from  many of the basins and associated 
Valley  fills.  The results  suggest  the  history of tectonism  in  the  Eastern  Cordillera is 
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more  complex  than  recent  published  models have suggested  (Sempere et al., 1990 
and Sheffels, 1990). 
Regional foldhg and faulting 

The strong NW-SE: tectonic grain of the region eonsists of c.5 km 
wavelength, mainly upright, folds,  loeally with a weak slaty. axial-planar 
cleavage.  These are transected by steep faults with both reverse and strike-slip 
displacements. A very angular post-lower  Permian,  pre-Cretaceous  unconformity 
can  be mapped throughout the region. The observed  cleavages  clearly mderlie 
this unconformity. In addition al1 observed overturning is a result of seorientation 
of earlier  folds on the limbs of larges-scale  post-Cretaceous folds. 

In mamy cases the angularity of the unconformity prevented fmther folding. 
Flexural-slip folds locked at limb dips of 50°-600 were prevented form further 
homogenous flattening because their post-Cretaceous depth of burial  was 
insufficient to cause  cleavage formation. Folding of Cretaceous and younger 
sequenees  is  largely  confined to areas where the unconformity is low mgle or 
where  competent  units are not  present. 

Present  estimates of shortening in the region  (Sheffek, 1990) are likely to be 
overestimates besause cross-section restoration failed to take this  unconformity 
into account. 

In the core of the  Morochata  syneline  there  is a conformable 500 rn transition 
from fine-grained  Cretaceous and Palaeocene  .facies into coarse conglornerates of 
likely  Eocene age. The same transition c m  be trased tkroughotlt the easteean part 
of the Cordillera as fa% south as the Camargo syncline, near the Argentinian 
border. Sedimentological studies indicate the conglomerates were shed %rom a 
mountain front not more than 50 kms to the southwest in what is now in the 
westerm  Eastern  Cordillera. 

West of Cothabamba the structures of the source area eonsist of broad fol& 
of Devonian sandstones overlain  by  Mesoaoic and Cretaceous strata. These are 
preserved  locally in the footwalls of east  verging high angle reverse faults (eg at 
Sayari).  Nowhere are Tertiary strata preserved.  East of .the Sayari fault the eoarse 
songlornerates ean be found lying on a few metres of preserved Cretaeeous 
sandstones and basalt  indicating  this area was at or near the upliftirng rnountain 
front and was  eroding, in eontrast to the deposition occurring  to the east. In the 
western Subandes a late-Cretaceous to late Qligoeene' hiatus indicates this 
foreland  basin was relatively  narrow. . .  

Between the Eocene and  the late-Oligocene deformation  advanced 
eastwards deforming the Eoeene foreland basin.  This advance ean possibly  be 
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linked  to  the  initiation of deposition of the  late  Oligocene  Petaca  form’ation in the 
Subandes. The low rate of deposition of this  formation  (<25m/Ma,  Sanjinés and 
Jiménez,  1975) suggests  there  was  not a marked  mountain  front. 

Faulting and basin formation in the CTL 

The timing of basin  formation and associated faulting in the CTL is key  to 
constructing a kinematic  mode1 of the  bend  region. 

The first  movements on the prominent ESE fault system  possibly  coincide 
with  the mountain front advance  described  above. A ieries of short wavelength 
en echelon  folds with associated sinistral faults formed during gentle sinistral 
transpression on the Tapacari fault system.. These folds are overlain by the 
deposits of the Parotani basin, a shallow half-graben formed by transtensive 
reactivation of the Tapacari  fault.  Tuffs in the  basin  have  been dated at 20 Ma. 

The basin was later subjected  to phases of sinistral transpression and 
transtension, the latter possibly  coinciding ‘with the earliest sinistral-normal 
faulting seen on faults south of the  Tunari  lineament.  Faulting  along the Viloma 
fault clearly predates regional  erosion  surfaces  which  were  dissected  by 500 m by 
about 7 Ma. 

Movements on the Tunari  fault,  which  forms the prominent 2000 m scarp 
along the  north sides of the Cochabamba and Sacaba basins are complex. 
Displacements  on the fault’s  continuation West of Cochabamba  are  small,  totalling 
about 5 kms sinistral and 1 km throw down to the  south. This pre-dates 
prominent  pediments  cut  into  the  scarpline  between 3200 and 3800 m. Offsets of 
regional folds indicate the normal faulting that formed the basins was not 
accompanied by significant  strike-slip. 

Conglomerates around the margins of the Sacaba  basin onlapped the fault 
scarps to about 3100 m. and pass into fine lacustrine facies in the centre of the 
basin.  Tuffs and fossils  indicate an age of 2.2 Ma for  these sediments suggesting 
the Sacaba  basin started to  form in the late Miocene and that transpressional 
folding and faulting in the basin  is very young. Younger fault movements, 
forming prominent fresh faceted spurs, dropped the floor of the Cochabamba 
basin at least 500 m in the  Pleistocene resulting in the dissection of the Sacaba 
basin and the accumulation of a thick Quaternary fil1 in the Cochabamba  basin 
which  is  not  yet  dissected. 

Although  the  area  is  moderately  seismically  active there are almost no post- 
glacial fault breaks. Very young  sinistral  breaks have been identified along the 

. .  
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lirte  of the W-trending Colorri fadt to the east. If motion on this fault is as much 
as 5mm/yr then the CTL West of the Cslomi fault would become inactive. 
Partitioning of strike-slip between the narrow northern and  wide  southern 
Subandes and of strikeslip and extension required ts  maintain compatibility 
between the two diverging thrust belts could be taken up entirely within the 
Subandes. 

Conclusisms 

1) Pre-Cretaceous deformation is more important  than thougkt in the 
Cochabamba region. There is  still a marked  deficit  between  observable shortenhg 
and that required by  models  explaining  crustal  thickening and orocline  formation 
purely h. terms of shortening. 

2) A proto-Eastern Cordillera and foreland basin developed in  the Eocene? 
coincident with eastward thrusting in Chile, indicating that a double Csrdillera 
structure develsped early  in the uplift of the Andes. 

3) Displacements on the CTL are smaller, m d  have a longer history,  than  thought. 
The principle role %vas probably the accommodation of arc-tangential  extension, 
with modest sinistral slip. Transpressive and  transtensive phases probably 
represent changes in the balance  between  tangential and radial stress  in the bend 
reflecting stick/slip propagation in the  Subandes. The CTL  West  of Cochabamba 
is presently inactive.  Significant partitioning of thrusting and strike2slip is now 
taking  place to the east. 
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BASEMENT-WOLVED THRUSTING IN THE  EASTERN’’  CORDILLERA- 
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Mediante la utilizaci6n de perfiles balanceados junto con  modelado gravimétrico bidimensional se 
interpreta la existencia de “basamento cristalino“ involucrado en los corrimientos que constituyen la zona 
de transici6n entre la Cordillera Oriental y las Sierras Subandinas del Sur de Bolivia, 10 que permite acotar 
el acortamiento producido en las Sierras Subandinas y sector oriental de la Cordillera Oriental a  unos 
140 km. 

K E Y  WORDS: Southern Bolivia, Crustal shortening, Balanced cross-sections, Gravimetrical data 

INTRODUCTION 

The exceptionally thick continental crust of the central Andes  was initially believed to have been built 
mainly  by addition of mantle-derived  magmas from the subduction zone (e.g.James, 1971). Meanwhile, 
tectonic shortening is envisaged as the main  process  responsable for crustal thickening, probably with some 
minor magmatic contribution. Estimates of shortening during the  Andean  orogeny have been published by 
a number of authors (e.g.  Allmendinger et al. 1983, Roeder 1988; Baby et al. 1989). However, attention 
has so far mainly  focussed on the external  part of the thrust belt at the eastern slope,of the Andes (the 
Subandean  Ranges). This contribution deals with a  cross-section  at 21 “15 S which includes the internal belt 
(the eastern part of the Eastern Cordillera) where  basement  becomes involved into thrusting. Especially, 
gravimetrical data are shown to constrain the structural interpretation and, consequently, shortening values. 

GEOLOGICAL SETTIIQG 

In southern Bolivia north of 21”45 S ,  the Eastern Andean  thrust  belt  can  be subdivided into three 
strike-parallel belts. These are, from east to West: (1) The  Subandean  Ranges,  which form a classical thrust 
belt. Its basal  décollement is not  located  at the top of crystalline basement,  but lies within the sedimentary 
cover in a Silurian shale unit. Outcropping  rocks  range from Devonian to Neogene in age.  Andean-age 
shortening which started in the late’hliocene is on the order of 80-100  km. (2) A tightly folded  and  thrust 
transition zone, made up mainly  of Silurian and  Devonian  rocks. No units younger  than Triassic are 
preserved. (3) The Eastern Cordillera proper, with Ordovician to Precambrian rocks surfacing in a large 
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anticlinorium. Cretaceous sediments unconformably overlying the folded and foliated Ordovician document 
a pre-Cretaceous orogenic event. 

Gravimetric data measured by the Bolivian Institut0 Geogrifico Militar (IGM 1974) were tied to  the IGSN 
71 point in La Paz, Bolivia (Strunk 1990). Correction for topographic effects was based on the digital 
elevation model of Isacks (1988) and detailed topographic maps of the IGM, using the algorithm by 
Ehrismann & Lettau (1971). In calculating the Bouguer anomaly, a reduction density of 2.67 g/cm3 was 
used with sea level as reference datum. For the 2D gravimetrie modeling we used an interactive computer 
program based on the algorithm by Won & Bevis (1987) developed by the gravity working  group  at  the FU 
Berlin. 

The thin-skinned tectonic style of the Subandean Ranges is evidenced by the existence of a gently west- 
dipping  "regional" which can be traced from the foreland throughout the Subandean Ranges up to the 
westernmost ocurrences of Neogene strata. In the transition zone, the elevations of stratigraphic  horizons in 
the synclines again define a subhorizontal regional level, thus suggesting the existence of a shallow 
dCcollement  at the base of the structures. This surface, however, is raised by almost 10 k m  relative to the 
basal décollement of the Subandean Ranges. On the other  kand,  the undeformed sub-décollement section 
(the "basement") of the Subandean Ranges from which the post-Ordovician sedimentary cover has been 
sheared off and thrust eastward must extend westward under the whole of the transition zone, as c m  be 
estimated from  the shortening documented in the Subandean Ranges. The space between this "bottom" and 
the basal décollement of the transition zone might be filled by a thick thrust sheet involving the basement 
(Ordovician to Precambrian) or, alternatively, by imbrications of the same Silurian to Neogene sequenca 
that builds up the Subandean Ranges. Cross-sections based on either assumption give  shortening values 
about twice as high in the latter case (> 300 km vs. ca. 140 km). 
Gravimetric data in the Subandean Ranges show several small highs and lows which correlate with 
Paleozoic sediments in the cores of fold-thrust structures and the thick low-density Neogene sediments of 
their backlimbs, respectively (Fig. 1). In contrast, the transition zone coincides with a marked gravity  high 
of longer wavelength. In the Bouguer residual gravity field, this feature stands out as a positive momaly of 
morethan +IO mGal. Hence, the latter of the two structural models considered above whick predicts an 
accumulation of low-density sedimentary rocks in the subsurface of the transition zone can be discarded. 
"Basement" rocks appear to be present in buried thrust sheets immediately West of the western limit  of the 
Subanden Ranges, although the easternmost outcrops of these rocks lie some 50 km further west. Detailed 
modelling of the gravity curve furthermore suggests that the basement of the transition zone  is 
lithologically quite different from the basement exposed in the Eastern Cordillera farther West and south 
(Puncoviscana Fm. in northwestern Argentina), and possibly comprises intermediate to  basic crystalline 
rocks. We can only speculate on the exact nature and origin of these rocks, which could be more basic 
equivalents of the mid-Cambrian Cafiani granitoids of northwestern Argentina but which might as well be 
much younger. (The latest magrnatic events of the region are the effusion of the Mesozoic Entre Rios 
Basalt of uncertain age and the intrusion of a granitoid pluton in the Eastern Cordillera close to the 
Argentine border  at the (?) Jurassic-Cretaceous boundary). 

Fig. 1: Above: 2D-Gravity model of a cross-section through the Subandeau Ranges, Transition Zone and 
eastern margin of the Eastern Cordillera at 21"15 S .  Numbers are densities in g/cm3. Boundary between 
2.99 and 3.16 corresponds to Moho as derived from refraction seismic data (Baldzuhn 1993). 
Below: Balanced cross-section. Surface geology of the Subandean Ranges according to unpublished data 
from YPFB. Deep imbricates of the transition zone are shown with a thick Lower Palaeozoic sedimentary 
sequence as would be estimated from surface geology, but should contain high density material according 
to gravity data. 
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Gravimetrical  data  demonstrate  that  basement  rocks become involved  into  thrusting  immediately West of 
the Subandeam Ramges. This limits the shortening value  that cm be  deduced from balamced sections for the 
region from the undeformed  foreland  to  the  eastern  part of the  Eastern  Gordillera to about 140 km. As 
these  account for ody about  half of the  shortening  required to  thicken the Andeam crust to its  present state, 
considerable shortenimg should  have  occured in areas farther West where  extensive  thrusting  is often not 
evident  at fïst sight. Besides  the  southern  Altiplamo., for which  substamtial  shortening  has  been  described 
(Baby et  al. 1990), these  regions may include the western part of the  eastern  Gordillera as well as areas 
which are now  eovered by  Neogene to Recent  volcanics. 
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TEGTONIC  EVOLUTION OP THE CENTRAL ANDES 
SINCE THE CWETACEOUS 
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Los, Andes Centrales de Bolivia  y Norte de Chile forman parte de un limite de  placas entre 
Sudam6rica' continental y la placa  subductante de Nazca. Desde el CreGcico,  esta  regi6n ha sido  solevantada 
hasta formar la parte m& ancha de los Andes. La deformaci6n ha  sido  continua  durante  este perialo, aunque 
su localizacidn ha  cambiado  marcadamente.  Se  incluye un esquema de la evoluci6n  terciaria  de  los  Andes  de 
Bolivia, basada en un estudio de las secuencias sedimentarias crethcicas y terciarias, y en datos 
paleomagneticos 

KEY WORDS: Central  Andes,  tectonic  evolution,  palaeomagnetism. 

INTRODUCTION 

The  Central Andes of Bolivia  and  northem  Chile fonn part of the  plate-boundary  zone  between  the 
continental  South  American  and  subducting  oceanic  Nazca  plates.  Since  the  Cretaceous,  this  region has 
been  uplifted to form  the  widest  part of the Andes,  reaching an average  elevation  of Ca. 4000m in a  region 
700 km wide.  Though  deformation has occurred  throughout this period, its locus has changed  markedly.  The 
following  description  briefly  outlines  the Cretamus and  Tertiary  evolution  of  the  Bolivian  Andes,  based  on 
extensive field work, K-Ar dating  (Kennan et al.  in  preparation)  and  palaeomagnetic  studies, as well as 
information  from  unpublished oil Company reports  and  seismic  sections. The Central  Andes is viewed as a 
continuously  growing  mountain belt, rather than the  product of discrete  tectonic  events. 

PRE-CRETACEOUS AND CWETACEOUS DEFORMATIO 

There is a marked  angular  unconformity at the  base  of  the  Cretaceous.  Open to tight  folding,  with 
limb dips up to 50°, a weak axial  planar  cleavage and extensive  quartz  veining are found in Palaeozoic 
flysch  deposits  beneath  the  Cretaceous  throughout  the  Cordillera  Oriental  which are truncated by basal 
Cretaceous  conglomerates.  At least 5 km of pre-Cretaceous  rocks  were  stripped  off by erosion  prior to 
Cretaceous  deposition. In places  the  pre-Cretaceous  deformation  appears to have  influenced  the  style  and 
orientation  of  Tertiary  structures. 

Thin  Cretaceous  sequences  (usually <1 h) of lacustrine  and  possibly  marine  deposits  are  preserved 
throughout  the  Bolivian  Andes,  and  demonstrate  that  most of the present  region of the  Andes  was at or near 
sea level at that t he .  Local mafk  volmism, including  pillow  lavas,  suggest  a small amount of extension 
concomitant  with  subsidence of the  Cretaceous  basin.  Interestingly,  the  depocentre  of the Cretaceous basin 
coincides  with  the  region of  most  intense  pre-Cretaceous  shortening. The active plate margin at this  time 
was  .a  relatively m o w  zone  much further West,  with a wide  back  arc  region  of  slow  subsidence  and  limited 
extension  several  hundred kilomem .wide. ' 
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Cretaceous  sandstones,  often  eontaining  fossilised  dinosaur  tracks, pass conformably  into  thick  red- 
bed  sequences.  For  instance,  in  the  Camargo  area  of  southem  Bolivia,  this  transition  can be traced dong 
strike for  over  a  hundred  kilometres  and is perfectly  conformable. The basal part of the  red-bed  sequence 
consists of  red  siltstones  with  thin  medium  sandstone  interbeds.  However,  within 150 m stratigraphically of 
the  base  of  the  sequence,  conglomerates  and  thick coarse wdstones are well  developed. 

In  both  the  Altiplans  region  and  Cordillera  Oriental,  the  basal  few  hundred  metres  of the Tertiary 
red-bed  sequence  shows  a  large  dispersion  in  sediment  transport  directions,  but  then these become  essentially 
unidirectional  furlher up the  sequence.  This is intevreted as a  transition  from  a  highly  meandering  fluvial 
environment in a  region  of  low  topographie  gradient,  to  a  more  uniform flow regime  down  a steeper 
gradient,  representing the onset  of  deformation  in  this  part  of  the  Andes  in  the  earliest  Tertiary. 

The  uplifting  regions can be defined  with  some  precision  from the pattern of sediment  transport 
directions.  The entre of  the Cremeous basin waa inverted, so that the deepest part fomed a namw 
uplifting  region  in the earliest Te-, which  shed  sediment  both  to  the  east  and  West. This  proto-cordillera 
developed as a nmow holated range  in  what is today the  western part of the  Cordillera  Oriental,  separated 
from  the active arc by a  region  several  hundred  kilometres  wide. The intervening  region  formed  a  large 
intermontane  basin which is now  preserved  in the  Altiplano  region of  the  Bolivian  Andes, where up to 5 
km of Early Terriary  continental  sediments  were  deposited. 

Underformed  Early  Miocene ignimbrites show that north of the latitude 22"S, significant 
hortening deformation  in  northern  Chile  mased  in  the  Middle  Tertiary.  Deposition  also  continued  in  the 
Altiplano basin to the east, which  received  sediment-both  from  the West  and w t .  The distribution of  Oligo- 
Miocene sedimentvy sequences  in  the  Bolivian  Gordillera  Oriental  show  that m y  local structural  basins 
formed at this tirme,  which lod ly  sit with angular unconfomity on older  sequenees.  Shortening  here also 
extended much further  east than  in  the  Early  Tertiary.  However,  the  nature  of  the eastern front QE the  Andes 
ia not  understood,  but  there in; no evidencre for a  region  of  intense  Middle  Tertiary  shortening similar to the 
present  SubAndean  zone.  However,  sedimentation  in the SubAndean  zone  suggests  a  foreland  basin kgan 
to  form at this  time.  Shortening  throughout  the  Cordillera  Oriental  was  accommodated  by km to 10's km 
scale  folding  and  relatively  high  angle  reverse  faulting,  wilh  changes  in  vergence. NQ evidence for nappa 
style deformation  has b e n  observed  in  the Cordillera Oriental. The besl estimate of Tertiary crustal 
shortening  comes  from crustal thichess balancing, as much of  the  structure  in  the  Cordillera Oriental is 
pre-Cretaceous  in  age. 

In  the Eate  Miocene,  during  a  period of a  few  million  years, the Altiplano bain smted to  shorten 
internally. Essentially undeformed Late Miocene to Pliocene sedimentary basins, whieh are found 
throughout  the  Cordillera  Oriental, suggest that  shortening  in  the Cordillera Oriental, except for local 
conjugate  strike-slip  deformation,  effectively  ceased.  However, in the Pliocene, the locus of  deformation 
again  shifted  to  the  frontal  parts of the Andes  in the east, in  what is toclay the  Subandean  zone. This forms 
an active thin-shinned  fold  and  thrust beIt which has aecommodated  ca. 100 km of  shortening.  Also,  no 
evidence  for  either  active nonnal faulting or significant  Plio-Pleistocene  extension h a  been  observed in the 
Bolivian Al tiplano. 

The  present 'drainage  pattern  in  the  Cordillera  Oriental,  including  deep  valleyo  with  a  vertical  relief 
reaching  several  kilometres, is the product of erosion  during the last 3 Ma.  Prior to that, the topgraphy in 
the  Cordillem  Oriental  was  relatively subdued with  the  development  of  regional  peneplains. 

Deformation  since the middle Miocene (ca. 15 Ma) has been responsible  for subskx9tial rotations 
about  a  vertical mis in  the  Central  Andes,  relative  to  the South American  plate.  Palaeomagnetie  work has 
defined  three  principal  zones  which can be characterisal by particular  rotations  about  a  vertical mis. 
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In  the  north,  the  Bolivian  Andes is characterised by small ~ticlockwise rotations  between O and 
lO", observed  in  Cretaceous  to Late Miocene  sediments  and  volcanics,  right  across  the  width  of  the  Andes. 
Further  south,  a  zone  can be defined,  also  extending  right  across  the  Andes,  in  which  Clockwise  rotations 
between O and 10" are typical,  observed  in  Cretaceous  to  Early  Miocene  sediments.  And  even  further  south, 
tbere is a  zone,  which  again  extends  right  across  the  width of the  Andes,  characterised by Clockwise 
rotations between 20" and 30°, observed  in  Cretaceous to Late  Miocene  sediments  and  volcanics.  These 
three  principal  zones can be ascribed to dong strike  gradients  in  the  shortening in the  Subandean  zone, 
which  has  resulted in 'bending'  of almost the  entire  width  of  the  Central  Andes  since  the  Late  Miocene. 

In the Cochabamba  area,  in  a  region ca. 100 km by 100 km, local clockwise rotations,  between 20' 
and 30°, have  been  detected  in  Cretaceous  sediments,  within  the  general  area  of  anticlockwise  rotations. 
These  are  related  to  block  rotation accommodated  by sinistral  strike-slip*on  ESE-trending  faults,  active in 
the  Miocene-Pliocene  and  accommodating  the  divergence  in  shortening  round  the  pronounced  bend  in  the 
Bolivian  Andes.  In  addition,  a local zone of large  anticlockwisg  rotations, up to Ca. 50", is  found  in  Middle 
Miocene  rocks at the  southem  end  of  Lake  Titicaca. This may be related  to  along  strilre  sinistral  shear  in  the 
northem Altiplano, which is partly  accommodating  the  component of plate motion  parallel  to  the trend of 
the Andes.  In  general,  zones  of  tectonic  rotation  can  be  correlated  with  the  general  structural  trend. 
However,  regions of anomalous  strike  orientation, for instance  in  the  Otavi  syncline  near  Potosi, are not 
always  associated  with  signifEant  Cenozoic  tectonic  rotation  and  probably  reflect  the  reactivation of pre- 
Cretaceous  trends  which  differ  from  prevailing  Andean  trends. 



210 



Second ISAG, Oxford (UK),921-23/911993 211 

NEQGENE TO PRESENT TECTONIC EVOLUTION 
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Rés&é : L'analyse de la microtectonique,  celle  des  déformations  syn6édimentaires et celle  de la morphologie  des 
bassins  néogènes et quaternaires de la zone  intracordillèraine  des  Andes  d'Equateur  montrent  une  persistence  de  la 
tectonique  compressive  NNE-SSW à E-W  du  Miocène  inférieur à l'Actuel.  Des  modifications  locales du champ de 
contrainte  peuvent être dues à des  contitions  particulières. 

Key  Words : Sjmedimentary deformations,  stress,  Neogene,  Andes,  Ecuador. 

INTRODUCTION 

Strong  continental  sedimentation  had developed during  the Neogene  (BristoW, 1973; Baldock, 1982), in 
basins  formed  along  major  crustal  faults in the  Eëuadorian  Andes. This concerns  particularly  the  basins of Cuenca, 
Giron,  Nabon,  Loja,  Malacatos  and  Zumba,  in  south  Ecuador  and the Interandean  Depression (IAD)  with  the 
Quaternary  basins of Quito  and  Latacunga-Ambato in central  and  northern  Ecuador  (Figure).These  basins are 
located  between the Eastern  Cordillera  composed  essentially of Paleozoic  and  Mesozoic  rocks  and  the  Western 
Cordillera  represented by 'a  series of Cretaceous  (and  some  Cenozoic)  volcanic  rocks.  In  southern  Ecuador,  thc 
Neogene  basins are limited by  two families of N-S and NE-SW trending  faults. In central  Ecuador, the Interandean 
Depression  is  characterized by an uppermost  Pliocene - Quaternary  basin,  devefoped  alongside  great  regional N-S 
faults. . 

STRATIGRAPHY 

In south  Ecuador, the Tertiary  rocks  can  be  regionally  grouped  into  three  superposed  lithostratigraphic unis 
- a lower, essentially  volcanic unit (Ul, Saraguro Fm.) which'comprises the substratum of the  basins,  and 

(Nbbkt et al., 1988). 

consists of interqediate and acidic  lava  and  pyroclastic  deposits (35.3 to 26.8 Ma; 1000 m Ihick). 

i 

, I  
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- an intermediate  sedimentary  unit (U2) eorresponding  to  most  of the infll. This unit lies in discordance 
with unit U1 and  correspond to the Neogene infîll of the basins (22 to 8 Ma; 1500 to 4000 m thick). The unit GUI bc 
tlivided into W o  megasequences: MI and M2. 

-an upper  volcano-sedimentary unit (U3, Llacao  and Tarqui Fm.) which disconformably  overlies the 
praious uni&. 

The IA19 inflling eonsist  of Plimne to  Recent  volcaniclastic  continental,  fluviatile  and  lacustrina 
sediments. ln recent  studies we have showvn that these depssits  consist of four distinct sedimentological  units 
(Lavenu et al., 1992). 

- The  oldest unit, U1, is essentially eomposed  of lahars, pyroclastic  levels,  interstratifïed  andesitic flows (400 
m thick; 1.4 to 1.8 Ma). - Unit U2 forms a progressive  unconformity  over the previous unit (fluvial and lacustrine depsits, 50 to 80 
m thick). 

These hvo units represent the Latacunga For~natio~. 
- Unit U3 lies  unconformably  over the previous unit§ (Chalupas  Fm.; 1.2 Ma; >50 m  thick). 
- Unit U4 is composed  of  recent  pyroclastic tu€€s (Cangagua  Formation). 

NEOGENE SOUTH ECUADOFUAN BASMS 

Synsedimentary  folding  deformations  affected the basin sediments  (Lavenu and Noblet, 1989). 
The Ml megasequence  deposits  (lower  Miocene)  display sedimentary wedges  which  indicate the presence of 

a normal compnent in the N20-N40°E faults  during  sedirnentation. An additional  folding  deformation  corresponds 
to a m - S S w  shortening  direction, perpendicular to the liJW-SE tensional  direetion. Tkis tensionid  deformation 
characterizes the basin's  opening. 

In megasequence M.2 a synsedimentary folding  deformation  with  a N60°E trending  shortening  direction 
affects the lower to xniddle Miocene deposits. The development of these fol& is kinematically  compatible  with a 
right-lateral  component of the movement dong the N20°E faults. 

The upper  levels  of the megasequence Pd2 (upper Miocene) show a series of progressive  unconformities 
related  to $ynsedimentay N-S folding  with  a mean  E-W trending shortening. 

A microtectonic  study  evidenees an ongoing  compressive  stress  regime during at least the Mocene period. 
Lower  sediments (Ml) and  substratum (Ul) of the basins  display  a first direction of the major stress 

component 01 during  lower Miocene, betrveen N 2 3 T  and N64OE. Then, in the  deposits of Hliddle to upper 
Miocene (M2) and  substratum, the direction of  major stress component  01 is behveen N7I0E to N107'E. A relative 
chronology  of the striations is coherent  with a NE-SW compression  followed  by an E-W  compression. 

~~~~~~~~~~~~~~Y INTERANDEAN BASINS 

The L?4D is  characterized by a  large late Plioeene - Quaternary  basin  situated  between, N-S reverse  basement 
faults.The  formation  of  the I A D  probably began in the Upper Miocene. An E-W shortening drives the reverse faults 
sinee  upper  Plioeene.The  shortening  became  more  pronounced  during  and  after  deposition  of unit U1 (Latacunga 
Fm.). Analysis  of folds and flexures demonstrates  that at least  between  1.7  and 1.2 Ma. the southern part of the IAB 
mas  subject  to  major shortening dong an E-W direction.  This  deformation begm wkile U1 sediments  were  being 
deposited,  and  continued  and intensifed during the deposition  of U2. The morphology  (deviation  of  rivers, 
Iandslides  etc ...) reveals  the eontinuatisn of the  shortening  during the recent Quaternary.  The  seismicity and fscus 
mechanisms  highlight the present-day  persistence of the E-W shorteniag. Al1 of these arguments are in favor of a 
"push-down" bain interpretation. 

CONCLUSION 

From a sequential  analysis of infll deposits in the South  Ecuadorian  basins, a phase bf deepening of the 
lower  Miocene  basins,  followed by Xllling in the  middle  to  upper Miocene has evidenced.  Synsedimentary 
deformations aflected the entire Miocene. They  reveal  a normal component OR PJ20°E-N400E trending  faults during 
Ml and  compressive  tectsnics  during W .  Shortening directions deduced  from  fold axes of synsedimentargr fol& 
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Figure: Schcmatic teclonic nlap of the mean recent and active faults. Location of the 
Neogene basins. 

I A D :  Interandean Depression; NB: Neogene basins; Biack triangles, volcanoes: 
A= Atacazo, Al= Altar, C= Casitagua, Co= Chimborazo, Cs= Cotopasi, Cz= Corazon, 
I= Iliniza, Ig= Igualata, Q= Quilotoa, P= Pichincha, S= Sagoatoa, T= Tungurahua. Focal 
mechanism solutions of threc shallow-focus (>30 km) carlhquakes (lower hemisphere 
projection). P axis in white quadrant. At the present time Andes of central Ecuador are 
affected by an E-W trending shortening. 
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Vary between N60°E at the  base of h42 to N80°E-N130"E at the top  of  M2. Microtcctonic  analysis has evideneed  a 
state  of compressive stress  with 01 follotving  a NNESSW direction in the lower Mimene. The lowr  Miocenne 
deepening  is  the  consequence  of  right-lateral  strike-slip  movements dong N-S faults and right-lateral-normal 
movements dong N20°E-N400E faults. The stress field in the middle and uppr  Miocene is charaeterized by a 
major stress 01 approximately E-W. Results of the microtectonic  analysis, the sedimentological  study  and  the 
analysis  of  synsedimentary  deformations,  suggest that the  basin  infilling is due to movements  tvith a strong reverse 
component  along N-S and N20°E faults. 

The E-W shortening observed in the IAD is kinematically  compatible  with the present  right-lateral 
kinematics  (with a.slight revtrse component) of the Pallatanga  Fault  (Winter and Lavenu,  1989;  Winter et al., in 
press). It is also compatible  with the pull-apart  basin  interpretation given for the Gulf of Guayaquil  and  related  to 
right-lateral movements since  the Mimene dong the D-G RI fault. 

The central  part of the Ecuadorim IN3 behveen  Quito  and  Ambato is characterized by stmctures (folds, 
flexures,  reverse  faults)  which  are  due  to  E-W  shortening, 

To the south of this  area,  active  Quaternary  structures have reverse-right  strike  slip  movements, of NE-SW 
direction  which are also due  to the E-W compression  (Pallatanga  Fault). 

To the ~ ~ r t h  of tkis aea, in the south of  Colornbia, a system  of active IW-SW right-lateral faults is also due 
to E-W compression. 

The behavior of the Quito-Ambato  zone can be  illustrated as a compressive N--S relay in a qstcm of large 
right  strike-slip  structures. 

So, sedimentological, synsedimentay folding  deformation  and  microtectonic  analyses  show a persistent  and 
continuous  compressional  stress  regime in the Interandean basins of Ecuador,  from  Miocene  times to Present-day. 
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THE GEOTECTONIC  EVOLUTION OF ECUADOR IN  THE PHAPTEROZOIC 

Martin  LITHERLAND',  John  A  ASPDEN'  and  Arturo  EGUEZ' 

1. International  Division,  British  Geological  Survey, 

2. Dept  de  Geologia,  Escuela  Politecnica  Nacional,  'Apartado 
Keyworth,  Nottingham, NG12 5GG,  UK. 

,17-1-2759, Quito  Ecuador 

RESUMEN: Durante  el  Cretacico se acrecionaron  terrenos 
continentales  paleozoicos y terrenos  oceanicos  jurasicos  y 
cretacicos.  Estructuras  mas  tardes,  relacionados  al  levantiamento 
de los  Andes,  puede  relacionarse  a  la  reactivacion de las  fallas 
de acrecion. 

KEY WORDS: Ecuador,  terrane,  accretion 

INTRODUCTION 

Studies of the  metamorphic  rocks of the  Ecuadorian  Andes  by  the 
British  Geological  Mission  and  CODIGEM  (ex-INEMIN)  (Aspden  and 
Litherland, 1982), and  the  subsequent  preparation  of  national 
geologic  and  tectono-metallogenic  maps  in  collaboration  with 
Quito  Polytechnic,  has  led  to  a  new  interpretation of the 
geotectonic  evolution  of  Ecuador  involving  terrane  accretion 
f ollowed  by  normal  *IAndean1l  subduction. 

TER-ES (Fig. 1) 

1 The  Amazonic craton, underlying  the  eastern  lowlands' of 
Ecuador,  comprises  Precambrian  metamorphic  rocks  overlain  or 
intruded  by essentiallyunmetamorphosedPhanerozoic units.  Whilst 
the  Precambrian  rocks  may  have  resulted  from  Proterozoic 
collisions,  during  the  Phanerozoic  the  craton  acted  as  a  stable 
block at  the  margin of Gondwana. 

2 The Loja terrane occurs  as  two  Andean-trending  tectonic ,units 
within  the  Cordillera  Real.  Rocks  comprise  low-  to  medium-grade 
semipelitic  schists  and  paragneisses, all'of presumed  Palaeozoic 
depositional  age,  associated  with  amphibolites  and  foliated, 
migmatitic  and  mylonitic  S-type  granites  of  the  Tres  Lagunas 
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suite  dated by U-Pb at 228 + 3 Ma:  regarded as  the  metamorphic 
age . 
3 The Amotape   and   Chaueha  terranes  contain  semipelitic 
metamorphic  rocks, of Palaeozoic  depositional  age,  amphibolites, 
and foliated  S-type  granites  dated by U-Pb at 2 2 8  f 1 (the 
metamorphie age): a lithologieal  association  practically 
identieal to  the  Loja  terrane (above). The rocks  of  the  Amatope 
terrane  trend  E-W  in  Eeuador;  those of the  Ckaueka  terrane are 
largely buried, but emall  windows  and  float  indications in the 
south  around  Chaucha and tectonic lenses in the  Pujili  ophiolite 
further rnorth suggest  its  extension  as  basement to  the  Inter- 
Andean  Valley. 

4 The Salado  and  A lao  t e r r a n e s  of  the  Cordillera  Real  comprise 
Jurassic  greenstones  of  basalt to andesite in composition,  with 
associated  greenschists,  pelitie  schists  and  metagreywackes. 
Geochemistry  indieates  the Alao voleanics to be  typical of 
oceanie  island  arc  basalts,  but  those  of  Salado show more crustal 
contamination. The latter  are al50 associated withJurassic cals- 
alkaline  plutons,  the  Wbitagua-Zamora  Chain,  paralle1 ts a 
similar,  but  undeformed,  magmatic  arc along the  adjacent  western 
margin of the  Amazonie maton. 

5 The Pinon t e r r a n e  cornprises  Cretacesus  oeeanie  crust  overlain 
by Cenoaoic forearc basins. The Pfnon-Maeuchi terrane is overlain 
by the Palaeocene-Eoeene Macuchi  island arc of calc-alkaline 
affinity  (Bourgois  et al, 1990). 

1 The Cosanga f a u l t  separates  undeformed  rocks of the  stable 
Amazonie  craton in the  east from deformed and metamorphosed 
Triassie-to-Cretaceou%  rocks  in t h e  West. Im particular  it 
separates  the  undeformed  Late-Triassie  Piuntza wolcano- 
sedimentary  unit from S-type  granites  and  migmatites  of the same 
age  in the  Cordillera Real. 

2 The B a n o s   f a u P t  zone is a regional,  Andean-tremding,  dextral 
shear  zone  affecting  the  Jurassic rocks of  the Alao terrane. 

3 The Peltetec f a u P t  zone is  marked by an  ophiolitie  melange 
with Middle/Upper Jurassic palynoflora in the  sedimentary phase. 

4 The Raspas f a u l t  zone comprises  serpentinites,  eelsgites, 
bluesehists, greensehists and pelitic  schists. It is parallel 
with  the  dextral  shearing  event  associated  with  the  production 
of the 228 Ma S-type granites  in  the  adjacent  Amotape and Chaucha 
terranes. R K-Ar  date  gave a Lower  Cretaceous  age  (Feininger and 
Silberman, 1982). 

5 Both the P u j i l i  a n d   G u a y a q u i l   f a u l t  zones contain ultrasnafic 
and  mafie rocks regarded as derived  from the Power por t ions  sf 
the Cretaeeous Pinon oceanic  erust. 

1 The  Palaeozoic  sediments of the Loja,  Amotape and Chaucha 



Second ISAG, Oxford (UK), 21-231911993 217 

terranes  were  sheared,  metamorphosed  and  intruded  by  S-type 
granites  at  around 228 Ma,  possibly  related  to  proto-Tethyian 
rifting  or  collision. 

2 In  the  early  Cretaceous  the  Amatope  and  Chaucha  terranes  were 
accreted  from  the SW along  with  the  Jurassic  Alao  island  arc;  the 
Loja  terrane  may  be  para-autochthonous.  Over  the  Cordillera  Real, 
this  collision  resulted  in  strike-slip  and  nappe tectonics'and 
regional  metamorphism. 

3 The  Pinon-Macuchi  terrane  may  have  been  juxtaposed  in  Late 
Cretaceous  times,  but  was  finally  accreted  towards  the  end  of  the 
Eocene  judging fromthe presence of reworked  continental  material 
in  Eocene  formations. 

TERRANE  BOUNDARY  REACTIVATION 

In the  Oligocene  the  formation  and  consequent  subduction of the 
Nazca  .plate  produced  a  continental  volcanic  arc,  with 
intermontane  basins,  bounded  by  a  coastal  f'orearc  and  an  Amazonic 
backarc  basin.  Major  Andean  uplift  occurred  in  the  Pliocene  and 
many  of  the  accompanying  Compressive  and  extensional  faults  can 
be  identified  as  reactivated  terrane  boundaries,  in  particular 
the  Cosanga,  Peltetec,  Pujili  and  Guayaquil  faults.  Opening up 
of the  Pujili  and  Peltetec  faults  to  form  the  Inter-Andean 
IlgrabenIr  may  have  produced  the  conduits  for  the  double chah of 
Plio-quaternary  volcanoes  (Litherland  and  Aspden, 1992). 
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EN: Se reportan  resultados  paleomagneticos  en  intrusivos  subvolcanicos  del  Cenozoico  Tardi0  y 
en  sedimentos  asociados  localizados  ambos  a Io largo de la zona de falla  de  Romeral.  Los  cuerpos  intrusivos 
muestran  dos  tipos  de  rotacion, al rededor  de  ejes  horizontales  perpendiculares  a la falla  y al rededor  de 
ejes  verticales.  Los  sedimentos  sugieren  leves  rotaciones al rededor de ejes  verticales.  Ambos  grupos  de 
rocas  han  sido  afectados  por  mouimientos  laterales  tanto  sinistrales  como  dextrales  aunque  este  ultimo ha 
dominado en el tiempo. 

KEY WORDS: Paleomagnetisrn,  Late  Cenozoic,  Andes,  Colombia,  Romeral,  tectonic  rotation. 

The  Romeral  fault  zone  (Grosse, 1926) is one  of the  major  fauIt  zones of the northern  Andes. It 
bounds the Cauca  depression  on the east  for  hundreds of kilometers  between  the  Central  and  Western 
Cordillera of Colombia.  Long  thought to be a  right-lateral  fault  zone (Campbell,  1974), this  fault  has  been 
shown  by seismic  studies  (Hutchings  et al, 1981) to  have  left-lateral  recent  movements.  A  paleomagnetic 
study  of late  Cenozoic  (approximately 8 Ma) silicic  hypabyssal  intrusives  revealed  an  interesting but 
enigmatic  dispersal  pattem of the  paleomagnetic  vectors  into  vertical  planes  (MacDonald, 1980) of  N40W 
trend.  The present  study  extends  the  paleomagnetic  sampling  botk  geographically, to approximately 100 
km further south, and  geologically to younger  stratified  units, in the  Irra  pull-apart  basin West of Manizales. 

AGNETIC RESULTS  AND TECTONIC  SlGNlFlCANCE 

1. Late  Cenozoic  intrusive  rocks.  Paleomagnetic  studies of  approximately 14 sites from the  region 
south  of the earlier  study  show  dispersal  patterns  similar  to  those  obtained  previously,  except  that the trend 
is N-S instead of M40W. Eigenvalue  analysis  shows  the  planes  of  dispersal to be  nearly  vertical.  These 
trends  are  recognized  now  as k i n g  parallel to the trend of the  Romeral  fault  system  adjacent to the  east. 
Dispersal  within  individual  bodies  is  relatively  minor,  but  large  relative  rotations  about  horizontal  axes  have 
occurred  between  bodies.  These  rotation  axes  are  perpendicular  to  the  Romeral  fault  zone.Two  episodes  of 
rotation  can be inferred from these  patterns.  An  earlier  period of noncoherent rotations of individual  bodies 
about horizontal axes of E-W trend was followed  by  a  period of rotations  in  which  both  fault  zone  and 
adjacent  racks  were  rotated,  presumably  as  vertical  panels,  about  vertical  axes  during  bending  or  kinking of 
the  fault  zone. 

2. Late  Cenozoic  strata of the  lrra basin.  Sedimants of the lrra basin  near  the  south  limit of the  sampled 
hypabyssal  rocks  are  latest  Cenozoic,  approximately  coeval  with  the  Combia  Formation.  These  strata  are 
folded and thrust  with  NE  structural  trends.  Sediments,  vohaniclastic  rocks, and ashflows  have 
paleornagnetic  declinations  dorninantly N1 OE to  N20E. For 16 sites  investigated,  normal  and  reverse 
polarities  are  approximately  equal  suggesting  primary  remanence  is  preserved.  The  clockwise  sense of 
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rotation  is  consistent  with  right-lateral  slip on the  marginal  faults of the lrra basin. However, compressional 
patterns  are consistent with left-lateral shear across this right-sttepping off set. 

CONCLU818NS 

These paleornagnetic  results  indicate  multi-modal  rotational  histories for both the sedimentary  and 
intrusive rocks of the Cauca  depression in this region of  the Romeral  fault. Among the  most  important 
conclusions  are the following: 

1. The  rotation of the massive  intmsives  about hoPizontal axes pirpendicular to the Romral fautt 
system  suggests a kind of mechanical  behavior in fault zones not  observed  pt-eviously. It should be looked 
for in  other  strike-slip fault zones. 

2. The structural  evidence for the Irra basin  indicate rewenals of the sense of slip  along the Romeral 
system. The pull-apart formd in  right-lateral shear, and  the  folding  and  thrusting  in left lateral shear. The 
timing of the paleormagnetically indicated  rotations  is  tentatively placed as  pre-folding. 
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RESUME: L'exploitation des images satellites B haute résolution en vue  d'identifier les structurcs 
gbologiques se fait généralement  par  photo-intcrprétation. Les nouveaux développemenls de l'analyse d'image 
numérique  ouvrent la voie 1 une photo-interprétation assistée par ordinateur qui permct d'améliorer la rnisc en 
bvidcncc  dcs traits stru_cturaux,  ainsi quc lcur cxtraction. Nous montrons ici un cscmple dc misc en évidcncc et 
d'cxtraction de faillcs pcrceptiblcs sur unc sdnc  dc SPOT Panchromatiquc sur les Andes Centralcs (rkgion 
d'Arequipa, au Sud du Pérou). 

KEY-WORDS: image  analysis, remote sensing, recognition of faults, structural map. 

INTRODUCTION 

One of the objectives of remote  scnsing on the  Earth is to enable the survcy and mapping of objccts 
on thc  ground  surface.  The  maps  obtained from rcmotcly senscd images cm be exploited in various ways like 
traditional cartography does. Being indecd numerical images, they can easily be combined to any kind of 
geocoded dala inside a Geographic Information  Syslcm: an example would be thè combination of structural 
maps  and obscrved gmoded epicentres for seismic prevision. On these images, gcological structures have no 
spccifie reflcclance but they have a specific  morphology. That is why methods of classification on 
multispectral data are of no use to map them. On images produced  by pssive sensors as the ones of SPOT, 
forms are dctcctcd  thanks to the cas1 shadow  rcsulting  from  grazing  illumination on the relief. In  thc following 
example,  we  try to show how these imagcs can be processed with  the methods and algorîthms of Image 
Analysis to identify structures, and more generally to demonstrate the fcasibility of a "cornputer  aided photo- 
intcrprctation".  We,had rccoursc hcrc to binary or grey  tonc rtmrpirolo,qicnZ and geode.sic transformations (Scm, 
1986), thc last oncs having thc propcrty to prcservc thc contours of the structurcs. Al\ thc Morphologieai 
Transformations have bcen processed without any modification of the original square digital grid. The 
algorithms  have  been  addpted to  the case whcre the volumc of data is very  high:  indeed, a Panchromatic Spot 
sccne has 42 millions of pixels We have  thercfore  pcrformcd iterative computalion, in which only the strip of 
pixels  having the required  width according to the size of the structuring  element  involved  in the transformation, 
is storcd at each step. 

MAPPING OF FAULTS IN MONTAINOUS  AREAS 

In order to illustrate the  mcthod, we have  madc the choice of a scene upon Ccntral Andes  because, 
although  thc  whoic rcgion is highly  affccted by cruplions  and  carlhquakes (Dorbath, W), there is n o  exhaustive 
mapping of the faults. We attcmpt here to map strike faults, easily pcrceptiblc on SPOT images. Strike Faults 
can bc dcscribcd as dark and sub-rcctilincar lincs  with spccific orientation. A largc part of normal or rcvcrse 
faults correspond  on the field to abrupt scarps which  have t o  be associalcd to the t'au11 throw. Thc darkncss and 
thc thickncss of thc lines intcrpretcd as faults depends on the gcomorphology or the scarps but also on the * 

conditions of the viewing. On Figure 1 (corresponding to a square of size lOkm on  the  ground)  which is a 
partial victv on the zone of Arequipa  (South of Pcru)  takcn in July, the  deduction of the structures by cxtraction 
of continuous dark lincs seems easy to be donc by simplc photo-intcrprcbtion. Neverthcless weAtry to lcarn 
h y v  to extract thcm  by image analysis, our middlc-date scope bcing to find available automatic scquenccs of 
trcatments and to reproduce thcm on the sccnes collccte'd above the  whole target (southcm Peru, northcrn 
Chile). The darkness, the shapc, and thc sizc of the objccts may bc pertincnt critcria 10 cxtract f'aults or 
eicmcnts of faults; on the imagc othcr elemcnts are both lincar and dark the darker and the thickcr oncs arc 
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Figure 1 Figure 2 

Figure 3 Figure 4 

Figure 5 Figure 6 
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actually ravines inside versants in  the shadow (sce for example north-wcst of the image). The widcly-known 
technique of numerical convolutions with gradierzt rnasks (Pratt, 1978) enhances thc contrasts in  a givcn 
direction:  in lhe present case, the drawback of such a technique is that  both dark and iight lines are enhanccd on 
thc rcsulting image (sce Fig 2 which is the north-south gradient-image). Our stratcgy was thcn to apply 
Morphological Transformations on  grey  tone  function  having  the  property to filtcr the darkcr objccts from  thc 
image.  By threshdding the  rcsulting function, WC should  retain two typcs of binary  images:  "maximal imagcs" 
arc thc oncs whcrc  thc significative enlitics arc conncctcd, rcgardless to the  prcscncc o f  othcr cntitics, whcn 
"minimal images" would be those whcre only thc significative cntitics arc prcscnt, evcn if disconncctcd. 
Theorctically, a Geodesic  Dilation of a minimal image into a maximal one should provide a good solution to 
Our problem. 
We first apply on the original image a il-minima filter (Beucher, 1987) that docs not takc into account any 
morphological critcrion, but sclecls only  dark objccts having a given contrast with  the neighborhood (Fig. 3): 
al1 types of dark  components  have  then  been  selected such as large spots or thin lines; the faults are of course 
compriscd into the  resulting  binary  image  (Fig. 4) and  thcir  shapcs are wcll preservcd.  But one has  to  find  thcn 
thc way of supprcssing  undcsircd largc or small  black spots. A size clistrilmtiotr analysis has to bc donc to find 
whether faults have a spccîfic size or not on thc h-minima thresholded function. The robustncss of the mcthod 
has 10 be testcd on a large sample of scenes upon the target. 
Other  transformations  called Top Hat (because thcy allow the sclection of objects according to their tonc, local 
contrast  and  thickness) are experimented.  WC  applied  here a Top Hat from Morplwlogical Closing (Fig. 5) and 
a Top Hal frorn Geodesic Closing (Fig 6)  to select dark lines On thc first image (Fig. '5), the contours of the 
faults are better  prcservcd for they are actually dark and continous entitics  when Top Hat  from  Gcodcsic Closing 
filter (Fig. 6) selects the darker even  disconnected  elcmcnls (Grimaud, 1991). 
One solution for finding a minimal image $vas to process a stcpwise "clcaning up" of the  binary image from 
the  morphological Top Hat: 
-smallcst  disconnccted entities have been eliminated  by a Reconsfruction following a binary Erosion (Fig. 7). 
-entitiCs the  direction of which arc whcthcr diffcrent than  thc one ofJhe faults (ic roughly  East-West)  havc bccn 
eliminatcd by  the following way: a local multidirectional Gradient filter produccs an image of codcs of the 
associatcd  direction of thc highcst local gradient (ie €4 directions on the squarc grid); WC havc  sclcctcd  thc  pixcls 
having the same codc than the one of both fmlts (Fig 8). Thcn a Geodesic Dilation of the rcsult into the 
"c1cancd"Top hat image is pcrformed (Fig 9). The remaing big entities on north-west of the image arc very 
close one to another:  they are ravines inside abrupt versants;  they  have been eliminated by  the application o f  a 
mask obtained by a Morphological Closing of size 5 on the resulting image "cleaned up" with a Geodesic 
Reconstruction (Fig.10) This "minimal image" is then reconstructed into a low thresholding of the original 
Top Hat (Fig 11). On the rcsulting image (Fig 12) the faults have  not  been completely connected  and  their 
shape is notas well  prcservcd as on a h-min filtered image (see Fig 4) Moreover al1 entities othcr than faults 
have not bccn eliminated. WC think  thcse last ones could be elimined by  rcgional directional opcntors (Kurdy, 
1990) or by further quantitative  description of the  slructurcs. 

CONCLUSIONS 
Various expcriments of image analysis and morphological transformatons havc bcen  made  upon a 

SPOT image of Central  Andes in order to extract strike faults. On this example wc  show how satellite images 
may be filtered  until  specificd  structures are identificd.  Plans of transformations to be tested  on  the  scencs of the 
whole  region  were also described. The kind of computcr aided photo-interprctation can be easily testcd and 
reproduced.  Furthermore,  the results can directly be exploited in order to perform quantitative analysis on the 
structures or to be inserted into a Geographical  Information  System.. 
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EOCENE  LEFT LATERAL STRIKE  SLIP  FAULTlNG AND CLOCKWISE  BLOCK 
ROTATIONS IN THE CORDILLEIZA DE DOMEYKO, WEST OF SALAK DE 

ATACAMA,  NORTHERN CHILE 
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RESUMEN: La Cordillera  de  Domeyko, al oeste de Salar de Atacama, en el norte de Chile,  constituye  parte 
de un or6geno  transcurrente,  originado en el  Eoceno, por movimientos de rumbo sinistrales a 10 largo del 
Sistema de Fallas de Domeyko. En el  segmento  comprendido  cntrc el Salar  de Punk? Negra, al sur y Sierra  de 
Limdn  Verde,  al  nortc,  el  movimiento  hacia  el  norte  de la Cordillera de Domeyko fue bloqueado  por la 
presencia de una mole  rigida  (Sierra  Lim6n  Verde); y transferido  hacia el este por rotaciones de bloques  en 
sentido  horario,  en direccih a la la Cuenca cretQcica de Purilactis (prolo salar de Atacama), la InQs occidental de 
las cuencas  de  rift cretkicas del  noroeste de Argentina y norte de Chile. La inusual co~nbinacidn de rotaciones 
horarias  acompaiiando a movimientos  transcurrentes sinistrales se deberfa a que  el  sistema  transcurrente 
sinistral  estuvo  limitado al norte por una mole  rigida y a al este, por una  cara  libre: la Cuenca de Purilactis. 

Key Words: Northern  Chile,  Domeyko  Fault  System,  Eocene,  Clockwise  block  rotations 

INTRODUCTION 

Cordillera  de  Domeyko  and  its  northeni  prolongation,  Sierra de Moreno,  extends  for  more U l a n  800 
km (21-28"s) in  Northern  Chile  (Figure 1) sepvating the  Central  Depression, to Ule  West, from a series of 
closed  basins ( Salar de Atacama,  Punta  Negra,  Pedeniales  etc)  located along the  footllills of  the  western 
Cordillera,  that is capped by the  volcanic  centers of the  modem  volcanic arc of tl~e Central Andes. The  nCmow . 
(60 km wide)  range,  reaches  altitudes  well  above  4000 m and  is  colnposcd  mainly of Latc Palcozoic  volcanic 
and  plutonic  complexes  (Boric  et al, 1990.  Mpodozis and Ranos, 1990;  Reutter, et al., 1991).  Cordillera de 
Domeyko is a transcurrent  orogen foormed during  Eocenc left-latenl strike-slip  motion,  but also recording lale 
increments of oligocene  (right  lateral) and even  quaternary  (normal)  faulting  activity. The strike  slip  Domeyko 
fault system  (Maksaev,  1990), is closely  related  with  the  northern  Chile  porphyry  copper  deposits,  most  of 
which  were  emplaced along strike slip faults along  the  axis of the Cordillera  de  Domeyko in the Eocene or 
Oligocene. Although the Cordillera  de  Domeyko is dominaled by strike  slip  deformation, Uie structural  grain 
and tlle geometry  of  related  structures  show  important  variations dong strike. The  segment West of Salar de 
Atacama,  betwcen 22"30'-2S"S (Sierra Lim6n Verde to Salar  de Punta Negra ) exliibits an unusual  structural 
geometry  compatible  with  left  lateral  strike  slip  deformation  accompmied  by  clockwise  block  rotations 

STRATIGRAPHY 

The Cordillera de Dorneyko,  between Salx de  Punta  Negra  and  Sicrra  Lim6n  Verde is cornposed 
mainly by Late  Paleozoic  magmatic  complexes  including a suite of basalts IO andesites  interbcdded with 
lacustrine  sediments of late  Carbonifcrous-Early  Permian age (Brcitkreutz et al, 1992), extensive  outcrops of 
high silica rhyolites and granitoid  plutonic  centers,  solne of  which are the  eroded r o m  of large collapse 
calderas  (Sierra  Mariposas  caldera, Davidson et al, 1985). K-Ar, RblSr and  U-Pb  (zircon)  ages fall in the range 
between 300-200 Ma  (Mpodozis et al, 1993). To the  West  Iliere are large  exposures of late  Triassic  to  early 
Cretaceous  marine  carbonates,  terreshial red beds and volcanics of the  norlhern  Chile  lnesozoic  back-arc  basin, 
covered by volcanics of  tlie  paleocene  Cinchado  formation and relaled  shallow  level  intrusives (K-Ar ages 
~ 7 0 - 5 0  Ma, Figure 1). A mqjor structural  tliscontinuity  (Sicrra  de Varl~s F a w l t )  ;tnd a largc shcar lcns 
(Ringenbach  et  al., 1992) straddles Ihe contxt with thc basanent corc of CordiIlcm de Domcyko. To Ule east 
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of the  range,  the Paleozoic is also in fault contact with the up  to 5 km  thiclc  red bed sequence of the 
Cretaceous to  Eocene  Purilactis  Group,  the  infill of a large rift hasin  formed  over  the  present site of  modem 
Salar de Atacama (Macellari et al., 1991)  and  connected, to the east, with  the Salta Group rift basins of 
northwestern  Argentina  (Grief et al., 1992). The tectonic  contact  between  the  Cordillera de Domeyko and the 
Purilactis  basin  sediments has been  recently  interpreted as a reactivated, down to the east, listric normal 
growth  fault,  developed,  in the Cretaceous, dong the  western edge of the  Purilactis rift basin  (Macellari et al., 
1991; Hartley et al., 199%) 

STRUCTURE 

Figure  1 is a structural  sketch of  the segment of the Gordillera  de  Domeyko  hetween Salar de Punk 
Negra and Sierra  Limdn  Verde. A close inspection of the geological  map  reveals  that  in Ulis region: (1) none 
of the faults of the  Domeyko  fault  system  seems to continue nortl~ of Sierra Limdn  Verde; (2) Salm de Punta 
Negra, at the soutlmn end of the  segment,  is a Tertiary  extensional  basin  limited at its soutllern side by a 
M W  trending  nonmal  fault;  (3)  the  Gordillera de Domeyko  itself is formed  by a series of discrete  hasement 
blwks separated by small, interior-drained,  basins (Salar de Los Morros,  Verdnica  Elvira ... Figure  1); (4) the 
northwestem  faces of the  rhomboidal souhem blocks (hnilac, San Carlos) are bounded hy high angle reverse 
faults; (5)  tl~e northernmost blocks (Quimal, Los Monos, Mariposas) are limited  to  tlle  West, by left lateral, 
subcircular  to NE oriented,  strike slip faults  while to the east , thcy are thrusted wer  the Purilactis basin 
sediments; (6) Deformation in tl~e Purilactis sedimenu is  specially strong in front of Ule kasement blocks 
where  the  red b d s  show  isoclinal to  chevron folds w i h  subvertical  axis; (7) Purilactis outcrops away  from the 
basement bloclcs show no evidences of prvmive defolmation. 

Sense of  asymmetry  of large scde "sidewall  ripouts"  (Swanson, 1989) and  displacement  of  geological 
contacts  indicates  left  lateral  shear  along  most of the  major fault tiaces. The change  from sandstones to  eoarse 
grained  sediments in the  Purilactis  hasin dated at 44 to 40 Ma (tuffs at the base  of the conglomeratic part of 
the  Purilactis Group, Ramirez and  Gardeweg, 1982, Harnmerschmidt et al., 1992)  and the 45-42 Ma K-Ar 
ages of the bimodal, syntectonic  intrusives and domes of  the Cerro Casado complex in the Quimal block 
indicate a middle to late  Eocene age for the  beginning of strike  slip  deformation. A similar age for the onset of 
the deformation (42 Ma) has been  documented furtl~er south, in the El Salvador-Potrerillos  region (26-27' S, 
Tomlimson et al., 1993).  Oligocene  porphyry coppers (Figure 1) were  emplaced afterwards along some of 
major fault sirands in the  Oligocene,  but the  tectonic  regilne  seems to have been  dominated  by dextral  sllear 
(at  least in the  34-41 Ma Chuquicamata  porphyry syslc~n, "a!xsaev, 1990) 

DIS@USSION 

This special skuctural association can bc descrihed as a strike slip structural  province  hounded to the 
north by a rigid  hutress  (Sierra  Limdn  Verde) and, t o  the east, by a free face: the Cretaceous-Eocene Purilactis 
basin. This interpretation is similar to  the  theoretical  mode1 rccently  presented hy Beck et al. (1903). In Ule 
Eocene,  passive  northward  displacement of  Ule Domeyko  range Conned an extensional hasin (Salar de Punta 
Negra) at the trailing  edge of  the  displaced hlock. As norlhward  motion  was  ohstructed by the  Limon Verde 
butress, Ule displacement could have  been transfer to Ille east towards Lhe Purilactis  hasin. To overcome the 
butress,  displacement  transfer in  the  Quimal hlock occurred by a combination of tectonic  escape  associated 
with  extension (to the West)  and compressive  deformation and Ihrusting  of Ule basement  hlock to the east, 
over  the  sedimentary fil1 of the Purilactis  basin. In Ule Mariposas block (Figure 1) deformation  seems  to  have 
occurred  hy  clockwise  rotation dong a subvertical  axis of a b&wnent sliver bounded by subcircular  faults Ulat 
may 'correspond to be  the  reactivated ring fractures of an old,  Late  Paleozoic, caldera. In  Ulis segment of the 
Cordillera  de Domeyko, at least, 30  to 40 Ln of  eocene  norlhward disphcetnent could  have k e n  compensated 
by  10-20%  widening  of the original  surface  area of Lhe range. 

Critical to Ulis interpretation is the assumption  Illat  Sierra  Lim6n Verde behaves a "rigid" butress 
tint prevented  northward  displacement of the  Dorneyko hlocls. In fact, as we already  stated,  none of Ule major 
fault traces seems to displace  any of  the  Lim6n  Verde  plutonic units. The "West Fissure" fault  system of 
Chuquicamata (M<&saev, 1990)  show no obvious connections with the faults to the south. Structurally, 
Sierra Limdn  Vcrde is a huge,  northward plunging hadC dome, cored by lale Carboniferous granitoids and 
metamorphics of early  Paleozoie or eveu Precanbrian age; synmngmalic and mylonitic  foliations  show Ulat 
the  granitoid are deep  seated  plutons.  Jurassic  limestones,  dipping  away from the plutonie  core,  surround 
Sierra  Limdn Verde  along  its  western,  northem  and  eastern margins. 
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TECTONIC  IMPLICATIONS 

Large  scale  left  lateral  Eocene  strike slip faulting  contradicts the Early  Tertiary plate reconstructions 
(Pardo Casas and  Molnar,  1987)  indicating that during Uie Eocene defonnation along  the  Chilean active 
margin should have a significative  component of dextral  sllear If the  plate  reconstructions for Ule period are 
corect, and if he  Arica  elhow is an ancient feature of the  margin,  the  presence  of  such a sharp bend  in  the 
coastline could effectively preventt any kind of norlhward  trausport of the coastal  sliver (see Be&, 19899. In 
such an scenario characterized by a locked  (and cold) foreare block, it is may be possible to envisage a 
mechanism to transftlr  the  scrain  induced hy right lateral oblique convergence 10 the  hot  and  ductile hwer crust 
behind  tiie  eocene  magrnatic fron1.  fPJr~rlllcvard  llow  of ductile lowcr crusttll  Inalcrial could resull in lunitcd 
anounts of passive  transport of Oie brillle uppcr crust, accompanied, at least in  the area 10 Uie west of Salar 
de Atacama, by clockwise block rotations. 

Acknowledgements; This work is part of a project  supported hy  the Servicio Nacional de Geologia y 
Mineria  and  CODELCO-Chile.  This  is a contribution Io IGCP project.345 (Andean  Lithosplleric  Evolution) 
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OE3DUCTION EVZDENCE ON THE 
BOLIUGR ULTRGMAFIC COMPLEX,,, 

SOUTH-WESTERN COLOMRIA 

Alvaro NIVIA G . < l ’  

( 1 )  INGEOMINAS - Hegional Pacifico,  Apartado AerCo 9724, Cal i ,  Colombia. 

RESUMEN: Asociado a un complejo d e  rocas  ultramiCficas y mdficas, 
deformadas, anf ibol i t i zadas  y localmente  migmatizadas  ocurren  tanto 
d i q u e s  pegmatiticos que cortan a t rav6s  d e  &te, como un depo’sito d e  
magnesita c r i p t o c r i s t a l i n a .  Estas rasgos se  interpretan como producto d e l  
t ranspor te  d e  f luidos  der ivadas d e  l a  base  de un bloque d e  l i tc isfera  
ocesnicd  durante s u  obduccirjn s o b r e   l a  margen continental  d e  Sur Ambrica. 

KEY WORDS: ultramafic  rocks,   pegmatit ic d y k e s ,  magnesite,  obduction, 
plateau  basalt   province.  

INTRODUCTION 

Geological and geophysical studies show t h a t  t h e  Northern Andes are made 
of twa li thospheric  Cretaceous  provinces of different a f f in i t ies t  
cont inenta l   to  t h e  east and oceanic ( t h e  Oceanic Western Lithospheric 
Province - OWLP) t o  t h e  West. The boundary i n  marked b y  t h e  
Cauca-al maquer Faul t ( a l  ÇO cal  1 ed  Ramera1 Faul t and Do1 ores-Guayaqui 1 
Megashear) t h a t   p a r a l l e l s  the western f lank of t h e  Central Cordi l le ra  
from the  Gulf af Guayaquil,  through Ecuador and Colombia, t o  the 
Caribbean sea. To t h e  e a s t  of t h e  f aul t ,   calculated  values  of both 
gravimetric  anomalies and seismic  velocit ies  (Case et  a l .  1971, 1975; 
Meyer e t  a l .  1977; Ocala et  a l .  1977)  çuggest a c rus t  composed  of s i a l i c  
mater ia l s  (M=4d-50 Km; Case e t  a l .  1984). To t h e  West t h e  Andes a r e  made 
of h i g h  d e n s i t y ,  h i g h  veloci ty   mater ia ls ,  commonly in te rpre ted  a5 oceanic 
c rus t  (M=25-90 Km; Case e t  a l .  1984). The  Pre-Cenoïoic rocks of t h e  
eastern province  consist  on Precambrian and Paleoïoic  igneous and 
metamorphic rocks i n t r u d e d  by  Mesozoic granitoid  plutonç, whereas t h e  
OWLP is made of Merjazoic (not  older  than Lower Cretaceous)  basic  volcanic 
rockç,  associated w i t h  ultramafic complexes and marine  çedimentary 
s t r a t a .   In t e rp re t a t ions  of the evolution of t h e  l i thosphere i n  Colombia 
(bar rero  1979; Bourgois et: a l .  1982; McCourt e t  a l .  1984; Açpden Zt 

McCourt 1486) consider   that  t h e  UWLP was acc re t ed   t o  t h e  northern margin 
of t h e  South American continent d u r i n g  t h e  Late  Cretaceous. 
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Associated w i t h   t h e  OWLP, w i t h i n  a b e l t   s i t u a t e d  some 20-30 K m  t a  t h e  
west o f   t h e   C a u c a - h l m a g u e r   F a u l t ,  are f o u n d   s e v e r a l  bodies o f   u l t r a i n a f i c  
rocks, t h e  b e s t  ~ R Q W R  o f  which is t h e  Upper C r e t a c e o u s   B o l i v a r   U l t r a m a f i c  
Complex (BUC). This   camplex  is a) t h e   h a s t  rock of a stockwark d e p e s i t  sf 
c r y p t o c r y s t a l   l i n e   m a g n e s i t e ,  b) c u t   b y  a s u i t e  of mafic p e g m a t i t i c   d y k e s  
and c )  e x h i b i t s  local zones of s t r o n g   p e r v a s i v e   d e - f a r m a t i o n  and 
a m p h i b o l i t i z a t i o n .  E t  is proposed t h a t   t h e s e   t h r e e   f e a t u r - e s  are Irelatecl 
w i t h   t h e   s u t u r e   e v e n t  of t h e  two p r o v i n c e s   d u r i n g   w h i c h   t h e   t h e   l e a d i n g  
edge of t h e  QWLF' was o b d u c t e d  on t o p  8 4  t h e   C r e t a c e o u s   c o n t i n e n t a l   m a r g i n  
of S o u t h  America. 

The   Upper   Cre taceous  BUC o u t c r o p s  on t h e   e a s t e r n  Q l a n k  of t h e   W e s t e r n  
C o r d i l l e r a  of t h e  Andes i n  sou thwes te rn   Co lambia .  To t h e  east and n o r t h  
i t  is covered b y   t h e   r e c e n t  deposi tsj o f   t h e   C a u c a   H i v e r .  TB t e  west t h e  
R o l d a n i l l o   q a u l t  marks its c o n t a c t   w i t h  the V o l c a n i c   F o r m a t i o n  a thick 
s e q u e n c e  o f  Cretaceous t k o l e i i t i c   b a s a l t s  and d o l e r i t e s .  Based on 
similarities i n  t h e   g e o c h e m i c a l   c h a r a c t e r i s t i c s  betrveen f i n e  g r a i n e d  
isotropic g a b b r o s  from the BLlC a n d   t h o l e i i t e o  $rom t h e  V Q ~ C ~ R ~ C  F o r m a t i o n  
t h e  two u n i t 5   h a v e  been i n t e r p r e t e d  as comagmat i c   (N iv ia  19873, t h e  
f o r m e r   r e p r e s e n t i n g   t h e   p r o d u c t s   a c c u m u l a t e d  an the   magmat ic   ckamberr ;  
Mhere t h e  lat ter evolvecf .   The   chemis t ry  of thelei i tes  f rom t h e  Vol c a n i c  
Formation include low LPL-element  abundances (fr/M$ =El t a  17) and 8 l a t  t o  
e n r i c h e d  REE p a t t e r n s  (CeP4/YbE~ = O. 9 ts 3.5) t h a t  alllow p o s i t i v e  
c s m p a r i s o n s  with t h i c k   a c e a n i c  Cr-ust t yp ica l .   o f   Gce land  or with p l a t e a u  
basal t p r o v i n c e s   s u c h  as those oG t h e  Nauru Basin or t h e  Caribbean 
(Mi 1 l w a r d  et al. 6984; Eilivia 6987). These suspec tec l  materials 08 the WBLP 
rn igh t   r ep resen t   .F ragmen t s  of t h e  Caribbean P l a t e   s t r i p p e d  o f f  d u r i n g  i ts 
emplacement   tmtween North and S o u t h  Am@~ica. 

T h r e e   d i f f e r e n t  h o r - i ~ ~ ~ ~  are p r e s e n t  i n  t h e  BUE: a lower one of  
i n t e r c a l a t e d  bands ol: s e r p e n t i n i z e d   d u n i t e s ,   l h e r n o l i t e s ,   o l i v i n e  
websterites and olivine g a b b r o n o r i t e s ;  and i n t e r m e d i a t e   h o r i z o n  04: banded 
( c u m u l u s )   g a b b r o n o r i t e s   a n d  an upper one of i so t ropic  g a k d m m o r i t e s .  
Replacement  sf p r e - e x i s t i n g   p y r o x e n e ç   b y   u r a l i t e ,   c u m m i n g t o n i t e  and 
h o r n b l e n d e  i s  c o n s p i c u s u s  on t h e   g a b b r o   l a y e r s .  BR ou tCl rop ,   t heçe  Sam@ 
horizons show s t r o n g  p e r v a s i v e   f o l i a t i o n  paraalel t o  t h e   c u m u l u s  banding 
and local. development  el: m i g m a t i t i c   t e x t u r e s   w i t h  cloar i n t r u s i v e  
r e l a t i o n s h i p s   b e t w e e n  coarçe grainecl l e u c o g a b b r o s   c u t t i n g   t h r o u g h  f ine  
g r a i n e d ,  a-Ften  cumuli t i c ,  melagabrss. 

The BUC is c u t   b y  a s u i t e  o f  dykerj, 50 cm t h i c k   a n   t h e   a v e r a g e ,   t h a t  
cansist rnainly on v e r y  coar5ie g r a i n e d  ksi-nblende, p l a g i o c l a s e  and q u a r t z  
c r y s t a l s .  The c a m p o s i t i o n   o f   t h e   d y k e s  seems t o  v a r y   a c c o r d i n g  t a  t h e i r  
level of i n t r u s i o n .  The lower p a r t s   a f   t h e  complex a re  c u t  by 
playioclase-hornblende dykes w h e r e a s  i n  t h e  Ltpper p a r t s   t h e   d y k e s  are 
r i c h  i n  p l a g i o c l a s e ,   q u a r t z ,   m u s c o v i t e  and sericite. The  prec;enc@ of  
d u m o r t i e r i t e   a s s o c i a t e d   w i t h   t h e  latter phases i ç  alrjo r e p o r t e d .  

S e r p e n t i n i t e s   o f  the lower hor izon form t h e  ho& rock of a stockwark 
deposit a f   c r y p t o c r y s t a l l i n e   m a g n e s i t e  veins t h a t  ape 5 cm t h i c k   a n  t h e  
a v e r a g e .  8pal v e i n s   d e p o s i t e d   a f t e r   t h e   m a g n e s i t e  ones OCCUF i n  t h e   u p p e r  
levels of t h e  depos i  t. 
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The facts  previously  presented can be i n t e r p r e t e d   i n  terms  of an 
obduction  event  during which the  leading edge of  the  Caribbean  plateau 
was overthrust  on the  continental  margin  of  northern South  America. The 
lack  o f   the  tecton ic   harzburgui te  on the BUC and  on other  Ltltramafic 
complexes placed i n   s i m i l a r   s t r u c t u r a l   s i t u a t i o n   m i g h t   i n d i c a t e   t h a t   t h e  
decoupling of  th is   p iece  o f   oceanic   l i thosphere was produced a t   t h e   l e v e l  
o f   the  pet ra log ica l  Moho. During t h i s  processes  the geotherm of  the 
l i thosphere   tha t   car r ied   the   obduc t ion   sh i f ted   to  a reg ion of  higher 
temperature d i s t i l l i n g   t h e  H A ,  COz and boron  contained i n   t h e  
terr igenous and calcareous  sediments  found i n  the  cont inenta l  
l i thosphere’s upper par t .  The transportat ion  of   these  f lu ids  through  the 
overthrusted  block  might  then have  cause both  local  fusion.  (by  lowering 
of   the  sol idus)  leading  to  the  format ion  of   migmat i tes and 
amphibol i t izat ion  o f  gabbros. Also,   the  products  of   the  react ion between 
these f l u i d s  and t h e   l i q u i d s  pt-odnced by local  fusion  might have 
c rys ta l l i r ed   a t   f rac tu res   l ead ing   t o   t he   f o rma t ion  o f  the  pegmatite dykes 
tha t   cu t   the  BUC. On the  other hand, the  mechanism of  forming  the 
magnesite  deposits  associated  with  ultrmafic  rocks i s  commonly bel ieved 
to   i nvo l ve   a l t e r i ng   se rpen t ine  by  CO,,-rich waters,  produced  by steam 
d i s t i l l a t i o n   a t  depth. This mechanism agreed with  the  obduction model 
proposed and a l  lowed t a   p o s t u l a t e  a genet ical  model for   the  format ion  o f  
the  Bol ivar  magnesite  deposit.   In  addit ion,  the  world’s most important 
deposi ts  of   th is  type,  located on a discontinuas  belt  through  former 
Yugoslavia,  Albania and Greece (par t i cu la r ly   those  o f   the   Cha lk id ik i  
Peninsula i n  Greece; Dabi tz ias 1980) have s i m i l a r   c h a r a c t e r i s t i c s   t o  
those  of  the  Bol ivar  deposit.  These cha rac te r i s t i cs  suggest that   these 
deposits formed as the  result  of  obduction  processes  during  the  closure 
o f  Neo-Tethys. 

CONCLUSIONS 

The BUC was probably formed  by c r y s t a l l i z a t i o n   i n   t h e  magmatic chamber 
where the  Volcanic  Format ion  tholei i tes (documented a5 formed on a 
oceanic  plateau  basalt  province)  evolved.  During  the  col l is ion  of  this 
plateau  against  the  proto-South American cont inent it5 leadïng edge was 
obducted on top  of  the  continental  margin.  During t h i s  process,  connate 
waters  contained’on  terrigenous and calcareous  sediments  that  laid on top 
o f   the   con t ine ta l   p la t fo rm were expel led as wel l  a5 H and COz. The 
in t roduc t ion   o f  Hz0 t o   t h e  base of  the  obducted  l i thosphere  (probably 
ho t )  and the  heat  generated by f r i c t ion   dur ing   th rus t ing   o f   the   ocean ic  
plateau  helped i n  the   p roduc t i on   o f   f l u ids   t ha t   f i l l ed   t he  open cracks 
where cryçta l ized  as  pegmat i t ic  dykes. The action  af  hydrothermal 
C02-rich  waters on serpent in i tes  formed  by a l terat ion  o f   basal   duni tes  o f  
the  CUB, produced  Mg-enriched so lu t ions   tha t   p rec ip i ta ted  as veins  c lose 
ta the  surface when t h e   t o t a l  pressiure change f rom  l i t hospher i c   t o  
hydrospheric  or whenever the  craks caused by  tectonism produced pressure 
drops. 
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TIME CONSTRAINTS OF THE ANDEAN DEFORMATION ALONG THE 
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Ciudad  Universitaria, (1428) Buenos  Aires,  Argentina 

RESUMEN: Las restricciones temporales en el desarrollo de la  faja  plegada y corrida de 
la Cordillera  Principal, el levantamiento y la  deformacich de la Cordillera Frontal, asi como 
el de la Precordillera, cuando se cornparan  con sus depbitos sinorogdnicos,  indican que el 
periodo principal de acortamiento orogCnico de los Andes Centrales a estas latitudes abarca 
desde el Mioceno inferior (circa 22 Ma) al reciente. 

KEY WORDS: Central Andes,  Tectonics,  Synorogenic  deposits,  Tertiary, Quaternary. 

INTRODUCTION 

The analysis of the synorogenic  deposits  in a corridor from the Pacific coast to 
the Mendoza City shows a series of broken  foreland  basins that indicate a continuous 
shifting of the orogenic  fronts. New radiometric ages of the volcanic arc rocks  and the 
interfingered tuffs of the synorogenic  deposits  portrayed a main Late Cenozoic episode of 
deformation as responsible for the crustal shortening and uplift of the Principal  Cordillera, 
the Frontal Cordillera,  and the Precordillera. 

GEOLOGICAI, SETTING 

At these latitudes, the Andes are composed by a series of parallel  cordilleras 
separated by Tertiary synorogenic  deposits. The rocks  involved in the deformation of the 
different  cordilleras are mainly  Mesozoic  in the Principal  Cordillera, Late Paleozoic to 
Triassic in the Frontal Cordillera, and Early  Paleozoic in the Precordillera. This distribution 
is the result of two  facts: 1) a series of distinct detachment levels that from West to east 
correspond to Late Jurassic gypsurn, Late Carboniferous  shales, and Early  Ordovician 
marls; 2) The amalgamation  of different Paleozoic terranes which  produced  major crustal 
boundaries. 

THE SYNOROGENIC DEPOSITS 

The synorogenic  deposits are distributed  east of the Aconcagua  fold-and-thrust 
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belt, the Uspallata Valley, and the focsthills of Mendoza-Sierra de Las Peiias (see figure 1). 

Figure Z: Main thrust fronts with  distribution of proximal to distd synorogenic 
deposits, Central Andes of Argentina and Chile (modified from Ramos,  1988). 

a) The Aconcagua  fold-and-thrust  belt 

The volcanic arc rocks  in the western side of tkis region show in the Chilean 
side,  a  major  angular  unconformity where 20.4/16.6 Ma  old  rocks (Rivano et al., 1990) of 
the Farehnes Formation overly older volcanic  sequences. These ages together with the 
cooling age of post-tectonic granitoids in the Argentine aide (Ramos and Cingolani,  1989) 
of 21.6  Ma indicate the beginning of the shortening at approximately 22 Ma at tkese 
latitudes. The migration of the volcanic  activity  from the Chilean side to the Aconcagua 
area  as a result of the beginning of the skaffowing of the subduction zone (Jordan et al., 
19839, prsduced an  angular  uneonformity  between  volcanic  rocks of  15.8/8.9 Ma and 
different sedhentary and volcaniclastic  Mesozoic deposits (Ramos et al.,  1991). 

At the same tirne that the fold-and-thrust  belt waa deformed, a series of 
synorogenic deposits were accumulating east of the Aconcagua area. The westemmost 
roxinsd facies of the Santa Maria  Conglomerates,  with boulders up to one eubic meter 

rhow a csarsenhg upwards  sequence. The basal beds are mainly  composed by Mesozoic 
pes tones  and sandstones clasts  with some interfingered tuffs,  while towards the top 
volcanic andesitic breccias  and  pyroclastic flows are dominant. The younger  ages of this 
sequence indieate active sedimentation up to 8.1  Ma (Ramos et al.,  1990)  while towards the 
west the  arc activity  was  ceasing due to the shallowing of the subduction zone (Kay et al., 
1987). 

b) The Uspallata Valley 

The Frontal Cordillera at these latitudes has  been  uplifted  alrnost as a single 
block  during Late Mioeene  times, by a series of imbricated thrusts that bound to the West 
the Uspallata Valley (Cortes, 1993). As a  result of that, an extensive Early Miocene 
peneplain kas been uplifted up to 6,000 rneters a.s.1. 

The synorogenic  deposits  between the Frontal Cordillera and the Precordillera 
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record two unconformably  overlying  sequences. The oldest one can be correlated with the 
Mariiio Formation (Cortes, 1993), and has been deposited prior to 11.4  Ma. The 
sedimentary facies indicates distal to intermediate fluvial deposits for the Miocene. The 
youngest one includes  proximal  facies of Late Miocene to Pliocene  age, and has been 
.srroneously correlated with the  Late Pliocene  Mogotes Formation. 

c) Precordillera foothills 

The thrust front of Precordillera is at present the most  active  seismotectonic 
zone of the Andes at these latitudes.  Focal  mechanisms of intraplate earthquakes indicate 
crustal shortening at 14 km depth (Triep, 1987). The east-verging thrust front affects Latest 
Tertiary, Pleistocene,  and Holocene deposits. Quaternary terraces are tightly  folded and 
blind thrusts (Bettini, 1981)  developed  within the Cenozoic  cover are doming the present 
surface. 

The synorogenic  deposits  display three major  angular  unconformities; one 
between the Mariiio Formation and  previous  Early Tertiary-Late Cretaceous sag deposits; 
other between the Mogotes Formation (3.8 to 1.2  Ma,  Yrigoyen,  1993) and older Miocene 
units,  and the third between latest Pliocene  and  Pleistocene  deposits. 

This Late Pliocene-Early  Pleistocene deformation was  also responsible for the 
final uplift  of the Sierra de San  Luis  (Costa,  1992) the westernmost Sierras Pampeanas at 
these latitudes. 

CONCLUSIONS 

The new data constrain the main  period of shortening of the Andes between 
the base 'of the Early  Miocene  (approx. 22 Ma) and the Present. Although there is a 
$shi€ting of the thrust front to the east  associated  with the migration of the magmatic 
activity, related to the shallowing  of the subduction  zone,  this  activity  was  episodic and 
discontinuous as recorded by the synorogenic  deposits. 

This shortening could be linked to an increase of the convergent rate  as 
previously  proposed by several authors (Pilger, 1984;  Ramos,  1988).  This increase was due 
to  the break-up of the Farellones plate and the formation of the Nazca and Cocos plates 
around 25 millon  years ago. 
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La  Falla  Oeste, O West  Fissure,  de  la  mina  de  cobre  de  Chuquicamata  muestra  en sus rocas 
de falla  estructuras de desplazamiento  transcurrente  sinistral N-S. Lo cual es opuesto  a los 
desplazamientos  dextrales  comprobados  en otras fallas  N-S de la Precordillera  del Norte 
Chileno.  De esta  forma  existen  evidencias de una  inversion  de  los  movimientos  transcurren- 
tes en  el  Oligoceno. 

K E Y  WORDS: Magmatic  arc,  strike-slip  faults,  porphyry  copper  deposits,  tectonic  inversion 

INTRODUCTION 

The  Chilean  Precordillera,  situated  between the Longitudinal  Valley  and the Western  Cor- 
dillera  of  northern  Chile,  was  the  site of the Andean  magmatic  arc  from  the  late  Cretaceous 
to the early  Oligocene.  During the Late Eocene  Incaic  Phase, the basement  with its sedi- 
mentary  and  volcanic  cover  was  folded to elongate,  mostly  N-S-trending  anticlines,  and 
dextral  strike-slip  faults  developed  parallel or at  low  angles to the fold  structures  (Reutter  et 
al. 1991: Precordilleran  Fault  System).  Orogen-normal  shortening  and  dextral  orogen-paral- 
le1 strike-slip  movements  are  considered as magrnatic arc tectonics  under the influence  of 
oblique  subduction  (Scheuber  and  Reutter 1992). The  Precordilleran  Fault  System  is  related 
to the development  of the great  porphyry  copper  deposits  of  that  region.  The  West  Fissure 
which  is  an  essential  branch  of  the  Precordilleran  Fault  System  runs,  in N-S direction, 
through  the  Chuquicamata  open  pit (68"54' W; 22'16' S). A detailed  study  of  this  main  fault 
and  other  accompanying  faults  in  Chuqicamata  and its surroundings  (Fig. 1) shows  that  the 
kinematics dong the West  Fissure  differ  fiom those of most parts of  the  Precordilleran  Fault 
System. 
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GEOLOGICAL SElTrWG 

The  exposures of the open pit of Chuquicamata (1.8 km E-W, >4 km N-S) exhibit am abun- 
dance  of  vertical  faults  belonging to different  directional groups. More than 90% of the 
striae developed on the fault surfaces are horizontal, thus showing  that wrench teetonics 
determitned the hematies. The  West  Fissure is the most important fault  of the Chuquica- 
mata mine, as it separates a western non mineralized grmodiorite of-36 Ma fiom the mine- 
ralized eastern block censisting of Paleozoie granite intruded by porphyries of 32-30 Ma 
and  their  alterqtion  products  (Maksaev et al. 1988, Maksrtev 1990). It can be traeed as a 
continuous  structure >100 lm to the N and about 20 km to the S .  A black  argillitie  fault 
gouge up to 2 3  M thick demonstrates  that this fault  absorbed the maximum  of the teetomic 
energy. Evidemtly, the throw dong the West  Fissure is younger tham the mineralimtion  and, 
therefore,  it is discussed whether the original westward  extension of the mineralization  was 
displaeed to the N by dextrd slip or to the S by  simistral  slip. 

As structures irndieating dextral  slip are eequent in the Preeordillera @eutter et al. 1991), 
the s m e  seme of displacemernt was assumed for the West  Fissure. The fault pattern of 
Chuquicamata Fig. 1) shows  several faults  entering the the West Fissure from the left at 
angles of -15' (e.8. Fdla S m  Lorenzo, F. Chucos,  F.  Zaragoza)  and -75" ( e g  F. El 
Negro, F. Bdmaceda, F. Estmques Blmcos). This asyrmrmetric distribution  eould be inter- 
preted as a set  of  Riedel  shear5  acesmpanying the the West Fissure as the mster fault of the 
system,  although the evidemt dextral displacermemts dong the supposed R' had ts be ex- 
plained  by secondary effects. P%xwtheless, dextral  shear is also  suggested  by  fold  structures 
with  a  wavelength  of -5 k m  a d  NW-SE trendmg axes which are cut by the West  Fissure 
about 15 lm to the N of  Chuquicamata. 

Because  of the and climatic  conditions, 
the argillitie  fault  gouge of the West Fis- 
sure  is well preserved in the pit and 
shows internd meso- amd microstructures 
which are quite s i d a r  to those of 
coherent cataclastic  rocks and rnylorsites. 
Especially  S-C-fabrics, eec-fabrics, 6- 
clasts and a-ehstts  could be recognized 
and their asymmetry, as well as that of 
folded  s-plmes,  could  be  used for de- 
termiring the sense of shear. It turned 
out that d l  these structures uniformly 
indicated aimistral strike-slip, i.e. a 
displacement  comtrary to what  kad  been 
expected. The detection of similar 
structures in other  -N-S-striking  faults of 
the Chuquimatamata mime, su& as F. 

Mesabi,  eoroborated  these  results. 
hericantnq F. @-2, F. Chucos, md F. L-- Fig. 1. The secondary faults in the Chuquicamata 

mppr mine  apparently fom 8 set of Riedel shears relat&l to a dextral  master  fault (Reutter et al. 1991, 
with  modifications). However, the  shear  directions establishhed, as  indisated  by arrows (dextd, sinimal, 
and dextral overpriatd by dnistral), r e v d  that such a simple  mode1 is not applicable. 
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These  last  two  faults,  however,  display  not  only  structures  due to sinistral  horizontal  shear, 
but  also  others  formed by dextral  shear.  This  is  especially true for the Mesabi  Fault to the N 
of the Chuqucamarta  mine.  There,  it  follows  a  band of sediments  (Jurassic?)  which  were 
rotated in a  vertical  position  during Late Eocene  folding of the  Precordillera. Pextral shear 
movement  parallel to the strike of these  sediments  is  indicated by  vertical folds and  meso- 
scopic S-C-  and  ecc-fabrics.  Evidence of dextral  N-S-directed  shear  also  comes fiom the 
36-Ma-old  Granodiorita  Fortuna  at the western  side of the Chuquicamata  mine. In severals 
places  it  is  pervaded by  N-S-striking  and  vertically  dipping  mylonitic  bands  (Fig. l), whose 
age,  determined  by  Maksaev  (1990),  is  slightly  younger than that  of the intrusion.  Dynamic 
recrystallisation of feldspars in the  mylonites  indicates  temperatures of up to -500°C during 
deformation. 

CONCLUSIONS 

These  examples of orogen-parallel  dextral  shear in the surroundings  of the West  Fissure of 
Chuquicamata  agree  with the observations  made  in  many  places of the North Chilean  Pre- 
cordillera  between 21'  and 25" S (e.g.  Sierra de Moreno,  Cordillera de Domeyko,  and 
western  scarp of the Salar de Atacama).  Asymmetric  fault  arrays  and  Z-shaped  vertical  folds 
in  upfolded  sediments  revealed  a uniform dextral  sense  of  shear  along  parallel  faults of the 
Precordilleran  Fault  System,  while  stratigraphic  discontinuities  across  major  faults sug- 
gested  lateral  throw  possibly  in the order  of tens of km (Reutter  et al. 1991). So, probably, 
dso the West  Fissure  was  generated as a dextral  strike-slip  fault. 

The shistral shear  movement  along the the West  Fissure  and pardel faults in the Chuqui- 
camata  mine  must  be  explained  by  an  inversion of the sense of shear  when the dextral  trans- 
pression  tectonics  had  corne to an end.  Evidence for this chronological  sequence  comes 
fiom the following  observations: 
- The West  Fissure  fault  rocks,  which  display the structures of sinistral  strike  slip,  formed.  at 

very low temperatures  close to the surface.  The  ductile  dextral  shear  deformation of the 
mylonites,  however,  was  produced  at  a  depth of >2 km. Thus,  an  event of uplift  and  ero- 
sion  separated the two  developments. 

- Sinistral  movements dong the West  Fissure are younger  than the mineralization of the 
Chuquicamata  deposit  and the porphyric  intrusions,  dated to 32 Ma  (Maksaev  1990). 

This  rises the question  if  mineralization  occurred  still  during  dextral  shear or contempora- 
neously  with  sinistral  shear.  In the El Abra capper ore deposit,  situated  at the eastern  side  of 
the West  Fissure  about 40 km to the N of Chuquicamata,  mineralization took place  in  a 
complex  of  granodioritic  intrusives  39-32  Ma  old  (Maksaev  1990),  and, as evidendenced  by 
the  orientation  of  joints,  faults  and  veins,  under  a  regime of NE-SW  extension  which  is 
compatible  with  sinistral  shear  in the nearby  West  Fissure.  The  maximum of mineralized 
quartz  veins in the Chuquicamata  mine  also corresponds to NE-SW extension,  but other 
veins  which  indicate NW-SE and  E-W-extensions  suggest  that  mineralization in Chuquica- 
mata took place  more or less  at the time  of the inversion of the shear  movement,  probably 
under  reduced  E-W  compression, as testified by a few  normal  faults  (Fig.2). 

From  a  general  point of view  it  can  be  concluded  that the structures  connected  with the 
Precordilleran  Fault  System  and  the  West  Fissure  reflect,  first,  strong  dextral  transpression 
related to the Incaic  Phase,  which  may  have  lasted  from 38 Ma to <36 Ma. Intrusive  activity 
was  at  a maximum at  this  time  but  continued until32 Ma, Then,  a  sinstral  transtensive  stress 
regime was established,  perhaps as a  consequence  of  reduced  convergence  rates  during the 
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Oligoeene  (Pardo-Casas  and Molnar 1987) which may have  allowed  relaxation.  The  sinistral 
shear stress at  this  time is nst in acesrdmce with the convergence  obliqueness  deduced by 
these authors. It may have been generated by a clocMse rotation of the soutkem Central 
Andes, as proposed by Artmijo amd Thiele (1990) for sinstral shear dong the Atacama Fauft 
of the Coasttal Cordillera durimg the Quatemary. 
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Fig. 2: Sketch of the tectonic  development of the Chilean Precurdillera  near  Chuquicamata. 
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ROSUMÉ: Les r6sultats pal6omagnCtiques disponibles pour le Mesozoique et le Cenozoique indiquent des 
rotations antihoraires au PCrou et horaire au Nord Chili. Cette Ctude prksente des resultats obtenus sur 
I'Altiplano bolivien (1) &ans une  sequence  volcanique miocene du sud-Lipez, (2) dans des sediments  tertiaires 
de la formation Tiwanaku et Kollu Kollu B l'ouest de LaPaz et (3) dans les formations permo-carbonifire au 
niveau  du lac Titicaca. 

KEY WORDS: Palaeornagnetism, Tectonic Rotztion, Bolivian Altiplano, Orocline 

INTRODUCTION 

Previous paleomagnetic results (Hcki et al., 1983, Kono et al., 1985, Macedo et al., 1992, Ropcrch 
and Carlier, 1992) h m  Mesozoic rocks from coatnl Peru and norlhern Chile have suggested that the 
present shape of the Andean Chain is the result of oroclinal bending. A  mode1 of in situ block rotations 
associated to oblique convergence is an alternative interpretation of the paleomagnetic data (Beck, 1988; 
Dewey and Lamb, 1990). 
In order to better understand the pattern of tectonic rotations observed in the Central Andes, we have 
undertaken a paleomagnetic study of the Bolivim Altiplano. The structure of the Altiplano is complex with 
fold-thrust belts and wrench-fault zones (SempCrb et d, 1990). Thus, the paleomagnetic sampling was made 
in several structural zones. Miocene volcanics and sediments were sampled in the southern part of the Lipez 
basin. A paleomagnetic sampling was undertaken  in Eocene red sandstones from the Camargo syncline. The 
Oligo-Miocene Tiwanaku red beds formation was sampled south-West of La Paz and four sites were drilled 
in the Miocene sediments of Kollu-Kollu formation. Finally we will present preliminary results obrained in 
Permian-Carboniferous rocks (Copacabana limestone and Permian red-beds) which outcrop near tbe Lake 
Titicaca. 

PALEOMAGNETIC RESULTS 

About 80 sites were sampled in Bolivia. At each site about 10 cores were collected with a portable 
gasoline core drill. The magnetization of al1 sanples from volcanic units was measured with a spinner 
magnetometer while a cryogenic magnetometer was used for most sedimentary units. The ch'uacteristic 
remCrnent magnetizations were determined dter slepwise (10 to 15 steps) progressive thermal or alternating 
field demagnetizations. 
The results will be presented for each  region  shown on Figure 1. 



242 Second I5AG, Oxford (UK), 22 -23/9/2 993 

69" 
Figure 1: Paleomagnetic  sampling map in Bolivia  (structural  sketch from  Sempere et al., 1990) 

A) Lipz 
Thuty two sites  were sampled  in  tertiary uni6 south  of  the  locality of San  Pablo de Lipez.  Out of these 32 
sites, 16 sites correspond  to the Miocene  Rondal volcanics dated by K-Ar to about 20 Ma (Bonhomme, 
unpublishd results). 
The characteristic  magnetizations  were  easily  identitied in the  Rondal  formation  (Figure 24. Directions of 
reversed  polarity  (positive  inclination, south-west declination) are found at 13 sites 'uld a nonnal  polarity is 
observed at two sites. An intermediate  direction is observed at one site and is rejjected  from the mean 
calculation. The mean direction (Declinati0n=219~; Inclination= %O, a95=llo) is rotated about 40° 
cloclavise  from  the expted  direction. 

N 

E 

s s 
Figure 2: Q u a l  area projection of mean-site  paleomagnetic  results  with  associated Langle of confidence at 
95% for the Lipez area. (A) Miocene  Rondal  volcanics, (B) sediments. Open symbok correspond to 
negative  inclinations and solid symbols to positive  inclinations. Al1 data are tilt-corrected. 
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Results from sediments are only available at 5 sites located  north  of  the Guadalupe area where the volcanics 
were sampled. The declinations in  the sedimentary sites are not deffected clockwise as it was obsewed in the 
volcanics. The structural and stratigraphic relations between the Guadalupe and San Pablo areas which are 
20 km apart still need to be clarified for an accurate interpretation of the discrepancy between  ihe two sets of 
paleomagnetic data in south-West  Bolivia. 

B) Camargo syncIine 
Eight sites (85 samples) were drilled in the Eocene red sandstones. A complex remanent magnetization is 
observed possibly due to several phases of diagenetic formation of hematite. Thus, no characteristic mean 
paleomagnetic result is available for this area. 

C) Pto. Japones and Chama 
Four sites (44 samples) were sampled in the  Kollu  Kollu formation in the area of Pt0 Japones and 13 sites 
(148 samples) were obtained in red beds from  the Tiwanaku and Coniri formations. Normal and reversed 
magnetizations are found after thermal demagnetization (Figure 3a,b). The mean-site paleomagnetic 
directions observed at both localities (Pto Japones, 3 sites: D=162",  I=21", a95=5") (Chama, 9 sites: D= 
167", I=34", a95=13") are not statistically  different. Thus a mean direction can be computed from al1 sites 
(12 sites: D=166", I= 30", a95=10"). 
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E W  

+ 
+ 

N 

\ I 

S S 
Figure 3: Equal area projection of mean-site paleomagnetic results with associated angle of confidence at 
95% for (A) Miocene sediments from Pto Japones locality, (B) Oligo-Miocene red beds of the Tiwanaku 
formation (Chama locality). Same conventions as in Figure 2 

D) Lake Titicaca 
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Figure 4 Equd area projection of mean-site paleomagnetic results with associated angle of confidence at 
95% for the Titicaca area (A) Uppr permian  red-beds, ( B )  Copacabana  limestone. The square corresponds to 
the expected paleomagnetic direction for stable Soutlwlrnerica at about 250Ma (A) and 310Ma (B). Same 
conventions as in Figure 2. 

Three sites (41  samples) were sampled in the Permim units  near  the Tiquina s t ra ih  and 6 sites (59 samples) 
were taken in the Copacabana limestone. A soft component of magnetization removed by altemating field 
demagnetization is often found in  the  limestone  mnking difficult an accurate determination of the primary 
magnetization. I-Iowever  the between-site scattering decremes after kdding correction suggesting a primary 
origin for the  magnetization. Nomal ar~d reversed  magnetizations are found that suggest that the copacabana 
limestones were deposited before the long-reversed Miaman superchron and that the permian red-beds 
postdates  the end of the Miaman. The large counterclockwise deviation of the dedinations observed for the 
Permian sites is not clearly documented by the other Carboniferous sites. The Permian sites are located 
nearby a major fault and the recorded counterclockwise rotation suggesh a sinistral motion dong that  fault. 

Few paleomagnetic data from Bolivia have heen published. The  most significant data are those 
reported by Mc Fadden (1990).  Our  result  frorn the Rondal  volcanics  and  the  clockwise  rotation of about 18" 
reported from a middle Miocene section  at quebrada Honda (McFadden, 1990) demonstrate the existence of 
clockwise block rotations in soutl~ern Bolivia,  possibly  aqsoeiated to dextral faults. 
In northern Bolivia, the deviation of the menn declination in a Iate Oligocene-early Miocene seetion in  the 
eastern Cordillera (SaIlla locality, McFadden, 1990) is only of -7". In contrast, Our  mean result from the 
Oligocene-Mioeene red beds  from the Altiplano indicates a deviation of -14". This result is not different 
from those reported for tertiary  units,  in Peru, the Ocros dyke swarm (Heki et al., 1985) and the Lima area 
(Macedo et al.,  1992).  Although  the anount of tectonic rotations is dependent of local structures and a mean 
paleomagnetic result obtained from several sites in  different slructural blocks does not imply that the whole 
area is rotated by the mean paleomagnetically derived rotation, the apparent coherence in the mean 
paleomagnetie deciinations from Lima to  La Pnz is striking. 

In conclusion, the paleomagnetic results obtained during this study confirm the existence of relative 
rotations between  the  northern and soutllern structural blnch that  composed  the  Altiplano. 
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RESUMEN: El extrerno austral del Valle  interrnontano Calingasta-lglesia esta 
caracterizado por una tect6nica andina .(Plie-Pleistocena) cornpresiva  con una 
componente transcurrente dextral subordinada En esta  latitud (aproxirna- 
damente 31" S), la Precordillera se superpone por retrocabalgamiento al 
relleno  de edad triasica y neogena del Valle Calingasta-lglesia, contrastando 
con el rnenor  acortarniento  expresado  en el extrerno septentrional del misrno 
valle. 

KEY WORDS: Andean  geodynamics, Calingasta-lglesia Valley,  ramp basin, 
western  Argentina 

The Calingasta-lglesia Valley (CIV) is a N-S trending intermontane 
depression  between  the  Frontal  Cordillera  (Paleozoic  marine  rocks  and  Permo- 
Triassic volcanics and associated granitoids) and the Precordillera (Paleozoic 
to Triassic clastic sediments and metasedirnents)  rnorphostructural  provinces. 
The CIV fil1 is rnainly  constituted  by a Neogene  sedirnentary  pile  deposited in a 
foreland  setting  during  crustal  shortening and uplift of the Frontal Cordillera  and 
the Precordillera.  The preserved section, characterized by  non-rnarine, often 
tuffaceous, clastic deposits,  iocally  exceeds 4 km of thickness.  The  Miocene  to 
Quaternary  sedirnents,  along  with Triassic fluvial and lacustrine deposits,  are 
extensively  exposed on  the  western  flank  of  the  Precordillera. 

In the southern  part of the CIV, at  the  latitude  of  Calingasta  (31"  30' S), 
excellent exposures show folds and westward-verging thrusts. Detailed 
structural field observations, coupled with  evidence  from  seismic information, 
indicate  that  the  eastern  margin of the Valley  was subjected  to  compression by 
the end of the Tertiaty and  Quaternary.  Kinernatic  indicators  suggest a tectonic 
transport  vector  towards N 80" E. Eastward-verging  backthrusts  on  the  western 
flank of the  Precordillera  imparts a ramp  basin  configuration,with a subordinate 
right lateral component,  to  the CIV. 

Contrastingly, a recent  mode1  for  the northern  segment  of the CIV, at  the 
latitud of lglesia (30' 20' S), suggests a piggyback basin passively  transported 
above a horizontal  decollement (Beer et al., 1990).  This  change of tectonic  style 
rnay  be tentatively related to depth  variations in the Benioff  zone (cf. lsacks, 
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1988) or skorteniag  eontrast due ts cross-strike dextral traasfer (Dewey & Lamb, 
1992). 
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Isacks, B. J., 1988. Uplift of the Central Andean Plateau and bendin 
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Resumen: 

Se analiza la geometria estmctural en la faja del antepais andino sobre el frente E de Cordillera Oriental 
(FECO),alli se observa un Cambio del estilo en sentido N-S coincidiendo con alteraciones en  la paleogeografia 
del antepais. Se dcterminan dos eventos importantes en  la compresion con reactivacion de fallas normales del 
graben Cretacico. 

Key Words: Andine compression, Thrust front, Cordillera Oriental 

Introduction 

In this paper we summarized several observations about the Andean tertiary deformation in the fold thrust 
belt between 24"50 and 26'30. The work is focused on the activity of the compressive front ofthe eastern border 
of the Cordillera Oriental (FECO) in a region of Hydrocarbon interest. 

The Cordillera Oriental, is a region characterizcd by relatively steep faults, with antagonic vergences of 
the  fault planes. 

North of the Juramento river are exposed Paleozoic and Cenozoic rocks units in the mountain 
nucleous,south of them, are only Precambrian. As yet this work give a coherent solutions in the styl and structural 
geometry, there are still many unanswered questions, in Our oppinion treatmcnt of the following questions are 
still needed: 1- Influence of basement foliation, 2-vertical uplift vs. latcral dcsplacement, 3-timing ofcvolution. 
The present geometry is the product of several events or phases of development during the Neogene. 

Stratigraphy 

Rock units exposed in the studicd arearange from thc Prccambrian to thc Cenozoic. Older rockunits built 
the nucleous from the upliftcd blocks at the mountain front. 

Precambrian. Theseunits  areexposedin thenucleous oftheMetan and Cumbres Calchaquies ranges. They 
are monotonous lithologies from marine sequences, dominated by alternating shale and sandstone in lowcr 
metamorphic and twofold phases. 

Cambrian Meson Group overlay in angular unconformity the Precambrian, consists in Pink quartzite, 
or bedded sandstone and less conglomerate this units are only exposed in the Mojotoro rangesSkolithos is the 
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common bioturbation. 
Ordovician rock ovcrlay in angular unconformity thc Prccambrian and conformablc the "son Group, 

consists in fossilifcrous siltston whith trilobites and brachiopods. 
Crctaceous-Eocene;SaIta Group.The Balbuena rcds bcds with calcareous intercalations outcrops direct at 

the principal front.From the Santa Barbara upper rcd  beds  only the Lumbrera Fm  was found in the core of the 
Cuchuma anticline, consisting nlainly of a succession of red mudstones with layer of nodular gypsum, a basal 
contact is not observed. Depositional environment was characterized as shallow lakes. 

The Mio-Pliocene Oran Group is a synorogcnic continental sequence divided into five formations. The 
lower Rio Scco  Fm, ovcrlays in angular unconformity the Lumbreras Fm. It consists of reddish fine grained 
sandstones thck-cross bedded.The features dcfinc an eolian environment. The Anta Fm consists of lacustrine 
strata, lithologiclly is composcd by red and green mud-siltstone, on  the top interbeded with nodular gypsum of 
considerable lateral continuity. The Jesus Maria Fm comprises fine-medium grained sandstones lenticulary 
stratified with intercalations of brown shales exhibiting parallel lamination. The Rio Guanaco Fm is basicaily 
a polimictic conglomerate, supported in a calcareous matrix with well clasts ephericity.Thickness is greater in 
the synclines (structural controlled subsidence). The Piquete Fm overlay unconformable the Rio Guanaco Fm, 
consists in conglomerates and breccias with largc clasts poorly consolidate, distal intercalations of lenticular 
sandstones.As the distance from the  front is greater, the angular unconformity is lcss important. 

Structure 

Eastward of the (FECO), a largc and irregular fold fault belt was built due to an effort  of the Cenozoic 
compression, the structural geometry is variable along the N-S trend. 

EVOLUTION OF CUCttUMA ANTICLINE 
H O  S C A L E  

I 

Prs-fllo 9.c0 Fm. Fm 
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Fig. 1 shows the geological  features, by wich the FECO is  divided  into three segments. In the first segment, 
the frontal ramp ofthe Mojotoro  shcct  is  W-vergcnt as the other  castward  fault  planes in the  Tcrtiary-Crctaceous 
cover.One of the exhumated fault plane  created  the  Cuchuma anticline; at the W limb  of  Cuchuma, a blindthrust 
built  “La  Troja” anticline. In this segment al1 fault  planes may be  defined as backthrust . Two nngular 
unconformities are observed  here;  Fm  Lumbrera-Rio Seco and Fm  Guanaco  -Piquete; the first rcprcsent an older 
compressive  event  with the beginning of the inversion of the Cretaceous  graben, the evolution of folds and faults 
is  progcsive as is interpreted in the fig.2. 

The step into the south  segment is coincident  with a lateral  ramp  probably  asociatcd  with the Lineamiento 
delToro(Mon, 1979;SosaGomez 1?84)itisaleftstr~e-slipfaultwithareversalcomponentwhosehanging~vall 
lies at the S. Lateral desplacing  is 8 km,  similar in magnitude as  in the Quebrada  del  Toro  K.Schwab 
(pers.commun.) 

The Metan sheet  shows a progressive  migration of the thrust front  eastward; the older  sequences in the 
bloclc are Precmbric. It is the eastern rnost migrates  sheet in the FECO  overthrusted  folds structures near the 
front ramp fig. 1. As we can  deduee  from the position of the folds  axis  trend, the compression mis  in this segment 
has changed  from  NW-SE al the  earlier  deformation to W-E in the latest. Thrust planes direct an the thnust front 
are cover  by a variable  thickness of eonglomerate. 

The souther  most  segment is the Cumbres  Calchaquies  sheet, the transition bctween them and PvIctan is 
also a lateral ramp  with  right  strike-slip an reversal  component  wich  hanginwall lie at the N; NE- trending folds 
has  alredy  developed.  The  uplifted  sheet  exhumated  Prccambric  sequences,  with  E-vergent  fault  plane. The folds 
train ends at S at atransverse structure  “Lineamiento  de  Tucuman”  (Mon  1979). At this front the conglsmeratic 
sequences are not  developad as the other two; the contact  betwecn  Eocene-Miocene  is an erosive uncodormity. 

$&: Two schernatic  cross  sections  show the strong  structural  differenccs  between the N and S sections (fig. 1). 

Conclusions 

The tectonic  activity of the FECO is  heterogeneous  and  not  fully  undcrstood;  more  dctaillcd studics arc 
nccessary.The  assumption  gcneraly  admitcd  is that the  shortcning  in this arca bcgan  in  the  Pliocenc- 
Pleistocen,but the angular uncodormity (Fm  Lumbrera-Rio Seco), suggest a compressive  event in the Uppcr 
Eocene-Lower Mocen,  at Ieast in the N segrnent. 

The development  of the Cuchurna anticline and the progressive  migration of the Metan  sheet  reveal 
polystage  events in the compressive  regimen.The  sedimentation of younger  conglomerate  sequenees at the E 
border of the FECO are even  indicators  for a repeat  activity of the thrust front. 

Recent  movements of theFECO are expressed in reversal  faults that eut off the conglomerate  sequcnces. 

MON, R. 1979Esquema  tectbnico de los Andes  del Norte Argentino. Rev Asoc. Geol. Arg. XXXIV( 1):53- 
60. 

§OSA GOklEZ, J. 1984.Investigaci6n  de  fotolineamientos  sobre imageries LANDSATen Las Sicrras de 
San Antonio  de  Los  Cobres,  Creston  de la Aguada y los Nevados del Chaiii.IX  Congr. Geol. Arg.IV 95-103. 

VERGANI, G. STARCK, D. 1989.  Aspectos  estructurales  del valle de Lerma,al § de  la Ciudad de 
Salta.Boletin de Id. Petroleras. pg. 2-9 
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BESUHEU : La  historia  orogenica  de  los  Andes  de  Venezuela  y  de  la  Cordillera  Oriental  de  Colombia 
empieza  en  el  Mioceno  inferior.  DespuCs  de  este  perfodo  de  inicio  comln,  las  dos  cordilleras 
evolucionaron  separadanente  hasta  principios  del  Cuaternario,  cuando  adquieren  el  funcionariento  de 
conjunto  actualaente  vigente. 

KEY WOBDS : Venezuela,  Coloabia,  ieogene,  Quaternary,  Tectonic  evolution. 

The Andes  Cordillera  of  Herida  forms,  over  about 450 km long  and 100 km wide,  a  double-sided 
buckling  structnre  oriented  NE-SW. This structure  seems t o  be  rootless.  Both  of its sides are 
overthrusting  extended  lowlands  in  the I I W  and SB directions,  respectively.  Both  vaults  are  separated by 
a  strike-slip  fault systea (Bocono  faults),  which is running  fror  one  end  of  the  Chain  to  the  other.  The 
double-sided  buckling  structure  is  symetrical, or not,  whether  the  strike-slip  fault  system  lies  along 
the  Chain  axis. or not. 

This mountain  belt  was  generated  by  the  convergence  between  the  Lake  of  Haracaibo  block  and 
the  South  American  shield. This convergence is lasting  through  the  tises  since  Miocene  until  now,  with 
variable rates and  directions . Since  early  quaternary  times  the  convergence is oblique  and  one  can 
observe  that  it is accomodated  by  the  major  sub  parallel  fault  systems.  The  right-lateral  component is 
parallel  to  the  Chain axis and is essentially  absorbed by the  central  strike-slip  system.  The 
perpendicular  component  resnlts  in  overthrusts  oriented  outward  with  respect  to  the  Chain  axis.  Such  a 
mechanisr  irplies  that  the  overthrusts  extends  below  the  Chain  like  surfaces  of  decollement,  below  which 
both  convergent  crustal  blocks  are  slipped  and  puizzed.  Horeover  this  mechanism  implies  that  the  main 
strike-slip  fault systela is a  weak  fault.  This  interpretation is in  good  agreement  with  the  observed 
directions  of  maximur  horizontal  stress,  closely  perpendicular to  the  Chain  axis. 

The  Oriental  Cordillera  of  Colombia  looks  more or less  like  a  triangle  extended HUE-SSW, 800 
km long,  and  at  most 240 km wide  at  its  northern end.  With  respect  to  the  classical  andean  system,  which 
can  be  followed frors  the center  of  Peru, it represents  an  additional  cordillera,  These two mountain 
systelas are  separated  by  the  depression  of  the  Hagdalena  river,  except  at  the  southern  end  of  the 
Oriental  Cordillera,  where  both atountain  belts  join  together.  When  sufficiently  wide  the  Oriental 
Cordillera  of  Colombia  looks  like  a  locally  highly  broken  highland.  It is presently  colliding  obliquely 
with  the  South  Aaerican  shield.  The  angle  between  the  Chain axis and  the  direction of convergence is 
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very  snall southr-rard  and opens  gradually  northward. The Hast  active defortnations are  concentrated 
eastward  within  a 2 6  to 6 0  Irm Hide  band. Two sub-regions  with  difterent  teelonic  mechanisEs  and 
separated  by  a  transition zone must Be considered in  this strip band. 

In the southern sub-region,  over  about 350 ku, the  convergence is accomodated  by  several 
subparallel  systems  sinilar to  the  Andes of Plerida. Sone  faults are pure  thrust.  Others form a systea of 
large  en-echelon  right-lateral strilte- slip  faults  cutting  obliquely  through  the  southern  part of the 
Chain, from its western  flank  to  the South, ta its eastern flank to  the  North. 

The transition  zone is centered on Villavicencio. ltere, thrust  faults  are  not  always 
parallel  to tlse Chain axis, right-lateral  strike  slip  faults  snoothly  vanish  northeastwards  and  the 
frontal  underthrusting  becomes Bore and  more  oblique.  Pinally,  in  the  northern  region,  strike-slip 
faults becoine minor  over  the  last 250 ka and  the  underthrusting  of  the  shield is acconodated  with a 
large  dextral  component. 

It  nust be noticed  that  the  underthrusting of the  shield is Bore igzportant northeastward. 
This explains  both  the  widening  of  the  cordillera  and  a  larger  interna1  shortening,  which  gartly  takes 
place on the  great  reverse  faults  by  which  the  cordillera is overthrusting  the  depression  of  the 
Hagdalena  river. 

The  active  front  of  the  Oriental  Cordillera of Coloktbia is connected with the  Venezuelan 
Andes  through an extrelaely conplexe  deforned zone, oriented WI-SB, about 56  kla wide, which  is  located a t  
the border of both  countries.  Since  early  Quaternary  both  systems  have  the  sase  pole of rotation  and 
form  the  main  limit  between  the  Caribbean  and South American  plates. 

Both  cordilleras  started  their  orogeuic  history simltaneously, in early  Hiocene,  when  the 
Venezuelan  Andes  began  to be very  progressively  uplifted,  uith  reverse  faulting  of  its  northwestward 
flank  and  intense  continental  flexuration  outward  fror  the  Chain,  Neanwhile, t h e  Oriental  Cordillera of 
Colombia  also  began  to  be  uplifted kiith almost  the saiae tectonic  features as the Venezuelan  Andes : 
continental  flexuration  and  intense  reverse  faulting.The  orogenic  initiation of both  cordilleras  could 
be the  eonsequence of the  collision of the  Arc of Panama  aqainst  the  Occidental  front of the South 
American  continent, 

Bevertheless,  between this connon  early  start  and  the  Quaternary  tiaes,  tkese t#o 
cordilleras  develop  theaselves in different  ways.  In  fact,  the  collision is already  actinq i n  Co10 
in the  Hiddle  Hiocene  (startiag  at  the  upper  part of the lot~er Hiocene ?), altholagh pfobably following 
rates  and  directions  different to  the  present ones. In the  meantime,  the  convergence m a i n s  nearly 
perpendicular to the  Venezuelan  Andes  except in Pliocene tiares when its orientation is such  that  the 
central  strike-slip  system becomes left  lateral,  opposite t o  the  actual oae. 
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RESUMEN : 

Los resultados  palaeornagntic de rocas  del  Forrnaci6n La Negra de la Cordillera de la Costa, entre 
26' y 27" S, presenta  direcci6n  rotaciones  horarias 35'. Esta  rotacion  son  probalemente un resultado 
de moveimientos  rotacionales in situ de bloque,  esta  resultado  rotacion  compuesta  Juarsico y 
Cretacico. 

KEY WORDS : Palaeomagnetism  Jurassic  Rotation  Atacama Chile 

INTRODUCTION 

Palaeomagnetic  studies of Jurassic  and  Cretaceous  volcanic,  sedimentary  and  intrusive  units 
of the  Coastal  Cordillera of northern  Chile  have  revealed  the  widespread  occurrence of clockwise 
crustal  block  rotation.  In  contrast  to  this  similar  aged  units in northernmost  Chile,  southern  Peru  and 
Bolivia  have  undergone  anticlockwise  rotation.  These  rotations  have  been  viewed as being 
complimentary  to  one  another  and  interpreted  in  terms of oroclinal  bending  (Kono et al.,  1985), 
differential  shortening  across  the  arc  induced by the  pre-existing  shape of the  Pacific  margin  of 
South  America  (Isacks,  1988)  or  systematic  regional  shear of the  forearc  region (e.g. Beck,  1988). 
Fundamental  to  these  models is the  kinematic  control of strike-slip  fault  systerns  on  fault  block 
rotation.  This  study aims to  integrate  the  palaeomagnetic  determination of the  magnitude  of fault 
block  rotations  with  the  detailed  structural  analysis of the  kinernatics  of  the  block  bounding  faults in 
relation  to  transtension on the  Atacama  Fault  Systern  and  the  emplacement  of  plutonic  complexes 
within the  arc. 

GEOLOGICAL SETTING 
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The area  studied  lies  between 26 amd 27" S and to the east of the Upper Palaazoic ChaiEaral 
Melange  (Bell 1987) and  is  bounded  by the Fil Salado  segment  of the Atacama  Fault Syskm. The 
structurally  highest  unit  is  the LR Negra Fornation thought  to be of Uppr Simemurian to Eower 
Bajocian or Kimmeridgean  in age and  which is underlain  by the Pm de  Azucw  formation of 
Hetmgiam-Sinemuriarn age (Nwmjo 1978). These are  separated from the  basement amd eut  by, 
brittle,  listric, left normal faults  lidced  to  the simismal  s&e-slip faults of the Atacama  Fault  System. 
Thme uni@ are immded  by Jurassie (e. 153 Ma9 and Creuceous (c. 127 Ph) wedge shap-d plutons 
whieh are elongale parallel  to the arc and  Young  systematically  to  the  east. These plutons are im turm 
cut by a seties of dyke s w m s  which  account for up to a further 1 9 %  %kWest dilation of the  area 
and  wkich also systematieally  young  to the east. 

Qver 80 palaeomagnetic  sampling  sites  have beem eolbcted from the  andesitic Rows, mffs 
and mdstsnes of the Le Negra  formation  and  from  dyke swarms which  have  yielded  reliable &-Ar 
ages of 154Ma and 126Ma whicln  imtrude the plutsns amd from am undated, as of yet,  but apparemtly 
younger third s w m  which  cuts the fault  system  itself. A total  of 12 sites from the Le Negm 
formatiom  have emnt ly  been studied. These yield a charaekristic  remmence which  passes  both a 
reversal  and  fold  test  wkieh  eoupled  with the remanence beimg found in a variety  of  lithologies 
clearly  indicates  the primary mature  of the remanence.  The mean direction  (declinatiom = 47.2, 
inclination -41.3, k = lS.O, a95 = 4.2 from 43 $amples)  imdicates  that the ara has  suffered  a 
clsekwisa  rotation of some 35" but no latitudinal tramsport,  whicln is consistent  with  previous  results 
from the Coaslal Cordillera.  At leas part of  this r s ~ t i o n  is believed  to be linked to and 
contempraneous with the emplacement  of the wedge shapd plutons.,  in pdculslr the Cretacesus, 
127 &, Las Tmas plutsn whose outcrop  and  structure indieate that some 15-20" rotation of the ares 
tmk place at this the .  

The Le Negra  formation  exhibits a ptimaq Jurassic pdaeomapetic remanence which indicates  a net 
local  blcxk rotation of some 35'. At this time it is  believed  that  this  rotation is compound  and 
comprises at lwsr two separate age components. The palaeomagnetic analysis of the dated  dyke 
s w m s  will r e v d  the timimg amd extent of rotation  asssriated  with  the  evolutisn of the  fault system 
itself  and  will  help to differentiate betweem  progressive  and  punctuated fault  block rotation. The 
study as a whsle will better  constrain the kirnematic  evolution  of the arc itself and delineate  the 
effeets  of  back-arc  basin  development. 
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VERGENCE OF THE CORDILLERA OCCIDENTAL, ECUADOR: INSIGHTS 

COLORADOS STRUCTURAL TRAVERSES 
FROM THE GUARANDA-RIOBAMBA AND ALOA-S. DOMINGO DE LOS 

Alessandro TIBALDI and Luca FERRARI 

Dipartimento Scienze della Terra, Via Mangiagalli 34 Milano-20133, Italia 

Rcsumen 

Un levantamientos estructural de campo ha permitido reconstruir el estilo de deformaciôn y el scntido de 
transport0 en la parte central de la Cordillera Occidental. A la latitud de Riobamba se encuentran plicgues 
cierrados hasta "chevron" con immersion constante del piano axial a ONO. Algunos pliegues son cargados 
con el fianco oriental reverso. Las  fallas son inversas con inmersibn dominante al oeste. A la latitud de 
Aloa, la deformacidn principal es de tipo fragil con fallas inversas inclinadas  hacia  el ON0 y algunos 
pliegues abiertos con eje N-S. 

Key Words: tcctonics, folds, faults, vergence, Ecuador. 

Introduction 

The Ecuadorinn Andes are formcd by the parallcl mountain rangcs of Cordillcra 0ccidcnt;ll (CO) and 
Cordillera Real (CR), separated by the  lnterandcan Valley (IV). The CO is mainly formed by Crctaccous 
volcanic rocks with island arc aIlinity (Macuchi Fm.) (Henderson, 1979) covered by discontinuous flysch- 
like deposits.:and carbonatic rocks of Cretaceous to Eocene age. The CO is considered an  allocl~tonous 
terrane accreted onto the South American margin during a major tectonic phase in early Tertiary time 
(Lebras et al., 1987; Roperch et  al., 1987; Wallrabe-Adams, 1990), while during Plio-Quaternary times was 
airected only,by minor tectonic activity (Pasquarè et al., 1990; Ferrari  and Tibaldi, 1992). 

The suture between the CO island arc and the continental paleomargin represented by the CR is 
concealed u d e r  the Tertiary and Quaternary volcanic and continental dcposits of the IV, as collfirmed also 
by geophysical prospecting (Feininger and Seguin, 1983). The geometry of the suture zone fault system lias 
important implications on the deformation models for the IV and  for the whole Ecuadorian Andes. Jutcau et 
al. (1977) recognized ophiolitic slices of the CO dipping steeply towards the East and interpreted this 
setting as resulting from accretion along east-dipping thrust planes. Neverthclcss some field inspections in 
sclcctcd arcas of thc  CO (Tibaldi and  Ferrari, 1992a), showcd tllat thc main f:lults l w c  ;I rclativcly constant 
NNE-SSW strike and WNW dip. 

Here we present structural data collected along two E-W transects crossing the CO  at the latitude of 
Riobamba and S. Domingo de Los Colorados (30 km) which contribute to clarify the vergence problem of 
the CO, at least in its central part. 
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Geological and structural sctting 

The CO, along  the studicd trarlsecls, is made of tliree main gcological units (Fig. 1). The western part of 
the area is made of andcsite rocks bclonging to the Crctaccous Macuchi Formation. In the main part of the 
scctioll arc exposcd lalc Crctaccoos carbon;ltic rocks of the Yunguilla Formi1tiotl which arc covcrcd toward 
the cast by pliocenic andcsite lava flows. 

The Cretaceous andesites show only brittle deformotions in the form of closcly-spaced fractures along 
vertical and sub-vertical north striking planes. Reverse faults (pitch betweeu 60" and 90°) are are also 
present and dip nlostly westward at variable angles (10°-50", dominant 1Oo-2O0). A fcw E dipping  planes 
are also found with inclination of 10"-15". The contact between the Macuchi andesites  and  the  marine 
sediments of the Yunguilla Formation is vertical. 

The whole Yunguilla succession is foldcd with variable intcnsity and style. Going eastwards dong the 
traverse of Figure 1, the strata arc arrangcd in nlodcratcly closcd folds witll hinge  lines  striking bctwccn 
M W  and M d E .  Reverse faults have a strongly dominant W to WSW dip and tlieir inclination  is usually 
high (60"-70"). About 3 km eastwards of the linlit with the Macuchi Fm. the Yunguilla strata depict 
moderately closcd decametrie folds. Hilige lines strike Id-S witli a clear and constant W dip of fold planes. 
More to the east, along  the E-W course of the Ganquis river the Yunguilla Formation is involvcd in a 
sequence of large east-vergent folds which culmiuate with an eastwilrd recumbent fold. Al1 these folds have 
NPE striking  hinge  lines. Some West dipping reverse faults  also cul this section. Where the Ganquis  river 
course passes to an ESE strike, a large eastward recumbent anticlinal is nssociated to west dipping reverse 
faults. From this  point up to Mount Cangagua, large moderately closed folds are dominant.  Hinge  line 
azimuth is TW while vergence, when present, is towards ESE. As in other cases, the  hinge line of a given 
fold sometimes changes fronl a TWE to a NNW dircction. Eastwards of Mt. Gancagua, dcformation rate 
increases; large reeumbent synclines and anticlines witlr. I Q E  striking llinge line are follswcd by densely 
spaced chevron folds with N-S hinge  lines and west dipping axial planes. A reverse fault  dips westwardds at 
low angle (5") with the sense of shcar marked by small drag folds witll NNW striking  hinge lincs. Near the 
contact witl; the Pliocene andesites, sedimentary rocks arc arranged in closely spaced folds witll asial planes 
dipping towards NW. Pliocene andesites show a low grade of deformation. They are cut by small  fractures 
and faults  dipping mainly towards NE with inclination angles between 60" and 70°. Slikensides indicate 
reverse motions with pitches ranging between 80' and 90". 

The Aloa-S. Domingo de los Colorados structural traverse is characterizcd by brittle dcforn?ationa 
interesting mainly the Macuchi Formation. The main structures are represented by west dipping reverse 
faults  with inclination from 45" to 75" (Fig. 2). The gcncral bedding arrangement suggests broad anticlines 
witll N-S to W - S S W  Ilingc lines. Nevertheless this section is covercd by  vergr dense jungle and, as a 
consequence, data are less abundant  than in the  other traverse. 

Conclusions 

The data collected along the two structural traverses are consistent and show a vergence towards the 
angular sector compriscd bctwecn E and ESE. This is expresscd by dominant folding with WPJW dipping 
axial planes in the carbonatic rocks. Reverse faults are widespread and represent the only evident 
deformation in the volcanic units. The dominant westward dipping of the fault planes is consistent with the 
fold vergence, although a small amount of backthrusts is  also present. High angle reverse faults with near 
vertical motions (fault plane inclillntion > 50". pitch 190") could indicate the presence of rotated motion 
planes and tllerefore a polyphase deformation history with no major changes of motion vectors. As a whole, 
the southern and more complete traverse is characterized by a graduai changing in the deforlrlative style 
.toward the east, passing fronl nearly symmctric, modcrately closed folds to recumbcnt and cllevron folds 
with west dipping  axial plane. The majority of these deformations should have occurred between Paleocene 
and Miocene. Pliocene rocks are only cul by fractures and a fcw NE dipping reverse faults. 

If these two travcrses are rcprcscnlativc of the style and gcomctry of deformation of thc ccntral CO front, 
they suggest a tectonic transport of this CO segment towards ESE and a W W  dip of the fault systern 
buried under  the IV filling.  On the other  hand  anothcr possibility is tllat this fault system would be vertical, 
wllile a ESE dip should be considcrcd unlikely. A high angle W W  dip, as proposed i n  Baldock (1982, 
19&5), seems more coherent with the interpretation of the CO stncture as due to obduction and is consistent 
with the hypothesis of Tibaldi and Ferrari (1992b) that the IV could be a basin carried piggyback (passively) 
on a transpressive tllnlst complex. 
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Figure 1. Structural map of the  Guaranda - Riobamba traverse. 1 = Bedding attitude (with inclination) 
meaured  in the field. 2 = Bedding attitude deduced by aerial photograps. 3 = Recumbent strata. 4 = 
Vertical strata. 5 = Average direclion of fractures. 6 = Anticline axis. 7 = Syncline axis. 8 = Recumbent 
fold. 9 = Reverse fault. 10 = Cretaceous volcanics (Ivlacuchi Fm.) 11 = Late Cretaceous carbonate rocks 
(Yunguilla Fm.) 12 = Pliocene andesites. 

M 

Figure 2. Main structures in the Aloa-S. Domingo de  los  Colorados traverse. Great circles represent major 
reverse faults; dots are poles to bedding. Schimdt projection,  lower emisphere. 
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RESUMEN: El sistema de la falla Sierra Castillo - Agua Amarga es parte de un sistema de fallas activas a 
Io largo del  eje  del  arco magmhtico Eoceno-Oligoceno inferior, asociado al emplazamiento de pbrfidos 
cupriferos del norte de Chile. Las estructums y relaciones de edad en las zonas adyacentes al sistema de la falla 
Sierra Castillo - Agua Amarga indican un  &@men trmspresivo sinistral regional, durante a Io menos el rango 
de -42-39 Ma. El sentido de movimiento ~ i n i s l r d  en el margen  continental es contradictorio con las 
reconstrucciones de movimiento de placas en el Eoceno, indicando que Ilabria un error en las reconstrucciones 
o bien, una mayor complejidd cinemhtica para la deformacibn  del  margen continental. 

Key Words: Structure, Northenl Chile, Eocene, Copper porphyry, Transpression 

INTRODUCTION 

The Eocene-Lower Oligocene magmatic belt in northein Chile is anomalous for its numerous and 
large copper porphyry systems, and is closely associated wilh  the Domeyko fault system, a system of strike- 
slip and reverse faults in the Chilean Precordillera. Inaeasingly, studies indicate the Domeyko fault system 
was active during the lire span of  the Eocene - Lowcr Oligoccne copper porphyry magmatic arc, having both 
important strike-slip and shortening deformation associated with il (Maksaev, 1990; Reut.ter et al., 1991). 
However, there is still uncertainty concen-ning the sense of shear of the strike-slip movement, with evidence 
for both sinistral and dextral shear being  found on the master fault syslem (Maksaev, 1990) 

In the El Salvador - Potrerillos area, 26" - 27" S Mitude, the Domeyko fault system is represented 
by the Sierra Castillo and Aqua Amarga faults (Figure 1). Although the timing and kinematics of these 
faults is poorly constrained, the defolmation in  their eastem borderland is well constrained and can be related 
to their movement.  First the master  fault system is described, and then the deformation in the eastern 
borderland, which contains in its northern part the Potrerillos fold-and-thrust belt and in its southenl  part a 
domain of NW-trending, sinistral strike-slip faults. 

SIERRA  CASTILLO - AGUA AMARGA FAULT  SYSTEM 

The Sierra Castillo fmlt is a subvertical fault, willi considerahle up-on-the-east throw, juxtaposing 
Paleozoic batholithic rocks on the ea..t against Jurassic and Cretaceous volcanic seyuences on the West (Figure 
1). The Agua Amxga fault is a moderately to steeply west dipping fault wilh considerable up-on-the-West 
reverse throw, placing the same Jurassic and Cretaceons volcanic formations on the West over Pateocene- 
Lower  Eocene volcanic units on the east. Despite the opposecl senses of vertical separation, the  Sierra 
Castillo and Agua Amarga faults are different segments of the same hult. Although separated for 6 h n s  by a 
cover of Miocene gravels at the town of Polrerillos, they appear t o  be contiguous, and each serve as the major 
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fault in the area separating a Mesozoic platform sequence on the east frorn a coeval volcanic sequence on the 
west. 

The timing of Inovement of the Sierra C:Lc;tillo and Agua Amarga fa111ts are poorly constrained. The 
Sierra  Castillo fault  cuts rocks  as young as Cretaseous and is overlaih by the Miocene Amcruna Gravels. 
However, several faults subparallel to and apparently linked to the Sierra Castille fault, cut intrusive rocks as 
young as 40-38 Ma (M-Ar whole rock and hiotite ages). Similarly, the Aqua Alnarga fault  cuts  Middle 
Eocene intnlsive rocks (46.6 +_ 1.5 and 44.2 k 1.2 Ma) and is overlain hy the Miocene Atacama Gravels. 

POTRERILLOS FOLD-AND-THRUST BELT 

The Potrerillos fold-and-thrust helt is an approximately 14 km wide and 45 h n  long (minimum) 
est-vergent belt (Figure 1) exhihiting two different styles of defonnation in its eastern and western parts. 
The eastem part exhibits thin-skin, ramp-flat style folding and thrusting, and defonns primarily a Mesozoic 
platforin carbonate and clastic seyuence. The western part shows thick-skinned folding and tl~rusting, 
involving deformation of the underlying Paleozoic batholithic basement. In the southern part of the belt, 
near Potrerillos, the Lower Tertiary volcanic sequence is also involved in the deformation. A halanced cross 
section indicales a minimum of -14.5 kilometers of shortening, or about 45%, across the helt. 

Another  prominent set of structures in  Ille fold-and-thrust  belt is a set of east-West trending 
subvertical strike-slip faults (Figure 1). The faults are more prevalent in the southelx part of the helt, but are 
distributed throughout. Slickensides exhihit suhllorizontal to shallowly plunging stria. The sense of offset 
of marker beds and sense o f  shear from secondary fraccures on slickenside surfaces (Petit, 1987) indicate the 
majority of the faults have a dextral sense of slip, but that several faults have subhorizontal sinistral slip. 
The opposed senses of slip on faults of Ule smne orientation require two kinematicdly separate defcrmations. 
Several of the larger east-West trending dextral faults are seen to he oblique rmnps transfering slip between 
different thrusts. The relations indicare thcy are kinematically related to movement on the tllrusts and on this 
basis are considered part of the defonnation that formed the folcl-and-thrust helt. The sinistral faulting 
prohably represents a reactivation of the dextral faults at a younger thne. 

In the southern part of the fold-and-thrust belt, cross-cutting relations with radiometrically dated 
units provide tight constraints 011 the timing of  deformetion. Thrusts CUI a -42 Ma dacitic pyroclaslic hreccia 
unit and are cut hy a dike swarm emzunating from the 32 Ma Cerro El I.Iueso pc~rphyry. Furthennore, several 
relations, including a cleavage which exhibits a textural-met;lmclrphic up-grade towards the  l'otrerillos Copper 
Porphyry, indicate the -39 Ma porphyry is a syntectonic intrusion. 

DOMAIN OF NORTHWEST-TRENDING SINISTRAL  §TRIME-SLIP FAULTS 

To the south and to the east of, but also partially overlapping with, the Potrerillos fold-and-thrust 
helt, is a domain of northwest-trending subvertical faults (Figure 1). They have a mean strike of N25"-30"W, 
and have significant vertical and sinistral sepxations. Several similar faulrs nlso occur at the nortllem end of 
the Potrerillos fold-and-lhrust helt. Stria on slickensicle surfaces have subhorizontal to moderate plunges and 
invariahly show sinistral senses of shear from secondary fractures and sinistral offsets on geologie markers. 
Several of the faults, occurring within the fold-and-thrust helt, also have a second set of steeply plunging, 
near dip-slip stria. Sllcar sense intlicators intlicete 21 reverse scn~e  o f  movement on the dip-slip stria set. They 
are interpreted t o  indicate that.  Ihose  faults occurring within clle f'old-and-Ulrust belt d so  accotnrnodated some 
shortening at  some  stage of Iheir slip histoly. 

The age of movemenl of the W-trending faults is well constrained. A group of Eocene rhyolitie 
domes, porphyries, and diltes, and suhvolcanic antlesite and dacite porphyries occurs associated with, and 
follow several of these faults. They are locdized along the faults for distances of 25-30 kilometers, at a 
significant angle to the overall trend of the Eocew-Oligocene magmatic arc. Furthennore, inconsistent cross 
cutting relations, witb  hoth dome rocks heing cut hy the faults and pyroclastic rocks derived frorn the domes 
overlying the faults, indicate the faults were existent m l  active at the time o f  emplacement of the domes. M- 
Ar whole rock ages indicate an -42 Ma age for one of these rhyolitic dornes, and a rllyo&tcitic dike, intruded 
along another of these faults, yield a 39.3 Ma. The relations indicate the faults were existent and  active by 
-42 Ma. One of the sinislral faults cuts the -39 Ma Potrerillos Copper Porphyry, indicating their activity 
continued until sometime after -39 Ma. These cross cutting relations are consistent with the age constraints 
in  the fold-and-thrust helt. 

Several of the thrusts, at the south end of the fold-and-thrust helt, terminate at the northem ends of 
W-trending sinistral fnults (Figure 1). The sinistral sense o f  displacement on the NW-trending faults is 
compatible with the sense of the movement on the adjacent Ulrusts. This, and their sirnilarity in age, indicate 
the NW-trending faul~s and  thrusts are kinematically relaced and part  of the same  deformation. 



6?'45' 
I 

Second ISAG, Oxford (UK), 21-23/9/1993 

6993' 

a Paleozoic grmitoi& and volcanics 

261 

RELATION OF FAULT  SEPARATIONS ON THE  SIERRA  CASTILLO - AGUA 
AMAKGA  SYSTEM WITH DEFORh4ATION  IN  THE  EASTERN  BORDEHLAND 

The change in the bulk  strain pattern, from the fold-and-thrust belt. to Ille domin of sinistral strike- 
slip faults, is spatially associated with, and coqxltihle wilh the change i n  the sepxation sense on  the Sierra 
Castillo - Agua hnarga  systern. The horizontal shortening across the Polrerillos fold-and-thrust belt is 
accommodated by vertical thickening and uplift in its hinlerland, adjacent, to the Sierra  Castillo fault, 
resulting in uplift on the eastern side of  the fault. In contrast, in  the domain of NW-trending sinistral faults, 
there are few folds  and Ulrusts. Most of the strain is accomplisl~ed by subllorizontal or oblique sinistral 
movement on subvertical faults. Since there is negligible horizontal shortening,  there is negligible 
thickening and uplift on the east side of the Agua  Amarga  fault,  Ulereby  Inore readily allowing the West side 
to be displaced over the east side. The relations indicale the borderland deformarion and Inovement on the 
Sierra Castillo and Agua hnarga faults are related and Ilierefore  the S iem Castillo - Agua Amarga syslem is 
also Middle-Late  Eocene. 

REGIONAL  SINISTRAL  THANSPRESSION  IN  THE fVIIDDLE - LATE EOCENE 

Sinistral transpression is indicated by two relations on  the regional scale,  and two independcnt 
observations on the lbcal scale. On the region:ll sade, sirlce the kinematic and age relations indicate the NW- 
trending sinistral faults and E-W-trending dextral faults are part of the s m e  deformation, the two sets are 
interpreted to form a conjugate pair. This interprelation is furlher supporled by the orienlation of subvertical 
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Eocene dikes (-39 Ma), whose mean trend (-1.155"W) approximately bisects the dihedral angle between the 
two fault sets. Latite dikes in the BI Salvador  Mine (42.0 f 1.0 Ma K-Ar biotite,  recalculated from 
GustLafson and Hunt, 1975) have the sarne orientation and are intelpreted to have inlruded under the s m e  
regional stress state. 

The  asymnetric development and dornainal distribution of the conjugate set is interpreted to indicate 
formation during a noncoaxial strain history (Choukroune et al., 1987; Gapais et al., 1991), as occurs in 
major strike-slip fault systems. In this regard, the NW-trending sinistral faults are interpreted to be Riedel- 
sllears and the dextral faults conjugate Riedel-shears. The orientation of the sllrxtening direction given by the 
conjugale set and hisecting dikes, witll respect t o  the Sierra  Castillo - Agua Amarga system, indicates a 
sinistral sense of shear on the master fault system. Furthemore, the high angles of the  structures to the 
master fault indicate regional transnression (Sandcrson and Marchini, 1981). Likewise on the regional scale, 
the orientation of the Potrerillos fold-and-thrust belt indicates NW-SE shortening  and  implies rainistral 
displacement on the Sierra Castillo - Agua Amarga systern. 

Two features, in association wiUI the Potrerillos Mine thrust fiult, support the regional relations of 
sinistral transpression. One is the sense of slip on the fault, derer~nined from the geometric relations of a 
cleavage with the thrust, giving a sinistral oblique tllrust movement. The other is Ille clockwise  sense of 
cleavage tnnsection of a forcecl fold in the hangingwall of the fault, indicating sinistrd shear. 

The ahove observations indicate regional sinistral transpression with the Sierra  Castillo and Agua 
Amarga faults as the master fault system. The vertical lhrows on  the Sierra Castillo and Agua Amarga faults 
cau he easily acco~nplished by even slnall  pitches in the slip direction in a system having only 10's of 
kilometers of strike-slip motion. 

Reviewing the timing, the data indicate the defonnation started by -42 Ma, age of the latite dilres at 
El Salvador and rhyolitic dornes occurring along the NW-trending sinistral faults; was ongoing at -39 Ma, 
age of the syntectonic Potrerillos Copper Porphyry; and over by 32 Ma, age of the Cerro El I-Iueso dilres. 

PROBLEMS FOR LOWER TERTIARY  PLATE TECTONIG FRAMEWORR 

The Domeyko fault systeln lias been previously interpreted to  he n trench-Iinked strike-slip fault 
systeln (Mpodozis and Ramas, 1990; Maksaev, 1990; Ileutter et al., 1991), but a sinistral sense of sheu in 
the Middle - Late Eocene conhadictions tlle plate r e c ~ n ~ t r u ~ l i o n ~  which  predicl dextral shear in the continental 
Inargin (Pilger, 1983, 1984; Pardo-Casas alid Molnar, 1987).  There are two possible  solutions to this 
problem. One, the defornxttion in the continental Inargin is 11ot related to [lie plate convergence in the simple 
fashion intlicatetl by the "classic" trench-linked strike-slip fault moclels. Or two, anothcr, now suhtiucted 
plate, was converging with  the continental lnargin in ;t sinistral scnse i n  the Eocene. 
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A mathematical  model  has  been  constructed of the  geometric,  thermal  and  flexural 
isostatic  response of  the  lithosphere to shortening by fadting in the  upper  crust  and  plastic 
distributed  deformation  in  the  lower  crust  and  mantle.  The  model  has  been  applied to late 
Genozoic  compressional  tectonics of  the  eastern  thrust  belts  of  the  Central  Andes  (figure 
1) and  used  to  predict  foreland  basin  geometry  and  stratigraphy.  The  model  predicts  the 
flexural  isostatic  response to lithosphere  shortening, thrust sheet  emplacement,  sediment 
loading  and  erosional  unloading.  Fault  geometry,  the  amount of compression,  detachment 
depth? the  relative  lateral position of the pure  shear  and  simple  shear  and  the  flexural 
rigidity of the  lithosphere  during  shortening  control  the  form of the resulting  foreland  basin 
and  thrust  belt  topography. 

figure 1 

Figure 2 shows  a  model in which three thrust  faults,  dipping at 35",detaching at 
15km and  with l O k m ,  1 O k m  and 8km shortening  respectively,  are  moved  in-sequence.  The 
initial thrust produces  a  flexural  foreland  basin  which is iteratively  sediment  loaded  to  base 
level (figure  2a). The subsequent  thrusts  incorporate  the  earlier  foreland  basins into their 
thrust  sheets  (figures  2b,c).  The  model uses an effective  elastic  thickness of 5,Okm. 
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The  Eastern  Cordillera  and  Subandean  zones  are  Late  Miocene-Recent m s t  belts 
on the easteem edge of the Puna.  Shortening  has  been  estimated  by  section  balancing to be 
of the order of 10Olu-n or more. To the  East of the thrust belts  the  Chaco  Plains  form an 
active  depositional  basin  (figure 1). The  PreCambrian  metamorphic  basement  across  the 
area  dips  West  beneath  the  Andes.  Unconformably  above  the  basement  lies  a  thick 
elongate  eastwardly  tapering  wedge of  Paleozoic  sediments.  The  Paleozoic  thickness 
increases fiom 2km beneath  the  Chaco Plains to 14km at the  western  boundary of the 
subandean  zone. 
Seismic  reflection  profiles  across  the  Subandean  zone  show  East  verging thin skinned 
thrust  faults  detaching  along  horizons  within  the  Paleozoic.  The  boundary  between  the 
Subandean  zone  and  the  Eastern  Cordillera  marks  a  structural  change  to  deeper  fault 
detachments  bringing  PreCambrian  material  to  the  surface. 

In N.W.Argentina  the  Cretaceous  Salta rift basin  may  be a  controlling  factor on the 
evolution of  the  Andean  foreland.  Continued  postrift  thermal  subsidence  has  provided 
increased  sedimentary  accommodation  space  and  inversion  of  the  rift  structures  may 
control  fault  positions  and  geometries. 

Using  available  geological  and  seismic  data  to  identrfy  fault  positions  and  structural 
styles  the  model  has  been  used  to  predict  late  Cenozoic  crustal  evolution,  foreland  basin 
stratigraphy  and  basin  geometry along a  line of section  from  the  Puna  to  the  Chaco  Plains 
(figure 1). In particular  the  model  allows us to  constrain  lower  crustal  structures  and  fault 
detachment  depths in response  to  lithosphere  shortening.  The  relative  lateral  position of 
the  pure  shear  and  simple  shear  is an important  control on crustal  thickness  and  resulting 
topography. 

The  initial  starting  template is shown in figure 3. The  progressive  formation  of 
._ .. _ .  

..... .:.:<.:. 
$;$; Late Miocene-Recent NW Argentina 

Poleocene-Miocene Altiplono and Tarijo Bosin 

*>, Poleozoic Elastic thickness=7.5krn 

@ PreCambrian Bosernent V=H 

figure 3 
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NEOGENE DEXTRAL TRANSPRESSION AT THE SOUTHERN EDGE OF 
THE ALTIPLANO-PUNA (N-W ARGENTINA). 
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RESUME: Le haut-plateau  andin  (Altiplano-Puna)  constitue la manifestation  topographique  majeure  de la 
chaîne  des  Andes  centrales associk B la  convergence  Est-Ouest  entre la plaque pacifique  Nazca  et  l'Am6rique 
du Sud.  Dans le NW de l'Argentine (27OS), la limite  Sud-Est  de la Puna  est  une  zone  de  transfert  majeure 
entre deux  domaines  crustaux,  l'un au  nord  fortement  raccourci et Cpaissi,  l'autre au sud  plus  moddrement 
défomC. L'Ctude d'un Mod5le  Numérique  de  Terrain,  d'images  satellitaires  (SPOT),  nos  observations de 
terrain, et l'analyse  cinkmatique  des  populations de failles, permettent  d'interprêter  cette  zone  comme  une  zone 
transpressive et dextre,  accommodant  une  augmentation  du  taux  de  raccourcissement  Est-Ouest,  depuis  le Sud 
vers le Nord. 

KEY WORDS:  Andes,  Altiplano-Puna,  Transpression,  Digital  Mapping, Fault kinematics. 

INTRODUCTION AND GEOLOGICAL SETTING 

The main  topographic feature of  the Central  Andes is the  Altiplano-Puna  (grcy xea,  Fig.1). In northwestem 
Argentina (27OS), the Andean  cordillera  narrows  abruptly and  the foreland  Pampean  province contains 
alternating  basins and nnges (black, Fig.1).  The  Iransilion  (slippcd  area,  Fig. 1) coincides with two  features 
(Stelzner,  1923):  (1) a change in the  dip of the  subducling  Nazca  plale,  [rom  about 30" easterly  dip  below  the 
Puna, to subhorizontal beiow  the Pimpean 
province (Cahill & Isacks,1992),  and  (2) a 
disappearance of the Neogene andesitic 
volcanism (Jordan et a1.,1983). 

The Palnpean Ranges strike subparallel to 
the chain:The ranges  consist of Precambrian 
to  Paleozoic  plutonic and  metarnorphic  rocks. 
Basins are filled with Tertiary to Quaternxy 
continental sediments, deposited on a Pre- 
Miocene  erosion surface often  well  exposed 
on the ranges. Basins and ranges are 
generally hunded by high-angle  reverse fault 
zones of dominantly eastward vergence. 
Sediments  show an ovc~all upward coxsening 
and increase in thickncss  fronl the Miocene 10 
the Pliocene (Mdizzia,1988), reflecting an 
increasc in tectonic  aclivily. 

This  paper  presents a structural 
interpretation of the area using digital 
mapping, satellite images (SPOT), and a 
kinemalic  analysis of fault  populations. 

REGIONAL  STRUCTURES 

We have  produced  numerical topognphic 
images of an area covering  the  norlhem Figure 1. 
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Pampean Ranges (Fig.2). 
From SE to NW, the 
altitude increases in steps, 
from the Chaco-Pampean 
level (230 m) (Fig.2b.  SE 
corner)  to  the  Puna  (average 
altitude >3700 rn) (Fig.2b. 
NW corner). As basins 
become  higher,  the 
sedimentary infill becornes 
thicker  and  their  surface area 
decreases.  This, we interpret 
as illustrating an increase of 
the  degree  of  basin 
evolution, i.e. an increase 
in the  amount of bulk 
crustal shortening towards 
the  Altiplano. 

Basirls and ranges are 
generally  asymmetric, with 
a spacing of several  tens of 
kilometers. 
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Figure 2. 64'45W 

Unraullcd  margins of individual  basins  are gently  dipping  and  controlled  by  the  pre-Miocene  erosion  surface; 
whereas  thrusted  margins  show  sharp  relief  (Fig. 2). More  symrnetrical  depressions,  bounded  by fault zones 
of opposite  vergence,  also occur (Fig. 3). 

The overall strike of basins and ranges changes sharply, frorn a regional NS attitude, to NE-SW 
orientations  within  the  transition zone between  the  southern Sierras Pampeanas  and  the  Puna. This zone, 
previously  known as the Tucum6n  lineament  (Mon, 1976), is also rnarked  by (1) en &helon ranges (Figs. 2 
and 3). and (2) strong changes in  the mount of thrusting  along  individual  basin  margins. These features 
suggest that significant wrenehing  and  block  rotations  have  securred  within  this  zone. 

FAULT MINEMATICS 

Striated fault planes were measured  at  several  localities dong basin  boundaries,  within  both  bmernent  and 
tertixy sedirnents (Fig. 4). A statistical  analysis of fault populations  indicates  that (1) the principal  direction 
of bulk shortening is subhorizontal and strikes dominantly EW  to  EME-WSW at regional scale, (2) it 
changes 10 domi~~anlly W - S E  along  the  Puna  boundary, (3) the  principal  extension  direction is variable, 
frorn steeply  dipping  to  subhorizontal,  indicating  that  sulsstantial  stretching dong strike has  locally mcurred, 
and (4) strains are of plane-strain to flattening  type.  Thus  the local kirnematics assoeiated with basin 
development  differ  significantly from  pure  thrusting.  The  principal  shortening  direction is frequently  oblique 
to  basin  boundaries (Fig. 4). Hence we infer  substantial  components of dextral strle-slip along NIVE-SSW 
to NE-SW directions. Conjugate sinistral  strike-slip  occurred to a lesser  extent  along W - S S E  directions. 

1 

For the northern Sierras Pmpeanas, we infer  substantial  dextral wrenching along the southern  border of  the 
Puna  Plateau  during the  Neogene.  This  transpressive  basin  and  range  province  (the Tucumh Transfer  Zone), 
is interpreted as accolnmodating a change in the amount of horizontal shortening. between the strongly 
thickened  domain of  the Puna to the  North  and  lhe  less  defonned  Sierras  Pampeanas to the South. 
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ANDEAN TECTONICS AND CRUSTAL SHORTENING : 
THE ANDES OF ACONCAGUA AND THEIR STRUCTURE 
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4, Place Jussieu, 75252 PARIS  Cedex 05, France, 

RESUMEN: Se enfatiza la notable disimetria del  llamado sinclinorium volcanigeno andino, cuya ala oriental 
cabalgd fuertemente hacia el Este la faja plegada e imbricada externa; mientras el ala occidental descanza 
tranquilamente sobre el basamento de  la Cordillera de  la Costa. El equivalente a nive1 de mcalo del acorta- 
miento registrado en la cobertura lleva a considerar el  total  despegue  del ala oriental  del sinclinorium y admitir 
la existencia de una zona de sutura crustal  mayor profunda hacia al Oeste. Asi, regulando las relaciones de 
convergencia  entre  ambos  basamentos 

KEY WORDS:  Argentine-Chile  Andes,  Andean  tectonics,  Crustal  shortening, Intra-plate convergence, 
Deep-seated  structures,Continental  accretionary wedges. 

A synthesis of the results dong a transect  through  the  Andes  at  the latitude of Aconcagua (32"40' S) shows the 
following. 

If we  disregard  post-Miocene defornation, essentially  responsable for the uplift of the Frontal Cordillera 
a11d Precordillera units (the most extemal part of the Chain characterized by a thick-skinned tectonics), it 
remains  that the main andean  tectonics for the lcft set Coastal Cordillera-Principal  Cordillera is restricted  to the 
eastern slope of the Main Range (argentinian flank) and  concentrated within a narrow thin-skinned easterly 
tapering fold-and-thrust belt  known as the Aconcagua  imbricate  zone  (MPODOZIS & RAMOS  1989). 

This zone of imbricate thrusts  and  related  folds has undergone a general  detachment above the oxfordian 
gypsum  (Yeso Principal) (VICENTE  1972). It represents  the  collapse of the previous Mesozoic andean  back- 
arc basin which has b e n  tectonically  prograded  eastward  over  the  edge  of  the  relatively undefomed craton. It is 
a typical trailing imbricate fan since the thrust  with the maximum  eastward slip (Main Andean Overthrust, 
MAO),is at the back and  brings  the  volcanics of  the andean arc over  the extemal zone.This MAO is a typical 
backarc  thrust  which  marks  the  basic  tectonic  boundmy  between intemal (western)  and extemal (eastern)  zones 
in the Andes (VICENTE 1970). The stratigraphic rccord of deformation within the belt indicates the 
tectogenesis of  Ulis  back arc basin  occured  progressivcly  eastward in 3 successive  stages  between the Upper 
Cretaceous  and the Lower  Miocene.  They are namcly the  classical  peruvian  (Coniacian-Santonian), incaic (Late 
-ne) and  pehuenche  (Late  Oligocene)  tectonic  events. 

The amount of shortening of the  detached  cover of the  Fold  and  Tdrust Belth about 75%. Keeping in 
view a present width of 20 km, this implics at least 50 km of shortening. Obviously, such a shortening 
within the sedimentary cover  must  have  been  balanced by a crustal shortening of the same order at a deeper 
crustal level located further West. 

Westward, the structure of the hlesozoic and  Paleogene  volcanic  series  of  the  andean arc domain  shape a 
luge synclinorium (the Andean  Synclinorium)  characterized  by a remarkable  asymmetric  pattern contrarily to 
LEVI and  AGUIRRE's  (1981)  opinion.  Dispite its thickness,  the  eastem limb appears concentridly folded and 
shows  an increase in tightness  and  asymmetry of folds eastward as we get closer  to the MAO indicating a clear 
vergency to the East. In contrast, the western limb is simply homoclinal resting stratigraphically on the 
coastal basement. This synclinoriurn  appcars 'as a major structural fealure of the Andcs sincc it involves a 
volcanigenous serie which  thickncss is close to 20,000 m i n  the Coast R ~ I ~ c  (I'I-IOIvfAS 1958) and about 7- 
8,000 m in the Main Range. This implics a dcepeniug of the  basement  below the axis of the synclinorium 
confering Co it,  in deptll, a very likely pinched  shape,  seeing  the  general increase of dip of the series with age 
and the various  unconformities  separating  the  formations. The intrinsic asymmetry of the system.explains the 
hidden behaviour of the insular substratum and  suggests a major  crustal  buckling in shear  context. 
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Considering the western  extension of the  essentially undefomed basernent of the  Frontal Cordillera 
under tlle imbricate zone, the amount of shortening of this mne and the basic  eastward  overthrust of the eastern 
edge of the  synclinorium, we are to  extend the MAO much further  West @ractidly over the synclinorium 
axis). That  implies a complete regional detachement of the  eastern flad of the synclinorium  and its draping 
over the edge of the cratonic  foreland.  Besides, this is evidenced  by the proper gmmetry of the folded vol&cs 
of the chilean f l a d  of the Main  Range.  That means the existence  at the rear, on a levd with the basement, of 
a major zone of crustal  shearing  conkolling the relationship betwveen the genuine arc  basement Le. the one of 
the Coast  Range  and  that of the Forelaad. IR a word,  we must accept a major underthstiag of the western 
d g e  of the South American craton beneath the Coastal basement. This constitutes  a End of subduction  with 
an east  vergency  involving  andean continental crust  (A-subduction  type of B&LY 1975, 1981). However, 
considering the depth reached  by the through of the synclinorium,  we  question  if a portion of the  necessary 50 
km of crustal shortening is not  absorbed in some ways  by a continuous defomation within the 
basement.However, according to th is rnodel, the Aconcagua fold and  thrust  belt  should  represent  nothing  but 
the most frontal and  surficial b d n g  of a major  structure  involving the main eastward  overthrust of the coastal 
basement driving  forward, as a  scraper,  the  huge  asyrnmetric volmogenic andean  synclinorium  with  its  frontal 
imbricate  fan of mver wedges. That  structural  device  shows  similarities  with typial continental  accretionary 
wedge  with  frontal  damping. The andm originality  derives  from  the strilsing synclinorium  and  its  basal s h w  
zone which acb as a large scraper  acting ahead of the coastal  basement 
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Interpretative  palinspatic  reconstruction (Lower Cretaceoue  and Late Eocene) 
based on a  synthetic  cross-section  (uppermost  section ; vertical  seale  not  respected) 

(1) Arc basement  (coastal  basement) ; (2) Foreland  basement (South American craton) ; (3) 
Arc  volcamia ; (4) Volcaniclastia ; (5) Lutites ; (6) Carbonates ; (7) Continental r d  bals 
(Foreland  molasses) ; J : Jurassic ; 1K : Lower Cretaceous ; UM : Upper Cretaceous ; Mi : 
Miocene ; Pl : Pliocene ; Dl : Upper  Cretaceous  unconformity ; l32 : Lower bliocene 
unconformity ; 4, : Main  Andean  Overthrust (MAO). 

of the Andes of Aconcagua (32"40' S). 
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It appears that the noticeable  crustal  subsidence  related with the arc building occurs at the biginning of 
the crustal buckling  which  developed from the  Upper  Cretaceous  under the convergent  system  and evolved in 
crustal shearing. The themal differencies  between the crust of the magmatic arc (hot) and that of the foreland 
(cold) would favour the relative underthrusting of the foreland basement  beneath  the coastal one and should 
result into the eastward  andean polarity of structures. In addition the uplift of the Frontal Cordillera after the 
Late Miocene  Quechua  phase  which  brought its basement  to  culminate  close  to 7,000 m (Co Mercedario),  has 
produced  a signifiant straightening of the frontal  imbricate and a general  warping of the eastem part of the 
synclinorium accompanied  by  several  backthrusts This suggests  that the thrusts  were previously much more 
reclined  and  low-angle.and  therefore,  that  the  original  system may have been more  tangential. 

To sum up, the andean  tectonics of the  Main  Cordillera an be  viewed as the  consequence of a large net 
crustal convergence  between the sialic arc basement  of the Pacific Margin  and  the South American Craton. 
That implices the existence of a  major  suture  below  Central  Chile. 

Since this structural  pattern is also recognized in Peru  (VICENTE 1989), we open on a  very homoge 
neous geotectonic mode1 for the Marginal  Andes. In t h i s  respect, the differential of shortening observed along 
the strike of the  Andes for the Main  Range  appears  to  be  directly  related  to  the previous width  and degree of 
Mesozoic subsidence of the backarc basin i.e. to the amount of previous stretching and thinning of its 
continental  crust. 

At last, we wonder if the signifiant zone of normal faulting, known as the Pocuro Fault (CARTER & 
AGUIRFE 1965) which limits to the West  the  Principal  Cordillera  and  controls  the relations with the Central 
Valley  to the South, can be  interpreted as the emergence  of a late reactivation as listric fault of the eadier m s -  
tal shear in the mainly  tensional  context  affecting the chilean  margin  since Middle Tertiary. 
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R ES UME N : La  Cuenca  Domeyko  de  Chile  Norte  (Triasico a Cretacico)  corrientemente  parace a 
habia  crecedo  dentro  un  "back-arc"  activo  medio.  La  llenar  de la Cuenca es  sastrazido  pana 
rnuchos distintos secencias  de  caliya  y  siiciclasticos  que  paracen  a  coutenir  una  responsia 
stratigraphic  relatido a cambios  grandes del nive1 del mar  velativo.  La  objet0 del  est0  projecto  es a 
utilizer  leceucia  stratigrafico  resolucion-alto  con0  un  herramienta  para  intrepetir la cronostratifia  de 
un Cuenca  back-arc  activo. 

KEY WORDS: Domeyko  Basin,  Jurassic,  active  back-arc,  chronostratigraphy,  strike-slip. 

INTRODUCTION 

The  Triassic to Cretaceous  Domeyko  Basin  of  Northern  Chile is currently  thought to have 
formed  within an active  back-arc  setting.  Positive  inversion  has  concentrated  Triassic  to 
Cretaceous  outcrop  along  the  N-S  trending  Domeyko  Mountain  Belt,  with  perpendicular  Valley 
incision  allowing  excellent  exposure.  The  Domeyko  Range  has  long  been  recognised  as  one  of 
the  world's  richest  mineral  provinces  but is otherwise  relatively  unknown. 

The  Western  Fissure  Fault  System  runs  N-S  through  the  Domeyko  Range  and  adds the 
complexity  of  bedding  parallel  strike-slip  giving  juxtaposition of unrelated,  time  equivalent  strata. 
Some  of  the  earlier  work  on  this  area  has  overlooked  the  strike-slip  component  and  considered 
tectonically  emplaced  strata  as  being in stratigraphic  succession. 

GEOLOGICAL  SETTING 

The  Domeyko  Basin is placed  within  an  active  back-arc  domain  because  of  the  distribution 
of arc  related  volcanics  and  high  volcanoclastic  content.  The  Jurassic  arc  trended  N-S  and  was 
located  along  the  present  day  position  of  the  Coastal  Cordillera.  Since  Jurassic  times  the  arc  has 
rnigrated to the  east  with  it's  current  position  on  the West side  of  the  Puna  (High  Andes).  Figure 1 
shows a generalised  Jurassic  Palaeogeography  with  the  present  day  positions  of the Jurassic 
outcrops. 

MESOZQIC STRATIGRAPHY 

The  basin fil1 is characterised  by a variety  of  carbonate  and  siliciclastic  sequences  with 
interbedded  volcanic  and  volcanoclastic  units.  Carbonate  and  clastic  sequences  contain a well 
developed  palaeontological  evolution  with 85% of ammonite  biochronozones,  exceptions  being 
the  Kimmeridgian & Tithonian.  From initial  fieldwork  the  Jurassic  stratigraphy  appears to contain 
marked  stratigraphic  responses  related  to  major  changes  of  relative  sea-level.  For  example,  the 
Kimmeridgian is represented  by a thick  sequence of evaporites  (800m),  hence  giving  the  loss of 
palaeontological  resolution. 
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Figure 1: Qeneral  Jurassic  Palaeogeogmphy  for Northem Chile. 

TECfBNlCS 

Tectonics are still relatively  unknown with the  possibility of a subduction  related  strike-slip 
componenl active during basin  development. This would possibly explain the formation of small 
isolated imas of very  rapid  subsidence.  Two  currently  active  major  fault  systems  (Atacama  Fault 
Systern & Western Fissure Fault Systern) appear Io control  the  Mesozsic  outerop  and are thsught 
to represent the original basin bounding  fault  systems. 

COMCLUSIBNS 

Initial  work has laid  down a provisional  outline for Mesornoie  basin  evolution with current 
fieldwork  being  concentrated on detailed  facies  analysis.  The  aim of this project is to use high 
resolution sequence straligrapky as a tool to develop a more detailed  chronostratigraphie 
framework  for  the  basin'e  evolution. 
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RESUMEN : La parte Sur de la Costa de Ecuador (Peninsula) experimentd dos fases tectbnicas mayores 
en el Palemeno superior y Eoceno inferior respectivamente, desconocidas m;is al Norte (Costa S.S . ) .  La pri- 
mera  correspondi:  a la colisibn de la Péninsula contra la margen continental, mientras que la segunda repre- 
sentaria su acrecibn con la Costa. Luego, el conjunto cabalga la margen andina en el Eoceno superior. Di- 
chos eventos acrecionarios coinciden con fases tectbnicas conocidas en todos los Andes. 

mY-WORDS : Late Cretaceous, Paleogene,  Andean margin, Oceanic  terranes,  Accretion. 

INTRODUCTION 

Coastal Ecuador is interpreted as an oceanic terrane accreted to the Andean continental margin by Late 
Cretaceous or Early Tertiary times. This has b e n  confirmed by paleomegnetic studies that  evidenced  a 70 
clock-wise rotation of its Northern part (Roperch et al. 1988). As a consequence, the sediments of Coastal 
Ecuador must have recorded the main geodynamic events occur- 
ring along the subduction zone. The sedimentologic and tectonic 
study of these series has b e n  undertaken, in order to understand 
the subduction and accretion history of the Andean margin du- 
ring Late Cretaceous and Paleogene times, and to attenlpt COITG- 

lations between the early Andean twtonic phases and the gmdy- 
namic  processes. 

- . -  

GEOLOGICAL SETTINC 

Southem Coastal Ecuador is usually subdivided into two 
zones separated by the Chongbn-Coionche Fault (C-C Fault), 
thus  considered as a major paleogeographic feature.  North  of the 
C-C Fault, the Chongcin-Colonche Cordillera (C-C Cordillera) is 
characterized by the lack of late Paleocene-early Eocene depo- 
sits, whereas  the Santa Elena Peninsula (Peninsula) is marked by 

Fig. 1: Location sketch. 
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a thick turbiditic sedimentation of Paleocene age. Coastal Ecuador is considered as having been accreted to 
the Andean margin by early Tertiary times (Feininger & Bristow 1980). 

At the beginning of this cmtury, the discovery of small Oil fields in the SE Peninsula motivakd the pa- 
leontological study of the Late Cretaceous-Paleoyene sediments of Southern coastal Ecuador. These worlcs, 
combintxl  with the well data obtained in the 30-40s by different Oil Companies, led to the statement of lo- 
cal, ofen contradictory stratigraphic models. Some stratigraphie synthesis were then attempted (Marchant 
1956, Camfield 1966). In the 70s, in  the light of the Plate Tectonies concepts, the ags contradictions, the 
scarcity of the outcrops and the tectonic complexity led some authors to interpret this zone as the result of a 
giant olistostronle of late Eocane age, involving ail kind of older rocks (Colnm 1970, Bristow & Hoffstet- 
ter 1977, Feininger & Bristow 1980).  More recently, ecuadorjan geologists interpreted these series, again 
regarded as a n o m l  stratigraphie succession, as a stack of thick turbiditic sequenees (Benitez et al. 1984). 

SEDKIENTARY APJD TECTQNIC EVOLUTIQN OF SQUTIfEXN "9ASTAL ECUADOR 

Late Cretaceous- Early Late Paleocene. The basement of Coastal Ecuador is made up of early Cr&- 
ceous basalts (Piiion Fm), interpreted as an oceanic floor. lt  is overlain by Cenomanian (?) to Coniacian sili- 
ceous shales, pelagic limestones and fine-grain& turbiditic grauwackes (= 200 m, Calentura Fm, Amoco 
1991). These are followed by  a  thiclc series of  coarse-grained volcmiclastic turbidites of Santonim to Gam- 
panian age, that would result fyom the erosion of an Eastern volcanic arc (m 2000 m, Cayo Fm, Benitez 
1990-91). These formations crop out in both sides of the C-C Fault. The Cayo Fm grades upward into fine- 
grained pelagic black shales, cherts and tuffs, with few limestones beds of Maastrichtian to early Thanetian 
age (FJ 500 m, Guayaquil Fm, Amoco 1991, fig. 2). 

South of the 6-C Fault,  the 
Santa Elena Fm, dated as Maastrich- 
tian and Paleocene (Jaillard et  al. 
1992), is stratigraphically quivalent 
to the Guayaquil Fm (fïg. 2). It i5 af- 
fected by roughly E-W trending 
tight overfolds (fig. 3). associated 
with pennetrative E-W-trending, §- 
dipping axial plane cleavage, and 
with numerous shear plane indica- 
ting Northward thrust movements. 
Although no relative chronology has 
been f imly  established, it seems 
that these structures comprise early 
1 IO-trading folds and later N 190- 
trending ones (fig. 3). The lac$ of 
any defornlations North of the C-C 
Fault indicates that the two domains 
were still far from each'other at this 
time (Jaillard et al. 1992). 

The nature of both the base- 
ment and the sedimentary cover in- 
dicates that Coastal Ecuador was an 
oceanic basin during this period. 

Late Palwcene-Early Eoeene. 
Deposits of late Paleocene age  are 
known only South of the C-C Fault. 
The deformed Santa Elena Fm is 
cappped by a thick series of coarse- 
grained high-density turbidites (FJ 
1500-2000 m, AEilcar Gp, fig. 2), 
which centains clasts of Quarz, me- 
tamorphic rocks, and of the Santa 

1 

BARTOMAN 

LUTETIAB 

. .  . 
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Elena and Guayaquil Fm. Part  of the deformation thus O C C U K ~ ~  during 
Late Paleocene  times. The irruption of  continent-derived clastic material 
in the oceanic basin indicates that the Late Paleocene phase is the result 
of the collision of the Peninsula with the Andean continental margin 
(Jaillard et al. 1992). 

The widespread early Eocene sedimentary gap in Coastal Ecuador 
is most probably due to a  new tectonic phase of latest Paleocene to ear- 
liest Eocene age. As a matter of fact, the report of early Eocene fauna 
(Small 1962) within lignite-bearing sandstones and shales (Atlanta Fm) 
in Wells of the A n c h  Oil field (Marchant  1956) suggests that this time- 
span is a period of erosion and local subaerial deposition. Moreover,  the 
late Paleocene turbidites (Azkar Gp) are often deformed by N  70-tren- 
ding tight folds with steep-deeping axial planes, which are unknown in Fig. 3: Fold a i s  of the mrly 
the Eocene deposits.-Finally, in the Talara Basin of Northwesternmost defonnarions of the Peninsulu. 
Peru, coarse-grained polygenic conglomerates of early Eocene age dis- 
conformably overly fine-grained Paleocene nlarine black-shales. Note that on the Eastern part of the C-C 
Cordillera, late Paleocene and early Eocene deposits are locally represented by  a  few meters of transition 
beds between the Paleocene pelagic cherts (Guayaquil  Fm)  and the mid-Eocene transgressive limestones. 

The early Eocene tectonic phase could correspond to the acretion of the Peninsula to the C-C Cordille- 
ra, since the subsequent deposits are rather comparable at both side of the C-C Fault (see below). 

Lutetian. On the C-C Cordillera and North of it,  the Lutetian transgression is diachronous and the ero- 
sion of the substratum incrases westward. Toward the East, early Lutetian calciturbidites and limestones 
containing algae and benthic foraminiferas (* 100 m, San Eduardo Fm, fig. 2) disconformably overly the 
paleocene cherts (Guayaquil Fm). Farther West, the transgression is of middle to late Lutetian age, and is 
associated  with  a rapid subsidence related to extensional tectonics, that provokes the reworking (Javita Fm) 
of the early Lutetian and Paleocene sediments, or the deposition of olistolites of Maastrichtian rocks within 
pelagic limestones and cherts (* 200 m, Cerro, lower San Mateo Fm). These unconformably overly the late 
Cretacwus volcaniclastic turbidites (Cayo Fm). These pdagic deposits are overlain by a  shallowing-upward 
squence of mud to clastic shelf environment comparable to that  of the Peninsula (see below). 

South of the C-C Fault, the Lutetian cycle begins with slumped shales and sandstones (O to * 200 m, 
Clay Pebble Fm), that express a tectonic activity. The presence of reworked blocks of early Lutetian calci- 
turbidites suggests that the whole area was submitted to extensional tectonic subsidence. Middle to Late Lu- 
tetian times are then mainly  represented by a  shallowing-upward sequence of mudclastic shelf environment 
(fig.  2). The lower part (* 1000 m, SOCOKO Fm) is characterized by the abundance of turbidites and slurn- 
pings indicating a NW- slope. The upper part (* 500 m, Seca 
Fm) is mark& by the increase of the bioturbations and of the car- 
bonate contain, the diversification of the fauna, the vanishing of 
the tectonic activity and the appearance of tempestites 

Bartonian. Along the Southern and Western Coast of Sou- 
thern  Coastal Ecuador, the Lutetian cycle i s  ahruptly overlain by 
coarse-grained sandstones and conglornerates deposited in a  sho- 
reline environment, which exhibit a noticeable enrichment in vol- 
canic clasts and plant fragments (* 100-400 m, Punta AncQ, up- 
per San Mateo Fms, fig. 2). These deposits presents ahundant 
small-scale, synsedinlentary tectonic features. Paleocurrents are 
roughly perpendicular to the presentday Coast (fig. 4), thus sug- 
gesting that its morphology was grossly similar to the present- 
day one, and comprised a central source-area. In the Peninsula, 
these deposits are mainly made up of shales and sandstones 
(Punta Ancbn Fm), whereas farther North (upper San Mateo Fm, 
fig. 4), they include thick lenses of  coarse-grained conglomerates 
of alluvial fan type,  and  abundant  blocks suggesting the presence 
of coastal cliffs. These deposits seem to laterdly grade eashvard 
into  fluvial conglonlerates and coarse-graiued fanglomerates Fig. 4: Paleogeogruphic  inrerpretation 
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sula (fig. 4). The latter undated fornlation has hem ascribed either to the late Eocene (Canfield 1966), or to 
the Iate Oligocene (Bristow & Hoffstetter 1977). Though no reliable paleontologieal data are yet available, 
Our observations support the former hypothesis (fïg. 2). 

The emergence of the whole Coastal Ecuador by early Late Eocene times, is regarded as the result of 
its collision or, more iikely, its thrusting on the  Andean continental margin (Bourgois et al. 1990). 

Late Eocene. In the studied ara, this time-span seem to be characterized by a widesprmd sedimentary 
gap, which will follow up to Late Oligocene, and corresponds to the early h t e  Eocene major Incaic phase. 
However, in the Northern part, the upper San Mateo Fm could reach the w l y  Late Eocene (Bristow Lk 
Hoffstetter 1977). In the Peninsula, the late Eocene defornlation is only marked by gentle folds exhibiting a 
N-S to NNE-SSW axial plane, associated with reverse faults, that dip gently toward the E or SE. 

The evolution of Coastal Ecuador presents two periods. Late Cretaceous to early Late Paleocene times 
are characterizd by an oceanic basin evolution. The  late Late Paleocene-late Eocene time-span is m k e d  
by its progressive tectonic accretion to the continental margin. From then on, it constitutes the forarc basius 
of the Amdean Imgin. 

Untill now, Southern Coastd Ecuador have been considered as a single accreted oceanic temme. The 
discovery in the Peninsula of two major deformation events udaown North of the C C  Fault, indicaks that 
these areas are characterized by different accretionary histories and constitute two different sceanic terranes. 

These early tmtonic phases, of Late Paleocene and W l y  Eocene age, respectively, together with the 
Iate Eocene, Incaic phase, are the major deformational events recorded in Coastal Ruador, and me of de- 
creasing intensity with time. Surprisingly, in spite of its location very close to the subduction zone, Coastal 
Ecuador did not undergo subsequent important defomations, and virtually al1 the subsequent tmtonic shor- 
tening h a  been accounted for by the more distal continental crust. 

The tectonic phases of late Pdeocene-earliest Eocene age coincide with a major geodynamic reorgani- 
zation. Betwmn 56 and 50 Ma, the convergence direction of the paleoPacific plate changed tiom N or PJNE 
to NE (Pilger 1984, Gordon & Jurdy 1986, PardoCasa & Molnar 1987). As a consequence, the formerly 
mainly dextrd transfonn mugin of Esuador might have changed to a ehiefiy convergent reginle at that 
time. If so, the oceanic or continental microplates, formerly subnlitted to a Northward shift along the An- 
dean margin, were successively accreted to the continent, due to this new convergence direction, that  must 
have triggered the formation of a new Ecuadorian subduction system, dong the continental m g i f l  and the 
newly  accreted  terranes. 
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RESUMEN : En la “Cuenca de Celica-Lancones”, se distingue una serie sedimentaria occidental, que 
constituye la coberhwa  del Bloque Amotape-Tahuin, y una serie oriental en parte voichica perteneciendo a 
la mugen andina.  Esthn separadas por m a  sutura tectbnica, que involucra rocas maastrichtianas. Por Io tan- 
to, la colisibn del Bloque Amotape-Tahuin con la margen andina ocurrib despues del Maastrichtiauo,  proba- 
blemente en el Eoceno  basal. 

KEY-WORDS : Late Cretaceous,  Paleogene,  Andean  margin,  Terrane,  Accretion. 

INTRODUCTION 

The Andes are classically divided into Central, liminal 
Andes without accretions nor ophiolites, and Northern and Sou- 
thern Andes, which underwent obduction andlor accretion of 
oceanic andor continental terranes. Moreover, the tectonic rota- 
tions are clockwise in the Northern Andes, whereas they are 
counter-clockwise in the Central Andes (Kissel et al. 1992). The- 
refore, the Peru-Ecuador border, that roughly coincides with the 
Northem to Central Andes transition (Mourier 19881, is a key 
area to understand the tectonic behaviour of the Andean  margin 
and of the allochtonous terranes. 

GEOLOGICAL SETTING 

The Cretaceous series of the Celica (Southwestern Ecua- 
dor) and Lancones (Northern Peru) zones were interpretd as the 
infilling of a back-arc basin located on the suture of the Amo- 
tape-Tahuin  Block  (ATB),  accreted to the Andean  margin at the Fis. 1: Lucation  sketch. 1: Paleozoic 
Jurassic-Cretaceous boundary (Mourier 1988, fig. 1). In these rocks; ’: cretaceousr “Ce2ica-Lancones 
interpretations, western facies unconformably overly the Paleo- Basin ‘y  3: early Tertiary rocks of the An- 

dean nmrgin. 
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mie rocks of the ATB, and laterally grade eastward into volcanic and volcaniclastie deposits, which are se- 
parated from the Andean  margin  by important faults (Kennerley 1973, Morris & Alemh 1975, Bristow & 
Hoffstetter 1977,  Reyes Br Caldas 1987, Mourier 1988). Paleomagnetic studies indicate that the ATB under- 
went a northward drift of hundreds of kilometers and a *llO'  cloclcwise rotation since the Paleozoie, whe- 
r a s  the Cretaceous rocks of the "Celica-Lancones Basin" raorded a * 60' rotation, without significant mi- 
gration (Mourier et al. 1988). 

New stratigraphie, sedimentologic and structural field data, as wdl as partial geologic survey in the 
suadorian part of the "Celica-Lancones Basin" led to distinpish two tectonic units, separated by a major 
teetonic suture. The western series eonstitutes the stratigmphic cover of the ATB, whereas the eastern one 
represents the sedimentation of the Andean continental active m g i n .  

TRATIGRAPIIY 

The Cretareous-Balmgenne sedimentary cover of the  AmotapcTahuin Block. 
Bisconformably overlying the Paleozoie rocks of the Eastern side of the ATB, is a thick, undated series 

of deltaic ( y )  shales and sandstones, overlain by  mature,  coarse-grained fluvial sandstones. They are csrrela- 
tive with the early Cretaceous Goyllarisquizga Gp of the West-peruvian mugin (Benavides 1956, Gigantal 
Fm of Mourier 1988, Huay1lap;unspa Gp of Myers 1980). A marine transgression then deposited shales, 
sandstones and limestones, eorrelative with the late Aptian-earliest Albian transgression of Pem (Inca and 
Pariahuanca F m ,  Benavides 1956, Wilson 1963). They are overlain by black laminated, bituminous limes- 
tones, which yielded middle Albian ammonites (Bristow & Hoffstetter 1977), coeval with simila deposits 
of Peru (Chulee-Pariahmbo and Pmanga-Muerto F m ,  Benavides 1956, Reyes $r. Caldas 1987). 

These are overlain by a thiclc series of blaclc s h a h  and feldqathie sandstones, interpreted as low densiîy 
hwbidites representing the erosion of a continental cristalline basement with a noticeable volcanic contami- 
nation. These are known as the Copa Sombrero Gp in Northwestern Peru, and are datai as Cenomamian 
(Olsson 1934) to Campanian (Morris & Alemin 1975)(fig. 2). In Ecuador, they are capped by a 100 rn-thick 
conglomerate correlative with the Campanian Tabloaes Fm of Peru (Reyes & Caldas 1987), and then by 
black shales, with thin-bedded turbidites intercalations a d  limestone nodules, dated as Maastrichtian in 
Peru (Pazul, Monte Grande Fm, Olsson 1934, Reyes & Caldas 19$7)(fig. 2). 

On the western side of the ATB (Talara Basin), a major hansgressiva unconformity (Sandino Fm) is 
overlain by Campanian to Palmcene marine s h a h  (Redomdo Fm, Mal Paso Gp, Gonzalez 1976). These are 
disconfonmably overlain by  coarse-graimed, continental, polygenic conglomerates (M0gol16~ Fm) grading 
westward into shallow-marine sandstones and shales of w l y  Eocene age (Salina Gp, Gsnmlez 1976, Sé- 
ranne 1987). 

The Cretaceous to Paleogene ser ia  of the Andan continental  margin. 
The lowemost unit is a thick series of  massive, faulted and alterd andesites, mcribsd to the Celica Fm. 

Although it is crosscut by granites dated as Aptian (1 14-1  11 Ma K-Ar ages, Kemerley  1973), the Celica Fm 
is thought to correlate with the Albian volcanics of Western Peru (Casma 9, Myers 1980, Soler 1991). 

The Celica Fm is overlain by sandstones and greywackes (* 200 m), and  then  by thick-bedded, coarse- 
grained volcanidastic high-density turbidites (* 1500-2000 m), with few thin intercalations of lavas and 
black laminnted limestones. We propose to cal1 this mi t  the Alamor Group (fig. 2). A poor microfauna lo- 
cally indicates a post-Albian, probably Turonian age. Though the basal contact has not been obsewed, the 
lack of important deformation and alteration within this unit indieates that the CeIica Fm was defomed be- 
fore its deposition. 

The Naranjo Fm (a 150-200 m) uaconforrnably overlies either the Celica Fm or the Alamor Gp. It be- 
gins with Iransgressive pebbly mark containing Santonian ammonites, followed by coarsening-upward se- 
quences of marls, fossiliferous limestones and grauwackes, of shallow-marine shelf to deltaic environment. 
'Ille uppr part of the unit yielded a late Campanian or eiuly Maastrichtian microfauna (fig. 2). 

The Casanga Fm (* 200400 m) consists of shales, thin-bedded turbiditie grauwackes and nodular limes- 
tones of marine shelf environment. It differs from the underlying strata by the presence of coanse-gained 
conglomeratic lenses and beds, that reflet  the progradation of coastal alluvial fans. The Casanga Fm 
contains a  poor late Cretaceous microfauna, and would be mainly of Maastrichtian age (fig. 2). 

h l l y ,  it is unconformably ovalain by undated, red-coloured, continental shales, siltstones and volcani- 
clastic beds, which S e m  to belong to the Sacapalca Fm, that crops out farther East. The latter is made up of 
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thick subaerial  andesitic  flows 
with intercalations of fluvial red 
beds, crosscut by an early Eocene 
pluton (49 Ma, Kennerley 1973). 
It is thus probably coeval with 
the Llama and Porculla volcanics 
of Northern Peru (Reyes & Cal- 
das 1987, Mourier 1988). 

This volcanic series is overlain 
by the undated Catamayo Fm. It 
comprises regressive sedimentary 
sequences, grading from coastal- 
marine shales to fluvial coarse- 
grained conglomerates (fig. 2). 
The latter mainly contain clasts 
of metamorphic rocks, and  thus 
contrast with the. underlying, 
rnainly volcaniclastic formations. 

Southerly, the Sacapalca Fm is 
overlain by lacustrine  black 
shales and turbiditic grauwackes, 
with abundant slumpings  and 
olistolites belonging to the un- 
dated GonzanamB Fm. Its rela- 
tionship with the Catamayo Fm is 
U n k n O W .  

The latter formations are un- 
conformably capped by the pro- 
hably Oligocene volcanic flows 
of the Loma Blanca  Fm. 

AMOTAPE COVER CATAMAYO 
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The Maastrihtian slices. Fis. 2: Stratigraphie sketch of the Celica-hncones series. 
The above-described series are 

separated by  a  major fault, whithin which are pinched discontinuous slices ofblack-coloured, thin-bedded 
turbidites and cherts, which have been locally dated as Maastrichtian (Bristow & Hoffstetter 1977)(fig. 2). 
These are ususally affected by tight folds associated with well-developped axial plane cleavage. 

TECTONIC INTERPRETATIONS 

The eastern,  Andean series differs from the western,  ATB  cover, through : (1) the presence of an early 
Cretaceous volcanic "basement", (2) the dominant volcanic nature of the detritism throughout late Creta- 
ceous and Paleocene (?) times and (3) the presence of a  mixed carbonatedetritic shelf during Senonian 
times. These major differences indicate that they  belonged to quite different paleogeographic domains, and 
that  they cannot have deposited in a sarne  "Celica-Lancones Basin" of Cretaceous and Paleocene  age. 

In spite of still poor stratigraphic data, the eastern series record4 al1 the major early  Andean  geodynamic 
events (Jaillard 1993, fig. 3). The thick andesitic Celica Fm probably represents the products of the Albian 
subduction-reiated volcanic arc, which is well known along the Peruvian m g i n  (Casma Gp, Quilmana Fm, 
Soler 1991). Its deformation before the deposition of the Alamor Gp woulde result from the late Albian-ear- 
ly Cenomanian  Mochica compressive phase of Peru  (Mégard  1984). The subsequent accumulation of thick, 
coarse-grained deposits (Alamor Gp) indicates the creation of a  subsident trough (fig. 3), possibly related to 
dextral wrench  movements (eg. Soler 1991). The Coniacian (?) unconformity  below the Naranjo Fm is cor- 
relative with  the early Peruvian phase,  defined in Southwestem Peru (Jaillard 1993). The appearance of con- 
glomerates in the Casanga Fm seems to be coeval with the late Campanian  major Peruvian phase. The late 
Maastrichtian or Paleocene regression, the intense volcanic activity of probable Paleocene age (Sacapalca 
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Fm), and the marine transgres- 
sion  of  possible Eocene age 
(Catamayo Fm) still nwd strati- 
graphie confirmations, before to 
attempt correlations with Ande- 
an events  known elsewhere. 
Whichever the case, the Celiea 
series is one of the quite scarce 
examples of a complete  sedi- 
mentary series  deposited in a 
forearc setting  throughout  the 
whole central Andes. 

and fine-zraincd turhidit 

The early Crebceous to Albi- Fig. 3: Tectonic  interpretations of the late Creeaceous-Paleogetre evo- 
an facies of the ATB cover are lution oftlte Afnotape and Andean series. 
comparable  with  those of the 
West- Peruvian m g i n ,  and it probably belonged to this latter at this time (fig. 3). Since Cenommian times 
onwards, the turbiditic sedimentation on the ATB differs totally from that  of the Andean margin. This dras- 
tic change could be interpreted as the beginning of the nortlward migration of the ATB. As a matter of fact, 
late Cretaceous times are a period ofvery oblique, nortllward convergence, which would have induced dex- 
tral wrenching dong the Andean margin. This eould also account for the coeval creation of the Alamor, 
possibly pull-apart basin (fig. 3). 

The presence of Maastrichtian rocks in the suture between the two units demonstrates that these c m o t  
have been emplaced in their presant-day location before Maastrichtian times. Therefore, the hypothesis of 
the latest Jurassic to earliest Cretaceous collision of the ATB  must be left out. The age of the accretion of 
the ATB could be indicnted by the irruption of the early Eocem coarse-grained deposib (Mogoll6n Fm) in 
the Western side of the ATB (Talara Basin). 

The Celica-Lancones a r a  comprises two distinct late Cretaceous-Paleogene sedimentary series and can 
no longer be consiclerd as a "Basin" of that  age. The western unit represents the cover of the Amotape-Ta- 
huin Block, whereas the eastern one is a well-preservd example of an Andean series in a arc to fore-arc set- 
ting. The pre.sence of deformed Maastrichtian slices betwmn both units indicates that the accretion of the 
Amotape-Tahuin terrane occurred after Maastrichtian times, probably near the Palemene-Eocene boundary. 
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RESrn? 

Estudios  de  sedimentacibn,  paleogeografia y tect6nica  de rocas del 
Kimmeridgiano?-Paleoceno de  la  regibn  de  Cusco,  muestran  que  estas  se 
depositaron  sobre un umbral  que  separaba dos cuencas,  las que se hallaban 
en  una  posicibn  de  tras arc0 distal y que  registran  eventos  tectono- 
sedimentarios  que esth en  relacicin  con la evolucidn  de  la  margen sur 
peruana . 

KEY WORDS: sedimentation,  paleogeography,  tectonic,  Kimmeridgian?- 
Paleocene,  Cuzco,  Peru. 

INTROIXJc.I.?IoN 

The  tectonic and sedimentary  evolution  between  Kimmeridgian?- 
Paleocene times of the  Cuzco  area  (South  Peru)  is  divided  in 5 stages.  The 
sedimentation  developed  over  the Cuzco-plmo swell  which  separated  the 
Western  trough  and  the  Eastern  trough.  The  formation of the  Eastern  trough 
began  during  Kimmeridgian?  times.  This  region  in  back-arc  basin  position 
recorded  the  external  tectonic  evolution  of  the  South  Peruvian  margin. 

Euring  Mesozoic  times,  the  Peruvian  margin  had a contrasted 
paleogeographic  pattern  (Jaillard,  1992)(Fig. 1). It c m  be divided  into 
several NW trending  zones,  parallel  to  the  subduction  trench. In South 
Peru  margin  is  possible  to  distinguish  from W to E: 1) a narrow  Coastal 
zone,  which  mainly  comprises  pre-Cretaceous  rocks; 2) a Western  subsiding 
trough  which  received  thick  marine  sediments  (presently  Western 
Cordillera); 3) a positive  swell,  which  received a reduced  sedimentation 
(Cusco-Puno swell),  and 4) an  Eastern,  less  subsiding  basin  filled  by 
mainly  continental  deposits  (presently  Eastern  Cordillera). 

hwing Kimmeridgian?,  Cretaceous  and  Paleocene  times,  the 
sedimentation of the  Cuzco  area  developed  over  the Cuzco-Puno swell  which 
was  emerged  before  latest  Jurassic  times. 
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~iclW.m?-%r~imim? (I-hdutio Ehr) - 
The Humbutio Fm i a  composed by alluvial   fan eonglomerates ( b w e ~  

Mb), thin marine liraestone  beds (Middle Hb), and continental  smdstone, 
shales and cordomerates (Upper Pb). This formation i a  rawked by n m e r o ~ a  
sgwlsedfmentar-y tectonic  featwes which expresses a NW-SE: trending 
extensional regime. hleing  this  wriod,  the  contrasted paleogsogmphy is 
an effect  of the beginning of the  Eastern  trou& opening. A l l  of th is  i~1 
interpreted as a d i s t a l  coneeguence of the Araucan teetonic phase, which 
cari be obeerved in  North Chile m d  Argentina (Semmre et  al. 1988). 

In the Western trou& develowd a mwine  sedimentation and 
extensional regime related  with the geodynamic events ocurred in  the 
Paleopacifie pl  %O, the latest Jurassic-lower Meocornien period appeara 
as a t r ans i t i  riod between the convergence NW-SSE Phoenix-South 
her ica  (Batho Kimmeridgian), m d  NE-SN (Valmgian-Aptian)(Sol~~, 
1991). 

2. Newmian ( h a m e  Fm9- 

The Huacane Fm is mainly composeta by cquartz white  sandstones which 
are deposited in  fluvial  enviroments avnd whieh proceed from east. !The 
elean neocomian sandstones m e  good expressecl in  the whole Peruvian 
te r r i to ry  (Moulin, 1989). In  the Cuzco ama, the fluvial sedimentation i a  
mainly controlled by the  eustatic sea Pevel fluctuations  (Cmlotto, 
1992). The eastern  (Elrazilian  Shield)  origin of the  c las t ies  c m  be 
interpreted as the  result  of the  incipient  r if t ing of the norther South- 
Atlantic Ocea (JailPard, 1992). 

'I&e tectonic and magmatic guiescence in  the whole Peruvian margin 
is related t o  the 1ow convergence rate  beetwen Phoenix-South Ansericm 
plates (Soler,  1991). 

3, h t e  Aptian-hnim (hwer a Gp). 

The lower Yuncaypata Gp is characterized by the  shallow  interna1 
carbonate platform evolution. This one began with a transit ion of l a t e  
Aptim-middle  Albian saadstones and shales that  reaehed its m a x i m u m  
dwing  the  interval uppm Albien-Turonian (Yumamata Pimestonee). !l%s 
limestones  regiatered weakly extensive  tectonic features. 

In  the Westerm trou& developed a carbonate  platform  that is marlred 
by a magmatic act ivi ty  probably related  to an am (Albien-Cenommian) and 
the  beginnig of the emplacement of the  bastal   Bathol i th .  This p r i o d  i a  
related t o  a modification of the  subduction, now ni th  a low angle  that 
correspond to  a hi& convergence velocity  that malces the oceavnie cslab 
become yomg. A 1 1  of t'tlat, causes extensive md compressives tectonic 
phases  ne11 h o m  i n  Central a d  North Peru, (Mochica phases) (Solers, 
1991; JailParPd, 1992). 

4. Seaspaiamn- he5trichti.m (Upwr Y m c m h  Gp9. 

The Upper Yuncaypata Gp irs divided i n  3 major sedimentan secuemees 
called 611, IQ md M3 (Cmlotto, 1992). They are mnainly compoaed by red 
shalesJ samistones md evamrites.  This time spm corresponds t o  a global 
regressive period, whieh however registsrs weakly Smtonian- aad middle 
Cmpanian transgressions. !This regressive  spisod  ia  related  ta  the 
successive up l i f t  of the Coastal zone (boundary f i r o n i m - h p m i a n ) ,  
followed by the   upl i f t  of the SW border ( Santonim-Cmpmiam)9 and Later 
by the  upl i f t  of the NE border (C~panian-~a@stmPichtian) of the Western 
trou& i n  association  with progressive thrusting whieh develops foreland 
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fi9. I :  Palwgtographic skrfch of th, 
Prruvian tnUrgin hoillord, 1992) and 
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basins  (Jail lard,  1992). So, a foreland basin  develops  during lates 
Campanian and Maestrichtian San Jeronimo Gp deposition. I t  was probably 
located a t  the boundary between Western trou& and CVazco-Puno swel1, m d  
it resul ts   the  emplacement of the Millotingo-eapacmarca overthrust  (Pig. 
3 ) .  The foreland  basin  distal part was situated above the Cw"-plano 
swell, corresponding to   t he  sequence M3. After, the San JeroniEoo Gp 
thrust   the Cretaceous-Paleocene  autochtonous series (Red  Beds Nappe). 

Al9  these  tectonic  events  except  the Red Beds nappe w e  hown as 
the  Peruvim  tectonic phasep which is related, f i r B t ,  t o  a hi& 
convergence velocity of the  Pacific and South American plates 
(Coniacia)(Soler, 1991; Ja i l la rd ,  1992), and second with the  subduction 
of oceanic  obstacle (Pfollendo ridge)(Soler e t  a l  1989) that  provoked a 
magmatic gap and a compressive tectonic  (progressive  migration  ot the 
thrusting toward NE) .  

5- P&eocene (Upmr &ci. Serie5)- 

The Upper Red Series  are composed  by 2 formations:  Quillque and 
ChiIca  separated by an mconformity. Each one explains the progrtadation 
of the  f luvial   deposi ts ,   the   f i rs t  one from SW oleigin, the second one 
from NE origin. Both, probably correspond t o  the forelaad basin 
evo lut ion. 

In the Western trou& a volcanic arc ac t iv i ty  which begm i n  the 
Maestrichtian  times  mached its maximm in   the  Paleocene timss. 

The tectono-sedimentary  evolution in   the  (3UZ" wea between 
Mi~eleidgian?-PaPeocene cal be divided i n  5 stages grouped i n  2 great 
periods. The f i r s t  one (Rimeridgim?-T~wonim) is mainly a distenaive 
episod. The beginning  corresponds to  the  Eastern trou& opening i n  
re la t ion with  the Mimeridgian Araucan tectonic phase. In' t h i s  moment, 
there is  a change of the Phoenix and South he r i can   p l a t e s  convergence. 
The ending is chaleacterized by the  subduction  angle  modification  for  the 
high convergence velocity of the  Pacific and South herican plsates. The 
Second one (bniacian-Paleocene)  corresponds  to a global  rewessive 
episod i n  association  with  progressive  thrusting  that develops the 
foreland  basins. This period is re la ted ,   f i ra t  t o  the Peruvian tectonic 
phase which begins in  the  Coastal zone (lowest &niacian t h e s ) ,  and 
reaches the Cuzco-ho  swelP (Maestrichtian). The origin is the hi& 
convergence velocity of Pacific and South-herican  plates a d  the 
subduction of oceanic  obstacle (Hollendo ridge). Moreover, it is related 
with  the  tectonic  phases of the boundary M a e s t r i c h t i ~ - P ~ l ~ o c e ~ ~  and 
middle  Paleocene. 

This sedimentology and stratigraphic  study eviclence the nappe 
s t ruc twe of the San Jeroniruo Gp which overlies the Cretaceous-Palescene 
autochtonous Cuzco series. Such a nappe is a new evidence of the 
important shortening ocwred i n  t h i s  part of the  Andes. 
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RÉSUMÉ: L'évolution de la subsidence  dans le bassin du Chaco  (Bolivie)  est  étudi& h l'aide de sismique 
réflexion, de gravimetrie et de diagraphies diff&r&s. Les courbes de subsidence  depuis le Mioche superieur 
mettent  en  évidence Fois &tapes tectoniques  avec  des  taux  de  subsidence  compris entre 0.1 et 0,4 km/Ma. 
L'application  d'un  modèle de flexion,  avec une  rigiditk  de  flexion de 1OD N.m et une épaisseur de  la croûte de 
30-3 1 km, permet de décrire  l'kvolution de la géométrie  et  de la topographie  du  bassin  depuis  10 Ma. 
KEY  WORDS: Bolivia,  foreland  basin,  crustal  flexure,  tectonic  subsidence,  geophysics,  rncdel. 

INTRODUCTION  AND  GEOLOGICAL SETTINC 

During  the last decade,  important  progress has been  made  in  understanding  the  subsidence  rnechanisms of 
foreland  basins.  Several  modelling  studies  in  continental  regions  have  shown  that  the  flexural  response to 
tectonic  loading  can be represented by an  elastic  plate  overlying a weak fluid  (Turcotte  and  Schubert,  1982; 
Flemings and Jordan,  1989).  The  purpose of  this  paper is to quantitatively  estirnate  the  evolution of tectonic 
subsidence and crustal flexure in  the  Chaco  basin  of  Bolivia (lat 19O-2OoS) through  study  of  geological, 
seismic  reflexion,  gravity  and  log-welling  data  (mostly  unpublished  and  borrowed  from  the  Bolivian  State  Oil 
Company YPFB). 

The study  was  carried out in  the  Subandean  belt of southern  Bolivia (Rio Grande-Parapeti  area; lat 19'- 
20"s  and  long 62O-63'S; Fig.  1). The Subandean  belt is bounded  in  the West  by the  Main  Frontal  Thrust 
(CFF, "Cabalgamiento  Frontal  Principal"),  and  the  Subandean  deformation  dies  out  toward  the  east  into  the 
Chaco  plain (Herail et al..  1990;  Baby et al., 1992).  During  the  Neogene,  the  width of the foreland basin has 
apparently  varied €rom 100 to 120 km in  general.  The  basin is filled by late Oligocene to recent  sediments 
(Sempere et al., 1990)  with  a  maximum  thickness of 3000 m in  the  study Brea. The Tertiary  deposits  consist 
of conglomerates,  sandstones,  siltstones and  mudstones,  and  are  subdivided  in  the  Petaca.  Yecua,  Tariquia, 
Guandacay  and  Ernbomzd  formations (see Marshall  and  Sempere,  1991;  Marshall et al.,  1993). 

RESULTS 

Wireline  data  and  cutting  descriptions from  two  Wells (further on referred to as well  1  and well2) were 
used  to  build  the  two corresponding  synthetic  stratigraphic  columns.  Structural rnaps  and seismic  reflexion 
lines, in  which four  Tertiary  sequences - bounded by reflectors T,, T,, T3  and T4 - were  selected,  were 
interpreted  and  correlated with these two logs (Fig. 2). Ages tentatively  attributed to these  reflectors are 
respectively:  T4 =10 Ma  (beginning of local  onlap of Neogene deposition), T3 ~ 7 . 5  Ma (top of Yecua 
Formation; see Marshall et al.,  1993), T, 4 . 5  Ma (by  interpolation), T, =1 Ma (major  out-of-sequence 
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reactivation of h e  CFP  system; Sempre. unpublished). Future precisions on the a g a  of these reflectors may 
obviously l a d  to modifications of some of the  results  presented  hereafter. 

In order  to  approach the effects of subsidence,  the  "back-stripping"  method (Stakler and  Watts,  1978) wiis 
used. The effect of compaction was  incorporated for computation of tetonic subsidenee.  Paleobathyrnetry  and 
sa-level changes  were  neglected because the  depositional environment remained fluvial. 

The  porosity of argillaceous m d s  and  mudstones as a funetion of depth was deduced  from wnic bol 
(BHC) and  density  tool W C )  using  the matrix parameters  and asurning a l i n a  relation  between  porosity 
and  well  logs (Steckler and  Watts,  1978). 

Three stages were identified (Fig. 3). During stage T,-T, (=10-=7.5 Ma), the  tectonic  subsidenea  rate  was 
~0.4 km/Myr. During stage T3-T1 (=7.5-=1, Ma), this rate  decreased ts =0.1 km/Myr. Stage Tl-T,, (from =1 
Ma to the  present)  apparently shows an increase in subsidence  rate to 50.4 kWA4yr (Coudert,  1992). 

The  Bsuguer  anomaly  regularly  inereases toavard the est, Le. toward  the "Alto de Izozog" forebulge 
(YPFB, unpublished  data). In srder to understand the distribution of the  successive  loads on the  continental 
lithosphere, the  power spectrum of gravity anomalies (Karner and Watls. 1983) was determined. 
Discontinuities  evidenced through  this  method  are  located at the  top of and within  the  basement, Le. bdow 
the base of the  sedimentary  pile (2-2.2 km-thick). The deepest  discontinuity, at 31-32 km, apparently 
corresponds to the Moho. This crusta1  thickness is used for estimation of the flexural rigidity, whieh appears 
t~ be -lOB N.m (Coudefi,  1992). 

The evolution of crustal  flexure  using an elastic modal (Turcotte and Schubert. 1982; Flemings and 
Jordan, 1989) is shown  in Fig. 4. The  best Fit betwwn csmpuhtional results  and seismic and well data is 
obtained when a flexural parameter (=horizontal extension of the  flexure) of 4'0 !an is  chosen. 

In addition, the position (xd and  height  (wb) of the  forebulge  were eshated for each period Pis.  4). A 
migration of the forebulge OF about 90 km is observed  for  the lasb -7.5 MF, which  indieateo am average 
migration velwity of =9-10 h /Myr .  

Analysis of multiple  geophysieal data in the late Miwene Chaco continental  foreland  basin of Bolivia 
permits to sketeh out its evolution  and to tentatively  describe its successive geomevies and  topographies 
since 10 Ma. At least three tectsnic stages are identified, which include CUI interval of relatively low 
subsidence (49.1 h m y r ;  -7.5-1 Ma) intercalated  between  intervals of higher  subsidence ( ~ 0 . 4  h / M y r ) .  
Models used a m  wilh a flexmd rigidity of =1023 N.m and a crustal thicbess of40-31 km. 
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Fig. 1 - Map of southern  Bolivia  showing  location of studied  area. 
Formations  Lithology Sequences 

100 km . 

Fig. 2 - Schematic  lithology  and  stratigraphy of  well 1, with  indication o f  
stratigraphic  location of reflectors T, through T,. Wireline logs: G R  = gamma ray, PS 
= spontaneous  potential,  RILD = induction  resistivity,  Rho B = density tool (FDC). 
Lithology:  sandstones  are  in  white;  mudstones  are  in  black. 
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Fig. 3 - Tectoaic  subsidence curves since IO Ma for wdls 1 and 2. Dashed line: 
observed subsidenee;  dotted line: subsidence after decompaction;  solid line: eomputed 
basemeal subsidence. 
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Fig. 4 - Successive depths of the top of the basemernt at "tirnes" T3, Tz,   Tl ,  and "To" 
(presemst). Points: observed seismic data; solid line: somputed flexure profile; dotted 
liue: compensated topography. 
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INTRODUCTION 

We describe  the  history of the  Salar  de  Atacama,  a long-lived (Permo-Triassic - Recent)  nonmarine 
basin which, owing to the geodynamic  developrnent of the Central Andes, has evolved from a 
non-arc-related rift basin, through cornplex  "arc-related"  stages, to a  Miocene-Recent  forearc 
basin. We atternpt to demonstrate  that  sedimentary  basins at convergent plate margins preserve 
the most  cornplete record of the local geodynamic  history of the orogen and their analysis is an 
essential component in studies of crustal evolution.  Our database includes over one hundred 
logged sections  (some 20 km of stratigraphy), field maps, and the interpretations of aerial 
photographs/satellite images and several  regional  seismic  lines  across the basin. 

GEOLOGICAL SETTlNG 

The  Salar de Atacama  has  a long geological  history, from Permo-Triassic  to  Recent, al1  of it 
non-marine.  The  composite,  approximately 10 km of stratigraphy can be divided into five 
unconforrnity-bounded megasequences  (Fig. 1). These  are the Permo-Triassic Peine Formation 
and equivalents, the latest  Cretaceous-Eocene  Purilactis  Group (Hartley et  al., 1992), the 
Oligocene-earliest Miocene Paciencia Group  (Flint,  1985), the early Miocene-Plio-Pleistocene San 
Bartolo GroupNilama Formation  (Jolley et  al.,  1990) and the  Holocene alluvial fans and saliferous 
deposits.  The major types and periods of faulting and folding within the composite stratigraphy of 
the Salar de  Atacama inchde:- 

1. Permian listric normal faults, striking north-south,  downthrowing to the east. 
2. Late Cretaceous reactivation of the  Permian  fault  system, resulting in 

thickening  of the Purilactis  Group in the hanging  walls of these  faults. 
3. Local intense folding of the Purilactis Group in the northwest of the 

basin, linked to dextral  strike-slip faulting (late  Eocene). 
4. East to southeast thin-skinned thrusting and related folding in the early 

Miocene. 
5. Neotectonic thrusting of Tertiary strata over Holocene  gravels. 

Outcrop and particularly seisrnic  reflection  data  indicate  that  the  dominant control on basin 
formation and deposition of the bulk of the Salar basin fil1 was  extensional to oblique extensional , 



faulting.  Our  seismic  stratigraphie  analysis  indicates  1566 m+ of pre-Purilactis  Group sedimentary 
rocks,  characterized  by  discontinusus  reflectors.  This  earliest  basin fil1 unit shows large thiekness 
variations across the Salar de Atacama area; these  variations  coineide  with  the  Wsitions of several 
large faults.  Thickening  of stratal units  towards the faults  indicates  synsedimentary  fault  aetivity, 
whieh  defined  several  sub-basins.  The  Cordon de Lila was a basernent high  during  this  time. We 
think that the  whole Perm-Triassic succession represents a major  episode  of rifting;  the interna1 
unconformities  interpreted  from  seismic data and in the limited  outcrops are interpreted as the 
produds of discrete  extensional  faulting  events.  Our data also indicate that Permo-Triassie 
extension  here did not continue  into  the  Jurassic, as in the case of the Dorneyko basin to the West, 
as no  marine strata were deposited. We  thus mnclude that the El Bordo area represents a 
Paleozoie basement kigh,  separating the  easterly Sala "failed rift" from the western Domeyko 
basin.  The Salar basin  thus  reeeived some continental  detritus  during  the Iate Triassic  but  had 
probably  filled Io depositional  base  level  by  Jurassic  time. A seismic  interpretation of lines across 
the northern Salar basin  (Macellari et al. 1991)  defined  five  unconformity-bounded  depositional 
rnegasequences  but the inferred  stratigraphy of their  units 1 and 2 and ties  to  western outcrops 
differ frorn ours for the Paleozoie  through  Purilactis  Group. 

We consider that the dominance of extensional  tectonics in the Late Paleozoic-early 
Miocene of the Central  Andean belt is due to several  causes  (Fig.  2): 
1)  the late Permian  hosted  the  splitting of Pangea, due to thermal dorning and rifting (Mpodomis 
and May,  1992).  Thus the early Salar basin  extension  was  driven by stretching in a setting  with  no 
direct  evidence  of  subduction or volcanic  arc  aetivity.  Continued  extension and thermal 
subsidence  took place through the Triassic  and  early  Jurassic. 
2)  following  middle  Cretaceous mntraetion and uplift of the proto Cordillera  de Domeyko (driven by 
the  opening of the  South  Atlantic ocean), Purilactis  Group  deposition was controlled by  extension, 
now in a back-arc  basin  setting.  This  extension  re-used the Perm-Triassic fault  systerns. 
3)  extension and oblique slip during  Paciencia Group time  (Oligocene)  wa8 partially controlled by 
collapse of the  Cordillera de Dorneyko, which had been uplifted again during late Escene 
transpression. 

"basins" whieh, swing to the longevity  of the Andean margin and hemisphere-scale  tectonic 
evolution,  have  evolved from a continental rift, through a back-arc  basin and possible  inter-arc 
stages to a Late Tertiary-Recent forearc basin.  Accumulation of the sedimentary  succession was 
rnainly  due to extensional  faulting.  Important  but  short-duration  contractional episodes do link to 
known first order plate margin changes (Fig. 2) but  their  stratigraphie effect appears to be restricted 
to uplift/erosisn rather than creation of significant  flexural  subsidence. 

We  therefore  propose that the Salar de Atacama  stratigraphy preserves a series of 
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Figure 1 : Lithostratigraphy of the Salar de Atacama basin-fill, as exposed on the inverted basin margin 
and interpreted from seismic data. 
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EVOLUCION  DE  LA  CUENCA  CHICAMA (JURASICO  SUPERIOR- 
CRETACEO  INFERIOR)  ANDES NOR  PERUANOS 
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RBsumt5 

Grâce  aux  observations  effectuées  dans  les  aires  d'étude,  qui 
ont  permis  de  différencier  leurs  milieux  de  dépôt  respectifs, 
on a  pu  distinguer  trois  étapes: 

a) Individualisation du bassin: elle commence  au cours du 
Tithonique inférieur; les dépôts de la Formation Simbal 
illustrent  les  débuts de la  formation du bassin  jusqu'à la 
forte subsidence de celui-ci, qui est ;1. l'origine d'un 
changement  important  dans  les  conditions  de  sédimentation. 

b)  Remplissage  turbiditique  (Tithonique  supérieur) : formé  par 
la Formation  Punta Moreno et la Formation Sapotal; ces 
formations se déposent dans un système d'éventails sous- 
marins,  puis  de  remplissages  de  talus. 

c) Colmatage  (Berriasien) : il se produit dans un milieu de 
plate-forme de faible profonfeur,  il  est  constitué par la 
Formation  Tinajones. 

Palabras claves: Cuenca  Sedimentaria,  Subsidencia,  Jurgsico 
Superior,  Crethceo  Inferior,  Medios  Sedimentarios. 

Introducci6n 

Al fin del JurAsico, la margen  norperuana  est& dividida en 
varias  zonas  paleogeogrAficas,  que  son  de  oeste a este: 

- Una Cuenca Occidental (Cobbing et al. 1981) (actual 
Cordillera  Occidental)  muy  subsidente donde ha sido  formada 
la  Cuenca  Chicama  (Jacay, 1992). 
- Un Umbral Axial (Benavides, 1956) (geoanticlinal del 
Marafi6n) con  sedimentacibn  reducida. 
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- Una  Cuenca  Oriental  (Pardo  y ZMiga, 1976)  (actual  zona 
subandina) poco subsidente, con una  sedimentacibn 
continental. 

La sedimentacibn jurdsica de los Andes  Norperuanos 
comprende  a  la  gran  plataforma  carbonatada  del Tribico- 
Liasico  (Grupo  Pucar&)  (Pardo y Sam, 1979;  Prinz,  1985), 
la serie  volcans-sedimentaria  del  Calloviano-Oxfordiano 
(Formaci6n  Coldn)  (Pardo  y  Sanz,  1979)  (Mourier,  1988),  y 
la  serie  voleano-sedimentaria  del  Tithoniano-Berriasiano 
(Grupo  Chicarna)  (Jacay,  1992)  (Jaillard  et  Jacay,  1989) 

Con  datos  obtenidos en diferentes  lugares se establece  una 
orientacich  prefereneial N-S, para  la  evoluaci6n de la  Cuenca 
Chicarna,  en  Pa  regibn  norte  del  Per6. Asi en el: 

Durante  esta  época  corresponde a la  etapa  de 
individualizaci6n de la Cuenca, que se inieia con la 
Formacibn  Simbal  (Jacay,  1992)  (Jaillard  et  Jacay, 1989), de 
carActer  cl6stico-carbonatado. 

La  Formaci6n Simbal se deposit6 en  un medio de poca 
profundidad en lagoones  protejidos  del  mar abierto, por 
cordones  litorales. El ambiente  abrigado  y  Pa  cireulacibn 
restringida del lagoon en esta formacibn,  permite la 
precipitacibn  de  carbonatos,  yeso,  desarrollo  de  algas y una 
fauna  de  pelecipodos.  Hacia  la  parte  superior  de  la Formacih 
Simbal,  la  desaparicibn de los niveles  earbonatados y el 
abrupto  aumento  de  lutitas  negras  indican  una  subsidencia de 
Pa cuenca, que dard  lugar  a condiciones batiales, que 
dominarh en  el  siguiente  ciclo' 

Coms  consecuencia  de  un  evento  tectbnico  importante  (Jaillard 
et  al.  1990)  una  brutal  subsidencia da lugar  al  relleno 
turbiditico muy  rApido  de  la  Cuenca Chicarna (Jacay, 1992) 
(Formacibn  Punta  Moreno,  Formaci6n  Sapotal);  se  inieia con un 
potente  conglomerado  polimictico  basal,  en los alrededores  de 
Simbal,  sobre  estos  eonglomerados  redepositados  sobrevienen 
sedimentos  volcanoclhsticos  correspondientes  a  la  FQrmaci6n 
Punta Moreno,  con  un  suministro continu0 de material al 
sisterna de abanicos  submarinos; la distribucibn  del  aporte 
terrigeno da lugar  a la Formaci6n de lbbulos que van 
progradando  hacia  el  interior  de la cuenca. 
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En  el  sector  de Cascas-Ascope-Compartici6n, la  Formaci6n 
Punta  Moreno  representa  dep6sitos  de  con0  submarino  proximal, 
los modos  de  transporte  son  mayormente  de  debris flow, con 
conglomerados,  slumps,  etc.,  en  el  sector de Simbal las  
facies  se  sitlian  en l a  parte  proximal  del  16bulo  de  suprafgn 
del  abanico  medio  y  hacia  el  rio  Santa  las  facies  evidencian 
medios  de  abanico  inferior  (Fig. 1). 

TR 

Fig. 1 Mapa  paleogeogr6fico al Tithoniano  Superior 

Conclusiones 

La  evoluci6n  de la Cuenca  Chicama  corresponde a etapas  de 
formacih, relleno y colmataci6n  ocurridos  entre  el  fin  del 
Tithoniano  Inferior y el  Berriasiano. 

La  alta  subsidencia  inicial  de  la  Cuenca  Chicama  expresa  un 
importante  adelgazamiento  de  la  corteza  continental  del  nor- 
oeste  peruano  (Jaillard, 1990). La  subsidencia  t6rmica 
posterior  controlaria  la  paleogeografia  del  Cretziceo. 
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La Cuenca Chicarna muestra una evslucibn  tect6nieamente m$vil, 
creada por el sistema  transformante de la rnargen peruana 
hacia eP Jur6sies Medis Superior (JaiPPard et al. 1990). 
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REGIONAL DEVELOPMENT OF THE  SALTA  GHUUP FACIES 
1 N THE ARGENTINE  F'UIW 

Rosa A. M a r q u i l l a s ,  JO& A. S a l f i t y   a n d  CESçar R. Monald i  

U n i v e r s i d a d   N a c i o n a l  d e  S a l t a - C o n i c e t  
Buenos Aires 177, 4480, Salta,  A r g e n t i n a  

ABSTRACT 

T h e   i n f l u e n c e   o f   t h e   S a n   P a b l o   h i q h   d u r i n g   d e p o s i t i o n  of t h e  
Salta G r o u p   i n   t h e  e x t r e m e  n o r t h w e s t   o f   A r g e n t i n a  is shown. 
T h e   s y n r i f t   d e p o s i t s   ( P i r g u a   S u b g r o u p l   a n d   p o s t r i - f t   d e p a s i t s  
( B a l b u e n a   a n d   S a n t a   B d r b a r a   S u b g r o u p l   o f   t h i s   G r o u p  w e r e  l a i d  
down d u r i n g   t h e   C r e t a c e o u s - E o c e n e  t i m e  l a p s e .  

KEY WDRDS 
A r g e n t i n a ,   C r e t a c e o u s ,  Salta Group,  Yacoraite, l i m e s t o n e s ,  
a n o x i c   e n v i r o n m e n t .  

1 NTRODUCT 1 ON 

T h e   S a n   f a b l o   h i g h  was a p o s i t i v e   e l e m e n t   w h i c h   g o v e r n e d   t h e  
d e p o s i t i o n  of t h e   ( C r e t a c e o u s - E o c e n e )  Salta Group i n  t h e  
n o r t h w e 5 , t   c a r n e r  of A r g e n t i n a ,   t h e   s o u t h   o f  B o l i v i a  and  
n o r t h e a s t   C h i l e .  
S p e c i a l   a t t e n t i o n   h a s   b e e n   p a i d  t o  t h e   B a l b u e n a   S u b g r o u p ,   i n  
w h i c h   t h e   c a l c a r e o u s   n a t u r e  of t h e  Yacoraite F o r m a t i o n   f a c i e s  
h a 5  made i t  p o s s i b l e  ta d e t e c t   s u b t l e   p a l e o g e o g r a p h i c   c h a n g e s  
a n d   s i g n i f i c a n t   r e g i o n a l   m o d i f i c a t i o n s   i n   t h e   d e v e l o p m e n t   o f  
t h e s e  facies. 
T o  t h i s   e n d ,  a series o f   c r o s s - s e c t i o n s  of t h e  Sal ta  G r o u p   i n  
t h e   A r g e n t i n e   P u n a   ( F i g u r e  1) w e r e  s t u d i e d   i n   d e t a i l ,  
e s p e c i a l l y   t h o s e  o f  t h e   B a l b u e n a   S u t i g r o u p .   T h e s e   s e c t i o n s  are 
g r o u p e d   r o u n d   t h e   s o u t h e r n   f l a n k  of t h e   S a n  Pablo r idge,  
w h i c h   i n   t h i s   r e g i o n   s h o w s  a NW-SE s t r i k e .  

GEOLDGICAL SETTING 

T h e   n y n r i f t   d e p o s i t s  of t h e   P i r g u a   S u b g r o u p   s h o w  a t y p i c a l  
b a s a l   c o n g l o m e r a t e  facieç, ç u c h  as  t h o s e  of Cuevas  and  LipAn 
( F i g u r e s  1 and  21, made  up  of O r d o v i c i a n   b a ç e m e n t   f r a g m e n t s ,  
b o t h   i g n e o u s   a n d   s e d i m e n t a r y .   T h e s e   c o n g l o m e r a t e s   n o r m a l l y  
l ie o n   t h e   D r d o v i c i a n   t h r o u g h  a p r i m a r y   u n c o n i o r m i t y  
r e l a t i o n s h i p .   D e s p i t e   t h i s ,   i n  some s e c t i o n s   t h e i r  
r e l a t i o n s h i p   w i t h   t h e   O r d o v i c i a n  is t e c t o n i c ,   t h r o u g h   r e v e r s e  
f a u l t s   w h i c h  are of medium t o  h i g h   a n g l e   o n   t h e   5 u r f a c e   a n d  
d i p   b o t h  ta t h e  W e s t .  Some o f   t h e s e   f a u l t   m u s t   h a v e   b e e n   t h e  
a c t i v e   b o r d e r s  of t h e   s y n r i f t   g r a b e n s   i n   t h i s   p a r t  of t h e  
b a s i n .  140 i n t e r c a l a t i o n s  of i n t r u s i v e  r o c k s  w e r e  o b s e r v e d   i n  
t h e  s e c t i o n s   s t u d i e d .  
T h e   p o s t r i f t   d e p o s i t s  csf t h e   B a l b u e n a   S u b g r a u p   o v e r l i e   b o t h  
t h e   P i r g u a   S u b g r o u p ,   w i t h i n   t h e   ç y n r i f t   t r o u g h s ,   a n d   t h e   S a n  
F a b k o   h i g h ,   w h e r e   t h e y  rest o n   t h e   D r d o v i c i a n   b a s e m e n t .  
T h e   S a n t a   B A r b a r a  Subgroup is p r e s e n t   i n  almost al1 s e c k i o n s  
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a f  t h e  Sey d e p o c e n t e r ,   a l t h o u g h   w i t h   s a n d y  and e v e n  
c o n g l o m e r a t i c   f a c i e s .  I n  t h e  Ti-es C r u c e s   d e p o c e n t e r  i t  
c o n t a i n s   t y p i c a l   p e % i t i c   f a c i e s   ( F i g u r e  2 ) .  

BALBUENA SUBGROUF 

T h e   l i t h o l o g y  o f  t h e   p r e d o m i n a n t   u n i t a   f s u n d  i n  t h e  Yacol-aite 
F o r m a t i o n  in t h e  area o f  t h e   S a n   F a b l o   h i g h   i n d i c a t e s   t h e y  
W e i - e  laid down u n d e r   t h e   d e p a s i t i o n a l   c o n d i t i o n s   f o u n d  in 
p e l i t i c   a n d  calcaresus aoze e n v i r o n m e n t s .  T h e s e  s e d i m e n t a r y  
S e t k i n g 5  1-emained in g r e a t   p a r t  below t h e   o x y g a n   e x h a u s t i o n  
level, 81- i f  t h e y  d i d  n o t  arrive at s u c h  a s i t u a t i o n  were 
f a v o r e d  by e u x i n i c  c o n d i t i o n s   w h i c h   g o v e r n e d   t h e   n a t u r e  of 
t h e i r   f a c i e s . .  Howeverg i n u n d a t i o n  was n o t  p e r m a n e n t ,  as t h e  
d e p u s i t s  are i n t e r b e d d e d   w i t h   r e c o r d s  of r o c k s  f r o m  
e n v i r e n m e n t s  o f  shallower d e p t h s  and h i g h e r  e n e r g y .  
In t h i s  p r o x i m a l  b a s i n  are t h e  Yacaraite F o r m a t i o n   d e p o s i t s  
are f a r  f r o m  showing t h e   t y p i c a l   h i g h - e n e r g y   l i m e s t o n e   f a c i e s  
- o x y g e n a t e d ,   l i g h t - c o l o r e d   a n d   h a v i n g   i n t e r b e d d e d   s h a l l o w  
ç e q u e n c e s -  ~ e e n  i n  othee areas of t h e  b a s i n  b o r d e r ,   s u c h  as 
t h o s e   s u r r o u n d i n g   t h e   S a l t a - J u j u y   h i g h .  
The main lithologic c h a r a c t e r i s t i c s  of the Balbuena Subgroup  
- e s p e c i a l % y   t h o s e  of t h e  Yacorai te Format ion -  are g i v e n  
below, gr - suped   acco rd ing  ta t h e  main  facies9 a n d   i n c l u d i n g  
m i c r o s c o p i c   e x a m i n a t i o n   d a t a .  
The   Ea lbuena   Subgroup  lies on a n  Clrdovician b a s e m e n t   i n  
C h a u p i o r c o ,  Casa C o l o r a d a ,  C C ~ I - ~ R Z U ~ ~ ? ,  Poquis a n d  Que;ioa%? 
(Figures  1 and  3 ) .  E R  some cases it c o n t a i n s   t h e  coarsely 
stratifieci s a n d y -   d e p o s i t s  of t h e   L e c h o   F o r m a t i o n   i n  its base. 
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F 1 GURE 2.  Compos i t e  stratigraphie columns  
of  t h e  Salta G r o u p   i n   t h e  T r e s  Cruces 
and  S e y  d e p o c e n t e r s .  

T h e s e   d e p o s i t s   u s u a l l y   i n c l u d e  
c o n g l o m e r a t e s   c o n t a i n i n g   q u a r t z  
f r a g m e n t s ,  and C l r d o v i c i a n   s e d i m e n t a r y  
a n d   e x t r u s i v e . . , r o c k   f r a g m e n t s   f r o m   t h e  
P u n a . T h e   L e c h o   F o r m a t i o n   f a c i e s  are 
g e n e r a l l y   i n   k e e p i n g   w i t h   t h o s e   o f   t h e  
reçt of t h e   b a s i n ,   a n d   p o i n t  t o  a d i s t a l  
b r a i d e d   s y s t e m   s e t t i n g ,   i n f l u e n c e d  by 
e o l i a n   p r o c e s s e s   w h i c h   c r e a t e d   i n t e r -  
d u n e s .   T h i s   s e t t i n g  ha5 b e e n   c o n s i d e r e d  
t h a t  of a p r i o r  clastic p l a t f o r m ,   i n  
r e l a t i o n  t o  t h e   t r a n s g r e s s i v e  
c a r b o n a t e   d e p o s i t i o n s  of t h e  Yacoraite 
F o r m a t i o n .  When t h e   L e c h o   F o r m a t i o n  is 
n o t   p r e s e n t  as a Z i t h o l o g i c   u n i t ,   t h e  
facies i n   t h e   b a s a l   p o r t i o n   a f   t h e  
Yacoraite F o r m a t i o n   a c q u i r e  
c h a r a c t e r i s t i c s  similar ta it. 
The  l c s w e r  s e c t i o n  of t h e  Yacoraite 
F o r m a t i o n   c o n t a i n s  a s t r e t c h   o f  
h i g h - e n e r g y   a r e n a c e o u s   a n d  
a r e n a c e o u s - c a l c a r e o u s  r o c k s  which  
f r e q u e n t l y  l ie d i r e c t l y   a n   t h e   P a l e o z o i c  
basement .  I t  is formed of f i n e  t o  medium 
g r a i n e d   g r a y   w h i t e   a n d   g r e e n   s a n d s t o n e s ,  
c o n t a i n i n g   q u a r t z ,   p o t a s h   f e l d s p a r ,  
scarce p l a g i o c l a s e ,   h o r n b l e n d e ,   z i r c o n ,  
a n d   s c a t k e r e d   l i t h i c   g r a i n s ,   p l u s  small 
p h o s p h a t i c   b o n e   f r a g m e n t s .   A b o v e   t h i s  set 
of s e d i m e n t s  l ie l i m e ç t o n e s  of medium to  
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h i g h   e n e r g y   c h a r a c t e r i s t i c s   ( w a c k e s t o n e s ,   p a c k s t o n e s ,   a n d  
g r a i n s t o n e s )   c o n t a i n i n g   d i v e r s e  oo l i tes ,  i n t r a c l a s t s ,  
a b u n d a n t   o s t r a c o d s ,   g a s t r o p o d s ,   f i s h   r e m a i n s   a n d   o t h e r   b o n e  
f r a g m e n t s ,   a n d  scarce o r g a n i c  matter. I m m e d i a t e l y   a b o v e   t h e s e  
lies a l o w - e n e r g y   s e q u e n c e   - p r o b a b l y   r e p r e s e n t a t i v e   o f   t h e  
f i r s t   r e g i o n a l   f l o o d i n g   e p i s o d e   u n d e r   r e d u c i n g   c o n d i t i o n s -  
made u p   o f   g r e e n i s h   g r a y  l i m e  m u d s t o n e   a n d   g r e e n ,   g r a y   a n d  
b l a c k   s h a l e s ,   c o n t a i n i n g   p y r i t e   a n d   o t h e r   s u l p h i d e s ; ,  scarce 
c o l l o p h a n e ,   a b u n d a n t   w i d e s p r e a d   o r q a n i c  matter - p r o b a b l y  
v e g e t a b l e   i n   o r i g i n -   a n d  scarce g y p s u m   a n d   a n h y d r i t e .  
T h e   u p p e r   s e c t i o n  of t h e  Yacoraite F o r m a t i o n   s h o w s   t h a t   t h e  
r e l a t i v e l y   d e e p e r   e n v i r o n m e n t ,   a s s o c i a t e d   w i t h   a n o x i c  
c o n d i t i o n s ,   c o n t i n u e d   u n t i l   t h e   e n d  of d e p o ç i t i o n .   T h i s  w a ç  
o n l y   b r i e i l y   i n t e r r u p t e d  by s e v e r a l   s h a l l o w i n g   p u l s e s ,  
c o m b i n e d   w i t h   t e r r i g e n o u s   ~ u p p l i e 5 ~   t h e   f o r m a t i o n  o f  t h e  
skeletal a n d   n o n s k e l e t a l   g r a i n   l i m e s t o n e s ,   t h e   g r o w t h   o f  
a l g a l  stromatalites, a n d   t h e   i n t r a b a s i n a l   f r a g m e n t a t i o n   a d  
s e d i m e n t s   t h r o u g h   s u b a e r i a i   e x p a s u r e .   T h e s e   s e d i m e n t s  are 
i n t e r c a l a t e d  by t h i n   i s o l a t e d   t u f f   a n d  t u f  f i t e   l e v e l s .  
Thus ,  a r h y t h m i c   s e d i m e n t a t i o n  of darb:. p e l i t i c   r o c k s   a n d  
l a m i n a t e d   s c a r c e l y   b i a t u r b a t e d   c a r b o n a t e s   c h a r a c t e r i z e s   t h e  
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FIGURE 3. S y n r i f t   s e d i m e n t a r y   f i l l i n g  of t h e   P i q u a  Subgrclup 
( A l ,  a n d   p o s t r i f t   s e q u e n c e  of t h e   B a l b u e n a  Subgi-oup [3). 
1 I n f e r r e d  basin e d g e ,  2 S t r u c t u r a l   h i g h ,  3 I s o p a c h   l i n e ,  
t h i c k n e s s  i n  k m  ( A )  a n d   i n   h u n d r e d s .  of meters (B), 4 ail 
f i e l d  (Yacoraite F o r m a t i o n  as b a t h   s o u r c e   a n d   r e s e r v e i r ) ,  5 
C o n t r o E   p o i n t  Isee F i g u r e  1). 

g r e a t e r  part of the u p p e r  sect ion of t h e   Y e c o t - a i t e   F o r m a t i o n .  
T h i s  s e c t i o n  c o n s i s t s   o f   c l a y s t o n e ,  b l a t k  shale, s t i n k s t o n e ,  
d a r k  micrite, d o l a m i c r i t e p  l i m e  m u d s t o n e   w i t h  çcarce srna11 
t e r i p i g e n o u s   g r a i n s   f l o a t i n g  i n  a c a r b o n a t e - e v a p a r i t e   p a s t e ,  
i n t e r - L a m i n a t e d   s i l t s t o n e   a n d  very  fine calcareous s a n d s t o n e ,  
w a c k e s t o n e   w i t h   a b u n d a n t   o s t r a c o d s 5  s o m e  p a c k s t a n e s  and 
q r a i n s t o n e s   ( w i t h   c o l l a p s e d  oo l i t e s ,  b i v a l v e s ?   g a s t r o p a d s ,  
and  f i s h   a n d   p l a n t   f r a g m e n t s ) ,   a n d   b E a c k  stromatolite 
b o u n d s t o n e ,   O r g a n i c  matter is f r e q u e n t l y   a b u n d a n t   [ k e r o g e n e 5  
a n d   b i t u r n e n s ) , ,  as are i r o n   s u l p h i d e r , ,   o t h e r   u n a x i d i m e d  
metallic s u E p h i d e s p   s c a t t e r e d   p h o s p h a t e s   a n d   p h o s p h a t i c  
n o d u l e s ,  Un t h e   o t h e r   h a n d ,   e v a p o r i t e s  -gypsurn a n d   a n h y d r i t e -  
are scarce, as is c h e r t  

T h e   f o r e g o i n g   c o n f i r m s   t h a t   d u r i n q   t h e  Vacaraite Forma.tion 
d e p o s i t i o n   t h e r e  w a s  a r e g i o n - w i d e   z o n e ,   t h a t   i n c l u d e d  the 
w e s t e r n  portion o f   t h e  Tres Cruces d e p o t e n t e r ,   t h e  San Fab le  
h i g k   a n d   t h e   n o r t h e r n   p a r t  of t h e   S e y   d e p o c e n t e r ,  i n   w h i c k  
the s u b s i d e n t   e p i s o d e s  were o f   s u f f i c i e n t   m a g n i t u d e  to 
e f f e c t i v e l y   q o v e r n   b o t h   t h e   r e l a t i v e   d e e p e n i n g  of t h e  
s e d i m e n t a r y   e n v i r o n m e n t   a n d   t h e   a c c u m u l a t i o n  of r e d u c i n g  
facies, d e s p i t e   d e p o s i t i o n   t a k i n g   p l a c e   i n  areaa o f  s t r i c t l y  
littoraf Location. 
S u b s i d e n c e   d u r i n q  the Yacoraite F o r m a t i o n   d e p o s i t i o n  w a s  
s t e a d y   a n d  O f  a similar n a t u r e   b a t h   i n  the d e p o c e n t e r s   a n d   i n  
the f l o o d e d   p o r t i o n  of t h e   S a n  Pablo high,' onLy   be ing   a l t e r - ed  
by b r i e f   i n t e r v a l s   o f   s h a l l a w i n g .  
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JURASSIC-EARLY  CRETACEOUS  FACLES  DISTRIBUTION 
IN THE WESTERN  ALTIPLANO (18"-21" 30'S.L). 

IMPLICATIONS  FOR  HYDROCARBON  EXPLORATION 

Nelson MUfiOZ G.('), Reynaldo CHARRIER G.@) 

(1) Empresa  Nacional  del  Petroleo-Chile.  Compaiiia #1085, Pis0 12, Santiago,  CHILE. 
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ABSTRACT: Facies  analyses of Jurassic-Early  Cretaceous  sequences  suggest  an  extensive  distribution of 
marine deposits toward the East. n i s  paleogeographic mode1 hm implications for hydrocarbon  exploration 
in  the Altiplano, since it suggests  that  the  Jurassic-Early  Cretaceous  backarc  basin may be preserved in the 
subsugace of the  western Altiplano. 

KEY WORDS: Chile, Altiplano, Jurassic, facies, hydrocarbon. 

INTRODUCTION 

A  system  of  magmatic  arc  related  backarc  basins  developed  along  the  western  margin  of  South 
America  was  covered by several  marine  advances  during  the  Jurassic-Early  Cretaceous  period.  Sediments 
deposited  during  these  events are widely  exposed  along  the  Andes  and  preserved in the  subsurface  of 
subandean  basin.  Sedimentary  Jurassic-Early  Cretaceous  units are of  great  economic  importance as they 
provide  the  source and reservoirs for the  largest  accumulations  of  hydrocarbons of the  western  margin  of 
the  continent. This composite  system  of  arc and  backarc  basin  remained  active  until  the  middle  Cretaceous, 
when  a  generalized  tectonic  event  inverted  of  some  of  these  backarc ba~ins '~~J' .  

The remnants  of  the  Jurassic-Early  Cretaceous  magmatic  arc are well  exposed for more than 1OOO 
km along  the  present  coastal  line.  However,  the  distribution  of  the  backarc  basin  toward  the east between 
18" and 21"s latitude  has  not been studied  in  detail. In this  paper  we  discuss  the  probability that, in this 
area,  the  backarc  basin  could  have  spread  eastward and  that it may be  preserved in the  western  border  of 
Altiplano. Based on published  and  unpublished  information  we  discuss  the  stratigraphy  and  the 
paleogeography  of  the  backarc  basin  along  three  profiles  located  at 18",  20" and 21'30's latitude (Figs 1,2). 

GEOLOGICAL SETTmG 

In most of the studied  sections, it is possible  to  identify  three  distinctive  major  intervals  with 
different  facies  assemblages:  (a)  transgressive  deposits  (basal  unit)  that  indicate  the  inception  of  the sea level 
rise; (b) widespread  open  marine  deposits  (middle  unit)  indicating  a  stable state of basin  subsidence,  and (c) 
regressive  sequences  that  indicate  a  marine  regression  due  to  base  level  uplift. 

18" South  Latitude. Jurassic-Early  Cretaceous  sedimentary  deposits are distributed between Arica, 
in the  actual  Coastal  Range,  and  the  Titicaca  Lake  in  the  south-eastern part of Peru. In the  Coastal  Range 
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of Arica,  thick Pliensbachiam to Oxfordiam andesitic and basaltic-andaitic aarsitis are imterbdded with detritic 
and alcarmus mrime deposits. 

Inlmd from Arica, the  Mesornie  sedimentary series begin in the Sinemuria amd lie diseonfombly 
on an acidic  tuff mit .  Ia the upper h p a  Valley, a series of terrigenous  clastic a d  carbonate dimentary 
rocks with anirnos pyroclmtic  intercalations is exposd. This unit corntains marine fama of Lias to h w e r  
Nmcomian  age4. 

Farther to the  north t, these  facies are replaced  by 1,200 m of a monotomously imterbeddd 
sandstones amd  shheles, characteriml by  thimming-upwaed succe~sioms~~~~. This facies  association is imterpreted 
as a turbiditic series. 

A regional imterpretation of these quences  imdicates that in the upper h p a  Valley as well as in 
Arica the sdimentation took place on a shallow mrhe shelf. However, prograsively deeper  facies foumd 
to the wt indicate that sedimenhtiom twk place  through  gravity  flow  deposits, suggestimg that the deeper 
part of the Jurassic-Early Cretaceous back-arc  basin \vas located in that  direetiom. 

19" South  Latitude. In the Coastal Wamge of Iquique the sedimentatiom is characteri 
marine limestome  and shales,  interbedded  with mdesitic pillow lavmg.  Similarly to the eoast n a r  Arica, these 
sequences represent the imkractiom of shallow m r h e  conditioms with B submergd portion of the volamie 
arc. 

To the  East of Iquique,  the Noma Formation rmts uncomfombly over Paleomic metatuorphie 
rocks. This fomtiom imcludes b w I  conglomerates  followed  by  shales md thin limestone  intercalations, with 
diagnostic  Sinemurian  amnomites, that indicate  the  initial tramsgressive episode. Farther e s t  these facies are 
replaced  by Q rhytMc interbeddimg of siltstones amd mdstones that  have b e n  imterpretd as a turbidite 
facies2. 

Post-Sinemurian - pre-Cdovian sedimemts are domiaated by clastic  deposits  that reflect the  transition 
towmds a fluvio-deltaic  emviromemt in tkis a ra .  However,  farther a s t  the facies are correspond  to  dislal 
deposib characteriml by fmer graimed  sedimemts thm their  western  quvalemtsz. To the w t  no marine 
deposib of this age have b e n  repsrted. 

A regional  analyses at 19" S latitude  indicatm  that  the  marine  facies are progressively  deeper 
towards the East.  However, w t e m  outcrops are imcomplete md do not  allow a clear definitiom of the facies 
chmges duhg the Simemurian-Caloviam. 

21" 36' South  Latitude. The Coastal Wamge of this  region was dominatal by an almsst continuous 
volcauic  activity. The Lw Negra Formation is formed by up to 2,500 meters of mdesitic lava with at least 
two mriae intercalations of calcarmus sandstomes aad limestones with Sinemurian to Calovim-Oxfordian 
diagnostic momites7. To the mt, this  facies  association  gives  way to exclusively  by m r h e  deposits. 

Tps the  East ia the Cereo Jaspe  area, the basal trmsgressive unit is followed by oolitic limestones 
and alcarmus smdstones and siltstones. Farther e s t  and north, im the Cerro Yocas-Guatacondo aeea, these 
calcarmus facies  associations  were replacexi during  the Sinemurian-Aaleniam  by terrigenous  clastic sequemees. 
These facies  associations cam also  be irnterpreted as turbidity  currents  depooits,  whick  resulted  from the 
retrogradation of B deep fan into the dmper part of the backarc basim in this ara.  Paleocurnent data show 
that mlimentation tosk place  through  flow deposits flushed  northward a d  nosrtheasbard. The clastic 
influemce decrases to the south where calcarmus sequences  domimate 3*8. 

These formations represent the  major  depocemtre d u h g  the Jurassic-Early Cretacmus in northern 
Chile. In t-his a r a  up to 4,500  meters of different  facies  associations  were  deposited into the backarc basin. 
The deeper  facies aee located  toward the east amd there is no base  to  establish the eastern border of the 
backarc bmim  im Chilem territory. 
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CONCLUSIONS 

A  preliminary  paleogeographic  interpretation  of  the  Jurassic-Early  Cretaceous  sequences  exposed 
along the Coastal  Range,  Precordillera  and  the  western  border of Altiplano  between 18" and 21 O 30', shows 
a  clear West-to-east  sediment  depth  polarity. This  polarity  varies  from  shallow  water  calcareous  deposits  to 
the West, to deeper  water  terrigenous  clastic  deposits  to  the east. Pillow  lavas  interbedded  with  fossiliferous 
limestones are located in  the  present  Coastal  Range,  give way to  the east to  calcareous  marine  sequences. 
Still  farther east the  facies  equivalents are turbidite  flow  deposits. 

The greatest  thickness of Jurassic-Early  Cretaceous  sediments  have  been  reported at 21 O 30' south 
latitude  (Cerro  Yocas-Guatacondo  areas)  where up to 4,500 meters are exposed. In this region, the  facies 
distribution  suggests  that  the  backarc  basin had an extensive  marine  distribution  toward  the  Altiplano. 

This interpretation  implies  that  the  Jurassic-Early  Cretaceous  backarc  basin may be  preserved in 
the  subsurface of the  western  Altiplano Basin (Fig.5).  Consequently,  this  region  could be considered as a 
hypothetic  hidrocarbon  exploration  area. 
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INTRODUCTION 

The  Tertiary  stratigraphy  and  structure of southern  Chile  between  44" S and 47"s is 
poorly known yet is critical to the  understanding  of  the  evolution of the  Andean  Plate margin 
in ihis region, most speciiically  the  evolution of the  Chile  Triple  Junction  (Forsythe & Prior, 
1992). Field studies  carried  out in the  Cosmelli  area  ,10km  east of Guadal,  and in the  Cerro 
Rocosso  area,  15km  south of Chile  Chico,  have  provided  new  data  relevant to the  Tertiary 
evolution  of  southern  Chile.  Here we outline  these  reconnaissance  studies  together with 
some  ideas  as to their  implications  for  the  Tertiary  plate  dynamics  of  this  region. 

GEOLOGICAL WORK 

Our  studies  show  that  immediately  south of Lago General  Carrera  four  distinct 
lithostratigraphic  formations  overly  the  Devisadero  Formation  (Cretaceous:  Niemeyer  et al., 
1974).  The  successions  at  the  western  and  eastern  ends of Lago  General  Carrera are: 

West (Cerro Rocosa  East (CosmellQ 

Galera Fm 
Guadal Fm 
San  Jose Fm 
Cerro Rocosso Fm 
Divisadero 

Galera Fm 
Guadal Fm 
San Jose Fm 
Divisadero 

The  Galera  Fommation  contains  a  Tertiary Fauna  (Niemeyer  et  al.,  1974)  although this 
does  not  discriminate  the age within the  Tertiary.  The  age of the  San  Jose  Fornation  and  the 
Cerro  Rocosso  Fornation  are  not  tightly  constrained.  These  are  mostly  conformable  with  each 
other  and  pass  conformably  into  the  Guadal  and we postulate  that  these are  Tertiary.  The 
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Cerro Rocosso  Formation  may be equivalent  to  the  Chile  Chico  Formation,  postulated  to be 
Tertiary  $y  Niemeyer (M. Suarez,  pers wmm). 

volcanogenic  fluvial/alluvial  sediments.  This passes upwards,  mostly  conformably  but  locally 
unconformably,  into  the San Jose Formation; a series of alluvial  plain  and  fluvio-deltaie 
sediments and intercalated ash deposits  Palaeocurrents are to the  east mrresponding  with a 
change from flosdplain  sediments in the West to  deltaic in the  east. The top of  the  fllavio- 
deltaie  succession is locally marked by a coal shale horizon in the  east. 

comprises estuarine  sandstones and marine siltslsands. The lower parts of  the Guadal 
Succession are dorninantly open marine and are Iaterally  extensive  over a 1 Okm seale. The 
upper parts show tidal  influences and lateral  variations in facies on a  kilometre  seale.  The 
succession  contains  basaltic  sills. In the Cerro Wocosso  to  the east the San Jose Fomatiofl is 
esnformably  overlain  by  at  least a Wlometre  of  basaltic  lavas.  Within  the  first 188m a there is 
marine succession  which  contains  identical  lithostratigraphic and faunal  elements to the 
Guadal  of further west. 

fluvial sandstsnes and  silts  with  palaeocurrents  to  the  east.  The Galera is unesnformable upon 
the Guadal sediments in the west and upon the Guadal  equivalent  basalts in the  east. 

The sedimentary  succession observed indicates some significant  base-level 
changes, m s t  notably the Guadal marine incursion  and  the  rapid change to continental 
sedimentatisn represented by the Galera. There may be base-level  changes of similar or 
greater  significance  correspondent  with  fluvial  facies  changes  within  the Galera Formation. 

The  Tertiary is folded and irnbmealed by a series of N-S  striking  thrusts and 
backthrusts.  The  deformation is active  during San-Jose to Upper Guadal/ Lower Galera 
deposition in the west and mray be responsible for the obsewed base-level  changes. In the 
West deformation  continues  later ints the Galera and  suggests  that  deformation  propagated in 
a west to east  direction. 

using mammal bones, are mnventionally correlatecl to the Galera Formation.  Identification of 
earlier  alluvial/fluvial  systems (San Jose 8 Cerro Rocosso Formations) lends the  possibility of a 
different  correlation. The lithostratigraphy of the  ciated  sections  corresponds much more 
cbsely to  the San Jose/Cemo Roessso than  to the Galera. This mew correlation is crucial  to a 
geodynamie onderstanding of this  region. 

The Cerro Roccssso Formation  comprises  acidic and intermediate  volcanics  and 

ln the  Cosmelli area the Guadal Formation  overlies  the San Jose conformably and 

The Galera Formation  comprises a few km thiclcness of unfossilifierous,  continental, 

Tertiary  alluvial/fluvial  sediments north and  south of the  study  area,  dated at -18Ma 

The  implication is that  the Guadal and Galera formations  and  associated  tectonics and 
magmatism  must have developed in the  Late  Mioeene or Pliscene,  corresponding to the  time 
period  over  which  the  Chile  Triple  Junction kas evolved. The basaltic  volcanism has been 
related to  the passage of slab windows  csrresponding  to  continued  subduction of segments 
of the Chile  Ridge (Ramos 8 Kay, 1991). The thermal and gravitational anornaly associated 
with  the  passage  of slab windows  may also explain  the observed base level changes and 
tectonic  evolution  within  the  Tertiary  sediments. 

Forsylhe, RD., 8 Prior, B.J., 1992, Cenozoic  continental geolsgy of  South  Arnerica  and its 
relations  to  the  evolution of the  Chile  Triple  Junction. In Behrrnann, Lewis et al., 
Proceedinggs of the Oeean Drilling Program, Initial Reports, 141, 23-31. 

Niemeyer, H., Skarmeta, J., Fuenzalida, P., Espinosa, W., 1974, Hojas peninsula de Taitao y 
Puerto  Aisen: Carte Geologica de Chile No 

Ramos, V., & Kay, S.M., 1991, Southern  Patagonian  plateau  basalts  and  deformation: 
backarc  testimony of ridge  collisions. Tecfonopkysics, 905, 261 -282. 
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l'Hl2 WESTERN MARGIN OF THE NEUQUEN BASIN  (ARGENTINA) IN THE 
UPPEX JURASSIC AND LOWER CRETACEOUS 
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RESUMEN: Los sedimentos  del  Jur6sico  Superior  y CretAcico Inferior  (138 - 117 Ma) de la Cuenca 
Neuquina  (Argentina) son origen  de un arc0 magmsitico en el oeste, m a  regibn  metam6rfica  (Macizo 
Norpataghico) en  el sur y un orcigeno  de  colisibn  retrabajado  en  el  este. El arc0  magmltico  aparece  en 
forma de "transitional arc" y  "dissected arc". 

KEY WORDS: Upper  Jurassic,  Lower  Cretaceous,  sediment  provenance,  magmatic  arc,  Neuquen  Basin, 
Argentina 

The  Neuquén  Basin,  situated  approx. 33" - 40" S and 67" - 71 O W, forms  the  southern  part  of the Andean 
Basin. It is bordered in the  east  by  the  block  of  San  Rafael  and in the south by the  North  Patagonian  Massif. 
In the West it is limited by a  magmatic  arc  as is suggested by  DIGREGORIO & ULIANA (1980)  and other 
authors. In this  study  type  and  effectiveness  of  the  magmatic  arc  from  the Late'Jurassic up to the Early 
Cretaceous  (138 - 117) are discussed. For this  purpuse,  modal  analyses  of  sandstones  zpd  heavy  mineral 
analyses were carried  out. The stratigraphical  classification  of  profiles  and  samples  was  based  on  the 
sequence  stratigraphical  investigations by LEGARRETA & GULISANO (1989). 

As a  result  of  the  modal  analyses of  sandstones  from  the  southern  part  of  the  basin,  two  different  source 
areas for the  sediments  could  be  identified.  The  influence  of  a  third  source  area  could  be  detected  only by 
heavy  mineral  analyses. In general it can  be  said  that  sediments  originate  from  both  a  magmatic  source  area 
in the West and  a  metamorphic  area,  indicated  by  the  heavy  mineral  contents  of  the  sediments, in the  south 
or southwest  of the Neuquén  Basin.  The  third  source  area  becomes  noticeable  only for a short  time  when 
sediments  from  the  east,  derived  from  a  reworked  collision  orogen,  are  being  transported  into  the  northern 
Neuquén  Basin. 

The sequence  stratigraphical  division of the  sequence  and  facies  maps,  derived  from it, show  that  the  basin 
was  continually  subjected  to  strong,  short-termed  changes in extension  and  facies  distribution. The reasons 
for these  changes are sea  level  fluctuations  which  are  connected  with  and  correspond  to  the  global  eustatic 
changes. 

By classifying  the  samples  sequence  stratigraphically,  it was  possible  to  sort  and  interpret  the  results  of the 
modal  and  heavy  mineral  analyses  more  accurately.  The  data  clearly  indicate  that  the  magmatic  source  area 
is a  magmatic  arc  which  is  bordering  the  basin in the West and  presumably  forms  a bamer to  the  Pacific 
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Ocean open from  time ta t h e .  Additionally,  different  levels  appear to have been eroded within the 
magmatic arc: During the Tithonim (138 Ma) the magmatic arc  supplies  material whieh corresponds to a 
transitional arc (sensu DICICINSON 19%). In the further  developrnent of the  source  area -- during the lower 
and  upper  Berriasian (130,5 Ma) and the uppermost  Berriasian (128 Ma) -- the trmsportd material cornes 
from a dissected are. This proves that also  parts of the  plutonic  root of the magmatic arc have bem eroded. 
IR the lower Valmgiuian (126 Ma) and upper  Hauterivian (117 Ma) the charaeteristics of the transportal 
sdimenhry material cm again be related  to  a  transitional  arc. 

In the east to northeast a reworked  collision  orogen  borders the basin and supplies material iato the aorthern 
Neuquén Basin for a short t h e  (at 128 Ma). The southwest  and south of the basin is lirpnited by a 
mehmorpbic bighland (North Pahgornian Massi0 where  the supplid material is rsnixed with detritus fmm 
the western magmatic arc. 
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Fig. 1. Variations of provenanee of sediments, Neuquen Basin (Argentha). Biagrams  afier DICKINSON 
(1985); arithmetic mean of 65 samples 
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MESOZOIC  STRATIGRAPHY  AND PALEOGEOGRAPHY OF NORTHERN 
PATAGONIAN CORDILLERA (LAT. 45"-47OS), CHILE. 

Manuel SUAREZ"' and Rita DE LA CRUZ"' 

(1 1 Avenida Santa Maria 0104, Correo 9, Santiago, Chile 

ABSTRACT: Mid-Upper Jurassic rift-related volcanism in Northern Patagonian Cordillera, 
between 4 5 O - 4 7 O  Lat.S, was followed by the development of a Lower Cretaceous marine basin 
formed by p-ost-rift thermotectonic subsidence. Subaerial volcanism was reinstalled by the mid- 
Cretaceous. Extensional, strike-slip and contractional tectonics locally ocurred. 

KEY WORDS: Patagonian Cordillera, stratigraphy, paleogeography, tectonics. 

INTRODUCTION 

During the Jurassic-Cretaceous thick volcanic and sedimentary sequences accumulated 
in northern Patagonian Cordillera ( 4 5 O - 4 7 O  L.S), in southern Chile. Recent work identified 
volcanic and sedimentary facies and environments and a new stratigraphic scheme; this allows 
paleogeographic and tectonic reconstructions. 

GEOLOGICAL SETTING 

Six Mesozoic formations (with a seventh of Cretaceous?-Tertiary age) were recognized 
(Fig.1; Sudrez and De La Cruz, 1992). The oldest (Ibafiez Formation, Niemeyer gt al., 19841, 
includes a Mid-Upper Jurassic thick acid volcanic unit (calderas) with intercalated sedimentites. 
This unit was coeval with a widespread rifting episode in Patagonia (see Gust al., 1985). 
An intermitent marine transgresion, that left  preseived parts of truncated volcanic cones and 
locally was synchronous with active volcanism, marked the initiation of an Upper Jurassic - 
Lower Cretaceous widespread marine basin. A deepening - shallowing upward trend can be 
recognized in the sedimentary infill of it; from base to top the following units were recognised 
(Sudrez and De La Cruz, 1992, in prep.): 

. shallow marine limestones, 6-40 m thick (Cotidiano Formation, defined in Argentina, see 
Ramos, 1981 1. 
. over 100 m thick succession of tuffs (including ignirnbrites), tuffaceous sandstones and 
limestones. Toqui Formation (Sudrez and De La Cruz, in prep.),. 
. Shelf and prodelta black shales (Katterfeld Formation defined in Argentina, see Ramos, 1981 1. 
, Deltaic (braid-delta) and tidal bioturbated sandstones, prograding to the West overlain by 
fluvial sandstones (Apeleg Formation, defined in Argentina, see Ramos, 1981 1. 
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Subsequently, the products of active subaereal volcanism (calderas) covered the area 
(Divisaders Formation, se8 Niemeyer a d., 1984; Susrez  and De La Crum, 1992). 

' Extensional, strike-slip and locally contractional tectonics affected  this rocks. The latter 
was observed ncsrth and soutk of Lago General Carrera, where postlower Mioeene tkrusts 
were identified (Sudrem and De La Cruz, 1992). 

C6NCLUS16NS 

The Upper  Jurassic - Lswer Cretaeeous  marine formations includes relatively 
shallow marine facies; no important fan-delta system were observed, suggesting the absence 
of steep margins. Therefore, it is infered tkat the basin was formed by a widespread post-rift 
thermotectonie subsidence. 

The post-Lower Miocene thrusting may be related to that described in Argenina 
a t  latitud  48's (Ramos, '1989) and formed as a result of the collision of the Chile Ridge witk 
the Chile Treneh. 
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FIG. 1 SCHEMATIC MESOZOIC 
STRATIGRAPHIC  DIAGRAM 

CHlLE  CHICO/NIREGUAO  FMS.  (PROBAELY  TERTIARY) 

METAMORPHIC  BASEMENT  IPALEOZOIC 1 
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A SHORT-LIVED COMPRESSION  RELATED  SEDWIENT FILL IN  THE 
ANDEAN  INTERMOUNTAIN  BASIN  OF  NABON (LATE MIOCENE, 

SOUTHERN  ECUADOR) 
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HELLER, Dominik HUNGERBUHLER & Michael STEINMANN 
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IUSUMEN: El relleno volcano-sedimentario de  la Cuenca del tipo con0 aluvial y fluvio- 
lacustrin  fue  depositado  hace = 8 Ma (dataciones  por  trazas de fisi6n y datos 
paleomagneticos j. Las deformaciones sinsedimentarias permiten determinar un regimen 
compresivo durante el relleno. 

KEY WORDS: Ecuador, Miocene, intermountain basin, basin analysis,  zircon  fission 
track, paleomagnetics. 

INTRODUCTION 

The Nab6n basin is an elongated NNE-SSW oriented structure of Ca. 120  km2 
situated  in the Interandean  depression  south of the town Cuenca. The basin fill (500- 
600m)  consists of volcaniclastic and pyroclastic continental  deposits which overlies a 
volcanic  series of mostly  ignimbrites. The basin is a part of several  Interandean 
continental  basins  (Cuenca, G i r h ,  Loja etc.) formed  after  the  Paleocene-Eocene 
accretion of the PiiionlMacuchi arc terrain and during the Tertiary  subduction of the 
Nazca plate with related volcanic activity and uplift of the Ecuadorian Andes (e.g. Daly, 
1989). In southern Ecuador a latest Oligocene to Miocene age of basin opening and filling 
under  compressive  strike-slip  movements is generally  assumed  (Noblet et al., 1988, 
Lavenu et al., 1992). The reconstruction of the sedimentary history and synsedimentary 
deformation reveals the tectonic evolution of this part of the Andean Chain  (e.g. Noblet & 
Marocco,  1989,  Lavenu et al., 1990). We present new data  from  the  Nab6n  basin 
concerning the  age and evolution of the sediment fill and its deformation. 

RJISULTS 

The basin is floored by an ignimbrite series (Saraguro Fm.) dated by zircon fission 
track at 29-23 Ma. The oldest basin fill deposits (Fig. 1) are composed of reworked tuffs 
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and alluvial fan system sediments followed by braided river deposits. For a short period 
the center of the basin was oecupied by a  lake with higk detrital sediment  input and few 
diatomite. layers (Letrero Fm.). Afterwards braided river and  alluvial fan deposition is 
generally re-established. The basin fill  series is topped discordantly by thick  volcanic 
debris flows and pyroclastics. Aceording to sediment geometries, flow indicators and the 
presence of reworked  metamorphie  pebbles  characteristic of the  eastern  Andean 
cordillera the basin was mainly supplied from the eastern to the nortkern edge. 

m 

--7.o Ma c 6.7 

--less than 96.7 Ma*- 
--22 Ma f 4.3 

Ca. 29-23 Ma 

m d e b r i s  flow - dEcorddance 

Fig. 1: Simplified stratigrapky and sedimentology of the Nab6n bain. Only  fission track 
data from sarnples witkout and minor (*) detrital component are shown. Error is 4.1 S. 

The zircon fission traek ages from two pure uhfall tephra in the upper part of the 
series  range  from 7.0 to 7.9 Ma. Many other samples  contain some detrital  eomponent 
(see e.g. a 10.7 Ma* mean age at tke base of the basin fill in Fig. 19 but there is dways a 
younger  mode at 8 Ma. The  statistical  extraction of the  precise  eruption ages is irn 
progress. Younger volemie air-fa11 deposits considered as Taqui  Fm. (DGGM, 1982) are 
searcely preserved and one zircon fission track sampk points to m age of 6.3 Ma (OUT 
T m b o  Viejo Fm. in Fig. 19. Geomagnetic rneasurernents reveal a reverseci polarity for 
most of the basin fill (see Fig. 1) and combined with  the fission track data it appears tkat 
the  sedimentation  occurred mainly during  the 4r paleomagnetic  ekron (8.5-7.9 Ma in 
Cande & Ment, 1992). Teetonic block rotation was only detected in  the volcanic basement 
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(see Fig. 2). Therefore, we observe a long  time  gap  between  basement  formation  and  the 
main  basin fill. This  time is documented  only by very few relic fluviaValluvia1 sediments. 

after  tectonic  dip  correction 

Fig. 2: Geomagnetic  measurements  obtained  from  the  sediment  fill  and  basement  of  the 
Nab6n  basin (it is to note  that  the  indicated  numbers of samples  represent  numbers of drill 
sites  each  one  comprising 3-4 measured  samples). 

d 
{ thrust  fault 

antiform 

-+ synform 

,A Colombia 

Fig. 3: Sketch of the  main  synsedimentary  tectonic  structures  affecting  the  Late  Miocene 
sediment  basin fill. 
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The presence of synsedimentary  thrusts  along and near  the  western basin edge, 
growth  folds strilcing parallel to  the basin edge  and related, orthogonally oriented normal 
faults  point to a compressive teetonic regime that ww active  during  the  time of the main 
sediment  fill (Fig. 3). 

It appears tlsat the  teetonie  structure  hosting  the  young  Nab6n basin fil1 was 
forrned at the transition between  Oligocene and Miocene  (probably as a part of a larger 
strike-slip system as proposed for other intermountain basins  in  southern  Ecuador)  but  at 
first  erosion  and by-pass  prevailed. Due to  later  compression  (around 8 Ma,  Eate 
Miocene)  and  pronouneed  alluvial fan sedimentation it was  partly  elosed  and  general - 
sediment fill was enabled. The unconformable covering of the basin fiU semes by younger 
pyroclasties  indicates tkat erosion  and by-pass were  re-established soon after 
sedimentation. The time of the  observed  local  compressional  regime  eoineides  with  the 
lmown genera'l Miocene  compressive  stage (cg. Lavenu et al., 1992)  and  the  assumed 
accelerated  subduction (Daly, 1989) al the  Eeuadorian  treneh  from  Middle  Mioeene  to 
Pliocene. 

Cande, S.G. & Ment, D.V. (1992): A new geomagnetic  polarity time scale for the Eate 
Cretaceous  and Cenozoic. J. of Geophys. Res. 97 (BlO), 13917-13951. 

Ddy, M.C. (1989): Correlations between NazcdFarallon plate  kinematics  and  forearc 
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la Repdblica  del Ecuador. Escala 1: 1'000.000. 
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Symp. intern. "Geodynamique Andine", Grenoble, 15-17 May, 1990.- Edition  ORSTOM, 
211-214. 
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slip basin: the Miocene Cuenca Basirn of South Eeuador.- Inter. Symp.  "Intermontane 
Basins, Ckiang Mai, Thailand, 30 Jan.-:! Feb., 1989,282-293. 

oblet, C., Lavenu, A. & Schneider, E. (1988): Etude  geodynamique  d'un  bassin 
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RECHAKGE-ASSIMILATION-FKACTiONATI0N-TAïDïDING (“RAFT”) PHOCESSES 
AND MAGMA  ENRICHMENT IN THE CENTRAL ANDES 

Susan J. AITCHESON (l), Alan H. FORREST (2) and  Jiirgen ENTENMANN (3). 

(1) Earih Sciences Dept.,  University  of  Oxford, Parks Rd.,  Oxford, 0x1 3PR, U.K.‘ 
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U.K. 
(3) Inst. für  Geowissenschaften,  Universitiit Mainz, Obere  Zahlbacher SvaDe 63,  D-6500,  Mainz,  Germany. 

RESUMEN: La variaci611 restringida de los enriquecimientos  isot6picos y amplia de los enriquecimientos 
de  elementos t rams observados en la ZVC  puede ser satisfactoriamente  explicada  por la contaminaci6n  cortical 
de un magma basatico empobrecido  con la simultiinea  occurencia  de  cristalizaci6n  fraccional y recarga 
m a p h t i c a .  El aumento  exponencial  en la concentraci6n de elementos  incompatibles  en el liquido  durante la 
crystalizaci6n  fraccionale evita que la composici6n  isot6pica  tenga  mayores  cambios.  Todos  estos 
enriquecimientos  pueden ser explicados  con s610  un 15% de contribuci6n  cortical al sistema magdtico, sin 
necesidad de invocar una fuente de mant0 enriquecido. 

KEY WORDS: Central  Andes;  Volcanics; Crustal contamination;  Isotopes;  Trace  elements 

INTRODUCTION 

Miocene  to  Recent  subduction-related  volcanic  rocks of the  Central  Volcanic  Zone ( C a )  of  the Andes mur 
in a region of exceptionally (ca 70 km) thick  continental  crust. In cornparison  with  Andean arc volcanics 
from ares of  thinner (<40km) crust  the  CVZ  lavas have:  extremely  high  abundances  of  incompatible 
elements;  enriched  isotope  ratios  (e.g. 87Sr/86S~0.7055, ENd c -2); and  generally  more  evolved  bulk 
compositions  (basaltic  andesite to rhyolite, with  minor  shoshonites in the eastern  part of the  arc).  The 
genesis of these  rocks and, especially, how  they  acquired their enriched  chemical  character  is  central to the 
following  questions: 

(I) 1s there  widespread  enrichment of the  mantle  beneath  the  Central  Andes? 

(II) What  is the balance in the  Central  Andes  between crustal growth  by  addition  of  magma  from the  mantle 
and crustal recycling by intracrustal contamination  of mantlederived magmas? 

Proposed  explanations for the  CVZ  lava  enrichments  include: (1) involvement of the  magmas  with enriched 
lithospheric  mantle  (Rogers Br Hawkesworth, 1989); (2) enrichment of the  mantle  source  with  subducted 
crustal material  (Stem, 1991); and (3) inmcrustal contamination of fmer ly  depleted  magmas Womer et 
al., 1992). The frst two  explanations  imply  widespread  mantle  enrichment  under  the  CVZ but the third 
requires no enriched  source.  The  explanations dso imply crustal growth  which  is:  almost  equal to 
(explanation 1); a little less than (explanation 2); or  substantially  less than (explanation 3) the mass of 
young  CVZ igneous rocks. 

In this contribution  we  use  new  techniques  for  quantitative  geochemical  modelling  to  test the ability of 
intracrustal  contamination to produce  the  enrichments  observed  in  the  CVZ  magmas. 
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CAN INTMACMWSTAL CONTAMINATION EXPLAIN THE  ENRICHMENTS? 

Although Ume is  ample  evidence  that some intracrustal  contamination h a  affected  the CVZ lavas,  previous 
quantitative  crustal  contamination mcdeiels have  failed  to  account  adequately  for the observed  enrichmcnts. 
Simple  bulk  mixing  calculations  produce  conflicting  results  for  different  elements  and the combiwd pracess 
of assimilation  wilh  fractional  crystallization (AFC; DePaolo.1981) has been  rejected by workers  such as 
Feeley h Davidson  (1992),  even  although the CVZ rw% are bighly fractionalal, because of the  general laek 
of  correlation  between  isotopic ratios (which  change  with  contamination)  and  element  abundances  or  ratios 
(which  change  mainly  by crystal fractionation). Apart from one or two  exceptional  centres (e.g. Ollague) 
with  clear  chemical  evidence  for  the opration of  upper crustal AFC processes,  the  vast  majority of CVZ 
centres have an extremely small range of isotopic  compositions wupled with  an  enormous range of enriched 
trace  element  abundances. 

New techniaues 
The new techniques of Aitcheson 61 Forrat (1993) allow isotopic data from  real  rocks to be inverted by 
means  of  simple  equations  which  are  solved to give  independent estimates of the relative rates of 
assimilation,  fractional  crystallization  and  magma  recharge.  These  equations also explicitly  quantify the 
crustal component  and  its  dependence  on  the  rate of  venting or eruption. The existence of a  solution means 
that  ail  of  the  isotopic data from the sample k i n g  studied can lx reconciled by a  Recharge-Assimilation- 
Fractionation-Tapping ("IUWT") process.  Having  obtained  this  information,  and  given rasonable 
endmember  concentrations  and buk distribution  coefficients, it is possible to predict the concentrations of 
any other elements  in the liquid (sample) and  thus to test (by  cornparison  with the observed sample 
composition)  whether the isotope data and  estimates of relative rates of  assimilation,  fractional 
crystallization, etc.  are also consistent  with the tram element data. 

Anplication to the CVZ 
We used these new techniques to test  the  abiiity  of crustal contamination ofa typical  depleted  arc ba$alt to 
produce  the  isotopic  and trace element  enrichments  observed  in the northem part of  the CVZ. We used a 
depleted  parental  magma  composition  similar to that at Okmok in the Aleutian arc (Nye & Reid,  1986)  with 
Q\ad =+8.5 and  87Sr/86Sr=0.7033. We estimated the contaminant  composition  from Our analyses of 
basement rocks and crustal xenoliths fiom the  northem  Altiplano  of  Bolivia  and  @hile  and  allowed  this 
composition to vary  within rasonable limits  to  reflect crustal heterogeneity.  Bulk  distribution  coefficients 
were  based on various proportions of the minerals  olivine,  orthopyroxene,  elinopyroxene,  amphibole  and 
gamet in the  fractionating  assemblage,  plus  published  distribution  coefficients  for  the  different  elements  in 
these  minerals  with  respect to basaltic melts. Note  that  Sr  will  behave  incompatibly s ine  in general there is 
no  evidencc  for  plagioclase  removal from the  liquids. 

Results. 
For  every  sample  we  have  investigated so far it has been possible  to  reconcile al1 of the isotopic data by the 
EaAFp process,  although  the  relative  rates of assimilation,  fractionation  and  recharge  obtained vaq slightly 

Ma:Mc:Mr Crustfmagma 
Max. Min. 

Side  crater  eruption @A*) 0.17: 1 :O25 0.20 0.16 
Side mter eruption  (BA) 0.15: 1 :0.15 0.15 0.14 

UJ "Healing  flow",  old  crater  (BA) 0.15: 1  :0.15 0.16  0.15 
5 (Cone collapse, sealing, mw cone buifdup) 

Andesite from old  cone 0.22: 1 :0.40 0.24 0.18 

VOLCAN PARINACOTA ( lSoS) 

T 
GEFEWIZm LEAST-ENRICm NORTH CVZ COMFQSlTION 

N. CVZ "baseline"  compositions  0.15: 1 :O.& 0.17 0.12 

Tablel: Examples of results of RAFT calculations  for  samples  from  the  northem CVZ. Ga:Mc:Mr are the 
relative  rates of assimilation,  fractional  crystallimlion  and  magma  recharge. The crust/primitive magma  mass 
ratio  is  that for the whole  system. The maximum  value  corresponds to no  venting  prior to sample formation, 
while the minimum value is  that at maximum  venting  rate,  here  assumed  to  equal  the rate of  recharge. BA is 
basaltic andesite, * is  sample  PAR-11  (see  Fig.1). 

a c  
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from  sample to sample.  Table  1  illustrates  some  of  these  results  for  samples  from  a single centre  (Parinacola. 
18"S, N. Chile)  and  for  a  generalized  least-enriched  "baseline"  composition  for  centres dong the volcanic 
front  in  the  northern  CVZ.  When these results  are  used to predict  the  trace  element  patterns of the samples 
we find  that  there is excellent  agreement  between  the  calculated  and  observed  patterns,  demonstmting  that 
RAFT can also explain  the trace element  enrichment  patterns in  the  CVZ  (e.g.  Fig.1).  In general  even the 
most  extreme  enrichments  can be achieved  with as litile as 15% crust in  the  system. The RAFT equations 
may also be used to compute  how  much  liquid  remained  in  the  system at the  time  of  sample  formation. 
These  calculations  indicate  that,  in gened, at the time  of  eruption of the  CVZ  samples  less than 10% of  the 
systems  were still liquid; >90% of the system had  already  crystallized as cumulates  which  presumably 
remained  hidden in the  lower crust. 

1 O00 

1 O0 

10  

1 
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I 

I 1 I I I I 
m m F 9 Z V 

Q) rs w 3 9 
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Figure 1: Chondrite-normalized  spider  diagram  illustrating  the  calculated  composition of sample PAR-11, 
the  youngest  basaltic  andesite  erupted at Parinacota,  which  was  computed  using the RAFT equations with the 
end  member  compositions show in the figure,  the  results  in  Table 1, and  assuming  a  fractionating 
assemblage of 9% olivine, 63% clinopyroxene, 7% orthopyroxene, 18% amphibole  and 3% gamet. The 
measured  composition  is also show for this  sample  and  agrees  closely  with  the compukd composition, 
demonstrating  that  the RAFT process can explain both the isotopic  and trace element  enrichments  in the 
sample.  Compositions  are  normalized to the  chondrite  composition  given  by  Anders & Ebiham (1982). 

BUFFERING OF CVZ ISOTOPIC COMPOSITIONS BY THE RAFT PROCESS 

The RAFT quations can  readily  predict  the  evolution  of  the  isotopic  and  trace  element  composition in a 
magma,  given  reasonabie  endmember  compositions,  bulk  distribution  coefficients and relative  rates of 
assimilation,  fractional  crystallization,  etc.  In  the  CVZ  magmas  the  incompatible  element  concentrations 
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increase  exponentially  due to crystal  fractionation.  The  isotopic  composition  of the liquid  therefore  mon 
becomes  buffered  against  furlher  change by the high concentration of that element in the liquid. For liquids 
(such as most CVZ magmas)  erupted  only  after  this  concentration  buffer  was in force, a narrow range of 
enriched  isotopic  compositions  and a wide  range of  high incompatible dement concentrations are inevitable. 
On a plot of i.mtopic  ratio vs. element  concentration  the samples will  define an elongate  field  paraIlel to the 
concentration mis. Broadly  similar  end  member  compositions,  fractionating minerals and  physical  nature  of 
the magmatic  plumbing  systems will cause liquids  to be buffered at about the same isotopic  composition. 
This is presumably  why  the  isotopic  compositions of CVZ volcanoe~ are so similar from  centre to centre. 

CONCLUSIONS 

(1) Crustal contamination of a depletcd arc bml t  can satisfactorily  explain  the  isotopic  and  trace  element 
enrichments obxwed in the CVZ if fractional crystallhtion and  magma  recharge  were also occuning. There 
is thus no  need to invoke an enriched  mantle source for these magmas,  although  the  existence of such a 
source Cannot be excluded. 

(2) A restricted  range  of  isotopic  compositions occurs together  with a wide  range  of enrichd trace  element 
concentrations  because crystal fractionation causes incompatible  element  abundances  to rise exponentially in 
the liquid  and  this  quicMy  buffers the isotopic  composition  of  the  liquid  against  further  change. 

(39 Some 85% of the total  rnass of CVZ igneous rocks, including  hidden  cumulates,  represenls new ( i.e. 
mantle-derived)  continental crust .  Tlie catculations suggest that less than 10% of the  magmatic  system is 
visible at the surface. Together  this suggests that  magmatism  has aused an increase in the crustal thiclwess 
of about 5 k m  under  the  Central Andes. 
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PLUTONISM  AND  THE  GROWTH OF ANDEAN  CRUST  AT 9" S FROM 100 TO 
3 MA. 

M.P.  ATHERTON & N. PETFORD 

Department of Earth Sciences,  University of Liverpool,  Liverpool  L69 3BX, UK 

RESUMEN: Chemical  variations  into  the  continent in plutonic  rocks, 9" S Peru, do not conform 10 models 
involving  increasing  continental  crust  components  etc.  They  relate to melting of new  basaltic  crust at 
increasing  deplll into Ihe continent as the  thick keel of the Andes evolved  over Ihe period  100-5 Ma. 

I<EY WORDS: Cordillera  Blanca  Batholith,  Coastal  Batholith,  Transverse Variations, Trondhjernite. 

INTRODUCTION 

The Andes have  been  considered  to  be  the  archetype of a mountain  belt  produced  by  subduction  of 
oceanic crust beneath  continental  crust. In Peru  magmatism is confined to belts pardel to  tlle present 
trench  and  Coast  (Fig. 1)  and hom 100-3 Ma there  was a  migration  of the plutonic  locus  willl lime towards 
the  interior.  Such  progressions are usually  coupled  with a change  in  composition  considered to reflect 
thickening,  reworking and uplift,  which  according  to some mihors  reflects a fundamenlal  plutonic  cycle 
(eg. Pitcher,  1983).  Thus  the  Mesozoic  batholiths of western north America  show an eastwards change in 
composition  and  isotopic  signature  related to the leading edge of the  continental  shield.  Cllemically  based 
models  related 10 island/continentd arcs inclicate  transverse  variations in elcments and isotopes  away  from 
Ihe subduction zone (Saunders  et al., 1980). Here we dcscribe thc  transverse  cllanges in chemistry of the 
Dlutonic rock in the Andes of Peru O" S )  which are not  consistent  with  generalised  models  but  relate  to a 
A . ,  
change in source  and  deptll of melting. 

GEOLOGXCAL SETTING 

The Cordillera Blanca  Batholith 
(CBB)  lies 300 km inboard of  the  Coastal 
BatholitIl  (CB,  Fig. 1) and  together  lhcy 
represent  almost  continuous  plutonisln  over 
the  period  100 to 3 Ma, apart from a gap 
between  36-13 Ma which is filled by  minor 
intrusions  lying  between  the  two  batholiths. 
Here we contrast  the Iwo balholiths  and 
relate Ihc  clifferences to the  evolutioll  of  the 
Andean  margin  over  the  period 100-3 Ma. 
Aspects of the  geological setting arc oullined 
below. 

Fig. 1. Simpli€ied  map  of area north  of Lima 
showing  Corclillcra  Blanca  Batholith  lying 
inboard of the Coastal Batholith. 
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Csastai Batholith Cordillera Blanca Batholith 

lntruded - along continental margin; lntruded - over deep crustal keel (68krn) 
with Andean  trend; with Andean  trend; 

within Albian marginal  basin, -I- i Okm, within axial zone of Jurassic basin 

along a major  crustal  lineament, along major,  deep  megafault 
(entirely  volcanogenic); (mainly  graphitie  shales -1. sandstones) 

1680km long; c 4QOkrn long 

within the  extensional  lineamenr, i 88-37Ma; within transtensional  strike-slip pull apart, 12-3Ma; 
Uplift in Miocene. 

Uplift in U. Cretaceous and L. Tertiary. 

Specifidy, both batlwliths were inh-uded intQ basinal systems  related to continental margin extension 
which started in the  Jutassic at least. Futhermore the crushl source for  both  magmas was: NGW brmsaZric 
materid, at the bottom of the margimal basin  for the GB and at the bottom of the thiek (> 60 hm) Mioccn~ 
keel of the  Andes for the CBB. 

Both  batholiths are calc-rluhalins wich tonalitic  rocks  dominating the CI3 and  granitie rocks with 
troadhjemilic charackr (Atherton & Petford,  1993)  dominating the GBB. 

The increae in  peraluminosity in the CBB k not rehtd to an old cmstal compnent in the source. 
hdeed there is no old  emst  beneath this sector of Pem (Athertsn & Petf'ord,  1993). Rather it relates ts latc 
deformation ssoeiated with  fluid infiltration and allcali loss (Petford eC Atherton,  1992). Variations in 
composition  inboard fcom the continental lip are shown below. 

Vies t 
Coastal  Batholith * Cordillera Blanca  Batholith 

East 

/nt0 the continent  with  incfeasing  distance  from 
presepll  french 

No K/Si, Rb/Si, Th/Si, Ce/Si incr'ease  inboard 

but increase in Na O, Sr, W. A/CNK*, Ce, / Yb, 
and subtle decrease in &O, Th, Y, Ce. 

* A K N K  increase relates to late kigh Ievel 
deformation  and fluid penetration 
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DISCUSSION:  BASALT TO BATHOLITH 

Transverse  variations at 9" S in  Peru  do  not  conform  to  any  of  the  simple  models  put  forward  for 
continental  margins. M e r ,  compositional  variations  into  the  continent  relate  to  shallow  melting (< 10 km) 
of  Albian  basaltic  crust  to  produce  the CB (Atherton,  1990)  and  deep  melting  (ca. 50 km) of  the  newly 
thickened  basaltic  keel  of  the  Andes in the  Miocene to produce  the  CBB  (Atherton & Petford,  1993).  CB 
magmas are  calc-albali  with  compositions  determined by slab  enriched  mantle  mineralogies  with  residues 
of mainly olivine  and  pyroxene  (Fig. 2). In conmt the  Na-rich  magmas  of  the CBB are  more  alkalic  and 
relate to garnet-hornblende  residues in the  source.  They  are  thus similar to *te and  Archean high Al- 
TI'G (Fig. 2 and  Atherton & Petford,  1993).  Similar  Tertiary  Na-rich  plutons in Chile  suggest  that this 
transverse  pattern is not  unique to Peru.  However, it is clear  that this variation will only  relate  to  sectors 
dong the  continental  margin  where  the  source is basaltic  and Precambw lower  crust is absent  (see  Petford 
et al., f i s  volume). 
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TIN-BIdAHING GHANITES E’HOIVI BOLIVIA: Tl3CTONIC SETTII‘IG MD G f i O C W I I C A L  

I”UWETEHS 

RESUIrn? 
Se es tab lecen   las   carac te r i s t icas  geoquimicas  de l o s  granitos  estanaife- 
r o s  holivianos y se   d i scu te  su ambiente  tect6nico.Asi, l o s  gcanitos tri;- 
Sicos  del   nor te  de l a  Cordillera  Real (La Paz)  ostentan una t ipologia  
flS-like” y se ubicaa  tanto en e l  campo de los grani tos   s incol i s iona les  
como en l o s  de arc0  volc<nico.Mienkas que l o s  grani toides   del  sur de l a  
misma cadena  montaiiosa t ienen edad Oligocena y se   re lacionan a un arc0 
magDdtico vinaulado a l a  subdulzci6n  ternprana de l a  placa  de Nazca. 
En contraste ,  l o s  granitos  proterozoicos  del  Escudo Precsmbrico  Bolivia- 
no (Santa Cruz) poseen  rasgos  del   t ipo trl*l y amhiente  intraplacas. Adi- 
c ionalaente , los   grani toides   a lcal inos y s i en i t a s   de l  Complejo a lca l ino  de 
Velasco conforman plutones  anulares  de edad Jura‘sica  Superior-CretScica 
I n f e r i o r  y amhiente  de r i f t   e n s i g l i c o ,  

KFI WOR1)S: Bol ivia;   t in-bear ing  grani tes ;  geochemical  parameters. 

INTHOBUCTI ON 
The petrological  and geochemical research of the  grani toid  rocks i s  par- 
t i a l l y  devoted t o  es tabl ish  the  sources  of the magmas,the depth of i t s  
emplacement and the   fea tures  of the i r   t ec tonic   se t t ings .  In this context 
t h e   t i n - b e a r i n g   s a n i t e s  f rom Bolivia w i l l  be examined in terms of its 
petrochemical  nature and geochemical constraints  determined by tbe usage 
Of certain  discriminant  diagrarns,such  as: Rb/ Sr versus DI; Rb (ppm] va 
Nh Y (ppm); Rb-Sx-Ba,etc. 
The Bolivian  tin-bearing  granites  correspond t o  tlzree main magmatic pro- 
vinces. These are:  a) tne  Cordillera  Real of the  eastern Andes (CR]; b) 
the  Bolivian  Precambrian  Shield (PS); and c >   t h e  Velasco  Alkaline Com- 
plex (VC 3 .  
GEOLOGIGAL  SETTING 
The Cordillera  Real is a high mountainous  range conformed by Paleozoic 
sediments  that were intruded by six small grani to id   ba thol i ths   in  its 
axis. Among them,the  northern  intrusive  bodies  have been consolidated 
during  the  Triassic  (230-200 Ma.ca.,),whereas the  southern  plutons. were 
dated by K-Ar  i n  an Upper Oligocene-L,wer I\’Iiocene range (28-23 Ma.ca. 1 
The grani to id   ba thol i ths  of CR a re  most ly  composed by the  granite-gcano- 
d ior i te   assoc ia t ion   wi th  minor quartz-rnonzonite,tonalite,quartz-diorite, 
leucogranite and monzogahbro seggreL.ations. These calc-alkaline  plula- 
n i c s   a r e  commorllly enriched i n  potassium and they encompassed a wide si- 
l i c a  range € o r  var iable  alumina contents. 
‘The geotectonic  Situation of northern  Triassic  plutons of CR is  still  
enimatic but  probably i S  tenOUsly re la ted  t o  a paleo-subduction  event 
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bj The t in-hear ing  grani t ic   plutons of the  Bolivian &ec.ambrian Shield 
have been consolidated  during  the Middle Froterozoic San 1e;Placi.o Oroge- 
n i c  Cycle (1408-1280 Ma.ca ),as well as ,   dur ing  the  next  Sunsas OxogeaLy 
(1280-950 Pla.ca.) 
The syn-kinematic  stamogenic  plutons  associated t o  the Pensamiento  gra- 
n i t i c  Complex (Litherland e t  a11,1986j have a sca t t e red   d i s t r ibu t ion .  
Among them, the  Plorida  granite (1244 Pla. ca. 1 and the  panophyric  comple- 
xes of Bella  Vista and C e r r o  Grande are   pecul ia r  examples. In cont ras t ,  
the  post-kinematic  intrusions of s ign i f i can t  tin content  belong t o  the  
ffI1f type  granitoids,such  as:  t h e  Diamantim and Orohayaya lfallochthonousf' 
plutons. =amples of t h -bea r ing   g ran i t e s   r e l a t ed  t o  the  Sunsas  Brogenic 
Cycle are provided by the Cerro  Talcoao and Casa  de piedra plutons. 
The th content of the  Bolivian  precambrian  granites  ranges from 3 t o  15 

c)  The Velasco Alkaline Province (Fletcher and LitherPand,l981) conaists 
of a s u i t e  of 15 ring-type  plutons and assoc ia ted   a lka l ine   vo lcanics   tha t  
are mainly composed by grani tnid ancl 8 yen i t i c  rocks of a Late Jlasassic:- 
Lower Cretaceous age (l42-120 Na.ca.). These a lka l ine   p lu tonics   over l ie  a 
Proterozoie  gmeissic basement and t h e i r   i n t r u s i o n s   r e s u l t  from cauldron 
subsidence of volcanic  edifices.  
The t in-bearing rocks f rom the Velasco Cornplex are   aegir ine-bear ing  gmni-  
tes (i.e; Gabeza de Toro and Tirari plutons,with 2-7 ppm Sn), a s  well as ,  
quartz-syenites,nordmaEkites and melasyenite  dikes. 

ppm Sn. 

PETHOGHEIVIPCAL  PEATURES 
The granitoid  rocks of CR a r e  bath peraluminous t o  moderatel3  metah.minous 
plutonics   displaying a cha rac t e r i s t i c  ffS-likeff signature  (Avila-Salinas, 
19903,that  sesulted from f r a c t i o n a l   c r y s t a l l i z a t i o n  of: the  magmatic melts 
originated a t   t h e  upper mantle,followed by var iab le   ass imi la t ion  of  crus- 
ta1  rocks  (such as the  tin-bearing  Precambrim  granites of the Basement). 
In a such way, the  tin-bearing  granites of CR exhih i t  a wide s i l ica   range ,  
moderate a lmina   su rp lus  and Mg0 a d  Ca0 dep le t ions   i n to   t he i r  most ac id ic  
terrns (leucogranites). 
The Triassic plutons  consis t  pmdomdnantly of grani tes   ( leucograni tes ,  
syenogEanites,lnonzogranites) with lesser granodior i te  and t o n a l i t e  seggre- 
gations,while  the Oligocene in t rus ives   a r e  mainly' composed by gransd i s r i t e  
and  quartz-monzonite. 
Furthermore,  the  tin-bearing  gpanitoid  rocks of the PS are  both  syenogra- 
n i t e s  and/ o r  monzogranites  belonging t o  an lrIlf type Whereas other a reas  
of' the  Bolivian  Shield  present  certain  syn-kinematic  ltauthoctonousff grani- 
tes  associated ts g ran i t i za t ion  o r  migmatization of t he   l a t e   s t ages  of the 
San  Ignacio Orogeny. These a re  barren grani tes  (with lack of t i n ) ,   t h a t  are 
distinguished by a ffgff type,with common gneissoid  banding,restite  minerals 
and sed imen tary  xenoli   tha.  
Among the  t in-bear ing  grani tes  of the  pS,ttie composite Orobayaya pluton 
show an ell ipsoidal  shape,displaying an external  envelope of biotite-bea- 
r i n g  monzogranite  followed by i m e r   p u l s e s  of syenogranite and syenogra- 
n i t e  porphyry (in the  core). 
The Velasco Complex (Santa Cruz department) conform several ring-type  plu- 
tons,some of them with nepheline  syeni  te  in  their  cores and external  rings 
consis t ing of pu lses  of  nordmarkite,pulaskite,aegiPine-bearing grani te ,  
quartz-syenite and biot i te-bear ing  calc-alkal ine  grani te .  

mau'ma i c  dif 'ferentiaiion  proc.ess f'rom a parental  magma of pu la sk i t i c  &oIIlp8s.LLl 
has been invoked for the  ori,-in of these  a lkal ine rocks.  
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The t in   content  of the  VC alkal ine  grani toids  i s  probably  selated t o  feni-  
t i za t ion   ra ther   than   gre i sen iza t ion  o r  a l b i t i z a t i o n  of those ring-comple- 
xes. 

GEOGHE1vIICAL COIJSTHAINTS 
The geotectonic  sett ings of: the  Bolivian  tin-bearing:  granites  have been 
examined in t h e   l i g h t  of discriminant  geochemical  diagrams, Thus, the 
Rb/ Sr versus D I  var ia t ion  diagram was applied f o r  the three magmatic pro- 
vinces  selected  here. In this context,  the  high Rb,/ Sr r a t i o s  combined with 
high D I  yalues  dist inguished  the  alkaline  rocks from VC,and similarly,high 
values were observed in samples of the  Proterozoic  granites of the Bo l i -  
Vian Shield. These rocks l i e  on t h e   f i e l d  of the tlI1l type  granites. Like- 
Wise, the  population of  granodior i tes  from the  southern CR show fea tures  
OP volcanic  arc  granitoids.  I.Jhilst the  Triassic  gsani t o i d s  of  the  northern 
CR l i e   a l t e r n a t i v e l y  in  t h e   f i e l d  of the flSff and lfIlf types,and  particular- 
l y ,  on the  experimental boundary l ine   es tab l i shed  with comparative  samples 
of; Malasian  tin-bearing  granites. 
with the  usage of the Rb (ppn) versus Nb t Y (ppm) var ia t ion  diagram  seve- 
ra l   populat ions of Bolivian  granitoids were plot ted.  Thus, the PS grani tes  
and alkaline  rocks of VCZ fa11 on t h e   f i e l d  of the  within-plate  granites 
(WPG'1,tha.t are  characterized by high Nb and Y contents,  
The f i e l d  of the Volcanic Arc .  Granites (VAGJ is mostlp  occupied by samples 
of southern CR and from the  Triassic  Sorata  batholith.  Other  granitoids of 
the  northern CR l i e   a l t e rna t iue ly , in   t he   a r ea  of syn-col l is ional   grani tes  
and i n   t h e  VAG f i e l d .  Consequently,  the  enigmatic  nature of those  ffS-likefl 
cord i l le ran   g ran i to ids  is still underlined in  t h i s  diagram.  Nevertheless, 
a p l o t t i n g  of g ran i to ids  from CR i n   t h e  Log @a@d / Na20 K20 96 versus 
Si02 76 var ia t ion  diagram  emphasizes the  increase  in  arc  maturity f o r  Sam- 
p les  of southern CR (that  are  subduction-related  roclcs), and a l s o  f o r  
grani toids  of Sorata  batholith .AssuKing the   o r ig in  of  the  former  as  the 
r e s u l t  of the Nazca plate  subduction is  inferred,consequently, a paleo- 
subduction  as  explanation of the emplacement of the  northern  Sorata  pluton, 
whose population l i e s   i n   t h e  same place. 

CONCLUSIONS 
a >  The northern  Triassic g ran i to ids  of the  Cordillera  Real of the  eastern, 
Andes of  no l iv ia  (which is  an important mining d i s t r i c t  form pa r t  of an 
enigmatic  igneous  arc,that i s  tenously  related t o  a paleo-subduction  pro- 
cess  (of the  Paleopacific  l i thospheric  plate ?$. These rocks  have a IcS- 
likelf  status,considered  formerly . 
b]  The t in-bearing  granitoids of the  southern CR correspond  mostly t o  "Iff 
type granitoids,consolidated.in a volcanic  arc  linked t o  the Nazca p l a t e  
subduction ( c i r c a  25 Ma.] 
cl The t in-bear ing  grani toids  of the  Bolivian  Precambrian  Shield  consist 
of isolated  intrusions  within  the huge gneissic basement.  These rocks  have 
a within-plate   set t ing and I f S f  type  status.  
d )  The alkal ine  grani toids  and syenitic  rocks of the Velasco Complex a re  
c lassed  as  "Aff type  grani toids , resul t ing from the   r i f   t -contrbl led emplace- 
ment of a s u i t e  of' 15 ring-type  pluhons of  Late  Jurassic-Lower  Gretaceoua 
age . 
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ULTRAPOTASSIC  AND  PERALUMINOUS  MAGMA  MIXING  AND  ORIGIN OF 
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RESUMEN : Las latitns potfisicas nc6gcnas cic l u  Cordillcra Oricntal dcl Sur del Pcru resultan de la mezcla 

magmitica cnuc magmus dc composicioacs riolitic;l pcraluminosa y lamproitica respcctivamcnte. Se prcsentan 

argumentos texturalcs, mincralogicos y gcoquimicos que comproban este proceso magmatico. 

KEY WORDS : Olivine lamproitc, pcralutninaus monzogranite, high-K latite, magma mixing, Southern Peru. 

INTRODUCTION : 

During thc uppcr Oligoccnc and  lowcr Mioccnc, the Eastcm Cordillcra of Soulhern Peru is the centre of 

an important magmatic activity charactcrizcd by pcraluminous monzogranitcs, shoshonites and banakites [sec 

Clark & al., 1990 and rcfcrcnccs hcrcin]. In thc  Nulioa arca, lamprophyres (now classified as high-K lalites) 

have been first rcportcd by Autlcbautl L9: Vatin Pcrignorl 119741. Subscqucnt K/Ar datations [Bonhomme & al., 
19851 indicatcd that  tllcsc rocks arc contcmporancous with the late Oligocene-lower Miocene peraluminous 

magmatic intrusions. Bascd on pctrographicnl, mincralogical, and gcochcmical data, we dcmonstrate that the 
high-K lalites are gencratcd by lnixing involving pcralu~ninous and lamproitic magmas. 



MAGhlA MIXING EVIDENCES IN MONZOGRANITES AND HIGH-K LATITE§ : 

The monzogranitcs conhin quartz, oligoclasc, sanidine, biotite and cordierite phenocrysts in a fine- 

graincd groundlnass madc of quark,  oligoclasc, biotitc, apatitc, zircon, sillimanite and sccondary muscovite and 

tourmaline. They also include phlogopitc xenocrysts and chromite-olivine-phlogopite-bearing mafic inclusions. 

The high-K latites arc composcd of a groundrnass made of phlogopite, andesine, sanidine, hypersthene, apatite, 

ilmenite, graphite and somctimcs osumilite microlitcs and colourless glass. Olivine, phlogopite, biotite, quartz, 

oligwlase, augitc, ilmenite and rare cordicrite xenocrysts arc also frequent. Millimetric inclusions of chromite- 

olivine-phlogopitc-bcaring mafiie inclusions have bccn obscrved in a single high-I< latite. 

Xenocrysts in  high-K lalitcs systcmatically are partially resorbed (quartz, phlogopite) or exibit reaction 

textures (olivinc, augitc and quartz rimmed by polycristalline orthopyroxene coronas, sieve-textured biotite and 

mantled oligoclase, granular intergrowths of aluminous spincl, ilmenite, orthopyroxene  and  osumilite or K 

feldspar in biotitcs). Al1 thcsc fcaturcs arc consistcnt with assimilation of solid crusml material or magma mixing 

proccsscs. Ncvcrthclcss, tcx~ur:~l cvidcnces (cllipsoidal shapc, finger-like, cuspatc margins ...) indicatc bat  the 

olivine-phlogopitc-bcaring rnafic inclusions have bccn incorporated in a molten state into the magmas now 

representcd by the rnonzogranites and high-K latitcs. Thcn, we conclude that magma mixing is an important 

process involved in the gcncsis of dlc monzogranitcs and the high-K latites of the Eastern Cordillera of Southern 

Peru. The xenocrysts or thc high-K latitcs rcprcscnt thc mutual mechanical exchange of phcnocrysts crystallized 

prior the mixing in both magmatic componcnts. 

CHEMICAL AND  MINERALOGICAL  COMPOSITION OF MAGMA COMPONENTS PRIOR THE 

MIXING : 

The absence of chemical discquilibriuln evidcnces in phcnocrysts of the monzogranites that contain 

phlogopite  xenocrysts and mafic  inclusions,  suggcsts  that the mixing  process is essentially  mechanical 

(rningling). Morcover, as xenocrysts and inclusions are s c m e  and do not significatively altered the whole-rock 

chemistry, the mincralogical and chcmical characteristics of the monzogranites may be reasonably considerd 

representative of one of the magmatic componcnts involvcd in the mixing process. 

Thc chrolnitc-olivinc.-phlogopitc-l~~~~ri~~~ n~nl'ic inclusions in both monzogranitcs and high-K latites 

suppIy the bcst evidcnccs for thc identification of the othcr magma componcnts  involved in the mixing. 

Unfortunatcly, their small size prccludcs thcir characterization by classic procedures of whole-rock chemislry. 

Consequently,  only  thc chcmistry of thc mirlcral phases providcs informations on the original  crystalline 

characteristics of this componcnt. Thc crystallization ordcr in thcse mafic inclusions,  prior to mixing, are 

chromitc, olivinc, phlogopitc and ilmcnitc. This scqucncc is unusual in potassic and ultrapotassic rocks and ha§ 

bcen only expcrimenklly obdncd by Folcy (1989) for lamproitic compositions at low oxygen fugacity and low 

water activity. Thc high Cr/Cr+Al ratio of the chrornitc that is liquidus phase implics a low AI contcnt in the 

coexisting mells. Low oxygcn fugacity conditions arc supportcd by very low Fc%content and probably presence 
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of Cr2+in chromitc and Ti3  in ilmcnitc whcrcas thc Si-AI tctrahcdral dcficicncy and  the  high WAI ratio of lhe 

phlogopite phenocrysts are indicative of both low oxygcn fugacity and low water activity. Al1 Lhese features are 

consistent with a lamproitic affinity for thc  mufic inclusions and Lhcn for the mafic magrna component involved 

in the mixing. 

Al1 largc crystalline phases occurring in the  high-K latites define incompatible mineral assemblages 

(quartz-olivine, alurninous biotite-phlogopite associations) and systematically are in chemical disequilibrium 

with the groundmass. They rcpresent rclicts of phcnocrysts that have crystallized either in lamproitic or in 

peraluminous magmas. 

Ali the high-K latitcs are ultrapotassic according to the geochemical classification proposed by Foley & 

al. (1987). On the elcmcnt-elcmcnt plow;, thc high-K latite and monzogranite compositions define systematic 

straight correlations that  whcn cxtrapolatcd towards thc mafic compositions lic on the olivine lamproite domain. 

From these mineralogical and gcochcmical data, thc origin of high-K latitc by mixing bctween pcraluminous 

rhyolitic and olivine lamproitic magmas are dcduccd. 

MAGMA COMPONENT PROPORTION§ INVOLVED IN THE HIGH-K LATITE  GENESIS  AND 

TEMPERATURE-PRESURE OF MIXING : 

The relative proportions of the two magma components involvcd in the mixing cannot  be accurately 

estimated in absence of prccise chclnical conlposilion of thcse components. Ncverthelcss, minera1 chemistry of 

high-K latite  microphcnocrysts and microlitcs indicatcs that low oxygen fugacity (Fe3+-free Ti3+-bearing 

ilmenile, graphite) and low watcr activity (osumilitc) conditions persist in the "new" magma after mixing. 

Pyroxenc and fclspar thcrmomctry suggcst that microphenocrysts have crystallized  at  nearly 1000°C. 

Experimcntal dala on pcraluminous and lamproitic cornpositions suggest that thc monzogranitic and lamproitic 

magmas werc  at thc thne of mixing al 800-850°C and 1050-1 100°C rcspectivcly. The thermal contrast between 

the two magmas is Inrgc (200°C) and  would provocatc rapid crystallization of h e  lamproitic componcnt if the 

peraluminous mgma proportion involvcd in the  mixing  is  high (> 50%). At the contrary, the texture of rnincrals 

crystallising during thc Iïrst stagcs of thc mixing (phlogopite, augitc) suggcst low  thermal conlrast. We concludc 

that the lamproitic conlponent involvcd in thc magma mixing is widcly predominating (>50%). Pressure at 
which the mixing occur is not accuratcly dctcrminatcd. Ncvcrthelcss, thc abscncc of cordierite and sanidine 

xenocrysts and the occurrcncc of osumilitc in sonlc high-K latites suggest pressures above 4 kbar and below 

llkbar. 

CONCLUSION : 

The high-K latitc 01 thc Eastcrn Cortlillcra of southcrn Pcru originatcd by mixing of lamproitic and 

pcraluminous magmas. Tcmpcruturc and pressurc cva1u:ltion suggcsts Ihat mixing process may opcrate in the 
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lowcr crust. Thc Pcruvian and Bolivian shoshonitic rocks cxhibit strong mincralogical and geochemical affinity 

with the studied high-K latitcs. Mngma  mixing proccss would be an important process generating thesc roch. 
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PENINSULA-  BASEMENT  TERRANE OR 
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RESUMEN: La  parte  suroeste  de  la  Peninsula de Mejillones,  la que està  ubicada  al  noroeste  de 
Antofagasta  en  el  norte  de Chile se ha considerado  componerse de gneises  atribuido  al  basamento 
cristalino.  Ahora  es  possible  para  entender  estas  rocas  como los productos de una  recàmara de magma  de 
nive1 alto. 

KEY WORDS: Chile,  Mejillones  Peninsula,  acid/basic  relationships. 

INTRODUCTION 

The Peninsula de Mejillones  is  located  in  Northern Chile ( 2 3 O  - 23n 30' S), immediately  to 
the  north  West  of  Antofagasta  (Fig. 1). The  southwestern  part of the  peninsula  is  composed  of  a  suite 
of deformed  gabbroic  to  dioritic  rocks, which are extensively  intruded  by  sheets  and  veins of acidic 
and  tonalitic  composition,  as  well  as  basic  dykes.  These  rocks  have  previously  been  regarded as 
basement  gneisses  (Venegas  Carvajal  1979)  and  have  been  assigned  ages  ranging froln Palaeozoic 
(Ferraris  and  Di  Biase  1978)  to  Pre-Cambrian.(  Skarmeta  and  Suarez  1979;  Venqas  Carvajal 1979). 

FIELD  RELATIOHS 

Recent  field  work  has  led to a  reinterpretation  of  these  rocks  as  the  remnants  of  a  deforned 
nid to upper  crustal  magma  chamber.  Field  observations  suggest  strongly  that  the  foliated  nature of 
the complex  developed from syn-to-post  magmatic  deformation  of  Co-existing  intermediate  and  acid 
melts.  Evidence  for  magma  mingling  include  early  mafic  to  intermediate  dykes,  sheets,  and  pillows 
exhibiting  crenulate  and  cauliform  margins  typical  of  fluid-fluid  contacts.  Microdioritic  enclaves  are 
abundant,  and often show  signs  of  chilling  (grain  size  reduction) at their  margins.Textural1y  the 
rocks  are  extremely  variable with the  dioritic  facies  showing  extensive  interaction on al1  scales  with 
the  invading  acid rilelt. In addition  to  obvious  liquid-liquid  contacts  between  veins and  host  rock, 
there  is  local  evidence on an  outcrop scale of  thorough  magma  mixing,  producing  a 
melanogranite/leucodiorite rock.  Coarse  appinitic  pods  with  skeletal  amphibole  and  plagioclase  are 
also  present,  suggesting  the  presence  locallp  of  rapid  quenching of water  rich magmas. These 
observations are consistant  with  those  reported  from  well  docuaented  examples  of  nid  to  upper  crustal 
rnixed and  magma  wingled  complexes  from  the  Channel  Islands  and the Coastal' Batholith of Peru  (D'Lemos 
1993; Busse11 1992). 
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FIG. 1 Sirnplified Geological Sketck-map of Ihe Soutkern Mejillones  PeniflSUla, Region 2, Chile 
(Modifled dter Venegas Carvajal 1'379) 

A pervasive  fol ia t ion  occurs   throughout  a l l  But the   very  latest intrusions,   a l though i ts  
i n t e n s i t y  is var iab le  from p lace   t o   p l ace ,   o f t en  being eoncentrated i n  local in tense  shear: zones. I t  
ia houever, usually continuous  through the h o s t   d i o r i t e s   i n t o   t h e   i n v a d i n g   s e i n s  with no apparent 
change i n   o r i e n t a t i o n   f r o n  one rock  type t o  t he   o the r .  A l a t e r   f o l i a t i o n  is local ly   present  whieh 
c ros s   cu t s  the e a r l i e r  one a t  a high angle, bu t  it i s  only  poorly  develoged. 

The sheeting and ve in ing   in   the   s tudy  area is conplex.  There  are  several   types of veins,  
i nc lud ing   ga rne t i f e rous   l eucogran i t e s ,   a e id   pegmt i t e s ,   ap l i t e s ,  and tona l i t e§ ,   a s  well as s e i n s  of 
pure   quar tz ,  IR addi t ion ,   the  georaetry of t h e   s e i n s  and shee t s  is very  variable.   Contacts between the  
ve ins  and the  host   rock  f repuent ly  change in eharae te r ,   f roa   f lu id- f lu id   type   contac ts   to   seemingly  
b r i t t l e   c o a t a c t s ,  along the   l ength  of the  vein.  This is in t e rp re t ed  as being due t o   v a r i a t i o n s   i n   t h e  
rheologica l   p roper t ies  of t he  fluids with v a r p i n g   s t r a i n   r a t e s ,   i n   c m b i n a t i o n  with local  var ia t ions  
in   t he   c rps t a l :nae l t   r a t io .  The mst s igni f icant   in t rus ions   eo lunae t r iea l ly  are the   ga rne t i f e rous  
g r a n i t e s  and a p l i t e s ,  whieh eowprise  approxirately 15% of t h e   e n t i r e   r o c k  Bass of the  outerop. They 
occur as eheets  ranging i n  thickness fro@ 30 c m  t o  60 cms, and exh ib i t  an obvions  preferred 
o r i e n t a t i o n ,   t y p i c a l l y   s t r i k i n g   a t   a r e u n d  168-240' uith  an  average dip of 30' SE.(Fig. 2 ) .  A wulti tude 
of smaller  veins  occur,  though  these appear t o  have a more randoa o r i en ta t ion .  

Basie dykes have b e n  in t ruded   in to  the cornplex, both  during, and after  deformation. 
Syntectonie  dykes show evideaee of shearing, and e x h i b i t   t h e  sarne f o l i a t i o n  as the  host   rocks.  
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Mechanical  interaction  between  these  dykes  and the host  diorites  has  led  to  the  formation  of  basic 
enclaves.  Completely  undeformed  dykes  are  also  present,  which  have  clearly  been  intruded  into  a  solid 
host  after  deformation  had  ceased.  Typical  orientations of the basic dykes are shown on Fig. 2. 

S Syn-tectonlc Dykes * Post deformational Dykes . 

FIG. 2 Stereonet Showing Orientations of Acid Sheets and  Basic  Dykes 

On the  basis of field  relationships  it is suggested  that  the  rocks of the  southwestern  Mejillones 
Peninsula  are  the  products  of  a mid to high  level  magma  chamber,  and  not  lower  crustal  basement 
aigmatites  as  previously  thought.  Given  this  new  interpretation, it is  possible  that  these rocks aay 
be  'Andean'  and  thus of an age significantly  younger  than  previously  supposed.  These  ideas  are 
currently  being  tested  using  a  combination of radiometric age dating  and  mineral  chemistry. 
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UPPER CRETACEOUS-LOWER EOCENE POTASSIC VOLCANISM IN 
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RESUMEN: Durante el CretAcico  superior  al  Eoceno inferior (80-55 Ma) se desarroll6, en el norte de 
Chile (23-28" S), un extenso volcanismo calcoalcalino, potfisico, que representa una  asociaci6n 
magmfitica  formada  en  un  regimen tecthico extensional,  con  posterioridad a la deformaci6n  compresiva 
del Cretzicico superior,  documentada  en la Precordillera  de  Copiap6. 

KEY WORDS: Northern  Chile,  Lower  Tertiary,  Synextensional  magmatism. 

INTRODUCTION 

In  Northem  Chile,  occupying  large  parts of  the  Central  Depression  and  the  andean  Precordillera 
of the  Copiapb-Antofagasta  Region (23-28" Lat. S )  there  are  extensive  exposures of  Upper  Cretaceous- 
Lower  Eocene  volcanic rocks, which  were  generally  interpreted as the  relicts of a "Paleogene  magmatic 
arc"  (Naranjo y Puig, 1982;  Borie et a1.,1990). This  volcanic  association  was  deposited  discordantly 
over  Jurassic - Lower  Cretaceous  sedimentzuy  and  volcanic  sequences of extensional  intra-  and  back-arc 
settings  affected  by an event of compressive defonnation in the  Upper  Cretaceous  (Mpodozis and 
Ramos, 1990,  Mpodozis  and  Allmendinger,  1992).  Recent  studies  carried  out  in  the  Precordillera  of 
Copiap6  indicate  that  this late Cretaceous-Ewly  Eocene  event  (K-Ar  ages  between 80 to 52 Ma) is 
associated  with  the  formation of large  collapse  calderas  in  an  extensional  tectonic  setting  (Rivera  and 
Mpodozis,  1991). 

In  this work we  discuss  the  volcanic  stratigraphy,  geochronology and geochemistry,  and the 
tectonic  significance of a part of the  volcanic-plutonic  complex that is  exposed  in  the  region of El 
Salvador - La Coipa,  northeast of Copiap6 (Fig. 1). 

VOLCANIC  STRATIGRAPHY 

In the  region of El  Salvador-La  Coipa, the volcanic  and  inlrusive prducts of  this  period are 
represented  by  two major volcmic cycles  tllat  consist of lava  flows and explosive  pyroclastics  deposits 
of trachybasalt-rhyolite  suites, that in  some  zones, are related to collapse  calderas  and  rhyolitic  dome 
fields,  synchronous willl more  basic  volcanic  activity.  The  first  cycle  corresponds  to  the  Cerro Los 
Cmeros Sequence (80-66 Ma), which is  initiated  wilh a section of rhyolitic  tuffs  (ages K-Ar, 80-70 
Ma)  intruded  by  olivine-pyroxene gabbros; continuing,  between 70 and 66 Ma, with  the effusion of 
potassic  trachybasalts and flow  banded,  sanidine-biotite  trachyandesites,  culminating  with  the  eruption 
of hornblende bearing dacitic pyroclastics (66-63 Ma>, intruded by olivine-pyroxene gabbros, 
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monzodiorites  and  dacite  porphyries  (64-60 Ma). The  second  cycle (Cerro Valiente  Volcanic  Sequence, 
63-55 Ma) ranges  from  Paleocene  to  Lower  Eocene (,63-52 Ma) and  includes  extensive  lava  flows of 
trachybasalt  to  clinopyroxene  (%olivine,  biotite) and trachyandesites.  During  this  period, explosive 
rhyolitic  volcanism  related to large  collapse calder% and extrusive rhyolitic flow-banded domes is 
associated  with  extremely  welded  (reomorphic)  ignimbrites  and  high  silica  rhyolitic  lavas  with  sanidine 
and  biotite.  The  distal  facies  pyroclastics of these domes  and  calderas  interfinger  with  the  trachyandesite 
and basaltic lavas. The event  ends  with the intrusion of monzonitic  porphyries (55 Ma) and the 
emission of dacitic  lavas,  tuffs and homblende  andesites.  Collapse and downsag caldera includes the Los 
Amarillos,  El  Salvador  (60-55  Ma),  Sierra  San  Emilio  (62-57 Ma), San Pedro de Cachiyuyo  and  Sierra 
Banderita  (Fig. 1). The complex  of rhyolitic domes includes  the  Indio  Muerto  Dome (host rock for  the 
Upper Eseene copper  porghyry  system of El Salvador)  and the flow-banded  PotreriIlos Dome (60 Ma), 
formed by glassy  rhyolites  with sanidine, plagioclase,  and scarce biotite. 

GEBCHEMIETRY 

Both groups include rocks of the high  potassium  calcalkaline  series, although, in the Harker 
diagrams, potassium and  sodium  show a large scarter, in spite of the  fact tlm precaution was taken  to 
analyze  fresh  volcanic and intrusive rocks. Nevertlleless,  the  minera1  assemblage  of  biotite and sanidine, 
found ubiquitously  in  the  trachyandesites and rhyolites, indicates that effectively the rocks are 
potassium-rich.  The  two  cycles show sirnilar  time-composition  trends.  The Upper Cretaceous-Paleocene 
event  began  with a bimodal  association  of  gabbros and monzogabbros (4553% Si02); trachybasalts  and 
trachyandesites (49-59% Si02) associated  with  high  silica  rhyolitic  tuffs (9577% Sioz.), followed  in 
Iater stages, by a large  volume of pyroxene-biotite  trachyandesites and homblende  dacite  tuffs  (62-66% 
Si02) filling the initial  compositional gap. In  tlle  Paleocene-Lower  Eocene  event a similar  trend  was 
found, with  large  initial  volumes  of  trachybasalts  and  andesites (50-58 % Sioz) interstratified  with  high 
silica  rhyolitic  ignimbrites,  lavas  and  domes (70-78 %Si02) a1d late-stage lava and  intrusives of dacitic 
composition (60-66% Si02). Both suites  show  relatively high contents of A1203  but the late stage 
dacites,  are  enriched  in Fe@: and Ti02 and  impoverished in Mg0 and alkalis  (tholeithic  behavior).  The 
early  bimodalism  could be explained  if the basic  rocks  have a mantle or lower crustal source,  while  the 
rhyolites could have a more significative  crusral  component.  The  late  dacites  could be the result of 
mixing of crustal and rnantle  magmatic  colnponents and low pressure dif€erentiatioIl-fr~ctionation in 
high  level  magma chanbers. 

DISCUSSION 

The Upper Cretaceous - Lower  Eocene  magmatism dready described, represents a large  volcanic 
field  (80 km wide)  stretching  more than 500 km  frorn Copiap6 (28"S, Rivera y Mpodozis, 1991) to the 
Central  Depression of  the  Antofagasta  region (23" S, Boric  et al., 1090) There,  large  collapse  calderas 
developed  synchronously with volcanic centers erupting  extremely  fluid  trachyitic lavas. The Late 
Cretaceous - EarIy Tertiary magrnatic successions of northern Chile probably represents a 
synextensional  magmatic suite, similar, in some regards, to the  Eocene  Basin and Range volcanic 
province of the western 1J.S. (Gms et al., 198% although, in the  chilean case, large. scale extensional 
structures  controlling  the  location of the centers have  not  yet been recognized. Like in the Basin  and 
Range,  this  episode occurred after a major, Lare Cretaceous, crustal thickening  contractional  deformation 
episode  (Jones  et al., 1992) although, in  northern  Chile,  the  suhsequent  extension,  doesn't  seem  to  have 
evolved to the  extreme dlat has been  documented for the Basin  and Rnnge province. 
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LAVAS FROM SOUTH-CENTRAL ANDES. 
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&SUMÉ. Les ignimbrites contemporaines et avoisinantes des strato-volcans des Andes Centrales du Sud 
ont des rapports 87Sr/86Sr compris entre 0.7062 et 0.7096 semblables à ceux  (0.7056 - 0.7089) des laves 
non-ignimbritiques de ces volcans. La zonation géochimique d6jà ObSeNh pour les laves non-ignimbriti- 
ques, est la même pour les ignimbrites,  impliquant bien des sources magmatiques et des processus de genese 
communs pour ces deux  types de laves. 

KEY WORDS : Ignimbrites, Non-ignimbritic lavas, South-Central Andes,  87Sr/86Sr. 

INTRODUCTION 

Ten Plio-Quaternary  calc-alkaline  strato-volcanoes  and  groups of small  volcanoes  have k e n  studied 
in the South Central Andes (SCA), southern part of the Central Volcanic Zone, between latitudes 22'- 
24'30's (Déruelle, 1982; Déruelle et al., 1983; Harmon et al,, 1984). Field evidence shows that these 
volcanoes erupted contemporaneously with large ignimbritic lavas. Numerous data on these ignimbrites 
indicate ages younger than 10.7 Ma (De Silva, 1989a and references therein). Non-ignimbritic lavas were 
probably produced from mantle-derived magmas subsequently modified by crustal contributions as in the 
MASH mode1 (Hildreth and Moorbath, 1988). The origin of ignimbrites is still controversial but crustal 
anatexis is generally invoked to explain the large volumes of ignimbrite  erupted (De Silva, 1989b, Francis et 
al., 1989). 

GEOLOGICAL SETTING 

Ignimbrites  studied  here  were  sampled in adjacent areas around  strato-volcanoes  and  groups of small 
volcanoes (Fig. 1). They  have  generally  typical  ignimbritic  texture  with  Y-shaped shards and abundant glass, 
and phenocrysts of plagioclase, hornblende,  biotite,  Fe-Ti oxides, orthopyroxene,  K-feldspar, quartz and rare 
clinopyroxene. Ignimbrites (58.6cSi02 wt %<73.6) are moslly dacites, rhyolites, and high-silica andesites 
whilst non-ignirnbritic lavas are mostly dacites, andesites and rare rhyolites (55.2<Si02 wt%<71.2). In 
SCA, ignimbrite chemical composition (major elements, Rb, Sr, Ba, and transition elements) is similar to 
that of non-ignimbritic lavas with similar silica content (Déruelle,  1989). 

SR-ISOTOPE RESULTS 

Sr-isotopes were measured at Oxford on 27 ignimbrites. The ignimbrite Sr-isotope ratios (Fig.  2) 
range between  0.7062  and 0.7096, similar to  that  (0.7056-0.7089)  of non-ignimbritic lavas (39 samples, 
Harmon et al., 1984) from  the same area. The range of Sierra de Lipez non-ignimbritic lavas (0.7090- 
0.7149) is clearly distinct from  that  other  volcanoes of SCA. The only  analyzed ignimbrite value  from Siem 
de Lipez (0.7108) falls within  this  range. 
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Fig. 1. Localisation of ignimbrites ( 
studied in the present work. 
Thickness of continental emst 
is after James (1971). 

Fig. 2. Histogram of whole-rock 87Sr/86Sr ratios for SCA ignimbrites and non-ignimbritie lavas. 
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DISCUSSION 

There is a zonation of Sr-isotope data (Fig. 3) in  the five main volcanic areas of the SCA  (Sierra de 
Lipez, Tocorpuri-Sairecabur, Lascar, Miscanti-Cord6n Puntas Negras-Volch Puntas Negras-Laco, and 
Socompa-El Ncgrillar). This zonation is neither directly related to crustal thickness nor to depth of 

L 

Fig. 3. Sr vs 87Sr/86Sr plot for SCA ignimbrites (filled symbols, present work) 
and non-ignimbritic lavas (empty symbols, data after Harmon et al., 1984). 

subducted slab (150 km It 25 km) although geophysical data are imprecise (Fig. 1). There is an overall 
northwest increase in the ratios. This increase may  be related to age and nature of the continental crust, 
which is Precambrian in Bolivia and Paleozoic in Chile. Similar conclusions have been  drawn  frorn isotopic 
data on non-ignimbritic lavas frorn the area (17'30's to 22"s) just to the north of  SCA (Wlirner et al., 
1992). The present work for the first time includes data on ignimbrites. 

CONCLUSION 

The similarily of Sr-isotope values for ignimbrites and non-ignimbritic lavas from specific volcanic 
centers of SCA irnplies a cornmon magmatic source for these  two types of lavas. It is concluded that the 
parental magmas to both ignimbrites and non-ignimbritic lavas resulted from a MASH process between 
mantle- and crust-derived melts in deep reservoirs at or near  the mantle-crust boundary. Further low-pressure 
crystal fractionation was important during ignimbrite diffcrentiation. The difference between ignimbrites and 
non-ignimbritic lavas results from the controlling influence of a volatile phase during explosive ignimbritic 
eruption. 
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RESUME: 
Les volcans actifs plio-quaternaires du sud-ouest de  la Colombie  sont situes dans la Zone  Volcanique Nord 
(NVZ) des Andes. Ils appartiennent  tous B la serie  calcoalcaline  moyennement  potassique  typique  des 
marges  continentales  actives. Les laves sont  principalement des andesites et des dacites avec des  teneurs  en 
silice variant de 53% il 70%. Les analyses  petrographiques et geochimiques  montrent  que  les phtfnomBnes 
de cristallisation fractionnee, de melange de magma et  de contamination  crustale  sont  impliques il divers 
degres dans la gknkse des laves des volcans  colombiens. 

KEY WORDS: Volcanology,  geochemistry,  geochronology,  Neogene,  Colombia. 

INTRODUCTION: 

This publication is a comparative of petrographical,  geochemical  and  geochronological  analysis of six 
quaternary  volcanoes of the  Northem  Volcanic  Zone of southwestem  Colombia (O-3"N): Purace,  Doiia 
Juana, Galeras, Azufral,  Cumbal  and  Chiles. The Colombian  volcanic arc is the  less  studied  volcanic  zone 
of the  Andes despite the fact that  some of the volcanoes,  which lie in it, are ones of  the  most  actives  in the 
Andes, i.e. Nevado del Ruiz, Purace and  Galeras. 

Figure 1: Location  map of the  studied  area.  Solid  triangles  indicate the active volcanoes. PU: PuracC; 
DJ:  Doiia  Juana;  GA:  Galeras; AZ :Azufral; CB:  Cumbal;  CH: Chiles;  CPFZ:  Cauca-Patia  Fault 

Zone; DRFZ: Dolores-Romeral  Fault  Zone; CET: Colombia-Ecuador  Trench. 
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The main line of active volcanoes of Colombia strike NNEi. It lies about 300 Km east of the Colombia- 
Ecuador  Trench, the  underthrusting  of  the  Nazca plate beneath  South America The recent  volcanoes are 
located 150 ICm above a  Benioff  Zone  which dips mtward  at 25"-30", as defined by the  work  of Baraangi 
and  Isacks (1976). The crust is 40 Km in thickness  and is younger  than  Mesozoie  in age and it includes  a 
large oceanic component (ocean floor) west of the  Dolores-Romeral  mega-shear zone in  the  Western 
Cordillera of Colombia  (Marriner amd Millward; 1984). b t  of  this fault zone,  in  the Central and  Eastern 
cordilleras,  the  crust  is  predominantly of pre-Cretacesus igneous  and  metamorphie  rocks  type. The Late 
Pliocene-Holocene  volcanoes  from  the  Central  and  Western cordilleras are situated either on the  Cauca- 
Patfa or on  the  Dolores-Romeral fault systems  which represent the  main active fauIt mnes of the area.  Both 
systems are sub-parallel,  oriented FE-SW, and  UR over more tham 8W Ph through  Ecuador  and 
Colombia The volcanms belong  to  the  medium-potassie calcalkaline serie typical of active continental 
margins. The lavas are predominantly  andesites  to dacites with laser arnount of basal& and rhyolites, and 
range  from 53% to 76% Si02. The andesitic lavas are highly  porphyritic  with  phenocrysts content as high 
as 2530%. The groundmass  texture is microlitic-intergranular to hyalopilitic in the  more siliceeus rocks. 
Phenocrysts include plagioclase,  clinopyroxene and orthopyroxene  found as groundmass as well. The 
basalts  and basaltie andesites  are  less  porphyritic  than  the acidic andesites  and  usually  show  a  well 
preserved  flow  structure. The olivine  is rare and  partially to completely altered or replaced  by 
iddingsite/serpentinite- 

CONCLUSIONS: 

The nature  and  the age of the  downgoing  oceanic plate, the  geometry of subduction  and  the thichess 
of the  continental cmst remain  nearly  constant in  the segment studied  (Cauca  Segment;  Pennington, 1981). 
In conmt,  the chemical composition  of  the  continental crust vary  greatly  from West  to east reflecting  the 
chemical  variation of  the  lavas  along  the  same  direction. 

The petrographic  desequilibrium  assemblages  and  the  coexistence of normal  and  reverse  zoning in 
the phenoeqsts of plagioclases and  pyroxenes, withia a single sample,  suggest  that fractional 
crystallization  surimposed by  various  stages  of  magma  mixing  has  occured  in the magmatic sequences  of 
each  volcano  with  important  differences  among them. For the  Purack, the northemmost  studied  volcano, 
the  K-group  elements (K, Ba,  Rb, Sr) silica-normallized  values are higher  than those for  the  southemmost 
volcanoes.  Rb  content  decrease  twofold  from  the Purad (north)  to the Cumbal (south), instead  the distance 
to  the  Trench  and  the  Benioff  zone top remain  constant. It is important to note  that  the Purad shows the 
lowest  IURb  normallized ratio (near  the  bulk crust value)  and the highest M (fig. 2) and Rb content which is 
undoubtly due to a  high sialie crustal contribution  (Hildreth  and Mmrbath, 1988). Athough, the  high 
variability of alkalies and Ba content  within  nearby southem volcanoes (20-30 Km interval) could dso 
reflect heterogenesus continental  crust  composition related to  the  wide  zone  affected by  the tectonic 
mklange due to both  the  Cauca-Pafia  and  the Dolores-Romerd fault zones. The PuracC, located 30 Km east 
of  the  latter, lie above a quiet homogeneous  metamorphic  crust. 

This northward  increase  of K-group elements of the calcalkaline lavas is therefore attributed to the 
High contribution of the  siliceous  "old  crust"  (pre-Mesozoic) in  the  north  of  the  sbudied area,  compared  to 
the  younger  oceanic  basement of  the southemmost volcanoes. 

The ml3 patterns  show  strong relative enrichment  in  the LREE (fig. 3) and have a  high  normallized 
Ce/Yb ratio for the Purad and  Doiia  Juana  volcanoes  which are located  on  the  "siliceous"  metamorphie 
crust of the  Central  Cordillera.  The HREE content of mafk to intennediate lavas is nearly  constant for al1 
volcanoes,  what is expected  for  calcalkaline suites in active continental  margin  environment (Gill, 1981). 

According  to  the  geochemical  data, it can be  concluded  that  the  contribution of crustal material is 
more  important in the  magmatic  processes on  the  volcancpes located  above  the sialic crust of the Central 
Cordillera than  those  situated  above  the  oceanic  crust  of  the  Western Cordillera, West  of the  Dolores- 
Romeral  fault  zone. 
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Figure 2 K20 content vs Si02 of the  active  southwestern 
Colombian  volcanoes  (modified  from  Gill,  1981). 

Figure 3: CeNb ratio  vs Si02. 

Symbols: 
square: Purau.$ star: Doiia  Juana; diamond Galeras;  cross:  Azufral;  triangle:  Cumbal;  circle:  Chiles. 
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Petrology,  Metamorphic  History  and  Structure of El Oro 
Ophiolitic  Complex,  Ecuador 
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RESUMEN: El Cornplejo Ofiolitico El Oro, localizado  en la parte SW del Ecuador, est& 
constituido mayormente por rocas metamorficas de alta presi6n (eclogitas, esquistos 
peliticos, esquistos  azules,  esquistos  verdes).  Sus  condiciones de forrnaci6n son 9 kb y 
465°C. Se form6 por procesos asociados con subducci6n bajo un grueso prisma acrecio- 
nario. La trayectoria P-T de subducci6n fué 45.4l0C/kb. Su edad es 132Ma y fut2 intruido 
en  rocas  Jurasicas.  Es  parte de una  extensa  zona  de  melange. 

KEY WORDS: Ophiolitic complex, blueschist, eclogite, accretionary prism, melange, P-T 
subduction path. 

INTRODUCTION 

The east-West striking rocks of  the El Oro province in southwest Ecuador form the 
northern part of the allochthonous Arnotape - Tahuin block (Mégard,  1989). Recent 
geological mapping of the area (Aspden et al.,  1993) interprets these rocks to form part 
of an accretionary prism cornplex,  which  contains  elements of both 'continental' and 
'oceanic' affinity. The rocks of the latter affinity include the El Oro Ophiolitic complex, 
which is ca. 45 km long and 5 km wide and is bounded to the north and south by the 
Palenque - El Guayabo and  the  Zanj6n - Naranjo  faults,  respectively.  The El Oro Ophiolitic 
complex comprises 3 units:  the Raspas, the  Panupali  and  the El Toro. The Raspas unit 
consists of  pelitic schists, blueschists and eclogites, which  were the first high-pressure 
rocks to  be reported frorn  the  Andes  (Duque,  1975,  1979,  1993; Feininger, 1980); the 
Panupali unit comprises greenschists  and  the El Toro unit corresponds to a variably 
serpentinized harzburgites.  There  are  no transitions between eclogite and blueschist and 
Panupali greenschist.  Greenschists  within  the  Raspas unit are scarce and some of them 
show evidences of retrograde rnetarnorphisrn.  Chernical and rnineralogical compositions are 
typical of subduction zone  oceanic  settings  and  can be classified as ophiolitic assemblages. 
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Self consistent results arnong numerous geothermobarometers  applied to different 
Raspas rocks give a close range  of peak metamorphie  conditions  (fig. 1). The  Ellis-Green 
geothermometer (1979) based on calibrations  for the exchange  reaction  elinopyroxene - 
garnet  was used on rocks of eclogitie  affinity. Temperature values  were calculated in the 
range 5 - 15 kb and a best fitted c u ~ e  was obtained  by least - squares regression. The 
geobarorneter plagioclase - clinopyroxene - quartz  (Holland, 1980), using an ideal 
moleeular solid solution  for  plagioclase and pyroxene, was applied on eelogite and the 
barorneter gamet - plagioclase - kyanite - quartz, rnodified  after Ghent et al. (1979), 
was used on pelitie  schist. The best values obtained  for the physieal  conditions of meta- 
morphism in the Raspas unit rocks were 9 k 0.5 kb at 465 & 30OC. These results  indicate 
that the high-pressure  rocks  recrystallized under equilibriurn conditions witkin the 
Albite - Trernolite P T  field. Furthermore, they suggest that the Panupali  greensehists 
belong  to the high - pressure rocks and are produels of prograde  metarnorphism. 

RRSPAS UNIT 
EQUl LI BR1 U$9 CURVES 

Fig.l: Equilibrium  reactisns  applied in the Raspas unit to obtain its physieal  conditions of 
metamsrphisrn  (Lw=lawsonite,  Omph=omphacite,  Zo=moisite,  pa=paragomite, qm= 
quartz, chl=ehlsrite, Tc=talc, ky=kyanite,  Plg=plagioclase,  Ab=albite,  ga=garnet, 
px=pyroxene,  Jd=jadeite,  ru=rutile,  llm=ilmenite. PD31 1A1 and PB156.4 are 
samples in which the respective  reaction was  applied). 

Whole-rock XRF analyses  of  Panupali  greensekists and microprobe analyses of 
major phases in Raspas blueschists  and  eelogites,  when esmpared by least-squares mod- 
eling, prsve the bulk-rock  ehemistry to be essentially the same for al1 three lithologies. 
Oxygen  fugacity and/or small eompositional  differences could be major influencing  faetors 
in the formation  of  either  one  of  the rocks under the same metamorphic  conditions;. 
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METAMORPHIC  HISTORY AND STRUCTURE 

It is well established the  connection  between blueschist facies  metamorphism and 
the low  temperature - high pressure  conditions  encountered in subduction zones. Shreve 
and Cloos (1986) presented a thermal mode1 in which blueschist facies conditions are 
encountered by the subduction slab  under  a thick accretionary  prism.  However, the return 
of the rocks to the surface is not  well  understood. 

In order to develop  a better understanding of the  metamorphic history and of the 
interactions between tectonic and metamorphic  processes,  a P - T path of metamorphism 
was calculated using the  analysis  of  chemical  zoning in eclogite  garnets.  The estimated P-T 
path is 45.4l0C/kb. The zonation scheme  (fig. 2) shows that in the recrystallization 
process, heat was  produced during compression,  which is characteristic of subduction 
zones and, in general,  of  terranes in which cold rocks are  emplaced  over hot rocks. 

RASPAS UNIT 
P-T SUBDUCTION  PATH 

1 n 

Y 
n 
W 

Il m+ ky+qz 

300 40 O 500 600 

Temperature ("C) 
Fig.2: The  arrow  shows  the  possible P-T Subduction  Path followed during the Raspas 

Metamorphism. 

Duque (1975) estimates an  average  density of 3.03  gr/cm3 for the overlaying 
rocks (mainly amphibolites metamorphosed in the high temperature / low pressure 
Abukuma  type facies series).  Using  that  figure,  the  formation conditions should be reached 
at 30 km depth under  a  thermal  gradient of  13,8"C/km. That gradient belongs to a high - 
pressure facies series. 

According to Ernst  (1972),  there is a  secular  change  of subduction geotherms with 
time. The geotherms of higher  pressure (Ca.  12OC/km) correspond to late Cretaceous. If 
this is true, the Raspas  geotherm  suggests  that  the age of 132 -t 5 Ma (Feininger,  1980) 
is the age  of the metamorphic  event. 

CONCLUSIONS 

The high - pressure  rocks of El Oro  Ophiolitic  Complex constitute an allochthonous 
block that recrystallized under  the  same  metamorphic conditions in an  active subduction 
zone.  Upon  cessation  of  the  tectonic burial process  that created the blueschist facies con- 
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ditions (subduction), the package was carried upward by the partly serpentinimed El Tom 
unit through the denser and older host rocks.  The uplift had to be fast in order ts presewe 
the high - pressure mineral assemblages and could involve complieated processes tkat 
occur in accretionary wedges. The age of the uplift could be similar to that of metamor- 
phism. The emplacement of the El Oro  Ophiolitie  complex produced strong tectonism in the 
regional rocks that apparently are part of an extensive melange zone whick can be traced 
throughout the Northern Andes  (Aspden et al., 1993). 
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RESUMEN: En la terminaci6n SE del  Altiplano  boliviano (22"s - 67"W), encima  de  las 
capas  rojas  del  Oligoceno (Fm. San  Vicente), la actividad magmitica  empieza por un 
magmatismo  bdsico  de  afinidad  alcalina  (andesitas  basalticas y micro-gabbros) de  edad 
Oligoceno  superior - Mioceno inferior (Fm Rondal). Est6 seguida  por  una  etapa magmfitica 
que  genera  rocas  de composici6n  intermedia a icida y de  afinidad  calco-alcalina; se han 
identificado  varios  centros  volcinicos,  entre  los  cuales  los  cerros  Bonete,  Morokho,  Lipez 
(con actividad Mioceno inferior a Medio), y el cerro Panizo (con actividad Mioceno  superior 
a Plioceno). La  mayoria  de  los productos son de composici6n dacitica, de  carickr potAsie0 
y peralurninoso  (corindon norrnativo, presencia de granate). Por su posici6n  tras-arco este 
magmatismo  puede representar un equivalente mb antiguo de  los Frailes y Morococala. 

KEY WORDS: Altiplano,  Bolivia,  Magmatism, Miocene. 

INTRODUCTION 

In the  Southeastern part of the Bolivian Altiplano (25"S-67"W), the deposition of the 
Oligocene  continental red beds (San Vicente Fm.) has been followed by basic  magmatic 
activity  which in tum  is  followed by intennediate to acid magmatism. Several  early to mid- 
Miocene  volcanic  centers  were recognized, e.g. cerro  Bonete, Cerro Morokho,  cerro  Lipez 
(fig. 1) whereas a younger  center is formed by the cerro Panizo "caldera", a 40 km diameter 
ignimbritic  plateau  around a 10-15 km cluster of dacitic lava  domes of upper  Miocene  age 
(7.87 Ma, 4oAr/39Ar date of pumice biotite, 6.133.2 Ma WAr whole  rock date on dacitic  lava 
of the  central  dome  complex,  Ort, 1991). Magmatic activity expands  to Plio-Quaternary 
times. In this abstract we report  some features of early to mid- Miocene magmatism. 
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1 : Lower  Paleomoic shales, 2: Bligocene San Vicente Fm (conglornerates) 
3: Rsndal  Lavas, 4: Co Lipem tuffs and  Lavas, 5: Co Morokho tuffs and  lavas 
6: Cs 5onete tuffs and lavas, 7: tuffs and  lavas ft-om others voleanics eenters 
8: Tuffs frorn undeterrnined  vent (above Bonete tuffs). 

Fig. 1 : map of the Guadalupe are8 showing the major volcanie centers. 

TABLE 1 : WAr analytical data and calculated ages, by M. G. Bonhomme, University of Grenoble. 

10-3, ignimbrite Briparnpa Biotite 8.89  69.8 
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ALKALINE  MAGMATISM. 

The volcanic  activity began with basic magmatic products  (mainly  basalt-andesitic 
and  micro-gabbroic  lava  flows, sills, dykes),  known as  the  Rondal Fm. They  contains 
phenocrysts (1-3.5 mm) of forsterite  (up to 14%) frequently  altered to iddinngsite.  Augite 
phenocrysts  (up  to  12%)  form  millimetric  automorphic  sections  and  groups of crystals; 
minor  amounts (2.5%) of small  corroded  orthopyroxenes  are present. The matrix  contains 
mainly  microlites of plagioclases (An 81-64). Sometimes  the  dykes  contain  biotite  and 
amphibole phenocrysts. 

The Rondal  lavas display high K content (fig. 2) and an alkaline affinity. 
A basaltic dyke (sample S5)  of the  Guadalupe area gave a whole  rock  WAr age of 

22.12 0.6 Ma. Kussmaull et al. (1975)  report  an  age of 23.5 Ma in  the  same area. Similar 
lavas  in the  Tupiza basin (about 60 km ENE of Guadalupe) have been dated at 22.7 & 0.6 Ma 
(HQail et al., this volume). 

This magmatism is correlated with the Julaca and  Tambillo  lavas  that  form a nearly 
NS belt of outcrops in  the western part of the Altiplano and in the Cordillera Occidental. This 
magmatism would be related to trans-tensional crustal fractures (see  Soler  and  Jimenez, this 
volume). 

ACID  PERALUMINOUS VOLCANISM. 

This  alkaline  episode is followed by a stage of erosion,  with a rough  paleo- 
topography which is partially buried by the products of high-K cale- alkaline magmatism. In 
the  studied area, two volcanic centers were investigated (cenos Morokho and Bonete). 

The volcanic  activity  began with an  explosive  stage  represented by voluminous 
pyroclastics  flows  and  minor  ash-fall  deposits,  sometimes  accompanied  with  their "CO- 
ignimbrite"  breccias  deposits  near  the vent. The total  thickness of these  deposits is about 
700 m. The  different pyroclastic  units  defined  in the field show  variations  in  thickness, 
color,  abundance  and  size of pumices and lithoclasts at the  scale of the  outcrop  and in thin 
section;  generally  they  show  low welding grade  and  the  pumices are uncollapsed. They are 
generally crystal rich (up to 40%), with fragmented and automorphic plagioclases  (An4-55), 
biotite and  quartz with minor zircon, apatite, sphene, opaque minerals. Generally they have a 
dacitic  composition (fig 2). Biotite from pumices from the dacitic ignimbritic  units  from the 
Cerro Bonete  gave K-Ar ages around 15 Ma. (table 1). 

The main stage of pyroclastic  emission is followed by lava  domes,  flow  breccias, 
and  lava  flows. This general sketch  shows local variations  in  each  centers  and  in  particular 
pyroclastic flows  deposit  can  be present in the  late stages. The rocks  are  generally  similar 
withstanding they  crop  out  in several stocks and domes; they show a porphyritic texture with 
plagioclase,  biotite  and  quartz  phenocrysts  up to 5 mm in  length,  and  in  some  cases 
microphenocryst of amphibole. The quartz  crystals  show  rounded  and  engulfed  shapes, 
plagioclases  are zoned (inner part An5O-border  An30-45) and with thin reaction rims. Minor 
minerals  are apatite, zircon, garnet, rutile and titano-magnetite. The matrix forms  about  65% 
of the rocks; it contains  small  and generally xenomorphic  quartz  (50-60%),  microlites of 
automorphic  plagioclases,  more  calcic than the phenocrysts, and very small K feldspar.  In 
spite  that  they  are  broadly  similar,  these rocks present small  geochemical  differences  and 
represent different magma batches. K/Ar age determinations of these events  are in progress. 

One characteristic  feature of these rocks is their peraluminous  nature  (presence of 
garnet,  normative  corindon (1-3%), high MKCN ratios - fig 3). Another  one is the  relatively 
restricted range of composition (dacitic) of the more voluminous outcrops. 

This back  arc  magmatic activity belongs to a mid-Miocene belt which  extends al1 
dong the  Bolivian  Orocline  (Soler and Jimenez, this volume)  and  would  represent  an  older 
equivalent of the voluminous volcanism of Los Frailes and Morococala 
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RESUMEN: El complejo igneo basico de Isla Magdalena, de probable edad Terciario medio, estfi 
constuido por metabasaltos,  asociados  a un enjambre de diques doleriticos y  escasos gabros. Los diques 
se emplazaron en  el  basamento  metam6rfico paleodico y  en la serie volcano-sedimentiiria marina que 
contiene los basaltos, antes de su litificaci6n. Se sugiere que estos eventos ocurrieren en m a  Cuenca 
extensional asociada  a  movimientos de rumb0 durante subducci6n oblicua, la que fue cerrada cuando 
esta se hizo m6s ortogonal. 

K E Y  WORDS: Patagonia, Basic  volcanism, Tertiary, Strike-slip, Transtension. 

INTRODUCTION 

Ida Magdalena is an island Ca. 50x50 km, in the North Patagonian  Andes. It is located 
immediately West of the main  branch  of the Liqu5e-Ofqui fault  zone,  a  major  Coast-parallel strike-slip 
lineament (Fig. l), north of the Taitao triple junction. It  is the site of  a basic igneous complex of 
widespread pillow metabasalts,  an  associated dolerite dyke swarm,  and  occasional gabbros. The 
presence and nature of  such  rocks is critical to the understanding  of the teconic environment. 

GEOLOGICAL SETTING AND RESULTS 

This complex is developed, at  least  in part, on older continental  crust. The metamorphic 
basement rocks comprise mica-schists  and  greenschists,  Rb-Sr  analyses  of  which have yield a rough 
errorchron age of 467 k55  Ma. This is significantly  older  than previous Rb-Sr ages obtained from the 
accretionary complex in western  Aysen,  although it is within error of its Devonian age of sedimentation 
inferred from sparse fossil  evidence. 

The dolerite dykes that intrude this basement  have  individual  thicknesses of 1-3 m and  a strongly 
preferred NNE-SSW orientation. In  some  western outcrops the dyke swarm is intensely developed, with 
intervening schist screens only slightly wider  than  the  dykes  themselves. The pillow metabasalts occur 
within a marine turbidite sequence  mainly  composed  of  alternating  sandstone-shale horizons, cherts and 
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Fig.1: Geological  sketch m p  of Ida Magdalena and surroundings. Legend: LOFZ= 
LiquGe-Ofqui fault mne, S S =  Seno Soto, SV= Seno Ventisquero, SM= Seno 
Magdalena, EP= Estero Pangal.  Rock-types: 1 = metamorphie basement; 2= mid- 
Tertiary ignmus complex; (a)= volcaao-sedimentary  sequence, (b)= pillow basalts, 
(c) = dyke swam locality; 3 = Miocme granitoid plutons, 4= Undifferentiated Andean 
batholith, 5 = Pleistocene-Holocene  volcanic  rocks and volcarmes. 

silicic volcanic breccias. This low-grade  metasedimentary  sequence is also intruded by the dyke swarm; 
in some cases it cm be that emplacement occumed into udithified, and probably still wet, sediments. 
Silicmus intmion into wet  sediments also occurred. 

Two distinct stages of metamophism  are observable in the pillow metabasalts; an early 
greenschist facies Iflineralogy  being  partially oveprinted by a low-grade amphibolite assemblage. Ody 
a faint foliatioa i5 developed, indicating a  non-compressive  environment during metamorphism, which 
was probably of diastathermal or contact  type.  Geochemieal data suggest primary magmas with mixed 
withia-plateholcanic arc characteristics. A minimum age for the emplacement and metannoqhism of the 
complex is given by Early Miocene (20 Ma) tonalite-diokte plutons that intrude both the voleano- 
sdimentary sequence  and the basement.  Rb-Sr  whole-rock  analyses  of the metabasalts and of the 
associated slaty rnetasediments  constrain the maximum age to less than §O Ma, with initial 
ratios of close to 0.7043 and 0.7049 respectively (Fig. 2). 



Second ISAG, Oxford (UK), 21-23/9/1993 369 

0.7055 
(D 

CO 
‘4 t 

Seno Soto Slates 
Age = 20 -C 28 Ma. 
Initial  Ratio = 0.7049 f 0.0005 
MSWD = 2.8 

L 

v) 0.7050 
I- l 
CO 

(b) lsla Magdalena  Metabasalts 
- *  

0.7040 - Age = 20 k 26 Ma. 
Initial  Ratio = 0.7043 f 0.0001 
MSWD = 5.4 

0.2 0.4 0.6 0.8 1.0  1.2  1.4  1.6 1.8 

8 7 R  b / 8 6 S r  

Fig. 2: Rb-Sr  whole-rock  isochron diagram for slates from the low-grade volcano- 
sedimentary sequence at Seno  Soto  (upper  line),  and for pillow basalts  and  matrix from the 
Seno Ventisquero area (lower  line). 

CONCLUSIONS 

The volcano-sedimentary  sequence  was  probably  deposited in an extensional basin that formed in 
association with strike-slip faulting during mid-Tertiary  times.  NNE-directed oblique subduction at this 
time (40-25 Ma, Cande et al  1986)  could  have  caused  perpendicular extension, allowing ingress of the 
dykes, which might also have been  feeders for the pillow basalts, into the sedimentary  basin. M e n  the 
subduction vector became orthogonal in Miocene  times, the basin  closed and was  deformed under low- 
grade conditions. This change in the tectonic  framework also lead  to the subsequent cale-alkaline 
plutonism of normal Andean  type. 
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RESUMEN 

Una  exploracidn  regional  de  relaciones  3He/4He  medidas  en  gases y aguas  emitidos  en  &eas 
geotermales y aguas  minerales de origen volchico en los Andes  Centrales,  sugiere la presencia  de una zona 
de fusidn  activa  del  manto  de  350 km de ancho. La produccih de fundidos  bajo el arc0 volcbico 
probablemente se encuentra  controlada  por  fundentes  hidricos  por  encima  de la zona  de  subducci6n.  Sin 
embargo,  bajo el Altiplano y la Cordillera  Oriental, la fusi6n del manto es probablemente  debida al 
adelgazamiento  del  manto  litof6rico  acompaiiado  con la resurgencia de astenosfera  relativamente  caliente. 

KEY WORDS: Helium  isotopes,  Central  Andes,  geothermal  areas,  active  mantle  melting. 

INTRODUCTION AND GEOLOGICAL SETTING 

We  report  results of a comprehensive  survey of 3He/4He ratios measured in gasses  emitted  in 
volcanic  sulfataras,  geothermal  and  mineral  water  areas of  the  Central  Andes  of  Northem  Chile  and  Bolivia 
between  the  latitudes  16's  and 23's. Samples  were  collected  from  the  active  volcanic arc (Western 
Cordillera)  and  along  several West  to east  transects  across  the  high  plateau  region  (Altiplano) into the 
Eastern  Cordillera.  The  Andes  are at their  widest  within  this  area  (9OOkm),  and are  unusual  in  that  the 
Altiplano is underlain by -7Okm of continental  crust  (Cahill & Tsacks, 1992),  comparable  in  thickness 
only  to  the  Tibetan  Plateau. 

RESULTS 

The  highest  3He/4He  ratios  (R)  are  associated  with  active  arc  volcanoes  along the western  side of 
the  Altiplano,  and  approach  ratios  found  at  other  convergent  margins in  the  circum - Pacific  region.  For 
example,  Volcan Isluga and  Irruputuncu  have R/RA ratios  (RA = air 3He/4He) of 5.52 and  4.96 
respectively. Surprisingly, a significant 3He component (R/RA>~) is also present in mineral  and 
geothermal  fluids  sampled in  the  Altiplano  and  in  the  Eastern  Cordillera - up  to distances -250km east of 
the  active  arc  and  more than 300km  above  the  subducting slab  (Cahill & Isacks,  1992).  This  wide  zone  of 
3He  anomalies  is  delineated  both  to  the  east  and  to  the West  by  low 3He/4He  ratios (5 0 . 1 R ~ )  typical of 
radiogenic  helium  production in  the crust. Al1 helium  ratios  were  corrected for any air contamination. 
Furthermore,  consideration of  the regional  ground  water  regime  shows  that  the  wide  zone of elevated 



372 Second ISAG, Oxford (UK), 21-23/9/1993 

3HeflHe values is unlilcely  to be caused by lateral transport of away  from the active volcmic arc. In 
addition there is no evidene for  significant sources of ?IHe in the crust. 

It is concluded, therefore, that the high 3Hd4He ratios  reflect  degassing of volatiles from mmtle 
derived  magmas emplaced over a wide m a  of m s t  a$ a result of mantle melting. The radiogenic %ei4He 
ratios on either side of this zone delineate a 3501an wide zone of active rnaatle melting, where the 
subducting slab is at depths of 100 to 350h. In the west,  undemeath the active  volcanic  arc, mantle melt 
production is pmbably  largely  controlled by hydrous  fluxing a h v e  the subductiom zone. However,  further 
east, undemeath the Altiplans and  Eastern  Cordillem mantle melting  may be due to thinning of the 
lithospheric m t l e ,  concomitant  with  upwelling of relativdy hot  asthensphere. 

CAHILL, T., ISAGKS, B., 1992:  Seismicity  and shape of the subducted Naxa  Plate. Journal of 
Geophysical Research, 97, p 17503-17.529. 
POmSA, m., CWAIG, H.,  1989: H d i m  isotope  ratios  in circum - Pacifîc  voleanic  arcs. Nature, 338, p 
473-478, 
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Resumen 

Utilizando imagelies SPOT de 1990, una red de fracturas recientes NE-SW fueron detectadas entre el Crater 
activo del  Sabancaya y el valle del  Colca, a IO largo del valle de Sepina. Dos terremotos con carActer 
destructor, ocurrieron el 23-07-1991 y el  01-02-1992,  con epicentros localizados en  el irea de Sepina, 
estarian relacionados a dichas fracturas. Un  nuevo  escenario de amenaza sismotectonica se delinea en el 
valle de Sepina, cerca del volcSn Sabancaya. 

Key  words:  Remote sensing, Spot  images,  seismotectonic hazard, Sabancaya  volcano,Andes south Peru 

Introduction 

The Nevado  Sabancaya  Volcan0 (NSV) is  located  near the Colca  Valley  in the department of 
Arequipa (Fig. 1). After 200 years of repose. this unknown  volcano  began an intense fumarolic enlission in 
november 1986. Then, a very abrupt phreatomagmatic eruptive phase started on 28 niay 1990 and is still 
continuing with increasing intensity.We  have  used  two  methods to monitor the volcanic eruptive process: 

SPOT inlagery allowed us ta compare  different features before and after the eruption - the 
nlodifications of the snow cap, changes in the morphological features of the Crater, and the occurence 
of open fractures -;[ 1, 2 and.31 

the measurement of the seismic and tremor activities around the volcano. 

The Sepina Valley  which  is a tributary of the Colca  Valley  is the most important seismotectonic 
zone in the a r e a h  this zone the fracture network  can  be  observed  clearly and the hyposeismic activity can 
be recorded. Indeed, two  relativety destructive earthquakes occured in this Valley on 23 july 1991 and O1 
february 1992. 

Both  methods together constitute a major  new  tool for identifying hazard zones as demonstrated in 
the Sepina area esample which is  described  in the following  sections. 

The aim of this study is to develop a methodology using satellite images, field observation and 
seismological data.in the study of geological hazards It is a project borne out of the scientifîc cooperation 
between the Institut of Geophysics,  Peru and the Department of Geotectonics,  UPMC-France. 

Local geologic setting 

Spot images analysis enables detailed  geological  mapping  (1/50 000) which clearly highlight 
lithological and tectonic features; in particular faults and fractures 14 and 61. 

Approsimatly 80% of the area studied  is  covered by Mio-Plio-Quaternary volcanic formations 
which are in angular unco1lCornuty on a defornled  Mesozoic sedimentary substratum. This volcanism is 
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characteriscd by an enornlous volume of ignimbrite, andesitic and dacitic lava streams. During the 
Quaternary stagc the andcsitic volcanism  predominates;  it  is  accumulated in  the valley floor and  the  high 
plateau (+ 4500  m.). On this plateau there are several volcanic edifices  with various sizes and forms. 

The Ampato-Sabancaya-Hualcahualca volcanic complex constitutes a main morpho-structural 
feature in this area by its height (6000  m.).and by the associated natural hazard. Within this compiex, the 
NSV is a recent edifice built by at least 11 efusive stages of lava  rocks. The composition of the lava ranges 
fronl andesite to dacite which contain 61-63 % of Si 0 2 .  Morphological analysis of stream  on SPOT 
images and from field observations show that the volcano  would  bclong  to the Holocene age. In 1’150-1’184, 
spanish chronicles served as witnesses to an eruptive activity  possibly similar to the ones obsewed nowadays 
(vulcanian explosions). 

Recent obsewations indicate that the eruptive activity of the WSV is evolving dangerously; indeed 
samples from the december 1992  explosion  clcarly  show a high abondance of juvenile products (fresh 
magma) as colnpared to the aniount collected in october 1990, (conun. J.C.TH0UlE.T). 

There are numerous fault alignements detected  on the images, some of them are obvious, while 
others are more discrete. One can distinguish 4 directional groups: 

- NW-SE, is poorly  represented  but  belongs to the big regional structures; 
- E-W, the most  visible, is abondant in the Colca  Valley, and shows.downt.hrows in  the  south 
compartment; - N-S, small and discrete; - NE-SW, thin and faintly visible.  They are mainly  localised in the Sepina area where the seismic 
activity is actually registered. This group defines an important tectonic qstem : the Sepina Tectonic 
Faults. §TF. 

SPOT image after eruption 

Seven SFOT images of the NSV  have  been acquired, - two before the start of the eruption (28 
rnay 1990) and five successive scenes later -, in order to monitor the volcanic process and  its consequences 
on the environment. Volcanic hazards maps were established using SPOT data, Digital Terrain Mode1 and 
field observations 14 and 51. 

- Images acquired in july 1990 (1 scene every week for 3 weeks) showed ash  falls covering a 60 x 35 
km2. mea. Also the icecap was partially melted by the tephras and new fractures appeared. Two 
mal1 groups of fractures E-W and NE-SW  have  been clearly located close to the Crater. 
- Images acquired in september and december  1990 indicate a continuing evolution of the NE-SW 
fractures which are aligned dong the Sepina Valley  (on the STF). That of december shows that the 
summit of the NSV is bordered by semicircular structures on the outer rim of the Crater, an 
observation that would indicate a possible  widening of the latter. M e r  the Sepina earthquake of the 
O1 february 1992 an observation from an aircraft confrmed that the Crater had become wider (an 
increase of 100 nl approximately) aiter a couldron  subsidence. 

Seismieity activity 

Seismic monitoring started in july 1990,  one  month d e r  the beginning of the eruption of the NSV. 
Four portable stations were installed at distances of between  10 and 20 km. around the volcano. There were 
dificulties during data collection because of geographical contraints and tcchnical problems. Hoavever, 
nearly 9000 nlicroseisrns were recorded in the Cajamarcana station (from the end july 1990 to march 1992) 
and, 131 seisnlic hypocenters were calculated. The seismic  activity  is superficial (1 to 9 hinl .  deep) and is 
concentrated betwecn in a zone 5 and 20 km. NE the volcano i n  the Sepina area. 

The eruptive process of the NSV was  accompagnied by numerous seismic crisis whieh are still 
going on with increasing intensity. 

- On 23 july 1991, at 245  p.m.  local  tirue. a superiicial scisnl (Mb=5.1: depth= 4 km) was felt 7 km 
south of Maca. Shaking, landslidcs and numcrous fractures NS and NNE-SSW were obscrved in the 
Colca Valley.  80 % of Maca and Lari villages  were  destroyed and 14 people were killed. The worst 
surface damages are probably the consequence of the rock formation (sandy clays, lanunated shales 
and, alluvial fans interstratificd containing saturation levels that could have amplify the seismie 
wavei) and the unstable nature of the houses too. 
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- The first february 1992, at noon, another seism  with the same characteristics (M=4,5) occured in 
the rural Sepina area. This earthquake was  accompagned  with 300 aftershocks recorded the same day 
by the Cajamarcana station. On day 3rd and 5th of february, other strong aitershocks lad to strong 
damages in the Sepina area. In  poorly  poblated areas, open fractures NE-SW and NNW-SSE several 
meters long were observed and boulders  were displaced. The landslide failures were formed at  the 
downstream part of the Sepina Valley. 

New  scenery of the volcanic hazard (Fig. 1)  

Is the  Sepina Valley a highly geologic hazard  area? 

Beside the hazards directly associated  with the eruptive process of the NSV in the Colca region, the 
Sepina area appears as a highly unstable geodynamic  zone as shown by recent tectonic features and seismics 
events. 

Indeed, the location of the epicenters of the two destructive earthquakes (23 july 1991 and O 1  
february 1992)  on each side of the STF is an evidence of a probable tectonic stress accumulation throughout 
this structure. 

Therefore we can consider that the STF is a high seismotectonic hazard zone centered in Sepina 
area. 

Conclusion 

This study clearly demonstrates that the combination of SPOT images and seislnical data constitute 
a valuable tool to monitor the seismotectonic hazards. 

’ In the study area, the Sepina Valley,  Ive  have identified a high hazard zone connected to the STF. 
In case of a high magnitude earthquake inside this structure, we predict severe consequences on the STF 
itself and also whit in the active volcano area or in the lanslides zone located in the Colca and Sepina 
vaileys. 

Thcrefore the 30,000 inhabitants of the Colca  Valley are particulary exposed  to a these natural 
phenomena. 
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Fig. 1 Sketch of the seisrnoteetonic hazard based on SPOT image. 

The §TF (zone 1) is a highly unstable geodynamical structure. Both severe earthq~~akes of 23 ju1y 199 1 and 
O1 febnlary 1992 clearly suggcst that a strong seisnlic evcnt may occur soon along the STF. The 2 and 3 
zones eodd be affeeted. 
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RESUMEN: El  magmatismo  cenozoico  de  la  regi6n  Berenguela- 
CharaEa  se  inici6  en  el  Oligoceno  superior y se  prolongd,  casi 
en  forma  continua,  hasta  el  Cuaternario.  Un  Cambio 
composicional  de los magmas  de  afinidad  alcalina y shoshonitica 
a calcoalcalina  rica  en  potasio  ocurrid  en  el  limite  Mioceno 
inferior y medio. 

KEY WORDS: Cenozoic,  Altiplano,  magmatism,  alcaline,  calc- 
alkaline 

INTRODUCTION 

The  Berenguela-CharaEa  region,  located  East  from  tripartite 
point  border  of  Bolivia,  Peru  and  Chile,  was  the  site  for  long 
although  intermittent  Cenozoic  magmatic  activity  alternating 
with  periods  of  sedimentation.  Conspicuous  changes  in  the  magma 
composition  suggest  variations  in  the  tectonic  regime  and 
thickness  of  the  continental  crust  throughout  Late  Cenozoic 
time.  New  field  investigations,  supported  by K-Ar data  and 
chemical  analyses,  carried  out  as  part  of an international 
cooperation  program  (Jiménez  et  al.,  1993;  Wallace et al., 
1993) , give  some  insight  for  the  discussion of the  magmatic 
evolution  of  the  Bolivian  Altiplano. 

GEOLOGICAL SETTING 

The  oldest  rocks  outcropping  in  the area  are  the  Eocene- 
Oligocene  sandstones  of  the  Berenguela Fm  (Sirvas,  1964)' 
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deposited  over  a  basement  formed  by  unexposed  precambrian 
rocks  and  cretaceous  sediments  (Lehmann,  1978).  These 
sandstones  were  gently  folded  by  an  orogenic  phase  about  28  Ma 
(Lavenu  et  al. , 1989) . Unconformably  to  disconformably  over 
them,  a  thick  sequence  of  sedimentary  and  volcanic  rocks  was 
deposited.  This  sequence  is  constituted  by  basaltic  to 
andesitic  lava  flows  intercalated  with  violaceous  and  well 
stratified  arcosic  sandstones  in  the  base,  and  brownish, 
massive,  and  unconsolidated  siltitic  sandstones  and 
conglomerates  in  the  top.  Sirvas  (1964)  and  Ferrey (1970)  named 
this  sequence  either  Fbaroa  Fm  or  members 1, 2 ,  3 and 4 of  the 
Mauri  Fm.  In  this  work,  al1  these  rocks  are  called  Abaroa  Fm. 
Avalaible K-Ar data  for  this  formation  range  from 2 5  to 13 Ma 
(Evernden  et  al.,  1977;  Lavenu  et al., 1989),  but  recent  field 
observations  and  correlations  with  another  areas  of  the 
Altiplano  (Soler  and  Jiménez,  this  volume)  constrain  the  bulk 
magmatic  activity  between 25 and 20 Ma.  The  younger  ages  seem 
to  be  obtained  in  some  of  the  younger  dikes  and  Bills  ermplaced 
in  the  -9baroa Fm. 

The  name  of  Mauri  Fm  is  reserved, in this  work,  for  a  volcanic 
and  volcaniclastic  sequence  overlaying  both  the  Berenguela  Fm 
and  the  Abaroa  Fm.  It  includes  tuffaceous  sandstones,  reworked 
tuffs,  nonwelded  ash  flow  tuffs,  debris  flows  and 
conglomerates. R tuff  from  the  base  of  this  Formation, 
disconformably  emplaced overthe underlaying  units,  gave an age 
of 1 8 . 3 ~ 0 . 7  Ma  (Jiménez  et  al.,  1993).  The  tuffs  of  its  upper 
part  were  dated  at 10.5 and 13.6 Ma  (Evernden  et  al.  1977; 
Jimgnez  et al., 1 9 9 3 1 ,  On  the  other  hand,  many  dacitic  and 
rhyolitic  intrusive  bodies,  dated  at 10 and 11 Ma  (Soria  and 
Terrazas,  1992; Jirnenez  et al., 1993) , were  emplaced  in al1 the 
area.  Siace  the  composition  of  the  ash  flow  tuffs  of  the  Mauri 
Fm  is  rhyolitic,  a  remarkable  change  of  the  magma  composition 
occurs  during  the  early  Miocene  (at 20-18 Ma). 

In  the  Late  Miocene  and  Early  Pliocene  a  Chain of volcanoes  and 
a  field  of  domes  were  built  in  the  area.  The  Antajavi, 
Huaricunca  and  Serkhe  volcanic  complexes  are  made  of  rhyslitic 
nonwelded  tuffs,  dacitie  to  andesitic  lava  flows  and 
intrusives,  and  other  volcaniclastic  deposits.  The  Antajavi 
volcano  has  been  dated  at 7kO.3 Ma  (Jiménez  et al., 1993) , and 
two  ages  of 5 . 7 ~ 0 . 7  Ma  were  obtained  for  the  Huaricunca  and 
Serkhe  volcanoes  (Lavenu  et al., 1989;  Jiménez  et  al.,  1993). 
The  Thola  Kkollu  dome  field  is  not  dated  but  the  cllemical 
cornposition of its  rocks  is  closely  similar  to  the  composition 
of  the  rocks  of  the  volcanoes. 

A  huge  volume  of  pyroclastie  volcanism  has  been  emitted  during 
the  Late  Pliocene  in  the  Berenguela-Charafia  region  giving rise 
to  extended  plateaus  in  the  southern  part  of  the  area.  First, 
a  rhyolitic,  crystal  rich,  weakly  welded  ash  flow tuff (Pi?rez 
Fm  of  Sirvas,  1964) , poured  out  from  an  unknown  vent.  Evernden 
et  al.  (1977)  dated  it  in 2 and  3  Ma.  Later,  lacustrine 
sediments  and  a  nonwelded,  rhyolitic  pumice  flow  of  the 
Quaternary Charafia  Fm  (Sirvas,  1964)  deposited  over  the mearly 
horizontal  topography  formed  by  the  Pérez  tuff. 
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PETROGRAPHIC AND CHEMICAL COMPOSITION 

Basalts  and  andesites  of  the  Abaroa  Fm  exhibit  pilotaxic  matrix 
with  microlites  of  labradorite  and  small  rounded  crystals  of 
augite.  Occasionally,  small  crystals  of  nepheline  can  be  found 
in  the  groundmass.  The  common  phenocrysts  of  these  rocks  are 
zoned  augite  and  labradorite +/- olivine.  In  the  more 
differentiated  terms  lamprobolite  and  phlogopite  are  usual. 

Dacitic  to  andesitic  lavas  and  intrusives  of  the  Medium  to  Late 
Miocene  are  characterized  by  hornblende,  biotite  and 
plagioclase  (oligoclase-andesine)  phenocrysts.  In  some  of  these 
rocks  augite  is  the  principal  mafic  mineral,  but  usually  it  is 
present  in  minor  proportions.  Quartz  and  sanidine  are  found  in 
the  rhyolites.  The  matrix  can  be  either  glassy or 
microcristaline. 

The  weakly  welded  ash  flow  tuff  of  the  Pérez  Fm,  and  the 
nonwelded  ash  flow  tuffs  of  the  Mauri  Fm  and  of  the  Huaricunca 
and  Serkhe  volcanoes  exhibit  the  same  mineralogy. Al1 these 
tuffs  are  rhyolites  with  laths  of  biotite  and  fragmented 
phenocrysts  of  quartz,  plagioclase  and  sanidine  scattered  in  a 
glassy  groundmass  with  shards  and  spherolites.  Xenoliths  of 
basalts  and  Precambrian  rocks  are  not  uncommon. 

The  chemical  analyses  confirm  the  existence  of  two  groups  of 
magmatic  rocks.  Basalts  and  andesites of the  Abaroa  Formation 
have  contents  of  SiO,  ranging  between  46  and 56%. Many  of  these 
rocks  are  nepheline-normative  and  usually  they  are  silica 
undersaturated.  Although  some  terms  can  be  classified  in  the 
shoshonitic  series,  most  of  these  rocks  show  alkaline 
affinities  with  TiO,  varying  between 0.71 and 1.35%,  Mg0  from 
1.90 to 9 .go%,  and  often  with  K,O/Na,O>l.  Contents  of  Cu  Vary 
between  56  and 2 8 5  ppm,  Sr  between 542 and 2500, Ni  from 9 to 
71, and  Co  between 15 and 100 ppm.  On  the  contrary,  the  felsic 
rocks of the  mid-Miocene  to  Quaternary  exhibit  contents  of  SiO, 
between 58 and 75%. Cu  Vary  between  5  and 67 ppm,  Sr  between 46 
and 1620, Ni from 2 to 31, and Co between 1 and 41 ppm. Al1 
these  rocks  are  subalkaline  but  an  increase  in  the  alkalis 
content  is  evident  in  the  rocks  of  the  Late  Miocene  compared 
with  the  Medium  Miocene  ones.  Some  terms  prove  to  be  corindon- 
normative. 

CONCLUSIONS 

The  magmatism  of  the  Berenguela-Charasa  region  started  in  the 
Late  Oligocene  with  the  eruption  and  intrusion of rocks of 
alkaline  affinities  (Abaroa  Fm) . These  rocks  can  be  correlated 
with  another  ones  known  in  the  central  and  southern  Altiplano 
(Tambillo  lavas,  Julaca  and  Rondal  Formations,  etc.)  which  are 
part  of  a  more  or less continuous  belt  (discussion  and 
references  in  Soler  and  Jiménez,  this  volume) . The  origin of 
these  rocks  is  poorly  understood yet, but  they  seem  to  be 
generated  in  the  upper  mantle  without  noticeable  crustal 



380 

contamination,  probably  during an transtensional  period  (Soler 
et al. , 1992; Sder and  Jimgnez,  this  volume) . The magma 
composition  changes  to a linormalIt high-K  calc-alkaline 
composition of the  arc  magmas  of  the  Central  'Volcanic Zone in 
the  Medium Miocene. This  compositional  change can be 
interpreted as a result of changes in the  teetonic  regime and 
the  thiekness of the  continental  crust. 
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ISOTOPIC CONSTRAINTS ON MIOCENE TO  RECENT EVOLUTION OF 
THE CENTRAL ANDEAN L l T H O S P H E ~  OVER THE "FLAT-SLAB" 

Suzanne Mahlburg Kay, Jeffrey Abbruzzi, Richard Allmendinger, and Teresa  Jordan 

Dept. of Geological Sciences, Snee Hall, Cornell University, Ithaca, NY 14853 USA 

RESUMEN: Relaciones isot6picas de Pb, Sr y Nd de rocas volc&cas pertenesientes al "flat-slab" son 
utilizadas como indicadores de cambios  litosfericos debido a la horizontalizacion de la Placa de Nazca. 
Las relaciones isotgpicas reflejan entre  otras cosas un engrosamiento cortical de la Cordillera Principal, 
un basamento no radiogenico de = 1100 Ma en la Precordillera, y la posibilidad de un componente 
litospherico basal que  debe haberse desplazado hacia el este  durante la horizontalizaci& en rocas 
volc&icas de las Sierras Pampeanas. 

=Y WORDS Shallow subduction, arc volcanism, isotope, Miocene to Recent, lithosphere, crust 

INTRODUCITON 

Pb, Sr and Nd isotopic ratios of Late Oligocene to Pliocene volcanic rocks in the Central Andean 
"flat-slab" region (28" S to 33" S; Fig. 1) can be used as tracers for crustal and mantle processes 
occurring above a shallowing subduction zone. These tracers are most  powerful  when  combined with 
geophysical and geologic data that constrain lithospheric geometries. The purpose here is to integrate 
Pb, Nd and Sr isotopic constraints (Figs. 2 and 3) on "flat-slab" magma sources into a refined 
lithospheric mode1  (Fig. 4) for the late Miocene to  Recent evolution of the "flat-slab". 

LITHOSPHERIC CONS'IXAJNE FROM GEOPHYSICAL AND GEOLOGIC  DATA 

Constraints on  the modern lithospheric geometry of the "flat-slab" come from seismic studies (e.g., 
Smalley and Isacks 1990) that define the shape of the seismic zone and put limits on lithospheric and 
asthenospheric thicknesses (see Fig. 4). Reconstructions of past lithospheric geometries are based  on 
modern day analogues in the Southern Volcanic Zone (SV& Fig. 1) chosen by matching the geologic 
setting and chemistry of "flat-slab" magmatic rocks  with those in the SVZ. Using  this method, Kay 
et al. (1991) concluded that early Miocene "flat-slab"  volcanism occurred over a steeply dipping  slab 
like that south of 35" S ,  that mid Miocene volcanism occurred over a shaliower slab like that near 
33" S ,  and that late Miocene volcanism occurred over a shallower slab than exists  in the SVZ. These 
comparisons imply an increase in Main Cordillera crustal thickness from = 40 to 45 km at = 20 Ma 
to  near  the poorly constrained modern value of = 65 km at 6 Ma. 

Temporal constraints on thickening come from  field and seismic data that suggest that 170 to 190 
km of early Miocene to Recent crustal (and lithospheric) shortening has occurred in three north- 
south trending belts (Allmendinger et al.  1990). From West to east, these belts are the Main 
Cordillera, the Precorddlera fold  and thrust belt, and the block faulted ranges of the Sierras 
Pampeanas (Fig. 1). Approximately 100 km of the surface shortening occurred in the Precordillera 
above a decollement that is  now at = 15 km. Another 50 to 60  km took place in the Main  Cordillera, 
and the rest (20 to 30 km) in the Sierras Pampeanas. A combination of radiometric, stratigraphic and 
paleomagnetic data shows that shortening began at 20 Ma in the Precordillera, primarily  occurred 
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FIGURE 1 - Map of central Andes showing 
important geologic  provinces in the Vat-slab" 
and adjacent Central  and  Southern Volcanic 
Zones. Base map and contours to seismic Z O R ~  
after Isacks (1988). 

FIGURE 2 - Plots of central h d e a n  Pb isotopic 
data. Fields for Peruvian, CVZ, CVZ, SVZ and 
Nazca plate rocks are from Davidson et al. 
(1988). Points are Our unpublished data. NHRL 
is Northern Hemisphere Reference Line. CVZ 
m k b g  mode1 is from Barreiro (1984). 

in the early Miocene in the  mai^ Cordillera, and was priacipally post-late Miocene in age in thc 
Sierras Pampeanas (Nhendinger et al. 1990; Jordon et al. 1993). A temporal correlation between 
Main Cordilleran and Precordilleran crustal shortening and Main Gordilleras. crustal thickening is 
consistent with crustal thickening primarily resulting from crustal shortening. 

Main Cordillera - Sr and Nd isotopie ratios in Main Cordilleran arc rocks (basaltic andesite to 
rhyolite in  the early Miocene, hornblende andesite to dacite in the mid Miocene, dacitic ipimbrites 
in the  late Miocene) fall in three age-dependent groups (Fig. 3). Al1 of these smples have lobver E Nd 
and higher Sr ratios than exly Miocene back-arc tholeiitic basalt to  the east showing that tkey  have 
an exces radiogenic crustal component that canaot be attributed to an ancient enriched mantle 

"FLAT-SLAB" & CVZ VQLCANIC ROCKS component. A trend of increasing Sr ratios 
aad decreasing E Nd  with  decreasing age 
among the  arc groups shows that greater 
amounts of this crustal component were added 
through time. Givcn othcr evidcnce for a 
simultaaeous inercase in crustal thickness, 
largcr amounts of radiogenic crustal 
contaminant can be explained by aupented 
interaction of m a d e  magmas with  crust as 
ascent paths became longer and more difficult. 

LlGURE 3 - Plot of Nd and Sr isotopic data 
for "flat-slab" and CVZ volcanic  rocks.  Main 
Cordillera data are from May et  al. (1991). 

0.703 0.705 0.707 0.709 0.71 1 Points are Our unpublished data. CVZ data is 
87Sr/86Sr from the  literaturc and Our unpublished data. 
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An additional contribution to these magmas  from a subducted sediment  component  is  suggested by 
Pb isotopic data. Unlike Nd  and Sr isotopic data, Pb isotopic data  for Main Cordilleran magmatic 
rocks  fall in a restricted field (Fig. 2). This  field,  like those of young Andean SVZ and southern CVZ 
arc rocks (Fig. 2), is within the typical range for arc rocks  world-wide. This Pb signature is commonly 
attributed to the mixing  of subducted upper  crustal sedments with  melts  of the mantle wedge above 
the subducting slab. In  the "flat-slab, this interpretation requires a subducted sediment component in 
the backarc as  both backarc and arc rocks  have simdar Pb signatures. An alternative is that both 
subducted sediments and in-situ  crustal  contamination  play a role. Either way, Main Cordiliera sources 
have a distinctive Pb signature that is important in interpreting isotopic signatures of Mio-Pliocene 
Precordillera and Sierra Pampeanas volcanic  rocks. 

Precordillera - Pb, Sr, and Nd isotopic ratios of mid to late Miocene  silicic  andesitic and dacitic 
Calingasta  Valley and Precordderan rocks are unlike those of Main Corddlera rocks  (Figs. 2 and 3). 
In fact, the Pb and  Sr ratios in these rocks are the lowest  yet reported in Miocene to Recent central 
and  southern  Andean rocks. The least radiogenic ratios are  from a = 7 Ma sample from the Cerro 
Blanco-Ullun center in the eastern Precordillera (C in Fig. 1). The overlap of these ratios with  those 

' of xenoliths from the unexposed Precambrian basement (discordant  zircon fractions from a silicic. 
xenolith give U/Pb age of 118@123  Ma)  shows that these nonradiogenic ratios reflect the basement. 
Thus, the trend of Precordilleran Pb isotopic ratios in Figure 2 can be explained by  mixing basement 
with an orogenic arc component, just as northern SVZ Pb ratios were explained by mixing Peruvian 
basement with an orogenic arc component (Barreiro 1984;  Fig.  2). In detail, eruption age and location 
are important in interpreting sources of Precordderan Miocene magmas as more radiogenic  samples 
are either older or  farther West than less  radiogenic  ones.  Calingasta  Valley  rocks (e.g., C. Colorado) 
whose isotopic compositions are the most  radiogenic are  the oldest and  closest to  the Main Cordillera. 

Sierras Parnueanas - Sr, Nd, and Pb isotopic ratios of Mio-Pliocene Pampean volcanic  rocks 
(Pocho and San Luis;  Fig. 1) are intermediate between those of Precordillera and  Main  Cordillera 
rocks  (Fig. 2 and 3). As in Precordderan lavas,  relatively low Pb and Sr isotopic ratios are best 
interpreted as reflecting continental basement.  Relatively more radiogenic Pb and Sr ratios in 
Pampean than in Precordilleran lavas  have three potential explanations: 1). eastern Pampean 
Precambrian basement is different, 2). Pdeozoic magmatism has added an enriched component to the 
Pampean basement, and 3). Pampean lavas contain a more enriched sub-crustal cornponent. 

Further constraints on Pocho isotopic  signatures  corne from the fact  that  basaltic  andesitic to dacitic 
magmas erupted at = 4 to 5 Ma are more like  Main Cordillera rocks, whereas those erupted at = G 
to 7 Ma are more like the Precordillera group. Two factors could be important: 1). crustal  thickening 
leading to increasing amounts of a within-crust radiogenic component (like the Main Cordillera), and 
2). increasing amounts of an enriched subcrustal component. An argument against crustal thickening 
being the only factor is that crustal shortening is minimal  in the Sierras Pampeanas. An argument for 
a subcrustal component consisting of subducted sediment: and continental lithosphere removed from 
the base of the Main Corddera comes  from combinig, isotopic, structural and geophysical  constraints. 

A R E m D  MODEL MIOGENE TO RECENT MAGMATIC SOURCES AND "E 
LTTHOSPHERlC EVOLUTION OF THE "UT-SLAB" 

Steev Subduction : = 25 to 20 Ma - The early Miocene geometry of the Vat-slab" was  grossly 
like that of the  steep subduction zone near 35" S in the modern SVZ. Main Cordilleran arc magmas 
formed in the usual way - release of fluids  from the slab caused  melting in the overlying 
asthenospheric wedge. These melts  then  passed into the continental lithosphere where they 
incorporated crustal and mantle material and fractionated at relatively  low pressures before erupting. 
Minor amounts of back-arc olivine  tholeiite erupted along a probable active fault zone. Structural and 
magmatic  activity  was  virtually  absent  east of the Main Cordillera. 

Initial Shallowing : = 20 to 11 Ma - Shallowing of the subduction zone was  underway by= 18 to 
20 Ma.  Geological  evidence for this  shallowing  comes from early  Miocene  high  angle  reverse  faulting 
in the Main Cordillera, the early to mid Miocene broadening of the volcanic arc into the Precordillera, 
and the early Miocene initiation of thrusting  and  basin formation in the Precordillera. As a result, 
Main Cordilleran arc magmas  began  fractionating at greater depths and  assimilating more crust as 
crustal thickness increased in response to crustal shortening. Upper crustal material was transported 
to deep levels in the Main  Cordillera as Precordilleran crust was  wedged into the Main  Cordillera 
(Fig. 4). Magmas erupted in the east  were more contaminated by Precordilleran-type  basement. 
During this  time, lithospheric geometry  changed  from  like that in the SVZ today at = 35" S to like 
that at 33" S. As a result the space  for asthenospheric and lithospheric mantle above  the  slab 
decreased = 30% out to 600 km east of the trench (= 20% to 800 km). 
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EXTIPJCT VOLCANOS 
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FIGUFEi 4 - Modern "flat-slab" 
lithospheric  cross-section.  Shape 
of subducting  plate,  lithospheric 
thickness,  and topogaphy from 
Smalley and Isacks (1990)  and 
Isacks (1988). Volcans in 
Sierras Pampeanas represents 
Pocho volciunic field. Patterned 
wedge is crust from below 
decollement in Precordillera 
that is pushed into Main 
Cordillera (see Allnlendinger 
et al.  1990). 

Main shallowing Dhase = 10 to 6 Ma - Important changes in "flat-slab"  geology occurred bebveen 
10  and 5 Ma. Magmatic events iucluded termination of Main Cordilleran andesitic volcauism at = 10 
Ma, broadening of the arc across the Precordillera into the Sierras Pampeanas at = 7 Ma, the end 
of all volcanism in the Main Cordilleran and Precordillera between 7 to 6 Ma, and Fia1 Pampean 
volcanism at Pocho at = 5 Ma. Structural events included important basin formation, thrusting in the 
Precorddera and uplift of the Sierras Pampeanas. 

The dramatic eastward expansion of both magmatic and deformatioaal fronts is taken to signal 
an important change ia slab dip. Given the modern geometry of the seismie  zone, the space for 
asthenospheric and lithospheric mautle above the subduction zone decreased = 60% to a distance of 
600 Km east of the  treach (= 45% to 800 km) after the early Miocene. More than 30% of the 
continental mantle litkosphere cvitithin 600 km of the trench must have beea displaced.  This  calculation 
is a minimum as it does not allow for lithospheric cooling as the subduction zone shallowed or for 
lithospheric thiclreniug to accommodate 170 l m  of crustal shortening irs < 600 km. A esnsequeace 
implied by the section of Smdey and Isacks (1990) is that only crustal lithosphere is now present 
beneath the Main Cordillera. The proposition here is that continental lithosphere has b ~ e ~  removed 
in pieces that have beeu carried into the asthenosphere by the m a d e  flow system  circulating  above 
the wedge. Indirect evidence for these lithospherie pieces  potentially comes from the geochemistry 
of the Pocho volcanic  rocks in the Sierras Pampeanas. 

A consistent interpretatioa for the crustal component in the Pocho volcanic  rocks is that it  was, 
in part, derived from asthenosphere mantle melts that interacted with lithospheric pieces  removed from 
beneath the Maiu Cordillera (Fig. 4). A temporal increase in this component in Pocho magmas is 
consistent  with continued subduction. A rapid change in subduction zone geometry at = 7 Ma would 
allow little time for such a component to  be incorporated in = 7 Ma Precordillera magmas which 
have a strong isotopic signature from the local basement. 
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GEOLOGY,  GEOCHEMISTRY AND RECENT  ACTIVITY 'OF THE HUDSON 
VOLCANO,  SOUTHERN CHlLE 
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We present first geological  and  geochemical  results of a  comprehensive  study on  Hudson volcano  and 

its Recent  activity. An Upper  Pleistocene  unit  form  the  basis of Hudson  volcano. This activity  period 
produced  predominantly andesitic pyroclastic  flows  interbedded  with basaltic lava flows fQrming a caldera . 

like structure.  Holocene  magmatic activity produced  basaltic cones and andesitic to dacitic eruption cenkrs 
oriented  along  the  main  Holocene fracture zones. 

Lava flows  and  pyroclastic  products are calcalkaline and  range in SiO,  from 49 to 68 wt.%  with 
medium  to  high-K  character. We distinguish  two  basalt  types. The older,  Upper  Holocene  to Late 
Pleistocene  basalts (type-l), when compared  with  the  younger, Late Holocene  to  Recent  basalts  (type-2), 
have  higher X M ~  values  (50-61),  K/Rb  (400-520),  BaiLa  (20-50),  and  Rb/Cs  (60-95)  ratios,  and  lower 
Ti02 (>lS wt.%), La/Yb (2.3-3.3),  Rb/Sr  (0.02-0.04)  ratios.  Type-1  has  lower  87Sr/86Sr  (-0.7036), 
206Pb/204Pb  (-18.48),  and  higher  143Nd/144Nd  ratios  (-0.51286)  than  type-2. Late Holocene  to Recent 

basalts of  type-2  have lower X M ~  values  (38-45), K/Rb (320-380),  BaiLa  (10-17),  and  Rb/Cs  (36-65), but 
higher  La/Yb  (3-4),  Rb/Sr ratios (0.04-0.06),  and  TiO,  (1.6  to 2.3 wt.%) than  type-1. The higher Sr, Nd, 
and  Pb isotpic ratios of  the  type-2  suggest  an  additional  crustal  component.  Most  andesites  and  dacites 
originated  from  the  basaltic  type-2 by fractional  crystallization  in  a  closed  system  without  furmer  crustal 
contamination. 

The youngest  activity of Hudson  volcano  started  with  a  fissure  eruption at the 8* of August 1991. 
These  basaltic  phase (8/8-10) located at the  western  caldera  rim  produced falloui and  lava  flows. The 
following  paroximal andesitic phase  (8/12-15)  with  eruption  centers  in  the  SW  part of the glacier filled 
caldera ejected  tephra in a  SE-directed  plume up  to 1000  km SE (Malvinas  Islands).  Recent gas activity  has 
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apparently  increased since August 1991. We  observed  columns up to 500 m altitude in  a crater-like 
depression  around the andesitic eruption centers (8/12-15). Glacier melting by the strong geothermal 
activity  has  intensified the mud  flow  production in the direction  to  Huemules Valley. 

m'kv WQRDS: Southern  Andes, Chile, volcanism, volcamie activity,  geochemistry,  Quaternary. 

Active continental  margins are characterized by predominantly intermediate to felsic calcalkaline 
volcanism  produced  by  differentiation  and  interaction  of the mantle-derived basaltic melts with  the 
continental cmst. In the Andes basaltic volcanism is restricted to  the  southern  section of the Southandean 
Volcanic  Zone (SVZ). It is controlled by the  Liquiiie-Ofqui fault zone (LOFE) that extends between 39" 
and 46"s. Hudson  volcano is located at its southern end about 300 km NJ3 of the plate triple junction 
Eormed  by the Nzca, Anmctic amd South Ameriean  plates. The magmatie activity of Hudson volcalo is 
related to the subduction of a  Nazca plate segment. The rise of e i s  segment is oriented paralle1  and  in  front 
of the  Chile uench. The uench is filled by sediments  which  were drilled by ODP Leg 141 up to Pliocene 
formations (EIEHWNN et. al 1992). This implies subduction of  Young, hot, oeeanic crust including  sedi- 
ments. The continental crust is 36 to 35 lm in  thickness.  Plutonic  rocks of the Patagonian  Batholith and 
Paleozoic  metamorphie  rocks fonn the exposed basement. The latter rocks  show  a continental isotopic 
signature (PUNKHUWT et al. 1991). Both  rock  uni$  could have contaminated the primary upper mantle 
melts  of  the  Hudson  voleano  by sedimen& of the subducted slab or/and by intracrustal AFC processes. 

Geological  field  work was carried out in the austral  summers &9/90,  91/92 and 92/93. Our satellite 
image  investigation  on  the  Hudson  basement  shows  a  Holocene fracture frameworlc  striking 103", 125", 
and 18-29". The latter are oriented  parallel  to the LOFZ. This fracturing  was  produced by the Wecent Chile 
rise collision witb tbe continental margin.  The  dikes,  eruption centers and cones are located on these 
lineaments.  Andesitic lava flows (each one up to 50 m bichess) and basaltic to andesitic lava Rows (each 
one up to 20 m  thickness)  form the basal  Upper  Pleistocene unit of the Hudson. The basic  Hudson  unit 
document  alternating effusive and  highly  explosive  activity. It is exposed  on the North-Western  and  partly 
on the Eastern side forming  a caldera-like structure.  In  the  Holocene,  twelve  eruption centers were formed 
at different locations of the whole volcamic area of about 95 km2. Basaltic cones and  fissures  were  formed 
especially  on the western  and eatern caldera rim. The  eruptions centers loeated in the glaciated 
Pleistocene caldera were often highly  explosive  probably due to phreatomagmatie processes  forming 
products of andesitic to dacitic compositions. 
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GEOCHEMISTRY 

Major  and  trace elements of 70 samples  from  different  volcanic  and  basement  units  were  obtaincd by 

XRF. The Uace elements, Cs, Th, U, Ta, Hf, Sc and  the REE were  determined by  INAA  from 20 samples. 
The  isotopic  ratios of the  elements Sr, Nd,  and  Pb  were  detected  from 11 selected  samples  (KILIAN & 

HEGNER 1993). 

The effusive  and  explosive  vocanic  products  are  calcalkaline  and  range in  SiO, from  49 to 68 wt. % 

with  medium-K to high-K  character.  Two  types of basalts  can  be  distinguished.  The  older, Upper Holocene 
to Late Pleistocene  basalts  (type-1)  have  higher XM, values  (50-61), IURb (400-520),  Ba/La  (20-50),  and 
Rb/Cs (60-95) ratios,  and  lower TiO, (b1.5 wt.%),  Rb  (13-20  ppm), La/Yb (2:3-3.3), Rb/Sr  (0.02-0.04) 
ratios than the  younger, Late Holocene to Recent  basalts  (type-2). Type-1 has lower  87Sr/86Sr  (-0.7036), 

206Pb/204Pb  (-18.48),  and  higher  143Nd/144Nd  ratios  (-0.51286)  than  type-2.  In  comparison  with 
geochemical  calculations of BRANDON et al (1989), HAWKESWORTH et al.  (1992),  and KELLER et al. (1991) 
trace  element  pattern for type-1 are consistent  with  a  derivation of a partially melted  slab  mixed with 
material  from  a peridotitic source  in  the mantle wedge. The isotopic data are consistent with a  depleted 
mantle  source  contaminated  with  1-2 % of old  continental  crust. 

Late Holocene  to  Recent  basalts of type-2  have  lower X M ~  values  (38-45), WRb (320-380),  Ba/La 
(10-17),  and  Rb/Cs  (36-65),  but  higher La/Yb (3-4),  Rb/Sr  ratios  (0.04-0.06),  and TiO, (1.6 to 2.3 wt.%) 

than  type-1.  Higher  Sr,  Nd  and  Pb  isotopic  ratios  suggest  an  additional  crustal  component as exposed on ' 

the  surface. Most andesites and dacites originated  from  the basaltic type-2 by fractional crystallization of 
plagioclase (An,, to An,,), olivine (Fog0 to Fo,,) and augite in  a closed system  without  further  crustal 
contamination as indicated by similar  K/Rb, Ba/La,  and isotopic data as basalt  type-2. 

RECENT ACTIVITY 

The basaltic  eruption  phase of 8-9  August  1991  (GVN  Bulletin v. 16, no. 7-12)  was  located at the ice 
covered  (20-30  m  thickness)  western caldera rim  forming  an elliptic fissure vent  about 2.5 km long,  0.3 km 
wide,  and 0.2 km deep  trending N 25"W. Constant  fumarolic  activity  with  intense sulfur odor  was  observed 
since  August  1991. The basaltic  eruption  phase  produced  1.0-1.5 k m 3  (DRE) (IPPACH & SCHMINCKE, 
1993) of fallout material, lava, and  spatter  flows. Lava flows  extend  max. 3.5 km beside  the  Huemules 
glacier  from  the N flank of the fissure vent.  Additionally, lava debris flows  and aa-like flows  were 
observed at the  N  flank  extending up to 2.5 km from  their  source.  At  the  western  inner caldera rim lava and 
spatter  flows  extend down  the  slope into a  300  m  deep  depression of  the  ice  covered caldera surface. The 
inner part of  the WNW caldera rim  partially  collapsed  and  slid  into  the caldera. The thickness of the 
basaltic fallout layers  decrease  from  about 500 cm near  the  source to 1 cm at a  distance of 50 km in 
direction  to  the N. The paroximal  andesitic  eruption  phase of 12-15  August 1991 (GVN Bulletin, v. 16, no 
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7-12)  was  located  in  the  SW part of  the glacier fiIIed caldera. The 17-18 km high  eruption  column was 
sheared by strong winds into  a 110rrow SE-directed  plume  transporting 2.5-3.0 k m 3  (DM) tephra  (IPPACH 
& SCHMlNCKE,  1993)  to at least 1000 km SE. A large S02-rich cloud, ca. 1500  kton  of SO,, circled the 
south  polar  region  twice  in  7  days (DOEON et al. 1991). ln the SW part of the caldera crater-like 
depressions filled by  Iakes  of 800 and  650 m diameter are indicating  the existence of two eruption centers 
of the andesitic phase. This area of 5 km2 is surrounded by  an intensively craclced glacier. 

During  the  austral  summer of 91192 pyroclastic material was  reworked into the  lower W part of the 
caldera leaving  deposits up  to 30 m thickness. In the  winter  of 1992 the pyroclastic material was covered 
by snow,  which  is  now  compacted to 2-3  m  thickness. Recent gas emission and increasing geothennie 

activity is producing  a  strong  melting of the ice in an area of IO km2 around  the plianian eruption  centers. 
In  this zone gas  eolumns from different locations reaching up to 500 m altitude were  observed.  One 
phreatic gas eruption  (February  1993)  produced an ash  fan  of  reworked  pumice material 10 km to  the E. 
Consequently,  mud  flow  production is still increasing. In erosional  channels of the glacier volcanoclastic 
material is flowing to the SE of  the caldera following  the  Huemules  glacier. This implies a  permanent risk 

for  the  repopulated  Huemules Valley. 

BEHWNN, J., LEWIS, S. D. & MUSGRAVE, W. (1992):  Proc. ODP, Init.  Repts., 141: College Station, TX. 

DEWEY, J.F. & LAMB, S.H.  (1992):  Active  tectonics  of  the  Andes.- T~tonophysics, 205: 79-95; 
Amsterdam. 

DOIRON, et al. (1991):  Transport of Cerro Hudson SO2 1991.- Eos, vol. 72,45. 

GVN BULLETIN  (1991):  Srnithsomian  Institute;  Bull.  GVN, No.7,9, 10, 11, 12. 

IPPACH, P. & KILIAN, R. (1993):  Increased gas and audflow production at Hudson  volcano, Soutbem 
Chile.-  in  press. 

IPPACH, P. $r. §CHMINCKE,  H.-U.  (1993):  Volatile  buget of the  eruption of Mt. Hudson  (Chile)  in  1993.- in 
IPrep. 

IOLIAN, W. 8r HEGNER, E.  (1993):  Pb, Sr, and Nd isotopic ratios of  Hudson basalts constraining  the 
Southandean  magma  genesis.-  Geology, in prep. 

IOLIAN & LOPEZ-ESCOBAR, L. (1991):  Petrology of the  Southern  Southandean volcanic Zone (41-46"s) 
with  emphasis on Michimfiuida-Chait6n volcanic  complex (43"§).- Zbl. Geol. Palaont., 
Teil 1, 1991 (6):  1693-1708;  Stuttgart. 

PUNKHURST, R.J., HERVE, F. ROJAS, L. & CEMBRANO, J. (1992):  Magmatism  and  tectonics  in continental 
Chilo6, Chile (42"-42 30").- Tectonophysics, 205: 283-294. 

STEFW, C.R. (1990):  Tephrochronology of southermost  Paragonia.- Nat. Geograph. Wes., 4: 110-126. 

STERN, CR. (1991): Mid-Holocene  tephra on Tierra del Fuego (54"s) derived from  the  Hudson  volcano 
(46"s): Evidence for large explosive eruption.-  Rev. Geol. Chile, 18 (2): 139-146;  Santiago. 



Second ISAG, Oxford (UK), 21 -231911 993 389 

PETROLOGY AND GEOCHEMISTRY OF THE TAITAO OPHIOLITE 
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R6sum6 : Nous presentons  les  resultats  d'une  serie  d'analyses  geochimiques  conduite  sur  les  principaux 
termes de  l'ophiolite  de  Taitao.  Les  arguments  de  terrain  permettent  de  distinguer  deux  unitCs dans l'ensemble 
volcano-sedimentaire Btudie : (1) une  unit6  essentiellement  volcanique (OVU) m6tamorphisee dans le facies 
des  schistes  verts  qui  pourrait  constituer  les termes  sup6rieurs  de  l'ophiolite et (2)  une unit6 volcanique et 
s&imentaire (CMU) B conglomerats  et  pyroclastites  qui  repose  en  discordance sur le  socle metamorphique  de 
la marge du  Chili.  Les  rCsultats de notre Ctude fitrographique et gbchimique conf i en t  cette  distinction et 
nous  amenent A rediscuter  l'origine  des  ophiolites. 

KEY WoRDS : Taitao  ophiolite,  Chile  Triple  Junction,  volcanic  rocks,  geochemistry. 

An ophiolitic  and an intrusive  suites  have  been  discovered  recently at 47"s on  the  Taitao  Peninsula, 
Southern  Chile  (Forsythe et al., 1986,  Mpodozis et al, 1985), 50 km southward of the  Chile  Triple  Junction 
and only 17 km from  the Chile  trench.  The  ophiolite  and  the  intrusions  have  been first considered of 
Pliocene  to  Pleistocene  age  and  are  supposed  to be the result  of  ridge  subduction  and  collision.  Indeed,  a 
portion of  the active  spreading  Chile  ridge  between  the  Taitao  fault  zone  and  the  Tres  Montes  fault  zone 
collided  with the continental  margin  around  2.5  Ma - 4 Ma  (Cande et al., 1987). 

The  results of a field  study  conducted  in  the  Taitao  Peninsuia  in  1992  led us to distinguish at least 
two  sequences  within  the  volcano-sedimentary  sequence  previously  interpreted as the  stratigraphic  cover  of 
the so-called  ophiolitic  suite  (here  refered as the  Bahia  Barrientos  Ophiolite,  BBO).  These  two  sequences  are 
named  the  Ophiolite  volcanic Unit (OW) and  the  Chile  Margin  Unit  (CIvfU)  (Bourgois ef al., 1992). 

(1) The O W  could  represent  the  upper  part  of  the  ophiolite. It consists of a  thick  volcanic  sequence 
of  pillowed  and  massive  lavas  showing  greenschist  facies  metamorphic  overprint  interbedded  with  marine 
sedimentary  rocks. No microfauna  allowing  age  determination  was  found  in  the  sediments.  This  unit has 
been  studied in three separate  localities : Rio Oxxean  Tres,  Estero Lob0 and  Estero  Cono.  The  corresponding 
sequences  are  named  respectively : Oxxean  Tres, E. Lob0 and E. Con0  sequences. 

(2)  The CMU is a thick,  vertical,  volcano-sedimentary unit. It includes  conglomerates  and pyroclastic 
rocks  and  uncomformably  overlies  the  metamorphic  basement  of the Chile  margin. No pebbles  of  ophiolitic 
origin  have been  found  in the coarse  derrital  levels of  this  unit.  Nannoplankton  assemblages  give an age 
ranging  from  Early  Pliocene  to  Early  Pleistocene. 

Sixty-one  samples of  various  volcanic  rocks  from  the  three distinct  volcanic  sequences of  the OVU 
and from the  CMSJ  have  been  analyzed  for  major  and  trace  elements as well as for rare  earth  elements  using 
unductively  coupled  plasma  emission  spectrometry  (ICP-ES),  except  Rb  which has been analyzed with  flame 
atomic  emission  spectromeory.  Thirty-one  samples  have  been  collected in the  Oxxean  Tres  sequence,  nine are 
from  the E. Lob0 sequence, five from  the E. Cono  sequence,  and  three  samples are fresh  glass  from 
undetermined  origin. Three serpentinized  peridotites  and  eleven  gabbroic  samples  were aIso analyzed. 

The collected  voIcanics are dominantly  pillowed  basalts,  but massive lavas, dolerites,  tuffs, 
pyroclastic  breccias,  isolated  dikes and  other  intrusive  have  also  been  sampled. The rocks  are  dominantly 
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basic  lavas (badb ,  basaltic  andesites  and  andesites),  but three dacitic rocks and one  rhyolite X e  present. 
Si02 content  ranges  from 46 to 76,W with LOI (loss of ignition)  varying  from 1% to 9%. me volcmic 
sequence of the CMU is  characterized by  the abundance  of pyroclastic facies, the occurrence of fresh g b s  
within  pillows  and the lack of  greensehist  facies  rnetamorphic  overprint in al1 the lava. By  conwast, the 
volcanics of the O W  sequences show  frequent  greenschist  facies metamorphism wilh crystallization of 
actinolite,  chlorite  and  the  albitization of plagioclase.  However, as shown in a Si02 vs LOI diagram, there 
is no suiking difference  in  the LOI ranges of both series. 

The  alkaly  contents of the basaltic  lavas are often  high,  higher than expected  for  typical MO=. The 
Na20+K20 content  varies  from 2 to 9 % with  the  highest  values  found  in basalts and  basaltic  andesites 
from E. Cono  and E. Lob0  sequences. Such variations  require  special  attention  to the possible  effects of the 
alteration on the composition  of the lavas.  But no clear correlations can be established between the LOI and 
the  abundance  of  major  elements,  moreover, the highest Na@ and K20 values are found in lavas  showing 
low LOI contents  suggesting  that  high  alkaly  values  could  be  of primany origin. In a  simple NqO+I620 YS 
Si02 diagrarn (Fig. 2), two groups of composition can be  distinguished : the rocks from the CMU show 
relatively slight allraly  enrichment  for  increasing silica contents whereas rocks from the OVU are 
characterked by hi@ &aly contents  at  lower Si02 values. 

Based on rare earth elements  behaviours,  different groupa can be  distinguished among the  sarnples 
from  the OW.  Our preliminary  study  shows  that  at l es t  three different groups do exist : a E-MORI3 group 
with aL@& ratio =1 (Fig. 3), a group with cak-alkaline affinitia and a group of intermediate  affinity  with 
high Si02 and  low K2O contents.  The mafc volcanic rocks of the CMU have REE patterns  similar to  that 
of slightly  enriched MOFtEi. The siliceous rocks of this unit show  similar  pattern  with  higher trace elements 
abundances  and Nb, Ti and V negative  anomalies  probably  in  relation  with  fractionation  of  titamomagnetite 
and  amphiboles. 

The  plutonic  rocks of  the  Bahia Bmientos Ophiolite  include  isotropie  and  cumulate  gabbros,  gabbro- 
norites,  Fe-Ti  gabbros,  wherlites and  various  intrusives such as andesite dkes and silidc anastomozing 
veinlea. The mineralogy of the gabbros is similar to  that  of  csceanic  gabbros (01,  Pl, Cpx, Opx,  Fe-oxides). 
Primary  amphibole  was  found  only  in  few  sarnples.  Some samples contain  sulfides. The gabbros  have  very 
homogeneous geochemical compositions with silica  content varying  from 47% to 52,8% and  very low K20 
and Na20 contents. 

These preliminary results  indicate  that the presumed  upper  volcanic seequence  of the BBO, i.e. the 
O W ,  is  not  tyaical of volemie seetions  found at  mid-oaanic ridges.  Therefore, the Taitao complex cmnot 
be regarded as a section of ocemic lithosphere  simply  obducted  during  ridge-trench  collision. A more 
eomplex  scenario  is  now needai to explain both obduction of ophiolitic  rocks  and the near  uench  Pliocene- 
Pleistocene magmatisw registered in the G W  sequence  and in the  Chaimyan  islands  region. 

Bourgois J., Lagabrielle Y., Maury R., Le Moigne J., Vidal P., Cantagrel J. M. and  Urbina O., Geology of 
the Taitao peninsula (Chile margin  triple  junction are& 46'47'S) : Miocene to Pleistocene  obduction of  the 
Bahia Brurientss  ophiolite, EOS, 73, 1992, p. 592. 
Cande S. C., Eeslie W. El., Parra J. C. amd Hobart M., Interaction  between  the  Chile ridge and Chile &ench : 
geophysical  and  geothermal  evidemce, J. Geophys. Res., 92,1987, p. 495-520. 
Forsythe W. D., Nelson E. P., Carr M. J., Kaeding M. E., Hem6 M., Mpodozis @. M., Soffia M. J. and 
Harambour S., Pliocene near trench  magmatism in southem Chile : a possible manifestation of ridge 
collision, Geology, 14, 1986, p. 23-27. 
Mpodozis (2. M., Hew$ M.. Nasi C., Soffia M. J., Forsythe R. D. and Nelson E. P., EI magmatismo 
plisceno de  Peninsula Tres Montes y su relacion con la  evolucion del punto triple de Chile  austral, Rev. 
Geol. de Chile, 25-26,  1985, p. 13-28. 

Figure  captions : 
Fig. 1 - Geological  map  of the Taitao  PeninsuIa  established on our observations. 
Fig. 2 - Na20 c K20 versus Si02 diagram. Da& squares, open squares, dark lozenges  and  open  lozenges are. 
for the Ophiolite  Volcanic  Unit (OVLT). Black triangles are  for  the  gabbroie  and  serpentinized roda (BBO), 
Open  triangles are for the  lavas  of the Chile  Margin  Unit (CMU). 
Fig. 3 - La versus Nb diagrm. S m e  symbols as fig. 2. 



Second ISAG, Oxford (UK), 21  -231911993 391 

4603 

46'4 

46'5 

1 I I I I I 
75030 7590 75"lO 

Fig. 1 - Structural diagram of the Taitao  Peninsula : 

1- Pliocene Taitao  intrusive  suite  (3.2 - 5.5 Ma) ; 
2- BBO : Bahia Barrientos Ophiolite suite : 2a- ophiolitic complex ; 2b- serpentine ; 
3- associated  volcanism OVU, 
4- CMU : Chile Margin  Unit ; 
5- Re-Jurassic metamorphic  basement ; 
6- Golfo Tres Montes  Unit ; 
7- calc-alcalin volcanism (0.8 - 5.3 Ma) ; 
8- localisation of analyzed samples : 
F1, F2 : hot  Springs. CEW : Cab0  Raper  Pluton.  BBS : Bahia Barrientos Stock. SHP : Seno 
Hoppner  Pluton. 



392 

Q -  

8 -- 

7 -- 

6 -- 

2 :  m 5 -_ 
2 -  
+ -  

3 -- 

2 -- 

Second ISAG, Oxford (UK), 21 -231911 993 

Fig. 2 

. O  

A 

B 

25 

20 

15 

h 

E a 
(B 
d 

- 
10 

5 

O 
O 15 



Second ISAG, Oxford (UK), 21 -231911993 393 

PETliOGENESIS AND OCCUlUiENCES OF GABROIC ROCKS 

IN THE ABANCAY DBI~LISCTION AliEA 
IN THE LIMIT  EASTERN  CORDILI ,ERA-HIGI-I PLATEAU 

(CURAHUASI -SOUTH PElIU) 

Rolando LIGARDA C. (l), Gabriel CARLIEK. (2) and Victor CAKLOTTO C .  (3) 

(1) S U " ,  Apxtado 10296, Linla 41 - PEKU. 
(2) OKSTOM, UR 113,213, Kue la Fayette 75480, Paris cedex 10 - FKANCE. 
(3) UNSAAC, Jr Atalluallpa 253, Cusco - PERU. 

RESUMEN.- Rocas gabroicas de tipo cumulats  queconstituyen lac~llnxalnagllliiticaen el borde 
norte del batofito Andahuaylas-Yauri,  ailoran en la zona de la Dellexi6n de Abancay, como 
cabalgmnientos plurikilométricos sobre  cuarcitas del grupo  Yura. 

KEY W0IIDS.- Batholith, Gabbros, Abancay Dellection, Thrust,  Curahuasi. 

INTRODUCTION 

Gabbroic rocks in the  Curahuasi zone,  north border of Andahuaylas-Yauri batholith, 
south of E-W striked  Abancay Deflection, were described by MAIXOCCO (1975,1978), however 
more  dehiled investigations about  their origin and ocurrences  have  never been done. In this 
paper the  authors provide information about field  rel:ltions, petrography, rock and  mineral 
chemistry. The conclusions could have  important tectonic implications in setting the  Eastern 
Cordillera-High  Plateau lilnit as weU as understanding the Andean  shortening. 

GENERAL  GEOLOGY AND TECTONIC SETTING 

Limestones and  blackshales oflower-middle Permic age (CopclcabanaGroup),  continental 
red beds ancl andesitic volcanics of upper  Permic-Triassic age (Mitu Group)  constitute the 
l'aleozoic basanlent. 

During the Mesozoic the basin was divided into  two  parts with different deposition, 
separated by E-W faults  (Abancay Thrust systems), pardel  to  the Abancay Dcllection 
(MAKOCCO, 1978; LlGAliDA et al, 1991). To the  south the western basin consists of upper 
Sinemurian-Bajocian(P) limestones (L-agunillas  Group}.  it lollows the deposition ofblack shdes 
and white  quartzites interbedded at the top with limestones of Bathonian-Neocomian age (Yura 
Group) with more  than Y00 meters in rhickness. This thick sequence, North ol'the eestern basin, 
is equivalcnt to only 15 meters of Neocomian mature sanclstones (1-Iuancm6 Formation), which 
overlies the volcanics of the Mitu Group (Figs. 1, 2); ahove the  Huanean6 Formation are red 
shales *and thick evaporitic series with limestones at tllc top of Aptian-lower  Cenornanian age 
(Yuncaypeta  Formation). 
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The tectonic setting was  ckaracterized by E-W to WNW-ESB thrust systems, which dip to 
the  south, downdip these  faults become listric faults. The Abancay Thrust is the most  important 
structure  that puts, the  Yura  Group  and Yuncaypata  Formation together; associated with it are 
E-W isoclinefoldings in Puente  Cunyac.  Southward  the  subhorizontal dippad Curahuasi  Thrust 
sets the gabbroic rocks  over Yura Group  quartzites,  this  can be seen in Quebrada  I Ionda (Fig. 
3). In  the  Curahuasi Valley small tertiary  stock of tonalitic rocks  and  quaternary  shoshonitic 
volcanics are distributed along the E-W structures;  the  last  one  are associated with a distcnsive 
reactivation of the faults. Less  important NW-SE faults with movernent dong  the  strike, 
associated with microdiorite dykes, are also present. 

DISTRIBUTION AND PETMOGMPHY OF GABBROIC ROCKS 

In a general way in the  north  border of the batholith, the  Yura  Group qusaraites are 
overthrusted by the gabbroie rocks, as a response to the Curahuasi  Thrust. Gabbroic  rocks 
constitute in volume the main part of the magmatism, they are dark grey, and  have nvagnlatic 
lanunations of cumulat type as a characteristic  feature,  their age is not well defined, but tha 
authors  assume  that they intruded  during the upper Crotaceous-lower  Tertiary. 

Modal Analysis using the IUGS diagrams, PI-Px-O1 and PI-Px-Hhl (Fig. 4) give three  rock 
fmnilies: troctolites, olivineg&bros and hornblendegabbros. The troctolites and olivine gabbros 
show  cumulat  textures, with olivine-plagioclase-ortho-clinopiroxene as a pqmary paragenesia. 
The post-cumulat or late magrnatic phase consists of brown hormblende-biotite-opaques; the 
pyroxenes were altered to hornblende  and opaques as simplectites. The homblenda gabbros are 
dykes, whieh eut the troctolites and olivine gabbros, thsy  show granular xenomorphic  texture, 
and  are made  up of plagioclase-brown hornblendc-clinopiroxene-opaques; olivine  and 
orthopyroxene can be found occasiondy. 

MINEl?.ALOGY AND MINERAL GHEMISTRY 

Minerals  ofolivinegabbros (samples Cu6,  Cu7,  Cu9)  and troctolites (CulO),  were  malized 
with a Camebax Microsonde (Lab. de Petrologie de 1’Ecole Nationale  Superieure des Mines de 
St.  Etienne - Paris). 

Olivine has a foraterite composition: 6kFo<74., with Magnesium content  nearly 0.50% 
(Fig. 5); m d  contains inclusions of opaque minerals. Plagioclases are  the dominant  phase *and 
have a subparallel  arrangement that indicate the magmatic laminations; the  anorthite  content 
average goes from 60 to 74%: Labradorite-bytownite, however the anorthite content c m  have 
strong variations, which is typical of adeumulats cristallization. Clinopyroxenes are augite; 
whereas  the orthopyroxenes are associated with both, clinopyroxenes and  opaque  minerals,  and 
has hiperstene composition: 69<Mg<75 (Fig. 5) .  The chemical evolution of these pyroxenes is 
like that of ealc-akaline plutonie rocks  that evolved under hi& water fugacity (UEST &. 
MERCURY, 19671, the  titmium distribution between ortho and clinopyroxene shows  that  they 
are in equilibriurn, therefore, it is assume  that  the eristallization temperature  was  about l00U’ (7: 
(WELLS 1977). Amphibole  cristallize as post-cumulats and has   n~~nes ium-hae t in~s i te  
composition, showing high content of Mg/Fe+&lg>0.85 similar to the biotite: h@,/g/Fe+ne>0.74. 
Magnctite occurs as inclusions in olivine, associated with other lerromag!aesian mincrds. 
IlInlenite is also present. 

ROCK GHEMISTRY 

Major-element composition and trace-elenlents abundances  were analized hy XlW- 
Fluorescence  (Lab.  de Petrologie de Paris VI) in the sampIes mentioned above. The diagrams A- 
F-BI and “ 2 0 3  - FeO+Fe203 - Mg, show typicalcalc-alldine lineal evolution ofcumulnt  rocks; 



Second ISAG, Oxford (UK), 21 -231911993 395 

these gabbros are poors in both, alkalines  and incompatible elements (Zr, Rb, Y, Nb, €10 and are 
enriched in MgO, Cao, Ni,  Co, V (Fig. 6). The comparision of the oxides against the 
differenciation index DI, with surrounding tonalitic stocks  and microdioritic dikes, show  that 
these gabbros are not comagmatic with the Iast one  (LIGARDA, 1989). These chemical data also 
indicate that  the gabbroic rocks are originated €rom a type 1 magma (CHAPPELL & WHITE, 
1974). 

CONCLUSIONS 

Based on  theirmineralogical  and petrographic characteristics and chemical dataa (cumulat 
rocks); it is belief that these  rocks  constitute  the deepest  level of Andahuaylas-Yauri batholith 
*and probably represent the magrnatic chamber, that  were lifted by a plurikilonletric overthrust 
from  south to north (P) caused by thrust systerns in thc late  Cretaceous. A h ,  these systems 
controlled the sedimentation in the western  and  eastern basins in the Jurassic  and  Cretaceous 
times, and  later,  during  the  andean tectonics, located the western basin over the  eastern basin as 
an allochthonous block. 
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Fig.G.- 1-larker type diagrams of Curahuasi gabbroic rocks, compared  with  other magrnatic events. 
circles: gntrbroic rocks;  stars: microdioritic dikes; asteriscs: tonalitic stock. 
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ARC RELATED  IGNEOUS AND METAIGNEOUS  ROCKS IN THE 
COASTAL  CORDILLERA OF NORTHERN CHILE:  CONTINUOUS 
REPLACEMENT OF THE CRUST? 
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RESUMEN 

Durante la fase jurasica de actividad rnagmatica, la corteza continental pre- 
andina de la Cordillera de la Costa del norte  de Chile (region de Antofagasta) 
fue  reemplazada  por  rocas  intrusivas  precoces y sus  equivalentes 
rnetarnorficos, por rocas intrusivas tardias y por rocas  volcanicas. El lapso  de 
tiernpo  de  este  episodio  rnagmatico  parece  estar  restringido a 50 ma. Termin6 
alrededor de 150 rn.a. y ernpezo  aproxirnadarnente  hace unos 200 rn.a. Sin 
embargo,  las  edades del  inicio del rnagmatisrno y del subsequente 
metarnorfismo son irnprecisas. Los detalles del rnarco tectonico y de la 
evolucion de esta adicion de magma a gran  escala en la corteza no  estan a h  
Claros. 

Key Words: Arc magmatisrn,  rnagrnatic  arc  rnetarnorphisrn, crustal growth  by 
rnagrnatism,  tectonic  setting of the magrnatisrn 

INTRODUCTION 

Early intrusive rocks  and their metamorphic  equivalents,  late  intrusive  rocks,  and 
volcanic rocks replaced the Preandean continental crust during the Jurassic 
phase of magmatic activity in the Coastal  Corditlera of northern  Chile,  Region 
Antofagasta. The tirne span of  rnagrnatisrn  seerns restricted to 50 Myr. It 
terrninated  around 150 Myr  and  started  at +/- 200 Myr).  The  onset  of  rnagmatism 
and subsequent metarnorphism  is,  however, less certain.  The details of the 
tectonic  setting  and  history of this  large  scale  addition  of  magma  to  the  crust aie 
not  yet  clear. 



400 Second ISAG, Oxford (UK), 21-23/9/1993 

ETTING (Coastal area between 2320 - 2420s) 

Metaplutonie rocks (metabasites) and plutsnic rocks are  exposed alsng the 
coastline ssuth of Antofagasta and af the southern tip of the Mejillsnes 
peninsula. The metabasites constitute Iow pressure granulites (two pyroxene 
plagioclase  gneisses),  reliets of their  magmatic  prstslith  and  foliated 
amphilsolites derived from the pyroxene gneisses. Layered gabbros (numersus 
small intrusions)  and a quark disrite  pluton (large hsmogeneous  intrusion) 
intruded into the metamophie unit. Mafic dyke swarms  crosseut the foliation and 
sther textures in the metabasites and the quark diorite. They were not deformed 
under ductile conditions. To the south (240) relicts sf.voleanie rocks (“Formacion 
La Negra”) are widespread (continental depssits as lava flows). Contacts of the 
vslcanic rocks with their basement are not well knswn, except in ssme places, 
where teetsnie and intrusive contacts were observed. Preandean continental 
erust is not fsund between south Mejillones and Paposo.(for details: Lueassen & 
Franm, 1992 and references therein) 

The recrystallimatisn of the early magmatic rocks unclef granulite  facies 
temperatures was enhanced by the intrusive magrnatic activity. The magmas 
were essentially dry and the reerystallizatisn oecured on the eooling patk of the 
area. Ns relicts sf a prsgrade temperature path were fsund for granulite and 
subsequent ampkibolite facies rocks. Temperatures in the pyrsxene gneisses 
(8OO*C, tws pyroxen therrnometry) and in the amphibslites (660-’POQW, 
amphibole compositions) are not related ts the geographieal distribution of the 
samples (no regional temperature gradient). Quantitative pressure estimations 
for the formation of the metabasites are mot possible because garnet is generally 
lacking. Considering Mg(Fe+Mg) ratios between 50 and 66 for most samples 
our suggestion that pressure did nst exceed some 5 kbar is ‘ t m  the safe side”. 
Pressures of s5 kbar were derived for minerals formecf at greensekist facies 
temperatures $y phengite composition and fluid inclusions. 

The formation. of the pyroxene  gneisses from the ignesus  protolith was 
isoehemical (no dehydratisn  reactions  involved),  and the cornpositional 
changes $y the amphibolitization are negligible (major and trace elements 
ineluding REE, Sr and O isotopes for selected samples). The rmajority of 
metabasite samples are typieal calealkaline rocks with Si62 contents (48-54 
wt%) in the range of the basalt - basaltic andesite transition. The quartz disrite is 
similar in composition ts the rare Si02 rich  metabasites. The dykes also fsllow a 
calcalkaline trend in their elernent abundanees with minor differences esmpared 
ts the metabasites. The late gabbros show a tholeiitic composition at SiCr2 
arsund 45 wt%. The volcanies are also ekemieally different frsm al1 other 
(meta)igneous rocks. They are rich in Na, Fe, and HFSE, and Iow in Al and Ca at 
a restricted Si02 range (msstly between 52 and 55  wt%) csmpared ts the 
calcalkaline rocks. Even considering a possible influence of alteration on the 
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mobile  elements in the volcanic  rocks,  they  are  not related to any  other rock unit 
of the area. 
In al1 rock types including volcanics and gabbros Sr isotope ratios are low (c 
0.7040) and REE distribution patterns are flat (LaNb typically between 2-3 for 
most samples). We suggest magmas from the upper mantle as the major 
component in al1 rocks. 

REGIONAL  IMPORTANCE OF THE RESULTS 

The composition of the crust from a deep section of the arc as outlined above 
rnight be representative for the upper 20  km of the gresent crustal profile in the 
Coast Range. Geophysical data of the gravity field  and the seismic velocities 
from a north-south profile (20-260s) in the Coast  Range prove the existence of 
abundant high density  mafic  rocks  (2850-3000 kg m-3) in the upper 5 - 22 km of 
the crust (Strunk, 1990 and references therein). In E-W direction  the high 
density rocks are restricted to  the  Coast  Range, but they extend over at least 
600 km in N-S direction. No major parts of typical Continental crust are  obvious 
either in the  gravity field or in the distribution of seismic  velocities. 
A comparision of geochemical data of igneous rocks  frorn the Coastal Cordillera 
shows striking similarities between data from the literature and Our data.  The 
volcanic  rocks  are  not related to  any  other  rock  unit on the regional scale. 

PROBLEMS 

Replacement of the continental crust by prevailing basic intrusions and their 
metamorphic equivalents at midcrustal levels requires a considerable stretching 
and  thinning of the crust. The  intrusion mechanism must have prevented 
contamination of the basic magmas by a crustal component, and  therefore 
magmatic underplating is preferred. The regional distribution of high density 
rocks in the upper crust from geophysical data suggest extension normal to the 
continental margin plate boundary. Typical tectonic settings for large scale 
plutonism  and  volcanism are those of continental  extension  and rifting. 
Locations with extension normal to the plate boundary at active continental 
margins are back arc basins (e.g. Aguirre et  al., 1989 for the Cretaceous 
volcanism in the Andes)  or the magrnatic  arc itself (Scheuber&Reutter,l992 for 
the Jurassic arc of N’Chile). A back arc  setting  for the Jurassic rocks  seems  less 
likely, because there are only  minor intercalations of sediments in the volcanic 
rocks  and  the  volcanic  rocks  are  largely  deposited  above  sea  level. 
Furthermore, we would have to explain where the arc and fore arc region are 
today. The essential problem is the same for both settings: There is no 
indication for a widespread  distribution or at least important  remnants of 
continental crust in the Coast  Range.  The complete removal of continental crust 
by extension of the lithosphere and their replacement by igneous rocks would 
lead to the special case of continental rifting and spreading caused by  extreme 
thinning of the lithosphere (and crust) in the framework of models considering 
continuous extension as the only  or  major tectonic process. Geological settings 
or chemial  compositions of the igneous rocks typical  for rift or spreading 
situations were  not found in the area. Recrystallization of the early intrusions , 
their  spatial relationship to  the volcanic rocks and the chemical differences 
between  volcanic  rocks  and the metabasites exclude a contemporaneous 
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development of the rocks at the same geogaphical position (thrust tectonics can 
be excluded). Therefore uplift and erosion of the Coastal Cordiliera is required 
before deposition of the volcanies and before the emplacement of at least some 
of the Iate intrusive rocks. The cause and exact timing of this hypothetieal event 
and its relation to the subduction prscess is yet unclear. 
We are workiwg on thermal msdels of the arc erust with the givew data  and 
attemptimg ts sbtain age relations of the early history of the Jurassic are by 
additional radiometrie datiag with tht: aim of testing various hypotheses of the 

matic and tedonie history of the arc cmst. 
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RESUMEN 

Se Compara las caractedsticas de isotopes de Nd y  las  edades  modeladas  ("model  ages") de rocas  igneas 
relacionadas  a su)bducc& de la Peninsula Anmctico, a datos publicados de la CordilIer?  Andina. Se 
relaciona  variaciones en las edades  modeladas, en  tiempo y tambien  en espacio,  a la evolucion  tectonica  de 
p a s  diferentes  del  margin  pacifico de Gondwana,  anteriormente  conjuntadas. 

Antarctic  Peninsula,  subduction-related  magmatisrn, neodymium  isotopes,  model  ages. 

Introduction 

Continental  destructive  plate  margins are the  most  important  sites of continental  crustal  growth in the 
geological  record.  During  subduction-related magmatism, a  variety of different  geochemical  reservoirs 
may be  tapped,  and it is generally  accepted that  subduction-related  magmas  may  contain  contributions  from 
depleted  mantle,  continental crust,  variably  enriched  continental  lithospheric  mantle,  subducted  terriginous 
and  pelagic  sediments,  and  the  products of slab  de-watering.  Variable  amounts of interaction  between  the 
above  geochemical  reservoirs  leads to the  geochemical  diversity of magmas  erupted at active  continental 
margins.  However,  because  some  of the above  components  have  similar  trace  element  and  isotopic 
characteristics (e.g. temginous sediment  derived from  subduction-related  granitoids)  determining  the 
contributions fmm each  component may be problematical. 

Neodymium  isotope  systematics,  and  in  particular  neodymium  'model  ages'  have  been  utilised by a number 
of workers to give  a  broad  overview of the  relative  contributions  from  depleted  mantle  and  cmst to  magmas 
during  arc  evolution,  and to separate  paeriods of intracrustal  re-working  from  the  growth of new crust  from 
the  mantle (e.g. DePaolo,  1981;  Miller & Harris, 1989). 

In this  study, we investigate  temporal  and  spatial  variations in  the  Nd-isotope  characteristics of arc-related 
rocks  from  the  Antarctic  Peninsula,  which  was  the  site of almost 200 Ma of  continuous  subduction-related 
magmatism  and  formed  part of the  Pacific margin of  Gondwana.  Previously  published  geochronological  and 
elemental data along  with  new  isotopic data allow  the  identification of intrusive  rocks which  were  generated 
from depleted  mantle  sources as well as material  which  clearly  represents  anatectic  melts  of  pre-existing 
crustal  rocks.  The  relative  contributions of  depleted  mantle  and  lithosphere to magmatism  can  therefore  be 
assessed.  We  present 83 previously  unpublished  Nd-isotope  analyses  supplemented by 50 published 
analyses of a  variety of arc rocks,  including  pre-subduction  gneissose  basement,  metasedimentary  and 
sedimentary  rocks  from  the accretionaq prism  complex  and  back-arc  basin  and  post-subduction  alkali 
basalts.  From this data, and by  cornparison  with  published  analyses  for  the  cenrral  Andes,  we  demonstrate 
that similar processes ,of  magmagenesis  involving  similar  source  compositions  (depleted  mantle  and 
continental  crust),  occurred in different  parts of the  supposedly  contiguous  Pacifîc  margin of Gondwana but 
at different  times. 
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Geoskronology. 

The  majority of the expsed geology of the h m t i e  Peninsula cm be xcounted for by processes  related to 
easkrly-directed subduction of ocemic crust benwth the peninsula from  durimg the  Mesoaoic  and  Cenozoic. 
Geoehronological studies on undefomed ganitoids record  more than 200 Ma of subduetion-related 
magmatism in parts of  the Antaretic Peninsula (Es&mt, 1982). The oldesr zlkbly dated  rocks in the area 
arc mirl-Palaeszoic  gramitoi&  which  have  yielded  isochrons  indicating  emplacement at 408  8 Ma (A4ihe d 
Millar  1989).  Occurrences of migmatitic  gneisses  do n ~ t  yield a well-constrainal age,  but their Sr-isotope 
characteristics are suggestive of formation at around 600 Ma (Hole et al., 1991).  Carboniferous ganitoids 
are also known,  and  there is some  evidenee t6 suggest that subduction may have memal for aC Imst part of 
the  Palaeozoie  (Milne & Millar 1989).  However, the most volmetrically i m p m m r  rocks exposed are Eate 
Triassic (c. 214 Ma) to Tertiary (e. 48 Ma) plutonie  and exmsive mks @d&mt et al., 1988). 

The oldesl hown sedimentary  roeks  in  the  region are  the pmpeisses of central mstern Graham Land, 
which were memoqhosed to amphibolite  grade  during the Carboniferous (Milne & Millar 1989). During 
the  Mesozoie,  sedimentation  oceurred in both fore-arc and bxk-arc settinge as well as in the aceretionary 
prism cornplex. Accretionary prism metasedimentary  rocks  of the Trinity Pemhula Group are thought to be 
Permo-Triassic in age,  and  back-arc sedimentation in the James Ross Island area WB intiated  during the 
Middle-Late Cretaeaus. 

The most commonly used  Nd-mode1 aga (TDm:depleted mmde unifom resevoir) is based on the period 
of  time sinee the elemental Nd  in a sarnple was lmt in isstopic gpilibrium  withan assumed depletal mande 
source  region. Thus, if  the  model age of a sample is  the same as its stratigaphii aga  (time of emplacement 
for  granitoids), then it must  be  have  been  derived  from depletd rnantle at that time,  whereas a model age 
that  is  significandy  greater than the stratigraphie age (as is  the  case  for the majority of subduetion-related 
granitoids)  implies that intracrustal processes  may  have bwn important d h g  the fomatiorn of  tkar sample; 
the greater  the diserepamcy bnveen  the model  and stratigraphic  ages, the graxer the likely impomce of 
intracrustai processes  and  the  longer the 'crustal residence t h e '  of that sample. 

Ir kas  recently  been  noted  by a number  of  workers  that during the fractional crysmallisation of grarnitic rocks, 
minor  phases such as alianite, zir~on amd monaite may cause significarnt fractionation of the REE, often 
resulting in increasing Smmd ratios  with  increasing  degree  of fractionation (e.g. Miller & M s ,  1989; 
Pimente1 & Chamley  1991).  This is elearly a major  problem  in cdculating model ages and pavents the 
projection of  143Nd/144Nd  ratios  beyond the stratigraphie age of the mple .  Miller 8i Harris (1989) 
circumvented this  problem of "reseteing"  of model ages durhg magmatic  fractionation by caleulating the 
mode1 age of silicie  rocks using an assumed  average crustal Sm/Nd  ratio of 0.19.  Here, we have refined this 
method  of  back  calculation  by using the present-da Smmd ratio of acid m c h  to  calculate  the 14%kl/1"Nd 
ratio  at the time of emplacement  (i.e. the initial 143Nd/144Nd ratio),  and h m  that point  back bs ehe grswth 
line  for D m ,  143Nd/144Nd ratios are calculated using the average crustd 147Sm/144Nd ratio of  0.12, 
appmximately quivalent to an Smmd ratio of 0.2. 

Temporal  variations in Nd-isotope geockemistry. 

The variation in 143Nd/144Nd  (expressed as ENdS  through  the  Phanerozoic  for Graham Land is presented 
in Fig. 1. Samples from  Graham  Land define a 'U'-shaped  trend betweem 420 Ma and  the  present-day. 
Between 290 and  150 Ma, all samples  have  ENdt  more  negative than -2.0. However, both before  and  after 
this  period  samples have positive ENdt values  and  there are c l m  trends of decreasing ENdt from  420 Ma to 
180 Ma  and  increasing  ENdt from 180 Ma to the  present  day. The model age at time  of emplacement 
(MATE) is the difference between calculated twastage mode1 ages and hown stratigraphie age. In Fig. 2. 
MATE is  plotted against suatigraphic  age. On this diagram any rock derival soley from depleted mantle 
will  plot on the x-mis, as the effect of mande evolution  througk  Phanerozoic h e  is removed. The  model 
age of the Nd in an individual sample at the time of emplacement  is the best  estimator of the relative 
contributions from depleted mmtle and  crust  during  magrnagenesis. A low MATE value  indicates  limited 
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involvement of significantly  older  continental  lithosphere  during  the  genesis of an  individual  sample, 
whereas  a high MATE value  gives  a minimum  model age of  the  re-worked  continental cmt. 

What is apparent fkom this study is that  the  influence of a  crusral  source-region  increased  throughout  the late 
Palaeozoic  upto  a  maximum  in the  Middle  Jurassic.  It  is  also  clear  that  the  greatest  influence  from  depleted 
mantle  i.e.  samples  with  the  youngest  model  ages (MATE=0.3-0.7 G.y.),  occurred  during  the  mid-Palaeozoic 
and Tertiary, culminating in the  eruption of the Late Cenozoic  (7-0.1 Ma) post-subduction  allcali  basalts. 
Therefore,  the  most  important  periods of formation  of new crust from depleted  mantle  were  during  the  late 
Paleaozoic and Tertiary,  whereas  during  the Late Triassic and Middle  Jurassic  magmas underwent  significant 
interaction with pre-exisitng  crustal  sources.  These  differences  appear to be  controlled by large-scale  tectonic 
processes.  A period of steep slab dips  and  associated  intra-arc  extension {uring the late Creataceous  resulted 
in  the  generation  of  granitoids  from  dominantle  deplteds  sources,  whereas  shallower  slab-dips  in  Triassic- 
Jurassic  times  resulted  in  a  broad  shallow  zone of partial  melting  in  the  mantle  wedge  which may  may  have 
provided  far  greater  potential  for  crust-mantle  interactions. 

Miller & Harris (1989)  showed  that  during the late  Palaeozoic,  orogenesis  in  the  Central Andes was 
predominantly by intracrustal re-working. During the Jurassic,  a  change in tectonic  style  resulted  in  the 
onset of crustal  growth  before  a  retum to predominantly intracrustal processes  in  the  last 30 Ma. This is 
illustrated  in Fig.  2. Some  notable  features of this  diagram are that both  the  maximum  crustal  residence 
times,  and  range in residence  ages, are broadly  similar  for  the  Antarctic  Peninsula  and  Central  Andes.  A 
major  difference  between  the two regions  is  that  the maxima of crustal  growth and  intracrustal  reworking 
appear to have  occurred at different  times, and so the  evolution  trends  appear  to  be  'out of phase'. 

Clearly,  the  significant  differences in  the  timing of intracrustal  reworking  along  the  Pacific margin of 
Gondwana,  suggests  that  although  the  Andes  and  Graham  Land may have been a  contiguous  arc  at  that  time, 
tectonic  processes  were  diachronous dong its  length,  and  as at the present-day,  along-arc  variations in  the 
age,  thermal  structure  and  angle of dip of the subducting  lithospheric  slab may show considerable  variations 
along  a  single  continental  convergent  plate margin.  Indeed,  Miller & Harris (1989)  suggested  that  crustal 
growth at continental  margins may progessively  decelerate  during  arc  evolution.  This  conclusion  is  in 
contrast to the  Antarctic  Peninsula  where crut  growth  clearly  accelerated with arc  maturity. 
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RES U M E N  : Los geoindicadores Na, Ky Mg and C a  indican un mayor grado  de 
equilibrio  fluido-roca  en 6reas  termales  del  Norte  de  Chile que  en  las  del 
Centro-Sur.  Por  otra  parte,  se  presentan  resultados  de  la producci611 
radiogenica de  calor y de  la  estructura termal en  Chile  Central,  y  su  relacidn 
con la derivaci611 magm6tica  de  granitoides. 
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FLUID-ROCK  EQUILIBRIUM  IN  GEOTHERMAL  AREAS 

Evaluation of fluid-rock  equilibrium  in  33  geothermal  areas  and in the 
Santiago  Basin was  carried  out by means of the  relative  Na, K y  Mg  and  Ca 
contents  of  waters, and  following  the  method  established  by  Giggenbach 
(1988). In northern  Chile  only  in two of eight  geothermal  areas  fluids  have 
attained a partial  or a full  equilibrium  with  both  K-Na  and  K-Mg  minera1 
systems; a partial  equilibrium is also  indicated  for  seven of twenty hot Springs 
waters  in  central-south  Chile  (Table  1).  Other  geothermal  areas  correspond  to 
immature  waters  which  are  generally  unsuitable  for  the  evaluation of K/Na 
and  K/Mg equilibrium  temperature;  in  these  cases  also C02-fugacities  cannot 
be obtained. 

_-_--- ~ _---------___ ---------- __ ---_-- 
TABLE 1. Full  equilibrium or partial  equilibrium  temperatures  in  geothermal 
areas of Chile as indicated by the K/Mg and K/Na geothermometers. 

A r e a  

Northern Chile 
Puchuldiza 19'08's  135-195 192-235 

68'58'W 

El Tatio 22'20's  145-245  180-250 
(Spr ings)  68'01'W 
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A r e a  Latitude T(K/Mg) T(K/Na) 
Longitude ("Cl ("Cl 

El Tatio 
(Wells) 

Central-South Chile 

22"20'S 
68"OI'S 

Apoquindo 33'25's 
70°25'W 

Baiios de Golina 33"48'S 
70'00'w 

Baiios  Morales 33'50's 
70"03'W 

Vegas del  Flaco 34"57'S 
70°28'S 

San  Pedro 35"08'S 
70°27'W 

Campanario 35"56'S 
70"33'W 

P e m e h u e  38"03'S 
7 1 "44'W 

165-285  165-285 

80 140 

120 

1 O0 

150 

195 

125 

115 

180 

140 

245 

245 

195 

180 

Correlation  between  molecular  Cl/B  ratio  and Na-IC-Ga temperature 
(Youngrnan, 1984) is gennerally consistent with  indications of fluid-rock 
equilibrium in  differeat  aquifers  of  El  Tatio.  Isotopie  analysis of El Tatio 
waters  and  results  from  magnetotelluric  soundings  in  the  area  -studies  cartied 
out  by  other  workers-  have  been  also  used to  reexamine  the  length of fluids 
circulation  path  by  considering  the transparency of magma  (Lachenbruch 
and  Sass, 197'7) through  hydrothermal  convection;  the  aetual  distance 
travelled by the water may be estimated to be 20 Km, at  a rate of about 
1.3 Km/year. 

ChillAn (36'5'7's; 71'33'W) and Rio Blanco (38'35's; 71O42'W) plot  as 
immature  waters;  these  are  acid  sulphate  waters  characterized by high 
temperatures  at  depth (17O"G-24O0C). In  the  Santiago  Basin  -in  areas at  about 
33"20'S; 70°50'W- evaluation 'of fluid-rock  equilibrium  indieates  that  waters 
are  immature;  if K/Mg temperatures  were  still  valid,  deeper  equilibrium 
temperatures may be of about 80°C. 

HEAT PRODUCTION AND THEMAL STRUCTURE OP THE  CRUST 

The  radiogenic  surface  heat  production  has  been  preliminary 
determined  in  the  three  tectonic  units  of  Central  Chile (33"S), ranging  from 
the  Goastal  Range to the Andes Gordillera  (Table 2). 
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TABLE 2. Preliminary thermal parameters in Central Chile balholiths., 
Q: surface  heat  flow; N: nuniber of samples  for  heat  production  measurements; 
A 0 : mean  surface  heat  production; Ag*: mean surface  heat  production of the 
uneroded  crust; D: depth  parameter of distribution  of  radiogenic  elements. 
(Q value in brackets  is an assumed value) 
_--__--_______--___------------------------------------------------- 

Age Q N A&CT AO" D 

( 106 years) (mwm-2) ( ~ W I I I - ~ )  (pWmm3) (Km)  

Because of the  few  number of measurements  depth  parameter D is 
not well delcrmined.  Particularly, low mean radiogenic  heat  production in  the 
Central  Batholith  and  high  measured  heat  flow  allows  for a very  great  value of 
D. The  crustal  temperatures of Central  Chile  were  determined  by  considering 
the  one  dimensional  heat  conduction  equation  and  assuming  steady  state 
conditions,  and  making  use  of the  values  given in  Table 2. Some  of  the 
temperature  distributions  encountered  show  the  possibility of partial  fusion  at 
the  Moho  level.  The  highest  degree of partial  fusion is shown for the  Central 
Batholith;  also,  preliminary  seismic  velocity  models of this  region  are  showing 
low  velocities in the  lower  crust,  and  increasing  towards  the  Andes  Cordillera. 

It is not possible to f i t  a trend between Si02 contents and  surface  heat 
production  in the case of Central  Chile  batholiths.  This is similar to what  has 
been  observed  in  data of  Sierra  Nevada - United  States  (Tilling et al., 1970). 
Eastward  variations  in  chemical  composition  and  distribution  of  rare  earth 
elements  indicate  that  if  Central  Chile  granitoids  are  derived  from  magmas of 
andesitic  composition they  are also not  genetically  related  to  the  subducted 
Nazca  plate  tholeiitic  basalts  (L6pez-Escobar,  1974).  Similar  conclusions  have 
been  put  forward also for  the  Sierra  Nevada  igneous  rocks  which  should 
envolve  derivation  from  lower  crustal and continental  upper  mantle  sources. 

The West to  east  migration of magmatic  foci  with  time  and  the 
derivation of granitoids  in  Central  Chile may be  related  to  the  change of 
subduction  topology,  the  rate  of  tectonic  erosion and to the  thermal state  of  the 
crust.  Erosion  rates  resulting  from  radiogenic  heat  production  (Table  2)  are 
shown in  Table 3, and  compared  with  rates  inferred  by  Scholl et al.  (1970) 
found by considering  similar  terranes  and  climates  elsewhere  in  the  world 
and  for  the  last 25 million  years -1arger denudation  rates  correspond to glacial 
periods.  
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TABLE 3. Erosion rates - Central Chile batholiths. 

(from  Heat  Production)  (from  Scholl et al. (1970) 
(cm/l03y)   (cm/103y)  

Coastal  batholith 7.8 1-5 
Central  batholith 45.9 
Andean  batholith 42.7  2-10-80 

Degree  of  fluid-rock  equilibrium is  higher  for  some  areas  in 
northern  Chile than in the central-south  region.  In  northern  Chile, beddes 
the  extrusive  type of magmatic activity, it  is possible to  distiaguish  a  developed 
intrusive  type -1ike i n  El  Tatio-  leadiag  to the genesis  of  Iarger  geothermal 
areas  with  fluids  eirculating through longer  horizontal  paths in the  crust. 

In  Central  Chile (33'S) ,  in  zones ' of  the  Central  and  Andean 
batholiths, the lower  crust may be in a state of partial  fusion.  Distribution of 
radiogeaic  elements,  changes  in  the  topology of subduction  and  tectonic 
erosion  rates  are  important to establish  the  derivation of granitoids  and the 
geological  history of arc rnagmatism. Thermal  stresses  due  to  temperature 
differences  at  differeat  levels in the crust from the Coastal  Range to the  Andes 
Cordillera may produce  seismic  activity with foci in the erust. 
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YOUNGMAN, K. J., 1984. Hydrothermal Alteration and Fluid-Rock  Interaction in 
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Sr-Nd ISOTOPE  COMPOSITIONS OF CRETACEOUS TO MIOCENE 
VOLCANIC  ROCKS  IN  CENTRAL CHILE: A TREND  TOWARDS A MORB 

SIGNATURE AND A  REVERSAL WITH  TIME 

Jan  Olov  NYSTRO,M(l).  Miguel  A.  PARADA(2),  and  Mario  VERGAFL4(2) 

(1)  Swedish  Museum of Natural  History,  S-10405  Stockholm,  Sweden 
(2)  Departamento  de  Geologia,  Universidad  de  Chile,  Casilla  13518,  Santiago,  Chile 

RESUMEN: Las razones  isot6picas de Sr-Nd de las rocas voldnicas  de la Cordillera de Ia'Costa y de los 
Andes de Chile  central  entre 32'30' y 34O3O'S muestran  una  tendencia  hacia  el  campo  del  MORB  desde  el 
CretAcico inferior hasta  el limite Oligocenc+Mioceno, y de ahi en adelante un alejamiento  hacia los valores 
del volcanismno Cuaternario.  nlientras  que  en el sector  entre 26' y 32'30s  el mnbio sucede  en el  Crethcico; 
en mbos sectores los valores de las rocas volchias y  plut6nicas de la misma  edad son similares. 

KEY WORDS: Central  Chile,  volcanic,  plutonic, Sr-Nd isotopes,  Cretaceous.  Tertiary 

INTRODUCTION 

The studies of  Sr-Nd isotope compositions in the  Andes of central Chile deal  mainly  with  Quaternary 
volcanic  rocks  (e.g.  Hildreth & Moorbath,  1988),  Tertiary  volcanics in the  High  Andes  near the Argentinim 
border  (e.g. Kay et al., 1991)  and  plutonic  rocks  (e.g.  Brook  et al., 1986).  Here we present Sr-Nd isotope 
data for Cretaceous  to nid-Miocene lavas  from  central Chile (46 samples; Fig. 1) with  emphasis on the 
Santiago  region  (33"30'S),  and  describe  a  systematic  trend towards  and  then  away  from a MORB signature 
with  time. 

GEOLOGICAL SETTING 

Central Chile between  26"  and 34O3O'S extends  across  three  tectonic  segments:  a  non-volcanic  zone  and 
the end portions of the  Central  and  Southem  Volcanic  Zones.  Within this region  Mesozoic  volcanic  rocks 
form two parallel  longitudinal  belts  with  successively  younger  units  towards  a  central axis, i.e.  a  western 
belt in the Coast  Range  and an  eastern  one in the  High  Andes. The Mesozoic  volcanism was mainly of 
high-K caloalkaline to shoshonitic character  except in the  northernmost part of the region where less 
potassic types  donlinate (Levi et al., 1988).  Oligocene  to  early  Miocene dc-alkaline volcanics of tholeiitic 
affinity (Abanico  Formation),  overlain  towards  the  east by  mid-Miocene doalkaline volcanics  (Farellones 
Formation), occur between the two Mesozoic  belts in the south, while similar volcanic units  show 
progressively  older ages (up to Late  Cretaceous)  towards  the  north,  where  the  Tertiary  volcanics  are  found 
east of the  Mesozoic  belts. The Quatemary  volcanoes  are  likewise  situated  east of (CVZ), or above  (SVZ)  the 
eastern  belt. 
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RESULTS 

In the southern part of the  studied  region (32'30' - 34'30'9) the initial 87Sr186Sr ratios of the volcmic 
rocks  decrcasc and the Ep~d valucs incrcase with  timc  from  the h l y  Crelaceous  to the Oligoccne-Miscene 
boundary, constituting a  trend  towards MORB values. regardless of whether the samples come from the 
Coast Range (Fig. 1A. fields f- e+  d) or the High Andes  (g- d e  overlap-3 d);  thereafter the trend  reverses 
with eruption of successively  more  evolved  cornpositions up to the  present (d- c--r b-. a). The scarce data 
for granitoids in this  area  coincide  with  the  results for  val volcanic  rocks  (Stern &e puig, 1991;  Skewes, 
1992). The early hfiocene volcanics are slightly more primitive than the mid-Miscene ones (the lower vs. 
upper Farellones Formation), and the Early  Cretaceous  lavas in the Coast Range @.O Prado Formation) at 
33'30's are more  primitive than ersrresponding  lavas  at 32'40'5. The volcanic  rocks  analyzed by us from the 
northea part of the region  plot  together w i t h  granitoids of the same age (mid-Cretaceous;  Fig. 1B). 

A  comparison  of our and  the  published Sr-Nd isotop ratios for the  region r evds  trends  towards  and then 
away from MO- with  time  both in the  south (Fig.  1A)  and the north  (Fig. 1B). However, the reversal took 
place earlier in the north  (during  the  mid-Cretaceous;  unpublished gmchemical data suggest  a  culmination 
during the Late Cretaceous). The trend  towards MORE3 in Fig. 1A coincides with tlne shift in geschemistry 
of the predoxainant lava  types  from high-K  calc-alkalindshoshonitic to cale-allcaline  with tholeiitic affnity. 
The subsquent trend  away  from MON3 up to the  present is also in agreement  with the gaxhemistry of the 
lavas. The late Oligocene  to  early Mimne Abanico  Formation represenb the point of reversal. This unit, 
and  the  younger less primitive  Farellones  Formation  east of it, fomed in a dder*graben setting; the paleo- 
geothermal  gradient was highest  during  the  deposition of the  former  (Vergara et al., 1993). 

An eastward shift of the  volcanic  front and a  change to less  primitive  compositions  oecurred al30 for the 
late Miocme to Quaternary  voleanics  between 32-3423 (Stem & puig, 19911, and north of 32'30'9 during 
the early  to late Miocene  (Kay et al., 1991).  Towards  the  north  rocks of the same age plot further away  from 
the h4ORB field than in the  south (Kay et al., 1991;  Skewes et al.. 1991);  however,  differences in longitude 
might also be  a  contributing  factor. The eastrvvard shift has k n  explained by a flattening of the subduction 
angle leading to increased contamination in a  thicker  crust (May et al.. 1991), andlor an incrase in 
subduction erosion resulting in a larger contribution of subducted  terrigenous sediments in the magmas 
(Stern,  1991). 

The trend  towards  more  primitive  compositions  from  the  Cretaceous to the Oligocene might be due to a 
combination of factors: magma generation in a progressivdy more depleted mantle, and  a decrcase in 
'fertility' of the lower crust that  &ecame  more  refractive  duc to successive  magmatic  events (cf. Parada et al., 
1992). This is consistent  with  upwelling of asthenospheric  mantle  and an extensional  regimen as suggested 
by Levi  et  al.  (1988) for this  region. The rather primitive nature of the Abanico lavas indicates minimal 
crustal contribution, wkich is supported by the isotopic uniformity of the samples (Fig. 1A) and  very 
similar  values for ignimbrites  (not  treated  here) and intermediate  to  basic  lavas. We suggest  therefore  that  the 
Abanico rocks formed  during  en  episode of rapid  mantle  upwelling  and mtal thinning. 
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Fig.  1. Plot of  EN^ versus 87Sr186Sr for Triassic  to Quaternary ignwus rocks from central Chile showing a 
tremd towards  a MOF33 signature with time, up to the Oligocene-Miocene boundq in the south (=A) and 
to the Cretamow in the north (= B); from  there on up to the present  the compositions became successively 
less pimitive. Al1 the fields except m, n and p in B represent  lavas (m-p = granitoids);  number of samples 
within parenthesis; fields without  references = this study. Field a = Casimirs, Cerro Alto. Maipo. 
Mmolejo. Tupumgatito  (13;  Hickey  et al., 1986;  Futa & Stern,  1988; Hildreth Bt Moorbath,  1988). b = El 
Teniente area (2; Stern B Puig,  1991), c = FarelIones  Formation, the Higk Andes  of Santiago (11). d = 
Abanico Formation, the Andean foothills of Santiago (4). e = Cerro Morado  and  Ocoa  Members (Veta Negra 
Formation),  profiles in the  Coast h g e  at 3390' and 32"40'5 (15). f = Purehue Member (Veta Negra Fm.) 
and Lo Prado  Formation. the s m e  two  profiles as above (8), g = La Valdks Formation, the High Andes of 
Santiago ( 3 ,  k = Tres Cruces (1; Walker et al., 1991),  i = Copia@, P i r w  Negras, Valledo (4; Hay et al., 
1991;  Walker et al., 1991), j = Cerro  de  las  Tbrtolas, Jotakche (5; May et al., 1991). k = Cerro Pulido, 
Doiia  Ana. Infiernillo (§; May et al., 1991),  1 = Bandurrias  Group.  the  Coast Range between 28O30' and 
30'15'5 (4). m = Inca  de  Oro,  Sierra San Juan (5; Brook et al., 1986),  n = Gavilolh, Papudo.  Quintcro (5; 
Parada et al., 1992), p = Cerros  del Vetado. Chauiaral, Guamanga, La Ola, (6; Brook et al., 1986). Late 
Cretaceous  to Paleogem lavas in the High  Andes of Santiago plot  rvithin the overlap of fields e and e (2 
smples = dots). The extreme pointa of the composite of al1 fields in A are marked  with bars in B. 
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RESUME 

Key words:  Batholith,  Toquepala, Ilo, Punta  Cotes,  Yarabamba,  Quento,  REE 

INTRODUCTION 

The  Coastal  Batholith of the  Western  Cordillera in Peru  stretchs for some  1600km  along  the 
length of the oceanic  trench,  and  has  been  extensively  studied  by a number  of  workers.  The 
southern  part of this  magmatic  structure  has  been  separated  into two segments  (Arequipa  and 
Toquepala)  which  have  further  been  subdivided  into  a  number  of  super  units  which  were  emplaced 
as discreet  magmatic  pulses.  These  segments  have  been  studied  by  several  workers  (Moore, 
1984;  Mukaza,  1986a,  1986b;  Boily  et  al.,  1989).  This  paper  presents  new  geochemical  and 
isotopic  data  on  intrusives  from  the  Toquepala  segment  and  attempts to distinguish  the  evolution 
through  time of the  different  super  units  involved. 

GEOLOGICAL SElTlNG 

Three  super  units  rnake  up  the  Toquepala  segment,  Punta  Coles, Il0 and  Yarabamba.  The  Punta 
Cotes  super  unit  is  patchily  exposed  as  intrusions of gabbroic to  dioritic  plutons  mainly  lying  along 
the Coast  and intruding  Jurassic  volcanic  rocks ofthe Chocolate  and  Guaneros  formations, and 
rarely  rocks  of  the  Precambrian  basement.  The 110 super  unit,  which  consists  of  plutons  ranging in 
composition  from  tonalite to granodiorite  and  even  some  rare  granites,  cuts the intrusives of the 
Punta  Cotes  super  unit  but  generally  lies  further  inland  where it cuts the same  volcanic  formations 
as  before. It is  often  overlain  by  sediments  from  the  Moquegua  formation  and the Toquepala 
volcanics.  The  Yarabamba  super  unit  lies  much  further  inland  and  is  generally  more  evolved than 
the other two, consisting of  plutons of granodiorite to granite  which  have intruded  the  earlier 
intrusives of the  Arequipa  segment , the  Jurassic  volcanics as well  as the sediments  of the Late 
Jurassic to  Early  Cretaceous  Yura  Group. 
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Within  these  three  super  units we  present data  from  the  Punta Coles, Ils, Punta  de  Bonbon,  and 
El Fiscal  plutons in the West  and the  Coalaque  and  Quento plutons in the east. 

GEOCHEMISTRY 

Major  and  trace  and  REE  element  data  from  the  six  plutons  are  presented.  Multi-element  (Figure 
1) and  REE  (Figure 2.) patterns. The multi-element  diagrams show an enrichment in the 
incompatible LIL elememts, typical of cale-alkaline  rocks. The chondrite  normalised  REE patterns 
show enrichment of the  light  REE  and  flattening  of  the heavy REE  with srnall Eu negative 
anomalies  for  the  more  evolved  rocks.  The  exception to this k i n g  the  older  and more basic  Punta 
Coles unit  which shows a marked  positive  Eu anomaly. The  patterns  indicate  an  evolution  from 
the  oldest (Punta Cole39 to the youngest  (Quento). 

1 1 1 1 1 1 1 1 1 1 1 1 1  
Sr X Rb  Ba Th Ta Nb CC ZP Hf Sm Y Yb 

Figure 1.. Multi-element diagram of the 
Toquepale segment. 

L 
- 

L Le I ;A,b;Tal I ' I YbLU ' I 

Figure 2. Rare Earth Elennent patterns for the 
Toquepala segment 

Trace  element  discriminant  diagrams  indicate 
that magmas,  from  sources close to mantle 
composition  have  undergone  crystal 
fractionation  with  only small amounts  of  erustal 

values. (Figure 3.) 10 
contamination.,  i.e. Hf/Zr ratios elose to  mantle 

- 
- 

15 
- Hf ( P P ~  - 

- Zr/€If = 31.6 
ISOTOPE  GEOCHEMISTRY 1 
Rb/Sr isotope  data  for the Ils super unit  gives 5 
an age of 91.9 k 9 Ma (Figure 4.). this  is 
somewhat younger than tkat found  by 
Beckinsale  et al., 1985 who give  ages of 112 * 
32 Ma. An errorchrsn of three points  for the 
Quento  pluton, the pluton lying  the  furthest to 0 100 200 300 
the  east of the  investigated plutons, gives an Figure 3. DiaEram of Hf vmms Zr for the 
age of 22.8 +2  Ma (Figure 5.) which classes 
this pluton, in the  Bligocene- Miocene 

0 

Toquepale segment. 



Second ISAG, Oxford (UK), 21-23/9/1993 417 

Tacaza  group  of  Sebrier  et  a1.,(1988).  87Sr/86Sr  ratios  are  generally  more  evolved than  those 
reported  by  Beckinsale  et  ai.  (1985)  and  Boily  et  aU1989).  Boily  et al.,  (1989) defined  three 
groups  for the Arequipa-Toquepala  segments  from  ENdt  versus ~ S r t  ratios  (Figure 6.). 
0.710 11, 

0.709 - 
SrkSr ' I I I I 

0.708 - 

0.707 - 

0.704 t 
0.703 9 : sr/ 'sr 

Age = 23.0 i 2 ME 
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I I 

mRba$r 

I I I I 1 I I .- 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1WO 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Figure 4. Rb/Sr isochron for the 110 Figure 5. Rb/Sr errorchron for the 
super unit, Toquepala segment Quento pluton,, Toquepala segment 

2 

1 eSrt 

Whilst  in  general  terms  the  groups  occupy O 

roughly  the  same  fields,'a  major  difference -1 
occurs  with the Punta  Coles  unit  showing a 
more  evolved  or  contaminated  signature in -2 
Group 2; Our  Group 3 values  are  from  the -3 
Quento  pluton  which  could  have  derived 
from old, highly  enriched  mantle  or  as  is -4 Group 3 

more  likely,  has  absorbed  deep  lying  Pre- 
cambrian  crust.  Although  this  must  have -' 
had  a  very  Iow  Rb/Sr  ratio. 

5 

-6 

CONCLUSIONS Figure 6. ENdt versus ESrt for the Toquepala 
segment. 

New  geochemical  and  isotopic  data  for  rocks  from  the  Toquepala  segment  of the Southern 
Coastal  Batholith,  Peru,  indicate  an  evolution  through  geologic  time  for  the  sources  of  these 
intrusions.  Initial  isotopic  ratios  somewhat  higher  than  previously  published  data  but  non  the  less 
show the same  indications.  The  Quento  pluton  outcropping  at  the  head  of  the  Tambo  Valley 
appears to be  somewhat  younger  than  the  rest  of  the  Yarabamba  super  unit  and can  be  ascribed 
to the  Tacaza group. 

REFERENCES: 

BECKINSALE  R.D.,SANCHEZ-FERNANDEZ  A.W.,BROOK  M.,COBBING  E.J.,TAYLOR  W.P. 
and  MOORE  N.D.,  1985,  Rb-Sr  whole  rock  isochron  and  K-Ar  age  determinations for  the  Coastal 
Batholith of  Peru in Magmatism  at a Plate  Edge,  edited  by  W.S.Pitcher,  M.P.ATHERTON, 
E.J.COBBING  and  R.D.BECKINSALE, pp 117-202, Blackie,  Glasgow 1985. 



418 Seeeo~ld ISAG, Oxford (UK), 21-23/9/1993 

BOILY M.,BROOKS C. and  LUDDEN J.M., Chernical and Isotopic  Evolution  of the Coastal 
Batholith of Southern  Peru, J. Geophy. Res., Vol 94, No B9, pp 12483-1 2498 
MOORE N.D. 1984, Potassiurm-Argon  ages  from  the  Arequipa  Segment of the  Coastal  batholith of 
Peru  and  their  eorrelation  with  regional  tectonie events. J. Geol. Soc. Vol141, 3, pp511-520 
MUKAZA S B .  1986a, Common  Pb  isotopie  compositions of the  Lima,  Arequipa and Toquepala 
segments in the Coastal  batholith,  Peru,  implications for magma  genesis.  Geoehim.  Cosrnschirn. 

MCIKAU S.B. 1986b, Zircon U-Pb ages of super  units in  the  Coastal  batholith,  Peru;  implications 
for  magnetie and tectonic  processes. Bull; Geol. Soc. Amer , Vol 97, pp241-254 
SEBRIER  M.,LAVENU A.,FORNARI M. AND SOULAS JP., 1988, Tectonics  and uplift in Central 
Andes (Peru, Bolivia and Nortkern Chile) from  Eoeene to present.,  Geodynamique, Vol 3(1 -21, pp 
85-1 06. 

Acta, Vol 50, ~~771-782  



Second ISAG, Oxford (UK), 21 -231911 993 419 

A  WITHIN-PLATE GEOCHEMICAL SIGNATURE AND  CONTINENTAL 
MARGIN  SETTING  FOR THE MESOZOIC - CENOZOIC  LAVAS OF 

CENTRAL CHILE 

Jorge  OYARZUN(’),  Beatriz  LEVI(2),  and  Jan  Olov NYSTR0d3) 

(1) Departamento de Minas,  Universidad  de La Serena,  Casilla 554 La Serena,  Chile 
(3) Department of  Geology  and  Geochemistry,  Stockholm  University, SlW1 Stockholm,  Sweden 
(39 Swedish  Museum  of  Natural  History, S-10405  Stockholm,  Sweden 

RESUMEN: A pcsar de sus diferencias dc cdad,  ubicacidn  geogrdfica y condiciones  tcct6nicas  inferidas, tas 
lavas Judsicas a  Terciarias de Chile  central (210 muestras)  presentan  patrones  quimicos  similares y carac- 
teristicos  para  rangos  dados de S i 0 2 4 2 0  y tienen  una  componente  comdn  ‘within  plate’.  Las  composi- 
ciones  quimicas de estas  lavas  son  consistentes  con  magmas  derivados de la  lit6sfera  sub-continental  en un 
margen  continental  activo. 

KEY WORDS Chile,  Andes,  Mesozoic-Tertiary,  geochemistry,  within-plate,  cdntinental  margin 

INTRODUCTION 

A predominant  part of the  stratified  sequences  in  the  Chilean  Andes is composed of Jurassic  to  Tertiary 
volcanic  rocks,  but  relatively  little  has been  published  about  their  geochemistry  compared  to  the-much  better 
known  Quaternary  lavas.  In  addition,  most  of  the  papers  on  pre-Quaternary  volcanic  rocks in the  Andes  treat 
altered  and  unaltered.samples  together  or do not  mention  the  problem of alteration.  Since  the  Mesozoic and 
Tertiary rocks without  exception  are  incipiently  to  pervasively  altered  and  many  elements are mobile  during 
alteration  processes, it is important  to  restrict  the  sampling  to  veinlet-  and  amygdule-free  parts of flows 
with a  minimum of alteration  (checked  with  XRD),  here  referred  to as ‘unaltered’.  Such  screening  was  done 
in a  study  of  Mesozoic  and Tertiary  lavas  from  central  Chile (25”30’ to 35”s) which  showed  that  shoshonitic 
and high-K calc-alkaline lavas were  common  rock  types  during  the Jurassic to  Early  Cretaceous,  and 
suggested  a  north-south  and  east-West  pattern  of  crustal  thickness  reverse to  the  present  one  during  that  time 
(Levi et al., 1988). 

The purpose  of  the  present  study  was  to  determine  the  chemical  variation for the  same  given  rock  type 
(defined by its Sioz - K20 contents  according  to  the  diagram of Peccerillo Br Taylor, 1976) erupted  at 
different  times  (Jurassic  to Tertiary) in different  parts of the Ca. 1000 km long  segment of central  Chile 
treated  by  Levi et al. (1988). The samples of  these  authors  were  complemented  with  material  from  additional 
profiles,  giving a total  of 210 analyzed  ‘unaltered’  basalts,  basaltic  andes’ites  and  andesites  for  this  study. 
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The studied  segment of the  Chilean  Andes  is  characterized by two parallel longitudinal  belts of Mesozoic 
volcanics of successively  younger  ages  towards a central  axis  that  is  occupied by a Late  Cretaceous  to  Terti- 
ary ~dcan ic   k l t .  Up to  the  'middle'  Cretaceous the lavas are intercalated  witk altemately continental  and 
marine  sedimentary  rocks, whereas the  Late  Cretaceous  and  Tertiary  lavas  forrned  in a continental calded 
graben  environment  (Thiele et al., 1991). The presence of symmetric  volcanic  belts  combined  witk  a  lack of 
geochemical  trends  expected  at an active  continental  margin  (e.g.  an  increase of M towards  the  interior of the 
continent)  was intepreted as the  result of ensialic  spreading-subsidence  during  volcanisrn  (Levi  and  Aguirre, 
1981; Levi el al., 1988), enhancd by spreading  caused by intrusion of granitoids  (Drake et al., 1982). 

The.various populations of lavas at given Si02 - K20 contents (cf. Peccerillo & Taylor, 1976) eack 
have  rather  uniform  chemicdl  compositions,  the  main  exception king the few  lavas  belonging to the lsw-K 
series. The standard  deviations for the  average  compositions  are  quite  small  considering  that  eack  population 
is  composed of lavas of quite different age and  geographic  location (see example in  Table 1). Al1 the lavas 
have a common  within-plate  geochemical  signature  (i.e.  tkey are enriched  in  incompatible  elements  that are 

Table 1. Average  compositions  and  standard  deviations for 36 samples of cale-alkaline  basaltie  andesites 
from six E-W profiles in central  Chile  (Jurassic: 7 west, 6 east; Early  Cretaceous: 1 west, 6 e s t ;  Late 
Cretaceous: 4 west, 4 east;  Tertiary: 8). See Levi  et  al. (1988) for analytical  methods. 

Jurassic 
S SD 
52.8 1.3 
1.60 0.66 
16.6 2.3 

- 

9.86 3.15 
0.16 0.04 
3.83 0.69 
8.56 0.75 
3.01 0.34 
1.10 0.37 
0.32 0.15 
1.53 0.56 
0.16 0.15 

188 59 
42 17 
56 28 
31 15 
17 10 
61 $3 
21 8 
7.0 3.0 

334  115 
257 72 
43 19 
3.6 1.8 

182 99 

Early Cretaceous 
Z SD 

52.8 1.2 

16.4 2.2 
1.47  0.49 

9.34 2.28 
0.17 0.04 
3.95 1.29 
8.34 0.56 
3.59 0.65 
1.14 0.29 
0.34 0.18 
1.56 0.58 
0.36 0.29 

275 155 
59 19 
31 24 
74 102 
12 3 
42 26 
27 11 
8.3 3.2 

473 186 
264 61 
39 20 
3.5 2.2 

210 74 

Late Cretaceous 
'i SD 

52.6 1.3 

17.7 1.5 
1.26 0.32 

9.30 1.38 
0.22 0.08 
3.39 0.62 
8.01 0.82 
3.66 0.38 
1.26 0.32 
0.28 0.1 1 
1.65 0.53 
0.23 0.21 

366  79 
32 9 
36 14 
26 12 
8 3 

18 8 
21 10 
4.9 0.9 

471 n 
2% 49 
29 7 
2.3 0.5 
IO7  26 

Tertiary 
E SI9 

53.1 1.4 
1.21 0.34 
17.6 1.7 
8.77 1.21 
0.18 0.04 
3.89 0.96 
7.96 0.83 
3.66 0.48 
1.18 0.21 
0.20 0.12 
1.53 0.52 
0.30 0-23 

338 69 
37 10 
58 26 
52 44 
10 3 
39 23 
21 7 
5.3 1.8 

423 124 
203 75 
26 10 
2.5  1.2 

113 40 
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Fig. 1. MORB-normalized multielement diagram for the average compositions of Jurassic to Tertiary 
basaltic  andesites of different K content from  central  Chile  (total  number  of  sarnples  averaged in parenthesis, 
followed by number of sarnples within each age group: Jurassic, E k l y  Cretaceous, h t e  Cretaceous, 
Tertiary). MORB  values  from Pearce (1983) except Ca, Na, V, Cr, Fe, Mg, Ni and  Co (after Taylor& 
McLennan, 1985). 
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known  not to be aecomodated in the subduction compnent, with  high  concentrations of Nb relative  to Zr, 
and of Zr relative  to Y and Yb; Pearce, lW), showing  only  variations in K, Rb and  Ba  at  constant Sioz 
values  and  Si&-related - differences  in Cr, Mg and Ni. This signature is illustrated for basaltie  andesites of 
different K-series in Fig. 1. 

~ . ï $ ~ ~ ~ ~ I ~ ~  AND @ONCLUSIONS 

The relatively  uniform  chemical  compositions of each Si&--K$l population  of lavas erupted  during a 
time-span  of  ca. 200 million  years in central Chile is  rernarkable.  However,  there are some  differences 
related to geographic  position  and age (e.g. a  decrease in Ti witb  time,  and  a slight difference between 
Jurassic t s  Early  Cretaceous  and  Late  Cretaceous to Tertiary lavas;  Table 1). Changes  in  tectonic regime 
with  time  in the studied  area are refieeted  in  the  relative  abundance of different  rock  types  rather  than  their 
gemhernical  signature.  Shoshonitie r w b ,  scarce  during  the Late Cretaceous, appear  to be absent  during  the 
Tertiary,  and high-K cale-alkaline  types  also  become  less  abundamt  with  time. 

A within-plate eompnent, indicatimg a  comtribution from incompatible  element-enriched uppr  mantle, 
has earlier been indicated for some Jurassic to Tertiary lavas in the  Chilean  Andes  (Pearce,  1983).  Such 
compnent is also seen in the  published  analyses of Quatemary  lavas  from the Central amd South  Volcanic 
Zones mcurring in the  investigated area (25"30' to 35OS). This persistent  geochemical feature despite 
considerable  differences in age,  location, Sr-Nd isotope eompwition (see Nystrom et al.,  this  volume)  and 
inferred  teetonic  regime is consistent.  with a simple prwess of  magma  generation  operating on a similar 
source material. The within-plate eompnent suggests  that  the  lithospheric  plate was a major source for'the 
magma. A geochemical similarity between the lavas studied by us and corresponding SiO2-K2O 
populations of Quatermaxy lavas  in the same  segment of the Chileam Andes  indicates  that this part of the 
Andean  Belt has been am active  continental  margin  since  the  Jurassic. 
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THE JURASSIC  ACIDIC  VOLCANISM OF NORTH-EAST  PATAGONIA: 
A  SHORT-LWED  EVENT OF DEEP-ORIGIN. 
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RESUMEN: Se  presenta  un  estudio  geocronol6gico  detallado  en  una de las  provincias  silicicas mas extensas 
del  mundo. Los resultados  condujeron  a  dos  conclusiones  principales:  (1) Las rocas volchicas se 
formaron  durante  un  laps0 de tiempo  muy corto  (3-5Ma)  hace  180  Ma  atrhs,  con  edades  progresivamente 
d s  j6venes hacia  el  sur. (2) Los magmas se derivaron  directa O indirectamente de una  fuente 
isot6picamente  uniforme  como  un  manto  litosférico  enriquecido O una  corteza inferior poco  evolucionada. 

m~ WORDS: Patagonia,  Rhyolite  volcanism,  Jurassic,  Geochronology,  Sr-isotopes. 

INTRODUCTION 

The Early  Mesozoic  rhyolite-ignimbrite  association  of  eastern  Patagonia  represents one of the  most 
extensive  acid  volcanic  provinces  in  the  world. It has  been  generally  considered  that its emplacement  was 
temporally  and  genetically  related  to  crustal  extension  throughout  the  early  stages of Gondwana rifting, and 
its formation  has  usually  been  considered  to  be  a  result of crustal  anatexis  associated  with  increased  heat- 
flow  during  this  period.  However,  a  cogenetic  relationship with supposedly  contemporaneous  volcanic 
rocks  of  intermediate  composition in western  Patagonia  would  raise  the  possibility  of an origin  more 
closely  connected  with  Pacific  margin  subduction  processes. This work is part of a  combined 
geochemical/geochronological study  of  the  acid  magmatism,  intended  as  a  basis for more  detailed 
comparison  and  resolution of this  question. 

GEOLOGICAL SETTING AND RESULTS 

The Jurassic  volcanic  rocks  of  Patagonia  occur  as  individual  groups  of  outcrops  of  distinct 
lithologies,  geographically  separated  by  the  basement  highs  and  Cretaceous  sedimentary  basins (Fig. 1). 
The Marifil  Complex  is  the  name  give to the  most  predominantly  rhyolitic  outcrops  that  occur  around  the 
eastern flank of the North Patagonian  Massif.  Previous K-Ar  ages for these  rocks  range from 210 to 155 
Ma  (Late  Triassic  to  Late  Jurassic)  and  have  usually  been  thought  to  represent  long-lived  activity.  Thirty- 
nine  rocks  from  four  separate  areas  (mostly  lavas/subvolcanic  intrusions,  cogenetic  dykes  and  ignimbrites) 
were  analysed  for  major  element  geochemistry  and  Rb-Sr  geochronology. In terms  of  normative 
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Fig. 1: Distribution  of the Jurassic  volcauic  rocks  of  Patagonia 

chemistry,  and  with the exception  of  a  single  basaltic  dyke  from  Dique  Ameghino, the samples are al1 
transalkaline  rhyolites or trachydacites: in the total  alkali-silica  diagram,  they  appear as an extension of  the 
field definecl  by the  more  intermediate  Taquetrbn  Formation  which  occurs  to the west.  Major  element 
chemistry  shows  significant  differences  between  the sampld areas. One sample  from Penhsula Camarones 
is peralkaline, the remainder of the  lavas sp&g the metaluminous-peraluminous boundary: ignimbrites 
and  dykes  from  Dique Ameghino fa11 well into the perduminous field. Most of  the data sets define 
excellent  Rb-Sr  isochrom  (Fig. 2) which are considered to date  emplacement. Those from the type  section 
in Arroyo Verde (ody four  samples,  and the ody ones  not  collected  as  part  of the programme)  gave  183 & 
2 Ma,  whereas fifteen lava  samples  from  Sierra  Negra-Cerros  del Ingeiero gave an indistinguishable age 
of 181 i- 7 Ma: in fact  they fa11 exactly on the same  isochron as the type section  which is part  of  the  same 
general  exposure.  Lavas  and  dykes  from  Peninsula  Camarones  gave 178 1 1 Ma. Only the  predomiuantly 
ignimbritic seetion of Dique Ameglino showal scatter  beyond  that of a true isochon (MSWD= 10.6), 
probably  due to the effects  of  syn- to late-  magmatic  fluid  interaction:  neverthelem, the errorchron obhinecl 
of 181 i- 4 Ma  after  allowiag for the  excess  scatter  is  well-defined  and  compatible with the other results. 
Initial 87Sd86Sr ratios are surprisingly  constant  for  the  four  areas  (0.7065 f 0.0004 to 0.19068 L- 
0.0001). 
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Fig. 2: Rb-Sr whole-rock isochrons for the sampled sections of the Marifil complex. 

CONCLUSIONS 

These results lead to two major conclusions with regard to this part of the volcanic province. 
Firstly, the volcanic rocks were formed during a short and well-defined igneous event 180 Ma ago, 
probably entirely within the Bajocian stage, but possibly including the Aalenian as well. Secondly the 
parent magmas were not derived by fusion of or even contamination with significantly older upper CXUS~~ 

rocks, but were derived, directly or indirectly, from an isotopically uniform source such as enriched 
lithospheric upper mantle without the involvement of other materials. 

The most probable petrogenetic scenarios are differentiation at depth of less-evolved primary 
magmas (possibly represented by the andesites of the Taquetr&r Formation), or rapid remelting of rrdi~ 

underplating soon after its generation. Further work is in hand to elucidate these alternatives. 
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MIOCENE PLUTONISM IN N. PERU: IMPLICATIONS FOR ALONG- 
STRIKE VARIATIONS IN ANDEAN MAGMATISM (9-225). 

N. PETFORD( M. P, ATHERTON(l), A. N. HALLIDAYt2) 

(1) Department of Earth Sciences, University of Liverpool, Liverpool L69 3BX, UK. 
(2) Department of Geological Sciences, University of Michigan, Ann Arbor, USA. 

RESUMEN: Combined strontium and neodymium isotope data on the Mio-Pliocene Cordillera 
Blanca batholith (9-11” S) are compared with acid plutonic and volcanic rocks of similar age and 
composition from the central Andes (16-20” S). The Cordillera Blanca magmas show no evidence of 
contamination by, or remobilisation of, mature continental basement, contrasting strongly with central 
Andean volcanics where elevated Sr(i) and negative sNd reflect significant reworking of old continental 
crust. These contrasting along strike variations relate to horizontal shortening in the central Andes and 
magmatic underplating in the north. 

KEY WORDS: Peru, Cordillera Blanca batholith, Crustal thickening, magmatic underplating. 

INTRODUCTION 

Unlike the Himalayas, where crustal thickening is the result of continent-continent collision, 
the mech~ism of crustal thickening beneath the central Andes (up to x2 normal thickness) is still a 
matter of debate, with current opinion divided between tectonic shortening and magmatic underplating. 
Signi~c~tly, the thickness of the continent crust varies along strike of the chain, and is widely 
believed to correlate with the observed longitudin~ variations in the isotopic compositions of Andean 
magmas (Harmon & Hoefs, 1984). 

The Late Miocene-Pliocene Cordillera Blanca ba~oli~ and associated acid voIcanics are the 
youngest magmatic rocks in NW Peru, and represent the final stage in the Andean cycle (200-O Ma) in 
this region. The batholith lies directly above the sickened continent root of the Andes which in this 
sector reaches depths of w 60 km (James, 1971; Kono et al., 1988). Thus, the bathohth magmas were 
intruded through crust of similar thickness to the ~tip~o (CVZ) region f~er south, where Miocene 
basic-intermediate rocks with ‘enriched’ isotopic compositions are believed to result from large scale 
crustal contamination of mantle-derived magmas (James, 1982; Hawkesworth et al., 1982; Hildreth and 
Moarbath, 1988). Given the intrusion into similar thickness of continental crust, the Cordillera Blanca 
batholith may therefore be expected to show evidence for substantial continental crustal i~rvolvement in 
its petrogenesis. 

GEOLOGICAL SETTING 

The Cordillera Blanca batholith and associated votcanics are situated in the high western 
Cordillera of Peru between 9 and 1 lo S where they form a mountain range with an average elevation of 
over 4000m. The batholith is a linear body over 120 km in length, lying parallel with the main 
Andcan trend in Peru, and is composed mostly of high silica (70-73 wt%) leucogranodiorite, with a 
subordinate marginal facies of quartz diorite and tonalite. It intrudes a basinal sequence of Jurassic 
shales, with both magma ascent and emplacement strongly controlled by periods of extension along the 
NNW/SSE trending Cordillera Blanca fault system, Radiometric dates from the Batholith range from 
ca. 13.7 to 2.7 Ma, with combined Pb and Ar-Ar ages from the central region of the intrusion giving 
an emplacement age here of about 6.0 Ma (see Petford & Atherton, 1992). 



Sr  and Nd imtopic deeterrminations were cm-ed out BR fourteen rocks  collested dong st&e of 
the intrusion,  The  isotopic  compositions of both  Nd and Sr show  remarkably  Iittle  scatter,  with 
average N d  valu@  close to bu& e x t h  (-0.7), while Sr@) varies  between 0.7047 and 0.7057 over a 
range in Si02 of 18 wt 96 and a dista~ce of c a  60 km. Given the tectonic  position of the batholith 
above  Ihickened  continental crusr, the isotopic  compositions of these rock' axe sqmsingly primitive, 
pJotting at or ciose to b d k  exth, Taking the bahlith dala as a whole,, the range in isotopic 
cornposition of Nd is just  over two epsilon nedymim units.. Within the marginal facies, the variation 
is rem-bly small, with N d  varying fiom 4.16 to a maximum of -0.21 over a silica  range of 14 
wt%. A basaltic  andesite  dyke th& inmdes the Batholith has an &?cl value of 43.5, falIing broadly 
within €he compositional  range of island arc VolcluniCs. 

COMPARISON WITH TERTIARY CENTRAL ANDEAN (16-20"s) MAGMAS. 

Isotopically, lhe bathoIith  rocks conmt strongly  with  Tertiary-Recent rocks th& characterise 
the AltipIano region of ssuthern Peru and  northern Chile (Ca.  16-200§). For exampleV  the high silica 
(Si02 > 70%) batholïth leucogrmdorites have much Iower &Vd values - ie. tkey are much more 
prïnzfffve - than the majority of basic volcanics from the Altiplano region,  wliere eHd vatues are 
generally > -4.0 (Rogers & Hawkemorlh, 1989; de Silva, 1991).  Similady, the vakation in ÏniriaI Sr 
ratios for the batholith  rocks from 0.7048 to 0.7054 contrats with Te-  voZcanic and inmsive 
rocks fiom the centrd Andes,  where Sr(ï) is generally  in  excess  of 0.706 (eg. Hkwkesworrh et al., 
1982}. 

Figure 2 shows the range  in &d values: for the Gordillera Blanca batholith and associared 
Upper  Miocene  acid  plutonic  stocks of central  northem Peru, along with acid  volcanics of similar age 
from the central  Andes  (16-20° S). The most  negative a d  values  belong ta the volcarniCs  extruded 
through the very  thïck  crust (7'0 lm) beneath the centnl kadees. &Nd  of rocks of the Cordillera  Blanca 
batholith and associated Miocene stocks are much  more  primitive than those M e r  south, in spite of 
the crust  kaving a sinailar thickness, Thus7,. eNd varies from 4 in the bathdith to -12 in the central 
Andean  volcanics. dthough the change in crustal thichess is less than 208 belween the two sectors. 

Increasing s7Sr/86Sr ratios. in rocks fiom the cenbral Andes  inboard with time (Rogers and 
Hawkesworth, 1989), combmed ~4th a marked incmse in Nd mode1  ages with decreasing; emplacement 
age of granitic intrusions  over the past 30 Ma have b e e ~  interpreted as the resuIt of extensive Tertixy 
crustal  reworkkg (Miller and Iparris, 1988). Thïï reworking  coincides wïth extensive cmfal thickening 
and  uplift  at  12-10 Ma, with cmstal  thïckenïng thought to be due to tectonic shortening osach, 1988). 
Intracruslal  melting, of this  tectonically  thickened  crust hm been proposed  to explah the elevakd SQ 
and Efprd  values seen in central Aadean acid  volcaaics (de Silva,  1991). 

Our favoured exphnation for the large variatio~ in isotopic  composition of magmas  intruded 
and  extruded  through  crust  of abnormal thickness dong strike above the  thickened  keel of the Andes is 
that  different source litiollogies were melted.,  Although  NIiocene crustal thickening  and upm appmntly 
occurred  simulmeously in the  northem  and  central  Andes  (Mono et d., 1988),  Sr, Nd (and  Pb) isotspic 
data from the Mïocene stocks and  Cordillera  Blanca bathoIith show no evidence for melwg of oId 
crustal  basement, or significant crustd contamination.  Recent  work (Atherton C% Petfordi 1993) hm 
shown the Cordillera  BIanca  batholith  rocks  to be similar in composition fo Wa-rich  Brecarmbrian 
brondhjemite-~onate-~cite ("ID) suites and that  they  were  produced by partial mc$ing of newly 
undeqlated basic  crust.. Sr and Nd  isotopic  compositions of the Cordillera  Blanca  rocks  support fhis 
rnodel, where  rapid  recycling of Irew, mantle-derïved  lower m s t  resulls irn melt  compositions that are 
virtually  iudistimguishabk  isotopically fiom mantle.. 

Such magmas  contrast markedly wiffi melts  produced  fiom  melting old (Precambrian) 
basement or tectonically  thickened eomtinental c m t  in the mmner  proposed  for the central Andes ak 16- 
20" S. Clearly,  isotopic  values  in  magmatic  rocks of Ike Andes  depend on the source  whïch,  we 
maintain, was mw crust in the no&  and  old  continental  crust in the south.  Over  thickened m s t  does 
not  automatically  correlate  with  contamination  of  man&-derived  magmas.. 
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GEOCHEMISTY AND PALAEOMAGNETISM OF IGNEOUS ROCKS 
FROM THE COSMELLI BASIN, SOUTHERN CHILE' ' .: 

. .  
1 .  , 

.N. PETFORDU) & 'P. TURNERW 

(1) Department of  Earth  Sciences,  University  of  Liverpool,  Liverpool  L69 3BX, UK. 
(2) School  of  Earth  Sciences,  Birmingham  University,  Birmingham  B15,  2TT, UK. 

INTRODUCTION 

The  Cosmelli  basin, situated in southern Chile  (Ca. 46"s) is  one of a  series 
of continental Mid-Late Tertiary.  sedimentary  basins that lie  inboard of the 
present day  subduction  margin.  The  basin  is  located  above  a  segment of 
continental crust that has  experienced  several  ridge  subduction  events  over 
the last 15 Ma. Subduction of a  spreading  mid  ocean  ridge (MOR) beneath 
continental  lithosphere  is  a rare event and the  potential  effects of ridge 
subduction  on the overriding  continental  (South American) plate are still 
poorly  understood. 

foreland  basin that formed in response  to  ridge  subduction  processes.  Facies 
relations within.the basin  show a  sudden  marine  sediment to continental 
clastic transition, with  intense  folding and thrusting of the lower  basin  fill. 
Later  basin  fill  material  is  relatively  undeformed,  and the overall  stress 
regime  during  basin  initiation and development  is  considered to be 
contractional  (Flint et al., 1992). 

The  basin  is  host to a basic sill complexes and minor  intrusives, and 
palaeomagnetic data implies that as  a  whole, the  basin  has  suffered  some  kind 
of post depositionalhtrusive thermal  event.  The  basin also lies  within the 
'slab  window' alkali flood  basalt  province of Ramos & Kay (1992). Given the 
proposed  relation  between  ridge  subduction,  basin  formation  and  magmatism, 
a study of the igneous  rocks  may  help  constrain  the  origin and thermal 
evolution of the basin. 

Recently,  Flint et al., (1992) have interpreted the Cosmelli  basin  as a 

IGNEOUS ROCKS 

The  igneous  rocks of the Cosmelli  basin range  from basic sills to 
andesitic  ignimbrites and dacitic  stocks (Fig. l a  and Table 1). The data show 
some scatter on a silica K20 plot,  with  rocks ranging from low to high K (Fig. 
la). On Harker  plots,  the  rocks  form  a  fairly  coherent  group,  with MgO, MnO, 
Fe203 and Ca0 showing a steady  decrease  with  increasing  Si02  (eg. Fig. lb). 

GEOCHEMISTRY 

XRF analyses for 9  igneous  rocks are given in table 1. In Figure lc, the 
dolerite sill SC-13 and a  more  evolved  basaltic  andesite  (SC-32) are plotred 
together  on  a MORB-nomalised  trace  element variation  diagram. SC-13 (Si02 
49.1%)  is  much  more  primitive  than SC-32 (Si02 54.6),  with K, Rb Cr and Ni 
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agproachimg MORB values. Although typical of active margin rocks  (ie. LI% 
and HESE elements are enriched relative to MQRB), rkey lack the distinctive 
Ta/% anomalies characteristic of subduction related magmas (cf. Ansdean 
high-Al cdc-allcaline-arc basalts). The more basic  rocks are similx in some 
ways to LSL-elsriched  'Tramsitional" alldi plateau basalts from Patagolsia  (ie. 
Stem and others, 1998). On a B d L a  v La plot (Fig. Id) the basic s a s  lie in a 
transitional region between island arc (IAB) and ocean island (OIB) basalts. 

SC-7 Se l1  SC-13 SC16 SC-31  SC-32  SC-37 SC-59 CS&<-2 
58.87 45.61 
14.90 14.99 
Q.81 1.15 
7.08 9.34 
2.71 7.98 
4.65 10.64 
4.51 2.78 
Q.21 0.15 
0.17 0.15 
0.16 0.20 
9.96 6.98 

98 151 
47 32 

115 338 
20 58 

514  573 
17 16 
6 6 

11 9 
1 1 
3 G 

20 13 
38  169 
7 6 
5 3 

03 418 
27  34 

6 12 
2  2 

271 445 
7 1 
2 2 

130 224 
18 18 
66 GO 

128 83 

49.14 
16.57 
1.26 
9.71 
8.04 
7.84 
4/17 
0.17 
0.lG 
0.20 
2.43 
225 
18 

222 
47 

432 
18 
5 

12 
< a  
G 
17 
07 
3 
2 

87 
30 

c 2  
< 2  
644 

3 
i l  
211 
19 
59 
87 

60.29 52.49 54.63 
19.63 17.02 17.44 
8.92 1.21 9.16 
G.24 8.97 8.29 
1.30 5.36 4.03 
3.76 8.20 7.25 
4.43 3.45 3.80 
1.51 1.94 2.05 
0.02 0.16 0.15 
0.06 0.31 0.44 
1.57 0.58 0.53 
364 616 635 
18 32 66 
73 5Q 32 
8 32 37 

741 664 786 
19 2Q 21 
a 6 8 
7 12 30 

C l  < 1  cl 
4 10 16 

12 16 33 
28 20 12 
7 15 17 

41 G1 71 
55 1231 110 
23 27 20 
4 9 7 
2 3 < 2  

433 701 768 
4 5 11 

c l  c l  2 
112 209 162 
21 25 24 
32 71 G5 

127 106 189 

65.99 
16.19 
0.72 
4.63 
0.55 
4.01 
8.76 
0.81 
0.06 
8.03 
3.31 
409 
6 6  
49 
29 

550 
15 
5 

e 5  
C l  

5 
6 
7 
9 

11 
671 
20 
8 

< 2  
3 17 

3 
2 

77 
18 
67 

124 

57.20 
17.45 
1.24 
6.41 
3.52 
5.22 
5.22 
1.84 
0.03 
0.65 
1.61 
466 

67 
62 
34 

859 
23 
7 

23 
e 1  
19 
31 
17 
7 
11 

4G3 
19 
2 

c 2  
575 
C l  

cl 
123 
18 

103 
273 

65.89 
16.16 
0.73 
7.46 
1.39 
2.93 
3.61 
0.33 
0.14 
0.03 
2.04 
240 
30 
65 
39 

546 
17 
10 
10 
< 1  

3 
11 
6 
6 
9 

290 
11 
14 
2 

240 
6 

< 1  
63 
18 
74 

147 

Table 1. Major and trace elernenc data for the igneous rocks of the Cssmelli 
basin 
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PALAEOMAGNETISM 

Preliminary  palaeomagnetic data for  the  sedimentary  rocks  suggest that 
the primary component  is  one of reversed  polarity. In contrast,  the  igneous 
rocks  show  both  reversed and normal  polarity. Of particular  interest  is the 
dolerite  sill  sample SC-13 (Fig. lc), from  ne.= the base  of the  sequence. It is a 
single  vector  showing  superb  demagnetisation  characteristics.  mie  rock  has  a 
remanence of reversed  polmity,  and  the  directions  comparemost.  closely  with 
the,Ter.tiary palaeofield! before,esrrection for  tectonic  dip: lWbasaltic 
andesiteSC-32 &om~ higher up. the  sequence  is  shown $or eompe6on (Fig. 2b). 
One explmation Zor the normal polarity in the  igneous.  rocks 3s that the 
magnetisatïon was acqufi$ed after folding. 

DISCUSSION 

Consideration of the  palaeomagnetic data has  led  Flint et al., 1992 to 
conclude that the Cosmelli  basin  has  been  thermally  overprinted  during  a 
normal  polarity  interval, and that  the  overprinting was in some  way related ta, 
igneous  activity - possibly  coinciding  with the extrusion of the  voluminous 
"cratonic"  plateau  basalts to the east of the basin.  Although the chemistry of 
the basic siEs and!  associated  volcartics  precludes  them  from  being  directly 
related to) the plateau basalts,  neither are they  classically  calc-alkaline.  The 
themal 'pulse' and the presenee of minor  intrusives  in the basin  reflect 
elevated  heat. flow in the con.tinental c ru t  at the  time of basin  formation.  The 
transitional; nature of the  basic  sills  is  consistent  with current models for 
ridge  segment-related  magmatism (Ramos & Kay, 1992). 

REFERENCES 

Flint, S.S., Prior, D. J., Agar, S.M. & Turner, P. 1992.  Stratigraphic and 
structural responses  to  triple  junction  subduction,  Cosmelli  basin, 
southern Chile. (J. Geol.  Soc.  London, in review) 

Ramos, V.A., & Kay, S.M. 1992.  Southern  Patagonian  plateau  basalts and 
deformation:  backarc  testimony of ridge  collisions.  Tectonophysics, 
205,  261-282. 

Stern, C.R, and others,  1990. Trace  element and Sr, Nd,Pb and O isotopic 
composition of  Pliocene and  Quaternary  alkali  basalts of the Patagonian 
plateau  lavas of southernmost  Aouth  America.  Contrib.  Miner.  Petrol., 
104,294-308. 



436 Second ISAG, 0.xfoi-d (UK), 21-23/9/1993 



Second ISAG, Oxford (UK), 22-231911993 437 

PRESENT KNOWLEDGE OF THE JURASSIC  VOLCANOGENIC  FORMATIONS OF 
THE SOUTHERN COASTAL  PERU. 
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RESUMEN: Sc proponc una nucva cronologia dc las formacioncs jurlisicas tlc l a  costa del Sur del Pcni, 
basada sobre argumcntos palcontolbgicos y gcocronoMgicos, y SC prcscnhn obscrvaciones mincralogicas y 
geoquimicas. 

KEY WORDS : Lias, Dogger, low grade mctamorphism, calc-alkalinc, active continental margin-type 
setting, Southcm Pcru. 

INTRODUCTION 

Jurassic volcano-scdirncnl3ry rtxks have bccn rccognizcd in various places of thc coastal rcgion OP 
Southcrn Pcru (figurc IA). Thcy l w c  bccn gcncrally ossignctl lo Ihrcc main formations. A thick scqucncc 
(>3000 m) of volcanic brcccins with intercalalcd rhyolitic [O antlcsitic flows arc corrclalcd with thc 
Chocolatc Fm dclincd in the Arequipa arca (Jnbn Lu: ol., 1963; Olchauski, 1980). In this arca, an early 
Sinemurian fauna  is prcscnt at the top of the Formation (Vargas, 1970, Vicente, 1981). The Chocolatc Fm is 
unconformably ovcrlnin by thc  Bajocian to Oxl'ortlian marine scrics of Guancros Fm in the southcrnmosl part 
of the coastal rcgion (Jabn S: al.,  1963). Finally, in  the northcrn scgmcnt of thc arca dcscribcd hcrc,  Aalcnian 
to Tithonian marine scdimcnLs associatctl with volcanic matcrial have bccn rcgroupcd into the Rio Grande 
Fm (Ruegg, 1956,1961; Olchauski, 1980). 

New stratigraphieal, pnlcontological, a n d  gcochronological data from ncar Nazca, Chola, 110 and 
Tacna (figurc 1A) havc lctl to a ncccssary partial o r  complet rcdcfinilion of the jurassic formations cxposcd 
in thc coastal arca of Southcrn Pcru. Morcovcr, the prcscncc of a low-grade  non-dcformational 
metamorphism in a l 1  thcsc thrcc formations has bccn put in  cvidcncc. ILS charactcristics and thcir 
conscqucnccs on the primauy chcmistry o f  thc volcnnic rocks arc also tliscusscd. 

THE JURASSIC FORMATIONS OF THE COASTAL AREA OF SOUTHERN PERU 

Ncar 110 (l'igurc 1 B-A), a scqucncc ol' conglomcratcs, volcnnic brcccias and dacitic to andcsitic 
flows that  uncoml'ormably  ovcrlnin the prccanlbrian bascmcnt ;uc intruclcd  by gabbro and  tlioritc rocks (iatcd 
at 190 Ma and 150 Ma (Mc Bricic, 1977; Slinchcz, 1983; Mukasa, 198G; Clark Sc al . ,  1990) ml by 
granodioritcs with a K/Ar, hornblcnclc, agc ol' 205 k 11 M n  cropping out ncar Punta dc Bombbn. This 
scquencc probably rcprcscnts the lowcr part ol' thc Chocolatc Fm a n d  may bc corrclatcd with Lhc lowcr part 
of the La Negra Fm OC Northcrn Chilc (Muiios "r al., 1988). Ncar La Yarada (figure 1B-B), volcanic brcccias 
with intcrcalated ignimbritic llows ol'thc Chocolatc Fm. arc unconformably ovcrlrtin by shalcs, sandstoncs 
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with rare limcstonc intcrcalntions of thc Guancros Fm. Leplos~~hincrilfae, Spirocerns  p. (LI Yarada) and 
Lilloelia cf. Sleinmani S p a f h  (110) indicatc that thc basc of thc Gunncros Fm.  is oldcr (uppcr Bajcxian to thc 
uppcr Bnthonian) than prcviously postulatcd (Callovian). In thc Chala arcn, a thick scqucncc of basaltic to 
ignimbritic flows and ciucitic brcccias with intcrcalatcd rcd bcds (figure 1B-C)  was  prcviously assigncd to thc 
Chah Fm and corrclatcd with thc Chocolatc Fm (Olchauski, 1980). Ncvcrthclcss, an p-4Ar agc of 177 Ma 
obtaincd on a basaltic llow from the basc of the l'ormation indicatc that thc Chnla Fm should bc corrclatcd 
with thc Guancros Fm and thc Rio Grandc Fm (figure IB-D) whcrc occurrcncc of thc Anlcninn Bredya 
manflasensis asscmblagc zonc has bccn rcporkd (Ropcrch 6k Carlicr,  1992). Various gcncrations of 
andesitic stocks, silis and dikes crosscut al1 t l~c Jurassic forrnalions of thc coastal range. An M A r  agc 
detcrmination pcrformcd on dikcs  liom thc 110 and Chah arcas (Ropcrch & Carlicr, 1992) indicatcs 
magmatic activity contcmporancous with lhe Mitldlc Jurassic scdimcntdon. A similm agc from an andcsitic 
flow of the Rio Grandc arca has bcen rcportcd (Aguirrc & Ofllcr, 1985; Aguirrc, 1988). Nevcrlhclcss, a K/Ar 
on hornblcnde of 91.3 k 9.2 Ma from a dikc ol' Chala arca indicatcs that somc of thcse subvolcanic intrusions 
can represcnt the feeding channcls of youngcr volcanic scrics as thc Albian Matalaque Fm or Palcogcne 
Toquepala Fm. 

METAMORPHISM 

The rcgionnl low-gratlc rnct;vnorphism t h t  nffccts d l  thc volcanogcnic formations is mnrkcd  by 
the lack ol'deformation. In thc basaltic to rhyolitic I'lows and basaltic to andcsitic subvolcanic intrusions, this 
metamorphism is charactcrizcd (1) by rcplnccmcnt of primnry olivinc,  plagioclasc, hornblcndc, 
titanomagncGtc and  groundmass, and (2) by sccondary amygdulc rilling. Thc mclamorphic asscmblagcs 
consis& of vnrious associations of the following rnincrals : chIoritc/smcctitc, cclndonitc, albitc, i(-fcldspar, 
K-rich zcolitc '?, scricik, albitc, qua ru ,  calcitc, cpidotc, hcmatitc, timitc a n d  rarc pumpcllyitc, prchnitc, 
analcitc and actinolitc. Thcsc asscmblaycs suggcst sub-grccnschist I'acics conditions, i. e. zcolitc to prchnitc- 
pumpellyitc facics (T = 150-275' C, P < 3 kbars). 

In the othcr hand, thc rcplaccmcnt of primary plagioclasc by albitc, K-fcldspar and K-rich zcolite 
?, the sccondary filling of amygdulcs by calcitc, q u a r k ,  chloritc/smcctitc and celadonitc documcntc the 
relativcly high mobility of Na, K, Ca, Si, Fc and Mg tluring thc mclamorphism. 

GEOCHEMISTRY 

The Na, K and Si mobility prccludcs thcir usc to charactcrize thc primary chcmistry of thc flows 
and subvolcanic intrusions. Particularly, in somc rocks, thc vcry  high K g  content (up to 7.1 wt%) associatcd 
with abnormally high  Ba (2520 ppm) and Rb (250 ppm) contents rcsulls from a sccondnry cnrichmcnt. 

Thc jurassic llows and subvolcanic intrusions show high LILE and LREE conlcnts  and 
characteristically low contcnt of Ti and othcr HFSE of volcanic rocks associatcd with convergcnt plate 
margins (figures 2 and 3). 

FIGURE 2 : Chondritc-normalizcd rare carth elcmcnt diagram (A) and MORB-normalizcd elcmcnt 
abundance diagram (B) of southcrn pcruvim volcanic rocks showing LREE cnrichmcnt and typical Ti, Nb, 
Zr negative anornalics of volcanic rocks associalcd with convcrgcnt plate margins. 



440 5econd ISAG, Oxford (UK), 21-23fPfI993 

Chah inlrusivcs 

Rio Grandc flows 
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FIGURE 3 : Ti - Zr - Y nnd Y - La - Nb Plots of southcrn pcruvian volcanic rocks. A is ficld of low-K 
tholciite; B, sccan floor basalt; C, calc-alkali  basah; D, within plate basalt; 1, orogenic domains; 2, late to 
post srogenic intracontincntal  dolnains and 3, anorogcnic domnins. 
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EVOLUTION OF THE CRUCERO  SUPERGROUP, PUNO, SE PERU: AN 
OLIGOCENE-MIOCENE "COLLISIONAL"  MAGMATIC  ASSEMBLAGE IN A 

NON-COLLISIONAL,  ARC  SETTING 
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Resumen: El  Supergrupo  Crucero,  un  ensamblaje de rocas volchicas diversas de edad  Oligoceno-Mioceno, 
constituye el Cltirno periodo  de  magmatismo  dentro de la  secci6n  Peruana  del  Arc0  Andino  Interno.  El 
supergrupo  comprende  la  asociaci6n  tipica de orogenias  de  choque,  emplazado  durante un episodio  breve 
de extensi6n  cortical  en  el  Oligoceno  tardio,  seguido  por un largo  periodo de compresi6n  oblicua  diestra 
en el Mioceno. 

Key Words: Crucero  Supergroup,  peraluminous,  basalt,  minette,  extrusion  tectonics,  Bolivian  Orocline. 

The Crucero  Supergroup is a  continental  assemblage  comprising  a  wide  range  of  crustally-derived 
peraluminous  and  mantle-derived  mafic  volcanic  rocks. It is extensively  exposed in the Cordillera de Carabaya 
range  of  southeastern  Peru  and  represents  the most  recent  magmatism  within the  Central  Andean  Inner  Arc. 
The  supergroup  comprises  the  21.2-25.0 Ma Picotani  and  the  6.5-16.9 Ma  Quenamari Groups,  each ofwhich 
consists  of  numerous,  aerially  restricted  formations.  The  Picotani  Group is a  complex  assemblage ok diverse 
rock-types,  erupted  over  a  brief  interval,  that show no time-transgressive  relationships. The assemblage 
includes: olivine-plagioclasekclinopyroxenek orthopyroxene - phyric  and  -glomerophyric , high-K,  basaltic- 
to-andesitic  lavas of the  spatially  separate  Suratira  Formation  (22.4-23.6  Ma),  Pucalacaya  Formation (CU. 21.9 
Ma)  and  Cerro  Queuta  Formation  (23.8-25.1  Ma);  minette  and  mixed  minettelrhyodacite  lava  flows  of  the 
Lago  Perhuacarca  Formation (ca. 23.9  Ma); biotitekcordierite - phyric,  dacitic-to-rhyodacitic  lapilli-tuffs  of 
the  Cerro  Huancahuancane  (23.1-24.4  Ma)  and  Cerro  Sumpiruni  Formations  (21.2-24.1  Ma);  cordierite- 
biotite - phyric  dacitic  lavas of  the  Jama  Jama  Formation (CU. 23.8  Ma);  cordierite-biotite - phyric  dacitic 
agglomeratic  tuffs  of  the  Pachachaca  Formation  (23.6-24.4  Ma);  and  glassy,  cordierite-biotite - phyric 
rhyolitic  agglutinates of  the  Cerro  Cancahuine  Formation (CU. 22.2  Ma). In contrast,  the  Quenamari  Group 
consists  wholly  of  rhyolitic  volcaniclastic  rocks,  forming  a  time-transgressive  sequence  from  the  muscovite- 
biotiteksillimanite - phyric, crystal- lapilli  tuffs  comprising  the  Huacchane  Formation  (16.8-16.9),  through 
the biotite-sillimanite+muscovite - phyric,  vitric - lapilli  tuffs  of  the  Quebrada  Escalera  Formation  (16.2-16.4 
Ma),  to  the muscovite-biotitekandalusite - phyric  ash-flow  tuffs  of  the  well known Macusani  Formation (6.5- 
10.5 Ma).  These  two  distinct  magmatic  pulses,  constituting  a  magmatic  association  typical  of  collisional 
orogens,  were  emplaced in a  late  Oligocene  episode of crustal  extension,  followed in the  Miocene  by  a 

. prolonged  period  of  oblique,  right-lateral  compression  coeval  with  antithetic  subduction  of the Brazilian 
Shield.  We  envisage  a  major  petrogenetic  role  for  "extrusion  tectonics"  during  compressional  shortening  and 
accentuation  of  the  Bolivian  Orocline. 
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RESUMEN : El Cerro Chiar Kkollu,  ubicado  en el Altiplano Sur de Bolivia, era considerado desde 
tiempo como un centro volc6nico  cuaternario  alcalino de trk-arc0  de  la Zona VolcSmica Central 
(CVZ) de los Andes. Era el linico ejemplo de un volcanismo de ta1 naturaleza en  esta regi6n. 
Observaciones de terreno  y m a  dataci6n K-Ar sobre  roca total muestran que dicho  centro es de edad 
Oligoceno y pertenece a un conjunto de rocas de afinidad alcalina de edad Oligoceno a  Mioceno 
inferior ampliamente  distribuidas en el  Altiplano  boliviano.  Los  modelos  petrogeneticos  propuestos 
anteriormente por diferentes autores en base a las supuestas relaciones entre el Chiar Kkollu  y el 
volcanismo  cuaternario de arc0  ylo de tr&-arco de  la CVZ no  tienen  ningun  sustento  geol6gico. 

KEY WORDS : Bolivia, Oligocene, Alkali basalts,  Back-arc 

INTRODUCTION 

The Cerro Chiar Kkollu, in the southern Altiplano of Bolivia, is well known among 
geoscientists  devoted  to  the  recent  and  present-day  volcanic  activity of the  Central  Andes.  As a matter 
of fact, this small volcanic outcrop has  long  been  considered as the unique example of quaternary 
alkaline back-arc volcanism  behind the Central  Volcanic  Zone in the Bolivian  Andes (Thorpe and 
Francis, 1979; Thorpe et al., 1982), and this "peculiar"  volcanic rock has been used by various 
geochemists (e.g. Thorpe et al.,  1984;  Rogers,  1985;  Rogers  and  Hawkesworth, 1989; Davidson et 
al., 1991; Davidson and De Silva,  1992) as a clue for the understanding  of the petrogenesis of the 
modem arc and  back-arc  magmas  of  the CVZ. 

Our  field  observations  and  whole-rock K-Ar dating  permit  to  demonstrate that this apparently 
peculiar  volcanic rock is actually  of  Oligocene  age,  and  belongs to an  alkaline  volcanic province of 
Oligocene-Early  Miocene  age,  which appears to be an  important  feature  of  the  magmatic  and  tectonic 
evolution  of the Bolivian  orocline. 

FIELD, PETROGRAPHIC, AND  GEOCHEMICAL  OBSERVATIONS 

The Cerro Chiar Kkollu (19' 26' S - 67' 23' W - figure)  outcrops  near  Tambo  Tambillo  along 
the road between Huari and  Salinas de Garci  Mendoza  in the southern  Altiplano of Bolivia. It  is an 
isolated, roughly circula mesa, about 800 metres in diameter, surrounded by Plio-Quaternary 
continental detritics. Topographically this outcrop is rather similar to some of the Quaternary 
shoshonitic centers known in the same region (e.g.  Davidson et al., 1991; Soler et al., 1992, in 
prep.),  which  may explain that it has  long  been  considered as Quaternary in age.  However, detailed 
field observations  show that small  remnants of metamorphosed  red  pelites are outcropping over the 
surface of the Cerro Chiar Kkollu.  These  pelites  are quite similarlo metamorphosed  pelites  observed 
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southeastwards at the contact between  alkaline basaltic to micro-gabbroic sills and the Oligocene - 
Early Miocene continental Potoco and Tambillo  sedimentary  formations. These sills, known as the 
"Tambillo lavas", outcrop immediatly to the East and Southeast of the cem Chi= Kollu and dip 
stoongly (= 45") towards the NE. These field observations suggest that Une eerro Chiar Kkollu 
basalts are not of Quaternary age, and that they rather bdong to a folded Late Qligocene - Early 
Miocene set of alkaline  sills. 

Geological  sketchmap of the  Cerro  Chiar MkoIlu are8 
1 - Eocene-Oligocene  Potoco Fm @elites, red sandstones) ; 2 - Late Oligoeene-Early Miwene baalts and 
micro-gabbros  (sills - "Tambillo  lavas"); 3 - Early Miocene Tambillo Fm (pelites,  red  sandstones, 
conglomerates, tuffs) ; 4 - Late Mioeene dacitic  ignimbribs; 5 - Quatemary  ohoshonitic centers; 4 - Plio- 
quatenlary continental cletritics. 

In addition, as quoted  by niost authors, the eeno Chia IQkollu basalts display very peculiar 
petrographieal, ekemical and isotopic compositions  when  eompared with basic lavas of the modern 
arc (CVZ - Thorpe et al., 1984; Rogers,  1985;  Davidson et al., 1991;  Davidson  and  De Silva, 1992) 
and of the baek-xc (i.e. shoshonites - Davidson et al., 1991; Davidson and De Silva, 1992; Soler et 
al., 1992, 1993, in prep.)  of the Western  Cordillera  and the Altiplans of Bolivia. Im particular, they 
are characterized by their very primitive feature, their alkaline affnity, their unradiogeniie  Sr 
compositions, and the absence of any crustal xenoliths. Il should be noted that  quite sirnilar 
petrographical  and gmchemical features are observai in the "Tmbillo lavas". 

Sample JAC6 from Cerro Chia Kkollu has been dated by M.G. Bonhomme at the University 
of Grenoble following the techniques  described in Lavenu et al. (1992). The results are given in the 
table. 
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This 27.4 f 0.8 Ma whole-rock age may be slightly oider that  the actual age of emplacement 
due  to a psssible excess of argon in the abundant  clinopyroxenes of these  basalts. It  confirms 
however the interpretation proposed on  the basis of field observations. This age is slightly older  than 
ages  previouly  obtained on the Tambillo lavas (22.6 Ma recalculated with new constants  Ma; K-Ar 
age on plagioclase;  Evernden et al., 1977; 19.6 f 2,5 to 23.5 k 2.6 - IGE-JICA, 1986). 

This age fits  also with ages obtained on the Rondal Fm (Kussmaul et al., 1975;  Fornari  et 
al., this volume), the alkaline basic volcanism of the Tupiza basin (Hkrail et al.,  this volume), and the 
Abaroa Fm. of the northwestern Altiplano (Lavenu et al., 1989; Jimenez et al., this volume). 

Thus the Cerro Chiar Kkollu basalts belong to the  Late Oligocene - Early Miocene volcanic 
episode of alkaline affinity known al1 over the Bolivian Altiplano (Soler and Jimenez, this volume). 
They  probably derived from the subcontinental lithospheric mantle during a trans-tensional tectonic 
episode (Soler and Jimenez, this volume) and their composition cannot be used as a clue  to mode1 the 
compositions of the subduction-related, asthenosphere-derived magmas of the modern arc (CVZ) as 
proposed  by  several  authors (e.g. Thorpe et al., 1984; Rogers, 1985; Rogers  and  Hawkesworth, 
1989;  Davidson  et al., 1991; Davidson and De Silva, 1992). However their compositions  may be 
used  to  constrain  the  petrogenetic  models  for  the back-arc, lithosphere-derived  shoshonitic  and 
peralkaline volcanism of the Bolivian Andes (Soler and Jimenez, this volume). 
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RESUMEN : Se presenta una sintesis de la distribuci611 espacial y temporal de las rocas igneas 
(Acidas peraluminosas, alcalinas, shoshoniticas / peralcalinas) de tras-arc0 del Altiplano y de la 
Cordillera Oriental de Bolivia y se discuten las relaciones entre este magmatismo  y los diferentes 
episodios de estructuraci6n  orogdnica de los Andes Bolivianos. 

KBY WORDS : Bolivia, Oligocene,  Neogene,  Magmatism, Arc, Back-arc 

INTRODUCTION 

In addition  to  their  peculiar  tectonic and  morphological  features, the central  Andes  of  southern 
Peru, Bolivia  and  northwesternmost  Argentina (i.e. the  "Bolivian  Orocline")  display quite specific 
Oligocene to Present magmatic  and  metallogenic (the tin  province) features when  compared  with 
adjacent  segments  of the Andes. We present  a  synthesis of available  data  relevant to the distribution 
in time and space of the different  types  of  back-arc  magmatic  rocks in the Altiplano  and Cordillera 
Oriental  of  Bolivia  and  discuss the relationships  between this back-arc  magmatism  and the orogenic 
evolution of the Bolivian  Andes. 

T m  DIFFERENT  MAGMATIC  EPISODES 

In the Altiplano  and  Cordillera  Oriental of Bolivia, East of the Oligocene  to  Present  subduction 
-related volcanic arc of the Central  Volcanic  Zone  of  the  Andes, three types  of  magmatic rocks are 
known since late Oligocene  times : (1) acidic,  often  peraluminous,  effusive and intrusive rocks; (2) 
alkaline volcanic rocks; and (3) shoshonitic and ultrapotassic volcanic and subvolcanic rocks. 
Available  radiochronological data show thal this back-arc  magmatic  activity is distributed into discrete 
episodes,  each one displaying  a  specific  position  within  the  orocline. 

Felsic  magmatism 
Four pulses of felsic, more or less peraluminous,  magmatism have been documented  within 

the Altiplano  and the Cordillera  Oriental of Bolivia  and  southern  Peru. 
' 1) The first one,  with  ages  between  28  and  23.5  Ma, defines a  belt  restricted to the northern 

NW-trending  branch  of the Cordillera  Oriental  in  southern  Peru  (data  and  references in Clark et al., 
1990) and Bolivia. In Bolivia, the most  conspicuous  features  of this belt are the granodioritic to 
granitic, metaluminous  to  slightly  peraluminous  massifs  of the Cordillera  Real  southeast  of La Paz 
(Illimani, Quimsa Cruz, Santa Vera Cruz - Evernden et al., 1977; "Bride et al., 1983) and 
metaluminous stocks (Kumurana,  Coriviri, San Pablo-Morococala - Evernden et al., 1977; Grant el 
al., 1979; Schneider and  Halls,  1985)  of  the  Potosi-Morococala  area. This episode is characterized 
by a northwestward increasing peraluminosity  and increasing initial Sr isotopic ratios (0.707 to 
0.719)  of the magmas. 

2) A second episode (22  to 19 Ma) is documented  only in the southeastern part of NW- 
trending  branch of the  Cordillera  Oriental of Bolivia  from  Santa  Vera  Cruz  to Kari Kari (Potosi). The 
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most  striking  features  of this episode  are  subvolcanie  stocks  and  extrusive  rocks (Llallagua, 
Colquechaca,  Tinquipaya,, ...) and  the  Kari Kari caldera  (peraluminous,  gamet  and  cordierite- 
bearing  high-K  andesite  to high-K rhyolite  with  initial Sr isotopic  ratio  at  0.7105 - e.g.  Francis et al., 
198  1;  Schneider,  1985)  and  assaciated  effusive  rocks  (Agua  Dulce  and Mondragon volcarnies). 

3) M e r  a period  of  apparent  magmatic  quiescence,  the  belt correspnding to  the  third  episode 
(17 to 13 Ma) ha a greater  longitudinal  extension and is sllifted towards the Wcst  wilh  respcet IO Ulc 
first two belts. It is documented  in the Altipla~o and Cordillera  Oriental of southern  Peru (see Clark 
et al.,  1990). In the Altiplano  and  the  western  part of the  Cordillera O~en td  of northm Bolivia  many 
small  extrusive  and  shallow  intrusive, mainly dacitic,  bodies  belong  to this episode  (Evernden et al., 
1977;  Grant et al., 1979;  McBride et al,, 1983;  Redwood  and  Macintyre,  1989). In the Potosi  area, 
the Cerro Rico, and the  Cebadillas  extrusive  (slightly  peraluminous  dacites,  with  initial  Sr  isotopie 
ratio in the  range  0.707-0.712 - Schneider,  1985)  belong  to this episode. This third  belt  extends 
southwxds down  to  the  Bolivia-Argentina  border  [volcanic  centecs of T%na, Chocaya,  Chorolque, 
Tatasi  (Grant et al., 1978), S ~ R  Vicente, Bomete  and  Morokho  (Fornari et al.,  1991, this volume)]. 

4) The fourth episode (10.5 and 2 Ma, main activity  between  8,§  and 5 Ma) i s  the  most 
important in volume.  The main feature of this episode is the  emission of enorrnous  quantities of 
pmluninous quartz-latitic  to  rhyolitic  ignimbrites  with some resurgent  domes  in  three  eenters within 
the  Cordillera  Oriental: Maeusrufi (see Clark  et al., 19909 in  southern Peru, Moroeocala  (Kcseppen et 
al.,  1987;  Lavenu  et  al.,  1989;  Ericksen  et al., 1990)  and Los Frailes  (Schneider,  1985;  Schneider 
and  Halls,  1985) in Bolivia.  In Los Frailes  the  compositions  and  isotopic ratios of  these  tuffs x e  
quite  similar  to  those of the  previous  Cebadillas episode. In this area  post-meseta  domes  of  Plioeene 
age  (4-2  Ma) are hown.  ’Pke  partly  eroded  and  undated  stratovoleanoes  (Cuzco,  Cosuiia, ... ) 
immediatly  to  the south of Los Frailes  would  belong  to this last  Pliocene  pulse. This episode also 
comprises  various  stocks  and  volcanie  complexes in the  Cordillera  Oriental of soutkern Peru (see 
Clark et al.,  19901,  and in both  the  northern  (Wedwosd  and  Macintyre,  1989)  and  southern  (Orstom, 
unpub.  data)  Altiplano  of  Bolivia. 

Alkaline voleanisrn 
One of the  more  peeuliar  feature of  the  Bolivian  Altiplano is the  presenee  of a voluminous 

alkaline  volcanism of late Oligoeene - early Mocene age  (28-21  Ma). This episode  gathers  various 
previously  deseribed  volcanic  formations,  the kinship of which has been reeognized  only  recently 
( s e  Jimenez et al., this volume;  Soler et al., this volume.). 

In  the  northern  and centrd Altiplano of Bolivia, this volcanism - Abaroa Fm. towards the 
WW (Lavenu et al.,  1989;  Jimenez  et al, 1993  and this volume),  Tarnbo Tambills  lavas  towards the 
SE  (Evernden et al.,  1977;  Soler et al., this volume  and  unpub.  data),  and  unnarned quivalents  in 
the intermediate  Amdamarca-Corque  region - define a NW-trending, 400 km long, en &chelon 
belt,  which is quite  oblique with  respect to the mid-Moeene to modern  cale-alkaline are. In its 
northwesternmost part this  belt is presently  partly  covered by the  subduction-related arc, while 
southeastwards it is well apm from  the  arc. This belt  seems  to  have a northern  prolongation in the 
Altiplano of southern  Peru  where  the  presence of monzogabbros,  and  trachytie  to  phonolitic  flows 
has k n  documented  (Ayaviri area - ages ktween 28 and 23 Ma, Bonhomme et al., 1985). 

In the  southern  Altiplano  outerops of alkaline  voleanism [e.g. Julaca  Fm.,  Rondal Fm. 
(Kussmaul el al.,  1975; Fornari et al.,  1991, this volume),  Tupiza  volcanics  (Herail et al.,  1992, 
this volume)  are  less  continuous  and are mostly h o w n  along  documented N-S amd SW-NE trending 
strike-slip faults (Sempere  et  al.,  1988,  1990a;  Herail  et  al.,  1992, this volume). 

Skoshonitic and ultrapotassic  volcanism 
Four short-lived  episodes of shoshonitic / ultrapotassic  volcanism  have  been  docurnented 

along  the  Bolivian  Orocline s ine late  Oligocene  times. 
The first one (28-24  Ma) is mostly hown in  the  Gordillera  Oriental of southeastern  Peru 

(Moromoroni,  Crucero  basin)  (data  and  references in Clark et al.,  1990). In the  Gordillera  Real 
southeast of La Paz some  lamprophyric  dykes of the  Illimani  massif  and  surrounding  area  (27.3  Ma 
- McBride et al.,  1983)  belong  to th is  episode. 

A second  skort-lived  episode of shoshonitic  volcanisrn  (13-1  1 Ma) h a  b e n  documented in 
Bolivia  (Redwood  and  Macintyre,  1989;  Soler  et al-, 1992a; HCrail et al., in press)  within the 
Huarina  Thrust  and  Fold  Belt  (Sempere  et  al.,  1988,  1990a)  at  the  transition  Cordillera  Oriental- 
northern  Altiplano. 

A third  episode of shoshonitic  voleanism  of  Pliocene  age has b e n  reprted by kf&vre (1979) 
in the Altiplano  of southeastermost Peru. This episode  has  not  been  documented so far in the 
Bolivian  Altiplano. 
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A fourth episode of shoshonitic volcanism, Quaternary in age (las than 1 Ma), has been 
documented in the  central  Altiplano of Bolivia  (Davidson et al.,  1991; Carlier et al., 1992; Soler et 
al., 1992, 1993 and in prep.).  It  was  already  well  known in southeastern  Peru and northwesternmost 
Argentina. 

The first episode of shoshonitic  volcanism is coeval  with the first episode of felsic magmatism 
to the northern NW-trending  branch  of the Cordillera Oriental,  while the subsequent episodes of 
shoshonites seem to have occurred  (although  some  overlapping  may be observed) in periods during 
which no peraluminous, felsic magmatism is documented. 

Magmatic  episodes  and  tectonics in the Bolivian  Andes  since  Late  Oligocene  times 

Quechua 2 

m&?m 
Quechua 1 

Aymara 

PERIODS OF 
COMPRESSIONAL 
DEFORMATION 

FELSIC SIIOSHONITIC (S) E ------> W Ma 
'ERALUMINOUS /ALKALINE (A) 

BACK-ARC ARC 

MAGMATIC  EPISODES 

RELATIONS WITH THE TECTONIC EVOLUTION 
AND THE GEODYNAMIC SETTING 

The long-lived episodes of felsic, more or less peraluminous  magmatism seem to be coeval 
with long periods of compressional  deformation  (e.g. Sempere et al., 1988,1990ab; Sempere, 1991; 
Gubbels et al., 1993; Herail et al., 1993) which  would include some climax of deformation 
corresponding  to the so-called  (and  challenged; see Sempere,  1991)  compressional phases or evenls 
(e.g. Lavenu, 1986; Sebrier and Soler, 1991). 

The mid-Miocene to Quaternary  short-lived episodes of shoshonitidultrapotassic volcanism 
seem be restricted to the  periods  during  which  extensional or trans-tensional conditions prevailed in 
the high Andes (Lavenu,  1986; Sebrier and Soler, 1991; Carlier et al.,  1992b; Soler et al., 1992b, in 

The shoshonites  and the peraluminous  rocks  are  restricted 10 the segment of the  Andes  and  the 
time span in which a lithospheric scale underthrusting  of the Brazilian shield  beneath  the Andes is 
documented. We consider (Carlier et al., 1992ab; Soler et al.,  1992b, in prep.) that the source of the 
shoshohitic  volcanism of the Central  Andes is the  subcontinental  lithospheric  mantle in which the low 
percentage of  melting  which  produces  primary  peralkaline  magmas is triggered by the "continental 
subduction" of the Brazilian Shield  under the Andes.  These  magmas  undergo  complex processes of 
contamination (by difusion, partial  melting of the  country rocks and mingling, ...) in the lower and 
middle crust. They reach the surface only  when extensional or trans-tensional conditions prevail. 
During the long-lived  periods  of  compressionnal  structuration no shoshonitic  volcanism is observed 
and the peralkaline and shoshonitic magmas evolve through magmatic differentiation and crustal 

prep.1. 
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contamination  towards  felsic (mostly dacitic), often peraluminous, magmas, the crustal  origin of 
which (following the standard viewpoint) should be challenged. In this view, neither the shoshonitie 
volcamism mor the felsic, praluminous magmatism are direetly linked to the sulxiuction of  the Nazca 
plate under the South American eomtinent. 

This absence of direct relation with the subduction process is very clear for  the late  Oligocene - 
early 'Evliocene period  during  which the documented alkaline "belt" is located  between the western 
calc-alkaline arc and  the easterm belt of felsie and skosko~tidperdkaline magmatism. The beginning 
of this alkaline  episode (and of episodes 1 of felsic  rnagmatism and  shoshonitie  voleanisrn) 
corresponds to a p r i o d  (30-25 Ma) during  which no subduction-related  calc-alkaline arc is 
documented - probably because the rafe  of convergence between the Nazca plate and South h e r i e a  
was very low (cg. Soler, 1991) -, and to the onset of orogenic  deformation in the easterm part of 
the Altiplano, the Cordillera  Oriental  and  Subandean zone of  Bolivia  (Sempere et al., 199Oab; 
Sempere, 1991). Although still pmrly understaod, this very primitive alkaline  magmatism would bs: 
derived from the subcontinental lithospheric mantle in trans-tensional ~nditions. 
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PETROLOGICAL MULTIPLICITY OP THE COLOMBIAN ANDES 
OPHIOLITES 
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R E S U M E N .  En los  Andes  del  suroeste de Colombia,  terrenos  oceanicos de edad 
Cretacica-Terciaria  temprana  componen  el  basamento  del  la  Cordillera 
Occidental  y  la  Zona  de  Romeral  hasta  el  flanco  occidental  de  la  Cordillera 
Central.  Las  rocas  volcanicas  mostran  caracteristicas  petrologicas y 
geoquimicas de T-MORB,  IAT y de sequencia  calco-alcalina de arc0  intraoceanico 
de islas. Las rocas  ofioliticas  de  origen  plutonica  que  se  encuentran en  la  Zona 
de  Romeral son similares  a  las  sequencias  generadas  en  zonas  supra-subduccion. 

KEY W ORDS: ophiolites,  Mesozoic,  petrology,  geochemistry,  Colombian  Andes. 

INTRODUCTION 

The Andean  belt of Colombia  is  characterized by accreted  oceanic  terranes 
whose  age  of  formation  is  referred to the  early  Cretaceous  (or  late  Jurassic)- 
early  Tertiary  interval.  Their  emplacement  is  debated with respect  to  timing 
and  mechanism.  Petrological  data  on  the  primary  features of  the  magmatic 
rocks  are  here  presented  and  addressed  mainly  to  the  geodynamic  setting of the 
magmatism  and  the  reconstruction of the  pre-collision  history. 

GEOLOGIC SETTING 

In  southwestern  Colombia,  Mesozoic  oceanic  sequences  are  present in the 
Serrania de Baudo  along the  Pacific coastal  range  (Goossens  et  al. 1977) and the 
Western  Cordillera  (Millward  et al. 1984). To  the  east  the  oceanic  sequences  are 
bounded by the NNE trending  Romeral fault  system  exposing  fragments of 
mafic-ultramafic  plutonics and mafic  and  ultramafic  extrusives  (Barrer0  1979, 
Espinosa  1980,  Spadea  et al. 1987,  1989)  and  high-pressure  metabasic  rocks 
(Orrego  et al. 1980). The Romeral  Zone,  extending  from  the  Cauca-Patia  graben 
to  the  western  flank of Central  Cordillera,  is  thought  to  represent  a  suture 
marking  a  Cretaceous  ocean/continent  boundary. 

The  Romeral  Zone  ophiolites and the  volcanic  sequences  from  Central 
Cordillera  are  interpreted  as an oceanic  terrane  accreted  onto  the  continental 
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margin  before  approximately  110 Ma (Bourgois  et  al.  1985) or 120  Ma  ago 
(Aspden arnd McCourt 1986). while  the  Western  Cordillera  volcanic  sequences 
are  eonsidered  as  an  allocktonous  terrane  accreted  onto  the  continental  edge 
about 80-75 Ma (Bourgois et al. 1985) or 65-60 Ma ago (McCourt et al. 1984). 

PETROCHEMICAL FEATURES 

Some  typieal  magmatic  sequenees  oceurring in the  area  between  Buga  to  the 
north  and  the  Colombia-Ecuador  border  to  the  south have. been  studied. 

In  Western  Cordillera,  the  volcanic rocks known  as  Diabase  Group  (Volcanic 
Formation of the  official  geological  map  at  the  scale 1: lOO.OOO) inelude 
petrologieally  distinct  magmatic  asemblages,  tkat  are: 

1. tholeiitic  basalts,  mostly  aphyric or eontaining sparse olivine  and 
pyroxene  phenscrysts, rnoderately  fractionated (mg number  63-45),  relatively 
rich  in Nb and similar in WEE contents  to  mid-ocean  ridge  basalts,  slightly  light 
REEs-depleted.  Their  ehemical  features  indicate  affinities  with  T-MORB,  as 
recognized by Millward et al. (1984); 

2. basalts,  aphyric  or plagisclase-clinopyroxene pkyric,  basaltie  andesites 
and  andesites,  rnostly  kighly  plagioclase- and clinopyrsxene- s r  amphibole- 
phyrie similar in chemistry to tholeiitie and calc-alkaline  lavas from island- 
arcs.  Evidences  for  these  affinities  are  a  low  values  of  high  field-strengkt 
elements,  a  strong  enrichment of LREEs, and laclc of heavy REEs fractionatiom 
as shown in figure 1.  

Plutonic rocks primarily  associated  and  cokenetic  with  the  two  assemblages 
include  ferrogabbro  and  plagiogranite  (assemblage 1), and  diorite-quarta 
diorite  (assemblage 2). 

In  the  Cauca  trougk and  western  Central  Cordillera  (Romeral  Zone),  basaltie 
t s  picritic  extrusives  and  mafic-ultramafic  plutonic sequenees, interpreted  as 
dismembered  ophiolites, occur. 

The vsleanie sequenees, previsusly  referred  to  the  Diabase Group (partly 
identified  as Amairne Formation  in  the  official  geological  map),  inelude: 

3. tholeiitic  basalts  sparsely  olivine- and/or plagioclase  pkyric,  witk 
chemical  characteristics of T-MOWB. Lavas composeci of highly  olivine  pkyrie 
picrites (atr Rio Boloblameo: Spadea et al. 1989)  are  assoeiated with these basalts; 

4. picritic  basalts and pierites,  mostly  kighly  olivine  phyrie,  ckaraeteriaed by 
relatively  high  contents of Ti and  transition  elements  (at  El  Encenillo:  Spadea  et 
al. 1989) and strongly LWEEs enrichments; 

5 .  tholeiitic  basalts,  apkyrie or sparsely  augite  phyric, l sw in  Ti  and  higk 
field--strenght  elements,  with  IAT  affinities. 

1 

Figure 1.  Typical REE patterns of Colombian  Andes  volcanics ( assemblages 1-4). 

The  most  conspicuous  fragments of mafie-ultramafic plutornies occur  in  the 
Cauca trough near Bolivar,  Ginebra and at Los Azules. The rocks show generally 
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well  preserved  magmatic  features  and  allow  to  recognize  different  lithological 
assemblages  characterizing  petrologically  each  complex. 

The  Bolivar  complex  shows an  about 800 meters  thick  sequence  consisting 
upwards  of  mafic-ultramafic  cumulates  (interlayered  dunite,  websterite, 
wehrl i te ,   o l ivine  gabbronori te ,   gabbronori te) ,   layered  hornblende 
gabbronorite,  metagabbro  and  metadiabase  (now  amphibolites).  Remnants  of 
mantle  rocks  (dunite and Iherzolite:  Benciolini  and  Spadea,  in  preparation) 
occur  in  the  lower part. The whole  sequence  is  intruded by  pegmatitic  quartz- 
diorite. 

The  Ginebra  complex  shows of an about  500  meters  thick  sequence of 
interlayered  dunite,  websterite,  wehrlite and gabbronorite  overlain by layered 
clinopyroxene  metagabbro and  massive  metagabbro  and  metadiabase  (now 
amphibolite).  Metamorphosed  basaltic  pillow-lavas  capped  with  volcanic 
siltstone  occur  on  top of the sequence. 

At Los Azules  the  plutonic  sequence  consists  upwards of dunite-wehrlite 
cumulates,  layered clinopyroxene-hornblende gabbro  and  massive  pegmatitic 
gabbro. A well  developed  extrusive  section  consisting  of dike  swann and lavas of 
basaltic  to  picritic composition  occurs  (Spadea et al.  1989). 

Regarding  the  Bolivar and Ginebra  plutonic  sequences,  most  petrographical 
and  mineralogical  feature,  particularly:  a)  lithological  assemblage  (occurrence 
of abundant  websterite  and  gabbronorite in the  lower  cumulates), b) inferred 
crystallization  order  (olivine, clinopyroxene/orthopyroxene, plagioclase),  c) 
minera1 chemistry  (particularly  plagioclase  up  to  98%  An  in  the  gabbros), 
indicate  a  similarity  with  supra-subduction  zone  sequences.  Further  chemical 
studies  will  clarify if comagmatic  sequences  occur in  the  two  complexes and the 
nature of the  parental  magma or magmas. 

The Los Azules  complex  also  displays  some  petrological features  suggesting  a 
supra-subduction  zone  setting.  Its  comagmatic  origin  is  however  suspect,  and 
the  widespread  high-Mg  rocks  represent  a  distinctive  features  with  respect to 
the  other  complexes  from  the  Romeral Zone. 

CONCLUSIONS 

The  volcanic  sequences  and  the  ophiolitic  fragments  from  the  Western  and 
Central  Cordillera of the  southwestern  Colombian  Andes  consist of different 
rock  suites.  Those  emplaced  during  a  younger,  i.  e.,  latest  Cretaceous 
accretionary  event,  include  tholeiites  with  T-MORB  affinities  and  calc-alkaline 
and tholeiitic  island-arc  rocks.  The  volcanic  rocks  related  to  a  older, i.  e., early 
Cretaceous,  accretionary  event  include  a  MORB-like,  variably  enriched 
tholeiitic  suite  and  a  island-arc  tholeiitic  suite.  The  ophiolitic  fragments 
emplaced  during  the  same  event  include  plutonic  sequences  with 
characteristics of tholeiitic  suites  generated in supra-subduction  zone. 

The  magmatic  characteristics  are  consistent  with  some of the  different 
settings  proposed  in  the  literature  (subduction  zone;  oceanic  plateau,  as 
recently  suggested by Storey  et al , 1991). A geodynamic  model,  however, is 
difficuft to  infer only  from the  petrological  data. 
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THE 1990-92 ERUPTIVE ACTIVITY OF THE NEVADO SABANCAYA 
STRATOVOLCANO (SOUTH PERU). 
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The May 28, 1990, eruption of the  Nevado Sabancaya volcano (south volcanic 
zone of Peru,  Western  Cordillera)  ended  an  apparent  dormant stage of about  200 years in 
duration. This ice-clad stratovolcano threatens about 35,000 people living in the Rio 
Colca and Siguas valleys.  This  study  based on remote  sensing  and  limited  fieldwork aims 
to portray the geological and geomorphic features of the summit volcano,  to follow the 
evolution of the explosive activity and the tephra-fa11 deposits that were expelled in 
October 1990 and December  1992,  as  well  as  to  map  hazard-zones  at  and  around  Nevado 
Sabancaya. 

A remote  sensing  study  based on SPOT images  have  been  used  to  map the block- 
lava flows of Holocene age and the young twin domes of the summit volcano. Five 
SPOT images over the year 1990  have  enabled us  to follow-up  how  much the explosive 
activity  has  disrupted  the  summit  and Crater  morphology.  They  were  also  used  to evaluate 
how the ice cap has  been fractured, carved,  and  covered by repeated  thin  tephra-fall, and 
how runout mudflows  have  been  triggered  (fig. 1) 

The tephra (Ca. 0.025 km3 in 1990) related to  the  vulcanian activity of Nevado 
Sabancaya are compositionally  variable,  from  andesite  (58% Si02) to dacite  (63% Si02), 
in a K-rich calk-alkaline suite. The mineral assemblage of 1990-92 juvenile magma 
consists of plagioclase, green  pyroxene,  brown  amphibole, biotite, destabilized olivine, 
and oxydes. From October 1990 to  December 1992, the juvenile component increased 
from 15%  to Ca. 50 % by volume : there  are  black,  glassy, slightly vesicular fragments, 
andesitic in composition, and  grey  fragments, dacitic in  composition.  In addition, a few 
mafic inclusions and banding are related to a weak geochemical contrast. Moreover, 
mineralogical desequilibrium also suggests an interaction between two contrasted 
magmas : a felsic one, dacitic, including oligoclase and hypersthene and a mafic one, 
andesitic  or basaltic, including labrador, bronzite and olivine  phenocrysts.  Such 
preliminary data suggest  the  mingling of two  contrasted  magmas, a process that may be 
evolving  during  present-day  eruptive  activity. 

Hazards posed by the the Nevado Sabancaya volcano are bound  to the recent 
behaviour of similar volcanoes in  that  area,  which  have  had  Plinian eruptions over the 
past 500 years. In addition, Nevado  Sabancaya  has  been active over  the past 200 years, 
and is still ice-clad (3.5  km2 of glacier  ice)  despite  its  two-year-long  activity.  Block-lava 
flows Holocene in age cover as much as 40 km2 around  the summit domes. Historical, 
thin plinian tephra-fall  deposits are found  as far as 11 km from the Crater and  block-and- 
ash pyroclastic-flow deposits as far as 7 km  away from the  source. Recent lahars have 
travelled Ca. 25 km  downvalley  towards NE and SW. 

Hazard  appraisal and hazard-zone mapping are based on geological  and 
geomorphological data, photo-interpretation, remote sensing, as  well as on models of 
tephra dispersion and  pyroclastic  flowage.  One  map shows hazard  zones for tephra fall, 
pyroclastic flows, lahars, and also for uncommon  but catastrophic potential events 
(fig.2). These hazard  zones are portrayed  according  to  three  types of eruptive behaviour : 
the 1990-92 moderate vulcanian  activity, a possible increase of this vulcanian activity, 
and a potential  Plinian  large-scale  event. 
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Figure 1. Geological  and geornorpltic evolictiora of  the  Nevado  Sabawaya 
surtamit v o l ~ a t t ~  over the year 1990. 
1. preexisting vent before May 28, 1990 ; 2. Crater and fractures as of July  1,  1990 ; 3. 
south dome ; 4. iee cap ; 5. wet  askfall deposits carriecl by dope runoff ; 6. fans of ask 
and debris deposited by rapid snow-  and ice-melt ; 7. gully scouring the iee  cap as of 
Oetober 1990 ; 8. s c q s  or fractures detected by remote sensing (SPOT) and in the field 
as of July  1990 ; 9. searps or fractures detected by remote  sensing (SPOT) as of 
December 1990 ; 10. Nevado  Ampato  and  Hualca  Hualca ice caps sligktly covered by ash 
and dust  from Nevado Sabmcaya. 

Figure.2. Map showing the sruptive producb and the  areas  likely  to be 
affected  by tlts pressnt-day (4990-92) vulcanian  aetivity or by a 
p o  tentially  increasing explosivk  activity  at Nevado  Sabancaya. 
I. Areus affecfed by failout : 1) present-day ballistic ejmta ; 2) ashfall towards east and 1- 
cm-thick isopach ; 3) potential ashfall towards West and l-cm-thick isopach. II. Areas 

avalanches; 5) iee cap covered by  tephra  and likely to be affected. III. Areus likely to be 
uflected by pyroclasticflows : 6) circle line where the energy line of potential pyroclastic 
flows  would intersece the topograpky of the s u m i t  volcano ; 7) presumed paths BE 
potential channeled pyroclastic flows. W. Areus likdy to be afeceed by iahars or debris 
flows : 8) probable  paths of potential lahars that would be triggered by pyroclastic 
flowage on the ice cap ; 9) possible paths of potential lahars that would be induced by 
surfcial melt of the neighbour volcanoes iee caps ; 10) Nevado Sabancaya ice cap ; 11) 
seasonal 8now cover (Deeemkr-March) V. Areas likefy fo be affecfed  by fmaflows : 12) 
probable block-lava flows ; 13) possible lava flows. VI. Ofher elemetlts protze Po risk : 
14) irrigation canals ; 15) unpaved  roads ; 16) peat-bogs and pasme groumds. 

l affected  by tephra-laden stlow-and-ice avalanches : 4) present-day area of gullies and 
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GEOCHEMICAL  CHARACTERIZATION  AND  FISSION  TRACK  AGES OF 
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RESUMEN 
El SA  tufo  corresponde  a  una hica venida volchica de en- 
friamiento  con  dos  unidades.  Las  REE de sus  obsidianas  dan 
espectros  caracteristicos  de  alto-K  riolitas  y se  distinguen 
de  los dem6.s tufos  por su alto  contenido  en  MREE. Su edad de 
2.41 Ma  (huellas de fision)  es  compatible  con  un  periodo de 
alta  convergencia  y  de  espesamiento  de la cortesa. 

KEY  WORDS:  pyroclastic  flow - volcanic  glass - sillar of 
Arequipa - macusanites - fission  track  dating - rare  earth 
elements 

INTRODUCTION 

The reptation of the  tuff,  the  so-called  Sillar  of  Arequipa 
(SA)  as  the  best  building  Stone  in  the  Arequipa  Province,  is 
well-established  in  southern  Peru. 
The SA  tuff  is  a  white,  welded,  crystal-poor  and  pumice-rich 
rhyolitic  tuff.  It  is  extremely  well  exposed  near  the  air- 
port of Arequipa  where  it  has  infilled  a  pre-existing  can- 
yon,  the  Quebrada  Anas  Huayco (71 '35' 13"W - 16'20' 14"s - 
2525 m),  and  across  which  passes  the  main  road to Yura  and 
the  railway  to  Puno. 
This  paper  presents  new  petrological,  major  and  trace  ele- 
ment  data on glass  clasts  and  pumices  from  the  SA  tuff as 
well as FT ages on obsidian  clasts  from  the SA tuff  and  the 
Macusani  field  (Eastern  Cordillera).  It  examines  the  corre- 
lations  between  these  two  centres  of  ignimbritic  volcanism 
and  the  timing  of  Pliocene  to  Recent  deformations  in  south- 
ern  Peru. 
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GEOLOGICAL  SETTING 

Previous  reconnaissance  studies and details  of  stratigraphy 
of the SA tuff  are  summarized  by Salas et al. (1990). The S A  
tuff  forms a single  cooling  sheet  which  consists of two  dis- 
tinct  flow  units.  The  base  of  the  tuff  has  not  been  observed 
and  although  the  overall  thickness  of  the  tuff  is  not 
known, it  probably  exceeds  25m  (information  from  the  quarri- 
ers)  with  10m  visible  in  the  quarry  situated  to  the  south of 
the  airport.  The  top of the  SA  tuff  is  separated  from an 
overlying  salmon-pink  ash  flow  tuff by an irregular  erosion 
surface.  This  tuff  in  turn  is  overlain  by  glacial  conglom- 
erates,  coarse  fluvial  gravels and  lahars  which cap the  mesa 
in  the  Arequipa  area. 
The outcrop  within  the  quarry  consists of 1 )  a I swer  f l o w  
u n i t  (3-4m  thick). This  is a lithic-rich  and  well  indurated 
tuff.  At  the  base  both  white  and  oxidized  fibreous  and  ve- 
sicular  glassy  pumices and glass shards  tend  to  be small, 
rarely  exeeeding  1-2cm.  Towards  the  top  of  this  unit  the 
pumiees  increase  in  size  (-10-15cm) and relative  abundance. 
It also contains  about 30-35% of  plagioclase,  biotite, 
quartz  and  magnetite  crystals,  indicating  a  concentration  by 
elutriation of ashes, and  that up to 30% of  the  SA  tuff  may 
have  been  dispersed.  Lithic  cPasts  (up  to 25%)  are coneen- 
trated  particularly  at  the  base  of  the  unit  and  consist 
mainly  of  subrounded  oxidized  andesite  fragments ("5 cm). 
Isolated  crystals  are  abundant  in  the  fine-  to  medium- 
grained  matrix  of pumice shards  and  ashes. This lower unit 
shows  facies  variations  from  its  base  to  the  top. 2 )  The 
upper f l s w  u n i t  is  a  welded,  homogeneous,  pumice-rieh ( 3 0 % )  
rhyolitic  tuff  which  shows  large  columnar  joints  indicating 
emplacement  at  a  high  temperature.  Its  exposure  within  the 
quarry  is  about 6m. The  matrix  is  fine-grained,  crystal-poor 
(-IO%), with a mineralogy  identical  to  the  underlying  unit. 
Lithic  clasts  are  rare and  small (0.5-3cm) and  typical of 
the  basement  rocks  (andesites).  Grey to yellow glassy pum- 
ices  are  fragile,  highly  vesiculated and their  phenoeryst 
content is low ( " 5 % ) .  Coarse pumiees  occur  at  the  top of 
this  unit.  Continuous  layers or lenses  several  meters long 
are  observed  with eoarse pumices (>Sem). The  dense  eomponent 
concentrations and fines-depleted  nature  suggests a nearby 
source  for  the  SA  tuff. 
Further  to  the  West  the  Vitor  tuffs  which  are  crossed  by  the 
Panamerican  South  highway,  has  been  dated by K/Ar spectrome- 
try  at  2.76k0.1  Ma  (Vatin-Pgrignon  et al., 19829  and show 
some  differences  with  the SA  tuffs  notably  the  nature of the 
clastic  material  which  is  made  up of plutonic  and  metamor- 
phic  rocks as well as volcanie rocks. 

PETROGRAPHY AND  GEOCHEMISTRY 

Dense  obsidian glass clasts  of  the SA tuff  are  blaek  and 
exhibit a pale  brown color in  thin  section.  Plagioclase  mi- 
crolites and cristallites  have  compositions  ranging  from 
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AbgqAn170r15  to  Ab74An200rg  which  are  close  to  albitic  com- 
positions.  Biotite  phenocrysts  are  similar  in  composition 
and  size  to  those  in  the  groundmass  of  the  SA  tuff.  Acces- 
sory  minerals  of  magnetite,  containing  0.5  to 4% Ti02, and 
apatite  are  present  within  the  glasses.  Several  crystals of 
feldspar  show  out of equilibrium  textures  with  the co- 
existing  glass.  Observations  show  that  the  alkali  content  is 
important,  especially  K  and  Na  in  glass  clasts,  biotite  and 
plagioclase  crystals. 

1 00 

t Ym 

Chondrite-normalised REE profiles  for (A) obsidian  glasses 
from the SA tuff (2.4 Ma) and (B) pumices  .and glass shards 
from the  Vitor tuff (2.76 Ma, Arequipa  Province, Peru, filled 
triangle) and the Perez tuff (2.5 Ma, hollow  square) and the 
Toba 76 (5.4 Ma, filled  square),  Bolivia. 

The REE  patterns  of  the 3 obsidian  glass  clasts  analysed 
are al1 remarkably  similar  but  the  patterns  are  quite  singu- 
lar in apparence,  having  fairly  high  LREE  values  (La/Yb  from 
24 to  29)  and  a  marked  negative  Eu  anomaly;  the  HREE  being 
depleted  with  respect  to  the LREE or MREE. In  comparison 
with  REE  patterns  from  other  similar  types  from  the CVZ, 
the  SA  tuffis  less  enriched  in  LREE  but  more  enriched  for 
the  MREE. 

FISSION  TRACK  DATING 

Three  glass  spherules  from  the SA tuff  have  been  dated  by 
fission-tracks.  As  the  fossil  tracks  were,  on  the  average, 
shorter  than  the  nuclear  reactor-induced  fission-tracks, 
the  samples  were  treated by  the  plateau  method  of  Storzer & 
Poupeau (1973).  Unannealed  glass  fragments  from  each  sample 
were  irradiated  in  the  Orphée  reactor  and  the  neutron  flu- 
ences  monitored  with  NIST  glass  standards  962.  The  analyti- 
cal  procedures  were  the  same as described.in  Poupeau et al. 
(1992)  for the  dating  of  macusanites.  Fission-track  ages 
were  determined by  the  "difference"  technique (Gleadow, 
19811,  without  thermal  treatment  and  after  a  heating  step  at 
205'C for 2 hours  and  the  size of tracks  measured.  It  ap- 
pears  that  the  mean  fossil  track  diameters  are  about 20% 
smaller  that  induced  tracks.  Therefore,  the  apparent  ages  of 
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the  samples,  in  the  range  from 1.19?0.10  Ma  (SA2-90) to 
1.42?6.11  Ma  (SA3-90),  are only lower  estimates of their 
formation  ages.  After  thermal  treatment  at 205OC, the  fsssil 
and  induced  track  diameter  distribution  have  similar  shapand 
mean  values.  The  three  samples  analysed,  SA1-90,  SA2-90  and 
SA3-90  present  then  concordant  formation  ages,  at  respec- 
tively 2.3220.21 Ma, 2.4320.24 Ma  and 2.4820.17 Ma ( 1 6 ) .  

CONCLUSIONS 

Because  tuff  ages  have  such  important  implications  for  re- 
gional  geotectonic  interpretation,  we  have  determined TF 
ages of ignimbritic  glasses from two  different  contexts in 
southern  Peru.  Macusanites  from  the  ignimbritic  field of the 
Puno district,  present  plateau  ages  distributed  between 7.9  
and 4.8 Ma  in  good  agreement  with  ages  reported  independ- 
ently  by  Cheilletz  et  al. ( "192)  on mineral  separates. The 3 
separate FT analyses  of  the  SA  tuff  obsidian  glass  clasts 
yield an average age of 2.41k0.08  Ma  which is signifieantly 
younger  and  must be related  to a more  recent  compressional 
phase.  The  Maeusani  ignimbrite  field may  be  related to an 
important  phase of magmatism  in  the  Eastern  Cordillera  arc 
system  and belongs to the  same  volcanic  cycle as the  Boli- 
Vian  Soledad  tuffs  (Redwood Fi Macintyre, 1 9 8 9 ) .  Data on the 
SA  tuff  place  the  establishment  and  the  evolution of the 
ignimbritic  magma  system  in  the  Arequipa  area  within  a  pre- 
cise  temporal  framework  beginning  with  the  eruption of the 
Vitor  tuff  at 2.76  Ma.  The  timing  of  the  SA  tuff  correlates 
well  with  the  F6  phase of deformation  (Sébrier  et al., 
19889, contemporaneous  with  the  earPy  Quaternary  period of 
high  convergence  rate  during  which  the  crust  was  thickned. 
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RESUMEN: Granodioritas  y  dioritas del  Peninsulo  Antarctico  de  edad  Jurasico  Superior, 
empiazado  en una sequencia de neises Tricisico Superiores  y  gabbro  posiblemente  de  edad 
Jurasico  Superior,  muestran  estructuras  de deformacibn que  sugieran  emplazamiento  de 
rocasgranodioriticasldioriticas ymovemiento  syn-magmntico en zonas  de  cizalla. Estes  zonas 
de  cizalla  se  inclinan al norte-este con angulos a eso de 40" y  marcadores  cinematicos  indican 
una sensa  de  cizalla  reverso-sinistral  hacia el 6ceano. 

KEY WORDS: Magmatism,  shear zones, thrusting,  Antarctic  Peninsula 

INTRODUCTION 

Magnlatism which is synchronous with thrust deformation has  only recently  been 
described,  mainly  from the  north  western Pacific margin of North  America  (Davidson et cd. 
1992,  Ingram  1991,  I<arlstrom et al. 1993)  and  the Variscan of France  (Blumenfeld  and 
Bouchez 1988). New  combined structural and magmatic  studies of the Mesozoic magmatic 
arc  in  the  Antarctic  Peninsula, a fonner continuntion ofthe  southern  Andes,  have  identifïed 
granitic  magmatism  during a period of thrusting within the arc. 

GEOLOGICAL SETTING 

Granodiorites  dated as Upper  Jurassic  (14153 Ma U-Pb zircon age)  and co-eval 
diorites,  emplaced  in  both  gneissic  bnsement of at   least  Upper  Triassic  age (22751 Ma U-Pb 
zircon  age) and  gabbro of Upper  Jurassic nge or older  from Palmer Lnnd in the  Antarctic 
Peninsula, record  possible  syn-emplacement  ductile  deformation  with a reverse  sense of 
shear.  Gneiss,  gabbro,  and  cross-cutting  aplites (14055 Mn Rb-Sr whole rock age,  Harrison 
1989)  are also ductilely  deformed in these  reverse shear zones which are  up t o  150n.i wide. 
On a mesoscopic scale panodioritic nnd dioritic. sheets  parallel  shear zone margins and 
exhibit a strong duc,tile  foliation which clips shallo\vly emtward. Amphibole crystals  within 
diorite sheets  have a well developed preferred  orientation and these,  and  the  hinges of 
ductile  folds developed  within  granodiol.ite sheets, plunge  steeply ENE. S-C fabrics, also 
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within  granodiorite  sheets,  indicate  reverse  shear with oceanwnrd  overthrusting t o  the 
WSW. Deformed  granodi0rit.e and diorite sheets are cut by steep  thin  granite  dykes which 
are  themselves  sheared,  suggesting  thnt  shenr zone  activity  was  episodic. The  timing of 
magmatic  and solid state deformation overlaps within t.he shear zone and  structural 
evidence  indicates  lithological,  spatial and ternporal  pnrtitioning of deforlnation.  Away  from 
the  shear zone  intermixed  gabbro,  diorite  and  granodiorite  suggest  simultaneous 
emplacement of basic  and felsic  mngmas  and  this is reflected  in the  presence of a high 
proportion of net-veined  diorite  within  the shear zone. Also, ductile  extensional  syn- 
magmatic  shear  zones  are  evident in granodiorite  and  gabbro  bodies  away  from  the 
compressional shear zones. 

CONCLUSIONS 

The  structural  and  igneous evidence suggests  heterogeneous evolution of a zone of 
simple  shear  within  the  Antarctic  Peninsula  magmatic arc. The  present zone of deformed 
rocks  represents  the  end  product of multiple  pulses of reverse  movement,  with  possible 
synchronous  intrusion of gr-ranodiorite and diorite  and  further  magmatic  emplacement  in 
tensional  lulls,  during overall  compressional  deformation.  Comparison  with areas of late 
Triassic to  Middle Jurassic  granitic n1agm:ltism synchronous  with  ductile  shear  within  the 
southern  Andes  (Rapela  et al.  1991) is currently  being  undertaken. 
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RÉSUMÉ : Le Cerro Bonete,  dans le district minier du Sud Lipez, contient de nombreuses 
minéralisations B Bi-Ag-Pb-Zn exprimees  sous  la  forme  de filons ii l'intérieur de domes dacitiques 

rhyodacitiques. A partir  de 1'6tude de  la mine Bolivar, il est montr6 que  le dépôt des 
minéralisations et le developpement  d'alt6rations  zonaires ii chlorite-illite sont lies ii la circulation 
de fluides aqueux chauds entre 350 et 200°C. Le  modhle  "type  épithermal"  n'est pas retenu. 

KEY WORDS : volcanic  rocks,  Pb - Zn - Ag - Bi mineralizations,  hydrothermal  alterations, Bolivian 
Andes. 

INTRODUCTION 

Bolivia is characterized by numerous mining districts which define a roughly East-West 
zoning. The Western Cordillera, the Altiplano and the Eastern Cordillera can respectively be 
characterized by  Cu - Mo - Au - Fe, Cu - Pb - Zn - Ag - Au and  Sn - W - Bi - Ag - Au 
mineralizations. Five districts are usually distinguished in the Eastern Cordillera (Sugaki et al, 
1986), with from north to south,  the  La  Paz (Sn - W), the Oruro  (Sn), the Potosi (Sn - Ag), the 
Quechisla (Sn - Ag) and the Lipez (Pb - Zn - Ag - Bi)  districts. 

The  Cerro  Bonete  mineralizations  belong to the  Lipez  district,  at the southernmost  part  of the 
Altiplano, near the Argentinian border. In this area,  numerous small deposits and showers are 
known since the Spanish times, 'and  sometimes  mined.  They  are hosted by volcanic formations 
and wall-rock alteration is observed.  Accurate mineralogical, geochernical and fluid inclusion 
studies were performed on three  small  mines  and  shcwers,  among them the Bolivar mine, in order 
to know the nature of the mineralizations, the alterations products and the mechanisms of ore 
deposition ("epitherrnal  type"  or  not). 

GEOLOGICAL  SETTING 

In the sudied  area (fig.l), the  oldest  formation,  the  Potoco  formation, consists of continental 
conglomerates of  Eocene to lower  Oligocene  age, with interbedded  gypsum. It is unconformably 
overlain by the  fine-grained  sandstones of the  San  Vicente  formation  (Middle to Upper  Oligocene). 
The  Rondal formation corresponds to the first volcanic  stage.  It  appears in the field as flows, sills 
and dykes of mafic rocks,  emitted  between 23.5 and 21 Ma (Kussmaul et al, 1975 ; Fornari et  al, 
1989). There are  unconformably  covered  by  the  Quehua tuffs of Middle to Upper  age, which are 
thick aerial  explosive  products  emitted from various  vents, with an  interbedded  conglomerate  level. 
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They are intruded by  several  dacite  domes,  the  Cerro  Bonete,  the  Cerro  Colorado or the  the Cerro 
Morokho  towards the west, for exarnple,  which, in the area, host nurmersus Pb - Zn - Ag - Bi 
rnineralimations such as the  Bolivar  mine.  According to Mussmaul  et al (1977)  data, these dormes 
wsuld have  a  Miocene age. 

1 II, 5 

Fig.1 - Simplified geological map of the Cerro  Bonete area (from unpublished Orstorn La Paz 
report,  1989) 
1 - San Vicente  formation ; 2 - Rsndal lavas ; 3 - Quehua  tuff s ; 4 - intrusive domes ; 5 quatternary 

The host rock of the mineralization in Bolivar mine is a rhysdaeile (fig.2) with 36 vol% 
phenocrysts, plagioclases (8-19  vol% ; An40-§§), biotite (> 9 vol% : X F ~  between 0.3 and 0.4 ; 

= 0.25), quartz (1.5-6.5 vol%) and chloritized amphiboles.  Mierolites are obsewed in the 
matrix. They csnsist of quartz, Ca rich plagioclases (An§§-66) and accesssry minerals (Fe-Ti 
oxides and Fe sulfides).  These  rocks  are  peralurninous  and  characterized $y medium Si82 (62.1- 
65.4 wt%) and alkalis (Na28 +K20 = 5.4 - 7.1 wt% with Na / Na+M = 8.43-8.51). 

The ore deposit  corresponds to a 10-25 cm thick  main  vein (N86"W), mined  by  COMIBOL up 
to 1979. It is hssted by one of the  varisus domes  which compose the  Cerro Bonele eomplex. The 
main ore mineralization consists of pavonite (AgBigSg), bismuthinite with pyrite and chalespyrite 
with an average grade of 6.3% Bi, 0.2% Pb and 3OOglt Ag (Richter  et al, 1992). 

The rnineralimation  sequence  (fig.3) can be divided into three stages eharaaderiaed by the 
main following  associations : 

- stage 1 : arsenopyrite - pyrite 1 
- stage 2 : pyrite 2 - chalcopyrite - Bi-Ag  minerals  (pavonite,  bismuthinite,  ernplectite,  aikinite) 
- stage 3 : pyrite 3 - galena - sphalerite - grey  coppers - marcasite - carbonates 
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1000 2000 3000 

R1 = 4 Si - ‘Il (Na + K) - 2 (Fe + Ti) 

Fig. 2 - Cerro  Bonete  rhyodacite in a R i  -R2 diagram  (La  Roche  et  al, 1980). 
The R1-R2 diagram  combines  the  chemical  composition of the  whole  rocks and the  chemical 

data on their minerals. It includes al1 the  major  elements as millications,  a  mineralogical  network, 
the  degree of silica saturation  and  the  combined  changes in the Fe / (Fe + Mg) and  (Ab +- Or) / An 
ratios in igneous  rocks. 

Arsenopyrite 
Pyrite 
Pavonite 
Aikinite 
Emplectite 
Bismuthinite 
Chalcopyrite 
Galena 
Sphalerite 
Grey copper 
Marcasite 
Carbonates 

Stade 1 Stade 2 

I 

I 

Stade 3 . 

Fig.3 - Mineralogical  sequence  observed at Bolivar  mine 

WALL - ROCK ALTERATION 

The  surrounding  rhyodacite  is  altered in relation  with  the  ore  deposition. It was  sampled up 
to 30 m from the  mineralized vein in order to determine  the  nature of the alteration minerals and 
their space - time  evolution. In contact to the  vein,  the  primary  plagioclase - biotite association is 
replaced by a  dominant illite - subordinated  chlorite  association.  Two  chlorite  crystallization  stages 
separated by the illite developrnent  are  observed. In getting  farther  away from the  vein, the chlorite 
content  increases  and  the  illite  one  decreases. Few smectites  appear.  Simultaneously,  the  XFe for 
both chlorites and illites  decreases,  respectively 0.3 - 0.4 instead of 0.9 - 1 .O and 0.3 - 0.4 instead 
of 0.67, and the phengitic substitution of illites tends to increase.  Such  time - space  zoning is 
observed in the three  studied  places  (Bolivar mine,  Cancha  Mayu  and  Santa  Rosa  showers). 
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TEMPERATLIRE CONDITIONS 

The temperature of the alteration was determined using  the  chlorite  thermorneter 
(Cathelineau, 1988) and fluid inclusion  studies.  Chlorite  erystallization  temperatures Vary from 286 
- 350°C, near the vein, to 216 - 260"C, 30 m away from the vein.  The related fluids are aqueous 
and the  fluid inclusion studies confirm these temperatures with T ranging from 366°C to 186°C 
according to the fluid stage. 

CQNCLUSIQNS 

In conclusion, ail the mineralized zones hosted by the various rhyodacite domes whieh 
compose the Cerro Bonete are rather similar. This indicates similar conditions for alteration 
development and ore deposition. The temperatures (356°C to 200°C) indicate medium to low 
temperature hydrotkermal systems. The alteration minerals are the same (nature, composition, 
space and time moning) as the ore minerals (Bi - Ag - Pb - Zn paragenesis). Aceording to the 
nature of the newly-formed minerals, tkese mineralized zones eannot be related to a typical 
"epithermal type" deposit. 
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R E S u M É : L'étude  métallogénique  des  gisements  d'émeraude  de  Colombie 
encaissés  dans  les  shales  noirs  du  Crétacé  inférieur,  conduit A d'intéressantes 
applications  concernant  l'évolution  tectonique  de  la  Cordillère  Orientale  et 
notamment  la  phase  de  déformation  fini  Eocène-Oligocène A laquelle  sont 
attribués  les  mouvements  ascendants  de  saumures  hydrothermales  associées B la 
formation  des  émeraudes. 

KEY WORDS: Eastern  Cordillera,  Colombia,  Emerald,  Lower  Cretaceous  black 
shale,  Eocene-Oligocene,  Petroleum  exploration. 

INTRODUCTION 

Recent  progress in metallogenetic  studies of Colombian  emerald  deposits 
(Giuliani  et  al.,  1990a;  Cheilletz  et al., 1991)  have  issued  important  tectonic 
implications  interesting  the  Eastern  Cordillera  of  Colombian  Andes. ' As 
suggested  by  Mégard  (1987),  the  Eastern  Cordillera  constitutes  an  inverted 
sedimentary  back-arc  basin of Jurassic-Late  Cretaceous  age  filled  with  thick 
accumulations  of  marine  sediments.  Eocene-Late  Oligocene  synorogenic  non- 
marine  molasse  sequences  buried  the  basin as a  response  to  uplift of the Central 
Cordillera.  Inversion  of  the  Eastern  Cordillera  basin  occurred  during  the 
Andean  compressional  episode  at  Late  Miocene-Pliocene  time. 

The  Colombian  emerald  deposits  are  grouped  within  two  belts  (Fig.  1) 
situated  along  the  two  major  polyphased  thrust  zones  that  correspond 
approximatively to the  original  limits of the  Cretaceous  basin  (Mégard,  1987; 
Schamel,  1991).  The  emerald  mineralization  consists. of carbonate-pyrite  veins 
and breccia  hosted by Lower  Cretaceous  black-shales  corresponding  to  Macanal 
(Berriasian-Valanginian; Eastern  belt)  and  Paja  (Hauterivian-Barremian; 
Western  belt)  formations.  The  genesis of the  emerald  mineralization is 
undoubtly  attributed  to  epigenetic  hydrothermal  fluid  circulations  (Beus  and 
Mineev,  1972.);  however,  the  age  of the  tectonic  phase  responsible  for  the 
extension-vein  network  and  hydraulic  breccia  trapping  the  mineralization  has 
only  recently  been  obtained by 40Ar/39Ar  dating  of  cogenetic  muscovite 
(Cheilletz  et al., 1993).  Two  distinct  Upper  Eocene-Lower  Oligocene  ages  have 
been  determined for  the  deposits  of  Coscuez  (35-38 Ma) and Muzo-Quipama (31.5- 
32.6) in  the western  belt. 
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In this paper,  we  attempt  to  briefly  examine the  consequences  of  the  age 
of  emerald  formation on the  regional  tectonic-geologic  framework. 

O Dated ernerald deposlts 

x hajor emerald mmes 
Tectonic ltmlt of the main 
morphostructural untts 

O - 25 50km / Lower Cretaceous  sedimenrs 

Figure 1: Tectsnie  provinces  of  the  Colsrnbian  Andes and location of emerald 
deposits  belts. 

ORPGIN OP THE EMERALD DEPOSITS OF CBLOMBIA 

Petrsgraphic  observations  and  mass  balance  calculation  in  black-shale 
hosting  the  emerald  vein  network  demonstrate  that  the  hydrothermal  fluid 
infiltration  process  is  aecsmpanied  by a strong  fluid-rock  interaction  leading 
to  sodium  and  carbonate  metasomatism;  as  a  consequence,  the  enclosing  black- 
shales  are  conversely  leached  in  major,  trace and REE elements  (Giuliani et al., 
1990b;  1993a). These  chemical  exchanges  involve  a  local  sedirnentary  srigin  for 
most  of  the  elements  constituting  the  vein-infilling  minerals  and  particularly 
emerald (Be, Cr,  V,  Si, Al). The  origin of the  hydrothermal  fluid  responsible for 
chemical  transfers  has  been  approached by oxygen  isotopic  measurements 
(Giuliani  et al., 1992);  ealculated 6 l 8 O  H 2 8  for  carbonate  and  quartz  indicate 
values  of  basinal  formation  waters.  Sulfur  isotopic  data  on  pyrite  and  fluid 
inclusion  studies of trapped  brines  within  emerald  crystals  indicate  an 
evaporitie  source  for  the  chlorine and sulfate  components  of  the  hydrothermal 
fluids  (Giuliani  et al., 1993b).  Indeed,  evaporitic plugs are  known within the 
Cretaceous  formations  (Campbell and Bürgl, 1965) and thus  might  have been in 
contact with or pcrcolatcd by thc  hydrothermal  brines.  Constrained by (1)  the 
40Ar/39Ar  age  dcternlination, (2) an Eastern  Cordillera  subsiding mode1 
(HCbrard, 1985), and (3) lithostatie  pressure  equilibration  assumption,  isochoric 
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extrapolation of these  complex  brines  in the NaCl-H2O  system  lead  to  a  pressure- 
temperature  estimate of 1 Kb and 290-360°C for  the emerald  deposition  (Cheilletz 
et al., 1993). 

TECTONIC  CONSEQUENCES 

The  location of the  emerald  deposits  along  the  original  limits of the 
Cretaceous  basin  suggests  that  these  limits  might  constitute  deep-seated 
rejuvenated  faults  allowing  hot-fluid  circulations  up  through  the  sedimentary 
pile.  Hydro-fracturing  and  strongly  reducing  environment  conditions  highly 
favoured  by  the  black  shale  lower  Cretaceous  horizons,  provoked  the  emerald- 
pyrite-calcite  precipitation.  Comparison  between  thermo-barometric  data  for 
emerald  generation  (290-360"  C,  1Kb;  Cheilletz  et  al.,  1993)  and  burial 
temperature  estimations (135" C at 4500 m  depth;  Hébrard,  1985)  requires  a 165 
to 225" C  additional  input  within the  Lower  Cretaceous  formations at the Eocene- 
Oligocene  boundary.  This  can  be  obtained  either by correlative  intrusive 
emplacement  as  suggested  earlier  by  Campbell  and  Burgl  (1965)  and  Escovar 
(1979), but  already  not  found  in  that  area, or by heat  conduction  implemented 
during  halokinetic  ascent.  Both rnechanisms  might be related  to  extensional or 
transtensional  tectonic  regime  as  evidenced at that  period  in  the  northernmost 
portion  of  the  Andean Chain (Stephan,  1985;  Beck,  1986).  However,  detailed 
structural  data  are  lacking  in  the  emeraldiferous  area  to  support  that 
hypothesis .  

CONLUSIONS 

The  tectonic  evolution of the  Eastern  Cordillera  is  characterized by a 
strong  shortening  episode  starting  during  the  Eocene  and  corresponding  to an 
acceleration  of  the  convergence  rate  between  Nazca  and  South  American  plates 
(Daly,  1989). At  that  time,  sedimentation  in  the  Eastern  Cordillera  basin  is 
changing  to  non-marine  clastic  deposition,  whereas  the  underlying  mesozoic 
series  are  affccted by alternating  compressive  and  extensive-transpressive 
episodes in response  to  general  crustal  shortening.  The  emerald  formation  at 
38-31 Ma appears  as  a good clock of this  strong  change  in the tectonic  regime of 
the Colombian  Andes.  Following  that  period,  major  crustal  deformation  involves 
collisional  regime  between  the  Caribbean  arc  system  and  South  America, 
leading  to  thrusting  and  uplift of Eastern  Cordillera  during  Late  Miocene- 
Pliocene  time  particularly  through  rejuvenation of the  older  faulted  limits of 
the  Cretaceous  basin  (Fig.1).  Considering  the  depth of formation  of  emerald 
(4250-4500m;  Cheilletz et al., 1993),  a minimum of  .6000  m  (excluding  erosion) of 
vertical  transfer  can  be  deduced , which is  responsible  for  the  inversion of the 
Cretaceous  back-arc  basin and  emerald  outcropping. 

Considering  petroleum  exploration  in  the  Magdalena  Valley-Eastern 
Cordillera  system,  the  study of  emerald  genesis  within  the  Lower  Cretaceous 
black-shales  shows  that  temperatures of 360°C  were  reached  at  least in two 
large  belts of these  petroleum  source  rocks  at  Upper  Eocene-Lower  Oligocene 
time,  implying  that  after an earlier  maturation  phase,  some  remobilization of 
trapped  oil  might  have  occurred in response  to  hydrothermal  activity,  as 
suggested by Fabre (1987). 
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USA 

En el Perlj, Bolivia y el norte  de  Argentina  y  Chile  definimos  cuatro  provincias  isotopicas 
principales: en dos  de  ellas las menas  epigenéticas y singenbticas  derivan su Pb de los 
intrusivos;  en  las  otras  dos el Pb  proviene de los sedimentos. 

Pb  isotopes,  isotopic  provinces,  metallogeny, magma  and  ore  sources. 

Previous  studies of ores  and their igneous,  sedimentary  and  metamorphic  host rocks 
in the Andes of Perlj, Bolivia,  Argentina  and  Chile  have  revealed  a number  of lead isotope 
provinces  (Macfarlane et  al., 1990;  Tilton et  al.,  1981 ; Gunnesch  and Baumann, 1984;  Puig, 
1988, 1990;  Kontak  et al.,  1990). In two of the three main  provinces the lead  isotope 
signatures of the ores  resemble  mainly those of the intrusive  igneous rocks with  which  they 
are  associated.  This  appears to be true for both epigenetic  and  syngenetic (or stratabound) 
hydrothermal  ore  deposits. It also  seems to apply to al1 the ore  minerals,  even  if  they  belong 
to different  mineralization  stages,  and to most of the few  gangue  minerals  analyzed.  This 
suggests  very  strongly that the ore forming  fluids  either  emanated  directly  from  a magma  or 
that meteoric  fluids  (including  seawater)  percolated  deeply into the crust,  leaching the ore 
metals  from  hot  intrusives. In the third main  lead  isotope  province the ore lead  was  probably 
derived  from  regionally  abundant  carbonaceous  shales,  but it is  not  clear  if  directly or as a 
result of melting the shales.  Although  some ore deposit types predominate in certain 
provinces,  each  province  has an assortment of different  ore  deposit types that formed  at 
various  times. 

New  unpublished  data  and  further  examination of the evidence  requires some 
modifications, so that Our current  nomenclature  comprises: 

1. The Coast  of Perlj and  northern  Chile; 
II. The  high  Andes; 

111. The  eastern  Andes; 
IV. The  eastern  foothills of the Andes. 
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The lead isotope values of Province 1 lie close to the Stacey-Kramers  growth cutve 
for the Mesozoic  and Tertiary, but there are insufficient independent  age  determinations to 
decide if the progression of lead  isotope values correlates with age. The lead isotope values 
of ores and igneous  rocks in the coast of southern Peru, which is in the middle of province 1, 
deviate  considerably  from the aforementioned values and  reflect the very low  206/204 lead 
isotope  composition of the Precambrian  Arequipa  massif.  Throughout  province I the lead 
isotope  values  of the ores are similar to those of the uncontaminated intrusive rocks (in 
contrast to the volcanic  rocks in the southern Coast of Perd  and to the felsic units of the 
batholith in the central Coast  of Perd). 

Our  lead isotope province I I  extends  along the high  Andes of Perlj, Bolivia and 
Argentina. On a 207/204 vs 206/204 lead isotope  diagram the few available values for 
intrusive igneous rocks in central and  northern Perd have a surprisingly small range of 
207/204  ratios, whereas the ores of this region  define  an  elongate field with its long a i s  at a 
significant  angle to the Stacey-Kramers  growth c u r a  On 208/284 vs 206/204 lead isotope 
diagrams the values for the intrusive igneous rocks and ore deposits of this region define 
even more elongate fields with their long axes at an angle with the Stacey-Kramers CUN~,. 
Only two analyses of small basalt flows or sills do not fit these  generalizations. On 207/264 vs 
206/204  diagrams the aforementioned  elongated ore field appears unrelated to the 
composition of the Paleozoic,  Mesozoic and Tertiary  metamorphic and sedimentary rocks in 
the region,  although on 208/204 vs 206/204 diagrams  one  could involte a relation to the 
Olmos and  Pataz  rnetamorphic  basement  rocks.  However, the elongated ore fields may be 
more  convincingly related to the lead isotope  composition of pelagic  sediments  (Chow and 
Patterson, 1962)  and  manganese  nodules  (Reynolds  and  Dasch,  1971)  on the N a c a  plate. 
Toward lower values their axes point to the lead isotope  composition of mid-ocean  ridge 
basalt (binruh and Tatsumoto, 1976)). 

NW of Lake Titicaca the Cretaceous  and  Tertiary ore deposits  (formerly  assigned to 
province lllb but  now  included in province I I  as "SE Andes A") define a tremd for lead 288/204 
vs 206/204  that is similar to the one for ores  and  igneous rocks in the high  Andes of central 
and  northern Peru, but  pointing more toward the composition of metalliferous  sediments 
(Basch, 1981)  on the Nazca plate.  However, in contrast to the high  Andes ore deposits in 
northern  and central Perd, but  similar to the igneous rocks in that region, the SE Andes A 
ores have a very  narrow  range of 207/204  values. 

Some western Bolivian ore deposits  formerly  assigned to province llla are now 
recognimed to belong to province I I .  The Capillitas  deposit in northern  Argentina is assigned 
to province I I  because it is an enargite  deposit like those in Perd and Bolivia that belong to 
this province and because its 206/204 lead isotope  values correspond to this province. 
Some of the ore deposits in the high  Andes of Chile also appear to belong to province I I ,  as 
suggested by  our  unpublished lead isotope  analyses for El lndio and Tambo and by some 
results of Tosdal et al. (1992) for Esperanza and Cancan.  Hence, province I I  can now be 
traced,  with  minor  variations in lead isotope fields, from  Hualgayoc in northern Perd (6°46'S) 
to somewhat south of  27%  in  nothern  Argentina  and Chile. 

There are no  obvious  endmembers for the extensions of the longitudinal axes of the 
high  Andes lead isotope  fields toward greater  206/204, 207/204 and 268/204 values, 
unless  one chooses to invoke crustal  contamination  with a Precambrian  basement  terraRe 
that is isotopically like the Imataca  Series of Venezuela  (Montgomery  and  Hurley, 1978). 
Alternatively,  one may infer that the high  Andes  intrusives  and  ores reflect the lead isotopic 
composition of varying  mixtures of  MORB,  metalliferous  sediments,  manganese  nodules, 
pelagic  sediments  and,  perhaps,  metamorphic  basement  complexes. 
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The  eastern  Andes  ore  deposits of  Peru, Bolivia and  Argentina  which constitute 
province 111 are often located in Paleozoic  carbonaceous  marine  shales.  Their lead isotope 
values  lie  in  an  elongated  field  parallel to the  Stacey-Kramers  growth  curve and to the field for 
province I ores  and  intrusives  uninfluenced by the Arequipa  massif,  but  at  generally higher 
207/204 and 208/204 values (for  given  206/204  values). The progression of their lead 
isotope  values  (mainly 206/204) correlates  with their ages.  Given the known  Ordovician  age 
and  current  lead  isotope  composition of their predominant  host  rocks, this suggests that 
these ore  ieads were mostly  derived  from these sediments  (Macfarlane et  al.,  1990). 

In the region NW  of Lake Titicaca the Carboniferous  and  Permo-Triassic  ore  deposits 
have  very  high  206/204 values (Kontak  et  a[.,  1990),  indicating an important  contribution of 
lead  from  metamorphic,  sedimentary  or  volcanic  country  rocks.  They  correspond to a 
separate  Fe-Mn-W-Sn-Cu  metallogenic  province lllb ("SE Andes BI') that predated the 
Andean  orogen. 

The  only  lead  isotope  information  available for the eastern  foothills of the Andes 
pertains to the San Vicente  ore  deposit,  which is generally  considered to be  of the 
Mississippi Valley type. Its 206/204  and  208/204  lead  isotope ratios are  generally  higher 
than those for provinces 1, I I  and 111. Presumably San Vicente  inherited its lead  from 
weathering  products  derived  frorn  Precambrian  rocks  in the Brasilian  craton. 
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MINERALISATION  RELATED TO CRUSTAL  SHQRTENING:  THE 

UBINA  DEPOSIT, BOLIVIA 
MANTO-VEIN,  GOLD-POLYMETALLIC 
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RESUMEN: La mineralizacidn  de Oro - polimetalico en Ubina (SW Bolivia) se presenta  en 
un  sistema  hidrotermal  grande  relacionado  a  un  intrusivo. Las estructuras forman vetas y 
han  canalizado  los  fluidos  para  formar  mantos  que  reemplazan  rocas  calc8reas.  La 
intrusidn y la mineralizacidn  han  side  controladas  por'una  zona  de  cizallamiento 
siniestral que tiene  un rumbo de 135" y que  esta  relacionada con la compresi6n hacia  el 
Este  (antepais)  durante el acortamiento de la corteza de los Andes centrales. 

KEY WORDS: Andes, Mineralization, Crustal Shortening, Shear Zone, m i n a  

INTRODUCTION 

This paper describes the  relationship  between  hydrothermal  mineralisation  and  crustal 
shortening in  the Central Andes, using the Ubina gold - polymetallic deposit as an example. 
Ubina is a large  diameter,  intrusion  centred  hydrothermal  system  located  in SW Bolivia 
on the  western edge of the  Eastern Cordillera  (Fig. 1). It  has been mined  on a small  scale 
since Spanish colonial times for Sn, W, Ag, Au, Pb, Zn, Cu and .Bi in  veins  and carbonate 
replacement  mantos.  Intrusion, flow dome extrusion  and  mineralisation are controlled by 
dilational  zones  within a 135' trending  sinistral  shear zone  related t o  regional E-W 
compression and  crustal  shortening. 
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1 a WESTERN CORBlLLERi 

Figure 1: Tectonic  map of Bolivia  (ORSTOM) and location of Ubina. 

Figure 2: The structure and geology of the m i n a  - Chorolque  region.  Mines: U - Ubina, TA - 
Tasna, (3 - Chorolque, CH - Chocaya (Animas, Siete Suyos, Gran Chocaya). Geology: P - 
Paleozoic, R - Cretaceous,  T - Lower Tertiary, Q - Quaternary, V - voleanic roeks, -I- - 
intrusions. 
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GEOLOGICAL SETTING 

Ubina is located in  the  autochthon  just  east of the  Calazaya  nappe at the junction of the 
Khenayani Fault System and  the Main Altiplano Thrust (Fig. 1) which has at least 40 km of 
eastward (foreland)  displacement  (Baby et al., 1992). This  crustal  shortening took place in  
the Late Oligocene - Early Miocene during the major  tectonic  crisis in  the Bolivian Andes 
(Sempere et al., 1990). 

The Ubina deposit lies within a 10 - 15  km  wide  135" trending  structurally controlled belt of 
igneous  related  polymetallic  systems of Middle Miocene age (16.2 - 16.4  Ma; Grant et al., 
19791, which include the  Tasna and Chorolque Sn-W-Bi-Cu-Au-Ag-Pb-Zn-As-Sb deposits (Fig. 
2). They have the same metallogenic signature  as  Ubina  and  are considered to  be cogenetic. 
The three deposits are localised at the  intersection of the 135" trending  structural corridor 
with 060" and 080" structures  (Fig. 2). Two large  elliptical  features  evident on satellite 
images  appear to  have influenced the emplacement of these igneous centres, with Ubina and 
Tasna  lying on the  margin of the  same  circular  structure  (Fig.  2).  These  features  may 
represent collapse above deep seated  intrusive bodies but  are  not collapse calderas  in  the 
classic sense as  they  are not accompanied by voluminous volcanic outpourings. 

DEPOSIT GEOLOGY AND MODEL 

The  Ubina  district  comprises  Ordovician  sediments  overlain  unconformably  by Late 
Cretaceous - Paleocene red-bed  sediments  with  marine  carbonates,  with Eocene - Middle 
Oligocene red bed sediments t o  the West (Fig. 3). These are cut by the mushroom shaped 
Ubina flow-dome of plagioclase-biotite-quartz phyric dacite. Minor porphyritic  dacite stocks 
and dykes intrude  the Cretaceous to  the SE (Fig. 3). 

Ubina belongs to  the Bolivian Polymetallic Vein Deposit type  (Ludington et al., 1992) and is 
unusual   in   carrying  s ignif icant  gold. Fault   structures  form  vein  and  stockwork 
mineralisation in al1 lithologies  and  have  acted as feeders  for  stratabound,  carbonate 
replacement,  manto  style  mineralisation in  the calcareous sediments of the Late Cretaceous 
Chaunaca  and El Molino Formations.  These  have a coinbined thickness of about 530 metres 
of red mark with  limestone beds and calcareous shales,  siltstones  and sandstones. 

Mineralisation is zoned with an  inner Sn-W-Au zone, a middle Au-Ag-Bi-Cu zone and  an 
outer Ag-Sb-Hg-Ba-Pb  zone. Arsenic and zinc are  present  in al1 zones. Zonation occurs over 
a vertical interval about 450 meters  and  has a radius of 4 km. The  system is centred on the 
Manta Dorada plateau SE of the flow-dome. The minor dacitic intrusives  are  interpreted  as 
apophyses of a stock beneath  this  area which has driven the hydrothermal system, with the 
Ubina flow-dome as a marginal  volcanic  offshoot  (Fig. 3). The  dome  and  flows  are 
pervasively altered  but  have weak mineralisation  due t o  lack of fracturing.  Hydrothermal 
fluids  may  have  ponded  beneath  the  relatively  impermeable flows t o  give  telescoped 
mineralisation  adjacent to  the dome. The  coincidence of the  middle gold zone with  the 
reactive carbonate formations on the Manta Dorada plateau  is favorable for the development 
of large,  replacement  style  deposits of gold, as supported by extensive rock and soi1 gold 
anomalies. 
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Normal fault - Tronscurrent fault 3p Tkrust/revsr@e  fault 

Figure 3: The geology and structure of the Ubina deposit. $tratigraphy: P - Paleozoie, M - 
Cretaceous, Ky - Yura Formation, Kar - Aroifilla Formation, Reh - Chaumaca Formation, 
Km0 - El Molino  Formation, X - intrusions, V - volcanidsubvolcanic dacite. 

- Ag-Sb-Hg-Ba-Pb.  Mine names: U - Ubina, P - Irma, 
TH - Tres Hugos, MDS - Manta Dorada South, MBN - Manta Dorada North, SB - Santa 
Barbara, JM - Jayaj Mayu, N - Norrnandia, LE - La Esperamza. UTM gricl coordinatea 
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STRUCTURAL CONTROL 

Regional  compression  produced  open N-S trending  folds  in  the  Cretaceous  and Lower 
Tertiary  sediments which overprint  earlier,  tight NW-SE trending folds in  the Ordovician. 
The 135" trending  shear zone postdates N-S folding and controlled the emplacement of the 
intrusions, flow-dome and  hydrothermal  activity a t  Ubina.  The structural  pattern at the 
deposit scale (Fig. 3) is interpreted t o  represent a brittle, simple (Riedel) shear zone with the 
main  shear  faults  parallel t o  the regional 135" trend,  with  left  lateral  displacements of tens 
of meters. 

The  orientation  and  sinistral  sense of displacement of the  shear zone  indicate E-W 
compression  which is consistent  with  the  crustal  scale,  eastward  (foreland)  directed 
compression that produced the  large scale folding and  thrusting  in  the Bolivian Andes. The 
Middle Miocene age  inferred for  igneous and  hydrothermal  activity at Ubina  indicates 
continuation or  reactivation of the regional compression following the  main tectonic  crisis 
in  the Late Oligocene - Early Miocene. 

CONCLUSIONS 

1.  Intrusion, flow-dome extrusion  and  hydrothermal gold - polymetallic mineralisation a t  
Ubina are controlled  by a sinistral 135" trending  shear zone contemporaneous  with, or  
immediately following crustal scale, eastward (foreland)  directed compression. 

2 .  Structures  form  veins  in al1 lithologies a t  Ubina and  acted as feeders for  carbonate 
replacement,  manto  style  mineralisation in calcareous lithologies. 

2. A direct  relationship between crustal  shortening  and  hydrothermal  mineralisation in  the 
Central Andean  margin is indicated. 

REFERENCES 

Baby, P., Sempere, T. Oller, J. and  Herail, G., 1992, Evidence for major  shortening  on the 
eastern edge of the Bolivian  Altiplano: the Calazaya nappe. Tectonophysics, 205,155 - 169. 

Grant, J. N., Halls, C., Avila, W. and  Snelling, N. J., 1979, K-Ar ages of igneous  rocks and 
mineralization in  part of the Bolivian tin belt. Economic  Geology, 74,838 - 851. 

Ludington, S., Orris, G. J., Cox, D. P., Long, K. R. and  Asher-Bolinder, S., 1992, Minera1 
Deposit Models. In:  United  States Geological Survey  and  Servicio Geologico de Bolivia, 
Geology and  Mineral  Resources of the  Altiplano  and  Cordillera  Occidental,  Bolivia. USGS 
Bulletin, 1975,63 - 89. 

Sempere,  T.,  Herail, G., Oller, J. and Bonhomme, M. G., 1990,  Late Oligocene - Early 
Miocene major  tectonic  crisis and  related  basins  in Bolivia. Geology, 18,946 - 949. 



486 Second ISAG, Oxford (UK), 21 -23191199.3 



Second ISAG, Oxford (UK), 21 -231911993 487 
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RESUME. Les gisements de magnetite-apatite de  la  faille  d'Atacama  sont 
situes  dans  des  fentes  au  domino.  Les  apatites  y  presentent  de  fortes 
zonations  en F, Cl  et OH. Les variations  des  fugacities  en F, .Cl  et OH 
refletent  les  changements  de  fugacite  des  halogenes  au  cours  de  l'evolution 
des  magmas  qui  sont  a  l'origine  des  fluids  hydrothermaux de la 
mineralisation. 

KEY WORDS: Apatite,  Halogens,  Atacama  Fault,  Chile. 

INTRODUCTION. 

Iron ore deposits,  with  or  without  apatite, are,characteristic of the 
westernmost  part  of the Chilean  ore  province  (Sillitoe  1976;  Brookstrom 
1977).  However,  magnetite-apatite  deposits  are  globally  unusual  and  poorly 
understood.  Once  considered to represent  ore  deposits  directly  crystallised 
from  a  magma,  a  hydrothermal  origin  is  now  more  generally  accepted. 
However,  questions  about the origin  of  such  deposits  still  remain, 
especially:  how  far  removed  are  they  from the magmatic/hydrothermal, 
interface?; do  they  reflect  a  particularly  high  halogen  concentration or 
oxygen  fugacity  within  the  parent  magma  from  which the hydrothermal  fluids 
are  derived?;  and  why  are  they  not  widespread?  Some  small,  well  exposed, 
magnetite-apatite  deposits  within  theAtacama  Fault  Zone of northern  Chile 
present the opportunity to answer  some  of  these  questions. 

GEOLOGICAL SEXTING. 

The Atacama  Fault  Zone  is  a  trench  parallel  strike  slip  fault zone 
(Brown  et  al.  in  press)  that  runs N-S through  northern  Chile  for  over 
1OOOkm.  Although  displacement  is  dominantly  left  lateral, the fault zone 
has  a  complicated  movement  history.  Within the El  Salado  sector,  between 
26 and  27%, two  distinct, displacement  trajectories  are  determined. An 
early phase of 'ductile dip  slip  movement  with  E-side  down  (Colley  et al. 
1989), was  succeeded  by  a  phase  of  sinistral  strike  slip  movement  which 
commenced  within the ductile  field  but  continued  throughout  a  falling 
temperature  regime  into  the  brittle  field  (Brown  et al.  in  press). 
Faulting,  especially  the  more  ductile  faulting,  was  synchronous  with 
granite  emplacement  (Grocott  et  al. 1993). The deformation  history, 
kinematics  and  chronology  of  granite  emplcement  are  al1  consistent  with 
granite  emplacement  into a transtensional  left  lateral  fault  system, 
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d u c t i l i t y   c o n t r a s t s   b e i n g   d r i v e n  by t h e   t h e r m a l   e f f e c t s   o f   g r a n i t e  
emplacement. 

The later, b r i t t l e ,   s t a g e s   o f   t h i s  movement were accompanied by widespread 
i ron   mine ra l i s a t ion .  Bri t t le  f a u l t s  are a l1  coated  with a magnet i te   ore ,  
l a r g e  areas of   weakly   f rac tured   bas ic   vo lcanics  are i r o n   s t a i n e d  on 
sur face ,   and   la rge ,   bare ly   to   v iab ly   economic ,  Fe d e p o s i t s   l o c a t e d   w i t h i n  
d i l a t i o n a l   f a u l t  jogs, are cur ren t ly   be ing   eva lua ted   and/or   explo i ted .  The 
s t r o n g   s t r u c t u r a l   c o n t r o l   l o c a l i s i n g   i r o n   m i n e r a l i s a t i o n   i n t o   f a u l t   p l a n e s ,  
t o g e t h e r   w i t h   e x t e n s i v e   p r o p y l i t i c   a l t e r a t i o n   s u g g e s t  a f a u l t   c o n t r o l l e d  
hydro the rma l   o r ig in   fo r   t he   i ron .  I n  a small number of   depos i t s   magnet i te ,  
which i s  t h e  dominant   minera l   wi th in   th i s   par t   o f   the  f a u l t  system,  occurs 
i n   a s s o c i a t i o n   w i t h  apati te and a c t i n o l i t e .  

The F r e s i a   d e p o s i t  is one   of   th ree   magnet i te -apa t i te   depos i t s   loca ted  
w i t h i n   t h e  Atacama fau l t   sys tem,   nor th   o f  El Salado .   This   depos i t   has  a 
sinuous shape which is controlbed by two sets o f   f a u l t s   t r e n d i n g  a t  Q80' and 
065". S l ickens ides   on   bo th   fauPt  sets are shallow p lung ing ,   i nd iea t ing  
1ocaP i sed   d i l a t ion   w i th in   t he   ove raP1  N-S t r end ing  Atacama fauPt  system. 

Carmen Mine lies 2 0 h  E of t h e  Atacama fau l t   sys t em.   Th i s   l a rge   open   p i t  
is loca ted  i n  Cretaceous  volcanics   of   the  La Cerro  Plor ida  formation.  The 
depos i t  is marked  by t h e   i n t e r s e c t i o n   o f  two fau l t   sys tems:  an E-FI t r e n d i n g  
set o f   s t eep   f au l t s   w i th   subhor i zon ta l   s l i ckens ides ,   and  a M-trending  array 
of   conjugate   dip.-sJ ip   faul ts ,  a geomet ry   a l so   cons i s t en t   w i th   l oca l i s ed  
d i l a t i o n .  

Al1 t h e   d e p o s i t s  are c h a r a c t e r i s e d  by massive  Fe-ore,  dominantly 
magnetite  al though loca l ly  haemat i sed .   Apat i te   c rys ta l s  Vary i n  l eng th .  A t  
Carmen Mine, t hey  are up t o  ,50 c m  long,  and are spec tacular ly   zoned   wi th  
rose   p ink   co res   g rad ing   t o   wh i t e  rims. A p a t i t e  comonly oecur s  as 
i n d i v i d u a l   c o a r s e   c r y s t a l s   f l o a t i n g  withirn a matrix  of  magnetite,   al though 
it a l s o  occura as a c i c u l a r  needles l o c a t e d   w i t h i n   a p a t i t e - r i e h  ve ins  w i t h i n  
which t h e   a p a t i t e s  grew p e r p e n d i c u l a r   t o  walls of   opening  f ractures .  Buck 
f r a c t u r e s  are of ten  Pocated  within homOgeRQuS magnet i te  zones, t h e   a p a t i t e  
c r y s t a l s   n u c l e a t i n g  on a magnet i te   subs t ra te .  A t  Carmen the   count ry   rock  
has been c l e a r l y   b r e c c i a t e d .  Each bPock of  country  rock  has a selvedge  of 
magnetite on which needles of   apa t i te   and   ac t ino l i te   have   nuc lea ted .   Whi le  
b o t h   a p a t i t e   a n d   a c t i n o l i t e  grew perpendicular   to   b lock   faces   and   ve in  
walls a t  the  vein  margins ,   they are randomly   or ien ted   wi th in   ve in   cav i t ies .  
Large  ragged apati tes conta in   incus ions   o f   bo th   ac t ino l i te   and  magnetite, 
but  are f r e q u e n t l y   f r a c t u r e d   w i t h   t h e   f r a c t u r e s   i n f i l l e d  by magnet i te   o re .  

Country  rocks are in t ense ly   ep ido t i sed   and   eh lo r i t i s ed .  The t e x t u r e s  are 
charac te r i s t ic   o f   count ry   rock   hydro thermal   b recc ia t ion   of   count ry   rock  
sequences ,   wi th   f rac tures   and   brecc ia ted   vo ids   having   been   in f i l l ed  
i n i t i a l l y  by magnet i te   o re   wi th   g rowth   of   apa t i te   and   ac t ino l i te   pos tda t ing  
t h e  earliest prec ip i ta t ion   o f   Fe-ore .   Apat i te ,   ac t ino l i te   and   magnet i te  
must  a l1  have  formed a s tab le   paragenet ic   assemblage   wi th in   the  
hydrothermal  environment  over a period  of t h e ,  a l though  the  b a t s  s t a g e  
f r a c t u r i n g   o f   a p a t i t e  w i t k  f r a c t u r e   i n f i l l i n g  by m a g n e t i t e   i m p l i e s   t h a t  
t owards   t he   end   o f   t he   mine ra l i s a t ion   pe r iod   apa t i t e  was no l onge r   s t ab le .  

A p a t i t e   c r y s t a l s  are s t r o n g l y  zoned. Light  rare e a r t h  elements are 
enriched i n  c o r e s   w i t h   r e s p e c t   t o  rims. More s i g n i f i c a n t l y ,   a p a t i t e  
chemis t r i e s  show extensive  sol id   solut ion  between  hydroxy- ,   f lour-   and 
chlor-apat i te   end mernbers. Up t o  6.82%CP and 3.09%F have been recorded. The 
former  represents  100% of t h e  end-member ch lo r -apa t i t e   and   t he  l a t t e r  82% 
of   the  end-member f lou r -apa t i t e .  No carbonate  end member i s  recorded   wi th in  
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the apatites  and  concentration  of the hydroxy-end  member is calculated  by 
difference.  Apatites  are  commonly  zoned.  F-poor  crystals  have  higher  Cl, 
and'hence lower OH, contents  in  cores  than  rims,  whereas  F-rich  crystals 
have  F-rich  and  Cl-  and  OH-poor  cores  with  F-poor  and  Cl-  and  OH-rich 
rims. The  data  sets  and  methodology  of  Rorzhinskiy (1981) and  Yardley 
(1985) can  be  used to calculate  fugacity  ratios  between the halogens  (F  and 

: Cl)  within  a  hydrous  fluid.  If  apatite  chemistry  is  a  reflection  of  halogen 
and  water  fugacities  within  the  hydrothermal  fluid,  there  is  a  clear  trend 
from  fluids  with  high f,/f,-, and  fF/fo,,  ratios, through  fluids  with  low 
fF/fCl and  high f,/f,,, ratios to fluids  with  low  fc,/foll  and fF/foll ratios. 
Although  these  trends  are  apparently  incompatible  with  those  described  by 
Candela (1986) , the initially  high  ratios  of  halogen to hydtoxyl  fugacities 
must  reflect  fundamentally  halogen  enriched  magmas  parenting the 
hydrothermal  fluids. 

DISCUSSION. 

Two  questions  need to be  answered.  FirE3tly,  what  controls the 
widespread  magnetite  rich  mineralisation?  Secondly,  what  causes the 
occurrence  and  localisation  of  small  numbers  of  magnetite-apatite  deposits 
within  an  area  dominated  by  Fe-rich  and  Fe-Cu  bearing  hydrothermal 
deposits? 

Granite  margins,  originally  ductilely  deformed  during  transtensional 
emplacement,  are  frequently  brittlely  deformed  within  Fe-mineralised  fault 
zones. Thus,  mineralisation  is  a  post-magmatic  feature  that  affects  a 
region  in  which  the  localised  thermal  softening  due to granite  emplacement 
has  been  largely  dissipated.  The  hydrothermal  fluids  were  likely to 
represent  a  mixing  of  magmatic  and  meteoric  fluids  within  a  regionally 
developed  hydrothermal  convective  system.  The  concentration  of  iron 
suggests  that  the  fluids  were  both  acidic  and  highly  reduced,  compositional 
features  probably  influenced  more  by the magmatic than  the meteoric 
contribution.  Mineralisation,  however,  must  represent  interaction  between 
oxidised  near  surface  fluids  and  deeper  level  reduced  f  luids , at  a 
particular,  although  as  yet  unspecified,  crustal  level. The dominant 
influence  of the magmatic  contribution  may  imply  that  the  fluid  chemistry 
reflects  processes  along  the  subduction  interface,  a  supposition  supported 
by the  trench  parallel  position  of  Fe-rich  deposits  within  the  well  defined 
pattern  of  metallogenic  zonation  within the Andean  region  (Sillitoe 1976). 

Although  these  observations  go  some  way to resolving the first  question, 
they do not  significantly  relate to the problem  as to why  apatite  bearing 
deposits  are  present  at  all,  let  alone  as  a  small  number  of  discrete 
bodies. The  rapid  changes  in  relative  values of the halogen  and  hydroxyl 
fugacities  are  significant.  Either  these  have to reflect  extremely 
localised  variations  in  halogen  content  in  rocks  being  scavenged  for  iron 
by the circulating  acid  and  reduced  hydrothermal  fluids,  or  they  represent 
discrete  short  lived  pulsed  additions  of  halogens to the hydrothermal 
environment.  Such  additions  should  be  through  continued  magmatism  and  magma 
degassing.  Geochronological  data showthat magmatism  and  associated  thermal 
softening,  as  evidenced  by  the  ductile-brittle  transition,  migrated  slowly 
West to east  across  the  Atacama  Fault  system  from  153Ma to 127Ma (Grocott 
et  al, 1993). As the fault  system  was  active  throughout,  it  is  likely  that 
episodic  release of halogen  rich  fluids  from  newly  emplaced  magmas  occurred 
through the magmatic  episode.  Once  these  halogen  rich  fluids  reached the 
cooled  brittle  environment  and  there  mixed  with the circulating 
hydrothermal  fluids,  they  would  generate  localised  halogen  rich  deposits. 
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HYDROTHERMAL ORE-DEFOSITS CONTROLLED 

BY STRUCTURE R N D   M A G I W T I S M  I r d  CENTRAL PERU 

( 1 )  ( 2 )  
Cesar E. V i d a l   a n d   D o n a l d  C .  N o b l e  

( 1 )  Av. Paseo La C a s t e l l a n a  827, S u r c o ,   L i m a - 3 3 ,  PERU 
( 2 )  M a c k a y   S c h o o l   o f   M i n e c ,  U n i v .  of  N e v a d a ,  Reno-USFI 

FIESUMEN: F a l l a s   r e g i o n a l e s   d e   r u m b o  NorEcte c o n  movimientos  
r e c u r r e n t e s  y a l t e r n a d o s   e n t r e   d e s g a r r e   d e x t r a l  y b a ç c u l a -  
m i e n t o   g r a v i t a c i o n a l  a l  S u r ,   c o n t r o l a n  l a  d i s t r i b u c i b n   d e  
i m p o r t a n t e s   d i s t r i t o s   m i n e r o ç   c a r a c t e r i z a d o s  p o r  y a c i m i e n t o ç  
h i d r o t e r m a l e s   e n  l a  c o s t a  y s i e r r a   d e l  P ~ r h  c e n t r a l .  

KEY MORDS: C e n t r a l  P e r u ,   f a u l t s ,   h y d r o t h e r m a l  ore d e p o s i t s .  

T h e   s t r u c t u r a l   a n d   m a g m a t i c   e v o l u t i o n   o f   C e n t r a l   P e r u  is b e s t  
p i c t u r e d  by   Megard  (1978) a n d   P i t c h e r  e t  al. (1985). T h e i r  
s t u d i e s  were b a s e d   o n   r e g i o n a l   m a p p i n g   o f   m u t u a l l y   e x c l u s i v e  
z o n e s :  t h e  Western C o r d i l l e r a   a n d   t h e   A l t i p l a n o  as o p p o s e d  t o  
t h e  coas t a l  areas ,  r e s p e c t i v e l y .   T o p i c a l   c o r r e l a t i o n   o f  
t e c t o n i c   e v e n  ts , m a g m a t i c   p u l s e s   a n d   g e o c h e m i  ca 1 
f i n g e r p r i n t i n g   h a s   b e e n   e l a b o r a t e d  fo r  coastal a n d   c o r d i l l e r a n  
d o m a i n s   ( N o b l e  e t  a l . ,  1974, 1979; C o b b i n g ,  1978; F l t h e r t o n ,  
1989, 1992) .  T h e   s t r u c t u r a l   g r a i n  of t h i s   A n d e a n   t r a n s e c t  
d e p i c t s  a p l a t e   e d g e   w i t h   l i n e a r   b a t h o l i t h s   r o u g h l y   p a r a l l e l  
t o  p a l e o - b a s i n s ,   f o l d   b e l t s ,   v o l c a n i c  a r c s  a n d   m e t a l l o g e n e t i c  
p r o v i n c e s   ( P e t e r s e n ,  1965; P o n z o n i ,  l i i S 0 ;  P e t e r s e n   a n d  V i d a l ,  
1983) . T r a n s v e r s p   f e a t u r e ç  sruch as b a t h o l i t h i c   a n d  
m e t a l l o g e n e t i c   s e g m e n t a t i o n   h a v e   b e e n   d e s c r i b e d   i n  a b r o a d  
s e n s e  w i t h  l i t t l e  e u p p o r t i n g   ~ v i d e n c e  t o  m a k e  t h e i r  
a p p l i c a t i o n   e c o n o m i c a l l y   s u c c e s s f u l  ( S i l l i t o e ,  1 9 7 4 b ,   V i d a l ,  
1980). T h i s   c o n t r i b u t i o n   i n t e n d s  t o  cor re la te  t r a n s v e r s e  
f a u l t   m o v e m e n t   w i t h   m a g m a t i s m   a n d   h y d r o t h e r m a l   a c t i v i t y ,   b o t h  
o n  a r e g i o n a l  s c a l e  a n d  o n  a m i n i n g   d i s t r i c t  scale.  

Major t r a n s v e r s e   f a u l t s  a c ros s  t h e   A n d e s   i n   C e n t r a l   P e r u  
c o n t r o l   t h e   l o c a t i o n  o f  i lesozoic  a n d   C e n o z o i c   h y d r o t h e r m a l  
s y ~ j t e m s ,  w h i c h  were d r i v e n   i n   r e l a t i o n  t o  s u b v o l c a n i c   a n d  
v o l c a n i c   e d i f f i c e s .   N o r t h e a s t - t r e n d i n g   f a u l t   s y 5 t e m s   s u c h  as  
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e x p o s e d  at H u a u r a ,   C h a n c a y ,   a n d  Agua S a l a d a ,   n o r t h   a n d  ea s t  o f  
L i m a ,  a re  L r a c e d   c o n t i n u o u s l y   o v e r  50 t9 70 k m  i n   f u l l y  
e x p o s e d   m o u n t a i n o u s   d e s e r t .   T h e i r   m o v e m e n t  was l o n g - l i v e d ,  
r e c u r r e n t   a n d   v a r i a b l e ;   d e x t r a l - w r e n c h  o r  s t r i k e - s l i p  
m o v e m e n t s   a l t e r n a t e   m a i n l y   w i t h   g r a v i t a t i o n a l   d o w n t h r o w s  t o  
t h e   s o u t h e a s t .   O f f s e t s   i n   t h e   o r d e r   o f   s e v e r a l  k , i lometers  
h a v e   b e e n   d e s c r i b e d   b y   B u s s e 1 1  (1883) a n d  b y  V i d a l  (1987). 
V a r i a b l e   n a t u r e  of f a u l t   m o v e m e n t   i n d i c a t e s   v a r i a b l e  s t ress  
r e g i m e s .   T r a n s i e n t   c o m p r e s s i o n a l   p e r i o d s   d u r i n g   r e l a t i v e l y  
r a p i d   p l a t e - c o n v e r g e n c e   i n d u c e d   s t r i k e - s l i p .   T e n s i o n a l  
p e r i a d s   d u r i n g   s l o w - d o w n  or  h a u l t  of  s u b d u c t i o n   p r o d u c e d  
g r a v i t a t i o n a l   t e c t o n i c s .  
I n   t h e   W e s t e r n   C o r d i l l e r a   a n d   A l t i p l a n o   r e g i o n   t h e   N o r t h e a s t -  
t r e n d i n g   f a u l t   s y s t e m  is c o n t i n u o u s   a l t h o u g h   s p a r s s c l y  
r e c o g n i z e d .   C o n j u g a t e   N o r t h w e s t - t r e n d i n g   s i n e s t r a l   w r e n c h  
f a u l t s   w i t h  k . i lometr ic  d i s p l a c e m e n t s  a r e  e s p o s e d   i n   t h e  
C I t a c o c h a   r e g i o n ,  eas t  o f  Cerro d e   P a s c o .   I n d i r e c t   e v i d e n c e  o f  
u n d e r l y i n g   N o r t h e a s t   f a u l t s   s u c h  as  f o l d  d e f l e c t i o n s ,   g r a b e n -  
a n d   h o r s t - t o p o g r a p h y   a n d   l o c a t i o n  o f  s t o c k s ,  v o l c a n o e s   a n d  
v e i n  s w a r m s  are p r e s e n t .   M i n i n g   d i s t r i c t s   c h a r a c t e r i m e d   b y  
h y d r o t h e r m a l  ore d e p o s i t s   w h i c h  a re  c o n t r o l l e d  b y  s t r u c t u r e s  
re la ted t o  N o r t h e a s t - t r e n d i n g   f a u l t s  a re :  t h e   U c h u c c h a c u a  
Ag+i4n s k . a r n s ,   t h e  R i o  P a l l a n g a ,   H u A y p a r ,   C a r i d a d ,   H u a r b n   a n d  
C a s a p a l c a   A g + P b + Z n   v e i n s ,   t h e   S a n   C r i s t o b a l  W-eZn v e i n s ,   t h e  
S a n t a   C r u z   d e   C o c a c h a c r a  Ba+Zn m a s s i v e   s u l i i d e s   a n d  some o f  
t h e   I s c a y c r u z  Zn 5 k a r n s .   T h e   s t r u c t u r a l   t r e n d   d e f i n e d   h y   t h e  
m i n i n g   d i s t r i c t s  of Cerro d e   P a s c o   a n d   C o l q u i J i r c a  m a y  aEso b e  
r e l a t e d  t o  f u n d a m e n t a l   N o r t h e a s t - t r e n d i n g   h a s e m e n t   f a u l t i n g .  
S t r u c t u r a l   c o n t r o l s  c o i n c i d e  t o  locate  t h e   n e w l y - d i s c o v e r e d  
o r e  b o d i e s  a t  t h e   S a n t a  C r u z  d e   C o c a c h a c r a   a n d   C o l q u i j i r c a  
d i s t r i c t s  t o  b e   p r e s e n t e d  as case s t u d i e s .  

Massive s u l f i d e   a n d   b a r i t e   d e p o s i t s  o f  m i d d l e   C r e t a c e o u s   a g e  
are a c t i v e l y   m i n e d  P r o m  t h e  SaRta Cruz  d e   C o c a c h a c r a   m i n i n g  
d i s t r i c t ,  50 k.m eas t  o f  L i m a  ( V i d a l , ,  1987).  E s t i m a t e d  
p r o d u c t i o n   p l u s   r e s e r v @ s   a d d   u p  t o  5 m i l  l i o n   t o n s   o f  
d i r e c t - s h i p p i n g   b a r i t e  ores a n d  3 m i l l i o n  tons o f  s p h a l e r i t e  
ore a t  p l u s  8 p e r   c e n t  ZR c u t - o f f .   D e t a i l e d   g e o l o g i c a l  
m a p p i n g   a n d   c o r e - l e g g i n g   h a v e   r e v e a l e d  a l o c a l i z e d  
s u c c e s s i o n   o f   s u b m a r i n e   p y r o c l a s t i c   f l o w s ,  f e l s i c  lava  d o m e s  
a n d   h y d r o t h e r m a l   v e n t s   t h a t   o v e r l a p p e d   i n  time w i t h   w i d e s p r e a d  
c a l c a r @ o u s   s e d i m e n t a t i o n .   V o l c a n i s m   a n d  o r e  d e p o s i t i o n  were 
s t r u c t u r a l l y   f a v o r e d   a P o n g   a n   A n d e a n   t r e n d i n g ,   r i f t - l i k @  
d e p r e s s i o n  o r  s e c o n d - o r d e r   b a s i n .  Pa 1 e o g e o g r a p h i  c 
r e a d j u s t m e n t s  across N o r t h e a ç t - t r e n d i n g   t r a n s v e r s e   g r o w t h -  
f a u l t s   p r o d u c e d  c l a s t i c  r e w o r k i n g  o f  c x h a l a t i v e - s e d i m e n t a r y  
ores a n d   c o u n t r y  r o c k s  i n t o   d e e p e r   t h i r d - o r d e r   b a s i n s .  
T e c t o n i c a l l y - i n d u c e d   s l o p e   b r e c c i a s   a c c u m u l a t e d   a d j a c e n t  t o  
s y n - s e d i m e n t a r y   f a u l t - s c a r p s ;  rock a n d  o r e  d e b r i i  were 
t r a n s p o r t e d  Dver d i s t z n c e s   u p  t o  200 m .  R e d e p o s i t e d  ore 
material c l a s s i f i e d  by s i z e -   a n d   g r a v i t y - s o r t i n g ,   f o r m e d  
g r a d e d   b e d s   a n d   u n u s u a l l y   r i c h   p y r i t e ,   s p h a l e r i t e  o r  b a r i t e  
d e p o s i t s   i n   t h e   d e e p e s t   p a r t s   o f   t h e   h a s i n .   S u S s e q u e n t  
e r o s i o n   o f   t h e   v o l c a n i c   e d i f f i c e   g a v e  r i se  to p r o x i m a l  
v o l c a n i c 2 a s t i . c  iii-‘ecri.:25 w i t h  distal s a n d s t o n c  a n d   m u d s t o n e  
d e p o s i t s ,  a l l  o f   w h i c h   o v e r l i e   a n d   p r e s e r v e   t h e   o r e - b e a r i n g  
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h o r i z o n .  

C i r c a  20 m i l l i o n   t o n s   o f  C u + A g  ores a n d  35 m i l l i o n   t o n s  o f  
Zn+Pb+Ag ores h a d   b e e n   m i n e d  from t h e   w o r l d - c l a 5 5  Cerro d e  
P a s c o   m i n i n g   d i s t r i c t .   O n l y  19 k.m t o  t h e   s o u t h ,   t h e  
C o l q u i j i r c a   d i s t r i c t  h a s  p r o d u c e d  a t  l e a s t  100 m i l l i o n   o u n c e s  
o f  Rg f r o m   s u p e r g e n e   e n r i c h m e n t   z o n e s   a n d  more r e c e n t l y  8 
m i l l i o n   t o n s  of Zn+Pb+Flg ores. M i n e r a l   d e p o s i t s   i n   b o t h  
d i s t r i c t ç  are  o f   c o m p l e x   h y d r o t h e r m a l   n a t u r e ;   t h e i r  
a s s o c i a t i o n  t o  t h e   w a n n i n g   s t a g e s   o f   M i o c e n e   s u b a e r i a l  
v o l c a n i s m  i s  c l ea r  ( S i l b e r m a n n   a n d   N o b l e ,  1977; V i d a l  e t  a l . ,  
1984) .  T h e  nea r  N o r t h s o u t h   t r e n d   d e f i n e d  by t h e  Cerro d e  
Pasco a n d   C o l q u i j i r c a   m i n i n g   d i s t r i c t s  is c h a r a c t e r i r e d  by a 
r e d - b e d   a n d   l a c u s t r i n e   s e q u e n c e   o f   E o c e n e - O l i g o c e n e   a g e ,   w h i c h  
u n c o n f o r m a b l y   o v e r l i e s   J u r a s s i c   l i m e s t o n e ,   P e r m i a n  r e d  b e d s  
a n d   p r e - O r d o v i c i a n   f i l i t e s .   S u c h  a s t r u c t u r a l  c o r r i d o r  is 
b o u n d   b y   M i o c e n e   v o l c a n o e s   o n   b o t h   e n d s   a n d   l o n g i t u d i n a l  
f a u l t i n g   a l o n g   t h e   e d g e s .   R e c u r r e n t   f a u l  t movement  is 
e v i d e n c e d   b y  c a t a c l a s t i c  a n d   m y l . o n i t i c   Z n + P b  ores i n  Cerro d e  
P a s c o ’ s   C a y a c   N o r u e g a   d e p o s i t .   E v i d e n c e   o f   u n d e r l y i n g  
l o n g i t u d i n a l   f a u l t s   s u c h  as  M i o c e n e   d y k . e s ,   i n t e n s e  
d o l o m i t i z a t i o n  o f  P u c a r a   l i m e s t o n e s   a n d   s t r o n g   E a s t - W e s t  
f r a c t u r i n g   a p p e a r  West o f   t h e   C o l q u i j i r c a   d i s t E i c t .   S t r u c t u r a l  
l e v e l  a5 i n d i c a t e d  b y   c a m p a r i s o n  o f  v o l c a n i c  f ac i eç ,  v o l c a n i c  
g e o m o r p h o l o g y   a n d  ore t e x t u r e s  a p p e a r s   h i g h e r  a t  C o l q u i j i r c a  
c o m p a r e d  t o  Cerro d e   P a s c o .   R e c o n s t r u c t i o n   o f   t h e   M i o c e n e  
c o n f i g u r a t i o n  i s  i n t e r p r e t e d  a s  a v o l c a n o - t e c t o n i c   d e p r e s s i o n  
o r  g r a b e n .   S i g m o i d a l   d e f l e c t i o n  o f  t h e   g r a b e n   f r o m   r e g i o n a l  
s t r u c t u r e   a n d   p r e d o m i n a n c e   o f  east-West t e n s i l e   f e a t u r e s  a re  
i n t e r p r e t e d  a s  h i g h   l e v e l   s t r u c t u r e s   p r o d u c e d  b y   b a s e m e n t  
r u p t u r e   a l o n g   N o r t h e a s t - t r e n d i n g   d e x t r a l - w r e n c h   f a u l t s .  
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LITHOSPHERIC  MODELING OF THE ORDOVICJAN FORELAND BASIN IN 
THE  PUNA OF NW  ARGENTINA:  IMPLICATIONS  FOR  THE 

INTERPRETATION OF EARLY  PALEOZOIC  TERRANES 

Heinrich  Bahlburg 

Geologisch-Palaontologisches Institut,  Universitiit  Heidelberg,  Im  Neuenheimer  Feld 234,6900 Heidelberg, 
Germany. 

La Cuenca  Ordovicica  de la Puna  septentrional  argentina  se  desarrollo de  una  posicion  de  tras-arc0  a UM de 
antepais. Modelos  litosfericos  demuestran  que  la  interpretacion  original  basada en datos  sedimentologicos, 
volcanol6gicos  y el dlculo de  tazas  de  subsidencia  tectonica  corresponde  a procesos fisicos  vigentes en la 
evolucibn  de  cuencas  de  antepais.  Sin  embargo, los resultados  de la modelacion soportan dos  procesos  e 
interpretaciones  distintos: (i) La  evolucion  de la Cuenca controlada  por  compresion  asociada  a un aumento 
del  espesor  de la litosfera, O (ii) la construccion  de un arc0  sobre  corteza  continental  de un margen  pasivo 
anterior.  Las  dos  alternativas  tienen  consecuencias  geologicas  distintas  referiendose al moshico  de los 
terranes  del Paleozoico  temprano. 
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INTRODUCTION 

Most  studies  of  Early  Paleozoic  sedimentary  basins in NW Argentina  and  N  Chilè  led to qualitative 
reconstructions of their  geotectonic  evolution.  Here I present the results of a  lithospheric  modeling  approach 
towards  a  quantitative  interpretation of the  Ordovician  basin in the Puna of NW Argentina  which combines 
theoretical  considerations  with data obatined in the field. 

Tm EAIUY PALAEOZOIC  BASIN OF N W  ARGJWTINA 

M e r  the  Pampean  Orogeny in the  early  Cambrian,  the  Early  Paleozoic  evolution of marine  basins starts in 
the  Late  Cambrian.  The  Late  Cambrian  Meson  Group  overlies  the  Pampean  Orogen  with an erosional 
unconformity.  It is c. 3000 m  thick  and  consists  predominantly of shallow  marine.  partly  tidally  influenced 
quartz-sandstones  and  shales.  They  were  deposited  on  a  west-facing  marine  platform  (Kumpa  and  Sanchez, 
1988). With  a  fhrther  erosional  unconformity, the Meson  Group is overstepped to the E and W by the 
quartz-rich  sandstones  and  shales of the  Santa  Victoria  Group (Latest  Cambrian  to  Early  Llanvirn). 



498 Secotld ISAC, 0.YfOl-d (UK)> 21 -23911 993 

Restricted  to  the  Arenig.  a  magmatic arc became  active  farther W in the  western  Puna  region  and in 
N Chile. It is mainly  evidenced by basaltic to andesitic  lavas of geochemical  volcanic arc affinity, and 
associated  volcanoclastic  apron  deposits of c. 3500 m thickness (Koukharsky et al., 1988; Breitlueuz  et  al., 
1989; Baldburg, 1990). At this  time,  the  Puna  basin  and the siliciclastic platfom of the Santa Victoria 
Group  were in a  back-arc  position.  Tectonic  subsidence  analysis  indicates  a  major  loading  event in the 
western  Puna  during the Arenig  which  transformed  the  Puna  basin  into a foreland  basin  (Bahlburg, 1990). 
This was  accompanied by the  emergence of the  Cordillera  Oriental in the  Early  Llanvirn. In the Middle 
Ordovician,  a c. 3500 rn thick  volcanoclastic  turbidite complex was  deposited in the Puna basin.  Presently 
available  data  suggest  that  the  Arenig arc had  been  extinct by this  time. 

In modification of earlier  subduction  modcls  for  the  Andean  margin in the Ordovician  (Coira  et al., 
1982; HervC et al., 19&7), the  evolution  of  the  Ordovician  basin in the puna  and  Cordillera  Oriental \vas 
interpreted as connected  to the collision of the Arequipa Terrane (Ipamos, 1988; Forsytke et al., 1993), 
leading to the Early  Ordovician arc being  thrust  eastward over its bacl-arc basin pahlburg, 1990). This 
interpretation \vas able  to  explain  tectonie  subsidence  rates of up  to 600 m/h/Ia associated  with high 
sedimentation  rates in the developing  foreland  basin.  Horvever,  there is no positive  evidence  of the 
respective  thsust  fault, amd alternative  interpretations  have  to be  tested. 

According  to  the  recently  revived  hypothesis of the  Late  Proterozoic  supercontinent  in the Cambrian 
(Bond et al., 1984; Dalziel, 1991; Dalla Salda et al., 1992), eastern  North America rifted  away from western 
South h e r i c a  during  the  Cambrian. This may  be reflected in W Argentina by the  Late CambrianBarly 
Ordovician  potential  rift-to-drift  succession in the  Argentinian  Cordillera  Oriental  represented by the 
Mesh  and  Santa  Victoria  Groups  (see  above).  Consequently it would be lkely that a passive  margin  stage 
in the Late Chmbrian and possibly  Tremadoc  preceded  the  development  of  the h e n i g  arc as part of an 
active  margin. 

In order  to  test  both  interpretations, an infinite  beam  elastic  plate  lithospherie  loading model  \vas 
applied  which is able to take accounl of 1" order  features  obsewed  in the amlution of the Ordovician  Puna 
basin in NW Argentina. T m  scenarios  were  testet: (i) that of lithospheric  thickening  through  thrusting of 
the existing arc over its back-arc  basin  (Tectonic  Scenario),  and (ii) that of arc construction on a previously 
passive  margin  (Arc S ~ e ~ r i o ) .  Nmerical details of the model  will  be  discmsed  elsewhere  (Baldburg  and 
Furlong, in prep.). 

Arc  Scenario:  The fïrst loading  event in the  Arenig (mas. 6000 m load  thiclmess) is taken  to be dominated 
by  early  volcanic  products of basic  chemistry  with  a  density of 2900 kg/m3. The sediment  shed  from this 
evolving source is taken to be of eorresponding  increased  density, i.e 2700 kg/m3.  On  the far side of the 
basin,  sediment input reflects rnetaworphic and  plutonic sources, the sedimentary  rocks of the mtern Puna 
basin  are  quartz-rich, and their  density is assumed as 2500 kg/m3. At the time of the  second  loading  event in 
the Llanvim (rnax. 2000 rn load  thickness), the arc is assumed  to  have  wolved  to  upper  crustal 
con~positiom with  a  density  of 2800 kg/m3,  with a corresponding  density of the  eroded  sediment  of 2600 
kg/m3. For  the  third  tirnestep in thc  Llandeilo no additional  loading  event is assumed as there is no record 
of active  volcanism.  The  sediment  is  taken to reflect  erosion  to  deeper  levels  of the arc,  cutting  into 
granitoih, and  a  density of 2500 kg/m3 is used. 
Tectonic  Scenario:  Throughout this scenario, an upper crustal  density of 2800 kg/m3 is  assigned to the 
tectonic  loads.  Eroded  sediment in al1 timesteps ha5 a  density of 2500 kg/m3. No tectonic  loads  were  added 
in the  Llandeilo lime step as tectonic  subsidence  data  indicate  a  decrease in the subsidence rate at this time 
(Baldburg. 1990). 

The  results  obtained in the two different  scenarios  show  only  very  minor  diKerences  between  thern. This is 
not  surprising as the hvo runs dBer only in the  small  density  differences  assigned  to  the  various  loads. 
These  differences  play  only an insignificant  role  in  comparison  to  the ovemding interplay between the  size 
of the  loads  and  the  flexvral  properties of the loaded  lithosphere.  Therefore it appears to be justifkd to 
ignore  these  minor  discrepancics in the  following  discussion. 
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Fig. 1:  Arc  Scenario,  results  of  timestep 2 (Llanvirn),  assuming  a flesural rigidity of the  lithosphere of  10’’ 
Nm.  baseline:  top  of the lithosphere  before  loading;  flexed  baseline:  top of the lithosphere  after  loading. 

As the  main  conclusion  from the mode1 scenarios it can  be  stated  that  under  both  assumptions  the  geometry 
and  facies  patterns of the  Ordovician  Puna  basin  were  reproduced  well for a total  load  thickness of mm. 
8000 m, loading  a  lithosphere with a flemral rigidity  of 10’’  Nm, representing an equivalent  elastic 
thickness of  13 km. This is a fitting value  either  for  a  thinned  back-arc  crust  or  a Young leading  edge at a 
previously  passive  margin  (Karner  and  Watts,  1983;  Erickson,  1993). The results are inconsequential in so 
far  as no preference  for  either of the scenarios  can be  derived.  However,  they  have  distinctly  different 
implications  for  interpretations of the geotectonic  evolution  of NW Argentina  and N .Chile. 

According to Ramos  (1988), the Arequipa  Terrane  docked  to.  the  Pampeanas  Terrane in the Ocloyic 
Orogeny at the end  of the Ordovician.  Although  there is no positive  evidence of a major  Ordovician  suture 
in this region, the terrane  boundary  behveen  the  Pampeanas  Terrane in the E, and  the  Arequipa  Terrane in 
the W is assumed to be located  along  the  border  behveen  the  Cordillera  Oriental  and the Puna, or within  the 
Puna. In either case, the Arenig arc would  reside  on  the  Arequipa  Terrane.  This  interpretation  corresponds 
to  the  Tectonic  Scenario  presented  above. If, however, the  Arenig arc was  constructed  on  the  previously 
passive  margin of the Pampeanas  Terrane. as is inherent to the Arc  Scenario,  the arc would  reside on the 
former  trailing edge  of this terrane. The suture with the  Arequipa  Terrane  would  accordingly  coincide  with 
the position of the Ordovician  subduction  zone W of the Cordon  de Lila in N Chile (Niemeyer,  1989). This 
interpretation  is  supported by the  facies  patterns  and  geometries of the  Ordovician  sedimentary  rocks  in  the 
Cordillera  Oriental  which  represent,  from  E  to W, an unintermpted shelf-slopebasin section  (Bahlburg, 
1991).  Further  field  studies  should be  directed  towards  identlfylng  the  actual  position  of  the  suture  between 
the  Pampeanas  and  Arequipa  Terranes. 



500 Second ISAG, Oxford (UK), 21 -2.3i91199.3 

BAHLBURG, H., 1990, The Ordovician  basin in the  Puna of NW Argentina  and N Chile:  geodynamic 
evolution from back-arc to foreland  basin. Geotektonische Forschungen 75, 1-107. 
BAHLBURG, H., 1991,  The  Ordovician back-arc to  foreland suceessor basin in the Argentinian-Chilean 
Puna: tectonos&menm trends  and  sea-level changes. In: Sedirnentation,  Tectonics,  and Eusfasy (Ediied 
by Macdonald, D.I.W.) . S'ecial Publications of the international  Association of Seditnentologists 12, 
465-484. 
BOND, G.C., NICICESON, P.A. and KOVLIEPIZ, M.A.,  1984,  Breakup of a supercontinent between 625  and 
555 Ma: new evidence and implications for continental histories. Earth  and Planetay Scieme Letters '70, 

BTeEImUZ,  C., BAHLBURG, H.,  DELAKOWITZ, B. and PICHOWIAK, S., 1989,  Volcanic  events in 
the Paleozoic central Andes. Jourr-nal ofSouth Arnericatr Earth Sciences 2,  171-189. 
COWA, B., DAVLBSON, J., ~ O D O Z I S ,  C. and RAMBS, V., 1982,  Tectonic  and  magmatic  evolution  of 
the Andes of'norlhern Argentina  and  Chile. Earth Science Reviews 18,303-332. 
DALLA  SALDA,  L.,  DALZIEL,  I.W.D.,  CINGOLANI, C. and VARELA, R, 1992,  Did  the  Taconic 
Appalachians  continue  into southem South America? Geologv 20, 1059-1062. 
DALZIEL, I.W.D., 1991,  Pacifie  mmgins of Lawentia and East Antardca-Australia as a  conjugate riIl 
pair: evidence amd implications for an Eocmbrian supercontinent. Geo/ugv 19,598-601. 
ENCKSON, S.G., 1993,  Sediment  loading,  lithospheric flexure, and  subduction initiation at passive 
margim. Geology 21,  125-128. 
FORSYTHE, B.D., DAVLBSON, J., M€"9DOZIS, C., and JESINCEY, C., 1993, Loever Paleozoic  relativc 
motion  of the Arequipa  bloek  and  Gondwana:  paleomagnetie  evidence  frorn  Sierra  de  Almeida  of nofihem 
Chile. Tectonics 12,219-236. 
HERV6, F., GQDOY, E., P W A ,  M.A., lUMQS, V. W E L A ,  C., MPODOZIS, C. and DAWSON, 
J., 1987, A general view on the Chilm-Argentime Andes, with emphasis on their m l y  histoq. American 
Geophysical Union  Geodynalnic Series 18, 97-1  13. 
K O U I ~ S K Y ,  M., COIRA, B., BARBER,  E. and HANNING, M., 1988, Geoquimica de vulcanitas 
ordovicicas  de la h a  (Argentina) y mus implicaneias tecibnicas. J< Congres0 Geoldgico Chileno 4, 

Karner, G.D. and  Watts,  A.B.,  1983, Gravity anomalies and flexwe of the  lithosphere at mountain ramges. 
Journal of Geoplysical Research 88, B4,449-477. 
K W A ,  M. and SmCHEZ, MC., 1988, Geolog and  sedimentology of the Cambrian Grupo Mesbn @W 
Argentina). IR: The  southern Central  Andes:  contributions  to  structure and evolution of cm active 
continental  margin (Edited by H. Bahlburg, C. Breitkem, and P. Giese). Lecture Notes in Earth  Sciences 
14,39-54. 
NlEM€YER, H., 1989, El complejo  igneo-sedimentario  del  Cordon  de  Lila, region de  Antofagasta: 
Significado teethico. Revista Geoldgica de  Chile 16, 163-181. 
RAMOS, V.A.,  1988. Late  Proterozoie-Emly  Paleozoic  of South America - a collisional kistorgr. Episodes 

. 325-345. 

1137-158. 

11, 168-174. 



Second ISAG, Oxford (UK), 21-23/9/1993 501 

A COLLISIONAL  MODEL FOR THE STRATIGRAPHIC  EVOLUTION  OF THE 
ARGENTINE  PIIECORDILLE3A  DURING “HF, EARLY PALFOZOIC 
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RESUMEN.  Se  analiza  la  posible  relaci6n  existente  entre  la  his- 
toria  sedimentaria y la  evolucicin  geodinrlmica  de  la  Precordi- 
llera  a  la  luz  de  la  hipcitesis  de  su  origen  como  un  microconti- 
nente  fragmentado  de  Laurentia y posteriormente  acrecionado  a 
Gondwana  durante  el  Paleozoico  temprano. 

KEY  WORDS:  Argentina,  Precordillera,  Early  Paleozoic,  geodyna- 
mies. 

On  the  basis  of  Dalziel‘s  model  (1991),  Dalla  Salda el. 
0 . 1 .  1992a;  1992b)  suggested  a  Late  Ordovician  collision  between 
South  America  and  Laurentia  in  order  to  explain  both,  the  Taco- 
nie  orogeny  in  the  Appalachians  and  the  Famatinian  orogeny  in 
Western  Argentina.  According  to  this  model,  the  carbonate 
platform  of  the  Precordillera represents the  southward 
continuation of the  Appalachian  margin.  However,  several  lines 
of  evidence  suggest  that  the  precordilleran  and  eastern  North 
America  margins  represent  a  conjugate  rift  pair,  as  was 
proposed  by  Bond el. aL.(l984). Herrera & Benedetto (1991) 
demonstrated  that  the  brachiopod  faunas  of  the  San  Juan 
Limestone  (Early  Ordovician)  contain a significant  proportion 
of Toquima-Table  Head  genera  associated  with  several  Celtic  and 
Baltic  elements.  Because  the  Celtic  genera  have  never  been 
recorded  from  the  North  American  Ordovician  sequences, 
paleontological  evidence  do  not  supports  continuity  of  South 
America  and  Laurentian  margins.  Nevertheless,  the  faunal 
affinities of trilobites  suggest  that  both  margins  were  very 
close  during  the  Cambrian.  The  increasing  amount . of  Celtic 
genera  from  Early  Arenig  to  Early  Llanvirn  may  reflect  a 
gradua1  expansion  of  the  Southern  Iapetus  Ocean.  Petrologic 
evidence  from  the  Famatina  Range  (Acefiolaza & Toselli, 1988; 
Mainheim & Miller,  1992)  are  particularly  significant  in 
demonstrating  the  existence  of  an  Ordovician  volcanic  arc 
between  the  Gondwana  basement  and  the  Precordillera  belli.  Deep 
seismic  reflection  data  across  the  Sierras  Pampeanas  and 
Precordillera  boundarv  seem  to  be  consistent  with  an 
allochtonous  origin  of-  the  Precordillera  (Cominguez & Ramos, 
1991 ) . 
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Recently,  Benedetto (1993) proposed  alternative  paleogeographic 
modela  consistent  with  the  biogeographic  evidence.  The 
hypothesis  of  PrecordilPera  being  a  microcontinent  which  rifted 
from Laurentia  in  the ' Late  Proterozsic or Early Cabrian, 
drifting  from low to  hi&  1atitudeB  is  examined in detail  in 
thif; paper and sumarized in  figure 1. 

Eate Proterozsic-EarPy Cmbriam. The  rifting  and  opening  of 
the Southern Iapetus Ocean, at  about 550-570 Ma produced the 
paseive  continental  rnargin  of  Precordillera. A succession of 
red beds and evaporites  which seerns to  underlie  the  Early C m -  
brian  Pimestones  in  the  northern  Precordillera may represent  a 
rift  rePated sequence. PaleontolsgicaP  data  indieate  that a 
narrow ocean separated  both margfns. At  the  Precordillera 
latitude,  the  Late Precmbrian-Early Cambrian  Caucete  Group  was 
deposited on the  Gondwana  margin.  This sequence, which  could 
represent  passive  margin  sedimentation, was fqlded and 
metamorphosed  probably as a  result  of  the  development of an 
east-dipping  subduction zone. 

14iddle-Late Cmbrian, Carbonate  deposition w a s  continusus 
throughout  the  PrecordilPera  platform.  The  Middle Cmbrian 
successions  are  mainPy  subtidal,  while  the  Eate  Cambrian  is 
composed by intePtidal  dolostones. A coeval thick succeasion of 
rift-related  shallow  watea  sandstones  and shabes (Meson Groupl 
w a s  deposited on the  Gondwana  margin  in  northwestern  Argentina. 

Tremadoc. The  Late  Carnbrian  tidal  fPat  carbonates (La Ple- 
cha  Formation) are followed by a predominantlg calcareoua mid- 
shelf sequence (La S f P P a  Formation).  The deegening correlates 
with a global sea PeveP rise  which  ia  reflected on the  Gondwana 
rnargin  by a widespread  transgressive  clastic sequence (Santa 
Victoria Group). In  the Fmatina basin2 the black shaPe~s of the 
Volcancito  Formation were deposited  in an ensialfc  back-arc 
basin related  to  the  Cambrian  east-dipping  subduction  zone. A 
sirnilar  geodynamic scenary was proposed by Bah1bur.g and 
Br3eitkreua (1991) to  explain  the  origin  of  the  Puna and 
Cordillera  Oriental basins of  northwestern  Argentina. 

Wrewig. 90 Ma after  the  break-up,  the  PrecordilPera was 
placed  approxirnately 2500 Km to  the SE of  Laurentia and a . 
narrowing ocean separates  it  frorn  Gondwana.  To  the  east  of  the 
subduction zone an extensive  volcanic arc system  was  active. 
Shallow marine  fossiliferous  shales,  sandstones and layere: of 
volcaniclastic  rnaterials  (Suri  Formation)  filled  the  Pamatina 
back-are basin. The  presence of brachiopods  of  Celtic  affini- 
ties  indicates  for  the  first  time a faunal connection  with  the 
Precordillera  carbonate  platform.  Similar  thick  successions 
related  to  prograding  shorelines  and  storm  dominated  deltaie 
complexes  (Aeoite  and  Sepulturas  formations)  were  deposited  in 
the  Cordillera  Oriental  in  northwest  Argentina  (Astini & 
Waitsfeld, 1993). 

Elmvirn-Llmdeilo- Continued eastwmd subduction  resuited 
in  the elosure and deformation  of  the  Pamatfna  back-arc  basin 
(early stage  of  collision)  giving rise to  the Guandacol oroge- 
nie  event.  The Ear ly  Llanvirn  is  marked by extensive  bPack 
shale  deposition  covering  the  carbonate  platform  (Astini et 
aL., 1988) in a starved  peripheral  foreland  and accumuPation of 
thick  turbidites  and  olistostromes  (i.e.Rinconada FosPrnation) 
adjacent  to  the  Gondwana basement. The  major  subsidence  to  the 
east  could be interpreted as a response of active  thrust 
loading along the  eastern  border  of  the  Precordillera.  The 
facies  changes  setggest  that a block-faulted  Btructure 
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accompanied  the  subsidence of the  Precordillera  colli6ional 
foredeep.  Prominent  diachronous  conglomerates  (i.e.La  Cantera 
and  Las  Vacas  Formations)  suggest  active  motion of normal 
faults  during  the  Llandeilo-Early  Caradoc,  but . these coarse 
grained  sediments  also  could  have  been  der5ved  from  sinistral 
wrench  faulting  related  to  the  collision.  Along  the  open  sea- 
faced  margin  a  thick  slope-to-basin  clastic  wedge was being 
built  (Astini, 1988). 

Caradoc-Ashgill, Upwarping  and  erosion of the  distal  por- 
tion  of  the  peripheral  foreland  gave  origin  to  a  regional  un- 
conformity  developed  diachronically  during  the  Late  Ordovician 
in  Precordillera  (Astini, 1992). Thick  carbonate  megabreccias 
(Trapiche  and  Empozada  formations)  were  shifted  from  the  struc- 
tural  high  into  local  strongly  subsident  depocenters  evidencing 
active  cannibalization of exposed  older  Ordovician  strata. To 
the  western  belt,  the  clastic  wedge  interfingered  with pillow 
lavas  during  the  Caradoc  (i.e.Yerba  Loca  and  Alcaparrosa  forma- 
tions)  (Astini,  1988).  During  the  Hirnantian,  eastern  derived 
glacial  sediments  were  deposited  in  the  Precordillera. 

Silurian-Devonian, Siliciclastic  sequences  are  composed 
mainly  by  fine-grained  shelf  deposits,  mostly  confined to the 
east  side  of  the  forebuldge.  The  Early  Silurian  successions 
onlap  the  structural  high  to  the  West.  On  the  easternmost  bor- 
der  of  the  Precordillera  basin,  the  influx of flysch-like  sedi- 
ments and  olistostromes  during  the  Llandovery  and  Wenlock  (Mo- 
gotes  Negros  Formation)  points  out  the  final  stages of the 
collision,  although  they  might  be  related  to  a  shear  zone  which 
displaced  the  Precordillera  with  a  north-south  trend  (Ramos e t  
(zL.,1986).  The  general  stacking  pattern  and  the  cyclical  facies 
arrange of Silurian  and  Devonian  succcessions was controlled  by 
eustacy or by  the  lithosphere  rheology of the  foreland. 
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THE ORIGIN AND EARLY HISTORY OF THE PACIFIC MARGIN OF 
SOUTH AMERICA: THEIR INFLUENCE ON THE DEVELOPMENT 

OF THE ANDEAN CORDILLERA 

Ian  W.  D. DaZIEL 

Institute  for  Geophysics 
8701  Mopac  Boulevard 
Austin,  Texas  78759-8397  USA 

For  nearly a  century,  various aspects of  the  foundation  of  the  Andean  Cordillera  have led geologists  (e.g. 
Burckhart,  1902;  Steinmann,  1923;  Dalmayrac et al.,  1980)  to  speculate on  the  existence  of a major 
continent  to  the W e s t  (present  coordinates)  of  South  America  during  the  Paleozoic.  Recently  Moores  (1991) 
and Dalziel(l991) have  revived  earlier  ideas  (Eisbacher,  1985;  Bell  and  Jefferson,  1987)  that  the  Pacific 
margins  of  North  America  and  East  Antarctica-Australia  may  have been juxtaposed  in  the  late  Precambrian. 
This  has  led to the  idea  that  Laurentia,  the  Precambrian  core  of  North  America,  may  have  “broken  out”  from 
between  East  Antarctica-Australia  and  South  America  during  the  Neoproterozoic to Cambrian  amalgamation 
of Gondwanaland  (Dalziel,  1991;  Hoffman,  1991).  According  to  this  hypothesis  the  Neoproterozoic 
opening  of  the  Pacific  Ocean  basin  was  balanced  on a  globe of constant  radius  by  the  closure  of  several 
ocean basins  between  the  cratons  that  amalgamated to form  Gondwana,  and  “southern Iapetus” opened  at  the 
end  of  the  Neoproterozoic  between  Laurentia  and  the  coalescing  cratons of West  Gondwana  (Dalziel, 
1992a,b). 

Paleomagnetic  data are compatible  with  clockwise  rotation  of  Laurentia  around  the  Pacific  margin  of 
Gondwana  during  the  Paleozoic en route to final “docking”  with  northwestern  Africa  (present  coordinates)  to 
form  Pangea  (Dalziel,  1991,  Fig.  2).  Indeed  several  lines  of  evidence  suggest  that,  following  initial 
separation in the  latest  Neoproterozoic to Early  Cambrian,  Laurentia  may  have  tectonically  interacted  with 
the  Pacific  margin of South  America  in  the  course of this  motion  @alla  Salda et al., 1992a,b;  Dalziel et 
al.,  1992  and  in  press).  The  accompanying  figure  shows  hypothetical,  but  paleomagnetically  acceptable, 
relations of Laurentia  and  South  America  at  specific  times  from  the  end  of  the  Precambrian  to  the  assembly 
of Pangea  in  the latest Paleozoic.  The  reconstructions  may  explain  several  long-standing  tectonic 
problems,  yet  they  do  not  appear to conflict with  well-established  interaction  between  Laurentia,  Baltica, 
and  other  tectonic  units of the  present-day  North  Atlantic  region.  Critical  elements of  the  overall 
hypothesis  are  outlined  below.  The  suggestion  of  specific  times of continent - continent  collision  is  not 
meant to  imply  simple  tectonic  settings.  The  zone  between  the  continents  would  have  been as complex as 
the  Tethys  or  present-day  Mediterranean. 

Latest  Precambrian  (570  Mal:  The  Labrador-Greenland  promontory of Laurentia  rifts from  the  Arica 
reenwant  in  the  Gondwana  margin,  possibly  while  some  Brazilide  basins  are  still  closing.  The  Arequipa 
massif is  a  fragment  of  the  Ketilidian-Makkovik  provinces  of  Greenland  and  Labrador.  The  Paleozoic 
intracratonic  basin  between  the  Arequipa  and  the  Amazonian  shield  may  mark  a  failed arm of  the rift 
system. 
Cambrian-Earlv  Ordovician (500 Ma):  Laurentia rifts from  the  proto-Andean  margin,  isolating  the  benthic 
trilobite  fauna of  the  continent.  The  “southern  cone”  (from  Georgia in the  east  to  Trans-Pecos  Texas  in  the 
West)  may  have  remained  attached  to  Gondwana  in  the  vicinity  of  the  present-day  Weddell Sea. 
Mid-Ordovician  (487  Ma):  Laurentia  and  Gondwana  collide to form  the  Taconic-Famatinian  (Ocloyic) 
orogen,  possibly  continuing  into  the  Shackleton  Range of  Antarctica.  Upon  subsequent  rifting  (possibly 
pre-Ashgillian),  the  Precordilleran  terrane of  northwestern  Argentina is detached  from  the  Ouachita 
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embayment  of  Laurentia,  and  the  Oaxaca  terrane  of  Mexico  is  detached  fi-om  the  area  of  the  Arica  reentrant 
of South  America. 
Late Ordovician  and  Silurian  (422 Ma): Laurentia  and  Gondwana  separate.  Laurentia  occupies  temperate  to 
tropical  latitudes  while  the  Pacific  margin  of  Gondwana  undergoes  glaciation. 
Devonian  (374  Ma):  Following  the  Laurentia-Baltica  collision  that  ended  the  Caledonian  orogeny,  Laurentia 
and  Gondwana  collide  once  again in a dominantly  right-lateral  transpressive  mode.  Much  of  what  is  known 
as  the  Acadian  orogeny  in North America  may  reflect  this  interaction.  Distribution  of  the  Malvinokaffric 
and  Cosmopolitan  faunas  would  have  been  strongly  influenced  by  the  changing  paleogeography  over  this 
time  interval.  Subduction  of  Pacific  Ocean  floor  commences  beneath  the  central  Chilean  margin. 
Latest  Paleozoic  (265 Mal: Laurentia  finally  docks  with  present-day  northwestem  Africa  in  the  Ouachita- 
Alleghanian  orogenesis to terminate  the  Appalachian  revolution  and  complete  the  amalgamation  of  Pangea. 
Pacific Ocean floor  is  subducted  beneath  the  entire  proto-Andean  margin. 

The  hypothesis,  if  basically  correct,  has  several  major  implications for the  development  of  the  Andean 
Cordillera  in  the  Mesozoic  and  Cenozoic.  For  example:  1.  As  suggested  by  others  (e.g.  Dewey  and  Lamb, 
1992)  fi-om a  purely  South  American  standpoint,  the  Arica  reentrant  may  be an original  feature  and  may 
have  exerted  control  over  the  tectonic  development  of  the  Pacific  margin  throughout  the  Phanerozoic.  The 
Patagonian  and  Colombian  oroclines  may also date from initial  rifting.  2.  The  crust  beneath  the  Altiplano 
may  have  been  thickened  initially  in  Grenvillian  collision of the  Laurentian  craton  with  Amazonia.  3. 
Laurentia  may  have  played a  critical  role  in  the  diachronous  initiation  of  subduction  of  Pacific  Ocean  floor 
beneath  South  America.  4.  Subduction  erosion  along  the  Pacific  margin  of  South  America  may  have  been 
limited  to  material  accreted  during  the  Phanerozoic. 
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Figure Caption 

Molleweide  projection  showing  hypothetical, but paleomagmetically  acceptable,  positions  of Laurentia with 
respect to South  America  during  the  Paleozoie. The figure is modified  from am eadier diagram  (Dalziel, 
1991, Figure 2) that  was  eonstrueted , t o  show  that hurentia could  have “broken out” frorn  between East 
Antarctica-Australia  and  South  America  at  the  end of the Recambrian. In the  present figure, Gondwama is 
reconstructed using marine geophysical data as  More, with South  America kept in its present-day 
coordhates. Paleomagnetic  controls are mainly fiom Van Der ‘Voo (1988). 

Early  Nmproterozoic  Laurentia (ea. 750 Ma) is  shown agaainst East  Antarctiea-Ausualia as it may have  been 
prior  to  opening of  the  Pacifie  Ocean basin amd malgrnation of  Gomdwama (“mes, 1991; Balzid 1991; 
Hoffmam, 1991). Laurentia is shown in the late Neoproterozoic  (ea. 570 Ma) with  the  Labrador-Greenland 
promontory locatd within  the  Arica reentramt (Dalziel, 1992b). The positiom for the  Early  Ordovician (500 
Ma) is as,im Dtlziel(l991 and 199%). The  Laurentia-Gondwana collisiom suggested  by  Dalla Salda (1992a, 
b) to have  resulted in the Taconic-Fmatiniam  (-ShacHetom?)  orogen is shown at 487 Ma; this is perhaps 
about 25 million  years  too  early for the main  deformatiom amd mekmsrphism,  but the paleomagnetic 
control is better. The position for Laurentia at 422 Ma is that of Dalziel (1991). Right-lateral 
transpression  between  Laurentia  and  Gondwana  suggested to aceount for the main effects of the Acadian 
orogeny is indicated at 374 Ma (Dalziel et al., 1992 and  in press); this is rather late for the Acadiam, but 
again the paleomagnetic control is better.  The  reconstruction of Pangea  by  ea. 26.5 Ma is based  on marine 
geophysical data. 
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THE  ACHALA  BATHOLITH  (CORDOBA,  ARGENTINA) 
A COMPOSITE  INTRUSION  MADE OF INDEPENDANT  MAGMATIC  SUITES 

(1) Centre de GBologie GBnBrale  et  MiniBre, Ecole des Mines, 35 rue Saint-Honore, 77305 
Fontainebleau,  FRANCE 
(2) Comisi6n .Nacional de Energia Ath ica,  Avenidad del Libertador, 1871 , Buenos Aires, 
ARGENTINA 

ABSTRACT : In the Sierra de Cordoba (Argentina), the Achala batholith consists in four 
independent  peraluminous  magmatic  suites  which  shows  contrasted  major and trace elements 
spectra  and  variable  metallogenic  specialisation. 

KEY WORDS : Sierras  pampeanas,  S-type  granites,  diff  erenciation , melallbgenic  specialisation 

INTRODUCTION 

The  Achala  batholith  which  outcrops  over  a  surface  of  about  2500  km2, is a  major  element 
of the Sierra Grande de Cordoba,  the most oriental of the  Pampean  ranges.  Several  deposits  and 
showings of W, Cu,  U,  F,  Li,  Be, Nb and  Ta,  are  spacially  associated  with  the  batholith. 

The  recent  papers dealing with its petrology and geochemistry  consider only transversal 
cross-sections or limited sectors.  The present study intends to take into account the whole 
batholith, since it is based on 84 reliable samples, carefuly selected out of the 450 available 
analyses, in order to to represent  the  different  facies  and  the  different  sectors of the  intrusion. 

The  Achala batholith is a  post-tectonic intrusion emplaced in high grade  rnetarnorphic 
rocks of the  parnpean  cycle  (Upper  Proterozoic). It is composite ; its main  facies  are  synchronically 
emplaced in an  environment of submeridian  crustal  shearing  during  a local extensional  stage. An 
horizontal  shortening  induces  the  formation of  NW to NNW trending  magmatic  shear  zones  which 
host  synkinematic  intrusions.  After its emplacement, the batholith  was  affected by large dextral 
wrench faults associated  with  mylonites,  which  are  anterior to the Upper  Carboniferous, and by 
inverse  faults  related  to  the  Andean  cycle . 

FOUR  MAGMATIC  SUITES 

Structurai,  petrological  and  geochemical  data  allow one to divide the Achala  batholith into 
homogoneus  sectors and to recognise  at least four  rnagmatic  suites ; the limits between the 
different  dornains,  are not always  obvious in the  field,  but  are marked by  strong  geochemical 
discontinuities,  particularly  emphasized by the  radiometric  data. 

Each suite regroups various petrographic facies : equigranular biotite granodiorites, 
porphyritic  granodiorites and granites,  coarse  grained  granites,  equigranular  muscovite  granites, 
aplite  and  pegmatites. 

Al1 these different suites present a peraluminous character (S-type granites) but 
distinctions can be  made  using  both  trace and major  elements :the Achala  suite is richer in K, Rb, 
Sr,  Zr, Th  and  U , the Champaqui  suite  richer in Na, Ba and  Mg ; the Characato and Cumbrecita 
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suites are intermediate between the former.The Characato suite is partieularly rieh in REE ; Y and 
Nb present here a different  behaviour. 

Each suite seetms to  have its proper metallogenic  specialization.: the uranium and fluarite 
depssits and showings appear related to the Aehala  suite , the W deposits and showings to the 
Characato suite and the  pegmatites of metallogenic  interest (Li, Be, Nb, Ta, P) to the  Champaqui 
suite. 

These difference that have been just mentionned, are sbserved even in the less 
differenciated members of the various suites : the parental magmas must tkus have been 
independent and these suites may be of very different ages.The publisked geoehronological 
studies carfled sut without taking car8 of the composite charasfer BI the bathslith, assing ts the 
Aehala bathslith an age varying frsm Siluflan Io Cadmniferous. : 399 +25 Ma for the Achalamite 
(probably errorehron) (Rapela &I al. 1982); 337k30 / 358+9 Ma for the Characato  suite (Rapela & 
al. 1991). As long as new data are not available,  one  must thus be very cautious about any 
geotectonieal  interpretation of the Achala batholith. 

REFERENCES 

ALVAREZ, J. O., 1992. Beterminacidn  petroldgiea de facies igneas regionales en el batolito de 
Achala y su psible evoluci6n. C.N.E.A. unpubl. report. 
BALDO, E. G. A., 1992.  Estudio petrsl6gico y gesquimico de las rocas igneas y metamQrficas 
entre Pampa de Olaen y Characato, extremo nom de la Sierra Grande de CBrdoba. Cdrdsba, 
Repljblica Argentina. Thesis, Fat- Cs. Ex., Fis y Nat., Univ. Nac. de C&rdoba. 
CUNEY, M., LEROY, J., VALDIVIEZO, A., DAZIIANO, O., GAMBA, M., ZAWCO, J, MORELLO, O., 
NINCI, C. and MOLINA, P., 1987. Geschemistry of uranium  mineralised Aehala granitie esmplex, 
Argentina : csmparissn wilh hercynian peraluminsus leucogranites of Western Europe. In 
Metallogenesis of Uranium  deposits. Inter. Afom. Enef. Agency, Vienne, p. 21 1-232. 
GAMBA, M., 1981. Difereneiaeiones  petrogrhfieas y gecsquimicas en el Area de Copina, seetor' 
sudeste del batdito de Aehala, Sierra Grande de Cdrdoba. Distribuci6n del uranio en las distintas 
facies graniticas. C.N. €.A. unpubl. report. 
GORBILLO, C. E. and LENCINAS, A. N., 1979. Sierras Pampeanas de C6rddsba y San Luis. Se@ 
Simp. Geol. Reg. Ag.,  Acad- Mac. Cienc, Cdfdoba, 1, pn 577-650- 
LIRA, R. , 1985. Tipslsgia y evolucidn de rocas graniticas en su relaeidn con el hemiciclo 
enddgeno de la geoquirnica del uranio. Aspectos rnetalogen6ticos. Sedor septentrional del batolito 
de Achala, prov. de CQrdsba. Thesis, Fae. Cs. Ex., Fis- y Nat., Umiv. N ~ c .  dt? Cdrcioba. 
LIRA, R. and KIRSHBAUM, A., 1990.  Geoehemical  evolutions of the granites from the Achala 
batholith of the Sierras Pampeanas. Geological Society of America Special Paper, 241, p. 67-76. 
LOPEZ,  L.,  1991. Base de datos de litogeoquirniea.  Batolito de Achala. C.N.E.A. unpwbl. report. 
MONSBERGER, G., 1990.  Estudio  geoldgieo y petrol6gico del granits de la Mes'a de la Mula 
Muerta  y su entorno eneajonante. Pampa de Blaen, Depto. Punilla, C6rdoba. Fac Cs. €x., fis. y 
Nat., Umiv. Nac. de Cdrdoba wnpubl. report. 
PATIRO, M. G. de and PATIfi6 DOUCE, A. E., 19087. Petrologia y petrosg6nesis del batolito de 
Aehala, provincia de Cdrddsba, a la lum de la evideneia de camp. Amciacidm Geoldgica Argenfima, 

RAPELA, C. W., 1982. Aspectos  geoquirnicos  y  petroldgicos del batolits de Achala, provincia de 
Cdrdoba. Asodacidn Geoldgica Afgentina, XXXVII (3), p. 319-330. 
RAPELA, C. W., HEAMAN, L. M. and Mc N U W ,  R.J., 1982. Rb-Sr geochronslogy of granitoids 
rocks from the Pampean Ranges,  Argentina. J. Geol., 90, p. 574-582. 
RAPELA, C. W., TOSELLI, A., HEAMAN,  L. and SAAVEDRA, J., 1990. Granite plutonism of the 
Sierras Parnpeanas. An inner cordilieran paleornoie arc in the southern Andes. Geological Society 
of America Spedal Paper, 24 1, p. 1 O 1 - 126. 
RAPELA, C. W., PANKHURST, R.J., MIWSCHBAUM,  A. and BALDO, E. G. A:, 1991.faeies 
inttrusivas de edad carbonifera en el batolito de Achala : Evidencia de una anatexis  regional en las 
Sierras pamapeanas? Actas Congr. Geol. Chileno, p. 40-43. 
ZARCO, J.  J., 1992. Prioritacl de indicios  unraniferos, rnodels gen6ties basado en el cisallarniento 
magmatics seurrido durante el emplazamiento del batolito de Aehala. f2.N.E.A. unpubl. 

XLII (1/2), p .  201-205. 



Second ISAG, Oxford (UK), 21 -231911993 511 

6.550 

6.530 

6.510 

6.490 

6.470 

6.450 
3.580  3.600  3.620  3.640 

u E A ! & u  
Granodioritas I - E - IV - Dg a Granitos - granodioritas  podiroides 111 A - B - C 

Granitos de grano  grueso IV - A 

Ixl * * Granitos de grano  grueso IV - B - C 
Granitos  isogranulares de dos  micas II - A  

Granitos - granodioritas  de  grano  fino I - D - C/ 1 A 
- - Q 

@ Granitos  porfiroides 111 A - B 
Granitos de grano  grueso IV - A  

Granitos  equigranulares II - C 

Granitos de srano  fino 1 - B 

SUITE CHAMFAOU 
Granitos  con  dos  micas - 

m .  Granitos  porfiroides 
y equlgranulares  con  dos  micas 

A >P 
I 1 1 1 1 1  

È 



512 

9 K 2 0  M 

Second ISAG, Oxford (UK), 21-231911993 

0,o O,5 1 ,O 1,s 2,o 2,s 3,Q 

9 Th 

40 _i 
20 

6 
0,o 0,l O J 2  0,a o p  0,s 

El 

6 

.""? 
1 ,  P 

4 

9 
+ +  

83 

9 

.l 83 9 
+ +  

9 

1 00 1 000 

10 

1 

II 

e 
rn 

xx 

Ti02 
J 1  1 l I 1 I I 

:a1* , ' J 4  O J j  

ta suite Achala 
suite Characate 

50 + suite Charnpaqui 
x suite Cumbrecita 

40 
Qo 

El 

l Q , . , . l . l . l . ,  
Ti02 

0,o 0,t 0,2 0,s 8,4 8.5 



Second ISAG, Oxford (UK), 21-231911993 513 

STRUCTURAL EVOLUTION 
OF THE SIERRAS DE CORDOBA (ARGENTINA) 
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ABSTRACT : The  Sierras  de  Cordoba  (Argentina)  shows  the  evolution of the  western  margin of 
the Rio de la Plata  craton  during  the  panamerican (=pampean)  orogeny.from  the  extensional to 
the compressive  stages  This  domains  remained later on the interna1  (cratonic)  side of the 
subsequent  caledonian,  variscan  and  andean  orogenies. 

KEY WORDS : Sierras  pampeanas,  Panamerican,  Caledonian and Andean  orogens 

INTRODUCTION 

The Sierras de Cordoba  (Argentina),  which  corresponds to the  easternmost  Sierras 
Pampeanas,  appear  as  a  horst  of  metamorphic and magmatic  terranes of precambrian and 
paleozoic age, uplifted by the andean  movements. In spite of the synthesis proposed by 
Gordillo & Lencinas  (1979),  local  structural  observations  (Dalla  Salda  1984,  Martin0  1988) and 
of various  geotectonical  models  (Ramos  1991), little is known on its orogenic  evolution. The 
purpose of this  paper in to present  a  first  synthesis of this evolution based on a  cross  section on 
the central part of the Sierras  (approximately at latitude 31'15' S) including cartography, 
structural  analysis,  geochemistry  and  study of the  metamorphism. 

PRE-OROGENIC  EVOLUTION 

Five  main  lithostratigraphic  units  have  been  recognised : 
-- the Sierra  Chica  Este group,  subdivided  by  the  major La Estanzuela  fault  into  the La 

Calera  sub-group  (kinzigites,  calc-silicate-gneiss,  marbles) of upper  amphibolite  facies and the 
El Diquecito  subgroup  (metagrauwackes,  metabasic  rocks) of granulite  facies.  This  group  which 
provided WAr  ages of 1390-1 51 6 My, is considered to be the  western margin of the Rio  de la 
Plata  craton : - the San Carlos group, of amphibolite grade, is made of a  very thick and 
monotoneous  sequence  of  metagrauwackes  with  minor  intercalations of metapelites  and calc- 
silicate  gneisses : ortho-amphibolites,  mafic  and  ultramafic  (serpentine,  harzburgite)  rocks of 
MORB  afinities  (Mutti, Baldo 1992), dated by the WAr method between 850 and 1200 My, 
appear interbeded or constitute tectonic scales within the San Carlos group ; this group 
represent  a  deep  seated  sedimentation  developped at the  western  margin of the  Rio  de la Plata 
craton,  possibly in part on an  oceanic  crust ; 

- the orthognelsslc  group represents  pre-orogenic  intrusives of granodioritic - granitic 
composition  forming  a  calcalcaline  trend,  emplaced  within  the  San  Carlos  group ; 
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- the lgam group, of amphiblite facies, mmformably rests on the San Carlos group ; 
its lithologic  association  (ealcitie and dolomitic marbles, cale-silicates gneiss,  meta-quartzites, 
meta-litharenites,  metapelites) represents a plateforrn  sedimentation ; 

The sedirnentary  environment  contrast  between  the San Carlos and the lgam groups as 
well as the presence of OrthOgReiSSes in the sole San Carlos group  sets the problem of possible 
orogenic mvements pdor to the lgarn group deposition ; 

ermela grsup)  appears only in the  western  part of the Sierra where it is limited 
by andean faults ; it is made of green  pelites with minor levels of red pelites ans arenites ; its 
metarnophism and deformation are very weak ; in the  Sierra de San Luis, the equivalent  "filitas 
verde  y  esquistos" group contains moreover conglomerates and acidic  vulcanitea ; this group 
may represent the mlasses of the panarmesican orogeny  (upper-proteromsic). 

8 of deformaicm and metamsrphism 

The first  recorded  events are two phases of syn-metamvhie reeumbent folds : the D l  
folds, of centimetï'ic to plurimetrie scale, are  accompagnied  by a strong transposition and by 
migmatisation ; the 82 folds which  are the most  obvious, forrn plum-kilometrie  structures with a 

The prsgrade metamorphism Ml, of medium pressure type, is mntemporaneous of 
these first  tectonic events. Wemnants of kyanite and staurolite are known, but the m s t  common 
association observed in the metapelites is garnet + biotitel + siIlimanite + K feldspar + 
plagioclase + quartz. + ilmenite The major part of the Sierra de Cordoba presents a 
metamorphism of high  amphitmlite  facies.  There is no  recorded issgrade neither in the  meta- 
pelites nor in the imetabasites ; but variations of the metamophie grade may be estimatted  uaing 
the variations of the compositions of the mineralswith in the metapelites : for instance the 
titaniurn  content of the biotites may be a revelant parameter. 

Magmatic rocks of tonalitic  composition  which often contain  cordierite, are emplaced in 
the deepest part of the Sierra after this M l  event ; the bd ies  of this "San Carlos tonalite" 
present many  migmatitie charaeters : numerous inclusions of the host rocks, progressives 
contacts  with their sumundings. The  metamorphie  event M2 is linlaed with  the  emplacement of 
those migmatitic tonalites : the earlier M l  parageneses are reequilibrated into biotite2 + 
cordiesite 5 garnet + K feldspar + plagioclase + quartz + ilmenite.  The  conditions duflng this M2 
event appears to be rather uniform : the estirnated temperatures are of 658-7OO"C and the 
estimated  pressures to 4,s - 5 hb. 

The 03 tectonic event forrns north - south trending folds with a vertical axial plane 
marked by a fracture  cfeavage ; the emplacement of bek of pegmatites and of some granites 
appears to be mntrolled by these structures. 

Ductile shearing 

westwards  vergence. 

Eastwards  dipping, noah - south trending  mylonitic belts rework the earlier structures ; 
theses rnylonites  are sften Iocated in correspondance of the axial  plane zones of the majors D2 
folds ; their thickness ranges from a few 18 meters to more than a ldilometer ; the streching 
lineations  indicate a displacement  towards north-West with a sinistral  wrench fault eomponent. 
These  myfonites.have been initiated in a medium to high grade rnetamorphic surromding 
(biotite + muscovite + sillirnanite) which later evolved into greensehist facies. Mafic and 
ultramafie rocks  often mark out theses mylonitic  belts. In the eastern part of the Sierra, ciykes of 
biotite-hornblende tonalites, dated at 578 My (K/Ar method) eut, and  thus postdate, the 
mylonites. 

These  mylonitic  belts mwe the Sierra de Cordoba into  several major bloeks. Eaeh block 
is thrusted westward  over its neighbur and present a rnetamorphism  wich  inereases  towards 
the West.  Thus, since blscks of higher  metarnorphic  grade are tmsted over bloeks of lower 

s grade, the metarnsrphic  grade  globally  increases  eastwards.  The whole pattern shows how the 
Rio de la Plata craton was thrusted  over its rnargrin 
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The late  panamerican and the  youngest  events 

Several  late  phases of gentle  folding,  which  locally interfere to form basin and  dorne 
structures,  represent  the  latest  manifestations of the  panamerican  orogeny. 

In the  Sierras de  Cordoba,  there is no  obvious  tectonic  structure  which  rnay  be  related 
to the famatinian (=caledonian)  orogeny.  But,  further West, in the Sierra de San Luis, this 
orogeny  clearly  affects the "filitas  verde  y  esquistos"  group.  The  Achala  batholith,  which is a 
very large (2500 krn2) composite intrusion of potassic peralurninous character, with an 
important crustal contribution, is dated of  upper  devonian to basal carboniferous  (Rapella & al. 
1991).  It  would  thus  represent  the  most  intern  magrnatism of this  orogeny. 

The  whole  Sierras  including  the  Achala  batholith,  are  crosscut by large  dextral  wrench 
faults,  which  reactivate  earlier  structures.  The  srnall  basins of Chancani and Tasa Cuna,  of 
upper carboniferous to perrnian age,  appear  as pull-apart basins developed along these 
wrench  faults. 

The  youngest  structures  are  the  andean  inverse  faults  which  induce  the  stricking  horst 
and graben structure of the Sierras  de  Cordoba. Those andean faults frequently, but not 
always,  rework the earlier  accidents. 
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CONCLUSION 

The  Sierras  de  Cordoba show  the  evolution  of  the  western  margin  of  the  Rio  de la Plata 
craton, frorn the extensional  stage  (deposition of the San  Carlos  group) to the  compressive 
stage during the panamerican (= pampean)  orogeny.  Later, this dornain  rernained  practically 
undeforrned during the caledonian (=farnatinianan) orogeny (as well as the subsequent 
variscan and andean  orogenies) and was  perrnanently  located on the  cratonic side. The main 
event  of  that  caledonian  orogeny is the  emplacement of the  Achala  batholith in a  very interna1 
position. 
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RESUMEN:  Nuevos  andlisis  quimicos  de  granitoides del Paleozoico  superior-TriAsico  inferior del 
sector  central  de la Cordillera  Frontal  de  Argentina,  muestra  que  se trata de  rocas  metaluminicas 
a  levemente  peralurninicas, con di6psido  normativo. El alto  valor  promedio  de Na20 (4.3 %), la 
presencia  de  hornblenda  y  esfena  modal  asi  como una relaci6n NCNK < 1  indican que pertenecen 
a los granitoides  de tipo 1. La abundancia  y las relaciones  entre los elementos  mayoritarios  y 
minoritarios  permiten seAalar  que  estas  rocas integraron un arc0 magmAtico  sobre corteza 
continental en el margen  Pacifico del sector  central  de  Chile  y  Argentina,  generado  por la 
implantacidn de  un sistema  de  subducci6n  activo  durante el Paleozoico  superior-TriAsico  inferior. 

KEY WORDS: Geochemistry,  granite,  Frontal  Cordillera,  Argentina. 

INTRODUCTION 

Upper  Paleozoic-Lower  Triassic  intrusive  rocks  crop  out in the Frontal  Cordillera of 
Argentina  and  Chile,  between 27% and 34"s. Although  detailed  field,  petrological,  geochemical 
and  geochronological  studies of granitoids  have been carried  out in the northern portion (29"s to 
32"s) of Frontal  Cordillera  (Llambias et  al.,  1987; Nasi et  al.,  1985;  Parada,  1988; Parada et al., 
1991)  relatively Scarce  geochemical and  petrological  data  are  available in the southern  sector to 
33"s. (cf.  Carninos,  1979;  Llambias  and  Carninos,  1987). In this  paper we present new geochemical 
data,  a  brief  description on the  petrology  and the possible  tectonic  setting of granitoids  outcropping 
from 33" 10's to 33"  45'S, in the  Frontal  Cordillera  of  Argentina. 

GEOLOGICAL  SETTING 

lgneous  activity  during  Late  Paleozoic in Frontal  Range of Argentina  and  Chile  was 
described  by  Herv6  et  al.  (1987)  as  Frontal  Range  Magmatic  Belt  (FRMB).  Upper  Paleozoic-Lower 
Triassic  intrusive  rocks  at  Frontal  Cordillera of Mendoza  province form the so-called  "Frontal 
Cordillera  Composite  Batholith"  (Polanski,  1958). It extends  for 130 km south to Mendoza  River  and 
its width Vary from 20 km at the Cord6n del Plata to 40 km in the Cord6n del Portillo.  Several 
important  plutonic  bodies  were  mapped  and  described by Polanski  (1972) in the  Cord6n del Plata 
area:  Guevara  Stock,  Carrera  Stock,  Yesera  Stock  and  Santa  Clara  Stock. In the Cordbn del 
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Portillo area, the Las Cuevas  Stock,  Las Delicias  Stock  and the Corddn del Portillo  Batholitk were 
recognized, as is showed in the  figure. 

TILL0 

The host rocks where the Upper Paleozoie magmas were emplaced consisl of metamorphie and 
sedimentary rocks. The metamophie rocks comprise  phyllites,  schists, marbles, qualaziteo and 
sepentinized ultrabasic rocks, which show several  deformations  and the thermal effect of the 
granite  intrusion.  Radiometrie age deteminations presented by Carninos et al. (9 979) confirm that 
the episode of regional metamotphism  have  a minimun age of 588+56 Ma. The sedimentaiy rocks 
ar@ represented by shallow water marine sequenees cornposed by conglomerates, sandstones  and 
pelites  outeropping in the eastern  side of Corddn del Plata. Finally, Permian to Triassic  andesitic 
and  rhyolitic  lavas  (Choiyoi Group) overlies and are intmded by the granitic rocks under study. 
The Guevara  and Los TAbanos Stocks and Corddn del Portillo  Batholith (Cerro Punta Blanca,  Cerro 
Punta Negra, Quebrada del Portillo Afgenlino), were included in lhis study because radiometrie 
ages were sbtained by Carninos  et al. (1979) in the Corddn del Portillo Batholith (Cerro Punta 
Blanca: WAr 337315 Ma; Rb/Sr 348+35 Ma., Quebrada del Portillo: WAr 291flO Ma. Rb-Sr 264rt8 
Ma.; Cerro Punta  Negra: WAr 234k10 Ma.) and in the Guevara Stock (W& 289+16 Ma.). 

BETROGRAPHY 

The granitoid  rocks  eonsists of medium (1-4 mm) to marse (5-8 mm) grained biotite and 
homblende gransdisrites with equigranular Io porphyritic  textures. The mineralogy is composed 
mainly of plagioclase (An,,-A%), quartz,  microcline,  biotite  and & Fe-hornblende. Cornmon 
accessry rninerals are zircon,  apatite  and sphene. Chlorite  partially  replaces biotite and sericite k 
calcite is commonly found within  plagioclase  grains. Zoned plagioclase  exhibiting altered a r e s  and 
corroded quartz possibly represent an early  stage of cryystallization, whereas the later is 
characterimed by unaltered euhedral grains of plagioclase,  perthitic Dg-feldspar and gransphyric 
intergrowth of K-feldspar and quartm. 
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GEOCHEMISTRY 

Twenty  seven  samples  of  Guevara  and  Los  TAbanos  Stocks  and  Cord6n del Portillo 
Batholith  (Cerro  Punta  Blanca,  Cerro  Punta  Negra,  Quebrada del Portillo),  collected  mainly through 
east-West traverses  along  rivers,  were  analyzed  for  major  and  trace  elements  concentrations.  The 
rocks  have typical compositions of calc-alkaline  magmatic  suites,  ranging from metaluminous 
quartz-monzonite to moderately  peraluminous  granites.  The  co-variation of element  oxides with SiO, 
of different  stocks  shows  that  decreasing  trends  exist for nearly al1 the major  and trace elements, 
except  for &O, Na,O and FeO*  where  a  considerable  scatter  occurrs.  This fact may partly be due 
to incipient  post-magmatic  alteration  processes (e.g.  albitization). Harker variation diagrams  show 
decreasing  trends with two clusters of  samples in the range 61 to 70 Y0 SiO,, and 73 to 76 % SiO,. 

The  co-variation of Rb vs.  WRb  supports the idea that al1 samples  are  part  of  a  cogenetic 
suite,  where  a  general  differentiation trend from quartz-syenite  and  quartz-monzonite  to 
granodiorite,  granite and alkali-feldspar  granite  seems to exist.  Chemical  and  mineralogical 
properties  such as the relatively high Na,O content (4.3 %O averange), NCNK ratio < 1 . I I  normative 
diopside,  modal  homblende  and  sphene  and  a  broad  spectrum of  composition,  show  as  these  rocks 
may be interpreted as I-type  granitoids (Chappe11 and  White, 1974). 

According their Rb-Ba-Sr  relationships, the 80 percent of them are  granodiorites  and  quartz- 
diorites  whereas  the  rest  are  granites. A late-orogenic trend with R2 approximately  constant  and 
a broad range of R I ,  as  result of  major variation of total alkalis,  was identified using the Rl-R2 
diagram. 

Tectonic  discrimination  diagrams  after  Maniar and Piccoli (1989) classify the rocks  studied 
as  IAG+CAG,  whereas  that  ocean  ridge  granite  (ORG)  normalized  multi-element  variation  diagrams 
(Pearce  et  al., 1984) display typical patterns of volcanic  arc  granites, with relative  enrichments in 
K, Rb, Ba and Th to  Nb, Zr and Y. Nb-Y  and Rb-Nb+Y discrimination  diagrams  apparently  confirm 
overall volcanic arc affinities  for  these rocks. Normal  continental arc is reflected in the  Rb/Zr  versus 
Nb  diagram  (Brown et  al., 1984) . 

CONCLUSIONS 

Pre-Andean  Upper  Paleozoic-Lower  Triassic  plutonic  activity in the  Pacific  margin of central 
Argentina  and  Chile  were  interpreted  as  a  magmatic arc generated by the existence  of an 
eastward-dipping  subduction  regirne  (Ramos et al., 1984; Nasi et  al., 1985). The  new geochemical 
and mineralogical data of granitoid  rocks from the  central  area of the  Frontal  Cordillera  presented 
in this  paper show that the intrusive  bodies  have  similar  features to the I type  granites.  They  were 
possibly  related with a  continental arc generated by the  subduction  of  oceanic  plate  underneath  the 
continental  plate. 
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ZIRCON IWSION 'I'HACK 1)A'I'ING ~ 1 ~ ' l I l E  IIUACIION ~;ltANl'll3 FHOM 
THE EASTERN COHDIL1,ERA OF CENTRAL YERU : EVIDENCE FOR 

LArE PALAEOZOIC AND LATE JURASSIC COOLING IWENTS. 

Zircon  fission  track  ages of three  samples 
from the Huachon  granite (75" SSW and 10" 40's) 
which lies i n  the  eastern  Andes of central  Peru, 
approximately 200 k m  NE of Lima (Fig.1) are 
presented. The  purpose is to constrain  the age of 
emplacement  of  the  pluton  and  to  improve  the 
knowlcdgc of the  uylift  history of the  Eastern 
Cordillera of central  Peru  where  no F-T studies of 
uplift  have  been  made.  Apatite  dating  has  also  be 
made in this study, but  it is  not  considered  in  this 
paper (*). The time  scale of Odin & Odin (1990) is 
used  here  and al1 calculations  and  discussions 
assume a  geothermal  gradient of 30 O C/km. 

GEOLOGICAL SETTING Fig. 1 : Location of the  study zone 

'I'he Andes of central Yeru are  made up of the Western  and  Eastern  Cordilleras  that 
reach  elevations of more than 6000 m  and 50001~1, respectively  (Fig.1). In the study  area, 
the  two  ranges  are  separated by the 50 to 100 km wide  Altiplano  which  attains a height of 
approximately  4000m. 

Fig. 2 : Gcological sketch map of 
the Huachon area  and location of 
the samplcs (stars). 1 : Pucan Group 
(Triassic and Liassic limcstoncs); 2: 
Mitu Group  (Pcrmian  and Triassic 
rcd heds); 3: undil'lcrcnciatcd l o w  
to intcrmcdiatc  mctamorlic  rocks of 
Lower Palacozoic and  Prccambrinn 
agc; 4 : compositc batholitIl 
including Prccambrian to Andcan 
grani tcs. 
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Zircon  grains  were  reeovered  using  heavy  liquids  and  magnetic  separation. F-'I' agcs 
of zirco~ls  were deterlninecl  using the exter~lal  detector metl~otl (Naeser  1976, 1979). 
Zircons  were  prepared  (Gleatlow ct (11. 1976) and irradiated along with neutron dose 
monitors (LI-doped glas SMM 962 for zircon and  sphene)  (Carpenter & IPeimer 1974) i n  
the LJ.S.Geological Survey reactor i n  Ilenver,  Colorado. 'I'herrnal neutron  dose was 
determincd froln the track dcnsity i n  calibrated  muscovite  detectors that covered the glass 
standards  during  the  irradiations. Agcs were  calculated  using  the zcta rnctllod  of 
calibration  and  ealculation  (Hurford & Green 1983) and the  following agc standarts : Fis11 
Canyon 'l ' llffq 'I'ardrec  Rhyolite, :Inri H u l u k  'l'uff. Ilncertainty i n  the age was c:~lculntcd by 
cornbining thc I'oisson errors  on  the  spontaneous and induccd  track  counts, and the traek 
counts in the  detector  covering  the  dosimeter  (McGee et al. 1985). 
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Fig. 3 : Probability  dcnsity 
distribution l'or al1 zircons datcd lion1 
thc thrcc  sarnplcs ol' thc Huachon 
gwnitc. Tllc solid rcclanplcs rcprcscnl 
cach individual grain annlyscd. 

O 100 200 300 400 500 600 700 
AGE (Ma) 

CONCLUSIONS 

The "Itlaximum" age at about 270 Ma (Fig.3)  suggest an important  late  Lower 
I'ernliat1 coolitlg stage (Ilat we itllerpret a s  the  etnplacenletrt agc of the Iluachon granite. 
The F-'1' ages of' the  zircons  are  compatible  with  the  minitnum  ages of 202 and 151 Ma 
obtained by Bonhomme  (in  Soler 1 9 9 1 ) .  The F-T ages  suggest that i t  was ernplaced at a 
depth  where  the  temperature  was  between -150°C and -250°C during  the  Permian  and 
remained  at  that  depth  (temperature)  until a cooling  (upliftlerosion)  episode -160Ma. 
Residence of the  samples in  this  temperature  range  would  permit  the  annealing of the high 
uranium  grains, while  the  tracks  remained  stable in  the  lower  uranium  grains. 

'The zircon  data  indicate  that  approximately  50"C-I00"C  cooling  took  place at 
zzl60Ma. This event cooled  the  rocks  to a temperature  where  tracks  were  retained in the 
zircons (<175'").  'This ternperature  was  between  -120°C and =200"C.  Assuming  a  closure 
temperature of 200" f -W"C for zircon and a  geothermal  gradient of 30"C/krn, this indicates 
a period of cxhurnation arld up to 3 km of materiel  were rerrluved from the ruuf of thc 
Eastern  Cordillera at this tirne. 

Geological evidence of this Jurassic uplift event is recorded in several regions of 
Fera. In  the eastern  Andes and the  Altiplano of central  Peru,  an  important  late-Middle to 
Late Jurassic uplift  event is recognized by a  lack of sedimentalion  during  the  Bathonian 
and  Malm  and  strong  erosion  after  deposition of the  Chaucha  forrnation of Bajocian age 
prior  to  the  deposition of the  Goyllarisquizga  formation,  whose  base is thought to be 
'I'ithonian to Berriasian i n  agc  (Mégard  1978; Moulin 1989). 'Ihis event has been assigned 
to  extensional  faulting  related  to  Nevadian  movements by MCgard (1978). The total 
thickness of post-Hercynian  to  Bajocian  continental  and  marine  sedirnents  covering  the 
Eastern  Cordillera was over 2-3 km. Evidence of this  Jurassic  uplift event is also recorded 
in the  IJppcr  Sarayaquillo  formation  which  outcrop  approxirnately 1 Wkrn east of the  study 
area,  in the Subandes. 'The Sarayaquiiio  formation,  thought to be Bathonian to Malm in age 
(Koch 1962; Mégard 1978),  consists of several  hundred  rneters of thick red sandstones  that 
grade  upward  into  very  coarse  conglornerates (10 to 40crn clasts).  I'hese  conglomerates 
beconle  progressively  finer  and  thinner Io thc east. Field  observations  (I,aubachcr, 
unpublished  data) show thnt the  lower  strata of the  conglomerates  contain  a fcw limestone 
clasts  from  the  Pucara  Group  (Late 'I'riassic and  Early  Jurassic)  and  abundant  volcanic 
clasts  of the Mitu Groop (I.ate Perrnian to Early 'I'riassic). 'I'he clasts in  the conglornerates 
grade  upward into signif'icant percentages of quartzite  and  limestone  derived  from the 
Tarrna  and  Copacabana  Groups  (Carboniferous to Lower  Permian).  The  upperrnosl 
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conglorneratic strata contain otlly a few lirnsestone clasts but large amounts of metamorphie 
and igneous  clasts  derived frorn Lower  Palaeozoic  and  Precambrian  rocks.  Stream 
directions and petrogaphy of the conglomerates i n  the Sarayaquillo forrmation indicate a 
western source whieh was approxirnately at the location of the present Eastern Cordillcra 
area. 'I'he clnsts in the Sarayac~uillo formation record progressively decper erosion of the 
pre-Andean basernent. 'I'his provides evidence  for a progressive and plurikilometric uplift 
of the Eastern Cordillera whieh was probably related either to a  strong normal faulting or 
to a left-lateral transform offset of the Peruvian margin (Jaillard et al. 1990) reactivating 
old. possilply Hcrcynian, structures. 

In  sunsrmary, the  zircon  data  indieate that the  Huachon  granite  emplaced at 
approxirmtely 2'70Ma and that _ W " C - l ~ @ ' c  cooling took place in the Eastern Cordillera at 
about 160 Ma. 'I'his latter event cooled the Huaehon granite to a temperature where traeks 
were retained in the zircons (e175"C). The cooling indicate up to 3 km erosion of the roof 
of the Elstem Cordillera in central Peru at about 160 Ma. This exhumation event correlates 
w i t h  upl i f t  and tectonism i n  the Fastcrn Cordillera a n d  deposition of coarse congloltlerates 
in the Subandes of central Peru during Bathonian 60 Malrn times. 

Cnrpentcr, B.S.. 86 Rcimcr, G.M. 1974. Standard rclercncc nlatcrials : calibratcd g las  standards for lission- 
track use. National Bureau o f  Standards, Spccial Publication 26t)-49, 16 p. 

Dalmayrac, B., taubacher, G . ,  & Ma~,ucco R. 1980. Caractercs gfnfraux de I'fvolution  gbologique des 
Andcs P&xtvienncs. W r t w r x  rl Ibcrcrtrtwts, 12% ORSTOM, 411 p. 

Gleadow, A. J. W., Hudord, A. J., & Quail'e, R. D. 1976. Fission-tnck dating 01 zircon: Improved etching 
techniques: I<mtl1 nrtd I'lnnetory Sriertce I.c-1ter.y ,33,273-276. 

Hurford, A.J., & Green, P.F. 1983. The zeta age calibration of fission-track dating. Chemical Geologg 
(kolopc GccPscicncc Seclion), 1, 28.53 17. 

Jaillard. E., Solcr, P., Carlicr, G., & Mouricr, T. 1SIs.I). Gccdynamic cvolution o f  thc nortllcrn and central 
Andes during carly to rniddle Mcsomic limes : a Tcthyan mtdcl. Jorrrrrtrl of Ihe Geolo'ogic.al Soriely, 
~ ~ ~ l l ~ i ~ ~ l l ,  144, IfXFI- 1032. 

Koch, E. 1962. Die Tcktonik im Subandin dcs Mittcl-Ucayali  Gcbictcs,  Ost-Pcru. (koleklorrisclw 
I,brsc.lrrrrtgen. 15,Stuttg:lrt. 67p. 

Mdgard, F. 1978. Etudc gdologiquc des Andcs du Pdrou ccntral. Mcfttzoire 86, ORSTOM, Paris, 3 IOp. 
Mfgard, F., Dalmayrac, B., Laubachcr, G . ,  Marwco, R., Martioe/., C., Parcdcu, J., Tomasi, P. 1971. La 

chainc hercynienne au P h u  cl cn Bolivie, prcrnicrs rfsultals. Cnhier OIZS7UM,  s8ricJ (;8olo,yie, 111 

MCgard, F., Noble, D.C., McKcc, E.H., & Bcllon, H. 1984. Multiple  pulscs of Neogcnc ccmpressive 

McGcc, V.E., Johnson, N.M. & Nacscr, C.W. 1985. Sirnulatcd I'issioning o f  uranium and lesting of thc 

Moulin, N. 1989 .Facies ct sfqucnce de dfpjl  dc la platclcmnc du Jurassique moyen  I'AIbien, cl unc coupe 

Naeser, C.W. 1976. Fission-track dating. U.S. Geological Suneg Open-File Report 76-198.65 p. 
Nacscr, C.W. 1979. Fission-(rack dating and gcologic anncaling of fission tracks. In: JIgcr, E. & Hunziker, 

Odin, G.S. & Odin, C. 1990. l3hcllc numfriquc dcs temps  gCologiqucs. (;&o(~/Lrolriqrw, 35, 12-21. 
Solcr, P. 1991. Contribution h I'Ctudc du magmatismc awc'i6 aux marges activcs. P&rographic, g6cxhimie 

et gCochirnic isotopique du magmatismc Cr6tacC 3 Plitxhc le long d'une transversale des Andes du 
PCrw central. Implications g6cdynanliques et mCtallogCnCtiqucs. T h h c  Dr Univ. Paris VI, P. & M. 

Soler. P. & Bonho~nmc,M. 1987 . DonnCcs radiologiqucs K-Ar sur Ics graniloidcs de la Cordilltx oricnlalc 
des Andcs du Wrou ccntrd, In1plicutions tcctoniqucs. Comptcs rendus heMomadaircs de I'AcadCmie 
des Scicnccs de Pais, ( I I ) ,  304,841-845. 

(l),5-44. 

dcfomation in the Ayacucho intcrmontanc basin, Andes o f  central Pcru. 95, 1108-1 1 17. 

fission-track dntinp nlcthtnl. Nrdenr ?kat&s nrtd I&zdirr~iort ~~t~nsrrrc~rn~rrls. 10. 365-379. 

structurale des Andes du P6rou central. USTL, Montpdier. ThEse Dc~cloral, 287p. 

J.C. (cds), Im'lrrres itt I.so/ope Geology. Springcr-Vcrlag, Bcrlin, 1-54 168. 

curic, 815 p.. 



Second ISAG, Oxford (UK), 21 -231911993 525 

THE WEST-ARGENTINE  PRECORDILLERA:  A  PALAEOZOIC 
BACK ARC BASIN 

Werner P. LOS= 

Institut fiir  Allgemeine und  Angewandte  Geologie 
Luisenstr. 37,80333 Miinchen 2, Germany 

RESUMEN 
Los sedimentos  cambro - dev6nicos  de la Precordillera  exponen  la  evoluci6n  de parte del  margen  occidental 
del  Gondwana  en el Paleozoico. Las modas  detriticas,  caracteristicas  geoquimicas y el patrbn  de  tierras  raras 
de las psamitas  ponen de manifiesto  la  evoluci6n  de  un  sistema de margen  continental  supuestamente  pasivo 
a uno  activo. El anhlisis  de  minerales  pesados sefialan  un signifiante Cambio  gradua1 en la litologia  del hrea 
de aporte  desde un origen  crat6nico  reciclado hasta  la  exhumaci6n  del  basamento  cristalino.  Nuevos  datos 
geoquimicos  de  lavas  sinsedimentarias  (almohadilladas),  permiten su identificacibn  como  basaltos  origina- 
dos en un rift de  back arc. Todos  los  datos  presentados  conducen a la descripci6n de un modelo  geotectdnico 
que  explica  la  secuencia  sedimentaria  de la Precordillera  como  correspondiente a una Cuenca tipo  back  arc. 

KEY WORDS: Argentine  Precordillera,  back arc, detrital modes, REE, heavy  minerals 

BACKGROUND 

The Precordillera  delineates 
an elongate, some 600 km long N-S 
striking orogenic  belt  north of the 
City of Mendoza  (fig. 1). During 
Cambrian  and  Early  Ordovician 
times a carbonate platfom deve- 
loped  at the eastern margin of the 
basin,  whereas  the  sediments fur- 
ther West are represented by marine 
siliciclastics.  Non-carbonate sedi- 
ments  of  regionally  variable  thick- 
ness  were  deposited  in  the  whole 
basin  beginning  in  the  Mid-Ordo- 
vician. 

The geotectonic  evolution of 
the  Precordillera  has  been  discus- 
sed  controversial by  many  authors. 

Fig. 1 Baldis  et al. (1984) believe  that  the 
Geographical  location of the  Argentine  Precordillera Precordillera  developed  along a 
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passive  continental margin OR continental crust. A sim'lar mode1 emphazising the autochthony of  the 
'Precordillera is discussed by Gonzhlez Bonorino and Gonhlez Bonorino (1991). Ramos  et al. (1986) and 
Ramos (1988) described the Precordillera as s separate  Palaeozoic terrane, that  developed between the 
Pampeanas  terrane in the east and  a Chilenia terrane to the west along  an active  continental  margin. Due  to 
the magmatic arc of the Pampean Ranges in the east of the Precordillera basin, at  least  the  Devonian se- 
diments are  inteqxeted by Ramos (1988) as  a  fore arc sequence. The inferred Devonian collisiom of the 
Chilenia terrane  with the Pampean ranges allows  for  ceasing subduction. Dalla Salda et al. (1992 a, b) 
describe for the  entire  western magin of Gondwana a series of microcontinemt collisions (divers fsom 
eastem Laurentia) with  the  South h e r i c a n  Continent. 

Detrital  mode  analysis semu Dickinson and Suczek (1979) indicates for nearly al1 Ordovician- 
Devonian  sandstone  samples  a  passive continental margin environment. Only some of the Devonian  sandsto- 
nes  display  a "dissected arc" provenance, indicative for an active  continental magin  environment. 

1 Contiwntol Collision 

"t 

Back Arc l 
1 Forœ Arc ---- 

n 
QL V 0.4 47 0.1 4.8 ID l!l 
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Fig. 2 
REE fractionation (Lapffbp~) versus Eu-anomaly 
of the Precordillera  sandstones (discrimination 
fields after Mchnnan  et al. (1990)) 

Cambrien Ordovicien Silufian Devonian Corboniferoun 

Fig. 3 
Mean heavy  mineml  content of the stratigmphic 
Unit§ 

stable minerals: zircon, tourmaline, rutile 

titanite,  zoisite 
. "instable" minerals: apatite, epidote, gamet, 

Environment  nomlalized  multielement  pattern 
of the Psecordillera sandstones show  the flattesk 
pattern if normalized to the  mean element con- 
centrations recommended by Bhatia (1983) for a 
continental island arc. 

The  rare earth elerment fractionation 
(Lapffb,) and  the Eu-anomaly show  the typical 
pattern of "trailing edgen OP "back  arc''  regions (fig. 
2) if mmpared with the  recommended  values of 
MeLeman  et al. (1990). . 

The heavy minera1 content of  the Cambrian- 
Silurian  sediments is reduced to the stable minerals 
zircon, tourmalime and rutile (fig. 3). Within  the 
Devonian  sediments  a  remarkable imcrease of 
quantity and varisbility of heavy minerals c m  be 
detected ( e g .  apatite, epidote, gamet,  titanite  and 
zoisite). 

Deducing from zircon  morphologies, part of 
the  Devonian heavy mineral  spectra des-ived from 
granitoid source roclm. U-Pb dating  of  these zircons 
revealed a crystallization age of about 1100 Ma 
(Loske 1992 a, b). 

Ckochemical a ~ l y s e s  of synsedimentary pil- 
low basalts (LQske 1992 a) show a  typical MORB 
pattern  with an increase of Ba, Th and Nb, due to 
greywacke  contamination of  the lavas  (Pearce 1983). 
Deducing from the ~ o w  87~r/8%r initial ratio of 
approx. 0.705, these rock are typical  nearly 
uncontaminated back arc rift basalts. 
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T m  PRECORDILLERA's EVOLTJTION: MODEL 

The oldest sediments reported from the  Precordillera region are by Lower/Early Middle Cambrian 
calcareous and siliciclastic strata (fig. 4 a). Because  of the Cambrian magmatism and metamorphism in the 
Pampean Ranges (Bachmann et al. 1985, 1987) an active continental margin system which evolved during 
the earliest Cambriaflrecambrian due to subsidence of cold  and  heavy oceanic crust is the assumed staaing 
condition for the proposed evolution of the Precordillera. 

The siliciclastic slope facies documented in Mid-Cambrian/Lower Ordovician sediments in the we- 
stern parts of the Precordillera basin and the easterly carbonate platform (fig. 4 b) demonstrate stable, conti- 
nuous subsidence of the basin. 

A severe cut  in the sedimentation history of the Precordillera is observed in the Middlekte  
Ordovician. Firstly the carbonate platform drowned,  and secondly synsedimentary pillow lavas were extru- 
ded, signalizing the opening process of the back arc basin  (fig. 4 c). Because there are no synsedimentary ba- 
salts known at least in the Silurian sediments, the opening phase of the back arc basin with formation of 
oceanic crust can be reduced to  some 15-30 Ma. The volcanic arc which should have bordered the western 
margin of the Precordillera basin is not documented in the Precordillera region due to the problem of outcrop 
depth. Within the Famatina System, representing the northward prolongation of the Precordillem, the volca- 
nic arc is  today already exhumed  (Clemens et al. 1992, Mannheim and Miller 1992). Contemporaneously to 
the rapid extension tectonics in  the Precordillera, metamorphism in the Pampean Ranges shows retrograde 
characteristics and the magmatism is no longer subduction related  (Rapela et al.  1990). 

The Silurian is still documented by a "crustal stretching" regime (fig. 4 d). Graben and  half graben 
structures (e.g. Villicum Graben) formed along the eastern and  probably at the western margin of the 
Precordillera basin, whereas the central part of the basin  remained rather stable and morphologically high, 
documented by omissions, condensed sedimentation and fine grained sediments. Tectonic activity in the hin- 
terland and beginning erosion of  granitoid  provenance lithologies is documented by conglomerates contai- 
ning many granitoid cobbles (Loske 1992 a). Sediments assigned to the Silurian on the western side of the 
basin are mostly fine grained because of  the protection effect of the central Precordillera  high. 

The Devonian sediments display a flysch-like character indicating orogenic activity (folding) in  the 
hinterland and the Precordillera itself (fig. 4 e). This deformation, accompanied by slight metamorphism, 
mainly in the western Precordillera, seems to be related to crustal compression processes produced by an 
eastwards dipping subduction zone to the West of the Precordillera basin (v. Gosen 1992). After closure of 
the whole basin Permocarboniferous sediments of mostly continental character covered many parts of the 
early Precordillera. 
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Fig. 4 

Cartoons  displayimg the geological 
evolutiom  of the Precordillera 

funta Negrs flysch benin 

rewelding  of "Chilenia'* t o  S.A. r ~ u e r s  from Bolivia a. Early Chrnbrian: 
initial clustal stretchimg along the (?) 
passive  continental margim of Gondwana, 
a continental  basement sliver ("Chilemia"). 
is  rifting off (see t e d  for fuPther 
discussion) 

Villicm GrsOcn 

b. Mid Cambrian - h r l y  Ordovican: 
formation of a geosynclinal basin with a 
carbonate platfom along the eastern 
margin an a siliciclastic submarine  fan 
facies to the west; definite indicatioms  of 
subduction in the Wmpean Ranges east of 
the  Precordillera 

bock occ basin 

c. Mid  Bfdovicam - h t e  Ordovician 
formation  of "oceamic crust" @illow 
basalts)  in the central  Precordillera; 
drowming of the carbonate platfom; 
overall siliciclastic,  partly glacigemic 
sedimentation;  possible  formation of an 
active  island arc at the western margjn of 
the  Precordillera  back arc basin 

carbonate p l e t f o n  

cesterly c l a s t i  

d. Silurian 
submarine €am sedimentatioa in the 

. wesrerm Precordillera  basin;  formation of 
graben-like  structures along the easterm 
rnargim  (e.g. Villicum  Graben) due to 
continuous cmstal extemion 

e. Devomian 
flysch-like  sedimentation  related to 
orogemic closure of the Precordillera  back 
arc basim forced by the rewelding of 
"Chilenia" to South America 
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GEODYNAMIC EVOLUTION OF THE PALMOZOIC GONDWWA MARGIN IN 
WESTERN ARGENTINA (FAJVWTINA-SYSTEM) 

. Rolf Mannheim 

Jnstitut fiir Allgemeine und  Angewandte  Geologie 
Luisenstr. 37,80333 München 2, Germany 

Los caracteres  geoquimicos de los basaltos  ordovicicos del  Sistema  de Famatina (SF) son comparables a los 
de basaltos  calcoalcalinos  modernos de arcos de islas oceinicos. Observaciones sedimentoi6gicas  prueban la 
existencia de una Cuenca de retroarco entre  el arc0 voldnico (SF) al  oeste y el  craton (Sierras Pampeanas)  al 
este en el Ordovicico (relacionado a coordenadas  actuales). Durante la colision  del  arco con el  continente se 
intruyeron  granitoides  anatécticos  corticales en  el S F  (Orogénesis  Famatiniana). Como  indicadores  de un 
estadio poscolisional aparecen leucogranitos  peralcalinos (Devonico?). En  el  mismo  ambiente  geotecthico 
del SF se  intruyeron basaltos de subducci6n. Los caracteres  geoquimicos de  estos  basaltos  corresponden a los 
de basaltos  calcoalcalinos de un borde  continental  activo como  del actual tipo Chile. 

KEY WORDS: Famatina-Systern, island arc - back  arc,  collision, nlagmatism 

INTRODUCTION 

The Famatina System 0's) represents  a lithostrati- 
graphically and  structurally  independent unit within  the 
NW-argentinian Sierras (fjg.1). It is characterized by 
Lower to  Middle  Ordovician  volcanosedimentary 
scquences, which  are intruded by calcalkaline  granitoids 
of Upper Ordovician to  Devonian  age  and  by syn- to 
postplutonic volcanic dykes. According  to  Aceiiolaza 
and Toselli (1954) and  Toselli  et  al. (1991) the 
xnagnlatic characteristics of the FS advocate for a 
destructiv plate margin. In the  concept of Willner  et  al. 
(1957) and Rapela et al. (1990) the  Ordovician  wcstem 
Gondwana margin included a volcanic  arc in the  region 
of the FS and a several  .hundred km large  zone of 
intrusion  situated in  the  back of the arc.  Dalla  Salda et  
al. (1992  a,b) suggest an Ordovician  collision  between 
Laurentia  and  Gondwana, which lead to the  Famatina 
Orogenesis. 

Fig.1: Morphostructural units in NW-Argentina. Puna 
(l), Cordillera Oriental (Z), Sierras Subandinas (3), 
Cord. Frontal (4), Precordillera (5), Famatina-Systern 
(6), Sierras Pampeanas 0, Cord. Principal (8). 
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GEOCHEMICALAND SEDWNTOLOGICBLARGUME~S 

1ow 7 

10 1w 

The  Ordovician synsedimentargr and  discordant  basic  to 
acidic  volcania show comgruent geochemical  properties 
and  are  interpreted  as  alcalkaline magmas of a 
magmatic arc. In wnirasG a younger  generation 
@evonian?) of discordane  basic  dykes r e v a l s  typicaI 
intraplate  characteristics (fig.2). 

FIg.2: Intermediate to acid (+) and  basic (O,.) volcanic rocks in 
the Ti vs. 2 diagram aftfter Pemce (1982). 

The  Ordovician basalts exhibit typical  island arc  patterns  in  MON3-nomalized  spider  diagrans.  Analogues 
patterns are known from  modem oceanic  island arcs  (cg.  Mariana  or  Java arc, see Pearce  1983, fig.3). 
The  presence of a back  arc  basin located between  the  volcanic  arc  and  the  continent  in  the  area  of  the FS is 
documented by the  intimate association  of olisthostromes, rich in  volcaniclastic material, derived  fmm  the 
island arc, and distal  cratonal turbidites. Intercalated calcareous  turbidites  are  supposed  to  be  introduced  from 
a carbonate  platfom situated on the  continent-ward 
Clemem 1992). 

FIg.3 MORB-normalized spider diagrams of the 
famatinian basalts 

side  of  the  basin  (Clemens 1992, Mannheim  and 

YtNb ppm 
1 - . , . . . . . .  : , , . , : , . . _ . , -  

10 100 1' IO 

Fig.4: Intermediate and acid volcanic rocks in the Rb 
W. (Y+Nb)-diagram after Pearce (1 984). 
CX-dovician volc. (+,*), Devenian (7) laucogranites (O) 

The intexmediate to acid volcanics of the Ordovician show geochemical  characteristics  of an island  arc  in a 
compressional environment  with clear  syncollisional  affinities (fig.4). They,'are not directly  related  by 
differentiation  processes to  the basic  magmas, but are generated by crusfal melting  and  magma mixing 
(Mannheim  1993). 

Peralcaline  A-type leucogranites  (Devonian?) represent  the late orogenic to postcollisional stage of the FS 
(fig.4). Subduction-related  basalts  generated by partial  melting of a subcontinental  mantle  enriched  by 
metasomatic processes  intruded  this geotectonic  scenario.  Calcalkaline  basalts of the  modern  continental 
margin in  central Chile exhibit  similar  pattern  (fg.3,  compare  Pearce  1983). 
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CONCLUSONS 

During  the  Cambrian  the  western  edge of Gondwana changes from a passive  to an active continental margin. 
This is reported by a  subduction-related  1-type magmatism in the  Pampean Range,' wich conlmenced in  the 

' Middle  Cambrian @mer 1986,  Willner  et al. 1987, see fig.5 a). 

In the b w e r  Ordovician a  marginal basin  opened  due  to  mantle convection  creating an extensional 
environmenf  and  the initial arc  developed  to a  rifted arc. In the  Pampean  Range (remnant  arc)  the  1-type 
magmatism  ceased as a result of the  westward shift of the  subduction zone. According to Rapela et al. (1990) 
the Lower Ordovician  calcalkaline  plutonic  bodies intruded the  "inner  back arc" zone. 
The FS represents  the ocean-wards drifting  part of the  magmatic arc. Primary basic  magmas were generated 
in a  "depleted", purely  oceanic  mantle environment. From  Tremadocian  to  Llanvimian  the  basin received 
sediments from the  continent  and fmm the island arc (fig.5 b). In the FS the  volcanic  arc  and  the  adjacent 
part of the  back  arc  basin  are  actually exposed. The continent-ward part of the basin  (carbonate  platfontl?) 
has been probably  overriden  during  the  postordovician  accretion of the island arc  to  the continent. 

W E 

TO MIDDLE 
LOWER 

CAMBAIAN 

Fig5: Geodynarnic evolution of the  FarnatinaSystem in the  Palaeozic 

The  closure of  this  short-lived  marginal basin started in  the  Middle Ordovician. At the  Ordovician/Silurian 
boundary  large  amounts of peraluminous  collisional granitic melts  intruded  the FS (fig.5 c). 

Probably in  the  Lower  Devonian the island arc - continent  collision was  conchded, the FS was accreated to 
western  Gondwana.  The incessant subduction lead to the  intrusion of basaltic  magmas generated in a 
metasomatically exuiched mantle. The "collision-thickened" active continental margin was  intruded by late  to 
postorogenic  leucogranites  indicating the  extinction of the Famatinian  Orogenesis (fig.5 d). 

Similar  Lower  Palaeozoic back arc basins are described by Bahlburg (1990) for  the Puna region situated 
north of the FS and  by  Loske (1992 a,b)  for the Precordillera  in the  south (compare fig.1). 
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IN NORTHWESTERN ARGENTINA 
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Luisenstr. 37, D-80333 München,  Germany 

RESUMEN: Durante  el  Paleozoico  Inferior,  el  desarrollo  magmatico,  sedimen- 
tario  y  tectonometam6rfico  del  Noroeste  Argentin0  dependia  de la interac- 
ci6n entre  el  continente  de Gondwana en  el  este y placas  oceanicas  Paleo- 
pacificas  en el oeste.  Despubs  de  haber  sido  margen  pasivo al limite  Pre- 
cambrico/Cambrico, este  se  transformb  en  un  margen  activo,  temporalmente 
presentando un arc0  de islas con Cuenca trasarco. 

KEY  WORDS: Argentina,  Gondwana,  Pacifie  Plates,  Early  Palaeozoic,  Terranes 

INTRODUCTION 

The  nature of the  Early  Palaezoic Gondwana  margin in  the  southern 
Central  Andes has been  discussed  controversially. On the one  hand, a fairly 
monotonous  development  along a continuing,  ocean  border was thought  to be 
evident (MILLER 1 9 8 4 ,  and  the  collision of exotic  terranes  like  "Chilenia" 
(RAMOS et al. 1986) were postulated;  on  the  other  hand,  "Laurentia" 
(DALLA SALDA et   a l .  1992) while moving northward,  alongside  the Coast of 
South  America,  should  have  left  traces a t  the Gondwana margin. 

Field work within  the Pampean  Ranges, the  Famatina System and  the 
Precordillera  (Fig. 1) was done  in  cooperation  with  the  University of 
Tucuman (F.G. ACEWOLAZA, A. J. TOSELLI, J. ROSSI DE TOSELLI) and  nume- 
rous Co-workers Who helped  to a better  understanding of the orogenic  pro- 
cesses  developed at this  continental  margin.  Their  cooperation is gratefully 
acknowledged. However, misinterpretations committed in  the  text below 
should  be  ascribed t o  the  author  alone. 

GEOLOGICAL SETTING 

The  beginning of the Palaeozoic  history of the  southern  Central Andes' 
is characterized  by  the  subsiding  sedimentation  and  the  beginning of defor- 
mation  and  metamorphism of the  Puncoviscana  Formation  in  Northwestern 
Argentina  (Pampean  Cycle; ACEROLAZA e t  al. 1990a). The  southern  exten- 
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sion of this orogen remains  unclear;  possibly it ends at   la t .  30" 8, while 
the  southern Pampean Ranges, a t   least  in  parts may belong to  an  older 
orogenic  cycle. In this  case  northern  and  southern Pampean Ranges would 
represent t w o  different  terranes, welded together  before t h e  Ordovician. 

O - 200kn 

Puna and 
Eastern 
CordiLlera 

Famatina 
Island  arc 

Precordillera  platforrn 
and bacla-arc basin 

Pampean Ranges 

Pig. 1 .  Terranes  in NW Argentina.  The  Precordille- 
ra/Eastern Pampean Sierra  terrane is the most allo- 
chthonsus;  it moved dextrally up to 806 km t o  the 
north, if Mejillones Peninsula is included  within  this 
block. 

Ordovician  granitoids  are  widespread  within the Pampean  Ranges 
(RAPELA et   a l ,  19929, while  Precambrian magmatism is, up t o  now, poorly 
ltnown, and Cambrian intrusives are doeumented  only from two localities 
(BACHMANN e t  al. 1987). 

On the  other  hand, Ordovician  volcanism  played an  important  role  in 
the Precsrdillera,  the  Famatina Range, in  the Puna  and  in the  Eastern 
Cordillera.  In these areas, a Cambro-Ordovician island  arc - back-arc  basin 
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evolution was accomplished  by the  closure of the  basin  in mid Palaeozoic 
times.  In the  area  east  of the  Famatina Range the  back-arc  basin was to a 
large  extent  overthrusted by the Fiambala Range and  other Pampean  Ranges 
after  the Ordovician. 

Within this  puzzling  frame, the  Famatina  System is a  foreign  element. 
The  eastern  and  western  borderlines of the  Famatina  system  that 
apparently  represents  an  exotic  Ordovician  island  arc,  placed  between  typi- 
cal  Pampean Range terranes a t  both  sides,  and a carbonate  platform  further 
to  the West, were formed in  a different way. To the  east ,  a former  back- 
arc  basin is only  preserved as remnants,  including  basic  magmatics,  marbles 
and  calc-silicate  rocks  in  the  eastern  slope of the  Sierra  de  Fiambala. 
Mostly it has  disappeared  underneath  the  westward  driving  Pampean  Ranges. 
To the West, a thin  slice of Pampean  Range-type  rocks  slid  along the  
Island  arc,  together  with  the  carbonate  platform of the  Precordilleran 
system. ACEROLAZA & TOSELLI (1988)  explained its present  position  assu- 
ming a large  dextral  transcurrent  fault  to  the West  of the  Famatina  system. 
This mode1 was later extended  to  the  north,  including  the Mejillones 
Peninsula  within  the  slice of Western  Pampean Sierras (ACEFJOLAZA e t  al. 
1990b). 

Thus,  the  Precordillera of Mendoza, San  Juan  and La Rioja and  the 
Famatina  System  are  defined as fragments of the same  island  arc - back- 
arc  basin  system which  developed at the  western  edge of Gondwana. West 
of the  Precordillera  the  island  arc  has  been  covered  by  younger  rocks or 
may partly  be  present  in  metamorphic  metabasalt-metasediment  series of 
the Chilean High and  Coastal  Cordillera. East of the  Famatina  system,  only 
small remnants of the  back-arc  basin  remained at the  western  slope of the 
Fiambala Range as slices of early  Palaeozoic  oceanic  magmatic  rocks,  calc- 
silicates  and  mica-schists. 

The  composition of syn-  and  postsedimentary magmas changed from 
magmatic arc  to  syn-collisional  in  character  with  time (SCHON 1991, 
MANNHEIM 1992).  The  diversity of the  western  border of Gondwana can 
neither  be  explained  'only  by  assuming a micro-continent  collision  nor  only 
by continent-parallel  gliding of slices of continental  crust,  nor  only by 
persistent  and homogeneous  subduction  processes.  In  fact,  this  complexity 
results from a variable  stress  field,  controlled by various  Palaeopacific 
oceanic  plates which  collided  with the  continent at  variable  angles, 
producing  transpressional  and  transtensional  tectonics as well as right- 
angle  collisions of parautochthonous  island  arcs  with  their  continental  hin- 
terland. 

CONCLUSIONS 

In the  Eastern  Cordillera as well as in the  Famatina Range a con- 
tinuous  development from island  arc  to  collision  type magmatism has  been 
found.  Repeated  extension  and  collision  seem  to  be  typical  features of the 
Gondwana  margin in  the Palaeozoic.  The  northward  movement of a small 
slice of crust, comprising the  Precordillera  and parts of the Pampean 
Ranges,  destroyed  an  Ordovician  island  arc;  this  transcurrent  fault  must 
therefore  be  younger  than  the  island  arc  itself.  The al1 over  present 
Ordovician magmatisrn belongs  geotectonically  to  the  subduction  episode 
that produced the  island  arc. Magmatism diminished  in  the  Devonian,  and 
revived  once more in  the  Carboniferous.  This  probably  gives a hint   to   the 
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time of dextral  shearing in the Devonian,  and  to a revival of subduction  in 
the  Carboniferous. 

For al1 these processes, subduction of oceanic  Palaeopaeific  plates is 
needed  which were moving continentwards  under  varying  angles.  In  this 
scenario  there is no room for a continuously  northward  gliding  Laurentia 
continent  alongside  South  America  during  the  Early  Palaeozic. 
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PALEOZOIC  TECTONIC  EVOLUTION OF THE CENTRAL 
ANDES  IN  NORTHERN  ARGENTINA  AND  CHILE 
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RESUMEN: En este  sector  andino  se  presentan  dos  cinturones  colisionales, 
intracrat6nicos,  vergentes  hacia  el  oeste:  el  Ocl6yico  (Ordovbcico  superior) y el 
Chinico (Carbdnico  superior).  Evolucionaron  entre  las  Sierras  Pampeanas y masas 
continentales  Pacificas  separadas O erosionadas  tectbnicamente. 

KEY WORDS: intracratonic,  continental  subduction,  collision,  decollement. 

INTRODUCTION 

This part of  the  Central  Andes  shows  two  collision  belts of different  age,  situated 
between  the  Pampean  Ranges  Craton  to  the  east and continental  "pacific"  masses  to  the 
West. The  Arequipa  Massif  would  be a  part of  them.  Their  tectonic  relationships, 
observed in the  eastern  slope  of the Andes,  allow  to  reinterprete  some  of the modells 
proposed  till  now. 

T m  PALEOZOIC  BELTS 

The  Ocloyic  belt,  situated  against  the  Pampean  Ranges  (Fig. l), is developed in a 5 
Km sequence  of  turbidites  interbedded with volcanics. It shows NNE-SSW folds 
associated  with  cleavage  dipping  to ESE (Puna).  To  the  east  the  ductile  deformation 
decreases  gradually  and  the  Ocloyic  belt  passes  to  a West  -verging fault  belt  (Eastern 
Cordillera).  The  ordovician  sequences  with  cleavage  development are intruded by 
post-tectonic  granitoides.  The  whole  complex is covered  unconformably  by  Silurian 
and  Devonian  shelf  beds. 

The  Chanic  belt  consists  in  a 3500 m thick  sequence  of  Devonian  and 
Garboniferous  turbidites,  interbedded  with  basic  and  ultrabasic  volcanics,  grading  to 
the  east  to  shelf  sediments  (Bahlburg  et al 1987). The  turbidites are affected by WSW 
verging  folding  associated with ENE dipping  cleavage  (Bell, 1984). They are intruded 
by  Upper  Carboniferous  granitoides  and  covered  unconformably  by  Luwer  Permian 
beds.  The  Chanic  belt  shows  a  remarkable  resemblance with the eastward  -situated 
Ocloyic  one,  the  difference  being  that  its  sedimentary,  magmatic  and  tectonic 
evolution is much  younger. 

These  belts are separated  by a  crystalline  basement  ridge  (Fig. 1 and 2). They 
developed  from  intracontinental  extensional  basins  (Bahlburg  et al op  cit.).  They  do 
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not show any participation of ocwic crust. 
The closure of  both  collision  belts  is  related to Continental  subduction  along  two 

parallel  sutures.  This mahanism was raognizd by Matte Xu Zhi, (1988)  in  other 
continents. The folding  of  the  Ocloyic  and  Chanie  belts  could be relatd to  basal 
decollements,  which  do  not  attain the surface,  allowing the sliding  of  the  Paleozoie 
squences over the crystalline  basement.  Only the thrust  of  the  crystalline  basernent 
over the Ocloyie bd t  is exposed. (Fig.2). 

The basement  underlying  the  Paleozoic  belts deseribd above erops out  in the 
Sierras  Paxmpmas  Graton,  Arequipa  Massif and some intermediate  small exposures. It 
is constituted  by  several accretd belts separatd by transitional  contacts,  faults  and 
ductile s h a r  zones (Mon & Hongn, 1991).  It is intruded  by  magmatic arcs containing 
plutonic  bodies of different  ages and origins.  There are basic  and  ultrabasic bdts too. 
The metamorpshic belts show polyphase  deformation  due  to the ovepqsrinting  of distinct 
folding  episodes. Part of the plutons are polydeformed too and affectal by ductile 
s h m  zones. 

Middle  Cambrian  and  Ordovieian  sequences  cover  unconformably the north part 
and some seetors of  the  West  border  of  the Pampm Ranges  Craton.  To the east  it is 
covered by the bpdeozoic squences filling  the  Chaco- Parana Basin. The age of  the 
its  csmponents,  according  stratigraphie  and  reliable  isotopic  data, goes from the 
Precambrian-Cambrian  border (600 Ma)  till  at  least 1200 Ma (Villa & Coleman, 
1986).  Moreover  there is a  signifieant  number of isotopie  data  yielding  younger  ages 
up until the Upper Paleozoic. These show a great dispersion and do nst  allow one to 
get  a coherent gmlogical  picture, being  that  they are incompatible  with the 
stratigraphie  relationships exposed above.  (Mon & Hongn, op cit.) 
The connwtioms  between  the Pampm Ranges Cratsn and the Arequipa  Massif are not 
visible.  Aceording  to  the  paleosmagnetic  studies of Shackleton  et al. 1979,  the  last  one 
has remained  together with South American plate  at las t  after 850 Ma. 

Betwen 22" and 24" S the  Gambrian  and  Ordovician squences of the  Ocloyic  belt 
are covering  unconformably the basement.  South  of 24" S ,  the  basement is thnlst  over 
the  ordovician squences of  this  belt  along  more than 300 Mm (see Fig. 1 and 2). The 
Chanic  belt  nsrth of 25" S is  lying  over  Preeambrian  Arequipa  Basement  and  to the 
south  over the West  extension  of the Precordillera  Ocloyic  belt  (Fig. 3). 

During  Paleozoie  time  the  deformation  migrated  to  the West  with the  generation of 
the  Espaleozoie  Ocloyic  belt (Upper Ordovician-Silurian)  and  then the Upper Carbo- 
niferoui Chanic belt.  Both  show  intracratonic  evolution and tkey were clos& by 
continental  subduction. This scheme is in  agreement  with  most of the observed  facts 
and  available  information.  It  remains  as  a  problematic  question  the  destiny  of the 
continental  masses situatd to the West  of the  paleozoie  fold  belts.  Dalla  Salda et al. 
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1992  postulate  that  they  were  displaced  to the north and  that they eould be 
incorporatd to the Appalachian  Orogenic  belt. The erosive  subduction is other 
possible  mechanisme,  Stern & Mpodozis,  1991  postulate  that,  at  least,  200 Mm of 
Prejurassic  basement  was  eliminated after nifeSQZQic  in the West border of South 
America. 

Other  gmtectonic hypotheses for instance  Goira  et al, 1982, attkbute the  evolution 
of the Paleozoie  fold  belts  to fore arc  basins,  ineorporating  to  the rnsddl the 
granitoides  of  the West border  of  the  Sierras  Pampeanas  Craton as an Ordovician- 
Silurian  magmatic arc. Aeeording  the  observations  of Mon & Hongn, (1991)  the 
greater part of  this  border  is  constituted  by  multiply  -deformai  precambrim grmitic 
and  metamorphic ~ocks thrust over the  Ordovician squences. The presenee of a 
simple Ordovicia-Silurian magmatic  arc in this domah could nst be confirmai. 
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IN THE WESTERN  MARGIN OF THE  PRECORDILLERA OF ARGENTINA 
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RESUMEN: Bloques  limitados  por  fallas  Norte-Sur,  inversas de 
alto  angulo  que  inclinan  al  Este y sobrecorrimientos  que 
inclinan  al  Oeste.  presentan  distintas  estructuras y 
secuencias  como  resultado  de  su  historia  pre-terciaria.  Sobre 
las  Formaciones  ordovicicas,  plegadas  en  zig  zag,  con  ejes  de 
RAZ 315', yacen  discordantemente  unidades  devonicas y mas 
jovenes  con  plegamiento  suave y ejes  Norte-Sur.  El  Triasico 
cubre  al  conjunto  con  inclinacion  al  poniente. 

KEY  MORDS: Precordillera-Paleozoic-Structure-Tectonics 

INTRODUCTION 

The  western  margin  of  the  Argentine  Precordillera  at  the 
Rio  San  Juan  section is composed  of  several  elongated  blocks 
of  North-South  trend.  Sedimentary  sequences  show  different 
structural  styles  due  to  their  different  pre-Tertiary 
evolution.  Andean  trends  mask a late  Devonian  compressive 
episode  and  possibly a late  Ordovician  transpressional  one. 
The  stratigraphy  and  main  structural 
characteristics  of  the  Precordillera  have  been  summarized  in 
Ramos  et  al., 1986, and  will  not  be  described  here.  Quartino 
et  al. , 1973 carried  out a regional  survey  and  revised  and 
reorganized  the  stratigraphic  nomenclature.  Sessarego, 1988 
and  Selles-Martinez 1992 have  studied  the  stratigraphy  and 
structure  of  the  area  north  of  the  Rio  San  Juan.  Evidences 
from.sedimentary  and  paleontological  records  lead  the  author 
(Selles-Martinez, 1988) to  the  idea  that a common  history 
linked  the  Precordillera  of  Argentina  and  the  Appalachians  of 
North  American  during  Cambrian  to  late  Ordovician  times. 
Paleomagnetic  information  is  stili  scarce  and a definitive 
position  can  not  still  be  taken,  (Mena y Selles-Martinez, 
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1989). The  understanding  of  pre-Amdean, and most  important, 
pre-Gondwanide  structures is an important  key  for  testimg 
whether  or mot the  Preeordillera is a displaeed, accreted or 
autochthonous  terrame.  This  paper is a  contribution to the 
analysis of structural  features of outcropping  umits amd a 
first  approach  to  diseriminate  deformational  episodes in the 
area.  Petrological,  isotopic  and  paleomagnetis  studies  are 
still  beem  carried  to  clarify  tkis  scemario. 

Pive principal blocks (Tomtal,  Del  Salto-Rio Seco, Del 
Alto  de los Pajaritos  and  El  Carrizal  ornes)  are  limited by 
faults  running N-S, dippimg to  the  east  as  Eastern and 
Western  TomtaP Fault (high amgle, reverse) and overthrusts 
dipping  about 36' to  the  East.  Most  of  the  contacts  between 
formations  are of tectonie  origin and it is very  difficult to 
determine  their  relationships, even in the  same block. Figure 
1 is a geologic sketch  of  the area. 

The Eastern  Tomtal  Fault  boumds  the  Tomtal Block (eomposed 
by  Ordovieian  silts  and  samdstones and gabbroic  intrusives) 
to  the  West.  Tight fslds with a x i s  tremdimg N-NE are 
representative  of  the  structure in the area. The  Tomta% Fault 
Zone ineludes Westerrn  'Pontal  Fault  showirng horses and  splays 
of different  scales, miximg Ordovieian amd Pemo-Triassic 
units.  The Del Salto-Ris  Seco Tectomic Windsw is orne of the 
most  interesting  structures in the  area, and its interna1 
structure amd evolution is f a r  of being completely 
understood.  North-South amd transverse  faults  defime minor 
blocks. The structure  of  El  Plamchon  amd EP Salto Fms. is a. 
broad  antieline  with  minor  refoldimg.  Pencil  structure imthe 
former  evidenees  tkat  deformation  in  the  area  mever  reached 
cleavage  stage  at  least  after  Devoniam  times. ~ o d o  Fm. forms 
a  broad  anticlime im both  margims of the river, bounded ta 
the East by the  eonglomerates  of  El  Raton Fm. The  contact is 
clearly an unconformity in the  vicimity  of km 11'9 Creek,  but 
becomes tectomic to the  morth due to  a more intemse 
deformation  assoeiated  with  the  proximity  of a blind thrust 
in  the  arnticline  eore. Homoelinal sequemees  of  Uspallata 
Group  outcrop in the  center  of ~ i o  Secs Creek, and  are 
teetonieally  Pimked  to El Plamchon Fm. to  the E, which is im 
turn  separated  by  another  fault  from  Carbonic  clastics  of  El 
Raton Fm.  Western  and  Eastern  Tontal Faults rise AlCaparrosa 
Fm.  at  Sierra  del  Tigre. In the Alto de los Pajaritos B l o e k  
the  outerspping of the angular  uneonformity  between Dow Polo 
and Codo Fm. is outstanding. Bon Polo  clastics  are  folded im 
a tight  to  chevron  style.  Bulbous  himges,  saddle  reefs,  en 
echelon  quarts veims amd cleavage  crenulatiom  are commom 
features,  but  delieate  ichnofossils  have been presemed. 
Milonitic  textures in the  same  Fm.  shows  that  at  least  some 
horizons have  umdergone  intense  shearing  (decsllement 
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Figure 1: Geological and structural sketch of the Rio San 
Juan area (westernmost Precordillera of Argentina). 
O,= Don Polo Fm; O,= Alcaparrosa Fm; S- Calingasta Fm; Dl- El Planchon Fm; 
D,= Cod0 Fm; C= El  Raton  and  La  Capilla Fm; P= El Salto Fm; PTr- Choiyoi 
Fm; Tr- Uspallata G; T- Tertiary; Q- Quaternary. 
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surfaces?) possibly in  ordovician  times. ~ o l d  axes in Bon 
Polo Fm. trend Az 315 and  NE f lanks  are frequently 
overturned. Well developed kink bands in this amd mext BPock 
show  coherent wi th  a folding  episode  with main compressional 
stress  directed  SW-NE  foPPowed by vertical shearing ta the 
NE. Folds in Codo Fm. are opened with  N-S  trendincg axes. 
Younger  units  in  this Bloclc  show  homoclinal to the W e s t .  Inn 
the  westernmost bloek, the  El  Carrizal  one, Alcaparrosa Fm. 
is tightly folded with axes running to AZ 340, a fault, 
trendirng Az 315 (58m wide  fault zone) is the western lirnit of 
the outcrops of Don Polo Fm. in the  southern margin of the 
Sam Juan River (km 125 Creek) The structure follsws the same 
structural  pattern in the northern  portiom of the block where 
Ordovician clastics are umcomformably covered Say Choiyoi 
ignimbrites (Qda. de la Mina area). This Triassic voleamies 
deep gentPy to the West. The region shows thin-skinned  style 
for  Andean  structures,  whick are in part  reactivation of 
ancient ones, (like Tontal Fault) . The simistral displacement 
shown by the El Carrizal Thrust at the  Rio San Juan valley is 
interpreted as a lateral ramp, cutting upsequence and kas 
acted  as a discontinuity during more  recernt deformation 
leading to a small  amoumt of sinistral  displacement  on  this 
surface and probably on a hidden fault along the river vaPley 
resulting in a coumtercloc’lcwise rotation of fold axis i n  t h e  
vicinity of the river, and aPss hePpd for the displacements 
of El  Ratom  Fm. outcrops north  of Pcm 117. This sinistraP 
shear kas mot  affected Tontal PauPts. 
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RESUMEN: El registro Crimbrico  superior a JurAsico de  Bolivia,  principalrnente  rnarino,  ilustra la evolucidn 
del  Gondwana  sudoccidental  desde la finalizacidn  de  la  fragrnentacidn  de la Protopangea  hasta  la  dislocacidn  dc 
la Pangea.  Una  crisis  cornpresional  durante  el  Ordovicico  rnedio  inicid  el funcionmiento activo  del rnargen, 
rnarcado  por  una  fuerte  subsidencia  del  Ashgill  al  Mississipiano.  Depdsitos  sorneros a continentales, rnenos 
espesos,  caracterizan  la Epoca de la Pangea (Pennsylvaniano-JurAsico). 

KEY WORDS: Gondwanaland,  Bolivia,  Paleozoic,  Mesozoic,  sedirnentary  record,  geotectonics 

INTRODUCTION AND REGIONAL  SETTING 

The late Carnbrian  to  Jurassic  record  of  Bolivia  illustrates  the  evolution of the  southwestern  rnargin  of 
Gondwanaland  frorn  the  definitive  break-up of the late  Proterozoic  Protopangea  to  the  dislocation of Pangea. 

Present state of knowledge of the Bolivian  Phanerozoic  stratigraphy  distinguishes eight main  pcriods 
(Sernpcre,  in  press).  The  stratigraphic  units  dealt  with  in  this  paper  bclong to the  Tacsara (late Carnbrian - 
rniddle?  Caradoc,  =80  Myr  or  more),  Chuquisaca  (late  Caradoc? - rniddle  Famennian, =85 Myr),  Villarnontes 
(late Famennian - Mississipian, -40 Myr),  Cuevo  (Pcnnsylvanian - carly  Triassic, =85 Myr),  and  Sercrc 
(rniddle  Triassic - rniddle? Jurassic,  =95 Myr)  supersequences.  Boundaries  between  these  supersequences  are 
generally  sharp. The late Carnbrian  to  Perrnian  record is rnostly of marine origin, whereas  the  Triassic- 
Jurassic  record is exclusively  continental. The Silurian to Jurassic  record of Bolivia  resernblcs  the  coeval 
record of the  Paranii  basin  (Sernpere,  1990,  in  press). 

Frorn late Ordovician  to  Mesozoic  tirnes,  Bolivia  laid  in  the  southern  part of the  subsident  Bolivia-Peru 
basin,  which  ran  parallel  to  the  southwestern  rnargin of Gondwanaland  and  rernained  bounded  southwards by 
the Sierras Pampeanas  area  in  Argentina. The marine  transgressions thus reached  Bolivia  frorn  the  northwest 
during  this  interval. 

The known  basernent of the  "Phanerozoic"  series  in  Andean  Bolivia  generally  consists of late Proterozoic- 
early  Carnbrian  rocks, but crops  out  only in a few  spots.  In  rnost of the  Cordillera  Oriental and  Subandean 
belt,  the  basal dCcollernents of the Andean  thrusts  are  located  in  shales of Ordovician,  Silurian  or  Devonian 
age,  and, in each  case,  no  older  strata are exposed.  Sorne  ancient  structural  elernents  have  largely  controlled 
both  Phanerozoic  sedirnentation  and  dcforrnations  in  southwestern  Bolivia  (Sernpere et al., 1991). 

LATE CAMURIAN TO MIDDLE ORDOVICIAN  (TACSARA  SUPERSEQUENCE) 

Whcn  Protopangea  dislocated  in  latcst  Proterozoic  and  Carnbrian  tirne  (Bond et al., 1984),  North  Arnerica 
drifted frorn  South  Arnerica  northwestwards,  and  the  western  rnargin of Gondwanaland (also southeastcrn 
margin of the  Iapetus  ocean)  evolved as a passive rnargin  subrnitted  to a large-scale dextral  shear.  Thcse 
tensional  conditions  initiated  the  Puna  aulacogen  in  rniddle to late  Carnbrian  tirne,  and  favorcd  the  installation 
of a wide  marine  epicontinental  basin dong the  proto-Andean  domain,  which  was  the  locus of thick 
sedirnentation  (Sernpere,  1992,  in  press). 

An important  geodynarnic  uphcaval  occurred  in  rniddle  Ordovician  tirne  and the Gondwanaland-southcrn 
Iapctus  rnargin  bccarne  active. A magrnatic  arc  appcared,  separating a fore-arc frorn  the  wide  marine  back-arc 
basin,  inside  which  rnost  part of Andcan  Bolivia  is  prescnlly  locatcd.  Closure  and  deformation of the  Puna 
aulacogen  propagated €rom the West, starting near the  Arcnig-Llanvirn  boundary  (according to data  displaycd 
by Bahlburg,  1990), and produced  the  Ocloyic  belt of the  Argcntine-Chilean  Puna  and  southwestern  Bolivia. 
The Test  of the  previous  depositional  arca  evolvcd as the  marine  forcland  basin of this  deformation, which 
apparently  continucd  well  into  Caradoc tirne. The  developrnent of the Ocloyic  deformation  was  apparently 
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coeval  with  the  Taconie  deformation of the  northern  Andes  and  of  the  symmetrical  margin  of  eastern  North 
Arnerica.  Development of roughly  synchronous major compressional deformations on both sidcs of  the 
southern  Iapetus  ocean  suggests  that a major global  plate  reorganization  occurred  in  middle  Ordovician  time 
(Scmpere,  1992, in press). 

In southwestcrn  Bolivia  (Tarija area), the  sequence  begins  with  shallow-marine  clastics, whieh grade to 
open-marine,  thick graptolite shales intercalated with subordinatc turbidites  and  slumps (late Cambrian- 
Llanvirn). These strata are affected in  this area by the Ocloyic deformation, which is post-dated in 
northernmost  Argentina  by  beds of Ashgill  and  Llandovery  age  (Isaacson et al., 1976;  Benedetto et al., 1992). 
The  Ocloyic  deformation  shows an decrease in intcnsity from West  to east and  southwest  to  northcast. It is 
unknown  north  of lat 2OoS, whcre a thick (= 4000 m) shallowing-upward  siliciclastic  sequcnce of Llanvirn to 
Caradoc  age,  conformably  overlain by the Chuquisaca  supcrsequcnce, was deposited  during  the  dcvelopment of 
the Ocloyic  deformation in me south.  These  thick  and  monotonous shallow-marine sandstone-siltstone 
intercalations are therefore intcrpreted as the fil1  of  the  marinc  forcland  basin related to this  deformation 
(Sempere,  1989,  1992,  in  press). 

LATE ORDOVIGIAN TO MIDDLE FAB.IENNIAN (CHUQUISAGA SUPERSEQUENCE) 

This interval consists of two  stratigraphie  sets (late Caradoc?-early?  Llandovery,  and late Llandovery- 
middle  Famennian). The first sct bcgins  with  black s h a h  (Tokochi  Fm;  Sempere et al., 1991)  which  overlic 
shallow-marine  Caradoc strata and  wcre  deposited  in a relatively  deep,  anoxie  environment  during a maximum 
flooding  episode.  They are overlain  by  rescdimented  glacial-marine  diamictites  (Cancaiiiri Fm, Ashgill),  which 
are in  turn  sharply  overlain by the  thinning-upward  Llallagua Fm (thicldy-bedded  turbidites)  and/or by the late 
Llandovery  to  Ludlow age UnciaKirusillas Fm (dark  shales,  with  minor  turbidites). The first 3 units  reach 
thcir  maximum  thickness in the  eastern UCU domain,  whereas  they  rapidly  thin out to the southeast and  east. 
Some rare limestone  beds are known at Ashgill (Tor0 et al., 1992j and  early  Wenlock  levels  (Merino,  1991). 
Deposition of the late Caradoc? to  early?  Llandovery strata occurred in a basin controlled by active  normal 
faulting,  but  facies  succession was induced by a major  glacio-custatic  sea-level  low  (Ashgill ice age) which 
dcvcloped  betwecn  two  maximum flooding episodes (Tokochi  and UnciflCirusillas Fms). The mostly 
rescdimented  Cancaiiiri  and  Llallagua Frns are interpreted to represent  lower  and  uppcr  lowstand  deposits, 
respcctivcly. 

The late Llandovery-middlc  Faincnnian set includes  sevcral  units in the  Bolivian  Andes,  Subandean  bclt 
and  Chaco-Bcni plains. This interval was a timc of onlap toward  the  northcast,  and of deposition  of  major 
source  rocks in  Bolivia. The units are gencrally thick and fonn thrce main shallowing-upward  mcgascquences, 
bcginning  with  thick dark shalcs  and  ending  with  sandstone-dominatcd  units,  rcspectively  of  late  Llandovcry- 
Lochkovian,  Pragian-early  Givctian,  and late Givctian-middlc  Famcnnian  ages  (Rachcboeuf ct al.,  1992). 
Dccrcase  and  geographic  homogcncization of subsidcnce in =Llandovcry  tirnc  arc  intcrpreted to mark a change 
in  tectonic  regirne (also reflected by  the  northeastcrly  onlap):  whercas  the latc Caradoc?-carly?  Llandovcry set 
was  deposited  through  activity of a wide  tectonic  trough  in  the UCU domain,  the late Llandovery-middlc 
Famennian set was  deposited  in a large,  subsident,  marine “foreland” basin  rclated to sinistral  transpressional 
activity of the Gondwanaland  margin  (Sempcre,  1992,  in  press). 

LATE FAMENNIAWT-MISSISSII’IA~ (VILLARIONTES SUPERSEQUENCE) 

The conflictive  stratigraphy of the  Villamontes  (=Ambo Group; ZMachareti + Mandiyuti  groups)  and 
Cuevo (=Tama and/or  Copacabana  groups)  supcrscquenccs is currcntly  undcrgoing major revisions,  through 
intcgration of  new bioslratigraphic  data and analysis of stratigraphie  and  seismic  sections. In  rnuch  contpast 
with the underlying  scries,  facics  vary  rapidly  at al1 scalcs, and  corrclations  arc  difficult.  Tectonic,  euslatic  and 
clilnatic  controls on sedimentation  are takcn  into  account  to  favor  first-ordcr  correlation tools such as major 
climatic  changes and eustatic events.  Rcscdimcnted  dcposits,  wherc  prcdominant, are interpreted ts mark  local 
tectonic  activity  and  lead  to  dcfine  active slopcs and  highs. 

The Villamontes-Cuevo  contact marks a notcworthy  paleoclimatic  change  in  northwestern  Bolivia, from 
cool or  ternpcrate  and  rainy,  to  rclatively  warm  and  arid  conditions.  This  climatic  change,  markcd  in  othcr 
parts of Bolivia, is consistent with  what is known of the coeval South pole southeastwards migration 
(Vecvcrs  and  Powcll,  1937). It providcs a correlation  horizon, as a first  approximation  bccause it is likcly  to 
havc becn slightly diachronous. On the  basis of conodont biostratigraphy, its agc would lie wilhin  thc 
Serpukhovian or approximatcly coincidc with the Mississipian-Pcnnsylvanian boundary (D. Mcrino,  in 
prcp.).  Furthcrmore,  thc  major  global rcgrcssion-transgression evcnt which occurrcd in Scrpukhovian  and 
earliest Pennsylvanian  time  (Saundcrs  and  Ramsbottom,  1936;  Vecvers  and Powell, 1987) is apparently 
rccorded by the uppcr Villamontcs  and lower Cucvo facics. A palcosol  may  occur at this  contact. 

The mainly  marine  Villamontcs suprsequcnce overlies  Dcvonian strata with a sharp or rapidly  transitional 
contact.  Mudstones are black to grey, with some purple  shade in the  south.  Plant  fossils are locally  common. 
In the  norlhern  Subandean  belt,  facies  include  thick  mud-dorninatcd slumps, sandstone olistoliths,  shallow- 
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marine bhck laminated shales, sandstones and coal, whereas in the related Lake Titicaca area they display a 
basal glacial-marine horizon, dark  shales,  cross-bedded  sandstones, diamictites, and  coal. 

In the Chaco basin and adjacent Subandean belt, the Villamontes supersequence roughly equates with the 
Machareti and Mandiyuti subgroups. Basal facies commonly document a brutal increase in paleodepth. 
Machareti and Mandiyuti facies are dominated  by clast-bearing resedimented deposits, proceed from the Chaco 
high, and include rarely stratified "diamictites", dcbris flows, muddy to sandy m a s  flows and slumps, 
stratified olistoliths, cross-bedded sandstones,  thick and thin regularly-bedded turbidites, regularly-bedded  fine- 
grained sandstones and mudstones, and rarer laminated mudstones. Convincing glacial-marine features are only 
observed in the Machareti, although reworked glacial clasts exist in the Mandiyuti. Many resedimented facies 
were deposited in submarine channels and valleys, which locally display vertical coalescence. Amplitude of 
scouring at their base apparently increases upsection. The  Machareti  shows marked lithologic contrasts 
between mud-dominated and Sand-dominated facies, whereas the Mandiyuti is predominantly sandy  and shows 
near-shore to continental  facies in its upperrnost part, which indicates a major and rapid shallowing of 
dcpositional environments and is interpreted to rcpresent the Serpukhovian global-scale regression (Veevers 
and Powell, 1987) in Bolivia. Mudstones in the Machareti are dark grey to purplish, locally with plant debris, 
whereas they are bright brownish red in the uppermost Machareti and the whole Mandiyuti, indicating a 
roughly coeval climatic change (see  above). 

Some  Mississipian  strata post-date uplifts of late Devonian or  earliest Mississipian age, and 
Pennsylvanian to early Permian limestones locally onlap upon paleoreliefs formed in late Devonian and/or 
Mississipian time. Although these limestones may overlie strata as old as Ordovician in age, no angular 
unconformities are known, which stands  against a "Hercynian"  major  deformation.  Furthermore, the 
"Hercynian" metamorphism and defoimation of Bard et al.  (1974) has been proved to be of late Triassic age 
(Farrar et al., 1990) and is only of local importance. But, because of the late Devonian to early Mississipian 
deformations known in Peru, of the coeval inferred uplifts in several parts of Bolivia, and other evidences for 
synsedimentary tectonic instablility, it seems clear that the late Devonian and especially the Mississipian were 
times of high epeirogenic activity in the Bolivia-Peru basin. The Mississipian sedimentation may thus be 
considercd as the culmination of the Silurian-Devonian evolution (sec Sempere, in press). 

PENNSYLVANIAN TO EARLY TRLASSIC (CUEVO  SUPERSEQUENCE) 

Controllcd by a low subsidence and subtropical climatic conditions, a shallow carbonate platform extendcd 
in western Bolivia (Copacabana Fm), while littoral to continental sands were deposited in southeastern Bolivia 
(Cangapi Fm). Occurrences of eolian deposits and evaporites in the Pennsylvanian and m l y  Permian may be 
noted, as well as similarities with the Amazon basin. Tuffaceous beds document contemporaneous explosive 
magmatism in the West. An extensive restricted-marine carbonate transgression developed in the  middle to late 
Permian (VitiacuaKhutani Fm; Sempere et al., 1992), as in the Parana and Karoo basins, and was followed 
by a general regression. 

Deposition of the Cuevo supersequence was coeval with an important compressional or transpressional 
intracratonic  deformation mainly known in the Cordillera Oriental of. central  and  southern Peru. This 
widespread  "Gondwanian"-age  deformation is postdated by a post-orogenic calc-alkaline magmatism of early to 
middle Triassic  age, which evolved in the late middle Triassic toward continental tholeiitic compositions 
indicating regional extension or transtension (SCG Soler and Sempere, 1993), which  in Bolivia initiated the 
Serere supersequence. 

MIDDLE  TRIASSIC TO MIDDLE?  JURASSIC  (SERERE  SUPERSEQUENCE) 

The stratigraphy of this time interval in Bolivia was recently updated (Oller and Sempere, 1990). An 
initial rifting process of late middle Triassic age developed in several areas, probably within an extensive and 
complex extensional to transtensional setting related to the coeval fracturation of Pangea. Numerous small 
grabens were filled by fluvio-lacustrine red beds and evaporites, while alkaline and tholeiitic magmatisms 
developcd, as in other parts of  western South America (see Soler and Sempere, 1993). 

Aborlion of rifting in Bolivia was probably a consequence of a regional tectonic reorganization at 4 2 0  
Ma, which produced local invacratonic transpressional conditions, as evidenced by the pervasive eataclasis of 
the Zongo-Yani (Bolivia) and Abancay (southern Peru) Triassic intrusions and the deformation of their 
enclosing  strata  (Bard et al.,  1974;  Dalmayrac et al., 1980; Farrar et  al.. 1990). Some grabens or 
transtensional structures were inverted during this event, which probably marked the regional resumption of 
subduction dong the Pacific margin. The subsequent, late Triassic-middle? Jurassic, onlapping sedimentation 
(mainly fluvial and eolian sands, as in the Parani basin) was controlled by the thermal subsidence which 
developed  &ter  rifting became inactive ( O h  and Sempere, 1990). 

This evolution ended with a late Jurassic large-scale rifting event, apparently related to the initiation of the 
southern Atlantic rift system. Bolivia, which until then  had somehow behaved in a cratonic way, was then 
captured by the Andcan-Pacific system. 
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The Bolivian Phanerozoic record illustrates the dislocation of the Iate Proterozoie Protopangea, the 
initiation  and  evolution of the western  Gondwanaland  margin,  the  aggregation  and  consolidation  of  Pangea,  its 
subsequent  fracturation  and  dislocation,  and  the  convergence effects of the  motion  of  South  America. 

The late Cambrian to Mississipian  record (2 205 Myr) highlights  the  regional  evolution  from  the  break- 
up of Protopangea to the assemblage  of  Pangea. The source  rocks of the  Bolivian  hydrocarbons  presently 
under  production  were  deposited  during  this  period of high  subsidence. 

The Pennsylvanian  to  mid-Jurassic  record (-165 Myr) illustrates  the epwh of Pangea.  Final  coalescence, 
consolidation  and  subsequent  fracturation of Pangea  occurred  during  this  time  interval.  Active  subduction 
probably  ceased  in the Permian  in  relation  to  the  coalescence of Pangea (Kay et al., 1989), but  resumed  in  the 
late Triassic. In  the  central  Andean  region,  the  coeval  geological  evolution  includes a complex set of tectonic, 
magmatic  and  sedimentary  events. 

Much Bolivian oil and gas occurs in  Bevonian  and  Carboniferous  reservoirs,  and is derived  from  source 
rocks  deposited  during  epochs of major  marine  inundation  (Brdovician-early  Mississipian:  thick dxk shale 
units,  major  subsidence;  middle  Pennsylvanian-late  Permian:  thinner  shallow-marine  carbonates  and dark 
mudstones).  Propagation of Andean thrust  deformation,  and  sedimentary  and  tectonic  burying of Paleozoie 
organic-rich units, have  had a major  control on hydrocarbon  migration  and  present-day  distribution. The 
geometry  of  the  Paleozoie  basin  and  sedimentary  pile  closely  controls the geometry of  Andean defomations. 
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TECTONIC  CONTROLS ON GONDWANA BREAK-UP MODELS: 
EVIDENCE FROM  THE PROTO-PACIFIC MARGIN OF 

ANTARCTICA AND THE SOUTHERN ANDES 
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RESUMEN: Se  presenta  un mode10 placa  interaccidn para  las  primeras  etapas  del 
desmembramiento  de  Gondwana el que  vincula una  zona  ancha  de  fusi6n  de la asten6sfera 
a un Cambio en  fuerzas  de  la subducci6n  placa  limite.  La presencia  de  uno plumo 
astenbsferico haya debilado  termalmente  la  lit6sfera y haya  inducido  hendeduramiento local 
contribuir  para  sino  causar la separaci6n  final del este  y  oeste  de  Gondwana. 

KEY WORDS: Gondwana  break-up,  rifting,  magmatism,  subduction 

INTRODUCTION 

Although the association  between  continental  extension,  supercontinent  break-up, 
mantle  plumes  and  massive  bursts of igneous  activity is well recognized, their  causal 
relationship  renmins  a  matter of conjecture  ISengor and  Burke, 1978:l. According t o  active 
mantle  hypotheses,  rifting  and  associated  mngmatism  are  initiated by  doming above a 
mantle  plume  (Richards  et al. 1989)  whereas  alternative  hypotheses  consider  the  presence 
of a plume  enhances  break-up only if the  stress field is  such that  initial  rifting  is likely to  
occur (White  and McKenzie,  1989). In  the  West  Antarctic  and  Andean  sector of Gondwana, 
initial  stages of Gondwana  break-up  are  associated  with  the  large  Antarctic-Karoo-Tasman 
basaltprovince.  Formation of this  within-plate province was synchronous  with  active  margin 
tectonics and  development  ofboth a proto-Pacific margin  magnatic  suite  along  the  Antarctic 
margin  and  the extensive  Tobifera volcanic suite  associated with the Rocas Verdes  marginal 
basin  system of southern  South America and  South Georgia.  Consequently the  West 
Antarctic  and  Andean  sector of Gondwana  affords  an  excellent  location  in  which t o  
investigate possible relationships between  tectonism,  magmatism and  the  onset of seafloor 
spreading  in  continental  extension  zones  (Storey  and  Alabaster,  1991). 

BREAK-UP MODEL 

The  magmatic  record  along t.he proto-Pncific margin of Gondwana  records  important 
changes in subduction  zone parameters  during  the  initial  stages of Gondwana  break-up 
consistent with extension in the overriding plate (Storey et  al. 1992).  This,  together with the 
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Figure 1. Pre-break-up  (early Mesozoic) Gondwana  reconstruction 
illustrating subduction on both sides of the  continent,  the  Gondwanian 
fdd  beit  and  the  plume  head of White  and McKenzie (1989). 
GFS, Gastre Fadt Systenl; PI, Falkland  Islands. 

record of subduction d o n g  t.he Tethyan  margin,  suggests  that  subduction  pull on the 
opposite  sides of the  supercontinent (Fig. 1) may have  given rise t o  tension  within the 
Gondwana  plate  leading  eventunlly t o  brettk-up. The  gravitational  potential of crust 
overthicliened  during  the Permo-Triassic compressional  event  may  have been a  contributing 
factor also. Amantle  plume  benenth  the Karoo province, although  not  essential t o  the mode], 
may Rave thermally  weakened  the  lithosphew,  increased magma production rates  and 
induced local rifting, crrntributing to, but n o t  causing, the eventual  separation of East  and 
West  Gondwana. Regional tensional forces may  have been weak at   this time such that  sea- 
floor spreading  and  continental  break-up did not, as far as we know,  commence until 
approximately 155 Ma, 40 Ma after the inni11 plunle-related volcanic event of the Karoo 
(19524 Ma). 

The  change from Gondwanide  compression t o  lithospheric  extension  maybe  linked 
in EarIy  Jurassic  times t o  a reduction in plate brtundary forces and a change frorn a shnllow 
t o  a steeply  dipping  subduction zone. During the initial  rifting  stage a broad  extensional 
province  developed  in southern  South Anlerica and West h t a r c t i c a  (Fig. 2) behind  an 
oceanward  migrating magmatic arc. 1niti:ll rifting r n a p a s  were  formed by decompression 
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Figure 2. Initial rifting stage of Gondwana  break-up  illustrating  a  subduction 
related  magmatic  belt, a within-plate  magmatic province and  a  broad  extensional 
province  in a back-arc  setting. 

melting of a mantle source  previously  enriched (as in the case of the  Ferrar  magma) or 
enriched  by  contemporaneous  subduction-induced processes. The  mantle  may  have  risen 
passively  in  response t o  crustal  extension nssociated  with changing  plate  boundary forces 
o r  possibly by  subduction  induced convective flow. Anatectic  melting at the  base of the  crust 
andfractionation of the mafic magmas formed silicic magnas on the  margin of the  extending 
basin. A plume  beneath  the Karoo  provinces  ma^ have  increased  magma production rates, 
formed  dipping  reflector  sequences  and  induced local rifting. 

The  broad  extensional province is sep:trated from the  stable cratonic areas by a 
major  transfer  fault zone represe.nted i n  southern  South  America by the  Gastre  Fault 
System  (Rapela & Pankhurst, 1992). Its  easterly  continuation  cuts across the axis of the 
plume  head  and  may  have Item controlled by the  plumes position.  Movement  (possibly 
transtensional)  along  this zone may have  resulted i n  translation  and  rotation of the  Falkland 
Islands  and  the Ellsworth-Whitmore mount:~ins  crustal block of West  Antarctica  during  the 
early  break-up  stages,  and NE movement of East  Antarctica  relative t o  Africa (Fig. 2). 

The coincidence ofbreak-up with emplacement  ofhigh  magnesian  andesites (155-160 
Maj indicative of atypical  thermal  conditions  during  subduction,  suggest that  geothermal 
gradients  may  have been high at  this  stage  and influenced  break-up. 
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CONCLUSIONS 

Although the  true causes of Gondwana  break-up  may  never  be  firmly  established  the 
data  indicate  the  importance of a plate  interaction mode1 encompassing a reduction in 
subduction  plate  boundary forces. The combination of subduction  pull on the opposite  sides 
of Gondwana combined  with the more locnl tensional effects ofa  mantle  plume  and collapse 
of overthickened  lithosphere  may  have been  sufficient t o  cause  break-up  and  the  final 
separation of east  and  west  Gondwana.  The  delay of ca. 30 Ma between the Karoo 
magmatism  and  final  separation  suggests  the  mantle  plume  did  not  provide  the  essential 
trigger  for  Gondwana  break-up  but it may  have controlled the  ultimate position of break-up 
and of major  fault  systems. 

RAPELA, @.W. Rr. PANKZ-IURST, R..J. 1992. The  grmites of northern  Patagonia  and  the 
Gastre  Fault  System  in relation to  the  break-up of Gondwana. In: STOREY, B.C., 
ALABASTER, T. & PAWKHURST, R.J. (eds) Magnatism  and  the  causes of continental 
break-up, Geological Society  Specinl  Publication No. 68, pp. 209-220. 
RICHARDS, M.A. DUNCAN, R.A. & CO'LTRTILLOT, V.E. 19S9. Flood basalts  and  hotspot 
tracks:  Plume  heads  and  tails. Science,  248,  103-107. 
SENGOR, A.M.C. & BURKE, K. 1978,  Relative  timing of rifting  and volcanisrn on earth  and 
its tectonic  implications.  Geophysical  Research  Letters, 5, 419-421. 
STOREY, B.C. &. ALABASTER., T.  1991.  Tectonomagmatic  controls o n  Gondwana  break-up 
models:  evidence  from the proto-Pacific margin uf Antarctica.  Tectonics, 10, 1274-1288. 
STOREY, B.C., ALABASTER, T., HOLE, M.J., PANKHURST, R.J. & WEVER,  H.E. Role of 
subduction-plate  boundary forces during  the  initial  stages of  Gondwana  break-up:  evidence 
from the proto-Pacific margin of Antarctica.  In: STOREY, B.C., ALABASTER, T. & 
PANKIIURST, R.J. (eds)  Magnatisnl and the  causes of' continental  break-up, Geological 
Society  Special  Publication No. GS, pp. 149-163. 
WHITE, R. & MCKENZIE, D. 1989. Mngmntism a t  rift  zones: the  generation of volcanic 
continental  margins  and flood basalts.  Journal of Geophysical Research,  94, 7685-7729. 



Second ISAG, Oxford (UK), 21 -231911993 555 

A EN EL DESARROI&Q 

DEL CICLO CO-NO 

David  Zubieta  Rossetti 
YPFB-GXG,CC1659,Santa Cruz,Bolivia 

RESUMEN 

The main purpose of this paper is to present an evolutive mode1 for the Cordilleran Cycle in the 
central part of Bolivia,in this region before the development of paleozoic  basin, a mountain range 
was build during  the movements of the  Ocloyic  Phase,this  tectonic event represent the principal 
control  for deposition of manne sediments. 

PALABRAS CLAVE: Tectbnica, Paleocordillera, CicloCordillerano,Llanura Central, Bolivia. 

INTRODUCCION 

El desarrollo evolutivo del Ciclo  Cordillerano  [Suarez S. 19891 en  el  sector  Oeste del continente de 
Gondwana, se extendib en el territorio de Sudamerica, incluyendo gran parte de la geograffa de 
Bolivia. 

Altiplano, Cordillera Oriental, Sierras Subandinas y el subsuelo de las Llanuras de Madre de Dios 
y Chaco-Beniana, representan unidades geomorfol6gicas, donde las rocas del Ciclo Cordillerano 
estan ampliamente representadas. 

El Qrea de estudio esta  ubicada entre los 6 3 O  50' y 64 Q50' de longitud y entre los 17p y 17p 30' de 
latitud Sud (Fig.  1LEl sector Sur presenta afloramientos de rocas paleozoicas expuestas en las 
serranias que conforman  la faja Subandina  Central y se extienden  hacia  el oriente, en  el  subsuelo de 
la llanura  adyacente,  conformando  estructuras  anticlinales de  gran  interes  petrolero como 
consecuencia de los  descubrimientos  alcanzados en los dltimos aiios. 

La presencia de  un nuevo elemento  tectbnico identificado en base a la interpretacibn de lineas 
sismicas  conjuntamente con la  informacibn  obtenida de varios pozos exploratorios  perforados  en el 
area, ha permitido  ampliar el conocimiento sobre la distribucibn de las secuencias del Ciclo 
Cordillerano  en  el  subsuelo de la  Llanura  Central y su prolongaci6n  hacia  la  zona del Boomerang . 
MARCO  GEOLOGICO 

El carticter regional de la Cuenca para el Ciclo Cordillerano es considerada intracrathica para 
algunos investigadores y pericratbnica  para  otros,su  desarrollo tuvo lugar en un ambiente  marino, 
con  sedimentacibn predominante silicocltistica Kozlowky, 19231.  Las fuentes de detritos para  esta 
amplia Cuenca ,provenian de diferentes partes:  Para el sector Sur de la Cordillera Oriental y Sierras 
Subandinas, los aportes se movilizaron desde el  macizo Pampeano-Phico, [Borelli,l921,  Padula et 
al.  1967 ] mientras que las tierras altas del  Escudo  BrasileAo, suministraron sedimentos al  sector de 
Chiquitos [ Chamot, 1969,  Ahlfeld y Branisa, 19601.  El macizo de Arequipa localizado al Oeste 
represent6 también  una importante Brea de aporte para  la Cuenca Paleozoica  [Isaacson,  1975  a,  1977, 
Laubacher et al,  1982, Dalmayrac et al 1980, Isaacson y Sabloc,  1989,  19901. 
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En el drea de estudio,la sedimentacidm del Ciels  Cordillerans est6 directamente  vineulada  al 
levantamiento de una paleocordillera ,conformada por sedimentitas cambro-srdsvicicas.Loe 
mecmisrnos de esta deformaeidn es producida como consecuencia de una twt6nica esmpresiva de 
significativa intensidad, que dio  lugar a UR sistema de duplexes  sriginado durante la fase 
Ocloyica 

Rg. No.1 Mapa de ubicaei6n d el Brea de Estudio. 

DISCUSIBN 

La estructuracion  de esta "paleoeordillera,emglazada en e1 subsuelo  de la Llanura 
Centra1,representa  el registro de una crisis  tect6nica ,que se prolong6 durante la  iniciaci6n del Ciels 
Cordillerano.Sedimentos cornpuestos por diamigtitas de textura gruesa,constituyen evidencias de la 
inestabilidad de la cuenca,de la  misma I T ~  -?ra que  las rocas calcareos reflejan variaciones de las 
condiciones climBticas. 

Los pozos exploratorios perforados en el area del Chapare,ocupan diferentes posiciones dentrs la 
cuenca,un block diagrama elaborado en base a la  informacion  sismiea,muestra la morfologia de la 
cuenca referida a la base de cido sedimentaris (Fig. ?).Los pozos Ichoa y Surubi se encuentran muy 
cerca del borde,mientras que Puerto Ramos,Carrasco y Bu10 Bulo,avanzan progresivamente hacia 
la parte mas profunda de la Cuenca. 

El registro litologieo de los pozos Ichoa y Surubi ,en los tramos inferiores,muestran caracteristicas 
que confirman la sedimentacion en un borde de cuenea,en efeeto varias lineas sismica9,en su 
prolongacih hacia  la zona del Boomerang,  reflejan el acufiamiento de las  unidades inferiores.este 
events sin embartgo no siempre puede ser observado debido a la intensa erosidn a la que fueron 
sometidas las seeuencias  siluro-devonicas durante el  Mesozoies . 
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Fig. No.2 Block diagrama  sismico  de la base del ciclo Cordillerano. Escala  vertical en mili 
segundos. 

CONCLUSION 

La fase compresiva Ocloyica dejo impresa su deformaci6n en rocas ordovicicas que afloran al Sur de 
Bolivia pero  tambien  esta  presente  en  latitudes  mas  septentriona1es;su  efecto  determinb  el 
surgimiento de la paleocordillera,conformada por rocas cambro-ordovicicas, que posteriormente 
fueron  erodadas y proveyeron de sedimentos a la Cuenca que se instauraba .En consecuencia este 
elemento tect6nico no solamente representb un importante area de aporte,sino tambien controlo la 
sedimentacibn  del Ciclo Cordillerano . 
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