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Evolucion tectonica y configuracion actual de los Andes Centrales del sur (34°45°-35°30'S)

La evolucidon nedgena de los Andes Centrales al sur del segmento de subduccion plana ha
sido ampliamente estudiada aunque sin haberse logrado un consenso acerca del origen de las
variaciones en el estilo estructural, la edad de la deformacidn, el espesor cortical y la cantidad de
acortamiento, entre otros, que muestra el ordgeno a lo largo del rumbo. Mediante analisis
cronoestratigraficos y estructurales, el presente estudio persigue caracterizar los periodos de
deformacion que experimentaron los Andes desde el Mesozoico hasta el presente, entre 34°45’ y
35°30°S, con el fin de establecer su influencia en la construccion nedgena del ordgeno y en las
diferencias que presenta este a lo largo del rumbo.

Los resultados muestran que la deformacion contraccional durante el Neodgeno se
caracterizo tanto por la reactivacion de estructuras normales previas como por la generacion de
nuevas fallas. Estas estructuras involucraron el basamento en la deformacion, desarrollando un
estilo de piel gruesa favorecido por la presencia de fallas normales asociadas a las cuencas
extensionales que caracterizaron la evolucion de este segmento de los Andes durante el
Mesozoico y Cenozoico.

Asimismo, se pudieron reconocer dos pulsos de deformacién contraccional previos al
Neogeno que afectaron a esta region durante el Cretacico Superior y el Paleoceno. Sin embargo,
no se pudo cuantificar la cantidad de acortamiento acomodado durante estos periodos, lo que
imposibilita reconocer su influencia en periodos de deformacion posteriores.

Durante la deformacion de la vertiente occidental de la cordillera (20-11 Ma), cerca de 18
km de acortamiento fueron acomodados en la corteza superior, mientras que la faja plegada y
corrida de Malargiie acomod6 30 km, implicando una variacién minima con el acortamiento
acomodado por la Cordillera Principal a los 33°30°S. No obstante, el porcentaje de acortamiento
disminuye hacia el sur debido a que la deformacion se distribuy6 en una regiéon mas amplia. De
esta forma, se establece que la disminucidn de acortamiento hacia el sur que presenta el ordgeno,
se originaria por la ausencia de la Cordillera Frontal al sur de 34°40'S, lo cual seria consecuencia
directa de la menor cantidad de deformacion que experimentd la corteza.

Esta menor cantidad de deformacién y acortamiento tendria implicancias directas en la
forma en cdmo se deforma la corteza. Es asi como el acortamiento acomodado por la corteza
superior ha sido transformado en engrosamiento cortical in-situ implicando un modo de
deformacion en cizalle puro, contrastando con el modo de cizalle simple que dominaria al norte
de 35°S.

Finalmente, si bien, la evolucién y arquitectura previa influye sobre el estilo de
deformacion de la corteza, la cantidad de deformaciéon que experimenta el continente es la
responsable de que la segmentacidon de los Andes, quedando aun por dilucidar si esto depende de
la cantidad de deformacidn que puede acomodar la placa superior o a variaciones a lo largo de la
placa subductada.



“El aspecto mas triste de la vida actual
es que la ciencia gana en conocimiento
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Capitulo I-Introduccion

CAPITULO 1.
INTRODUCCION

I.1  Motivacion y presentacion

Los Andes son una cadena montafiosa activa formada en un margen convergente, el cual se
caracteriza por la subduccion de la placa ocednica de Nazca bajo la placa continental Sudamericana.
Una de las principales caracteristicas del orégeno andino corresponde a la segmentacion estructural
que presenta latitudinal, longitudinal y temporalmente. Dicha segmentacién queda de manifiesto al
observar la variacidn de estilos estructurales, mecanismos de deformacion, espesor cortical, altura o
ancho de la cordillera, entre otros, implicando cambios en la arquitectura cortical a lo largo de la
cordillera.

Es ampliamente aceptado que la evolucidon y segmentacion de los Andes tiene una relacion
de primer orden con las variaciones espaciales y temporales de los parametros que definen la
dindmica de la subduccion y la transmisidn de los esfuerzos a la placa Sudamericana. Sin embargo,
existen otros factores, de segundo orden, que controlan de forma local la construccion de la
cordillera, y que aun son materia de discusion. ;Son las caracteristicas intrinsecas de la placa
subductada el principal control en la dinamica de subduccion?, ;Cudl es el papel real que juegan
las caracteristicas de la placa continental en las variaciones de la dinamica de subduccion?
Cualquier investigacion que se refiera a estos temas, en primer lugar, debe considerar la
identificacion de los cambios en la dindmica de la subduccidn para asi determinar las variables que
controlan el sistema. En este sentido, el estudio de la evolucion estructural de la corteza continental
permite asociar las variaciones presentes en el desarrollo del ordgeno y los cambios en los
parametros involucrados en la dindmica de subduccion, debido a las implicancias directas que tiene
¢sta en la deformacidn de la placa superior.

En este contexto, los Andes Centrales del sur, considerados como el segmento andino
comprendido entre los 27° y 40°S, presentan diversas caracteristicas que evidencian variaciones en
los procesos que controlaron la construccion del ordgeno en esta region: (1) el cambio de
orientacion de la fosa y la cadena andina, lo que marca el desarrollo del oroclino del Maipo, (2) una
disminucién hacia el sur de la altura de la cordillera,(3) del acortamiento tectonico de la corteza, y
(4) del espesor cortical. Estas caracteristicas hacen de los Andes Centrales del sur una regiéon
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propicia para el estudio de los factores que controlaron la arquitectura del orégeno debido a la fuerte
segmentacion y variabilidad estructural que existe dentro de esta zona de los Andes.

La presente Tesis de Doctorado se aboca al estudio de la evolucién estructural de los Andes
Centrales del sur durante el Nedgeno y como la impronta de procesos ocurridos previamente a este
periodo ha determinado este desarrollo. Con este fin, se estudid la estructura de la vertiente
occidental y oriental de la cordillera entre 34°45' y 35°30°S. En los ultimos afios numerosos trabajos
han sugerido que existen diferencias en la evolucion y arquitectura del orégeno, al norte y sur del
segmento comprendido entre 35° y 36°S: al sur de este segmento, la evolucion estaria controlada
por la somerizacién y empinamiento de la losa oceanica durante el Mioceno, mientras que al norte
este proceso no ha sido reconocido (Ramos et al., 2014 y referencias ahi). Esto sugiere que esta
zona es clave para comprender las diferencias en la evolucion a lo largo de los Andes.
Adicionalmente, los multiples trabajos realizados en la vertiente argentina de la cordillera a estas
latitudes constituyen una base para la construccién de modelos estructurales en el lado chileno de
los Andes. Este trabajo se enmarca dentro de los proyectos FONDECYT 11085022 y 1120272.

Esta tesis se organiza en 6 capitulos. En las secciones siguientes a la presente introduccion
se presenta un resumen de la evolucién de los Andes desde el Paleozoico hasta la actualidad.
Posteriormente, y en base a lo anterior, se plantea la problematica en la cual se enfoca este estudio.

En particular, el area de estudio se enmarca dentro de lo que corresponde a la cordillera de
Chile y Argentina entre ~35°y 35°30'S. Este sector se caracteriza por presentar dos dominios
estructurales muy marcados: la Cuenca de Abanico y la faja plegada y corrida de Malargiie. En este
sentido, en los Capitulos II y IIT se presentan los resultados obtenidos a partir del estudio de la
evolucion de los dos dominios estructurales mencionados anteriormente. Estos capitulos estan
enfocados principalmente en entender como, cudndo y cudnto se deformo la corteza en esas
regiones. El Capitulo IV trata sobre la deformacién en la region axial de la cordillera, la cual
corresponde a la zona de transicion entre la Cuenca de Abanico y la faja plegada y corrida de
Malargiie, ademas es donde esta ubicado el actual arco volcanico.

Finalmente, en el Capitulo V se integran todos los resultados obtenidos en este estudio para
compararlos con otras regiones de los Andes, con el objeto de establecer cudles pueden ser los
principales factores que controlaron la segmentacion andina, y en consecuencia, que intervienen
durante la construccién de un ordégeno en un margen de subduccion, como lo son los Andes de
Chile y Argentina central.
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I.2 Los Andes de Chile y Argentina Central: Antecedentes y problematicas

I.2.1 Rasgos generales y evolucién de los Andes Centrales del Sur'

Los Andes Centrales del Sur corresponden al segmento comprendido entre la zona de
subduccion horizontal (ca 27 y 33°S) y 40°S (Gansser, 1973). En esta region, el relieve andino esta
compuesto por diferentes unidades morfoestructurales dispuestas en franjas paralelas al margen
continental y con una orientacion N-S, desde los 33°S al norte, y NNE-SSW, al sur de los 34°S
(Fig. I. 1). A lo largo de la region que comprende este estudio se pueden reconocer de oeste a este:
Cordillera de la Costa, Depresion Central, Cordillera Principal, Cordillera Frontal, y el antepais
ubicado en territorio argentino (Fig. L. 1).

La Cordillera de la Costa no sobrepasa los 2200 m s.n.m y entre los rios Tinguiririca y Bio-
Bio tiene alturas maximas que oscilan entre 500-700 m s.n.m. Estd conformada por granitoides y
basamento metamorfico del Paleozoico Superior en su flanco occidental y por secuencias
volcéanicas y sedimentarias Mesozoicas en la parte mas oriental (Fig. I.1) (Sellés y Gana, 2001;
Sernageomin, 2003; Wall et al., 1999).

La Depresion Central se extiende desde los ca. 33°S por mas de 1000 km, hasta los 40°S.
Corresponde a un valle que contiene depdsitos aluviales y volcanicos principalmente pleistocenos a
holocenos (Fig. I. 1) (Farias et al., 2008; Thiele, 1980).

La Cordillera Principal se encuentra formada por rocas cenozoicas de las formaciones
Abanico y Farellones, y por rocas mesozoicas fuertemente deformadas. Las primeras afloran tanto
en la franja occidental como en la oriental de la Cordillera Principal, mientras que las otras se
encuentran principalmente en la vertiente oriental de la misma, dispuestas en una direccion
preferente N-S a NNE-SSW (Fig. L. 1) (Charrier et al., 2002, 2007, Farias et al., 2008, 2010; Fock et
al., 2000).

La Cordillera Frontal corresponde a una provincia tectonica compuesta principalmente por
rocas intrusivas y volcanicas del Pérmico-Triasico que afloran en territorio argentino al sur de 31 °
S (Fig. L. 1).

El antepais andino se presenta como el piedemonte oriental de la Cordillera de los Andes en
esta region. Su elevacion fluctua entre los 900 a 1000 m s.n.m a 33°S, aumentando a 1300 m a los
36°S. El antepais andino entre los 33°30° y 36°S se encuentra disectado por el Bloque de San
Rafael, un bloque de basamento mesoproterozoico-paleozoico exhumado (Fig. I.1).

' Ver Charrier, R., Ramos, V., Tapia, F., Sagripanti, L., 2014. Tectono-stratigraphic evolution of the Andean Oogen
between 31 and 37°(Chile and Western Argentina), en: Sepulveda, S.A., Giambiagi, L.B., Moreiras, S.M., Pinto, L.,
Tunik, M., Hoke, G:D. y Farias, M. (Eds), Geodynamics Processes in the Andes of Central Chile y Argentina. Geol.
Soc. London, Spec. Publ. 399, doi 10.1144/SP399.20 (Anexo I) para una detallada descripcion de la evolucion de los
Andes Centrales del Sur.
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Fig. I. 1. Mapa geoldgico de los Andes entre 31 y 37°S. RFTB: Faja plegada y corrida de La Ramada;
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plegada y corrida de Chos-Malal (Tomado de Charrier et al. 2014).
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La evolucion tectonica de los Andes Centrales del sur comienza ya durante el Paleozoico,
cuando una serie de diferentes terrenos fueron acrecionados al borde occidental de gondwanico y
terminando con un intenso periodo de tectonica compresiva conocido como la orogenia San Rafael
(Charrier et al., 2007). Cabe mencionar que la evolucidén paleozoica, e incluso anterior, también
pudo habria ejercido algun control sobre los periodos de deformacién posteriores. Sin embargo, los
escasos afloramientos de rocas paleozoicas en la regiéon de estudio impiden una detallada
caracterizacion de la evolucién pre-mesozoica impidiendo determinar cualitativa vy
cuantitativamente el control que pudo haber ejercido.

Posteriormente la evolucion triasica de esta region se caracteriza por la ausencia de un arco
magmatico lo que ha sido interpretado como un periodo con una velocidad de subduccion cero,
apoyado por el hecho que los datos paleomagnéticos muestran que la deriva continental fue casi
nula. Durante este periodo domin6 una tectdnica extensional que produjo una serie de depocentros
con una orientacion NW (Charrier et al., 1979), lo cual ha sido asociado a un fuerte control de las
debilidades previas producto de la acrecién de terrenos. Este periodo muestra desarrollo de
depocentros correspondientes a grabenes y hemigrabenes rellenos de depositos sedimentarios y
volcanicos acumulados durante alternancia de periodos de subsidencia termal o tectonica (Charrier
et al., 2007).

El Jurasico temprano y Cretacico medio también se caracterizO por una tectdnica
extensional, pero que a diferencia del periodo anterior, se desarrollé un arco magmatico asociado a
subduccion, ubicado en lo que corresponde a la actual Cordillera de la Costa, y cuencas de tras-arco
al este del mismo, siendo la mas importante en la regién de estudio la Cuenca Neuquina. Esta
cuenca se caracteriza por la presencia de graben y hemigrabenes rellenos con depositos marinos y
continentales relacionados a transgresiones y regresiones marinas.

Para el Cretacico tardio al Eoceno Temprano la tecténica cambid, dominando una
deformacion contraccional que marca el inicio de la construccion del ordgeno andino (Boyce et al.,
2014; DiGulio et al., 2012; Tunik et al., 2010). Este periodo se caracterizo por la deformacién y
alzamiento de la Cordillera de la Costa junto la transformacion de la cuenca de tras-arco en una
cuenca de antepais donde fueron acumulados los depdsitos sinorogénicos asociados a la erosion del
relieve que se formaba (Mpodozis y Ramos, 1989). Durante el Eoceno Medio al Mioceno temprano
la deformacion a lo largo de los Andes Centrales del sur fue diferente al norte y al sur de los 31°S.
En particular, al sur de esta latitud domino la extension, evidenciado por el desarrollo de la Cuenca
de Abanico, una cuenca de intra-arco donde se acumularon depositos volcanicos asociados al arco
magmatico y depodsitos sedimentarios (Charrier et al., 2002, 2005).

Ya para el Mioceno temprano-Plioceno la compresion domind a lo largo de todo el orégeno
correspondiendo al principal periodo de construccion de los Andes, al menos al sur de 31°S (e.g.
Farias et al., 2010). Durante este periodo se produjo la inversion de la Cuenca de Abanico, asi como
la formacion de las fajas plegadas y corridas que caracterizan el borde oriental de la cordillera
(Charrier et al., 2007). Durante este periodo se desarrollo el segmento de subduccion plana al norte
de los 33°S (Fig. I.1). Otro aspecto que caracterizd este periodo fue la rotacion del margen del
continente sudamericano en sentido horario originando asi el Oroclino del Maipo a partir de los 12
Ma (Arriagada et al., 2013).
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La evolucion de los Andes Centrales del Sur durante el Mioceno-Plioceno muestra que la
deformacion fue migrando al este. Esta migracion al sur de los 34°S fue acompafiada de una
migracion del volcanismo de arco hasta 500 km de la fosa (Ramos et al., 2014 y referencias ahi), lo
cual ha sido asociado a una somerizacion de la losa ocednica durante el Mioceno medio-tardio (Kay
et al., 2006). A partir de los 2 Ma, el retroarco al sur de los 34° habria experimentado extension,
contrariamente a lo que pasaba al norte de dicha latitud, y el desarrollo de un magmatismo basaltico
alcalino asociado a una fuente mantélica (Kay et al., 2006). Lo anterior ha sido asociado al posterior
empinamiento de la losa oceédnica lo cual produjo el fluyjo de la astendsfera hacia el oeste,
produciendo el volcanismo alcalino y la extension en el retroarco (Kay et al., 2006, Ramos et al.,
2014).

1.2.2 Exposicion del Problema

De acuerdo con la revisidon presentada en la seccion anterior, los Andes al sur de 33°S son el
resultado de la tectdonica compresiva que ha experimentado el borde occidental de la placa
Sudamericana durante el Nedgeno. La construccion orogénica se caracterizd por un engrosamiento
cortical producto principalmente del acortamiento tectonico ocurrido durante un evento
contraccional mioceno, responsable de la organizacion actual de los Andes de Chile y Argentina
central.

En el ultimo tiempo se han presentado modelos cinematicos contrastantes para explicar el
estilo estructural de la vertiente oriental de la cordillera al sur de 34°S. Por un lado existen modelos
que plantean la inversion de fallas normales como el mecanismo principal a través del cual se
incorpora el basamento en la deformacién (Charrier et al., 2014; Giambiagi et al., 2009, 2008;
Kozlowsky et al., 1993; Manceda and Figueroa, 1995; Mescua et al., 2014; Ramos et al., 1996);
mientras que en el otro extremo, la generacion y apilamiento de fallas inversas de bajo dngulo del
tipo “Laramide” serian el mecanismo que explicaria el alzamiento estructural del basamento
(Dimieri, 1997; Turienzo, 2010; Turienzo et al., 2012). Una diferencia fundamental entre estos dos
modelos corresponde a la cantidad de acortamiento que acomoda uno u otro, lo que tiene
implicancias directas en la estimacion del engrosamiento cortical, alzamiento tectonico, ademas de
la cantidad de deformacion que se traspasa desde la subduccion de placas al continente.

Asi también, se han propuesto distintos modelos para la arquitectura del orégeno. El modelo
mas aceptado corresponde al que presentan diversos autores en el que la deformacidon es traspasada
desde el contacto intra-placa a través de un nivel de despegue profundo que se someriza hacia el
este (c¢f. Farias et al., 2010; Giambiagi et al., 2012; Ramos et al., 2004). Contrariamente, Armijo et
al. (2010) propusieron que el backstop del sistema corresponderia al basamento paleozoico-
neoproterozoico ubicado hacia el este. En este caso el empuje seria hacia el oeste deformando las
rocas mesozoicas y cenozoicas estableciendo asi un transporte tectonico hacia el oeste, direccion
contraria a los modelos propuestos anteriormente.

Otro aspecto a considerar al momento de intentar entender la construccion del ordgeno andino
corresponde a las variaciones latitudinales en su evolucion, las cuales se evidencian al comparar las
regiones al norte y sur de 35°S. Las principales diferencias radican en la migracion al este de la
deformacion y volcanismo de arco que presenta el segmento sur respecto al norte durante la
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evolucion nedgena. Como se desprende de la seccion anterior, estas variaciones evolutivas serian,
ademads consecuencia de un periodo de somerizacidn de la losa oceanica desde el Mioceno tardio. El
cambio de angulo de la subduccidon implico un aumento del area de contacto entre las placas
generando un mayor acople entre ellas, y en consecuencia, una transferencia de esfuerzos mas
eficiente (e.g. Martinod et al., 2010).

Si bien un periodo de somerizacién de la placa explicaria la evolucion geoldgica al sur de
35°S, el origen de este proceso aun no ha sido identificado existiendo variadas hipdtesis. En efecto,
Mescua et al. (2014) propusieron que la migracioén de la deformacion y magmatismo podrian ser
explicadas a través de un modelo de cufla de Coulomb. En este modelo, la dinamica de la
deformacion se caracteriza por el desarrollo de fallas en secuencia, controlado por las caracteristicas
intrinsecas de las rocas que componen la corteza (Dahlen et al., 1984; Davis et al., 1983), las cuales
explicarian las diferencias evolutivas entre los segmentos, al norte y sur de 35°S. La consideracion
de uno u otro modelo implican condiciones distintas de la dindmica de la subduccion y, por lo tanto,
diferencias en la cantidad de deformacidn que se traspasaria al continente.

A pesar de los numerosos trabajos realizados en los Andes de Chile central y del oeste de
Argentina, aun existe una serie de interrogantes sobre la construccion del ordgeno, lo que impide un
analisis mas detallado de los procesos que caracterizan la dindmica de la subduccién y su control en
la orogénesis de un margen convergente. En este sentido, aiin falta por precisar cudl es el rol de la
arquitectura de la corteza continental, particularmente la influencia real de estructuras antiguas
en la construccion de los Andes y como influye en la dindmica de la subduccion de placas.
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I.3 Objetivos y metodologias

I.3.1 Objetivos del estudio

Este estudio tiene como objetivo principal "Determinar la evolucion estructural y los
mecanismos que controlaron la configuracion actual de los Andes Centrales del sur entre 35°S y
35°30'S".

En términos generales, por medio de este estudio, se espera:

(1) Comprender el control de la arquitectura previa de la corteza continental durante la
deformacion contraccional nedgena.

(2) Comprender la forma en la cual los diferentes mecanismos de deformacién han controlado
el desarrollo tectonico de los Andes Centrales del sur entre 33°S y 36°S.

(3) Determinar un modelo de la arquitectura cortical de los Andes Centrales del sur a 35°S, para
su comparacién con otros sectores de la cadena andina con el fin de identificar variaciones
en los parametros que controlan la dindmica de la subduccion y la transferencia de los
estreses a la corteza continental.

Para conseguir estos objetivos, es necesario:

(1) Determinar los rasgos estructurales previos a la fase compresiva nedgena
(2) Determinar la paleogeografia asociada a cada evento de deformacion.
(3) Determinar cudles son los mecanismos de deformacion a lo largo y ancho de la cordillera.

(4) Establecer el grado de influencia de las estructuras previas en los distintos mecanismos de
deformacion reconocidos.

(5) Establecer la cantidad de deformacion asociada a cada fase tectdnica previa.
(6) Determinar la edad de la deformacion para cada periodo de deformacion reconocido.

(7) Determinar las caracteristicas de los depdsitos asociados a cada periodo de deformacion
identificado

1.3.2 Metodologia y actividades

= Se realizaron campaifias de terreno las que consisten en el uso de uso de técnicas estandar de
geologia de campo con énfasis en la geologia estructural y estratigrafia. Los terrenos
tuvieron como finalidad definir unidades estratigraficas y reconocer estructuras y unidades
claves que permitan la separacion de las diferentes fases tectonicas. La informacidn obtenida
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se compild en mapas geologicos y secciones estructurales preliminares a escalas 1:100.000 o
1:150.000, las cuales incluyen datos de cartografia de estudios previos.

La determinacion de la cronologia de los eventos de deformacion requiere de un sélido
control estratigrafico el cual se basd en dataciones radioisotopicas U-Pb en niveles guias.
Ademés se realizaron andlisis sedimentario de proveniencia basado en petrografia y
dataciones U-Pb en circon detritico. De esta manera, se espera poder identificar las areas de
aporte, la roca fuente de los sedimentos, discordancias y los depositos sin-tectonicos de cada
etapa, para asi establecer la temporalidad de diferentes fases tectdnicas y asi caracterizar de
mejor manera la deformacion durante cada etapa. Este estudio cuenta con la colaboracién de
investigadores argentinos expertos en este tipo de analisis.

El detallado andlisis geométrico y cinematico de las estructuras permiti6 la confeccion de
secciones estructurales balanceadas tanto locales como regionales. las cuales fueron
restauradas por etapa correspondiendo la base para la identificacion y separacion de las
distintas fases tectonicas, ademas del reconocimiento de los diferentes estilos estructurales y
la cuantificacion de la cantidad de deformacion. Lo anterior también sienta la base para
comparar la geologia de la vertiente chilena con la vertiente argentina de modo de
integrarlas de manera acuciosa. Esto tltimo cuenta con la colaboracion y participacion de
investigadores argentinos que han trabajo a estas latitudes en la vertiente oriental de la
Cordillera de los Andes. Los perfiles estructurales fueron realizados por métodos clasicos
propios de la geologia estructural, ademas de la ayuda del software MOVE (© Midland
Valley), el cual es una plataforma especializada en la construcciéon de modelos estructurales
en 2Dy 3D.
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CAPITULOII.

LA CUENCA DE ABANICO: ARQUITECTURA'Y
EVOLUCION DE UNA CUENCA DE INTRA-ARCO

II.1 Introduccion

En los ultimos 60 afios, variados han sido los estudios realizados para comprender las
caracteristicas y evolucién de los Andes de Chile Central (33°30°S-37°S) (e.g. Aguirre, 1960;
Charrier, 1973; Charrier et al., 2012, 2002, 1996; Davidson y Vicente, 1973; Farias et al., 2010,
2008; Flynn et al., 2003; Fock et al., 2006; Gonzélez y Vergara, 1962; Jordan et al., 2001; Klohn,
1960; Thiele, 1980; Wyss et al., 1996, 1994). La geologia de la Cordillera Principal de los Andes de
Chile central estd principalmente caracterizada por el desarrollo de la Cuenca de Abanico, una
cuenca extensional de intra-arco desarrollada entre el Eoceno tardio y el Mioceno temprano e
invertida posteriormente durante el evento compresivo nedgeno temprano (Charrier et al., 2009,
2005, 1996), durante el cual se estructurd la arquitectura actual de la Cordillera de los Andes al sur
de la actual zona de subduccion plana. Por lo tanto, determinar la evolucion y estructura de la
Cuenca de Abanico se hace imprescindible para establecer el control que ésta ejercid durante la
posterior fase de contraccidén y, en consecuencia, entender la evolucion de los Andes de Chile
Central. Es por esto que en este capitulo se presenta un estudio realizado a lo largo del valle del rio
Tinguiririca (35°S), desde la frontera con Argentina, por el este, hasta el area de confluencia de los
rios Tinguiririca, Claro y Clarillo, por el oeste, que aporta nuevos antecedentes en ese sentido.
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Este capitulo consta de 6 secciones, en las 3 primeras se presentan las caracteristicas de los
periodos previos, contemporaneos y posteriores al desarrollo de la cuenca. Es asi como, en la
seccion 1.2 se caracterizan y exponen antecedentes sobre el basamento de la cuenca y la
deformacion que éste habria sufrido, en forma previa a la extension del Paledgeno tardio. La
seccion ILI.3 analiza a partir de informacion de superficie y nuevos datos geocronoldgicos la
arquitectura y evolucion de la Cuenca de Abanico. En la seccion 1.4 se analiza la inversion
tectonica y la arquitectura actual de los depositos acumulados en la cuenca para luego, en la seccion
IL.5, presentar un modelo estructural de la Cordillera Principal occidental. Finalmente, en la seccidén
I1.6 se discute acerca de los nuevos antecedentes de los depositos del Cretacico Tardio y sus
implicancias regionales en la evolucion cretacica tardia.
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I1.2 El basamento de la Cuenca de Abanico

El basamento de la cuenca estd constituido por las rocas depositadas en forma previa al
Eoceno medio, correspondiendo principalmente a las secuencias sedimentarias y volcénicas
mesozoicas que rellenaron la Cuenca Neuquina, tanto en su etapa extensional como compresiva.
Estas secuencias mesozoicas afloran inmediatamente al este y oeste de la Cuenca de Abanico donde
se encuentran en contacto por falla o discordancia con la Fm. Abanico (Charrier et al., 2002; Fock
et al., 2006). La ausencia del basamento dentro de la cuenca ha impedido conocer la continuidad
lateral de los depdsitos mesozoicos ademas de impedir la caracterizacion de la deformacion previa a
la extension durante el Paledgeno superior. Sin embargo, aqui se presentan nuevos antecedentes del
basamento posterior al Cretdcico Temprano y previo a la Fm. Abanico, que ayudardn a la
comprension de la evolucion andina a estas latitudes. Las rocas previas al Cretidcico Temprano
seran abordadas en el Capitulo III de este trabajo, debido a que ellas se enmarcan dentro de la
evolucidn del dominio estructural de la faja plegada y corrida de Malargiie.

11.2.1 BRCU

Frente al poblado de Termas del Flaco (Fig. 1I.1) aflora la unidad BRCU (Charrier et al.,
1996), una secuencia continental compuesta por una brecha sedimentaria basal, constituida
mayoritariamente por clastos de caliza pertenecientes a la formacion que lo sobreyace,
conglomerados y areniscas conglomerddicas alternando con niveles mds finos de lutitas y areniscas
finas (Fig. I1.2¢) (Charrier et al., 1996; Zapatta, 1995). Presenta un espesor maximo de de 230 m
(Fig. I1.2¢) sobreyaciendo en aparente concordancia la Fm. Bafios del Flaco (Charrier et al., 1996;
Zapatta, 1995), y subyaciendo discordantemente a la Fm. Abanico (Fig. II.1) (Zapatta, 1995). De
acuerdo con esto, su edad estaria acotada entre el Cretacico Tardio y Eoceno medio. Charrier et al.
(1996) acotan esta unidad al Cretacico Tardio basandose en la presencia de un hueso de dinosaurio
y correlacionandola asi con el Grupo Neuquén. La presencia del BRCU, una sucesion
granodecreciente y estrato decreciente con una brecha sedimentaria en la base que, y de la Fm.
Bafios del Flaco del Jurdsico Tardio, permitid a esos autores concluir que faltan los términos
cretacicos de la Fm. Bafios del Flaco y toda la Fm. Colimapu.

Con el objeto de establecer detalladamente la edad del BRCU, se realizaron 3 dataciones U-
Pb en circones detriticos por el método LA-ICP-MS de 3 muestras del BRCU (FD12-03, FD12-04,
FD12-05), recolectadas frente al pueblo de Termas del Flaco (Fig. II.1), y 1 muestra (FD12-02)
tomada en el sector de la Laguna del Teno perteneciente a la unidad Areniscas de Pichuante (Klohn,
1960), secuencia sedimentaria roja a la cual se le ha atribuido una edad Cretacico Tardio (Klohn,
1960) y se ha correlacionado con el BRCU (Parada, 2008) (ver en Anexo III la metodologia y los
resultados analiticos de las edades U-Pb)

Un total de 96 circones fueron analizados para la muestra FD12-03, de los cuales se
obtuvieron 96 edades, todas con un porcentaje de discordancia menor al 10% (Fig. 11.2a). El
espectro de edades muestra que los valores principales pertenecen al Cretacico con 4 peaks
principales centrados en torno a 94, 105, 111 y 123 Ma (94% en total). El resto de las edades son
Jurésicas representando solo el 6% de la poblacion.
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Para la muestra FD12-04 se analizaron 96 circones y se obtuvieron 93 edades. Se
desecharon 3 debido a su alta incerteza (Fig. I1.2b). Asi también fueron desechados 49 andlisis
debido a que el porcentaje de discordancia era mayor a 15% (Fig. I1.2b). Las edades concordantes
obtenidas se distribuyen entre 84 y 130 Ma, con dos edades aisladas de 287 y 299 Ma. La curva de
probabilidad relativa muestra varios peaks maximos de edades Cretacicas tales como 85, 93, 98,
108 y 119 Ma (Fig. 11.2d).

De la muestra FD12-05 se analizaron 99 circones, de los cuales 68 no fueron considerados
debido a que presentan una discordancia mayor al 15% y un alto grado de incerteza (Fig. I1.2b). Los
31 andlisis concordantes muestran edades entre 94 y 149 Ma con tres edades aisladas de 294, 297 y
342 Ma (Fig. I1.2d). El diagrama de probabilidades relativas de edades entrega un peak principal de
95 Ma y una serie de peaks secundarios entre 100 y 125 Ma junto con un peak Jurasico de 148 Ma
(Fig. 11.2d).

Por ultimo, para la muestra FD12-02 se consideraron 24 circones de los analizados ya que
los otros presentan un alto porcentaje de discordancia (Fig. I1.2a). La curva de probabilidad relativa
muestra un espectro multimodal donde los peaks principales se centran en torno a 90, 94, 100 y 111
Ma (Fig. I1.2d). También se observan peaks secundarios en torno a los 133, 140 y 181 Ma.

La datacién de circones detriticos ha sido ampliamente utilizada para determinar la edad
maxima del depdsito basandose principalmente en el circon mas joven de la muestra (Dickinson y
Gehrels, 2009). Considerando lo anterior, el circon mdas joven para cada muestra del BRCU
corresponde a 89,8 + 2,5, 84,6 = 0,8, y 94,8 = 1,2 Ma para las muestras FD12-03, FD12-04 y FD12-
05, respectivamente (error con +20). De esta forma, se establece que la edad méxima de depdsito
para el BRCU se encontraria entre 96 y 83,8 Ma.
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Fig. 11.2: (a) Diagramas de concordia para resultados analiticos de dataciones U-Pb en circones detriticos de
las muestras FD12-02 y FD12-03, de las unidades Areniscas de Pichuante y BRCU, respectivamente. (b)
Diagramas de concordia para resultados analiticos de dataciones U-Pb en circones detriticos de las muestras
FD12-04 y FD12-05, de la unidad BRCU. (¢) Columna estratigrafica de la unidad BRCU en la ladera sur del
valle del Tinguiririca (modificada de Zapatta, 1995) con la ubicacion de las muestras datadas. (d) Curvas de
probabilidad relativa para las edades U-Pb en circones detriticos de las unidades BRCU (muestra FD12-03,
04 y 05) y Areniscas de Pichuante (muestra FD12-02).
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Cabe mencionar que las 3 edades mas jovenes obtenidas para las 3 muestras coinciden con
su posicion estratigrafica. Es asi como la muestra FD12-04 posee la edad mas joven y la posicion
mads alta en la columna respecto a la muestra FD12-03 que tiene una edad 5 m.a. mayor. Por otro
lado, la muestra FD12-05 posee la edad mas antigua, lo cual podria estar evidenciando una
repeticion del BRCU producida por la presencia de la falla El Fierro (Fig. II.1), ya que esta muestra
se ubica directamente sobre la falla (Fig. II.2c). Lo anterior, sin embargo, es discutible debido a que
los andlisis en circones detriticos no son concluyentes para las edades absolutas de cada nivel.

Esta edad maxima de depdsito estimada para el BRCU pone en evidencia la discordancia
erosiva y el hiatus en el registro estratigrafico con la subyacente Fm. Bafios del Flaco, asi como
también el hiatus y discordancia angular previamente establecido con la sobreyacente Fm. Abanico
(Charrier et al., 1996).

En la muestra de la unidad Areniscas de Pichuante se obtiene una edad maxima de depdsito
de 90 £+ 1.6 (£20) Ma la cual es se encuentra dentro del intervalo definido para la edad maxima del
depdsito del BRCU.. De acuerdo con lo anterior y en base a la litologia, posicion estratigrafica y las
edades obtenidas en este trabajo, se propone que el BRCU y las Areniscas de Pichuante son
equivalentes cronoldgicos y litoestratigraficos, y que, por lo tanto, se habrian depositado durante las
mismas condiciones tectonicas. Sin embargo, la caracterizacidon geologia del sector del rio Teno
donde aflora esta unidad no fue realizada en esta tesis, para establecer las relaciones de contacto con
las unidades sub- y suprayentes y de esa forma establecer una correlacion estratigrafica mas
detallada entre las Areniscas de Pichuante y el BRCU.

Finalmente, se realizd una dataciéon U-Pb en circones detriticos en una muestra de la parte
superior de la Fm. Colimapu recolectada en el sector del rio Volcan, al este de Santiago, con el
objeto de establecer una posible correlacion entre los afloramientos que en esa localidad fueron
atribuidos a la Fm. Colimapu y el BRCU, como ha sido propuesto por otros autores (cf. Charrier et
al., 2007, 2014). De acuerdo con los resultados obtenidos, la edad maxima del depdsito para el
techo de la Fm. Colimapu corresponderia a 73,8 + 4,2 (+2c) Ma (Fig. I1.3), la cual es més joven que
la edad maxima de deposito determinada para el BRCU y las Areniscas de Pichuante. De la misma
forma que para las Areniscas de Pichuante, no es posible establecer una edad maxima de depdsito
que sea representativa para toda la unidad que aflora en el rio Volcan, dado que se dispuso de una
sola muestra. Sin embargo, se puede inferir que estos depdsitos no pertenecen a la Fm. Colimapu
(s.s. Klohn, 1960).

16



Capitulo 1I-Cuenca de Abanico

(a) (b) .
Fm. Colimapu
006! 54 Ma Rio Volcan
350 N=100
5 0,041 250
o«
&
3
o
8
o 150,
0,02}
50 311 Ma
0,00 ; . . ;
0,0 0,1 0,2 0,3 04 0,570 110 150 190 230 270 310 350 390 430 470
207pp 235y Edad (Ma)

Fig. 11.3. (a) Diagrama de concordia para los resultados analiticos de dataciones U-Pb en circones detriticos
de la Fm. Colimapu en el sector del rio Volcan, al este de la ciudad de Santiago. (b) Curva de probabilidad
relativa para las edades U-Pb en circones detriticos para la muestra de la Fm. Colimapu, en el rio Volcan.

11.2.2 Unidad Guanaco

Esta unidad informal fue definida a lo largo del valle del Tinguiririca entre el arroyo Garcés
y la quebrada El Ciruelo (Fig. II.1). La Unidad Guanaco corresponde a una secuencia volcénica y
volcanocléstica de marcada coloracion rojiza, de al menos 1800 m de espesor anteriormente
asignada a la Fm. Abanico (cf. Charrier et al., 1996; Zapatta, 1995). Estd compuesta de andesitas,
brechas volcdnicas y tobas con intercalaciones de conglomerados y areniscas cubiertas
discordantemente por la Fm. Abanico, mientras que su base no se encuentra expuesta.

En los afloramientos de la Unidad Guanaco a lo largo del valle del Tinguiririca se
reconocieron fallas normales de escala centimétrica a decamétrica, acomodando espacio para el
deposito de esta unidad (Fig. I1.4). En la ladera sur del rio Tinguiririca, 5 km al oeste de la localidad
de Termas del Flaco, una falla de mas de 300 m de desplazamiento normal acomoda una secuencia
roja de lavas y tobas pertenecientes a la Unidad Guanaco (Fig. 11.4a). El espesor de la secuencia
sobre el bloque yaciente supera al menos en 2 veces el espesor acumulado sobre el bloque colgante
(Fig. 11.4a) evidenciando que la falla estuvo activa durante la acumulacién de los depositos
volcanicos. De la misma manera, en la quebrada Guanaquito se pueden observar fallas normales de
30 cm de rechazo acomodando el deposito de estratos volcados de tobas rojas (Fig. I1.4b y c). Las
implicancias de estas fallas normales en la evolucion de los Andes serdn analizadas en la seccion
I1.6.
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Fig. I1.4: Evidencias de fallas normales en la Unidad Guanaco. (a) Fotografia de la ladera sur del valle del rio
Tinguiririca, al oeste de la quebrada El Baule. Al lado de ésta se encuentra la interpretacion donde se muestra
como al este de la falla el espesor de la secuencia aumenta. (b) Fotografia e interpretacion de un paleocanal
en secuencias volcadas de la Unidad Guanaco en el arroyo Guanaquito, que muestra la base y el techo de los
estratos. (c) Fotografia de estratos volcados de la Unidad Guanaco en la ladera oeste del arroyo Guanaquito.
A la derecha se muestra la interpretacion donde se puede observar fallas normales con desplazamiento de
centimetros activas durante el depodsito de la secuencia.
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En la ladera occidental del valle del arroyo Guanaco (Fig. II.1), las rocas de la Unidad
Guanaco se encuentran involucradas en un sistema anticlinal-sinclinal, el cual es intruido por diques
de 38,4 Ma (Ar- Ar, Mosolf, 2013). Esto evidencia un periodo de deformacién contraccional previo
a 38,4 Ma, lo cual es anterior a la extension Paledgena relacionada con la formacién de la Cuenca
de Abanico. Las implicancias de estas evidencias seran abordadas en la seccion de discusion de este
capitulo.

Con ¢l fin de determinar la edad de la Unidad Guanaco se colectd una muestra (FD13-01) de
un nivel de toba expuesto en la ladera este del arroyo Guanaquito (Fig. II.1) a la cual se le realizo
una datacién U-Pb en circon (Ver resultados del analisis en Anexo III). A nivel microscépico, la
toba muestra fragmentos de cristales de feldespatos potasicos (Fig. II.5f y 5h), anfibolas alteradas a
biotitas y fiammes (Fig. I1.5g y 5i), inmersos en una matriz vitrea amorfa (Fig. I1.5h). Se realizaron
32 analisis en la misma cantidad de circones, los cuales presentan un porcentaje de discordancia
menor al 2% (Fig. 11.5d). Los resultados muestran un espectro de edades con 3 peaks principales
entorno a 75, 78 y 81 Ma ademaés de 4 peaks aislados cercanos a 88, 162, 170 y 1053 Ma (Fig.
II.5¢e). Considerando lo anterior, se puede plantear que el peak cercano a 75 Ma corresponde a la
edad del depodsito y que las otras edades corresponden a circones provenientes de rocas mas
antiguas como el BRCU con edades de 85 y 88 Ma (Fig. I1.2d). De acuerdo con su litologia y edad,
esta unidad corresponderia a los depositos asociados al arco volcanico de edad Campaniano-
Maastrichtiano, pudiendo correlacionarse temporal y litolégicamente con la Fm. Lo Valle (Thomas,
1958) que aflora en la Depresion Central y Cordillera de la Costa, al norte de 34°S.
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Fig. IL5. (a) y (b) Columnas estratigraficas de la Unidad Guanaco en la ladera norte y sur del valle del rio
Tinguiririca realizadas por Mosolf (2013). (c) Columna estratigrafica de la Unidad Guanaco en la quebrada
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Guanaquito (ver ubicacion de las columnas en la Fig. II.1). (d) Diagrama de concordia para los resultados
analiticos de dataciones U-Pb en circones de la muestra FD13-01 de la Unidad Guanaco (ver ubicacion de la
muestra en la Fig. II.1). (e) Curva de probabilidad relativa e histograma para las edades U-Pb en circones de
la muestra FD13-01, datada en este estudio. (f) y (g) Microfotografia a nicoles paralelos de la muestra FD13-
01. Notar las fiammes alineadas en la microfotografia (g). (h) e (i) Microfotografia a nicoles cruzados de la
muestra FD13-01. Notar la matriz vitrea y los cristales fragmentados de feldespato potasico que indican un
origen volcanico para el depdsito.
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I1.3 Formacion Abanico y la extension paledgena

La Fm. Abanico corresponde a una secuencia volcanica y volcanoclastica (Aguirre, 1960;
Klhon, 1960; Gonzélez y Vergara, 1962; Charrier, 1973, Thiele, 1980) acumulado durante la
deformacion extensional que dio origen a la Cuenca de Abanico (Charrier et al., 2002). Esta unidad
se expande por una region muy amplia desde 32°30"' a 36 °S abarcando casi en su totalidad la
vertiente occidental de la Cordillera Principal.

Un reciente estudio realizado por Mosolf (2013) entregd una serie de nuevas edades U-Pb en
circon, Ar- Ar en plagioclasas y roca total para la Fm. Abanico a lo largo del curso superior del rio
Tinguiririca (Fig. II.1). Las edades reportadas por este autor junto con los datos recolectados
durante esta tesis permitieron establecer las condiciones de sedimentacion y la evolucion de la
cuenca.

Las edades presentadas por Mosolf et al. (2011) y Mosolf (2013) abarcan un rango entre 46
y 20 Ma, concordantemente con lo reportado anteriormente al norte y sur de 35°S (e.g. Fock, 2005;
Piquer et al., 2010; Radic, 2010). El registro de edades a lo largo del area de estudio muestra un
patron decreciente hacia el este debido a que las edades entre 46 y 36 Ma se encuentran
principalmente entre el rio Azufre y la quebrada El Tapado (Fig. II.1) salvo una edad Ar-Ar en el
arroyo Garcés de 45,5 Ma (Fig. 11.1), mientras que las edades entre 36 y 20 Mase distribuyen en el
area de las Termas del Flaco (Fig. II.1). Esta distribucidn cronolédgica ya habia sido identificada por
Zapatta (1995) quien defini6 un miembro occidental y uno oriental basandose principalmente en un
criterio temporal basado en el contenido f6sil de cada miembro.

De acuerdo con los antecedentes expuestos, en este trabajo se mantendra el criterio temporal
de Zapatta (1995) para separar en dos miembros a la Fm. Abanico en esta region (miembros
Oriental y Occidental), los cuales geograficamente se encuentran separados por los afloramientos de
la Unidad Guanaco (Fig. II.1). Hacia el oeste del rio Azufre no fue posible establecer esta
subdivision ya que no se cuenta con dataciones suficientes, las cuales son el Unico criterio de
separacion debido a la similitud litoldgica entre ambos miembros. El Miembro Occidental
corresponde a rocas de la Fm. Abanico con edades entre 46 y 36 Ma. Se distribuye al oeste del
estero El Ciruelo con un espesor minimo de 400 m (Fig. I1.6a), el cual aumenta hacia el oeste y
disminuye hacia el este (Fig. I1.1). Hacia la base se encuentra en contacto con la Unidad Guanaco,
lo que representa un hiatus de ~20 m.a. (63 a 46 Ma) en el registro estratigrafico. Este miembro
también aflora a lo largo de la ladera oeste del rio Azufre, lo cual ha sido puesto en evidencia por
dataciones entre 47,3 y 38,4 Ma (Fig. II.1 y Il.6a, Mosolf et al., 2011). Asi mismo, en el arroyo
Garcés, una serie de estratos rojos y blancos datados en 46,5 Ma (Fig. I1.7b) (Ar-Ar en plagioclasas,
Mosolf et al., 2011), y dispuestos sobre la Unidad Guanaco, muestran estratos de crecimiento y
fallas normales que controlan el depdsito (Fig. I1.7a), evidenciando la existencia de un régimen
extensional en un estadio inicial de la acumulacién de la Fm. Abanico. Estos niveles corresponden a
los afloramientos mas orientales del Miembro Occidental. Finalmente, otra caracteristica de este
miembro es que presenta un contenido fosil de mamiferos pertenecientes a la Fauna El Tapado
(Wyss et al., 1994; Zapatta, 1995), el grupo de fosiles de mamiferos mas antiguo de la region.
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Fig. 11.6. (a) Columnas estratigraficas del Miembro Oriental y Occidental de la Fm. Abanico, en el Paso El
Fierro y quebrada el Tapado, respectivamente (Modificadas de Zapatta, 1995 y Mosolf, 2013). Ademas se
indican las dataciones previas a este trabajo para ambos miembros (ver ubicacién de las dataciones en Fig.
II.1). (b) Diagrama de concordia para los resultados analiticos de dataciones U-Pb en circones de la muestra
FD13-02 del Miembro Oriental (ver ubicacion de la muestra en la Figs. 1.1 y I1.7). (c) Curva de probabilidad
relativa e histograma para las edades U-Pb en circones de la muestra FD13-02.

El Miembro Oriental aflora en la ladera norte y sur del valle del Tinguiririca, en las
cercanias del poblado de Termas del Flaco (Fig. II.1). Este miembro presenta un espesor minimo de
~300 m y estd compuesto por una sucesion volcanica y volcanoclastica mas joven que 36 Ma (Fig.
II.6a). En el arroyo Garcés se la observa sobre un nivel de tobas blancas del Miembro Occidental
(Fig. I1.7b), mientras que en el sector del Paso el Fierro y el estero Los Rios se dispone sobre el
BRCU o la Fm. Bafios del Flaco (Fig. 1I.1). En este sector, el Miembro Oriental presenta restos
fosiles de mamiferos pertenecientes a la Fauna Tinguiririca, una fauna f6sil de mamiferos mas
joven que la Fauna del Tapado, pero de importancia mundial debido a sus implicancias
estratigraficas y evolutivas (Charrier et al., 2012; Flynn et al., 2012; Wyss et al., 1994). Dataciones
en la base del Miembro Oriental, cercano al contacto con el BRCU y la Fm. Bafios del Flaco
muestran que el depdsito de este miembro habria comenzado posteriormente a 37 Ma, terminando
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en el Mioceno temprano con el depdsito de la Fm. Farellones que se dispone sobre €l en el area del
cerro Alto del Padre (Fig. IL.1).

A lo largo del arroyo Garcés, niveles basales, correspondientes a areniscas y tobas del
Miembro Oriental, muestran estratos de crecimiento que indican un aumento del espesor de la
secuencia hacia el este (Fig. II.7.b). Si bien no se encontré ningin antecedente concreto que
evidenciara la causa para el desarrollo de estos estratos de crecimiento, aqui se infiere que el
Miembro Oriental también se depositd bajo una tectonica extensional al igual que el Miembro
Occidental. Esto se sustenta en el hecho que las caracteristicas y edades del Miembro Oriental se
correlacionan con las de las rocas de la Fm. Abanico al norte y al sur de 35°S, cuyo deposito fue
controlado por fallas normales asociadas a la tectdonica extensional que afectdo el area de la
Cordillera Principal durante el Pale6geno tardio (Charrier et al., 2002; Farias et al., 2010; Fock,
2005; Radic, 2010).

Estrato de
A crecimiento

\ VFED13-02
LA D

Fig. I1.7. Estratos de crecimiento en la Fm. Abanico. (a) Vista de la ladera oeste del arroyo Garcés donde se
desarrollan estratos de crecimiento en niveles de areniscas del Miembro Occidental, dispuestos
verticalmente, ubicados sobre estratos volcados de la Unidad Guanaco. (b) Estratos de crecimiento al este en
tobas del Miembro Oriental en la ladera este del arroyo Garcés sobre estratos pertenecientes al miembro
occidental. Se muestra la ubicacion de la muestra FD13-02.

Con el objeto de establecer la edad y las areas fuentes de los depdsitos que constituyen los
estratos de crecimiento en el Miembro Oriental (Fig. I1.7b), se realizd una datacion de U-Pb en
circones detriticos a una muestra (FD13-02) colectada en la ladera este del arroyo Garcés (ver
ubicacion en Fig.IL.1). Los resultados muestran una concentraciéon mayor de circones entre 32 y 49
Ma (90%), ademads de poblaciones menores de 60-70 Ma (6%), 90-95 Ma (2%) y 2 edades aisladas
de 141 y 1023 Ma (Fig. 11.6¢). La edad maxima de depdsito quedaria acotada por el peak de 35 Ma,
lo cual es consistente con la edad de 45 Ma de los niveles ubicados por debajo (ver Fig. I1.7b,
Mosolf, 2013) y con el rango de edad determinado para el Miembro Oriental.

En cuanto a las areas de aporte, del andlisis realizado se desprende que la poblacion de
circones mas jovenes que 37 Ma tendria su origen en la actividad volcénica contemporanea. Por
otra parte, las poblaciones comprendidas entre 37 y 49 Ma provendrian de la erosion del Miembro
Occidental el cual se erosionaria producto de la exhumacion causada por el régimen tectonico
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extensional contemporaneo al depdsito del Miembro Oriental (Fig. I1.8). Asi mismo, las
poblaciones de 60-70 Ma y 90-95 Ma corresponderian a circones provenientes de la erosion del
BRCU vy de la Unidad Guanaco. De esta manera, el analisis de las areas fuentes pone en evidencia
que todo el aporte de sedimentos para el Miembro Oriental estaria supeditado a la erosion de las
rocas circundantes a la cuenca, una caracteristica recurrente en las cuencas extensionales de intra-
arco (Busby y Bassett, 2007; Busby et al., 2013; Centeno-Garcia et al., 2011)

De acuerdo con lo expuesto, la evolucion de la Cuenca de Abanico habria comenzado con
un primer periodo de deformacion extensional que habria afectado principalmente a su regién
occidental a partir de los 46 Ma (Fig. I1.8). Durante este periodo se habria depositado el Miembro
Occidental, desarrollandose los depocentros mas profundos hacia el oeste, evidenciado por el
aumento del espesor en esa direccion que presenta el Miembro Occidental (Fig.ILS).
Posteriormente, la extension habria afectado a la regién mas oriental de la cuenca a partir de los 36
Ma, depositandose en este periodo el Miembro Oriental (Fig. IL.8), lo cual se evidencia por la
ausencia de rocas de este miembro al oeste de la Unidad Guanaco. De esta forma se puede proponer
que la deformacién extensional fue migrando al este, lo que explicaria la presencia de depositos
volcéanicos del Mioceno temprano mas al este, en territorio argentino, los que también se habrian
acumulado en depocentros extensionales (Spagnuolo et al., 2012b).

En relacion a la geometria de la cuenca a lo largo del curso superior del rio Tinguiririca, se
puede establecer la existencia de un depocentro mayor al oeste cercano a la confluencia de los rios
Tinguiririca y Azufre, donde el espesor del Miembro Occidental es maximo (Fig. I1.8). Basado en el
crecimiento al oeste que presenta el Miembro Occidental y su menor espesor en la ladera oeste del
arroyo Garcés (Fig. 11.1), dicho depocentro corresponderia a un hemigraben controlado por una falla
normal inclinada al este (Fig. I1.8). Hacia el este, el hemigraben estaria limitado por un alto
topografico correspondiente a la parte del anticlinal de roll-over mas alejada de la falla normal
maestra (Fig. IL.8), el cual estaria constituido por la Unidad Guanaco y por rocas del Miembro
Occidental. Al este del alto de basamento, se encontraria un hemigraben, de menor escala que el
ubicado al oeste, con una falla maestra manteando al oeste (Fig. I1.8) evidenciado por el crecimiento
al este que muestra las secuencias del Miembro Oriental en el arroyo Garcés (Fig. 11.7b). Para el
sector al oeste del rio Azufre, no se tienen datos precisos que evidencien la arquitectura de lo
cuenca. Sin embargo, basado en el gran espesor de la Fm. Abanico, se infiere que en este sector se
habria desarrollado un hemigraben con una falla normal inclinada al oeste (Fig. I1.8). De acuerdo
con lo anterior, el estudio detallado del borde occidental de la Cuenca de Abanico, ain es un tema
de investigacidn abierto.
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Fig. I1.8: Bloque diagrama mostrando la arquitectura de la Cuenca de Abanico previo al Mioceno temprano,

Depocentros oligocenos

a lo largo del valle del rio Tinguiririca, entre el valle del Azufre y el limite fronterizo.

El modelo arquitectural para la evolucion extensional contrasta con lo propuesto para la
regidn por otros autores quienes propusieron una arquitectura constituida por una serie de
hemigrabenes definidos por fallas maestras inclinando al oeste (cf. Parada, 2008; Piquer et al.,
2010). Estos trabajos consideraron a la Unidad Guanaco dentro de la Fm. Abanico lo que
aumentaba su espesor y, en consecuencia, influy6 en la concepcion de los modelos geométricos.
Esto pone en evidencia que la discriminacién e identificacion del substrato se hace indispensable
para poder establecer concluyentemente la geometria de la Cuenca de Abanico a lo largo de su eje.
Esto permitird una mejor comprension de la influencia de las estructuras previas durante las fases
compresivas nedgenas y, en consecuencia, un mds detallado entendimiento de la construccion y
arquitectura de los Andes a estas latitudes.
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II.4 Inversion de la Cuenca de Abanico: Estructura actual de Cordillera
Principal occidental

En el sector mas oriental de la Cuenca de Abanico se observa el contacto entre la Fm.
Abanico y las secuencias sedimentarias mesozoicas deformadas, lo cual corresponde en esta region
a la parte interna de la faja plegada y corrida de Malargiie. En el curso superior del rio Tinguiririca,
las fms. Rio Damas y Baifios del Flaco junto con el BRCU se encuentran inclinadas al oeste (Fig.
II.1, I1.9a y b), configurando el limbo dorsal de un anticlinal de vergencia al este, con una longitud
de 10 km y un limbo delantero corto e inclinando fuertemente al este (60-70°) (Mescua et al.,
2014). En el nacleo de la estructura afloran secuencias sedimentarias del Jurdsico Temprano y
Medio intensamente falladas y plegadas internamente, las cuales, junto con la Fm. Rio Damas,
muestran una fuerte disminucion del espesor hacia el este (Mescua et al., 2014). Debido a esto y a la
geometria que muestra la estructura, el anticlinal se ha asociado a la inversion de una falla normal
previa, de manteo al oeste y que habria controlado el depdsito de las rocas mesozoicas durante el
Jurdsico (Mescua et al., 2014). La falla normal se habria reactivado inversamente durante el
Cretacico Tardio y luego durante el Mioceno, como lo muestran los depdsitos sinorogénicos de esas
edades que se encuentran por delante del limbo frontal y en el limbo dorsal del anticlinal (Mescua et
al., 2014, 2013).
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Fig. I1.9. Deformacion a lo largo del rio Tinguiririca. (a) y (b) Fotos panoramicas de la laderas norte y sur del
valle del Tinguiririca, respectivamente, mostrando las principales estructuras presentes.
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Al oeste de la localidad de Termas del Flaco y a lo largo de la ladera norte del valle del
Tinguiririca, aflora un anticlinal de 9 km de longitud constituido por la Unidad Guanaco en su
nucleo, el Miembro Occidental y el Oriental, de la Fm. Abanico, en el limbo dorsal y frontal,
respectivamente (Figs. II.1 y I1.9a). Se caracteriza por un limbo trasero largo con manteos de 20° a
30° W y un limbo frontal corto con estratos verticales, lo que muestra una vergencia al este para
esta estructura. A lo largo del arroyo Guanaco, la falla El Baule (Fig. II.1), una falla inversa de
vergencia al este, corta el anticlinal fallando las rocas inclinadas de la Unidad Guanaco, basculando
el limbo trasero hacia el oeste. Lo anterior indica que la falla El Baule estuvo activa con
posterioridad a la formacidn del anticlinal. En el limbo frontal afloran los estratos de crecimiento de
ambos miembros de la Fm. Abanico, observados en el arroyo Garcés (Fig. II.7a y b). En la ladera
este del arroyo, las rocas del Miembro Oriental de la Fm. Abanico se encuentran deformadas,

conformando lo que corresponde a un sinclinal. Este pliegue presenta una geometria asimétrica,
limbo occidental manteando suavemente al este, mientras el limbo oriental inclina mas de 50° al
oeste (Fig. 11.10a), y de acuerdo con su ubicacidon (Fig. II.1), se le puede identificar como el
sinclinal de pie asociado a la formacion del anticlinal ubicado hacia el oeste.

Fig. I1.10. Deformacion del miembro oriental del Fm. Abanico. (a) Vista al norte del sinclinal desarrollado al
frente del limbo frontal del anticlinal que aflora en la ladera norte del valle. (b) Fotografia con vista al sur de
la deformacion asociada a la falla El Fierro. Se puede ver como la falla produce la repeticion del BRCU.

En contraste a lo anterior, en la ladera sur del valle del Tinguiririca, la Unidad Guanaco y la
Fm. Abanico conforman un homoclinal de 9 km que presenta inclinaciones entre 40° y 30° W (Fig.
I1.9b). El homoclinal se encuentra limitado al este por la falla El Baule (Fig. 1I.1 y I1.9b), la cual
monta a la Unidad Guanaco sobre las secuencias volcanicas y sedimentarias de la Fm. Farellones
que afloran bajo las lavas pleistocena del cerro Alto del Padre (Fig. 11.1).
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Fig. II. 11. Columna estratigrafica de la Fm. Farellones en el cerro Alto del Padre. Modificada de Gonzalez
(2008), Mosolf (2013) y Zapatta (1995).

La Fm. Farellones corresponde a una secuencia volcanica reconocida al norte de 35°S que se
habria depositado durante la inversion de la Cuenca de Abanico en el Mioceno temprano y
continuado hasta el Mioceno medio (c¢f. Fock, 2005). En esta area, se caracteriza por presentar un
predominio de tobas y andesitas hacia la base, con algunas intercalaciones de areniscas, areniscas
conglomeradicas, y potentes capas conglomeradicas, mientras hacia el techo dominan los niveles
sedimentarios mds finos como areniscas, calizas y limolitas, con intercalaciones esporadicas de
niveles volcanicos (Fig. I1.11). Estos niveles superiores han sido asociados a un ambiente lacustre
de baja energia que favorecié el deposito de sedimentos finos y la precipitacion de carbonatos
(Gonzalez, 2008), contrastando con la parte inferior de la Fm. Farellones, donde el predominio de
facies volcédnicas con intercalaciones de conglomerados indican condiciones de alta energia y un
ambiente subaéreo aluvial con desarrollo fluvial e interrupciones debido a actividad volcanica. Con
el objeto de una mejor comprension sobre del periodo inversion de la Cuenca de Abanico, se
propone definir para esta area, dos miembros informales dentro de la Fm. Farellones: el miembro
inferior y el miembro superior, basado en las caracteristicas anteriormente descritas.
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Fig. I1.12. Estratos de crecimiento Fm. Farellones. (a) Fotografia al sur del cerro Alto del Padre mostrando
las discordancias progresivas del miembro inferior de la Fm. Farellones y el contacto discordante con el
volcanismo Cuaternario. Ademas se incluyen las edades de Mosolf (2013). (b) y (c¢) Estratos de crecimiento
y discordancias progresivas de la Fm. Farellones en el cerro Las Aguilas del Chivato.
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La Fm. Farellones en el sector de Termas del Flaco posee un espesor de ~750 m y se
encuentra limitada por las fallas El Baule y El Fierro por el oeste y este, respectivamente (Fig.
I1.9b). Se apoya sobre el Miembro Oriental de la Fm. Abanico y esta cubierta discordantemente por
los Conglomerados Campo del Colorado, sucesion sedimentaria dominada por niveles de
conglomerados con intercalaciones de areniscas finas y una edad comprendida entre 4 y 1,7 Ma
(Gonzalez, 2008). En el area del cerro Alto del Padre, se desarrollan estratos de crecimiento y
discordancias progresivas hacia el oeste, en niveles de tobas y areniscas conglomeradicas del
miembro inferior (Fig. II.12a), las cuales anteriormente habian sido asignadas a la Fm. Abanico y
asociadas a sedimentacion sintectonica en depocentros extensionales (Zapatta, 1995).

Mosolf (2013) realizé 3 dataciones U-Pb en circon en distintos niveles del miembro inferior
de la Fm. Farellones (Fig. I1.11) obteniendo edades entre 20,4 y 11,4 Ma, lo que permite acotar el
depdsito de este miembro entre el Mioceno temprano y, al menos, el Mioceno superior. Estas
edades, ademas, acotan el inicio de la Fm. Farellones al Mioceno temprano, en forma consistente
con lo propuesto al norte de 35°S (Charrier et al., 2005, 2002; Farias et al., 2010, 2008; Fock,
2005).

En la ladera este de la quebrada El Baule, un sinclinal-anticlinal deforma al miembro
superior de la Fm. Farellones. Estas estructuras se extienden hacia la ladera sur del cerro Alto del
Padre donde corresponden a pliegues apretados, con una amplitud de 200 y 400 m de longitud de
onda de anticlinal-sinclinal definiendo asi un estilo de deformacion de piel fina de vergencia este y
oeste (Fig. I1.13) (Gonzalez, 2008). De acuerdo con lo anterior, esta deformacién habria ocurrido
entre el Mioceno superior y el Plioceno, con posterioridad al deposito de la Fm. Farellones y
anterioridad al depdsito de los Conglomerados Campo del Colorado.

Las diferencias en las condiciones de sedimentacion entre el miembro inferior y superior
junto con las diferencias en el estilo estructural de la deformacién que afecta a ambos miembros,
sugieren que luego de la acumulacion sinorogénica del miembro inferior hubo un cese en la
deformacion posibilitando condiciones ambientales de baja energia, a las cuales estd asociado el
deposito del miembro superior. Posteriormente, la contraccion habria vuelto a deformar a la Fm.
Farellones y, tal vez, se habria desarrollado en ese momento la falla El Baule.

La falla mas oriental que aflora en el area, corresponde a la Falla el Fierro (Davidson, 1971),
una falla inversa con manteo de 40° W, rumbo NNE-SSW, vergencia al este y cuya traza se
reconoce a través del estero Los Rios y el Paso del Fierro, pasando por la localidad de Termas del
Flaco (Fig. II.1). Ademas de deformar estratos del BRCU y repetir parte de esta unidad en el sector
sur del valle, frente al pueblo de Termas del Flaco (Fig. 1.1 y I1.10b), la falla El Fierro cabalga a la
Fm. Abanico sobre la Fm. Bafios del Flaco (Fig. I1.1).
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Fig. 11.13. Deformacion del miembro superior de la Fm. Farellones en el cerro Alto del Padre. Fotografias
de Reynaldo Charrier.

La falla El Fierro pertenece a un sistema de falla regional (Charrier et al., 2005, Farias et al.,
2010) que ha sido reconocido desde 33°30’S hasta 36°S (Astaburuaga, 2014; Charrier, 1973; Fock,
2005; Tapia, 2010) separando las rocas de la Fm. Abanico de las secuencias sedimentarias
mesozoicas, ubicadas estas Ultimas al este de la estructura. Debido a las relaciones de contacto y a
la ausencia de Fm. Abanico al este de estructura regional, la falla El Fierro, y todo el sistema
estructural, ha sido interpretada como parte del sistema extensional del borde oriental de la Cuenca
de Abanico, invertido durante el Mioceno temprano a medio (Charrier et al., 2005, 2002, 1996). Sin
embargo, el Miembro Oriental de la Fm. Abanico en el area de cerro Alto del Padre, donde mejor se
encuentra expuesta, no presenta un crecimiento de su espesor contra la falla El Fierro, sino que se
apoya en onlap sobre el basamento mesozoico (Charrier et al., 1996), lo que invalidaria la
proposicion de la falla El Fierro como el borde de la cuenca. Considerando lo anterior junto con que
la falla El Fierro tiene una inclinaciéon menor que las secuencias mesozoicas cortadas por ella y que
en la ladera sur del valle del Tinguiririca cabalga al BRCU sobre si mismo, se puede plantear que la
falla El Fierro corresponderia a una falla fuera de secuencia, respecto al evento de deformacion
contraccional del Mioceno temprano, que cortd a través de rocas deformadas basculando las
secuencias ubicadas en el bloque colgante.

La geologia hacia el oeste de la Cordillera Principal presenta dificultades adicionales a las
que se encuentran en las regiones fronterizas debido a la mayor vegetacion y al desarrollo de las
zonas urbanas, lo que frecuentemente impide el acceso en sectores cercanos a las ciudades. A pesar
de eso, se intenta a continuacion realizar una actualizacién de la geologia al oeste del rio Azufre
para caracterizar la deformacion a lo ancho de la Cuenca de Abanico y, en consecuencia, de la
Cordillera Principal occidental a 35°S.

La principal estructura de esta area corresponde a un anticlinal de 10 km, con un limbo
dorsal largo y un limbo frontal corto, en el que las capas de la Fm. Abanico inclinan 20°W y 70°E,
respectivamente (Fig. II.1), indicando una vergencia este para esta estructura. Al este de este
anticlinal se desarrolla un tren de pliegues sinclinal-anticlinal-sinclinal de 4 km de largo (Fig. 11.14)
y limitados al este por el cerro Las Aguilas del Chivato (Fig. IL.1). En la ladera oeste de este cerro,
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se puede observar estratos de crecimiento al este y discordancias progresivas en niveles volcanicos
y sedimentarios, los cuales muestran manteos de 70°E, que hacia el este y hacia el techo de la
columna sistematicamente disminuyen hasta 10°E (Fig. II.12b y c) evidenciando un caracter
sinorogénico para el depdsito de la secuencia. Considerando la litologia de las capas, los estratos de
crecimientos y el acufiamiento de la secuencia hacia el limbo frontal de la estructura compuesto por
la Fm. Abanico, se infiere que esta secuencia corresponde a la Fm. Farellones. Esto también es
consistente con lo reportado en la ladera norte del rio Tinguiririca, donde sucesiones volcéanicas
ubicadas en la parte superiores de los cerros fueron asignadas a la Fm. Farellones (Malbran, 1986).
Correlacionado estos depositos de la Fm. Farellones con los ubicados al este, se puede inferir que
las estructuras en el sector oeste se habrian formado al menos durante el Mioceno temprano.

et
- -

Fig. I1I.14. Tren de pliegues sinclinal-anticlinal-sinclinal al oeste del rio Azufre y a lo largo del valle del
Tinguiririca. Nétese que el limbo oeste del sinclinal de la izquierda de la fotografia corresponde al limbo
frontal del anticlinal de mas de 10 km de largo que aflora més al oeste. Ver texto para mayor detalle.

En particular, los afloramientos de la Fm. Farellones en esta region occidental de la
Cordillera Principal se correlacionarian, con los encontrados mas al sur en el sector de la Corona del
Fraile, a lo largo del rio Teno (Gonzélez y Vergara, 1962) recientemente datados por Hevia (2014),
lo cual junto con lo reportado por Malbran (1986) en el estudio del drea inmediatamente al norte del
cerro Aguilas del Chivato, conforman una alineacion N-S, sugiriendo la existencia de un depocentro
tectonico hacia el borde de la Cuenca de Abanico, en los cuales se acumularon depdsitos
sinorogénicos desde el Mioceno temprano.

En resumen, se pudieron identificar 2 periodos de deformacion compresiva durante la
inversion de la Cuenca de Abanico. El primero habria ocurrido durante el Mioceno temprano (~20
Ma) en el cual se habrian comenzado a formar los grandes anticlinales que caracterizan la estructura
a lo largo del valle del Tinguiririca. Durante este periodo se depositd la Fm. Farellones tal como lo
muestran los estratos de crecimiento en la base de esta unidad. El siguiente periodo de deformacion
de la region occidental de la Cordillera Principal habria ocurrido durante el Mioceno tardio-
Plioceno (5 Ma?). Aqui se habrian desarrollado las fallas El Baule y El Fierro junto con los pliegues
que deforman el miembro superior de la Fm. Farellones. Este periodo estd limitado por el depdsito
de los conglomerados Campo del Colorado los cuales sellan la deformacion. En la region del cerro
Aguilas del Chivato no se observaron evidencias de este ltimo periodo compresivo que afectd a la
Cuenca de Abanico, lo que permite inferir que la deformacion del sector oriental de la cuenca se
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correlacionaria con los eventos fuera de secuencia que afectaron la parte interna de la Cordillera de
los Andes al norte y sur de 35°S (Folguera y Ramos, 2009; Giambiagi et al., 2003; Godoy et al.,
1999; Tapia et al., en prensa; Rojas-Vera et al., 2014). Esto serd analizado en el capitulo V de este
trabajo.
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II.S Modelo estructural de la Cordillera Principal occidental a 35°S

A partir de los datos presentados anteriormente se confecciond una seccion estructural
balanceada a lo largo del valle del rio Tinguiririca, la cual fue restaurada hasta el Mioceno
temprano, previo a la tectonica compresiva Neogena (Fig. 11.15).

El modelo propuesto consta de tres anticlinales relacionados a fallas profundas arraigadas en
un nivel de despegue profundo, el cual es consistente con los modelos propuestos para los Andes
Centrales del sur (Farias et al., 2010; Giambiagi et al., 2012; Mescua et al., 2014; Rojas Vera et al.,
2014; Turienzo et al., 2012).

El anticlinal mas oriental se formo por la reactivacion inversa de la falla normal mesozoica
Rio del Cobre (Mescua et al., 2014). Se puede observar que al restaurar parte de la Fm. Abanico que
se dispone entre las fallas El Baule y El Fierro a una posicion horizontal (Fig. I1.1 y II.15), el limbo
dorsal del anticlinal no se horizontaliza, evidenciando la deformacion que tenian las rocas
mesozoicas previo a la extension paledgena y depdsito de la Fm. Abanico. En el modelo se propuso
una falla normal invertida de vergencia opuesta a la falla Rio del Cobre, para explicar los fuertes
manteos al oeste que muestran las secuencias sedimentarias.

El anticlinal mas occidental fue interpretado como un anticlinal de inversion asociado a la
inversion de una falla normal que mantea al oeste. La interpretacion se sustenta principalmente en la
geometria y la escala de la estructura, asi como también en los grandes espesores de la Fm. Abanico
en esa region (>1500 m), lo que sugiere un control tecténico en el depdsito. El grado de inversion
de la falla seria total (en el sentido de Williams et al., 1989) favorecido por el desarrollo de un nivel
de despegue en la Unidad Guanaco que originé el cabalgamiento de los depdsitos syn-rift
paledgenos (Fm. Abanico) sobre el pre-rift. El tren de pliegues por delante del anticlinal de
inversion fue modelado como un pliegue por flexura de falla (Suppe, 1983), con una rampa que va
desde el nivel de despegue en la Unidad Guanaco hasta el contacto de esta unidad con la Fm.
Abanico (Fig. I1.15).

La parte central del modelo estd dominado por el anticlinal conformado por la Unidad
Guanaco y la Fm. Abanico, el cual fue modelado como un pliegue asociado a una falla inversa
profunda y de manteo al oeste. Asociadas a esta estructura se encuentran las fallas El Baule y el
Fierro, las cuales corresponderian a fallas tipo by-pass y short-cut, respectivamente, cortando y
deformando el bloque colgante y yacente, respectivamente, las cuales se formaron posteriormente a
la formacion del anticlinal asociado a la falla inversa principal (Fig. I1.15).
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Fig. II.15. Perfil estructural A-A" a lo largo del valle del Tinguiririca y su reconstruccidon palinspastica al
Mioceno temprano (Ver la traza del perfil en Fig. I1.1).

En superficie, esta estructura profunda, ubicada entre las fallas El Baule y El Fierro (Fig.
II.15), coincide con la falla normal asociada al desarrollo de los estratos de crecimientos del
Miembro Oriental de la Fm. Abanico, en el sector de arroyo Garcés. Esto podria sugerir que la
estructura profunda corresponde a una falla normal invertida y no a una falla inversa nueva. Sin
embargo, de acuerdo con el espesor estimado para el Miembro Oriental en esta region (< 300m), la
falla extensional tiene un movimiento normal de centenas de metros, por lo que su movimiento
inverso no podria explicar la geometria de 9 km de media longitud de onda del anticlinal ubicado al
oeste de la falla (Fig. I1.15). Se propone entonces, que en los ultimos metros, cercano a la
superficie, la tip-line de la falla inversa aprovechd el plano de la falla normal previo para canalizar
el desplazamiento y la deformacién a través de ella. No obstante, considerando el caracter sin-
extensional de la Unidad Guanaco, esa falla profunda podria corresponder a una estructura normal
invertida, heredada del Cretacico Tardio y aprovechada durante la extension paledgena y durante la
contraccidén nedgena.

36



Capitulo 1I-Cuenca de Abanico

Por otra parte, la falla inversa propuesta también coincide con el limite hasta donde se habria
depositado la Unidad Guanaco, ya que hacia el este de la estructura, el Miembro Oriental de la Fm.
Abanico se encuentra apoyado discordantemente sobre el BRCU, evidenciando un hiatus en el
registro estratigrafico y el no depdsito de la Unidad Guanaco sobre el BRCU. Esto podria sugerir
que la falla inversa corresponde a una falla normal previa del Cretacico Superior que controld el
depdsito de la Unidad Guanaco, consistentemente con las estructuras extensionales encontradas en
esta unidad (Fig. 11.4). Sin embargo, se requieren mas estudios acerca del volcanismo y la tectonica
durante el Cretacico Tardio para establecer la naturaleza de esta estructura profunda.

De acuerdo con la informacion y el modelo presentado se puede establecer que la Cordillera
Principal occidental a 35°S presenta un estilo estructural de piel gruesa, en el que el basamento esta
involucrado a través de la generacidon de fallas nuevas o por la inversiéon de fallas previas. El
acortamiento estimado total corresponde a 17,45 km, que equivale al 24%. Al descomponer la
cantidad de acortamiento de la region abarcada por este se obtiene un acortamiento de 9,15 km
(22%) para el dominio referido a la Cuenca de Abanico y 8,29 km (27%) para la estructura mas
oriental perteneciente a la faja plegada y corrida de Malargiie.

En particular, el valor de acortamiento obtenido para la Cuenca de Abanico es menor al
estimado por otros autores a esta latitud 35°S (Mescua et al., 2014), debido principalmente a que
este estudio no abarcd el ancho completo de la cuenca. Si se considera los 15-20 km de
acortamiento estimados por Mescua et al. (2014) para la Cuenca de Abanico a esta latitud, junto con
que el ancho de la cuenca son 64 km, medida perpendicularmente a las estructuras que la limitan, se
puede establecer que el porcentaje de acortamiento es 18,9-23,8 %. Estos valores coincide con los
22% de acortamiento estimados en este trabajo y a 36°S (Astaburuaga, 2014). Si consideramos la
porcidn no considerada en este estudio (30 km), el acortamiento total corresponderia a 18 km para
toda la cuenca, consistente con los 16 km de Farias et al. (2010) y lo estimado por Mescua et al.
(2014) para 33°30'S y 35°S, respectivamente.
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I1.6 Analisis complementario: El Cretacico Tardio en la Cordillera Principal
occidental y sus implicancias regionales

Las edades de circones detriticos presentados en este trabajo para los depositos del Cretéacico
Superior, tales como el BRCU y las Areniscas de Pichuante, evidencian casi una exclusiva fuente
de sedimentos del Cretacico Temprano y Tardio. Posibles zonas fuentes de este rango de edad
corresponden a los rocas igneas de la Cordillera de la Costa que representan el arco magmatico del
periodo Cretacico (Charrier et al., 2014). Por otra parte, recientes dataciones U-Pb en circones
detriticos de depdsitos marinos y continentales del Cretdcico Temprano en el area del Maule
(Astaburuaga, 2014), muestran poblaciones de edades entre 121-134 Ma sugiriendo que el depdsito
de estas rocas fue previo al Cretacico Superior y que su posterior erosion podria haber aportado
sedimentos las secuencias del Cretacico Superior, tales como el BRCU. De esta manera, se puede
inferir que el BRCU habria tenido un principal aporte de sedimentos desde el oeste y desde regiones
aledafias a los lugares de acumulacion.

Por otra parte, el BRCU ha sido correlacionado con los depositos del Gr. Neuquén ubicados
en Argentina (Charrier et al., 2014, 2007). Al comparar las edades del BRCU con las del Gr.
Neuquén se puede establecer que: (1) el BRCU es mas joven que los depdsitos de la Fm.
Candeleros de la base del Gr. Neuquén (Fig. 11.16) asignada al Cenomaniano-Turoniano (Tunik et
al., 2010); (2) el BRCU se puede correlacionar con los depdsitos de la parte media y superior del
Gr. Neuquén, fms. Huincul, Portezuelos y Bajo de La Carpa. En particular, una datacion de 88+3,9
Ma en trazas de fisién en circon realizada en un nivel de toba de la Fm. Huincul acotan la edad
maxima del deposito de esta formacién en el Turoniano-Coniaciano (cf. Tunik et al., 2010), lo cual
se correlaciona con el BRCU. Por otra parte, la edad maxima de las Fms. Portezuelos y Bajada de
La Carpa no fue determinada ya que los peaks mas jovenes en los diagramas de distribucion son
mas antiguos que la edad estratigrafica que se les asigna (Fig. I1.16) (Di Giulio et al., 2012; Tunik et
al., 2010). Lo anterior ha sido interpretado como un cambio de oeste a este en las areas de aporte
entre la base y el techo del Gr. Neuquén debido al alzamiento del bulbo periférico del sistema de
antepais del Cretacico Tardio lo cual permitiria la erosién de rocas del basamento de edad
Mesoprotrerozoico-Paleozoico temprano ubicadas hacia el este (Di Giulio et al., 2012).
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De esta manera, de acuerdo con las dataciones y nuevos estudios en los depositos
sinorogénicos del Cretacico Tardio, la deformacion durante el Albiano-Cenomaniano estuvo
caracterizada por el deposito del miembro Pitipeumo de la Fm. Las Chilcas, en el borde oriental de
la Cordillera de la Costa (Fig. I1.17a) (Boyce et al., 2014) y por el depdsito de la Fm. Candeleros,
que se estima habria tenido una ubicacion distal respecto al orégeno (Fig. I1.17a), de acuerdo con su
posicion actual respecto a la Cordillera de la Costa que habria correspondido a la regidon que
experimentaba deformacién y alzamiento (Boyce et al., 2014; Di Giulio et al., 2012; Tunik et al.,
2010 y referencias ahi), pero lo cual no puede ser demostrado con los resultados mostrados en esta
Tesis.

La correlacion temporal establecida entre el BRCU y las fms. Huincul, Portezuelos y Bajo
de la Carpa, indicaria que los depdsitos continentales del Cretacico Tardio ubicados en la Cordillera
Principal al sur de 33°30'S se habrian acumulado en un sistema de cuenca de antepais, al igual que
los términos mas jovenes del Gr. Neuquén durante el Cenomaniano-Campaniano (Fig. I11.17b) (Di
Giulio et al., 2012; Tunik et al., 2010). Sin embargo, la comparacion del registro de edades U-Pb en
circones detriticos de estas unidades evidenciaria variaciones en las areas fuentes de los sedimentos.
Por un lado las fms. Huincul, Portezuelo y Bajo de la Carpa presentan un amplio registro de
circones jurasicos, tridsicos, paleozoicos e incluso proterozoicos y una nula presencia de circones
mas jovenes que 100 Ma. Tunik et al. (2010) y Di Giulio et al. (2012) propusieron que los circones
juréasicos en estas formaciones provendrian desde la Cordillera de la Costa ubicada al oeste, sin
embargo, la ausencia de edades jurasicas en el BRCU, desecharian esta hipotesis considerando que
el BRCU se encuentra mas cerca de la Cordillera de la Costa. Una fuente alternativa para los
circones jurdsicos en el Gr. Neuquén podria corresponder al reciclaje de las secuencias
sedimentarias jurasicas acumuladas en la Cuenca Neuquina y que durante el Cretdcico Tardio
fueron involucradas en la deformacion y estructuracidon de las fajas plegadas y corridas de Chos-
Malal y del Agrio (Fig. 11.17b) (Zamora Valcarce y Zapata, 2009; Zamora Valcarce et al., 2006;
Zapata y Folguera, 2005). De acuerdo con lo anterior, se infiere que esta fase de estructuracion de
las fajas plegadas y corridas habria constituido una barrera paleogeografica impidiendo el paso de
circones mas jovenes que 100 Ma desde el oeste (Fig. I1.17b), como lo evidencian los registros de
edades detriticas de las fms. Huincul, Portezuelos y Bajo de la Carpa. Asi mismo, esta barrera
habria truncado el paso de circones paleozoicos y proterozoicos desde el este hacia el oeste,
provenientes del basamento ubicado al este de la Cuenca Neuquina (Fig. I1.17b). Por lo tanto, el
inicio de la formacién de las fajas plegadas y corridas que caracterizan la vertiente oriental de los
Andes Centrales del sur habria sido previo a los 90 Ma de acuerdo con las edades del BRCU. De la
misma manera, se puede establecer que el BRCU se depositd en la parte mas occidental de la
cuenca de antepais segmentada y compartimentalizada, en lo que podria corresponder a una parte
del wedge-top del sistema (Fig. I1.17b) (DeCelles y Giles, 1996). De acuerdo a Di Giulio et al.
(2012), las Fms. Huincul, Portezuelo y Bajo de la Carpa se habrian depositado en el foredeep, una
posicion mas cercana al bulbo periférico, el cual seria la regidon fuente para los circones de edad pre-
mesozoico (Fig. I1.17b). Sin embargo, recientes trabajos han mostrado que el Gr. Neuquén también
se habria depositado en el wedge-top de la cuenca y no en el foredeep (Fennell et al., 2014).
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Fig. I1.17. Evolucién geolodgica y paleogeografica del Cretacico Tardio a 35°S. (a) Inicio de la deformacion
compresiva correspondiendo al primer periodo de construccion de los Andes. (b) Estructuracion de las fajas
plegadas y corridas junto con la acumulacion de depdsitos sinorogénicos. (c) Estadio final de la fase
compresiva, caracterizada por la migracion del arco hacia el este, dominado por una deformacion
extensional, ingresion marina desde el este y deposito del Gr. Malargtie.

41



Capitulo 1I-Cuenca de Abanico

Las edades obtenidas por Mosolf (2013) y las realizadas en este estudio permiten sefialar
que la Unidad Guanaco representa el primer registro de rocas volcanicas de edad Campaniano-
Daniano a lo largo de la Cordillera Principal, al sur de 34°S (Fig. II.17¢). Su identificaciéon y
caracterizacion ayudara a profundizar el conocimiento de la evolucién de los Andes previo al
deposito de las rocas volcanicas Cenozoicas, las cuales obliteraron cualquier evidencia de
deformacion del Cretacico Tardio en la region cordillerana de Chile Central. De acuerdo con las
edades presentadas aqui, la Unidad Guanaco se deposité contemporaneamente con el Gr. Malargiie
ubicado en la ladera oriental del ordgeno cretacico Tardio-paledgeno (Fig. I1.17¢). Esta correlacion
temporal entre los depositos volcanicos del oeste con las sucesiones sedimentarias continentales y
marinas del este, evidencian la existencia del proto-orégeno Andino el cual actué de barrera ante la
ingresion marina del este, proveniente del Atlantico (Fig. I11.17¢).

En particular, las fallas normales en los depdsito volcanicos de la Unidad Guanaco podian
corresponder a estructuras extensionales rotacionales originadas como respuesta a la flexura de la
corteza debido a la carga ejercida por el orégeno construido (Scisciani et al., 2001). El fallamiento
normal generaria el espacio necesario para la acumulacion de depdsitos volcanicos o sedimentarios
dentro de un contexto de cuenca de antepais en el inicio de la construccion de los Andes, durante el
Cretacico Tardio. Por otra parte, el periodo de depdsito de la Unidad Guanaco coincide también con
una disminucion de la velocidad absoluta al oeste de placa Sudamericana (Silver, 1998). Esta
coincidencia temporal sugiere una posible relacion causa/efecto entre la disminucién de la
velocidad de convergencia de la placa y la extension en la corteza superior, tal como ha sido
propuesto para la formacion de la Cuenca de Abanico (Jordan et al., 2001; Somoza y Ghidella,
2005). La disminucion de la velocidad de la placa originaria un colapso o relajamiento extensional
del reciente ordgeno reactivandose negativamente fallas inversas previas junto con la creacion de
nuevas estructuras.

Otro punto a considerar corresponde la deformacion presente en la Unidad Guanaco y
reportada por Mosolf (2013), la cual quedaria acotada entre los 64 y 46 Ma. De acuerdo con esto, el
origen de la deformacion podria estar relacionada, tanto con la fase compresiva K-T como con la
Incaica (c¢f. Charrier et al., 2014. Capitulo 2). Si bien no se tienen suficientes datos para restringir e
identificar la fase de deformacion, los datos reportados aqui y por Mosolf, (2013) indican que este
periodo de deformacion habria ocurrido entre 63-46 Ma, correspondiendo a las primeras evidencias
de deformacion contraccional durante el Paledgeno, al sur de 33°S.

Finalmente, la identificacion de la Unidad Guanaco al este de los depdsitos del arco del
Cretacico Temprano (cf. Charrier et al., 2014), evidenciaria una migracion del volcanismo durante
el Cretacico Tardio desde la Cordillera de la Costa hacia el este (Fig. I1.17). De acuerdo con los
modelos propuestos para este periodo al sur de 36°S, la migracidn del volcanismo y la deformacion
se podria haber originado por una somerizacion de la placa subductada durante el Cretacico Tardio
(Spagnuolo et al., 2012a). Sin embargo, se hace imprescindible un estudio més detallado y una
actualizacidon de la geologia de la cordillera para profundizar el conocimiento de la evolucidon
andina y asi establecer un modelo geodindmico mas detallado para el Cretacico Tardio-Paledgeno.
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CAPITULO III.

LA FAJA PLEGADA Y CORRIDA DE MALARGUE Y
LA INFLUENCIA DE ESTRUCTURAS PREVIAS EN SU
EVOLUCION

III.1 Introduccion

La faja plegada y corrida de Malargiie se desarrolla a lo largo de la vertiente oriental de la
Cordillera Principal entre 34° y 37°S (Fig. III. 1). Presenta un estilo de deformacion hibrida que
incluye fallas inversas de alto angulo, las que corresponderian a la reactivacion de estructuras
previas formadas durante la fase extensional Mesozoica e invertidas durante la contraccién del
Cretacico Tardio (Orts y Ramos, 2006; Mescua et al., 2013, Fennell et al., 2014) y Mioceno
(Giambiagi et al., 2009, 2008; Kozlowsky et al., 1993).

Considerando lo anterior, se hace necesaria la caracterizacion de la arquitectura extensional
mesozoica para comprender el desarrollo y construccion de la faja plegada y corrida de Malargiie
dado el control que ejercen las estructuras previas en la evolucion y construccién de los Andes
segun el registro reportado por numerosos trabajos desarrollados no solo en el este sector de la
cadena, sino en general a lo largo de toda ella (e.g. Giambiagi y Ramos, 2002; Giambiagi et al.,
2009, 2008; Kozlowsky et al., 1993; Manceda y Figueroa, 1995; Mescua et al., 2014; Orts et al.,
2012; Yagupsky et al., 2008).

En particular, la arquitectura del borde occidental de la Cuenca Neuquina ha sido poco
estudiada, lo que ha impedido un estudio continuo de la geologia a través de la Cordillera Principal.
En ese sentido, este capitulo presenta nuevos antecedentes de la paleogeografia mesozoica de la
parte oeste de la Cuenca Neuquina y la influencia de ésta en el posterior desarrollo de la faja
plegada y corrida de Malargiie. En la primera seccion de este capitulo se expone un estudio de
proveniencia para las secuencias del Jurdsico Medio y Tardio mediante dataciones U-Pb en circones
detriticos. Esto permitio establecer areas de aporte y zonas de acumulacion de sedimentos asi como
un modelo evolutivo desde el Tridsico Tardio al Cretdcico Temprano. La ultima seccion del
capitulo, corresponde a la propuesta de un articulo en el que se analiza como la paleogeografia
mesozoica influyo en la evolucion de la faja plegada y corrida de Malargiie, junto con una discusion
de sus implicancias en la construccion del orogeno Andino.
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III.2 Arquitectura Previa: La extension mesozoica

El borde occidental de Gondwana durante el Jurasico se caracterizd por una tectonica
extensional en la cual se desarrolld un arco magmatico, en lo que actualmente corresponde a la
Cordillera de la Costa en Chile, junto con una cuenca de tras-arco al este, denominada en la region
de estudio como la Cuenca Neuquina (ver Charrier et al., 2014 y referencias ahi). Recientes trabajos
a lo largo del borde oriental de la Cuenca Neuquina han reconocido tres principales areas fuentes
para el relleno jurasico de la cuenca: Grupo Choiyoi (290-240 Ma), volcanismo Precuyano (230-
200 Ma) y el arco magmatico jurdsico (200-145 Ma) (Naipauer et al., 2014).
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Fig. IIl. 1. (a) Mapa geologico simplificado de los Andes Centrales del sur mostrando la ubicacion de los
sitios de origen de las muestras presentadas en esta seccion: Rio Tinguiririca, Atuel, Salado y Valle Grande.
AFTB: Faja plegada y corrida de Aconcagua; MFTB: Faja plegada y corrida de Malargiie. (b) Ubicacion de
la Cuenca Neuquina. En verde se muestran los depocentros reconocidos dentro de la cuenca.

Con el objeto de reconocer variaciones en las areas fuentes de los sedimentos entre la parte
oeste y este de la cuenca durante el Jurasico y asi determinar la paleogeografia durante este periodo,
se realizaron andlisis de edades U-Pb en circones detriticos en ocho muestras obtenidas en
secuencias jurasicas del borde occidental y oriental de la Cuenca Neuquina. Se recolectaron tres
muestras pertenecientes a las formaciones Lotena, La Manga y Rio Damas, esta tltima equivalente
a la Fm. Tordillo, en la region del rio Valle Grande, Chile (Fig. II1.2); una muestra de la Fm. Rio
Damas, en el sector del rio de las Damas, Chile (Fig. I11.2); dos muestras de la Fm. Tordillo en el
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area del rio Atuél, Argentina (Fig. II1.2); y dos muestras de la Fm. Tordillo en la region del rio
Salado, Argentina (Fig. I1I.2). Todos los resultados analiticos se encuentran en el Anexo III.
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Fig. III.2. Mapa Geologico del area de estudio y ubicacion de las 8 muestras analizadas. Basado en
Giambiagi et al. (2009) y (2008).
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II1.2.1 Resultados

La Tabla III.1 muestra el numero de andlisis realizados para cada muestra junto con los que
fueron rechazados, ya sea por una alta incerteza o por que presentaban un porcentaje de
discordancia muy elevado (>15%) (Fig. II1.3). Ademas, se indica para cada muestra su ubicacién
dentro de la Cuenca Neuquina, la unidad estratigrafica a la cual pertenece y la localidad geografica
de donde fue recolectada

Tabla I1I-1. Muestras estudiadas y cantidad de analisis realizados y rechazados para cada una
de ellas.

Cantidad Cantidad
Muestra | Formacion | Localidad a , 4% | de Analisis
de Analisis
descartados
TA11-03 | Lotena Valle 52 0
Grande
Valle
Bprde TA11-17 | La Manga Grande 98 1
Occidental Valle
TA11-23 |Rio Damas 85 44
Grande
TF11-04 |Rio Damas [Tinguiririca 100 11
AR-11 Tordillo Salado 82 41
Borde JTRS-407 | Tordillo Salado ]5 41
Oriental | JTRS-429 | Tordillo Atuel 81 28
AR-09 Tordillo Atuel 81 37
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Fig. III. 3. Diagramas de concordia para resultados analiticos de dataciones U-Pb en circones detriticos para
las muestras de las fms. Lotena, La Manga, Rio Damas y Tordillo (ver Fig. III.2 para la ubicacién de

muestras).

47



Capitulo Ill-Faja plegada y corrida de Malargiie

Las muestras del borde occidental pertenecientes a las formaciones Lotena y La Manga
muestran una distribucion de edades multimodal con los peaks maximos correspondientes a las
edades asociadas al arco jurasico (162-200 Ma), destacando de forma secundaria edades entre 200-
220 Ma, 220-300 Ma y 300-330 Ma (Fig. I11.4). Con menor representatividad se observan edades
mayores a 330 Ma (Fig. I11.4) pertenecientes al basamento magmatico-metamorfico del Paleozoico
que aflora al este de la Cuenca Neuquina (Fig. III.1). En las muestras de la Formacion Tordillo en
los rios Atuel y Salado, en el borde oriental de la Cuenca Neuquina, también se observan
histogramas multimodales en los que la mayor frecuencia se concentran en edades asociadas al arco
jurasico (149-200 Ma) y con peaks secundarios de edades de el ciclo Precuyano (200-227 Ma),
provincia magmatica Choiyoi (227-300 Ma) y magmatismo del Carbonifero (300-350 Ma) (Fig.
I11.4). Por el contrario, las muestras de la Fm. Rio Damas de los rios de las Damas y Valle Grande
en la parte oeste, presentan una distribucion unimodal con edades que representan el magmatismo
de arco jurasico, con un rango comprendido entre 142-170 Ma.
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Fig. II1.4. Histogramas de frecuencia y probabilidad relativa de las edades U-Pb en circén detritico de las

La Manga, Lotena, Rio Damas y Tordillo recolectadas en este estudio. Ademas se

muestras de las fms.

presentan columnas estratigraficas esquematicas que incluye la posicion de las muestras.
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I11.2.2 Interpretacién de los resultados: Areas de aporte e implicancias para la evolucién
jurasica

A partir de los resultados obtenidos se puede establecer que en todas las muestras los
circones mas jovenes tienen edades jurdsica, lo que representa aportes desde el arco magmatico
ubicado al oeste (Fig. II1.5). Por otro lado, los circones asociados al ciclo Precuyano provendrian de
la erosién de altos de basamento desarrollados a lo largo de la cuenca. En particular, a 35°S se
reconoce el Alto Dedos de Silla (Fig. IIL.5), una estructura formada por rocas intrusivas del
Pérmico-Tridsico y rocas volcanicas y sedimentarias del Tridsico Tardio que establecieron un alto
geografico durante el Jurasico (Manceda y Figueroa, 1995). Este relieve positivo se continia hacia
el norte donde fue reconocido con el nombre Alto del Tordillo (Davidson y Vicente, 1973;
Legarreta y Kozlowsky, 1984). Ademas de estos altos de basamento, otra fuente para los circones
asociados a la provincia magmatica del Choiyoi (227-300 Ma) seria la Cordillera Frontal (Fig.
I11.5), la cual estd compuesta por rocas del Pérmico y Triasico, junto con depdsitos del Carbonifero
y Devonico (Fig. I11.1) (Heredia et al., 2012 y referencias ahi); y el Bloque San Rafael ubicado al
este de la Cuenca Neuquina (Fig. III.5) donde ademads de las rocas volcéanicas del Grupo Choiyoi
afloran rocas con una edad mayor a 300 Ma (Fig. III.1) (Japas et al., 2008 y referencias ahi).

El area de proveniencia para los circones del Pensilvaniano (Carbonifero tardio)
corresponderia al Batolito Paleozoico ubicado en la Cordillera de la Costa (Fig. IILS5), el cual
presenta edades U-Pb en circon entre 300 y 320 Ma (Deckart et al., 2014; Hervé et al., 2013) y de
acuerdo con edades de trazas de fision en el complejo de subduccién Paleozoico que intruye
(Willner et al., 2005), habria sido exhumado durante la extension mesozoicas. Por ultimo, los
circones con edades mayores a 330 Ma provendrian desde el sector mas al este de la Cuenca
Neuquina donde aflora el basamento paleozoico (Fig. III.1) (Azcuy et al., 1999; Baldis y Peralta,
1999; Bordonaro, 1999).

Por otro lado, al comparar los histogramas de las muestras ubicadas en la region oeste de la
Cuenca Neuquina se puede establecer una variacion en el aporte de sedimentos. La Fm. Rio Damas
muestra una exclusividad de aporte desde el arco jurdsico lo que contrasta con las muestras de las
formaciones previas como Lotena y La Manga (Fig. I11.4). Esta variacién también se ve reflejada en
los histogramas de las muestras de la Fm. Tordillo (Fig. 1I1.4), ubicadas en el sector oriental de la
cuenca, los cuales indican variabilidad en la proveniencia de sedimentos.

La exclusividad de circones provenientes del arco magmatico para la Fm. Rio Damas
evidenciarian que para el final del Jurasico, los centros volcdnicos se habrian ubicado muy
préoximos a lo que hoy corresponde el borde occidental de la Cuenca Neuquina, en la Cordillera
Principal. La ubicacidn de este volcanismo podria corresponder a: 1) la expansion y/o migracion del
arco magmatico respecto de la ubicacion en la Cordillera de la Costa para el Jurdsico Inferior y
Medio (Charrier et al., 2014), o bien a 2) un volcanismo de tras-arco al este del arco magmatico
contemporaneo, similar a lo propuesto para la Cuenca de Tarapaca, en el norte de Chile (Oliveros et
al., 2012). Sin embargo, recientes trabajos demostraron que el volcanismo de la Fm Rio Damas
muestra una signatura geoquimica con afinidad calcoalcalina lo cual estaria asociado a un arco
magmatico formado en un ambiente de subduccién (Rossel et al., 2014) implicando entonces una
expansion y/o migracion del arco volcanico al sur de 33°30'S durante el Jurdsico Superior.
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Fig. IV.5. Principales areas de proveniencia de sedimentos para las rocas del Jurdsico Medio y Tardio en la
porcidén norte de la Cuenca Neuquina.

I11.2.3 Modelo evolutivo para el Triasico Tardio al Jurasico Tardio

Considerando todos los datos y discusiones presentadas con anterioridad, se presenta un
modelo paleogeografico evolutivo en torno a 35°S. Este modelo consta de periodos que son
descritos a continuacion.

o Tridasico Tardio a Jurdsico Temprano: Este periodo corresponde al ciclo Precuyano durante
el cual comienza a estructurarse la Cuenca Neuquina. Se caracteriza por el desarrollo de
depocentros extensionales aislados donde se acumularon los depositos volcanicos y
sedimentarios de las formaciones Remoredo y El Freno (Fig. II1.6a). Los altos de basamento
corresponderian a regiones que los depocentros,
estableciéndose como las areas fuentes de sedimentos (Fig. III.6a). El volcanismo estuvo
controlado por la ubicacion y el desarrollo de fallas normales (Fig. II1.6a), lo que explicaria
su distribucidn discreta a lo largo de los Andes. De acuerdo con la edad de la Fm. Remoredo
(215 Ma, Andesita de Cerro Negro, Naipauer et al., 2014) y las edades reportadas para los
depdsitos de este periodo (Naipauer et al., 2014; Schiuma y Llambias, 2008), el ciclo
Precuyano se correlacionaria con la segunda etapa del ciclo tectonico Pre-Andino (Charrier
et al., 2014), lo que es consistente con el desarrollo de depocentros aislados rellenos con
depositos volcanicos, marinos y continentales de acuerdo con su distancia con el océano
ubicado en el borde occidental de Gondwana (Charrier, 1979; Charrier et al., 2007).

o Jurdasico Temprano a Jurdsico Medio: Durante este periodo se establecid un arco
magmatico al oeste de la Cuenca Neuquina, lo que evidenciaria el retorno de la subduccion
al margen occidental de Gondwana, y el inicio de una transgresion marina desde el oeste
(Fig. I11.6b) (Charrier et al., 2014). La cuenca adquiere una posicion de tras-arco, se produce

las separarian y delimitarian
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un mayor desarrollo de depocentros los cuales terminaron conectandose a través de la union
de fallas normales (cf. Bechis et al., 2014, 2010; Giambiagi et al., 2005). La primera parte de
este periodo se caracteriza por una sedimentacion syn-rift, durante la cual se acumularon los
depositos de la parte inferior del Grupo Cuyo (Fig. II1.6b), y una posterior sedimentacion
post-rift relacionada a la parte superior del Grupo Cuyo y al Grupo Lotena (Fig. II1.6b),
aunque en algunas partes estos depodsitos tendrian un cardcter sym-rift asociados a la
actividad de fallas normales locales (ver seccion III-3). En este periodo se habrian
desarrollado altos de basamentos como los altos del Tordillo (Davidson y Vicente, 1973;
Davidson, 1971) y Dedos de Silla (Manceda y Figueroa, 1995), los cuales estaban limitados
a ambos lados por fallas normales (Fig. I11.6b) (Mescua et al., 2014).

Jurdsico Tardio: Se caracteriza por una regresion generalizada, sucedida por un nuevo
pulso extensional y la expansion hacia el este del arco magmatico (Fig. II1.6¢). Durante este
periodo se depositaron las formaciones Rio Damas y Tordillo, las cuales presentan los
mayores espesores en lugares donde se formaron o reactivaron fallas normales, como en el
depocentro Rio del Cobre (Mescua et al., 2014). A nivel local, los altos de basamento, tales
como el Alto del Tordillo y Dedos de Silla, habrian actuado como barrera impidiendo el
paso de sedimentos de este a oeste de acuerdo con el andlisis de proveniencia de edades U-
Pb en circones detriticos, dejando aislado el lado oeste de la cuenca, el cual solo recibid
aporte desde el arco volcanico. Este escenario parece continuar hasta 33°30'S ya que los
histogramas de dataciones de circones detriticos en la Fm. Rio Damas a esta latitud también
muestran una distribucion unimodal de edades en torno a 144 Ma (Aguirre et al., 2009).
Ademas, en este periodo se habria expandido el arco magmatico hacia el este (Fig. I11-5), tal
como indicarian las facies volcanicas andesiticas con signatura de arco que caracterizan a la
Fm. Rio Damas (Rossel et al., 2014)

Cretdcico Temprano: Se produce una nueva ingresion marina desde el oeste inundando toda
la cuenca. Se depositan las formaciones Bafios del Flaco, Vaca Muerta y El Agrio, y el arco
volcanico pareciera volver a una posicion mas occidental de acuerdo con los afloramientos
de intrusivos de esta edad en la actual Cordillera de la Costa (Fig. III. 1) (¢f- Charrier et al.,
2014), aun cuando se reconocen intercalaciones volcanicas en los depositos marino de
trasarco de este periodo (e.g. Vennari et al.,, 2014). De acuerdo con las edades U-Pb en
circones detriticos reportadas por Astaburuaga (2014) en niveles del techo de la Fm. Bafios
del Flaco, la principal fuente de sedimentos para los depodsitos marinos del borde occidental
de la Cuenca Neuquina corresponderia al arco volcanico (ver Fig. I1.16).

52



Capitulo Ill-Faja plegada y corrida de Malargiie

(a) Triasico Tardio- Fms. Remoredo  Fuentes
Jurasico Temprano : ca. 1300-900 Ma
P Volcanismo sl ca. 600-520 Ma
de rift ca. 465 Ma
ca. 400 Ma ?

Fuentes
ca. 220-200 Ma

Nivel del Mar

Astenosfera

(b) Jurasico Temprano- Grupo e
Medio o superior i G ca. 1300-900 Ma

Arco y Loteng Fuentes .C;Uy.o ca. 600-520 Ma
ca. 300-220 Ma 'Merior ca. 465 Ma

ca. 220-200 Ma ca. 400 Ma ?

Fuentes 2
ca. 170-160 Ma Magmatico
ca. 200-170 Ma

Nivel del mar

Astendsfera

(c) Jurasico Tardio

Fuentes
~ Fm. TF:jn'ﬁ ca. 1300-900 Ma
Arco RioDamas gientes ordillo ¢, 600-520 Ma
Figries MaEGmEtcs ca. 300-220 Ma ca. 465 Ma
9 ca. 220-200 Ma ca. 400 Ma ?

ca. 160-144 Ma

Nivel del mar

Litosfera

Astendsfera

(d) Cretacico Temprano Eo: Bafos Fms. Vaca Fuentes
Fuentes Muerta ca. 1300-900 Ma
ca. 140-110 Ma Arco del Flaco Fuentes A rioy ca. 600-520 Ma

Magmético ca. 300220 Ma "9 ca. 465 Ma

ca. 220-200 Ma ca. 400 Ma ?

Cuenca de
Nivel del mar Lo Prado

Litosfera

\ Rocas
pre-Cretacico
Temprano

Astendsfera

Fig. II1.6. Evolucion geoldgica y paleogeografica en perfiles esquematicos en torno a 35°S desde el Triasico
Tardio hasta Cretacico Temprano. (a) Ciclo Precuyano e inicio de la formacion de la Cuenca Neuquina. (b)
Mayor desarrollo de depocentros extensionales y ampliacion de la Cuenca Neuquina junto con el inicio del
magmatismo de subduccidn. (c) Expansion del arco magmatico y depdsito de las fms. Tordillo y Rio Damas
durante un nuevo periodo extensional. (d) Ingresion marina y desarrollo de la Cuenca de Lo Prado al oeste
del arco magmatico
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Abstract

The Andes show remarkable latitudinal variations in their maximum mean elevation, width and
crustal shortening produced by changes of the inter-plate dynamics. This phenomenon has been
mainly attributed to variations along the subducting plate neglecting the role of the overriding plate
features. Here, we explore the influence of the overriding plate architecture in the crustal structural
style across the Malargiie foreland fold-and-thrust belt and its consequences in the mountain
building processes. Through a newly balanced cross section of the Malargiie fold-and thrust belt at
35°S, we show that the inversion of the previous normal faults of the Neuquén Basin is the main
basement deformational mechanism defining a thick-skinned structural style in the eastern Principal
Cordillera at this latitude and thus evidencing the influence of the Mesozoic extensional architecture
over the Cenozoic contraction. Although the tectonic inversion characterizes the Malargiie fold-and-
thrust belt, the generation of new Andean faults also occurred along the orogen. Comparison of the
estimated shortening of 30 km (23.7%) with that reported between 33°30' and 36° S indicates (1) a
minimum shortening variation but (2) shortening-percentage southward decreases along the eastern
Principal Cordillera. The inverted faults of the thick-skinned fold-and-thrust belt absorb less
shortening that low-angle thrusts of the northern thin-skinned fold-and-thrust belt, however, the
deformed zone is wider thus accommodating a similar shortening as the northern region.
Consequently, the Cordillera is lower and wider in the south respect to that observed north of
34°30'S reflected in the fact that crustal roots are deeper and narrower in the thin-skinned segment
respect to the thick-skinned zone. Our results indicate that the previous architecture of the
overriding-plate crust is critical for the understanding the Andean segmentation at in this segment of
the southern Central Andes suggesting a key role of the overriding plate in the inter-plate dynamics
along the Andean subduction.

Keyword: Tectonic inversion, Southern Central Andes, Malargiie fold-and-thrust belt,
Paleogeography, Balanced cross-section, Neuquén Basin.

1 Introduction

The Andes are the example of an orogenic system formed in an ocean-continent subduction
margin. Along strike, the orogen shows a segmentation evidenced by variations in structural style,
crustal thickness and tectonic shortening (e.g. Jordan et al., 1983, Kley et al., 1999; Ramos et al.,
2004). In particular, the segmentation in the southern Central Andes located south of the current
Pampean flat-slab region (Fig 1a) is accompanied by a southward decrease of the mean topographic
elevation and maximum crustal thickness attained during the Cenozoic contractional tectonics (e.g.
Farias et al., 2010; Ramos et al., 1996). Some authors have proposed that the Andean segmentation
is controlled by subduction dynamics as well as variations either in the subducting angle or age of
the plate along with the presences of discontinuities in the subducting plate, which have been
invocated to explain along-strike variations of the Andes (Arriagada et al., 2013; Jordan et al., 1983;
Ramos et al., 2014; Schellart, 2008; Sobolev et al., 2006; Yafiez and Cembrano, 2004). Although
changes in the subducting angle were proposed to the Neogene evolution of the Andean segment
between 34° and 37°S (Kay et al., 2006; Ramos et al., 2014 and references therein), the only
variation along the subducting Nazca plate in the southern Central Andes corresponds to the alleged
more buoyant ocean crust to the south due to the younger age of the plate (Yafiez et al., 2001).
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However, a negligible correlation exists between the age of the subducting plate and the overriding
plate deformation along the Andean subduction zone (Schellart, 2008). On the other hand, inherited
architecture of the overriding plate has been invoked to explain variations in structural orientations,
structural styles, and the amount of accumulated shortening along the Andean orogen
(Allmendinger et al., 1983; Kley et al., 1999; Ramos et al., 2004, 1996). Particularly, south of
34°30'S, the deformation front of the Malargiie fold-and-thrust belt in the eastern flank of the Andes
coincides with the eastern limit of the major extensional back-arc basins developed in Mesozoic
times (Figs. 1b, 2a and b). Moreover, the southward widening of the orogen coincides with the
major grade of development of the extensional basin to the south of flat-slab segment according to
the 1.29-1.48 crustal attenuation factor (p) estimated to south of 36°S (Sigismondi, 2011) (Figs. la
and b).

It is widely accepted that crustal shortening is responsible for crustal thickening, defining
the height and width of the range. Consequently, the amount of shortening and the features of the
structural systems that accommodate deformation are determinant in the resulting shape of the
mountain belt. Along strike shortening variations are controlled by the structural styles
characteristics of a determined region: a thin-skinned style shows shortening values of 40-70%, the
thick-skinned shorten 20-35% and basement thrusts less than 10% (Kley et al., 1999). For these
reasons, determining the structural styles is necessary to comprehend what would effectively have
controlled the variations of shortening along the southern Central Andes.

In order to address this issue, we examine the structure of the southern Central Andes (33°-
36°) constructing a cross section along the eastern Principal Cordillera at 35°30'S. Through with
this study, we seek answer three main questions (1) which are the structural styles and the amount
of the shortening, (2) what controlled the structural styles, and (3) which has been its influence in
mountain building. This study is based on detailed field mapping and U-Pb ages on zircons. Based
on our findings, we show major changes on the structural style that would be linked to an inherited
architecture. We finally discuss the implications of structural variations in the construction of the
mountain belt and the role of the South America overriding plate in the Andean segmentation.
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Figure 1. (a) Tectonic framework of the Andean margin. The arrows indicate the absolute velocity of the
plate. (b) Main tectonic and morphological features of the Andes of central Chile and western Argentina.
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2 Geological Setting
2.1 Tectonic framework

The Andean region between 33°30'S and 36°S comprises five major continental
morphostructural units (Figure 1b), from west to east: Coastal Cordillera, Central Depression,
Principal Cordillera, Frontal Cordillera, which disappears to south of 34°40'S, and the foreland.
These morphostructural units consist of igneous, metamorphic and sedimentary rocks formed along
of the pre-Andean and Andean evolution (Figs. 1b and 2b) (Charrier et al., 2007).

In this work, the Principal Cordillera has been subdivided into a western and an eastern
domain according to the outcropping rocks. The western Principal Cordillera is mainly composed of
Cenozoic rocks while the eastern Principal Cordillera is mostly made up by Mesozoic rocks (Fig.
2). The limit between them corresponds to a regional east-vergent reverse fault system associated
with basin inversion (named as El Fierro fault system by Farias et al., 2010), which produces the
overriding of Mesozoic rocks by Cenozoic rocks.

The tectonic and geological evolution of the western margin of South America has been
related to an almost continuous subduction regime. Modern subduction resumed in the western
margin of Gondwana during the Mesozoic after a period of terranes accretion during the
Proterozoic-Paleozoic and Triassic rifting. Between the Early Jurassic and the middle Cretaceous,
the evolution of the Andes was characterized by the development of a magmatic arc in the current
Coastal Cordillera (Fig. 1b) and a back-arc basin to the east, dominated by extensional tectonics
(Charrier et al., 2007; Ramos, 2000). Since the Late Cretaceous until Present, different pulses of
contraction and uplift alternated with extensional episodes controlled the evolution of the southern
Central Andes (Charrier et al., 2007).
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Particularly, during the Mesozoic developed the Neuquén basin, a large basin located on the
eastern side of the current Andes of central Argentina and Chile (Fig. 2a), where more than 4000 m
of marine and continental sedimentary rocks accumulated in an extensional setting (Howell et al.,
2005; Legarreta and Uliana, 1996; Manceda and Figueroa, 1995). Basin evolution records a history
that includes a Late Triassic-Early Jurassic rift stage, followed by a long period of thermal
subsidence since Middle Jurassic to Lower Cretaceous (Franzese et al., 2003; Franzese and
Spalletti, 2001; Howell et al., 2005; Vergani et al., 1995). The sedimentation continued with an
extensional stage during Late Jurassic to Early Cretaceous (Mescua et al., 2008; Vergani et al.,
1995). Subsequently, the Neuquén Basin as a whole underwent again a contractional episode after
100 Ma (Ramos and Folguera, 2005; Zamora Valcarce et al., 2006; Zapata and Folguera, 2005,
Tunik et al., 2010). During the Late Cretaceous, the contractional deformation was focused in the
Coastal Cordillera with the deformation and uplift of late Paleozoic and Mesozoic rocks (Charrier et
al., 2014 and references there in) (Di Giulio et al., 2012; Tunik et al., 2010) as indicated by
petrological and thermochronological data (Parada et al., 2005) (Fig.2b). Then, shortening migrated
to the east, accompanied by the migration of the magmatic arc (Folguera and Ramos, 2011;
Folguera et al., 2011). During this time, deformation was associated with the first development
phase of fold-and-thrust belts in the eastern slope of the southern Central Andes (Figs.1b and 2b)
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(Folguera et al., 2011; Mescua et al., 2013, 2012; Ramos and Folguera, 2005; Zamora Valcarce et
al., 2006; Zapata and Folguera, 2005). Shortening and magmatic arc remained in the foreland area
until the Eocene, when the arc retreated to west (Kay et al., 2006; Zamora Valcarce et al., 2006) and
a period of extension affected the western flank of the Andes (Charrier et al., 2007, 2005, 2002;
Godoy et al., 1999), forming the Abanico basin and some extensional depocenters in the eastern
slope of the Principal Cordillera in Argentina (Alvarez Cerimedo et al., 2013; Spagnuolo et al.,
2012). Contractional tectonics recommenced at the southern Central Andes with the inversion of the
Abanico basin in the early Miocene (Charrier et al., 2005, 2002; Farias et al., 2010; Fock et al.,
2006). Subsequently occurred the main phase of the shortening of the Neuquén Basin region with
the development of the eastern fold-and-thrust belts that characterized this Andean segment,
particularly the Malargiie fold and thrust belt at the latitudes of this study (Giambiagi et al., 2008;
Kozlowsky et al., 1993; Silvestro and Atencio, 2009; Silvestro and Kraemer, 2005).

2.2 Stratigraphic background

The study region is characterized by sedimentary and volcanic rocks deposited since the
Paleozoic up to the present. According to previous studies developed in this region, such as
Gonzdlez and Vergara (1962), Burckhardt, (1900) and Groeber, (1947), the lithostratigraphic units
can be grouped into: (1) a basement, composed of volcanic rocks of the Choiyoi Group and Late
Paleozoic intrusive bodies; (2) Triassic to Late Cretaceous marine and continental sedimentary
rocks of the Neuquén Basin; and (3) Cenozoic rocks. The nomenclature, lithology, age and tectonic
setting of all these groups are summarized in the Fig. 3 and their distribution is shown in Figs. 2b
and 4. Next, we describe these groups.
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Volcanoclastic
rocks

61



Capitulo Ill-Faja plegada y corrida de Malargiie

2.2.1 Basement rocks

The basement consists of Permian-Triassic volcanic and intrusive rocks of the Choiyoi
Group, a large silicic volcanic province that extends from 23° to 42°S (Kleiman and Japas, 2009;
Mpodozis and Kay, 1992). Choiyoi magmatism represents the transitional sequences between
Carboniferous-Early Permian calc-alkaline I-type magmatism (Hervé, 1988) and bimodal suites
erupted during the Triassic rifting, a period of arrested or very slow subduction (Charrier et al.,
2014 and references there in). To south of 34°S, the Choiyoi Group crops out along of the Frontal
Cordillera and in uplifted basement blocks.

2.2.2 Neuquén Basin infill

The Neuquén Basin contains several thousand meters of Late Triassic to Early Cretaceous
marine and continental sequences accumulated under variable sedimentary and tectonic conditions
(Fig. 3). The older record of the Neuquén Basin infill corresponds to rocks of the Precuyano cycle, a
term used commonly for the Late Triassic-Early Jurassic volcano-sedimentary sequences deposited
in a series of fault-bounded isolated depocenters during the initial syn-rift stage of the Neuquén
Basin (Franzese and Spalletti, 2001 and references therein). During this period, the lower part of the
Cuyo Group also was accumulated (Lanés et al., 2008).

After the initial syn-rift phase, a thermal subsidence stage (Toarcian-middle Callovian)
affected the region. During this time, the sedimentation was marked by the marine deposits and a
widely extended flooding episode (Leanza et al., 2013), represented by the upper half of the Cuyo
Group. It consists of pelites, sandstones, conglomerates and evaporites that represent deep to
shallow marine environments and a complete transgresive-regresive second order cycle (Franzese et
al., 2003) grouped in upper part of the Tres Esquinas, Lajas, Calabozos and Tabanos formations. A
regional unconformity separates the Cuyo Group from the overlying Lotena Group (Gulisano, 1981;
Leanza, 2009).

The Lotena Group consists of deltaic to shallow- marine deposits represented by
conglomerates, sandstones and shales, as well as continental sandstones and conglomerates
deposited in a fluvial environment (Gulisano et al., 1984; Leanza, 1993, 1990). The sedimentation
of this sequence began in the Callovian and ended with both thick evaporites deposits and another
paleogeographic reorganization that precedes the profound paleogeographic changes during the
Oxfordian-Kimmeridgian (Arregui et al., 2011). The thick clastic red-bed succession at the base of
Mendoza Group indicates a progradation of continental facies over marine deposits as a
consequence of the paleogeographic changes in the Late Jurassic. These continental rocks show a
predominance of volcanic materials in the Chilean side of the Principal Cordillera, which interfinger
with the red deposits of the Argentine slope characterized by the predominance of the basement
clasts. Based on this, these deposits are named the Rio Damas and Tordillo formations in Chile and
Argentina respectively.

The continental deposits were followed by the accumulation of Tithonian black shales,
Valanginian richly fossiliferous limestones and deep-water black shales indicating an important
marine transgression (Vergani et al., 1995). Barremian-Albian evaporites and clastic sedimentary
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rocks constitute the Rayoso Group, accumulated in a continental environment and evidencing the
end of the marine connection between the Pacific Ocean and the back-arc Neuquén Basin.

Since the Late Cretaceous, the active depositional systems within the Neuquén Basin were
strongly controlled by the compressive regime. Uplift and tectonic inversion led to the deposition of
more than 2000 m of continental deposits of the Neuquén Group (Di Giulio et al., 2012; Legarreta
and Uliana, 1999, 1991; Tunik et al., 2010; Vergani et al., 1995). From Late Cretaceous to
Paleocene, very high global sea levels and orogenic flexural subsidence in the foreland resulted in
the first marine transgression from the Atlantic represented by the Malargiie Group (Aguirre-Urreta
et al., 2011). However, in Chile this period is represented by a large unconformity between the
latest Cretaceous and the middle Eocene, and no evidence of compressive tectonics has been
reported.
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2.2.3 Cenozoic rocks

The stratigraphic record shows a hiatus between the Paleocene and the middle Eocene north
of 36°S, after deposition of the Malargiie Group, which is even larger in the Chilean slope. This
hiatus is interrupted by the volcanic and volcaniclastic rocks deposited during an extensional regime
that affected first the arc and then retro-arc since middle Eocene to early Miocene (Charrier et al.,
2002; Kay and Ramos, 2006; Farias et al., 2010; Spagnuolo et al., 2012). The volcanic activity
continued during the Miocene until Pliocene characterized for the eastern migration of the
volcanism with arc signature, 500 km away from the trench (Folguera and Ramos, 2011).

Coeval with the volcanism, synorogenic sediments accumulated during the Neogene
contractional event identified as the main Cenozoic mountain building event in the southern Central
Andes (Charrier et al., 2007; Ramos, 2000; Ramos et al., 2004). These rocks were deposited in
different depocenters within a foreland basin system and subsequently were cannibalized and
integrated to the orogenic wedge during the eastern migration of the deformation (Giambiagi et al.,
2003b; Manceda and Figueroa, 1995; Silvestro and Atencio, 2009; Silvestro and Kraemer, 2005)

3 Structure of the internal zone of the Malargiie fold-and-thrust belt

The study region is located in the eastern side of the Principal Cordillera, from the eastern
Chilean part of the belt near the international boundary between Chile and Argentina, up to the
foreland (Fig 1), corresponding to a transect nearly 85 km long across strike the southern Central
Andes. This region corresponds to the internal or inner region of the Malargiie fold and thrust belt,
which is characterized by a deformed belt of Paleozoic, Mesozoic and Cenozoic rocks. Basement-
involved in the deformation is the main characteristic across of the south part of the Malargiie fold-
and-thrust belt. Large half-wavelengths and outcrops of Triassic and Lower to Middle Jurassic syn-
extensional deposits, among other observations, evidence the basement participation in areas where
it does not crop out (Manceda and Figueroa, 1995; Mescua and Giambiagi, 2012).

Description of the main structures was performed from a detailed field mapping work and
photo-interpretation based on aerial photographs (1:50.000) an LANDSAT satellite images. In order
to comprehend how the basement involved in the deformation, balanced geologic cross-section
were made and tested using the academic license for 2D-MOVE software (© Midland Valley
Exploration Ltd.) to project data on the cross-section and to draw the dip domains. The section was
constrained by bedding orientation data and stratigraphic thickness variations across the fold-and-
thrust belt. In restoration, we assumed: (1) line-length balance; (2) area-balanced for the basement;
and (3) deformation by plane strain with no movement out of the plane of the section.

3.1  Dedos-Silla block
3.1.1 Stratigraphy

The Dedos de Silla block is mainly constituted by the Remoredo Formation, the syn-rift
deposits of the Late Triassic-Early Jurassic rifting stage of the Neuquén Basin (Franzese and
Spalletti, 2001). It crops out in the SW part of the study region, exhibiting thickness variations
across the region (Lanés and Salani, 1998).
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Figure 5. Detailed geologic map of the Dedos-Silla block based on new field on observation and previous
studies carried out by Groeber, (1947). See location on Fig. 4. See section C-D in Fig. 9. Number in
rectangule: (1) Montafiez creek.; (2) Montafiecito creek
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The Remoredo Formation is a pyroclastic succession with intercalations of lacustrine
sandstones and limestones deposited relatively close to its respective volcanic centers (Lanés and
Palma, 1998; Lanés and Salani, 1998). Lanés and Salani (1998) recognized that lithic fragments of
the tuff layers of the Remoredo Formation show the same petrography of an andesitic intrusive
named as the Cerro Negro Andesite. The porphyric andesitic intrusive is a green fenoandesite that
intrudes the Choiyoi Group and uncomformably underlies the Remoredo Formation. It was
interpreted as the volcanic necks of the emission center of the pyroclastic flow (Lanés and Palma,
1998), as well as the source of the lithics of the volcanoclastic rocks of the Remoredo Formation
(Lanés and Salani, 1998).

The Remoredo Formation uncomfortably overlies the Cerro Negro Andesite (Fig. 5), while
to the south in the Tricolor mount (Fig. 5), the Remoredo Formation underlies marine rocks of the
Aalenian-Bajocian (Westermann and Riccardi, 1982), correlated with the Tres Esquinas and Las
Lajas fornmations (Fig. 3). This fact reflects the existence of a hiatus due to the non-deposition of
the early jurassic successions (Fig. 3). North of the Montafiez creek, in the western slope of the Rio
Grande valley (Fig. 5), oxfordian gypsum layers of the Auquilco Formation overlie the
volcanoclastic rocks of the Remoredo Formation (Fig. 6d).

Recently, U-Pb radiometric dating provides an age of 223.3 £1.9 Ma to the Cerro Negro
Andesite (Naipauer et al., 2015), which allows assigning along with the contact relationship a Late
Triassic age to the Remoredo Formation.
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Figure 6. (a) Panoramic view of the syncline separating the northern and southern anticlines of the Dedos de
Silla block. (b) Line-drawing picture interpretation. The fold is a broad syncline with the Remoredo
Formation (TrJ2) in its limbs. (¢) Panoramic view of the northern anticline of the Dedos de Silla block. (d)
line-drawing picture interpretation. The Cerro Negro Andesite (TrJ1) is in the core of the anticline as the
stratified rocks of the Remoredo Formation are in the limbs. Note the difference in the dip of the back- and
fore-limb. In the NW, there is the tectonic contact between Remoredo Formation and Auquilco Formation
(Jra). See the location of the Ar-15 sample.
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3.1.2 Structure

The Dedos-Silla block is a basement involved anticline defined by Manceda and Figueroa
(1995). These authors recognized this basement block as a topographic high, to the west of the
Lower Jurassic La Valenciana extensional depocenter (Fig. 4) based in thickness changes of the
early-middle Jurassic succesions. This situation has been also documented north of this region in
the Portezuelo Ancho area at 35°S (Davidson and Vicente, 1973; Legarreta and Kozlowsky, 1984)
where the Tordillo Ridge, the northern prolongation of the Dedos-Silla block, splits the Atuel and
La Valenciana depocenters from the western depocenters of the Neuquén Basin.

The Dedos-Silla block is a complex structure composed by two anticlines involving rocks of
the Choiyoi Group, Remoredo Formation and jurassic successions (Fig. 5). The northern anticline is
an NE-SW trending southeast-verging fold plunging to the NE with a gently dipping backlimb and
very steeply dipping forelimb (Fig. 6d). The back-limb shows variations in the strike, changing the
NW in the La Pampa creek area to NS and then E-W in the Rio Grande valley and Montafiez creek
(Fig. 5). This fold is flanked to the east by an east-verging thrust which NE trace accommodates the
overthrusting of the Choiyoi Group over the folded Mendoza Group (Fig. 5) evidencing not only the
contractional late evolution of this fold, but also out-of-sequence thrusting after the growth of the
northern anticline. The referred fault is the southern prolongation of the Las Lefias fault described
farther north at ca. 35°S (Mescua et al., 2014), which also shows out-of-sequence thrusting. The
fault loses expression to south-west, where a symmetric syncline separates the northern and
southern anticlines (Figs. 5 and 6a). Across the northern anticline, the Remoredo Formation exhibits
changes of thickness from 900 m in the back limb to 1200 m in the front limb. Immediately next to
the front limb of the northern anticline, along the Montafiez creek, the Remoredo Formation
unconformably overlies rocks of the Choiyoi groups and its thickness decreases to 290 m (Fig. 7e

and f).

The southern anticline is a broad asymmetrical SE-verging fold that plunges to the north-
east (Fig 5). In the Montafiecito creek area (Fig. 5), the structure involves rocks of the Remoredo
Formation (Fig. 7a and b) and the Choiyoi Group outcropping in its limbs and core, respectively
(Fig. 5). On the other hand, to the south-east, it involves rocks of the Remoredo Formation together
with part of the Jurassic sequences (Fig. 7c and d). In the Calquenque creek, a NW-verging fault
produces the thrusting of the rocks of the Auquilco Formation over the Tordillo Formation (Fig. 5).
East of the former thrust, a syncline involving rocks of the Mendoza, Rayoso and Neuquén groups
divides the Dedos-Silla block from the La Valenciana anticline (Fig. 5). Similarly to the other
anticline, the thickness of the Remoredo Formation also varies. Thereby, toward the south-east the
thickness is 400 m (Fig, 7c), whereas along the Montafiecito creek exceeds the 800 m (Fig. 7a).

69



Capitulo Ill-Faja plegada v corrida de Malargiie

(A) (b) [ESE

(D)

I5°SE’

(E)

Figure 7. (a) SSW view of the NW flank of the southern anticline in the Montafecito creek. (b) Line-drawing
picture interpretation. (c) Panoramic view of the southern anticline of the Dedos de Silla block. (d) Line-
drawing picture interpretation. Rocks correlated to Cerro Grande Andesite (TrJ1) out-crop in the core of the
anticline. To the SSW, the Tordillo (Jt) and Remoredo formations make up the SE flank of the fold. The Tres
Esquinas Formation (Jte) out-crops in the Tricolor Mount in the central area of the structure. (¢) South view
of the syncline separating the northern and southern anticline. Note the minimum thickness of the
Remoredo Formation compared to the thickness across the both northern and southern anticlines. (f)
Lin-drawing picture interpretation.
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3.1.3 Interpretation

The thickness growth in both northern and southern anticlines, as well as the regional syn-
rift nature of the Remoredo Formation (see Franzese and Spalletti, 2001) suggests a tectonic control
during the deposition of the late triassic deposits. Based on the growing direction, we infer the
presence of two depocenters consisting of two NNE-trending antithetic master faults forming two
half-grabens and a horst geometry (Fig. 8b). According to the age of the Remoredo Formation, this
extensional system would have been active during the Late Triassic whereas during the Early
Jurassic it acts as a topographic high evidenced for the non-deposition of the syn-rift part of the
Cuyo Gr. and the condensed thickness of both Tres Esquinas and Las Lajas formations.
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Figure 8. (a) Cross-section of the Rio Grande area. See Fig. 5 for location. The Dedos-Silla block is
composed by two anticlines with opposite vergence. (b) 3D block of the configuration of the Dedos-Silla
block during Late Triassic.

Although the master normal fault of the northern half-graben dips to the north-west and that
the northern anticline exhibits an eastward vergence, the contractional folding of the Late Triassic
syn-rift Remoredo Formation would be associated with the generation of a new east-verging thrust
instead of the inversion of a pre-existing normal fault. This structure corresponds to the Las Lefias
fault (Fig. 8a) which acts as a by-pass of the master normal fault.

The geometry of the southern anticline would be associated to the presence of two faults the
opposite vergence (Fig. 8a). The NW-growing thickness of the syn-rift sequences of the Remoredo
Formation suggest that the inversion of the SE-dipping master normal fault could be the origin of
folding along the Monatafiecito and La Totora creeks (Fig, 5 and 7a). On the other hand, the
kinematic model of the inversion of the normal fault does not explain the folding of the southeastern
limb of the southern anticline and the development of the syncline along the Calquenque creek,
which separate the La Valanciana anticline from the Dedos-Silla block (Fig. 4). In this way, we
infer the presence of the blind NW-dipping fault (Fig. 8a).
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3.2 Valle Grande and Debia Anticlines
3.2.1 Stratigraphy

Lajas 7 La Manga |:' Tordillo and Rio Neogene Sinorogenic ' Pliocene to Holocene 7Quatemary 3
Fm. Fm, [ | Damas Fm. deposits volcanic rocks unconsolidated deposits
Tres Esquinas Lotena Auquilco Vaca Muerta and Miocene Pleistocene to Holocene
Fm. Fm. Fm. Chachao Fm. intrusive rocks volcanic rocks
Figure 9. Geologic map of the western sector of the Malargiie fold-and-thrust belt in this study, showing the
main structural features in this region. See location in Fig. 4. See cross-section E-F in Fig. 13.

In contrast to the features described in the Rio Grande valley, a more complete Middle-
Upper Jurassic sequence crops out along the Valle Grande river in Chile. According to the litology
and fossil content, the oldest outcropping rocks belong to the Tres Esquinas Formation of the Cuyo
Group (Fig. 3 and 9), which consists of black fossiliferous shale layers with limestone
intercalations. It has a maximum observed thickness of ca. 30 m, even though its base is not
exposed (Fig. 10). An erosional contact separates the Tres Esquinas shales from the sandstones of
the overlying the Lajas Formation. The Lajas Formation consists of 60 m of the red sandstone with
sandy breccias. To the base, limestone and shale clasts evidence the erosion and recycling of the
underlying Tres Esquina Formation and the change on sedimentary conditions: The Lajas
Formation shows current ripples with different directions, reflecting variable flow direction likely
related to a shallow and proximal marine environment.
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Figure 10. (a) Lithological correlation of the stratigraphic columns of Valle Grande, Rio Grande and La
Valenciana regions. The Rio Grande and La Valenciana stratigraphic columns are based in Westermann
and Riccardi (1982) and Gulisano and Gutiérrez Pleimling (1995), respectively. The age in the La
Valenciana column after Mazzini et al (2010). (b) Location of stratigraphic columns.

The Lotena Formation unconformably overlies the Lajas Formation. This unit consists of
about 50 m of greenish and reddish coarse sandstones and conglomeratic sandstones with plants
remains and desiccation cracks (Fig. 10) evidencing a non marine environment. It presents levels of
monomictic breccias with calcareous clasts. To the top, the grain size of the sandstones decreases
and the deposits progressively increases in calcareous sandstones and shales layers. This gradual
change marks the onset of marine sedimentation with the deposition of the overlying La Manga
Formation. The later unit reaches a thickness of ca. 200 m in the western slope of the Valle Grande
river (Fig. 9) and consists of a sequence of fossiliferous mudstones, limestones and sandstones (Fig.
10).
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3.2.2 Structure

The Valle Grande anticline is a north-south trending structure with ~6 km half-wavelength
and asymmetric folds plunging to the north, involving rocks of the Cuyo and Lotena groups in its
western limb, and rocks of the Lotena and Mendoza groups in its eastern limb (Fig. 9). The fold is
exposed along the Valle Grande river with a gently dipping west-limb (Fig. 11b) and a very steep
east-limb (Fig. 11d), which is indicative of its east vergence. In its front, the rocks of the Rio Damas
Formation (lower Mendoza Gr.) are folded into a broad syncline with a 20°W dipping eastern limb
(Fig. 9), indicating the location of another structure responsible for the westward tilting toward the
east. In the eastern slope of the Valle Grande valley the NNW-striking Valle Hermoso fault
produces the overriding of the Auquilco Formation (upper Lotena Gr.) over the Rio Damas
Formation (Fig. 11f), producing the subsequently breakthrough anticline thrusting within the Valle
Grande anticline.

Along the Debia Creek, the NS-trending Debia anticline exhibits the Rio Damas, Vaca
Muerta and Chachao Formations in its limbs and the Auquilco Formation in its core (Fig. 9). It is a
broad and symmetric fold covered to north and south by Pliocene-Quaternary volcanic rocks. A
NW-trending anticline involving rocks of the Mendoza Group joins the Valle Grande and Debia
anticlines (Fig. 9).
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Figure 11. (a) View of the Valle Grande anticline back-limb at the Nevado river. (b) Line-drawing
picture interpretation. The back-limb dips between 20° and 30°NW and involves La Manga (JIm),
Lotena, Lajas and Tres Esquinas formations. (c) Panoramic photograph of the Valle Grande
anticline fore-limb (eastern flank). (d) Line-drawing picture interpretation. This limb is made up
by the Rio Damas Formation (Jra) dipping between 50° and 60°E. (e) View to the south of the
Valle Hermoso fault. (f) Line-drawing picture interpretation. The Valle Hermoso fault puts the
Auquilco Formation (Ja) over Rio Damas Formation (Jra).
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3.2.3 Interpretation

The asymmetric geometry developed in the hanging wall and the 6 km of half-wavelength of
the Valle Grande anticline is consistent with the presence of a deep thrust involving the basement.
Furthermore, the greater thickness of the Jurassic succession in the Valle Grande relative to the Rio
Grande area (Fig. 10) indicates that the Valle Grande region was a depocenter located west of the
Dedos-Silla block at least until the Middle Jurassic. This is consistent with the proposition of
Davidson and Vicente (1972) and Legarreta and Gulisano (1984) for the existence of a topographic
high located north of the study area based on thickness differences in the Jurassic to Early
Cretaceous sequence. In fact, the Cuyo and Lotena group reaches up 300 m of thickness in the Valle
Grande area, contrasting with the 80 m in the Rio Grande valley (Fig. 10).

The Valle Grande depocenter is located <30 km to southwest of the Rio del Cobre
depocenter, a Jurassic depocenter characterized for the developed of a half-graben with a W-dipping
normal fault (Mescua et al., 2014). This suggest that the former is the southern prolongation of the
Rio del Cobre depocenter although in the Valle Grande depocenter there are not evidences of a
normal fault controlling the deposition of the mesozoic sequences.

The geometry of the Valle Grande anticline is origined by the generation of a new reverse
fault folding the mesozoic and cenozoic sequences (Fig. 12). Likewise, we interpret the Debia
anticline as a structure formed by a short-cut of the main reverse fault that controlled the Valle
Grande anticline formation (Fig. 12).
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Figure 12. (a) Cross-section through Valle Grande area. See location in Fig. 9 (E-F section). The Valle
Grande anticline is interpreted as a result of inversion of Early Jurassic half-grabens. A short-cut structure
would be associated with the inversion of a normal fault.
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4 Structure and evolution of the Malargiie fold-and-thrust belt
4.1 Balanced cross section

The main structural relationships described before are here considered for constructing a
96.6 km long regional cross-section (Fig. 13). The section runs across all the eastern Principal
Cordillera (A-B, Fig 4) incorporating all available information and thus allowing a full analysis of
the structure and evolution of the Malargiie fold-and-thrust belt at the latitude of this study. The
western side of the cross-section includes our own new results, while to the east it is supported by
previous works (Giambiagi et al., 2009a).

The balanced cross-section was constructed considering dip angles of the strata and the
thickness of the stratigraphic units. Two-dimensional area-balancing forward models were
performed to obtain a balanced and palinspastic-restored cross section using the software 2D Move
(© Midland Valley Exploration Ltd.), analyzing the folding mechanisms for each fault related fold
following the proposition of Giambiagi et al. (2009). This analyze allowed us to conclude that the
best mechanisms correspond to inclined shear and flexural slip algorithms to restore the thick-
skinned structures, while fault-parallel flow and trishear are the best algorithms for the thin-skinned
deformation, in a similar way as used by Giambiagi et al. (2009).
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Figure 13. Balanced regional cross-section A-B of the Malargiie at 35°30'S and its restoration. See location
in Fig. 4. The cross section shows a thick-skinned style with a thin-skinned style limited for basement
structures. The inversion of the Mesozoic depocenter is accompanied by short-cut, by-pass and back-thrust
structures, considered as a result of interaction between previous extensional faulting and subsequent
contractional structures.
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The western part of the regional balanced cross section was built according to the
assumptions made for the Dedos-Silla block and the Valle Grande cross sections described
previously in section 3. The features presented in the Dedos-Silla and Valle Grande sectors permit
conclude that both sectors are characterized by the presence of normal faults controlling the
deposition of sedimentary sequences during the Mesozoic. These normal faults would have not been
inverted during both late cretaceous and miocene contractional episodes according to the absence of
the inversion evidences.

After the modelling procedure, we assumed a basal detachment at the western part of the
study area at ca. 10 km depth. A 2°W dip for this detachment leads to similar depths as those
proposed by both Giambiagi et al. (2009) and Farias et al. (2010) for the eastern and western
Principal Cordillera. Thus the regional section (Fig. 13) would show the hybrid structural style
proposed for the Malargiie fold-and-thrust belt: the basement is involved through both the inversion
of the pre-existing normal faults and new reverse fault rooted in a westward-dipping basal
detachment level, and the development of thin-skinned folding in front of basement-involved
anticlines is due to the transference of the deformation to the cover.

The palinspastic restoration reveals a dominated east-vergence for the contractional
deformation. A total accumulated shortening ca. 30 km (23.7 %) (Fig. 13) was estimated
corresponding to a minimum value because the high exhumation of the western part precludes
analyze adequately the complete sedimentary succession.

4.2  Timing of deformation

The age of the deformation in the eastern sector of the Malargiie fold-and-thrust belt has
been accurately determined (Giambiagi et al., 2008; Silvestro and Kraemer, 2005) in contrast with
the western zone of the thrust-belt where the chronology of the events is still unclear. In order to
constrain the evolution of the study area, we analyzed the timing of the deformation based on
structural relationships and radiometric ages reported in other studies.

Growth strata within the Miocene synorogenic deposits in the back-limb of the Valle Grande
and Debia anticlines (Tapia et al., 2015) evidences a Miocene activity for the westernmost zone of
the thrust-belt. The provenance analysis of the synorogenic deposits indicates multiple source areas
currently eroded. These sources mostly correspond to late Miocene plutons and volcanic deposits
present in the area, an eastern Tordillo-Rio Damas Formation, and the western volcanic-
volcanoclastic Abanico Formation. The latter deposited within an extensional intra-arc basin,
inverted from 23 and 20 Ma north of the study region (Charrier et al., 2002; Farias et al., 2008,
Muiioz-Saez et al., 2014). Thus the main activity within the Valle Grande and Debia anticlines
occurred simultaneously or immediately after the Abanico Basin inversion. Then contractional
deformation migrated to the east and returned to this area in the late Miocene during an out-of-
sequence thrusting period (c.f- Giambiagi et al., 2003b). According to the detritic age of the top of
the synorogenic sequence, outh-of-sequence thrusting occurred after 7 Ma up to Present (Tapia et
al., 2015), which is consistent with the age of the synorogenic rocks and the thrusting of the
Pliocene-Pleistocene Loma Seca Formation and recent moraines (Tapia et al., 2015).
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The Dedos-Silla block shows two main periods of shortening. The first stage would
correspond to inversion-related deformation of the southern anticline. During this period, the
Neuquén Group would have deposited between the Dedos-Silla block and the La Valenciana
anticline. These rocks correspond to the westernmost outcrops of the Upper Cretaceous Neuquén
Group (Fig. 3), evidencing the position of the orogenic front in the Late Cretaceous. This is
consistent with the proposition made by Mescua et al. (2013) and Tunik et al. (2010) for the area
just northeast and south of the study region at 35°S and between 36° and 37°S, respectively. The
second stage would be associated with the contractional growth of the northern anticline and the
subsequent thin-skinned deformation developed to the east of its front. This period ended with an
out-sequence thrusting along the Las Lefias fault and a later eastward migration of deformation. We
propose that this stage occurred between 20 and 16 Ma, that is, after the development of the Valle
Grande anticline and before the growth of the La Valenciana anticline.

Finally, the easternmost inversion-related structures, La Valenciana and Malargiie anticlines
(Fig.13), developed at 18 and 5 Ma respectively (Silvestro and Atencio, 2009; Silvestro and
Kraemer, 2005).

5 Discussion
5.1 Inversion in the Malargiie fold-and-thrust belt

We present data evidencing a strong control of pre-existing extensional structures in the
structural style, orientation and fault distribution in the fold-and-thrust belt which played an
important role during the tectonic inversion of the western Neuquén Basin. Although the
reactivation of normal faults is a common feature in the Malargiic fold-and-thrust belt, the
magnitude of inversion varies across the deformation belt. According to Giambiagi et al. (2009a)
and Manceda and Figueroa, (1995), the La Valenciana and Malargiie depocenters would show a
total inversion, whereas our interpretation for the half-grabens in the Dedos-Silla block and Valle
Grande region indicates either just partial inversion (Figs. 8 and 12) (sensu Williams et al., 1989) or
null inversion. The geometries of the northern and southern anticlines of the Dedos-Silla block and
of the Valle Grande anticline would be linked to the development of fault-propagating folding
(Suppe and Medwedeff, 1990) with the tip point of reverse movement in the bottom segment of the
former normal faults. These cases are common in listric fault geometries, where the upper segment
of the fault is steeper than the lower part, resulting in a partial inversion and thus impeding the
reactivation in a steeper segment.

Reactivation of the NE-trending normal faults in the Dedos-Silla block could be prevented
by its oblique orientation respect to the ESE or ENE convergence direction recorded during both the
Late Cretaceous and the Miocene, which would represent the direction of the maximum horizontal
stress (Somoza and Ghidella, 2012). The models of Yagupsky et al.,(2008) show that inversion of
oblique half-grabens within the Neuquén Basin occurs in fault sectors just close to high competence
contrasts, such as those given by the presence of basement. This would explain the reactivation that
only occurred in the southern normal fault of the Dedos-Silla block. However, deeper studies are
necessary to understanding the inversion of the Dedos-Silla block due to late Miocene clockwise
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tectonic rotation reported between 34° to 36°S (Arriagada et al., 2013) which could change the
extensional architecture and orientation within this depocenter.

Although inversion tectonic seems to be the main deformational mechanism in this Andean
segment, there are regions in the Malargiie fold-and-thrust belt where the generation of the
basement-involved thrust controls the accommodation of shortening and the resulting structural
style. For example, a non-inversion-related structural style has been proposed for the Diamante
river at 34°30'S (Turienzo, 2010; Turienzo et al., 2009), in region in which the Neuquén Basin
becomes narrower and had a less-evolved depocenter than the southern region (Fig. 2a).

To sum up, inversion tectonics is the main basement-involved deformational mechanism
across the Malargiie fold-and-thrust belt at 36°S, consistent with the reported to both the north
(Giambiagi et al., 2012, 2009b, 2003a; Kozlowsky et al., 1993; Manceda and Figueroa, 1995;
Mescua et al., 2014) and south (Orts et al., 2012; Rojas Vera et al., 2014; Valcarce and Zapata,
2009; Yagupsky et al., 2008; Zamora Valcarce et al., 2006). However, there are some inhibiting
factors along the thrust-belt that would have favored the formation of new thrusts during the
contractional phase. These factors would explain the differences in the basement deformational
mechanism reported along the Malargiie fold-and-thrust belt.

5.2 Implications of the inherited architecture in the mountain building

The structural analysis presented here shows a structural model with a predominant thick-
skinned style, where the basement is involved in the deformation through either the inversion of
previous normal faults or new reverse faults. This model is consistent with the structural style
characterizing the Malargiie fold-and-thrust belt between 34°30°S and 36°S (Mescua and Ramos,
2009; Mescua et al., 2014; Orts et al., 2012; Rojas Vera et al., 2014, Turienzo, 2010). Thin-skinned
folding and thrusting south of 34°30'S in the eastern Principal Cordillera is observed exclusively in
zones bounded by basement-involved structures in the Malargiie fold-and-thrust belt (Fig. 13). In
turn, the Aconcagua fold-and-thrust belt between 33°30'S and 34°30'S is characterized by a
predominant thin-skinned structural style that take advantage the low competence of some
sedimentary layers (Giambiagi and Ramos, 2002; Ramos et al., 2004), and where thick-skinned
style is just conspicuous and related to inversion of Mesozoic extensional depocenters or to the
generation of by-pass thrusts (Giambiagi et al., 2003).

Structural style variations along the eastern Principal Cordillera have been associated with
the degree of development of the Neuquén Basin due to changes on the crustal strength and
inherited structural architecture (Giambiagi et al., 2012; Ramos et al., 1996). Respect to the latter,
the thin-skinned Aconcagua fold-and-thrust belt developed across the narrowest and shallowest
northern tip of the Neuquén Basin (Figure 2a). In turn, where the basin becomes wider, deeper and
showing a high degree of depocenter development, inversion of older normal faults characterizes
the deformation defining its thick-skinned structural style (c.f., Ramos et al., 1996).

Considering the contractional evolution within the Neuquén Basin, the differences between
the north segment of the Principal Cordillera, in the Aconcagua fold-and-thrust belt, and the here
studied segment, belonging to the Malargiie fold-and-thrust belt, can be resumed quantitatively by
gradient of southward decrease in the amount of shortening accommodated across the eastern
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Principal Cordillera (Fig. 16). This tendency is interrupted at nearly 34°30°S where the amount of
shortening of the eastern Principal Cordillera shows a notable break around the 34°30'S. North of
this latitude the gradient is higher, despite the absolute value of shortening does not include the
whole eastern Principal Cordillera (Fig. 16). Instead, south of 34°30'S, the gradient is lower than to
the north, even though the shortening percentage continues decreasing southward (Fig. 16).
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Figure 14. Latitudinal distribution of the upper-crustal horizontal shortening between 33°30' and 36°S based
in: (1) Giambiagi and Ramos (2002), (2) Giambiagi et al. (2012), (3) Mescua et al. (2014), (4) This work
and (5) Orts et al. (2012). The asterisk over values indicates shortening estimated across the whole eastern
Principal Cordillera.

Southward decrease of shortening values is a tendency reported from the southern Bolivian
orocline nearly 23°S also inferred by a southward decrease on crustal thickening (e.g., Kley et al.,
1999; Pose et al., 2005; Ramos et al., 2004). Beyond this value decrease tendency, the change on
percentage shortening observed from the Aconcagua fold-and-thrust belt to the south to the
Malargiie fold-and-thrust belt occurred along with an increase in the width of the fold and thrust
belt. We propose that the southward decrease in percentage of shortening related to a higher width
of the fold and thrust belt along the eastern Principal Cordillera is controlled by the structural styles.
South of 34°30’S, inverted faults accommodates less shortening that the low-angle thrusts at the
northern thin-skinned fold-and-thrust belt; in turn, where single inverted faults accommodate minor
shortening, the zone affected by contraction is wider respect to the north region where shortening
has been mostly accommodated by low-angle thrusts. Consequently, the mountain belt is lower and
wider in the south respect to that observed north of 34°30'S (Fig. 1). Despite the southward
decreasing crustal thickening (Pose et al., 2005), this situation is reflected in deeper and narrower
crustal roots in the thin-skinned segment respect to the wider thick-skinned inversion-related zone
(Tassara and Echaurren, 2012).

Taking into account that eastward migration of deformation along the Malargiie fold-and-
thrust belt resulted in an increase of the orogen width, previous works suggested that this has been
primarily controlled by the slab shallowing occurred between 20 and 5 Ma (Folguera et al., 2006a,
2006b; Ramos and Folguera, 2009; Ramos et al., 2014). Nevertheless, the eastern limit of the
Malargiie fold-and-thrust belt coincides spatially with the eastern extent of the Neuquén Basin,
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which is also wider here than to the north in the Aconcagua fold-and-thrust belt and there is no
shortening increase due to higher plate coupling as expected under slab-shallowing events (cf.
Espurt et al., 2008; Gutscher et al., 2000) (Fig. 2). This situation suggests that the extent of
deformation could be additionally, but not exclusively, controlled by the presence of the Neuquén
Basin. In this regard, the southward widening of the Neuquén Basin would explain that south of
34°30'S the percentage decrease and the orogen is wider (Fig. 16).

The eastward advance of the deformation front in the Malargiie fold-and-thrust belt through
a model with a basal detachment at depths of 8-12 km during the Neogene (Fig. 15) (Farias et al.,
2010; Giambiagi et al.,, 2012; Mescua et al., 2014; Turienzo et al., 2009) can be explained
qualitatively using the critical wedge theory (Mescua et al., 2014). While the wedge was growing
according to the parameters of this kinematic model (Dahlen et al., 1984; Davis et al., 1983), the
preexisting normal fault structures would act as low shear zone concentrating the deformation as
tectonic inversion, however, with minor displacement than in low-angle thrusts, thus favoring the
migration. Therefore the major amount of previous normal faults south of 34°30'S (Fig. 2a) would
favor both the thick-skinned structural style and the large eastward migration of the deformation in
the Malargiie fold-and-thrust belt.

To sum up, the control of the Neuquén Basin in the southward decrease on percentage of
shortening along the southern Central Andes, together with the structural style and the distribution
of the shortening at the eastern Principal Cordillera, evidence that the previous architecture of the
crust is critical for the understanding the latitudinal variations of the orogeny and its construction
through time. This would indicate that the characteristics of the overriding plate have a very
relevant control in mountain building processes. In this regard, variations in the dip of the
subducting plate and its effects in the deformation of the overriding plate may be overestimated,
simply because the quantitative effects of the overriding plate have been neglected, and near the
study region there is no an increase of shortening value as expected for shallow subduction settings,
but a wider fold and thrust belt with minor total shortening.

6 Conclusion

Based on structural and stratigraphic analysis we presented a deformational model for the
eastern Principal Cordillera within the Malargiie fold-and-thrust belt at 35°30'S. This model is
characterized by the involvement of the basement in the deformation through both the inversion of
the previous normal fault and the generation of the new thrust mainly related to inversion tectonics.
The development of the one or the other deformational mechanism would be controlled by either
the dip or the orientation of normal faults respect to the compressional stress, thus explaining the
variations in the basement-related deformational mechanism reported along the Malargiie fold-and-
thrust belt.

Our balanced cross section of the Malargiie fold-and-thrust belt at 35°30’S consists in a
hybrid structural model with basement-involved reverse faults rooted into a gently westward-
dipping basal detachment transferring the deformation to sedimentary cover through thin-skinned
folding and thrusting in restricted zones adjacent to basement blocks, accommodating
approximately 30 km of tectonic shortening.
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Despite the huge latitudinal contrast in the structural style along the eastern Principal
Cordillera, the estimates of shortening is just slightly lower than the values in the northern thin-
skinned region. We proposed that the larger development of the Neuquén Basin south of 34°30'S
favored both the thick-skinned structural style and the large eastward migration of the deformation
in the Malargiie fold-and-thrust belt, resulting in a large decrease of shortening percentages due to a
wider distribution of deformation.

Finally, the previous architecture of the overriding plate crust is critical to understanding the
Andean segmentation and to determining its influence on deformation patters and its contrast to
effects related to variation in the subducting plate during mountain building processes. In our study
region, we propose an important control of a larger extensional development of the Neuquén Basin
that explains plausibly a wider fold-and-thrust belt development, in contrast to the explanation
related to changes in the subducting plate that has largely neglected the crustal inherited architecture
that exhibits the Malargiie fold-and-thrust belt.
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CAPITULO IV.

EVOLUCION DE LA REGION AXIAL DE LA
CORDILLERA PRINCIPAL

IV.1 Introduccion

En los capitulos anteriores se presentd la estructura y evolucion de los dos mayores
dominios estructurales cenozoicos de la Cordillera Principal, la Cuenca de Abanico y la faja
plegada y corrida de Malargiie. En este capitulo, se analiza la evolucidn estructural de la region
axial de la Cordillera Principal durante la inversién de la Cuenca de Abanico y la estructuracion
de la faja plegada y corrida de Malargiie. La particularidad de esta region reside en que
corresponde a la zona de interaccion directa entre ambos dominios estructurales por lo que su
estudio permite entender cémo se propagd la deformacion durante la fase nedgena de
deformacion. Ademads, el estudio de esta region se vuelve necesario debido a que ha sido
propuesto como el limite norte y oeste de la deformacion extensional que afectd el retro-arco y
arco durante el Plioceno tardio-Pleistoceno (Ramos et al., 2014 y referencias ahi).

Este capitulo consta s6lo de una seccion (articulo aceptado) donde se analiza la evolucion
del eje de la Cordillera Principal durante el Nedgeno y Cuaternario a través de la caracterizacion
de depositos sinorogénicos miocenos asociados a la construccién orogénica. Asi también se
discute acerca de la deformacion extensional propuesta para esta region y como se relaciona con
los resultados obtenidos en este estudio.
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IV.2 Articulo: "Late Cenozoic contractional evolution of the current arc
region along the southern Central Andes (35°20°S)’

Late Cenozoic contractional evolution of the current arc-volcanic region along the southern
Central Andes (35°20'S)

Felipe Tapia', Marcelo Farias', Maximiliano Naipauer’® and Jacqueline Puratich'
"Departamento de Geologia, Universidad de Chile, Santiago, Chile.

’Instituto de Estudios Andinos “Don Pablo Groeber”, Departamento de Ciencias Geologicas,
FCEN, Universidad de Buenos Aires-CONICET, Buenos Aires, Argentina

Abstract

The Andean internal zone records deformation, uplift and erosion that serve as proxies of
variations on mountain building dynamics. Hence, the study of this region would give keys to
understand the factors controlling the orogenic evolution. Structural, stratigraphic and
geochronological data in the Andean internal zone at 35°20'S evidence that this region has only
underwent contractional deformation since the late Miocene up to present, differing from coeval
Pleistocene extensional tectonics affecting the retro-arc. Contractional deformation was
characterized by the development of a piggy-back basin in the latest Miocene filled by
synorogenic deposits. Afterward, an out-of-sequence thrusting event affected the region since at
least the Pliocene until the Present. Shortening in the inner part of the Andean orogen would be
favored by both the high orthogonality of the out-sequence structures with respect to the plate
convergence vector and by the minor resistance to shortening produced by the southward
decrease of the orogen height and by the removal of material via erosion of the uplifted mountain
belt. In contrast, oblique structures, as those described farther north, accommodate strike-slip
displacement. Likewise, we propose that erosion from the inner orogen favored the prolongation
of the out-of-sequence thrusting event until the Present, differing from the situation north of the
34°S where this event ended by the Pliocene.

Keywords

Out-of-sequence thrusting, synorogenic deposits, Andean Cenozoic evolution.

1. Introduction

The current volcanic arc region along the southern Central Andes corresponds to the
internal part of an orogen formed in an oceanic-continent subduction regime, developed near the
present-day Pacific-Atlantic drainage divide (Fig. 1a). Subduction of the oceanic Nazca plate
beneath the South American plate has resulted in almost continuous magmatism during the
system’s evolution, in addition to the involved stress transfer to the overriding plate. This process

3 Manuscrito aceptado 6 de Enero del 2015 en Journal of Geodynamics
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has led to crustal shortening and thickening and the consequent uplift in the overriding South
American plate mainly during the late Cenozoic (Charrier et al., 2007, 2014; Farias et al., 2008,
2010; Folguera et al., 2011; Giambiagi and Ramos, 2002; Giambiagi et al., 2003, 2008; Ramos et
al., 2014; Ramos and Folguera, 2005; Ramos and Kay, 2006).

Despite the along-strike continuity of the mountain belt in the southern Central Andes, the
orogenic volume and maximal crustal thickness gradually decreases to the south without
exhibiting relevant changes in the decrease gradient (e.g., Pose et al., 2005; Tassara et al., 2005;
Tassara and Echaurren, 2012). However, it has been proposed that the internal zone of the orogen
evolved differently north and south of 35°S since the late Miocene (see Charrier et al., 2014 and
references therein). In fact, the contractional stage north of 35°S ended by the Pliocene
(Giambiagi et al., 2003), which was followed by strike-slip deformation until today (Farias et al.,
2010), whereas south of 35°S, shortening would have been interrupted by an extensional episode
in the early Pleistocene, which affected the retro-arc region and spread to the arc region (Folguera
et al., 2006b, 2008, 2011, 2012; Ramos and Folguera, 2011; Spagnuolo et al., 2012). This event
was preceded by a late Miocene eastward magmatic expansion and shortening migration to the
foreland that produced the uplift of the San Rafael Block (see Ramos and Kay, 2006, and
reference therein).

The extensional episode was characterized by the early Pleistocene-Holocene
development of several NW-trending depressions with a concomitant development of intraplate
volcanism in the retro-arc region between 35° and 40°S (cf. Ramos et al., 2014 and reference
therein). This evolution is supported by several structural (Folguera et al., 2004, 2006b, 2008,
2010; Garcia Morabito and Folguera, 2005; Ramos and Kay, 2006; Rojas-Vera et al., 2010,
2014), geophysical (Folguera et al., 2007a, 2012), and petrological studies (Folguera et al., 2009;
Kay et al., 2006; Ramos and Folguera, 2011). According to Folguera et al. (2006b; 2008), the
northernmost depression extended up to the arc region slightly south of 35°S. There, they infer
that the high volume of silicic volcanic material extruded by the Calabozos caldera since the early
Pleistocene (cf., Hildreth et al., 1984) was controlled by extensional tectonics related to the
development of the Las Loicas Trough, the northernmost extensional depression in Argentina.
Nevertheless, there is no reported evidence for extension in this area, exposing the lack of
appropriate structural studies and the poor knowledge of the Quaternary evolution of the internal
zone of the Andean orogen at the latitudes of this study.

The proposed extensional evolution for the current arc region south of 35°S contrasts with
those reported to the north and farther south at 36°30°S. In both regions, contractional
deformation has dominated the internal part of the Andean range since the late Miocene as an
out-of-sequence thrusting event, even though it evolved to transcurrent deformation by the
Pliocene in the north (Folguera and Ramos, 2009, Folguera et al., 2004, 2006a, 2007b; Giambiagi
and Ramos, 2002; Giambiagi et al., 2003; 2014; Godoy et al., 1999; Rojas-Vera et al., 2014).
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Figure 1: (a) Tectonic framework of the Andean margin. The arrows indicate the absolute plate motion;
the dashed line delineates the Neuquén Basin margin; the filled black rectangle shows the location of
Figure 1b. (b) Simplified geologic map of the Chilean-Argentinean Andean margin between 33° and
37°S showing major structures and main lithological units (Taken from Farias et al., 2010; Folguera et
al., 2006b; Giambiagi et al., 2003, 2008, 2009, 2012; Servicio Geologico Minero Argentino, 1997;
Servicio Nacional de Geologia y Mineria, 2002). The black rectangle shows the location of the Figure 2a.
AFTB: Aconcagua fold-and-thrust belt; CC: Calabozos caldera; CHFTB: Chos Malal fold-and-thrust
belt; DV: Domuyo volcano; GFTB: Guafiacos fold-and-thrust belt; LLT: Las Loicas Trough; LT:
Loncopue trough; MFTB: Malargiie fold-and-thrust belt; MC: Maule caldera; PC: Palao caldera; TV:
Tromen volcano; VC: Varvarco caldera. (c) Digital elevation model (DEM) of the study area showing
the location of the samples and the Calabozos caldera. Morphology and location of the normal fault of
the caldera was taken from Hildreth et al., 1984. The black rectangle indicates the location of the Fig. 2a.
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The eastward migration of shortening and expansion of the volcanic arc at these latitudes
during the late Miocene has been interpreted as a consequence of a shallowing of the subducting
slab, whereas the subsequent extension and intraplate volcanism has been explained by the
steepening of the slab (see Ramos and Kay, 2006 and reference therein).

Nevertheless, extensional deformation has not been directly reported along the arc-region,
but contractional deformation has been proposed for this area at a similar time (e.g., Farias et al.,
2009). This is evidencing a decoupling between the deformation of the retro-arc and arc region
during the event of slab shallowing and deepening, thus highlighting some concerns about the
actual extent of the effects produced by the slab dynamics in the Andean evolution at these
latitudes. In this context, this contribution addresses the question about the kinematic evolution
of the arc-region in the scope of the actual extent of the extensional development reported in the
retro-arc with respect to the contractional evolution that has characterized the late Cenozoic
growth of the Andes.

In this context, this study focuses on determining the deformation that controls the
Neogene to Quaternary evolution of the axial region of the Andes at 35°20'S. Our contribution
mainly consists of new detailed field mapping and stratigraphic, structural, U/Pb age and apatite
(U-Th)/He data. We focused particularly on a sedimentary unit corresponding to Neogene
synorogenic deposits that record not only the erosional processes of the mountain belt but also
constrain the timing of deformational events that affected this area and the source region related
to the uplifted areas that supplied sediment to this basin. Our results show that the inner region of
the mountain belt has been subjected to a continuous contractional regime from the middle
Miocene to the Present, rather than the extensional setting inferred by previous studies.
Furthermore, we discuss the deformation kinematics of the internal region of the Andean orogen
and its differences with respect to the retro-arc region.

2 Tectonic setting of the southern Central Andes

The central Chile and Argentina region lies within the southern Central Andes, which are
limited to north at ca. 33°S by the Pampean flat-slab segment (Fig. 1a). The Andean margin at
these latitudes is characterized by the subduction of the oceanic Nazca plate beneath the South
American continent (Fig. 1a) with a slab dip of ~30°E, corresponding to the typical example of
the “Chilean-type subduction” in the sense of Uyeda and Kanamori (1979).

The southern Central Andes at the latitude of this work are segmented into four trench-
parallel continental morphostructural units (Fig. 1b). From west to east, these are as follows: (1)
the Coastal Cordillera, composed of Paleozoic metamorphic/crystalline basement and Jurassic-
Cretaceous intrusive and volcanic rocks (Charrier et al., 2007); (2) the Central Depression, with a
Quaternary volcano-sedimentary cover and a Mesozoic and Cenozoic basement (Farias et al.,
2008); (3) the Principal Cordillera, consisting of Mesozoic and Cenozoic rocks (Charrier et al.,
2007, Ramos, 2000a); and (4) the Foreland, composed of Neogene to Quaternary deposits that
originated mainly by the erosion of the eastern Principal Cordillera and covering Mesozoic rift-
related sedimentary rocks (Charrier et al., 2014). To the east, the Foreland is broken by the
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uplifted Paleozoic-Triassic metamorphic/crystalline basement of the San Rafael Block (Fig. 1b)
(Gonzalez Diaz, 1972; Ramos et al., 2014 and references therein).

In this study, we subdivide the Principal Cordillera into a western and an eastern Principal
Cordillera according to their geological and structural features. The western Principal Cordillera
consists mostly of Cenozoic sequences (Fig. 1b) (Charrier et al., 2007). In contrast, the eastern
Principal Cordillera is characterized by the exposure of Mesozoic sedimentary rocks covered by
Cenozoic volcanic and sedimentary synorogenic deposits (Fig. 1b) (Ramos, 2000a and references
therein). The boundary between the western and eastern Principal Cordillera is close to the axis
of the Principal Cordillera and coincides with the current active volcanic arc and the Pacific-
Atlantic watershed. This is the location of the study region (Fig. 1b).

The evolution of the southern Central Andes between 35° and 36°S comprises successive
episodes of contractional, extensional and transcurrent deformation (e.g., Charrier et al., 2007,
2014; Ramos, 2000b). The last extensional event occurred between the Eocene and the late
Oligocene along the western Principal Cordillera (Fig. 1b), forming the north-trending intra-arc
extensional Abanico basin (Charrier et al., 1996, 2002; Godoy et al., 1999). This basin was filled
with up to approximately 2,500 m of volcanic and volcanoclastic rocks with some fluvial and
lacustrine deposits (Charrier et al., 2002). The basin-related deposits have been grouped into the
Abanico Formation near Santiago and south of 35°S, the Coya-Machali Formation between 34°
and 35°S, and the Cura-Mallin Formation south of 36°S. Hereafter, these deposits will be referred
as the Abanico Formation and the related basin as Abanico Basin. During the early Miocene, the
basin began to be inverted in a process that concentrated most of shortening at its edges (Fock et
al., 2006; Farias et al., 2010).

Following the initial stages of basin inversion, after ~18 Ma, deformation migrated
eastwards, affecting the Mesozoic deposits that had accumulated in the Neuquén Basin (Fig. 1a),
a back-arc basin formed during a widespread extensional tectonic event in South America
(Charrier, 1979; Charrier et al., 2007; Mpodozis and Ramos, 1989; Uliana et al., 1989). The
eastward migration of the deformation was characterized by the development of the hybrid thick-
and thin-skinned Malargiie fold-and-thrust belt (Malargiie FTB) (Kozlowsky et al., 1993;
Manceda and Figueroa, 1995) and subsequently by the uplift of the San Rafael Block (Gonzalez
Diaz, 1972). Simultaneously, the related-arc magmatism also expanded and migrated to the east
up to 600 km from the current Pacific trench, reaching the San Rafael Block during the late
Pliocene (Charrier et al., 2007; Kay et al., 2005; Litvak and Folguera, 2008; Ramos et al., 2014).
During this Neogene contractional evolution, synorogenic deposits accumulated in the Rio
Grande foreland basin starting at ca. 18 Ma (Fig. 1b), which was cannibalized due to the
progressive eastward migration of shortening (Silvestro and Atencio, 2009). The expansion of the
magmatic arc and the eastward migration of the deformation front have been explained by crustal
erosion caused by subduction (Kay et al., 2005) along with a shallowing of the subducted slab
during the late Cenozoic (Ramos and Kay, 2006; Ramos et al., 2014; Spagnuolo et al., 2012).

In the Quaternary, the retro-arc region experienced an extensional event evidenced by
normal faulting of the late Miocene uplifted peneplain that developed over the San Rafael Block
(Folguera et al., 2008, 2007a, 2007b). This period was accompanied by basaltic volcanism
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(Ramos and Folguera, 2011) and the development of huge calderas of rhyolitic to dacitic
composition and subordinate basalts that were emplaced near the axis of the Cordillera during the
last one million years (Grunder and Mahood, 1988; Grunder, 1987; Hildreth et al., 1984). The
flood basalts of the retro-arc region have been interpreted as direct melts of the asthenosphere
associated with the steepening of the subducted slab during the Quaternary (Kay et al., 2006).
Likewise, the origin of rhyodacitic volcanic deposits near the axis of the Cordillera has been
proposed to be the result of crustal delamination produced by the injection of asthenosphere
during the steepening of the subducted slab (Ramos et al., 2014).

3 Geology of the study region
3.1 Generalities

The study region involves the eastern limit of the Abanico Formation and the westernmost
outcrops of the Mesozoic series of the eastern Principal Cordillera (Fig. 1b). This zone coincides
with a structural transition between the deformation that characterizes the domain of the Abanico
Basin to the west and the Malargiiec FTB to the east (Fig. 1b). Furthermore, the landscape of this
zone is marked by the presence of Quaternary arc-related volcanic rocks forming a large plateau
and edifices shaped by fluvial and glacial erosion and that discordantly overlie older geological
units and structures.

To characterize the geology of this area, we performed geological mapping of
outcropping rocks and structures, complemented with previously published and unpublished
geological maps (Gonzalez and Vergara, 1962; Grunder, 1987; Grunder and Mahood, 1988;
Grunder et al., 1987; Hildreth et al., 1984; Naranjo et al., 1999). This allowed the construction of
a schematic cross section constrained by new chronological data (Fig. 6).

In relation to previous works, the regional map made by Gonzalez and Vergara (1962) is
the sole study of this type performed in the study region, even though certain local geothermal
and volcanic studies have also been conducted in this region (Grunder, 1987; Hildreth et al.,
1984; Naranjo et al, 1999; Naranjo and Haller, 2002). Gonzalez and Vergara (1962)
characterized the structure and described the stratigraphic units of the region at a 1:250,000 scale.
When describing the Mesozoic series, the authors defined and named them with local names that
differed from those used in the Argentinean and Chilean stratigraphic nomenclature. To avoid
misunderstandings, we use the Argentinean nomenclature to compare and correlate the geology
of both countries in this work.

3.2  Geological Units

The geology of the study region is displayed in the geologic map of Fig. 2a. The major
stratigraphic units present in this area can be divided into four main associations: (1) the
Mesozoic sediments of the Neuquén basin, which are subdivided into three main units, the Cuyo,
Lotena and Mendoza groups; (2) the Abanico Formation; (3) the synorogenic deposits, here
grouped into the Colorado Strata Unit; and (4) the Plio-Quaternary volcanic deposits. In addition,
the zone features two main intrusive bodies of granodioritic to granitic composition of late

99



Capitulo 1V-Region Axial|

Miocene age. The nomenclature, lithology, age and tectonic setting of all these units are briefly
described below, except for the synorogenic deposits, which are described later in Section 3.3.

The eastern area of the study region is mostly dominated by Mesozoic sedimentary series
(Fig. 2a), which are associated with cycles of marine transgression and regression that occurred
before the uplift of the Andean Cordillera. The oldest outcropping unit corresponds to the Cuyo
Group (Sinemurian-Bajocian), which consists of off-shore shelf black shales grouped into the
Tres Esquinas Formation and sandy fluvio-estuarine facies of the prograding Lajas Formation
(Gulisano and Gutiérrez Pleimling, 1995). These two formations are separated by an erosional
unconformity. The Cuyo Group is overlain by deltaic to shallow-marine clastic deposits
belonging to the Lotena and the La Manga formations of Bajocian and Callovian ages,
respectively. The gypsum layers of the Auquilco Formation (Oxfordian) overlie both formations.
These formations make up the Lotena Group. The youngest Mesozoic unit is the Mendoza
Group, composed of the red continental sandstones of the Tordillo Formation, the organic-rich
deep-marine shaly marls of the Vaca Muerta Formation, and the shallow-marine limestones of
the Chachao Formation.

In the western part of the study region, the Abanico Formation crops out (Fig. 2a) and is
composed of a series of basic to intermediate volcanic-volcanoclastic rocks with intercalations of
limestones, siltstones and very coarse- to fine-grained sandstones, as well as conglomerates with
a significant volcanic component. Based on mammal fossil fauna and radiometric dating, the age
of this formation north of the study region has been determined to be between the Eocene and the
late Oligocene (Charrier et al., 2007, 2002, 1996; Godoy et al., 1999). This unit is discordantly
covered by the volcanic Cola de Zorro Formation and a clastic synorogenic unit referred to here
as the Colorado Strata Unit because of its excellent exposure along the homonymous valley.

The previous units are unconformably overlain by Plio-Quaternary arc-related volcanic
rocks. We separated these volcanic rocks into three groups according to their age. In the western
area, the Abanico Formation and the synorogenic deposits are covered by the almost undeformed
basaltic-andesitic lava series of the Cola de Zorro Formation, which forms a large volcanic
plateau emplaced over a low-relief surface now dissected by fluvial and glacial valleys. These
rocks are distributed along the Colorado river valley and reach a maximum preserved thickness
of 150 m. At 35.7°S, Drake (1976) reported an age span for this formation between 2.47 and 0.96
Ma. In the study region, an age obtained using the K-Ar method (whole-rock) is 2.02 + 0.10 Ma
near the base of the sequence (Fig. 2a) (Hildreth et al., 1984).

The second group of volcanic rocks corresponds to the deposits associated with the
Peteroa-Azufre Volcano unit (Naranjo et al., 1999). This is the oldest unit of the Planchdén
Peteroa Volcanic Complex and consists of a series of basalts, basaltic-andesites, andesites and
dacites cropping out along the northern slope of the Colorado river valley and farther north of the
study area (Naranjo et al., 1999). The oldest and youngest reported K-Ar ages for this complex
are 1.20+0.03 Ma (Naranjo et al., 1999) and 0.55+0.05 Ma (Hildreth et al., 1984), respectively,
even though this complex records a series of historical eruptive events (Naranjo et al., 1999).
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Figure 2: (a) Geological map of the study area. Circled numbers correspond to the following lithological
and structural units: (1) Rio Negro pluton; (2) Colorado anticline; (3) Novillo thrust; (4) Llolli thrust; (5)
Valle Grande anticline; (6) Debia anticline; (7) Calabozos thrusts system; (8) Potrerillos pluton. Letters
within black rectangles correspond to the following locations: (A) Novillo stream; (B) Cerro Las Yeguas:
(C) Llolli; (D) Cerro El Pellejo; (E) Debia creek; (F) Cerro Negro. (b) Concordia diagrams for U-Pt
determinations by LA-MC-ICP-MS for the Potrerillos pluton. (¢) and (d) Concordia diagrams for U-Pt
determinations by CA-TIMS for the Rio Negro and La Gallina plutons. Ellipses for U-Pb data at +2¢
error level.
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The third volcanic group corresponds to the Loma Seca Formation (Grunder et al., 1987;
Hildreth et al., 1984), which is distributed across almost the entire study region (Fig. 2a). The
deposits are emplaced in deep paleovalleys excavated in the Mesozoic series and synorogenic
deposits and form several volcanic plateau due to the high volume of erupted material. The
formation consists of dacitic to rhyo-dacitic volcanic deposits derived from the eruption of 150 to
300 km3 of magma from the Calabozos caldera (Hildreth et al., 1984), which lies in the southeast
sector of the study region (Fig. 2). The age of the Loma Seca Formation is constrained by K-Ar
dating, yielding ages between 0.79+0.15 and 0.14+0.04 Ma (Hildreth et al., 1984), even though
certain deposits were clearly emplaced after the last glacial event 4,400 years before the present
(Espizua, 2005; Naranjo and Haller, 2002).

Two intrusive units that intruded Mesozoic and Cenozoic deformed rocks crop out in the
area. In the eastern sector, the late Miocene Potrerillos pluton intrudes a Mesozoic series (Fig. 2a)
and yields a zircon U/Pb age of 11.3 £ 0.20 Ma (error level at 2c for all the ages reported in this
study) obtained in this work (Fig. 2b; see Appendix A for the complete data set and analytical
details). Given its petrological features and location, this pluton correlates with an intrusive body
cropping out in the northeastern edge of the study region, near the international border (Fig. 2a).
In the western sector, the Rio Negro pluton intrudes the Abanico Formation (Fig. 2a) and yields a
zircon U/Pb age of 10+0.05 Ma, also determined in this study (zircon U-Pb age, Fig. 2¢). Outside
the study region, approximately 13 km west of the Rio Negro pluton along the Colorado river
valley, the La Gallina granodioritic pluton also intrudes the Abanico Formation, (Fig. 1¢) and was
also dated by this study, yielding a zircon U-Pb age of 8.688 + 0.071 Ma (Fig. 2d). These plutons
belong to the late Miocene intrusive belt (e.g., Farias et al., 2008; 2010) and evidence the
magmatic activity in the western Principal Cordillera during the late Miocene.

3.3 The Colorado Strata Unit

The sedimentary strata grouped in the Colorado Strata Unit were deposited
unconformably over the Mesozoic series (Fig. 3a). This unit crops out mostly in the central part
of the study region (Fig. 2a). These sediments are unconformably overlain by Plio-Quaternary
volcanic rocks (Fig. 3¢), and the unit is limited to the west by the El Novillo thrust and to the east
by the Valle Grande and Debia anticlines (Fig. 2a).
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Figure 3: Features of the Colorado Strata Unit. (a) Unconformity between Mesozoic rocks and the
synorogenic deposits of the Colorado Strata in the western slope of the Valle Grande valley. (b) Contact
between the Colorado Strata and Vaca Muerta Formation in the Debia creek. The synorogenic deposits
show growth strata. The white circle shows the scale. (c) Contact relationship between Auquilco
Formation and Colorado Strata Unit in the northern slope of the Cerro Las Yeguas. (d) Cross
stratification in sandstone. (e) Sand lens in a clast-supported conglomerate. (f) Intrusive clast and drying
cracks in red siltstone of the synorogenic deposits. (g) Conglomerates with volcanic and sedimentary
clasts. (See Figure 2a for location of the photographs).
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The Colorado Strata Unit reaches up to 400 m in thickness. The conglomerates and
sandstones that comprise this unit are moderate-to-poorly sorted, very coarse to medium grained
and texturally and mineralogically immature. The conglomerate beds are 50 cm to 2 m thick and
distributed in coalescent lenses, whereas sandstone beds are less than 1 m thick. The sandstones
exhibit mostly planar stratification, even though they also show sedimentary structures such as
cross stratification (Fig. 3d). The sandstones are also present as decametric lenses interbedded in
the conglomerates, particularly between the conglomeratic coalescent lenses, and often exhibit
lateral accretion (Fig. 3e).

Conglomerates are massively bedded, both clast and matrix supported, with some
imbricated clasts levels, oligomictic, and with a predominance of volcanic and subordinate
granitoid rock clasts (Figs. 3f and g). Paleocurrent measurements obtained from the eastern
outcrops indicate a transport direction from the east (Fig. 3b).
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Figure 4. Photomicrographs of sandstones from different stratigraphic units of the study area. (a-c)
Samples from the Colorado Strata Unit at the Cerro Las Yeguas of red sandstones with plagioclase
feldspars and lithic fragments. (d) Red sandstone of the Tordillo Formation from the eastern limb of the
Valle Grande anticline. (e-f) Sandstone of the Colorado Strata Unit in the Debia creek. Pl: plagioclase
feldspars; Qtz: quartz; Lv: volcanic lithic; Ls: sedimentary lithic.

The conglomerate clasts are 10-40 cm in size, subangular to subrounded, and poorly
sorted. The matrix features angular to subangular and poorly sorted grains and is mainly
composed of feldspars and lithic fragments. The sandstones are lithic to feldspathic arenites
composed of poorly sorted, immature, and coarse- to medium-grained sands. The major
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constituents of the sandstones are lithic fragments and plagioclase feldspar (Fig. 4a). These lithic
fragments are primarily volcanic fragments with porphyritic andesite and red sedimentary rock
fragments (Figs. 4a, b, c, and e). The sedimentary fragments contain subrounded to rounded
plagioclases and quartz in a red iron-oxide-rich matrix (Figs. 4a and b), very similar to the
Tordillo Formation sandstones (Fig. 4d). The plagioclase feldspar components are coarse-
grained, twined, and subhedral to euhedral altered crystals (Figs. 4a, ¢ and e). The matrix of the
sandstones corresponds to unidentifiable fragments altered to cryptocrystalline white mica and
clay minerals (Figs. 4b and c).

The Colorado Strata Unit exhibits rotational onlaps, offlaps and apical wedges on the
western flank of the Debia anticline (Fig. 2a and 3b). Because the sequence exhibits continuous
cycles, without relevant vertical changes in bed thickness or facies, the change in dip is indicative
of progressive unconformities in the growth strata. Based on the described features, this unit
corresponds to synorogenic deposits.

According the described features of this unit, we interpret the depositional environment to
have been an alluvial environment characterized by the successive deposition of debris flows and
sandy sheet flows, with the ephemeral development of braided rivers in a proximal zone and
lateral sand accretion on the conglomeratic bars. These features can be interpreted as the
development of proximal alluvial fans with successive cyclic changes in transport energy. Given
the observations made on this sequence in relation to the structures present in the area (Fig. 3b),
the changes in transport energy may be a result of slope changes due to the activity of
contractional structures.

3.4 Structure

To track the late Cenozoic evolution of the region, two WNW-ESE cross sections compile
the structural features in the northern and central areas of the study region (Fig. 5). These sections
are constrained only by surface geology for the shallow levels because of the absence of seismic
and well data in the area. We describe the structures according to their relative timing with
respect to the Colorado Strata Unit given the synorogenic nature of this unit.
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Figure 5. (a) Schematic structural cross-sections of the study area showing the main structural features
described in the text (see Fig. 2a for location). (b) Structural cross-section along the Debia creek showing
the details of the deformation associated with the Calabozos thrusts system

3.2.1 Pre- and syn-depositional structures

The western sector of the study region along the Colorado river is dominated by the
development of the Colorado anticline, a high-amplitude east-vergent anticline involving the
Abanico Formation (Fig. 5a). This structure has a half-wavelength of 5 km and front- and
backlimb dips of 40°-50°E and 20°W, respectively. The core of the Colorado anticline hosts the
Rio Negro pluton (Fig. 5a). Although there is no direct evidence to determine the timing of
activity of this structure, we infer that the Colorado anticline was formed during the inversion of
the Abanico Basin after 20 Ma, given the age of deformation farther north (Charrier et al., 2002;
Farias et al., 2010; Fock et al., 2006). This structure was likely active at 10 Ma due to the
emplacement of the Rio Negro pluton at its core, and ceased activity before the emplacement of
the Cola de Zorro Formation at ca. 2.5 Ma.
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Figure 6. Geology of the Cerro Las Yeguas area. (a) Southward view of the disposition of the Colorado
Strata Unit over the Mesozoic sequences. The double-head arrows show the western thickness growth of
the synorogenic deposits. The image was taken from the Google Earth software. (b) Detailed view to
west of the anticline along the Nevado river involving the synorogenic deposits. This fold is associated to
the Llolli thrust deformation. (c) View to the southern slope of the Colorado river valley where the
synorogenic deposits are repeated by the Llolli thrust. Unconformity over this thrust separates these
deposits from the Neogene sedimentary rocks of the Cola de Zorro Formation.

Two N-S-trending anticlines, the Valle Grande and the Debia anticlines, control the
contractional deformation in the eastern part of the region (Fig. 2a). The Valle Grande anticline is
an east-vergent and asymmetric fold plunging to the north and south. This anticline involves the
Cuyo and Lotena groups in its western limb and the Tordillo Formation in its eastern limb. It runs
along the Valle Grande river valley, with a gently dipping backlimb (20°-30°W) and a very
steeply dipping forelimb (50°-60°E), which is indicative of its east vergence (Fig. 5a). In the
Cerro Las Yeguas area, the Colorado Strata Unit exhibits increasing thicknesses to the west (Figs.
6a and b), indicating that the accumulation zone was to the west, likely near the eastern front of
the Colorado anticline. The angular unconformity between the synorogenic deposits and the
back-limb of the Valle Grande anticline (Figs. 6a and b) indicates that the anticline began to
develop before the synorogenic deposition. However, the lack of exposures of the base of the
Colorado Strata Unit prohibits inferences of their relationship at the beginning of deposition. The
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accumulation of the synorogenic deposits continued after the development of the angular
unconformity observed in the Cerro Las Yeguas (Fig. 6a), as evidenced by progressive
unconformities related to the westward growth strata.

Along Debia creek, the most important structural feature is the Debia anticline. It is a
broad and symmetric structure plunging to the north, with a N-S strike and a 5 km-wide half-
wavelength (Fig. 2a). It deforms Mesozoic strata with the gypsum layer of the Auquilco
Formation in its core and the Tordillo, Vaca Muerta and Chachao Formations toward the limbs.
Growth strata in the Colorado Strata Unit developed on the western flank of this anticline,
indicating that deposition was simultaneous with the growth of the Debia anticline.

3.4.2 Post-depositional structures

Three main thrusts that continued to be active after the deposition of the Colorado Strata
Unit characterize the study region. From west to east, they are named the El Novillo, Llolli and
Calabozos thrust systems.

The El Novillo thrust corresponds to a NE-SW-trending structure that limits the Colorado
Strata Unit to the east and the Abanico Formation to the west (Fig. 2a), putting the Abanico
Formation over the synorogenic deposits (Fig. 5a). In the hanging wall of the El Novillo thrust,
the Abanico Formation dips ~ 60°W, whereas the Colorado Strata Unit in the footwall forms a
tight syncline (Fig. 5a). In this area, the Colorado Strata Unit does not exhibit either growth strata
or progressive unconformities. Thus, the deformation linked to this structure indicates that the El
Novillo thrust was active after the deposition of the synorogenic deposits and before the
deposition of the Pleistocene Cola de Zorro Formation.

The Llolli thrust is located immediately to the east of the El Novillo thrust (Figs. 2a and
5a). This structure cuts the synorogenic deposits, repeating the Colorado strata in the southern
slope of the Colorado river (Fig. 6¢). In the Cerro Las Yeguas locality, the Llolli thrust only folds
the synorogenic deposits (Figs. 6a and b). This structure ends below undeformed Pleistocene
volcanic rocks (Fig. 6¢); thus, its activity is constrained between the deposition of the Colorado
Strata Unit and the Pleistocene.
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Figure 7. Main deformational features in the synorogenic deposits. (a) Aerial photograph showing the
main traces of the Calabozos thrusts system, the eastern border of the Calabozos Caldera and location of
the pictures in Figures 8b-8h. (b) Scarp associated with the Calabozos thrusts system in the Debia creek
area. (¢) NS trending main faults and related on echelon faults of the Calabozos thrusts system. (d)
South view of the structural arrangement of the Calabozos thrusts along the sag pond developed
between the N30°E trending echelon faults. (e) Deformation along the Debia creek showing the
anticline formed by the Calabozos thrusts system. The white circle shows the scale. (f) Northern
segment of the Calabozos thrusts system where only one branch can be recognized. (g) Quaternary
unconsolidated deposits with reverse offset produced by the southern segment of the Calabozos thrusts
system. (h) North view of the reverse main fault of the Calabozos thrusts system affecting moraines and
roches moutonnés in the northern slope of the Debia creek.

The third post-depositional structure is the Calabozos thrust system (Fig. 2a). This
structural system corresponds to east-vergent, low-angle reverse faults with three main branches
striking approximately N-S dipping ca. 30°W (Fig. 5b and 7a), with a central branch extending
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along 9 km long from the toe of the Cerro Las Yeguas in the Valle Grande area to near the
Potrerillos pluton to the south (Fig. 7a). The thrust is best exposed in the Debia Creek. In this
zone, the western branch ends to the south and a new branch appears to the east extending to the
south (Fig. 7a). Here, the system presents its maximal surface separation of about 1.2 km. north
and south of this area, the separation diminish to 300-500 m. The central branch at this creek
develops a ~200 m width tectonic breccia that includes rocks of the Loma Seca Formation (Fig.
7b and e). Between central and eastern branches, the Colorado Strata Unit developed growth
strata during deposition in a syncline (Fig. 3b). North of the Debia Creek to Valle Grande, the
thrust consists of two well-developed branches offsetting the Loma Seca Formation, hillslope-
related deposits, and glacier-related deposits and landforms (Figs. 7b, c, d, e, f and h). Here, the
thrust produces a ~20 m scarp in both moraines and “roches moutonnées” (Fig. 7h), and has led
to the development of sag ponds and disturbances in the river network (Figs. 7c and d). To the
north, the offset decreases and disappears in the Valle Grande valley, where several relict scarps
and breccias are observed (Fig. 7f). Here, only western branch of the thrust can be recognized.
This branch can be observed up to the western slope of Valle Grande valley, where a fault breccia
aligned with the trace of the fault described to the south is evidence of its northern extent.
Considering the units deformed by the Calabozos thrusts system, it can be concluded that this
fault has been active at least since the deposition of the Colorado Strata Unit.

4 Analytical constraints on the deformational and erosional evolution

4.1  U/Pb ages of the Colorado Strata Unit

Two samples located at the top of the Colorado Strata were collected (Fig. 8a) and dated
via the zircon U-Pb method (LA-MC-ICP-MS). The analyzed samples correspond to a boulder-
sized granite fragment from a conglomerate level (Fig. 8d) (sample TA11-22A) and the sandy
levels surrounding the granitic boulder from the upper section of the Colorado Strata in Cerro Las
Yeguas (Figs. 5a and b) (TA11-22B sample). The sample location appears in Fig. 2b, and the
complete description of analytical methods and the results of the U-Pb geochronological
determinations are provided in Appendix B.
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Figure 8. (a) Partial stratigraphic section of the Colorado Strata Unit at the Cerro Las Yeguas showing the
main stratigraphic and sedimentary characteristics (See Figure 2a for location). Diagrams of Concordia
(left) and frequency histogram and relative probability (right) for the zircon U-Pb age determinations of
samples TA11-22A (b) and TA11-22B (c). Cathodoluminescence images of representative zircons are
also shown as inset in the right diagrams. (d) Field photograph of the conglomerate and sandstone layers
where the TA11-22A and TA11-22B samples were collected.

For the sandstone sample TA11-22B, 108 detrital zircons provide a pattern of detrital
zircon U/Pb ages that constrain the maximum depositional age. The results show a spectra of
concordant ages between ca. 6.8 Ma and ca. 305 Ma (Fig. 8c), bimodal maximum peaks at ca.
158 Ma (74%; ages between ca. 149.9 Ma and 166.6 Ma) and ca. 7 Ma (24%; ages between ca.
6.8 Ma and 7.9 Ma); and two single ages at ca. 305 Ma (Middle Pennsylvanian) and ca. 15 Ma
(early Miocene). The maximum peak at ca. 7 Ma is the youngest and therefore corresponds the
maximum depositional age of the upper section of the Colorado Strata (Fig. 8c).

For the sample TA11-22A, 30 analyzed zircon grains were used to determine the
crystallization age of the granitic intrusive clast (Fig. 8b). The sample’s results show a concordia
age at 155.3 £ 3 Ma for 29 zircons (Fig. 8b) and a single age at 329.3 + 6 Ma (Fig. 8b).
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4.2  Apatite (U/Th/He) ages

Additionally, we obtained three apatite (U/Th)-He ages from rocks situated west of the
Colorado Strata Unit to test the effects of exhumation of the western region during the evolution
of the synorogenic unit as well as to better constrain its depositional age. Samples were taken
along the Colorado river valley bottom from the Abanico Formation, the Rio Negro pluton and
the La Gallina pluton at approximately 1, 6 and 21 km west of the El Novillo thrust, respectively
(Table 1, see Fig. 1c for location and Appendix C for details of the (U/Th)-He analytical methods
and data).

Table 1. Apatite U/Th-He from rocks west of the El Novillo thrust along the valley bottom of the Colorado river

Sample Latitude Longitude Corrected apatite U/Th-He
Ul’lit (] oW
(S) W) Age [Ma] + 2o
1.18 £0.71
- Mean 0.26+1.21
RCOS Abarsz‘; Fm. 3536 70.62° weight
age 1.70 + 0.41
1.47 +0.12
96 +£0.1
Rio Negro Mean R
RC06 plutoﬁ 35.33 70.68° weight 3.74+0.10
age 3.83+0.01
82+0.12
La Gallin Mean e
RCO8 a vatina 3531 70.83 weight 3.81+0.70
pluton ace
& 3.82+0.01

The results show that the plutons west of the El Novillo thrust were exhumed at ca.
3.8 Ma, whereas the Abanico Formation immediately west of this thrust were exhumed at ca. 1.5
Ma. The apatite (U/Th)-He ages obtained from the plutonic rocks indicate the cooling of plutonic
rocks produced by exhumation because their crystallization ages are approximately 8 million
years older. These exhumation ages are slightly older than the beginning of the deposition of the
Cola de Zorro Formation, which was deposited unconformably over the Colorado Strata Unit and
older units, sealing the activity related to the El Novillo thrust. Therefore, the thermochronologic
ages of the plutonic rocks record the erosion in response to the uplift of the Colorado anticline
and structures farther west. Because the deposition of the Cola de Zorro Formation sealed the end
of activity of the El Novillo thrust, the youngest age in the Abanico Formation should be related
to the valley development that preceded the deposition of the Loma Seca Formation in
paleovalleys starting at 0.9 Ma.

5 Discussion
5.1  Sedimentary source of the synorogenic deposits

The boulder-sized granite fragment dated to ca.155 Ma (sample TA11-22A) and the
Upper Jurassic zircon age population in the sandy sample (TA11-22B) suggest a derivation from
Upper Jurassic granites extensively exposed along the present-day Coastal Cordillera (Fig. 1b).
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However, the western flank of the Principal Cordillera, to the west of the study area, uplifted
during the early Miocene and reactivated during the late Miocene (Farias et al., 2010, 2008). This
would have prevented sedimentary input from the Coastal Cordillera, even though the eastern
domains of the Abanico Formation, particularly from the Colorado anticline to the El Novillo
thrust, could have corresponded to a clastic source of the Colorado Strata Unit.

We propose that the main source for this age population is the Upper Jurassic
Tordillo Formation (Rio Damas Formation in Chile), which is widely exposed throughout the
study region (see Fig. 1b). In fact, the petrographic descriptions of the sandstones and
conglomerates of the Colorado Strata Unit reveal red sedimentary clasts and lithics similar to the
petrography of the Tordillo Formation (Fig. 4d). These observations suggest that the Tordillo
Formation was proximal to the basin and constituted the main source of the Upper Jurassic zircon
population in the Colorado Strata.

Another possibility for the source of the analyzed granitic boulder could be recycling
of either the Abanico Formation or the Neuquén Group (and their equivalents in Chile). The latter
was deposited during the Late Cretaceous contractional deformation that led to the evolution of
the back-arc Neuquén Basin into a foreland basin (Cobbold and Rossello, 2003; Di Giulio et al.,
2012; Ramos and Folguera, 2005; Tunik et al., 2010). However, the Neuquén Group usually
exhibits U/Pb zircon ages from the Upper Cretaceous (Di Giulio et al., 2012; Tunik et al., 2010;
Willner et al., 2005), which are not observed in the analyzed sandy sample from the Colorado
Strata Unit.

Likewise, the absence of U/Pb zircon ages in the synorogenic unit corresponding to
the age of the Abanico Formation suggests discarding this unit as a source. Nevertheless, the
clastic composition of the synorogenic deposits is very similar to the volcanic composition of the
Abanico Formation. Moreover, the Abanico Formation usually lacks of zircon grains given its
predominantly tholeiitic composition. Furthermore, based on studies performed farther north
(Charrier et al., 2009 and references therein) and the crystallization and cooling ages of the La
Gallina and Rio Negro plutons, the deformation in the Abanico Formation is constrained between
approximately 20 and 3 Ma, i.e., younger than the maximum depositional age of the Colorado
Strata Unit. Therefore, the Abanico Formation was likely a clastic source to the synorogenic
deposits despite the lack of zircon U/Pb ages belonging to the range of ages of this unit.

The provenance of the minor Miocene zircon population (ca. 7 Ma) of the upper
section of the synorogenic deposits could be derived from volcanic rocks such as those identified
in the eastern part of the study region and farther east, with ages spanning between ca. 17 and 5
Ma (Combina and Nullo, 2011; Silvestro and Kraemer, 2005). The westward growth strata
observed in the Colorado Strata Unit also support a source from the east. Nevertheless, the Rio
Negro pluton, situated in the core of the Colorado Anticline a few kilometers west of the El
Novillo thrust (Fig. 5a) is likely a source because its U/Pb zircon ages approximate this Miocene
population despite the younger apatite U/Th-He ages obtained (ca. 3.8 Ma). The exhumation of
these plutons may have begun earlier than the timing indicated by their apatite U/Th-He ages due
to the low temperatures recorded by this thermochronometer.
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Therefore, the Colorado Strata Unit was sourced mainly from the east and likely
sourced from the Abanico Formation and the Rio Negro pluton due to the activity of the
Colorado Anticline and El Novillo thrust. There is no evidence for a relevant sedimentary input
from either the western Principal Cordillera or farther west from the Coastal Cordillera. It is
unlikely that incipient rivers west of the Colorado Anticline drained from the west to the basin. In
contrast, it is likely that incipient rivers passed through the western Principal Cordillera draining
to the west, as occurs at the present. In this scenario, the watershed could have been located
farther to the east of the Debia and Valley Grande Anticlines, most likely east of the present-day
drainage divide.

To summarize, the structural configuration in relation to the Colorado Strata Unit and
the temporal relationship of deformation and deposition reveal that the synorogenic deposits
developed in a basin enclosed by the Colorado anticline to the west and the Debia anticline to the
east, forming a piggy-back basin system.

5.2 Synthesis of the Cenozoic evolution of the axial region and regional comparisons

Our results allow us to reconstruct the local evolution from the Miocene to the
Present, which can be expanded to the north up to 35°S, where deposits with similar ages to the
Colorado Strata Unit have been reported (Gonzalez, 2008, Mosolf et al., 2011).
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Figure 9. Interpretative maps summarizing the evolution across the Andean region between 34° and
37°S. The evolution between 34° and 35°S is based in Giambiagi et al., (2003) and Godoy et al., (1999).
The cities of Malargiie and San Rafael are given for references. (a) Deformation and erosion of the
western Principal Cordillera and western portion of Malargiie FTB. The synorogenic deposits were
accumulated in front or between the growing structures. The previous Late Cretaceous orogenic front

116



Capitulo 1V-Region Axial|

would have acted as an eastern barrier for the sediments. The volcanic arc was located in the western
Principal Cordillera. (b) Complete development of the Malargiic FTB due to the eastern migration of the
deformation. The volcanism also migrated and expended toward the eastern Principal Cordillera. During
this period the Frontal Cordillera was uplifted. (c) Maximum eastern expansion of the deformation and
volcanism. . The deformation was located around of the Malargiie and San Rafael cities area along with
the axial region of the Cordillera. This stage corresponds to the main uplift episode of both western
Principal Cordillera and San Rafael block. The arc volcanic was around the San Rafael block. (d) Return
of the related-arc volcanism to western Principal Cordillera. Moreover, extensional tectonic dominated
the foreland along with the eruption of greater basalt flow which built the Payenia Volcanic Field.
Toward the west a serie of calderas were formed while the shortening continued in the region.

Contractional deformation started in the western Principal Cordillera during the early
Miocene with the inversion of the Abanico Basin and the onset of deformation along the western
edge of the Malargiie FTB, represented by the Colorado, Valle Grande and Debia anticlines in the
study region (Fig. 9a). Along with this evolution, the Colorado Strata Unit basin likely began to
be filled during the first contractional event in the early Miocene, as evidenced by the growth

strata that developed at the base of the sequence associated with the growth of the Debia anticline
(Fig. 9a).

Following the in-sequence contractional deformation evolution proposed for this Andean
region (Kozlowsky et al., 1993; Manceda and Figueroa, 1995; Silvestro and Kraemer, 2005),
shortening has occurred in the Malarglie FTB since ca. 18-16 Ma (Fig. 9b) (cf. Mescua et al.,
2014). Subsequently, several depocenters accumulated synorogenic sediments that were
progressively deformed as shortening migrated to the east (Silvestro and Atencio, 2009; Silvestro
and Kraemer, 2005). Although we do not have analytical evidence supporting this hypothesis
during this stage, deposition continued in the Colorado Basin, and it is very likely that the erosion
of the uplifting eastern zones supplied the sediments to this depocenter.

Between the late Miocene and the early Pleistocene, deformation was characterized by the
development of both out-of-sequence and in-sequence thrusting that occurred simultaneously in
the internal and external regions of the Andean orogen, respectively (Fig. 9¢). In the axial region
of the Principal Cordillera, thrusting and folding were associated with structures such as the El
Novillo and Llolli thrusts, as well as the Calabozos thrust system, which deformed the
synorogenic deposits and tilted the Abanico Formation to the west (Fig. 9¢). This evolution, with
the exception of the Calabozos thrust system, ended with the deposition of the Cola de Zorro
Formation, which sealed the deformed sequences. However, the in-sequence thrusting is
associated with the maximum expansion of the deformation toward the foreland, producing the
uplift of the San Rafael Block and the broken foreland (Fig. 9c) (see Ramos et al., 2014). The
origin of the out-of-sequence deformation and its implications are discussed in the next section.

The out-of-sequence thrusting episode was followed by the emplacement of the volcanic
arc and the construction of the Peteroa-Azufre stratovolcano and Calabozos caldera (Fig. 9d),
indicating the beginning of the current volcanic arc along the southern Central Andes. Thereafter,
the shortening became concentrated in the internal zone to the south of the study region, as
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evidenced by faults such as the Calabozos thrusts system and the development of the Guafiacos
fold-and-thrust belt farther south (Folguera et al., 2006a). In contrast, the retro-arc region has
experienced extensional tectonics since the Early Pleistocene, and extension controlled the
structural array and location of the volcanic centers that erupted the large basaltic flows of the
Payenia volcanic field (Fig. 9d).

5.3 Kinematics context of the inner mountain belt.

The study area, particularly the Calabozos caldera, has been described as the northernmost
tip of the NNW-trending extensional Las Loicas Trough, which has been proposed to have
developed during the steepening of the subducting slab in the Quaternary after a period of slab
shallowing during the Miocene (Folguera et al., 2008; Ramos et al., 2014). However, field
observations made in our study area show that there is no evidence of normal faulting in the area,
with the exception of several minor, local-scale normal faults in the core of volcanic edifices
belonging to the Calabozos caldera (Fig. 1c) (Grunder and Mahood, 1988; Grunder, 1987;
Grunder et al., 1987; Hildreth et al., 1984). Therefore, the region does not exhibit evidence for
extending the extensional Las Loicas Trough to the current arc region.

In contrast, we observe an almost continuous contractional setting from the late Miocene
to the present in this zone. Therefore, extensional tectonics did not affect the arc region during
the Quaternary, but the area was affected by across-strike shortening. Several studies have noted
that the tectonic regime of the axial zone of this part of the Southern Central Andes has been
mainly transcurrent based on seismological focal mechanisms aligned with the regional El Fierro
Thrust System (Fig. 1b) (e.g., Farias et al., 2010; Spagnuotto et al., 2014, Giamabiagi et al.,
2014). In contrast, finite deformation estimates based on kinematic modeling of GPS data
indicate shortening parallel to the plate convergence vector (~N78°E, see Fig. 1a and b) for the
Southern Central Andes (cf., Métois et al., 2012; and reference therein).

The apparent disagreement between GPS-based kinematic models and seismological focal
mechanisms can be explained by the high obliquity (45-50°) between the plate convergence
vector and the El Fierro Thrust System with recorded strike-slip earthquakes (Fig. 1b). In
contrast, structures more orthogonal to the plate convergence vector will favor shortening rather
than strike-slip.

Nevertheless, shortening in the axis of the belt can only be achieved when vertical stress
related to the height and weight of the mountain belt is less than the horizontal stress, as proposed
for other zones of the Andes (e.g., Dalmayrac and Molnar, 1981; Farias et al., 2005; 2010). In
this way, shortening related to the out-of-sequence thrusting in the study region is likely related
to both the high orthogonality of the structural systems with respect to the plate convergence
vector and to the minor resistance to shortening produced by the minor height of the mountain
belt and the removal of material via erosion of the uplifted mountain belt. The former suggests
strain partitioning in the axial zone in this part of the Andean Cordillera.
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Likewise, the tectonic setting proposed here for the current axial region differs from the
extensional setting that the retro-arc experienced during the subduction slab steepening stage
(Ramos et al., 2014 and references therein). This observation also suggests strain partitioning
between the axial zone with respect to the eastern mountain belt and foreland. In this way,
shortening, strike-slip and extension could coexist in this part of the Andes.

Beyond the objective of this study, the origin of the strain partitioning between strike-
slip/shortening in the axial region and the extensional setting in the retro-arc can be addressed to
the effects of the shallowing and steepening of the subducting plate proposed for this Andean
region during the latest Cenozoic (Kay et al., 2006; Ramos and Kay 2006). This type of process
would produce changes in the thermal structure of the lithosphere, thus affecting the deformation
behavior of the overriding plate (Gutscher, 2002). Along this line, we infer that these thermal
changes during slab steepening produced different effects in the arc and retro-arc regions due to
the differences in the rheology, lithospheric thickness, crustal structure, etc. However, further
work is necessary to demonstrate this hypothesis. At a minimum, the extensional deformation did
not affect the current axial/arc region at 35°30’S, as previously extrapolated to this region.

5.4  Out-of-sequence thrusting in the Southern Central Andes

Out-of-sequence thrusting in the inner parts of mountain belts has been widely
documented in orogenic systems worldwide, including the southern Central Andes. In fact, north
of the study region, out-of-sequence thrusting in the mountain belt ended by the Pliocene in the
Aconcagua fold-and-thrust belt (33°-34°S) (Giambiagi and Ramos, 2002; Giambiagi et al., 2003).
Only transcurrent deformation has occurred since then in the axial zone (Farias et al., 2010,
Giambiagi et al., 2014). In contrast, south of the study region, the Guafiacos fold-and-thrust belt
(37°S) experienced contractional deformation that began in the late Miocene and has continued
until the Present (Folguera et al., 2006a). Thus, a regional-scale out-of-sequence event began
during the late Miocene in the southern Central Andes. This event ended first north of the study
region and has continued to the Present south of 35°S.

The origin of out-of-sequence events can be approached from the Coulomb wedge model
(Davis et al., 1983), where out-of-sequence thrusting is an integral part of the formation of thrust
belts because it maintains the critical wedge taper (Morley, 1988). Out-of-sequence thrusting in
the wedge model can be triggered by the loss of the taper, which can be caused by either erosion,
the elongation of the wedge through foreland propagation of the thrust belt or local obstacles that
impede the propagation of in-sequence thrusts (Morley, 1988). Additionally, an increase in the
friction along the taper may also produce out-of-sequence thrusting (Dahlen et al., 1984; Davis et
al., 1983).

The late Miocene out-of-sequence thrusting event that affected the southern Central
Andes was concurrent with large-magnitude rates of surface uplift between, at least, 33° and
35°S, which can be directly related to a coeval increase in shortening rates (cf. Giambiagi et al.,
2003; 2014; Farias et al., 2008; 2010). Furthermore, an increase in the regional slope of the
mountain range produced by surface uplift would enhance material discharge from the orogen by
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increasing erosional rates, a process that will also favor the development of out-of-sequence
thrusts. Thus, the triggering of out-of-sequence thrusting in the southern Central Andes can be
ascribed to the increasing shortening rates, but this process was undoubtedly also favored by
mass transfer out from the mountain belt by erosion.

An increase in shortening rates may be a result of an increase in friction along the
interplate contact due to the subduction of a more buoyant heterogeneity on the subducting slab.
Along this line, Folguera and Ramos (2009) proposed the subduction of an oceanic rise related to
the Mocha Fracture Zone beginning in the late Pliocene to explain a Pliocene-Pleistocene out-of-
sequence thrusting event between 36 and 38°S. However, the beginning of the out-of-sequence
thrusting event reported in our study began at least in the late Miocene, that is, approximately
coeval with thrusting to the north to 33° (e.g., Giambiagi et al., 2003; Farias et al., 2010) and
farther south in the Guafacos fold-and-thrust belt between 37°S and 37°30’S (Folguera et al.,
2006a; Rojas Vera et al., 2014). Hence, the out-of-sequence thrusting event was a regional event
in the southern Central Andes, extending along more than 500 km between 33° and 37°30'S. In
addition, it began in the late Miocene, preceding the collision of the oceanic high proposed by
Folguera and Ramos (2009). Therefore, it is unlikely that this oceanic feature controlled this
thrusting event, even though it could have affected the thrusting in the Guafiacos fold-and-thrust
belt until the early Pleistocene. Therefore, another mechanism must be responsible for this event.

Therefore, considering the likely role of erosion on the development of out-of-sequence
thrusting, such a mechanism indirectly implies a control exerted by climate. In fact, this would be
the case when considering the fact that the out-of-sequence thrusting lasted longer in the south of
the mountain belt than in the north. South of 33°S, precipitation rates increase significantly, the
effects of mountain glaciations in the range become progressively larger, and there is a southward
increase in long-term erosion rates (Carretier et al., 2014, 2012; Farias et al., 2008; 2012). To the
south, the more intense erosion is a more efficient mechanism for sustaining the development of
out-of-sequence thrusts through time.

6 Summary and Conclusions

The structural, sedimentological and geochronological studies in this portion of the arc in
the southern Central Andes allow us to demonstrate that this region has experienced contractional
deformation from at least the late Miocene to the Present. This deformation was characterized by
the development of a piggy-back basin in the latest Miocene. Afterward, the region experienced
shortening associated with an out-of-sequence thrusting event that affected the inner part of the
Malargiie FTB from the Pliocene until the Present.

The southward increases in the rates of precipitation and erosion are a likely, efficient
mechanism for material removal from the steepest zone of the orogen, which triggered the out-
sequence thrusting in the internal region of the Andes Cordillera. More intense erosion and
subsequent out-of-sequence thrusting illustrate the feedback between the surface processes and
tectonics present along the southern Central Andes.
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CAPITULO V.

LA CONSTRUCCION DEL OROGENO ANDINO:
SINTESIS Y DISCUSION

V.1 Evolucion estructural de los Andes a 35°S

Los resultados mostrados en este trabajo indican que la construccion de los Andes entre
34°45' y 35°S habria ocurrido fundamentalmente durante el Nedgeno, consistente con lo reportado
para la region inmediatamente al norte (Farias et al., 2010, 2008; Fock, 2005; Fock et al., 2006).
La evolucién nedgena de este segmento andino estuvo altamente controlada por las estructuras y
evolucion mesozoica y paledgena de la corteza continental, tal como se detalld en los capitulos
anteriores. Cabe mencionar que la evolucion paleozoica, e incluso anterior, también pudo haber
ejercido algin control sobre los periodos de deformacidon posteriores. Sin embargo, los escasos
afloramientos de rocas paleozoicas impiden una detallada caracterizacion de la evolucidn pre-
mesozoica a lo largo del area de estudio, impidiendo determinar cualitativa y cuantitativamente el
control que pudo haber ejercido.

La deformacion habria comenzado en torno a 20 Ma (Fig. V. 1a) en la parte este de la
Cordillera Principal occidental (Fig. V. 1b y ¢) y continuado hasta al menos los 11 Ma, de acuerdo
con la edad de los estratos sinorogénicos reconocidos en este estudio. En este sentido, de acuerdo
a las edades, ubicacion y caracteristicas entre los depositos del miembro inferior de la Formacion
Farellones en el 4rea del cerro Alto del Padre y de la Unidad Estratos del Colorado en el sector de
Valle Grande se puede establecer la correlacion entre ellos, atin cuando ambas unidades se habrian
depositado en depocentros distintos.

129



Capitulo V-Sintesis y Discusion

(a) w Cuenca de Abanico FPC de Malargiie E
Edad
Ma) Borde occidental Borde oriental Sector Interno Sector medio Sector externo B.San Rafael
Falla _
El Fiero
-T2 100117
§ = U *(1)-\ Sistema de T ;i‘:e"i"én + '(8).
1806 ! FallaCalabozos Farco™ —
=18 Deformacion e s S "
51 5 : vl +(5)
sl Formacion del fuera de secuen&J I : I +7)
=N Oroclino del Maipo : (1) : )
—15.332 i ' ' v
[ (Arriagada et al,, 2013) : e 3 ra
TR " S S . R . ] D Cacheuta
el I T B ™ 40| ™ cordilera
§ 10 : E & +7)! Frontal
sl | : A
< f ! O
IR e T p— e b R — *
Sl 1et ' H PO
1 = i ' éo
~ g r E : il (7) Colision Dorsal
= |15 (@ E de Juan Femandeza
I s ® (3) E P +15) (1) Este Trabajo 32°S (Yariez et al. 2001)
I : : @) # o | () Hevia(2014)
: ; FoC I L 5 (3) Mossolf (2013)
@ E E Aconcagiia j @) P 7 =k (4) Sruoga et al. (2008)
3 : ] s (5) Silvestro et al. (2005)
L2 HiE ) \ g (6) Fock (2005)
| P b Nnversion (7) Giambiagi et al. (2014),
I E ! “©) E Cuenca de Abanico (8) Ramos et al. (2014) * Datacion
20 i AL : (9) Mescuaetal. 2014) 4 pyidencia de terreno
B R T T T T T T T T T o T d
0 5 10 " Velocidad (cm/a)
Faja plegada y corrida de
_Interna | Medio | Externo
i T T !
Cuenca de I Anticlinal ! Altodel ! Anticlinal Anticlinal
Abanico | Rio del Cobre | Tordillo | losBlancos |, PuestoRojas |
(b) Este trabajo | T : Mescua et al. (2014) : t
! |
|

7z & 7 £ =~ ~ -
7 7z ~
%% 4 7 i
Cuencade W Anticlinal 25 Anticlinal T Anticlinal
Abanico¢ ~ Valle Grande | ~ Bloque Dedos-Silla 1 La Valenciana s Malargiie J

Este trabajo Giambiagi et al. (2009)

Depositos syn-rift = Secuencias jurasica medio- = Depositos volcanicos | Depositos volcanicos

trisico tardio cretdsico temprano eoceno-oligoceno cuaternarios
Depositos syn-rift Depositos cretacico Depositos sinorogénicos
Tl Basamento
jurésico temprano =0 superior nedgenos

Fig. V.1. (a) Cuadro comparativo de la evolucion nedgena de los Andes de Chile central y el oeste de
Argentina. Los rectangulos grises indican el periodo de inicio y término de la deformacién de la zona del
orogeno a 35°S. Los rectangulos blancos marcan los mismo pero a 33°30'S. La linea azul corresponde a
la velocidad absoluta de la placa Sudamericana de acuerdo con Silver (1998); mientras que la linea roja
muestra la tasa de convergencia entre las placas de Nazca y Sudamericana segun Somoza y Ghidella
(2012). (b) y (c) Perfiles estructurales de la corteza superior mostrando las principales estructuras a 35°y
35°30°S. Ver traza en Figura V. 2a
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Este periodo de deformacién contraccional se caracterizo por la inversion de las fallas
normales que controlaron el deposito de la Fm. Abanico, conformando asi anticlinales >10 km de
longitud y un estilo de deformacion de piel gruesa relacionada tanto a la inversidn tectonica de
fallas previas como a fallas nuevas formadas durante este periodo (Fig. V.1b y c). Si bien no
existen dataciones en el lado oeste de la cuenca que indiquen el inicio de la deformacion en esa
area, se infiere que deberia haber comenzado relativamente simultineamente con la zona este de la
cuenca, ya que a la latitud de Santiago depdsitos sinorogénicos de 22 Ma acotan el inicio de la
inversion de los bordes occidental y oriental de la cuenca (Fock, 2005). Las evidencias de
inversion del borde occidental de la cuenca a la latitud de esta Tesis se remontan a 16 Ma (Fig. V.
1) como evidencian tanto los estratos de crecimiento en la unidad Corona del Fraile, en la ladera
sur del rio Teno (Hevia, 2014) asi como los depdsitos de la Formacion Farellones de la misma
edad en la ladera sur del rio Tinguiririca, frente al estero La Gloria (Fig. II. 1). El principal periodo
de deformacion de la Cuenca de Abanico habria finalizado a 11 Ma (Fig. V. 1) de acuerdo con la
edad mas joven del miembro inferior de la Fm. Farellones en el area del cerro Alto del Padre.

El inicio de la deformacion en la parte interna de la faja plegada y corrida de Malargiie
habria comenzado simultdneamente con la inversidon de la Cuenca de Abanico entre 20 y 18 (Fig.
V. la) (Mescua et al., 2014). Durante este periodo, la deformacién se focalizd en el depocentro
Rio del Cobre (Mescua et al., 2014) y en los altos de basamento del Tordillo y Dedos-Silla (Fig.
V.1b y c). Fue durante este periodo que se desarrollaron los anticlinales Rio del Cobre, Valle
Grande y Debia, producto de la inversion de fallas normales mesozoicas. La deformacion en este
sector continud hasta ca. 13 Ma (Fig. V. 1b y ¢), de acuerdo con la edad de niveles volcanicos no
deformados que cubren las secuencias mesozoicas (Mescua et al., 2014).

A partir de 16 Ma y hasta 7 Ma (Fig. V. la), el frente de deformacién migréd al este,
afectando a lo que actualmente se puede considerar como la parte central de la faja plegada y
corrida de Malargiie. En ese momento fue cuando comenzd la inversion de las fallas normales
asociadas al desarrollo de los anticlinales La Valenciana y Los Blancos (Fig. V.1b y c¢) (Mescua et
al., 2014) junto con todas las estructuras asociadas al proceso de inversion, como el
retrocorrimiento de La Brea, al oeste del anticlinal de La Valenciana (Silvestro y Kraemer, 2005).
Durante este periodo, se habria producido la actividad fuera de secuencia del corrimiento Las
Lefias que afectd a los altos de basamento del Tordillo y Dedos de Silla (Mescua et al., 2014).
Cabe destacar que los estratos de crecimiento en la parte de arriba del miembro inferior de la Fm.
Farellones tienen una edad de 11 Ma indicando que la deformacion el lado oeste aun presentaba
pulsos de deformacion sincronicamente con la parte media de la faja plegada y corrida de
Malargtie (Fig. V.1a).

Desde 7 Ma (Fig. V. 1a), el frente deformacion migré nuevamente al este, lo que marca el
inicio del ultimo periodo de estructuracion de la faja plegada y corrida de Malargiie. En esta etapa
se produjo el desarrollo de los anticlinales de Malargiie, Puesto Rojas y Chacay (Fig. V. 1b y ¢)
(Mescua et al., 2014; Silvestro y Kraemer, 2005). Simultdneamente al desarrollo de la parte
externa de la faja plegada, se produjo la deformacion fuera de secuencia de la parte interna del
orogeno (Fig. V. 1a) que afecto tanto a las secuencias mesozoicas como cenozoicas. Este periodo
estuvo asociado con la actividad de las fallas el Baule, el Fierro, El Novillo y Llolli y deformacién
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del miembro superior de la Fm. Farellones (s.s. esta Tesis) y Estratos del Colorado, en el sector de
los rios Tinguiririca y Valle Grande, respectivamente.

La ultima fase de deformacion corresponde al alzamiento del bloque San Rafael entre 5y 2
Ma (Fig. V. 1a) (Ramos et al., 2014). Posteriormente, la region del retro-arco comprendida entre el
bloque de San Rafael y el sector externo de la faja plegada y corrida de Malargiie, experiment6 un
periodo de extensidon caracterizada por el desarrollo de fallas normales, no obstante, algunas
estructuras compresivas continuaron su actividad incluso hasta el presente en el eje de la cordillera
como el Cabalgamiento Calabozos.
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V.2 Anailisis comparativo a lo largo de los Andes de Chile central y el oeste de
Argentina

V.2.1 La arquitectura cortical y modo de deformacion

La integracion de las secciones estructurales presentadas en los capitulos anteriores
muestra un dominio de estructuras de vergencia este y manteo al oeste (Fig. V.2c). Estas
estructuras, en su mayoria, se caracterizan por corresponder a fallas normales mesozoicas y
paledgenas que se invirtieron (s.s. Williams et al., 1989) durante la fase de deformacién nedgena.

Lo anterior es consistente con los modelos propuestos anteriormente tanto al norte (e.g.
Farias et al., 2010; Giambiagi et al., 2012; Turienzo et al., 2012) como al sur (e.g. Giambiagi et
al., 2012; Rojas Vera et al., 2014) de 35°S donde las estructuras se encontrarian conectadas a
través de un nivel de despegue profundo que se conectaria mecdnicamente con la interfase de
placas hacia el oeste, especificamente en el limite inferior del contacto sismogénico (Farias et al.,
2010). Estos modelos plantean que a través de esta discontinuidad cortical los esfuerzos son
transferidos desde la zona de subduccion hacia la placa Sudamericana implicando un transporte
tectonico en un sentido oeste-este.
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Fig. V.2. Arquitectura cortical de los Andes Centrales del sur. (a) Modelo de elevacion digital (DEM) de
los Andes Centrales del sur entre 33° y 36°S. En el DEM se muestran la ubicacion de la Cuenca de
Abanico, las fajas plegadas y corridas (FPC) de Aconcagua y Malargiie, junto con la Cordillera Frontal y
el Bloque San Rafael. Arquitectura estructural de los Andes Centrales del sur a 33°30'S (a) y 35°S (b).
Perfil del norte (a) modificado de Giambiagi et al. (2014). Limite Astendsfera-Litosfera, Moho y
geometria de la losa basados en Tassara y Echaurren (2012). Morfologia y caracteristicas del antearco y
fosa tomados de Contreras-Reyes et al. (2010) y Moscoso et al. (2011). Estructura de la corteza superior
del perfil (b) basada en este trabajo y Mescua et al. (2014). Ver traza de los perfiles en Fig. V.2a.
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Por otra parte, la geometria y vergencia de las fallas, junto con la evolucion propuesta, no
pueden ser explicadas a través de una modelo de vergencia y transporte tectonico hacia el oeste,
como lo propuesto por Armijo et al. (2010). En ese modelo, la Cordillera Frontal actuaria de
bulldozer y motor principal durante la construccion de la cordillera, no obstante, al sur de 34°40'S
no se desarrolla esta morfoestructura, lo que invalida atin mas su aplicabilidad para esta porcion de
los Andes. Si bien el bloque San Rafael presenta caracteristicas litoldgicas parecidas a la
Cordillera Frontal, el acortamiento estimado para la Cordillera Principal es mucho mayor que el
absorbido por este bloque de basamento de acuerdo con el desnivel vertical y dimensiones que
presenta (e.g. Gonzalez Diaz, 1972). De igual manera, el Ultimo periodo de deformacién y
alzamiento del bloque San Rafael se produjo entre 5 y 2 Ma (Fig. V.1) (ver Ramos et al., 2014),
cuando ya la fase de deformacion principal de la cordillera habia terminado (Fig. V.1).

Fig. V.3. Espesor cortical de los Andes Centrales del Sur entre 30° y 40°S a partir de un modelo de
inversion térmica (tomado de Tassara y Echaurren, 2012). Lineas negras delgadas corresponden a
isopacas cada 5 km. Linea punteada corresponde a la frontera Chile-Argentina

Tal como se mencion6 anteriormente, el modelo geométrico-estructural presentado para la
latitud de 35°S es consistente con lo propuesto por Giambiagi et al. (2012) para 35°40°S y por
Farias et al. (2010) para 33°30'-34°30'S. Ademas, en ambos trabajos se propone que el modelo
cortical con un nivel de despegue regional que conecta la losa con la parte este de la placa
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Sudamericana favorece un modo de deformacion de cizalle simple, segin la definicion de
Allmendinger y Gubbels (1996). En particular, al norte de 35°S, este modo de deformacion fue
sugerido para explicar los 10 km de diferencia en el espesor cortical entre el borde este y oeste de
la Cuenca de Abanico (Fig. V.3), sin que existan diferencias en la cantidad de acortamiento a
través de la cuenca (Farias et al., 2010). Asimismo, la isotopia en circones de las rocas volcanicas
del Nedgeno mostro un abrupto cambio en la fuente litosférica del magma, lo cual habria sido
producido por el avance hacia el oeste de corteza mas antigua (Terreno Cuyania) bajo la Cordillera
Principal producto de la deformacion por cizalle simple del orégeno (Mufioz et al., 2013).

Contrariamente a lo anterior, al sur de 34°40' S, y de acuerdo con los modelos de Tassara y
Echaurren (2012), el espesor cortical en la vertiente occidental, presenta valores de espesor
cortical de 40-45 km (Fig. V.3), sin grandes diferencias a lo ancho de la Cuenca de Abanico,
mientras que, el mayor espesor cortical (45-49 km) en esta region se ubica en la vertiente oriental
en lo que corresponde a la faja plegada y corrida de Malargiie (Fig. V.3), coincidente con el mayor
acortamiento cortical medido en superficie (ver Capitulo III y Tabla V-1). Esto hace suponer un
modo de deformacion distinto que el cizalle simple ya que hay una relacién directa entre la region
con mayor acortamiento acomodado y el engrosamiento de la corteza.

Al realizar un anélisis en 2 dimensiones, el engrosamiento cortical (AT) producido por un
acortamiento tectonico de la corteza continental (AL) se puede representar por la expresion:

L

(L +AL) - (T — AT) :L-T<:>AT:T(1—L+AL); (V-1)

donde L y T son el largo y espesor final de la corteza, respectivamente. Este analisis supone que el
acortamiento ejercerd un engrosamiento cortical en el cual el volumen del material se conserve.
Esto solo serd valido si no existen desplazamientos laterales de material, es decir, bajo un estado
de cizalle puro en un modelo de strain plano.

En la Tabla V-1 se presentan los valores ocupados para la estimacion del engrosamiento
cortical. Los valores de acortamiento tectdnico para la Cuenca de Abanico y la faja plegada y
corrida de Malargiie corresponden a lo estimado en este trabajo (Capitulo II y III) y lo estimado
por Mescua et al. (2014). Cabe destacar que la seccion estructural de la faja plegada y corrida de
Malargiie construida en este Tesis (Capitulo III) y por Mescua et al. (2014) fueron restauradas a un
estadio previo al Cretacico Tardio, por lo que el acortamiento estimado por ambas no solo
corresponde al acomodado durante el Nedgeno sino que también estd contemplado el de la fase de
deformacion compresiva cretacica tardio-paleocena temprana.
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Tabla V-1. Calculo del engrosamiento y el espesor inicial de los dominios estructurales de la
Cordillera Principal a partir de los valores de acortamiento estimados.

Dominio  Largo Acortamiento Espesor  Engrosamiento Espesor Alzamiento
Estructural  final AL (km) cortical AT (km) inicial Ah (km)
acortado actual 77 calculado
L (km) (km) TAT
(km)
Cuenca
de 64° 20+2° 45 9,87-11,51 33,48- 1,7-2,1
. 35,12
Abanico
FPC
Malargiie 90’ 2743 49 11(;’3215' 33687658 1,8-2
(35°S) ’ ’
FPC
10,70- 36,52-
Malargiie 96,6° 30+3° 49 : 2 4 ; 8 20 1,9-2,1
(35°30'S) ’ ’

El engrosamiento cortical estimado en base al acortamiento in-situ para la Cuenca de
Abanico variaria entre 9,87-11,51 km (Tabla V-1) lo que hace que el espesor cortical inicial de este
sector varie entre 33,48-35,12 km. En particular, el limite inferior de 33,48 km, asociado a un
acortamiento de 18 km, es muy bajo respecto al espesor inferido para la cuenca durante el periodo
de extension, estimado a través del anadlisis petrogenético de los depositos volcanicos de la Fm.
Abanico (Kay et al., 2005; Muiloz et al., 2006; Nystrom et al., 2003). Sin embargo, el borde
occidental de la cuenca, el cual presenta los valores mas bajos de espesor cortical, habria
acumulado una menor cantidad de acortamiento que el oriental, evidenciado al comparar los
depdsitos sinorogénicos del Mioceno que afloran en uno y otro lugar. Los depdsitos sinorogénicos
de la unidad Corona del Fraile de 15 Ma, con estratos de crecimiento y acumulados sobre la Fm.
Abanico en la confluencia de los rios Teno y Claro (70°45'W/35°00'S) (Hevia, 2014) se
encuentran a una altitud de 1.600 m, mientras que en el sector del Cerro Alto del Padre, depdsitos
sinorogénicos del miembro inferior de la Fm. Farellones, de la misma edad (Capitulo II), estan a
2.700 m, sugiriendo que el sector oeste tendria un alzamiento menor que el lado este debido a que
habria acomodado menos acortamiento. Lo anterior es valido solo si la tasa de erosion de ambos
lugares es la misma o si el lado oriental de la Cuenca presentase tasas mas altas, lo cual es una
situacion altamente probable si se considera que esas regiones estuvieron sometidas a la accion
erosiva de glaciares durante el Pleistoceno y Holoceno (Espizaa, 2005, 2002; Puratich, 2010). En
sintesis, se puede establecer que la diferencia de espesor cortical en la Cuenca de Abanico se

4 Tassara y Echaurren (2012)
> Mescua et al. (2014)

Este trabajo
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puede explicar por diferencias en el acortamiento medido en superficie a lo ancho de la cuenca.
Asi mismo, se puede establecer que el espesor cortical estimado bajo la vertiente occidental de la
Cordillera Principal puede ser explicado por el acortamiento acomodado por la corteza superior
observado y cuantificado en superficie.

Farias et al. (2008) estimaron que al sur de 34°30'S el alzamiento de superficie por
acortamiento tectonico, luego de una compensacidn isostatica y sin considerar la erosion, deberia
ser menor de lo que estimaron para la regién de 33°30'S, llegando a un valor promedio de 1,5 y
1,8 km, pero el cual no pudo ser corroborado por la falta de estimaciones de la magnitud del
acortamiento. Sin embargo, las estimaciones realizadas en esta tesis permitirian establecer valores
de alzamiento al sur de 34°30'S.

Considerando la misma ecuacion ocupada por Farias et al. (2008), el alzamiento de
superficie (A/) después de un engrosamiento (A7) y compensacion isostatica segiin un modelo de
Airy, viene dado por:

Ah = AT (1- 5—m) (V-2)

Si se considera una densidad de la corteza y el manto de 2.7-10° y 3.3-10° kgm™, luego
combinando (V-1) y (V-2) se obtiene:

L

T
Ah = _(1 "~ (L+AL)

5,6

) (v-3)

De acuerdo con los valores de la Tabla V-1 y a la Ecuacién V-3, el alzamiento de la
vertiente occidental de la Cordillera Principal corresponderia a 1,7-2,1 km, un poco mas altos que
los valores inferidos por Farias et al. (2008), pero conteniendo los 1,8 km correspondientes a la
altura promedio de la Cordillera Principal occidental. Dada la baja diferencia (+200 m) entre los
valores de alzamiento estimados en este estudio y por Farias et al. (2008), y el valor de la altura
promedio de la cordillera, se concluye que todo el alzamiento en esta region se puede explicar por
el acortamiento tectonico observable en superficie. Esto, junto con la correspondencia entre el
acortamiento y engrosamiento cortical discutido anteriormente, sugieren que la Cordillera
Principal occidental se habria deformado bajo un modo de cizalle puro en el sentido de
Allmendinger y Gubbels (1996) (Fig. V.4b). Adicionalmente, Farias et al. (2008) establecieron
que lo més probable es que el alzamiento y deformacion de la Cordillera Principal haya ocurrido
simultaneamente, lo cual seria una directa consecuencia de este modo de deformacion. Asimismo,
se podria considerar que la parte interna de la faja plegada y corrida de Malargiie también fue
deformada baja cizalle puro ya que comenz6 a deformarse junto con la Cuenca de Abanico (Fig.
V.1), para luego no experimentar deformacion salvo por la actividad fuera de secuencia que
experimento esa region durante el Mioceno tardio-Plioceno (Capitulo IV) (Mescua et al., 2014).
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Fig. V. 4. Modelo evolutivo del engrosamiento cortical de los Andes Centrales del sur a 35°S. (a) Estado
inicial >22 Ma previo al acortamiento. El espesor cortical inicial promedio para la corteza bajo la Cuenca
de Abanico y Cuenca Neuquina es de 35 km. (b) Primer periodo de engrosamiento bajo la Cuenca de
Abanico y la parte interna de la faja plegada y corrida de Malargiie bajo cizalle puro de acuerdo con el
modelo de Allmendinger y Gubbels (1996). (c) Periodo de engrosamiento por cizalle puro bajo la faja
plegada y corrida de Malargtie. Durante este periodo se produjo la somerizacién de la losa oceanica. (d)
Estadio desde 3 Ma cuando se habria comenzado a empinar la losa oceanica, la astenosfera fluyd hacia el
oeste. (e) Perfil topografico de la vertiente oriental de la Cordillera Principal mostrando la diferencia entre
la altura promedio y el alzamiento tectonico esperado para esta region. Ver discusion en el texto.

Las estimaciones del engrosamiento cortical a partir del acortamiento tectdnico para la faja
plegada y corrida de Malargiie entre 35° y 35°30'S (Ecuacion V-1) entregan valores de 10,3-12,5
km, lo cual implica un espesor cortical de 36,52-38,29 km previo a 100 Ma. Estos valores se
encuentran por encima de 35 km, estimacion maxima para el espesor cortical de cuencas marinas
desarrolladas sobre corteza continental (Mooney et al., 1998).
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Mescua et al. (2014) estimaron también el espesor cortical previo a la deformacion
nedgena a 35°S, encontrando un valor de 40 km, mayor a los maximos 35 km para una cuenca
marina. Estos autores proponen que esta diferencia se deberia a que el espesor cortical presentaba
variaciones antes del engrosamiento nedgeno, producto de la orogenia San Rafael (Pérmico). Esta
fase de deformacion habria engrosado la corteza, entre la fosa y el bloque San Rafael, y
posteriormente se habria adelgazado durante la extension mesozoica, pero soélo las regiones al
oeste de la actual Depresion Central y la Cordillera Principal oriental, estableciéndose un bloque
con mayor espesor cortical (>40 km) en la actual Cordillera Principal occidental. De esta forma,
ellos proponen que el orégeno previo a 100 Ma tendria un espesor variable: el sector oeste 45 km
y 32 km el este, lo que representaria una corteza promedio de 38-39 km consistente con los 40-45
km de acortamiento que estiman ellos para la Cordillera Principal a 35°S (Mescua et al., 2014).

Sin embargo, considerando que a través de andlisis petrogenéticos se ha estimado que el
espesor bajo la Cuenca de Abanico previo a 20 Ma habria sido de 35 km (Fuentes, 2004; Kay et
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al., 2005; Montecinos et al., 2008; Muiioz et al., 2006), es posible calcular un factor de
estiramiento () de acuerdo con la ecuacion:

T;
Tf = E (V-4)

donde Ty y T7; corresponden al espesor de la corteza después y antes de la extension,
respectivamente (Allen y Allen, 2005). Tomando 7:=45 km, como el valor minimo del espesor
cortical previo a la extension eocena y sin considerar la contribucion del acortamiento de las fases
de deformacion del Cretacico Tardio, y 7/=35 km se obtiene un valor de f=1.29. Este factor parece
ser excesivamente alto si consideramos que recientes trabajos han determinado un valor de
p=1,28-1,49 para en la Cuenca Neuquina (Sigismondi, 2011), en la cual hubo transgresiones
marinas y un alto desarrollo de depocentros, caracteristicas que la Cuenca de Abanico no tiene. En
consecuencia, lo anterior hace improbable la existencia de un bloque de 45 km de espesor
producto de la orogenia San Rafael.

Por otro lado, el valor estimado y tedrico para el espesor de la corteza previo a 100 Ma,
presentan una diferencia de 2-3 km, la cual es inferior al error de 5 km que tiene el modelo 3-D de
densidad a través del cual fue estimado el espesor cortical (Tassara y Echaurren, 2012). Este error
se debe a las incertezas propias de los datos y modelacidn geofisica (gravimetria y datos sismicos)
usada para acotar la profundidad del limite corteza-manto (Tassara y Echaurren, 2012). Ademas
de lo anterior, tampoco fue realizada la correccién por topografia a los datos de la anomalia de
Bouger, la cual en regiones con relieves altos como los Andes contribuye con valores de 10-25
mGal (Tassara y Echaurren, 2012). De acuerdo con esto, se puede establecer que el espesor
cortical bajo la vertiente oriental de la Cordillera Principal es consecuencia del acortamiento
acomodado por la corteza superior a través de la faja plegada y corrida de Malargiie. Esto indicaria
que esta region, y en consecuencia toda la cordillera a 35°S (Fig. V.4c¢), se habria deformado bajo
cizalle puro, contrastando con la regién a 33°40'S, donde prevalece el modo de cizalle simple
como mecanismo principal en la construccién del orégeno, y consistente con lo propuesto para
36°S (Astaburuaga, 2014).

Comparando la evolucion estructural al norte y sur de 35°S (Fig. V.1), se puede observar
que la deformacion nedgena comenzo en el sector de la Cuenca de Abanico entre 20 y 22 Ma,
respectivamente (Fig. V.1). De la misma manera, el término del periodo principal de deformacion
en ambos lugares es distinto: 16 y 11 Ma (Fig. V.1), para el norte y sur, respectivamente. A pesar
de lo anterior, ambas regiones muestran patrones similares en su evolucion (Fig. V.1) que podria
indicar que la parte occidental de la Cordillera Principal entre 33°30' y 35°S se deformé bajo
cizalle puro, pero luego la region al norte de 35°S cambi6 a un modo de cizalle simple, cuando la
deformacion alcanzd la vertiente oriental, mientras al sur de esa latitud continud el cizalle puro
(Fig. V.4c). Gerbault et al. (2009) a través de modelos numéricos, reconocio que las regiones que
se encuentran termalmente debilitadas se deformarian bajo cizalle puro. Esto concuerda con las
caracteristicas de la evolucién de la cordillera a 35°S donde el volcanismo se expandi6 al este
conforme el frente de deformacién migraba, lo que debilitd termalmente la corteza y favorecié la
deformacion bajo cizalle puro (Fig. V.4c).
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Ahora bien, el alzamiento tectonico producido por el acortamiento estimado para esta
region corresponde a 1,8-2,1 km, de acuerdo con la Ecuacion V-3. Sin embargo, estos valores son
inferiores a la altura promedio actual de la cordillera de 2,67 km, lo que implicaria que el
acortamiento ha sido subestimado o que el ordgeno se encuentra isostaticamente descompensado y
que existen factores externos que controlan la configuracion actual de la cordillera a esta latitud.

En particular, para esta region ha sido propuesto un periodo de somerizacion de la placa
oceanica entre 14-3 Ma asociado a la expansion del magmatismo con signatura de arco y la
migracion de la deformacion hacia el este (Fig. V.4c) (Ramos et al., 2014 y referencias ahi). La
principal implicancia de este proceso corresponde a la variacion en la estructura termal de la zona
de subduccion debido a que la losa oceanica, mas fria, se ubica bajo la litosfera continental, en una
posiciéon donde antes se encontraba la cufia astenosférica, mas caliente (Gutscher, 2002). Lo
anterior tiene consecuencias en la reologia de la placa continental: en particular, el manto
litosférico aumenta su espesor y por lo tanto se vuelve mas denso, pudiendo implicar una
disminucién en la elevacion de la superficie de la corteza (c¢f- Faccenna et al., 2014). Posterior a la
disminucién del dngulo de subduccion se habria producido el empinamiento de la losa ocednica
desde 3 Ma, lo que habria producido la migracidon de la cufia astenosférica hacia el oeste hasta su
posicion actual (Fig. V.4d) (Ramos y Folguera, 2011). La reubicacién de la cufia astenosférica a su
posicion original implica un cambio en la dindmica del manto lo cual tiene una respuesta
instantanea en la sefal topografica (Bertelloni y Gurnis, 1997; Davila y Lithgow-Bertelloni, 2013).
Durante la migraciéon de la astendsfera habria ocurrido un progresivo reemplazo del manto
litosférico, denso, por astendsfera mas liviana lo que produjo una surgencia (upwelling) del manto
litosférico induciendo, entonces, un alzamiento dindmico de la corteza o topografia dinamica (e.g.
Davila y Lithgow-Bertelloni, 2013; Faccenna et al., 2014; Guillaume et al., 2013, 2010). En este
sentido, la topografia dindmica corresponde a la componente de la topografia que no se puede
explicar por el alzamiento tectonico y que puede estar asociada con la conveccion del manto, lo
cual también produce un movimiento vertical, de rocas hacia la superficie.

En resumen, el empinamiento de la losa durante el Plioceno tardio habria producido un
upwelling del manto litosférico, produciendo un alzamiento dindmico del retro-arco y la vertiente
oriental de la Cordillera Principal, lo que explicaria los 0.6-0.7 km de diferencia entre el
alzamiento esperado por los ~30 km de acortamiento y la altura promedio actual de esa region de
la cordillera (Fig. V.4e). Ademas, los 260 km que cubre el area que experimentd un alzamiento
dindmico concuerda con los cientos de kildmetros de amplitud que puede alcanzar la topografia
dindmica (e.g. Guillaume et al., 2013; Gurnis, 1993; Husson, 2006; Mitrovica et al., 1989; Ricard,
1993; Zhong y Gurnis, 1994). El aumento del angulo de subduccién y la migracion de la cufia
astenosférica también habrian originado el volcanismo basaltico que caracteriza la region del
retro-arco al sur de 35°S y que estd asociado al desarrollo de fallas normales formadas durante el
Pleistoceno-Holoceno (Folguera et al., 2008, 2006; Ramos y Folguera, 2011; Ramos et al., 2014).
Estas estructuras estarian relacionadas a un colapso y disminucion del espesor de la corteza,
observado al sur de 36°S (Folguera et al., 2012). Sin embargo, el adelgazamiento y colapso
cortical no se evidencian a 35°S, ni tampoco el desarrollo de fosas extensionales que contengan el
volcanismo cuaternario (Folguera et al., 2010; Ramos et al., 2014; Rojas Vera et al., 2010). En
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cambio, en esta region dominan las fallas normales aisladas en las proximidades de los volcanes
monogenéticos, las cuales se habrian formado por la flexura de alta longitud de onda que habria
experimentado la corteza producto del alzamiento dindmico.

Contrario a lo anterior, la vertiente occidental de la cordillera no tendria una componente
dindmica en su topografia, tal como lo muestran las estimaciones de alzamiento realizadas (Tabla
V-1) y la continua deformacidon contraccional que experimentd esta region (Capitulo IV),
sugiriendo que la losa ocednica bajo la parte interna del ordgeno no habria variado el angulo de

subduccion, consistente con lo que se observa en el actual segmento de subduccion plana entre 27°
y 33°S (Gans et al., 2011; Mulcahy et al., 2014).

De acuerdo con lo presentado anteriormente, una de las principales interrogantes
corresponde al origen de la somerizacion y posterior empinamiento de la losa ocednica durante el
Mioceno tardio. En particular, diversos trabajos han mostrado a través de modelos numéricos que
el angulo de subduccion es inversamente proporcional a la velocidad de retroceso de la fosa
(Heuret et al., 2007), por lo que una disminucidn o aumento de este pardmetro en algin segmento
de la subduccion podria haber producido la somerizacion de la losa ocednica durante el Mioceno
tardio. De la evolucion propuesta en esta Tesis se desprende que la somerizacion de la losa
oceanica habria comenzado ca 14 Ma (Ramos et al., 2014 y referencias ahi), de acuerdo con la
edad en que la deformacion alcanzd la vertiente oriental de la Cordillera Principal, gatillando la
diferenciacion en la evolucion de las regiones al norte y sur de 35°S. Es a partir de 16 Ma que la
tasa de deformacién (Vd) en el sector norte aumentd respecto al sur, produciendo un diferencial en
la velocidad de la trinchera (V?) entre ambas regiones, dado que Vi=Vup+Vd, donde Vup es la
velocidad de la placa superior y se puede considerar la misma para ambas regiones durante todo el
Cenozoico. De acuerdo con lo anterior, la velocidad de la trinchera en el sector sur habria sido
mayor (Fig. 4e), produciendo el avance de la placa Sudamericana sobre la placa oceénica, relativo
a la region del norte, y en consecuencia la disminucion del dngulo de subduccion. Adicionalmente,
esta hipdtesis implicaria que fue durante este periodo (post- 16 Ma) que se habria comenzado a
formar la curvatura que muestra actualmente el continente al sur de 33°S.

Ahora bien, la pregunta seria ;por qué migrd la deformacion hacia el este antes de la
disminucion del angulo de la subduccion? Diversos modelos numéricos han observado que
durante un periodo de deformaciéon compresiva, la cufia mantélica es comprimida debido al
engrosamiento cortical, produciendo que migre tanto la cufla mantélica como el magmatismo en
direccidn contraria de la fosa (Karlstrom et al., 2014). Lo anterior podria corresponder al inicio de
la migracion de la deformacion ya que el volcanismo produce el debilitamiento termal y por ende
una disminucidn de la resistencia a la deformacion. De esta manera, se habria producido el inicio
de la deformacion de la vertiente oriental de la cordillera, durante la cual se produjo el aumento en
la tasa de deformacion, pero a un valor menor que la regidn al norte de 35°S, lo que favorecio el
contraste de la velocidad de la fosa y, por ende, el inicio de la somerizacidn de la losa oceénica.

El regreso de la subduccion a su angulo normal (30°) coincide con el fin de las rotaciones
en sentido horario que experimentaron las rocas producto de la formacidn del oroclino (Arriagada
et al., 2013), sugiriendo que las velocidades de la fosa al norte y sur de 35°S se igualaron o
disminuy¢ su diferencia, produciendo el empinamiento de la losa ocednica, el flujo al oeste de la
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astenosfera desplazada, el alzamiento del retro-arco y Cordillera Principal oriental, junto con el
desarrollo de estructuras extensionales en el antepais. La variacion en la velocidad de la trinchera
queda en evidencia al observar que a partir de 12 Ma, la tasa de deformacion en el sector norte
disminuyo (Giambiagi et al., 2014) y que actualmente no existen diferencias longitudinalmente en
las velocidades de GPS de antearco entre 33°40'S y 36°S en el periodo inter-sismico (Métois et al.,
2012). Lo anterior implica que la velocidad de la fosa aument6 al norte de 35°S produciendo, a la
vez, la disminucion de la diferencia con la velocidad del sector sur. Si bien la evolucion anterior
explicaria la somerizacidn y empinamiento de la losa ocednica, el origen de por qué disminuy¢ la
tasa de deformacioén queda incierto. Una posibilidad podria corresponder a una disminucion del
acoplamiento en el contacto sismogénico producto de la mayor cantidad de sedimentos en la fosa
desde la colision de la dorsal de Juan Fernandez, la cual impidi6 el flujo paralelo a la costa del
material proveniente del continente lubricando el canal de subduccion y disminuyendo el acople
entre las placas. La colision de la dorsal a 12 Ma coincide con la disminucién en las tasas de
acortamiento de la corteza superior a 33°40’S, evidenciando el control que ejerce la subduccion
sobre la deformacion de la placa Sudamericana.

V.2.2 Diferencias latitudinales en la cantidad de deformacion y el acortamiento

Una de las principales caracteristicas que presentan los Andes al sur del oroclino boliviano
es que el acortamiento disminuye continuamente hacia el sur. En la seccidon anterior se discutieron
las diferencias en el modo de deformacion y engrosamiento cortical que presentaria el ordgeno, de
acuerdo con la cantidad de acortamiento acomodado a lo largo de cada transecta. Al respecto,
surge la interrogante: ;Qué produce la disminucidén de acortamiento en el segmento comprendido
entre 33°40'S y 36°S?

Tabla V-2. Comparacion del acortamiento tectonico entre 33°30'S y 35°S

CA FPC CF Total
33°30'S 35°S  33°30'S  35°S 33°30'S  35°S 33°30'S 35°S

Ancho de la
region acortada 64 64 32 90 40 - 136 154
(km)

Acortamiento

16’ 18-20 33% 27-30 23? - 72 47
(km)

Acortamiento

(%) 20 23,81 50,77 23,08 36,51 - 34,62 23,38
0

Al contrastar las 2 transectas mencionadas anteriormente, se puede establecer lo siguiente
(Tabla V-II):

! Farias et al. (2010)
; Giambiagi et al. (2012)
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- El acortamiento de la Cuenca de Abanico entre 33°30' y 35°S se mantiene constante, de
acuerdo con los valores estimados en este trabajo y por otros autores a lo largo del
segmento de los Andes analizado (Farias et al., 2010) pudiendo incluso ser extendido hasta
36°S, donde estudios han mostrado un porcentaje de acortamiento similar que las regiones
al norte (Astaburuaga, 2014)

- Coincidentemente, la Cuenca de Abanico muestra una tasa de acortamiento promedio
constante de 2 mm a™'a lo largo de este segmento de los Andes, a pesar de que el inicio y
término de la deformacion de ambas regiones se encuentre desfasada, concluyendo con
cantidades y porcentajes de acortamiento similares.

- Los sectores correspondientes a las fajas plegadas y corridas de Aconcagua y Malargiie
presentan un acortamiento promedio de 30 km; sin embargo, el porcentaje disminuye hacia
el sur, producto de que en el segmento a la latitud de Malargiie la deformacion se
distribuye en una region mas amplia (para un andlisis mas completo ver seccion IV.3,
Capitulo IV).

- La faja plegada y corrida de Aconcagua presenta una tasa de acortamiento promedio de 3
mm a” mientras que la de Malargiie 1.9 mm a”'. Esto se debe principalmente a que la faja
de deformacion del norte se estructurd en menor tiempo que la del sur (Fig. V.1), no
obstante, las diferencias finales en cantidad no son tan notorias.

En primer lugar se puede establecer que la diferencia de acortamiento total en superficie
entre las dos regiones (Tabla VI-2) se manifiesta en el desarrollo de la Cordillera Frontal al norte
de 34°40'S. La Cordillera Frontal corresponde a un bloque de basamento que habria estado
exhumado inicialmente durante el periodo de extensién mesozoica, como se mostro en el analisis
de proveniencia en las secuencias sedimentarias Jurdsicas de la Cuenca Neuquina (Fig. IIL.5),
indicando que desde su primer alzamiento durante el Pérmico (Gregori y Benedini, 2013; Heredia
et al.,, 2012; Mpodozis y Ramos, 1989) no ha experimentado ningun periodo importante de
enterramiento (Hoke et al., 2014). Asi mismo antes de su ultimo periodo de alzamiento a los 10
Ma ya se establecia como un area de aporte para los depositos sinorogénicos del Mioceno (Porras,
2013). Lo anterior indicaria que el basamento de la Cordillera Frontal se encontraba a niveles
someros de la corteza al momento de la compresion nedgena, lo que podria haber favorecido su
deformacion y alzamiento. Adicionalmente, Giambiagi et al. (2012) sugieren que la formacién de
la Cordillera Frontal al norte de 34°30'S habria estado condicionado por el menor desarrollo de la
Cuenca Neuquina en ese sector. Estos autores proponen que al norte de 35°S, la reologia de la
corteza inferior no fue modificada sustancialmente por los procesos de rifting, mientras que al sur
de esta latitud, donde la cuenca tuvo un mayor desarrollo, el adelgazamiento y underplating de
material mafico en la base de la corteza durante la extension (Kay et al., 1989) podrian haber
aumentado la resistencia e impedido el flujo de la corteza inferior durante periodos posteriores de
compresidn y entonces inhibiendo el alzamiento de basamento. Lo anterior indicaria que el
basamento de la Cordillera Frontal se encontraba a niveles someros de la corteza al momento de la
compresion nedgena, lo que habria favorecido su deformacion y alzamiento. Cabe mencionar que
el control de la evolucidn previa en el alzamiento de la Cordillera Frontal también se ha propuesto
a 27°-28°S donde la posicion actual del basamento paleozoico responderia a su arquitectura
heredada durante la extension mesozoica (Martinez et al., 2014). Aun cuando lo anterior explicaria
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el desarrollo de la Cordillera Frontal, la configuracion previa de la corteza superior solo va a
controlar el estilo estructural presente en una region, pero no la cantidad de acortamiento que
experimentaria esa region.

Por otro lado, la presencia de un gradiente de acortamiento y la diferencia en las tasas de
acortamiento que se observan al sur del segmento de subduccién plana son consistentes con el
desarrollo del oroclino del Maipo, evidenciado por las rotaciones de eje vertical de 24° en sentido
horario que presentan las rocas mas antiguas a 5 Ma, al sur de 34°30'S (Arriagada et al., 2013).
Arriagada et al. (2013) propusieron que el origen de la disminucion del acortamiento, y en
consecuencia, del oroclino del Maipo, se debe a un mayor acople en el contacto sismogénico al
norte de 33°30'S debido a la colision de la dorsal oceanica de Juan Fernandez y el desarrollo del
segmento de subduccidn plana a partir de 12 Ma. Si bien, el mayor acople explicaria las
diferencias en las tasas de deformacion del sector norte respecto al sector sur, la variacidon se
establece desde 18-16 Ma cuando la deformacion migro al este y comenzo6 la estructuracion de las
fajas plegadas y corridas. Esto descartaria la llegada de la dorsal oceanica como la causa principal
de la disminucion del acortamiento al sur del segmento de subduccion plana, aunque su llegada
pudo haber acentuado atin mas el gradiente de deformacion.

Una variable a considerar corresponde al desfase en el inicio de la deformacidn entre las
regiones a 33°30°S y 35°S, ya que ha sido propuesto como una causa de la diferencia de
acortamiento para este segmento de los Andes (Spikings et al., 2008). De acuerdo con los datos
obtenidos en esta tesis, el sector sur habria comenzado y terminado su periodo de deformacion
principal después (10-7 Ma, Spikings et al., 2008, Farias et al., 2012) que el segmento a la latitud
de Santiago (13-10 Ma, Farias et al., 2008, 2010, 2012) (Fig. V.1), sugiriendo entonces que la
diferencia de acortamiento se debe a una disminucidn de la edad de la deformacién hacia el sur.
Sin embargo, si se considera el tiempo de diferencia entre las regiones junto con la tasa promedio
de acortamiento en la zona sur, solo se obtienen 8,8 km, lo cual sumado a los 47 km de la Cuenca
de Abanico y faja plegada corrida de Malargiie, no igualan los 72 km de acortamiento que
presenta el segmento norte (Tabla V-II), descartando un control temporal en la diferencia del
acortamiento.

Por otra parte, variados han sido los estudios en los Andes, asi como en otras zonas de
subduccion, que han propuestos diferentes parametros que controlarian el acople entre las placas
y, en consecuencia, el tipo y la cantidad de deformacion en la placa superior (e.g. Doglioni et al.,
2009, 2007; Heuret y Lallemand, 2005; Jarrard, 1986; Lallemand et al., 2008; Lamb y Davis,
2003; Pardo-Casas y Molnar, 1987; Pilger, 1984; Ramos, 2010; Ramos et al., 2004; Schellart,
2008; Silver, 1998; Sobolev et al., 2006; Somoza y Ghidella, 2005; Somoza y Zaffarana, 2008;
Somoza, 1998; Tassara, 2005; Yafiez y Cembrano, 2004). De estos estudios se desprende que los
parametros de primer orden, a una escala global, corresponderian a la velocidad absoluta de la
placa superior (Vup), la velocidad de convergencia y la edad de la losa. Cabe mencionar que Lamb
y Davis (2003) propusieron un modelo donde el grado de acople presentaba una relacion positiva a
la cantidad de sedimentos en la fosa, lo que evidenciaria el control climatico sobre la tectdnica.
Este modelo se aplica muy bien a la situacion actual de los Andes ya que donde la cordillera
presenta mas deformacion, la fosa tiene menos sedimentos, mientras que donde la fosa es mas
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ancha y esta llena de sedimentos, la deformacion sobre la placa continental es menor. Sin
embargo, no han sido reportados datos para establecer la cantidad de sedimentos que podria haber
tenido la fosa ca. 20 Ma, por lo que un control directo del clima en el gradiente de deformacion en
este sector de los Andes es muy dificil de cuantificar. A pesar de esto, si se puede establecer que a
partir de 12 Ma la llegada de la dorsal de Juan Ferndndez a su posicidon actual favorecio la
diferencia en el grado de acople a lo largo de la cordillera, actuando como barrera en el flujo de
sedimentos a lo largo de la fosa, lo que habria producido una segmentacion del grado de acople
entre las placas al norte y sur de la zona de colisiéon y en consecuencia una segmentacion en la
cantidad de deformacioén en el orégeno.

De acuerdo con los estudios llevados a cabo en los Andes, se ha propuesto una relacion
directa entre el aumento de la velocidad absoluta de Sudamérica y el comienzo de deformacion
compresiva durante el Nedgeno (Fig. V.1) (Pardo-Casas y Molnar, 1987; Pilger, 1984; Somoza y
Ghidella, 2005). De la misma manera, se ha relacionado el aumento de la velocidad de
convergencia con el periodo de extension oligocena y a la disminucién del mismo pardmetro con
el inicio de la deformacién en el Neogeno (Fig.V.1) (Somoza y Ghidella, 2005). En el caso del
segmento de los Andes Centrales del sur analizado hasta ahora, estos pardmetros no seran
considerados como posibles causas ya que no varian latitudinalmente y se puede establecer que la
region de 33°30°S y 35°S experimentaron la misma velocidad de convergencia y velocidad
absoluta de Sudamérica durante su evolucidon dada la lejania del polo de rotacion tanto de la placa
Sudamericana como de Nazca (e.g. DeMets et al., 2010).

El estudio de la relacion entre acoplamiento y edad de la losa oceanica ha sido mas
controversial ya que hay autores que proponen que las regiones donde la losa es mas vieja, el
canal de subduccidn es mas viscoso lo que generaria mayor acople (Yaiez y Cembrano, 2004). En
el lado opuesto, se ha propuesto que una losa con menor edad tiene mayor flotabilidad por lo que
al momento de intervenir en el canal de subduccidn tenderia a empujar hacia la superficie,
generando mayor acople, mientras que la subduccion de una losa mas vieja produce una mayor
fuerza de slab-pull por su mayor densidad, y por lo tanto un menor acople (Heuret y Lallemand,
2005). Para el segmento de subduccion al sur de la subduccion plana y hasta 36°S no existe una
variacion mayor en la edad de la losa subductada (< 3 Ma Yaifiez y Cembrano, 2004), ni tampoco
un gran cambio en el grado de oblicuidad de la convergencia después de 20 Ma (Pardo-Casas y
Molnar, 1987) que haga suponer alguna situacion distinta a la observada en la actualidad. Por lo
tanto, se desecha que la edad de la losa ejerza alglin control de primer orden sobre la diferencia de
acoplamiento en este sector de los Andes.

Otra arista para explicar diferencias en la deformacion y acortamiento a lo largo de los
Andes corresponde a variaciones en la resistencia a la deformacion que pueda presentar la corteza
continental (Giambiagi et al., 2012). De acuerdo con la evolucion de este segmento de los Andes,
la vertiente occidental no presenta marcadas diferencias en su evolucidon desde el Mesozoico hasta
el Presente, al menos entre 33°30'S y 36°S (Charrier et al., 2014) sugiriendo que las caracteristicas
reoldgicas a lo largo de ese sector son uniformes. Esto tltimo es consistente con lo expuesto en
esta tesis en relacion que la Cuenca de Abanico, a pesar de mostrar un desfase en el periodo de
deformacion entre el sector norte y sur, presenta las mismas tasas y cantidad de acortamiento
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ademas de estilos estructurales similares a lo largo del segmento analizado. Por el contrario, la
diferencia en los estilos estructurales, tasas y cantidad de acortamiento entre la regidn norte y sur
hacen suponer que la vertiente oriental de los Andes podria presentar variaciones latitudinales en
los parametros reoldgicos de la corteza. Esto es consistente con el hecho que esa parte de la
corteza continental no ha experimentado sustanciales periodos de deformacion desde la extension
mesozoica, si se considera que durante el Cretacico Tardio el proto-ordgeno andino se desarrolld
mayormente en lo que hoy corresponde a la Cordillera de la Costa y parte de la Cordillera
Principal occidental (ver Capitulo II) (Charrier et al., 2014). Estas diferencias reoldgicas podrian
corresponder a la mayor rigidez que tendria la corteza inferior del lado oriental de la cordillera, al
sur de 35°S, cuya composicion seria comparativamente mas mafica (Tassara y Yaiiez, 2003), lo
que habria sido heredado desde el Mesozoico (Giambiagi et al., 2012). Por ultimo, las diferencias
en las tasas de deformacion entre las fajas plegadas y corridas desarrolladas en Argentina
indicarian que las diferencias en la evolucidon del orogeno se manifiestan cuando la deformacion
arriba a ese sector de la corteza, consistente con la hipdtesis de la diferencia reoldgica como
principal control en la cantidad de deformacion que puede absorber la corteza.
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Fig. V.5. Seccion esquematica del margen occidental de Sudamérica a 33°40’S (arriba) y 35°S (abajo)
mostrando las diferencias entre ambas regiones. Se puede ver como varia las caracteristicas litoldgicas de
la corteza continental a lo largo y ancho del contacto sismogénico que condiciona el acople y la cantidad
de stress transferidos hacia el continente. Notese también como las caracteristicas de ambas zonas
coinciden con los modelos tedricos presentados por von Huene et al. (2009) para margenes erosivos y
convergentes.
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De forma complementaria a lo anterior, un escenario posible que contribuya a explicar las
variaciones en la cantidad de deformacidn podria estar relacionado a la segmentacion litoldgica a
lo largo del borde occidental de la placa Sudamericana. Estudios en la regién del antearco y
trench-outer rise muestran que la corteza superior de la placa continental (backstop) al norte de la
zona de colision de la dorsal de Juan Fernandez estd estructurado por un basamento metamorfico-
cristalino (Contreras-Reyes et al., 2010 y referencias ahi) compuesto por rocas del Paleozoico-
Jurdsico Temprano que aflora en el lado occidental de la Cordillera de la Costa (Charrier et al.,
2014). Mientras tanto, al sur de la dorsal asismica, el backstop estaria formado no sdlo por el
basamento metamorfico-cristalino sino ademés por un paleo-complejo de acrecion de edad
Jurasica-Cretacica (Fig. V.5) (Contreras-Reyes et al., 2008), el cual aumenta su area de contacto
con la placa oceanica desde 33°S hacia el sur (Fig. V.5) (Contreras-Reyes et al., 2010; Moscoso et
al., 2011). De acuerdo con estas caracteristicas, el contacto sismogénico a 35°S corresponderia a
un ante-arco débil (de acuerdo con la definicion de Gerbault et al., 2009) el cual segin modelos
numéricos se caracteriza por deslizar mas facilmente sobre la placa oceanica (Gerbault et al.,
2009). En otras palabras, la cantidad de stress de cizalle, o maximo, que puede acumular este
material antes de deslizar es bajo comparado con un ante-arco fuerte formado solo por basamento
cristalino (segun definiciéon de Gerbault et al., 2009), como al norte de 33°40'S (Fig. V.5). Lo
anterior implica que la cantidad de stress que puede ser traspasada al continente es menor. La
caracterizacion de un ante-arco débil y fuerte también implicaria la constituciéon de un margen
acrecionario o erosivo, respectivamente (von Huene et al., 2009), lo que tiene directa relacioén a un
menor o mayor grado de acople en el contacto sismogénico y por lo tanto en la cantidad de stress
que se transmite al continente (Fig. V.5). De esta manera, se puede establecer que al sur de 33°S,
el margen de subduccidn se transforma paulatinamente de un margen erosivo-altamente acoplado
a un margen acrecionario-levemente acoplado (Contreras-Reyes et al., 2010). De este modo, se
puede establecer que la variacidn en la reologia del borde occidental de la placa Sudamericana
podria contribuir a la diferencia en la cantidad de deformacién que muestran los segmentos al
norte y al sur de 35°S. En resumen, las diferencias reoldgicas presentes a lo largo de la corteza
controlarian la cantidad de deformacion y, en consecuencia, la disminucion del acortamiento al sur
de 33°S, evidenciando el fuerte control que tiene la evolucion previa de corteza continental en la
segmentacion de los Andes.
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CAPITULO VI.
CONCLUSIONES GENERALES

La construccién de un ordgeno es el resultado de la interaccion de diferentes procesos
superficiales y profundos que varian espacial y temporalmente, originando una segmentacién en la
arquitectura y evolucion de la cadena montafiosa. En particular, la evolucion nedgena de los Andes
Centrales del sur entre 34°45° y 35°30'S se encuentra fuertemente controlada por la arquitectura de
la corteza, heredada de la evolucién previa.

Durante el Jurasico Temprano y hasta el Cretacico Temprano, la region se caracterizo por el
desarrollo de dos depocentros controlados por fallas normales y donde se acumularon los depositos
sedimentarios y volcanicos que conforman el relleno de la Cuenca Neuquina. Estos depocentros se
encontraban separados por un alto topografico compuesto por el basamento paleozoico, el cual fue
una de las principales fuentes de sedimientos.

Para el Cretacico Tardio-Paledgeno, la region de estudio experimentd un periodo de
deformacion contraccional caracterizado por la acumulacion de depositos sinorogénicos con una
marcada proveniencia desde el oeste, principalmente desde el arco magmatico jurasico-cretacico
inferior. Este periodo de deformacion comprendid el primer periodo de estructuracion de la faja
plegada y corrida de Malargiie, generando la compartimentalizacion del sistema de antepais y el
desarrollo de depocentros aislados donde fueron acumulados los depodsitos del Cretacico Tardio que
afloran a lo largo del eje de la cordillera a la latitud de este estudio, diferencidndose de los ubicados
mas al este ,en territorio argentino.

La presencia de rocas volcanicas deformadas del Cretacico Tardio-Paleoceno en la vertiente
occidental de la Cordillera Principal muestra una migracion del arco magmatico y cambios en la
tectdnica durante este periodo. Asimismo, su disposicion discordante bajo los depdsitos volcanicos
eocenos de la Fm. Abanico, evidencian un nuevo pulso de deformacion contraccional previo a la
extension que dio origen a la Cuenca de Abanico.

El desarrollo de la cuenca de intra-arco de Abanico se caracterizd por dos periodos de
subsidencia tectonica durante el Eoceno-Oligoceno. El primero afecto la region mas occidental de la
Cordillera Principal, cercano a la Depresion Central, entre 45 y 37 Ma. Subsecuentemente, la
acumulacion los depdsitos volcanicos ocurrid en la parte mas oriental de la cordillera, en lo que
actualmente corresponde al 4rea fronteriza entre Chile y Argentina, entre los 37 y 22 Ma.
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La deformacion contraccional de la Cordillera Principal en este segmento de los Andes
comenzd a los 20 Ma con la inversidon de la Cuenca de Abanico y la acumulacion de depdsitos
sinorogénicos de la misma edad, en la parte interna de la cordillera, donde aun se mantiene. Esta
region experimento deformacion contraccional hasta los 11 Ma, reactivandose durante una fase de
deformacion fuera de secuencia a los 5 Ma.

La evolucidn estructural nedgena de la cordillera a la latitud de 35°S se caracteriza tanto por
la reactivacidon de estructuras previas como la formacion de nuevas fallas que involucraron al
basamento en la deformacion, desarrollando asi un estilo estructural de piel gruesa que domina la
region, favorecido por la presencia de cuencas extensionales originadas durante el Mesozoico y
Cenozoico temprano. Mientras que en el lado oeste de la cordillera el estilo de piel gruesa se
mantiene invariante al sur del segmento de subduccion plana hasta 35°S, en la vertiente oriental se
produce una variacién latitudinal caracterizada por un gradual predominio hacia el sur del estilo de
deformacion de escama gruesa , coincidentemente con el mayor desarrollo de depocentros
mesozoicos extensionales, sugiriendo asi el control de la arquitectura y evolucion previa en la
manera en que se acomoda la deformacidn durante las fases compresivas posteriores.

Durante la deformacion de la vertiente occidental de la cordillera (20-11 Ma), cerca de 18
km de acortamiento fueron acomodados en la corteza superior. Por otro lado, la faja plegada y
corrida de Malarglie acomodd 30 km de acortamiento, implicando una variacidn minima con el
acortamiento acomodado por la Cordillera Principal oriental a los 33°30°S. No obstante, el
porcentaje de acortamiento disminuye hacia el sur debido a que la deformacién se distribuyd en una
region mas amplia. De esta forma, se establece que la disminucién hacia el sur del acortamiento
medido en superficie se origina por la ausencia de la Cordillera Frontal al sur de 34°40'S, lo cual
seria consecuencia directa de la menor cantidad de deformacion que experimento la corteza.

Esta menor cantidad de deformacion y acortamiento es consistente con la disminucion del
espesor cortical y la altura de la cordillera hacia el sur del segmento de subduccion plana y tiene
implicancias directas en la forma en cémo se deforma la corteza. Es asi como el acortamiento
acomodado por la corteza superior ha sido transformado en engrosamiento cortical in-situ
implicando un modo de deformacién en cizalle puro, contrastando con el modo de cizalle simple
que dominaria al norte de 35°S.

De esta forma se establece que la segmentacidon y variaciones de los Andes al sur del
segmento de subduccién plana son controladas por variaciones en la cantidad, y en consecuencia, en
la forma de deformarse que presentaria la corteza. Esta ultima condicionada por la evolucion y
estructura previa del continente al momento de la construccion del orégeno. Finalmente, si bien, la
evolucién y arquitectura previa influye sobre el estilo de deformacién de la corteza, la cantidad de
deformacion que experimenta el continente es la responsable de que la segmentacion de los Andes,
quedando atn por dilucidar si esto depende de la cantidad de deformacidén que puede acomodar la
placa superior o a variaciones a lo largo de la placa subductada.
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Abstract: In this classic segment, many tectonic processes, like flat-subduction, terrane accretion
and steepening of the subduction, among others, provide a robust framework for their under-
standing. Five orogenic cycles, with variations in location and type of magmatism, tectonic
regimes and development of different accretionary prisms, show a complex evolution. Accretion
of a continental terrane in the Pampean cycle exhumed lower to middle crust in Early Cambrian.
The Ordovician magmatic arc, associated metamorphism and foreland basin formation char-
acterized the Famatinian cycle. In Late Devonian, the collision of Chilenia and associated high-
pressure/low-temperature metamorphism contrasts with the late Palacozoic accretionary prisms.
Contractional deformation in Early to Middle Permian was followed by extension and rhyolitic
(Choiyoi) magmatism. Triassic to earliest Jurassic rifting was followed by subduction and exten-
sion, dominated by Pacific marine ingressions, during Jurassic and Early Cretaceous. The Late
Cretaceous was characterized by uplift and exhumation of the Andean Cordillera. An Atlantic
ingression occurred in latest Cretaceous. Cenozoic contraction and uplift pulses alternate with Oli-
gocene extension. Late Cenozoic subduction was characterized by the Pampean flat-subduction,
the clockwise block tectonic rotations in the normal subduction segments and the magmatism in
Payenia. These processes provide evidence that the Andean tectonic model is far from a straight-
forward geological evolution.

This chapter will focus on the general framework
of the Andes along this segment of the orogen, as

Tectonic cycles

an introduction to the different specific contri-
butions of the following chapters. This part of the
southern Central Andes of Argentina and Chile
has received the attention of numerous overviews
and syntheses in recent years, such as the publi-
cations of Mpodozis & Ramos (1989), Ramos
et al. (1996b), Ramos (1988b, 1999) and Charrier
et al. (2007, 2009). However, several articles have
been published in recent years that complement
and modify the tectonic and palaecogeographic
reconstructions and interpretations presented in
previous syntheses. Therefore, the objective of
this introductory chapter will be to present a brief
updated summary, taking into consideration the
most recent advances in the geological knowledge
of the region.

The continental margin of southern South America
was an active plate margin during most of its
history. The Neoproterozoic to late Palaeozoic evol-
ution is punctuated by a succession of tectonic
regimes in which extension and compression alter-
nate through time. As a result, terrane accretion
and westward arc migration alternate with periods
of rifting and extensional basin formation. Although
accretion of some terranes has been documented
until Jurassic time, as in Patagonia (Madre de Dios
terrane; Thompson & Hervé 2002), the post-Triassic
history is characterized by the eastward retreat of
the continental margin and eastward arc migration,
attributed to a combination of shallowing of the sub-
ducting plate and subduction erosion. The period
between the latest Permian and earliest Jurassic

From: SEPULVEDA, S. A., GIAMBIAGI, L. B., MOREIRAS, S. M., PINTO, L., TUNIK, M., HOKE, G. D. & FARiAs, M. (eds)
Geodynamic Processes in the Andes of Central Chile and Argentina. Geological Society, London,

Special Publications, 399, http: //dx.doi.org/10.1144/SP399.20
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corresponds to an episode of arrested continental
drift, which, however, does not mean that subduc-
tion along the continental margin ceased. Different
palaecogeographic organizations were developed at
that time, and a widely distributed magmatism with
essentially different affinities occurred. It is there-
fore possible to differentiate major stages in the

tectonostratigraphic evolution of the Chilean—
Argentine Andes, which can be related to the fol-
lowing episodes of supercontinent evolution: (a)
breakup of Rodinia; (b) Gondwanaland assembly;
and (c) post-Pangaea breakup (Fig. 1).

These stages can in turn be subdivided into
shorter tectonic cycles separated from each other
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Fig. 1. Tectonic cycles, orogenies and events in the evolution of the continental margin of southern South America
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by regional unconformities or by significant palaeo-
geographic changes that indicate the occurrence of
drastic tectonic events in the continental margin.
These tectonic events have been related to modifi-
cations in the dynamics of the lithospheric plates
(see James 1971; Rutland 1971; Charrier 1973;
Aguirre et al. 1974; Frutos 1981; Jordan et al
1983a, 1997; Malumian & Ramos 1984; Ramos
et al. 1986; Isacks 1988; Ramos 1988a; Mpodozis
& Ramos 1989). As a result of that, tectonic cycles
have been identified along the western south-
ern South America, which according to Mpodozis
& Ramos (1989) and Charrier et al. (2007) are
(Fig. 1): Pampean (Neoproterozoic—Early Cam-
brian), Famatinian (latest Cambrian—Early Devo-
nian), Gondwanian (Late Devonian—early Late
Permian), pre-Andean (latest Permian—earliest Jur-
assic) and Andean (Early Jurassic—Present).

Morphostructural units

The northern part of the analysed segment (31—
33°S) is located in the flat-slab subduction seg-
ment developed between c. 27 and c. 33°S. There
the passive Juan Fernandez Ridge has been sub-
ducting the continental margin since c. 12 Ma with
an eastward dip of ¢. 20° to the east beneath the
forearc to almost horizontal beneath the retroarc
(Jordan et al. 1983a; Yaifez et al. 2001; Pardo
et al. 2002). This Andean segment, known as the
Pampean flat-slab segment, is characterized by the
absence of recent volcanic activity and of a Central
Depression, existing further south in the normal
subduction segment (south of 33°S). Therefore,
in this segment no differentiation can be made
easily between a Coastal and a Principal Cordi-
llera, and the Coastal Cordillera has been extended
further east (Rodriguez 2013; Rodriguez et al.
2013, 2014). East of this extended Coastal Cordil-
lera, other morphostructural units are developed,
which gradually disappear southwards or are not
developed further south in the normal subduction
segment. These are, from west to east: the Frontal
Cordillera, the Precordillera and the Sierras Pam-
peanas (Fig. 2). The alignment of the crustal earth-
quake epicentres parallel to the projection of the
subducted Juan Fernandez Ridge shows the strong
control that this subduction exerted in the more
recent morphologic, magmatic and tectonic features
of the Andean cordillera in the flat-slab segment
(Alvarado et al. 2009).

South of the flat-slab subduction segment (south
of ¢. 33°S), the Wadati—Benioff zone dips ¢. 30°E
(Cahill & Isacks 1992). As indicated, in this seg-
ment, a Central Depression is well developed separ-
ating the Coastal Cordillera, to the west, from the
Principal Cordillera, to the east, with the edifices

of the volcanic arc (Fig. 2). The western flank of
the Principal Cordillera is located in Chile, while
the eastern flank is located in Argentina.

Pampean tectonic cycle
(Neoproterozoic—Early Cambrian)

The Pampean tectonic cycle as proposed by Acefio-
laza & Tosselli (1976) includes sedimentation,
magmatism and important deformation that took
place in Early to Middle Cambrian in northwest-
ern Argentina (Coira er al. 1982). The orogenic
deformation at that time, in the central segment ana-
lysed here (31-37°S), was located along the Eastern
Pampean Ranges, and its extension to the south
(Fig. 2) (Ramos 1988a; Rapela ef al. 1998; Chernic-
off et al. 2012).

The Eastern Sierras Pampeanas comprises an
orogenic belt characterized by metamorphic rocks
of middle-to-high amphibolite facies, low-grade
metapelites and granulite facies meta-basic rocks
(Gordillo 1984; Kraemer et al. 1995; Rapela et al.
1998). Medium-grade para- and ortho-gneisses and
schists constitute the dominant lithology; large
massifs composed of garnet-cordierite pelitic mig-
matites are also characteristic (Rapela er al. 1998).
Geochemical and isotopic studies show a typical
calc-alkaline magmatic arc related to subduction
(Lira et al. 1996; Rapela et al. 1998). Ultrabasic
rocks dominated by harzburgites, chromitites and
serpentinites have been interpreted as a disrupted
ophiolitic sequence (Escayola et al. 1996; Ramos
et al. 2000).

This orogenic belt has been interpreted as (a) the
result of a collision between a Pampean block
against the Rio de La Plata Craton (Ramos 1988a;
Ramos & Vujovich 1993; Rapela et al. 1998); (b)
in the context of a subduction of a mid-ocean
ridge beneath the palaco-Pacific Gondwana margin
(e.g. Gromet & Simpson 2000; Simpson et al.
2003; Pifian-Llamas & Simpson 2006; Schwartz
et al. 2008); or (c) the result of complex strike-slip
tectonics between Kalahari and Rio de la Plata
craton (Rapela er al. 2007; Casquet et al. 2012;
Spagnuolo et al. 2012a).

In recent years more precise studies of the pre-
and post-collisional suites seem to indicate that the
main episode of deformation is bracketed between
537 and 530 Ma (Iannizzotto et al. 2013), and the
tectonic evolution comprises a complex geologi-
cal history to fit all of the observations (Escayola
et al. 2007; Ramos et al. 2010). This model
implies a primitive island arc that under western
subduction collided against the Rio de la Plata
Craton by the end of the Ediacarian (Escayola
et al. 2007). This oceanic terrane of the Eastern
Sierras Pampeanas known as the Cérdoba terrane
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Pampean
Flat-slab

spgment

Fig. 2. Digital elevation model of the Andes between 16 and 40°S with indication of the main geographical, tectonic
and morphostructural features. Abbreviations: CC, Coastal Cordillera; CD, Central Depression; DR, Domeyko Range;
EC, Eastern Cordillera; FC, Frontal Cordillera; FP, Forearc Precordillera (western flank of the Altiplano); LOFZ,
Liquifie—Ofqui Fault Zone; P, Precordillera in Argentina; PC, Principal Cordillera; PR, Pampean Ranges; SB, Santa
Barbara System; SD, Salar Depressions; SS, Subandean System; WC, Western Cordillera. Rectangle: Andean region
considered in this chapter.
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is composed of several belts of ophiolites (Mutti
1997; Ramos et al. 2000, 2010). This collision was
followed by the final collision of Pampia through
an east-dipping subduction against the Rio de la
Plata craton as proposed by Kraemer et al. (1995),
Escayola et al. (2007) and Ramos et al. (2010).
Among the post-collisional effects, the emplace-
ment of mafic bodies of Ocean-Island Basalts
(OIB) signature emplaced at about 520 Ma could
be interpreted as evidence of slab breakoff (Tibaldi
et al. 2008), associated with general anatexis and
crustal delamination as indicated by extensive rhyo-
litic plateaux preserved in the northern sector of
Eastern Sierras Pampeanas, such as the Oncan Rhyo-
lites and Los Burros Rhyodacites of 532—-512 Ma
(Leal et al. 2004). These regions have been affected
by ductile shear deformation along some weakness
zones during the early Palacozoic (Martino 2003).

Famatinian tectonic cycle (Cambrian to
Late Devonian)

The Famatinian orogenic cycle as proposed by
Acefiolaza & Tosselli (1976) comprises the evol-
ution of two important sedimentary sequences,
separated by an important angular unconformity.
The basal sequence comprises Early Cambrian to
Middle Ordovician carbonatic and clastic plat-
form deposits of the Cuyo Precordillera deformed
during the Ocloyic diastrophism at about 460 Ma
(Astini et al. 1996; Ramos 2004, and references
therein). Both sequences were deformed during
the Middle to Late Devonian, developing the
Chanic unconformity that separates these deposits
from the late Palaeozoic sequences. The different
sedimentary, magmatic and metamorphic rocks of
these two sequences will be described from west
to east.

Frontal Cordillera

In Cordén del Carrizalito region, in the southern
Frontal Cordillera, north of the Rio Diamante
valley, is exposed a sequence of turbidites of the
Las Lagunitas Formation (Fig. 3) (Volkheimer
1978). Graptolites of Ordovician age have been
found in these turbidites, previously interpreted as
Carboniferous deposits (Tickyj et al. 2009a).
These rocks are characterized by low-grade meta-
morphism, and are intruded by pre-tectonic to syn-
tectonic granitoids such as the Carrizalito Tonalite
and Pampa de Los Avestruces Granite deformed
during the Chanic orogeny (Tickyj et al. 2009b;
Tickyj 2011). The studies of Garcia-Sansegundo
et al. (2014a) described the Chanic structures as
west-vergent, in contrast with the east-vergent late
Palaeozoic structures.

North of 34°S at Cordon del Plata region, in
northern Frontal Cordillera (Fig. 3), Heredia et al.
(2002, 2012) described the Vallecitos beds, low-
grade metamorphic rocks correlated with Devo-
nian turbidites of western Precordillera. These
rocks as well as the Las Lagunitas Formation were
deformed during the Middle to Late Devonian
Chanic deformation.

Exposures of metamorphic basement rocks that
include ultrabasic rocks occur within the Frontal
Cordillera as a medium-grade unit further south
(Polanski 1964, 1972; Bjerg et al. 1990; Lopez &
Gregori 2004), known as the Guarguaraz Complex
(Willner et al. 2011). This complex consists of
garnet—micaschist and quartzitic schist, metasedi-
ments with intercalated lenses of garnet bearing
amphibolite with a N- or E-EMORB (normal or en-
riched mid-ocean ridge basalt) geochemical signa-
ture, serpentinite with tremolite-/talc-bearing wall
rocks and marbles and calc-silicates. Willner
et al. (2011) interpreted this sequence as related to
a high-pressure—low-temperature metamorphism,
with a metamorphic peak dated in 385 Ma, followed
by decompression and retrograde metamorphism
between 348 and 337 Ma, associated with the new
stage of subduction along the Pacific margin. These
high pressure—low temperature conditions (12—
14 kbar—550 °C) are interpreted as a collisional
metamorphism, distinctive from the subduction
complexes of the western series (basal accretion)
younger than 307 Ma and the eastern series (fron-
tal accretion) younger than 330-345 Ma (Hervé
et al. 2013).

Cuyo Precordillera

This region comprises a series of platform sedimen-
tary rocks, which are unconformably deposited on
scarce syn-rift deposits, mainly preserved in the
northern Precordillera. The Cerro de la Totora For-
mation includes some evaporites and red-beds of
Early Cambrian age (515 Ma), which fill the half-
graben system developed on the Grenvillian age
basement (Rapalini & Astini 1998; Rapalini 2012).

The platform deposits comprise mainly an Early
Cambrian to Early Ordovician carbonate sequence
bearing typical Olenellus trilobites of Laurentia
derivation (Bordonaro 1980, 1992). Various stud-
ies have characterized the complex third-order
sequences of these carbonates (Cafias 1999; Keller
1999), the palacogeographic connections of their
fauna (Benedetto et al. 1999) and their tectonose-
quences (Astini ef al. 1995; Thomas & Astini 1996).

These platform deposits are bounded to the west
by slope deposits (Alonso et al. 2008; Voldman
et al. 2010) and the Famatinian ophiolites (Haller
& Ramos 1984, 1993). This sequence of mafic,
ultramafic and granulitic rocks of Middle to Late
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Ordovician age extends for more than 1000 km
along the eastern slope of the Andes near the bound-
ary between the Precordillera and the Frontal Cor-
dillera (Fig. 3) (Ramos et al. 2000). These rocks
show a dominant E-MORB composition, as well
as the Silurian and Devonian mafic rocks and pil-
low lavas further to the west (Cortés & Kay 1994).
The time of emplacement of these ophiolites is con-
strained by the Middle to Late Devonian age of the
low-grade metamorphism of these rocks (Buggish
et al. 1994; Davis et al. 1999; Robinson et al. 2005).
The subsequent clastic deposits above the
platform successions were characterized by two
syn-orogenic sequences; the older comprises the
sandstones, conglomerates, glacial deposits and
turbidites with olistostromes and olistoliths of Late
Ordovician to Silurian age, represented by numer-
ous formations (Astini et al. 1996). A second syn-
orogenic sequence is represented by the turbidites
and clastic deposits of Early to Middle Devonian
age. Both sequences are separated by an angular
unconformity seen in the Cuesta del Tambolar
region between the eroded tilted carbonates and the
Silurian deposits, interpreted there as the expres-
sion of a peripheral bulge associated with the defor-
mation of the Sierra de Pie de Palo (Fig. 3) (Astini
et al. 1995). Both sequences are affected by the
Chanic unconformity, associated with an important
period of uplift, stacking and deformation of the
Frontal Cordillera and western Precordillera with a
characteristic west-vergence (Von Gosen 1992;
Garcia-Sansegundo ef al. 2014a).

Western Sierras Pampeanas

The western Sierras Pampeanas as defined by
Caminos (1979) encompasses the Sierra de Pie de
Palo and the belt of westernmost Sierras Pampeanas,
such as the Valle Fértil, La Huerta and other base-
ment uplifts further to the east. This region is the
locus of the Famatinian orogeny, which has been
preserved in metamorphic facies that, based on their
characteristics, can be divided into several belts.
The western slope of Sierra de Pie de Palo pre-
served a belt of limestones and quartzites, known
as the Caucete Group (Vujovich & Ramos 1994),
heavily deformed and overridden by the Pie de Palo
Complex, an ophiolite sequence of Grenville age
(Vujovich & Kay 1998). Based on detrital zircons
and geochemistry, the Caucete Group has been cor-
related with the sedimentary Cambrian and Ordo-
vician sequences of Precordillera (Naipauer et al.
2010a, b). The metamorphic conditions of the
Caucete Group indicate high pressures and modest
temperatures in amphibolite facies. These condi-
tions occurred during subduction of a cold sedi-
mentary slab in an A-subduction zone setting (Van
Staal et al. 2011) around 460 Ma (Ramos 2004). The

data indicate a clockwise pressure—temperature
(P-T) trajectory reaching a peak pressure of
roughly 13 kbar at 450 °C, and then heating as pres-
sure declined, reaching a maximum temperature
of roughly 500-560 °C at pressures of 8—10 kbar.
This fact has been explained by these authors as
continuous subduction of a cold sedimentary slab
(Caucete Group) after amalgamation with the Pie
de Palo Complex in the subduction channel, fol-
lowed by underthrusting of progressively more
buoyant Precordillera crust.

Further to the east the remaining western Sierras
Pampeanas have been extensively studied. Two
dominant rock types characterized this region, a
western magmatic belt that consists of latest Cam-
brian, Early to Middle Ordovician calc-alkaline
granitoids and metamorphic rocks produced in the
same interval (Ramos 1988a, 2004). After the pio-
neering work of Pankhurst & Rapela (1998) and
Quenardelle & Ramos (1999), several new studies
have characterized the geological evolution of the
Ordovician magmatic arc. The petrological con-
ditions of these granitoids have been studied by
Otamendi et al. (2008, 2009a, b, 2010a, b, and refer-
ences therein) complemented by the analyses of
Verdecchia et al. (2007) and Casquet et al. (2012,
and references therein). The wall rocks of these
granitoids were characterized by Verdecchia et al.
(2007), who found fossil shelly faunas preserved
in the metamorphic rocks of Ordovician age. Fur-
ther north, the Ordovician rocks are preserved
in sedimentary facies and sedimentological studies
show that sedimentation took place in an exten-
sional environment (Mangano & Buatois 1996).
Similar conclusions were obtained for the Ordovi-
cian age of the metamorphism (Collo ez al. 2008),
and the extensional regime of the magmatic rocks
(Collo et al. 2009).

Tectonic evolution of the Famatinian cycle

Although several tectonic models have been pro-
posed to explain the early Palaecozoic history of
central Chile and western Argentina, sometimes
with contrasting interpretations, such as accretions
of allochthonous terranes (Ramos 1988a; Astini
et al. 1995) or by continent—continent collisions
involving Laurentia and Gondwana (Dalla Salda
et al. 1992a, b), in recent years some consensus
has been obtained for the evolution of that region
(see Ramos & Dalla Salda 2011).

Most of the authors agree that the main defor-
mation that affected the early Palaeozoic the Pre-
cordillera platform and slope deposits occurred at
about 460 Ma almost in the upper part of the Darri-
willian (Thomas & Astini 2003; Ramos 2004).
This deformation explains the stacking of different
thrust sheets of the eastern Precordillera and the
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development of olistoliths in the foreland basin
during Late Ordovician as part of the Ocloyic defor-
mation (Thomas & Astini 2007). These authors ex-
plain the deformation by a collision of the Cuyania
(or a larger Precordillera) terrane, an allochthon-
ous terrane derived from the Ouachita embayment
of Laurentia that collided against the proto-margin
of Gondwana (Astini et al. 1995; Thomas & Astini
1996). The first palacomagnetic data obtained
from Cerro Totora syn-rift deposits confirmed this
origin for Cuyania (Rapalini & Astini 1998), and,
although the new data from the polar apparent
curve of Gondwana poses some uncertainties in
the location of Cuyania in the Early Cambrian, the
recent palaecomagnetic analysis of Rapalini (2012)
shows that the origin in the Ouachita embayment
is still the best alternative to explain most of the
existing data.

The western margin of Sierras Pampeanas
shows that the Cambrian—Ordovician calc-alkaline
magmatic arc lasted between the Furongian (497—
485 Ma) and the Darriwilian (457—-458 Ma), reach-
ing the maximum activity in the Early Ordovician
(Pankhurst & Rapela 1998; Quenardelle & Ramos
1999; Rapela et al. 2010; Dahlquist et al. 2013,
and references therein). The metamorphic peak
was around 460 Ma (Ramos 2004; Van Staal et al.
2011; and references therein). This peak was asso-
ciated with the collision of the Cuyania terrane
(Von Gosen et al. 2002; Chernicoff & Ramos
2003) by the end of Middle Ordovician.

The consensus that has been obtained for the
Ocloyic deformation is greater than that for the var-
ious alternatives still discussed for the Silurian and
Devonian evolution, which ends with the Chanic
deformation at Middle to Late Devonian times.
There is agreement to relate that deformation with
the collision of the Chilenia terrane, but is not
clear where the magmatic arc was located. Most
authors have agreed with the proposal of Cucchi
(1972), who dated by K-Ar the deformation
and low-grade metamorphism of western Precor-
dillera as Late Devonian. New Ar—Ar ages and
metamorphic studies confirm the age and the low-
grade metamorphism related to the collision (Bug-
gish et al. 1994; Robinson et al. 2005; Voldman
et al. 2009).

The main problem that has persisted since the
early proposal of Ramos et al. (1984, 1986) is the
polarity of subduction. These authors proposed an
eastern subduction, a criterion that was followed
by subsequent studies (see Willner et al. 2011, and
references therein). On the other hand, the hypoth-
esis of a western subduction beneath the Chilenia
terrane proposed by Astini et al. (1995) was fol-
lowed by Davis et al. (1999), Gerbi et al. (2002),
Heredia et al. (2012) and Gonzalez-Menéndez
et al. (2013), among others. The uncertainty about

the location and age of the magmatic arc make
these two alternatives difficult to reconcile. Heredia
et al. (2012) interpreted a Devonian arc developed
in the Frontal Cordillera based on the clasts found
in the Devonian (?) Vallecitos beds, but the ages
of this arc and these beds are not well constrained.
Since the peak of high-pressure metamorphism
occurred at 385-390 Ma (Willner et al. 2011) in
Middle Devonian times, and is related to the col-
lision of Chilenia and Cuyania, the arc inferred
from the Vallecitos clasts could be Late Devonian
and associated with east-dipping subduction from
the Pacific side. The other criterion to establish the
polarity of subduction is the dominant Chanic ver-
gence of deformation. Garcia-Sansegundo et al.
(2014a) describe a dominant west-vergence for the
early Palaeozoic rocks of the Frontal Cordillera
in the Cordén del Carrizalito region. Until the age
and location of the magmatic arc are established,
it will not be possible to address the polarity of the
subduction. Moreover, the propagation of the uplift
and deformation of the Frontal Cordillera produced
the syn-orogenic deposits of the Angualasto Group
in the Precordillera at the Early Carboniferous
(Limarino et al. 2006).

Gondwanian tectonic cycle (Mississippian—
Lopingian)

The Gondwanan units north of ¢. 33°S differ con-
siderably from those exposed south of this latitude
and will be described in two different segments.

Northern segment

North of ¢. 33°S the following Gondwanan units
were recognized from west to east on both sides of
the Andean Cordillera.

Accretionary prism rocks. Polyphase deformed
metamorphic rocks of the Choapa Metamorphic
Complex are exposed along or next to the coast
line, northwards of Los Vilos (Fig. 3). This com-
plex consists mostly of grey-coloured phyll-
ites, schists, fine-grained gneisses and metabasites
(Muiioz-Cristi 1942; Thiele & Hervé 1984; Hervé
1988; Hervé et al. 1988; Irwin et al. 1988; Godoy
& Charrier 1991; Rivano & Sepulveda 1991; Rebol-
ledo & Charrier 1994; Charrier et al. 2007; Hervé
et al. 2007; Richter et al. 2007; Willner et al.
2008, 2012; Garcia-Sansegundo et al. 2014b), with
protoliths of fine- to coarse-grained sedimentary
deposits for the phyllites, quartz-mica schists and
gneisses, and basic to ultrabasic volcanic rocks,
with occasional pillow structures, for the green-
coloured, amphibole schists. The Choapa Meta-
morphic Complex resulted from basal and frontal
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accretion in a subduction complex and has been
subjected to different P—7 metamorphic condi-
tions. The presence of phengite-rich muscovite
and garnet relics indicates the first stage of very
high pressures, probably in the subduction chan-
nel, followed by retrogression to greenschist facies
conditions. This occurred between 308 and 274 Ma
(from Late Pennsylvanian to the end of Cisuralian,
in the Early Permian) with a high-pressure—low-
temperature peak at c. 279 Ma (Willner et al. 2008,
2012). Exhumation and deformation, like broken
formation-type breccias (mélange-type 1 of Cowan
1985), of the metamorphic complex continued
during Mesozoic times and resetting events on min-
erals have ages that correspond to known exten-
sional or compressional Mesozoic events in this
region of the Andes (Willner et al. 2012). Recent
U-Pb Sensitive High Resolution Ion Micro Probe
(SHRIMP) age determinations on detritic zircons
from the Choapa Complex immediately north of
the region considered here indicate that sedimen-
tation occurred until at least Early Triassic and,
thus, that metamorphic processes affected the accre-
tionary prism until at least early Mesozoic times
(Emparan & Calderdn 2014).

Forearc basin deposits. Two sedimentary stages
have been recognized in the forearc region. In the
first one, the meta-sedimentary unit Agua Dulce
Metaturbidites, and the not metamorphic, strongly
folded turbiditic Arrayan Formation, were deposited
in a forearc basin (Rivano & Sepulveda 1991;
Rebolledo & Charrier 1994). These units have
maximum depositional ages of 337 and 343 Ma,
respectively (Willner et al. 2008). Supply of the
Arrayan Formation is from the NW and the deposits
accumulated on the western side of the basin in Car-
boniferous time (Rebolledo & Charrier 1994;
Willner et al. 2008, 2012). Platformal deposits of
the forearc Arrayan basin are exposed on the
eastern side of the basin in the present day western
Frontal Cordillera, intruded by granitoids of Cisura-
lian age (Elqui plutonic complex). These slightly
contact-metamorphosed deposits consist of a rhyth-
mic alternation of slates and sandstones of at least
1500 m thick, which have been included in the
Hurtado Formation (Mpodozis & Cornejo 1988).
These deposits are considered to be the prolongation
of a series of similar outcrops representing a trans-
gressive—regressive event, some of which further
north contain fossil remains indicating a Middle
Devonian to Mississippian age, and a provenance
of sediments from a volcanic source located to the
east and SE (Charrier et al. 2007 and references
therein). The continuous Devonian to Mississippian
sedimentation in the retrowedge Arrayan basin
(Charrier et al. 2007; Garcia-Sansegundo et al.
2014b) demonstrates that the Late Devonian

Chanic deformation did not affect the western
margin of the Chilenia terrane.

The second sedimentary stage occurred in third
stage of the Gondwanian cycle (Charrier et al. 2007)
and is characterized by coarse- to fine-grained,
fossiliferous marine deposits with turbiditic and
calcareous intercalations exposed close to the
coast, north of Los Vilos. The Quebrada Mal Paso
Beds and Huentelauquén Formation (Mufioz-Cristi
1973; Charrier 1977; Mundaca et al. 1979; Rivano
& Sepilveda 1983, 1985, 1991; Irwin et al. 1988;
Méndez-Bedia et al. 2009) unconformably overlie
the Arrayan Formation, and mark a major palaeo-
geographic change at the moment of deposition.
A maximum depositional age of 303 Ma was
obtained by Willner et al. (2008). Although Rivano
& Sepulveda (1983, 1985, 1991) favour a Late Pen-
nsylvanian to Cisuralian (Early Permian) age, other
authors consider that its fossil content indicates a
Permian (Fuenzalida 1940; Mufoz-Cristi 1942,
1968; Minato & Tazawa 1977; Thiele & Hervé 1984;
Mundaca et al. 1979) or a mid-Permian age (Diaz-
Martinez et al. 2000). A Guadalupian age would
be consistent with its maximum depositional age
of 303 Ma (Willner et al. 2008) and its unconform-
able superposition on the Arrayan Formation.

Main magmatic arc rocks. The magmatic arc is not
exposed in the study region, although it is well rep-
resented further north in the Frontal Cordillera,
between 29 and 31°S, where it forms the Elqui—
Limari and Chollay batholiths, and still further
north the Montosa—EIl Potro batholith (Nasi et al.
1985; Mpodozis & Kay 1990, 1992). The Elqui plu-
tonic complex includes series of plutons that range
in age from the Mississipian to the Late Triassic
(Hervé et al. 2014), indicating a protracted mag-
matic history in this region of the Frontal Cordillera.
New U-Pb ages obtained by Hervé er al. (2014)
plus those obtained by previous authors (Pankhurst
et al. 1996; Pineda & Calderén 2008; Coloma
et al. 2012) form four groups, falling into the Late
Mississipian, Late Pennsylvanian to Cisuralian,
Late Lopingian to Middle Triassic, and Late Trias-
sic, respectively. The second group with ages
between 301 and 284 Ma predates the San Rafael
orogeny, coincides in time with the evolution of
the Choapa metamorphic complex and corresponds
to the next Gondwanan unit to the east. Geochem-
ical features indicate development in a magmatic
arc associated with a subduction zone on a gradually
thickening crust.

The rhyolitic welded ash-tuffs and flows of the
Guanaco Sonso Formation (lower portion of the
Pastos Blancos Group) exposed in the Elqui drain-
age basin (c. 30°S) are related to this plutonic
activity. They yielded K—Ar biotite ages of
281 + 6, 262 + 6 and 260 + 6 Ma, and a U-Pb
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zircon age of 265.8 + 5.6 Ma, which except for
the first one correspond to the Guadalupian (Mar-
tin et al. 1999). Based on these ages, the Guanaco
Sonso Formation should instead be included in the
post-tectonic Guadalupian to early Lopingian third
stage of Gondwanian evolution of Charrier et al.
(2007) and thus be related to the Colangiiil plutonic
activity, which yielded ages between c. 279 and
c. 252 Ma (Sato et al. 1990; Sato & Llambias
1993, 2014), rather than to the pre-tectonic second
group of Hervé et al. (2014).

In the Elqui valley, immediately north of the
region considered here, K—Ar hornblende and
biotite age determinations in this batholith yielded
Permian ages of 297 + 9 and 258 + 4 Ma, respect-
ively (Nasi et al. 1985, 1990), which coincide within
errors with the age of the second group of Hervé
et al. (2014). These ages also coincide fairly well
with a recent U-Pb age determination of 282.7 +
5.8 Ma for a rhyolitic volcanic sequence that still
further north overlies the western El Transito Meta-
morphic Complex (Salazar et al. 2009). The felsic
character of these units makes it difficult to differen-
tiate them from each other and the wide age range
covered by them suggests that there existed a long
lasting felsic volcanic activity from at least Pen-
nsylvanian to Triassic times. Late Pennsylvanian
to Cisuralian activity corresponds to the second
group of Hervé et al. (2014) and is pre-tectonic rela-
tive to the San Rafael orogeny, whereas the Guada-
lupian to early Lopingian activity is post-tectonic.
The latter, according to its age, would correspond
to a volcanic activity coeval with intrusion of the
Colangiiil plutonic activity, deposition of the Huen-
telauquén Formation and the subduction-related
lower portion of the Choiyoi Group (Kay et al.
1989; Kleiman & Japas 2009). A third stage of
activity would include the felsic upper portion of
the Choiyoi Group in Argentina and the Matahuaico
Formation, exposed further west in Chile in the
Elqui river drainage, which has been assigned to
the early stage of the next tectonic Pre-Andean
cycle (Charrier et al. 2007).

Retroarc magmatic rocks. The Colangiiil batholith
and associated volcanic rocks are exposed north of
31°S to east of the previous arc rocks in the Cor-
dillera Frontal along the Argentine slope in the
province of San Juan. The batholith is composed
of several granitoids varying from granodiorites
to granites as the Los Puentes, Los Lavaderos, Las
Opeilas, Agua Blanca and Chita plutons (Sato et al.
1990), with K—Ar ages varying between 272 and
247 Ma (Sato & Llambias 1993). The coarse-
grained granodiorites have an Early to Middle
Permian age, and they are typically calc-alkaline
with magmatic arc affinities, associated with the
final stage of subduction in a retroarc setting, and

as early post-orogenic products respect to the oro-
genic San Rafael deformation (Sato & Llambias
1993). The granites are commonly fine grained
and characterized by granophyric textures con-
sistent with intrusions at shallow levels, and have
a transitional signature from calc-alkaline to alka-
line (A-type). They were interpreted as reflecting
an evolution to an extensional post-orogenic sett-
ing during Late Permian times. These granitoids
are associated with lava flows, ignimbrites and
tuffs of andesitic and rhyolitic composition, which
follow the same trend as the plutonic rocks. Based
on the geochemical characteristics, the calc-alkaline
series was assigned to a pre-Choiyoi field, typi-
cal of an arc setting, while the younger transi-
tional series was assigned to a Choiyoi field of
within-plate affinities in an extensional regime
(Kay et al. 1989).

Retroarc basin deposits. Several authors have
described the sedimentation in the retroarc region
of this segment of the Andes as part of the Calin-
gasta and Uspallata basins developed in the Fron-
tal Cordillera and the Precordillera, as well as an
intraplate basin known as the Paganzo basin devel-
oped between the Precordillera and the Sierras Pam-
peanas (Fig. 3) (Ramos et al. 1986; Lopez Gamundi
et al. 1994, among others). These authors recog-
nized two different stages separated by the San
Rafael orogenic deformation in the Middle Per-
mian. The first stage is unconformably overlying
the Devonian deposits and comprises mainly Late
Carboniferous to Early Permian sequences, where
a complete record of different glacial stages has
been recognized. The Early Carboniferous is only
preserved in the eastern Precordillera (Fig. 3)
where the Angualasto Group of mainly Visean age
recorded the first infills of the retroarc marine
basin with an early glacial stage (Fernandez-Seveso
& Tankard 1995; Limarino et al. 2013). The upper
part of the first stage comprises widely developed
marine deposits in the Precordillera, and recorded
the glacial diamictites, overlain by transgressive
postglacial shales (Pazos 2002; Limarino & Spal-
letti 2006). These transgressive facies were suc-
ceeded by deltaic and fluvial sequences bearing
coal beds where recent U-Pb ages indicate a late
Bashkirian age (Gulbranson er al. 2010; Spalletti
et al. 2012; Limarino et al. 2013).

The sequences above the San Rafael uncon-
formity of Early—Middle Permian age are mainly
volcaniclastic, pyroclastic and volcanic rocks asso-
ciated with the lower and upper parts of the
Choiyoi Group (Kay et al. 1989; Kleiman & Japas
2009). The lower part of the Choiyoi volcanic
rocks is subduction related, while the upper part cor-
responds to an extensional regime that controlled
the extensive rhyolitic plateaux in the foreland
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area (Mpodozis & Ramos 1989; Mpodozis & Kay
1992; Llambias 1999).

There is no agreement on the dominant tecto-
nic regime after the Late Devonian Chanic compres-
sive deformation. Fernandez-Seveso & Tankard
(1995) interpreted that the described sequences
reflect changes from transtensional to extensional
regimes. A similar extensional regime was proposed
by Astini (1996), Astini et al. (2011), and Martina
et al. (2011) for the Mississippian (348—-342 Ma)
based on the occurrence of rhyolites at about 28°S
in the southern Puna, coeval with the well-known
occurrence of A-type granites in the Sierras Pam-
peanas (Grosse ef al. 2009). On the other hand,
after the Chanic deformation during Middle to
Late Devonian times (Ramos et al. 1986) compres-
sional deformation and flexural loading produced
the foreland basin where the Mississippian deposits
of the Angualasto Group and El Ratén Formation
have accumulated (Heredia et al. 2012). As a
result of this deformation, the Protoprecordillera
was uplifted and remained as a positive area until
the end of the Carboniferous, when it collapsed by
extensional faulting (Limarino et al. 2013).

Southern segment

South of 33°S and further south of the considered
region, four Gondwanan units are exposed con-
tinuously paralleling the coast from west to east
(see Fig. 3): a metamorphic complex; a north—
south elongated Coastal Batholith that intrudes
the former; an extensive batholith emplaced in the
Frontal Cordillera; and an extensive volcanic epi-
sode in the Frontal Cordillera and further east in
the San Rafael Block (Fig. 3) represented by the
Choiyoi Group.

Metamorphic complex. In this segment the meta-
morphic complex includes the eastern and a west-
ern series that form a paired metamorphic belt
(Gonzalez-Bonorino 1970, 1971; Gonzalez-Bonor-
ino & Aguirre 1970; Aguirre et al. 1972; Hervé
et al. 1974, 1984, 2003, 2013; Hervé 1977; Kato
& Godoy 1995; Willner 2005; Willner et al. 2004,
2005, 2008; Glodny et al. 2005, 2006, 2008), inter-
preted recently as the result of frontal and basal
accretion in a subduction system, respectively
(Richter et al. 2007; Willner et al. 2008).

The western series, which was deposited shortly
after the eastern series (Hervé et al. 2013), con-
sists of polyphase deformed and metamorphosed
sandstones and pelites, metacherts, metabasites,
occasionally with pillow structures and scarce
serpentine bodies, formed by basal accretion under
a higher P-T metamorphic gradient, while the
eastern series consists mainly of polyphase defor-
med metaturbidites, with recognizable primary

structures and lenses of calc-silicate rocks, depos-
ited in a retrowedge or forearc basin, metamor-
phosed by a low P-T gradient (Glodny et al.
2006; Richter et al. 2007; Hervé et al. 2013). All
SHRIMP U-Pb age determinations on igneous det-
rital zircons from the accretionary complex yielded
peaks older than Mesozoic. The youngest peak
obtained from the eastern series was dated at 330—
345 Ma, while the youngest peak in the western
series was dated at 307 Ma (Hervé et al. 2013).
All these ages are older or coeval with the Coastal
Batholith, and coincide with ages determined for
the Agua Dulce metaturbidites and the non-
metamorphic Arrayan Formation north of c. 33°S,
respectively. Moreover, ages of detrital zircons in
both series indicate a major input from the Famati-
nian orogenic belt and subordinately from Pam-
pean and Grenvillian sources (Hervé ef al. 2013).

Ar—Ar dating of white mica in the metamorphic
series indicates for the western series a peak of
high-P—T metamorphism between 320 and 288 Ma
and for the eastern series a peak of high-temperature
metamorphism between 302 and 294 Ma (Willner
et al. 2005). According to the age and the con-
tact metamorphism affecting the eastern series, the
sedimentation, at least in the western series, began
before emplacement of the Coastal Batholith (see
below).

South of the Lanalhue lineament (c. 38°S) con-
ditions seem to have been different from those to
north of this latitude. Here the metamorphic com-
plex bends to the east and consists mainly of the
western series, which is here much younger than
further north (Hervé er al. 2013).

Deposits in the Coastal Cordillera close to
Concepcion, in the southern part of the considered
region, form the newly proposed Patagual—El Ven-
ado unit (Mardonez et al. 2012). These deposits
overlie unconformably the eastern series and are
unconformably covered in the Bio Bio valley by
the marine, Carnian Santa Juana Formation (Nielsen
2005). This unit consists of a tightly folded and
slightly metamorphosed (epizone close to the anchi-
zone) alternation of pelitic and thick psamitic lay-
ers, which differentiates them from the eastern
series and the overlying early Late Triassic depos-
its. Its loosely constrained age, between the Early
Permian (age of the thermal metamorphism in
the eastern series of the metamorphic complex,
south of 33°S) and the early Late Triassic Santa
Juana Formation makes its age assignment difficult.
Considering that this unit overlies the eastern
series, which was affected by thermal metamorph-
ism between 302 and 294 Ma (Willner et al.
2005), its maximum age is early Sakmarian, in the
Early Permian. According to the lithologic descrip-
tion, strong deformation and low-grade metamor-
phism, which are reminiscent of the Agua Dulce
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metaturbidites and the Arrayan Formation, we sug-
gest that the tectonic setting for this unit is the late
Palaeozoic forearc or retrowedge basin. Another
possibility is that these deposits accumulated in
a rift basin during the first stage of the Pre-
Andean cycle.

Its strong deformation and low metamorphic
grade suggest that the Lopingian to Early Triassic
deposits close to the continental margin would at
that time still have been affected by processes
related to subduction activity, as has been shown
by the presence of Triassic detritic zircons in rocks
of the Choapa Metamorphic Complex (Emparan &
Calderdn 2014).

Coastal batholith. This batholith consists of a series
of plutons of calc-alkaline character, meta- to
peraluminous composition, and granitic to quartz-
dioritic lithologies exposed along the Coastal Cor-
dillera, between 33 and 38°20'S, intruding to the
east the metamorphic complex (Fig. 3). Further
south (38°S), the batholith curves to the east and
can be followed southwards along the Principal
Cordillera. This shift is probably controlled by the
NW-orientated Lanalhue lineament (Glodny et al.
2008; Hervé et al. 2013). According to the recent
SHRIMP U-Pb age determinations, the Coastal
Batholith was emplaced in a c. 19 Ma period,
between 319.6 + 3.3 and 300.8 + 2.4 Ma, in Penn-
sylvanian time, according to Deckart et al. (2014).
This age differs considerably from the ages recently
obtained by Hervé et al. (2014) for the Elqui pluto-
nic complex, which fall into the Early Permian
(Cisuralian; 301-284 Ma). Ages for the metamor-
phic peaks on the western series indicate that meta-
morphism overlapped with emplacement of plutons
of the Coastal Batholith (Hervé et al. 2013).

Frontal Cordillera batholith

Further east, along the Frontal Cordillera, there are
several granitoid stocks and batholiths, exposed
south of 33°S latitude (Fig. 3). These granitoids
outcrop from the Cordén del Plata to the Cordén
del Portillo region, and continuous further south
until the Rio Diamante valley. They have been
described by Polanski (1964, 1972) and Caminos
(1965) as typical calc-alkaline metaluminous grani-
toids emplaced in the Carboniferous deposits.
Petford & Gregori (1994) and Gregori et al. (1996)
compared this belt of Frontal Cordillera granitoids
with the Coastal Batholith of Peru and concluded
that they share similar La/Yb ratios, Al,O; contents
and several petrographic characteristics that show a
typical subduction setting. These authors interpreted
these granitoids as emplaced in a several thousand
metres-thick sedimentary sequence formed in an
extensional regime. The first U-Pb ages of the

Frontal Cordillera of this segment were presented
by Orme & Atherton (1999), ranging in age
between 276 and 262 Ma and with eNd between
—2.5 and —3.5. These postectonic granitoids were
also recognized in the Frontal Cordillera by
Gregori & Benedini (2013), who interpreted these
Cisuralian and Guadalupian granodiorites, tonalites
and monzogranites of I-type as emplaced sub-
sequent to the San Rafael orogeny that closed the
Carboniferous basin between 284 and 276 Ma.
The new ages seem to discard the presence of Car-
boniferous granitoids in this sector of Frontal Cor-
dillera assumed by Caminos (1979).

Choiyoi volcanic rocks. These volcanic rocks,
recognized in this segment of the Andes by Groe-
ber (1953), are widely represented in the Frontal
Cordillera and further east in the San Rafael Block
as well as in the foothills of western Sierras Pam-
peanas. The volcanic rocks of the Choiyoi Group
formed after the San Rafael tectonic phase. This
group is subdivided into two essentially different
units. A lower unit consisting of volcanic rocks
of basic to intermediate composition and calc-
alkaline signature (Poma & Ramos 1994) developed
in late Cisuralian and Guadalupian times in an arc
setting in association with subduction of oceanic
lithosphere, an upper volcanic unit consisting of
silicic volcanic and volcaniclastic deposits and sub-
volcanic intrusives derived from crustal melting
under extensional tectonic conditions deposited in
Lopingian to Anisian times (Kay et al. 1989; Mpo-
dozis & Kay 1990, Llambias et al. 1993, 2003;
Llambias & Sato 1995; Spalletti 1999; Martinez
2005; Martinez et al. 2006; Giambiagi & Martinez
2008). New U-Pb ages have been presented by
Rocha Campos et al. (2011), which confirm a Gua-
dalupian age for this section of the older Choiyoi
volcanic rocks. The partly coeval age of this older
Choiyoi unit with deposition of the Huentelauquén
deposits, its location further east of the retrowedge
or foreland basin, and its calc-alkaline signature
indicate that it corresponds to a subduction related
magmatic arc developed during closure of the retro-
wedge basin and uplift of the continental margin at
the final stage of Gondwanan evolution (third stage
of Charrier et al. 2007). The younger Choiyoi unit
has, in turn, been assigned to the next pre-Andean
tectonic cycle.

Gondwanan tectonic evolution

Based on the marked difference between the regions
north and south of 33°S, it is difficult to reconcile
the late Palaeozoic tectonic evolution of the two
regions in one single coherent model, which is evi-
dence that more information is necessary to solve
this problem. However, some general conclusions
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can be drawn on the basis of the available infor-
mation. The post-Devonian age of the units
described from the western slope of the Andes
suggests that these developed on the rear side of
Chilenia. The recent chronologic data for the meta-
morphic complexes and plutonic belts north and
south of 33°S indicate that:

(1) Maximum depositional ages for the deposits
accreted by basal and frontal accretion in
both regions are approximately the same;
however, the peaks of high P—T metamorph-
ism in the paired belt, south of 33°S, are
older than in the Choapa Metamorphic Com-
plex, to the north of this latitude.

(2) Emplacement of the Coastal Batholith, south
of 33°S, is older (Pennsylvanian) than the
Elqui plutonic complex (Cisuralian), in the
Frontal Cordillera, north of 33°S. This evi-
dence indicates that the Choapa Complex
and the paired metamorphic complex south
of 33°S probably belong to two different
accretionary complexes, and that the plutonic
belts correspond to two different subduction-
related magmatic arcs.

(3) The late stage of emplacement of the Elqui
plutonic complex in late Cisuralian and Gua-
dalupian times is coeval with sedimentation
of the Huentelaugén Formation, in the retro-
wedge basin, and the lower Choiyoi Group
would thus correspond to the extrusive pro-
ducts of the magmatic arc.

Additionally, two features — the narrow width of
the outcrops of the western series north of the
NW-orientated Lanalhue lineament (c. 38°S) and
the considerably wider outcrops of this series to
the south of the lineament that interrupts the south-
ward prolongation of the Coastal Batholith and
apparently caused its bend towards the Principal
Cordillera (Hervé et al. 2013), and the much
younger depositional age of the western series to
the south of the lineament containing abundant
Permian detrital zircons (Hervé et al. 2013) -
suggest that: (a) the accretionary complex was con-
siderably wider than the present day outcrops; (b)
its age is younger towards the SW; and (c) the prob-
able orientation of the accretionary complex and the
Gondwana coast was NNW—SSE.

Although there is no consensus on the tectonic
regime during the Carboniferous, there is agreement
that the San Rafael orogeny caused in Early to
Middle Permian (late Cisuralian to early Guadalu-
pian) generalized uplift of the region (Ramos
1988b; Mpodozis & Kay 1992; Lopez Gamundi
et al. 1994; Limarino et al. 2006, 2013; Giambiagi
et al. 2011; Willner er al. 2008, 2012; Garcia-
Sansegundo et al. 2014a, among others). This tec-
tonic event was responsible for deformation of the

Arrayan Formation in the forearc (Charrier er al.
2007) and the cataclastic fabric in the El Volcan plu-
tonic unit of the Elqui plutonic complex (Mpodozis
& Kay 1990).

It has been proposed that the late Palacozoic
evolution of this sector of the Andes can be
explained by a period of subduction in the Carbon-
iferous times associated with extension after the
Chanic compressive orogenic episode in the Mid-
dle to Late Devonian, with an active subduction-
related magmatic arc. This arc expanded and
migrated towards the foreland, reaching the Cen-
tral Precordillera and the western side of the
Sierras Pampeanas during Early Permian times,
associated with the San Rafael orogenic defor-
mation. Subsequent extension and formation of
extensive rhyolitic plateaux were associated with
delamination of the lower crust owing to injection
of hot anhydrous asthenosphere. These processes
were previously interpreted as produced by oro-
genic collapse and slab break-off by Mpodozis &
Ramos (1989), Kay et al. (1989) and Mpodozis &
Kay (1992). However, this evidence together with
the new available U-Pb ages favour the interpret-
ation advanced by Ramos & Folguera (2009),
where these episodes can easily be explained by a
period of slab shallowing followed by steepening
of the subduction zone, as proposed by Martinez
et al. (2006).

Pre-Andean tectonic cycle (Lopingian—late
Early Jurassic)

The term Pre-Andean is used for a period of arrested
or very slow subduction during which extensional
tectonic conditions prevailed following deformation
of the Late Permian deposits, closure of the retro-
wedge or forearc basin, exhumation of the continen-
tal margin and intense erosion on the Palaeozoic
units. Groeber (1922) presented the first description
of these deposits along the continental margin.
Extensional conditions on the thickened crust of
the continental margin determined the reactivation
of pre-existent weakness zones like the sutures of
the Palaeozoic terranes accreted to western Gond-
wana (Ramos & Kay 1991; Ramos 1994). The
weakness zone defined a different palaecogeographic
organization compared with those that prevailed
earlier and later, that is, in the Gondwanan and
Andean tectonic cycles, consisting of NW-trending
rift basins (Charrier 1979; Uliana & Biddle 1988;
Suarez & Bell 1992) (Fig. 4). Additionally, exten-
sion favoured the development of a widely distribu-
ted felsic magmatism that resulted predominantly
from intense crustal melting (upper Choiyoi mag-
matic province; Rapela & Kay 1988; Kay et al.
1989; Llambias 1999; Spalletti 1999). End of this
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cycle is marked by resumption or more intense sub-
duction activity along the continental margin and
development of the Early Jurassic magmatic arc.
The pre-Andean cycle reflects the tectonic con-
ditions determined by the assembly of Gondwana,
but also the initial processes that later resulted in
its breakup.

Generalized extension and the existence of
weakness zones (sutures) on the continental mar-
gin resulted in the development of the following

basins and successions of associated basins (Fig.
4): (a) El Quereco—Los Molles, next to the coast, at
c¢. 32°S; (b) La Ramada, further east in the high
Andes, (c) Cuyo, in the Precordillera and Andean
foreland, in the San Juan—Mendoza region; (d)
Bermejo, SW of La Rioja, in the northeastern San
Juan province; and (e) Curepto—Bio Bio—Temuco,
further south, which extends south-southeastwards
from the coast up to the high Andes, at 40°S.
Deposits in these basins are generally marine next
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Fig. 4. Generalized palacogeographic sketch for the Triassic in the Andean region of Argentina and Chile. (a) Southern
part of South America showing in grey the approximate distribution of the basins, based on Uliana & Biddle (1988).
Rectangle corresponds to the area represented in (b). (b). Distribution of the marine and continental deposits in the
Triassic basins. 1, Marine deposits; 2, continental deposits; 3, observed basin bounding faults; 4, inferred faults. A,
Profeta—La Ternera, basin; B, San Félix—Rivadavia basin; C, La Ramada basin; D, El Quereo—Los Molles basin; E,
Curepto—Bio Bio—Temuco basin; F, Bermejo basin; and G, Cuyo basin; based on Charrier et al. (2007).
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to the coast and continental towards their south-
southeastern prolongation. The extensional faults
that control the basins in Chile have not been
clearly identified and the structural pattern is cer-
tainly more complicated than represented here. In
Argentina, sedimentary polarity, seismic data and
structural analyses indicate that some of the basins
consist of hemigrabens (Milana & Alcober 1994;
Lépez Gamundi 1994).

Two rift stages have been detected in the
evolution of the Pre-Andean cycle, each one con-
sisting of a phase of tectonic subsidence followed
by a phase of thermal subsidence (Charrier
et al. 2007), a model that coincides with the one
developed by Milana & Alcober (1994) and
Milana (1998) for the Bermejo basin, in Argentina
(Fig. 4). According to Charrier et al. (2007), in
Chile, the first stage would have begun in Lopingian
times (Late Permian) and ended by Ladinian to
Carnian times (Middle Triassic to early Late Trias-
sic), while the second one would have lasted
from Late Triassic (post-Carnian) to Pliensbachian,
in Early Jurassic times. Each phase of tectonic
subsidence would have been accompanied by a
pulse of felsic volcanism followed by marine or con-
tinental deposits, depending on the distance from
the Triassic coast.

Sedimentary deposits of the first stage are known
in the Coastal Cordillera north of 32°S in the El
Quereo—Los Molles basin. These consist of a series
of marine outcrops that can be grouped into the
El Quereo Formation (Mufoz-Cristi 1942, 1973;
Cecioni & Westermann 1968; Mundaca et al.
1979; Irwin et al. 1988; Garcia 1991; Rivano &
Sepulveda 1991). These deposits reveal an Early?
to Middle Triassic transgression—regression sedi-
mentary cycle beginning with breccias and separ-
ated from the deposits of the second stage by the
thick felsic volcanic and volcaniclastic Pichidangui
Formation, associated with initiation of the second
tectonic subsidence phase of the pre-Andean cycle.

Second-stage deposits have a latest Triassic to
Early Jurassic age and therefore correspond to the
late portion of the second stage, probably to the
thermal subsidence phase occurring after the felsic
volcanic event (Charrier et al. 2007). In the high
Andes, at 31°S, Early Jurassic transgressive marine
deposits of the Tres Cruces Formation are exposed
overlying conformably the Late Triassic, continen-
tal, sedimentary and volcanic Las Breas Formation.
This formation contains rests of Dicroidium flora
and was recently dated at 219.5 + 1.7 Ma (Norian)
(U-Pb SHRIMP zircon crystallization age) on a
dacitic volcanic breccia from the base of the for-
mation (Hervé et al. 2014). The Las Cruces For-
mation is in turn covered by backarc volcanic and
volcaniclastic deposits of the Late Jurassic Algar-
robal Formation (Dedios 1967; Letelier 1977;

Mpodozis & Cornejo 1988; Pineda & Emparan
2006). At the coast, at 32°S, overlying the Pichidan-
gui Formation, is the transgressive—regressive Los
Molles Formation (Cecioni & Westermann 1968;
Bell & Suarez 1995). The mostly marine deposits
of the second stage, exposed along the Coastal
Cordillera, south of 35°S, overlie, between 35 and
36°15'S, silicic volcanic deposits assigned to the
bimodal volcanic Pichidangui Formation (Vicente
1974; Vergara et al. 1995) (La Totora—Pichidangui
volcanic pulse) related to the upper Choiyoi mag-
matic province (Charrier et al. 2007). Further south
of 36°15'S, they rest on Palaeozoic intrusive and
metamorphic rocks (Fig. 3). The presence of a
rather continuous series of marine deposits assigned
to the second stage along the Coastal Cordillera,
between 35 and 37°S (Curepto—Bio Bio—Temuco
basin; see Charrier et al. 2007, Fig. 3.11, p. 39),
suggests that the region covered by marine deposits
during the thermal subsidence phase of the second
stage was considerable and that the sea extended
beyond the faults that controlled subsidence of
the basin. We assign the marine Retian Malargiie
rift deposits on the eastern versant of the Principal
Cordillera, in Argentina, at c¢. 36°S (Riccardi &
Iglesia Llanos 1999) (Fig. 4) to the earliest rift
stages of the Jurassic backarc basin rather than to
the second stage of the Pre-Andean cycle as pre-
viously proposed by Charrier e al. (2007). These
deposits belong to one of the depocentres related
to the Neuquén basin (Fig. 5).

Continental Triassic to Early Jurassic depos-
its were accumulated in the south-southeastward
prolongation of the basins or in smaller isolated
basins. These contain generally abundant volca-
nic and volcaniclastic deposits, like the Carnian—
Norian Los Tilos sequence in the high Andes, at
¢. 30°S, somewhat north of the considered region
(Martin et al. 1999), probably deposited in the pro-
longation of the San Félix basin (see Charrier et al.
2007, Fig. 3.11, p. 39). Other deposits apparently
filled separated basins, li,ke the La quada, in
the high Andes, at 32°S (Alvarez 1996; Alvarez &
Ramos 1999), the various depocentres of Cuyo
basin located in the Frontal Cordillera, Precordil-
lera and Andean foreland, between 31 and 36°S
(Legarreta et al. 1992; Kokogian et al. 1993, 1999;
Manceda & Figueroa 1995; Barredo et al. 2012),
and the depocentres in the Sierras Pampeanas
(Milana & Alcober 1994; Milana 1998), between
29 and 33°S (Fig. 4).

The best dated deposits are in the Cuyo basin in
the Potrerillos depocentre, and were included in the
Uspallata Group. These are separated from Devo-
nian turbiditic deposits (Villavicencio Formation)
and volcanic rocks of the Choiyoi Group by a
normal fault and unconformably overlain by Mio-
cene foreland deposits of the Marifio Formation.
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Fig. 5. Main depocentres of the Triassic—Early Jurassic rifts with the location of Alto del Tigre High (after Giambiagi

et al. 2003b).

The Uspallata Group forms a 1385 m-thick con-
tinental sedimentary succession rich in fossil
plants consisting of the following formations, from
bottom to top (Spalletti et al. 1999, 2005, 2008):
Rio Mendoza (314 m; Anisian; 243 4+ 4.7 Ma;
Avila et al. 2006), Cerro de las Cabras (190 m),
Potrerillos (735 m; late Middle to early Late

Triassic; 239.2 + 4.5, 239.7 + 2.2 and 230.3 +
2.3 Ma), Cacheuta (44 m; early Late Triassic) and
Rio Blanco (102 m). The succession consists at the
bottom and top of alluvial conglomerates and in
the middle part of fluvial medium- to fine-grained
deposits with tuff intercalations. The Rio Mendoza,
Cerro de las Cabras and Potrerillos formations
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correspond to the syn-rift phase of the basin, while
the two upper units correspond to the sag phase. A
rich fossil flora recovered in the Potrerillos and
Cacheuta formations was used to propose a bio-
zonation of the whole Triassic (Spalletti et al.
1999, 2005).

However, recent precise U-Pb dating in zircons
from the Rincén Blanco, one of the northern depo-
centres of the Cuyo basin, has presented new ages
from the base to the top of the sequence (Barredo
et al. 2012). The SHRIMP age obtained for the
base is 246.4 + 1.1 Ma; the middle sequences
yielded a SHRIMP age of 239.5 + 1.9 Ma and
Laser Ablation age of 238.0 + 5.4 Ma; and the
top, for both methods yielded 230.3 + 1.5 and
230.3 + 3.4 Ma (Barredo et al. 2012). These geo-
chronological data, which are similar to those for
the Potrerillos depocentre, indicate that almost the
whole sedimentation is circumscribed to the Mid-
dle Triassic and the base of the Late Triassic, reach-
ing neither the Norian nor the Rhaetian. The age
differences observed between the Pre-Andean evol-
ution in Chile and Argentina possibly indicate that
extension began earlier in Chile than in Argentina.
However, more precise chronological support is
needed to make this decision.

Deposits in the Coastal Cordillera close to Con-
cepcion, in the southern part of the considered
region, form the newly proposed Patagual-El
Venado unit (Mardonez et al. 2012). These deposits
overlay unconformably the eastern series and are
unconformably covered in the Bio Bio valley by the
marine, Carnian Santa Juana Formation (Nielsen
2005). This unit consists of a tightly folded and
slightly metamorphosed (epizone close to the anchi-
zone) alternation of pelitic and thick psamitic layers,
which differentiates them from the eastern series
and the overlying early Late Triassic deposits. Its
loosely constrained age, which must be younger
than the Early Permian, which is the age of the
thermal metamorphism on the eastern series of
the metamorphic complex, south of 33°S (between
302 and 294 Ma; Willner et al. 2005), and older
than the early Late Triassic Santa Juana Formation,
makes its age assignment difficult. According to
these considerations, these deposits could corre-
spond to (a) Permian forearc basin accumulations
equivalent to the Huentelauquén Formation (third
stage of the Gondwanan cycle) or (b) Latest Per-
mian to Early Triassic deposits, which in this case
would have accumulated during the first stage of
the Pre-Andean cycle and, therefore, represent evi-
dence for rifting in the first stage of the Pre-Andean
cycle in this region.

In the Elqui plutonic complex, in the Frontal
Cordillera north of 33°S, the plutonic and subvol-
canic units included in the Late Lopingian to Mid-
dle Triassic age group (264-242 Ma) of Hervé

et al. (2014) (Ingaguas superunit of Mpodozis &
Kay 1990, 1992) represent the intrusive equival-
ents of the felsic upper Choiyoi Group (Nasi et al.
1985; Mpodozis & Kay 1990) and possibly of the
Mathuaico Formation. These plutons, along with
the Laguna gabbro, form an epizonal association
of intrusive rocks derived from deep, garnet-bearing
levels in a thickened crust, and hypersilicic, calc-
alkaline to transitional A-type granites (Nasi et al.
1985, 1990; Mpodozis & Cornejo 1988; Mpodozis
& Kay 1990, 1992). These units consist predom-
inantly of biotite—hornblende granodiorites and
monzogranites, and syenogranites; graphic granites
are known from the youngest El Colorado units. The
given age range comprises a 22 Ma time lapse that
goes from the Capitanian (late Middle Permian) to
the Anisian/Ladinian boundary (Middle Triassic),
and therefore coincides with the first stage of the
Pre-Andean cycle.

Norian and somewhat younger Triassic ages
have been also obtained along the coast: (a) in
the northern part of the considered region in the
A-type to transitional Altos de Talinay Plutonic
Complex (Gana 1991; Emparan & Pineda 2006;
Emparan & Calder6én 2014), and further south in
the Tranquilla and Millahue units (Parada
et al. 1988, 1991, 1999, 2007; Rivano & Septlveda
1991); (b) in the Norian ‘Dioritas Gnéisicas de
Cartagena’ (Gana & Tosdal 1996), next to San
Antonio, at 33°30'S, and (c) in the Norian fayalite,
anorogenic A-type Cobquecura pluton (Vasquez &
Franz 2008). All these widely distributed plutonic
units demonstrate the great regional extension of
the Choiyoi Magmatic Province.

Andean tectonic cycle (late Early
Jurassic—present)

The beginning of this long-lasting cycle was deter-
mined in Chile by the initiation of subduction-
related volcanism in the late Early Jurassic
(Pliensbachian) (Charrier et al. 2007, and references
therein). However, on the eastern versant of the
Andes in central Argentina, a post-Choiyoi exten-
sional event occurred in the Late Triassic that
formed new depocentres in the region where later
the backarc basin developed during Jurassic times.
This extensional event and the initiation of sedi-
mentation in the backarc region are considered in
Argentina to mark the beginning of the Andean
cycle. Thus, the age of the beginning of this cycle
remains a question that needs further investigation:
(a) do the Late Triassic deposits in Argentina belong
to the second stage of the Pre-Andean cycle; or
(b) did the new geodynamic conditions at this
moment cause extension of the continental margin
already in the Late Triassic, whereas subduction
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magmas reached the surface of the crust somewhat
later in Pliensbachian time?

The Pre-Andean cycle, which began with
renewal or intensification of subduction underneath
the central Argentine—Chilean continental margin,
reflects evolution of the continental margin during
continental breakup and continental drift (Fig. 1).
Subduction created conditions for arc magmatism,
active almost uninterruptedly right through to the
present day, and extensional tectonic conditions
along the continental margin. During early evol-
ution of this cycle (Pliensbachian to late Early or
early Late Cretaceous), in northern and central
Chile, the arc was located along the present day
Coastal Cordillera, parallel to the western margin
of Gondwana with a backarc basin on its eastern
side. In contrast, the later evolution (Late Cre-
taceous and Cenozoic) is characterized by gradual
eastward shift of the magmatic arc and by the devel-
opment of retroarc foreland basins on the eastern
side of the arc. These two major periods corre-
spond to the Early and Late periods, respectively,
described by Coira et al. (1982) for this tectonic
cycle. However, each of these periods can be subdi-
vided into shorter stages, which can be differen-
tiated from each other by major palacogeographic
changes (Fig. 1). These changes are a consequence
of major modifications of the convergence and sub-
duction pattern in this region.

Early period (Pliensbachian-late Early
Cretaceous)

The early period of the Andean tectonic cycle ended
in late Early or early Late Cretaceous with the Per-
uvian tectonic phase (Fig. 1) that caused a consider-
able crustal thickening, major palacogeographic
reorganization and modification of the tectonic
regime in this Andean region (Coira et al. 1982;
Mpodozis & Ramos 1989). Evolution of this early
period in central Chile and Argentina is character-
ized by a dominating extensional tectonic regime,
a rather thin crust, the development of a magmatic
arc slightly oblique to the present day Pacific coast
and a backarc basin on its eastern side (Mpodozis
& Ramos 1989, 2008; Ramos 2010). This orien-
tation of the arc—backarc basin palacogeographic
pair suggests that the late Proterozoic and Palaeo-
zoic sutures and other major structures along the
western margin of Gondwana still exerted a con-
trol on the tectonic evolution of this region. The tec-
tonic evolution was further controlled by a rather
loose plate coupling (negative trench roll-back)
caused by the subduction of a considerably old
and dense oceanic plate that had remained practi-
cally quiet during the pre-Andean cycle.

The two stages in which this Early period
has been subdivided are reflected in the late Early
to Late Jurassic and latest Jurassic to late Early Cre-
taceous by two magmatic episodes along the arc
and two transgression—regression cycles in the
backarc. This separation is clear for the backarc
basin deposits, although it is less evident for the
arc deposits and plutonic units. However, the pluto-
nic units of the second stage are slightly shifted
to the east of the plutonic units of the first stage (Ser-
nageomin 2002). In the arc region, the beginning of
this cycle is defined by the first appearance of sub-
duction related lavas covering and interrupting
sedimentation of the westernmost marine deposits
of the second stage of the pre-Andean cycle (i.e.
Pan de Azucar, Profeta and Los Molles formations;
see Charrier et al. 2007), whereas in the eastern
flank of the Andes it seems to have begun before.
In fact, structuration of the backarc basins of the
Early Period began there in the latest Triassic—
earliest Jurassic (Pre-Cuyano sedimentary cycle),
suggesting that the tectonic conditions (tectonic
subsidence) had changed before the subduction-
related magmas could reach the surface. The first
stage (late Sinemurian—Pliensbachian to Kimmer-
idgian) is characterized by intense activity in the
arc and development of a transgressive—regressive
marine cycle in the backarc basin. At the end of
this stage a second phase of tectonic subsidence fol-
lowed by thermal subsidence began. This second
stage (Kimmeridgian to Aptian—Albian) is charac-
terized by apparently less activity in the arc, and
by a second transgression—regression marine cycle
in the backarc basin.

Palacogeography during this Early Period was
apparently controlled by NNW-orientated struc-
tures, somehow like in the Pre-Andean cycle. This
is demonstrated by the reduction in the width of
the presently remaining arc towards the north, and
its almost complete absence in the Arica region,
in northernmost Chile. This plus the eastward
shift of the magmatic arc in the second stage,
allows identification in the second stage and south
of ¢. 30°S (latitude of La Serena) of another depo-
centre, the Lo Prado basin, located west of the arc
(i.e. in the Coastal Cordillera) and therefore in a
forearc position (Charrier 1984; Charrier et al.
2007). Additionally, in this region, the backarc
basin, which is known as the Mendoza—Neuquén
basin, gradually bends southeastwards, and becomes
considerably wider than further north. This basin,
which extends eastwards into Argentina, represents
the southernmost part of the Jurassic—Early Cre-
taceous backarc basin, which is traceable with-
out interruption along the eastern side of the
magmatic arc from at least southern Ecuador to
southern Argentina, at c. 40°S, and, possibly, still
further south (Vicente 2005).
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First stage (Pliensbachian—Kimmeridgian)

Magmatic arc. Along the coast a wide swath con-
sisting mostly of Middle—Late Jurassic and Early
Cretaceous plutons and associated volcanic units
represents the arc activity (Fig. 3). In the northern
part of the study region, Jurassic plutonic units
can be continuously followed up to 34°S (Fig. 3).
Further south, exposures are patchy, up to 38°S,
where they begin to occur further east, in the high
Andes, following the bend formed by the Palaeo-
zoic units (south of the region included in Fig. 3;
see Sernageomin 2002, for more detail). North of
33°S, they consist of monzodiorites and granodio-
rites of Late Jurassic age assigned to the Puerto
Oscuro and Cavilolén units, with Sr initial ratios
of 0.7034 and 0.7035 (Parada et al. 1988; Rivano
& Sepulveda 1991). These initial ratios, being lower
than those obtained in the Late Triassic Tranquilla
and Millahue units (0.7063 and 0.7050), indicate
a different magma source directly derived from
the upper mantle and associated with the recently
renewed subduction activity. South of 33°S, they
consist of several units (Laguna Verde, El Sauce,
Pefivelas, Limache and Lliu-Lliu) comprising I-
type, calc-alkaline diorites, tonalities, granodiorites
and granites (Gana & Tosdal 1996). According to
these authors, intrusion of these units occurred in
only 6 myr, between 162 and 156 Ma (Oxfordian
to Kimmeridgian times), implying a very rapid
pulse of ascent of large amounts of magma. This
magmatic pulse can be related to the event of rift-
associated subsidence that facilitated extrusion of
magmas in the backarc at this time (see Oliveros
et al. 2012; Rossel et al. 2013) and permitted the
marine ingression in the backarc basin.

Volcanic deposits associated with the Juras-
sic arc are well exposed in the Coastal Cordillera
south of 31°S (Fig. 3). These are the Middle—Late
Jurassic Ajial Formation (Thomas 1958; Piracés
1977; Vergara et al. 1995) and the Late Jurassic
Horqueta Formation (Piracés 1977), separated from
each other by the Middle Jurassic marine Cerro
Calera Formation (Piracés 1976; Nasi & Thiele
1982) that represents a westward advance of the
backarc deposits into the arc domain. Further south,
at 35°S, the Jurassic arc volcanic activity is rep-
resented by the Middle Jurassic Altos de Hualmapu
Formation (Morel 1981). The mentioned arc depos-
its conformably overlie Sinemurian marine depos-
its assigned to the late stage of the pre-Andean
cycle in the Curepto region (Thiele 1965). The Hor-
queta volcanic activity coincides with the rapid
plutonic pulse detected by Gana & Tosdal (1996)
in the Coastal Cordillera west of Santiago (see
above). The Jurassic arc formed a rather low
relief, which probably indicates high rates of subsi-
dence (Oliveros et al. 2007; Charrier et al. 2007).

Backarc  deposits. The first transgression—
regression cycle (first stage) in the backarc basin
in this region is represented on the western side of
the cordillera by the following marine deposits,
from north to south: (a) lower member of the Lagu-
nilla Formation (Aguirre 1960); (b) Rio Colina
Formation (Thiele 1980); (c) Nieves Negras For-
mation (Alvarez et al. 1997; Charrier et al. 2002)
formerly Leflas—Espinoza Formation of Klohn
(1960) and Charrier (1982); (d) Nacientes del
Teno Formation, at 35°S (Klohn 1960) and 36°S
(Muiioz & Niemeyer 1984); (e) Valle Grande For-
mation (Gonzalez & Vergara 1962), at 35°30'S;
and (f) Nacientes del Bio Bio Formation (De la
Cruz & Suarez 1997; Suarez & Emparan 1997), at
38°30'S. The base of these formations is not
exposed, except for the Nacientes del Teno, which
unconformably overlies rhyolitic rocks of possible
Triassic age at 35°S (Davidson 1971; Davidson &
Vicente 1973), and of confirmed Triassic age
(Cajon de Troncoso Beds), between 36 and 37°S
(Muiioz & Niemeyer 1984). These formations
consist of thick successions of sandstones (some
of them turbiditic), marls and limestones, and rep-
resent a transgression—regression cycle that ends
with thick Oxfordian evaporitic deposits, generally
named ‘Yeso Principal’ (Schiller 1912) or more for-
mally Auquilco Formation (Groeber 1946), in
Argentina, and the Santa Elena Member of the
Nacientes del Teno Formation in Chile (Klohn
1960; Davidson 1971; Davidson & Vicente 1973).
This gypsum unit, which is the middle member of
the Lagunilla Formation, at 33°S (Aguirre 1960),
is overlain by the upper member of the Lagunilla
Formation (Aguirre 1960) and its southern equival-
ent, the Rio Damas Formation (Klohn 1960), which
consists of breccias and alluvial fan deposits that
grade towards the east into the red, finer-grained
and thinner fluvial sandstones of the Tordillo For-
mation (Klohn 1960; Arcos 1987). At its type loca-
lity (Rio de las Damas, next to Termas del Flaco,
at 35°S), the Rio Damas Formation consists of a
¢. 3000 m-thick red continental, detrital succession,
with coarse and fine intercalations, which includes
at the top a member comprising >1000 m of ande-
sitic lavas culminating in breccias containing enor-
mous angular blocks, some over 4 m in diameter
(Arcos 1987). Close to its contact with the Banos
del Flaco Formation, dinosaur tracks are well
exposed (Casamiquela & Fasola 1968; Moreno &
Pino 2002; Moreno & Benton 2005). Thus, the Rio
Damas Formation and northern equivalents rep-
resent the final deposits of the first transgression—
regression cycle in the backarc basin. Because
of the thick backarc volcanic intercalation at the
upper part of this formation (Rossel et al. 2014),
which is overlain by coarse breccias, it has been
considered to also represent the initial deposits of
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the Second stage of the Early Period, associated
with the tectonic subsidence phase (Charrier et al.
2007). These deposits are conformably overlain by
Late Jurassic to Early Cretaceous marine sediments
that form the bulk of the second transgression—
regression cycle of the second stage.

Along the eastern slope of the Principal Cor-
dillera the depocentres of the first transgression
are represented by a series of alternate sub-basins.
The Ramada depocentre in the northern section
(31°30'-32°30'S) has a complete section of conti-
nental and volcanic deposits of the Triassic Rancho
de Lata Formation, unconformably overlain by
the Los Patillos Formation of Early Jurasssic age.
This last unit has a rich fauna of ammonites stud-
ied by Alvarez (1996) that includes from the Aale-
nian until the Callovian. The Alto del Tigre High
is located in the central segment at the latitude of
the Mount Aconcagua (32°30'-33°30'S) (Fig. 5).
It is a positive area where there is no deposition of
the Triassic—Early Jurassic deposits known since
the early work of Groeber (1918).

Further south, the Yeguas Muertas, Nieves
Negras, Alvarado, Rio del Cobre, Rio Atuel-La
Valenciana, Palauco, Sierra Azul, Sierra de Reyes
and Cordillera del Viento are some of the depocen-
tres of the Nequén basin located south of 33°S
(Fig. 5). In particular, the Rio Atuel-La Valenciana
is an important subsidence zone west of Malargiie
(34°-35°30'S) with a thick sequence of Triassic
rift deposits that continue with the different units
of the Cuyo Group represented by Arroyo Malo,
El Freno, Puesto Araya and Tres Esquina Forma-
tions (Fig. 6) (Legarreta et al. 1993). The marine
sequence dated by ammonites goes from Rhae-
tian to Toarcian in a complex fluvio-deltaic array
(Lanés 2005).

It is interesting to remark that the Cuyo Group
is overlain by the Callovian transgression of the
La Manga Formation of the Lotena Group (Fig. 6).
This unit includes a thin sequence of limestones
between 50 and 100 m thick that covers all the
depocentres from La Ramada towards the south,
including the Alto del Tigre High (Giambiagi et al.
2003a, b). This carbonate platform is followed
by a generalized regression that ended with the
Auquilco Formation, a thick gypsum deposit up to
200 m thick widely distributed in the Principal Cor-
dillera (Legarreta et al. 1993).

Second stage (Kimmeridgian—Albian)

From 30°S southwards the distribution of the
marine deposits accumulated during the second
stage forms two clearly separated depositional
areas: one in the Coastal Cordillera, and the other
in the Principal Cordillera, and mostly on its east-
ern side (Charrier 1984; Mpodozis & Ramos 1989;

Charrier & Muioz 1994; Charrier et al. 2007).
The two basins are separated from each other by a
volcanic domain that we propose to name the Lo
Prado volcanic arc. Therefore, it is possible to ident-
ify three palaeogeographic domains at this moment,
from west to east: (a) the Lo Prado forearc basin,
bounded to the west by a relief formed on older
units; (b) the Lo Prado volcanic arc; and (c) the
Mendoza—Neuquén backarc basin, the latter includ-
ing volcanic activity.

Forearc (Lo Prado forearc basin). Immediately
north of the here considered region, in the Elqui
river valley transect, at 30°S, on top of the Jurassic
arc deposits, the forearc or rather the transitional
deposits between the arc and a marine basin to the
west are represented by the >4000 m-thick, volca-
nic, principally basaltic andesites and marine sedi-
mentary Arqueros Formation (Berriasian—Albian)
and the >2000 m-thick, continental, mostly red
and volcanic Quebrada Marquesa Formation (Hau-
terivian—early Albian) (Aguirre & Egert 1965,
1970; Thomas 1967; Emparan & Pineda 2006;
Rivano & Sepilveda 1991). The Quebrada Mar-
quesa Formation interfingers with and covers grad-
ually the Arqueros Formation; in its lower portion
it contains abundant marine intercalations, some of
which are fossiliferous, and consists in its upper
portion of a thick succession of pyroxene—olivine
bearing basaltic andesites and pyroxene—amphibole
bearing andesites (Aguirre & Egert 1965; Emparan
& Pineda 1999, 2006; Emparan & Calderon 2014).
In this region, the Early Cretaceous backarc depo-
sits (Rio Tascadero Formation) are exposed over
60 km to the east in the high cordillera (Mpodozis
& Cornejo 1988), where, like the Arqueros For-
mation, they interfinger with and grade upwards to
red continental, volcanic and volcaniclastic facies
(Pucalume Formation). In our palaeogeographic
reconstruction the Marquesa Formation represents
the late Early Cretaceous western facies associated
with the magmatic arc, and the Pucalume Formation
represents either the easternmost deposits of the
magmatic arc or volcanic deposits that resulted
from volcanic activity in the backarc.

Southern deposits with similar facies and the
same stratigraphic position that the Arqueros For-
mation are the Lo Prado (Berriasian to Valanginian)
and the La Lajuela (Early Cretaceous) formations.
Both formations are constrained to the Coastal
Cordillera south of c. 34°S and correspond to the
oldest forearc basin deposits, which contain abun-
dant lavas derived from the volcanic arc flanking
the basin to the east. These units overlie, from
north to south, the Late Jurassic arc-related Agua
Salada Volcanic Complex (Emparan & Pineda
2006; Emparan & Calderén 2014), the Horqueta
(Thomas 1958; Piracés 1977; Nasi & Thiele 1982;
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Fig. 6. Stratigraphic succession of the Jurassic to Cretaceous deposits in the Principal Cordillera in central Chile and
Argentina, between 32 and 37°S. Based on Aguirre (1960), Klohn (1960), Gonzalez & Vergara (1962), Gonzalez
(1963), Davidson (1971), Davidson & Vicente (1973), Thiele (1980), Charrier (1981a) and Charrier et al. (2002).

Rivano & Sepilveda 1991; Rivano 1996; Vergara
et al. 1995) and Altos de Hualmapu forma-
tions (Bravo 2001). The Arqueros, Lo Prado and
La Lajuela formations are conformably overlain
by thick continental volcanic and volcaniclastic
deposits of the Quebrada Marquesa (Rivano &
Sepulveda 1991; Emparan & Calderon 2014),
Veta Negra Formation (Piracés 1977; Nasi &

Thiele 1982; Vergara et al. 1995) and El Culenar
Beds (Bravo 2001), respectively. These extremely
thick successions form a narrow band of almost
continuous outcrops up to almost 36°S (Fig. 3).
The stratigraphic position of the Veta Negra For-
mation and the age of the oldest granitoids that
intrude this unit bracket its age to the Berriasian—
Albian (Vergara et al. 1995). Notwithstanding the
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stratigraphic position of the Veta Negra Forma-
tion, radioisotopic age determinations in this unit
indicate that it is slightly older (c. 119 Ma; Aguirre
et al. 1999; Fuentes et al. 2001, 2005) than the older
lavas of the northern equivalent Arqueros For-
mation (117-115 Ma) (Morata & Aguirre 2003),
suggesting a northward progression of volcanism
and tectonic extension (Morata & Aguirre 2003;
Morata et al. 2008).

The rather deep depositional conditions detected
for the lower Lo Prado marine deposits and the
several thousand metres-thick pile encompassed
by the Lo Prado and Veta Negra formations indi-
cate intense subsidence in the forearc basin
(Vergara et al. 1995). Additionally, the rather primi-
tive geochemical composition of the Lo Prado rocks
with low MgO and high K content, that fall in
the classification of high-K and shoshonitic porphy-
ric basaltic andesites and andesites, and their low
initial Sr ratios (c. 0.7036) are indicative of intense
crustal extension in the basin during Early Cretac-
eous time (Morata & Aguirre 2003; Parada et al.
2005). Similarly, the flood-basalt-type flows of the
overlying Veta Negra lavas (Aberg et al. 1984),
the presence in this formation of approximately
north—south-orientated dyke swarms suggestive of
fissural eruptions parallel to the strike of the basin
(Vergara et al. 1995), and its geochemical features
(low La/Yb ratios, low 87Sr/86Sr ratio of 0.70374
and more primitive Sr—Nd ratios than those of the
Jurassic lavas), indicating an attenuated crust
(Vergara et al. 1995; Morata & Aguirre 2003), are
additional evidence for extensional tectonic condi-
tions during Early Cretaceous times in the Lo Prado
forearc basin. This basin corresponds to the aborted
marginal basin of Aberg et al. (1984) and the
intra-arc basin of Charrier (1984).

On the eastern flank of the Coastal Cordillera,
the 3000 m-thick Las Chilcas Formation overlies
with an apparently conformable contact the Veta
Negra Formation (Wall et al. 1999). The lower
volcanic portion of this formation has been dated
(U-Pb) at 109.6 + 0.1 and 106.5 + 0.2 Ma (Wall
et al. 1999), while lavas from its upper portion
yielded K—Ar ages in plagioclase of 95 + 3 Ma
(Gallego 1994). Based on these ages, we sug-
gest that the Las Chilcas Formation formed during
the transition from the Early to the Late period of
Andean evolution. The lower portion, consisting
of basaltic and andesitic lavas and dacitic and
rhyolithic pyroclastics, developed in apparent con-
formity with the underlying Veta Negra Forma-
tion, would be the continuation of the volcanic
activity developed in the Lo Prado forearc basin,
whereas the coarse conglomerates of its upper
part would correspond to syn-orogenic deposits
associated with the Peruvian orogeny. We discuss
this point below.

Lo Prado magmatic arc. Early Cretaceous plutonic
rocks form an almost continuous swath of hypabis-
sal dioritic to granitic plutons, which mostly intrude
the Early Cretaceous deposits mentioned above
(Rivano & Sepulveda 1991; Gana & Tosdal 1996;
Rivano et al. 1993; Emparan & Calderén 2014).
K—Ar age determinations on these plutons yielded
ages 134—86 Ma (Parada et al. 1988; Bravo 2001).
Recent ‘Ar/*’Ar dates in the northward pro-
longation of this swath, immediately north of the
here considered region, yielded ages between 139
and 100 Ma (Valanginian—Albian) (Emparan &
Calderén 2014). Low Sr initial ratios obtained on
Early Cretaceous granitoids in the northern part of
the region (31°-32°S) indicate an upper mantle
origin, with virtually no continental crust involve-
ment for these magmas (Parada et al. 1988; Creixell
et al. 2011). This conclusion confirms the idea that
the crust was thin and the tectonic conditions were
extensional during development of the forearc
basin, as well as in the Principal Cordillera, where
thermal subsidence dominated the retroarc basins.
Arc volcanic rocks are also exposed further east
and only in the northern part of the region (north of
32°S). These have been assigned to the Pucalume
Formation, unless they correspond to backarc volca-
nic activity (Charrier et al. 2007). In the Aconcagua
area the Late Jurassic—Early Cretaceous succes-
sions are interbedded with backarc basalts and pyr-
oclastic deposits (Cristallini & Ramos 1996).

Backarc basin (Mendoza—Neuquén basin). Backarc
basin deposits in this region are exposed in Chile
in the High Andes close to the international bound-
ary and extend eastwards into western Argentina
(Fig. 3). These generally consist mostly of sedi-
mentary marine facies; however, at some localities
they interfinger with volcanic deposits that, depend-
ing on their location, are interpreted as the east-
ernmost arc deposits or to products of backarc
volcanic activity.

In the high cordillera, in northern part of the
region, between 31 and 32°S, volcanic deposits of
the Late Jurassic Algarrobal Formation are exposed.
These deposits interfinger and are covered by the
conglomeratic Mostazal Formation (Mpodozis &
Cornejo 1988; Oliveros et al. 2012), which is a
western lateral facies of the Kimmeridgian, finer-
grained, continental Tordillo Formation exposed
next to the international border, between 31 and
33°S (Rivano & Sepulveda 1991; Rivano et al.
1993; Lo Forte et al. 1996; Aguirre-Urreta & Lo
Forte 1996). The great distance (>80 km) that sep-
arates these volcanic deposits from those of the
arc in this region suggests that they correspond
to backarc volcanism, as has been observed in
some regions along the central Argentina—Chilean
Andes (Charrier et al. 2007; Mescua et al. 2008;
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Mpodozis & Ramos 2008; Oliveros et al. 2012,
among others).

Second-stage backarc marine sedimentary depo-
sits in the northern part of the region consist of
the Early Crertaceous Rio Tascadero Formation
(Mpodozis & Cornejo 1988; Rivano & Sepulveda
1991). This unit forms a NNW-orientated swath
that extends south-southeastwards into Argentina.
Southwards, on the western flank of the cordillera,
at 31°30'S, there is another similarly orientated
swath, extending also into Argentina and consisting
predominantly of volcanic and volcaniclastic depos-
its with mostly coarse detritic intercalations (brec-
cias, conglomerates, and sandstones), and minor and
finer marine fossiliferous calcareous sandstones,
assigned to the Los Pelambres Formation (Rivano
& Sepulveda 1991).

Similar deposits exposed along the international
border and next to it on the eastern flank of the cor-
dillera at 33°S have been assigned to the Juncal
Formation (Ramos et al. 1990; Aguirre-Urreta &
Lo Forte 1996; Cristallini & Ramos 1996). Further
east, the volcanic intercalations rapidly disappear
eastwards, indicating that the source of the lavas
and coarse volcaniclastic sediments was located to
the west. Their source can either be the volcanic
Lo Prado arc or volcanic edifices developed in the
backarc basin to the east of the main magmatic
arc. Because of the considerable distance separating
the volcanic arc in the Coastal Cordillera and the
volcanic deposits exposed along the axis of the
Principal Cordillera, we favour the existence of
volcanic activity in the backarc at this time coexist-
ing with marine sedimentation. If this interpreta-
tion is correct it would emphasize the importance
of volcanism in the backarc during the early period
of the Andean Cycle (Ramos 1999; Charrier et al.
2007; Oliveros et al. 2012; Rossel et al. 2013).

Further south, between 33 and 36°15'S, along the
western side of the Principal Cordillera (Fig. 3), but
with a more external position than the previously
mentioned units, Late Jurassic (Kimmeridgian) to
late Early Cretaceous (Aptian—Albian), red conti-
nental and marine backarc deposits have been
assigned to the upper member of the Lagunillas
(Aguirre 1960) and Rio Damas (Klohn 1960) forma-
tions, and the overlying marine San José (Aguirre
1960), Lo Valdés (Gonzélez 1963; Hallam et al.
1986) and Baiios del Flaco (Klohn 1960; Gonzalez
& Vergara 1962; Covacevich et al. 1976; Charrier
1981a; Arcos 1987) formations, and the red, detritic,
continental Colimapu Formation (Klohn 1960)
(see Fig. 6). These form a continuous, although
considerably thrusted and folded, swath of outcrops
that extends further east into Argentina. The marine
rocks consist of thick, richly fossiliferous suc-
cessions of predominantly calcareous neritic to
shallow (external platform) sediments. Lavas in the

Lo Valdés Formation form a thin intercalation in its
lower portion (Bir6-Bagoczky 1964), and volcanic
intercalations in the Bafios del Flaco Formation, a
few kilometres to the south of the previous locality
(c. 34°S), form a 440 m-thick succession of volca-
nic breccias and silicic lavas between marine fossi-
liferous sediments of Tithonian—Neocomian age
(Charrier 19815b). In these formations the volcanic
intercalations and volcanic components in the detri-
tic deposits rapidly disappear eastwards, indicat-
ing again that the source of the lavas and coarse
volcaniclastic sediments was located towards the
west. At Termas del Flaco, in the Tinguiririca
river valley, at 35°S, only the lowest portion of the
Bafios del Flaco is exposed. Its upper portion, and
probably also the overlying Colimapu Formation,
have been eroded in this place (Charrier et al.
1996). The final regressive episode led to the depo-
sition of a second, generally thin band of gypsum
(“Yeso Secundario’ or ‘Yeso Barremiano’) at the
base of the 1500 m-thick, red detrital Colimapu
Formation (Klohn 1960; Gonzalez & Vergara
1962; Gonzalez 1963; Charrier 1981b), which
corresponds to the generally fine-grained conti-
nental deposits with thin calcareous intercalations
containing ostracodes that followed the regres-
sion in Aptian—Albian times. In the Maule river
valley (36°S), a recent dating with detritic zircons
yielded an Aptian maximum age for deposition of
these deposits (Astaburuaga 2014). This formation
is a lateral equivalent of the Huitrin—Rayoso For-
mation in western Argentina (Fig. 6).

At the end of the first Andean stage, a major plate
reorganization associated with a great increase in
generation of oceanic crust in the proto-Pacific
(Larson 1991) and rapid westward drift of South
America modified the tectonic conditions in the
continental margin of South America. This geo-
dynamic event, known as the Peruvian orogeny
(Steinmann 1929; see also Groeber 1951; Charrier
& Vicente 1972; Vicente et al. 1973; Ramos
1988b, 2010; Reutter 2001; Tunik ez al. 2010),
caused along western South America uplift of the
continental margin, the marine regression referred
above and definite emersion in the backarc basin,
compressive deformation of the existing units, and
crustal thickening. As a result of this phase, the
first Andean mountain range was formed.

Late period (early Late Cretaceous:
Present)

The Peruvian orogeny separates the Early and
Late periods into which Coira et al. (1982) subdi-
vided the evolution of the Andean tectonic cycle.
After this episode the palaeogeographic orga-
nization in this region of the Andes changed
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completely: the backarc basin was inverted, the
magmatic arc shifted considerably eastwards, a
new mountain range was developed, a continental
retroarc foreland basin was formed to the east of
the arc instead of a backarc basin, and a rather
wide forearc region west of the arc was produced
as a result of eastward arc migration. Oblique sub-
duction also prevailed at this time, although the
movement of the oceanic plates towards the conti-
nent was mostly northeastward orientated, produ-
cing dextral displacement along trench-parallel
faults. Moreover, some authors suggest from plan
view reconstructions an orthogonal subduction for
this moment, thus, dextral displacement could be
less important (Arriagada et al. 2008; Martinod
et al. 2010). The Late Period has been subdivided
into two stages separated from each other by a
major orogenic phase that occurred in middle
Eocene, the Incaic orogeny (Fig. 1). Each one of
these stages can be, in turn, subdivided into two
substages by orogenic episodes that occurred at
approximately the Cretaceous—Cenozoic boundary
(‘K-T’ orogeny; Cornejo et al. 2003) and the
Oligocene—Miocene boundary (Pehuenche oro-
geny; Fig. 1), respectively.

First stage (early Late Cretaceous—middle
FEocene)

During the first stage, in the region between 31 and
37°S, a high sea-level stand in latest Cretaceous—
earliest Cenozoic times caused a slight marine
ingression along the western border of the present
day Coastal Cordillera, and an extended marine
incursion of Atlantic origin, on the eastern side of
the mountain range that reached the axis of the
present-day Principal Cordillera. This marine
ingression from the Atlantic side was favoured by
the tectonic loading and subsequent subsidence
that developed a long foredeep along the eastern
foothills of the Andes (Aguirre-Urreta et al. 2011).
For a better understanding of the following des-
cription of geological units, we will describe them
separately in two different segments: a northern
(31°-34°S) and a southern segment (34°-37°S).

Northern segment. The arc is represented by two
parallel, close to each other, series of small and
medium-sized plutonic outcrops located along the
eastern flank of the Coastal Cordillera, immedia-
tely to the east of the previous arc representa-
tives (Fig. 3). These outcrops can be followed up
to 34°S, where they disappear or have not been
identified. They consist of monzodiorites and sub-
ordinated granodiorites, gabbros, diorites and
hypabissal andesitic and dioritic bodies (Rivano
& Sepulveda 1991; Rivano et al. 1993; Sellés &
Gana 2001), and have been included by these

authors in the Cogoti superunit, and more recently
in the Illapel Plutonic Complex by Morata et al.
(2010) and Ferrando et al. (2014).

Stratified deposits corresponding to this stage
are represented, between 31 and 33°S, by the fol-
lowing Late Cretaceous volcanic, volcaniclastic
and sedimentary stratigraphic units: (a) upper part
of the Las Chilcas; (b) the Vifiita and its equiva-
lent the Salamanca; and (c) the Lo Valle forma-
tions, with ages ranging from 95.3 to 64.6 + 5 Ma
(Drake et al. 1976; Rivano & Sepilveda 1991;
Rivano et al. 1993; Gallego 1994; Mpodozis et al.
2009; Jara & Charrier 2014). The coarse and thick
conglomeratic deposits of the upper Las Chilcas
Formation, with a marine calcareous intercalation
and some basaltic and andesitic—basaltic lavas at
the top, would correspond to syn-orogenic deposits
accumulated in a retroarc foreland basin developed
with the Peruvian orogeny, which was deep enough
to be invaded by the sea, and volcanic-arc deposits
in its eastern and western border, respectively.

In fact, in this region, apatite fission track ages
indicate for the western Coastal Cordillera the exist-
ence of a cooling event that began at 106—98 Ma
(Gana & Zentilli 2000). This age is complemented
by studies in the Caleu pluton on the eastern
Coastal Cordillera indicating that crystallization
occurred in the interval 94.2-97.3 Ma and that
cooling occurred until about 90 Ma (Parada et al.
2005; Ferrando et al. 2014). These data have been
confirmed by Willner et al. (2005), who reported
for the eastern and western series of the meta-
morphic complex a cooling event between 113
and 80 Ma. This event is probably related to an
exhumation process associated with uplift that can
be associated with the Peruvian orogeny. Consider-
ing that it coincides with the age of the Las Chilcas
Formation, we propose that the Las Chilcas For-
mation formed during the end of the Early period
of Andean evolution and the beginning of the Late
period, and represents the transition from an exten-
sional to a compressional tectonic regime. A similar
view has been proposed for the Caleu pluton (Parada
et al. 2005). The calc-alkaline, silicic pyroclastic
deposits, intermediate lavas and continental sedi-
ments of the Lo Valle Formation (Thomas 1958;
Godoy 1982; Moscoso et al. 1982; Rivano 1996;
Gana & Wall 1997) cover unconformably the Las
Chilcas Formation. The Lo Valle Formation rep-
resents the deposits of the Late Cretaceous volcanic
arc. K—Ar and Ar—Ar age determinations from
samples collected at 33°S yielded 70.5 + 2.5,
64.6 + 5,724 + 1.4 and 71.4 + 1.4 Ma (Vergara
& Drake 1978; Drake et al. 1976; Gana & Wall
1997). According to these ages the unconformity
that separates the Las Chilcas Formation from the
overlying Lo Valle Formation represents a 20 Ma
hiatus (Gana & Wall 1997).
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Southern segment. Further south, between 33 and
37°S, Late Cretaceous to Palaeogene deposits are
exposed on the western and eastern flanks of the
Coastal Cordillera, and in the Principal Cordillera.
On the western flank of the Coastal Cordillera to
south of Santiago, deposits of both Late Cretaceous
to early Paleocene age and of late Paleocene (?) to
Eocene age have been reported. The Late Cretac-
eous to Paleocene outcrops consist of fossiliferous
marine plataformal deposits related to the eustatic
high stand developed at this time, and are exposed
in the following localities, from north to south:
Algarrobo (Levi & Aguirre 1960; Tavera 1980;
Wall er al. 1996; Yury-Yaiiez et al. 2012), Topo-
calma (Charrier 1973; Cecioni 1978; Tavera 1979),
Faro Carranza, south of Constitucion (Chanco For-
mation; Cecioni 1983), and in the Arauco region,
at the latitude of Concepcién (c. 37°S) (Quiriquina
Formation; Steinmann er al. 1895; Wetzel 1930;
Muiioz-Cristi 1946, 1956; Bir6-Bagoczky 1982;
Stinnesbeck 1986; Finger et al. 2007; Salazar
et al. 2010; Buatois & Encinas 2011). The Quiri-
quina Formation overlies the late Palacozoic meta-
morphic complex and is unconformably overlain
by the late Paleocene (?) to Eocene Concepcion
Group.

In the coastal region at the latitude of Concep-
cion, late Paleocene (?)—Eocene deposits of the
Concepcion Group comprise alternations of conti-
nental and marine deposits accumulated in exten-
sional basins formed along the coast in late
Paleocene (?) to Eocene times. This outstanding
succession containing hydrocarbon and important
coal reserves is characterized by an alternation of
transgressive and regressive episodes, controlled
by eustatic changes, local subsidence and uplift of
tectonic blocks (Wenzel et al. 1975; Pineda
1983a, b), and general uplift of the Andean range.
It consists of the following formations, some of
which interfinger with each other: Pilpilco (early
Eocene, littoral marine sequence, partly continen-
tal), Curanilahue (early Eocene, a mainly continen-
tal sequence, coal-bearing strata), Boca Lebu (early
Eocene, marine transgressive sequence), Trihueco
(middle Eocene, a mainly continental sequence,
coal-bearing strata) and Millongue (middle to late
Eocene, marine sequence) (Tavera 1942; Mufioz-
Cristi 1946, 1973; Pineda 1983a, b; Arévalo 1984;
Finger et al. 2007). Along the eastern flank of
the Coastal Cordillera up 35°15°S, the Late Cre-
taceous Lo Valle Formation is further exposed
(Bravo 2001).

In the Principal Cordillera at 35°S, upward fin-
ing and thinning red-coloured fluvial deposits that
unconformably rest on Jurassic terms of the Banos
del Flaco Formation and unconformably underlie
early Oligocene mammal bearing levels of the
Abanico Formation have been informally named

Brownish-red Clastic Unit by Charrier et al
(1996). Similar deposits crop out next to the water
divide at 36°S overlying Middle to Late Jurassic
rocks of the Nacientes del Teno Formation and
underlying the Late Cenozoic volcanic deposits
assigned to the Campanario Formation (Drake
1976; Hildreth et al. 1998). These have been
included in the Estero Cristales Beds by Mufioz &
Niemeyer (1984). According to their stratigraphic
position, these deposits can be assigned a Late Cre-
taceous age and correlated with the Late Cretaceous
Neuquén Group on the eastern side of the cordillera
(Charrier et al. 1996; Mescua 2011). On the western
side of the cordillera, these units can be correlated
with the upper Las Chilcas and the Viiiita for-
mations, further north. In westernmost Argentina,
between 33 and 38°S on the eastern side of the Prin-
cipal Cordillera, marine deposits of the Saldefio For-
mation (Tunik 2003) and the Malargiie Group
(Bertels 1969, 1970; Aguirre-Urreta et al. 2011)
testify to the far-reaching nature of the Late Cretac-
eous to early Cenozoic Atlantic transgression. The
absence of these deposits in Chile suggests the exist-
ence of a relief that stopped the advance of the sea
further west.

Along the western flank of the Andes, in Argen-
tina between 35 and 38°S, the Late Cretaceous,
1500 m-thick red fluvial detritic deposits of the
Neuquén Group, and the overlying Bajada del
Agrio Group correspond to the retroarc foreland
deposits related to the Peruvian orogeny (Ramos
1981; Ramos & Folguera 2005; Tunik et al. 2010;
Di Giulio et al. 2012) (Fig. 1). New U—-Pb detrital
zircons age determinations indicate an early phase
of westward-sourced deposits followed by depo-
sition of sediments originated to the east of the
retroarc foreland basin associated with uplift
of the peripheral bulge as a consequence of the
Late Cretaceous thrust front migration (Di Giulio
et al. 2012).

In middle Eocene, the Incaic orogeny put an end
to this stage. This event coincides with the peak of
high convergence rate associated with a consider-
able reduction of the obliquity of convergence
after 45 Ma (Pardo-Casas & Molnar 1987).

Second stage (middle Eocene—Present)

The northern part of the considered region, between
31 and 33°S, is located in the southern part of the
flat-slab segment, where the Central Depression
and the volcanic arc are not developed. This is the
region where the Frontal Cordillera, the Pre-
cordillera and the Pampean ranges are developed
(Fig. 2). The southern part, instead, between 33
and 37°S, is located in the transition to and in the
normal subduction segment, where the Central
Depression and the volcanic arc (along the axis of
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the Principal Cordillera) have developed. In this
stage, the Maipo orocline occurred in close relation-
ship with the Pampean flat-slab. Palaecomagnetic
rotations are observed within the normal subduction
segment (Arriagada er al. 2013). In the considered
region, second-stage deposits are located in all
morphostructural units. We will describe the depos-
its from west to east.

Western Coastal Cordillera. No Oligocene deposits
exist along the coastal region in Chile, probably
because of the eustatic low stand at this time.
Between 33°40" and 34°15'S, exposures of Mio-
cene marine sediments are known as the Navidad
Formation sensu Darwin (1846) and Tavera (1979).
Recent work subdivided these deposits into the
Navidad, Licancheo and Rapel formations (Encinas
et al. 2006a). The Navidad Formation has been
assigned a late Miocene age and the Licancheo and
Rapel formations a Pliocene age by Finger et al.
(2003) and Encinas et al. (2006a), whereas Gutiér-
rez et al. (2013) assigned an early to middle Mio-
cene age to the Navidad Formation and a late
Miocene age to the Licancheo and Rapel forma-
tions. The latter is overlain by the late Miocene to
Pliocene, transitional marine to continental, richly
tuffaceous La Cueva Formation (Tavera 1979),
which interfingers and is overlain to the east by con-
tinental deposits of the Potrero Alto Beds of uncer-
tain Miocene—Pliocene to Pleistocene age (Wall
et al. 1996). According to Encinas et al. (2006a),
the Navidad Formation was deposited on a rapidly
subsiding basin, which reached depths of 1500 m;
in contrast, Gutiérrez et al. (2013) favour a shal-
low coastal to outer shelf environment for this for-
mation. The Navidad Formation can be correlated
with the Ranquil Formation, to the south at 37°S.
The source of sediments in the Navidad basin
based on the analysis of heavy mineral assemblages
is the nearshore basement rocks (metamorphic and
intrusive units) in the Coastal Cordillera and the
central Chilean forearc (Rodriguez et al. 2012).
Sediment supply from the latter began with ero-
sion at the present-day eastern Central Depression
(western Abanico Formation), later at the eastern
Central Depression—western Principal Cordillera
border (Miocene plutons), and finally in the west-
ern Principal Cordillera (Farellones Formation)
(Rodriguez et al. 2012). The eastwards shift of the
sediment source indicates the slow and gradual
retreat experienced by the nick-points, which,
according to Farias et al. (2008), arrived in the
western Principal Cordillera between 2 and 6 myr
after onset of surface uplift, at c¢. 7.6 Ma, and
>2 myr later in the eastern Principal Cordillera.
Along the coast of central Chile, Plio-Pleitocene
events are widely documented by: (a) marine depos-
its of the upper Coquimbo Formation (at 30°S)

and correlatives, like the Pliocene upper La Cueva
formations (at 34°S) and further south the Tubul
Formation (at 37°S) in the Arauco region; (b) flu-
vial deposits exposed in coastal—near river drai-
nages, like the Confluencia and Caleta Horcén
formations (Rivano 1996), and the Potrero Alto
Beds; and (c) shoreline and fluvial geomorphic
features that testify to a considerable uplift of
the forearc. Five well-preserved marine terraces
(wave-cut platforms) (Darwin 1846; Paskoff 1970,
1977; Fuenzalida et al. 1965; Ota et al. 1995; Sail-
lard et al. 2009, 2012) and pedimentary surfaces
developed in fluvial drainages connected with the
marine terraces (Rodriguez et al. 2013) have been
reported. Cosmogenic datings on these features
yielded 6, 122, 232, 321 and 690 ka, and allow
reconstruction of a non-steady history of uplift
to ¢. 100—150 m during interglacial periods after
400 + 100 ka (Saillard er al. 2009; Regard et al.
2010; Rodriguez et al. 2013).

Central Depression. Until recently, this morphos-
tructural feature, which is developed south of
33°S, has been considered to be of tectonic origin
(i.e. Carter & Aguirre 1965) and related to the sub-
duction of the Juan Fernandez Ridge (i.e. Jordan
et al. 1983b). However, based on analyses of uplift
markers and nick-point progression supported by
geochronological and thermochronological dating,
it has been recently interpreted as an erosional
feature (Farias et al. 2008). However, the Quatern-
ary alluvial and fluvial deposits derived from the
Principal Cordillera that build up the c¢. 400 m
thick infill, as well as new tectonic evidence, show
that the Central Depression is tectonically con-
trolled (see Giambiagi et al. 2014). Explosive volca-
nic activity in the volcanic arc produced abundant
lahar and volcanic avalanche deposits such as La
Cueva Formation in the coastal region (Encinas
et al. 2006b). Between 33°30" and 37°S, tuff and
ash-flow deposits covered the Central Depression,
that is, the Pudahuel-Machali Ignimbrite (Stern
etal. 1984), Teno (MacPhail & Saa 1967; Marangu-
nic et al. 1979), Tinguiririca (Abele 1982) and Laja
(MacPhail 1966) lahars.

The origin of the Pudahuel-Machali Ignim-
brite (Stern et al. 1984) has been associated with
the Maipo Caldera, in the high Andes, at 34°S. The
ignimbrite flow was channelized along the main
river valleys towards the coastal region, and into
Argentina, along the Yaucha and Papagayos val-
leys. The tuff deposits in Pudahuel, next to Santiago,
and Machali, east of Rancagua, yielded apa-
tite fission track ages of 0.44 + 0.08 and 0.47 +
0.007 Ma, respectively (Stern et al. 1984).

Principal and Frontal Cordillera. In the northern-
most part of the region (31°-32°S), Oligocene
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plutonic rocks (El Maitén—Junquillar and Bocatoma
units) form extensive outcrops that intrude Permo-
Triassic volcanics of the Choiyoi Group and youn-
ger Mesozoic units (Fig. 3) (Mpodozis & Cornejo
1988; Martin et al. 1997; Bissig et al. 2001). Fur-
ther south, these outcrops disappear and two align-
ments of scattered intrusives of early and middle
to late Miocene age (the latter to the east of the
former) are exposed along the western flank of the
Principal Cordillera. The La Obra and the San
Gabriel plutons in the Maipo river valley next to
Santiago belong to this group of intrusives. Some
of these plutonic bodies are associated with super-
giant late Miocene to Pliocene porphyry Cu—Mo
ore bodies such as Los Pelambres, Rio Blanco—
Los Bronces and El Teniente. These ore deposits
developed within hydrothermal alteration zones
linked to multiphase stocks, breccia pipes and dia-
treme structures in rocks of Oligocene to Miocene
age (Cuadra 1986; Serrano et al. 1996; Vivallo
et al. 1999; Camus 2002, 2003; Skewes et al. 2002;
Maksaev et al. 2004; Charrier et al. 2009; Mpodozis
& Cornejo 2012).

Some of the stratified units of this stage exposed
between 31 and 33°S have been previously con-
sidered to represent much older ages. Recent stud-
ies have shown that they formed essentially during
Oligocene to Miocene times (Mpodozis et al.
2009; Jara & Charrier 2014; Jara et al. 2014).
According to this age and their volcanic and vol-
caniclastic nature with only subordinated sedimen-
tary intercalations, they can be correlated with
similar deposits exposed between 29 and 30°S on
the eastern flank of the cordillera in the Valle del
Cura region (Winocur et al. 2014), and with the
Abanico and Farellones formations well exposed
33°S along the western flank of the Principal Cordil-
lera and to the north (Fig. 3).

The dominantly volcanic, middle—late Eocene
to Oligocene Abanico Formation, and the Miocene
Farellones Formation make up the pre-Pliocene
Cenozoic deposits in the Principal Cordillera of
Central Chile (31°-36°S) (Aguirre 1960; Klohn
1960; Gonzédlez & Vergara 1962; Charrier 1973,
1981a, b; Thiele 1980; Charrier et al. 2002; Godoy
2011). The Abanico Formation consists of a locally
strongly folded, c¢. 3000 m-thick succession of
volcanic, pyroclastic volcaniclastic and sedimen-
tary deposits including abundant subvolcanic intru-
sions of the same age (Vergara et al. 2004), with
a well-developed paragenesis of low-grade meta-
morphic minerals (Padilla & Vergara 1985; Levi
et al. 1989; Aguirre et al. 2000; Fuentes et al.
2001, 2005; Bevins et al. 2003; Fuentes 2004;
Muiioz et al. 2006, 2010). The outcrops of this
formation form two north—south orientated swaths
separated by the Farellones Formation (Fig. 3) (Ser-
nageomin 2002). This formation contains abundant

mammalian rests (Flynn et al. 2007; Charrier
et al. 2012). At the western side of the Abanico
outcrops, 34.3 + 2.2 Ma old basal Abanico depos-
its unconformably overlie the 72.4 + 1.4 and
71.4 + 1.4 Ma old Lo Valle Formation (Gana &
Wall 1997). At the eastern side of the Abanico
exposures, the oldest age obtained for the base
of the Abanico Formation is 37.67 + 0.31 Ma
(Charrier et al. 1996). The Abanico Formation was
deposited in an extensional basin formed while the
crust was relatively thin, persisting throughout the
Oligocene epoch, and underwent subsequent tec-
tonic inversion in late Oligocene to early Miocene
time (Pehuenche orogeny, see Fig. 1). This diac-
hronic extensional event has not been recognized
in northern Chile (Charrier ef al. 2009, 2013) and
seems to have been concentrated between 28 and
39°S, and probably extended further south, up to
43°S (Godoy 2011).

The younger Farellones Formation is a 2400 m
thick, gently folded, almost entirely volcanic unit
forming a continuous north—south trending swath
between approximately 32 and 35°S (Fig. 3)
(Thiele 1980; Charrier 1981a, b; Vergara et al.
1988). The deposits of the Farellones Formation
typically cover the Abanico Formation, up to 35°S,
where this formation is not exposed any more.
The views about the contact are controversial (Char-
rier et al. 2002; 2007). It has generally been reported
as unconformable (Aguirre 1960; Klohn 1960;
Jaros & Zelman 1967; Charrier 1973, 1981a, b;
Thiele 1980; Quiroga 2013). Growth strata have
been observed at several localities between the
upper Abanico and the lower Farellones deposits
(Fock et al. 2006; Quiroga 2013). The contractional
event evidenced by the growth strata has been
associated with the inversion of pre-existing nor-
mal faults that participated in the development of
the Abanico basin (Charrier et al. 2002; Fock et al.
2006; Farias et al. 2010). Inversion along the east-
ern side of the basin linked to El Diablo fault trig-
gered the development of the east-vergent thrust—
fold belt systems during middle Miocene on the
eastern flank of the Principal Cordillera (Ramos
et al. 1996b; Giambiagi et al. 2003a; Mescua
2011; Mufioz-Saez et al. 2014; Giambiagi et al.
2014). Furthermore, inversion along the San Ramén
Fault on the western side of the Abanico basin
caused west-vergent thrusting of the Abanico For-
mation deposits over the Central Depression
(Rauld 2002; Armijo et al. 2010). Recent activity
has been detected on the San Ramén Fault (Vargas
& Rebolledo 2012).

South of 36°S, the prolongation of the youn-
ger part of Abanico Formation is the Cura—Mallin
Formation (Niemeyer & Mufioz 1983; Mufioz &
Niemeyer 1984; Charrier et al. 2002; Radic et al.
2002; Flynn et al. 2008). This formation
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accumulated in the southern prolongation of the
Abanico Extensional basin (Elgueta 1990; Vergara
et al. 1997; Jordan et al. 2001; Charrier et al.
2002; Radic et al. 2002; Croft et al. 2003; Flynn
et al. 2008) that in this region was inverted during
late Miocene times (Burns & Jordan 1999; Radic
et al. 2002).

The Cura—Mallin Formation is conformably
overlain by the andesitic and conglomeratic Trapa—
Trapa Formation, which in turn is unconformably
overlain by the late Miocene Campanario Forma-
tion, which is a southern equivalent of the upper
Farellones Formation and the Pliocene Cola de
Zorro Formation (Gonzalez & Vergara 1962; Muiioz
& Niemeyer 1984; Astaburuaga 2014). A nearly
coeval stratigraphic series has been recognized in
the Andacollo region on the Argentine side of the
Andes at 37°S (Jordan et al. 2001), where these
authors applied the same formational names as
used in Chile. These Argentine deposits unconform-
ably overlie the early Cenozoic Serie Andesitica,
and are overlain by the late Miocene sedimentary
and volcaniclastic Pichi Neuquén Formation.

Scattered Plio-Pleistocene volcanic activity on
the western Principal Cordillera has been reported
for areas located next to the El Teniente ore
deposit at 34°S (Camus 1977; Charrier & Munizaga
1979; Charrier 1981b; Cuadra 1986; Godoy & Lara
1994; Gomez 2001) and Sierras de Bellavista
at 34°45’S (Klohn 1960; Vergara 1969; Charrier
1973; Malbran 1986; Eyquem 2009). These volca-
nic centres form a north—south alignment suggest-
ing a tectonic control for this activity. Finally, the
volcanoes of the present-day magmatic arc lie east
of the eastern outcrops of the Abanico Forma-
tion, covering Mesozoic units and forming the
northern part of the Southern Volcanic Zone (Stern
et al. 2007). From north to south the most important
of these volcanoes are named Tupungato, San José,
Maipo and Maipo caldera, Tinguiririca, Planchon—
Peteroa, Descabezado Grande, Cerro Azul, Desca-
bezado Chico, San Pedro, Longavi and Chillan,
some of which are aligned with the El Diablo fault
(see Fig. 3). Isotopic studies on late Neogene mag-
matic rocks from the Chilean Principal Cordillera
reveal a source contamination probably resulting
from the deep westwards underthrusting of the base-
ment beneath the orogen, a process that is coeval
with thickening and uplifting events in the Andes
(Muiioz et al. 2013).

Thermochronometric studies oriented to con-
strain the tectonic-related exhumation history in
central Chile, between 28.5° and 32°S, reveal that
uplift of the Coastal Cordillera occurred mostly
in Palaecogene times (apatite fission track (AFT)
ages between c. 60 and 40 Ma and apatite He
(AHe) ages around 30 Ma) and that little exhuma-
tion occurred during the rest of the Neogene in

that region, while exhumation ages from the Fron-
tal Cordillera are younger AFT ages between c. 40
and 8 Ma and AHe ages from c.20 to 6 Ma).
Thermal modelling of AFT and AHe data allows
recognition of three main episodes of accelerated
cooling affecting different areas of the Frontal
Cordillera: c. 30, c. 22—17 and c. 7 Ma. The first of
them coincides with the early stages of develop-
ment of a late Oligocene extensional intra-arc
basin along the eastern Frontal Cordillera, between
29 and 30°S, and is interpreted as a consequence
of tectonic exhumation. The early and late Miocene
periods of accelerated cooling along the Frontal
Cordillera correlate with periods of contractional
deformation widely recognized throughout the
Central Andes and, thus, interpreted as a conse-
quence of surface-uplift (Rodriguez 2013; Rodri-
guez et al. 2014).

'°Be content in bed-load from different rivers
and across a major climatic gradient on the west-
ern flank of the mountain range in central Chile
has been analysed in order to determine erosion
rates associated with uplift (Carretier er al. 2013).
This study confirms the primary role of slope as a
control of erosion even under contrasting climates
and supports the view that the influence of runoff
variability on millennial erosion rates increases
with aridity. However, even if current erosion rates
are decoupled from precipitation rates, climate still
plays a fundamental role by accelerating the ero-
sion response to uplift (Carretier et al. 2014).

Foreland. In Neogene times in the Andean fore-
land some processes related to shallowing and stee-
pening of the subducting slab occurred, which are
described next.

Pampean flat-slab subduction. The magmatic
arc that was developed during previous stages of
the Andean cycle along the western slope of the
Andes expanded and shifted during late Miocene
to the Quaternary to the Argentine side between
31 and 33°30'S latitude (Fig. 7) associated with a
period of shallowing of the subduction zone (Jordan
et al. 1983a, b).

Magmatic activity ended in the Principal Cor-
dillera at about 8.6 Ma and in Sierras Pampeanas
at 1.9 Ma with the last subduction-related volcanism
more than 750 km away from the trench (Ramos
et al. 2002). The first migration of the volcanic arc
at these latitudes is recorded in the Aconcagua
volcanic rocks. Huge amounts of andesitic and
dacitic rocks were erupted at about 15.8 + 0.4 and
89 + 0.5Ma in the Aconcagua massif on the
eastern side of the Principal Cordillera, at 33°S
(see Fig. 3). This area constitutes the new volcanic
front 50 km east of the Farellones arc in the west-
ern slope. The retroarc magmatism of Paramillos,
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Fig. 7. The Pampean flat-slab segment with the different geological provinces in the foreland, the Quaternary volcanic
arc and the isobath to the subducted oceanic slab (after Ramos et al. 2002).

west of the city of Mendoza, was shut off at
15.2 Ma, almost at the same time that the migration
took place (Ramos et al. 1996b). Geochemical stud-
ies show a typical calc-alkaline signature of these
volcanic rocks (Kay & Abbruzzi 1996).

The shifting of the magmatic arc was preceded
by an important deformation in the western half

of the Aconcagua fold-and-thrust belt (Fig. 3)
(Ramos et al. 1996a). At about 8.6 Ma, the thin-
skinned Aconcagua fold-and-thrust belt detached
in Jurassic evaporites ceased. As a result of that,
the orogenic front migrated about 25 km from
Las Cuevas to Rio de Las Vacas (Ramos er al.
1996b). Syn-orogenic deposits were preserved in
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isolated exposures between Principal and Frontal studies performed in the foothills show that sedi-
Cordilleras, in the Uspallata—Calingasta depression  mentation started at 15.7 Ma in the Marifio For-
and in the present foreland basin in the foothills mation with distal fluvial and eolian deposits with
around Mendoza (Fig. 3). Magnetostratigraphic a low sedimentation rate. This unit was followed
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by the conglomerates and sandstones of La Pilona
Formation at 11.7 Ma, which exhibit a marked
increase in accumulation rate with time (Irigoyen
et al. 2000).

There is no magmatic activity in the Principal
and Frontal Cordilleras. Magmatic arc rocks are
concentrated in the Sierras Pampeanas between 8
and 6 Ma. Volcanic arc rocks are widespread in
the Sierra de San Luis (Urbina & Sruoga 2009)
and consist of high-K andesites and dacites with
typical shoshonites in the Sierra del Morro, which
recorded the latest eruption at 1.9 Ma along the flat-
slab subduction segment (Ramos ez al. 1991, 2002;
Kay et al. 1991).

The magmatic expansion was accompanied by
the development of a broken foreland where seve-
ral late Cenozoic basins were formed related to
tectonic loading and dynamic subsidence (Davila
et al. 2005).

The neotectonic activity is presently concen-
trated between Precordillera and Sierras Pam-
peanas, where large intracrustal earthquakes have
occurred (Alvarado et al. 2009). Surface fault
ruptures and other neotectonic features indicate
important Quaternary deformation (Schmidt et al.
2011).

Payenia palaeoflat-slab subduction. South of
33°30'S latitude a different geological setting is
observed (Fig. 8). The Principal Cordillera is
flanked by the Frontal Cordillera up to 34°30'S,
where south of this latitude the foothills of the
Andes are in contact with an extensive basaltic
plateau of Quaternary age between 34 and 37°S
(Ramos & Folguera 2011). This basaltic plateau is
known as the Payenia volcanic province.

The Principal Cordillera between 35 and 37.5°S
latitudes recorded in the Miocene an important
expansion of the magmatic arc from the Chilean
slope to the foreland eastern foothills (Spagnuolo
et al. 2012b; Folguera & Ramos 2011). After
a period of extension during the Oligocene, where
the within-plate alkaline basaltic rocks of Palauco
Formation erupted, a series of granitic stocks were
emplaced in the eastern slope of the Principal
Cordillera. Subvolcanic bodies of calc-alkaline
andesites with ages ranging from middle to late
Miocene are found in the foreland extra-andean
plains. The eruption of these rocks is also linked
to another phase of contraction and deformation
(Spagnuolo et al. 2012b). The within-plate basalts
of the Payenia volcanic province are unconfor-
mably overlying previous deposits and extend over
an area larger than 40 000 km> between 33°30'
and 38°S latitudes. The huge Paytin Matru caldera
is the main feature related to the Payenia retroarc
basalts (Bertotto er al. 2009; Llambias et al.
2010). The basalts have an estimated volcanic

volume of about 8387 km® erupted through more
than 800 volcanic centres in the last c. 2 Ma
(Ramos & Folguera 2011; Gudnason et al. 2012;
Sgager et al. 2013).

The sedimentary basin evolution at these lati-
tudes during the Cenozoic shows the transit from a
single foreland basin to a broken foreland basin
associated with the uplift and exhumation of the
San Rafael Block (Silvestro & Atencio 2009;
Ramos er al. 2014). Geophysical studies have
demonstrated that the steepening of a subducted
slab is the more appropriate process to explain the
extension and characteristics of the Payenia basaltic
retroarc province (Burd et al. 2008).

Concluding remarks

The analysis of the geology of this sector of the
southern Central Andes shows continuous subduc-
tion along the proto-Pacific margin of Gondwana
and the present margin of South America during
most of the Cenozoic. However, it is possible to
identify an accretionary orogen during the Palaeo-
zoic, with docking of different terranes, and a
Meso-Cenozoic subduction with different tectonic
regimes. These variations defined tectonic cycles
with different processes, where extensional and
compressive regimes alternate through time. The
accretion of continental basement terranes pro-
duced the obduction of slices of oceanic crust,
high-pressure—low-temperature metamorphism,
and important shifting to the trench of the magmatic
arcs. Periods of shallow subduction, partially com-
bined in late Palacozoic times with the processes
of accretionary orogenesis, produced broken fore-
lands under extreme contraction and subsequent
extension and widespread rhyolitic volcanism. The
Mesozoic was characterized by subduction with
generalized extension until late Early Cretaceous,
when evidence of contraction and orogeny led to
the present Andean tectonic setting with dominant
contraction. The development of segments with flat-
slab subduction with no arc-magmatism alternates
with segments where, after periods of flat sub-
duction, the steepening of the subduction zone pro-
duced generalized extension and backarc basaltic
magmatism.

All these processes indicate the complexities of
the classic Andean tectonic setting, where the sim-
ple subduction of oceanic crust under continental
crust controls the orogenesis. The analysed seg-
ment, one of the classical sectors of the Central
Andes, with excellent exposures and where many
of these processes have been first recognized,
enhanced the importance of understanding the rela-
tionship among magmatism, metamorphism, sedi-
mentation and deformation.
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Abstract: We propose an integrated kinematic model with mechanical constrains of the Maipo—
Tunuyan transect (33°40'S) across the Andes. The model describes the relation between horizontal
shortening, uplift, crustal thickening and activity of the magmatic arc, while accounting for the
main deep processes that have shaped the Andes since Early Miocene time. We construct a con-
ceptual model of the mechanical interplay between deep and shallow deformational processes,
which considers a locked subduction interface cyclically released during megathrust earthquakes.
During the coupling phase, long-term deformation is confined to the thermally and mechanically
weakened Andean strip, where plastic deformation is achieved by movement along a main décol-
lement located at the base of the upper brittle crust. The model proposes a passive surface uplift in
the Coastal Range as the master décollement decreases its slip eastwards, transferring shortening to
a broad area above a theoretical point S where the master detachment touches the Moho horizon.
When the crustal root achieves its actual thickness of 50 km between 12 and 10 Ma, it resists
further thickening and gravity-driven forces and thrusting shifts eastwards into the lowlands
achieving a total Miocene—Holocene shortening of 71 km.

The Andes, the world’s largest non-collisional oro-
gen, is considered the paradigm for geodynamic
processes associated with the convergence of an
oceanic plate (Nazca) below a continental plate mar-
gin (South American western margin). Although
these mountains have been described as a conse-
quence of crustal shortening that leads to crustal
thickening and surface uplift (Isacks 1988; Sheffels
1990; Allmendinger et al. 1997), the mechanisms by
which this crustal shortening is achieved remain

controversial (e.g. Garzione et al. 2008; DeCelles
et al. 2009; Ehlers & Poulsen 2009; Armijo et al.
2010; Farias et al. 2010).

Tectonic plates near subduction zones are dis-
placed towards the trench by buoyancy forces,
such as slab pull and ridge push. These driving
forces are resisted by forces associated with man-
tle viscosity, slab bending around the outer-rise and
interplate friction (Forsyth & Uyeda 1975; Heuret &
Lallemand 2005; Lamb 2006; Iaffaldano & Bunge
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Geodynamic Processes in the Andes of Central Chile and Argentina. Geological Society, London,

Special Publications, 399, http: //dx.doi.org/10.1144/SP399.14

© The Geological Society of London 2014. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics


http://sp.lyellcollection.org/
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at INIST-CNRS on March 7, 2014

L. GIAMBIAGI ET AL.

2008; Schellart 2008). Part of the work done by the
driving forces is stored as elastic strain energy
associated with the deformation of the upper plate
above the seismogenic portion of the locked subduc-
tion interface. The elastic deformation accumulated
during the decades to centuries of the interseismic
period is cyclically recovered by the coseismic
slip of both plates along the megathrust during
earthquakes and their post-seismic relaxation phases
(Savage 1983; Wang et al. 2012). If the Earth were
purely elastic, then no permanent deformation
would accumulate at active continental margins at
geological timescales, all the convergence would
be absorbed by coseismic interplate slip and no
Andean-type mountains would exist. The elastic be-
haviour is appropriated to describe the rheology of
the cold and rigid forearc and foreland regions,
whereas the hot and weak arc—back-arc region is
dominated by brittle (plastic) deformation of the
upper crust and ductile (viscous) deformation of
the lower crust and lithospheric mantle (Hyndman
et al. 2005). In this context, the long-term structure
of the arc—back-arc region is the result of the imbal-
ance between compressive strain accumulated dur-
ing the interseismic period and extensional strain
activated by the co- and post-seismic phases, but
summed over thousands or millions of seismic
cycles.

Andean-type margins are geodynamically
controlled in the long term by a strong coupling
between the forearc and the down-going slab
(Lamb 2006) and a comparatively rapid advance
of the foreland (and the entire upper plate) toward
the forearc with respect to the ocean-wards roll-
back velocity of the subducted slab (Heuret &
Lallemand 2005; Schellart 2008). The permanently
deforming arc—back-arc region located between the
colliding forearc and foreland regions accumulates
shortening and thickening to construct the Andes
and its crustal roots. However, the mechanisms and
structures by which this process actually occurs are
not well understood. Our study explores a possible
solution. We focus on this problem by studying
the Maipo—Tunuyan transect across the Southern
Central Andes (33°40'S) at the latitudes of the
cities of Santiago and Mendoza, which has been the
subject of a number of tectono-structural studies
including the pioneering observations of Darwin
(Giambiagi et al. 2009). Because of the amount of
pre-existing data, this transect constitutes a key area
for understanding the role of deep-seated structural
and tectonic processes on the constitution of the
central Chilean—Argentinean Orogen.

Several conceptual models of deep crustal defor-
mation have been proposed for the Andes between
18° and 38°S. These models can be divided into
two types: east-vergent and west-vergent models.
Among the first to be proposed are the wedge model

(Allmendinger et al. 1990), the duplex model
(Schmitz 1994) and the east-vergent décollement
model (Allmendinger & Gubbels 1996; Giambiagi
et al. 2003b, 2012; Ramos et al. 2004; Farias et al.
2010). The east-vergent models assume a shallow
subhorizontal to gently west-dipping detachment
located at different depths in the upper crust or at
the transition between the upper and lower crust.
This crustal-scale detachment has been identified
within a shallow brittle—ductile transition (e.g.
Tassara 2005; Farias er al. 2010) and it concen-
trates nearly all the horizontal crustal shortening
between the forearc and foreland. The eastwards
propagation of deformation into the foreland gener-
ates predominantly east-verging upper crustal
thrusts and folds. These models propose an under-
thrusting of the rigid, cold South American craton
under the mechanically and thermally weakened
Andean sector (Allmendinger & Gubbels 1996).
The diametrically opposed west-vergent model pro-
posed by Armijo et al. (2010) argues for the exist-
ence of a ramp-flat dec6llement dipping to the east
and the growth of the Andes mountain belt as a
bivergent orogen. In this model, it is the forearc
(coastal crustal-scale rigid block) that underthrusts
beneath the Principal Cordillera.

The aim of this paper is to propose an integra-
ted Miocene to present kinematic model with mech-
anical constraints for the Maipo—Tunuyan transect
(33°40'S) that correlates with the large volume of
geological and geophysical studies carried out by
numerous authors. For that purpose, we construct a
conceptual model of mechanical interplay between
deep and shallow deformational processes based
on thermomechanical and kinematic modeling.

The Andes between 33° and 34°S
latitudes: geological framework

The 33°40’S transect (Fig. 1) is located in a tran-
sition zone between a subhorizontal subduction
segment north of 33°S and a zone of normal subduc-
tion south of 34°S (Stauder 1975; Barazangi &
Isacks 1976; Cahill & Isacks 1992; Tassara et al.
2006). The abrupt southwards disappearance of
the Precordillera and Sierras Pampeanas has been
related to variation in the slab geometry (Jordan
et al. 1983; Charrier et al., this volume, in review).
At this latitude, the Andes of Argentina and Chile
are composed from West to East by the Coastal
Range, the Central Depression, the Principal Cor-
dillera, the Frontal Cordillera and the Cerrilladas
Pedemontanas range, where the pre-existing exten-
sional structures of the Triassic Cuyo basin are par-
tially inverted (Fig. 2a).

The Coastal Range can be divided into two
sectors. The western sector with low topographic
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Fig. 1. (a) Shaded relief map of the Andes. Box indicates location of map in Figure 1b. (b) Regional map of the Andes at
latitutde 31-36°S highlighting the present-day morphostructural units. The 33°40'S transect crosses the Coastal Range,
the Central Depression, the Principal and Frontal cordilleras and the foreland. Dashed black lines represent depth of the
subducted Nazca plate (from Tassara & Echaurren 2012). Notice the location of the transect above the transition
segment between flat and normal subducted slab. Box indicates location of map in Figure 2.

altitude (<500 m) is composed of a series of
Late Pliocene—Pleistocene marine ablation terraces
(Wall et al. 1996; Rodriguez et al. 2012) carved on
Late Palaeozoic—Middle Jurassic plutons (Sellés &
Gana 2001). The eastern sector with altitudes
up to 2000 m and relicts of high-elevated pene-
plains at different elevations (Briiggen 1950; Farias
et al. 2008) is made up of Cretaceous plutons
within a Late Jurassic—Early Cretaceous sedimen-
tary and volcanic country rock.

The Central Depression at an elevation of
700-500 m.a.s.l separates the Coastal Range from
the Principal Cordillera. It consists of a Quaternary
sedimentary and ignimbritic cover of up to 500 m
thickness beneath the Santiago valley (Araneda
et al. 2000) and basement rocks cropping out in
junction ridges and isolated hills reaching 1600 m
a.s.l. (Rodriguez et al. 2012).

The Principal Cordillera is also subdivided into
western and eastern sectors. The western sector
consists of Eocene—Early Miocene volcaniclastic
rocks of the Abanico extensional basin (Charrier
et al. 2002), covered by the Miocene volcanic-arc
rocks of the Farellones Formation (21.6—16.6 Ma;
Aguirre et al. 2000) which young southwards
(Godoy 2014). The eastern Principal Cordillera

consists of a thick sequence of Mesozoic sedimen-
tary rocks, highly deformed into the Aconcagua
fold-and-thrust belt (Giambiagi et al. 2003a).

The Frontal Cordillera at this latitude corre-
sponds to the Cordon del Portillo range, where
Proterozoic metamorphic rocks, Late Palacozoic
marine deposits, Carboniferous—Permian granitoids
and Permo-Triassic volcanic rocks crop out (Polan-
ski 1964). This range is uplifted by several east-
vergent faults of the Portillo fault system.

The Cerrilladas Pedemontanas range is marked
by the inversion of Triassic extensional faults of the
Cuyo basin and moderately dipping basement faults
(Garcia & Casa 2014). Triassic continental rocks
are covered by Neogene to Quaternary synorogenic
deposits of the Cacheuta basin (Irigoyen et al.
2000). The Quaternary volcanic arc at this latitude
is represented by the Marmolejo-Espiritu Santo-
San José volcanic centre, located along the crest of
the Andes 300 km east of the Chile trench.

Thermomechanical modelling

A necessary first-order constraint for the construc-
tion of a crustal-scale balanced cross-section is the
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Fig. 2. (a) Simplified map of the Andean orogen between 33° and 34°S. Modified from Polanski (1964), Gana et al.
(1996), Wall et al. (1996), Sellés & Gana (2001), Giambiagi & Ramos (2002) and Giambiagi et al. (2003a).
(b) Balanced cross-section from coast to foreland, based on our own data and detailed compilation from Polanski (1964),
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expected mechanical structure of the lithosphere,
particularly the identification of eventual ductile
zones associated with brittle—ductile transitions that
can serve as master detachments. The gravity-based
and seismically constrained three-dimensional den-
sity model of the Andean margin developed by
Tassara et al. (2006) and recently upgraded by
Tassara & Echaurren (2012) contains the geome-
tries for the subducted slab, the lithosphere—asthe-
nosphere boundary of the South American plate
(LAB), the continental Moho and the intra-crustal
discontinuity, which separates the upper crust (den-
sity 2700 kg m—3) from the lower crust (density
3100 kg m~3). Based on these geometries and ana-
lytical formulations of the heat transfer equa-
tion (Turcotte & Schubert 2002) with appropriate
boundary conditions, a 3D thermal model of the
Andean margin has been developed (Morales &
Tassara 2012; Tassara & Morales 2013). This
model accounts for heat conduction from the LAB
and subduction megathrust with radiogenic heat
generation into the crust and thermal advection by
the subducted plate, and predicts the distribution
of temperature inside the Andean lithosphere.

The 3D thermal model and the original density
model serve as the base to construct a 3D mechan-
ical model based on the concept of the yield strength
envelope (Goetze & Evans 1979; Burov & Diament
1995; Karato 2008). This envelope predicts the
mechanical behaviour (brittle, elastic or thermally
activated ductile creep) of a compositionally layered
lithosphere with depth along a given 1D geotherm
via the extrapolation of constitutive rheological
laws for different Earth materials from experimental
conditions to lithospheric space—temporal scales.

We use a preliminary version of the thermo-
mechanical model (Tassara 2012) to extract an
east—west cross-section along the Maipo—Tunuyan
transect (Fig. 2b). This section shows that most of
the upper-middle crust has a brittle-elastic behav-
iour, particularly for the cold and rigid forearc and
foreland regions. However, a ductile behaviour is
predicted by the model below the Principal Cordil-
lera within a thin layer (<5 km) at mid-crustal
depths (15-20 km) and for the entire lower crust
(i.e. deeper than 30 km).

Kinematic model of subduction orogeny

Our kinematic model with thermomechanical
constraints (Fig. 3) accounts for the long-term

deformation of the Andean convergent margin
between the cratonic interior of the South American
plate and the forearc. It considers a coupled slab—
forearc system with elastic loading and release
associated with the megathrust seismic cycle. We
kinematically model a velocity gradient AVy
between the continental lithospheric plate and the
underlying asthenospheric mantle by fixing the
slab—forearc interface and applying a westwards
movement of the continental plate along an artificial
line at the base of the Moho. This artificial line has
no geological significance; it has been designed for
the purpose of kinematical modelling and represents
a broad area with dislocation creeping and a verti-
cal velocity gradient AV, constrained between the
Moho and the lithosphere—asthenosphere boundary.
Displacement is transmitted along this base using
the trishear algorithm with p/s (propagation/dis-
placement) ratio between 0 and 0.5 until the singu-
larity point S below the Cordilleran axis (Fig. 3).
At the singularity S, which is located above the
downdip limit of the coupled seismogenic zone,
shortening is transmitted to a ramp-flat master
décollement, modelled with the fault parallel flow
algorithm as a passive master fault. Above this
décollement, crustal block B experiences brittle
deformation. Below the decdllement, the crust thick-
ens by ductile deformation. Inside crustal block
A, deformation diffuses westwards and upwards in
a triangular zone of distributed shear. This defor-
mation represents flexural permanent deformation
above the S point.

The geometry of our proposed master décolle-
ment coincides with previous conceptual models
for deep crustal deformation proposing an east-
wards vergence of the orogen (Allmendinger et al.
1990; Allmendinger & Gubbels 1996; Ramos
et al. 2004) and with the active ramp-flat structure
dipping 10°W beneath the western Principal Cordil-
lera and 25-30°W beneath the Coastal Range
proposed by Farias et al. (2010) based on seis-
mological studies. In our model, the décollement
ramps up beneath the easternmost sector of the
Chilean slope of the Andes. The vertical component
of slip in this ramp would be much greater than
in the Argentinean slope, where low-angle thrust-
ing develops. The abrupt rising of the international
border sector may therefore be a consequence of
localized rapid uplift on this segment of the transect.

The rationale follows Isacks’ (1988) conceptual
model in which brittle crustal horizontal shorten-
ing in the back-arc upper crust is compensated by

Fig. 2. (Continued) Gana & Tosdal (1996), Alvarez et al. (1999), Godoy et al. (1999), Giambiagi & Ramos (2002),
Giambiagi et al. (2003a, b), Rauld et al. (2006), Godoy (2011). Red lines indicate faults with Quaternary activity.
Geophysical data was extracted from the ACHISZS electronic database (www.achiszs.edu.cl/~achiszs/accessdb.html).
(¢) Detail of the cross-section in (b) for the sector of Principal Cordillera. Red lines indicate faults with

Quaternary activity.
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Coastal line

Nazca plate

Basal shear traction

Fig. 3. Conceptual model for the 33°40'S transect. A velocity gradient AV, is applied at the back of the foreland area
during the 100% locked interseismic period. We kinematically model deformation by applying movement along an
artificial basal line at the Moho, which transmits displacement westwards until the singularity point S. At this point S
shortening is transmitted to a ramp-flat master décollement, modelled as a passive master fault. Above this décollement,
crustal block B experiences brittle deformation. Below this line, the crust thickens by ductile deformation. Inside crustal
block A, deformation diffuses westwards and upwards in a triangular zone of distributed shear.

ductile thickening in the arc and back-arc lower
crust, and with the Andean microplate model of
Brooks et al. (2003) in which a west-dipping décol-
lement below the Andes mountain belt is viscously
coupled to the South American craton and allows
continuous creeping and stress transmission across
the boundary.

We perform a forward model using the 2DMove
academic license, taking into account the geologi-
cal and geophysical constraints and the thermo-
mecanical model. We assume plain strain along
the transect, without magmatic additions or subduc-
tion erosion. Shortening estimates rely on upper
crustal deformation measured all along the transect
and the balanced cross-section, which provides a
minimum estimate of horizontal shortening. First
of all, we reconstruct the Late Cretaceous—Early
Paleocene and Eocene—Early Miocene compres-
sional and extensional events using the available
geological and geochemical studies. For the Early
Miocene—present shortening period, we carry out
36 steps each of 2 km shortening, constrained by
the timing of movement along the main structures
of previous studies (Godoy et al. 1999; Giambiagi
& Ramos 2002; Giambiagi et al. 2003a), isotopic
analysis (Ramos et al. 1996; Kay et al. 2005) and
exhumation analysis (Kurtz et al. 1997; Maskaev
et al. 2004, 2009; Hoke et al. 2014). With these
data we calculate an average shortening rate for
each period. Every 2—3 steps, we simulate erosion
and sedimentation in accordance with sedimento-
logical, palacogeographic and provenance studies
from the foreland and forearc basins (Irigoyen
et al. 2000; Giambiagi et al. 2001; Rodriguez et al.
2012; Porras et al., this volume, in review), and
allow flexural-isostatic adjustments of the litho-
sphere due to local load changes assuming a default
value for the Young’s modulus E =7 x 10'° Pa
and the effective elastic thickness (7,) calculated

in Tassara et al. (2007). Considering that we take
into account the effects of erosion and sedimenta-
tion, topographic data presented here are purely
qualitative.

Structure of the 33°40'S transect

The present-day structure of the 33°40'S transect
is represented in Figure 2b, c. The crust below the
Andes appears to reach its greatest thickness of
50 km at a longitude near 69°45'W. This longitude
closely corresponds to the location of the highest
peaks at this latitude that reach an altitude of
6000 m in the Marmolejo volcano. The Coastal
Range (Fig. 4a) represents an east-dipping gentle
homocline of Upper Palaeozoic—Cretaceous rocks
(Wall e al. 1999). No major Andean thrust fault
has been identified in this range, which is affected
mainly by high-angle pre-Andean NNW-NW-
trending faults such as the Melipilla fault (Yafiez
et al. 2002), which may have been inherited from
the Late Triassic continental-scale rifting.

The western Principal Cordillera comprises the
Late Eocene—Miocene volcanic arc and is domi-
nated by the inversion of the Abanico extensional
basin (Fig. 4b). Fock et al. (2006) proposed that
this inversion has a bivergent sense. According to
Godoy et al. (1999) however, a double vergence
for Abanico is developed only south of this latitude;
at the transect latitude, the Abanico master faults are
only inverted in its western edge.

The Front Range east of Santiago city represents
the western thrust front of the Principal Cordillera.
It was uplifted by inversion of the east-dipping
Abanico master fault system, including the Infier-
nillo and San Ramén faults (Godoy et al. 1999;
Fock et al. 2006; Rauld et al. 2006). The latter of
which has been described by Rauld et al. (2006)
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and Armijo et al. (2010) as a feature active during
the Holocene. The hanging wall of the San Ramén
fault is folded into a tight syncline—anticline pair
interpreted to be generated by an underlying base-
ment ramp (Godoy et al. 1999). Toward the east,
east-dipping faults with small throws are inferred
to fold the Abanico and Farellones strata (Armijo
et al. 2010).

The east-vergent Chacayal thrust system marks
the border between western and eastern Principal
Cordillera sectors (Giambiagi & Ramos 2002). This
thrust system, which uplifts a thick sheet of Upper
Jurassic sedimentary rocks (Fig. 4c), runs from the
Las Cuevas river (32°50’S) to the Maipo river
(34°10'S) for more than 150 km along-strike and
corresponds to the most important structure in the
western slope of the Principal Cordillera. The Acon-
cagua fold-and-thrust belt presents an overall geo-
metry of a low-angle eastwards-tapering wedge,
characterized by a dense array of east-vergent imbri-
cate low-angle thrusts (Fig. 4d) with subordinate
west-vergent out-of-sequence thrusts (Fig. 4d) (Gia-
mbiagi & Ramos 2002). The western sector of the
belt is dominated by a broad anticline related to the
inversion of the Triassic—Jurassic Yeguas Muertas
extensional depocentre (Alvarez et al. 1999).

The Frontal Cordillera represents a rigid block
uplifted by the Portillo fault system, located at its
eastern margin (Fig. 4e). This system corresponds
to a series of east-vergent deeply seated thrust
faults (Fig. 4f), which uplift the pre-Jurassic base-
ment rocks on top of the Middle Miocene—Quatern-
ary sedimentary rocks deposited in the foreland
basin (Polanski 1964; Giambiagi et al. 2003a).
The foreland area comprises Neogene—Quaternary
sedimentary deposits gently folded into open anti-
clines (Fig. 4g). The Triassic Cuyo basin is par-
tially inverted in this sector by reactivation of
pre-existing structures, such as the Anchayuyo
fault, and generation of new thrusts (Fig. 4h).

Deformational periods

Even although the tectonic evolution of the tran-
sect can be regarded as a continuous deformational
event from the Early Miocene to the present, with
crustal thickening and widening and uplift of the
Andean ranges, we can separate this evolution into
several periods of deformation during which rock
uplift and erosion shape the orogen.

The Late Cretaceous—Paleocene
deformational event
The Andean orogeny started in several segments

with contractional deformation during Late Cre-
taceous time when the back-arc basins began to be

tectonically inverted (Mpodozis & Ramos 1989).
Deformation in the southern Central Andean thrust
belts north and south of this transect started dur-
ing the Upper Cretaceous—Palacogene shortening
event (Mpodozis & Ramos 1989; Tunik et al.
2010; Orts et al. 2012; Mescua et al. 2013). Accord-
ing to Tapia et al. (2012), in the studied tran-
sect this contractional event was localized in the
Coastal Cordillera and the western sector of the
Principal Cordillera. However, Godoy (2014)
argues that the evidence for this event in the Main
Range is dubious and interprets the area to represent
a structural knot that resisted K—T (Cretaceous—
Tertiary) deformation.

In the eastern Principal Cordillera on the other
hand, continental sediments were deposited in the
northern Neuquén foreland basin (Tunik et al. 2010)
which culminated with an Atlantic marine ingres-
sion during Maastrichtian time (Tunik 2003;
Aguirre-Urreta et al. 2011). Further east, geother-
mocronological analysis indicates that the foreland
area east of Frontal Cordillera was stable (not defor-
med nor uplifted) during the Jurassic—Palacogene
period (Avila et al. 2005). Further structural studies
are needed to understand the deformation during
this stage, which is beyond the scope of this study.

Given the lack of precise constraints for the
deformation during Cretaceous—Palaeogene time
in the studied transect, we estimated the shortening
based on the assumption of conservation of the
crustal area along the section. We used the Tassara
& Echaurren (2012) geophysical model to calculate
the crustal area at present. Taking into account the
shortening estimations based on structural studies
(Godoy et al. 1999; Giambiagi & Ramos 2002;
Giambiagi et al. 2003a; Fig. 2b), an initial crustal
thickness of T, = 40 km is needed to accommodate
Andean shortening along the transect. However,
crustal thickness was not constant across-strike
before the Neogene, since a Palacogene extensional
event led to a thin crust (of 30—35 km of thick-
ness) in the western Principal Cordillera (see the fol-
lowing section). In order to preserve crustal area,
this region of thin crust should be compensated
with a thick region which we associate with the
Cretaceous—Palaeogene contractional deformation
developed to the west of the extended sector.
A block of 42-km-thick crust in the present Coastal
Cordillera and Central Depression can account for
the missing crustal area. We modelled this block
of thicker crust with 10 km of Late Cretaceous—
Palaeogene shortening (Fig. 5a).

The Eocene—Early Miocene extensional event

During Eocene—Early Miocene time, a protracted
extensional event took place with deformation con-
centrated in the western sector of the Principal
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Proterozoic
~ |metamorphic rocks

Fig. 4. Photographs of the 33°40’S transect. (a) Central Depression and Coastal Range (photograph P. Alvarez).

(b) Abanico strata deformed into open west-vergent folds in the western Principal Cordillera (photograph J. Suriano).
(¢) Vertical mesozoic beds uplifted by the Chacayal fault and back-tilting by the Aconcagua FTB faults (photograph
L. Pinto). (d) Palomares fault system in the Aconcagua FTB, uplifting Mesozoic strata over the Neogene synorogenic
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Cordillera (Charrier et al. 2002). This event has
been linked to a segmented roll back subduction
event (Mpodozis & Cornejo 2012) in contraposi-
tion to the compressive deformation registered in
the Andean margin north of 25°S (Carrapa et al.
2005; Hongn et al. 2007). Normal faulting was
associated with crustal thinning and tholeiitic mag-
matism of the Abanico Formation (Nystrom et al.
1993; Kay & Kurtz 1995; Zurita et al. 2000;
Muiioz et al. 2006), whose “°Ar/**Ar ages at the
latitude of Santiago (33°S) range from 35 to
21 Ma (Muioz et al. 2006). The extensional basin
was filled with up to 3000 m of volcaniclastic depos-
its, and acidic to intermediate lavas with sedi-
mentary intercalations (Charrier et al. 2002). Even
although geochemical analyses suggest it was
formed upon a c. 30—35-km thick continental crust
(Nystrom et al. 2003; Kay et al. 2005; Mufioz et al.
2006), there is no evidence of marine sedimenta-
tion. Isotopic analysis and comparison between
western and eastern outcrops of the Abanico For-
mation indicate higher crustal contamination, sug-
gesting larger crustal thickness to the east (Fuentes
2004; Muifioz et al. 2006) and an asymmetric geo-
metry of the extensional basin, due to the concen-
tration of extensional deformation in the western
master fault system.

During this period, the Coastal Range should
have been elevated due to isostatic compensation of
the Late Cretaceous—Paleocene crustal thickening
event and locally by isostatic rebound close to the
Abanico east-dipping master fault. Further east in
the Neuquén basin, Paleocene continental distal
sediments were deposited tapering towards the east.

The extensional structures of the Abanico basin
have been obliterated by the later compressional
faults. Inferred master faults have been suggested
to be located beneath the Central Depression
(Godoy et al. 1999; Fock et al. 2006). Much more
speculative is the existence of eastern basin-border
faults. Apatite and zircon fission track cooling
ages from the eastern Coastal Cordillera constrain
an exhumation period between 36 and 42 Ma
(Farias er al. 2008), which could be related to
uplift of the rift shoulder westwards of the master
fault (Fock 2005; Charrier et al. 2007) at the begin-
ning of the extensional period (since Late Eocene).

The Early Miocene (21—18 Ma)

The last major shortening event began during the
Early Miocene with the inversion of the Abanico

basin (Godoy et al. 1999; Charrier et al. 2002;
Fock et al. 2006). After that, chronological data
suggest that deformation has accumulated during a
single period of shortening between the Early
Miocene and the present (Giambiagi et al. 2003a;
Porras et al., this volume, in review). The onset of
deformation in the western slope is marked by the
change from low-K Abanico Formation tholeiites
to calc-alkaline dacites of the Teniente Volcanic
Complex (Kay ef al. 2005, 2006), between 21 and
19 Ma (Charrier et al. 2002, 2005). This inversion
occurred coevally with the development of the Fare-
llones volcanic arc of Early—Middle Miocene age
(Vergara et al. 1999). A 22.5Ma U-Pb zircon
SHRIMP age of the base of the Farellones For-
mation along the Ramon—Damas Range anticline
marks the beginning of the Farellones arc at this
transect (Fock 2005).

In our model, the western Principal Cordillera
is related to the generation of the Main decéllement
(MD) rooted in the singularly point S at the con-
tact between the Moho and mantle sub-arc litho-
sphere, ¢. 40 km depth from the surface, and the
Western Cordillera ramp (WCr) inferred to be
located below the Western thrust front (WTF). We
interpret this event as the generation of an impor-
tant detachment connected to the Chilean ramp pro-
posed by Farias er al. (2010) and located between
12 and 15 km depth beneath the Principal Cor-
dillera. Eastwards movement of the upper crust
relative to the stable and long-lived lower crust
MASH (melting, assimilation, storage and homo-
genization) zone proposed by Muifioz et al. (2012)
could explain the width of up to 40 km of the Fare-
llones volcanic arc. The main uplifted sectors for
this period are the eastern Coastal Range and the
western Principal Cordillera, above the Western
Cordillera ramp (the Front Range east of the city
of Santiago). The passive uplift of both sectors is
in agreement with provenance studies of heavy
mineral assemblages for the lower Navidad For-
mation (Rodriguez et al. 2012), whose radiometric
ages indicate deposition during 2318 Ma (Gutiér-
rez et al. 2013) and apatite fission track (AFT) age
(18.3 £+ 2.6 Ma) for an Upper Cretaceous deposit
(Fock 2005).

The passage of the pre-existing Abanico master
normal faults over the WCr could have reacti-
vated these structures as passive back-thrusts and
favoured the intrusion of the La Obra pluton
(19.6 Ma; Kurtz et al. 1997). In the foreland, retro-
arc volcanism of the Contreras Formation (18.3 Ma;

Fig. 4. (Continued) units (photograph M. Tunik). (e) Frontal Cordillera from the Portillo pass (photograph M. Tunik).
(f) Frontal Cordillera active thrust front (photograph L.Giambiagi). (g) Looking westwards from the Cacheuta

basin. Strata on front correspond to uplifted Neogene synorogenic deposits (photograph L. Giambiagi). (h) Neogene
deposits uplifted and folded at the easternmost sector of the transect (photograph L. Giambiagi).
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Fig. 5. Model for the evolution of the 33°40’S transect from the Late Cretaceous to the present. (a) Deformational
periods from the Late Cretaceous—Early Paleocene compressional event to the early Middle Miocene phase.
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Fig. 5. (Continued) (b) Deformational periods from the Middle—Late Miocene to the present.
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Giambiagi & Ramos 2002) with geochemical signa-
tures of unthickened crust (Ramos et al. 1996) pre-
dates the formation of the Alto Tunuyan foreland
basin.

We calculated 8 km of shortening concentrated
in the western Principal Cordillera (7 km) and the
Coastal Range (1 km), with a mean shortening rate
of 2 mm a~! for this period. Beneath the western
Principal Cordillera, the crust achieved its maxi-
mum thickness (40 km) and maximum topographic
elevation ranges between 2000 and 3000 m a.s.l.

The Late Early Miocene (17—15 Ma)

This period marks the beginning of deformation
along the Aconcagua FTB (fold-and-thrust belt),
linked to the prolongation of the Main décollement
eastwards and the formation of the Yeguas Muertas
ramp beneath the homonymous anticline (Giam-
biagi ef al. 2003a, b). By this time, driving forces
cannot supply the energy needed to elevate the
western Principal Cordillera by movement along
the WCr (supercritical wedge stage), and the
orogen begins to grow in width to lower the taper
by propagating forwards towards the foreland.
According to Muiioz et al. (2012), this shift in the
locus of deformation should be related to the rapid
ascent of subduction-related mantle-derived mag-
mas that had little interaction with the upper litho-
sphere, such as those analysed by these authors in
the western Principal Cordillera.

The earliest Neogene synorogenic strata appear
in the Alto Tunuyan basin at ¢. 17-16 Ma, with
source region restricted to the volcanic rocks of
the Principal Cordillera and to the Frontal Cordillera
(Porras et al., this volume, in review). For this last
source region, Porras et al. (this volume, in review)
propose the existence of a peripheral bulge located
in what is now the Frontal Cordillera, while Hoke
et al. (2014) suggest a significant pre-Middle
Miocene local relief. Further studies are required
in order to decide which option is the best. During
this period, the Cacheuta basin, apparently discon-
nected from the Alto Tunuyan basin, only received
aeolian deposits (Irigoyen et al. 2000).

The uplift of the western Principal Cordillera
evidenced in the provenance of the Navidad basin
(Rodriguez et al. 2012) is due to overriding of this
sector of the range across the Yeguas Muertas
ramp. Movement along the Main décollement and
this ramp achieves 14 km of shortening in the Acon-
cagua FTB, with an average shortening rate of
47 mm a~'. Maximum topographic elevation is
between 2500 and 3000 m in the western Principal
Cordillera, and the crust thickens to 44 km below
the westernmost Principal Cordillera as suggested
by geochemical data (Kay et al. 2005). Flexural—
isostatic compensation of this sector of the orogen

could explain the exhumation rates of the La Obra
pluton (0.5-0.6 mm a~ ') during this period (Kurtz
et al. 1997).

The coeval uplift of the eastern Coastal Cordil-
lera and the Principal Cordillera leads to the for-
mation of a depocentre filled by up to 3000 m of
arc-related volcanics of the Farellones Formation
(Vergara et al. 1988; Elgueta er al. 1999; Godoy
et al. 1999). Magma migration within the arc may
have been enhanced by active movement along the
Western Cordillera ramp and the associated back-
thrusts.

The Middle Miocene (15—11 Ma)

During this phase, upper crust deformation is loca-
lized in the eastern Principal Cordillera with the
development of the east-vergent in-sequence Acon-
cagua FTB faults and associated back-thrusts close
to the international border. Cross-cutting rela-
tionships between thrust faults suggest the cyclic
activation—deactivation of the Western, Yeguas
Muertas and Palomares ramps with important short-
ening (17 km) in the Principal Cordillera. The
period between 12 and 11 Ma corresponds to one
of quiescence in deformation along the Aconcagua
FTB, when the thrust front became inactive and
erosion of the previously uplifted area was respon-
sible for the generation of an important unconfor-
mity between the Cretaceous strata and the Middle
Miocene synorogenic deposits (Giambiagi et al.
2001). Instead, deformation is concentrated in the
Chilean slope of the Principal Cordillera with the
reactivation of the Western Cordillera ramp and
movement along the pre-existing San Ramén and
Infiernillo faults (Fock et al. 2006). After this short
quiescence period, the reactivation of the Yeguas
Muertas and Palomares ramps leads to generation
of out-of-sequence thrusts in the Aconcagua FTB.

This is a period of high crustal shortening
(23 km) concentrated along the international
border and the eastern Principal Cordillera, with
the mean shortening rates of 5mm a ' and
6.5mm a~ ' for the 15-13 and 12—11 Ma periods,
respectively. The crust almost achieves a thickness
of 49 km, with an eastwards shift in the crustal
keel. Important space creation due to flexural com-
pensation of the tectonic load, immediately to the
east of the Aconcagua FTB, is registered both in
the Alto Tunuyan and Cacheuta basins (Irigoyen
et al. 2000; Giambiagi et al. 2001).

At the end of this phase, the volcanic activity
practically wanes and only very localized acti-
vity is recorded during late Middle Miocene—
Late Pliocene time, in agreement with a highly
compressive stress regime in the arc region.
The present volcanic arc develops in the latest
Pliocene along the watershed. Instead, barren and
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mineralization-hosting intrusives, such as La Gloria
and San Gabriel plutons and Cerro Mes6n Alto por-
phyry (Deckart et al. 2010), intrude the Miocene
Farellones Formation or the Upper Cretaceous sedi-
mentary rocks.

The Late Miocene (10—6 Ma)

At the beginning of this phase around 10—9 Ma, the
crust achieves its present maximum thickness of
50 km in accordance with isotopic analysis (Kay
et al. 2005). At this point, driving forces can no
longer supply the energy needed to thicken the
crust and uplift the range and the crustal root is
likely to grow laterally in width instead of increas-
ing its depth, with a reduction in shortening rates.
This is in accordance with the proposition of
Mufioz et al. (2012) for the existence of deep
crustal hot zones. According to these authors, the
repeated basalt intrusion into the lower crust
induces a significant thermal perturbation, with the
amphibolitic lower crust reaching temperatures up
to 750-870°C and increased melt component.
This promotes the ductile behaviour of the lower-
most crust and the widening of the crustal root.

Overall, no volcanic activity is registered during
this period. Instead, the Teniente Plutonic Complex
intrudes the Abanico and Farellones formations
between 12 and 7 Ma (Kay & Kurtz 1995; Kurtz
et al. 1997; Kay et al. 2005).

During the early Late Miocene (10-9 Ma),
reactivation of the Palomares ramp leads to out-of-
sequence thrusting in the Aconcagua thrust front
and the cannibalization of the Alto Tunuyan fore-
land basin deposits. Seven kilometres of shortening
are achieved during this phase at the thrust front.
Provenance analysis of the synorogenic fill of the
Alto Tunuyan foreland basin indicates the begin-
ning of uplift of the Frontal Cordillera (Porras
et al., this volume, in review), thrusts of which have
been inferred to be deeply seated in a ductile shear
zone of the lower crust (Giambiagi er al. 2012).

During the latest Late Miocene (8§8—6 Ma), the
sedimentary record indicates important uplift of
the Frontal Cordillera between 33°30" and 34°30'S
(Irigoyen et al., 2000; Giambiagi et al. 2003a;
Porras et al., this volume, in review). Thermochro-
nological studies in Argentina both bordering and
within the study area show that very little exhuma-
tion has occurred in this area during Cenozoic time.
An apatite (U-Th)/He study in the Frontal Cordil-
lera between 32°50" and 33°40’ yields pre-Miocene
exhumation rates of ¢. 12 m Ma ™!, with an increse
to 40 m Ma ™' at 25 Ma and an inferred onset of
rapid river incision between 10 and 7 Ma, roughly
within geological constraints (Hoke et al. 2014).

A couple of million years after the onset of
uplift in the Frontal Cordillera, the Principal

Cordillera experiences important reactivation of
the Yeguas Muertas and Palomares ramps with gen-
eration of out-of-sequence thrusts (e.g. Piuquenes
and Morado) and the reactivation of the Palomares
thrust system (Giambiagi & Ramos 2002).

At this time, movement along the Yeguas
Muertas ramp would cause the Western Cordillera
ramp to ramp up with a vertical component of slip
much greater than the eastern Principal Cordillera
and a localized rapid uplift. This is in agreement
with fission track data from the Miocene plutons
exposed in the western Principal Cordillera, compa-
tible with <3 km of denudation of the El Teniente
district since Late Miocene time (Maskaev et al.
2004), and the identification of a main stage of
surface uplift in the Chilean slope during Late
Miocene—Early Pliocene time with maximum verti-
cal throw 0.7—1.1 km (Farias et al. 2008).

During Early Miocene—Early Pliocene time, the
western sector of the Coastal Cordillera is sub-
merged as evidenced by the marine deposits of the
Navidad Formation and younger units (Encinas
et al. 2008; Gutiérrez et al. 2013), and is subjected
to local extensional stress field (Lavenu & Encinas
2005). Flexural elasticity of the rigid cold forearc
region causes the western Coastal Range to sub-
side while the eastern sector of the range is uplifted.
This is in agreement with geologic evidence for
subsidence between 10 and 4 Ma in this sector of
the transect (Encinas et al. 2006).

The Pliocene (5-2.5 Ma)

During Pliocene time, the magmatic activity reas-
sumes its current locus along the High Andean
drainage divide. Around this time, the Main dé-
collement becomes inactive and there is a lull
in deformation in the Principal Cordillera, con-
comitant with the mineralization of the El Teniente
porphyry whose magmatic-hydrothermal centre
records 6 Ma of continuous activity during 9-
3 Ma (Mpodozis & Cornejo 2012). Compressional
deformation occurs only in the eastern Frontal
Cordillera with generation of thrusts affecting the
Miocene—Early Pliocene synorogenic deposists of
the Cacheuta basin, and in the Cerrilladas Pedemon-
tanas with the generation of an angular uncon-
formity in the synorogenic units (Yrigoyen 1993;
Irigoyen et al. 2000) and the inversion of the
Anchayuyo fault (Giambiagi et al. submitted to
Tectonics).

The compressional deformation in the Frontal
Cordillera is coeval with movement along NE
dextral and WNW sinistral strike-slip faults
reported to affect the El Teniente porphyry copper
deposits in western Principal Cordillera (Garrido
et al. 1994). According to these authors, the strike-
slip faults were active before, during and after the
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formation of the giant porphyry Cu—Mo deposit
(6.3-4.3 Ma, Maksaev et al. 2004), indicating a
strike-slip regime during Early Pliocene time.

The widening of the crustal root during this
stage favours the Coastal Cordillera uplifts by iso-
static rebound, evidenced by the emergence of
marine deposits between 4.4 and 2.7 Ma (Encinas
et al. 2006) and the onset of knickpoint retreat in
the western Coastal Range around 4.6 Ma (Farias
et al. 2008). This process would have partially
blocked the drainage, inducing sedimentation in
the Central depression (Farias et al. 2008). The
widening of the crustal root could in turn be respon-
sible for the increase in topographic elevation
by isostatic compensation. The enhanced erosion
related to increased relief during 6—3 Ma suggested
by Maksaev er al. (2009) could be attributed to
this phenomenon.

The Quaternary (2.5 Ma—present)

The distribution of shallow earthquake epicentres
in the Andes between 33° and 34°S gives impor-
tant clues for the Quaternary deformation along
the transect. In the Chilean slope of the Andes,
shallow seismic activity is distributed mainly
along the western flank of the Principal Cordillera
at depths of 12 and 15 km (Barrientos er al. 2004),
and beneath the Central depression at depths shal-
lower than 20 km (Farias ef al. 2010). This sug-
gests that at least the western portion of the Main
décollement is active today. Beneath the Western
Principal Cordillera, seismicity is concentrated on
the steeper portion of the main décollement. We
suspect that slip occurs aseismically on the gently
dipping segments of this detachment zone. This is
in agreement with minor Quaternary movement
along the San Ramoén fault, whose scarp has been
linked to the vertical offsets (0.7—1.1 km) of the
peneplains present in the western Principal Cordil-
lera before 2.3 Ma (Farias ef al. 2008).

In the High Andes close to the Chilean—
Argentine border, most shallow earthquakes of
M > 5 show focal mechanisms related to strike-
slip kinematics (Barrientos et al. 2004), such as the
M,, 6.9 Las Melosas earthquake (Alvarado et al.
2005). Beneath the eastern part of the Frontal Cor-
dillera and the Cuyo basin shallow focal mech-
anisms are related to compressional kinematics
(Alvarado et al. 2007). The neotectonics of the
Andean retrowedge at this latitude is character-
ized by movement along buried faults that fold the
Quaternary deposits (Garcia & Casa 2014).

During this phase, the backward tilting of the
Principal and Frontal cordilleras by movement
along the Portillo thrust system and the isostatic
readjustment of the thickened crust could be respon-
sible for the tilting to the west (1-3°) of several

flat erosional surfaces located between 2600 and
3200 m a.s.l. in the western Principal Cordillera
(Farias et al. 2008). We propose that the increase
in gravitational potential energy due to crustal roots
formation and mountain uplift prevents the main
décollement from propagating eastwards. Instead,
reactivation of the WPC back-thrusts should have
implied less work against resisting stresses.

Discussion: implications of the model

The kinematic model presented in this work inte-
grates structural, sedimentological, petrological,
geochronological and geophysical data for the
studied transect. The geological constraints avail-
able for the area allowed us to build a complete
model that describes the relation between horizon-
tal shortening, uplift, crustal thickening and acti-
vity of the magmatic arc, accounting for the main
deep processes that have shaped the Andes since
Early Miocene times. These geological and geo-
physical constraints reinforce previous hypotheses
of a west-dipping detachment at the transition
from brittle-elastic to ductile rheology in the crust
below the Andean strip (Allmendinger & Gubbels
1996; Ramos et al. 2004; Farias et al. 2010; Giam-
biagi et al. 2012), and are consistent with the east-
vergent models. Furthermore, the model allows us
to discuss some aspects of Andean history in light
of our results.

Our model proposes passive surface uplift in
the Coastal Range as the master décollement
decreases its slip downwards transferring shorten-
ing to a broad area above the singularity point S,
where the master detachment touches the Moho
horizon (Figs 3 & 5). During the 18—5 Ma period,
the main phase of deformation is located in
the Aconcagua FTB. As the crust thickens from
40 to 50 km and the upper crust shortens to 52 km,
the S point slowly migrates westwards (Fig. 5b).
This migration generates a slowly propagating
wave of surface uplift in the Coastal Range, from
its eastern part at ¢. 18 Ma to its western part at
the beginning of Pliocene time, in agreement with
provenance studies from the Navidad basin (Rodri-
guez et al. 2012). Coeval uplift of the Coastal
Range and Principal Cordillera creates the Central
Depression, inducing thick sedimentary filling as
suggested by Farias et al. (2008). This explains
why no important coastal-parallel faults have been
observed in the Coastal Range, even although it
experience significant topographic uplift during
Cenozoic time suggested by the exposure of the
Miocene marine deposits (Encinas et al. 2008;
Gutierrez et al. 2013). Moreover, the presence of
relict continental erosion surfaces with different
elevations developed close to sea level and uplifted
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up to 2.1 km a.s.l. (Farias et al. 2008) indicates
several pulses of Coastal Range uplift.

The eastward migration of the volcanic arc
during Late Miocene—Quaternary time could be
related to an eastwards migration of the trench due
to tectonic erosion of the continental margin, as
proposed by Stern (1989, 2011) and Kay et al
(2005); the delamination of an eclogitic root in the
lower crust and mantle lithosphere (Kay & Kay
1993; DeCelles et al. 2009); and to shortening of
the brittle crust above the major decéllement.
Migration of the volcanic arc can be explained by
our model without invoking the decrease in the
angle of subduction of the oceanic slab for this
period of time, consistent with the proposal of
Godoy (2005). Instead, the overall decrease in the
volume of the asthenospheric wedge due to the
construction of the crustal root could inhibit
the influx of hot asthenosphere into the region and
be responsible for the cooling of the subarc mantle
and the eastward migration of the arc, as proposed
by Stern (1989).

Underthrusting of the mechanically strong
South American craton beneath the Andean strip
leads to thickening of the crust. Kay et al. (1999)
and Kay & Mpodozis (2001) argued that the trans-
formation of hydrous lower-crustal amphibolite to
garnet-bearing eclogite during crustal thickening
can be responsible for the exsolution of fluids.
These fluids can substantially decrease the strength
of the lower crust. In this way, crustal thickening
before Middle Miocene time may have favoured
increased deformation during the Middle—Late
Miocene (12—10 Ma) period, enhancing horizontal
shortening in the Principal Cordillera and widening
of the crustal roots. The forces that support the
Andes provide an upper limit to the height of the
mountain range and also to crustal thickness
(Molnar & Lyon-Caen 1988). In our study area,
the critical value seems to be of the order 50 km.
Once this thickness is achieved, gravitational poten-
tial forces created by the buoyant crustal root are
higher than unbalanced driving tectonic forces and
therefore thrusting shifts eastwards into the low-
lands. Even although convergence was steady,
faults in the Principal Cordillera become inactive,
the main décollement is deactivated and a new
décollement is formed in the east to uplift the
Frontal Cordillera.

Conclusions

In this paper we propose a kinematic model with
thermomechanical constraints for the Miocene—
present evolution of the Southern Central Andes at
the latitude of the city of Santiago. Our model
assumes a main décollement located at the base

of the upper crust (15—-12 km in depth), which pro-
duces the underthrusting of the South American
craton beneath the Andean strip. The total amount
of horizontal shortening calculated with our
master-detachment is 71 km, distributed between
the western and eastern slopes of the Principal Cor-
dillera (17 and 35 km, respectively), the Frontal
Cordillera and foreland area (16 km). On the other
hand, the Coastal Range undergoes passive surface
uplift with only 3 km of shortening.

During the 18—5 Ma period, the main phase of
deformation is located in the Aconcagua FTB. As
the crust thickens from 40 to 50 km and the upper
crust shortens by 52 km, the thrust front migrates
from the Principal Cordillera to the Frontal Cordil-
lera with a peak of deformation at ¢. 12—10 Ma.
After the Andean crust achieves its present thick-
ness of 50 km beneath the western Principal Cor-
dillera, gravitational stresses drive the lateral
expansion of the crustal root westwards and east-
wards, driving surface uplift of the Central Depres-
sion and both slopes of the Principal Cordillera
by isostatic response. Afterwards, during Pliocene
time (5-2.5 Ma), there was a lull in deformation
both in the eastern and western slope of the Andes
with a deactivation of the master décollement.
Uplift at this time is concentrated in the easternmost
sector of the Frontal Cordillera and the Cacheuta
basin. During Quaternary time, there is a reactiva-
tion of contractional deformation in the actual
thrust front and in the Frontal range close to the
city of Santiago as evidenced by seismological
studies, suggesting the reactivation of the western
sector of the main décollement.
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ABSTRACT. The uppermost Jurassic continental and volcanic deposits of the Rio Damas-Tordillo Formation represent
an interval of intense continental deposition within the Jurassic to Early Cretaceous dominantly marine environment of
the Mendoza-Neuquén back-arc basin. Stratigraphic and geochronological data indicate that progressive emersion of
the arc and forearc domain, disconnecting the back-arc region from the Pacific Ocean, occurred during occurred during
the Late Jurassic and probably the Early Cretaceous (~160-140 Ma). This change in the margin configuration induced
a marine regression and the subsequent deposition of continental material in the back-arc basin. The most likely source
of the sediments would have been the Jurassic arc, located west of the back-arc basin. The maximum depositional age
of 146.4+4.4 Ma obtained from a red sandstone immediately below volcanic rocks confirms recent Tithonian maximum
depositional ages assigned to the Rio Damas-Tordillo Formation, and suggests that the volcanic rocks, overlain by marine
fossiliferous Tithoninan-Hauterivian sequences, should have erupted within a short time span during the Late Jurassic.
Volcanism was probably facilitated by the presence of extensional structures related to the formation of the back-arc
basin. Elemental and isotopic data, along with forward AFC models, suggest a depleted sub-arc asthenospheric mantle
source for the volcanic rocks and the fractionation of olivine and plagioclase, along with small volumes of lower crust
assimilation, as the main processes involved in the magmatic evolution. It is not possible to establish a different source
and petrogenetic conditions for the Rio Damas-Tordillo Formation and the magmatism in the arc domain located further
west, at the present-day Coastal Cordillera.

Keywords: Jurassic, Volcanism, Central Chile, Detrital zircons, Isotopes.
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RESUMEN. El volcanismo jurasico superior de la Formacion Rio Damas-Tordillo (33°-35,5°S): antecedentes su
sobre petrogénesis, cronologia, proveniencia e implicancias tecténicas. Los depositos continentales y volcanicos del
Jurasico tardio, pertenecientes a la Formacion Rio Damas-Tordillo, representan un periodo de intensa sedimentacion
continental dentro del registro mayormente marino observado en la Cuenca Neuquina, durante el Jurasico y Cretacico
Inferior. Datos estratigraficos y geocronologicos indican una progresiva emersion del dominio de arco y antearco,
desconectando finalmente a la cuenca de trasarco del Océano Pacifico durante el Jurasico Superior. Este cambio en la
configuracion del margen tuvo como resultado el desarrollo de una regresion marina y posterior sedimentacion continental
en la cuenca de trasarco. La fuente de sedimentos mas probable habria sido el arco jurasico, ubicado hacia el oeste de
la cuenca. La edad maxima de 146,4+4.4 Ma, obtenida en una arenisca roja inmediatamente por debajo de las rocas
volcanicas, confirma las edades maximas de deposito titonianas, asignadas recientemente a la Formacion Rio Damas-
Tordillo, y sugiere que las rocas volcanicas cubiertas por secuencias marinas fosiliferas del Titoniano-Hauteriviano fueron
emplazadas en un periodo muy restringido hacia fines del Jurasico. Este volcanismo probablemente fue facilitado por
la presencia de estructuras extensionales relacionadas con el desarrollo de la cuenca de trasarco. Datos geoquimicos
clementales e isotopicos, junto con modelamientos de ACF, sugieren un manto astenosférico deprimido como fuente del
material igneo, y el fraccionamiento de olivino y plagioclasa, combinado con pequefios volumenes de asimilacion de
corteza inferior, como los principales procesos involucrados en la evolucion de los magmas. No es posible diferenciar,
en términos geoquimicos, la fuente y los procesos petrogenéticos del volcanismo jurasico reconocido en la cordillera

de la Costa y el de la Formacién Rio Damas-Tordillo.

Palabras clave: Jurdsico, Volcanismo, Chile central, Circones detriticos, Isotopos.

1. Introduction

The voluminous magmatism developed during
the Jurassic and Early Cretaceous in the Coastal
Cordillera from southern Per to central Chile, was
mainly produced during a period of active subduction
and extensional/transtensional tectonics (Creixell
et al., 2006, 2009, 2011; Grocott and Taylor, 2002;
Oliveros et al., 2006, 2007; Schueber and Gonzalez,
1999). Subduction of the cold and dense Phoenix
plate under the South American continent resulted
in roll-back of the oceanic plate, constant outboard
migration of the trench, thinning of the continental
crust and the development of a N-S trending pa-
leogeography (Charrier et al., 2007; Mpodozis and
Ramos, 2008). This period was characterized by a
magmatic arc emplaced in the present-day Coastal
Cordillera and extensive back-arc basins to the east
(Charrier et al., 2007; Martinez et al., 2012; Vicente,
2006), where much more restricted volcanic activity
took place (Rossel et al., 2013).

The main arc domain has been widely studied in
the past decades (Creixell et al., 2006, 2009, 2011;
Kramer et al., 2004; Lucassen et al., 2006; Oliveros
etal.,2006,2007; Parada et al., 1999; Vergara et al.,
1995) in order to constrain the genesis and sources of
this important magmatic province. Recently Rossel
et al. (2013) have studied the genesis of back-arc
volcanism in northern Chile and Oliveros et al. (2012)
the features of the non-marine back-arc deposits in
the same region.

In Central Chile, the Jurassic arc domain is rep-
resented by the Lower Jurassic Ajial Formation and
the Upper Jurassic Horqueta Formation. The first is
predominantly composed by acidic volcanic lavas and
pyroclastic rocks, deposited under alternate marine
and continental conditions, while on the other hand
the Horqueta Formation is a sedimentary-volcanic
unit deposited under continental conditions, with
mostly acidic lavas and pyroclastic rocks at the base
that grade to intermediate to basaltic lavas to the top
of the unit (Vergara et al., 1995).

The sedimentary beds of the Rio Damas and
Tordillo Formations represent the Upper Jurassic
continental back-arc deposits, cropping out in the
Principal Cordillera of central Chile and Argentina,
respectively. These sequences have been studied in
detail in terms of their depositional and tectonic en-
vironment (Davidson and Vicente, 1973; Legarreta,
1976; Lopez-Gomez et al., 2009; Mescua et al., 2008;
Naipauer et al., 2012, 2014; Spalletti et al., 2008;
Thiele, 1980; Yrigoyen, 1979; Zavala et al., 2008).
In contrast, the volcanic deposits within these units
are relatively unexplored and their petrogenesis
remains undetermined. In particular, it is not clear
whether the volcanism represents an eastern part of
the main volcanic arc or a retro-arc belt within the
back-arc basin.

Below, we present a new set of whole-rock
elemental and isotopic data for the volcanic rocks as
well as new geochronological results for the sedimentary
rocks of the Rio Damas-Tordillo Formation, which
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allow to better understand the stratigraphic position,
sources, evolution and tectonic setting of the volcanism
developed close to the Jurassic-Cretaceous boundary
in the Principal Cordillera of Chile and Argentina,
between 33° and 35.5°S. The Upper Jurassic units
were sampled at two localities close to the Chile-
Argentina border, the Rio Volcan and the Termas del
Flaco-Las Lefas areas (Fig. 1) where the volcanic
and sedimentary rocks of the Rio Damas-Tordillo
Formation crop out in continuous sections.

2. Geological Setting

Within the context of the mainly extensional/
transtensional tectonics recognized for the arc and
back-arc domains in northern and central Chile and
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Argentina during the Jurassic (Creixell et al., 2000,
2009, 2011; Grocott and Taylor, 2002; Legarreta
and Uliana, 1999; Scheuber and Gonzalez, 1999) it
is possible to identify two transgression-regression
cycles during Jurassic and Early Cretaceous times. The
red continental clastic deposits of the Kimmeridgian-
Tithonian Rio Damas-Tordillo Formation (33 to 35,5°S;
Figs. 1, 2 and 3) reflect the transition between: (a) the
culmination of the first Jurassic transgression-regression
event, and (b) the initiation of the second one, which
began in the Tithonian with the reactivation of normal
faults that participated in the early development of
the backarc basin extension (tectonic subsidence)
associated with volcanism and very coarse breccia
deposits (Charrier et al., 2007). Thus, the lavas con-
tained in the Rio Damas-Tordillo Formation represent
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a particular event of volcanic activity, accompanied
by continental sedimentation, that took place during
the latest Jurassic-earliest Cretaceous in the western
border of the Mendoza-Neuquén Basin (Mescua,
2011; Fig. 4). The volcanic deposits are interpreted
as either the distal components of the main volcanic
arc developed to the west in the present-day Coastal
Cordillera (Davidson, 1971; Davidson and Vicente;
1973), or back-arc volcanism emplaced through the
normal faults that accommodated the extension in

the back-arc basin (Charrier et al., 2007). The back-
arc volcanism would have occurred also during the
Early Cretaceous, since volcanic intercalations have
been found within the marine Tithonian-Hauterivian
Lo Valdés and Banos del Flaco formations, which
overlie the Rio Damas Formation in this same region
(Gonzalez, 1963; Biro-Bagoczky, 1964), between
33°30’S and 34°15°S.

In the Rio Volcan area, close to La Valdés village,
the Rio Damas Formation (Klohn, 1960; Figs. 2 and 5)
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concordantly overlies Callovian-Oxfordian marine
and evaporitic deposits of the Rio Colina Formation
(Gonzalez, 1963), composed mainly by limestones,
calcareous shales, sandstones and conglomerates with
minor intercalations of lavas, and important levels of
gypsum, and underlies the marine deposits of the Lo
Valdés Formation (Gonzalez, 1963), which comprises
by over 1,000 m of marine fosiliferous deposits of
Tithonian-Hauterivian age, with intercalated hialoclastic
andesites (Hallam ez al., 1986; Thiele, 1980). In this
area the Rio Damas Formation is represented by a
basal level (3 to 10 m) of massive coarse sandstones
that underlies a series of andesitic lava flows with a
maximum thickness of 500 m. To the top the lavas

become more brecciated and are overlied by a series
of clastic continental conglomerates and breccias that
contain abundant volcanic clasts of the andesitic lava
flows (Fig. 5).

At its type locality, close to Termas del Flaco
area (Fig. 3), the Rio Damas Formation consists
of a ca. 3,000-m-thick continental succession of
red beds, with intercalations of coarse- and fine-
grained rocks, that includes at the top >1,000 m
of andesitic lavas and volcanic breccias with large
angular blocks, some over 4 m in diameter (Charrier
et al., 1996), and underlies the marine deposits of
the Termas del Flaco Formation of Tithonian age
(Klohn, 1960; Fig. 5). To the east, the Rio Damas
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Formation interfingers the clastic continental rocks
of the Tordillo Formation (Stipanicic, 1969; Fig. 5),
mainly red sandstones with conglomerates and shales
that are representative of fluvial, eolian, alluvial and
playa lake environments (Legarreta ef al., 1993).
South of 35,5°S, the Rio Damas Formation
overlays the gypsum deposits of Santa Elena Formation
located on top of Nacientes del Teno Formation
(Davidson, 1971; Davidson and Vicente, 1973).
The Tordillo Formation, which is the Argentinean
equivalent to the Rio Damas Formation, concordantly
overlies in concordance the evaporitic deposits of the
Auquilco Formation (Stipanicic, 1965), composed
mainly by gypsum, anhydrite and minor limestones
of Oxfordian age, with a maximum thickness of 400
m, and underlies in concordance the marine deposits
of the Vaca Muerta Formation (Weaver, 1931), which

represent a new marine flooding in the back-arc
basin, evidenced by deposits of black shales and
fosiliferous limestones of Tithonian-Berriasian age.

As show in figure 4, the deposits of the Rio
Damas-Tordillo Formation represent a main event of
emersion of the back-arc basin that took place during
the Kimmeridgian. A decrease in the proportion of
volcanic rocks from west to east suggests that the
contribution of volcanic material is mainly from the
west (Fig. 5). These units present abrupt changes in
thickness in the studied area. A main depocenter was
located in the western part of the basin, controlled by
active extensional faults (Mescua, 2011; Mescua et
al., 2008), confirming the existence of very active
tectonics during this period of the Jurassic.

The deposits of the Rio Damas-Tordillo Forma-
tion are tilted and deformed as a consequence of
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the developement of the Andean fold and thrust
belt. In the studied areas (Figs. 2 and 3), the Rio
Damas Formation crops out in the backlimb of great
anticlines of 10 km of wavelength, and the beds have
moderate to high dips, being locally subvertical. The
Tordillo Formation crops out in smaller folds (5 to
1 km wavelength), with dips under 45°. A major
unconformity separates Mesozoic units from the
much less deformed Cenozoic deposits (Charrier
et al.,2007; Mescua et al., 2012).

3. Petrography of the Rio Damas-Tordillo Forma-
tion Volcanic Components

The volcanic rocks of the Rio Damas-Tordillo
Formation are mainly red brownish to dark purple
porphyric, sometimes vesicular, lava flows and sills.
Intercalations of volcanic breccias bearing fragments
of andesitic lavas of 1 to 4 m in size and more fine
grained pyroclastic deposits can be found along the
frontier of Chile and Argentina. The samples analyzed

in this work correspond mainly to basaltic andesites
and minor andesites.

3.1. Petrography of the primary components

The studied lavas have a porfiric texture, with up
to 35% of phenocrysts content. Euhedral plagioclase
phenocrysts up to 4 cm in size represent ca. 70%
of the phenocrysts content of the rocks. Precise
petrographic determination of their composition
is difficult because of the alteration. However, the
Michell-Levy method was applied to eight single
crystals in one fresh sample (sample M391, figure
5), indicating that the plagioclases are andesine
in composition (An,). 25% of the phenocrysts
correspond to eu- and sub-hedral clinopyroxene
crystals; and the remaining 5% of the phenocyrsts
are Fe-Ti oxides, mostly magnetite with subordinate
ilmenite. The groundmass has an intersertal texture
and it is composed of plagioclase microlites, Fe-Ti
oxides and alteration minerals.
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3.2. Petrography of the alteration components

All the volcanic and sedimentary rocks of the Rio
Damas-Tordillo Formation are altered to some extent,
as a consequence of burial and contact metamorphism
(Calderon, 2008; Levi et al., 1989; Oliveros ef al.,
2008; Robinson et al., 2004). The alteration in general
is very penetrative, partly hiding the primary features
of the rock, particularly at the contact between beds,
vesicular portions or highly fractured zones of the
lava flows and in the fine matrix of volcanic and
sedimentary rocks. Central portion of lava flows or
restricted domains within the sedimentary rocks are
often less affected by the alteration processes. The
observed alteration minerals are: prehnite, pumpeyllite,
chlorite, epidote, titanite, actinolite, calcite, quartz,
white mica (sericite), albite and K-feldspar, defining
a typical mineralogy of prenhite-pumpeyllite facies
in concordance with the reported by others authors
for this Andean region (Calderén, 2008; Levi ef al.,
1989; Oliveros et al., 2008; Robinson et al., 2004).
The fine grained volcanic litharenites from the
easternmost outcrops of the Rio Damas Formation,
in the head of the Maipo river valley at 34°15°S,
bear scarce calcite and chlorite as secondary mineral
phases, indicating that the alteration degree diminishes
eastward (Charrier, 1981).

Plagioclase phenocrysts, microlites and fragments
in the volcanic rocks are partial to completely replaced
by a mixture of sericite, clays and minor albite and
epidote. The clinopyroxenes are often completely
replaced by chlorite and titanite, but fresh phenocrysts
can be observed in the central part of the lava flows.
The components of the matrix or groundmass are often
replaced by chlorite, titanite and clays. Finally, the
vesicles of the lavas are filled with calcite, quartz,
prehnite, pumpeyllite, and it is possible to recognize
multiple stages of mineral formation.

4. Samples and Methods

Seven slightly altered lava samples, one sample
of sandstone and one sample of a granitic clast from
a polymitic sedimentary breccia of the Rio Damas-
Tordillo Formation were collected for analysis (Fig. 1).

4.1. Whole rock analysis

Major and trace element concentrations were
determined using standard XRF and ICP-MS

techniques at University of Arizona. Major elements
were performed on a HORIBA XRF instrument on
powdered pressed pellets; analytical precision is about
2% of the reported value. Whole-rock trace elements
were measured in solution using a Thermo Element
X-Series II single collector ICP-MS at the University
of Arizona (Rossel ef al., 2013). Approximately
5 mg of sample were dissolved in about 7 ml of
concentrated HF-HNO, mixtures, dried down and
redissolved in a mild 1% nitric acid before being
analyzed. Several 1-10 ppm internal standards were
used for different elements. Columbia River Basalt
material standard material was used as an external
standard. Analysis routines involved 30 individual
measurements of isotopes free of interferences.
Typical analytical errors are 3-5% of the reported
values.

Srand Nd isotopic analyses were performed at the
University of Arizona (following procedures outlined in
Otamendi et al., 2009) on a VG Sector 54 multicollector
TIMS instrument, the Sr isotopic ratios were normal-
ized to 36Sr/*¥Sr=0.1194, whereas the Nd isotopic ratios
were normalized to “SNd/"*Nd=0.7219. Estimated
analytical £20 uncertainties are: ¥’Sr/*Sr=0.001%
and '"*Nd/"**Nd=0.001%. Ten analyses of standard
SRM 987 analyzed during the course of this study
yielded mean ratios of *’Sr/*Sr=0.710264+7 and six
analyses of Nd standard La Jolla Nd yielded a mean
ratio of "*Nd/"**Nd=0.511848+11. Procedural blanks
averaged from five determinations were: Sr-150 pg,
and Nd-5.5 pg.

The common isotopes of Pb were analyzed on
the sample aliquots from which Rb-Sr and Sm-Nd
isotopes were analyzed following the procedures
described in Drew et al. (2009). Separate batches
of dissolved samples were saved for lead chemistry.
Pb was extracted on Sr-spec columns (Drew et al.,
2009). Lead isotope analysis was conducted on a
GV Instruments multicollector inductively coupled
plasma mass spectrometer (MC-ICP-MS) at the
University of Arizona (Thibodeau et al., 2007).
Samples were introduced into the instrument by
free aspiration with a low-flow concentric nebulizer
into a water-cooled chamber. A blank, consisting
of 2% HNO,, was run before each sample. Before
analysis, all samples were spiked with a Tl solu-
tion to achieve a Pb/TI ratio of ~10. Throughout
the experiment, the standard National Bureau of
Standards(NBS)-981 was run to monitor the stabil-
ity of the instrument.
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4.2. U-Pb geochronology of igneous and detrital
zircons

Zircons were extracted from a granitic clast
in a sedimentary breccia (PR-11-123) and from a
sandstone (TF11-04) by crushing, milling, gravitational
separation and heavy liquids treatment. At least 50
crystals were randomly selected (regardless their
size, form or color) using a stereomicroscope and
then mounted in 25 mm epoxy and polished.

U-Pb geochronology of zircons was conducted
by LA-MC-ICP-MS at the Arizona LaserChron
Center (Gehrels et al., 2008). The analyses involve
ablation of zircon with a New Wave/Lambda Physik
DUV193 Excimer laser (operating at a wavelength
of 193 nm) using a spot diameter of 25 or 35 pm.
The ablated material is carried with helium gas into
the plasma source of a GV Instruments Isoprobe,
which is equipped with a flight tube of sufficient
width that U, Th, and Pb isotopes are measured
simultaneously. All measurements were made in
static mode, using Faraday detectors for 2*U and
22Th, an ion-counting channel for ***Pb, and either
Faraday collectors or ion counting channels for
208-206pp, Jon yields are ~1 mV ppm™. Each analysis
consists of one 20 s-integration on peaks with the
laser off (for backgrounds), twenty 1 s-integrations
with the laser firing, and a 30 s delay to purge the
previous sample and to prepare for the next analysis.
The ablation pit is ~15 um in depth.

For each analysis, the errors in determining
206ph/28U and 2°°Pb/?*Pb result in a measurement
error of ~1% (at 2o level) in the 2°°Pb/**¥U age. The
errors in measurement of °’Pb/*’Pb and 2*°Pb/2**Pb
also result in ~1% (20) uncertainty in age for
grains that are >1.0 Ga, but are substantially larger
for younger grains due to low intensity of the *’Pb
signal. For most analyses, the crossover in precision
of 2Pb/*¥U and **°Pb/*""Pb ages occurs at ~1.0 Ga.
Common Pb correction is accomplished by using the
measured ***Pb and assuming an initial Pb composition
from Stacey and Kramers (1975) (with uncertainties
of 1.0 for 2*Pb/***Pb and 0.3 for 2°’Pb/***Pb). The
measurement of 2**Pb is unaffected by the presence
of *Hg because backgrounds are measured on peaks
(thereby subtracting any background ***Hg and ***Pb),
and because very little Hg is present in the argon gas.
Interelement fractionation of Pb/U is generally ~20%,
whereas fractionation of Pb isotopes is generally <2%.
In-run analysis of fragments of a large Sri Lanka zircon
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crystal (generally every fifth measurement) with
known age of 564+4 Ma (26 error) is used to correct
for this fractionation (see Gehrels et al., 2008). The
uncertainty resulting from the calibration correction is
generally ~1% (2o) for both 2*Pb/2’Pb and 2**Pb/>**U
ages.

The reported ages are determined from the
weighted mean of the 2°°Pb/**U ages of the con-
cordant and overlapping analyses (Ludwig, 2003).
The reported uncertainty (labeled ‘mean’) is based
on the scatter and precision of the set of 2°°Pb/**%U
or 2Pb/*7Pb ages, weighted according to their
measurement errors (shown at 16). The systematic
error, which includes contributions from the
standard calibration, age of the calibration standard,
composition of common Pb and U decay constants,
is generally ~1-2% (20).

5. Results
5.1. Whole Rock Chemistry

The major and trace elements abundances for
the studied volcanic rocks are listed in the Table 1.

5.1.1. Alteration

The alteration that affects the Mesozoic and
Cenozoic volcano-sedimentary rocks cropping out
in the Andes of Central Chile, which can be very
pervasive, is the result of the combination of very
low-grade burial metamorphism (Prenhite-Pumpellyte
facies), and contact metamorphism and hydrothermal
alteration related to the intrusion of numerous granitic
stocks of Miocene age (Calderon, 2008; Levi et al.,
1989; Mufoz et al., 2009; Oliveros et al., 2008;
Robinson et al., 2004; Thiele, 1980).

Although the studied samples exhibited slight to
moderate evidences of alteration, the afore mentioned
processes were likely responsible for an increase in
the amount of total alkalis as it is inferred from the
comparison between the total alkalis versus silica
classification plot (TAS) and the diagram for altered
rocks which plots Zr/Ti versus Nb/Y (Fig. 6). In
the first diagram, an important number of samples
plot in the trachy-andesite and trachy-dacite fields,
whereas in the diagram for altered rocks the samples
plot in the basalts, basaltic andesites-andesites and
dacites-ryolites fields. Therefore, the alkali enrich-
ment of the rocks is likely due to the albitization/
sercitizacion of the plagioclase phenocrysts or
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microlites and clinopyroxene chloritization, not
to magmatic processes. The samples also show
higher dispersion for large ion lithophile elements
(LILE) than high field strength elements (HFSE)
(Fig. 7), suggesting that HFSE are less mobile dur-
ing alteration processes, and therefore more reliable
for determining the petrogenesis of the rocks. The
light REE (LREE) are enriched in comparison to the
heavy REE (HREE), a pattern that is independent
of the alteration degree of the sample (Fig. 7).
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The most altered sample is M0O208-385. The
plagioclase and clinopyroxene phenocrysts are com-
pletely replaced by sericite and clays and chlorite,
respectively, the matrix is chloritized and the numer-
ous vesicles filled with calcite, chlorite, pumpeyllite,
prehnite and quartz. It has low abundances of Ba and
Th, and high concentrations of Cs (Table 1). The pat-
terns for the REE and HFSE, are similar to those of
the less altered rocks, but in general the concentration
of these elements is lower in MO208-385.
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FIG. 6. a. Total alkali versus silica classification diagram (TAS, Le Maitre, 1989); b. Nb/Yb versus Zr/Ti classification diagram for
altered volcanic rocks (Pearce, 1996 after Winchester and Floyd, 1977). Data from Ajial and Horqueta Formations in the Coastal
Cordillera of Central Chile are after Vergara et al. (1995).
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FIG. 7. Chondrite-normalized Rare Earth elements (REE) patterns and MORB-normalized trace elements patterns for volcanic rocks
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of Central Chile are after Vergara et al. (1995). Normalizing values are from Sun and McDonough (1989) (Chondrite) and
Pearce (1983) (MORB).
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TABLE 1. MAJOR AND TRACE ELEMENT CHEMISTRY OF UPPER JURASSIC BACK-ARC VOLCANIC ROCKS IN

THE STUDIED UNITS.

Area Cordon del Burrero Termas del Flaco Paso Vergara
Sample M391 M392 MO0108-309RT M0208-385 RD-1 RD-2 TA-02
SiO, 48.77 55.63 50.58 56.78 51.53 51.11 50.78
TiO, 1.06 0.97 1.04 0.58 1.46 1.30 1.03
ALO, 17.56 16.60 16.90 17.69 15.91 17.35 15.50
FeO(t) 9.25 6.04 8.78 5.95 11.70 9.32 7.88
MnO 0.11 0.12 0.20 0.14 0.09 0.13 0.19
MgO 4.65 2.30 4.93 4.57 542 3.70 4.33
CaO 8.90 4.95 5.50 4.85 1.12 8.75 3.58
Na,0 3.29 5.78 4.32 3.73 4.71 2.84 4.08
K,0 1.40 2.76 1.95 1.55 1.97 1.34 3.35
PO, 0.29 0.33 0.33 0.19 0.46 0.35 0.40
LOI 2.88 1.82 3.91 2.40 441 2.83 8.78
Total 98.16 97.29 98.44 98.43 98.78 99.02 99.90
#Mg 47.26 40.45 50.02 57.80 45.23 41.44 49.46
Rb 28.0 63.0 56.0 54.0 - - 43.7
Cs 0.3 0.2 - 3.7 - - 24
Pb 12.0 6.0 11.0 - - - 34
Ba 362.0 312.0 440.0 159.0 546.0 307.0 410.2
Th 5.0 7.9 4.6 3.8 9.0 8.0 53
U 1.4 2.2 1.3 1.0 - - 2.0
Nb 32 4.4 34 2.7 6.0 6.0 4.0
Ta 0.2 0.4 0.2 0.1 - - 0.2
Sr 508.0 218.0 598.0 562.0 312.0 395.0 173.9
Zr 126.0 192.0 133.0 127.0 166.0 129.0 186.1
Hf 3.6 5.4 3.8 33 4.1 4.4 4.9
Sc 32.0 28.0 29.0 16.0 35.0 27.0 10.2
A% 284.0 246.0 275.0 145.0 338.0 278.0 159.6
Cr - 40.0 - - 8.0 3.0 37.3
Ni - - - - 9.0 7.0 21.0
Zn 80.0 50.0 170.0 60.0 361.0 111.0 159.7
Y 28 28.2 29.2 19.5 44 29 22.5
La 16.5 22.8 15.9 14.0 26.0 19.0 15.4
Ce 38.1 54.4 38.8 31.1 63.0 48.0 39.0
Pr 5.5 7.6 5.7 44 - - 4.9
Nd 22.3 28.7 23.3 16.2 38.0 30.0 21.9
Sm 5.5 6.7 5.8 3.6 8.8 6.8 52
Eu 1.4 1.5 1.4 1.1 2.2 1.5 1.1
Gd 5.2 6.1 5.4 33 8.5 6.7 4.8
Tb 0.9 1.0 0.9 0.6 - - 0.8
Dy 5.2 5.7 5.5 3.5 7.9 6.3 4.4
Ho 1.0 1.1 1.1 0.7 1.4 1.2 0.9
Er 3.0 3.1 32 2.1 39 32 2.8
Tm 0.4 0.5 0.5 0.3 - - 0.4
Yb 2.7 3.0 2.9 2.1 3.9 32 2.7
Lu 0.4 0.5 0.4 0.3 0.6 0.5 0.4
>REE 108.3 142.6 110.8 83.3 164.2 126.3 104.7

(oxides in wt.%, trace elements in ppm)



540 THE UPPER JURASSIC VOLCANISM OF THE Ri0 Damas-TORDILLO FORMATION (33°-35.5°S): INSIGHTS ON PETROGENESIS...

5.1.2. Major elements

The SiO, content (anhydrous base) in the rocks
of the Rio Damas-Tordillo Formation varies between
48.77% and 56.78%. The total alkalis vary between
4.28 and 8.54%, although partly due to alteration
processes. In general, the lavas have low MgO (2.30-
5.42%) and high AL O, (15.91-17.69%) contents.
The #Mg' of the rocks varies between 40.45 and
57.80%, indicating differentiation processes in its
evolution. The contents of MgO, TiO,, AL,O,, CaO
and FeO, apparently decrease with increasing SiO,,
this is probably related to the fractionation of mineral
phases such as magnetite, olivine, plagioclase and
clinopyroxene, which are observed in the samples.
On the contrary, the alkalis, K,O and Na O, increase
with increasing SiO,, which is due to the incompatible
behavior of these elements during the early stages
of magma differentiation.

Considering the high dispersion of mayor elements
including silica, oxides are not useful as petrogenetic
tools in the studied rocks, and they will be only used
for comparison purposes in this work.

5.1.3. Trace elements

MORB-normalized multielement spider dia-
grams exhibit similar patterns for all the studied
samples of the Rio Damas-Tordillo Formation (Fig.
7), with enrichment in LILE compared to HFSE.
The LILE concentrations are quite variable since
these elements are more mobile during alteration
and incompatible during early stages of crystal
fractionation. The lavas have marked negative
Nb-Ta-Ti and positive Pb anomalies. Zr and Th
have well defined positive correlations with SiO,
content, but with higher dispersion for Zr. Sr has a
high dispersion but apparent negative correlation

with SiO,, probably because of the replacement of
CaO during plagioclase fractionation. V has a well
defined negative correlation with SiO,, likely due to
fractionation of mineral phases such as magnetite
or ilmenite. A similar behavior should be expected
for elements like Cr and Ni, although they were not
measured in all samples.

Chondrite-normalized REE patterns exhibit a
negative slope, with significant enrichment in light
REE (LREE) compared to the heavy REE (HREE).
Chondrite-normalized La/Yb ratios ([La/Yb] ) range
between 4 and 6.The HREE show a rather flat pattern
and have abundances between 12 and 23 times the
chondritic value. Incipient Eu negative anomalies
are present in all the studied rocks, except for the
sample M0O208-385.

5.1.4. Isotopes

Three samples of the Rio Damas-Tordillo
Formation were analyzed for Nd, Sr and Pb isotopes;
the results are listed in the Table 2.

Nd and Sr isotopic ratios normalized to 150 Ma
(Fig. 8a) show values in a restricted range between
0.51282 and 0.51253 and 0.7040 and 0.7044
respectively. On the other hand, the isotopic ratios of
Pb (**Pb/**Pb=18.57-18.96; 2’Pb/***Pb=15.61-15.64;
208pp/204Pb=38.52-39.04) show a wider range (Fig.
8b) of values but still in the range of rocks of the
Jurassic volcanic arc of northern Chile (Kramer et
al., 2004; Lucassen et al., 2006).

5.2. U-Pb Geochronology
The results of U-Pb dating of magmatic and

detrital zircons in rocks from the Rio Damas-Tordillo
Formation are listed in Table 3.

TABLE 2. Sr,Nd AND Pb ISOTOPIC COMPOSITION OF RiO DAMAS-TORDILLO FORMATION VOLCANIC ROCKS.

Sample 8Sr/%Sr  ¥Sr/*Sr(i) '“Nd/*“Nd '*Nd/*“Nd() eNd eNd(@) Pb/“Pb *"Pb/™Pb 2Pb/*Pb
M391 0.7044 0.7040 0.51318 0.51282 25.40 72 18.57 15.61 38.52
M392 0.7061 0.7044 0.51278 0.51253 6.73 1.7 18.77 15.64 38.79
TA-02 0.7057 0.7043 0.51273 0.51258 437 2.7 18.96 15.63 39.04

€Nd values are calculated as deviations from a chondritic uniform reservoir in part per 104, using present-day values of '*Nd/*‘Nd=
0.512638 and '*"Sm/"*Nd=0.1967 (Cheng and Wasserburg, 1981; Faure, 1986). Ages of rocks are from an average estimated age of 150 My.

| (MgOWt%/PM,, )/((MgOwt%/PM,, )+(FeO'wt%/PM, ))*100

MgO MgO FeO
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Sample PR-11-123 is a granitic fragment extracted
from the polimictic breccia in the top of the Rio
Volcan section (Fig. 5) that yielded a Carboniferous
age 0f 333.1+ 6.0 Ma (Fig 9a). The younger analyzed
zircons in this sample probably reflect a Pb loss or
accidental crystals.

Sample TF11-04 is a red sandstone collected at
the top of the sedimentary part in the Termas del
Flaco section, but below the volcanic rocks of the
sequence (Fig. 5). A total of the 92 zircons grains
were analyzed (Table 3). The distribution of the ages
is characterized as unimodal with a peaks ca. 158 Ma.
There are two isolated ages at 415 Ma. The calculated
mean age of the youngest five grains, that overlap
in age at 20, yields a maximun depositational age
of 146.4+4.4 Ma (Fig. 9b), for the clastic sediments
of the Rio Damas-Tordillo Formation in this area.

19.2

al. (2013). Average Paleozoic Crust
(Av. Pz Crust) data after Lucassen et
al. (2002).

19.4

6. Discussion

6.1. Age and provenance of the Rio Damas-Tordillo
Formation.

The age of the Rio Damas-Tordillo Formation has
been commonly assigned to the Kimmeridgian based
on its stratigraphic position between Oxfordian and
Tithonian-Huaterivian marine fossiliferous deposits
(Klohn, 1960; Legarreta y Uliana, 1999; Thiele, 1980).
However, the maximum Late Tithonian depositional
age of 146.4+4.4 Ma obtained on the base of the
youngest group of zircons with concordant ages
in sample TF11-04, which underlies the volcanic
succession at the Rio de las Damas area, is younger
than the age constrained by the fossiliferous content
of the lowest part of the overlying Lo Valdés, Bafios



TABLE 3. SUMMARY OF U-Pb LA-MC-ICP-MS DATA FOR DETRITAL ZIRCON. PREFERRED AGE (GRAY COLUMN) IS EITHER THE 27Pb/***Pb OR THE **U/**Pb
AGE WITH THE LOWEST DEGREE OF DISCORDANCE RELATIVE TO THE CONCORDIA LINE (i.e., 16 error).

Sample and spot # U Th/U  #8U/Pb ES 2N7Ph/2¢Ph +1o 2W6ph/38Y +1c 27Ph/2¢Ph +1c Preferred +1c
[ppm] [%] [%] Age [Ma] [Ma] Age [Ma]

PR-11-123-1 100 1.3 0.0525 2.1 18.8228 7.6 330.0 6.9 3342 171.4 330.0 6.9
PR-11-123-1R 14 2.6 0.0552 8.8 22.7329 63.6 346.4 29.8 -111.3 1738.5 346.4 29.8
PR-11-123-2C 227 1.0 0.0544 1.1 18.9113 2.7 341.6 3.7 323.6 61.3 341.6 3.7
PR-11-123-3C 579 2.6 0.0548 1.6 18.6625 1.3 343.7 5.5 353.6 29.1 343.7 5.5
PR-11-123-3R 262 4.0 0.0550 2.2 18.4121 2.0 345.2 7.4 384.0 454 345.2 7.4
PR-11-123-4C 333 1.1 0.0502 1.6 19.8328 3.2 315.8 4.8 214.5 74.0 315.8 4.8
PR-11-123-4R 576 1.6 0.0499 22 19.0104 1.6 313.9 6.6 311.7 36.3 313.9 6.6
PR-11-123-5C 168 3.7 0.0523 1.3 19.5149 39 328.5 4.1 251.8 89.5 328.5 4.1
PR-11-123-5R 221 2.6 0.0533 2.0 19.0126 2.0 335.0 6.5 311.4 453 335.0 6.5
PR-11-123-6C 275 0.5 0.0094 3.4 20.9155 9.0 60.4 2.1 89.9 214.8 60.4 2.1
PR-11-123-6R 274 0.5 0.0100 59 18.8785 12.8 63.8 3.8 327.5 291.7 63.8 3.8
PR-11-123-7C 114 1.2 0.0540 2.1 19.3769 4.7 339.0 6.8 268.1 107.0 339.0 6.8
PR-11-123-7R 122 1.9 0.0575 33 19.4626 2.3 360.6 11.7 258.0 53.5 360.6 11.7
PR-11-123-8C 66 1.4 0.0565 3.5 19.2067 9.4 354.5 12.1 288.3 216.0 354.5 12.1
PR-11-123-8R 92 1.7 0.0546 43 19.4018 5.7 342.8 144 265.1 130.4 342.8 144
PR-11-123-9C 93 1.2 0.0480 1.6 19.4508 6.6 302.2 4.9 259.3 152.1 302.2 4.9
PR-11-123-9R 217 0.9 0.0486 1.5 19.3005 3.0 305.6 44 277.1 68.4 305.6 4.4
PR-11-123-10C 101 1.2 0.0540 1.8 18.8729 6.5 3393 6.0 328.2 147.6 339.3 6.0
PR-11-123-10R 97 1.5 0.0544 1.6 19.6292 7.0 341.6 52 238.3 161.0 341.6 52
PR-11-123-11C 239 1.6 0.0536 1.8 18.9899 34 336.7 59 314.2 76.6 336.7 59
PR-11-123-11R 239 22 0.0543 1.7 18.7253 32 340.8 5.8 346.0 73.4 340.8 5.8
PR-11-123-12C 516 52 0.0529 2.1 18.9022 1.4 3323 6.8 324.7 32.0 3323 6.8
PR-11-123-12R 426 5.0 0.0550 1.6 19.0728 1.8 344.9 5.5 304.3 40.1 344.9 5.5
PR-11-123-13C 116 2.1 0.0480 2.1 18.3738 8.5 301.9 6.3 388.7 190.0 301.9 6.3
PR-11-123-13R 261 4.2 0.0483 4.2 19.1231 2.6 304.0 12.4 298.2 58.5 304.0 12.4
PR-11-123-14C 121 2.9 0.0538 22 19.0948 22 337.6 7.2 301.6 50.3 337.6 7.2
PR-11-123-14R 151 6.8 0.0521 6.6 18.7119 6.2 327.6 21.0 347.6 140.1 327.6 21.0

PR-11-123-15C 103 2.6 0.0536 45 20.1394 7.8 336.6 14.7 178.8 182.7 336.6 14.7

ws
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Table 3 continued.

Sample and spot # U Th/U B8Y/26Ph +1e 27Ph/2%Ph +1e 206ph/238U +1c 27Ph/XPh + 16 Preferred + 16
[ppm] [%] [%] Age [Ma] [Ma] Age [Ma]
PR-11-123-15R 131 4.4 0.0554 6.2 18.6750 6.7 347.8 20.8 352.1 151.2 347.8 20.8
PR-11-123-16C 63 1.2 0.0481 2.7 19.1422 10.4 302.6 7.9 295.9 238.6 302.6 7.9
PR-11-123-16R 70 1.2 0.0471 3.7 19.3692 12.5 297.0 10.8 269.0 288.0 297.0 10.8
PR-11-123-17C 390 1.5 0.0093 3.7 24.3699 11.9 60.0 2.2 -285.4 303.3 60.0 2.2
PR-11-123-17R 406 2.6 0.0093 2.2 22.5507 17.8 59.4 1.3 -91.5 439.6 59.4 1.3
PR-11-123-18C 148 2.0 0.0533 2.1 19.3189 5.0 334.8 7.0 274.9 114.3 334.8 7.0
PR-11-123-18R 155 2.5 0.0526 22 18.3669 4.5 330.3 7.2 389.5 100.6 330.3 7.2
PR-11-123-19C 98 1.5 0.0539 1.6 19.3016 7.9 338.5 53 277.0 180.9 338.5 53
PR-11-123-19R 152 1.2 0.0544 1.2 19.0097 4.0 341.2 3.9 311.8 91.3 341.2 3.9
PR-11-123-20R 403 10.5 0.0266 4.2 18.6743 4.1 169.0 7.0 352.1 92.3 169.0 7.0
PR-11-123-21C 124 2.8 0.0522 3.9 19.4985 5.0 327.7 12.4 253.7 114.3 327.7 12.4
PR-11-123-21R 228 3.8 0.0483 3.7 19.0286 3.0 304.1 10.9 309.5 67.8 304.1 10.9
PR-11-123-22C 111 1.4 0.2683 15.1 9.9677 6.5 1,532.1 205.9 1,630.1 121.5 1,630.1 121.5
PR-11-123-22R 691 10.2 0.1654 5.8 12.6634 0.7 986.9 52.9 1,171.3 13.2 1,171.3 13.2
PR-11-123-23C 752 1.2 0.0535 1.0 18.8061 1.8 336.1 33 336.3 40.1 336.1 33
PR-11-123-23R 840 1.3 0.0531 1.4 18.4368 3.9 333.8 4.6 381.0 88.1 333.8 4.6
PR-11-123-24C 283 8.7 0.0549 1.0 18.6840 32 344.5 3.5 351.0 73.2 344.5 3.5
PR-11-123-24R 294 9.4 0.0544 3.8 18.6638 4.4 341.4 12.8 353.4 98.8 341.4 12.8
PR-11-123-25C 188 3.6 0.1518 7.8 13.5682 2.1 911.0 66.5 1,033.3 41.9 1,033.3 41.9
PR-11-123-25R 283 8.9 0.0585 3.7 18.2815 1.9 366.7 13.2 400.0 43.4 366.7 13.2
PR-11-123-26C 475 7.0 0.0552 1.6 18.9680 1.7 346.3 53 316.8 38.2 346.3 53
PR-11-123-26R 377 2.8 0.0544 1.3 18.9474 1.7 341.5 4.3 319.2 37.7 341.5 4.3
DRH-TF11-04-01 743 1.3 0.0264 1.9 19.9867 2.5 167.9 3.1 196.6 58.4 167.9 3.1
DRH-TF11-04-02 118 1.4 0.0251 7.5 26.0025 353 159.9 11.9 -453.5 954.2 159.9 11.9
DRH-TF11-04-03 231 0.9 0.0230 1.8 20.6445 11.0 146.4 2.6 120.7 260.8 146.4 2.6
DRH-TF11-04-04 120 1.3 0.0247 4.5 23.9583 15.7 157.4 7.0 -242.2 398.5 157.4 7.0
DRH-TF11-04-05 133 1.2 0.0253 5.7 24.0754 20.8 161.0 9.0 -254.6 531.7 161.0 9.0

£SS-62S :(§) [# 4801020 uvapuy / v 12 12550y

13749



Table 3 continued.

Sample and spot # U Th/U B8Y/26Ph + 16 27Ph/>Ph + 16 206ph/2380 + 16 27Ph/2%Ph + 16 Preferred + 1o

[ppm] [Yo] [%o] Age [Ma] [Ma] Age [Ma]
DRH-TF11-04-06 107 1.2 0.0241 4.0 23.2492 43.5 153.7 6.1 -166.9 1130.7 153.7 6.1
DRH-TF11-04-07 74 1.5 0.0252 5.2 17.7545 19.0 160.5 8.2 465.1 4249 160.5 8.2
DRH-TF11-04-08 35 1.6 0.0246 11.8 0.9092 4,319.9 156.4 18.2 0.0 887.6 156.4 18.2
DRH-TF11-04-09 25 2.2 0.0238 14.1 23.7811 73.6 151.4 21.0 -223.5 2,159.6 151.4 21.0
DRH-TF11-04-10 60 1.9 0.0240 6.5 20.2290 35.1 153.1 9.8 168.4 843.2 153.1 9.8
DRH-TF11-04-11 58 2.1 0.0234 9.1 22.6514 335 149.3 13.5 -102.4 844.2 149.3 13.5
DRH-TF11-04-12 582 1.0 0.0250 1.1 20.7168 4.0 159.4 1.8 112.5 95.0 159.4 1.8
DRH-TF11-04-13 81 1.3 0.0236 6.4 28.4484 32.3 150.5 9.5 -696.6 915.5 150.5 9.5
DRH-TF11-04-14 86 1.3 0.0240 5.9 17.5954 23.4 152.8 8.9 485.1 5233 152.8 8.9
DRH-TF11-04-15 64 1.5 0.0238 7.7 249313 352 151.3 11.5 -343.8 932.5 151.3 11.5
DRH-TF11-04-16 42 2.1 0.0235 13.4 17.6725 84.0 150.0 19.9 475.4 2,402.4 150.0 19.9
DRH-TF11-04-17 53 2.0 0.0223 11.8 5.7286 811.3 142.1 16.6 2601.9 1,414.8 142.1 16.6
DRH-TF11-04-18 71 1.3 0.0242 6.4 28.7721 44.5 153.9 9.7 -728.1 1,296.9 153.9 9.7
DRH-TF11-04-19 113 1.1 0.0237 4.4 19.6255 19.1 151.0 6.6 238.7 4432 151.0 6.6
DRH-TF11-04-20 109 1.1 0.0237 6.5 24.8673 35.5 151.1 9.7 -337.2 939.6 151.1 9.7
DRH-TF11-04-21 80 1.5 0.0241 53 25.8012 29.2 153.4 8.0 -433.1 781.5 153.4 8.0
DRH-TF11-04-22 50 1.7 0.0244 10.6 17.3503 40.2 155.2 16.3 515.9 919.0 155.2 16.3
DRH-TF11-04-23 64 2.3 0.0235 4.9 25.9946 50.2 149.6 7.3 -452.7 1,399.6 149.6 7.3
DRH-TF11-04-24 82 1.4 0.0259 7.4 21.2937 18.3 165.0 12.1 473 441.4 165.0 12.1
DRH-TF11-04-26 55 1.6 0.0238 7.6 20.9524 36.4 151.7 11.4 85.8 890.2 151.7 11.4
DRH-TF11-04-27 85 1.9 0.0241 4.9 25.1299 43.6 1534 7.5 -364.3 1,176.5 153.4 7.5
DRH-TF11-04-28 57 1.9 0.0235 8.9 21.4463 85.2 149.9 13.2 30.2 2,641.5 149.9 13.2
DRH-TF11-04-30 93 1.5 0.0234 8.2 22.3183 29.5 149.4 12.2 -66.2 734.3 149.4 12.2
DRH-TF11-04-31 71 1.5 0.0243 52 19.3555 28.2 154.5 7.9 270.6 658.2 154.5 7.9
DRH-TF11-04-32 89 1.6 0.0234 5.6 34.4345 36.5 149.2 8.2 -1259.9 1,177.7 149.2 8.2
DRH-TF11-04-33 37 1.7 0.0244 11.5 7.3632 171.0 155.3 17.6 2,174.4 100.0 155.3 17.6
DRH-TF11-04-34 55 2.7 0.0234 8.2 19.1891 50.2 149.2 12.1 290.3 1,220.9 149.2 12.1
DRH-TF11-04-35 76 1.3 0.0249 4.4 20.6699 39.5 158.3 6.9 117.9 966.5 158.3 6.9
DRH-TF11-04-36 50 1.8 0.0239 8.2 -4.5169 610.1 152.4 124 0.0 72.2 152.4 124
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Table 3 continued.

Sample and spot # U Th/U B8Y/26Ph +1e 27Ph/2%Ph +1e 206ph/238U +1c 27Ph/XPh + 16 Preferred + 16

[ppm] [%] [%] Age [Ma] [Ma] Age [Ma]
DRH-TF11-04-37 45 1.6 0.0249 10.8 32.0652 143.0 158.4 16.9 -1041.3 0.0 158.4 16.9
DRH-TF11-04-38 34 2.0 0.0244 11.9 18.0705 56.6 155.6 18.3 425.9 1372.6 155.6 18.3
DRH-TF11-04-39 48 2.1 0.0241 12.2 -6.0070 639.7 153.3 18.5 0.0 537.0 153.3 18.5
DRH-TF11-04-40 89 1.2 0.0240 4.8 23.8860 229 152.8 7.2 -234.6 584.6 152.8 7.2
DRH-TF11-04-41 551 0.9 0.0258 1.0 19.9390 5.8 163.9 1.7 202.1 134.8 163.9 1.7
DRH-TF11-04-42 165 1.3 0.0236 4.5 23.4158 16.9 150.6 6.6 -184.7 425.4 150.6 6.6
DRH-TF11-04-43 142 1.3 0.0241 4.5 21.7155 24.4 153.7 6.9 0.3 595.0 153.7 6.9
DRH-TF11-04-44 96 1.3 0.0241 2.2 25.0870 29.9 153.3 33 -359.9 788.0 153.3 33
DRH-TF11-04-45 46 1.7 0.0239 6.4 9.4789 2222 152.3 9.7 1723.0 448.9 152.3 9.7
DRH-TF11-04-46 148 1.2 0.0239 3.2 22.8034 20.3 152.1 4.8 -118.9 505.8 152.1 4.8
DRH-TF11-04-48 88 1.4 0.0243 4.5 22.8172 40.1 154.7 6.9 -120.4 1,024.8 154.7 6.9
DRH-TF11-04-50 66 1.9 0.0231 9.2 28.0171 162.0 147.3 13.4 -654.4 0.0 147.3 13.4
DRH-TF11-04-51 57 2.0 0.0237 8.8 18.4251 31.3 151.2 13.1 382.4 720.2 151.2 13.1
DRH-TF11-04-52 59 1.8 0.0247 11.3 24.6712 59.6 157.6 17.5 -316.9 1,668.5 157.6 17.5
DRH-TF11-04-53 593 1.9 0.0257 1.2 20.1049 32 163.5 1.9 182.8 75.0 163.5 1.9
DRH-TF11-04-54 77 1.2 0.0239 7.2 27.6237 41.7 152.3 10.9 -615.7 1,180.8 152.3 10.9
DRH-TF11-04-56 47 1.9 0.0229 11.5 20.7883 37.6 145.8 16.5 104.4 917.8 145.8 16.5
DRH-TF11-04-57 92 1.2 0.0232 10.1 37.8593 46.7 147.7 14.8 -1568.8 1,648.9 147.7 14.8
DRH-TF11-04-58 68 1.2 0.0235 8.8 28.5826 67.6 150.0 13.0 -709.7 2,107.7 150.0 13.0
DRH-TF11-04-59 47 1.7 0.0238 9.2 25.2388 55.1 151.6 13.7 -375.5 1,534.2 151.6 13.7
DRH-TF11-04-60 98 1.4 0.0230 5.7 23.0943 25.4 146.9 8.3 -150.3 639.8 146.9 8.3
DRH-TF11-04-61 754 1.4 0.0253 1.7 19.9679 2.8 161.2 2.7 198.7 66.1 161.2 2.7
DRH-TF11-04-62 54 1.3 0.0240 10.0 21.7219 42.0 153.1 15.1 -0.4 1,055.2 153.1 15.1
DRH-TF11-04-63 46 2.1 0.0233 12.1 35.4644 291.1 148.6 17.8 -1353.5 0.0 148.6 17.8
DRH-TF11-04-64 68 1.6 0.0248 5.6 19.9352 17.7 158.2 8.7 202.5 412.6 158.2 8.7
DRH-TF11-04-65 47 1.7 0.0233 11.8 24.8110 41.3 148.6 17.3 -331.4 1,103.4 148.6 17.3
DRH-TF11-04-66 116 1.3 0.0248 6.8 17.2881 18.9 158.1 10.6 523.8 418.5 158.1 10.6
DRH-TF11-04-67 79 1.8 0.0245 4.7 29.3404 39.1 156.1 7.2 -783.1 1,141.0 156.1 7.2
DRH-TF11-04-68 56 1.1 0.0236 9.3 22.8353 459 150.7 13.8 -122.4 1,188.8 150.7 13.8
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Table 3 continued.

Sample and spot# U Th/U B8Y/26Ph + 16 27Ph/2%Ph + 16 206ph/238U + 16 27Ph/>Ph + 16 Preferred + 16

[ppm] [%] [%] Age [Ma] [Ma] Age [Ma]
DRH-TF11-04-69 73 1.2 0.0243 5.7 24.4583 38.0 154.7 8.7 -294.7 1001.3 154.7 8.7
DRH-TF11-04-70 74 1.1 0.0237 9.2 27.2725 389 150.8 13.8 -580.9 1086.2 150.8 13.8
DRH-TF11-04-71 49 2.2 0.0232 12.2 -1.4331 1957.6 148.1 17.9 0.0 258.0 148.1 17.9
DRH-TF11-04-72 174 1.7 0.0253 2.2 19.0882 20.5 161.1 3.5 302.4 472.5 161.1 3.5
DRH-TF11-04-73 86 1.3 0.0241 4.8 20.1474 26.5 153.5 7.3 177.9 627.7 153.5 7.3
DRH-TF11-04-74 98 1.2 0.0243 5.1 23.0649 21.4 154.5 7.7 -147.1 534.7 154.5 7.7
DRH-TF11-04-75 76 1.6 0.0236 53 26.0206 28.1 150.4 7.9 -455.4 752.1 150.4 7.9
DRH-TF11-04-76 62 1.7 0.0247 6.9 23.5920 355 157.1 10.7 -203.4 914.3 157.1 10.7
DRH-TF11-04-77 62 1.6 0.0244 8.9 16.4401 51.8 155.6 13.6 633.1 1,194.7 155.6 13.6
DRH-TF11-04-78 49 1.6 0.0244 5.9 31.1980 62.9 155.3 9.0 -960.0 2,025.8 155.3 9.0
DRH-TF11-04-79 67 1.6 0.0243 7.4 22.4175 52.3 154.8 11.3 -77.0 1,365.5 154.8 11.3
DRH-TF11-04-81 46 1.0 0.0241 11.7 17.5381 61.5 153.5 17.7 492.3 1,503.5 153.5 17.7
DRH-TF11-04-82 62 1.2 0.0285 9.2 23.4923 24.4 180.8 16.5 -192.8 617.9 180.8 16.5
DRH-TF11-04-83 86 0.9 0.0250 3.8 22.1112 23.7 159.2 5.9 -43.4 584.0 159.2 5.9
DRH-TF11-04-84 44 1.7 0.0241 7.5 24.8768 51.3 153.5 11.4 -338.2 1,405.0 153.5 11.4
DRH-TF11-04-85 57 1.4 0.0249 7.0 35.7139 42.0 158.6 11.0 -1,376.1 1,407.2 158.6 11.0
DRH-TF11-04-86 135 1.1 0.0238 2.1 22.3357 13.6 151.7 3.2 -68.1 334.5 151.7 3.2
DRH-TF11-04-88 141 1.3 0.0231 4.2 22.4801 13.5 147.2 6.1 -83.8 332.0 147.2 6.1
DRH-TF11-04-91 62 1.4 0.0244 6.6 27.6614 52.7 155.1 10.1 -619.4 1,531.2 155.1 10.1
DRH-TF11-04-92 40 1.5 0.0255 11.1 37.7432 68.2 162.2 17.7 -1,558.4 636.8 162.2 17.7
DRH-TF11-04-93 66 2.0 0.0244 6.9 38.2223 60.2 155.6 10.5 -1,601.1 398.0 155.6 10.5
DRH-TF11-04-94 97 1.7 0.0232 8.3 23.1940 30.4 147.6 12.1 -161.0 770.4 147.6 12.1
DRH-TF11-04-95 51 1.9 0.0239 6.3 26.0615 55.4 152.1 9.5 -459.5 1,570.3 152.1 9.5
DRH-TF11-04-96 29 1.8 0.0244 11.0 11.7195 50.4 155.1 16.9 1,323.0 1,048.4 155.1 16.9
DRH-TF11-04-97 84 1.6 0.0241 4.9 19.2723 24.5 153.4 7.5 280.5 567.6 153.4 7.5
DRH-TF11-04-98 68 1.6 0.0254 7.9 21.0165 26.4 161.9 12.6 78.5 635.6 161.9 12.6
DRH-TF11-04-100 38 2.0 0.0242 6.0 12.3622 30.2 154.0 9.1 1218.8 607.9 154.0 9.1
DRH-TF11-04-R33 82 2.3 0.0665 1.7 19.5027 9.3 414.9 7.0 253.2 214.5 414.9 7.0
DRH-TF11-04-R33 108 1.4 0.0666 1.9 17.8182 11.6 415.8 7.5 457.2 257.4 415.8 7.5
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FIG. 9. Probability density plots for the preferred U-Pb ages of the two selected samples a. sample PR-11-123 is a granitic clast sampled
from a breccia at the Rio Volcan section; b. sample TF11-04 is a red sandstone from the top of the sedimentary sequence at the

Termas del Flaco section.

del Flaco and Vaca Muerta formations. This would
indicate that either the Tithonian age assigned to
the fossiliferous content of the overlynig units or
the age assumed for the Kimmeridgian/Tithonian
and Jurassic/Cretaceous boundaries are wrong.
Whatever is the reason for the disagreement between
the stratigraphic versus absolute ages of the Rio
Damas-Tordillo Formation, the results presented
in this work are consistent with other maximum
despositional ages obtained in sedimentary rocks
of the same unit in the Rio Volcan area, and in
the southern part of the Neuquén basin, that have
extended the age range of the Rio Damas-Tordillo
Formation into the Tithonian and, as in the study
region, even into the earliest Cretaceous (Aguirre
et al., 2009; Cucchi et al., 2005; Leanza and Hugo,
1997; Naipauer et al., 2012, 2014). Therefore, the
events of continental clastic desposition in the western
and southern margin of the Neuquén basin would
have been continuous beyond the Kimmeridgian/

Tithonian and even the Jurassic/Cretaceous boundary,
practically overlaping the maximum age assigned
to the overlaying marine deposits of the Vaca
Muerta (early late Tithonian), and lower Lo Valdés
(Tithonian) and Termas del Flaco (Late Tithonian)
formations (Biro-Bagoczky, 1964, 1980; Charrier,
1981; Hallam et al., 1986; Klohn, 1960; Leanza,
1981; Riccardi, 2008a, b; Thiele, 1980). The volcanic
intercalation of basaltic andesitic lavas and breccias
of the Rio Damas-Tordillo Formation should have
been emplaced in a restricted time span. Volcanic
activity was probably facilitated by the presence
of extensional structures related to the formation
of the back-arc basin (Charrier et al., 2007).

The main peak of 157.6+1.3 Ma observed in the
zircon population of sample TF11-04, with zircons
as old as ~170 Ma, is consistent with the reported
ages of plutonic bodies and dikes cropping out in the
Coastal Cordillera of central Chile (Creixell et al.,
2006; Gana and Tosdal, 1996; Godoy and Loske, 1988;
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Hervé et al., 1988; Parada et al., 1999) suggesting
that this area would have been the main source of
sediments feeding the back-arc basin during Upper
Jurassic. This implies that an important part of the
Jurassic arc domain was exhumed and eroded in
Oxfordian and Tithonian times, exposing the epizonal
intrusives of Middle Jurassic age, and probably the
upper part of the Horqueta Formation.

The age of 333.1+4.4 Ma obtained in the granitic
fragment located at the top of the Rio Volcan
section; represents the first reported evidence for
Carboniferous sources for sediments of the Rio
Damas-Tordillo Formation at this latitude. Recent
studies of the Jurassic sequences in the southern
end of the Neuquén basin have shown an important
component of Paleozoic zircons in clastic sediments
of Tordillo and Quebrada del Sapo formations,
being interpreted as the result of erosion of the
exposed basement in the Huincul High (Naipauer
et al., 2012). However, this topographic relief was
located too far in the south (39°S) to be considered
as a likely source of the sediments that accumulated
at the present-day 33-35°S latitudes. Sediments of
late Paleozoic age have also been identified in red
clastic sequences of Kimmeridgian/Tithonian age
in northern Chile, and their likely sources attributed
to numerous Carboniferous to Permian intrusions
that crop out in the Principal Cordillera (28-29°S;
Oliveros ef al., 2012). At the latitude of the present
study, no Paleozoic plutonic rocks older than 320 Ma
have been reported in the Chilean territory (Deckart
et al., 2014). Given the large size of the granitic
clasts, their source must have been an unexposed
extension of Carboniferous granitoid located near
the Chile-Argentina border, rather than the present-
day nearest outcrops of Paleozoic granitoids in the
Coastal Cordillera between 33° and 38°S.

An important feature to take into account for the
Rio Damas-Tordillo Formation is the rough variations
in the architecture of the stratigraphic sections in the
different studied locations. As we show in figure 5,
major variations in the thickness and disposition of
the sedimentary and volcanic deposits can be observed
in studied areas. In the Rio Volcan section, the Rio
Damas-Tordillo Formation is composed of a basal
level of mostly volcanic rocks, overlied by a thick
sequence of continental clastic sediments, while in
the Termas del Flaco area the volcanic rocks overlie
the clastic sedimentary deposits. Considering the
important amount of large volcanic clasts of the same

composition observed in the base of the sequence,
we interpret these variations as the result of a mayor
tectonic cannibalism in the northern area, related to
a more active faulting.

6.2. Constrains on the magma sources of the Rio
Damas-Tordillo volcanism

The volcanic rocks of the Rio Damas-Tordillo
Formation are characterized by an enrichment in
LILE compared to HFSE, negative slopes in the REE
diagrams, marked Nb-Ta negative and positive Ce
anomalies. Such characteristics are considered as
representative of subduction-related magmas (Pearce,
1982), and are typical of calc-alkaline magmatism
globally (Fig. 10). In both the trace elements and
REE diagrams, samples show sub-parallel trends,
suggesting that they have a co-genetic origin and
are the result of various degrees of differentiation
from a common source.

The Mg# and the MgO contents of the analyzed
samples (Table 1) indicate that no primitive magmas
were analyzed and suggest previous olivine and
clinopyroxene fractionation. Nb/Zr ratios (Fig.
11a) are indicative of mantle depletion as they are
not influenced by fluid enrichment or fractional
crystallization; Nb/Zr ratios and multielement diagrams
of the analyzed samples have a narrow range similar

Hf/3

A =N-MORB
B = E-MORB
C = OIB (Rift)
D = Arc-basalts

Th Nb/16

| A\ Rio Damas-Tordillo Formation /A Ajial Formation [ Horqueta Formation

FIG. 10. Tectonic setting discrimination diagram (Cabanis and
Lecolle, 1989) for volcanic (basic- intermediate) rocks in
the studied area. Ajial and Horqueta Formation samples
in the Coastal Cordillera in Central Chile after Vergara
et al., 1995.
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to the normal mid-ocean ridge basalts (N-MORB)
composition, and indicate either slight depletion
or enrichment relative to N-MORB. Low (La/YDb)
\ ratios (4-5.4) or flat REE patterns are interpreted
as the result of partial melting of a depleted mantle
source. Yb, >10 excludes the possibility of the garnet
as a residual phase in the source of the Rio Damas-
Tordillo magmas.

The high abundances of Ba, K and Sr relative to
HFSE, such as Nb and Ta, would favor the hypothesis
of fluid enrichment in the slab/mantle boundary of a
subduction zone (Peate et al., 1997). The Th/La versus
Sm/La diagram can be used to trace the addition of
sediments to the mantle wedge beneath the arc (Plank,
2005), or contamination of the magmas by forearc
subduction erosion or during interaction with the crust
(Hildreth and Moorbath, 1988; Stern, 1991, 2011).
In figure 11a, the rocks of the Rio Damas-Tordillo
Formation plot slightly aligned to the sediment/crust
contamination vector, suggesting that this process
would control the generation of the parental magmas,
as it is in the case of the Jurassic Horqueta and Ajial
Formations volcanism. However, given the small
number of samples analyzed for this study the last
observation should be taken with caution.

High variability in Ba and Sr contents probably
reflects feldspar alteration, which is consistent with
the pervasive sericite replacement observed in the
plagioclase phenocrsyts. Low abundances of Zr,
V, Y and REE in sample MO208-385 could be the
result of the intense alteration of the rock.

The Nd-Sr isotopic composition of the Rio Damas-
Tordillo Formation lavas is in the range of the Jurassic
volcanic and plutonic rocks (arc magmatism) cropping
out in the Coastal Cordillera in northern and central
Chile (Kramer et al., 2004; Lucassen et al., 2006;
Rossel et al., 2013;Vergara et al., 1995). Therefore,
it is possible to infer a depleted mantle source for
the magmas of the Rio Damas-Tordillo Formation,
similar to that of the Jurassic arc magmatism and
some back-arc volcanics like the Quebrada Vicuiiita
Beds, at 26-28°S, but different from the sources of
the other back-arc units of northern Chile (Rossel
et al., 2013).

On the other hand, Pb isotopes show a large
dispersion between the Jurassic Arc field and the
average Paleozoic Crust composition (Fig. 8b). This
suggests different degrees of crustal assimilation,
which is more evident in this system because of the
small amounts of radiogenic Pb in the mantle and
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FIG. 11. a.Th/Laversus Sm/La diagram. Arcs, OIB and MORB
fields, enrichment and sediment component vectors and
Average Sm/La values for normal, enriched and Pacific
MORB (dotted lines: N.MORB, E-MORB, Pacific MORB)
are after Plank (2005); b. Nb/Zr ratios, N-MORB value
in dotted line is after Sun and McDonough (1989). Data
from Ajial and Horqueta Formations in the Coastal Cor-
dillera of Central Chile are after Vergara ez al. (1995).

high Pb in the crust. The compositional variations
in the Pb isotopes is in part also due to the pervasive
alteration of the studied rocks as well.

In order to better constrain the source of the Rio
Damas-Tordillo lavas and the Jurassic arc rocks of
central Chile, Equilibrated Melting, Assimilation
and Fractional Crystallization (AFC) and mixing
forward modeling were performed using our elemental
data (Fig. 12). The results show that it is possible to
achieve the compositional features of the most primi-
tive samples of the arc and the Rio Damas-Tordillo
Formation by 15% melting of a mixture of 80%
Depleted Mantle (DM) and 20% Primitive Mantle
(PM), and subsequent fractionation of olivine with
minor amounts (<10%) of assimilation of lower crust.
To achieve the composition of the more evolved arc
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FIG. 12. a.Nb/Yb versus Yb and b. Nb/Zr versus Yb diagrams for Jurassic arc and back-arc volcanic rocks in central Chile. Trajectories
with crosses represent Equilibrated Melting in steps of 5%. Lines with circles represent AFC process after DePaolo (1981),
the ‘r’ factor in the AFC equation is shown. Steps in crystallization model are 10%. Starting values in a) is the modeled
concentration of Nb, Zr and Yb after 15% of melting of a mixture of 80% of DM and 20% of PM. Starting values in b) are
the measured concentrations of Nb, Zr and YD in the less differentiated sampleof the Rio Damas Fm. (MO208-385) and in
sample Mel22 of the Horqueta Fm. (Vergara et al., 1995). LC: Lower Continental Crust and MC: Middle Continental Crust,
after Rudnick and Gao (2003).Data from Ajial and Horqueta Formations in the Coastal Cordillera ofcentral Chile after Vergara

et al. (1995).

samples, the assimilation of significant amounts of
middle continental crust, along with progressive
fractionation of clinopyroxene and plagioclase is
required. This is consistent with the observed Eu
anomalies and the high Sr isotope ratios reported
by Vergara et al. (1995).

Unlike in northern Chile (26°-30°S), where
geochemical variations between the Jurassic arc and

back-arc magmatism are clearly observed (Rossel
et al., 2013), it is not possible to differentiate the
sources and processes involved in the generation
of the arc magmatism in central Chile and the lavas
of the Rio Damas-Tordillo Formation based only
in the elemental and isotopic composition of these
rocks. The volcanism of the Rio Damas-Tordillo
Formation could therefore represent arc activity.
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6.3. A tectonic framework for the Rio Damas-
Tordillo Formation

Taking into account the geochemistry, petrology
and probably age of the Rio Damas-Tordillo lavas
according to the new dates here suplied and its
stratigraphic location, we propose the following
evolutionary model for the latest Jurassic deposits
in central Chile and Argentina between 32°5° and
35°S (Fig. 13).

During the Lower and Middle Jurassic the trans-
tensional/extensional regime of subduction in the
Andean margin (Charrier ef al., 2007; Grocott and
Taylor, 2002; Mpodozis and Ramos, 2008; Scheuber
and Gonzalez, 1999) resulted in a paleogeographic
configuration characterized by the development of a
voluminous volcanic arc that was mostly submerged
considering the numerous intercalations of marine
deposits between the lavas of the Ajial Formation in
the Coastal Cordillera (Charrier et al., 2007; Vergara
et al., 1995). The inferred paleogeography suggests
that a connection existed between the Pacific Ocean
and the Neuquén basin to the east (Legarreta and
Uliana, 1999; Howell et al., 2005).

Between the Middle and Upper Jurassic, the
change to transpressional regime has been proposed
in northern and central Chile, probably as the result
of an increased coupling between the two plates
(Creixell et al., 2011; Ring et al., 2012; Scheubert
and Gonzalez, 1999). This change, in addition to
the accumulation of volcanic material, could be
responsible of the progressive emersion of the arc
and probably the forearc domain, and subsequent
disconnection of the back-arc with the Pacific Ocean
during Kimmeridgian and Tithonian times (Klohn,
1960; Legarreta et al., 1999; Mescua, 2011; Thiele,
1980), leading to continental sedimentation in both
domains, as recorded by Horqueta Formation (arc)
and Rio Damas-Tordillo Formation (back-arc).

During the Kimmeridgian and Tithonian, the
back-arc at the studied latitudes show evidences
for extensional conditions, with sedimentation
controlled by normal faulting (Cegarra and Ramos,
1996; Charrier et al., 2007; Giambiagi et al., 2003;
Mescua et al., 2008; Pangaro et al., 1996). The plate
coupling probably concentrated the deformation in
the arc domain due to thermal softening, avoiding
the development of compressive or transpresive
structures in back-arc domain.

The regional long-term extension since the begin-
ning of the Mesozoic (Legarreta and Uliana, 1999)

led to a progressive thinning of crust (Charrier et al.,
2007; Mpodozis and Ramos, 2008), which together
with the presence of active normal faults, likely
favored the rapid ascent of important volumes of
magma in the back-arc during Tithonian, as suggested
by the >1,000 m-thick sequences of basaltic andesitic
lavas of the Rio Damas Formation recognized at the
Jurassic-Cretaceous boundary in the High Andes of
central Chile.

During late Tithonian a new transgression in
the Neuquén basin is recorded by the Lo Valdés and
Vaca Muerta formations (Klohn, 1960; Legarreta and
Uliana, 1999), but no units of this age are observed
in Coastal Cordillera, since the upper portion of the
Horqueta Formation is eroded (Vergara et al., 1995).
A possible explanation for this configuration is that
the uplift and erosion of the Mesozoic arc continued
into the Tithonian, leading to the development
of unconformity observed between the Horqueta
and Lo Prado Formations (Vergara et al., 1995)
and Lower Cretaceous granitoids and Lo Prado
(Gana and Tosdal, 1996). This is consistent with
the presence of numerous zircons of Tithonian age
in the Rio Damas-Tordillo Formation rocks. The
marine transgression originated in the Pacific ocean,
since the Atlantic Ocean was not open by the end of
the Jurassic, and was facilitated by the progressive
ascent of the eustatic level since 160 Ma., which
reached its maximum at ca. 140 Ma. (Haq ef al.,
1987). The marine transgression occurred through
narrow channels that crosscut the arc highlands and
connected the ocean with the back-arc basin during
Tithonian and Lower Cretaceous, as proposed for
Early Jurassic by Vicente (2005).

7. Conclusions

A period of more transpressive conditions in the
Andean margin during to the Late Jurassic probably
led to the emersion of the arc and fore arc domain,
disconnecting the back-arc Mendoza-Neuquén basin
from the ocean with a subsequent marine regression
phase. The final stage of this regression is recorded
by the red clastic deposits of the Rio Damas-Tordillo
Formation.

Provenance data indicate that an important source
of sediments was the uplifted arc domain to the west,
represented by Middle to Upper Jurassic granitoids and
the Horqueta and Ajial Formations; these are located
in the present-day Coastal Cordillera. The supply
of sediments from the west continued at least until
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~146 Ma. The protracted extension in the region since
the beginning of the Mesozoic, led to a progressive
thinning of the crust, which together with the presence
of active normal faults, probably facilitated the rapid
ascent of important volumes of lavas in the back-arc
during the Kimmeridgian and Tithonian.

The geochemical and isotopic composition of
volcanic rocks of the Rio Damas-Tordillo Formation
indicates a clear subduction-related affinity for
the magmatism and points for a depleted sub-arc
asthenospheric mantle as the source for the igneous
materials. Major and trace elements contents and
forward ACF models suggest olivine and plagioclase
fractionation combined with small volumes of lower
crust assimilation as the main processes controlling
magma evolution. Future studies will aim to establish
if the source and petrogenetic conditions of the
volcanism represented by the Rio Damas-Tordillo
Formation lavas are different from those of the
magmatism in the arc domain.
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ANALISIS ESTRUCTURAL DEL SECTOR OCCIDENTAL DE LA FAJA PLEGADA
Y CORRIDA DE MALARGUE EN EL AREA DE VALLE GRANDE,
REGION DEL MAULE, CHILE (35°23°S)

Felipe Tapia' y Marcelo Farias'

'Departamento de Geologia, Universidad de Chile, ftapia@ing.uchile.cl

Al sur de Santiago, la cordillera disminuye paulatinamente su elevacion al mismo tiempo que el volumen
y espesor cortical. Esta situacion deberia estar controlada por una disminucion en el acortamiento y acompafiado
por un cambio en el estilo, mecanismos y cinematica de la deformacién nedgena. En este trabajo se presenta una
actualizacion de la estratigrafia y un andlisis estructural del area de Valle Grande, en el curso superior del rio
Colorado (35°23°S), en la vertiente chilena del sector occidental de la faja plegada y corrida de Malargiie con el
objeto de establecer un modelo y evolucion estructural para el area de estudio.

A partir de la descripcion de las estructuras superficiales y su interpretacion en profundidad, se pudo
definir distintos dominios estructurales caracterizados por estructuras de piel gruesa. A pesar de no observarse en
superficie, el basamento se encuentra involucrado en la deformacion mediante fallas inversas de alto angulo y
reactivacion de fallas preexistentes (Fig. 1) agrupadas en dos familias, unas con rumbo NNE y otras con rumbo
NNW.

Al comparar las distintas estructuras, se puede observar que solo el anticlinal de Valle Grande presenta
una cinematica de plegamiento por flexura de falla (Fig. 1). La causa de esta diferencia corresponde a la
presencia de una estructura extensional previa la cual controla la cinematica que produjo la inversion de la
misma. Ademas, esto se ve favorecido por el contraste de competencia que existe entre las rocas de basamento y
la cobertura, lo que genera un desacople y crea un detachment en la interfase basamento-cobertura que se
propaga horizontal hacia el este. La existencia de este nivel de despegue provoca un traspaso del acortamiento
hacia la cobertura. Como consecuencia, se infiere que la interfase basamento-cobertura corresponde a una
superficie horizontal no deformada producto de una rapida propagacion de la falla de basamento con un alto
valor de p/s.

La falla El Novillo también es una estructura preexistente pero no comparte la misma cinematica que las
otras estructuras. Esta variacién se debe al tipo de basamento de la Cuenca extensional de Abanico, el cual
poseeria caracteristicas distintas al basamento involucrado en el anticlinal Valle Grande. Ademas, no existiria un
contraste de competencia suficiente entre las rocas del basamento de la Cuenca de Abanico y la secuencia
sedimentaria mesozoica, lo que no favoreceria la cinematica de plegamiento por flexura de falla sino una por
propagacion de falla. Lo anterior apuntaria a que el pre-rift de la Cuenca de Abanico y las secuencias
sedimentarias mesozoica podrian comportarse mecanicamente igual, llegando a ser lo mismo.

De acuerdo con los datos expuestos, se identifican al menos dos eventos de deformacion. El primer evento
de deformacion (E1) estaria asociado con la formacion de los distintos bloques estructurales de los dominios. El
segundo evento (E2) corresponde a la actividad que muestra el Sistema de Falla de Calabozos. Este episodio de
deformacion se habria acomodado al menos desde la ultima glaciacion ya que presenta escarpes en depdsitos
morrénicos y actualmente exhibe una amplia sismicidad superficial.

Al comparar el estilo de deformacion de piel gruesa presente en el area de estudio con otras localidades,
se puede observar que existe una correlacion. En el sector de las Nacientes del rio Teno, Parada (2008) plantea
también un estilo de piel gruesa con fallas de alto angulo tanto para el dominio Cuenca de Abanico y faja
plegada y corrida. Ya en territorio argentino, el estilo estructural de la zona de estudio concuerda por el definido
para el sector occidental de la faja plegada y corrida de Malargiie, donde bloques de basamento con vergencia
este, transfieren el rechazo a la cobertura sedimentaria mesozoica mediante la generacion de distintos niveles de
despegues. La cinematica de deformacidn de este sector corresponde a uno por flexion de falla (Giambiagi et al.,
2009), lo que muestra la consistencia del modelo cinematico propuesto en este trabajo. Este trabajo es parte del
proyecto FONDECYT 11085022

Giambiagi, L., Ghiglione, M., Cristallini, E., y Bottesi, G., 2009. Kinematic models of basement/cover interaction: Insights from the
Malargue fold and thrust belt, Mendoza, Argentina. Journal of Structural Geology, 31: 1443-1457.
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Deformacién Cretacica-Paleocena y sus evidencias en la
Cordillera de los Andes de Chile Central (33,7°-36°S)

Felipe Tapia*, Marcelo Farias y Daniela Astaburuaga

Facultad Ciencias Fisicas y Matematicas, Universidad de Chile, Plaza Ercilla 803, Santiago, Chile

*E-mail: ftapia@ing.uchile.cl

Resumen. Las evidencias de la deformacion del Cretacico
tardio-Paleoceno en Chile Central no han sido directas y
por lo tanto no ha sido posible caracterizarla
detalladamente, ni mucho menos estimar la contribucién
que tiene en la construccion Nedgena de la Cordillera de
los Andes. En la Cordillera Principal de Chile Central
(34°.36°se han encontrado 3 lugares donde se encuentran
en discordancia las secuencias Mesozoicas y Cenozoicas
y, en consecuencia, en los cuales se puede cuantificar la
deformacion K-T. Las evidencias reportadas en este trabajo
dan sustento a la existencia de una proto-Cordillera de los
Andes en el Paledgeno, ademas de aportar informacion
para establecer la influencia de esta deformacion en la
actual configuracion de la Cordillera.

Palabras Claves: Discordancia Meso-Cenozoica, proto-
Cordillera de los Andes.

1 Introduccion

La formacion de la corteza continental se puede resumir en
periodos de extension y acortamiento lo que produce una
disminucion y aumento en el espesor cortical, con el
consecuente desarrollo de cuencas y formacion de cadenas
montafiosas, respectivamente. De esta manera se puede
establecer que la actual configuracion de la cordillera es el
resultado de multiples etapas de deformacion que incluyen
extension, inversion y propagacion hacia fajas plegadas y
corridas.

Los orégenos modernos, como los Andes, comenzaron con
su desarrollo durante los primeros tiempos del Mesozoico
después de la disgregacion del supercontinente Pangea, lo
que genero el desarrollo de cuencas extensionales a gran
escala, como la Cuenca Neuquina ubicada entre los 32° y
40°S. Durante el Cretacico esta cuenca extensional
evoluciond en una cuenca de antepais durante el cual se
depositaron los grupos Neuquén y Malargiie (Ramos,
2010).

En Chile y Argentina, las evidencias de este periodo
compresivo solo son indirectas (Gana y Zentilli, 2000;
Parada et al., 2005; Tunik et al., 2010; Sagripanti et al.,
2011), por lo que no se ha podido establecer la real
contribucion e influencia de esta fase a las subsiguientes
etapas. Es por eso que este trabajo tiene como objetivo
mostrar evidencias estructurales que permitan cuantificar
la deformacion y de qué manera pudo influir en la
formacion actual de la Cordillera de los Andes.
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2 Evidencias de la deformacion Cretacica

A 36°S, en el valle del rio Maule, especificamente en el
sector de la Mina aflora la parte superior de la secuencia
Mesozoica, la cual presenta una inclinacion promedio de
45°W. Esta compuesta por una unidad marina fosilifera del
Neocomiano (Gonzdlez y Vergara, 1962) y por una
secuencia roja continental de edad cretacico. Basado en
sus relaciones de contacto y correlaciones litologicas esta
ultima se correlacionaria con la Fm. Colimapu
(Astaburuaga et al.,, 2012). En esta misma area, una
discordancia angular separa rocas Mesozoicas y
Cenozoicas de la Fm. Abanico (Eoceno sup.-Mioceno-inf.)
la cual muestra un manteo promedio de 22°W (Figura 1).
La disposicion de las rocas junto con su edad evidencia un
periodo de deformacion previo al depdsito de la Fm.
Abanico y posterior al de la secuencia roja Cretacica.

Figura 1: Discordancia entre la Fm. Abanico y la secuencia roja
continental en el valle del rio Maule.

En el sector de Termas del Flaco, en las nacientes del rio
Tinguiririca, la secuencia Mesozoica integrada por las
formaciones Rio Damas y Bafios del Flaco (Titoniano-
Hauteriviano), ademas de la unidad B.R.C.U. (Brownish-
Red Clastic Unit). se encuentran en contacto con la Fm.
Abanico mediante la Falla El Fierro (Figura 2),
interpretada como una estructura del borde de la Cuenca
de Abanico parcialmente invertida (Charrier et al., 2002).
Waite et al. (2005) mediante el analisis de trazas de fision
en circones plantea la existencia de un evento de
exhumacion en el Cretacico-Paleoceno previo al deposito



del BRCU, situacion planteada también por Mescua,
(2011) quien muestra que las formaciones Rio Damas y
Bafios del Flaco pertenecerian al limbo trasero de un gran
anticlinal de inversion y el cual presenta depdsitos del Gr.
Neuquén en el frente oriental asociados a la erosion de la
estructura. Es en este contexto que se habria depositado
también el BRCU, en el limbo trasero del anticlinal.

Figura 2: Relaciones estratigraficas entre las secuencias
Mesozoicas y Cenozoicas en las nacientes del rio Tinguiririca.

La mayor inclinacion de las rocas al este de la Falla El
Fierro respecto a las ubicadas al oeste (50-70°W para las
rocas Mesozoicas y 20-40°W para la Fm. Abanico)
muestra una inconsistencia frente a una deformacion en
secuencia hacia el este, al momento de restituir cualquier
seccidon estructural del 4rea, evidenciando la naturaleza
fuera de secuencia de la falla El Fierro. Sin embargo, la
inconsistencia estructural al pensar en una deformacion
fuera de secuencia, asociada a la Falla El Fierro, se
mantiene si se sostiene que el area sélo fue deformada
durante el Nedgeno, haciendo necesario la hipotesis de la
existencia de un periodo previo a la etapa extensional
Eocena y simultaneo o posterior al deposito del BRCU,
consistente con lo propuesto por otros autores para esta
zona.

Algo muy similar sucede en el sector del rio Volcan, en el
area cordillerana frente a Santiago. En la ladera sur del rio
Volcan, en la base del Cerro Retumbadero aflora una
secuencia rojiza de areniscas con algunas intercalaciones
de calizas agrupadas en la Fm. Colimapu, y que se dispone
subvertical, consistente con la deformacion que presentan
el resto de las rocas Mesozoicas hacia el este. Sobre ésta y
en discordancia angular se ubica la Fm. Abanico (Fock,
2005) la cual presenta una inclinacion de 20°W (Figura 3).
Al igual que en el caso anterior, la diferencia entre los
manteos que presenta la secuencia mesozoica respecto a la
cenozoica no puede ser explicada solamente con una
deformacion fuera secuencia sino que es necesaria una
etapa de deformaciéon previa al deposito de la Fm.
Abanico, consistente con una fase compresiva en el
Cretacico-Paleoceno.
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Figura 3: Vista sur de la discordancia entre las formaciones
Abanico y Colimapu en la base del Cerro Retumbadero, valle del
rio Volcan.

3 Discusion: Implicancias en la
construccion de la Cordillera de los Andes

Actualmente, existen dos modelos que plantean distinta
configuracion y evolucién para la porcion central Chile y
Argentina y donde la diferencia se basa en la relevancia de
las estructuras de vergencia oeste y este. Sin embargo, sin
poder decir con certeza cual modelo es el correcto,
ninguno de los dos considera las etapas compresivas
previas y su contribucién a la formacién actual del
orogeno.

Los datos estructurales muestran que las secuencias
mesozoicas fueron deformadas previas al Eoceno medio, y
con una deformacion de vergencia este, igual a la
observada y documentada para la fase compresiva nedgena
en las fajas plegadas y corridas del Aconcagua y Malargiie
entre los 34° y 36°S (Giambiagi et al., 2003; Giambiagi et
al., 2009). Esta deformacion pre-nedgena no podria ser
explicada como respuesta de la deformacion y empuje de
la Cordillera Frontal, tal como lo propone Armijo et al.,
(2010), debido a las evidencias documentadas para la edad
de deformacion y alzamiento de la misma (Giambiagi et
al., 2001). De esta manera, esto podria indicar que esta
morfoestructura es mas antigua que la edad que se le
asigna o bien que las secuencias mesozoicas podrian
haberse deformado mediante otro mecanismo antes del
Neodgeno y el cual podria haber actuado también durante el
posterior evento compresivo.

El modelo presentado por Farias et al., (2010) considera la
inversion de la Cuenca de Abanico como el factor critico
para la orogenia Andina en el Nedgeno y que la geometria
es el resultado de un basculamiento al oeste producido por
un apilamiento tectonico asociado a una deformacion de
piel fina con vergencia este. Si bien lo anterior es
posiblemente correcto, ellos no consideran la influencia
que podria haber ejercido la fase compresiva pre-Eoceno,
favoreciendo a través de fallas previas la ubicacion de la
Cuenca de Abanico y la posterior inversion y propagacion
de la deformacion hacia el este.

Si bien las evidencias documentadas en este trabajo son de
suma importancia para poder caracterizar de mejor manera



la fase compresiva pre-Nedgeno , también dan sustento a
la existencia de una proto-Cordillera de los Andes en el
Paledgeno (Charrier et al., 2009). Ademas, muestra la
necesidad de cuantificar la influencia de las etapas de
deformacion previas para el mejor entendimiento de la
evolucion de la Cordillera de los Andes.
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En el Mioceno inferior, comenzd el principal evento contraccional en los Andes de Chile y
Argentina Central, causante de la actual configuracién de la cordillera y el cual se caracteriza por la
constante migracion de la deformacion hacia el antepais (Giambiagi et al., 2003;Ramos et al., 2004).
Durante este periodo, se produjo la inversién tectdénica de la Cuenca de Abanico y el inmediatamente
posterior inicio del desarrollo de las fajas plegadas y corridas que identifican la vertiente oriental de la
Cordillera Principal entre 32° y 36°S (Ramos et al., 2004), las cuales acomodaron la mayor cantidad del
acortamiento acumulado en esta region Andina (Giambiagi et al., 2003; Farias et al., 2010). La
deformacion en-secuencia fue interrumpida durante el Mioceno superior-Plioceno inferior por un evento
fuera-de-secuencia que afecté a la parte interna de la faja plegada y corrida de Aconcagua (Giambiagi et
al., 2003), coincidente con la mayor etapa de alzamiento de la regién (Farias et al., 2010). Este trabajo
tiene como objetivo mostrar evidencias de un evento de deformacion fuera de secuencia equivalente en
el sector interno de la faja plegada y corrida de Malargue, al sur de 34°S.

En una amplia area de la regién de estudio, afloran rocas sedimentarias agrupadas dentro de la
unidad informal Estratos del Colorado (

Figura 1). Los depésitos corresponden a conglomerados, brechas y areniscas gruesas asociadas
a un ambiente aluvial presentando un espesor observado maximo de 500 m en la localidad del Cerro Las
Yeguas (

Figura 1). Esta unidad se encuentra deformada y fallada por la falla Llolli y el sistema de falla
Calabozos (

Figura 1), el cual ademas corta a depdsitos glaciares recientes. A partir de una muestra tomada en
la parte superior de los Estratos del Colorado en el Cerro las Yeguas, se obtuvo una edad minima U/Pb
en minerales de circon detritico de 7 Ma (

Figura 1

Figura 1), lo que representa la edad maxima para el depésito de la unidad. Ademas, esta edad,
junto con los datos encontrados en el campo, acotan la deformacién de la falla Llolli y del Sistema de
falla Calabozos entre el Mioceno superior y Pleistoceno, evidenciando el caracter fuera de secuencia de
la deformacién ya que en ese periodo existen evidencias de deformacién en el antepais asociadas al
desarrollo del anticlinal Malarguie (Silvestro et al., 2005) y el alzamiento del Bloque San Rafael (Ramos y
Folguera, 2011), ambos representativos de la continua migracion al este del frente de deformacién.

Estas evidencias indican que la faja plegada y corrida de Malargle también desarroll6 un evento
fuera de secuencia en el Nedgeno superior, diferenciandose de la region de Aconcagua en que éste
habria continuado hasta el Pleistoceno, inclusive mostrando actividad reciente. Este periodo de
deformacion también concuerda con lo reportado en la region del rio Maule, Regiéon del Maule, Chile
(Astaburuaga et al., 2012), y mas al sur en la faja plegada y corrida Guafiacos, la cual presenta
evidencias de deformacion desde el Mioceno superior hasta el Cuaternario (Folguera et al., 2006). En
base a lo presentado en este trabajo, junto con lo reportado por otros autores, el evento fuera de
secuencia parece ser una caracteristica constante en el desarrollo de las fajas plegadas y corridas entre
33°y37°S.

Si bien, se ha demostrado que la deformacién fuera de secuencia en las fajas plegadas y corridas
entre ambas regiones tendrian distintos origenes (Folguera et al., 2006; Giambiagi et al., 2003), la
correlacion entre tasas de erosion de largo-plazo y la prolongacion de la actividad hasta el Presente
sugiere que la descarga de material por erosion ejerce un gran control en la dinamica y cinematica de las
fajas plegadas y corridas (Willett, 1999). En particular, las altas tasas de erosién podrian haber
favorecido la localizaciéon y activacion de deformacion a lo largo de estructuras cercanas al hinterland,
manteniéndola en el tiempo hasta el Presente, consistente con lo observado en modelos analogos y
numeéricos (Cruz et al., 2011).
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Figura 1: Mapa geologico del area de estudio mostrando la ubicacion e histograma de la muestra
analizada. En el mapa: 1: Falla El Novillo; 2: Falla LLolli; 3: Sistema de fallas Calabozos; 4: Anticlinal
Debia; 5: Anticlinal Valle Grande; A: Quebrada El Novillo; B: Cerro Las Yeguas; C: Valle Grande; D:
Cajon del Debia.
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NUEVAS EDADES DE U-Pb EN CIRCONES DETRITICOS DEL BORDE
OCCIDENTAL DE LA CUENCA NEUQUINA: EVIDENCIAS DE LA DINAMICA DEL
ARCO DEL JURASICO SUPERIOR

F. Tapia’, M. Naipauer®, M. Farfas®, J. Mescua®, M.M. Pimentel*, P. Rossel®, V. Oliveros®, V.A. Ramos 2
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El borde occidental de Gondwana en el Jurasico se caracterizd por una tecténica extensional en la cual se
desarrollé un arco magmatico en la actual Cordillera de la Costa en Chile (Charrier et al. 2007), y la cuenca de
tras-arco de Neuquén hacia el este, la cual albergd mas de 6000 m de sedimentos marinos y continentales con
intercalaciones volcanicas. Recientes trabajos a lo largo de la region central y oriental de la Cuenca Neuquina
han reconocido 3 principales areas fuentes para el relleno jurasico de la cuenca: Grupo Choiyoi (290-240 Ma),
volcanismo Precuyano (230-200 Ma) y el arco magmatico jurasico (200-145 Ma) (Naipauer et al. 2014). En este
trabajo se presentan nuevas edades U-Pb en circones detriticos de secuencias jurasicas del borde occidental de la
Cuenca Neuquina que muestran el absoluto predominio del arco como &rea de aporte conforme se asciende en el
| registro estratigréfico, lo cual podria evidenciar cambios en la dinamica de la construccién del arco magmético
contemporaneo.
El area de estudio estd ubicada en torno a 35°S y el sector fronterizo de Chile y Argentina (Fig. 1). Se
recolectaron tres muestras pertenecientes a las formaciones Lotena, La Manga y Rio Damas en la region del rio
Valle Grande, Chile (Fig. 1); una muestra de la Fm. Rio Damas en el sector del rio de las Damas, Chile (Fig. 1);
dos muestras de la Fm. Tordillo en el area del rio Atuel, Argentina (Fig. 1); y dos muestras de la Fm. Tordillo en
la region del rio Salado, Argentina (Fig. 1). Las dos muestras analizadas pertenecientes a las formaciones Lotena
y La Manga muestran una variada distribucion de edades donde los picos maximos corresponden a las edades
asociadas al arco jurasico (162-200 Ma), destacando de forma secundaria las edades entre 200-220 Ma, 220-300
Ma y 300-330 Ma, indicando un aporte de las rocas del ciclo Precuyano, Gr. Choiyoi y una fuente carbonifera,
respectivamente. Es posible identificar aportes occidentales desde el arco magmatico jurasico, pero no se puede
discriminar las regiones de procedencia de los picos del Precuyano y carboniferos debido a que las zonas de
muestreo presentan afloramientos de dicha edad tanto al oeste como al noreste.
En las cuatro muestras pertenecientes a la Formacion Tordillo (rios Atuel y Salado) se puede observar en general
distribuciones de edades similares, con la mayor frecuencia perteneciente a los picos de edades asociadas al arco
jurasico (149-200 Ma) y de forma subordinada edades del Triasico Tardio, Permo-Triasico y Carbonifero Tardio.
Por el contrario, las dos muestras de la Fm. Rio Damas (rios de las Damas y Valle Grande) muestran una
distribuciéon unimodal con edades en un rango entre 142-170 Ma que representan s6lo aportes del arco
magmatico jurasico, con la muestra del rio Valle Grande presentando edades mas jovenes (142 Ma) que la edad
asignada en la literatura para la Formacion Rio Damas. Si bien esto es materia de mayor analisis y para un
estudio mas detallado, la posicién estratigrafica sobre el yeso de la Fm. Auquilco (Gonzélez y Vergara 1962) y
bajo rocas sedimentarias marinas con fauna fésil del Titoniano (Tapia et al. 2011) indican que la secuencia que
contiene a la muestra recolectada corresponde a la Fm. Rio Damas. Edades U-Pb en circones detriticos en rocas
cercanas al techo de la Fm. Rio Damas en el rio de las Damas (Fig. 1) muestran picos con edades similares (143
Ma) a las encontradas en Valle Grande indicando quizés que el limite superior de esta formacién se extiende
hasta el Titoniano Medio, siendo al menos 8 myr més joven que lo propuesto anteriormente.
Por otro lado, al integrar toda la informacién mostrada en este trabajo se puede observar que las muestras
ubicadas en la region oeste de la Cuenca Neuquina evidencian un cambio en las fuentes de aporte sedimentario.
En la Fm. Rio Damas solo existen aportes desde el arco jurdsico contrastando con las muestras mas antiguas
(formaciones Lotena y La Manga) y con las muestras de las rocas contemporaneas ubicadas en el sector centro-
oriental de la Cuenca. La exclusividad de fuente del arco magmatico junto con la petrografia altamente volcanica
en las muestras de la Fm. Rio Damas evidenciarian que para ese tiempo (152-142 Ma), los centros volcanicos se
habrian ubicado muy préximos a lo que hoy corresponde al borde occidental de la Cuenca Neuquina en la
Cordillera Principal. La ubicacion de este volcanismo podria corresponder a: 1) la expansion y/o migracién del
arco magmatico respecto de la ubicacién en la Cordillera de la Costa para el Jurasico Inferior y Medio (Charrier
et al. 2007); o 2) volcanismo de tras-arco al este del arco magmatico contemporaneo, similar a lo propuesto para
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la Cuenca de Tarapacé (Oliveros et al. 2012). Sin embargo, son necesarios mas estudios para poder discriminar
entre una u otra hipotesis.
Este trabajo contd con el apoyo del proyecto FONDECYT 1120272.
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Gibbons W. (eds) The Geology of Chile, Geol.Soc, Special Publications, 21-114, Londres.

Gonzélez O. y Vergara, M. 1962. Reconocimientos geoldgico de la Cordillera de los Andes entre los paralelos 35° y 38° S.
Instituto de Geologia 24, 70 p., Santiago.

Naipauer, M., Tapia, F., Farias, M., Pimentel, M. M. y Ramos, V. 2014. Evolucion Mesozoica de las areas de aporte
sedimentario en el sur de los Andes Centrales: El registro de las Edades U-Pb en circones. 19° Congreso Geoldgico
Argentino, Actas electrénicas, Cordoba.

Oliveros, V., Labbé, M., Rossel, P., Charrier, R. y Encinas, A. 2012. Late Jurassic paleogeographic evolution of the Andean
back-arc basin: New constrains from the Lagunillas Formation, northern Chile (27°30°-28°30°S). Journal of South
American Earth Sciences 37: 25-40.

Tapia, F., Farias, M. y Rubilar, A. 2011. Depdsitos marinos del Jurasico superior en el curso superior del rio Colorado de
Lontué (35°23’S), VII Region, Chile. 18° Congreso Geologico Argentino, Actas electronicas, Neuquén.

e Teedille
i At}
UPBage

174 Ma.

g
g
!
iy
88
: =
: 5
2
5 2
- &
i : >
£t =l =
2 8
L
=
T '
i) 8 « B
i
i34
.!E
3
g g
I i
R
2
I i ;
rH £ .

UPbages

00 150 200 250 300 350 4D0 450

3
F

[
sy

Figura 1: (A) Mapa de ubicacion de los lugares donde fué??)?] recolectadas las muestras. a) rio de las Damas; b) rio Atuél; c)
rio Salado; d) rio Valle Grande. (B) Histogramas de probabilidad relativa de edades U-Pb.

A X 5 ¥

TECTONICA ANDINA S522-64



Anexo |11

Datos analiticos de dataciones U-Pb en circén



Anexo IV

Material suplementario Tapia et al. En prensa



Appendix A
LA-ICP-MS U-Pb Methodology

The LA-ICPMS method is now widely used for measuring U, Th and Pb isotopic data (e.g. Fryer et al. 1993; Compston 1999; Black et al. 2003;
Kosler & Sylvester 2003, Black et al. 2004; Jackson et al. 2004, Chang et al. 2006 Harley & Kelly 2007).

The samples were analyzed in the Department of Geosciences, Arizona geochronology Center e Geochronology and thermochronology Lab,
University of Arizona. The Isoprobe is equipped with an ArF Excimer laser ablation system, which has an emission wavelength of 193 nm. The
collector configuration allows measurement of 204Pb in an ioncounting channel while 206Pb, 207Pb, 208Pb, 232Th and 238U are simultaneously
measured with Faraday detectors. All analyses were conducted in static mode with a laser beam diameter of 35 microns, operated with output
energy of w32 mJ (at 23 kV) and a pulse rate of 8 Hz. Each analysis consisted of one 12-s integration on peaks with no laser firing and twenty 1-s
integrations on peaks with the laser firing. Hg contribution to the 204Pb mass position was removed by subtracting on-peak background values.
Inter-element fractionation was monitored by analyzing an in-house zircon standard (SL-2), which has a concordant ID-TIMS age of 563.5 _ 3.2
Ma (2s) (Gehrels et al., 2008). This standard was analyzed once for every five unknowns. The lead isotopic ratios were corrected for common Pb,
using the measured 204Pb, assuming an initial Pb composition according to Stacey and Kramers (1975) and respective uncertainties of 1.0, 0.3 and
2.0 for 206Pb/204Pb, 207Ph/204Pb, and 208Pb/204Ph. Age of standard, calibration correction from standard, composition of common Pb, decay
constant uncertainty are grouped and are known as the systematic error. For these samples the systematic errors are around wl1.2e1.7% for
206Pb/238U and w0.8e1.0 for 206Pb/207Pb. Accordingly, the age probability plots used in this study were constructed using the 206Pb/238U age
for young (<1.0 Ga) zircons and the 206Pb/207Pb age for older (>1.0 Ga) grains. In old grains, ages with >30% discordance or >5% reverse
discordance are considered unreliable and were not used. Also analyses with error greater than 10% were rejected.



Table A1

LA-ICP-MS data of zircons from TA11-22A and TA11-22B samples

Isotope ratios Apparent ages (Ma)
Sample/  Analysis U (ppm)  Th/U s o o N o i tlo —_— o Best age (T\/llz)
(%) (%) (Ma) (Ma)
TA11-22B: Colorado Strata
TAl1122BDz-122 207.55 0.82 40.17 0.02 0.06 0.02 158.51 2.90 465.13 35.48 158.51 2.90
TA1122BDz-121 118.09 0.58 40.57 0.02 0.05 0.02 156.97 3.13 140.86 50.64 156.97 3.13
TA1122BDz-120 107.40 0.77 40.10 0.02 0.05 0.02 158.78 3.15 165.22 52.94 158.78 3.15
TAl1122BDz-119 214.98 0.84 40.17 0.02 0.06 0.03 158.51 3.00 732.25 68.57 158.51 3.00
TA1122BDz-118 181.33 0.83 857.31 0.05 0.07 0.04 751 0.38 1063.87 87.63 7.51 0.38
TA1122BDz-116 165.99 0.87 39.90 0.02 0.05 0.02 159.59 2.99 142.84 44.12 159.59 2.99
TA1122BDz-115 200.89 0.77 39.56 0.02 0.05 0.02 160.94 2.81 365.01 41.95 160.94 2.81
TA1122BDz-114 515.91 0.77 888.86 0.03 0.05 0.04 725 0.19 384.71 90.30 7.25 0.19
TA1122BDz-113 135.42 0.70 39.70 0.02 0.05 0.02 160.37 3.23 218.01 43.44 160.37 3.23
TA1122BDz-112 129.20 0.61 38.96 0.02 0.05 0.02 163.38 3.31 250.36  42.29 163.38 3.31
TA1122BDz-111 471.85 0.96 813.06 0.05 0.09 0.08 7.92 0.40 1385.20 137.96 7.92 0.40
TA1122BDz-110 330.91 0.72 898.34 0.03 0.06 0.04 717 0.24 716.35 92.58 7.17 0.24
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6.97

164.13

155.63

157.08

155.20

304.93

156.81

159.61

3.01

3.03

2.86

3.14

2.88

3.20

291

2.82

2.95

3.15

2.82

2.97

0.27

2.65

3.13

3.49

3.39

5.66

3.16

3.03



TA1122BDz-65

TA1122BDz-64

TA1122BDz-61

TA1122BDz-59

TA1122BDz-58

TA1122BDz-56

TA1122BDz-55

TA1122BDz-53

TA1122BDz-52

TA1122BDz-51

TA1122BDz-49

TA1122BDz-48

TA1122BDz-46

TA1122BDz-45

TA1122BDz-43

TA1122BDz-42

TA1122BDz-40

TA1122BDz-38

TA1122BDz-37

TA1122BDz-36

370.24

100.23

315.28

211.21

96.73

107.40

233.48

124.81

235.47

109.04

744.89

152.53

181.05

375.75

121.58

720.63

171.86

102.15

342.45

563.12

0.76

0.67

0.94

0.86

0.74

0.72

0.78

0.98

0.77

0.61

0.83

0.88

0.88

0.88

0.56

0.94

0.99

0.64

121

0.90

40.85

39.35

42.13

41.62

39.98

39.54

899.74

4111

41.86

40.12

942.99

40.98

41.79

849.04

42.24

900.43

40.79

40.90

40.34

921.44

0.02

0.02

0.02

0.02

0.02

0.02

0.04

0.02

0.02

0.03

0.03

0.02

0.02

0.03

0.03

0.03

0.02

0.02

0.02

0.03

0.05

0.05

0.05

0.05

0.05

0.05

0.07

0.05

0.05

0.06

0.06

0.05

0.05

0.08

0.05

0.06

0.05

0.05

0.05

0.05

0.01

0.02

0.01

0.02

0.02

0.02

0.05

0.02

0.02

0.03

0.03

0.02

0.02

0.05

0.03

0.03

0.02

0.02

0.01

0.04

155.90

161.80

151.21

153.07

159.27

161.02

7.16

154.95

152.20

158.71

6.83

155.43

152.44

7.59

150.84

7.16

156.11

155.70

157.85

6.99

2.67

3.10

2.55

2.59

3.03

3.10

0.27

2.81

2.70

3.95

0.17

291

2.67

0.26

5.07

0.20

2.92

3.23

2.75

0.18

22551

205.59

205.31

185.72

128.40

151.72

933.12

182.27

217.72

768.29

586.67

154.11

269.83

1076.45

325.10

479.43

190.53

256.33

235.07

116.02

32.25

50.79

32.05

39.39

49.76

48.54

89.78

45.84

35.50

57.04

72.54

46.95

38.74

88.42

64.33

73.16

42.04

52.37

32.59

87.72

155.90

161.80

151.21

153.07

159.27

161.02

7.16

154.95

152.20

158.71

6.83

155.43

152.44

7.59

150.84

7.16

156.11

155.70

157.85

6.99

2.67

3.10

2.55

2.59

3.03

3.10

0.27

2.81

2.70

3.95

0.17

291

2.67

0.26

5.07

0.20

2.92

3.23

2.75

0.18



TA1122BDz-35

TA1122BDz-34

TA1122BDz-33

TA1122BDz-32

TA1122BDz-31

TA1122BDz-30

TA1122BDz-29

TA1122BDz-28

TA1122BDz-27

TA1122BDz-26

TA1122BDz-25

TA1122BDz-24

TA1122BDz-23

TAl1122BDz-22

TAl1122BDz-21

TA1122BDz-20

TA1122BDz-19

TA1122BDz-18

TA1122BDz-17

TA1122BDz-16

143.47

375.05

24451

127.69

783.17

200.05

570.20

714.44

723.04

807.87

24041

694.26

126.57

144.15

188.28

153.18

154.66

88.41

131.44

104.11

0.96

0.84

0.75

0.73

0.71

0.75

0.90

0.97

0.90

0.92

0.87

0.98

0.81

0.92

1.01

0.87

0.96

0.90

0.66

0.77

40.36

858.66

42.43

4251

948.06

39.61

895.99

885.22

870.59

893.17

39.99

906.22

40.12

865.26

41.03

40.34

40.08

40.58

40.25

40.48

0.02

0.04

0.02

0.02

0.03

0.02

0.03

0.02

0.03

0.02

0.02

0.03

0.02

0.05

0.02

0.02

0.02

0.02

0.02

0.02

0.05

0.09

0.05

0.06

0.05

0.05

0.05

0.07

0.09

0.06

0.05

0.05

0.05

0.09

0.05

0.05

0.05

0.05

0.05

0.05

0.02

0.05

0.01

0.02

0.03

0.02

0.04

0.03

0.03

0.03

0.02

0.04

0.02

0.05

0.02

0.02

0.02

0.02

0.02

0.02

157.77

7.50

150.15

149.90

6.80

160.72

7.19

7.28

7.40

721

159.20

7.11

158.70

7.45

155.23

157.87

158.87

156.93

158.19

157.33

3.13

0.31

2.62

281

0.18

2.95

0.19

0.18

0.19

0.17

2.63

0.19

2.98

0.34

2.88

2.84

2.87

3.01

2.88

3.08

157.57

1361.72

171.04

443.52

40.23

148.54

312.27

981.45

1375.55

520.72

143.76

137.41

97.93

1335.04

196.19

210.69

107.35

115.57

206.90

129.27

42.79

85.96

34.35

40.88

78.46

40.27

82.32

67.50

54.44

70.02

35.19

80.66

46.43

96.90

39.56

41.73

45.67

54.25

43.22

51.75

157.77

7.50

150.15

149.90

6.80

160.72

7.19

7.28

7.40

721

159.20

7.11

158.70

7.45

155.23

157.87

158.87

156.93

158.19

157.33

3.13

0.31

2.62

2.81

0.18

2.95

0.19

0.18

0.19

0.17

2.63

0.19

2.98

0.34

2.88

2.84

2.87

3.01

2.88

3.08



TA1122BDz-15

TA1122BDz-14

TA1122BDz-13

TA1122BDz-12

TA1122BDz-11

TA1122BDz-10

TA1122BDz-9

TA1122BDz-8

TA1122BDz-7

TA1122BDz-6

TA1122BDz-5

TAl1122BDz-4

TA1122BDz-3

TAl1122BDz-2

TAl1122BDz-1

TA1122BDz-1

77.55

123.02

94.69

141.58

116.81

200.11

150.66

400.61

120.03

739.51

199.39

265.05

752.46

405.20

686.16

212.48

TA11-22A: Boulder sized granite

fragment
TA22A_34

TA22A_33

304.72

707.16

0.72

0.98

0.81

0.91

1.04

0.52

0.67

0.95

0.65

0.92

1.33

0.85

1.00

0.88

0.87

1.15

1.03

1.32

4041

40.94

40.97

39.79

39.85

40.06

39.75

40.14

41.06

860.97

39.68

40.96

905.76

890.78

42.27

924.84

40.86

40.78

0.02

0.02

0.02

0.02

0.02

0.02

0.03

0.02

0.02

0.03

0.02

0.02

0.03

0.04

0.02

0.04

0.04

0.02

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.09

0.05

0.05

0.05

0.05

0.05

0.09

0.06

0.05

0.03

0.02

0.02

0.02

0.02

0.02

0.03

0.01

0.02

0.04

0.02

0.01

0.04

0.05

0.01

0.05

0.02

0.01

157.57

155.56

155.44

160.02

159.78

158.94

160.19

158.64

155.13

7.48

160.46

155.49

7.11

7.23

150.75

6.97

155.86

156.18

3.44

2.83

2.94

3.19

3.07

2.73

4.07

2.68

2.98

0.26

2.94

2.65

0.18

0.27

2.57

0.30

5.44

2.85

254.74

140.37

166.89

349.54

111.03

233.60

128.06

233.27

128.37

1498.95

188.44

117.75

381.68

215.01

173.47

1359.09

475.23

198.79

62.62

48.02

55.01

37.78

48.48

38.69

79.89

29.94

50.11

68.08

36.31

33.86

86.95

118.08

27.42

101.21

44.59

28.22

157.57

155.56

155.44

160.02

159.78

158.94

160.19

158.64

155.13

7.48

160.46

155.49

7.11

7.23

150.75

6.97

155.86

156.18

3.44

2.83

2.94

3.19

3.07

2.73

4.07

2.68

2.98

0.26

2.94

2.65

0.18

0.27

2.57

0.30

5.44

2.85



TA22A_32
TA22A 31
TA22A_30
TA22A_29
TA22A 28
TA22A_27
TA22A 24
TA22A_23
TA22A 22
TA22A 21
TA22A_20
TA22A_19
TA22A 18
TA22A 17
TA22A_16
TA22A_15
TA22A_14
TA22A 13
TA22A_12

TA22A 11

301.68

179.43

118.35

281.04

134.71

136.02

137.85

162.60

168.71

171.43

718.72

162.33

186.86

163.75

231.72

143.62

185.40

130.22

159.95

113.00

1.01

0.70

0.92

0.65

0.69

0.65

0.65

0.59

0.72

0.70

0.32

0.75

0.73

0.64

0.66

0.72

0.65

0.63

0.90

0.59

41.32

40.32

39.92

41.82

41.69

41.50

41.44

40.97

41.21

40.44

19.08

40.50

40.86

41.58

40.61

39.95

41.05

40.98

40.01

41.01

0.02

0.03

0.02

0.02

0.02

0.02

0.03

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.11

0.05

0.05

0.06

0.05

0.05

0.05

0.05

0.05

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.01

0.03

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

154.16

157.95

159.48

152.34

152.79

153.48

153.72

155.47

154.57

157.48

329.31

157.25

155.86

153.19

156.81

159.37

155.14

155.41

159.14

155.31

3.31

3.97

3.59

3.06

3.35

3.29

4.07

3.21

3.36

3.34

6.00

3.24

3.29

3.22

3.15

3.46

3.13

3.24

2.94

3.05

184.65

134.53

113.82

175.73

198.72

151.18

127.64

178.27

117.98

194.36

307.23

1715.39

258.51

147.01

630.29

166.28

223.34

177.00

143.22

246.00

37.29

41.97

50.92

38.72

47.76

47.37

50.56

43.47

44.22

4471

23.84

52.87

40.79

43.82

42.22

45.09

40.27

49.70

45.84

50.57

154.16

157.95

159.48

152.34

152.79

153.48

153.72

155.47

154.57

157.48

329.31

157.25

155.86

153.19

156.81

159.37

155.14

155.41

159.14

155.31

3.31

3.97

3.59

3.06

3.35

3.29

4.07

3.21

3.36

3.34

6.00

3.24

3.29

3.22

3.15

3.46

3.13

3.24

2.94

3.05



TA22A_10
TA22A_9
TA22A 8
TA22A 7
TA22A 5
TA22A 4
TA22A 2

TA22A 1

69.47

103.05

151.99

214.02

84.62

161.27

115.36

139.60

0.52

0.71

0.83

0.79

0.61

0.80

0.56

0.66

41.90

41.65

40.93

40.60

40.57

40.21

40.57

40.81

0.04

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.08

0.02

0.02

0.02

0.03

0.02

0.02

0.02

152.05

152.94

155.60

156.86

156.98

158.35

156.98

156.06

5.87

3.03

3.14

291

3.39

2.90

3.25

3.12

106.51

192.21

200.28

206.14

205.52

229.88

196.53

297.95

171.79

53.12

50.25

39.79

59.66

42.31

51.04

44.65

152.05

152.94

155.60

156.86

156.98

158.35

156.98

156.06

5.87

3.03

3.14

291

3.39

2.90

3.25

3.12




Appendix B
CA-TIMS U-Pb Methodology

Zircon and other U-bearing silicates are separated from bulk rock samples by standard crushing, heavy liquid, and magnetic separation techniques,
and are subsequently handpicked under the binocular microscope based on clarity and crystal morphology. In order to overcome the effects of
radioactive decay induced crystal defects and associated lead-loss resulting in discordant analyses, zircon grains are pre-treated in one of two ways.
Conventional removal of crystal rims is accomplished by abrasion with pyrite inside air-abrasion vessels (Krogh, 1982). Alternatively, the zircon
grains are treated by a new method of thermal annealing and chemical leaching (Mattinson, 2003). This method involves heating of zircon inside a
furnace at 900°C for 60 hours. The annealed grains are subsequently loaded into FEP Teflon® microcapsules and leached in concentrated HF at
180°C within high-pressure vessels for 12 hours. The partially dissolved sample is then transferred into Savillex® FEP beakers for rinsing. The
leached material is decanted with several milliliters of ultra-pure water and by fluxing successively with 4N HNO; and 6N HCI on a hot plate
and/or in an ultrasonic bath. Air-abraded zircons are cleaned in a similar fashion by fluxing in 4N HNO; on the hot plate and in the ultrasonic bath
in order to remove surface contaminants. After final rinsing of both air-abraded and annealed/leached zircons with ultra-pure water, zircon grains
are loaded back into their microcapsules, spiked with a mixed 2°°Pb-?**U-**U tracer solution and dissolved completely in concentrated HF at 220°C
for 48-60 hours. Essentially the high-U parts of the zircon crystals that are associated with Pb-loss are preferentially removed leaving a residue of
relatively low U content. After extensive testing we have concluded that this method is the best possible way to obtain the most concordant
analyses.



Table B.1

CA TIMS data of zircons from RC-06, RC-08 samples.

fSrZ:;?(:i Pb(c) Pb*/Pb T 206pp 204 208 pp 206 206p 238 o P;j;s 195 07ppR%  iog ijZZsu 207 py, 235 220 (Ma)
RECOIORNC PO Pb@)  UE O [ 0 P () . UM

RC-06: Rio

Negro pluton

z1 137 546 0.85 317.96 0.27 0.002 0.22 0.01 296 0.05 279 10.21 10.26 0.77

72 0.95 6.12 0.76  360.33 0.26 0.002 0.16 0.01 224 0.05 211 9.97 10.45 0.82

z3 0.83 7.61 0.84  434.23 0.28 0.002 0.16 0.01 191 0.05 1.81 9.88 10.23 0.68

75 0.72 18.02 0.47 1103.94 0.16 0.002 0.08 0.01 0.76 0.05 0.72 9.99 10.29 0.56

RC-08: La Gallina pluton

z1 1.79 3.44 0.99 201.87 0.33 0.001 018 0.01 241 0.05 228 8.69 8.88 0.75

z2 0.71 10.68 0.79 612.27 0.26 0.001 015 0.01 160 0.05 151 8.67 8.78 0.64

74 3.65 477 094 27830 0.30 0.001 0.0 0.01 1.08 0.05 1.02 8.69 8.75 0.62

z5 0.63 436 085  257.25 0.28 0.003 0.24 0.02 345 0.05 3.25 16.82 17.07 0.82

(a) Thermally annealed and pre-treated single zircon.



(b) Total common-Pb in analyses.

(c) Measured ratio corrected for spike and fractionation only.

(d) Radiogenic Pb.

(e) Corrected for fractionation, spike, blank, and initial common Pb.

Mass fractionation correction of 0.25%/amu £ 0.04%/amu (atomic mass unit) was applied to
single-collector Daly analyses.

Total procedural blank less than 0.5 pg for Pb and less than 0.1 pg for U.

Blank isotopic composition: 206Pb/204Pb = 18.31 + 0.53, 207Pb/204Pb =15.38 + 0.35,
208Pb/204Pb = 37.45 + 1.1.

Corr. coef. = correlation coefficient.
Age calculations are based on the decay constants of Steiger and Jager (1977).

Common-Pb corrections were calculated by using the model of Stacey and Kramers (1975) and
the interpreted age of the sample.



Table B.2

LA-ICP-MS data of zircos from TA11-30 sample.

Isotope ratios Apparent ages (Ma)
Sample/ U +lo
. Th/U Best age
Analysis  (ppm) 238 )206p}y *lo 207py, 206y, +lo 206py, 238 +lo 207py, 206py, *lo J (Ma)
(%) (%) (Ma) (Ma)
TA1130_
34 399.79 1.16 593.96 0.03 0.05 0.04 10.84 0.32 388.98 81.23 10.84 0.32
TA1130  2908.2
33 5 1.76 552.70 0.02 0.06 0.02 11.65 0.22 496.30 35.54 11.65 0.22
TA1130_
32 754.18 151 549.75 0.02 0.08 0.03 11.72 0.29 1134.36 56.01 11.72 0.29
TA1130_
31 499.13 1.93 543.15 0.02 0.05 0.04 11.86 0.29 290.15 82.88 11.86 0.29
TA1130_
30 420.64 1.74 578.95 0.03 0.05 0.04 11.13 0.30 179.85 90.86 11.13 0.30
TA1130_
29 643.91 2.03 552.26 0.02 0.05 0.03 11.66 0.25 313.22 77.01 11.66 0.25
TA1130
27 265.66 1.19 562.84 0.04 0.06 0.04 11.44 0.44 607.17 92.82 11.44 0.44
TA1130_
26 370.75 1.49 561.33 0.03 0.05 0.04 11.47 0.38 242.66 85.91 11.47 0.38



TA1130_
25

TA1130_
24

TA1130_
23

TA1130_
22

TA1130_
21

TA1130_
19

TA1130_
18

TA1130_
17

TA1130_
16

TA1130_
15

TA1130_
14

TA1130_
12

TA1130_
10

355.96

813.39

495.33

563.41

273.81

1161.3

7

301.51

453.87

681.08

1177.2

8

645.08

957.41

886.34

1.65

2.06

1.43

1.82

0.99

1.55

1.27

1.41

1.44

1.64

1.62

1.66

2.23

576.00

566.38

545.99

579.36

579.42

556.91

537.78

593.63

552.84

565.58

575.65

561.53

552.20

0.03

0.02

0.03

0.03

0.04
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Appendix C

U/Th-He Dating Methodology

Most zircon (U-Th)/He ages were performed by Nd: YAG laser heating for He extraction, and sector ICP-MS for U-Th determinations, Apatite
and Zircons inc. A few samples. Dated crystals were hand-picked from separates with high power (160x) stereo-zoom microscopes with cross-
polarization for screening inclusions. Selected crystals were measured and digitally photographed in at least two different orientations for a-
gjection corrections. Crystals were loaded into 1-mm Pt foil tubes, which were then loaded into copper or stainless steel sample planchets with 20—

30 sample slots. Planchets were loaded into a ~10-cm laser cell with sapphire (or ZnS for the CO, laser) window, connected by high-vacuum

flexhose to the He extraction/measurement line. Once in the laser cell and pumped to <10 —10 ®torr, crystal-bearing foil tubes were individually
heated using power levels of 1-5 W on the Nd:YAG, or 5-15 W on the CO, laser, for 3 min for apatite or 20 min for zircon. Temperatures of
heated foil packets were not measured, but from experiments relating luminosity and step-wise degassing of apatite, we estimate typical heating
temperatures of 1000°C for apatite. “He blanks (0.05-0.1 femtomol “He, after correction for spike “He) were determined by heating empty foil
packets using the same procedure. Crystals were checked for quantitative degassing of He by sequential reheating. Apatites rarely exhibited

residual gas after the first degassing. Gas liberated from samples was processed by: 1) spiking with ~0.4 pmol of ®He, 2) cyrogenic concentration at

16K on a charcoal trap (condensation time calibrated for no significant “He/°He fractionation), and purification by release at 37K, and 3)
measurement of “He/*He ratios (corrected for HD and Hs by monitoring H*) on a quadrupole mass spectrometer next to a cold Zr-alloy getter. All
ratios were referenced to multiple same-day measured ratios and known volumes of “He standards processed in the same way. Linearity of this
standard referencing procedure has been confirmed over four orders of magnitude of *He intensity. *He standard reproducibility averages 0.2% on a
daily and long-term (tank-depletion corrected) basis. Estimated 2c¢ analytical uncertainty on sample He determinations, including precision and
accuracy from original manometric “He standard calibrations, is 1-2%.

After degassing, samples were retrieved from the laser cell, spiked with a calibrated ??Th and #**U solution, and dissolved. Apatites were dissolved

in situ from Pt tubes in ~30% HNOs in Teflon vials. Each sample batch was prepared with a series of acid blanks and spiked normals to check the

purity and calibration of the reagents and spikes. Spiked solutions were analyzed as 0.5 mL of ~1-5 ppb U-Th solutions by isotope dilution on a

Finnigan Element2 ICP-MS with a Teflon micro-flow nebulizer and double-pass spray chamber. Routine in-run precisions and long-term
reproducibilities of standard Z*Th/?**Th and®*®U/***U are 0.1-0.4%, and uncertainty on sample U-Th contents are estimated to be 1-2% (2c). a-
ejection was corrected using the method of Farley et al. (1996) and Farley (2002). Replicate analyses of Durango apatite and Fish Canyon Tuff
zircon during the period of these analyses yielded mean ages of 32.4 £ 1.5 Ma (2o, n = 42) and 28.3 + 2.3 Ma (2c, n = 63), respectively. On the
basis of reproducibility of these and other intralaboratory standards, we estimate an analytical uncertainty of 6% for apatite in this study.



Table C.1
(U-Th)/He analyses of the RC-08, RC-06 and RC-05 samples

- = = - <
Sample Unit Rock Long(°) Lat(®) Elevation Fr He (ncc) U (ng) Th (ng) Age Errort Corrected  Error « 1o

type (m) (Ma) 1o
(Ma) Age (Ma) (Ma)
Rz;)os AbFa;'CO Tuff 7062 3535 1708 0834 0002 0008 0024 098 059 1.18 071
RC-05  Abanico - . ; 079 0004 0013 0036 134 033 1.70 0.41
() Fm.
RC-06 Rio Intrusive
@ Negro 7068  -3533 1289 0781  0.043 0075 0161  3.09  0.10 3.96 0.13
pluton
RC-06 Rio Intrusive
() Negro - - ; 0778 0.051 0.1 0176 291 008 3.74 0.10
pluton
RC-08 La Intrusive
@ Gallina 7083  -3531 1023 0808 0032 0047 0154  3.08  0.09 3.82 0.12
pluton
RC-08 La Intrusive
() Gallina - - ; 0676 0005 0008 0027 257 047 3.81 0.70

pluton




Anexo V

Ubicacion muestras datadas



Coordenadas

Codigo Unidad o Fm. Litologia
este (m) norte (m) lat. (°) lon. (°) alt. (m)
RC-05 Abanico Toba - - -70.62 -35.35 1805
RC-06 Rio Negro Granitoide - - -70.68 -35.33 1278
RC-08 La Gallina Granitoide - - -70.83 -35.31 1003
TA11-03 Lotena Arenisca 362031 6088591 - - 2499
TA11-17 La Manga Arenisca 361807 6085989 - - 2477
TA11-22A/B  E. Colorado Arenisca 360893 6087145 - - 2885
TA11-30 Potrerillo Granitoide 364401 6076239 - - 2462
TF11-04 Rio Damas Arenisca 374390 6132709 - - 2472
AR-09 Tordillo Avrenisca - - 69.69 34.96 1780
AR-11 Tordillo Arenisca - - 69.77 35.20 1696
AR-15 Remoredo Andesita - - 70.28 35.32 2009
Jt-RS-407 Tordillo Arenisca - - 69.88 35.18 -
Jt-CC-429 Tordillo Arenisca - - 69.76 35.00 -
FD12-02 A. Pichuante Avrenisca 359823 6107738 - - 2552
FD12-03 BRCU Arenisca 369175 6129736 - - 1820
FD12-04 BRCU Arenisca 368998 6129639 - - 1932
FD12-05 BRCU Arenisca 368946 6129789 - - 1829
FD12-06 Colimapu Arenisca 399426 6255721 - - -
FD13-01 Guanaco Toba - - 34.93 70.46 1836
FD13-02 Abanico Arenisca - - 34.94 70.45 1881
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