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Resumen 

Las cuencas de rift son lugares altamente dinámicos, donde se conjugan el 
fallamiento activo, el magmatismo, y la sedimentación, representando un contexto 
ideal para la preservación del registro geológico. Por otro lado, la reactivación de sus 
estructuras ejerce un control sustancial en la construcción orogénica. Durante el 
Triásico, la Cuenca de Domeyko correspondió a una de las cuencas de rift 
desarrolladas en Gondwana Suroccidental. La ausencia de un modelo 
tectonoestratigráfico integrado, las discrepancias respecto al contexto geotectónico 
durante la etapa de rifting y el posible control de la fábrica gondwánica en la posterior 
evolución orogénica motivan el desarrollo de esta tesis. 

En base a análisis estratigráficos, sedimentológicos y geocronológicos, se 
determinó que la fase synrift del rift de Domeyko se habría desarrollado en dos 
períodos: Synrift I (Ladiniano – Carniano), con la apertura de la subcuenca Sierra 
Exploradora (SESB) y Synrift II (Nórico – Rético), en el que se inició la Subcuenca 
Sierra de Varas (SVSB) y se reactivó la SESB. El paso entre ambas etapas se 
correlacionaría con una reconfiguración de primer orden de la cinemática de placas 
durante el Triásico. 

Durante el Synrift II, se habría registrado una fase de climax del rift asociada a 
la unión de las fallas maestras de la SVSB, generando un rift de rumbo ~NS por 
aproximadamente 400 km. Fallas maestras de rumbo ~NS a ~NNE coexistieron con 
fallas secundarias de rumbo NNO a NO, sugiriendo un régimen transtensional 
(sinistral) asociado a un sistema de rift oblicuo. La orientación del eje del rift habría 
estado controlada principalmente por el slab-pull de una losa subductante (rift-
asociado a subducción), y de manera secundaria a esfuerzos de campo lejano 
provenientes de la fragmentación de Pangea. 

Por otro lado, termocronología detrítica 40Ar-39Ar sugiere que los basamentos 
de ambas subcuencas (SVSB y SESB) habrían tenido una historia de 
enfriamiento/alzamiento contrastante, sugiriendo una segmentación tectónica a través 
de una estructura cortical de rumbo NO durante el Pérmico Superior. Esta estructura 
habría controlado la posición de un alto estructural que separó ambas subcuencas 
durante el rifting. 

Posteriormente, durante la orogénesis Incaica (Eoceno), la inversión de las 
fallas maestras del rift dio lugar a la principal construcción de la Cordillera de Domeyko, 
en un estilo de deformación principal de piel gruesa y vergencia al oeste del flanco 
occidental de la sierra, donde cambios locales del estilo estructural estuvieron 
controlados por la arquitectura primaria del rift triásico. La inversión de las fallas de alto 
ángulo del rift de Domeyko habría sido facilitada mediante una tectónica 
transpresional, permitiendo la nucleación de las estructuras occidentales del Sistema 
de Fallas de Domeyko. 

De esta manera, la generación y posterior inversión de cuencas mesozoicas 
habría constituido un mecanismo eficiente para la adquisición de la vergencia 
occidental del flanco occidental de los Andes Centrales, configurando así un orógeno 
bi-vergente. 
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Abstract 
  

 Rift basins are highly dynamic places, where active faulting, magmatism, and 
sedimentation are intimately conjugated, representing an ideal context for the preser-
vation of the geological record. On the other hand, the reactivation of rift structures 
exerts substantial control in the orogenic building. During the Triassic, the Domeyko 
Basin corresponded to one of the rift basins developed in southwestern Gondwana. 
The lack of a unified tectonostratigraphic model, the discrepancies regarding the geo-
tectonic context during the rifting, and the possible control of the gondwanic fabric on 
the later orogenic building, motivate this thesis. 
 The synrift phase of the Domeyko rift developed in two periods: Synrift I (Ladin-
ian - Carnian), with the opening of the Sierra Exploradora sub-basin (SESB) and Synrift 
II (Norian - Rhaetian), which initiated the Sierra de Varas sub-basin (SVSB) and reac-
tivated the SESB. The change between both stages roughly correlates with a first-order 
plate kinematic reconfiguration during the Triassic. 
 During the Synrift II, a rift climax phase associated with the fault-linkage stage 
of SVSB master faults would have occurred, configuring a ~NS striking rift by approxi-
mately ~400 km. Master NS to NNE striking faults developed with secondary NW to 
NNW striking faults, suggesting a transtensional kinematic system (sinistral) related to 
an oblique rift. The rift axis orientation would have been controlled mainly by the slab-
pull force from a convergent slab (subduction-related rift), and secondarily by far-field 
stresses arising from the Pangea breakup. 
 On the other hand, 40Ar-39Ar detrital thermochronology indicates a strong con-
trast between both sub-basins basement cooling/uplift history, suggesting a tectonic 
segmentation through a crustal NW-striking structure during the Upper Permian. This 
structure would have controlled the position of a structural high separating both sub-
basins during the synrift phase. 
 Later on, during the Incaic orogeny (Eocene), the inversion of the master rift 
faults led to the main building of the Domeyko Range, mainly by a thick-skinned and 
westward-vergent structural style along the western flank of the range. Local variations 
in this structural style were controlled by the ancient Triassic rift architecture. The in-
version of high-angle rift faults would have been facilitated by transpressional tectonics, 
allowing the inception of the western structures of the Domeyko Fault System. 
 Finally, the inversion of Mesozoic extensional basins would have provided an 
efficient mechanism for the acquisition of the western vergence along the western flank 
of the Central Andes, configuring a bi-vergent orogen. 
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Capítulo 1: Introducción 

1.1 Formulación del problema 

Los procesos tectónicos controlan en último término la ubicación, inicio y 

evolución de las cuencas sedimentarias. De esta manera, el registro sedimentario y 

volcánico que se alberga en ellas, junto con el estilo y dinámica de las estructuras 

sincrónicas asociadas, son el resultado de una configuración geotectónica particular 

(Ingersoll, 2012). Por otro lado, la reactivación de sistemas inicialmente extensionales 

ha sido reconocido como un mecanismo esencial durante la construcción de 

numerosos orógenos alrededor del mundo (Butler, 1989; Lacombe y Mouthereau, 

2002; Butler et al., 2006). De esta manera, el estudio de una cuenca desde su 

incepción hasta el momento en que es invertida es fundamental para comprender la 

evolución tectónica de largo plazo de una región en particular. 

En el norte de Chile, la Cuenca de Domeyko comprende depósitos 

sedimentarios y volcánicos que van desde el Triásico al Cretácico Temprano (Ardill, 

1996; Ardill et al., 1998), expuestos en la Cordillera de Domeyko, entre los 21°-27°S 

(Fig. 1.1B). Durante el Triásico, esta cuenca se formó mediante adelgazamiento 

mecánico (Suárez y Bell, 1992; Ardill et al. 1998), formando parte de un sistema de 

cuencas de rumbo principal NNO en el margen suroccidental de Gondwana (Fig. 1.1A; 

Charrier, 1979; Suárez y Bell, 1992; Charrier et al., 2007). Durante ese periodo, 

Gondwana se encontraba en una etapa cuasi-estacionaria (Vilas y Valencio, 1978; 

Matthews et al., 2016). Lo anterior, junto con el desarrollo de un ingente volcanismo 

silícico (Grupo Choiyoi; Kleiman y Japas, 2009; Sato et al., 2015) ha sido relacionado 

clásicamente al cese de la subducción en el margen suroccidental del supercontinente 

(Mpodozis y Kay, 1992; Franzese y Spalletti, 2001). En consecuencia, la Cuenca de 

Domeyko ha sido considerada como una cuenca de rift intracontinental durante este 

período (Charrier, 1979; Ramos y Kay, 1991; Mpodozis y Kay, 1992; Suárez y Bell, 

1992; Ardill et al., 1998). 
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Figura 1.1: A) Afloramientos presentes en los Andes Chileno-Argentinos asociados a las cuencas 
extensionales desarrolladas en el margen suroccidental de Gondwana durante el Triásico (color 
morado). En la imagen se aprecia además la distribución del basamento Carbonífero y Pérmico, y su 
ubicación en Sudamérica señalada por un rectángulo de color rojo. B) Mapa topográfico con la ubicación 
de las principales morfoestructuras de los Andes en Chile y Argentina. En morado, la distribución de las 
cuencas de Domeyko y La Ternera. El área de estudio comprende el rectángulo rojo. En línea roja la 
ubicación de la sección estructural de Amilibia et al. (2008) ilustrada en la Figura 1.3. Los lineamientos 
en continentales en gris están basados en el trabajo de (Petrinovic y Colombo Piñol, 2006; Petrinovic et 
al., 2006) 

Sin embargo,  modelos recientes basados en las características geoquímicas 

de los productos magmáticos pre-andinos (e.g. magmas calcoalcalinos, anomalías 

negativas de Nb/Ta, alta razón LILE/HFSE, etc.) han propuesto el desarrollo de la 

subducción de manera ininterrumpida desde el Carbonífero al Reciente (Coloma et al., 

2017; del Rey et al., 2016; González et al., 2017; Oliveros et al., 2017). De esta 

manera, existen discrepancias significativas respecto a la configuración geodinámica 

durante la etapa de rift triásica. En este sentido, diversas causas se han propuesto 
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para explicar el proceso de ‘rifting’ a escala continental, tales como: esfuerzos de 

campo lejano asociados a la fragmentación de Pangea (Uliana et al., 1989; Bechis, 

2009), colapso orogénico post-sanrafaélico (Uliana y Legarreta, 1993; Kleiman y 

Japas, 2009), subducción tipo ‘rollback’ (Alvarez y Ramos, 1999; Oliveros et al., 2017), 

o una combinación de éstas (Giambiagi et al., 2008b). Además, algunos autores han 

planteado una gran relevancia en el rol de las estructuras previas heredadas del 

basamento paleozoico (Charrier, 1979; Bechis et al., 2014), asociadas a la historia 

acrecionaria del amalgamiento de Pangea (Ramos, 1994). Sin embargo, en el caso de 

la Cuenca de Domeyko, el control de estructuras previas en su génesis ha sido 

propuesto sólo de manera especulativa, sin pruebas directas de la existencia de estas 

estructuras ni del rol que habrían jugado en la extensión. 

Por otro lado, si bien el proceso de rifting se encuentra definido por un 

adelgazamiento mecánico de la litosfera (Sengör, 1995), existen diversas 

configuraciones geodinámicas que pueden gatillar este proceso (plumas mantélicas, 

sistemas de subducción, colapso orogénico o sistemas transformantes; Fig. 1.2), las 

cuales serían determinantes para la clasificación del tipo de rift (Merle, 2011). De esta 

manera, aun cuando existe consenso respecto a que la tectónica extensional controló 

el desarrollo del sistema de rift triásico a escala continental, en el caso de la Cuenca 

de Domeyko, aun es una incógnita cuáles habrían sido los mecanismos geotectónicos 

que controlaron el proceso de rifting y por ende a qué tipo de rift pertenece. Más aún, 

se desconoce qué impacto tuvo tal configuración en la dinámica interna de la cuenca 

(e.g. magmatismo, fallamiento, sedimentación) y cómo se refleja esto en el registro 

tectonoestratigráfico. 

Además, en contraste con el mayor entendimiento de la estratigrafía y tectónica 

de las cuencas triásicas desarrollado en la vertiente argentina (Ramos y Kay, 1991; 

Spalletti, 1999; Llambías et al., 2007; Bechis et al., 2014), aún existen interrogantes 

específicas acerca de la evolución de la etapa de rift de la Cuenca de Domeyko. Así, 

aun cuando el relleno sedimentario continental domina en la sucesión synrift, trabajos 

previos se han enfocado en las sucesiones marinas de la etapa post-rift, describiendo 

de manera menos precisa la etapa inicial volcanosedimentaria (Chong y Hilldebrandt, 

1985; Bell y Suárez, 1991; Prinz et al., 1994; Marinovic et al., 1995; Ardill et al., 1998). 
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Esto se debió en parte al menor control cronoestratigráfico en las secuencias 

continentales, pobres en material fosilífero de alta resolución temporal. Lo anterior, 

sumado a la intensa deformación andina que afecta a las sucesiones mesozoicas, ha 

dificultado una comprensión de la arquitectura inicial de la cuenca. De esta manera, 

surgen preguntas específicas tales como ¿cuál fue la temporalidad del proceso de 

rifting?, ¿Cuál fue la geometría y arquitectura primaria de estas cuencas?, ¿Bajo qué 

campo de deformación se desarrolló el proceso de extensión?, etc. Trabajos de 

cartografía regional recientes han generado una relevante información geocronológica 

y estratigráfica de las sucesiones triásicas (Cornejo et al., 2009; Venegas et al., 2013; 

González et al., 2015; Astudillo et al., 2017), sin embargo aún no existe un modelo 

evolutivo del rift triásico a la escala de la cuenca completa. 

Figura 1.2: Clasificación de cuencas de rift propuesta por Merle (2011) basada en la definición de 

Sengör (1995). 

Por otro lado, luego de la etapa de synrift triásica, durante el jurásico en la 

Cuenca de Domeyko se desarrolló una etapa de subsidencia termal (postrift) marcada 

por el desarrollo de sedimentación marina con pulsos episódicos de actividad 
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extensional, dando paso hacia el Jurásico Tardío/Cretácico Temprano a la  

continentalización y cierre de la cuenca (Ardill, 1996; Vicente, 2005; Charrier et al., 

2007; Oliveros et al., 2012). Posteriormente, durante el Cretácico Tardío, el cambio en 

las condiciones de estrés desde un campo extensional/neutro a uno compresional 

asociado a la apertura del Atlántico, habría producido un evento de deformación 

regional en el norte de Chile conocido como ‘Fase Peruana’ (Steinman, 1929; 

Arriagada et al., 2008). Este evento ha sido asociado a la incepción de la proto-

Cordillera de Domeyko a partir de evidencias de sedimentación sinorogénica presentes 

en las sucesiones cretácicas de la Cuenca del Salar de Atacama (Mpodozis et al., 

2005; Arriagada et al., 2006; Amilibia et al., 2008). Acorde con Bascuñán et al. (2015), 

esta fase tectónica habría tenido un primer episodio en la Cordillera de la Costa 

(Peruana I, ca. 107 Ma) para posteriormente migrar hacia el este alcanzando la 

Cordillera de Domeyko (Peruana II, ca. 79 Ma). 

La Cordillera de Domeyko corresponde a un cinturón de piel gruesa y piel 

delgada formado por un núcleo de basamento de edad Carbonífero-Pérmico el que se 

encuentra alzado sobre la cobertura mesozoica a través de fallas de alto ángulo con 

vergencia variable (Elderry et al., 1996; Mpodozis et al., 2005; Amilibia et al., 2008). 

Las hipótesis iniciales acerca del origen de la Cordillera de Domeyko, la consideraban 

el producto de una deformación principalmente transcurrente a transpresiva 

desarrollada durante el Eoceno-Oligoceno ‘temprano’ durante la orogénesis Incaica y 

asociada al emplazamiento de los sistemas de pórfidos cupríferos (Tomlinson et al., 

1993; Reutter et al., 1996; Tomlinson y Blanco, 1997; Maksaev y Zentilli, 1999; 

Niemeyer y Urrutia, 2009). Sin embargo, trabajos recientes han presentado evidencias 

que favorecen un rol preponderante de la tectónica compresional asociada a la 

inversión de la Cuenca de Domeyko a partir del Cretácico Superior (Mpodozis et al., 

2005; Muñoz et al., 2005; Arriagada et al., 2006; Amilibia et al., 2008; Martínez et al., 

2018a). De esta manera, a través del proceso de inversión tectónica, el estilo 

estructural de la Cordillera de Domeyko se encontraría íntimamente ligado al desarrollo 

de la etapa extensional mesozoica. 

La inversión tectónica de cuencas ha sido planteada como un mecanismo 

fundamental en la construcción del orógeno de los Andes Centrales (Charrier et al., 
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2002; Carrera et al., 2006; Pinto et al., 2010; Carrera y Munoz, 2013; Martínez et al., 

2016, 2018c; Perez et al., 2016a; Martínez y Cristallini, 2017). En particular, evidencias 

de la inversión de cuencas de rift triásicas se han presentado para la Cuenca Mitu en 

Perú (Eude et al., 2015; Perez et al., 2016a, 2016b), la Cuenca Neuquina (Giambiagi 

et al., 2003, 2008a, 2015; Mescua y Giambiagi, 2012; Mescua et al., 2014), y la Cuenca 

de Domeyko en la Depresión Pre-Andina (Martínez et al., 2018b, 2018a). 

Por otro lado, trabajos sistemáticos realizados en la Cordillera de Domeyko bajo 

el enfoque de la inversión tectónica son escasos, siendo el de principal importancia el 

realizado por Amilibia et al. (2008). Este trabajo permite una comprensión del estilo 

principal de la Cordillera de Domeyko a través de la inversión de las cuencas 

mesozoicas, poniendo énfasis en la reactivación de las cuencas jurásico-cretácicas y 

asignando un rol menor a la geometría inicial del rift triásico. Sin embargo, Amilibia et 

al. (2008) no presentan un control preciso de la estratigrafía y la geometría de la 

cuenca triásica por lo que no es posible evaluar en detalle el rol de la arquitectura del 

rift triásico en la posterior inversión. Por otro lado, como algunos autores notaron 

(Zentilli et al., 2018), la gran coincidencia espacial entre el magmatismo eoceno-

oligoceno en el núcleo de la Cordillera de Domeyko y las unidades triásicas sugiere un 

control subestimado de la etapa synrift de la Cuenca de Domeyko en el control de la 

estructura principal de la cordillera. De esta manera, aún es un problema abierto de 

qué manera particular se expresa la herencia tectónica del rift triásico en la posterior 

evolución meso-cenozoica de la región y en la construcción del flanco occidental de 

los Andes Centrales. 

Esta tesis se enfoca en estudiar la evolución tectonoestratigráfica de la etapa 

de rift de la Cuenca de Domeyko e inferir sobre esta base las condiciones 

geodinámicas en las que se habría formado. Adicionalmente, se pretende comprender 

cómo las características iniciales de la cuenca habrían influido en la posterior evolución 

tectónica meso-cenozoica de la Cordillera de Domeyko. Las metodologías utilizadas 

comprenden estudios estratigráficos (análisis de facies), geocronológicos (dataciones 

U-Pb en circón y 40Ar-39Ar en muscovita) y estructurales (análisis cinemático y balance 

estructural). 
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 En el Capítulo II, se presenta una breve síntesis de las unidades triásicas 

presentes entre los 22°-26° S. En el Capítulo III, se aborda la evolución 

tectonoestratigráfica de la Cuenca de Domeyko con énfasis en la interacción de los 

procesos sedimentarios, volcánicos y tectónicos, presentándose un modelo integrado 

de la cuenca. En el Capítulo IV se aborda el rol de la herencia tectónica en la 

construcción de la Cordillera de Domeyko y en la incepción del Sistema de Fallas de 

Domeyko. En el Capítulo V, se discute el modelo de la etapa synrift de la Cuenca de 

Domeyko en el contexto de la evolución de Gondwana suroccidental y la influencia de 

la arquitectura del rift triásico en la vergencia del flanco occidental del orógeno andino. 

En el Capítulo VI se presentan las conclusiones obtenidas en esta tesis. Finalmente, 

en los anexos de esta tesis se presentan las publicaciones científicas resultantes de 

esta tesis (artículos publicados, manuscritos en revisión y presentaciones en 

congresos, Anexos 1 y 9) junto a una descripción más detallada de los métodos 

utilizados y los resultados obtenidos (Anexos 2 a 8) 
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1.2 Hipótesis 

Durante el Triásico la Cuenca de Domeyko correspondió a un rift asociado a 

subducción y su evolución estuvo determinada por la interacción de procesos 

tectónicos, sedimentarios y volcánicos. La arquitectura de esta cuenca determinó 

posteriormente el estilo estructural de la Cordillera de Domeyko. 

1.3 Objetivos 

1.3.1 Objetivo general 

Establecer la evolución tectonoestratigráfica de la Cuenca de Domeyko durante la 

etapa de rift (Triásico) y relacionarla con la posterior evolución Meso-Cenozoica de la 

Cordillera de Domeyko. 

1.3.2 Objetivos específicos 

1.- Determinar la temporalidad de la etapa de rift de la Cuenca de Domeyko 

 

2.- Identificar los ambientes sedimentarios y establecer la paleogeografía de la etapa 
de rift de la Cuenca de Domeyko 

 

3.- Especificar la proveniencia sedimentaria de la cuenca y la historia de 
enfriamiento/exhumación de las fuentes sedimentarias. 

 

4.- Caracterizar la arquitectura, el estilo estructural y la cinemática de la etapa synrift 

 

5.- Determinar el estilo y la evolución estructural de la Cordillera de Domeyko 
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1.4 Métodos 

A continuación se presenta la metodología empleada con el objeto de alcanzar 

cada uno de los objetivos específicos. 

 

1.4.1 Metodología asociada al Objetivo Específico 1: Geocronología U-Pb en 

circones 

Análisis geocronológicos U-Pb en circones ígneos (IZ, 6 muestras) y detríticos 

(DZ, 16 muestras) fueron llevados a cabo usando Espectrometría de Masas con 

Plasma Acoplado Inductivamente (LA-ICP-MS y LA-MC-ICP-MS) en 22 muestras. Las 

unidades muestreadas corresponden a las formaciones Cerro Guanaco (1 IZ), Sierra 

de Varas (8 DZ y 3 IZ), Quebrada del Salitre (5 DZ y 1 IZ), La Ternera (2 DZ y 1 IZ) y 

el batolito Sierra Castillo (1 IZ). 

Los minerales pesados fueron concentrados mediante chancado estándar, 

separación gravimétrica por mesa Gemini, líquidos densos no tóxicos de 

heteropolitungstato de litio (LST; 2.9 gr/cm3 a 27°C) y separación magnética en el 

Servicio Nacional de Geología y Minería (SERNAGEOMIN) y en el Instituto de 

Geología Económica Aplicada (GEA). Finalmente, los granos de circón fueron elegidos 

de manera manual mediante lupa binocular, montados mediante resina epoxy, y 

pulidos para exponer su centro para obtener imágenes de catodoluminiscencia. 

Las muestras fueron analizadas en el Arizona LaserChron Center de la 

Universidad de Arizona (5 muestras) durante los meses de abril y mayo de 2015, y en 

el Laboratorio de Estudios Isotópicos del Centro de Geociencias de la Universidad 

Autónoma de México (17 muestras) durante los meses de enero y febrero de 2017. 

Las edades de Concordia y de promedio ponderado fueron calculadas utilizando el 

software Isoplot v. 4. 15 (Ludwig, 2008).  Se aplicó un filtro de discordancia menor al 

15% para los análisis en circones ígneos, uno menor a un 25% para los análisis en 

circones detríticos y un filtro de discordancia reversa menor a -5%. Edades 206Pb/238U 

fueron consideradas para circones menores a <1.0 Ga, mientras que edades 
207Pb/206Pb fueron consideradas para circones mayores a esa edad (Gehrels, 2011). 

Una descripción detallada de los métodos específicos utilizados se encuentra en el 
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Anexo 4. La ubicación y litología de cada muestra se encuentran en las tablas 3.3 y 

4.1, mientras que los datos resultados específicos para cada circón se encuentran en 

el Anexo 7. 

 

1.4.2 Metodología asociada al Objetivo Específico 2: Análisis de facies 

Se realizó un análisis de facies para las sucesiones sedimentarias y volcánicas 

triásicas comprendidas entre los 24°-26° S basado en 12 secciones estratigráficas 

generalizadas (ver ubicación en Figura 3.2 en el Capítulo 3). Las secciones S6, S7, 

S8, S10A, S10B y S11 fueron medidas por el autor mientras que las secciones S2, S3 

fueron obtenidas del trabajo de Montecino (2015). Además, se extrapoló el análisis de 

facies a secciones obtenidas a partir de información bibliográfica: S1 (Valenzuela, 

2011); S4 y S5 (Contreras, 2014), S9 (Cornejo et al. 2009) y S12 (Tomlinson et al. 

1999). El análisis de facies fue complementado con los estudios litoestratigráficos 

llevados a cabo por Suarez y Bell (1992) y Mpodozis y Cornejo (1997) en la parte sur 

del área de estudio. 

La nomenclatura de facies utilizada es acorde a Miall (2006) para las rocas 

sedimentarias siliciclásticas, Branney y Kokelaar (2002) para las rocas piroclásticas y 

D´Elia et al. (2012) para rocas volcánicas y volcanosedimentarias. Una descripción 

detallada de las facies y sus interpretaciones genéticas se encuentra en el Anexo 2. 

Un resumen con los códigos utilizados y las asociaciones de facies se encuentra en 

las tablas 3.1 y 3.2 en el Capítulo 3. Por otro lado, un resumen con las localidades 

donde se reconoció cada facies se encuentra en el Anexo 3. 

 

1.4.3 Metodología asociada al Objetivo Específico 3: Termocronología Ar-Ar en 

muscovita detrítica 

Dataciones de 40Ar-39Ar de muscovitas detríticas mediante fusión total se 

realizaron en cuatro muestras, analizando 87 granos individuales por muestra, 

sumando un total de 348 granos detríticos. Las unidades muestreadas corresponden 

a las formaciones Sierra de Varas (1 muestra), Quebrada del Salitre (2 muestras) y La 

Ternera (1 muestra). 
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Las muscovitas fueron extraídas de la roca mediante molienda por chancador 

primario de mandíbula y triturador de rodillo. Posteriormente, se tamizaron para las 

fracciones menores a 1,0-0,5 mm y 0,5-0,25 mm. Finalmente, micas entre 0,5 y 2 mm 

con las menores evidencias de alteración fueron seleccionadas manualmente 

mediante lupa binocular. Los análisis radiométricos se realizaron en el 40Ar-39Ar 

Laboratory of the U.S. Geological Survey (USGS), USA, durante el mes de enero de 

2017. Los detalles de los factores de corrección, constantes y métodos específicos 

empleados pueden ser consultados en el Anexo 5. La ubicación de las muestras y su 

litología se encuentra en la Tabla 4.1. Una tabla con los resultados específicos para 

cada muscovita se presenta en el Anexo 8. 

  

1.4.4 Metodología asociada al Objetivo Específico 4: Análisis cinemático 

Análisis cinemáticos se desarrollaron en fallas normales sin-sedimentarias de 

pequeña escala (centímetros a metros de desplazamiento). Se identificaron 67 fallas 

desarrolladas durante la etapa synrift (Noriano – Rético) y de postrift temprano (Rético-

Hetangiano) las cuales mostraban clara evidencia de depositación sin-sedimentaria 

(e.g. estratos de crecimiento o estar selladas por estratos más jóvenes). La cinemática 

del fallamiento y la dirección de desplazamiento del bloque colgante se determinó 

mediante marcadores cinemáticos (e.g. estriaciones y fracturas secundarias) de 

acuerdo a los criterios propuestos por Petit (1987). Considerando la posterior 

deformación compresiva que sufrieron las sucesiones mesozoicas, las fallas normales 

fueron llevadas a su posición pre-deformacional mediante una rotación basada en la 

actitud de los estratos del bloque yaciente. Los ejes principales del elipsoide de strain 

se obtuvieron a través de una distribución estadística de Bingham (Marrett y 

Allmendinger, 1990) mediante el software FaultKinWin (Allmendinger et al., 2001). Una 

tabla con los datos estructurales utilizados para realizar los cálculos se encuentra en 

el Anexo 6. 
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1.4.5 Metodología asociada al Objetivo Específico 5: Balance estructural 

Se realizaron tres secciones estructurales entre los 25° y 26°S basadas en la 

geología superficial. Las secciones fueron balanceadas mediante modelamiento 

forward utilizando el software MOVE (Midland Valley Exploration Ltd.), comenzando 

desde una geometría pre-deformacional del rift Triásico constreñida por datos 

estratigráficos, con el objetivo de igualar la actual configuración estructural. Se utilizó 

el algoritmo de Simple Shear para el fallamiento normal desde la etapa pre-rift 

(Withjack y Peterson, 1993) mientras que el algoritmo de Trishear fue usado para 

modelar la inversión de la cuenca y el fallamiento inverso (Erslev, 1991). El algoritmo 

de Trishear se implementó usando un ángulo apical para la zona de trishear de 50° 

para todas las estructuras y, dependiendo de la geometría del plegamiento, se utilizó 

una razón de propagación versus desplazamiento (P/S) entre 1.5 y 15, con el objetivo 

de generar pliegues por propagación de falla o de flexura de falla (Allmendinger et al., 

2004). La deformación en el limbo trasero fue modelada usando el algoritmo de 

Inclined Shear para fallas normales reactivadas de manera inversa, con un ángulo de 

cizalle entre 60° y 80°, y el algoritmo fault-parallel flow para fallas nuevas. 

Basado en observaciones de terreno se modeló la geometría de las fallas 

maestras del rift con una geometría lístrica. Las zonas de despegue profundas se 

asumieron entre 12-15 km de profundidad basado en la transición frágil-dúctil más 

somera, de acuerdo a modelos termomecánicos recientes (Giambiagi et al., 2015; 

Julve, Tassara, Echeverria, y Stotz, 2018). 
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Capítulo 2: Unidades triásicas en el norte de Chile entre los 22° y los 26° S1. 
 

En el segmento que comprende el área de estudio (22° - 26° S), las rocas de 

edad triásica afloran típicamente en tres unidades morfoestructurales: Cuenca del 

Salar de Atacama, Cordillera de Domeyko y Cordillera de la Costa (Fig. 2.1). En esta 

sección se exponen los antecedentes respecto a las unidades litoestratigráficas 

triásicas conocidos previos a la realización de esta tesis doctoral.  

2.1 Cuenca del Salar de Atacama 
 

En las inmediaciones de Peine, se presentan secuencias volcánicas con 

intercalaciones sedimentarias, correspondientes a coladas y brechas andesíticas, 

tobas dacíticas y aglomerados de la Formación Cas (Moraga et al. 1974; Niemeyer, 

2013) formadas durante el Pérmico Tardío-Triásico Medio (260-240 Ma; Breitkreuz and 

Van Schmus, 1996; Maksaev et al., 2014). Coetánemente, se habría desarrollado un 

volcanismo pricipalmente andesítico y sedimentación continental en sistemas fluviales 

representados por la unidad Estratos de Cerros Negros (~247 Ma; Niemeyer, 2013).  

 

2.2 Cordillera de Domeyko  
 

 Durante el Triásico Temprano a Medio se desarrolló un volcanismo y 

sedimentación continental cuyos afloramientos yacen típicamente en discordancia 

sobre rocas del Carbonífero Superior-Pérmico (Figs. 2.2 y 2.3). En las inmediaciones 

de Calama, conglomerados y areniscas de los Estratos de Quetena (Triásico Medio; 

Tomlinson et al., 2010) son sobreyacidos por lavas andesíticas y subordinadamente 

dacíticas y riolíticas de los Estratos de Chuquicamata (~235-231 Ma; Tomlinson and 

Blanco, 2008). Esta unidad se encuentra intruída por granodioritas con edades U-Pb 

                                            
1 Este capítulo esta basado en una parte escrita por el autor para el capítulo “The Early Stages 

of the Magmatic Arc in the Southern Central Andes” (Oliveros et al. 2018). Oliveros, V., González, J., 
Espinoza, M., Vásquez, P., Rossel, P., Creixell, C., ... and Bastías, F. (2018). The Early Stages of the 
Magmatic Arc in the Southern Central Andes. In The Evolution of the Chilean-Argentinean Andes (pp. 
165-190). Springer, Cham. 
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de ca. 227-233 Ma (Proffett y Dilles, 2007; Tomlinson et al., 2010). En el margen 

oriental de la Cordillera de Domeyko, en las proximidades de los cerros de Tuina, se 

exponen andesitas y en menor medida dacitas y riolitas de la Formación Tuina 

(Marinovic and Lahsen, 1984), formadas durante el Pérmico Superior-Triásico Medio 

(~253-236 Ma; Henriquez et al., 2014). Hacia el sur, en el margen occidental del Salar 

de Atacama, los Estratos el Bordo (Fortt, 1981) corresponden a lavas andesíticas a 

daciandesíticas, intercaladas con rocas sedimentarias lacustres (~240 Ma; Basso and 

Mpodozis, 2012). Rocas equivalentes a esta unidad se presentan al norte de la Sierra 

Mariposas (Cortés, 2012) y en los Cerrillos de Imilac (Solari et al., 2015). Por otro lado, 

a lo largo de las sierras Eploradora y Castillo, se exponen rocas de origen fluvio-aluvial 

con potentes intercalaciones de basaltos, dacitas y rocas piroclásticas del Miembro 

Inferior de la Formación Quebrada del Salitre (Naranjo and Puig, 1984; Mpodozis and 

Cornejo, 1997; Venegas et al., 2013), el cual es intruído por domos riolíticos de ca. 232 

Ma (Cornejo et al., 2009). 

Por otro lado, durante el Nórico y el Rético en la Cordillera de Domeyko se 

desarrolla un segundo periodo de intensa actividad volcánica y sedimentación 

continental. En los Cerros de Caracoles, los Estratos Las Lomas, corresponden a lavas 

dacíticas y andesíticas junto con tobas (~206 Ma; Marinovic y Gacía, 1999; Basso y 

Mpodozis, 2012). Hacia el sur, rocas piroclásticas y volcánicas andesíticas con 

menores proporciones de basaltos, dacitas y riolitas, se habrían depositado en 

cuencas de origen lacustre. Estas unidades corresponden a la Formación Cerro La 

Ballena (Muñoz, 1989), la que presenta edades U-Pb entre los 218-195 Ma (Marinovic 

et al., 2007; Astudillo et al., 2017) y las formaciones Cerro Guanaco (~213-200 Ma) y 

Sierra de Varas (~211-206 Ma; González et al., 2015), presentes en la sierra 

homónima. El volcanismo y sedimentación representado por estas unidades, se habría 

desarrollado coetáneamente al desarrollo de sistemas fluvio-aluviales de la Formación 

Quebrada del Salitre en las sierras Exploradora, Castillo e Inés Chica (Miembro 

Superior; Cornejo et al. 2009). Asimismo, el miembro superior de la Formación 

Quebrada del Salitre ha sido asignada en la Sierra Vaquillas Altas (Naranjo y Puig, 

1984; Venegas et al. 2013), donde se han obtenido edades U-Pb entre los ~ 214-212 

Ma (Venegas et al., 2013). Posteriormente, durante el Rético, se desarrolló una 
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extensa transgresión marina la cual es representada en la Sierra del Jardín por los 

Estratos de Rencoret (Tobar, 1996; Marinovic, 2007), y en las sierras de Varas y 

Vaquillas Altas por la Formación Profeta (Chong, 1973), mientras que en la Sierra 

Exploradora correspondería a parte del Miembro Superior de la Formación Quebrada 

del Salitre (Cornejo et al., 2009). Sin embargo, la parte marina de este miembro fue 

separado en la Formación Las Bateas por Álvarez et al. 2003, en base a las facies 

sedimentarias presentes y su contenido fosilífero. 

 

2.3 Cordillera de la Costa 
 

 En esta morfoestructura, las rocas más antiguas de edad triásica corresponden 

a secuencias sedimentarias con intercalaciones piroclásticas (~ 242 Ma), reconocidas 

al norte de la ciudad de Paposo y asignadas a la Formación Cifuncho (Álvarez et al., 

2016), aun cuando esta unidad presenta una edad Triásico Superior en su localidad 

tipo en las cercanías de Taltal (Naranjo y Puig, 1984; Contreras et al., 2013). Además, 

escasos afloramientos de rocas plutónicas con una edad de ca. 246 Ma se presentan 

en las cercanías de las ciudades de Taltal (Granodiorita Agua Verde, Espinoza et al., 

2011) y Paposo (Tonalita Cerro Carnero, Álvarez et al. 2016). Por otro lado, al este de 

la ciudad de Mejillones, se presentan tobas y domos de composición riolítica (Riolitas 

de Cerro Miranda-Cerro Camaleón) asignadas al Triásico Medio-Superior (Basso, 

2004). Durante el Nórico y el Rético, de forma coetánea a la actividad volcánica y 

sedimentaria presente en la Cordillera de Domeyko, en esta morfoestructura se 

desarrolló un plutonismo representado por el Complejo Plutónico Anchuña de ca. 214-

200 Ma (Escribano et al., 2013), el Sienogranito Capitana (ca. 215-207 Ma; Godoy y 

Lara, 1998; Espinoza et al., 2014) y tonalitas de hornblenda-biotita al oeste de 

Mejillones (ca. 208 Ma; Casquet et al., 2013). 

Por otro lado, en las cercanías de Taltal, la Formación Cifuncho expone rocas 

sedimentarias de origen fluvio-aluvial junto a rocas piroclásticas con edades U-Pb 

entre los ~210-208 Ma (Contreras et al., 2013). Hacia el sur, la Formación Agua Chica 

(Suárez et al., 1985), presenta lavas e hipabisales andesíticos con una edad cercana 

a los ~200 Ma (Espinoza et al., 2015). Durante el Nórico alto- Rético se desarrolla en 
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la Cordillera de la Costa una transgresión marina representada por las formaciones 

Estratos de Rencoret en las cercanías de Antofagasta y por la Formación Pan de 

Ázucar en las inmediaciones de la ciudad de Taltal (Naranjo y Puig, 1984; González y 

Niemeyer, 2005; Contreras et al., 2013). 
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Figura 2.1: Localidades donde afloran las unidades ígneas y volcanosedimentarias triásicas y jurásicas 
en los Andes Centrales del Sur entre los 22° y 30° S. Mapa basado en los recientes mapas geológicos 
escala 1:100.000 generados por el Servicio Nacional de Geología y Minería. 
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Figura 2.2: Mapa geológico del antearco chileno que muestra las unidades triásicas y jurásicas 
presentes entre los 23.5° – 26.5° S, indicando el área de estudio (rectángulo rojo) y las principales fallas 
en este dominio. Mapa basado en los recientes mapas geológicos escala 1:100.000 generados por el 
Servicio Nacional de Geología y Minería. Referencias específicas se encuentran en el texto.
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Figura 2.3: Cuadro cronoestratigráfico con las unidades triásicas y jurásicas presentes en las distintas unidades morfoestructurales del antearco 
chileno entre los 22°-26°S y los 26°-30° S. Esquema basado en los recientes mapas geológicos escala 1:100.000 generados por el Servicio Nacional 
de Geología y Minería. Referencias específicas se encuentran en el texto.
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Capítulo 3: The synrift phase of the early Domeyko Basin (Triassic, northern 
Chile): Sedimentary, volcanic and tectonic interplay in the evolution of an ancient 
subduction-related rift basin2. 
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Espinoza M, Montecino D, Oliveros V, et al. The synrift phase of the early Domeyko Basin (Triassic, 

northern Chile): Sedimentary, volcanic, and tectonic interplay in the evolution of an ancient subduction‐

related rift basin. Basin Res. 2019; 31:4–32. https://doi.org/10.1111/bre.12305 
 

Abstract 

The geodynamic setting along the SW Gondwana margin during its early 

breakup (Triassic) remains poorly understood. Recent models calling for an 

uninterrupted subduction since Late Paleozoic only slightly consider the geotectonic 

significance of coeval basins. The Domeyko Basin initiated as a rift basin during the 

Triassic being filled by sedimentary and volcanic deposits. Stratigraphic, 

sedimentological and geochronological analyses are presented in order to determine 

                                            
2 El Material Suplementario referenciado en este trabajo se encuentra disponible en el siguiente enlace 

https://onlinelibrary.wiley.com/doi/full/10.1111/bre.12305 y en la sección de Anexos. 

https://en.wikipedia.org/wiki/National_Geology_and_Mining_Service
http://www.unsl.edu.ar/
https://doi.org/10.1111/bre.12305
https://onlinelibrary.wiley.com/doi/full/10.1111/bre.12305


 21 

the tectonostratigraphic evolution of this basin and to propose a tectonic model suitable 

for other SW Gondwana-margin rift basins. 

The Domeyko Basin recorded two synrift stages. The Synrift I (~240-225 Ma) initiated 

the Sierra Exploradora sub-basin while the Synrift II (~217-200 Ma) reactivated this 

sub-basin and originated small depocenters grouped in the Sierra de Varas sub-basin. 

During the rift evolution, the sedimentary systems developed were largely controlled by 

the interplay between tectonics and volcanism through the accommodation/sediment 

supply ratio (A/S). High-volcaniclastic depocenters record a net dominance of the syn-

eruptive period lacking rift-climax sequences, while low-volcaniclastic depocenters of 

the Sierra de Varas sub-basin developed a complete rift cycle during the Synrift II stage. 

The architecture of the Domeyko Basin suggests a transtensional kinematic 

where N-S master faults interacted with ~NW-SE basement structures producing highly 

asymmetric releasing bends. We suggest that the early Domeyko Basin was a 

continental subduction-related rift basin likely developed under an oblique convergence 

in a back-arc setting. Subduction would have acted as a primary driving mechanism for 

the extension along the Gondwanan margin, unlike inland rift basins. Slab-induced 

dynamic can strongly influence the tectonostratigraphic evolution of subduction-related 

rift basins through controls in the localization and style of magmatism and faulting, 

settling the interplay between tectonics, volcanism, and sedimentation during the rifting. 

 

3.1 Introduction 

Subduction-related rift basins are the result of mechanical subsidence driven by 

lithospheric thinning at the vicinity of a subduction zone in extensional arcs (Sengör 

and Natal’in, 2001; Merle, 2011) (see Supplementary Material SM1). Current examples 

of such arcs are less common than their compressional or neutral stress counterparts 

(Jarrard, 1986; Busby, 2012) and they often develop in oceanic crust (e.g. Western 

Pacific subduction zones). Few examples of extensional, subduction-related basins in 

continental settings are known: the Okinawa Trough (Lee et al., 1980), the intra-arc 

basins of the Taupo arc (Villamor et al., 2017) and the grabens of southern Japan 

(Kamata and Kodama, 1994), while extinct examples are the Eo-Oligocene evolution 
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of the Basin and Range (Ingersoll, 2012) and the Late Cretaceous Western Peruvian 

Trough (Polliand et al., 2005). Recent studies from the Taupo intra-arc rift, have shed 

light on the uniqueness of subduction-related rifts, such as their rapid evolution 

compared to intraplate continental rifts, which is due to the role of active magmatism in 

weakening of the crust during the early rift stages (Ellis et al., 2014; Villamor et al., 

2017). 

 

 
 

Figure 3.1: A) Distribution of Triassic basins of Chile and Argentina. The inset shows the reconstruction 
of Gondwana at 200 Ma according to Torsvik and Cocks (2013). B) Map of NW Chile and adjacent 
Argentina, showing main morphostructural units. Main tectonic features include the Atacama Fault 
System (AFS), the Domeyko Fault System (DFS) and main continental NW-SE lineaments (Abels and 
Bischoff, 1999; Petrinovic et al., 2005). The red rectangle indicates the study area showed in Figure 3.2. 
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Even though continental subduction-related rifts are scarce in modern settings, 

they could have been far more common along the “Pangean rim of fire” developed 

during the Late Triassic (Hadlari et al., 2017), where unique global tectonic conditions 

such as very low convergence rates and subduction of relatively old and cold oceanic 

plates (Matthews et al., 2016; Müller et al., 2016) would have favored the development 

of continental rift basins (Schellart, 2005; Stephenson and Schellart, 2010) associated 

with contemporaneous arc magmatism along the northwestern (Busby-Spera, 1988) 

and southwestern (Poma et al., 2014; Coloma et al., 2017; González et al., 2017; 

Oliveros et al., 2017) Gondwana margins. The identification and study of those basins 

in the Triassic Gondwanean record is crucial to understand the processes that took 

place at the margin of the supercontinent during the early stages of its breakup (~ 200 

Ma; Lamotte et al., 2015). 

In addition to their scarcity in the global geological record, subduction-related rift 

basins are difficult to identify because of their intrinsic relationship to arc volcanism, 

generating complex stratigraphic records where primary and secondary volcano-

sedimentary deposits evolve in tandem (Martin and Németh, 2007; D’Elia et al., 2016), 

in strong contrast to the non-volcanic basins for which most tectonostratigraphic models 

have been proposed (e.g. Gulf of Suez and North Sea rifts; Schlische, 1991; Gawthorpe 

and Leeder, 2000; Withjack et al., 2002). For example, the larger volume and supply 

rates of sedimentation in magma-rich basins (Muravchik et al., 2011) results in low 

accommodation space-sediment supply ratios (A/S) during the syn-eruptive period, 

creating thick aggradational successions that often interfere with normal siliciclastic or 

carbonatic deposition (Martin and Németh, 2007). Hence, typical features developed in 

many non-volcanic intracontinental rifts such as the tripartite succession representing 

the alluvial-lacustrine-fluvial deposition (Schlische, 1991; Withjack et al., 2002), are not 

always observed in volcano-sedimentary basins. Furthermore, new advances in the 

study of subduction-related rift basins have highlighted the link between key volcanic 

parameters (type of edifices, style and scale of eruptions, etc.) and main features of the 

basin internal dynamics (synrift stratigraphic infill and subsidence pattern), 

distinguishing two-end members models depending on the amount of volcaniclastic 

input to the basin (low/high volcaniclastic depocenters; e.g. D’Elia et al., 2016). How 
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can these models be applied to continental subduction-related rift basins? What 

controls the development of low/high volcaniclastic depocenters in this particular 

tectonic scenario? A detailed characterization of the main volcanic parameters and their 

impact on the accommodation and material supply ratios is key to address these 

questions. 

The Domeyko Basin of northern Chile (Figs. 3.1 and 3.2) provides an excellent 

opportunity to study the relationship between tectonism, magmatism, and 

sedimentation in a subduction-related rift developed on the Gondwana continent. It 

began as a rift basin during the Triassic (Charrier, 1979; Suárez and Bell, 1992), though 

its position with respect to the arc remains unknown (Suárez and Bell, 1992; Poma et 

al., 2014; Oliveros et al., 2017). During the synrift stage, continental and later marine 

deposition was coeval with profuse volcanism of variable composition, ranging from 

basalts to rhyolites (Chong and Hilldebrandt, 1985; Cornejo et al., 2009; Venegas et 

al., 2013; Astudillo et al., 2017), with mainly calcalkaline affinities (González et al., 

2015; Espinoza et al., 2016; Oliveros et al., 2017). The end of the mechanical 

subsidence at the post-rift stage is thought to have taken place during the earliest 

Jurassic (Suárez and Bell, 1992; Ardill et al., 1998). Even though the continental infill 

dominates the synrift succession, previous works focused on the marine successions 

of post-rift stage, paying little attention to the initial volcano-sedimentary successions 

(Chong and Hilldebrandt, 1985; Bell and Suárez, 1991; Prinz et al., 1994; Marinovic et 

al., 1995; Ardill et al., 1998). This was partly due to the lack of adequate 

chronostratigraphic constraints in the fossil-poor continental syn-rift successions and to 

the strong deformation resulting from the tectonic inversion of the basin since the Late 

Cretaceous (Amilibia et al., 2008; Bascuñán et al., 2015), that hampered the 

understanding of the synrift architecture of the Domeyko Basin. Recent geological field 

surveys have generated significant geochronological and stratigraphic information of 

the Triassic successions (Cornejo et al., 2009; Venegas et al., 2013; González et al., 

2015; Astudillo et al., 2017) without interpreting that information in the context of the 

architecture, kinematics and driving mechanisms of the synrift stage. Thus, 

tectonostratigraphic models which integrate this data at the entire basin scale are still 

lacking. 
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The aims of this paper are twofold. In order to get insights about the evolution of 

subduction-related basins, we attempt to unravel the tectonostratigraphic evolution of 

the synrift Domeyko Basin by addressing the interplay between volcanic, sedimentary 

and tectonic processes. Secondly, on a broader scale, we aim to assess the geologic 

processes acting at the southwestern margin of Gondwana during the early stages of 

its breakup and propose a coherent tectonic model for extensional basins developed 

on a continental margin. To achieve these goals we carried a sedimentological and U-

Pb geochronological study focused on the continental Triassic deposits cropping out in 

the Domeyko Range (Fig. 3.2). 

 

3.2 Geological setting 
 

3.2.1 Overview of the Domeyko Basin 
 

The Domeyko Basin comprises deposits from the Triassic to Lower Cretaceous 

(Ardill, 1996; Ardill et al., 1998), cropping out in the western margin of the Domeyko 

Range of northern Chile, between 21°-27°S (Figs. 3.1 and 3.2). The Domeyko Basin 

developed in its earliest stages under active lithospheric stretching, producing a 

continental rift basin (Charrier, 1979; Suárez and Bell, 1992). The synrift deposits occur 

mainly in volcanic and continental sedimentary rocks, which unconformably overlie 

‘upper’ Carboniferous to Permian acidic igneous rocks (Fig. 3.3). Master extensional 

faults have been inferred to have been inverted post-rifting (Amilibia et al., 2008), while 

secondary normal faults show displacements from meters to tens of meters (Fig. 3.4). 

The pre-rift basement in part comprises rocks of the Choiyoi magmatic province, which 

is typically exposed across the Principal Cordillera of Chile and Argentina (Llambıás et 

al., 2003; Kleiman and Japas, 2009).  
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Figure 3.2: Geologic map of the study area showing the distribution of pre-rift, synrift and post-rift units 
and main tectonic features. U-Pb ages are from: 1 this work (bolded), 2 Astudillo et al. (2017), 3 González 
et al. (2015), 4 Venegas et al. (2013), 5 Cornejo et al. (2009), 6 Matthews et al. (2007) in Valenzuela 
(2014), 7 Marinovic (2009), 8 Urzúa (2009). IZ are igneous zircons and DZ are detrital zircons. Please 
note the location of stratigraphic sections (S1 to S12) presented in Figure 3.9. 

 

Overlying the synrift deposits are sedimentary rocks that represent a marine 

transgression that took place in several depocenters during the Late Triassic (Chong, 

1973; Chong and Hilldebrandt, 1985). This transgression was followed by an abrupt 

global rise of the sea level during the Hettangian (Ardill et al., 1998). The positive 

tectonic inversion of the basin took place during the Andean orogeny, which shaped 

the Domeyko Range through the Domeyko Fault System since the Late Cretaceous 

(Muñoz et al., 2005; Amilibia et al., 2008). The subsequent deformation imposed on the 

synrift successions hindered the recognition of the primary basin geometry and most 

of its large-scale architectural elements. 

 
3.2.2 Sub-basins and synrift lithostratigraphic units 

 
In the study area (Fig 3.2; 24°-26°30’S), the Domeyko Basin comprises two 

major synrift sub-basins: the Sierra de Varas sub-basin (SVSB) and the Sierra 

Exploradora sub-basin (SESB). In this section, we briefly describe the synrift units 

following the lithostratigraphic schemes outlined by recent studies (Álvarez, 2003; 

Cornejo et al., 2009; Venegas et al., 2013; González et al., 2015; Montecino, 2015; 

Astudillo et al., 2017; Fig. 3.3). 

 

Sierra de Varas sub-basin 

 

The units representing the SVSB crop out as several small synrift depocenters 

disrupting the continuity of the current Domeyko Range (Fig. 3.2). The synrift units 

unconformably overlie acidic volcanic and granitic rocks of Upper Carboniferous-Early 

Permian age (La Tabla Formation and Punta del Viento Plutonic Complex) and are 

conformably overlain by the lower member of the Profeta Formation. 
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Figure 3.3: Lithostratigraphic scheme of the western margin of the Domeyko Range based on the work 
of Tomlinson et al., (1999); Álvarez, (2003); Cornejo et al., (2009); Naranjo and Puig (1984); González 
et al., (2015) and Astudillo et al., (2017). CAF: Cerro del Árbol formation; SJR: Sierra del Jardín 
Metamorphic Complex. 

 

At the Cerro La Ballena depocenter (24°45’S - 24°09’S), the Cerro La Ballena 

Formation comprises ~650 m of welded tuffs, calcarenites, stromatolitic limestones and 

basalts to basaltic andesites (Muñoz, 1989; Marinovic, 2007; Valenzuela, 2014; 

Astudillo et al., 2017). Zircon U-Pb ages indicate an age interval of ca. 218-203 Ma for 

this unit (Cornejo et al., 2007; Astudillo et al., 2017). A mildly younger age for this unit 

(194.4 +7.9 -9.2 Ma; Marinovic, 2007) is based on just two zircons with a different 
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weighted mean age as the reported, so we discard it due to its poor statistical 

signification. 
 

 
 
Figure 3.4: A) Slight angular unconformity between the reef facies of the Profeta Formation and the 
fluvial and volcanic successions of the Sierra de Varas Formation (SVF) at column S8. B) Synrift listric 
faults affecting deltaic facies from the Sierra de Varas Formation at column S7. C) Synsedimentary 
extensional fault controlling the location of a fluvial paleochannel, growth strata and basaltic lava flow 
thickness from the Quebrada del Salitre Formation at S11. Image locations is shown in figure 3.2. 
 

At the Sierra de Varas depocenter (24°11’S and 24°42’S), ~600 m of bouldery-

grained conglomerates and breccias from the Cerro Rincones Beds crop out at the 
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western flank of the Sierra de Varas range (Astudillo et al., 2017; Montecino, 2015). A 

maximum depositional zircon U-Pb age of ca. 276.2 ± 6.6 Ma and stratigraphic 

relationships constrain its age to the Permian-Late Triassic (Astudillo et al., 2017). In 

the same depocenter, the Sierra de Varas Formation comprises >650 m of siliciclastic 

and carbonate sedimentary rocks intercalated with pyroclastic rocks (Astudillo et al., 

2017; Marinovic et al., 1995; Contreras, 2014; González et al., 2015; Montecino, 2015). 

U-Pb ages indicate a range of ~211-206 Ma for this unit (Astudillo et al., 2017; González 

et al., 2015). 

In the Cerro Guanaco depocenter (24°47’S and 25°10’S), the Cerro Guanaco 

Formation crops out along the flanks of the Sierra de Varas range and is composed of 

~1300 m of andesitic to dacitic lavas and pyroclastic rocks (Alfaro, 2014; González et 

al., 2015). U-Pb zircon geochronology constrains the age of this unit to ca. 213-200 Ma 

(González et al., 2015). Isolated gravel-rich outcrops which are similar to those from 

the Cerro Rincones Beds have been assigned by González et al. (2015) to the basal 

member of the Sierra de Varas Formation. These breccias unconformably overlie 

Permian plutonic rocks (288 ± 7 Ma; Marinovic et al., 1995) and are discordantly 

overlain by Hettangian marine rocks from the Profeta Formation (Chong, 1973; 

Marinovic et al., 1995), though a fault contact between these units has been proposed 

recently (González et al., 2015). 

The Late Triassic marine transgression is represented by the lower member of 

the Profeta Formation (Chong and Hilldebrandt, 1985; Venegas et al., 2013; González 

et al., 2015; Astudillo et al., 2017), which comprises gravel-rich siliciclastic beds, 

calcareous sandstones and coral-rich boundstones of a Rhaetian age (Astudillo et al., 

2017; Chong and Hilldebrandt, 1985; Prinz-Grimm, 1995; González et al., 2015). This 

unit conformably overlies the previous synrift units, though local angular unconformities 

are observed in Quebrada La Carreta (Fig. 3.4A) and Quebrada Punta del Viento 

(Chong and Hilldebrandt, 1985; Fig. 3.5).
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Figure 3.5: A) Slight angular unconformity between the reef facies of the Profeta Formation and the fluvial and volcanic successions of the Sierra 
de Varas Formation (SVF) at S8. B) Synrift listric faults affecting deltaic facies from the SVF at S7. C) Synsedimentary extensional fault controlling 
the location of a fluvial paleochannel, growth strata and basaltic lava flow thickness from the Quebrada del Salitre Formation at S11.
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Sierra Exploradora sub-basin 
 

To the south of the study area (Fig. 3.2), the SESB is represented by a 

voluminous succession of volcanic and sedimentary rocks known as the Quebrada del 

Salitre Formation (Naranjo and Puig, 1984; Tomlinson et al., 1999; Cornejo et al., 

2009). The lower member of this unit unconformably overlies Permian plutonic rocks 

(Tomlinson et al., 1999; Cornejo et al., 2009), including a thick succession of coarse 

sedimentary rocks and a suite of dacitic, rhyolitic and basaltic volcanic rocks (Cornejo 

and Mpodozis, 1996; Cornejo et al., 2009). According to Cornejo et al., (2009), the 

upper member corresponds to transitional to marine facies, which underlies 

Pliensbachian beds from the Montandón Formation. However, based on the difference 

between the continental and marine lithofacies, we agree with the proposal of Álvarez 

(2003) who separates the initial shallow marine successions in the Las Bateas 

Formation (Rhaetian – Sinemurian). Hence, we consider the upper member of the 

Quebrada del Salitre Formation corresponds mainly to the continental and transitional 

successions developed prior to the well-developed marine deposits (Las Bateas 

Formation). This division has lithostratigraphic and chronostratigraphic significance, 

helping to make regional correlations between the sub-basins. The lower levels of the 

Las Bateas Formation comprise quartz-rich sandstones, conglomerates and coral-rich 

boundstones (Rhaetian?; Alvarez et al., 2003) correlating with the basal member of the 

Profeta Formation (González et al., 2015; Astudillo et al., 2017). 

 

3.3 Lithofacies association and depositional environments 

We performed a comprehensive facies analysis focused on the continental 

volcanic and sedimentary Triassic successions of the Domeyko Basin (24° - 26°S). A 

summary of the volcanic and sedimentary facies, their codes and interpreted genetic 

processes is presented in Table 3.1, while a detailed description of individual facies 

and interpretations can be found in the Supplementary Material SM2 (Annexe 2). 

Facies nomenclature follows Miall (2006) for sedimentary siliciclastic rocks, Branney 

and Kokelaar (1997) for pyroclastic rocks and D´Elia et al. (2012) for volcanic and 
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volcano-sedimentary rocks. Facies analysis is based on measured stratigraphic 

sections, field survey of key localities and complemented with lithostratigraphic studies 

carried out by Suarez and Bell (1992), Cornejo et al. (2006) and Mpodozis and Cornejo 

(1997) in the southern part of the studied area. 

 

3.3.1 Facies associations 
 

The sedimentary versus volcanic infill of the synrift stage of the Domeyko Basin 

present large variations across the depocenters with sedimentary deposits comprising 

~60% of the observed rocks. The sedimentary assemblages developed during this 

stage include alluvial fan, sand-rich braided and meandering fluvial systems, lacustrine, 

deltaic and shallow carbonate platform assemblages. Here we present a synthesis of 

main facies associations and the interpreted depositional environments where they 

were originated (Table 3.2). Main localities of facies associations are listed in 

Supplementary Material SM7 (Annexe 3). 

 

3.3.1.1 Sedimentary facies 
 
Alluvial fan facies 
 
Facies Association A1: Debris flows (Gmm, Sm). 
 

This facies assemblage is mainly represented by Gmm gravel facies, 

corresponding to massive, matrix-supported and poorly sorted breccias (Fig. 3.6A), 

developing crude horizontal stratification (<5 m thick). Decimeter- to meter-scale 

intercalations of massive sandstone facies (Sm) are common. Gmm facies represent 

debris flows deposits, developed in sub-aerial to sub-aqueous conditions (Miall, 2006). 

Due to the lack of marine or lacustrine features (e.g. wave reworking, subaqueous 

fossils, calcareous or muddy matrix) we interpret this association as corresponding to 

the proximal portion of alluvial fans (Nemec and Steel, 1984; Blair and McPherson, 

1994). Given that the generation of this type of en-masse flows is favored by steep 
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slopes, and its preservation in the geological record requires a high subsidence, these 

assemblages are inferred here to be deposited in proximity to uplifted structural blocks 

(Blair and McPherson, 1994, 2009). Given the inferred extensional setting, these 

structural blocks were likely formed via fault slip along high-angle, predominantly dip-

slip normal faults. 

 

Facies Association A2: Channelized flows (Gcm, St, Sm). 
 

Channelized gravel bodies show lenticular to tabular geometries and are formed 

by clast-supported, poorly to moderately sorted, massive conglomerates of decimetric 

to metric scale thick (Gcm facies, Fig. 3.7G). This facies occasionally grade upward 

into medium- to pebbly- sized massive (Sm) and trough cross-bedded sandstones (St). 

This association represents the deposition of channels and/or longitudinal bars (Gcm) 

and sediment gravity flows (Sm) in the active lobes of alluvial fans (Selley, 2000; Miall, 

2006; Nichols, 2009). 

 
Facies Association A3: Sheetfloods (Gcm, Sh). 
 

This facies association is mainly represented by well-stratified, tabular bodies of 

oligomictic and clast-supported conglomerates (Gcm), occasionally intercalated with 

sheets of horizontal laminated and normal graded tuffaceous sandstones (Sh). Gcm 

facies were originated by pseudo-plastic debris flows, while parallel-laminated 

sandstones (Sh) were deposited under upper flow regime conditions (Miall, 1978, 

2006). This association records sheetfloods originated by turbulent flows (Koster and 

Steel, 1984; Nichols, 2009). 
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Table 3.1. Lithofacies codes and corresponding depositional processes interpreted in this study.  
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Table 3.2. Facies association codes defined in this study. Locations where each facies is found can be 
found in the Supplementary Material  
 
Fluvial facies 
 
Facies Association F1: Sand-rich braided rivers (Gcm, St, Sp, Sh, Sm, Fm). 
 

The architecture of this facies assemblage corresponds to channel bedforms 

embedded in thick overbank deposits (Fig. 3.6). Channelized bedforms are represented 

by trough-cross bedded sandstones (St) formed by 3-D dune migration, and massive 

sandstones (Sm). Fine facies (Fm) represents deposition from standing water in the 

floodplain during low-stage abandonment of channels. Occasional Sh facies would 

represents sporadic spill out floods into the overbank area (Miall, 2006). 

 

Facies Association F2: Meandering rivers (Fl, Fm, Sm, Sh). 
 

This facies association corresponds to massive and laminated fine facies (Fm 

and Fl), formed by quartz-rich siltstones to very fine sandstones, intercalated with thin 

sheets of massive (Sm) and horizontally stratified sandstones (Sh) (Fig. 3.6C). Fine 

facies occasionally incorporates Late Triassic fossil flora (Fig. 3.6B; see Supplementary 

Material SM6 for detailed descriptions) indicating deposition in a floodplain with 
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abundant vegetation (Miall, 2006). The presence of siderite nodules points to a 

deposition under reducing conditions with a mixing of seawater and freshwater 

(Nichols, 2009), suggesting a coastal meandering fluvial origin for these facies. On the 

other hand, sandy facies represents sediment gravity flows (Sm) and deposition under 

upper plane conditions (Sh), probably related to sporadic bank collapse and/or 

crevasse splays over the floodplain environment (Walker and James, 1992; Miall, 

2006). 

 

Lacustrine facies 
 
Facies Association L1: Basinal lacustrine (Fl, Sm). 
 

Finely laminated mudstones (Fl facies) corresponds to greyish to greenish 

mudstones, displaying millimetric lamination (‘laminites’, Fig. 3.6E), with common 

intercalations of pyroclastic fall deposits (//sT facies). Occasionally, they present 

centimetric-scale ‘cast and flame’ load structures and ripple bedding. Fine facies 

represents deposition by suspension and weak traction currents (Miall, 2006). The well-

preserved ‘laminites’ indicates the absence of bioturbating bottom fauna and seasonal 

variation in phytoplankton production, pointing to a deposition under open water lake 

conditions in a deep basinal setting (Platt and Wright, 1991), while Sm facies and the 

load-cast features suggest the development of sporadic sandy turbidites (Nichols, 

2009), probably in a high-gradient, bench type margin lake (Platt and Wright, 1991). 

 
 
Facies Association L2: Marginal lacustrine facies (Fo, Bs, Gmm, Gcm). 
 

Stromatolitic boundstone facies (Bs), is formed by dark-greyish microbial 

limestones (algal mats and stromatolites) showing parallel and convolute bedding, 

originated in shallow lake shorelines under good illumination conditions (Nichols, 2009). 

Oncolytic floatstone facies (Fo, Fig. 3.6F) exhibits intercalations of coarse siliciclastic 

beds (Gmm, Gcm), indicating progradation of alluvial fans over swamps in a palustrine 

environment (Wright and Platt, 1995; Alonso-Zarza and Tanner, 2009). These marginal 
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lacustrine facies were formed in shallow and ephemeral lakes associated with a low-

gradient ramp margin, where the sediment supply and accommodation space were 

similar (Platt and Wright, 1991). 

 

Shallow marine facies 
 
Facies Association SM1: Delta fans (Gmg, Gmm, Gcm, St, Ss, M). 
 

Gravel-facies consist of pale grey Gmm, Gcm and Gmg facies, corresponding 

to debris flows (Miall, 2006) deposited first in alluvial fans, and then into a shallow 

marine carbonate platform as indicated by the intercalations of limestones (M facies) 

and the increasing input of bioclastic fragments (McPherson et al., 1987; Benvenuti, 

2003; Blair and McPherson, 2009). Conglomerates display poor sorting and 

coarsening-upward cycles with clast sizes ranging from pebbles to large boulders (Fig. 

3.5) with outsized clasts that are up to 1.12 m in diameter (Fig. 3.6D), immersed in a 

fine-grained calcareous matrix. Intercalated in these facies are green calcareous 

mudstones and medium- to pebble-sized calcareous sandstones, with trough cross 

stratification (St facies) and scoured bases (Ss facies). 

 

Facies Association SM2: Rimmed carbonate shelf (B, R, P, W, M, Sm). 
 
This facies association is characterized by calcareous coral-rich facies formed by 

greyish, irregular beds of coral-rich boundstones (B facies, Figs. 5 and 6G), bearing 

Late Triassic Retiophyllia sp. and Thecosmilia sp. fossil flora corresponding to the core 

of reefal frameworks (Chong, 1977; Ardill et al., 1998; Montecino, 2015; González et 

al., 2015). Intercalations of rudstone (R facies) and packstone limestones (P facies) are 

composed of fragments of bivalves, brachiopods, shell debris and corals. According to 

Nichols (2009), the local, intercalations of massive litharenites (Sm) and laminated 

calcareous mudstones (M facies) would indicate a deposition by suspension fallout in 

protected areas, probably in a back-reef to lagoon environment. This assemblage 

represents a shallow marine carbonate platform limited by a mounded-reef (‘rimmed 
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carbonate shelf’) with an intermittent siliciclastic input (Nichols, 2009). This reefal facies 

marks the beginning of a marine transgression of regional significance along the 

Domeyko Range (Chong, 1973; Chong and Hilldebrandt, 1985; Gröschke et al., 1988). 

The presence of Retiophyllia sp. and Choristoceras sp. in equivalent facies across the 

Domeyko Basin indicates a Rhaetian age for the onset of the marine transgression 

(Chong and Hilldebrandt, 1985; Ardill, 1996; Navea et al., 2015). 

 

3.3.1.2 Volcanic facies 
 

Volcanic lithofacies present important variations across the sub-basins, with a 

mainly intermediate composition (andesites to dacites) at the Sierra de Varas sub-basin 

and a predominant mafic composition (basalts to basaltic andesites) with acidic and 

minor intermediate volcanic deposits at the Sierra Exploradora sub-basin. 

 
Volcanic facies of basaltic composition 
 
Facies Association VB1: Basaltic subaerial and partly subaqueous volcanism 
(cB, brB). 
 

Mafic volcanic rocks crop out extensively in the southern portion of the study 

area (see Table T2), with thicknesses varying from tens of meters (~ 60 m) in Quebrada 

Los Pozos (S7, Fig. 3.2) to hundreds of meters (>600 m, Fig. 3.7C) in Quebrada del 

Salitre (S10, Fig. 3.2). This facies assemblage mainly corresponds to dark-green, 

coherent basalts and basaltic andesites (cB facies, Fig. 3.7C) which form decimetric to 

metric scale irregular beds displaying a high proportion of vesicles and calcite-filled 

amygdales. Coherent basaltic facies (cB) represents subaerial mafic effusive volcanism 

(McPhie et al., 1993). Locally, basalts exhibit a brecciated texture (brB facies), 

corresponding to mixed lava fragments and silicified red-colored sediments (peperitic 

texture, Fig. 3.7E), indicating interaction of lava and wet sediments (Busby-Spera and 

White, 1987; Doyle, 2000), or pillow-breccias (Fig. 3.7B), evidencing partial deposition 

under subaqueous conditions (Cas and Wright, 1988; White and Houghton, 2006). 
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Figure 3.6: A) Gmm facies developed in proximal alluvial fan facies (debris flows) from the basal member 
of Sierra de Varas Formation (SVF) at Sierra de Varas depocenter. B) Late Triassic fossil flora developed 
in floodplain assemblage from SVF at S7. C) A synsedimentary extensional fault affecting meandering 
fluvial assemblages from basal successions of the SVF at S7. D) Matrix-supported gravel facies 
developed in a fan delta assemblage from the Cerro Guanaco Formation at S6. E) Basinal lacustrine 
facies (Fl facies) from SVF at S7. F) Oncolite-bearing floatstone facies deposited in marginal lacustrine 
conditions from the SVF at S3. G) Boundstone facies from the Las Bateas Formation bearing Late 
Triassic corals (Retiophyllia sp.) at S11. 
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Volcanic facies of intermediate composition 
 
Facies Association VI1: Intermediate subaerial lava flows (cA, cD, brA, brD). 

Intermediate composition volcanic rocks crop out discontinuously across the 

entire Domeyko Range. Andesitic volcanism is common in the northern portion of the 

study area (Cerro La Ballena depocenter), while dacitic and subordinate andesitic 

volcanism predominates to the south (Vaquillas Altas depocenter and SESB). 

Andesitic to dacitic coherent facies (cA and cD facies), form massive and vesiculated 

beds (0.4 – 2 m thick), showing a porphyritic texture (Fig. 3.5) composed by medium-

grained phenocrysts (pg + amph ± qtz) embedded in a glassy or microcrystalline 

groundmass. These facies correspond to lava flows originated under low shear rates 

in subaerial conditions (Stewart and McPhie, 2003). Locally, matrix-supported, 

brecciated dacites and andesites (brD, Fig. 3.7F, and brA facies) were originated by an 

autoclastic, brittle fragmentation mechanism, due to the lateral transport of lava flows 

under subaerial conditions (McPhie et al., 1993; Stewart and McPhie, 2006). 

 

Subvolcanic and pyroclastic silicic facies 
 
Facies Association VA1: Silicic domes and proximal pyroclastic deposits (bcR, 
cjD, mBr, mLT). 
 
  Coherent vitrophyric rhyolites (bcR) and dacites (cjD) present flow banding and 

vertical columnar jointing (Fig. 3.7D), indicating the flow advance and cooling margins 

of small domes and vents (Fink and Anderson, 2000). At SESB, these domes form 

elongated bodies (1.6 to 2.2 km long) which are spatially associated with ~NS trending 

extensional faults (Cornejo et al., 2009). Large vents are recorded by sub-circular silicic 

domes bounded by arcuate ring normal faults (~5 km of diameter, Tomlinson et al., 

1999) associated with dome-margin breccias (mBr), suggesting an extensional origin 

for these vents, with a plate (piston) mechanism for the subsidence (Lipman, 2000). 

At Cerro Guanaco depocenter (S5 and S6 in Fig. 3.9), matrix-supported, and 

monomictic massive pyroclastic breccias (mBr) are spatially associated with dacitic 
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domes and are interpreted as block-and-ash pyroclastic flow deposits related to the 

gravitational collapse of lava domes (Cas and Wright, 1988; Freundt et al., 2000; 

Branney and Kokelaar, 2002). Ignimbrite deposits are recorded by very poorly sorted 

massive lapilli-tuffs (mLT facies), which are formed by lapilli-sized pumice, crystal 

fragments and lithics in a vitric matrix. The common thickness of mLT facies at Vaquillas 

Altas depocenter are up to ~30 m thick, though similar facies can be thicker at Cerro 

Guanaco (Alfaro, 2014; González et al., 2015) and Cerro La Ballena (Valenzuela, 2014) 

depocenters. There is a general lack of evidence of high-temperature welding (e.g. 

sintering of glass shards, rheomorphism, etc.), with some ignimbrites showing a 

pseudo-eutaxitic texture due to diagenetic alteration. 

 

Facies Association VA2: Medium to distal pyroclastic deposits (mT, sT, p-//sT). 
 

Reddish- to greenish- massive tuffs (mT) are composed of well-sorted pumice, 

crystals and minor lithics in a vitreous ash-sized matrix, making up centimetric beds (< 

1 m). This facies can corresponds to the deposition of fine-grained distal ignimbrites or 

fallout deposits (Fisher and Schmincke, 1984; Cas and Wright, 1988; Branney and 

Kokelaar, 2002). On the other hand, well-stratified (occasionally laminated) and very 

well-sorted //sT facies present a similar composition that mT facies. The //sT facies 

could represent distal fallout of eruption plumes, ash-rich pyroclastic density currents 

or surges deposits (Cas and Wright, 1988; Branney and Kokelaar, 2002), however its 

common association with lacustrine mudstones, its generally low thickness (0.3-0.6 m) 

and the absence of lateral transport evidences (scours, cross-stratification, low-angle 

truncations), points to a fallout origin (Cas and Wright, 1988; McPhie et al., 1993; 

Branney and Kokelaar, 2002; D’Elia et al., 2012). Occasionally, similar pumiceous-rich 

tuffs (p-//sT facies) show subangular pumice clasts indicating a similar fallout origin 

(Branney and Kokelaar, 2002). 
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Figure 3.7: Volcanic facies at the studied sub-basins. A) Coherent andesites (cA) from Cerro La Ballena 
Formation at S1. B) Brecciated basalts (brB) from Quebrada del Salitre Formation showing pseudo-
pillow structures at S7. C) Coherent basalts (cB) successions at S10. D) Silicic lava dome formed by 
coherent rhyolites (bcR) from the Quebrada del Salitre Formation showing vertical columnar jointing at 
Cerro Colorado. E) Peperites. F) Brecciated dacites facies (brD) at S6. G) Channelized flows (alluvial 
fan) incised over massive lapilli-tuffs (mLT) from the SVF at S7. 
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3.4 Geochronological analysis 

3.4.1 Analytical methods 
 

U-Pb igneous and detrital zircon analyses were performed using laser-ablation 

inductively-coupled-plasma mass-spectrometry (LA-ICP-MS and LA-MC-ICP-MS) 

method in ten samples. Lithostratigraphic units sampled correspond to the continental, 

sedimentary and volcanic, Sierra de Varas, Cerro Guanaco and, Quebrada del Salitre 

formations. 

Heavy minerals were concentrated by standard crushing, Gemini table, LST 

heavy liquid (2.9 gr/cm3) and magnetic separation techniques at Servicio Nacional de 

Geología and Minería and University of Concepción. Finally, zircon grains were 

handpicked under a binocular microscope, mounted in epoxy, and polished to expose 

grain centers for cathodoluminescence (CL) imaging. U-Pb analysis of samples CPV-

14-157, CPV-14-254, CPV-14-261, and CPV-14-268 were performed at the Arizona 

LaserChron Center (ALC), University of Arizona, while samples CPV-15-310, CPV-15-

316, CPV-15-324, CPV-15-342, CPV-15-350 and CPV-16-400 were analyzed at the 

Laboratorio de Estudios Isotópicos (LEI), Centro de Geociencias, UNAM. Concordia 

and average ages were calculated using Isoplot v. 4.15 (Ludwig, 2008). We apply a 

discordance filter of < 15 % for igneous analyses, while for detrital analyses, a 

discordance filter < 25 %, and a reverse discordance filter of > -5 % were used. 

206Pb/238U ages are preferred for zircons younger than <1.0 Ga, while 207Pb/206Pb 

ages are reported for zircons older than that age (Gehrels, 2011). A detailed description 

of the analytical techniques is in Supplementary Material SM5 (Annexe 4). 

 

3.4.2 U-Pb geochronology 
 

Geochronological results and sample locations are summarized in Table 3.3 and 

Figure 3.8. Errors are reported as 2σ and maximum depositional ages (MDA) were 

calculated averaging the 3 or more zircons overlapping at 2σ error, except for sample 

CPV-14-254, where 2 zircons overlapping at 1σ error was used (Dickinson and 
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Gehrels, 2009). Detailed isotopic and rejected data of U-Pb analysis are found in 

Supplementary Material SM3 and SM4 (Annexe 8). 

 

 
Tabla 3.3. U-Pb geochronological data from this study 
 
 
3.4.2.1 Sierra de Varas Formation 
 

Detrital zircons (DZ) from a coarse-grained sandstone intercalated in monomictic 

massive breccias (CPV-14-261) corresponding to the Lower Member of the Sierra de 

Varas Formation (González et al., 2015), yielded a unimodal age distribution with a 

weighted mean age of 303.3 ± 2.1 Ma which is interpreted as the MDA. The breccias 

overly in unconformity Permian plutonic rocks with a K-Ar (biotite) age of 288 ± 7 Ma 

(Marinovic et al., 1995), suggesting a significant gap between the MDA and the 

depositional age for this unit. 

DZ age distribution from a coarse sandstone intercalated in conglomeratic facies 

at the base of the Sierra de Varas Formation (CPV-15-342) shows the main peak at 

ca. 292 Ma (~80%) and a minor peak at ca. 246 Ma (~12%) with an MDA of 213.8 ± 

3.1 Ma. Another DZ sample from this unit (CPV-14-254), a quartz-rich sandstone 

directly overlying Carboniferous-Permian plutonic rocks (Punta del Viento Plutonic 
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Complex), shows a main age peak at ~297 Ma (77%) and two smaller groups at ~479 

Ma (9%) and ~246 Ma (3%), with scarce zircons older than 500 Ma and a MDA of 234.4 

± 4.8 Ma. Thus, both samples from the basal successions indicate the main source 

from the Permian basement (292-297 Ma), with more restricted secondary sources 

from Middle Triassic (~246 Ma) and Ordovician (~478 Ma) rocks. 

Igneous zircon (IZ) from a lapilli-tuff sampled 40 m above the base of the unit 

(CPV-15-350) yielded a major peak at ca. 227 Ma and a secondary peak at ca. 211 

Ma. We interpret the youngest peak as the age of the eruptive event, yielding a 

weighted mean age (WMA) of 210.7±3.4, while the secondary peak at ca. 227 Ma 

would correspond mostly to accessory sources. A vitric tuff (CPV-14-268) intercalated 

in the upper levels of a lacustrine succession (Fig. 3.8) yielded a WMA of 203.5 ± 1.6 

Ma interpreted as the age of the volcanic event. An older small peak at ca. 283 Ma is 

probably associated to accidental fragments. On the other hand, an IZ sample from a 

vitric-tuff intercalated in fluvial deposits (CPV-15-400) yielded a Concordia age of 208.6 

± 2.3 Ma, interpreted as the crystallization age of the pyroclastic event. 

 

3.4.2.2 Cerro Guanaco Formation 
 

IZ from a brecciated dacite (CPV-14-157) yielded a Concordia age of 211.5 ±1.8 

interpreted as the crystallization age. This lithostratigraphic unit was formerly assigned 

to the Carboniferous-Permian La Tabla Formation (Venegas et al., 2013). However, 

taking into account the Norian crystallization age and the interpretation of the dated 

level as part of proximal acidic dome deposits, we assign these outcrops to the Cerro 

Guanaco Formation (Alfaro, 2014; González et al., 2015). 

 

3.4.2.3 Quebrada del Salitre Formation 
 

IZ from a banded rhyolite belonging to a silicic dome (CPV-15-310) yielded a 

WMA of 226.7 ± 1.4 Ma interpreted as the timing of the volcanic event, while a 

secondary group at ca. 241 Ma is inferred to represent accessory material from the 

volcanic conduit. A litharenite corresponding to sand-rich fluvial deposits from the basal 



 47 

member of this unit (CPV-15-316) yielded an MDA of 241.5±4.0 Ma with a major peak 

at ca 294 Ma (41%) and a secondary peak at ~267 Ma (12%). Another DZ sample from 

a tuffaceous sandstone corresponding to meandering fluvial facies from the upper 

continental member of this unit, shows an MDA of 208.4±3.4 Ma and major peaks at 

ca. 258 Ma (47%) and ca. 272 Ma (24%). 

 
Figure 3.8: U-Pb in zircon geochronological data from this study. Orange/pink filled graphs are 
detrital/igneous analyses. 
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Figure 3.8: (continuation) 

 

3.5 Discussion  

3.5.1 Stratigraphic correlations across the Domeyko Basin 

Given the abrupt facies changes across depocenters and the common 

incomplete exposure of many sections due to Cenozoic Andean faulting, there are 

scarce correlations for the logged synrift deposits. The most easily correlated unit is the 

‘upper’ Rhaetian marine transgression marked by the presence of coral-rich reef 

boundstones (Fig. 3.6G) developed in a rimmed carbonate shelf at the base of the 

Profeta and Las Bateas formations (Chong and Hilldebrandt, 1985; Ardill et al., 1998; 

Álvarez, 2003; Cornejo et al., 2009; Venegas et al., 2013; González et al., 2015; 

Astudillo et al., 2017), which is observed in most of the depocenters (Fig. 3.9). The 

beginning of the synrift can be correlated at the base of the sections S7 and S8 in the 
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Vaquillas Altas depocenter for the Sierra de Varas Formation and between the base of 

S4 and S5 sections in the Sierra de Varas and the Cerro Guanaco depocenters for the 

Sierra de Varas and the Cerro Guanaco formations, respectively. Secondary 

correlations based on sedimentary facies can be suggested between the meandering 

fluvial systems that follow the thick basaltic successions of the Quebrada del Salitre 

Formation (S10 and S11) and the Sierra de Varas Formation (S7 and S8) at the 

Vaquillas Altas depocenter (Fig. 3.9). 

 

3.5.2 Timeframe of the synrift activity 
 

In the Domeyko Basin, we propose that two stages of major mechanical 

subsidence and associated sedimentation were developed during the Triassic (Fig. 

3.10). The Synrift I would have taken place in the SESB, during the Ladinian – Carnian 

(~240 - 225 Ma). The lower limit is constrained by the DZ MDA of 241.5 ± 4.0 Ma from 

sand-rich braided fluvial facies (CPV-15-316; Figs 3.8J and S10 in Fig. 3.9) and the 

upper limit by the IZ age of rhyolitic domes which have been dated at 225.2±1.5 Ma 

(CPV-15-310, Fig. 3.8G and S10 in Fig. 3.9). The Synrift II (‘upper’ Norian – Rhaetian; 

217-200 Ma) is well constrained by the initiation of the SVSB at ca. ~213-210 Ma (Figs. 

3.9 and 3.10). The upper limit of the Synrift II is constrained by the Rhaetian marine 

transgression and a U-Pb IZ age of 200±2 Ma (González et al., 2015) from the 

uppermost synrift beds in the Cerro Guanaco depocenter (section S5, Fig. 3.9). The 

activity of the SESB during the Synrift II can be established by the DZ MDA of 

meandering fluvial facies (208.4±3.4 Ma) which are overlain by Rhaetian shallow 

marine facies from the Las Bateas Formation (Álvarez, 2003). The initiation age of 

Synrift II at SESB is very problematic to resolve due to the low zircon fertility of basaltic 

lavas inferred to represent the basal part of the Synrift II (S10, Fig. 3.9). The later raise 

the possibility that a relatively continuous deposition took place at the SESB, without 

the inferred hiatus between the two synrift stages. However, considering a more 

regional context, the scattered sedimentary record from the ‘Synrift I stage’ occurred 

mainly in isolated small basins peripheral to the Domeyko Range which do not record 

deposition during the Synrift II stage, such as the El Bordo (Basso and Marinovic, 
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2003), Tuina (Henríquez et al. 2014) and Pular (Solari et al. 2015) formations (Fig. 3.1), 

suggesting that the volcanism and sedimentation during the Synrift I stage was 

discontinuous to the Synrift II stage. On the other hand, the well-marked initiation of 

depocenters at ~212 Ma such as the SVSB and the Cifuncho basin at the Coastal 

Cordillera (Contreras et al., 2013; Espinoza et al., 2015) seems to indicate that the 

Synrift II stage was a well distinguishable event across the paleo-margin. We propose 

both stages were clearly differentiated and infer that the activity of the SESB during the 

Synrift II stage took place in a similar timeframe as the SVSB, though further 

geochronological constraints are needed to confirm this hypothesis.
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Figure 3.9: Domeyko Basin synrift architecture based in generalized sections across the Domeyko 
Range. References for sections are: this work (S2, S3, S6, S7 and S8); this work and Cornejo et al. 2009 
(S10); this work and Suárez and Bell 1992 (S11); Valenzuela, 2014 (S1); Contreras, 2014 (S4): González 
et al. 2015 (S5); Cornejo et al., 2009 (S9) and Tomlinson et al. 1999 (S12) (for section locations see 
Figure 3.2). Lithostratigraphic unit abbreviations are as follow: SJR (Sierra Jardín Rhyolites), CLBF 
(Cerro La Ballena Formation), CG (Caracoles Group), LTF (La Tabla Formation), PF (Profeta 
Formation), SVF (Sierra de Varas Formation), CRB (Cerro Rincones Beds), CGF (Cerro Guanaco 
Formation), LBF (Las Bateas Formation), QSF (Quebrada del Salitre Formation), SCB (Sierra Castillo 
batholith), MF (Montandón Formation) and PB (Pedernales batholith). References for U-Pb ages are: 1 
(this work, red colored), 2 (Cornejo et al., 2009), 3 (Venegas et al., 2013), 4 (González et al., 2015), 5 
(Astudillo et al., 2017), 6 (Matthews et al., 2007), 7 (Maksaev et al., 2014). In the generañized profile (N-
S direction), extensional structures correspond to oblique NW-SE inferred basin margin faults. Different 
depocenters have been classified as “lower/high-volcaniclastic” based on the impact of volcanism in the 
evolution of sedimentary systems (D’Elia et al., 2016).  
 

 

3.5.3 Tectonostratigraphic evolution of the synrift Domeyko Basin: an interaction 
between sedimentary, volcanic and tectonic processes 

 
Sedimentary systems are the result of the balance between the accommodation 

space (A) and sediment supply (S) to the basin. The accommodation space is related 

to the space available below the base level in order for sediments to accumulate 

(Jervey, 1988). In non-marine environments, base level is better defined by the 

‘stratigraphic base level’ (Martinsen et al., 1999), which is the equilibrium surface that 

“describes the direction in which a stratigraphic system is likely to move, toward 

sedimentation and stratigraphic preservation or sediment bypass and erosion” 

(Shanley and McCabe, 1994). Thus, we use the ‘subaerial accommodation space’ 

defined as ‘the space developed between successive depositional surfaces of different 

ages’ (Muto and Steel, 2000), which is most commonly driven by changing subsidence, 

uplift or eustatic sea level and is represented by the thickness of preserved sediment 

in the stratigraphic record (Muto and Steel, 2000). In non-marine basins, eustatic level 

changes are negligible (Martinsen et al., 1999). On the other hand, tectonic subsidence 

commonly affects strongly the accommodation space than climatic effects (Schlische, 

1991; Prosser, 1993; Derer et al., 2005; Martins-Neto and Catuneanu, 2010). However, 

the later can account for higher frequency changes in sedimentary environments 

(Carroll and Bohacs, 1999), as observed in some rift lakes from East Africa (Lake 

Tanganyika, Lake Malawi and Lake Turkana; Scholz et al., 1990; Scholz et al., 2007; 
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Johnson et al., 1987) and United States (Lake Lahonton; Benson and Thomson, 1987). 

During the Triassic, major climatic fluctuations at the Domeyko Basin are poorly 

recorded, maintaining a main subtropical climate, though sporadic drought episodes 

have been proposed at the Coastal Cordillera (Suárez and Bell, 1994, 2010). However, 

the development of very different sedimentary environments in both sub-basins during 

a similar period (Synrift II stage), such as lacustrine and alluvial facies associations in 

the SVSB and meandering rivers in the SESB, let us to infer that the base level 

variations were mainly controlled by local variations in the subsidence regime rather 

than climatic fluctuations which should have allowed the development of similar 

sedimentary environments in a broader area.  

In the following section, the evolution of the synrift stages in the SVSB and SESB 

is analyzed interpreting changes in the stratigraphic record (A/S) as due to the interplay 

between sedimentary, volcanic and tectonic processes. 

 

3.5.3.1 Synrift I (~240 - 225 Ma) 
 
3.5.3.1.1 Sierra Exploradora sub-basin 
 

The Synrift I stage (Fig. 3.12A) recorded the deposition of coarse alluvial fan 

facies (A/S < 1; Martinsen et al., 1999) with a thickening-upward trend (base of S10, 

Fig. 3.9), that according to (Gawthorpe and Leeder, 2000), would result from very low 

A/S due to low subsidence rates during basin initiation. The alluvial fans are followed 

by sand-rich braided rivers indicating a slight increase in the A/S ratio (S10 in Fig. 3.9). 

This was accompanied by subaerial intermediate volcanism which added a significant 

supply to the basin (S10, Fig. 3.9). During the Carnian, deposition to the basin was 

marked by a profuse silicic magmatism evidenced by the extrusion of rhyolitic domes 

spatially related to high-angle extensional structures with a current ~NS trend (Fig. 

3.12A). Explosive volcanic activity is recorded by the proximal deposition of ignimbrites 

near to silicic vents. The scarcity of major epiclastic sedimentation indicates the 

predominance of a high volcaniclastic material supply during this period, with restricted 

deposition of sand-rich braided fluvial facies (A/S < 1 ratio). 
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Figure 3.10: Generalized stratigraphic section S7 (Figs. 3.2, 3.9) showing a complete rift cycle during 
the Synrift II stage. Rift inception record alluvial and fluvial with an A/S < 1, rift climax record basinal 
lacustrine facies with an A/S>1 indicating an abrupt increase of subsidence and the post-rift phase is 
marked by shallow marine facies indicating a decrease of the subsidence and supply to the basin. 
Approximate lithology outcrop-color is indicated. 
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Figure 3.11: A) Compilation of volcanic and detrital (MDA) U-Pb ages from Triassic units exposed at the 
western margin of the Domeyko Range (69º - 69.5º W). The two synrift stages are indicated. References 
for geochronological data are the same that in Fig. 3.9. B) Minimum cumulative thickness of outcropping 
successions up to Kimmeridgian (based on the work of Prinz et al. (1994) and graphically updated by 
the thickness of Triassic successions presented in this work). 
 
3.5.3.2 Synrift II (~217 - 200 Ma) 
 
3.5.3.2.1 Sierra de Varas sub-basin 
 

The initiation of rifting in the Sierra de Varas sub-basin (Norian) was 

accompanied by the deposition of proximal alluvial fan facies (A/S<1) from the Cerro 

Rincones Beds (S3 in Fig. 3.9) and the basal member of the Sierra de Varas Formation 

(S4 in Fig. 3.9). At the Vaquillas Altas depocenter (S7 in Fig. 3.9), the alluvial deposition 
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(A/S<1) was followed by meandering rivers (A/S ≈ 1, Martinsen et al., 1999) carrying a 

Late Triassic fossil flora (Fig. 3.6B), evidencing an increase in the accommodation 

space during the inception of the rift. This phase experienced negligible volcanism, 

evidenced by the mature composition of sediments and scarce DZ juvenile sources 

(Fig. 3.8E). 

During the Norian-Rhaetian, the variable supply of volcanic products across the 

SVSB resulted in “high- or low-volcaniclastic” depocenters based on the sedimentary 

systems developed (Fig. 3.9; D’Elia et al., 2016). At the Cerro La Ballena and Cerro 

Guanaco volcanic depocenters, intermediate to silicic volcanism formed composite 

vents and proximal pyroclastic deposits (block-and-ash and ignimbrites). Restricted 

coarse-grained sedimentary systems were developed (A/S<1), such as alluvial fans 

and braided rivers at Cerro La Ballena depocenter and progradational delta-fans at the 

Cerro Guanaco depocenter (S2 and S6, Fig. 3.9). 

In Sierra de Varas and Vaquillas Altas depocenters, a low-volcaniclastic input 

allowed the deposition of sedimentary systems with only medial to distal pyroclastic 

assemblages (distal ignimbrites and/or fallout deposits). A complete synrift cycle is 

recorded at the Vaquillas Altas depocenter (S7 in Fig. 3.9 and Fig. 3.10), from alluvial 

fans (A/S<1), basinal lacustrine (A/S>1) and braided fluvial systems, with restricted 

pyroclastic (mainly fallout deposits) and dacitic to basaltic volcanism (Fig. 3.10). This 

succession would represents the transition from rift inception (very low A/S), climax 

(high A/S) and post-rift sequences (moderate A/S), reflecting the rapid increase and 

posterior cease of mechanical subsidence (Prosser, 1993; Schlische and Anders, 

1996; Withjack et al., 2002; Barredo et al., 2012). The rift climax is referred to the ‘time 

of maximum rate of displacement on a fault’ (Prosser, 1993). This period is 

characterized by the linkage of previous small and isolated faults into a fully linked fault 

array (Cowie et al., 2000; Gawthorpe and Leeder, 2000) producing a maximum 

subsidence where the sedimentation is likely to be outpaced by the accommodation 

space, generating characteristic relatively fine-grained basinal depositional systems 

(lacustrine, marine gulf) due to the starvation of the basin (McCann and Saintot, 2003; 

Prosser, 1993).  Thus, the development of basinal lacustrine rift-climax facies (Prosser, 

1993) across the Sierra de Varas and the Vaquillas Altas sub-basins (e.g. at S4, S7 
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sections), suggests an abrupt increase of the accommodation space which would be 

related to the fault linkage and consequent increase in mechanical subsidence across 

the SVSB (Fig. 3.12B; Schlische, 1991; Gawthorpe and Leeder, 2000; Withjack et al., 

2002). 

It should be noted that the succession recording the complete rift cycle (S7), was 

previously assigned to the Quebrada del Salitre Formation (Naranjo and Puig, 1984; 

Venegas et al., 2013). We suggest that these deposits would be better assigned to the 

Sierra de Varas Formation based on its completeness: (1) the presence of lacustrine 

facies which are absent in the type locality of the Quebrada del Salitre Formation, (2) 

its Norian-Rhaetian age which is younger than a significant portion of the Quebrada del 

Salitre Formation, and (3) its location in a structurally separated depocenter. 

 
3.5.3.2.2 Sierra Exploradora sub-basin 
 

The Synrift II stage in the SESB (Fig. 3.12B), recorded the deposition of 

meandering rivers and mafic lava flows (S10 and S11) with no development of rift-

climax sequences (Prosser, 1993). The development of meandering rivers (A/S ≈ 1, 

Martinsen et al., 1999) suggest that the thick basaltic infill (>1300 m; S10, Fig. 3.9) 

match the high accommodation space and inhibited the development of water-deep 

facies during the high-subsidence of the basin. An outcrop scale example of this is 

preserved in the Quebrada del Salitre Formation (Fig. 3.4C), where syntectonic troughs 

were filled by basaltic lavas during meandering fluvial deposition (S11 in Fig. 3.9). This 

indicates an important role of the volcanism in the depositional systems developed in 

the SESB (high-volcaniclastic input). 

 

3.5.3.3 Post-rift transition (‘latest’ Rhaetian) 
 

During the uppermost Rhaetian (Fig. 3.12C), a broad and thin (< 50 m) shallow 

marine surface formed in carbonate shelves mantled the hanging- and foot-walls of 

both sub-basins (see section 5.1), indicating a generalized and abrupt reduction of the 

mechanical subsidence and the onset of the post-rift stage. At the Vaquillas Altas 
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depocenter, exceptional exposures of synsedimentary faults evidence the post-rift 

character of the carbonate platform assemblage (Fig. 3.4B). Previous works roughly 

delineated the onset of the post-rift at the Hettangian (e.g. Ardill et al., 1998), when 

deep marine facies were developed during a global sea rise (Ardill et al., 1998). 

However, these facies are better assigned to a late post-rift phase (Fig. 3.12D; Prosser, 

1993). 

 

3.5.4 Synrift architecture of the Domeyko Basin 
 

Regarding to the main rift structures of the Domeyko Basin, we suggest that 

major N-S basin bounding faults were located at the western margin of the basin based 

on the predominance of thick, monomictic and coarse debris flow deposits, covering 

small areas near to the westernmost N-S faults of the Cenozoic Domeyko Fault System 

(DFS; Fig. 3.2). This proximal alluvial fan facies requires high-slopes to be formed and 

fast subsidence to be preserved, suggesting the proximity to high-angle faults (Blair 

and McPherson, 1994, 2009), in contrast to wider medial to distal assemblages 

(sheetfloods and channelized flows) developed at flexural margins. The proximity of 

this facies to the DFS suggests the reactivation of this structure, which usually occurs 

at the master faults of previous extensional systems (Butler, 1989; Amilibia et al., 2008; 

Bonini et al., 2012). At the SESB, elongated silicic domes were associated with ~N-S 

trending faults (Fig. 3.12A). 

On the other hand, abrupt lithofacies changes and strong thickness asymmetry 

of the Domeyko Basin through the N-S direction, suggest basin segmentation was 

controlled by oblique, NW-SE striking faults (inset in Fig. 3.9). Moreover, several paleo-

highs can be recognized longitudinally along the Domeyko Basin (e.g. Cerro Danko 

and Cerro Pedernales paleo-highs) based on the unconformable contact between the 

pre-rift basement and post-rift marine facies (Fig. 3.9). Major paleo-highs coincide with 

the tip of SVSB and SESB and correlates with large-scale NW lineaments (Figs. 3.1 

and 3.2; Salfity, 1985; Abels and Bischoff, 1999; Petrinovic et al., 2006), suggesting 

pre-existing basement fabrics exhibit a strong control on the segmentation of the basin 

(Fig. 3.12). Additionally, Triassic NW-SE trending cataclasites (238 ± 10 Ma, K-Ar 
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whole rock age) crop out at the Sierra de Varas depocenter (Padilla, 1988; Niemeyer 

et al., 2004) while prevailing, centi- to meter-scale Triassic NNW-SSE to NW-SE 

synsedimentary extensional faults have been identified at the SVSB (Espinoza et al., 

2016). 

 

 
 

Figure 3.12: Conceptual basin-evolution model of the Synrift I, II and post-rift phase of the Domeyko 
Basin. A) Synrift I stage (~240-225 Ma): Initiation of the SESB in a mainly extensional setting occupying 
the NW-SE basement fabric. B) Synrift II stage (~217-200 Ma): Aperture of the SVSB and likely 
reactivation of the SESB in a mainly transtensional (sinistral) setting. During this stage, rift inception to 
rift climax sequences were developed at the SVSB due to an ongoing fault linkage through a ~N-S 
trending fault system. C) Early Postrift (‘latest’ Rhaetian): An abrupt reduction of the mechanical 
subsidence allowed the settlement of a shallow sea due to the initiation of the thermal subsidence phase. 
D) Late Post-rift stage (Hettangian-Lower Cretaceous?): The ongoing thermal subsidence coupled with 
a global rise of the sea-level controlled the deposition of deep marine facies across the mechanically 
inactive sub-basins. 
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We suggest that the interaction between major N-S structures and NW-SE 

oblique discontinuities can be explained by a transtensional model, partitioning the 

deformation into extensional and sinistral strike-slip components, where the NW-SE 

structures acted as releasing bends (Fig. 3.12). Several key features developed in 

transtensional basins are recognized in the Domeyko Basin: (1) a strong longitudinal 

and lateral asymmetry (Christie-Blick and Biddle, 1985), (2) narrow basins and rapid 

changes in lateral and vertical facies, thickness, and geometry of near depocenters 

(Christie-Blick and Biddle, 1985; Belt, 2012; Dorsey and Umhoefer, 2012), (3) common 

unconformities from one basin to another marking the migration of depocenters 

(Christie-Blick and Biddle, 1985; Busby and Bassett, 2007), such as those recorded at 

S6 and S8 in Vaquillas Altas and Cerro Guanaco depocenters (Fig. 3.9), (4) prominent 

topographic margins (Nilsen and Sylvester, 1998), which is in agreement with the 

unimodal provenance evidenced by the DZ data (Fig. 3.8), pointing to close and highly 

compartmentalized depocenters. Additionally, a strike-slip component has been 

suggested for the Jurassic back-arc phase of the Domeyko Basin, based on the “en-

echelon” distribution of depocenters (Prinz et al., 1994; Vicente, 2005). Similar 

transtensional continental rift basins were developed during the Late Triassic-Lower 

Jurassic arc of the northwestern Gondwana (Busby and Bassett, 2007; Busby, 2012). 

In modern times, the dextral transtensional Walker Lane belt (United States) host the 

largest volcanic vents at releasing bends (Busby, 2013), and we infer a similar setting 

for the major volcanic centers developed in the Domeyko Basin. 

During the post-rift stage (mainly Jurassic to Lower Cretaceous), the location of 

the thickest cumulative infills coincide with the deepest subsiding depocenters formed 

during the synrift stage (Fig. 3.11), suggesting a strong control of the synrift architecture 

over the differential thermal subsidence during the post-rift phase of the Domeyko 

basin, similar to that proposed by Cristallini et al. (2009) for the Jurassic back-arc 

Neuquén Basin of South America. 

 

3.5.5 Geotectonic significance of the Domeyko Basin in the Southwestern 
Gondwana 
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During the Synrift II stage, the Cifuncho Basin (Fig. 3.1) was filled by volcanic 

and sedimentary rocks in the Coastal Cordillera in a similar timespan (212-200 Ma; 

Contreras et al., 2013; Espinoza et al., 2015). The scattered plutonic rocks of this age 

(Godoy and Lara, 1998; Escribano et al., 2013; Espinoza et al., 2014) and the 

intermediate to silicic, calcalkaline volcanism at the Coastal Cordillera would indicate a 

back-arc position for the synrift Domeyko Basin which hosts both calcalkaline and 

tholeiitic magmas (Espinoza et al., 2016; Oliveros et al., 2017). The later points to a 

more distal position of the Domeyko Basin with respect to the arc-axis, where the 

influence of released fluids from the slab in the genesis of magmas is less pronounced 

(Hochstaedter et al., 1990; Stern et al., 1990; Sayit et al., 2017).  

The strong possibility that the subduction would have been active in northern 

Chile at least during the Late Triassic (Poma et al., 2014; del Rey et al., 2016; Coloma 

et al., 2017; González et al., 2017; Oliveros et al., 2017), suggests that the slab-pull 

would have played an important role as a driving mechanism of rifting at the 

southwestern margin of Gondwana during its early breakup. The oblique convergence 

required to sustain the sinistral transtension for the Domeyko Basin is in agreement 

with recent Triassic kinematic reconstructions (Matthews et al., 2016; Müller et al., 

2016). The slab-pull in a retreating trench, would be coexisting with others driving 

mechanisms, such as far-field stresses (Giambiagi et al., 2009), which would have 

been more relevant for inboard basins at this time, such as the Ischigualasto and Cuyo 

basins (Fig. 3.1A). We suggest that the influence of the subduction system at the 

Gondwanan margin would have controlled the basin geometry, kinematics and 

ultimately the tectonostratigraphic evolution of the synrift Domeyko Basin. 

 

3.6 Conclusions 

In the Domeyko Basin, two synrift periods were developed during the Triassic: 

The Synrift I (~240 - 225 Ma) with the aperture of the Sierra Exploradora sub-basin 

(SESB) and the Synrift II (217-200 Ma), which led to the opening of the Sierra de Varas 

sub-basin (SVSB) and the reactivation of the SESB. These volcano-sedimentary sub-

basins present striking differences in the sedimentary and volcanic infill of its 
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depocenters, evidencing a strong influence of the volcanic input (low or high) and the 

mechanical subsidence in the sedimentary depositional systems developed (A/S ratio). 

In low-volcaniclastic depocenters, a complete rift cycle is recorded (alluvial-lacustrine-

fluvial), with rift-climax basinal lacustrine facies (A/S>1) indicating the fault-linkage of 

the SVSB during the Synrift II. In high-volcaniclastic depocenters of the SVSB and 

SESB, the development of low to very low A/S facies (A/S ≤ 1) during high mechanical 

subsidence suggests that volcanic supply inhibited the development of rift-climax facies 

(basinal deep-water facies). The post-rift transition took place at the ‘latest’ Rhaetian 

where the thermal subsidence allows a wide transgression of shallow marine facies, 

bypassing the footwalls of the Domeyko Basin.  

We suggest that the architecture of the synrift Domeyko Basin was controlled by 

the interaction between major N-S faults and oblique ~NW-SE discontinuities, 

generating asymmetric half-graben depocenters and structural highs in a left-lateral 

transtensional model (pull-apart or releasing bend). The oblique discontinuities would 

correspond to NW-SE continental-scale lineaments, suggesting that inherited 

basement weakness controlled the segmentation of the Domeyko Basin. 

The strong possibility that the Domeyko Basin would have been formed as subduction-

related rift basin in a back-arc position during the Late Triassic, highlights the slab-pull 

as probable driving mechanism for extension at the Southwestern Gondwana margin 

during its early breakup, unlike other inland rift basins driven by far-field stresses (Cuyo, 

Ischigualasto and Neuquén basins, Fig. 3.1A). Therefore, slab-induced tectonics can 

control the first-order features of subduction-related rifts, such as the rift position (e.g. 

intra-arc or back-arc basins), the volcanism style and composition, and the rift 

kinematics (purely extensional versus transtensional tectonics). These features would 

have controlled the tectonostratigraphic evolution of the synrift stage of the Domeyko 

Basin through the localization of volcanic centers (high-volcaniclastic depocenters) and 

the deformation at releasing stepovers (transtensional kinematics). Given that only a 

moderate amount of subduction obliquity would be required to develop a strike-slip 

component during rifting (> ~30º; Philippon and Corti, 2016), the transtensional 

Domeyko rift may correspond to an underestimated example of the tectonostratigraphic 

evolution of Gondwanean continental subduction-related basins. 
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Key Points 
• The synrift Domeyko Basin (Triassic) developed as an oblique rift driven by 

subduction dynamics and far-field Pangea-breakup stresses 

• During rift inversion, the metallogenic-fertile Domeyko Fault System nucleated 

over the former Domeyko Basin master rift faults  

• Gondwanic NNW-striking structures controlled Paleozoic exhumation, synrift 

basin segmentation, and the main Domeyko Range structural style 

 

                                            
3 Manuscrito sometido a revista Tectonics el 19 de Marzo de 2019. El Material Suplementariio 

referenciado en este trabajo se encuentra disponible en la sección de Anexos. 
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Abstract 

Tectonics inheritance controlled the evolution of many orogens. In order to 

unravel the role of the Gondwanic heritage over the building of the Central Andes in 

northern Chile (Domeyko Range), we performed detrital U-Pb zircon and Ar muscovite 

geochronology together with structural analyses (kinematics and structural balancing). 

Ar detrital muscovite dating reveals contrasting cooling histories of the Paleozoic 

basement between Triassic rift sub-basins, pointing to a ~NW striking cortical structure 

segmenting the region since at least the Guadalupian, likely related to the accretional 

evolution of SW Gondwana. Later on, this structure controlled the location of a 

structural high separating rift sub-basins. During the Late Triassic, ~NS striking master 

faults and secondary NW to NNW-striking faults configured a narrow oblique rift 

primarily driven by subduction dynamics. Compressional tectonics began at Late 

Cretaceous, whereas the specific inversion of the Triassic rift likely occurred during the 

Eocene, resulting in the inception of the transpressional Domeyko Fault System at the 

western slope of the Domeyko Range. The overall structural style of this range was 

determined by the architecture of the Triassic rift, where the inversion of deep-seated 

detached faults accounted for west-vergent thick- and thin-skinned structures. In 

contrast, where only postrift deposition took place, east-vergent, thin-skinned 

structures were developed. Pre-Andean NW-striking crustal structures also 

accommodated tectonic rotations during the Incaic orogeny and might delimit the 

rupture zone of large historical earthquakes, suggesting an underestimated role of such 

old discontinuities in Andean neotectonics. 
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4.1 Introduction 

The Domeyko Range (Precordillera) of northern Chile represents the western 

slope of the Central Andes, conforming a ~800 km long, north-south trending belt (Fig. 

4.1B), hosting some of the most gigantic porphyry Cu-Mo deposits of the world, 

including the Eocene-Oligocene ‘behemoths’ Chuquicamata and La Escondida 

deposits (Camus and Dilles, 2001; Cooke et al., 2008). This belt is formed by a core of 

Upper Paleozoic basement rocks thrusted over Mesozoic sedimentary units formerly 

deposited in a long-lived depocenter known as the Domeyko Basin (Fig. 4.1). 

The formation of this late Eocene-Oligocene metallogenic belt was intimately 

related to the inception of the Domeyko Fault System (DFS), a trench-linked strike-slip 

structural system that controlled the intrusion of porphyries, especially at the 

intersection with continental-scale NW to WNW trending ‘lineaments’ (Chernicoff et al., 

2002; Richards, 2003). These oblique-trending crustal lineaments have been 

associated with a pre-Andean basement fabric acquired during the Lower Paleozoic 

accretional evolution (Chernicoff et al., 2002; Ramos, 1994; Salfity, 1985). Although 

this fabric has been intensely modified by Meso-Cenozoic tectonomagmatic events, 

these lineaments can be traced based on scattered NW-striking faults exposed from 

Coastal Cordillera to the Domeyko Range (Fig. 4.1B), as well as volcanic alignments 

and strike-slip faults from the Altiplano and Puna. 

Major strike-slip movements have been proposed for the DFS during the 

Eocene-Oligocene (Maksaev and Zentilli, 1999; Tomlinson and Blanco, 1997). 

Additionally, growing evidence suggests that inversion of the former Mesozoic basin 

and protracted Andean compressional tectonics accounted for the main range building 

(Amilibia et al., 2008; Martínez et al., 2018; Muñoz, 1992). Basin inversion comprises 

an essential mechanism during the building of many orogens (Butler, 1989; Butler et 

al., 2006; Lacombe and Mouthereau, 2002), including the Central Andes (Charrier et 

al., 2002; Giambiagi et al., 2015; Martínez et al., 2016; Perez et al., 2016). Although 

the previous extensional phase seems to have strongly influenced the Domeyko Range 

building (Amilibia et al., 2008), some key aspect of the rifting process, such as the basin 

architecture and kinematics, have remained poorly constrained (Espinoza et al., 2019). 

Moreover, debate exists about the driving mechanism of the Domeyko Basin synrift 
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phase, such as (1) gravitational collapse of the former Permian orogen (Kleiman and 

Japas, 2009), (2) slab collapse and delamination (Mpodozis and Kay, 1992), or (3) slab-

rollback subduction (Espinoza et al., 2019). Therefore, a proper understanding of the 

specific control of the basin architecture on the structural style of the Domeyko Range 

is still lacking. 

 
Figure 4.1: A) Gondwanic (Carboniferous-Early Permian) and Pre-Andean (Late Permian-Triassic) 
cycles units (Charrier et al., 2007) developed at the SW Gondwana margin, including the distribution of 
Triassic rift basins. B) Map showing main structural systems and morphostructural units of the Chilean-
Argentinean Andes (20° to 28°S). Purple areas show the Domeyko and La Ternera basins distributions. 
Grey segmented lines represent continental-scale NW lineaments after Petrinovic et al. (2006). Yellow 
circles mark giant Cu-Mo porphyry copper deposits. Abbreviations are Barazarte (BZ) and Taltal (TF) 
faults. C) Simplified geometry of the Domeyko rift basin through an N-S section along the Domeyko 
Range (A-A’ in Fig. 4.1B), showing the schematic location of Ar detrital muscovite (DM) samples. 
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High-temperature thermochronometers (e.g., U-Pb apatite, 40Ar-39Ar muscovite) 

resulted in powerful tools in order to unravel the thermal history of source terranes, because 

their high closure temperature compared to low-temperature thermochronometers (e.g., 

fission-track and (U-Th)/He methods) (Cochrane et al., 2014; Haines et al., 2004; Hodges, 

2005), allowing to interpret exhumation histories related to ancient orogenic processes 

(Carrapa et al., 2004, 2009). Moreover, the coupling with a high-temperature 

geochronometer such as detrital zircon U-Pb dating can potentially reveal the 

crystallization age and the cooling and exhumation age of a region (Carrapa et al., 

2009; Haines et al., 2004). 

In this paper, we aim to unravel the role of the mechanical anisotropy acquired 

during Gondwanic tectonic events over the evolution of the western slope of the Central 

Andes. In particular, we strive to answer how did the Paleozoic accretional history and 

the rift stage of the Domeyko Basin determine the structural style of the Domeyko 

Range, and how this heritage controlled the inception of a channel for the ascent of 

metal-fertile magmas such as the Domeyko Fault System. We present new structural, 

thermochronological (Ar detrital muscovite dating) and geochronological (U-Pb detrital 

zircon) data, as well as kinematic analysis of the synrift stage, and structural balancing 

from the Domeyko Range in northern Chile (22º - 26º S). 

 

4.2 Geological background 

The Domeyko Range is a thick- and thin-skinned belt formed by a basement 

core of Late Paleozoic igneous rocks, uplifted over a Mesozoic stratified cover by steep 

reverse faults in a double-vergent structural style (Amilibia et al., 2008). Mesozoic 

successions were initially deposited in the Domeyko Basin, which experienced synrift 

and postrift deposition from Triassic to Early Cretaceous (Ardill et al., 1998; Vicente, 

2005), and is now exposed through ~800 km along the Domeyko Range (Fig. 4.1). 

Further south, La Ternera Basin (filled by the homonymous unit), comprises 

another Triassic rift depocenter, exposed along the present-day Frontal Cordillera (Fig. 

4.1B). Geochronological analyses were performed in La Ternera Formation in order to 
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contrast results from the Domeyko Basin, though a comprehensive depiction of this unit 

is beyond the scope of this study. 
 

4.2.1 The Domeyko Basin (Triassic - Early Cretaceous) 
 
4.2.1.1 Synrift phase 

 

The synrift phase of the Domeyko Basin took place in two stages (Espinoza et 

al., 2019): (1) the Synrift I (ca. 241-226 Ma), with the aperture of the Sierra Exploradora 

sub-basin (SESB) and (2) the Synrift II (ca. 217-200 Ma) with the opening of the Sierra 

de Varas sub-basin (SVSB) and the reactivation of the SESB. Both sub-basins were 

separated by a structural high that was by-passed during the postrift phase (Cerro 

Danko high, Fig. 4.2). The synrift units unconformably overlie Carboniferous to Permian 

silicic igneous rocks (e.g., La Tabla Formation and plutonic complexes), partly 

correlated to the Choiyoi igneous province (Kleiman and Japas, 2009). The synrift 

phase was marked by the deposition of continental sedimentary rocks showing abrupt 

lithofacies changes between close depocenters (e.g., Quebrada del Salitre, Sierra de 

Varas and Cerro Guanaco formations). Coeval volcanism comprised an important 

volume of the infill, ranging from basaltic to rhyolitic lavas and subvolcanic rocks 

(González et al., 2015). On the other hand, low-volcaniclastic depocenters recorded a 

complete rift cycle during the Synrift II stage in the SVSB, from rift inception alluvial 

facies to rift climax basinal lacustrine deposits during fault linkage (Sierra de Varas 

Formation; Espinoza et al., 2019). 

 

4.2.1.2 Post-rift phase 
 

The continental synrift deposition was succeeded by a marine transgression 

during the Rhaetian, developing carbonate platforms with typical coral-rich reef 

deposits (e.g., Las Bateas and the ‘lowest’ Profeta units; Álvarez, 2003; Chong and 

Hilldebrandt, 1985; González et al., 2015). These deposits are related to a regional 

episode of low-accommodation and low-sediment supply to the basin, marking the 
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onset of the early post-rift phase (Espinoza et al., 2019; Prosser, 1993). Marine 

deposition under thermal subsidence was mainly controlled by global eustatic changes 

during the Early-Middle Jurassic (e.g., Montandón and Profeta formations) resulting in 

two transgression-regression cycles (Ardill et al., 1998). During the Oxfordian, the basin 

experienced a continental-scale regression, resulting in the deposition of typical 

evaporites (e.g., Asientos Formation). Continental-scale sea-level changes during the 

Bathonian to Valanginian (Middle Jurassic-Early Cretaceous) were the result of 

regional extensional tectonics (Ardill et al., 1998) associated with back-arc volcanism 

(e.g., Candeleros, Quebrada Vicuñita, and Sierra Fraga formations). The final closing 

and transitional continentalization of the Domeyko Basin occurred during the Late 

Jurassic-Early Cretaceous (‘upper’ Profeta and Quebrada del Chaco Beds; Oliveros et 

al., 2012; Venegas et al., 2013). 

 

4.2.2 Basin Inversion and Domeyko Range Building 

 
The inversion of the Domeyko Basin is presumed to have started during the 

onset of the Andean orogeny (Late Cretaceous) by an event known as the ‘Peruana 

phase’ (Steinman, 1929), which resulted in the proto-Domeyko Range, roughly 

constrained at ca. 90-78 Ma (Amilibia et al., 2008; Arriagada, et al., 2006; Mpodozis et 

al., 2005). At the Salar de Atacama Basin, based on synorogenic deposits provenance, 

Bascuñán et al. (2015) proposed a maximum age of ca. 79 Ma for the uplift of the 

Domeyko Range. However, due to the depositional hiatus during part of the Late 

Cretaceous (Fig. 4.2B), the onset of compressional tectonics is poorly constrained 

along the western flank of the Domeyko Range (Ferrando and Espinoza, 2015). 
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Figure 4.2: A) Geological map of the study area (map references in Text S1 in the Supporting Information 
section) showing the location of structural sections (S1, S2, and S3) and the Profeta (PFTB), Exploradora 
(EFTB) and Potrerillos (POFTB) fold-thrust belts. Black dots indicate sample locations and segmented 
blue lines main lineaments dividing structural blocks. B) Tectonostratigraphic scheme along the study 
area (block locations in Fig. 4.4). Synorogenic units are in blue. Solid (segmented) magenta lines indicate 
main (minor scale) unconformities. Vertical lines represent significant hiatus. 
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Figure 4.3: A-B) Small-scale synsedimentary normal faults affecting the Sierra de Varas and Profeta 
formations. C) Listric normal faulting sealed by the Profeta Formation. The flexural border of this 
hemigraben shows contractional faulting. D-E) Fault-propagation folds affecting the post-rift Profeta and 
synrift Quebrada del Salitre formations. F) East-vergent, thin-skinned thrusting in the Potrerillos fold-
thrust belt. 
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Subsequent compressional events are recorded during the Cretaceous-

Paleocene limit (‘K-T’ phase; Cornejo et al., 2003) and the Eocene-Oligocene “Incaic” 

phase (Hammerschmidt, 1992; Steinman, 1929). The latter corresponded to an intense 

period of deformation which comprised the exhumation of Paleozoic plutonic 

complexes (Maksaev and Zentilli, 1999) as well as the development of thin-skinned 

Profeta (PFT), Exploradora (EFTB) and Pedernales (POFTB) fold-thrust belts (Fig. 4.2; 

Cornejo et al., 2009; Tomlinson et al., 1993). Contemporaneously, a trench-parallel 

strike-slip structural system (e.g., Domeyko Fault System) was developed, displaying 

mainly sinistral movements (e.g., Sierra de Varas and Sierra Castillo faults) though 

dextral reversals have been reported (Niemeyer, 1999; Reutter et al., 1996; Tomlinson 

et al., 1994). Transpressional tectonics were associated with the emplacement of giant-

scale porphyry copper deposits (Mpodozis et al., 2005; Tomlinson and Blanco, 1997), 

and vertical-axis rotations (Arriagada et al., 2006). Synorogenic deposits can be 

identified from their deposition adjacent to the range front and in between thrust sheets 

(Pastos Largos, Aguada de Zorro, and Sierra Exploradora Beds units; Cornejo et al., 

2009; González et al., 2015; Venegas et al., 2013). Finally, during the Neogene intense 

denudation of the belt resulted in the aggradation of a thick mantle of partially 

consolidated synorogenic deposits near the Domeyko Range (e.g., Pampa de Mulas 

and Atacama gravels; Nalpas et al., 2008). 

 

4.3 Methods 
 

4.3.1 U-Pb Geochronology 
 

U-Pb zircon analyses were performed using laser-ablation inductively-coupled-

plasma mass-spectrometry (LA-ICP-MS) in 10 detrital and 2 igneous zircon samples. 

Heavy minerals were separated by standard methods. Finally, zircon grains were 

handpicked under a binocular microscope, mounted in epoxy, and polished to expose 

grain centers for cathodoluminescence imaging. U-Pb analyses were performed at the 

Laboratorio de Estudios Isotópicos (Centro de Geociencias, UNAM), and the Arizona 

LaserChron Center (University of Arizona). Concordia and average ages were 
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calculated using Isoplot v. 4.15 (Ludwig, 2011). We applied a discordance filter for 

igneous (< 5 %) and detrital (< 25 %) analyses, with a reverse discordance filter (> -5 

%). 

 

4.3.2 40Ar-39Ar Detrital Muscovite Thermochronology 

 
Ar detrital muscovite (DM) total fusion dates were performed in four samples, 

with 87 individual grains analyzed per sample, for a total of 348 detrital grains. Detrital 

grains were extracted by jaw crusher and roller grinding, sieved by 1.0-0.5 mm and 0.5-

0.25 mm fractions. Finally, micas ranging 0.3-2 mm were hand-picked under a 

binocular microscope. Analyses were conducted in the 40Ar-39Ar laboratory of the U.S. 

Geological Survey (USGS) in Denver, USA (see Text S2 in the Supporting Information 

section or Annexe 5). 

 
4.3.3 Kinematic Analysis 
 

Kinematic analyses were performed in small synsedimentary normal faults 

(centimeter to meter-scale, Fig. 4.3). We identified 67 fault-slip data from synrift 

(Norian-Rhaetian, five stations) and early postrift (Rhaetian-Hettangian, three stations) 

units, showing clear evidence of synsedimentary faulting (e.g., growth strata). The 

direction and sense of slip were determined using kinematic indicators (e.g., 

mechanical striations and secondary fractures), according to the criteria proposed by 

Petit (1987). Main axes of the strain ellipsoid were obtained by Bingham distribution 

statistics (Marrett and Allmendinger, 1990) using the FaultKinWin software 

(Allmendinger, Cardozo, and Fisher, 2012) 
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Figure 4.4: Structural map of the study area showing the location of cross sections. 
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4.3.4 Balanced Cross Sections 
 

Three structural cross-sections where constructed along the Domeyko Range 

(Fig. 4.4). The main limitation in the reconstruction of deep structures is the lack of 

seismic profiles and borehole data. However, recent geological mapping considerably 

improved the stratigraphic, geochronological and structural constraints (Cornejo et al., 

2009; Venegas et al., 2013), allowing us to interpret the sub-surface geometry. 

Sections were balanced by forward-modeling using MOVE software (Midland Valley 

Exploration Ltd.). We used Simple Shear algorithm for normal faulting since the pre-rift 

state (Withjack and Peterson, 1993) whereas Trishear algorithm was used for basin 

inversion and thrusting (Erslev, 1991). Trishear algorithm was implemented using a 

trishear apical angle of 50° and propagation versus displacement ratio (P/S) between 

1.5 and 15 in order to generate fault-propagation folds and fault-bend folds 

(Allmendinger et al., 2004). Backlimb deformation was accommodated using the 

inclined shear algorithm for inverted faults, with a shear angle between 60° and 80°, 

and the fault-parallel flow algorithm for newly formed thrusts. Synrift master faults 

(Sections S1-S3) were modelled as listric structures based on field observations (Fig. 

4.3C), with deep detachments (12-15 km b.s.l.) based on the shallow brittle-ductile 

transition from thermomechanical models (Giambiagi et al., 2015; Julve et al., 2018). 

 

4.4 Results 
 
4.4.1 U-Pb detrital zircon geochronology 
 

Detrital zircons U-Pb analyses (DZ) were carried out to reconstruct the 

provenance of the exposed Triassic units and also to infer the tectonic setting during 

the depositional stages (Cawood et al., 2012). Figure 4.5 summarizes the DZ results 

for each sample. Sample location coordinates (Table 4.1) and analytical results (Tables 

S1-S2) can be found in the Supporting Information section (Annexe 8). 
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4.4.1.1 Sierra de Varas Formation 
 

Five samples yielded DZ ages between 195 and 325 Ma with few grains >500 

Ma (Fig. 4.5A). Samples CPV-15-393 (conglomeratic sandstone) and CPV-15-346 

(very fine-grained sandstone) were collected from the lower section of the Sierra de 

Varas Formation (SVF), yielding major components at ~298-296 Ma and a secondary 

group at ~278-274 Ma (Fig. 4.5A). Three samples were obtained from the upper section 

of the SVF. Sample CPV-15-343 (tuffaceous sandstone) yielded a unimodal age 

distribution with the main peak at ca. 206 Ma whereas the sample CPV-15-392 shows 

a prominent peak at ca. 212 Ma with a minor group at ca. 295 Ma. Sample CPV-14-

266 yielded the main peak at ca. 297 Ma and a secondary peak at ca. 208 Ma. 

 

4.4.1.2 Quebrada del Salitre Formation 
 

Three samples from the upper section of the Quebrada del Salitre Formation 

(Synrift II) were collected (Fig. 4.5B). Sample CPV-15-325 (medium-grained arkose) 

yielded the main age group ranging 233-287 Ma centered at ca. 259 Ma, and a minor 

group at 448-460 Ma. Sample CPV-16-406 (coarse-grained sandstone) shows the 

main age group between 245-295 Ma centered at ca. 267 Ma, and a small cluster 

between 451-480 Ma, whereas the sample CPV-16-408 (very fine-grained sandstone) 

shows the main group between 261-292 Ma with the major peak at ca. 277 Ma. 

 

4.4.1.3 La Ternera Formation 
 

Sample CPV-16-411 was collected from the upper section of the unit exposed 

in Quebrada Paipote. This sample shows a broad and unimodal age distribution with 

the main age group spanning 225-295 Ma with a major peak at ~250 Ma and a 

secondary peak at ~226 Ma. Sample CPV-15-272 (gravelly sandstone) was collected 

from the upper member in the Río Jorquera creek. This sample displays the main age 

group between 220-265 Ma with the major peak at ~255 Ma and significant peaks at 

~244 Ma and ~226 Ma (Fig. 4.5C). A minor age cluster is defined at ca. 285-297.
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Figure 4.5: (A-C) DZ plots from Triassic synrift units. (D-F) Summed DZ plots (all samples) and histograms for each unit. (G-I) DM age distributions 
from Triassic synrift units, including the percentage of 40Ar radiogenic for each grain (magenta dots). 
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Sample UTM E UTM N Unit 
U-Pb 

IZ 

U-Pb 

DZ 

Ar 

DM 

Depositional 

age (Ma) 

CPV-14-266 477331 7298697 Sierra de Varas  x  205 

CPV-15-343 475524 7225799 Sierra de Varas  x  206 

CPV-15-346 471952 7201896 Sierra de Varas  x  212 

CPV-15-392 471504 7200954 Sierra de Varas  x  201 

CPV-15-393 470076 7199157 Sierra de Varas  x  212 

CPV-15-391 471998 7201940 Sierra de Varas   x - 

CPV-15-325 469000 7113292 Quebrada del Salitre  x  205 

CPV-16-406 475253 7128240 Quebrada del Salitre  x  210 

CPV-16-408 473084 7130367 Quebrada del Salitre  x x 220 

CPV-16-409 470999 7130750 Quebrada del Salitre   x - 

CPV-15-272 406908 6898788 La Ternera  x  220 

CPV-16-411 417696 6998730 La Ternera  x x 210 

CPV-15-279 448251 6933987 La Ternera x   - 

CPV-15-320 465519 7125144 Sierra Castillo batolith x   - 

Table 4.1 Sample identification, location (UTM 19S) and estimated depositional age of analyzed samples 
(U-Pb zircon and Ar detrital muscovite). 
 
4.4.2 U-Pb igneous zircon geochronology 
 
4.4.2.1 Sierra Castillo batholith 
 

In order to compare the DZ age distribution of the Quebrada del Salitre 

Formation with the age of the plutonic basement, we sampled the Sierra Castillo 

batholith (Tomlinson et al., 1999). Sample CPV-15-320 (granodiorite) yielded a 

Concordia age of 278.9 ± 2.4 Ma (Figure S1a in the Supporting Information section). 

 

4.4.2.2 La Ternera Formation 
 

To provide an absolute constraint for the depositional age of La Ternera 

Formation, we sampled a lapilli-tuff from the upper section of this unit cropping out in 
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the Rio Turbio Creek (CPV-15-279), yielding a weighted mean age of 219.4 +3.4/-2.0 

Ma (Figure S1b in the Supporting Information section). 

 

4.4.3 40Ar-39Ar thermochronology 

 

In order to reveal the cooling history of Triassic sources, we performed Ar detrital 

muscovite dating (DM) in 4 samples deposited during the Synrift II stage (Espinoza et 

al., 2019). A comprehensive list of the analytical results is in the Supporting Information 

section (Table S3) or Annexe 9. 

 

4.4.3.1 Sierra de Varas Formation 
 

Sample CPV-15-391 (matrix-supported conglomerate) was sampled at the base 

of the Sierra de Varas Formation in the SVSB. Muscovites extracted from the sand-

sized fraction yielded DM dates between 245-193 Ma with the main age peak at ca. 

202 Ma showing a right-skewed distribution with its long tail lying towards the ca. 245 

Ma peak (Fig. 4.5G). Fused muscovites showed high radiogenic 40Ar values (80% - 95 

%). 

4.4.3.2 Quebrada del Salitre Formation 
 

Two samples (CPV-16-408 and CPV-16-409) were collected from fluvial facies 

(medium-grained sandstones) at the SESB (Fig. 4.5H). Sample CPV-16-408 yielded 

DM dates between 194 - 271 Ma showing a nearly unimodal distribution with the main 

component at 264.6 ± 0.3 Ma (98% of the population) and a small component at 195.6 

± 3.4 Ma (2% of the population). Fused muscovites showed high radiogenic 40Ar values 

(>86%). Sample CPV-16-409 presents a similar DM distribution as the sample CPV-

16-408, with the main component at 261.6 ± 0.2 Ma (74% of the population) and small 

components at 249.7 ± 0.5 (15% of the population) and 238.0 ±0.8 Ma (11% of the 

population). Radiogenic 40Ar is relatively high (>73%) especially close to the main 

component (>92%). 
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4.4.3.3 La Ternera Formation 
 

Sample CPV-16-411 (see Section 4.1.3) yielded a complex DM distribution with 

the main group of ages ranging from 72 to 118 Ma and centered at ~91 Ma (Fig. 4.5I) 

showing very low radiogenic 40Ar values (from 40% to 90%). Minor age clusters at 

~273-255 Ma, ~239-245 Ma, and 220 Ma show high values of radiogenic 40Ar (92% - 

99%). 

 

4.4.4 Triassic rift architecture 
 

Due to the Andean orogeny, major Mesozoic normal faults in the Domeyko Basin 

were inverted. Hence, the identification of synrift master faults was based on (1) the 

recognition of significant changes in the structural style of the range, (2) the location of 

proximal deposits, abrupt lateral facies and thickness variations, and (3) evidence of 

active deformation during sedimentation (e.g. synsedimentary faulting, and slumping). 

Thereby, we identified major NS to NNE striking faults as the master synrift Triassic 

faults in the Sierra de Varas (Sierra de Varas and Profeta faults) and Sierra Exploradora 

sub-basins (Sierra Castillo Fault). The geometry of these east-dipping faults is inferred 

to be listric, as can be observed in second-order synsedimentary faults (Fig. 4.3C). 

Adjacent to these faults, proximal deposits were derived from the local Carboniferous-

Permian basement, whereas minor sources (Middle Triassic, Famatinian and 

Grenvillian) were transported from the east through the hanging wall, as evidenced by 

the DZ fingerprint of synrift units (Fig. 4.5A-F). 
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Figure 4.6: A) Structural map of the Vaquillas Altas block showing tilting-corrected fault-slip solutions. 
Raw data can be found in Table S4 (Supporting Information section) or Annexe 7. B) The oblique rifting 
model proposed for the synrift phase of the Domeyko Basin showing the interaction between ~NS and 
~NW normal faults. C) DZ discrimination plot (after Cawood et al., 2012) for Triassic synrift units (N=1196 
zircons), including four samples reported by Espinoza et al. (2019). Estimated depositional age for 
individual samples can be found in Table S5 in Supporting Information or Annexe 6. 
 
 
4.4.5 Kinematic Analysis 
 

Eight stations were measured in the Vaquillas Altas block of the SVSB (Fig. 

4.6A). In most synrift stations, normal faults show the main extension direction (T axis) 

between NE and ENE orientations, indicating that secondary NNW to NW striking 
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normal faults occurred together with the NS to NNE striking master faults in the 

Vaquillas Altas block. Postrift normal faults are less common and smaller than synrift 

structures and are likely associated with differential accommodation during thermal 

subsidence (Cristallini et al., 2009). Interestingly, early postrift sites show a distinct 

WNW to NW extension direction. This result might suggest a change in the regional 

stress field during the postrift phase related to the ceasing of the tensional stresses and 

the predominance of the major N-S to NNE-striking structures. Conversely, the postrift 

station at Cerro Guanaco shows a distinct ~NE main extensional direction (Fig. 4.6A) 

which could be explained by (1) later tectonic rotations accommodated by the Sierra 

de Varas Fault, such as those reported since the Paleogene (Arriagada et al., 2000) or 

(2) a non-uniform strain field from the northern and southern depocenters of the SVSB, 

though more data is necessary to explain this variability. 

 
4.4.6 Balanced cross sections 
 

In this section, we describe the structural styles recognized along the southern 

Domeyko Range (25º-26.5º S) based on the structural balancing process of three 

sections located in key structural blocks (Vaquillas Altas, Exploradora and Castillo 

blocks, Fig. 4.4). Due to the lack of thermochronological data, the fault sequence was 

based on the analog-modeling of inverted basins (McClay and Buchanan, 1992) and 

cross-cutting relationships. 

 

4.4.6.1 Section 1: Vaquillas Altas block 
 

This section runs at the southern tip of the Sierra Vaquillas Altas range (SVAR). 

The front of the SVAR is marked by the high-angle Profeta Fault (PF), which uplifts the 

Paleozoic basement over the Jurassic-Upper Cretaceous stratified cover (Fig. 4.7). 

Based on the relationship between Triassic deposits and this fault, we consider that 

evidences for the inversion of the Triassic rift at this section are: 1) the location of 

Triassic sequences restricted to the hanging-wall of the PF, (2) the record of Triassic 

proximal facies adjacent to this fault (Fig. 4.6A), and (3) the recognition of inversion-
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related fold geometries (buttressing folding) as first reported by Amilibia et al. (2008). 

These observations point to the Profeta Fault as the former master rift fault (Fig. 4.7A).  

This fault was likely inverted during the Eocene-Oligocene ‘Incaic phase’ 

(Maksaev and Zentilli, 1999; Mpodozis et al., 2005). Older regional deformational 

events, such as the Late Cretaceous ‘Peruana phase’ (Steinman, 1929) and the 

Cretaceous-Paleocene ‘K-T phase’ (Cornejo et al., 2003), cannot be assessed due to 

the absence of surface data from Mesozoic successions to the west of the Profeta 

Fault. However, we infer they likely occurred in a similar way as recognized in Section 

2-3. 

Paleogene synorogenic deposits of the Pastos Largos Beds and Aguada de 

Zorro Formation, suggest westward thrust propagation through short-cut faulting at the 

SVAR front (Figs. 4.6 and 4.7B), likely related to the development of the thin-skinned 

Profeta fold-thrust belt to the north of this section (Fig. 4.2). Basement-involved faulting 

showing variable vergence to the east of the Profeta fault, was interpreted here as out-

of-sequence inversion of inferred normal faults and backthrusting (Fig. 4.7B). West-

vergent thrusting of the Ordovician and Carboniferous basement over Jurassic cover 

through a major NNE-striking located to the east, was interpreted here as a newly 

formed fault (Fig. 4.7C). Thin-skinned folding and thrusting at the Corral del Alambre 

(Fig. 4.7C) are interpreted as short-cut faults propagated upwards through a shallow 

detachment likely located at the basement-postrift interface. The latter, together with 

the likely inversion of the Profeta Fault involving crystalline basement, configure the 

Sierra Vaquillas Altas range (SVAR), as a west-vergent, thick- and thin-skinned belt. 
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Figure 4.7: Forward modeling of Section 1 (A-C), Section 2 (D-H) and Section 3 (I-M). 
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4.4.6.2 Section 2: Exploradora block 
 

Section 2 is located in the northern part of the Exploradora block, which 

represented a structural high during the Triassic synrift phase, recording only postrift 

deposition (Fig. 4.7D; Espinoza et al., 2019). This block displays two structural domains 

delimited by the Santa Ana Fault (SAF). To the west, Middle Jurassic to Upper 

Cretaceous sequences are deformed in open folds with ~NNE, and ~NNW oriented 

axes (Fig. 4.4). Due to the thick pile of Jurassic-Cretaceous successions delimited by 

the SAF, we interpret it as a west-dipping, originally Jurassic and later inverted normal 

fault, corresponding to the prolongation of the inverted Gran Llano Fault (Amilibia et al., 

2008). The western part of the section was projected from the northern Sierra 

Candeleros Range, showing a major N-S inverted normal fault (Candeleros Fault, 

CAF), which initially controlled the deposition of Upper Jurassic-Lower Cretaceous 

units (Fig. 4.7E) and later uplifted them over Upper Cretaceous volcanic rocks (73-68 

Ma; Venegas et al., 2013). We interpret the CAF as an antithetic structure related to 

the SAF, both representing the northern prolongation of the Llanta-El Carrizo basin 

(Fig. 4.4; Cornejo et al., 2009). A slight angular unconformity between Upper Jurassic 

and Upper Cretaceous units (Venegas et al., 2013) suggests that the compression and 

associated tectonic inversion occurred during the Late Cretaceous ‘Peruana phase’ 

(Fig. 4.7E). On the other hand, a well-developed unconformity between Lower 

Cretaceous and Paleocene successions in the Alto de Santa Ana anticline (Fig. 4.4) 

was likely formed during the Cretaceous-Paleocene ‘K-T phase’ (Fig. 4.7F). 

To the east of the SAF, the thin-skinned, east-vergent Exploradora fold-thrust 

belt (EFTB) involves only Jurassic postrift sequences, likely formed by a shallow 

detachment at Oxfordian evaporites (Asientos Formation). In order to fit the geometry 

and present position of folds and faults, the EFTB was interpreted as likely formed by 

the decapitation of normal faults of the Llanta-El Carrizo basin related to the transfer of 

the deformation to the eastern domain (Fig. 4.7G). The eastern limit of the EFTB is 

marked by the Don Alejo Fault (AF), a Jurassic normal structure (Cornejo et al., 2009) 

interpreted as inverted through the advance of the EFTB. Slightly asymmetric folding 

affected postrift successions and the effusive Paleozoic basement (La Tabla 
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Formation), interpreted as the result of in-sequence thrust propagation using a shallow 

detachment at the basement-postrift interface (Fig. 4.7G). The timing of the EFTB 

activity is constrained by Eocene synorogenic deposition between thrust sheets (Sierra 

Exploradora Beds). A basement-cored anticline located to the east (Fig. 4.7H) is 

inferred to have been produced by later west-vergent blind faulting. Eocene 

subvolcanic intrusions at the hinge anticline suggest an Eocene date for this event (Fig. 

4.4). 

 

4.4.6.3 Section 3: Castillo block 
 

This section is located in the northern part of the Castillo block (Fig. 4.4), where 

the Sierra Exploradora sub-basin (SESB) formerly developed. Two structural domains 

are limited by the Gran Llano Fault (GLLF), a high-angle inverted normal fault (Amilibia 

et al., 2008). To the west, the Upper Cretaceous Llanta Formation displays an open 

and symmetric syncline (Pampa del Carrizo syncline, PCS) limited to the west by the 

Pampa del Carrizo Fault (PCF). We interpret the large-wavelength and symmetry of 

the PCS as the result of the inversion of a wide graben bounded by the GLLF and PCF 

(Fig. 4.7I), as depicted by the analog-modeling of inverted grabens (Brun and Nalpas, 

1996). This graben was likely related to volcano-tectonic subsidence, controlling the 

deposition of a thick pile of Upper Jurassic to Upper Cretaceous successions (Llanta-

El Carrizo basin). 

A slight angular unconformity between Lower and Upper Cretaceous rocks at 

the eastern limb of the PCS would represent a Late Cretaceous compressional event 

(Fig. 4.7J). Unconformably overlying the PCS, Paleogene units are gently folded, 

constraining an inversion episode of the Llanta-El Carrizo basin to the Cretaceous-

Paleocene limit (‘K-T’ phase). We interpret that basin inversion included backthrust 

faulting related to the reactivation of the GLLF (Fig. 4.7K). 

To the east of the GLLF, complex faulting and small-wavelength, close and 

asymmetric folding of synrift and postrift successions highly contrasts with the structural 

style of the likely inverted Carrizo-Llanta basin graben (Fig. 4.7L). These sequences 

are limited to the west by the high-angle Sierra Castillo Fault (SCF), a transpressive 
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fault active during the Eocene (Niemeyer, 1999; Tomlinson et al., 1993). However, the 

adjacent location of Triassic proximal deposits (Synrift I) points to a former activity of 

the SCF as the master rift fault of the SESB. 

Variable vergence of reverse faults affecting the crystalline basement were 

interpreted here as originated by the out-of-sequence inversion of Triassic normal faults 

and accompanying backthrusting in a similar way as inferred in Section 1. The inversion 

of another inverted normal fault (Carrizo Fault, CF) formed a closed footwall syncline 

later cut by a backthrust, locally defining a triangular zone (Fig. 4.7L). Later on, a west-

vergent thrust equivalent to those recognized in the eastern part of Section 1-2 was 

developed (Fig. 4.7M). Based on the similarity of this thick and thin-skinned, west-

vergent belt with the structural style of Section 1, where Eocene synorogenic deposits 

are present at the range front, we infer that inversion of the Triassic rift at this area was 

probably developed during the Eocene ‘Incaic phase’. 

 

4.5 Discussion 

4.5.1 Triassic synrift tectonics 
 

Major NS to NNE striking master faults (Sierra de Varas, Profeta, and Sierra 

Castillo faults), controlled the development of a long and narrow rift system (Fig. 4.8B). 

On the other hand, NW to WNW secondary normal faults from the Vaquillas Altas block 

(Section 4.3) suggests a significant obliquity with respect to the strike of master faults. 

Evidence of regional NNW to NW striking structures along the rift axis include: (1) 

Triassic NNW striking cataclasites in the SVSB (Niemeyer et al., 2004), (2) local and 

regional ~NNW to ~NW lineaments (Fig. 4.8) cutting across the Domeyko Range (Abels 

and Bischoff, 1999; Salfity, 1985) and (3) abrupt facies changes and local structural 

highs delimiting depocenters along the Domeyko Basin. 

We propose that the synrift Domeyko Basin evolved as an oblique rifting (Brune 

et al., 2018; Tron and Brun, 1991), where basin-bounding NS to NNE striking structures 

acted as oblique faults, with inferred sinistral and normal movements, whereas NW to 

WNW striking structures represented pure normal faults in a transtensional system (Fig. 
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4.6B). Furthermore, several key features of transtensional basins can be identified in 

the Domeyko Basin, such as (1) a strong longitudinal and lateral asymmetry (Christie-

Blick and Biddle, 1985), (2) narrow basins and rapid changes in lateral facies and 

thickness between near depocenters (Belt, 2012; Dorsey and Umhoefer, 2012) and (3) 

prominent topographic margins (Nilsen and Sylvester, 1998), as evidenced by the local 

sediment provenance (Fig. 4.5). 

The NNW to NW-striking structures related to the Triassic rifting in Southwestern 

Gondwana (Charrier, 1979) have been associated with a pre-existing basement fabric 

acquired during the accretionary evolution of the margin (Ramos, 1994). However, 

unlike oblique rifts where pre-existing structures control the orientation of major basin-

bounding faults (Bellahsen et al., 2006; Morley, 2007), such as the Atuel depocenter of 

the Neuquén Basin (Bechis et al., 2010, 2014), the Domeyko Basin master faults 

apparently did not nucleated over the former weaknesses. Instead, the pervasive 

~NNW striking fabric interacted with the ~NS master faults producing highly asymmetric 

releasing bends (Espinoza et al., 2019). We propose that the orientation of master 

faults was controlled by parallel-margin weaknesses associated with the slab-pull force 

of active subduction. Near the continental margin, the slab-pull from a retreating trench 

would have acted in combination with far-field tectonic stresses arising from the 

breakup of Pangea, which controlled the extension of inboard depocenters such as the 

Neuquén, Ischigualasto and Cuyo basins (Giambiagi et al., 2009, 2011). Additionally, 

plate-kinematic models suggest a slight oblique convergence compatible with sinistral 

movements during the Synrift II stage (e.g., Matthews et al., 2016), which would have 

enhanced the development of transtensional tectonics. Triassic active subduction along 

the southwestern Gondwana has been supported by recent geochemical studies 

(Coloma et al., 2017; del Rey et al., 2016; González et al., 2017; Oliveros et al., 2017). 

This hypothesis is supported by the detrital zircon fingerprint of Triassic units of the 

Domeyko Basin, plotting in the subduction field of the tectonic discrimination diagram 

(Fig. 4.6C) proposed by Cawood et al. (2012). 

Significant tectonic rotations mainly related to the building of the Bolivian 

orocline are recorded in northern Chile since the Paleogene (Arriagada et al., 2006). 

To the west of the study area, pre-Miocene units show ~30º clockwise rotations (Fig. 
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4.8A). Therefore, the rift axis likely presented a ~NNW to ~NS orientation before the 

oroclinal curvature acquisition. However, local vertical-axis correction for secondary 

NNW to NW normal faults cannot be performed because of a paleomagnetic data gap 

in the Vaquillas Altas block. Despite this, the oblique rifting model agrees with all the 

evidence mentioned above, though the specific obliquity of the system remains 

undetermined. 

 
Figure 4.8: (A) Topographic map showing NW continental-scale lineaments (Petrinovic et al. 2006). 
AVCL (Antofagasta-Volcán Chaco lineament). Black arrows indicate paleomagnetic rotations (Arriagada 
et al., 2006). (B-C) Inverse Distance Weighting interpolation of Triassic and Paleozoic igneous zircon U-
Pb ages (white points). 
 

4.5.2 Cooling history of triassic synrift sources 

 
In the SESB, U-Pb detrital zircon ages (DZ) from the Quebrada del Salitre 

Formation show a single source at ~277 Ma (Fig. 4.9C), similar to the 278.9 ± 2.4 Ma 
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age obtained for the Sierra Castillo batholith. On the other hand, the Ar detrital 

muscovite (DM) age distribution shows the main peak at ca. 262-267 Ma with minor 

peaks at ~250 and ~238 Ma (Fig. 4.9C). The DM well-defined significant peak and the 

small difference between both the crystallization (DZ) and cooling (DM) age 

distributions of the sources point to a discrete cooling event during the Guadalupian 

(262-267 Ma). We interpret this as the exhumation of the Permian (Cisularian) batholith 

in the SESB. This event coincides with the ‘San Rafael phase’ recorded near Calama 

(~280-260 Ma), associated with the exhumation of Early Paleozoic high-pressure 

metamorphic rocks (Lucassen et al., 1999; Tomlinson et al., 2007), indicating the 

younger activity of this orogenic event in the Castillo structural block (Fig. 4.10A). 

On the other hand, DM results from the SVSB show striking differences with 

respect to the SESB. Thus, DZ ages from the base of the Sierra de Varas Formation 

show the main age group between ca. 270-310 Ma with a peak at ~292 Ma (Fig. 4.9B), 

and minor ages between 210-250 Ma (Espinoza et al., 2019). In contrast, DM results 

show a complex distribution ranging between 192-243 Ma with the main peak at ~202 

Ma. The broad distribution and its much younger peak compared to the age of the 

primary source (Cislurian) can be related to (1) multiple sources or (2) a gradual uplift 

of a slowly exhumed terrain, according to Haines et al. (2004). Based on the 

predominance of local Permian sources in the Sierra de Varas Formation (Fig. 4.5A), 

and the muscovite-poor nature of coeval Triassic sources, we discard the existence of 

multiple sources with different unroofing histories. Notwithstanding, we propose the DM 

distribution in the SVSB reflects a gradual uplift of the Paleozoic plutonic basement 

since ~243 Ma, without experiencing the ‘San Raphael’ event recorded in the SESB. 

Interestingly, the main DM peak in the SVSB is younger than the depositional 

age of the succession (~212-210 Ma; Espinoza et al., 2019), suggesting an aperture of 

the Ar system close to ~192 Ma (Fig. 4.9B). The coincidence of this age with the 

youngest altered K-Ar ages from the Paleozoic plutonic basement (weighted mean of 

191.9±2.3 Ma, Fig. 4.9A), points to a regional thermal event rather than processes such 

as burial metamorphism or diagenetic alteration. We propose that this thermal event 

could be related to the oldest and poorly dated Jurassic back-arc volcanism in the study 

area (Sierra Fraga Formation). This hypothetical age of the initial back-arc magmatism 
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is in agreement with the Sinemurian-Pliensbachian oldest arc-volcanism of La Negra 

Formation in the Coastal Cordillera (Escribano et al., 2013). 

Alternatively, the DM distribution in the SVSB could be interpreted as primarily 

similar to the DM distribution in the SESB, but suffering a strong reset during the Lower 

Jurassic thermal event. We discard this hypothesis based on the DM results from La 

Ternera Basin (Fig. 4.9D). Here, a full-reset of the DM dates occurred between ca. 110-

72 Ma, much younger than the depositional age of the succession (~219 Ma) and 

coinciding with the ‘Peruana phase’ timespan (Bascuñán et al., 2015). Unlike the DM 

of the SVSB, the full-reset in La Ternera Basin shows low radiogenic 40Ar values (Fig. 

4.5I). Furthermore, relict DM dates still reflect the Permo-Triassic cooling age of the 

sources indicated by DZ data. Thus, we distinguish the DM partial reset occurred in the 

SVSB, to the DM full-reset occurred in the La Ternera Basin. 

 

 
Figure 4.9: (A) K-Ar and 40Ar-39Ar dates from the Paleozoic plutonic basement in the Domeyko Range. 
References in Text S3 in the Supporting Information. (B-D) Combined DZ and DM probability density 
plots from Triassic synrift units. 
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4.5.3 Inheritance over the western Central Andes building 
 

In this section, we discuss how ancient Gondwanic processes (e.g., accretion 

and rifting) inherited an indelible mechanical anisotropy during the evolution of the 

Central Andean forearc.Firstly, the DM dating revealed a major cooling event during 

the Guadalupian (ca. 262-267 Ma), corresponding to the San Rafael orogenic event, 

extending the area of influence of this well-recognized orogeny in western Argentina 

(Kleiman and Japas, 2009) and Chilean Frontal Cordillera (Mpodozis and Kay, 1992), 

settling a protracted period of mountain-building and exhumation during ca. 280-260 

Ma. However, as evidenced by the local exhumation of the Limon Verde metamorphic 

complex near Calama (Tomlinson et al., 2007), this orogenic event seems to have 

occurred by segments (Fig. 4.10A). Thus, the San Rafael phase was recorded in the 

Castillo block but not in the Vaquillas Altas block, which began to slowly cool since the 

Middle Triassic (Fig. 4.10A), coeval to the activity of extensional depocenters near the 

Salar de Atacama Basin (El Bordo Beds, Tuina and Pular formations; Cortés, 2012; 

Henríquez et al., 2014; Solari, 2017). We explain this by the existence of a major NW 

structure segmenting the Paleozoic basement since at least ~265 Ma (Antofagasta-

Volcán Chaco lineament, AVCL). The AVCL correlates with a noteworthy break in the 

ages of the Paleozoic basement (Fig. 4.8C), pointing to a first-order segmentation of 

the Gondwanic magmatic belt (Fig. 4.10A). 

Later on, the AVCL would have defined the position of a significant structural-

high (Cerro Danko high), which separated both sub-basins of the Domeyko Basin 

(SVSB and SESB) during the Triassic rifting (Fig. 4.10B). Additionally, during the Synrift 

II stage (ca. 217-200 Ma; Espinoza et al., 2019), the development of rift climax 

sequences along the SVSB evidences a fault linkage process (Gawthorpe and Leeder, 

2000), which resulted in a ~600 km long ~NS trending rift. We propose that the 

interaction between ~NS master faults and the pervasive NNW to NW basement fabric 

configured an oblique transtensional rift, mainly controlled by slab-rollback and 

secondary Pangea-breakup far-field stresses (Fig. 4.10B). 
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Figure 4.10: (A) San Rafael orogeny: Carboniferous-Permian batholiths were exhumed in discrete 
segments controlled by NW pre-Andean structures. (B) Triassic rifting: Sub-basins of the Domeyko 
Basins (Sierra de Varas and Sierra Exploradora sub-basins; SVSB and SESB, respectively) were limited 
by the Cerro Danko high (CDH), controlled by an NW-striking cortical structure. Oblique rifting during the 
‘Synrift II’ (217-200 Ma) led to a transtensional (sinistral) system. (C) Jurassic-Early Cretaceous: Postrift 
back-arc basin took place in the former synrift. Also, principal curvatures and offsets of the Atacama 
Fault System correlate with the position of the main NW-trending lineaments. (D) Late Cretaceous-
Paleocene: ‘Peruana phase’ led to the uplift of the Coastal Cordillera (‘Peruana I’ event) and the inversion 
of local Late Jurassic to Late Cretaceous depocenters (‘Peruana II’ and K-T events)(SAB: Salar Atacama 
basin). (E) Eocene-Oligocene ‘Incaic orogeny’: Rift inversion and Domeyko Fault System inception over 
the former ‘Synrift II’ rift. Thick- and thin-skinned structures were controlled by the sites where synrift 
took place. (F) Miocene-present day: Migration of the deformation to the eastern margin of the Domeyko 
Range. Major earthquake ruptures zones correlate with domains defined by NW cortical structures. 
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During the Late Jurassic-Early Cretaceous and after the postrift period, 

extensional tectonics was focused along the Coastal Cordillera by the settlement of the 

transtensional Atacama Fault System (AFS). There is a noteworthy match between 

first-order curvatures of the AFS and significant NW-striking faults in the Coastal 

Cordillera (Fig. 4.2, Taltal and Barazarte faults), which defined the limits of a crustal-

scale sliver (‘Paposo sliver’; Veloso et al., 2015), suggesting that NW-striking pre-

Andean structures delimited rigid blocks which segmented the AFS during the Late 

Jurassic-Early Cretaceous. 

At the Domeyko Range, Late Jurassic-Early Cretaceous basins were formed 

west of the former rift axis (Fig. 4.10C). These depocenters were partially inverted 

during the Late Cretaceous ‘Peruana II phase’ (ca. 78 Ma; Bascuñán et al., 2015), 

though the precise timing and significance of this event remain poorly constrained in 

the study area (Fig. 4.10D). This contractional phase seems to coincide with the 

development of intra-arc extensional basins (e.g., Llanta-El Carrizo basin, LLCB) during 

the Late Cretaceous (Mpodozis et al., 2005). However, based on the precise age of the 

Llanta Formation in the study area (73-68 Ma; Venegas et al., 2011), we interpret that 

the LLCB represents the extensional reactivation of the former Late Jurassic-Early 

Cretaceous inverted basin. The LLCB corresponded to a wide volcano-tectonic graben 

later inverted during the well-recorded Cretaceous-Paleocene ‘K-T phase’ (Cornejo et 

al., 2003). 

Nevertheless, the most critical control of the former Gondwanic fabric over the 

Andean building took place during the Paleogene. We propose that the Eocene-

Oligocene Domeyko Fault System (DFS) nucleated over the former ~NS trending 

Triassic rift. This inception was possible due to the efficient fault-linkage process during 

the rift climax phase in the SVSB (Espinoza et al., 2019). The rift system shows a high-

spatial coincidence with the Eocene-Oligocene magmatic and metallogenic belt, 

allowing the ascent of deeply sourced magmas (Camus and Dilles, 2001). Furthermore, 

highly focused conduits which promoted the emplacement of giant porphyry-Cu 

deposits would have been created at the intersection of the DFS with NW pre-Andean 

crustal structures (Fig. 4.10E; Richards, 2003). The importance of (1) a preexisting 

fabric, (2) extensional deep-seated master faults and (3) the later coincident with 
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subduction-related magmatism, has been proposed as a key combination in the 

development of large porphyry-Cu-Au deposits (Gow and Walshe, 2005). 

Together with the inception of the DFS, rift inversion and basement exhumation 

(≥ 4-5 km, Maksaev and Zentilli, 1999) took place during the Eocene-Oligocene ‘Incaic’ 

orogeny. Due to the high-angle dip of master rift faults, they were unlikely inverted as 

pure contractional structures. Instead, basin inversion would have been facilitated by 

oblique faulting in a transpressional setting (inverse and sinistral strike-slip). 

Contemporaneously, NW striking pre-Andean structures acted as sinistral transfer 

zones (Fig. 4.10E; Tomlinson et al., 1993), accommodating local vertical-axis rotations 

of major structural blocks (Abels and Bischoff, 1999). 

During basin inversion, the rift architecture controlled main structural style 

changes of the Domeyko Range. In sites where synrift deposition occurred (SVSB and 

SESB), shortening was accommodated by basin inversion together with hybrid thick- 

and thin-skinned, west-vergent structures, whereas where only postrift deposition took 

place, thin-skinned structures (Exploradora fold-thrust belt, EFTB) were developed 

(Fig. 4.10E). In thick-skinned blocks, inverted normal faults were modeled with a deep 

detachment in the mid-crust (~13-16 km, Fig. 4.7), following other rift-rooted orogens 

(e.g., Lacombe and Mouthereau, 2002) and coherent with the brittle-ductile transition 

predicted by thermomechanical models (Giambiagi et al., 2015; Julve et al., 2018). 

Deep-detached faults allowed the later uplift of the Paleozoic crystalline and 

metamorphic basement. Due to the highly faulted and asymmetric rift hemigraben, 

basin inversion involved a complex sequence of faulting, together with backthrust and 

short-cut faulting (Fig. 4.7). On the contrary, where postrift deposition took place directly 

over basement rocks (Exploradora block), thin-skinned structures were developed (Fig. 

4.10E, EFTB). The east-vergent EFTB likely resulted from the upward propagation of 

a bypass fault related to the decapitation of the Llanta Carrizo Basin (Fig. 4.7), using a 

shallow detachment at the gypsum horizons of the Asientos Formation. 

Later on, west-vergent, newly formed thrusts likely developed at the eastern 

edge of the Domeyko Range during the Eocene (Figs. 4.7C, H and M). After this, the 

interaction between these structures and NW-striking faults seems to have controlled 

the westernmost emplacement of some Miocene volcanoes (e.g., Doña Inés Chica and 
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Chaco volcanoes; Figs. 4.4 and 4.10F). Finally, some of the most conspicuous NW-

striking structures (pre-Andean?) at the Coastal Cordillera correlate with the rupture 

zones of major historical earthquakes (>8 Mw; Melnick et al., 2009), suggesting their 

neotectonic activity defining major structural crustal blocks along the Central Andean 

forearc (Fig. 4.10F). 

 

4.6 Conclusions 

In northern Chile, several lines of evidence show how processes occurred before 

the breakup of Gondwana played a significant role during the Andean building. 

Ar detrital muscovite dating shows different cooling histories between the Triassic 

Domeyko rift sub-basins. In the Sierra Exploradora sub-basin (SESB) a rapid 

exhumation took place at ca. 262-265 Ma during the San Raphael orogeny. In contrast, 

in the Sierra de Varas sub-basin (SVSB) slow cooling and gradual uplift of the 

crystalline basement occurred since Middle Triassic (ca. 243 Ma). We explain this 

difference by the activity of a NW-striking crustal structure (Antofagasta-Volcán Chaco 

lineament, AVCL) segmenting the region since at least the Cisularian and likely related 

to the tectonic fabric acquired during the accretional history of the margin. 

During the Triassic rift, the AVCL defined the position of a structural high 

separating the SVSB and the SESB. The fault linkage developed during the Synrift II 

stage (ca. 217-200 Ma) led to the formation of a long and narrow ~NS rift, which 

interacted with the former NW-trending fabric producing a transtensional system in an 

oblique rift setting. The rift orientation was likely controlled by parallel-margin 

weaknesses driven by slab-rollback subduction. 

The structural balance evidence that the Triassic rift strongly determined the 

later structural style of the Domeyko Range. Along both sub-basins (SVSB and SESB) 

deep-seated master faults were likely inverted during the Eocene-Oligocene Incaic 

orogeny, producing west-vergent, thick- and thin-skinned tectonics at the core of the 

Domeyko Range. In contrast, in sites where only postrift deposition took place, east-

vergent thin-skinned structures were developed. The reactivation of the rift master 

faults would have been facilitated by oblique faulting leading to the inception of the 
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transpressional Domeyko Fault System (DFS). The intersection between the DFS and 

pre-Andean NW-striking crustal structures seems to have promoted the emplacement 

of large Cu-Mo porphyry copper deposits. NW-striking structures also accommodated 

Paleogene tectonic rotations unexplained solely by oroclinal bending, defining blocks 

that match with the rupture zone of large historical earthquakes, suggesting an 

important role in the neotectonics of the Andean forearc. 
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Capítulo 5: Discusión 

5.1 El rift de Domeyko en la evolución de Gondwana suroccidental 

Los resultados e interpretaciones expuestos previamente referentes a la 

geocronología, sedimentología y cinemática de la etapa de rift de la Cuenca de 

Domeyko permiten proponer lo siguiente (capítulos III y IV): 

- La fase de subsidencia mecánica en el rift de Domeyko habría tenido lugar en 

dos períodos: Synrift I (Ladiniano – Carniano; ca. 240 - 225 Ma), gatillándose la aper-

tura de la subcuenca Sierra Exploradora (SESB) y Synrift II (Nórico – Rético; ca. 217-

200 Ma), en el que se inició la Subcuenca Sierra de Varas (SVSB) y se reactivó la 

depositación en la Subcuenca Sierra Exploradora. 

- Durante el Synrift II, en la SVSB se desarrollaron discretos depocentros (Cerro 

La Ballena, Sierra de Varas, Cerro Guanaco y Vaquillas Altas), en los cuales se depo-

sitaron sucesiones continentales sedimentarias y volcánicas (Fig. 3.9). En aquellos de-

pocentros donde se desarrolló un menor aporte volcánico (“low-volcanoclastic input 

depocenters”; Sierra de Varas y Vaquillas Altas), se registró una sucesión tripartita 

(aluvial, fluvial y lacustre) la que estaría asociada a la progresión de la subsidencia 

tectónica (Fig. 3.10). El desarrollo de sistemas lacustres profundos estaría asociado a 

un aumento brusco del espacio de acomodación, indicando una fase de climax del rift, 

probablemente relacionado a la unión de las fallas maestras (“fault linkage stage”), 

generando un sistema de rift elongado y angosto (ca. 400 km de largo) con un rumbo 

actual ~NS a ~NNE (Fig. 4.8). 

- Junto a las fallas maestras de orientación ~NS a ~NNE (Fallas Profeta, Sierra 

Castillo y Sierra de Varas) y manteo hacia el este, se desarrollaron fallas secundarias 

de rumbo NNO-SSE a NO-SE. Ambos sistemas estructurales se habrían generado 

mediante un régimen transtensional (sinistral) el que habría dado origen a un sistema 

de rift oblicuo (Figs. 4.6 y 4.10B). 

Con el fin de inferir el significado geodinámico del rift de Domeyko en el contexto 

de la evolución de Gondwana Suroccidental durante el Triásico (Fig. 5.1), en las 

siguientes secciones se integrarán los resultados enunciados previamente con 
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antecedentes compilados a partir de otras cuencas de rift coetáneas (e.g. dataciones 

U-Pb en circón y geoquímica de rocas ígneas). 

 

 
Figura 5.1: Cuencas de rift desarrolladas durante el Triásico-Jurásico Inferior en Gondwana 
Suroccidental. Modificado de Spikings et al. (2016). 
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5.1.1 Etapas synrift en el norte de Chile 
 
Charrier et al. (2007) propusieron que la subsidencia mecánica de las cuencas 

pre-Andinas en Chile se habría desarrollado en dos períodos: Primera Etapa 

(Lopingiano – Ladiniano tardío) y Segunda Etapa (Nórico-Sinemuriano). 

Posteriormente, para el segmento entre los 31º - 37º S en Chile y Argentina, Charrier 

et al. (2014) refinaron los límites de estos períodos a una Primera Etapa (Lopingiano – 

Ladiniano a Cárnico) y una Segunda Etapa (post-Cárnico – Pliensbachiano). Acorde a 

estos autores, ambas etapas estarían separadas por un pulso silícico y volcanoclástico 

Ladiniano-Cárnico (La Totora-Pichidangui). Por otro lado, en la Cordillera Frontal, 

Salazar et al. (in press) distinguieron dos etapas de subsidencia mecánica (Primera 

Etapa durante el Lopingiano-Triásico Medio alto y Segunda Etapa durante el Nórico - 

Rético), separadas por una fase de alzamiento (discordancia Carniana) durante el 

Ladiniano-Cárnico. En relación a estos límites y considerando la cronoestratigrafía 

observada entre los 23° - 27°S, es posible discutir que: 

 

- La expresión local de los depocentros volcanoclásticos silícicos desarrollados du-

rante el Lopingiano – Triásico Inferior y expuestos en el actual borde del Salar de 

Atacama (e.g. formaciones Cas y Peine; Niemeyer, 2013), junto a su contempora-

neidad con los registros más jóvenes del volcanismo de la provincia magmática de 

Choiyoi (286-247 Ma; Sato et al., 2015), permite interpretar que estos depocentros 

se habrían formado mediante subsidencia volcanotectónica (Fig. 5.2), no correspon-

diendo a cuencas de rift sensu stricto (Sengör, 1995; Sengör y Natal’in, 2001). Fuera 

del área de estudio, en el sector de la Cordillera Frontal de Vallenar, sucesiones 

parcialmente equivalentes corresponderían a la Formación Guanaco Sonso, desa-

rrollada en un sistema tipo caldera (López, 2015; Salazar y Coloma, 2016). De esta 

manera, los depocentros de rift se habrían generado posterior al magmatismo de 

Choiyoi (Permo - Triásico) en el norte de Chile y Argentina. 



 114 

 
Figura 5.2: Esquemas cronoestratigráficos en Chile para el rift triásico y comparación con la Cuenca 

Neuquina. Referencia para esta última cuenca es acorde a Bechis et al. (2014).  
 

- La discordancia Carniana (Fig. 5.2), asociada al alzamiento del batolito Chollay en 

la Cordillera Frontal de Chile (Salazar et al., in press) no se registraría entre los 23° 

- 27° S. Más aún, los datos de termocronología de muscovitas detríticas presenta-

dos en el Capítulo IV (sección 4.5.2), indican que al menos parte del basamento de 

esta región experimentó un enfriamiento sostenido y lento a partir de los ca. 243 

Ma, posiblemente asociado al alzamiento isostático asociado al desarrollo de las 

cuencas extensionales coetáneas. Por otro lado, Kato y Godoy (2015) propusieron 

la existencia de un evento de deformación transpresivo post-Triásico Inferior (Triá-

sico Medio-Superior?), el cual habría exhumado los complejos acrecionarios Gond-

wánicos entre los 26° - 42° S. De esta manera, se observa un contraste en la defor-

mación intra-triásica entre los dominios al norte y sur de los 27°S. Esta diferencia 

se evidencia además en el disímil volumen de exposición de las raíces del arco 
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magmático Triásico Inferior-Medio entre ambos dominios. Lo anterior permite suge-

rir una segmentación del paleomargen de Gondwana aproximadamente a los 27°S, 

la cual se extendería hacia el Jurásico (Oliveros et al., 2018). 

 

- En relación al inicio de la etapa postrift, entre los 23° - 26° S existen una serie de 

evidencias que indican que esta habría comenzado durante el Rético alto (Ardill et 

al., 1998; Amilibia, 2002), tales como: (1) la depositación de facies arrecifales del 

Rético (formaciones Profeta y Las Bateas), sobre una gran área de la Cordillera de 

Domeyko (Chong y Hilldebrandt, 1985; Ardill et al., 1998; Venegas et al., 2013; 

González et al., 2015; Astudillo et al., 2017), las que se habrían relacionado a bajas 

tasas de acomodación y aporte sedimentario, marcando una disminución abrupta 

de la subsidencia mecánica (sección 3.5.3.2); (2) evidencias de sellamientos postrift 

en unidades hetangianas (Formación Profeta) sobre fallas normales sinsedimenta-

rias (Fig. 3.4B); (3) discordancias angulares locales asociadas a la depositación de 

las facies arrecifales (Fig. 3.5) y (4) la menor frecuencia y desplazamiento de las 

fallas normales sinsedimentarias que afectan las sucesiones depositadas durante 

el Rético-Hetangiano. De esta manera, la fase de synrift entre los 23° - 26° S estaría 

circunscrita únicamente al Triásico. Sucesiones synrift desarrolladas durante el Ju-

rásico Inferior (Rético-Sinemuriano) han sido bien descritas en Argentina (Grupo 

Pre-Cuyo; Giambiagi et al., 2008, 2009; Cristallini et al., 2009; Bechis et al., 2010, 

2014; Drosina et al., 2017) y correlacionadas entre los 31° -  37° S en Chile (Charrier 

et al., 2014). Lo anterior sugiere una migración del foco de la extensión, volviéndose 

más joven hacia el sur. La posibilidad de que sucesiones synrift se hayan desarro-

llado en el norte de Chile (23º - 27º S) durante el intervalo Hetangiano-Sinemuriano, 

constituyendo un nuevo pulso de subsidencia mecánica, es difícil de evaluar dada 

la coincidencia con un alza relativa del nivel del mar a nivel global durante el Hetan-

giano (Ardill et al., 1998), por lo que estudios detallados deberían desarrollarse a la 

hora de testear esta posibilidad. 

De esta manera, se propone que entre los 23° - 27° S, se desarrollaron tres 

períodos de extensión (Fig. 5.2): una primera subsidencia volcanotectónica asociada 

al magmatismo de Choiyoi durante el Pérmico Superior – Triásico inferior (ca. 256 – 
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247; Lopingiano – Olenekiano), seguida de dos etapas de subsidencia mecánica 

(synrift): Primera Etapa (ca. 246-227 Ma; Anisiano – Carniano) y Segunda Etapa (ca. 

219-202 Ma). El período intermedio entre ambas etapas de subsidencia mecánica 

coincide parcialmente con el desarrollo de intrusiones sub-volcánicas intermedias a 

silícicas registradas en las cercanías de Calama (Tomlinson et al., 2001; Tomlinson y 

Blanco, 2008). 

 

5.1.2 El rift Triásico-Jurásico en Gondwana SW y el hiatus del Nórico bajo 
 

Contemporáneamente a la etapa de Synrift I de la Cuenca de Domeyko (Fig. 5.3), 

el rift de la Cuenca de Mitu en Perú (ca. 240 – 220 Ma) fue rellenado mediante 

sedimentación continental y un volcanismo basáltico alcalino/subalcalino para el cual 

ha sido propuesta tanto una configuración de rift intracontinental (Spikings et al., 2016) 

como de cuenca de trasarco (Reitsma, 2012). En Chile, en las proximidades de la 

Depresión Pre-Andina y del borde oriental de la Cordillera de Domeyko se 

desarrollaron discretos depocentros entre los ca. 247 – 232 Ma donde se depositaron 

las formaciones Pular (Niemeyer et al., 2008; Solari et al., 2017), Tuina (Henríquez et 

al., 2014) y los Estratos El Bordo (Basso y Mpodozis, 2012). En la Cordillera de la 

Costa, afloramientos menores en el sector de Paposo (Formación Cifuncho) indican 

una depositación entre los ca. 242 - 226 Ma asociados a volcanismo explosivo (Álvarez 

et al., 2016), mientras que material fosilífero y edades máximas de circones detríticos 

sugieren la depositación de la Formación Canto del Agua entre el Anisiano ‘superior’ y 

el Cárnico ‘bajo’ a la latitud de Vallenar (Salazar et al., in press). En la Cordillera 

Frontal, los miembros M1 a M4 de la Formación San Félix se habrían depositado 

después de los 254 Ma y hasta el Anisiano ‘superior’ (Salazar et al., in press). Actividad 

extensional durante un intervalo similar tuvo lugar en Argentina en la Cuenca Cuyana 

entre los ca. 240-230 Ma (Ávila et al., 2006; Spalletti et al., 2008; Mancuso et al., 2010; 

Barredo et al., 2012; Ottone et al., 2014) y en la Cuenca de Ischigualasto entre los ca. 

252 – 226 Ma (Rogers et al., 1993; Shipman, 2004; Martinez et al., 2011; Kent et al., 

2014; Marsicano et al., 2016). 
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Durante la etapa de Synrift II de la Cuenca de Domeyko, en la Cordillera de la 

Costa (sector Taltal; Figura 5.1) se depositaron rocas sedimentarias continentales y 

volcánicas intermedias a ácidas en la Cuenca Cifuncho entre los 212 - 200 Ma 

(Contreras et al., 2013; Espinoza et al., 2015a; Figura 5.4), mientras que en las 

cercanías de Vallenar se depositó el miembro superior de la Formación Canto del Agua 

(< ca. 216 Ma; Nórico – Rético; Salazar et al., in press). A esta misma latitud en la 

Cordillera Frontal, el Miembro M5 de la Formación San Félix se depositó discordante 

sobre el basamento plutónico del Triásico Medio durante el Nórico – Rético (< ca. 212 

Ma; Salazar et al., 2013). Por otro lado, una relación similar se observa en la 

principalmente volcánica Formación la Totora (ca. 218 – 210 Ma; Salazar et al. 2013). 

También en la Cordillera Frontal, contenido fosilífero vegetal (Reyes, 2017) y una edad 

U-Pb de ca. 219,4 +3,4/-2,0 Ma obtenida en una toba de la sección superior de la 

Formación La Ternera, indicaría que esta unidad se habría depositado en la cuenca 

homónima durante el Nórico – Rético  (Fig. 4.5 y secciones 4.4.1.3 y 4.4.2.2). Por otra 

parte, en la Cordillera Principal de Chile y Argentina (31°- 33° S), en base a su 

contenido fosilífero y recientes edades U-Pb, la Cuenca Mercedario se habría 

desarrollado durante el Rético tardío - Sinemuriano (Alvarez y Ramos, 1999; 

Mackaman-lofland et al., 2019). Más al sur, numerosas edades ígneas U-Pb indican 

que las unidades synrift de la Cuenca Neuquina (Grupo Pre-Cuyo) se habrían 

desarrollado aproximadamente entre los 211 y 192 Ma (Bermudez et al., 2002; 

Schiuma y Llambías, 2008; Spalletti et al., 2010; Barrionuevo et al., 2011; Naipauer et 

al., 2016; Mackaman-lofland et al., 2019).
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Figura 5.3: Cronoestratigrafía generalizada las cuencas triásicas desarrolladas en Gondwana Suroccidental durante el Pérmico-Jurásico Inferior.  
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Figura 5.4: Edades U-Pb en circones de tobas pertenecientes a la Formación Cifuncho y Agua Chica, 
en las cercanías de Taltal (Espinoza et al., 2015a) 

 

Un análisis de la cronoestratigrafía de las sucesiones triásicas expuestas en 

Chile, Argentina y Perú, basado en la compilación de edades U-Pb en circón (Fig. 5.3), 

evidencia una disminución significativa del registro sedimentario en Gondwana 

Suroccidental (hiatus depositacional) entre los ca. 226-219 Ma. De esta manera, la 

sedimentación triásica a gran escala parece haberse desarrollado en dos grandes 

períodos, aun cuando los límites temporales individuales entre las distintas cuencas 

son diacrónicos y algunos eventos de deformación intra-triásica parecieran presentar 

una mayor o menor expresión en función de una segmentación del paleomargen 

gondwánico. Estos períodos coinciden con las etapas de synrift propuestas en este 

trabajo para la Cuenca de Domeyko (Synrift I y Synrift II) y las observadas en el norte 

de Chile entre los 23 - 27ºS.  

El inicio del hiatus depositacional coincide aproximadamente con una 

reconfiguración de la cinemática de placas ocurrida a los ca. 228 Ma (Fig. 5.5), como 

lo muestran recientes modelos de cinemática de placas (Matthews et al., 2016; Müller 

et al., 2016). Acorde a estos modelos, previo a los ca. 228 Ma el paleomargen habría 

presentado una subducción con una losa oceánica convergiendo con una alta 

oblicuidad de cinemática dextral, mientras que posteriormente la velocidad de 

convergencia habría disminuido y se habría desarrollado una ligera oblicuidad de 

cinemática sinestral. Lo anterior es coherente con la cinemática sinestral del sistema 

de rift oblicuo propuesto para la Cuenca de Domeyko durante la etapa de Synrift II. 
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Figura 5.5: Configuración de placas en el margen suroccidental de Gondwana para los A) 240 Ma y los 
B) 220 Ma. C) Velocidad interplacas (placas Phoenix y punto de referencia en Chilenia; RP: Punto de 
referencia) entre los 250-170 Ma y D) Velocidad azimutal de RP entre el mismo periodo. El modelo 
cinemático utilizado corresponde a Matthews et al. (2016) y fue implementado en el software GPlates. 
 

5.1.3 Ambiente geotectónico durante el rift de Domeyko 
 

Durante el Triásico Medio – Superior bajo (Synrift I), la actividad plutónica en 

Perú tuvo lugar al este del Grupo Mitu, en la Cordillera de Carabaya (Reitsma, 2012; 

Spikings et al., 2016), mientras que en el norte de Chile, abundante plutonismo de esta 

edad se registra entre los 28° - 30° S en la Cordillera Frontal (e.g complejos plutónicos 

Chollay y Montosa – El Potro; Coloma et al., 2017), marcando claramente la posición 

del eje magmático del período. Por otra parte, cuerpos plutónicos de menor dimensión 

se reconocen localmente al norte de los 27°S en la Cordillera de la Costa en las 

proximidades de Paposo, Taltal y Chañaral (ca. 230-245; Godoy y Lara, 1998; 
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Matthews et al., 2010; Escribano et al., 2013; Álvarez et al., 2016), en el borde oriental 

de la Cordillera de Domeyko (Complejo Intrusivo Varilla Norte, ca. 239-225 Ma; Solari 

et al., 2017) y en la Puna (ca. 246-247; Poma et al., 2014). 

Recientes investigaciones que integran la geoquímica de estos cuerpos 

plutónicos indican que sus características se corresponden a la de magmas generados 

mediante la subducción de una losa oceánica (e.g. presencia de minerales hidratados, 

alta razón LILE/HFSE, anomalía negativa Nb-Ta; Coloma et al., 2017; del Rey et al., 

2016; González et al., 2017; Oliveros et al., 2018). Sin embargo, a diferencia de lo que 

ocurre al sur de los 27º S, en el área de estudio, la presencia de plutonismo tiene un 

volumen restringido pero distribuido sobre una gran extensión lateral, abarcando desde 

la Cordillera de la Costa hasta la Puna, dificultando la distinción del eje del arco 

magmático. Es posible que la distribución del magmatismo en este segmento esté 

relacionada al desarrollo de una subducción de bajo ángulo, aunque no suficiente para 

suprimir el magmatismo (>30º), en la cual el magmatismo es distribuido en un sector 

amplio de la corteza, tal como ha sido planteado para el suroeste norteamericano 

durante el Paleógeno (Keith, 1978). En el contexto de una subducción de bajo ángulo, 

es probable que el mecanismo de subsidencia mecánica desarrollado durante la etapa 

de Synrift I entre los 23 - 27º S haya sido relativamente débil. Este mecanismo pudo 

estar relacionado únicamente a esfuerzos de campo lejano asociados a la 

fragmentación de Pangea, dando lugar a depocentros menores, de distribución local y 

aislada, los que habrían nucleado preferentemente en zonas de debilidad previas (Fig. 

4.10B). 

Durante este periodo (Synrift I), en las cuencas de rift del oeste argentino 

(cuencas de Ischigualasto y Cuyo) se desarrolló un magmatismo petrográficamente 

bimodal y de afinidad alcalina, el que se ha usado como evidencia de la ausencia de 

subducción durante el Triásico (Ramos y Kay, 1991; Rocher et al., 2016). Por otra 

parte, afinidades puramente alcalinas de intraplaca como las reportadas hacia el este 

de la cuenca de Ischigualasto (Sommer et al., 2018), coexisten con aquellas que 

presentan tanto una afinidad alcalina en las componentes basálticas (tipo OIB) y 

calcoalcalina en aquellas silícicas (Orellano et al., 2019) al oeste de la cuenca Cuyana. 

De esta manera, en términos de la geoquímica de sus productos magmáticos y la 



 122 

distancia al posible arco magmático, es posible considerar las cuencas desarrolladas 

hacia el interior de Gondwana suroccidental (Fig. 5.1) como un sistema 

progresivamente dominado por una dinámica intracontinental. 

Por otro lado, durante el Synrift II (post ca. 217 Ma) la actividad plutónica migró 

claramente a la Cordillera de la Costa tanto al norte como al sur de los 27º S: Granito 

Algodones y Complejo Plutónico Carrizal Bajo (Vallenar; Arévalo y Welkner, 2008),  

Sienogranito Capitana (Chañaral; Espinoza et al., 2014; Godoy y Lara, 1998), 

Complejo Intrusivo Anchuña (Taltal; Escribano et al., 2013) y Tonalita Morro Mejillones 

(Casquet et al., 2013). Entre los 24.5º-26.5º S, el plutonismo estuvo acompañado de 

volcanismo intermedio a silícico de las formaciones Agua Chica y Cifuncho entre los 

ca. 213 – 200 Ma (Godoy y Lara, 1998; Contreras et al., 2013; Espinoza et al., 2015a). 

De forma contemporánea, en la Cordillera de Domeyko se desarrolló un volcanismo 

basáltico (Formación Quebrada del Salitre) a intermedio-silícico (formaciones Cerro 

Guanaco y Sierra de Varas). En ambos dominios (C. Costa y C. Domeyko), la 

geoquímica volcánica indica un trend calcoalcalino (Fig. 5.6A), con una alta razón 

LILE/HFSE y una anomalía negativa de Nb-Ta, P y Ti (Fig. 5.6E), signatura típica de 

magmas generados a partir de la presencia de fluidos procedentes de una losa 

subductante (Espinoza et al., 2016). Sin embargo, la amplia variabilidad composicional 

de la Formación Quebrada del Salitre (Fig. 5.6B), así como una anomalía de Nb menos 

pronunciada que su contraparte costera y una clasificación en los diagramas 

discriminadores tectónicos que va desde rocas de arco a intraplaca, sugieren una 

menor influencia de los fluidos liberados por el slab en la génesis de estos magmas 

(Sayit et al., 2017). Un comportamiento similar se observa en rocas volcánicas 

generadas en cuencas de rift ubicadas en una posición de trasarco (e.g Sumisu rift; 

Hochstaedter et al., 1990; Rossel et al., 2013) las que se asemejan geoquímicamente 

a los basaltos de trasarco (back-arc basin basalts, BABB; Stern et al., 1990). 

Lo anterior, junto a la posición de los plutones del Triásico Superior (post- ca. 

218 Ma), sugiere que durante la etapa Synrift II, la Cuenca de Domeyko se desarrolló 

en una posición de trasarco mientras que la Cuenca Cifuncho constituiría una cuenca 

de intra-arco. Como se propuso en los Capítulos 3 y 4 (secciones 3.5.5 y 4.5.1 

respectivamente), el rift de Domeyko durante esta etapa correspondería entonces a un 
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rift oblicuo asociado a subducción (subduction-related rift; Merle, 2011) el cual se 

habría formado bajo dos campos de esfuerzos: uno local asociado al slab-pull de la 

losa subductante tipo rollback y otro de campo lejano asociado al desmembramiento 

de Pangea. De esta manera, la mayor velocidad de convergencia de la placa Phoenix 

durante el Synrift II con respecto al Synrift I, podría estar asociado a un aumento del 

slab-pull, intensificando la apertura de las cuencas más cercanas al paleomargen 

gondwánico, reconociéndose durante esta etapa un aumento en la actividad 

extensional en el margen chileno (Charrier et al., 2007). 

Por otro lado, dada la clara migración del magmatismo de arco hacia la 

Cordillera de la Costa posterior a los 218 Ma, desde Perú (arco volcánico de Chocolate, 

ca. 216 - 135 Ma; Boekhout et al., 2012; Spikings et al., 2016) hasta al menos los 29° 

S, inferimos una posición de trasarco para las cuencas de rift de La Ternera, San Félix 

(miembro M5), Mercedario y Neuquén (Fig. 5.1).  

 

 
Figura 5.6: Geoquímica de las rocas volcánicas triásicas de la Cordillera de Domeyko (círculos 
magenta) y Cordillera de la Costa (círculos azules). Tomado de Espinoza et al. (2016) y Celis (2018). 
A) Clasificación de rocas alteradas (Winchester y Floyd, 1977). B) Diagrama AFM (Irvine y Baragar, 
1971). C) Diagrama de discriminación geotectónica (Wood, 1980). Diagrama Spider de tierras raras 
(Pearce et al., 1984).  
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5.2 Inversión del rift de Domeyko: Implicancias en la construcción de los Andes 
Centrales 

Los resultados e interpretaciones expuestas en el Capítulo 4, referentes a la 

geocronología detrítica (Ar-Ar en muscovitas y U-Pb en circón), junto con al balance 

estructural de la Cordillera de Domeyko, nos permiten proponer que: 

- La historia de enfriamiento de las fuentes sedimentarias de la subcuenca Sierra 

Exploradora (SESB) indicaría un enfriamiento rápido del basamento de este depocen-

tro durante el Pérmico Superior (262-265 Ma), el que se asociaría a la etapa más joven 

de la Fase San Rafael. Por otro lado, el basamento de la subcuenca Sierra de Varas 

(SVSB) habría registrado un enfriamiento lento asociado a un alzamiento gradual a 

partir de los ca. 243 Ma. Este contraste se habría generado a partir de la actividad de 

una estructural cortical de probable rumbo noroeste (AVCHL; lineamiento Antofagasta-

Volcán Chaco), la que habría segmentado ambos dominios desde al menos el Pérmico 

Superior. 

- Durante la etapa de rift de la Cuenca de Domeyko, la posición inferida para el 

AVCHL coincide aproximadamente con la posición de un alto estructural que separó 

las subcuencas de la Cuenca de Domeyko (SVSB y SESB). 

- Durante la orogénesis Incaica (Eoceno tardío), ambas subcuencas (SESB y 

SVSB) habrían experimentado inversión tectónica, dando lugar a la exhumación del 

basamento plutónico Paleozoico en un estilo de deformación de piel gruesa y de ver-

gencia principal al oeste. Por otro lado, en el bloque que constituyó un alto estructural 

durante la etapa synrift, se desarrolló una deformación de piel delgada y de vergencia 

al este en el núcleo de la Cordillera de Domeyko. 

- La inversión de las fallas maestras del rift de Domeyko mediante tectónica trans-

presional habría permitido la incepción de las estructuras occidentales del Sistema de 

Fallas de Domeyko. 

Con el objetivo de discutir el rol que habría jugado la inversión del rift triásico en 

la orogénesis andina, en esta sección se entregan antecedentes adicionales 

correspondientes a información geocronológica, estratigráfica y estructural referente a 

la geología regional de la Cordillera de Domeyko entre los 23°- 27° S. 
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5.2.1 Estilo estructural y temporalidad de la deformación de la Cordillera de Do-
meyko. 
En el área de estudio es posible distinguir un dominio oriental, conformado por 

el flanco occidental de la Cordillera de Domeyko y un dominio occidental formado por 

el extremo oriental de la Depresión Central. El límite entre ambos dominios está mar-

cado por estructuras de alto ángulo que generan un cambio abrupto en la topografía 

del área (e.g. fallas Profeta, Gran Llano y Sierra Castillo). La evolución geológica del 

área a partir del Paleozoico Superior generó una segmentación a lo largo del eje de la 

Cordillera de Domeyko, la cual posteriormente controló la ubicación de las subcuencas 

del rift de Domeyko (Capítulo IV). En base a tal segmentación y correlacionando la 

presencia de estructuras locales de rumbo NO-SE con lineamientos de escala cortical 

presentes en el antearco, se dividió la región en tres bloques estructurales: Vaquillas 

Altas, Exploradora y Castillo (Fig. 5.7A). 
 
5.2.1.1 Estilo estructural del flanco occidental de la Cordillera de Domeyko 

El estilo estructural del dominio occidental de los bloques centro (Exploradora) 

y sur (Castillo) es interpretado como correspondiente a la inversión de una cuenca 

extensional activa durante el Jurásico Superior-Cretácico (Cuenca Llanta-Carrizo). Las 

unidades involucradas se encuentran deformadas en pliegues abiertos y simétricos de 

gran longitud de onda (Fig. 5.7D). En este sentido, considerando modelos análogos de 

inversión (Brun y Nalpas, 1996), el desarrollo de un sinclinal central de gran longitud 

de onda (e.g. Sinclinal de Pampa del Carrizo) es interpretado como una geometría 

asociada a la inversión de un depocentro original tipo graben (Fig. 5.8). Por otro lado, 

en el bloque Exploradora, se interpreta que posterior a la inversión del graben, se 

habría desarrollado una falla de sobrepaso de vergencia este (bypass fault), la que 

cortaría la Cuenca Llanta-Carrizo y se anclaría hacia el este en los niveles de baja 

competencia de la sucesión postrift jurásica (e.g. yeso oxfordiano en Formación 

Asientos). Esta transferencia de la deformación hacia el dominio oriental habría sido 

facilitada por la ausencia de basamento plutónico en este sector, el que actuaría como  

un bloque rígido en las demás secciones.
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Figura 5.7:    A) Mapa geológico-estructural del área de estudio indicando las secciones estructurales 
analizadas.  B-C-D) Configuración actual de las secciones estructurales analizadas (etapa final de 
modelamiento forward). 
 

Más aún, actividad neotectónica en el dominio occidental del bloque 

Exploradora, correspondiente a fallamiento de bloque hundido hacia el este (Fig. 5.9), 

ha sido interpretada como originadas por la reactivación de fallas inversas “volcadas” 

(Audin et al., 2003). Lo anterior resulta compatible con un basculamiento de las fallas 

invertidas del flanco oriental de la Cuenca Llanta Carrizo durante el traslado pasivo a 

través de la estructura de sobrepaso inferida (Fig. 5.7C). En particular, las fallas 

marginales de vergencia opuesta propuestas en el modelo de Audin et al. (2003), 

corresponderían a las que aquí se interpretan como las fallas de borde invertidas del 

graben. En el bloque Vaquillas Altas, dada la gran cobertura de unidades neógenas, 

no fue posible determinar la geometría en profundidad del dominio occidental. Sin 

embargo, se interpreta que habría experimentado una evolución similar a la del bloque 

Castillo. 

 
Figura 5.8: Ejemplo de graben invertido (Sole Pit Basin; Badley et al., 1989). Tomado de Brun y Nalpas 
(1996). 
 

Por otro lado, el estilo estructural del dominio oriental de los bloques norte 

(Vaquillas Altas) y sur (Castillo) correspondería a uno de piel gruesa asociado a la 

exhumación del basamento cristalino paleozoico a través de la inversión de las fallas 
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maestras del rift triásico, generando una vergencia principal hacia el oeste del flanco 

occidental de la Cordillera de Domeyko. El proceso de inversión de estas fallas de alto 

ángulo habría sido facilitado mediante una cinemática transpresional y habría 

involucrado el desarrollo de fallas de atajo y retrocorrimientos mediante fallamiento 

fuera de secuencia, como lo mostraron McClay y Buchanan (1992) mediante modelos 

análogos. Esta compleja deformación generó una geometría que contrasta con la 

inversión del graben de la Cuenca Llanta-Carrizo, caracterizándose por pliegues 

cerrados y de corta longitud de onda. Además, el cambio de vergencia de las fallas 

asociado a la generación de retrocorrimientos, habría formado geometrías tipo pop-up 

y zonas triangulares (Fig. 5.7). Esta compleja deformación es típica de regiones que 

experimentan inversión tectónica (Cooper et al., 1989; McClay, 1989; Colletta et al., 

1997). Posterior a la inversión del rift, en el borde de la Cordillera Occidental se habría 

desarrollado un fallamiento de vergencia oeste que alzó el basamento plutónico y 

sedimentario paleozoico. 

Por otro lado, en el bloque Exploradora se desarrolló un estilo de piel delgada y 

vergencia hacia el este, correspondiente a la Faja Plegada y Corrida Exploradora 

(Cornejo et al., 2009). En esta tesis se interpreta que este sistema estaría asociado a 

la propagación de la deformación a niveles más someros a través de la falla de 

sobrepaso inferida desde el dominio occidental de este bloque (Fig. 5.7C). El 

alzamiento del basamento volcánico paleozoico desde el este se interpretó como 

ocasionado por fallamiento de vergencia occidental similar al desarrollado en los 

bloques Vaquillas Altas y Castillo en el borde de la Cordillera Occidental, aunque en 

este bloque esta estructura sería ciega. La intrusión de hipabisales con edades entre 

los 39-38 Ma siguiendo el eje de esta falla inferida (Cornejo et al. 2009), sugiere una 

temporalidad eocena para esta estructura. 
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Figura 5.9:   Esquema de la deformación neotectónica en el área de estudio. Tomado de  Audin et al. 
(2003).  
 
 
5.2.1.2 Temporalidad de la deformación en el flanco occidental de la Cordillera 
de Domeyko 
 

Para constreñir la temporalidad de la deformación en el modelo forward 

(Capítulo IV), se utilizaron principalmente relaciones de corte observadas en campo, 

bibliografía disponible (e.g. Tomlinson et al., 1999; Cornejo et al., 2009; Venegas et 

al., 2013) e información termocronológica disponible en el área de estudio (Maksaev y 

Zentilli, 1999). 

Posterior a la etapa synrift (Triásico Medio-Superior) y postrift (Jurásico Inferior-

Medio), se desarrollaron depocentros extensionales menores hacia el oeste de la 

actual Cordillera de Domeyko, donde se depositaron unidades sedimentarias marinas 

(formaciones Asientos, Profeta y Pedernales), volcanosedimentarias (formaciones 

Candeleros, Sierra Fraga y Quebrada Vicuñitas) y sedimentarias continentales 

(Estratos Quebrada del Chaco y Formación Agua Helada) durante el lapso Jurásico 

Medio-Cretácico Inferior. 
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Un primer evento de deformación contraccional se registraría durante el 

Cretácico Superior en la suave discordancia angular que separa las unidades del 

Cretácico Inferior (Estratos Quebrada del Chaco y parte superior de la Formación 

Sierra Fraga) de la Formación Llanta (Cornejo et al., 2009; Venegas et al., 2013). Una 

relación discordante similar ha sido reportada al norte del área de estudio entre 

unidades del Cretácico Inferior (Estratos Areniscas Islote y Estratos de Paradero El 

Desierto) y del Cretácico Superior (Formación Quebrada Mala) (Muñoz, 1989; 

Ferrando y Espinoza, 2015; Mardonez et al., 2015). La intrusión de cuerpos hipabisales 

de ca. 86 Ma (Venegas et al., 2013) en el eje de pliegues desarrollados en secuencias 

del Cretácico Inferior en el sector de la Sierra Candeleros posiblemente datarían este 

evento, correspondiente a la fase Peruana. 

Posterior a la fase de deformación Peruana, tuvo lugar la depositación de la 

Formación Llanta (73-68 Ma; Cornejo et al., 2009; Venegas et al., 2013) en una cuenca 

extensional (Cuenca Llanta-Carrizo; Cornejo et al., 2009), correspondiente a un 

paleocentro emisor distal con respecto al arco volcánico del Cretácico Superior 

(Venegas et al., 2013). Dado el gran aporte volcánico y su geometría interpretada como 

graben, en esta tesis se interpreta que el mecanismo de extensión correspondería a 

subsidencia volcanotectónica, similar a lo propuesto para la Formación Quebrada Mala 

al norte del área de estudio (Ferrando y Espinoza, 2015). Estas unidades se 

encuentran deformadas y en discordancia angular bajo unidades volcánicas 

paleocenas (Formación Cerro Nevado; Cornejo et al. 2009), constriñendo un nuevo 

evento de deformación entre los ca. 67-64 Ma (Fase K-T; Cornejo et al., 2003). 

Posteriormente, durante el Eoceno, se evidencia la mayor deformación y 

exhumación en el núcleo de la Cordillera de Domeyko, constituyéndose el orógeno 

Incaico (Charrier et al., 2007). En el bloque Vaquillas, los Estratos de Quebrada Pastos 

Largos (Venegas et al., 2013) fueron depositados inmediatamente al oeste del frente 

cordillerano. Circones detríticos de esta unidad sinorogénica indican que el basamento 

paleozoico y las unidades depositadas durante el Synrift II (ca. 217-200 Ma) 

constituyeron una fuente sedimentaria con posterioridad a los ca. 54 Ma (Fig. 5.10A; 

Venegas et al. 2013), durante el alzamiento del bloque occidental de la Cordillera de 

Domeyko. Esta unidad es equivalente a la sinorogénica Formación Aguada de Zorro 
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(Eoceno-Oligoceno) ubicada al oeste de la Faja Plegada y Corrida Profeta, la cual 

también presenta una procedencia sedimentaria del basamento paleozoico ubicado 

hacia el este (González et al., 2015). 

En el bloque Exploradora, depósitos sinorogénicos (Estratos de Sierra 

Exploradora) habrían sido depositados también durante el Eoceno medio (Cornejo et 

al., 2009). La distribución de esta unidad hacia el este del frente de deformación y entre 

las láminas tectónicas de la Faja Plegada y Corrida de Exploradora es coherente con 

una vergencia hacia el este en este dominio. Por otro lado, hacia el sur del bloque 

Castillo, termocronología de trazas de fisión en apatito indican una exhumación 

acelerada entre los 46-44 Ma (Eoceno ‘medio’), la cual sería responsable de una 

erosión superficial de entre 4 a 5 km (Maksaev y Zentilli, 1999). También en este 

bloque, Tomlinson et al. (1994) interpretan una actividad entre los ~42-39 Ma para el 

Sistema de Falla Sierra Castillo-Agua Amarga basados en las edades de pórfidos y 

cuerpos hipabisales emplazados sintectónicamente. 

Figura 5.10: Dataciones U-Pb en circones detríticos de unidades cercanas al frente cordillerano del 
flanco occidental de la Cordillera de Domeyko (referencias en la figura). 

Posterior al Eoceno, solo se habría producido una deformación de menor 

magnitud en el margen occidental de la Cordillera de Domeyko, como lo evidencia el 

suave plegamiento de las unidades del Paleoceno-Eoceno ubicadas al oeste de la 

Cordillera de Domeyko. La depositación de las Gravas de Atacama y de la Formación 
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Pampa de Mulas durante el Oligoceno-Mioceno indicaría un importante periodo de 

denudación, el cual no estaría relacionado a una reactivación importante de fallas en 

el flanco occidental de la Cordillera de Domeyko, sino más bien a un basculamiento 

general del antearco (Riquelme et al., 2003) y con la migración del foco de la 

deformación a la Puna y el Sistema de Santa Bárbara. 

5.2.1.3 Contraste del alzamiento entre ambas vertientes de la Cordillera de 
Domeyko 

Por otro lado, deformación y alzamiento en la Cordillera de Domeyko a partir del 

Cretácico Superior (< 86 Ma; Fase Peruana) ha sido propuesto en base al 

reconocimiento de sedimentación sinorogénica en sucesiones cretácicas de la Cuenca 

del Salar de Atacama (Mpodozis et al., 2005; Arriagada et al., 2006; Amilibia et al., 

2008). Estudios de proveniencia sedimentaria en estas sucesiones indicaría un 

proceso de unroofing del basamento paleozoico adyacente, evidenciado por el aporte 

desde fuentes ordovícicas y triásicas (ca. 252-228 Ma) en la Formación Tonel, seguido 

de un gran aporte del basamento paleozoico Pérmico y una disminución del aporte 

triásico durante la depositación de sobreyacente Formación Purilactis (Bascuñán et al., 

2015). Considerando las edades de las fuentes triásicas, estas provendrían de la 

exhumación de los depocentros cercanos al Salar de Atacama, correspondientes a las 

cuencas asociadas al Choiyoi (fomaciones Cas y Peine) y Synrift I (formaciones Tuina, 

El Bordo, Pular). Sin embargo, en las sucesiones cretácicas del Salar de Atacama no 

se registran fuentes depositadas durante la fase de Synrift II (217-200 Ma) desarrollada 

en el margen occidental de la actual Cordillera de Domeyko. 

Por otro lado, aún cuando la Cordillera de Domeyko presenta una vergencia 

oeste en su flanco occidental, depósitos sinorogénicos de edad Cretácico Superior 

ubicados al oeste de esta sierra no se han reportado entre los 23° - 27°S (dominio de 

la Cuenca de Domeyko). En contraste, entre los 20°- 22° S, la formación Tambillos 

indicaría el desarrollo de una cuenca de antepaís al oeste de la Sierra de Moreno 

durante el Cretácico Superior-Paleoceno(?) (Tomlinson et al. 2001). Más aún, las 

unidades del Cretácico Superior entre los 24°-27°S en la Depresión Central y el borde 
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occidental de la Cordillera de Domeyko, correspondientes a las formaciones Llanta y 

Quebrada Mala (ca. 80-65; Cornejo et al., 2009; Venegas et al., 2013; González et al., 

2015; Astudillo et al., 2017), se habrían depositado en cuencas extensionales 

formadas mediante subsidencia volcanotectónica (Espinoza et al., 2015), 

evidenciando un evento extensional post-Peruano (Espinoza et al., 2015; Ferrando y 

Espinoza, 2015; Mardonez et al., 2015) y previo a la deformación K-T. 

Además, edades de circones detríticos procedentes de la Formación Quebrada 

Mala (Fig. 5.10B) evidencian un gran aporte de fuentes jurásicas y paleozoicas 

(Astudillo et al., 2017). Aun cuando las fuentes paleozoicas podrían provenir desde la 

Cordillera de Domeyko, el significativo aporte de fuentes jurásicas y la ausencia de 

fuentes triásicas asociadas a la exhumación del Synrift II. De esta forma, la 

procedencia sedimentaria de esta unidad sugiere su fuente en la Cordillera de la Costa, 

probablemente asociada al alzamiento de esta unidad durante la Fase Peruana I (110-

100 Ma), como lo propusieron Bascuñán et al. (2015). Además, el significativo aporte 

cratónico que evidencia esta muestra sugiere que no habría existido una barrera 

topográfica importante hacia el interior del continente. 

En contraste, como se discutió en la sección anterior, sedimentación 

sinorogénica durante el Eoceno se registra al oeste de las fallas de vergencia 

occidental de la Cordillera de Domeyko. De esta manera, proponemos que durante el 

Eoceno, la inversión del rift de Domeyko habría generado la vergencia oeste del flanco 

occidental de la sierra. Por otro lado, resultados termocronológicos indican que durante 

el Eoceno y hasta el Oligoceno, el sistema de vergencia oriental adyacente al Salar de 

Atacama habría estado activo (Reiners et al., 2015; Henriquez et al., 2019). De esta 

manera, durante la orogenia Incaica se habría desarrollado la doble vergencia 

observada en la actualidad en la Cordillera de Domeyko (Mpodozis y Ramos, 1989; 

Buddin et al., 1993), constituyendo la etapa principal de construcción de la Cordillera 

de Domeyko. 

Lo anterior indicaría que la evolución de la Cordillera de Domeyko habría sido 

compleja y habría respondido de forma heterogénea durante la deformación andina. 

En este sentido, la inversión del rift de Domeyko durante la orogenia Incaica y la 

vergencia occidental que habría generado en el margen occidental de la Cordillera de 
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Domeyko, podría ser interpretada como un retrocorrimiento de escala cortical, el que 

habría sido controlado conjuntamente por la pre-existencia de un sistema estructural 

continuo y de gran longitud generado durante la fase de climax del rift y el 

debilitamiento mecánico asociado a la migración del arco magmático Eoceno-

Oligoceno. Es posible hipotetizar que el alzamiento temprano del margen oriental de 

la Cordillera de Domeyko habría estado asociado a la reactivación de las estructuras 

extensionales cercanas a la Cuenca del Salar de Atacama, desarrolladas durante las 

etapas tardías del magmatismo de Choiyoi y la Primera Etapa de rift triásico. 

5.2.2 Inversión tectónica y su rol en la vergencia del flanco occidental de los 
Andes Centrales del sur. 

El crecimiento andino se ha interpretado clásicamente como una retro-cuña de 

vergencia al este (Isacks, 1988; Mpodozis y Ramos, 1989; Kley, 1999; Charrier et al., 

2007; Giambiagi et al., 2014). Por otro lado, en las secciones anteriores se argumentó 

que durante la inversión tectónica del rift de Domeyko (Eoceno), el flanco occidental 

de la Cordillera de Domeyko habría adquirido una vergencia hacia el oeste. De manera 

similar, diversos trabajos han reconocido segmentos de los Andes Centrales cuyo 

flanco occidental presenta una vergencia hacia el oeste, aun cuando el estilo 

estructural y la temporalidad de la deformación varían un segmento a otro (Fig. 5.11). 

Entre los 18º - 21º S (Fig. 5.11C-D), la Precordillera exhibe una serie de 

estructuras monoclinales (Victor et al., 2004; García et al., 2011; Charrier et al., 2013), 

las que se habrían generado a partir de fallas inversas ciegas, de alto ángulo y 

vergencia al oeste. Estas estructuras se habrían desarrollado como un retrocorrimiento 

asociado a un sistema de rampa-flat de escala cortical (Fig. 5.11C-D) durante el 

Oligoceno tardío-Mioceno temprano y/o Mioceno (Farías et al., 2005; Charrier et al., 

2013; Herrera et al., 2017b). El desarrollo de un sistema de vergencia oriental en la 

Cordillera Occidental, reflejaría una estructura general de tipo pop-up (Charrier et al., 

2013; Herrera et al., 2017b). A los 21º S esta geometría ha sido relacionada 

genéticamente con la actividad dextral transpresiva del Sistema de Fallas de la 
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Precordillera (Victor et al., 2004), el cual corresponde a la prolongación norte del 

Sistema de Fallas de Domeyko (Fig. 5.11E). 
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Figura 5.11: Segmentos del antearco chileno donde se ha reconocido el desarrollo de una vergencia 
oeste del flanco occidental de los Andes Centrales del Sur (referencias en la figura). 

En la zona sur de los Andes Centrales (28º - 31º S), el flanco occidental de la 

Cordillera Principal presentaría una vergencia hacia el oeste (e.g. Falla Vicuña - San 

Félix), la que estaría asociada a la inversión de la cuenca mesozoica durante el Eoceno 

(Rodríguez et al., 2018). La reactivación de las fallas marginales de la cuenca durante 

la inversión habría generado una geometría general tipo “pop-up” (Fig. 5.11F). Este 

segmento marca el límite sur del prominente alzamiento y exhumación que 

experimentó el margen occidental de los Andes Centrales durante el Eoceno, 

conformando el orógeno Incaico (Maksaev y Zentilli, 1999; Charrier et al., 2013; 

Lossada et al., 2017; Rodríguez et al., 2018; Sánchez et al., 2018). 

Por otro lado, en Chile Central (~33-34º S), el flanco occidental de la Cordillera 

Principal está dominado por un sistema de fallas y pliegues de vergencia al oeste (Fig. 

5.11G; Thiele, 1980; Charrier et al., 2002; Fock et al., 2006; Armijo et al., 2010; Farías 

et al., 2010; Vargas et al., 2014). La evolución de este segmento está marcado por la 

inversión de la cuenca de Abanico (Eoceno medio (?) - Mioceno temprano; Charrier et 

al., 2002, 2005), durante el Oligoceno superior – Mioceno, siendo este último período 

de deformación el que ocasionaría la vergencia occidental del sistema (Fock et al., 

2006), aun cuando algunas de las fallas que participarían en la extensión y posterior 

inversión de la cuenca (e.g. Falla San Ramón-Pocuro) presentarían actividad 

neotectónica (Charrier et al., 2005; Díaz et al., 2014; Vargas et al., 2014). 

En este último segmento, se han planteado dos grandes hipótesis acerca del 

origen de la vergencia occidental de la Cordillera Principal: (i) acorde al modelo clásico, 

Farías et al. (2010) propusieron un despegue cortical de manteo hacia la fosa como 

estructura de primer orden del orógeno andino, en el cual la vergencia occidental del 

antearco correspondería a un retrocorrimiento de segundo orden asociado al cambio 

de pendiente del despegue principal (geometría rampa-flat), de manera análoga a lo 

que ocurriría en el segmento entre los 18º - 21º S. (ii) Por otro lado, Armijo et al. (2010) 

propusieron que las fallas del borde occidental de la Cordillera Principal 

corresponderían a un sistema de faja plegada y corrida con vergencia al oeste 

(Western Andean Fold and Thrust Belt, WAFTB; Riesner et al., 2017, 2018), el que 

habría evolucionado mediante fallamiento en secuencia a partir de los ca. 25 Ma 
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(Armijo et al., 2010; Riesner et al., 2018). En este modelo, el despegue cortical principal 

mantea hacia el este, generando la subducción del antearco en relación al cratón 

sudamericano (Fig. 5.12). 

Figura 5.12: Modelos contrastantes acerca de la estructura de los Andes a los 34°S (tomado de Riesner 
et al. 2018). A) modelo de retrocuña de vergencia oriental (Giambiagi et al., 2014). B) modelo de orógeno 
bi-vergente con predominancia de la vergencia occidental propuesto por Armijo et al. (2010). 

En relación a la vergencia oeste observada en el flanco occidental de la 

Cordillera de Domeyko y la arquitectura estructural de los Andes Centrales en el 

segmento estudiado, es posible discutir que: 

- El fenómeno de inversión de cuencas habría jugado un rol clave para la nucleación

de las fallas de vergencia oeste del flanco occidental de los Andes Centrales en

diferentes segmentos (23°-26° y 28°-31° S para la Cuenca Mesozoica temprana y

~34° S para la Cuenca de Abanico). En particular, entre los 23°-26° (esta tesis) y

entre los 28°- 31° S (Rodríguez et al., 2018), la inversión de la cuenca mesozoica

temprana asociada a la construcción principal de las Cordilleras de Domeyko y Prin-

cipal, se correlaciona con una fase acelerada de alzamiento durante la orogénesis

Incaica (Eoceno medio-tardío). Por otro lado, hacia el segmento norte (18°-21°S),

donde no se ha registrado la inversión de un sistema de rift en el antearco, el mayor

alzamiento se alcanzaría durante el Mioceno (Farías et al., 2005; Charrier et al.,

2013). Asimismo, hacia el sur de los 31° S, el principal alzamiento ocurriría durante

el Mioceno-Plioceno (Maksaev et al., 2009; Rodríguez et al., 2018). Rodríguez et al.

(2018) explican el contraste en la historia de exhumación al norte y sur de los 31°S
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debido a la ausencia del basamento cristalino Paleozoico en la Cordillera Principal 

en el segmento sur, el que habría actuado como “butress” de la deformación en el 

segmento norte, concentrándola hacia los márgenes del orógeno incaico. 

- Posterior a la construcción bi-vergente de la Cordillera de Domeyko durante el Eo-

ceno, la deformación habría migrado hacia la Puna durante el Eoceno tardío y a la

Cordillera Oriental en el Oligoceno temprano-Mioceno (Grier et al., 1991; Coutand

et al., 2001), mientras que el alzamiento principal de la Puna se habría alcanzado

entre los 5-10 Ma (Allmendinger, 1986). Como se discutió en la sección anterior, en

el segmento estudiado no se registra mayor deformación orogénica asociada a fa-

llas ubicadas al oeste de la Cordillera de Domeyko luego del Eoceno superior-Oli-

goceno temprano. De esta manera, considerando la secuencia de la migración de

la deformación, se descarta que en este segmento opere el modelo de orógeno bi-

vergente con transporte tectónico preferencial hacia el oeste (Armijo et al., 2010;

Riesner et al., 2018). Por otro lado, es posible que la inversión de las fallas occiden-

tales de la cuenca de Domeyko actúen como “backstop” para la transferencia pre-

ferencial de la deformación hacia el este, de manera similar a lo propuesto por

Herrera et al. (2017a) en base al modelamiento análogo de la inversión de la cuenca

de Abanico a los 34°S.
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Capítulo 6: Conclusiones 

La fase synrift de la Cuenca de Domeyko (rift de Domeyko) se habría 

desarrollado en dos períodos: Synrift I (Ladiniano – Carniano; ca. 240 - 225 Ma), con 

la apertura de la subcuenca Sierra Exploradora (SESB) y Synrift II (Nórico – Rético; 

ca. 217-200 Ma), en el que se inició la Subcuenca Sierra de Varas (SVSB) y se reactivó 

la extensión en la Subcuenca Sierra Exploradora. 

El desarrollo de los sistemas sedimentarios del rift de Domeyko habría estado 

controlado principalmente por la subsidencia tectónica y la magnitud del aporte 

sedimentario mediante la razón A/S (acomodación/aporte sedimentario). Durante el 

Synrift II, en aquellos depocentros donde se desarrolló un menor aporte volcánico (low-

volcanoclastic input depocenters) se registró un ciclo de rift completo, incluyendo una 

fase de climax asociada a la unión de las fallas maestras del rift. Mediante esta unión 

de fallas, se generó un sistema de rift elongado, de rumbo actual ~NS. Junto a las 

fallas maestras de orientación ~NS a ~NNE, se desarrollaron fallas secundarias de 

rumbo NNO-SSE a NO-SE. Ambos sistemas se habrían generado mediante un 

régimen transtensional (sinestral) el que habría dado origen a un sistema de rift oblicuo. 

Las etapas synrift del rift de Domeyko se correlacionarían con dos etapas de 

desarrollo de cuencas de rift en Gondwana Suroccidental, separadas por una 

disminución significativa del registro sedimentario (¿hiatus?) entre los ca. 226-219 Ma. 

El inicio de este hiatus correspondería a una reconfiguración de primer orden de la 

cinemática de placas durante el Triásico. Aun cuando ambas etapas del rift de 

Domeyko habrían correspondido a un “rift-asociado a subducción”, durante el Synrift I 

el plutonismo ocupó una extensa área, dificultando la distinción de una zona de arco. 

En contraste, durante el Synrift II el arco magmático se instaló en la Cordillera de la 

Costa, generando un sistema de cuenca de intra-arco y de trasarco en las Cordilleras 

de la Costa y Domeyko respectivamente. 

Por otro lado, termocronología detrítica Ar-Ar indica que la historia de 

enfriamiento de las fuentes sedimentarias de ambas subcuencas es contrastante. En 

la SESB habría ocurrido un enfriamiento rápido del basamento durante el Pérmico 

Superior (262-265 Ma), el que se asociaría a la Fase San Rafael. Por otro lado, el 
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basamento de la SVSB se habría alzado lentamente a partir de los ca. 243 Ma. Este 

contraste sugiere la actividad de una estructura cortical de probable rumbo noroeste 

segmentando tectónicamente ambos dominios desde al menos el Pérmico Superior. 

Durante la etapa de rift esta estructura cortical coincidiría con la posición de un alto 

estructural que separó las subcuencas de la Cuenca de Domeyko (SVSB y SESB). 

Posteriormente, durante la orogénesis Incaica, los bloques donde se desarrolló 

fallamiento synrift (SVSB y SESB), experimentaron inversión tectónica dando lugar a 

la exhumación del basamento plutónico Paleozoico en un estilo de deformación de piel 

gruesa y de vergencia principal al oeste. Por otro lado, en el bloque transicional se 

desarrolló una deformación de piel delgada y de vergencia hacia el este en el núcleo 

de la Cordillera de Domeyko. Además, la inversión de las fallas maestras del rift de 

Domeyko mediante tectónica transpresional habría permitido la incepción de las 

estructuras occidentales del Sistema de Fallas de Domeyko, configurando una 

vergencia principal hacia el oeste del flanco occidental de la Cordillera de Domeyko. 

De esta manera, la generación y posterior inversión de las cuencas Meso-

Cenozoicas habría jugado un rol clave para la adquisición de la vergencia oeste del 

flanco occidental de los Andes Centrales. En particular, entre los 23°-32° S, la inversión 

de las cuencas mesozoicas durante la orogénesis Incaica habría generado una 

estructura tipo pop-up en el margen occidental (Cordilleras de Domeyko y Principal). 

Se infiere que la vergencia oriental de la Cordillera de Domeyko se habría 

comenzado a desarrollar durante el Cretácico Superior, mientras que la vergencia 

occidental asociada a la inversión del rift de Domeyko se desarrollaría principalmente 

durante el Eoceno, posiblemente correspondiendo a un retrocorrimiento de escala 

cortical. 
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Anexo 2: Facies descriptions 

1. Sedimentary facies 
1.1 Gmm and Gmg facies (matrix-supported, massive conglomerate):  
Description: Gmm facies is formed by pale grey to reddish, massive, matrix-supported breccias wich 
show crude horizontal stratification of decimeter- to meter-scale thick (<5m). The sorting is very poor, 
with clast size ranging from pebbles to boulders showing a mean size of 30-40 cm and outsize clasts up 
to 3 m. Clasts of Gmm are subrounded to angular with very homogeneous compositions, corresponding 
mainly to phaneritic and porphyritic acidic subvolcanic rocks from La Tabla Formation (Carboniferous-
Permian) in Sierra de Varas, Aguada de Varas and Quebrada Ceballos. 
On the other hand, at Quebrada Punta del Viento, Gmm facies show a tabular stratification (0.1-2.0 m 
thick) and describe local cycles of coarsening upward grain size and inverse grading (Gmg facies), with 
outsized clasts up to 1.12 m which are immersed in a fine-grained calcareous matrix. At this location the 
clasts correspond mainly to acidic volcanic rocks, with a minor proportion of lapilli-tuff rocks and 
mudstone intraclasts, while the upper levels also incorporate bioclastic fragments from marine fossils 
(mainly brachiopods and bivalves). 
Equivalent facies to Gmm have been described in Sierra Exploradora by Cornejo and Mpodozis (1996) 
and Cornejo et al. (2009). The later facies crops out at Quebrada La Perra and north of Quebrada La 
Encantada between the Sierra de Varas and the Barrancas faults, incorporating gravel to boulder clasts 
(> 1 m sized) of Permian foliated tonalities (Cornejo et al., 2009). On the other hand, similar facies 
(“rhyolitic breccias”) were identified by Tomlinson et al. (1999) associated to acidic domes at Quebrada 
Doña Inés Chica. 
Interpretation: The Gmm and Gmg facies were originated by plastic, high-strength debris flows (Miall, 
1977, 2006) developed in sub-aerial to sub-aqueous conditions (Miall, 2006). This facies commonly 
occurs either in the proximal portion of alluvial fans (Nemec and Steel, 1984; Nichols, 2009) or in fan-
delta environments (Horton and Schmitt, 1996; Nemec and Steel, 1988). 
 
1.2 Gcm facies (clast-supported massive conglomerate): 
Description: Gcm facies correspond to massive, well-stratified, tabular and lenticular bodies of 
oligomictic and clast-supported conglomerates showing sharp basal contacts. Gravel sheets are deci-
meter to meter scale thickness, generally showing moderate to poor sorting with rounded clasts of a 
mean size of 0.5-15 cm and outsize clasts of 40 cm large. At Sierra de Varas range, this facies 
occasionally fining upward into decimeter- to meter- scale thick, medium to pebbly grain sized, massive 
(Sm) and trough cross-bedded sandstones (St). Clasts are composed by acid porphyritic subvolcanic 
rocks and a minor proportion of greyish quartzites. At Quebrada La Carreta, a drastic lateral change of 
clast composition is recorded by the predominance of andesites and banded rhyolites in Gcm facies. To 
the south of the study area (Quebrada La Perra), this facies present imbricated clasts, normal grading 
with a size ranging from 0.2-13 cm long, corresponding mainly to reddish porphyritic volcanic rocks and 
greyish quartzites with minor proportion of milky grains of metamorphic quartz and plutonic rocks. 
Interpretation: Gcm facies were originated by low-strength, pseudoplastic debris flows (Miall, 2006), 
related to a high sediment and water discharge floods with rapid transport and deposition (Horton and 
Schmitt, 1996). 
 
1.3 Sh facies (horizontal-laminated sandstone): 
Description: Sh facies corresponds to decimeter-scale thick, tabular sheets of grain-supported, fine- to 
coarse-grained and horizontal laminated tuffaceous sandstones, showing moderately sorting and 
exhibiting and locally, normal grading. Lithology corresponds mainly to immature litharenites, with 
angular to subrounded fragments of volcanic and pyroclastic lithics, quartz and feldspar. 
Interpretation: Sh facies were deposited under upper flow regime conditions at the transition from 
subcritical to supercritical flows (Miall, 1978, 2006), developed in sporadic flashfloods (Horton and 
Schmitt, 1996). 
 
1.4 Sm facies (massive sandstone): 
Description: This facies includes ungraded, massive, moderately to good sorted, medium- to very 
coarse-grained litharenites with granular outsized clasts. Sm facies are matrix- to grain- supported and 
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forms thin (< 1 m thick) and wide (<15 m) tabular beds with sharp contacts, locally forming deci- metric 
scale lenticular and convex-upward channel bodies. At Quebrada Punta del Viento this facies locally 
record slump structures. 
Interpretation: Sm facies can be formed by the deposition of sediment gravity flows (Miall, 1978, 2006) 
or by subaerial hyperconcentrated flows from turbulent suspension with insufficient time for bedform 
development (Smith, 1986). On the other hand, massive sandstones can also be formed by the 
obliteration of primary structures related to an intense bioturbation (Miall, 2006). 

 
1.5 St and Sp facies (through and planar cross-bedded sandstone): 
Description: St facies corresponds to deci- to meter-scale thickness, moderately to well- sorted, 
medium- to pebbly-sized litharenites, which display trough cross stratification (St facies). Beds are 
tabular to gently lens-shaped thin sandy sheets, showing gradational to sharp basal contacts. Clast 
composition corresponds mainly to volcanic and pyroclastic rocks with quartz and feldspar crystaloclasts. 
On the other hand, Sp facies has a minor occurrence across the study area, corresponding to pink-
colored, medium- to coarse-grained and decimeter-scale thick sandstones, which develop planar cross 
stratification. Clast composition records a significant proportion of dark-green and pink aphanite 
fragments of volcanic origin. 
Interpretation: St (Sp) facies represents the migration of sinuously crested (transverse) and linguoid 3-
D (2-D) dunes under lower-flow-regime conditions (Miall, 1978, 2006).  
 
1.6 Ss facies (scoured sandstone): 
Description: Ss facies presents minor occurrence being recognized only at Quebrada Punta del Viento 
where it is interbedded with Gmm and Gmg facies. Herein, decimeter-scale thickness of medium- to 
pebbly-sized calcareous sandstones show gently to abrupt scoured bases. This facies displays a poor 
sorting with a calcareous cement with a composition dominated by acidic volcanic clasts though 
mudstones intraclasts are common. 
Interpretation: This facies is originated by the rapid deposition of coarse bed load, which could be 
related to basal fills of channels or scour fills (Miall, 1996, 2006). 
 
1.7 Fl facies (laminated fine): 
Description: This facies correspond to grey and greyish-green, milli- to centi-meter scale laminated 
siltstones and mudstones (‘laminites’), which form tabular beds of centi- to meter-scale thickness (up to 
25 m). Occasionally, they present centimeter-scale ‘cast and flame’ load structures and ripple bedding. 
Intercalation of air-fall pyroclastic facies (mT) are common in this facies. Fl facies crop out in the northern 
portion of Sierra de Varas and Sierra de Vaquillas Altas ranges (Quebrada Los Pozos, Quebrada La 
Mina and Quebrada Vaquillas Altas). 
Interpretation: The fine Fl facies represents deposition by suspension and weak traction currents 
typically occurring in overbank, stagnant water bodies or warning flood deposits (Miall, 1978, 1996). 
 
1.8 Fm facies (massive fine): 
This facies corresponds to thick fine deposits formed by grey to dark, massive, very fine sandstones to 
mudstones forming 0.1-3 m thick beds. Fm facies form tabular beds of milli- to meter-scale thickness, 
occasionally displaying fossil flora and siderite nodules. At Quebrada Los Pozos (Sierra Vaquillas Altas 
range), fossil flora was assigned by Reyes (2017) to the following genus/species: Neocalamites sp., 
Pterophyllum sp., Pterophyllum valdivianum, Pterophyllum cf. azcaratei, Dicroidium odontopteroides, 
Dicroidium cf. crassum, Heidiphyllum elongatum, Cladophlebis cf. Mendozaensis and Dicroidium cf. 
crissum. These fossil flora indicate a Late Triassic age for the rocks that incorporate them. Furthermore, 
because of the abundance of genus, which are common during the Jurassic (e.g. Pterophyllum sp.), they 
probably correspond to the latest Late Triassic (for detailed descriptions, see Supplementary Material 
SM4). 
Interpretation: Fine massive facies (Fm) represents the deposition from ponds of water during low-
stage abandonment of channels and correspond to floodplain facies (Miall, 2006). The occasional fossil 
flora (Fl and Fm) points to an overbank deposition (Miall, 2006), indicating that most of the sedimentation 
was by suspension fallout occurring in a floodplain with abundant vegetation. Siderite nodules point to a 
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deposition in waterlogged and freshwater to brackish reducing conditions, where there is mixing of 
seawater and freshwater (Nichols, 2009). 
 
1.10 M (mudstone facies): 
M facies is formed by dark- to brown-colored calcareous mudstones which form deci- meter scale beds. 
M facies present a moderately developed lamination and present scarce Otapiria sp. bivalve fossils 
(Montecino, 2015).  
Interpretation: M facies was deposited by suspension fallout in protected areas under the fair-weather 
wave base (Lehrmann et al., 1998). 
 
1.11 Fo facies (oncolytic floatstone):  
Description: Fo facies corresponds to dark to yellow, matrix-supported limestones bearing oncolites 
(floatstones), which form decimeter-scale tabular bodies. Centimeter-scale oncolites display spheroidal 
to oval rims bounded by a muddy to sandy calcareous matrix. This facies present a minor occurrence 
being identified at the northern portion of the Sierra de Varas and Cerro Rincones. 
Interpretation: This facies is interpreted to have been formed in shallow swamps with significant lighting 
(Nichols, 2009; Platt and Wright, 1991). Actual oncolites are present at lacustrine environments with low 
sedimentation rates near to the coast in gently wave- agitated zones (Matter and Tucker, 1978). 
 
1.12 R facies (rudstone): 
Description: This facies is formed by greyish, clast-supported, pebbly-grained calcareous rocks 
(rudstones) formed by fragments of bivalves, brachiopods, gastropods, shell debris and corals. Lenticular 
beds are deci- to meter-scale thickness and display irregular basal contacts. 
Interpretation: Rudstones breccias are originated typically at moderate to high-energy conditions 
developed at the front of fringing reefs (Nichols, 2009). 
 
1.13 B facies (coral-rich boundstone):  
Description: B facies corresponds to greyish, irregular and lenticular massive beds, meter-scale 
thickness composed by coral-rich boundstones limestones bearing Retiophyllia sp., Astraeomorpha? sp. 
(Astudillo et al., in press; González et al., 2015; Montecino, 2015) and Thecosmilia sp. fossils, with 
associated solitary corals, bivalves (e.g. Septocardia? sp.) and brachiopods (J. Ardill et al., 1998; John 
Ardill, 1996; Chong, 1973). 
Interpretation: B facies usually preserves coral fossils in life position and is interpreted as have been 
originated in the core of a reefal framework originated in shallow waters on carbonate platforms with 
high-energy conditions (Braga et al., 1990; Nichols, 2009). 
 
1.14 Bs facies (stromatolitic boundstone): 
Description: This facies corresponds to dark-greyish, stromatolitic and microbial boundstone limestones 
(algal mats), which form decimeter-scale tabular bodies and locally, exhibits parallel and convolute 
lamination. Bs facies present minor occurrence being identified in the northern portion of the Sierra de 
Varas. 
Interpretation: Stromatolitic boundstone facies (B) were originated in shallow water (<10m) under good 
illumination conditions allowing the development of cyanobacteria colonies (Nichols, 2009).   
Stromatolites are developed in hypersaline subaquatic conditions, typically corresponding to a palustrine 
environment in lake shorelines (Alonso-Zarza and Tanner, 2009; Alonso-Zarza and Wright, 2010). 
 
1.15 P and W facies (packstone and wackestone): 
Description: P facies corresponds to centi- to deci-meter scale thickness beds of pale gray, clast-
supported, mud-poor limestones (packstones) with scarce micritic matrix. Clast composition corresponds 
to rounded calcareous intraclasts, bioclasts (bivalves, gastropods and corals) and terrigenous fragments 
corresponding to volcanic lithics and quartz crystaloclasts. Locally this facies presents asymmetric 
ripples. W facies corresponds to greyish wackstones which form beds of deci-meter scale thickness. 
This facies is formed by bioclastic fragments (e.g. bivalves, gastropods and ostreids) and minor 
terrigenous clasts of volcanic lithics and crystaloclasts (coarse to pebbly-sized) immersed in a fine 
calcareous matrix. 
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Interpretation: Disarticulated marine bioclastic fragments forming P and W facies indicate a deposition 
in a medium- to high-energy shallow marine, shallow subtidal and wave winnowed environment 
(Lehrmann et al., 1998), probably recording sporadic storm reworking. The lack of micritic matrix would 
indicate the action of energetic currents able to remove the fine mud. 
 
2. Volcanic facies:  

2.1 cB facies (coherent basalts and basaltic andesites): 
Description: This facies corresponds to meter to decameter- scale thick irregular beds corresponding 
to dark-green, coherent basalts and basaltic andesites, which commonly display a high proportion of 
vesicles and amygdales. Its texture is porphyritic, formed by fine to medium-grained phenocrysts 
(ranging from 18% to 26%) of plagioclase + clinopyroxene ± olivine, forming intersertal and intergranular 
groundmass textures. Calcite-filled amygdales and vesicles are usually elongated subparallel to the 
bedding plane. This facies is common in the southern portion of the study area (Quebrada Vaquillas 
Altas, Quebrada Doña Inés Chica and Quebrada del Salitre creeks). 
Interpretation: Coherent basaltic facies (cB) represent the cooling and solidification of molten lava 
related to a subaerial mafic effusive volcanism (McPhie et al., 1993). Coherent facies record gentle shear 
rates and moderately to fast cooling rates (A. L. Stewart and McPhie, 2003). 
 
2.2 brB facies (brecciated basalts and basaltic andesites):  
Description: This facies present a minor occurrence and is formed by dark to greenish, brecciated 
basalts and basaltic andesites. Basalts and basaltic andesites present a similar composition than the cB 
facies, though commonly present a higher proportion of vesicles and amygdales. Fragmentation can be 
depicted by a mixing between lava fragments and silicified red-colored sediments (peperites) or by the 
development of ellipsoidal decimetric-scale fragments bounded by a vitreous matrix (pillow-breccias).  
Interpretation: Peperitic texture indicates interaction (fragmentation and mingling) of lava with 
unconsolidated, soft and wet sediments with in situ deposition (Busby-Spera and White, 1987; Doyle, 
2000). On the other hand, pillow-breccia texture (hyaloclastite) records chilling and fragmentation of 
flowing lava or magma in contact with water (Cas and Wright, 1988; White and Houghton, 2006). Thus, 
both facies indicate a primary volcanoclastic deposition under a subaqueous environment. 
 
2.3 cA and cD facies (coherent andesites and dacites): 
Description: Andesitic to dacitic coherent facies (cA and cD), form massive and poorly vesiculated beds 
ranging 0.4-2 m thick, usually displaying flow aligned crystals. These facies present porphyritic or 
glomeroporphiritic textures, formed by medium-grained phenocrysts of plagioclase + amphibole 
(andesites) ± quartz (dacites), embedded in a glassy or microcrystalline groundmass. 
Interpretation: Coherent cA and cD facies record gentle shear rates and moderately to fast cooling rates 
(A. L. Stewart and McPhie, 2003), and correspond to intermediate-composition lava flows originated 
under subaerial conditions. Coherent facies record gentle shear rates and moderately to fast cooling 
rates (A. L. Stewart and McPhie, 2003). 
 
2.4 brA and brD facies (brecciated andesites and dacites): 
Description: These facies correspond to fragmented, matrix-supported, intermediate volcanic rocks 
(andesites and dacites), which are formed by greenish porphyritic clasts (<10 cm) embedded in a 
groundmass composed by monomictic clasts and fine- to medium- size phenocrysts (< 1mm) of 
plagioclase, amphibole and minor quartz. These facies form well-defined tabular beds of 2-3 m thick 
showing irregular basal contacts. 
Interpretation: Features of brecciated facies, such as: (1) rotated clasts, (2) well-defined bedding, (3) 
monomictic composition, (4) porphyritic texture and (5) the absence of hyaloclastic textures, indicate an 
autoclastic, brittle fragmentation mechanism, due to the lateral transport of lava flows (McPhie et al., 
1993; A. L. Stewart and McPhie, 2006). These facies record subaerial fragmentation of intermediate 
composition lava flows. 

 
2.5 bcR and cjD facies (banded coherent rhyolites and columnar-jointed dacites): 
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Description: These facies correspond to vitrophyric rhyolites, which present milli- to centi-meter scale 
flow banding (bcR), and coherent vitrophyric dacites (cjD), which display vertical columnar jointing. At 
Sierra de Doña Inés Chica range, bcR facies forms prominent sub-circular acidic bodies (~5 km of 
diameter). At the same locality, cjD facies forms elongated dacitic bodies (1.6 to 2.2 km long), cropping 
out along the Sierra Doña Inés Chica Fault. 
Interpretation: We interpret these coherent facies (cR and cD) as the record of acidic small domes and 
vents resulting from an endogenic growth, where columnar jointing indicates up flow direction within 
dome necks (Fink and Anderson, 2000). The close spatial relationship of the domes with extensional 
faults suggest that shallow level intrusions occupied these faults to supply magma into the basin (Busby 
and Bassett, 2007). 
 
3. Pyroclastic facies 
3.1 mBr facies (massive lithic breccias): 
Description: Facies mBr corresponds to greyish to purple massive breccias, which define meter-scale, 
poorly stratified beds (0.3-1.7 m). Its fabric is matrix-supported and poorly sorted, displaying a seriate 
grain size ranging from ash (<2mm) to blocks (up to 30 cm). Fragments are composed by subangular to 
angular, locally prismatic jointed, monomictic dacitic fragments with porphyritic texture and irregular and 
fractured, medium-sized crystaloclasts of plagioclase. 
Interpretation: Massive lithic breccias (mBr) are interpreted as block- and ash-flow tuffs deposits based 
on: (1) dacitic monomictic composition, (2) poorly sorted and matrix-supported fabric, (3) seriate grain 
size from ash to block, (4) evidence of prismatic jointed blocks (M. L. Stewart et al., 2003). This facies 
corresponds to proximal, small volume deposits (< 1 km3) of pyroclastic flows generated by the subaerial 
gravitational collapse of a lava dome (Branney and Kokelaar, 2002; Cas and Wright, 1988; Freundt et 
al., 2000). 
 
3.2 mLT and emLT facies (massive lapilli-tuffs and eutaxitic massive lapilli-tuffs): 
Description: This facies corresponds to purple to greenish, massive lapilli-tuffs (mLT facies), which form 
centi- to metric- scale (up to 5.2 m) tabular beds commonly displaying sharp basal contacts. Its fabric is 
matrix-supported, poorly sorted and locally displays inverse grading. Fragments are composed mainly 
by acidic lithics and minor basalts and banded rhyolites, pumice and crystaloclasts (qz, pg and/or bt), 
ranging from ash to blocks sizes (up to ~30 cm) immersed in a fine-grained felsofidic groundmass. 
Locally, pumice juvenile fragments display a moderately developed eutaxitic texture (emLT facies). 
Interpretation: Lithofacies mLT indicate a fluid escape-dominated flow boundary zone, with partial 
elutriation of fine ash and absence of tractional segregation (Branney and Kokelaar, 2002). We interpret 
this facies as corresponding to the result of: (1) pyroclastic flows developed under subaerial conditions 
and originated by the collapse of a lava-dome or eruption column, or (2) an air-fall origin (Cas and Wright, 
1988; McPhie et al., 1993). Eutaxitic massive lapilli-tuffs (emLT), which have a minor occurrence, would 
correspond to proximal, low-grade welded pyroclastic flows associated with the rhyolitic domes. 
 
3.3 p-xsLT facies (pumiceous-rich, cross-stratified lapilli-tuffs):  
Description: This facies corresponds to ~40 m of grey to pink, pumiceous-rich lapilli-tuffs which present 
centi- to deci-meter scale cross stratification. Individual beds are 0.2 to 1.2 m thick, show moderate 
sorting and are grain-supported with fragments ranging from 0.3-1.2 cm. Fragments correspond mainly 
to acidic aphanitic rocks, elongated pumice and plagioclase crystaloclasts. Basal scouring is common 
and low angle cross sets (<30°) show normal and locally inverse grading. This facies presents a minor 
occurrence being identified at the southern edge of the Sierra Vaquillas Altas range (Quebrada Los 
Pozos). 
Interpretation: Low angle cross-bedding (<30°) of p-xsLT facies indicates deposition from traction-
dominated flow boundary conditions (Branney and Kokelaar, 2002). This facies would corresponds to 
pyroclastic surge deposits, which are originated by low particle concentration pyroclastic flows (Cas and 
Wright, 1988). 
 
3.4 mT facies (massive tuffs):  
Description: This facies corresponds to well sorted, greyish- to greenish- colored, massive tuffs (vitric, 
crystal and lithic), with a dominance of vitric tuffs. Fine tuffs are well stratified forming decimetric-scale 
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tabular beds (0.1-0.6 m). Fragments correspond mainly to intermediate juvenile and minor andesitic to 
rhyolitic volcanic rocks, together with crystaloclasts (pg and qz) immersed in a well devitrified 
groundmass altered to illite and smectite. 
Interpretation: The good sorting of mT facies and the absence of flow textures suggest an air-fall origin 
for this lithofacies (Cas and Wright, 1988). 
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Anexo 3: Facies association codes and main outcrop localities 

Location keys: Aguada de Varas (AV), Cerro Rincones (CR), northern portion of Sierra de Varas (NSV), 
Quebrada Ceballos (QC), Quebrada Caletones (QCA), west flank of Sierra Inés Chica (WSI), Quebrada 
Agua Escondida (QAE), Quebrada La Perra (QLP), Cerro Pascua (CP), tributary Quebrada Los Pozos 
(TQP), Quebrada La Carreta (QLC), Quebrada La Mina (QLM), Alto de Vaquillas (AV), Quebrada Agua 
Dulce (QAD), Quebrada Inés Chica (QIC), Quebrada del Salitre (QS), Cerro Guanaco (CG), Quebrada 
Mármol (QM), Cerro La Ballena (CB), Quebrada del Carrizo (QCR), Quebrada Vaquillas (QV), Quebrada 
Punta del Viento (QPV), Cerro Amarillo (CA), Quebrada de Las Cenizas (QLC), Sierra Áspera (SA), 
Portezuelo de la Sal (PS), Quebrada Los Guindos (QG), Quebrada del Salitre (QS), Cerro Don Alejo 
(CDA), Quebrada Las Bateas (QLB), Quebrada del Diablo (QDD), Quebrada Doña Inés Chica (QICH), 
east flank of Cerro Morales (ECM), west margin of the Salar de Pedernales (WSP), Cerro Colorado (CC), 
Cerro Manchón (CMA), east flank Cerro Punta del Viento (ECPV), Sierra Gólgota (SG). 
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Anexo 4: U-Pb geochronology methods 

1. Laboratorio de Estudios Isotópicos (UNAM). 
The analytical work at LEI was undertaken using a Resonetics Resolution M50 193 nm laser Excimer 
(LPX 220) connected to a “Thermo ICap Qc” single quadrupole (SQ) mass spectrometer, following 
analytical procedures and technical details after Solari et al. (2010). The employed laser diameter for 
ablation was 23 μm. Standards used were 91500 zircon (1062 ± 1 Ma; Wiedenbeck et al., 1995) and 
Plešovice zircon (337.13 ± 0.37 Ma, Sláma et al., 2008), while linear calibration curves were obtained 
using NIST SRM 612 glasses as standards. Data reduction was performed using Iolite software (Paton 
et al., 2011). 

2. Arizona LaserChron Center. 
At the Arizona LaserChron Center (Gehrels et al., 2008), U-Pb geochronology of zircons was 

conducted by LA-MC-ICP-MS. 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 mm. 
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 are made in static mode, using Faraday detectors for 238U and 232Th, 
an ion-counting channel for 204Pb, and either Faraday collectors or ion counting channels for 208–206Pb. 
Ion yields are ~1 mV ppm−1. 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 mm in depth. 

For each analysis, the errors in determining 206Pb/238U and 206Pb/204Pb result in a measurement error 
of ~1% (at 2σ level) in the 206Pb/238U age. The errors in measurement of 206Pb/207Pb and 206Pb/204Pb also 
result in ~1% (2σ) uncertainty in age for grains that are >1.0 Ga, but are substantially larger for younger 
grains due to low intensity of the 207Pb signal. For most analyses, the crossover in precision of 206Pb/238U 
and 206Pb/207Pb ages occurs at ~1.0 Ga. Common Pb correction is accomplished by using the measured 
204Pb and assuming an initial Pb composition from Stacey and Kramers (1975) (with uncertainties of 1.0 
for 206Pb/204Pb and 0.3 for 207Pb/204Pb). The measurement of 204Pb is unaffected by the presence of 204Hg 
because backgrounds are measured on peaks (thereby subtracting any background 204Hg and 204Pb), 
and because very little Hg is present in the argon gas. Inter-element 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 crystal (generally every fifth measurement) with known age of 564 ± 4 Ma (2σ error) is used 
to correct for this fractionation (see Gehrels et al., 2008). The uncertainty resulting from the calibration 
correction is generally ~1% (2σ) for both 206Pb/207Pb and 206Pb/238U ages. The reported ages are 
determined from the weighted mean of the 206Pb/238U ages of the concordant and overlapping analyses 
(Ludwig, 2003). The reported uncertainty (labeled “mean”) is based on the scatter and precision of the 
set of 206Pb/238U or 206Pb/207Pb ages, weighted according to their measurement errors (shown at 1s). 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% (2σ). 
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Anexo 5: 40Ar/39Ar geochronology methods 
 

White micas have been chosen because of their resistance to resetting by mild thermal 
disturbances owing to their sufficiently high closure temperature (350–420°C; McDougall and Harrison, 
1999), and their resistance to mechanical and chemical breakdown (Heller and Paola, 1992). 

Detrital muscovite grains were separated from the samples by jaw crusher and roller grinding, 
sieved by 1.0-0.5 mm and 0.5-0.25 mm fractions and finally, white micas of sizes ranging from 0.5-2 mm 
were hand-picked under a binocular microscope. 

Total fusion Ar ages were obtained from 87 individual muscovite grains per sample (4 samples) 
adding total 348 detrital grains analyzed. Analyses were conducted in the 40Ar/39Ar laboratory at the U.S. 
Geological Survey (USGS) in Denver, USA. Seven samples and standards of Fish Canyon sanidine with 
an age of 28.201 ± 0.023 Ma (1σ) (Kuiper et al., 2008) were packaged and irradiated for 20 h, in the 
central thimble position of the USGS TRIGA reactor in Denver, USA. Cadmium shielding was used to 
minimize any nucleogenic 40Ar production from 40K. 

Analyses were conducted with a CO2 laser operating at conditions of 12 W, with a spot diameter 
of 3 mm and a total duration of ablation of 90 s (60 seconds at requested power) to extract gas from the 
samples. Blanks were run at the start and the end of every experiment and after every five unknowns 
and present little variations throughout the 40Ar/39Ar experiments. Backgrounds subtracted from ion beam 
measurements were arithmetic averages and standard deviations. Data were collected by ion counting 
on a Thermo Scientific ARGUS VI and were corrected for blanks, mass discrimination and nucleogenic 
isotopic interferences from irradiated CaF2. Typical values of isotopic interferences production ratios 
were measured as follows: (36Ar/37Ar)Ca = 2.673 e-4 ± 8.14 e-7, (39Ar/37Ar)Ca = 7.54 e-4 ± 3.75 e-5, 
(38Ar/39Ar)K = 1.29 e-2± 2.60 e-4 and (40Ar/39Ar)K = 1.51 e-3±6.12 e-4. Non-radiogenic argon was 
corrected to an atmospheric value of (40Ar/36Ar)atm=298.56 ± 0.31 (Lee et al., 2006), and ages were 
calculated using the decay constants in (Min, Mundil, Renne, and Ludwig, 2000). Calculated J-value for 
the batch of samples was 0,0044988 ± 0,0000063409. 
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Anexo 6: Fault-slip data from synrift/postrift structures. 

 

Locality 
Fault 

strike 

Fault 

dip 

Striae 

trend 

Striae 

plunge 

Sense 

Slip 
Lat Long 

Bedd. 

strike 

Bedd. 

dip 
Unit 

Quebrada Encuentro 133 82 311 15 N -24,9297 -69,1067 43 85 Profeta 
Quebrada Encuentro 126 75 302 13 N -24,9297 -69,1067 43 85 Profeta 
Quebrada Encuentro 128 66 302 13 N -24,9297 -69,1067 43 85 Profeta 
Quebrada Encuentro 136 82 315 14 N -24,9297 -69,1067 43 85 Profeta 
Quebrada Encuentro 137 82 315 14 N -24,9297 -69,1067 43 85 Profeta 
Quebrada Encuentro 130 82 308 15 NR -24,9297 -69,1067 45 72 Profeta 
Quebrada Encuentro 128 76 303 20 NR -24,9297 -69,1067 45 72 Profeta 
Quebrada Encuentro 129 49 290 21 NR -24,9297 -69,1067 45 72 Profeta 
Quebrada Encuentro 123 83 302 7 NR -24,9297 -69,1067 45 72 Profeta 
Quebrada Encuentro 323 85 324 12 NL -24,9297 -69,1067 45 72 Profeta 
Quebrada Encuentro 126 72 301 14 NR -24,9297 -69,1067 45 72 Profeta 
Quebrada Encuentro 341 85 161 3 NR -24,9297 -69,1067 55 78 Profeta 
Quebrada Encuentro 112 86 291 8 NR -24,9297 -69,1067 55 78 Profeta 
Quebrada Encuentro 106 57 285 2 NR -24,9297 -69,1067 55 78 Profeta 
Quebrada Encuentro 110 62 288 4 NR -24,9297 -69,1067 55 78 Profeta 
Quebrada Encuentro 106 79 284 10 NR -24,9297 -69,1067 55 78 Profeta 
Quebrada Encuentro 107 78 286 6 NR -24,9297 -69,1067 55 78 Profeta 
Quebrada Encuentro 118 84 119 9 NL -24,9297 -69,1067 33 79 Profeta 
Quebrada Encuentro 141 83 143 13 NL -24,9297 -69,1067 33 79 Profeta 

Punta del Viento 36 58 157 34 N -25,0844 -69,2441 151 23 Profeta 
Punta del Viento 23 84 33 59 NL -25,0844 -69,2441 146 60 Profeta 
Punta del Viento 211 80 295 80 NL -25,0844 -69,2441 162 54 Profeta 
Punta del Viento 45 53 89 43 NL -25,0844 -69,2441 162 54 Profeta 
Punta del Viento 34 58 169 48 NR -25,0844 -69,2441 141 22 Profeta 
Punta del Viento 33 58 155 54 NR -25,0844 -69,2441 141 22 Profeta 
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Punta del Viento 176 75 218 68 NL -25,0844 -69,2441 102 28 Profeta 
Quebrada Vaquillas 

 

105 61 278 31 N -25,3229 -69,2882 23 34 Sierra de Varas 
Quebrada Vaquillas 

 

307 55 333 28 N -25,3229 -69,2882 19 27 Sierra de Varas 
Quebrada Vaquillas 

 

344 58 348 35 N -25,3229 -69,2882 46 35 Sierra de Varas 
Quebrada Vaquillas 

 

342 82 345 23 N -25,3229 -69,2882 48 46 Sierra de Varas 
Quebrada Vaquillas 

 

325 80 351 68 N -25,3229 -69,2882 59 41 Sierra de Varas 
Quebrada Vaquillas 

 

298 58 349 51 N -25,3229 -69,2882 59 41 Sierra de Varas 
Quebrada Vaquillas 

 

160 80 323 59 N -25,3229 -69,2882 59 41 Sierra de Varas 
Quebrada Vaquillas 

 

133 80 293 63 N -25,3229 -69,2882 58 38 Sierra de Varas 
Quebrada Vaquillas 

 

0 63 26 41 N -25,3229 -69,2882 58 38 Sierra de Varas 
Quebrada Vaquillas 

 

343 70 354 28 N -25,3229 -69,2882 58 38 Sierra de Varas 
Quebrada Vaquillas 

 

330 82 338 44 N -25,3229 -69,2882 58 38 Sierra de Varas 
Quebrada Vaquillas 

 

177 44 204 25 N -25,3139 -69,2628 153 87 Sierra de Varas 
Quebrada Vaquillas 

 

153 87 155 41 N -25,3139 -69,2628 151 47 Sierra de Varas 
Quebrada Vaquillas 

 

318 79 138 0 N -25,3139 -69,2628 193 38 Sierra de Varas 
Quebrada Vaquillas 

 

358 45 68 49 N -25,3139 -69,2628 181 34 Sierra de Varas 
Quebrada Vaquillas 

 

331 86 146 64 N -25,3139 -69,2628 213 33 Sierra de Varas 
Quebrada Vaquillas 

 

166 72 197 26 N -25,3139 -69,2628 190 41 Sierra de Varas 
Quebrada Vaquillas 

 

144 87 149 57 N -25,3139 -69,2628 191 34 Sierra de Varas 
Quebrada Vaquillas 

 

18 69 112 66 N -25,3139 -69,2628 183 39 Sierra de Varas 
Quebrada Vaquillas 

 

10 23 101 22 N -25,3139 -69,2628 189 37 Sierra de Varas 
Quebrada Vaquillas 

 

335 87 153 16 N -25,3139 -69,2628 179 29 Sierra de Varas 
Quebrada Vaquillas 

 

350 75 352 67 N -25,3139 -69,2628 184 25 Sierra de Varas 
Quebrada Los Pozos 

 

346 73 165 0 N -25,2990 -69,2783 102 39 Sierra de Varas 
Quebrada Los Pozos 

 

12 81 192 2 N -25,2990 -69,2783 102 33 Sierra de Varas 
Quebrada Los Pozos 

 

340 86 160 9 N -25,2990 -69,2783 74 39 Sierra de Varas 
Quebrada Los Pozos 

 

41 58 82 3 N -25,2990 -69,2783 74 39 Sierra de Varas 
Quebrada Los Pozos 

 

152 86 325 55 N -25,2990 -69,2783 82 39 Sierra de Varas 
Quebrada Los Pozos 

 

153 82 158 25 N -25,2990 -69,2783 70 39 Sierra de Varas 
Quebrada Los Pozos 

 

91 49 98 13 N -25,2990 -69,2783 91 36 Sierra de Varas 
Quebrada Los Pozos 

 

22 60 29 22 N -25,2990 -69,2783 114 40 Sierra de Varas 
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Quebrada Los Pozos 

 

173 81 313 71 N -25,3057 -69,2827 128 29 Sierra de Varas 
Quebrada Los Pozos 

 

157 62 274 55 N -25,3057 -69,2827 128 29 Sierra de Varas 
Quebrada Los Pozos 

 

162 66 216 63 N -25,3057 -69,2827 128 29 Sierra de Varas 
La Carreta 1 161 73 174 36 NL -25,3409 -69,2204 55 37 Sierra de Varas 
La Carreta 1 337 84 338 13 ND -25,3409 -69,2204 55 37 Sierra de Varas 
La Carreta 1 347 68 17 52 N -25,3409 -69,2204 30 28 Sierra de Varas 
La Carreta 1 153 62 181 42 N -25,3409 -69,2204 108 32 Sierra de Varas 
La Carreta 2 32 54 92 40 N -25,3384 -69,2239 145 21 Profeta 
La Carreta 2 26 51 85 37 N -25,3384 -69,2239 145 21 Profeta 
La Carreta 2 165 27 279 43 N -25,3384 -69,2239 145 21 Profeta 
La Carreta 2 35 50 90 45 N -25,3384 -69,2239 145 21 Profeta 
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Anexo 9: 40Ar-39Ar detrital muscovite results. 

Run_ID  Sample 
Ar40Rad/ 

Ar39 
Ar40Rad/ 
Ar39_Er 

%Ar40Rad  Age 
Age_Error  
(1sigma) 

Age_Er_ 
with_J_er 
(1sigma) 

Ar39_Moles 

2200‐01A  CPV‐16‐391  26,7054  0,0227729  88,13142  207,6422  0,1673904  0,3233688  1,76E‐14 
2200‐02A  CPV‐16‐391  26,6137  0,0566206  91,80254  206,9681  0,4163395  0,4994173  5,33E‐15 
2200‐03A  CPV‐16‐391  28,72031  0,0441136  83,87791  222,393  0,3216508  0,4365526  9,02E‐15 
2200‐04A  CPV‐16‐391  29,96286  0,0469767  86,95884  231,4306  0,3408397  0,458323  7,91E‐15 
2200‐05A  CPV‐16‐391  25,96751  0,0184102  89,63772  202,2103  0,1357252  0,3020403  2,21E‐14 
2200‐06A  CPV‐16‐391  26,08267  0,0264965  89,87725  203,0591  0,1952488  0,3339285  1,29E‐14 
2200‐07A  CPV‐16‐391  31,82841  0,0178928  92,43671  244,9164  0,1288686  0,3478518  2,60E‐14 
2200‐08A  CPV‐16‐391  27,20144  0,0304474  89,62658  211,2847  0,2233563  0,3591524  1,13E‐14 
2200‐09A  CPV‐16‐391  26,67908  0,0763784  90,93321  207,4487  0,5614734  0,6258319  3,65E‐15 
2200‐10A  CPV‐16‐391  29,01338  0,0652817  89,2246  224,5287  0,4754416  0,56102  5,20E‐15 
2200‐11A  CPV‐16‐391  25,30437  0,0369571  85,72345  197,315  0,2731875  0,3796554  8,68E‐15 
2200‐12A  CPV‐16‐391  27,33206  0,0948531  90,85623  212,2427  0,6954609  0,7506306  3,38E‐15 
2200‐13A  CPV‐16‐391  25,87227  0,0138533  88,87785  201,5081  0,1021696  0,2876944  6,91E‐14 
2200‐14A  CPV‐16‐391  25,52167  0,0407224  88,90912  198,9205  0,3007571  0,4012936  7,08E‐15 
2200‐15A  CPV‐16‐391  25,90223  0,0462617  94,34315  201,729  0,3411441  0,4345789  5,96E‐15 
2200‐16A  CPV‐16‐391  26,09548  0,0331563  89,09995  203,1535  0,2443119  0,3648821  9,86E‐15 
2200‐17A  CPV‐16‐391  26,28605  0,0874879  92,22949  204,5572  0,6441589  0,6995383  3,35E‐15 
2200‐18A  CPV‐16‐391  26,2149  0,0349784  89,77469  204,0332  0,2576135  0,3747238  9,20E‐15 
2200‐19A  CPV‐16‐391  28,38728  0,0359513  88,3442  219,9632  0,2624845  0,3927271  1,02E‐14 
2200‐20A  CPV‐16‐391  26,80187  0,0219623  91,92441  208,3512  0,16137  0,3210646  1,64E‐14 
2200‐21A  CPV‐16‐391  25,9836  0,0491722  91,99163  202,3289  0,3624876  0,4519791  6,01E‐15 
2200‐22A  CPV‐16‐391  29,44721  0,0386854  88,27639  227,6855  0,281257  0,4125068  9,55E‐15 
2200‐23A  CPV‐16‐391  26,87687  0,0192546  90,83069  208,9021  0,1414321  0,3121384  2,05E‐14 
2200‐24A  CPV‐16‐391  26,25835  0,0395083  92,88484  204,3533  0,2909256  0,398636  7,79E‐15 
2200‐25A  CPV‐16‐391  26,75222  0,0406112  89,95732  207,9863  0,2984536  0,4072618  7,92E‐15 
2200‐26A  CPV‐16‐391  26,41193  0,0924237  88,80166  205,4838  0,6801557  0,7332553  2,99E‐15 
2200‐27A  CPV‐16‐391  28,68091  0,06949  88,80284  222,1058  0,5067608  0,5862711  4,82E‐15 
2200‐28A  CPV‐16‐391  24,77218  0,0441487  91,60828  193,3767  0,3270511  0,4169695  6,44E‐15 
2200‐29A  CPV‐16‐391  27,99118  0,028482  87,55186  217,0689  0,2082795  0,3558298  1,41E‐14 
2200‐30A  CPV‐16‐391  28,46697  0,0211009  90,66716  220,5449  0,154011  0,3308793  1,89E‐14 
2200‐31A  CPV‐16‐391  25,68924  0,0269642  84,67238  200,1577  0,1990109  0,3331971  1,79E‐14 
2200‐32A  CPV‐16‐391  25,69309  0,0379906  87,94394  200,1861  0,2803873  0,3873645  8,35E‐15 
2200‐33A  CPV‐16‐391  28,84158  0,0484848  91,23959  223,277  0,3533527  0,4611176  6,99E‐15 
2200‐34A  CPV‐16‐391  25,47052  0,0498319  89,96162  198,5427  0,3681115  0,4536895  5,85E‐15 
2200‐35A  CPV‐16‐391  27,34469  0,0567606  86,39077  212,3352  0,4161465  0,5030149  5,62E‐15 
2200‐36A  CPV‐16‐391  25,6534  0,0770024  86,38962  199,8931  0,5684026  0,6279475  3,54E‐15 
2200‐37A  CPV‐16‐391  25,04516  0,0241657  86,8757  195,3978  0,1788208  0,3165592  1,78E‐14 
2200‐38A  CPV‐16‐391  25,65587  0,0376377  87,35817  199,9114  0,2778241  0,3852726  8,54E‐15 
2200‐39A  CPV‐16‐391  27,48495  0,030395  86,40266  213,3633  0,2227194  0,3608056  1,33E‐14 
2200‐40A  CPV‐16‐391  27,92804  0,1430037  79,85962  216,6071  1,046002  1,084906  2,27E‐15 
2200‐41A  CPV‐16‐391  30,33246  0,1111445  87,85036  234,1103  0,80523  0,8627472  3,22E‐15 
2200‐42A  CPV‐16‐391  28,01487  0,0305248  92,09178  217,2422  0,2231967  0,3649335  1,14E‐14 
2200‐43A  CPV‐16‐391  25,30373  0,0372804  90,35989  197,3102  0,2755787  0,3813754  8,14E‐15 
2200‐44A  CPV‐16‐391  27,80395  0,0473192  92,84302  215,6992  0,3462887  0,449626  6,84E‐15 
2200‐45A  CPV‐16‐391  25,76076  0,0566817  85,42371  200,6854  0,418222  0,4966703  5,51E‐15 
2200‐46A  CPV‐16‐391  27,66766  0,0644739  89,34101  214,7016  0,4720865  0,5517227  5,19E‐15 
2200‐47A  CPV‐16‐391  25,9433  0,0159328  87,28595  202,0318  0,1174723  0,2940838  5,74E‐14 
2200‐48A  CPV‐16‐391  26,00138  0,0887951  88,36598  202,46  0,6545326  0,7080891  3,08E‐15 
2200‐49A  CPV‐16‐391  25,7529  0,0508643  91,112  200,6274  0,3753104  0,4610753  5,92E‐15 
2200‐50A  CPV‐16‐391  26,36958  0,0387222  87,99464  205,1721  0,2850095  0,395053  8,42E‐15 
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2200‐51A  CPV‐16‐391  27,70535  0,0438495  85,67676  214,9775  0,3210232  0,4298672  8,04E‐15 
2200‐52A  CPV‐16‐391  25,6824  0,0520876  89,93075  200,1072  0,3844457  0,468166  5,66E‐15 
2200‐53A  CPV‐16‐391  25,304  0,207202  92,09209  197,3122  1,531645  1,554169  1,25E‐15 
2200‐54A  CPV‐16‐391  24,99303  0,1295383  85,63404  195,0121  0,958756  0,9935748  2,16E‐15 
2200‐55A  CPV‐16‐391  26,73166  0,0357314  90,19284  207,8352  0,2626136  0,3816388  9,14E‐15 
2200‐56A  CPV‐16‐391  31,24075  0,1462148  92,95151  240,679  1,055515  1,10234  2,19E‐15 
2200‐57A  CPV‐16‐391  31,26804  0,0764906  90,56015  240,876  0,5521214  0,637208  4,72E‐15 
2200‐58A  CPV‐16‐391  25,77724  0,0569844  91,47787  200,8071  0,4204273  0,4986113  5,39E‐15 
2200‐59A  CPV‐16‐391  25,31998  0,1311805  90,01946  197,4303  0,9696284  1,00487  2,00E‐15 
2200‐60A  CPV‐16‐391  25,82957  0,0317232  89,21788  201,1931  0,2340022  0,356192  1,02E‐14 
2200‐61A  CPV‐16‐391  27,11403  0,0477026  88,86866  210,6433  0,3500598  0,4485441  6,18E‐15 
2200‐62A  CPV‐16‐391  25,77628  0,053523  86,61066  200,7999  0,3948904  0,4772711  5,85E‐15 
2200‐63A  CPV‐16‐391  24,91889  0,0301761  87,19294  194,4632  0,22341  0,342823  1,20E‐14 
2200‐64A  CPV‐16‐391  28,50346  0,0789622  90,25091  220,8112  0,5762452  0,646541  3,83E‐15 
2200‐65A  CPV‐16‐391  25,2171  0,1142056  85,29047  196,6697  0,8445088  0,8844613  2,55E‐15 
2200‐66A  CPV‐16‐391  30,10521  0,0553057  94,61327  232,4632  0,4010446  0,5054823  6,25E‐15 
2200‐67A  CPV‐16‐391  26,3404  0,1073602  87,58777  204,9573  0,7903024  0,8362215  2,82E‐15 
2200‐68A  CPV‐16‐391  28,81049  0,03002  89,88825  223,0504  0,2188102  0,3680785  1,23E‐14 
2200‐69A  CPV‐16‐391  27,71462  0,0353572  91,53229  215,0454  0,2588412  0,3857165  9,20E‐15 
2200‐70A  CPV‐16‐391  30,72308  0,1056759  92,05776  236,9381  0,7644282  0,8261181  3,01E‐15 
2200‐71A  CPV‐16‐391  25,88814  0,0332264  88,93301  201,6251  0,2450327  0,3639368  9,71E‐15 
2200‐72A  CPV‐16‐391  26,27382  0,040173  85,25706  204,4671  0,2958018  0,4023058  8,37E‐15 
2200‐73A  CPV‐16‐391  30,2592  0,0701629  93,19924  233,5795  0,5084699  0,5950393  4,48E‐15 
2200‐74A  CPV‐16‐391  28,10257  0,1316611  88,4288  217,8833  0,9623658  1,004973  2,26E‐15 
2200‐75A  CPV‐16‐391  27,03711  0,031566  86,75865  210,0788  0,2317149  0,3632416  1,17E‐14 
2200‐76A  CPV‐16‐391  28,25296  0,0724627  84,10092  218,9822  0,5293419  0,6040069  4,50E‐15 
2200‐77A  CPV‐16‐391  29,2713  0,5142327  88,78864  226,4061  3,741277  3,753299  5,89E‐16 
2200‐78A  CPV‐16‐391  29,48183  0,1482851  95,05246  227,9372  1,077939  1,119464  2,36E‐15 
2200‐79A  CPV‐16‐391  28,53563  0,0689703  90,61591  221,0459  0,5032622  0,5825819  5,02E‐15 
2200‐80A  CPV‐16‐391  26,1272  0,0568453  85,20691  203,3872  0,4188103  0,4990116  5,56E‐15 
2200‐81A  CPV‐16‐391  26,80594  0,0243408  85,31054  208,381  0,1788431  0,330224  1,96E‐14 
2200‐82A  CPV‐16‐391  29,72829  0,0591533  86,2171  229,7279  0,4295864  0,5264414  6,07E‐15 
2200‐83A  CPV‐16‐391  25,90341  0,0375612  93,0881  201,7377  0,2769834  0,386271  8,10E‐15 
2200‐84A  CPV‐16‐391  27,83427  0,1096331  82,73555  215,9211  0,8022133  0,852029  2,97E‐15 
2200‐85A  CPV‐16‐391  27,18809  0,044353  87,08059  211,1867  0,3253831  0,4300086  7,35E‐15 
2200‐86A  CPV‐16‐391  26,87091  0,0306153  90,08584  208,8583  0,2248864  0,3577297  1,11E‐14 
2200‐87A  CPV‐16‐391  26,72604  0,0313527  87,49631  207,7939  0,2304368  0,3602147  1,23E‐14 
2204‐01A  CPV‐16‐408  34,55183  0,1185183  99,37855  264,4267  0,8445459  0,9130639  4,83E‐15 
2204‐02A  CPV‐16‐408  34,42699  0,077038  98,70513  263,5369  0,5492301  0,6490988  7,43E‐15 
2204‐03A  CPV‐16‐408  34,8951  0,2998348  98,4691  266,8712  2,133732  2,162249  1,84E‐15 
2204‐04A  CPV‐16‐408  34,10088  0,1944731  99,10226  261,2105  1,388228  1,429998  2,90E‐15 
2204‐05A  CPV‐16‐408  34,85954  0,0950158  97,72685  266,6181  0,6762599  0,7613256  6,09E‐15 
2204‐06A  CPV‐16‐408  34,16813  0,1625431  98,70736  261,6905  1,159994  1,209838  3,34E‐15 
2204‐07A  CPV‐16‐408  34,88022  0,3501344  99,44599  266,7653  2,491826  2,51627  1,59E‐15 
2204‐08A  CPV‐16‐408  34,00879  0,3748727  98,1886  260,553  2,676955  2,69875  1,44E‐15 
2204‐09A  CPV‐16‐408  34,55049  0,1424047  98,73593  264,4172  1,014763  1,072457  4,02E‐15 
2204‐10A  CPV‐16‐408  34,64876  0,2466285  96,53073  265,1173  1,75678  1,79089  2,36E‐15 
2204‐11A  CPV‐16‐408  34,04172  0,1058856  98,60432  260,7881  0,7560288  0,8300262  5,13E‐15 
2204‐12A  CPV‐16‐408  34,66278  0,2013683  99,48625  265,2172  1,434305  1,475916  2,73E‐15 
2204‐13A  CPV‐16‐408  34,13388  0,1552147  99,21034  261,446  1,107843  1,159841  3,60E‐15 
2204‐14A  CPV‐16‐408  34,26723  0,2183298  98,20285  262,3976  1,557516  1,595171  2,60E‐15 
2204‐15A  CPV‐16‐408  34,88719  0,179261  99,52993  266,8149  1,275725  1,322849  3,19E‐15 
2204‐16A  CPV‐16‐408  34,65183  0,1855527  99,42912  265,1392  1,32171  1,36673  2,98E‐15 
2204‐17A  CPV‐16‐408  34,69432  0,119687  99,56351  265,4418  0,8524014  0,9208022  4,80E‐15 
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2204‐18A  CPV‐16‐408  34,85454  0,0864965  99,16906  266,5825  0,615637  0,7080027  6,69E‐15 
2204‐19A  CPV‐16‐408  33,48559  0,2750543  97,8609  256,813  1,968172  1,996937  1,93E‐15 
2204‐20A  CPV‐16‐408  34,85207  0,1474831  99,43913  266,5649  1,049718  1,106414  3,91E‐15 
2204‐21A  CPV‐16‐408  34,14638  0,3604788  99,1791  261,5352  2,572787  2,595616  1,59E‐15 
2204‐22A  CPV‐16‐408  34,31789  0,0853333  99,0029  262,7589  0,6086282  0,6996054  6,67E‐15 
2204‐23A  CPV‐16‐408  34,58554  0,0899035  98,89073  264,6669  0,6405565  0,728659  6,38E‐15 
2204‐24A  CPV‐16‐408  34,59012  0,2941985  99,19517  264,6996  2,096108  2,124695  1,87E‐15 
2204‐25A  CPV‐16‐408  34,06304  0,1064497  98,46301  260,9404  0,759993  0,8337151  5,25E‐15 
2204‐26A  CPV‐16‐408  34,46089  0,4260865  99,28582  263,7786  3,037313  3,056984  1,29E‐15 
2204‐27A  CPV‐16‐408  34,65159  0,0905703  98,47683  265,1374  0,6451415  0,7329651  6,28E‐15 
2204‐28A  CPV‐16‐408  34,93127  0,1802611  98,36744  267,1286  1,282622  1,329603  3,10E‐15 
2204‐29A  CPV‐16‐408  34,77518  0,1771246  97,91111  266,0176  1,261071  1,308464  3,12E‐15 
2204‐30A  CPV‐16‐408  34,45582  0,2148942  98,86191  263,7425  1,531881  1,570512  2,66E‐15 
2204‐31A  CPV‐16‐408  34,87307  0,0937037  99,72957  266,7144  0,6668863  0,7530661  6,24E‐15 
2204‐32A  CPV‐16‐408  34,59743  0,1784092  99,13904  264,7516  1,271095  1,31772  3,09E‐15 
2204‐33A  CPV‐16‐408  34,47076  0,1523708  99,36569  263,849  1,086117  1,139996  3,75E‐15 
2204‐34A  CPV‐16‐408  34,27097  0,0970689  99,22472  262,4243  0,6924578  0,7734568  5,85E‐15 
2204‐35A  CPV‐16‐408  34,81532  0,0617471  99,30485  266,3033  0,439551  0,5614501  9,36E‐15 
2204‐36A  CPV‐16‐408  34,94213  0,2413601  99,39686  267,2058  1,717291  1,752678  2,31E‐15 
2204‐37A  CPV‐16‐408  34,08602  0,1694408  98,70107  261,1044  1,209607  1,25729  3,33E‐15 
2204‐38A  CPV‐16‐408  32,46862  0,2478044  96,35092  249,5215  1,780262  1,810365  2,09E‐15 
2204‐39A  CPV‐16‐408  34,95969  0,0844798  99,31557  267,3308  0,601038  0,6958044  6,87E‐15 
2204‐40A  CPV‐16‐408  34,72751  0,1492958  98,80796  265,6781  1,063136  1,118815  3,70E‐15 
2204‐41A  CPV‐16‐408  33,70202  0,6906192  98,86376  258,361  4,9376  4,949266  7,77E‐16 
2204‐42A  CPV‐16‐408  34,81661  0,1068319  99,42713  266,3125  0,7604863  0,8368802  5,41E‐15 
2204‐43A  CPV‐16‐408  35,01183  0,1081703  99,84598  267,7017  0,7694292  0,8457159  5,36E‐15 
2204‐44A  CPV‐16‐408  34,21656  0,0650526  99,1479  262,0361  0,464162  0,577804  8,63E‐15 
2204‐45A  CPV‐16‐408  34,61068  0,2330368  99,17254  264,846  1,66021  1,696196  2,36E‐15 
2204‐46A  CPV‐16‐408  34,85207  0,5023549  99,03898  266,5649  3,575536  3,59259  1,10E‐15 
2204‐47A  CPV‐16‐408  34,57688  0,0753899  99,48261  264,6052  0,5371663  0,6396301  7,61E‐15 
2204‐48A  CPV‐16‐408  34,47509  0,203721  99,08421  263,8798  1,452123  1,492859  2,80E‐15 
2204‐49A  CPV‐16‐408  34,59447  0,0611977  99,55088  264,7305  0,4360146  0,557489  9,38E‐15 
2204‐50A  CPV‐16‐408  35,20799  0,6937635  99,18425  269,0965  4,931071  4,94367  8,08E‐16 
2204‐51A  CPV‐16‐408  34,49119  0,1784915  98,9164  263,9946  1,272207  1,31855  3,17E‐15 
2204‐52A  CPV‐16‐408  34,10534  0,4479594  99,26146  261,2423  3,197659  3,216018  1,21E‐15 
2204‐53A  CPV‐16‐408  35,53808  1,587042  92,81388  271,4411  11,26579  11,2714  3,57E‐16 
2204‐54A  CPV‐16‐408  32,19147  0,487898  97,42787  247,5294  3,508946  3,524086  1,05E‐15 
2204‐55A  CPV‐16‐408  35,01615  0,4561992  99,5002  267,7324  3,24495  3,263884  1,22E‐15 
2204‐56A  CPV‐16‐408  34,70521  0,3250075  99,51455  265,5194  2,314579  2,340647  1,70E‐15 
2204‐57A  CPV‐16‐408  34,55743  0,24498  96,65408  264,4666  1,745658  1,779827  2,34E‐15 
2204‐58A  CPV‐16‐408  34,88681  0,3440055  98,00019  266,8122  2,448145  2,473029  1,61E‐15 
2204‐59A  CPV‐16‐408  35,05962  0,7373517  99,65374  268,0416  5,243905  5,255668  7,56E‐16 
2204‐60A  CPV‐16‐408  34,82207  0,3392832  99,18041  266,3514  2,415147  2,440286  1,70E‐15 
2204‐61A  CPV‐16‐408  35,35474  0,3408778  99,5285  270,1393  2,421481  2,447218  1,65E‐15 
2204‐62A  CPV‐16‐408  32,33894  1,977724  98,97536  248,5896  14,21548  14,21926  2,59E‐16 
2204‐63A  CPV‐16‐408  34,49649  0,5530468  98,27534  264,0323  3,94179  3,956994  9,92E‐16 
2204‐64A  CPV‐16‐408  33,60394  0,2878042  98,88452  257,6597  2,058453  2,086141  1,86E‐15 
2204‐65A  CPV‐16‐408  35,20193  0,8171244  98,84239  269,0534  5,808021  5,818718  6,85E‐16 
2204‐66A  CPV‐16‐408  30,0736  1,86644  92,28718  232,2339  13,53603  13,53952  2,55E‐16 
2204‐67A  CPV‐16‐408  34,48687  0,0970021  99,01852  263,9638  0,6913994  0,7733494  5,84E‐15 
2204‐68A  CPV‐16‐408  35,10334  0,213554  98,16005  268,3525  1,518498  1,558719  2,69E‐15 
2204‐69A  CPV‐16‐408  35,41708  0,6325869  99,56068  270,582  4,492597  4,506563  8,89E‐16 
2204‐70A  CPV‐16‐408  34,43514  0,2614296  98,46182  263,595  1,86376  1,895607  2,21E‐15 
2204‐71A  CPV‐16‐408  31,4625  1,25953  97,20774  242,2791  9,084519  9,090148  3,96E‐16 
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2204‐72A  CPV‐16‐408  35,19266  0,2564462  99,86867  268,9875  1,822854  1,85664  2,18E‐15 
2204‐73A  CPV‐16‐408  33,78947  0,6744741  98,14994  258,9862  4,820524  4,832526  7,98E‐16 
2204‐74A  CPV‐16‐408  35,07375  0,2898645  99,2913  268,1421  2,061348  2,091111  1,92E‐15 
2204‐75A  CPV‐16‐408  34,07204  0,6945983  96,84114  261,0046  4,958882  4,97072  7,83E‐16 
2204‐76A  CPV‐16‐408  33,28916  0,4926871  94,49892  255,4069  3,52817  3,544133  1,07E‐15 
2204‐77A  CPV‐16‐408  35,00311  0,4804003  99,65422  267,6397  3,417266  3,435239  1,15E‐15 
2204‐78A  CPV‐16‐408  34,732  0,3713432  99,55432  265,7101  2,644289  2,667167  1,49E‐15 
2204‐79A  CPV‐16‐408  32,82655  16,40086  86,05633  252,0911  117,6608  117,6613  3,16E‐17 
2204‐80A  CPV‐16‐408  33,38929  0,4723407  96,67402  256,1238  3,381143  3,397884  1,16E‐15 
2204‐81A  CPV‐16‐408  35,00072  0,195571  99,59303  267,6227  1,391182  1,43476  2,83E‐15 
2204‐82A  CPV‐16‐408  35,01504  0,3923982  98,67964  267,7245  2,791145  2,813134  1,42E‐15 
2204‐83A  CPV‐16‐408  34,45909  0,2606431  99,55838  263,7657  1,85798  1,889963  2,19E‐15 
2204‐84A  CPV‐16‐408  24,81545  0,2595038  89,55433  193,6972  1,922054  1,939434  1,54E‐15 
2204‐85A  CPV‐16‐408  35,00375  0,1324531  99,80016  267,6442  0,9421861  1,005425  4,38E‐15 
2204‐86A  CPV‐16‐408  34,61385  0,8500318  99,91782  264,8686  6,055754  6,06572  6,53E‐16 
2204‐87A  CPV‐16‐408  25,97902  0,4882691  88,25111  202,2952  3,59949  3,609597  8,52E‐16 
2202‐01A  CPV‐16‐409  33,82013  0,0931796  92,82708  259,2053  0,6658829  0,7479583  4,71E‐15 
2202‐02A  CPV‐16‐409  34,15203  0,0793991  97,69485  261,5756  0,5666701  0,6626758  5,87E‐15 
2202‐03A  CPV‐16‐409  34,19114  0,0937902  98,25009  261,8547  0,669277  0,7524562  4,97E‐15 
2202‐04A  CPV‐16‐409  33,5867  0,1899315  96,65548  257,5364  1,358533  1,400095  2,37E‐15 
2202‐05A  CPV‐16‐409  34,38984  0,0709769  96,58057  263,272  0,5060915  0,6128463  6,63E‐15 
2202‐06A  CPV‐16‐409  32,65144  0,4310633  89,05406  250,8344  3,0946  3,112186  9,70E‐16 
2202‐07A  CPV‐16‐409  34,16995  0,0977158  95,38002  261,7034  0,6973473  0,7774476  4,50E‐15 
2202‐08A  CPV‐16‐409  33,81694  0,3055624  93,15565  259,1825  2,183647  2,210053  1,41E‐15 
2202‐09A  CPV‐16‐409  33,60369  0,0664793  96,3333  257,6579  0,4754782  0,5838103  7,05E‐15 
2202‐10A  CPV‐16‐409  33,955  0,1092481  98,33243  260,1688  0,7803013  0,8518896  4,23E‐15 
2202‐11A  CPV‐16‐409  34,12775  0,1729872  94,97801  261,4023  1,234723  1,281569  2,52E‐15 
2202‐12A  CPV‐16‐409  34,93309  0,0585086  99,211  267,1415  0,416307  0,5441021  8,14E‐15 
2202‐13A  CPV‐16‐409  30,89688  0,8631647  85,91851  238,1949  6,239594  6,24753  4,55E‐16 
2202‐14A  CPV‐16‐409  34,20849  0,1109298  96,69921  261,9785  0,7915296  0,8630653  4,14E‐15 
2202‐15A  CPV‐16‐409  34,1457  0,1874153  93,43663  261,5304  1,337613  1,381012  2,34E‐15 
2202‐16A  CPV‐16‐409  34,206  0,1991215  92,44975  261,9607  1,420827  1,461882  2,39E‐15 
2202‐17A  CPV‐16‐409  34,06834  0,1596372  96,77605  260,9782  1,139699  1,190142  2,85E‐15 
2202‐18A  CPV‐16‐409  32,89988  0,1549012  93,25526  252,6171  1,110951  1,159663  2,72E‐15 
2202‐19A  CPV‐16‐409  33,66037  0,3167177  91,62566  258,0633  2,26475  2,290018  1,45E‐15 
2202‐20A  CPV‐16‐409  34,13385  0,17821  95,84057  261,4458  1,271971  1,317508  2,47E‐15 
2202‐21A  CPV‐16‐409  33,22727  0,2655351  94,68821  254,9636  1,901978  1,931334  1,67E‐15 
2202‐22A  CPV‐16‐409  33,1184  0,1307457  94,8305  254,1836  0,9369063  0,9948275  3,25E‐15 
2202‐23A  CPV‐16‐409  34,08845  0,1591903  98,27847  261,1217  1,13642  1,187052  2,86E‐15 
2202‐24A  CPV‐16‐409  33,80513  0,076588  97,6212  259,0981  0,5473477  0,6446252  6,03E‐15 
2202‐25A  CPV‐16‐409  32,86031  0,0973186  94,84631  252,3333  0,698077  0,7731014  4,70E‐15 
2202‐26A  CPV‐16‐409  32,70418  0,3079563  87,6659  251,213  2,210358  2,234982  1,37E‐15 
2202‐27A  CPV‐16‐409  31,0411  0,1063894  91,18336  239,2371  0,7686239  0,8310799  4,09E‐15 
2202‐28A  CPV‐16‐409  34,71745  0,1557361  97,65942  265,6065  1,10904  1,162496  2,99E‐15 
2202‐29A  CPV‐16‐409  33,55313  0,187281  91,6977  257,2962  1,33975  1,381805  2,31E‐15 
2202‐30A  CPV‐16‐409  34,13599  0,1543656  96,48817  261,4611  1,101773  1,15405  2,83E‐15 
2202‐31A  CPV‐16‐409  35,9687  0,0718067  98,4845  274,4954  0,5088776  0,622925  6,95E‐15 
2202‐32A  CPV‐16‐409  33,14505  0,2099317  95,48848  254,3746  1,504185  1,54098  2,02E‐15 
2202‐33A  CPV‐16‐409  33,50869  0,2351192  93,72569  256,9783  1,682262  1,715866  1,82E‐15 
2202‐34A  CPV‐16‐409  33,88276  0,0569352  95,68215  259,6528  0,4067724  0,5309223  8,20E‐15 
2202‐35A  CPV‐16‐409  34,20865  0,130074  96,43758  261,9796  0,9281304  0,9898432  3,38E‐15 
2202‐36A  CPV‐16‐409  33,99662  0,2892059  95,45732  260,4661  2,065308  2,093464  1,50E‐15 
2202‐37A  CPV‐16‐409  34,44682  0,1389681  98,43473  263,6783  0,9906738  1,049395  3,32E‐15 
2202‐38A  CPV‐16‐409  32,36029  0,1632391  92,02963  248,7431  1,173232  1,218168  2,71E‐15 
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2202‐39A  CPV‐16‐409  34,5079  0,0642669  98,67512  264,1137  0,4580356  0,5744211  7,33E‐15 
2202‐40A  CPV‐16‐409  32,7589  0,1786304  93,22463  251,6057  1,281846  1,323975  2,51E‐15 
2202‐41A  CPV‐16‐409  34,05748  0,1661999  96,48487  260,9006  1,186603  1,235105  2,63E‐15 
2202‐42A  CPV‐16‐409  33,59865  0,2418675  91,37934  257,6219  1,729937  1,762784  1,79E‐15 
2202‐43A  CPV‐16‐409  34,25197  0,0517835  96,60807  262,2887  0,3694341  0,5050792  9,26E‐15 
2202‐44A  CPV‐16‐409  33,98534  0,1424876  96,74066  260,3855  1,017593  1,073556  3,20E‐15 
2202‐45A  CPV‐16‐409  32,17356  0,2366772  93,51559  247,4005  1,702294  1,733259  1,82E‐15 
2202‐46A  CPV‐16‐409  34,55661  0,2562573  98,15717  264,4608  1,826022  1,858713  1,71E‐15 
2202‐47A  CPV‐16‐409  28,84566  0,7839933  74,33585  223,3068  5,713576  5,721254  4,70E‐16 
2202‐48A  CPV‐16‐409  34,32095  0,1826965  96,13913  262,7807  1,303043  1,347946  2,52E‐15 
2202‐49A  CPV‐16‐409  34,35059  0,0448951  97,97762  262,9922  0,3201675  0,4708749  1,07E‐14 
2202‐50A  CPV‐16‐409  31,18296  0,2390356  95,30411  240,2617  1,725977  1,75491  1,75E‐15 
2202‐51A  CPV‐16‐409  33,90551  0,0863113  97,01115  259,8153  0,6165945  0,7047973  5,28E‐15 
2202‐52A  CPV‐16‐409  28,03294  0,4025712  85,64189  217,3743  2,943378  2,957521  9,51E‐16 
2202‐53A  CPV‐16‐409  33,99441  0,0944139  95,19808  260,4503  0,6742445  0,7560998  4,95E‐15 
2202‐54A  CPV‐16‐409  30,4101  0,4114399  85,73686  234,6728  2,979922  2,996048  9,47E‐16 
2202‐55A  CPV‐16‐409  34,53621  0,1121859  98,37546  264,3154  0,7994711  0,8714859  3,97E‐15 
2202‐56A  CPV‐16‐409  32,82231  0,0971771  95,41472  252,0607  0,6971663  0,7721352  4,55E‐15 
2202‐57A  CPV‐16‐409  34,189  0,2121071  96,51668  261,8394  1,513586  1,552156  2,05E‐15 
2202‐58A  CPV‐16‐409  33,54902  0,0638958  94,44293  257,2668  0,4570982  0,5686558  7,13E‐15 
2202‐59A  CPV‐16‐409  34,95715  0,1278854  99,40213  267,3127  0,9098592  0,9750515  3,49E‐15 
2202‐60A  CPV‐16‐409  33,38738  0,0670639  96,65332  256,1102  0,4800649  0,5864609  6,82E‐15 
2202‐61A  CPV‐16‐409  33,85245  0,0959571  95,94313  259,4362  0,6856451  0,7657306  4,82E‐15 
2202‐62A  CPV‐16‐409  30,83428  0,0749643  92,97598  237,7423  0,5420313  0,6265328  5,59E‐15 
2202‐63A  CPV‐16‐409  31,44621  0,123422  89,18226  242,1616  0,8902539  0,945918  3,51E‐15 
2202‐64A  CPV‐16‐409  34,2216  0,0716197  97,92376  262,072  0,5110098  0,6160943  6,52E‐15 
2202‐65A  CPV‐16‐409  34,16034  0,0857932  95,96303  261,6349  0,6122846  0,7021157  5,36E‐15 
2202‐66A  CPV‐16‐409  33,63823  0,0737162  97,16972  257,9049  0,5271671  0,6267895  6,26E‐15 
2202‐67A  CPV‐16‐409  33,95959  0,1674844  97,14801  260,2016  1,196231  1,244123  2,72E‐15 
2202‐68A  CPV‐16‐409  34,00807  0,2160205  98,19347  260,5478  1,5426  1,58012  2,11E‐15 
2202‐69A  CPV‐16‐409  34,71607  0,1476335  98,25306  265,5967  1,051345  1,107586  3,16E‐15 
2202‐70A  CPV‐16‐409  33,77599  0,0839972  97,08745  258,8898  0,6003669  0,6900863  5,49E‐15 
2202‐71A  CPV‐16‐409  34,30394  0,1563891  97,49738  262,6594  1,115485  1,16758  2,81E‐15 
2202‐72A  CPV‐16‐409  31,89944  0,033965  94,08779  245,4279  0,244556  0,4057206  1,33E‐14 
2202‐73A  CPV‐16‐409  29,78996  0,1897688  91,36998  230,1758  1,377813  1,411136  2,09E‐15 
2202‐74A  CPV‐16‐409  34,33332  0,1588642  96,87635  262,869  1,13301  1,184409  2,94E‐15 
2202‐75A  CPV‐16‐409  31,52007  0,3974135  91,5062  242,6943  2,865746  2,883596  1,01E‐15 
2202‐76A  CPV‐16‐409  33,24742  0,1090631  95,11928  255,108  0,7811366  0,8501896  3,96E‐15 
2202‐77A  CPV‐16‐409  33,76338  0,2990869  96,46843  258,7997  2,137817  2,164709  1,45E‐15 
2202‐78A  CPV‐16‐409  34,13346  0,1119148  98,39464  261,443  0,7987916  0,8694717  4,15E‐15 
2202‐79A  CPV‐16‐409  34,38963  0,7154431  97,39008  263,2705  5,101377  5,113071  6,13E‐16 
2202‐80A  CPV‐16‐409  34,14324  0,1323326  98,30415  261,5128  0,9444872  1,005001  3,46E‐15 
2202‐81A  CPV‐16‐409  33,73267  0,0750615  97,17354  258,5801  0,5365897  0,6351768  6,05E‐15 
2202‐82A  CPV‐16‐409  33,88676  0,0802068  96,24109  259,6813  0,5730272  0,6669324  5,78E‐15 
2202‐83A  CPV‐16‐409  34,87032  0,1525482  99,02711  266,6948  1,085692  1,14065  3,11E‐15 
2202‐84A  CPV‐16‐409  34,48024  0,0841404  98,0928  263,9165  0,5997407  0,692593  5,25E‐15 
2202‐85A  CPV‐16‐409  35,57636  0,8202555  99,00443  271,7129  5,821811  5,832679  5,53E‐16 
2202‐86A  CPV‐16‐409  34,56548  0,1504279  98,48072  264,524  1,071873  1,126686  2,94E‐15 
2202‐87A  CPV‐16‐409  31,18821  2,158729  99,54583  240,2997  15,58696  15,59019  1,84E‐16 
2201‐01A  CPV‐16‐411  31,05073  0,1069829  96,75169  239,3068  0,7728823  0,8350525  3,96E‐15 
2201‐02A  CPV‐16‐411  34,54837  0,0418784  98,45315  264,4021  0,2984243  0,4576725  1,13E‐14 
2201‐03A  CPV‐16‐411  10,36458  0,0294838  79,14691  83,40724  0,2319411  0,2588504  5,64E‐15 
2201‐04A  CPV‐16‐411  13,59999  0,0362681  86,99504  108,6839  0,2813976  0,3182832  5,41E‐15 
2201‐05A  CPV‐16‐411  28,48264  0,0559213  96,13985  220,6592  0,4081327  0,502412  6,89E‐15 
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2201‐06A  CPV‐16‐411  16,56833  0,9633718  69,82121  131,5711  7,381733  7,383901  2,20E‐16 
2201‐07A  CPV‐16‐411  11,62049  0,0323527  67,54997  93,26057  0,2531432  0,2837343  8,78E‐15 
2201‐08A  CPV‐16‐411  11,88025  0,0290548  71,72559  95,29195  0,2270867  0,2621  1,01E‐14 
2201‐09A  CPV‐16‐411  31,7343  0,0746867  97,24134  244,2384  0,5381108  0,62723  5,81E‐15 
2201‐10A  CPV‐16‐411  12,27481  0,0455638  70,14604  98,37315  0,3555185  0,3802849  4,38E‐15 
2201‐11A  CPV‐16‐411  35,11664  0,0441345  98,73259  268,447  0,3138068  0,4715152  1,09E‐14 
2201‐12A  CPV‐16‐411  10,15352  0,0521752  84,45557  81,74618  0,4108199  0,4259936  2,72E‐15 
2201‐13A  CPV‐16‐411  10,42683  0,1041653  67,4317  83,89694  0,8192197  0,827333  1,42E‐15 
2201‐14A  CPV‐16‐411  10,9749  0,0381139  73,46993  88,20222  0,2990469  0,3227378  4,56E‐15 
2201‐15A  CPV‐16‐411  11,74871  0,0339941  67,75612  94,26355  0,2658407  0,2957042  6,71E‐15 
2201‐16A  CPV‐16‐411  13,60492  0,0458969  82,22612  108,7222  0,3560982  0,3859283  4,11E‐15 
2201‐17A  CPV‐16‐411  11,88208  0,0410674  69,4494  95,30628  0,320972  0,3466353  5,00E‐15 
2201‐18A  CPV‐16‐411  9,562026  0,039047  73,38145  77,08289  0,3082348  0,3260789  3,63E‐15 
2201‐19A  CPV‐16‐411  12,45253  0,0554206  79,3606  99,75932  0,4321001  0,4532513  3,26E‐15 
2201‐20A  CPV‐16‐411  11,53812  0,0358601  83,48219  92,61598  0,2806857  0,3082005  4,74E‐15 
2201‐21A  CPV‐16‐411  11,28579  0,0510427  52,6683  90,63986  0,3999548  0,4189266  6,78E‐15 
2201‐22A  CPV‐16‐411  8,924076  0,0229842  68,99788  72,04  0,1819364  0,2073986  8,89E‐15 
2201‐23A  CPV‐16‐411  11,9451  0,0408193  61,90344  95,79874  0,318947  0,3450118  5,99E‐15 
2201‐24A  CPV‐16‐411  11,79189  0,0441758  79,17699  94,60122  0,3453994  0,3690362  3,96E‐15 
2201‐25A  CPV‐16‐411  14,08546  0,057588  69,96802  112,4468  0,4458972  0,4716502  3,81E‐15 
2201‐26A  CPV‐16‐411  11,13925  0,0437809  74,10038  89,49124  0,3432693  0,3646747  3,97E‐15 
2201‐27A  CPV‐16‐411  11,84017  0,0532154  69,83243  94,97868  0,4159923  0,435968  3,29E‐15 
2201‐28A  CPV‐16‐411  13,88367  0,0547151  79,75544  110,8837  0,4240142  0,4503163  3,49E‐15 
2201‐29A  CPV‐16‐411  33,20203  0,0890585  97,18342  254,7829  0,6379721  0,7206864  5,09E‐15 
2201‐30A  CPV‐16‐411  31,01277  0,033456  98,5833  239,0324  0,241734  0,3977266  1,27E‐14 
2201‐31A  CPV‐16‐411  10,32525  0,0146237  79,21956  83,09782  0,1150599  0,162327  1,55E‐14 
2201‐32A  CPV‐16‐411  10,67084  0,0318403  71,43016  85,81491  0,2501493  0,2766529  5,86E‐15 
2201‐33A  CPV‐16‐411  11,07824  0,0180153  76,23068  89,01285  0,1412881  0,1869717  1,39E‐14 
2201‐34A  CPV‐16‐411  11,31867  0,0455119  86,35278  90,8975  0,3565671  0,3778385  3,48E‐15 
2201‐35A  CPV‐16‐411  10,71756  0,0490656  67,77964  86,18195  0,3854001  0,4032521  3,24E‐15 
2201‐36A  CPV‐16‐411  9,487899  0,0432123  71,64575  76,49764  0,341225  0,3571912  3,39E‐15 
2201‐37A  CPV‐16‐411  9,620414  0,0387288  64,92343  77,54374  0,3056463  0,3238384  4,31E‐15 
2201‐38A  CPV‐16‐411  11,272  0,0415603  82,85414  90,53177  0,3256729  0,3486579  3,71E‐15 
2201‐39A  CPV‐16‐411  11,42925  0,0250346  72,10513  91,76359  0,196043  0,2331231  1,21E‐14 
2201‐40A  CPV‐16‐411  11,51816  0,0637658  47,0686  92,45971  0,4991528  0,5150761  5,56E‐15 
2201‐41A  CPV‐16‐411  11,99189  0,0358351  65,94635  96,16428  0,2799468  0,3095239  6,69E‐15 
2201‐42A  CPV‐16‐411  11,26323  0,0218579  81,35558  90,46307  0,171288  0,2116982  8,54E‐15 
2201‐43A  CPV‐16‐411  12,2114  0,0634552  84,37131  97,87829  0,4952531  0,5131478  2,58E‐15 
2201‐44A  CPV‐16‐411  12,34332  0,0549475  78,60442  98,90764  0,4286106  0,4495814  3,27E‐15 
2201‐45A  CPV‐16‐411  28,40479  0,1116152  94,37245  220,091  0,8148582  0,8656927  3,48E‐15 
2201‐46A  CPV‐16‐411  11,30935  0,1950036  40,74011  90,82443  1,527834  1,53293  9,83E‐16 
2201‐47A  CPV‐16‐411  9,99522  0,0355229  64,70909  80,49931  0,279893  0,3011006  6,34E‐15 
2201‐48A  CPV‐16‐411  35,75584  0,0933293  98,7921  272,9863  0,6619493  0,752292  5,22E‐15 
2201‐49A  CPV‐16‐411  14,84884  0,0664285  90,31448  118,348  0,5126923  0,537536  3,10E‐15 
2201‐50A  CPV‐16‐411  12,78597  0,0319223  79,04463  102,3572  0,2485371  0,2854073  6,33E‐15 
2201‐51A  CPV‐16‐411  10,70079  0,0469249  61,28154  86,05023  0,3686122  0,3871846  4,09E‐15 
2201‐52A  CPV‐16‐411  12,56643  0,0799289  84,50982  100,6472  0,6228828  0,6379929  2,06E‐15 
2201‐53A  CPV‐16‐411  12,31538  0,0764787  73,50317  98,68964  0,5966332  0,6118077  2,34E‐15 
2201‐54A  CPV‐16‐411  11,65596  0,0336501  63,69109  93,53807  0,2632545  0,2929538  8,27E‐15 
2201‐55A  CPV‐16‐411  11,98482  0,0625595  65,59904  96,10908  0,488734  0,5062373  2,93E‐15 
2201‐56A  CPV‐16‐411  12,08781  0,0993789  75,90685  96,91346  0,7760379  0,7873596  1,72E‐15 
2201‐57A  CPV‐16‐411  11,27199  0,0461538  82,49132  90,53173  0,3616681  0,3824962  3,32E‐15 
2201‐58A  CPV‐16‐411  11,68343  0,0726616  56,79753  93,75302  0,568386  0,5827999  2,84E‐15 
2201‐59A  CPV‐16‐411  34,35452  0,1494517  98,6412  263,0202  1,065792  1,120336  2,92E‐15 
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2201‐60A  CPV‐16‐411  9,525073  0,0293635  72,10088  76,79116  0,2318306  0,2549126  6,65E‐15 
2201‐61A  CPV‐16‐411  12,49579  0,0576393  80,71948  100,0966  0,449316  0,469824  2,92E‐15 
2201‐62A  CPV‐16‐411  12,89636  0,0859339  82,14796  103,2165  0,6687403  0,683537  1,98E‐15 
2201‐63A  CPV‐16‐411  11,08564  0,0537278  68,30114  89,07087  0,4213554  0,4388115  3,16E‐15 
2201‐64A  CPV‐16‐411  11,95416  0,0476456  76,64792  95,86949  0,3722706  0,3948623  3,75E‐15 
2201‐65A  CPV‐16‐411  9,87027  0,070839  68,62355  79,51454  0,5584572  0,5691245  2,07E‐15 
2201‐66A  CPV‐16‐411  11,35775  0,0639129  65,95945  91,20363  0,5006478  0,5161133  3,08E‐15 
2201‐67A  CPV‐16‐411  11,37637  0,0391188  74,26938  91,34951  0,3064041  0,3311454  4,57E‐15 
2201‐68A  CPV‐16‐411  11,18939  0,0304439  82,03401  89,88438  0,2386478  0,2687689  5,57E‐15 
2201‐69A  CPV‐16‐411  13,49676  0,1639471  72,52807  107,8829  1,272592  1,28113  1,08E‐15 
2201‐70A  CPV‐16‐411  33,80238  0,0963956  98,16514  259,0784  0,6889131  0,7684641  4,86E‐15 
2201‐71A  CPV‐16‐411  10,64342  0,0361366  79,83754  85,59954  0,2839359  0,3074302  4,91E‐15 
2201‐72A  CPV‐16‐411  11,38512  0,0443376  88,26151  91,41804  0,3472681  0,3693129  3,63E‐15 
2201‐73A  CPV‐16‐411  13,70922  0,0717635  81,74839  109,5313  0,5565417  0,5763629  2,73E‐15 
2201‐74A  CPV‐16‐411  12,42757  0,1057462  77,49861  99,56468  0,8245635  0,8357992  1,61E‐15 
2201‐75A  CPV‐16‐411  9,095438  0,0282487  67,26824  73,39596  0,2234432  0,2453758  7,76E‐15 
2201‐76A  CPV‐16‐411  11,57601  0,0741978  72,01791  92,91253  0,5806697  0,5945432  2,14E‐15 
2201‐77A  CPV‐16‐411  11,41699  0,1389704  86,91923  91,66764  1,088318  1,09559  1,07E‐15 
2201‐78A  CPV‐16‐411  12,37753  0,078667  83,79436  99,17446  0,6135425  0,6284485  2,07E‐15 
2201‐79A  CPV‐16‐411  12,23495  0,0405891  73,90769  98,06208  0,3167564  0,3441595  4,79E‐15 
2201‐80A  CPV‐16‐411  9,95434  0,0259812  75,32358  80,17718  0,2047482  0,2326951  7,94E‐15 
2201‐81A  CPV‐16‐411  25,73456  0,0923107  77,66039  200,4922  0,6811795  0,7318788  4,06E‐15 
2201‐82A  CPV‐16‐411  33,92107  0,300709  92,23576  259,9265  2,148089  2,17507  1,45E‐15 
2201‐83A  CPV‐16‐411  13,44141  0,1701861  82,1797  107,4532  1,321331  1,329493  1,03E‐15 
2201‐84A  CPV‐16‐411  9,86036  0,0577269  71,48238  79,43641  0,4551078  0,4681113  2,39E‐15 
2201‐85A  CPV‐16‐411  12,576  0,0673191  70,78765  100,7218  0,5245936  0,5424738  3,05E‐15 
2201‐86A  CPV‐16‐411  12,44506  0,1163544  60,15761  99,70104  0,9072143  0,9174654  1,62E‐15 
2201‐87A  CPV‐16‐411  11,95206  0,1155782  50,60323  95,85309  0,9030589  0,9126009  1,53E‐15 
2198‐01A  FCs‐F1  3,454071  0,0018525  99,86439  28,22049  0,0150191  0,0422318  3,12E‐14 
2198‐02A  FCs‐F1  3,446794  0,0029036  99,79184  28,16149  0,023542  0,0458881  2,16E‐14 
2198‐03A  FCs‐F1  3,451735  0,0093887  99,22967  28,20155  0,0761201  0,085733  7,49E‐15 
2198‐04A  FCs‐F1  3,450403  0,0022467  99,82388  28,19075  0,0182153  0,0434338  2,52E‐14 
2198‐05A  FCs‐F1  3,449916  0,0035934  99,82729  28,18681  0,029134  0,049021  1,43E‐14 
2198‐06A  FCs‐F1  3,448762  0,0098422  99,71277  28,17745  0,0797978  0,0889996  5,08E‐15 
2198‐07A  FCs‐F1  3,461679  0,0056366  99,74498  28,28218  0,0456978  0,0604401  9,91E‐15 
2198‐08A  FCs‐F1  3,500607  0,0025268  98,26737  28,59775  0,0204816  0,0449339  2,25E‐14 
2198‐09A  FCs‐F1  3,53714  0,0030186  98,41962  28,89385  0,0244644  0,0472345  1,85E‐14 
2198‐10A  FCs‐F1  3,49436  0,0090503  92,90554  28,54711  0,0733623  0,0835223  6,07E‐15 
2198‐11A  FCs‐F1  3,620935  0,0101737  96,83271  29,57285  0,0824231  0,0922125  5,29E‐15 
2198‐12A  FCs‐F1  3,931592  0,0130497  98,5329  32,08792  0,1055779  0,1147026  4,24E‐15 
2198‐13A  FCs‐F1  3,521743  0,0026438  96,65986  28,76907  0,0214285  0,045583  2,42E‐14 
2198‐14A  FCs‐F1  3,519421  0,0109184  98,19612  28,75024  0,0884959  0,097201  4,73E‐15 
2198‐15A  FCs‐F1  3,570393  0,0058222  98,8003  29,16334  0,0471794  0,0623605  9,84E‐15 
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The Early Stages of the Magmatic Arc
in the Southern Central Andes

Verónica Oliveros, Javiera González, Mauricio Espinoza Vargas,
Paulina Vásquez, Pablo Rossel, Christian Creixell,
Fernando Sepúlveda and Francisco Bastias

Abstract A temporal and tectonic framework for the initiation of the Andean 
magmatism at its earliest stages is presented in this work, based on the current 
geological, geochemical, and geochronological information available in northern 
Chile between 20º and 30º S. This information has been collected from Triassic and 
Jurassic plutonic, volcanic, and volcanosedimentary units cropping out at the 
Coastal, Domeyko, Frontal Cordilleras, and the Precordillera, as two roughly par-
allel belts that extend for more than 1,000 km in the Chilean territory. Petrological 
and geochemical data suggest that the magmatism during the Triassic and Jurassic 
was dominantly intermediate in composition and had arc or subduction affinities. 
Even though magma sources should have had a clear mantle component, a crustal 
influence was more important during the Triassic. Geochronological information 
shows a significant magmatic lull near the Triassic–Jurassic boundary, associated 
with the retraction of the arc to the present-day Coastal Cordillera. Based on these 
data, the early stages of the Andean magmatism can be tracked backup to the 
Triassic igneous units in northern Chile.

Keywords Andes Jurassic Triassic Arc
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1 Introduction

For the last decades, the Lower Jurassic volcanic deposits of the Coastal Cordillera
between 18° and 30° S were considered the earliest volcanic products of the
Andean arc (García 1967; Rogers and Hawkesworth 1989), produced by subduc-
tion of an oceanic plate under the continent after a period of within-plate extension
and rifting of the western margin of the South American during the Late Permian to
Early Jurassic (Charrier et al. 2007; Mpodozis and Ramos 1989, 2008).
Consequently, the onset of Andean subduction would have taken place roughly at
200 Ma. After this, the voluminous magmatism developed during the Jurassic to
Early Cretaceous in the Coastal Cordillera of southern Peru and northern central
Chile was mainly produced during a protracted transtensional tectonic regime
(Charrier et al. 2007; Scheuber and González 1999). The oblique subduction of the
Phoenix plate under the continent resulted in a rollback of the oceanic plate, retreat
of the trench, and progressive thinning of the continental crust (Charrier et al.
2007). This paleogeographic configuration was characterized by intensive volcan-
ism and plutonism in the arc region (the present-day Coastal Cordillera from 17° to
35° S) and along strike back-arc extension (Mpodozis and Ramos 1989).

Contrastingly, the Permian to Triassic period for the southwestern Gondwana
margin was associated with a significant magmatic lull resulting from the lack of
subduction and related to the orogenic collapse that followed the Permian “San
Rafael” contractional event (Mpodozis and Ramos 1989; Nasi et al. 1990;
Mpodozis and Kay 1992; Kleiman and Japas 2009). In this context, the magmatic
sources would have changed significantly, decreasing the crustal component,
between the Late Permian and the Early Jurassic (Mpodozis and Kay 1992; Hervé
et al. 2014). However, recent works dealing with igneous units in the Frontal and
Coastal Cordilleras of Chile and westernmost Argentina have failed to sustain the
model in which subduction ceased for most of the Triassic and instead have pro-
posed a setting characterized by an extensional overriding plate in an active sub-
duction setting (Vásquez et al. 2011; del Rey et al. 2016; Coloma et al. 2017).

In this chapter, we present a compilation of geological, geochemical, and
geochronological data for Triassic and Jurassic (ca. 250–150 Ma) volcanic, vol-
canosedimentary, and plutonic rocks cropping out in the Coastal, Domeyko, and
Frontal Cordilleras of northern Chile between 20° S and 30° S. We critically review
these existing data with the aim of establishing the initiation of the Andean volcanic
arc and the overall tectonic setting in the continental margin for the aforementioned
period.

2 Geological Framework for the Early Andes

Thanks to the semiarid climate of the present-day forearc region, the Triassic and
Jurassic magmatic rocks are well exposed in northern Chile, where Cretaceous to
Cenozoic deformation exhumed upper crustal plutonic roots (Mpodozis and

166 V. Oliveros et al.

dlorts@yahoo.com

239



Ramos 1989) (see Chap. “Mechanisms and Episodes of Deformation Along the
Chilean–Pampean Flat-Slab Subduction Segment of the Central Andes in Northern
Chile”). Different morphostructural systems in this part of the margin are
N-oriented and vary in number and surficial expression along strike in response to
the Chilean–Pampean flat subduction segment between 26°–30° S (Fig. 1). The
westernmost system is the Coastal Cordillera that limits to the east with the central
depression north of the flat subduction segment at 26° S. South of this latitude, this
low-relief zone is absent and a series of E-incised valleys cut several minor
mountain systems. To the east, the Domeyko Cordillera (22°–26° S) and
Precordillera (26°–30° S) constitute a series of fault-bounded ranges exposing
mostly Mesozoic stratified rocks and a Paleozoic basement. South of 26° S, the
Frontal Cordillera considered a product of the flat subduction segment is a
thick-skinned system that exposes deep Paleozoic plutonic and metamorphic rocks,
covered by Mesozoic and Cenozoic volcanic and sedimentary sequences.

The studied Triassic rocks crop out mainly in the Precordillera/Domeyko and
Frontal Cordilleras. Plutonic rocks correspond to middle and upper crustal intru-
sions that form the Montosa–Chollay Batholith between 27° and 30° S. Volcanic
and volcanosedimentary rocks crop out as tilted and folded sequences that overlie
the Paleozoic plutonic rocks and underlie Jurassic marine or continental sequences
between 24° and 30° S (SERNAGEOMIN 2002; Salazar et al. 2013). These rocks
are commonly crosscut by numerous Mesozoic dykes and less often intruded by
Cenozoic plutons (Parada et al. 1991; Creixell et al. 2009; Salazar et al. 2013).
Triassic rocks in the Coastal Cordillera are volumetrically restricted, although
recent works indicate that these units are more widely exposed than previously
thought, particularly at 20°–22° S and 25°–26° S (Sepúlveda et al. 2014; Álvarez
et al. 2016). Volcanic and volcanosedimentary rocks crop out as relatively restricted
homoclinal sequences, spatially associated with, although not controlled by, the
N-S trending Atacama Fault System (AFS), a 1,000 km trench–parallel structure
segmented by minor oblique NW-structures that accommodated strike–slip dis-
placements during the Mesozoic (Espinoza et al. 2015), whereas the Triassic
intrusions consist mostly of minor plutons and plutonic complexes at 26°30′ and
28° S (Fig. 1). These rocks overlie and intrude the Late Paleozoic Chañaral
Epimetamorphic Complex and other Permian igneous units (Marinovic et al. 1995;
Godoy and Lara 1998; Creixell et al. 2016). During this period, the dominant
crustal stress was extensional, which led to the deposition of volcanosedimentary
sequences in NW-oriented basins (Charrier et al. 2007). Fault-bounded Triassic
plutonic complexes also denote extensional conditions during their emplacement
(Grocott et al. 2009), while a roughly N-trending Middle Triassic mylonitic belt
recognized along the Frontal Cordillera at 29° S indicates deep-seated deformation
under sinistral transtensional conditions (Murillo et al. 2013). Additionally, an
exhumation event would have taken place during the Middle to Late Triassic
(Salazar et al. 2013; Kato and Godoy 2015).

Contrastingly, the Jurassic volcanic and plutonic rocks are widely exposed in the
Coastal Cordillera between 20° and 28° S, in close relation to the AFS. The main
geological units that represent the magmatic arc are the La Negra Formation, a thick
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Fig. 1 Location of the outcrops of Triassic and Jurassic igneous rocks in the Southern Central
Andes between 22º and 30º S. The inset shows the present-day morphotectonic units at these
latitudes (CC: Coastal Cordillera; CD: Central Depression; DC: Domeyko Cordillera; PC:
Precordillera; AB: Salar de Atacama Basin; FC: Frontal Cordillera and WC: Western Cordillera).
The simplified geological map is based on the recently updated cartography done by the Chilean
Geological and Mining Survey. For specific references see the text
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homoclinal volcanic sequence, and the Coastal Batholith (Fig. 2). Marine sedi-
mentary beds representing the back-arc domain are exposed in the eastern flank of
the Coastal Cordillera, in the central depression and in the Domeyko Cordillera at
the same latitudes (SERNAGEOMIN 2002; Vicente 2006). A more restricted belt
of Jurassic volcanosedimentary units is exposed in the Precordillera and Domeyko
Cordillera between 25° and 30° S. Structural studies carried out between 23° and
28° S suggest that throughout the Jurassic the subduction system developed under
an extensional regime that later shifted to a transtensional setting (Scheuber and
González 1999). The arc zone accommodated most of the extensional deformation,
as evidenced by the structures observed in syntectonic plutonic bodies that were
intruded at relatively deep crustal levels, whereas the back-arc basins were sub-
mitted to a slow thermal subsidence (Scheuber and González 1999; Grocott and
Taylor 2002). A short episode of transpressive deformation has been detected along
the Jurassic arc south of 31° S (Creixell et al. 2011; Ring et al. 2012), but this has
not been documented north of that latitude. The shift from extensional to
transtensional conditions would have occurred likely at the Jurassic–Cretaceous
boundary (Scheuber and González 1999; Grocott and Taylor 2002) followed by the
main phase of transtensive and transpressive deformation in the AFS at
*135–120 Ma (Scheuber and González 1999; Arévalo and Creixell 2009). The
magmatic arc and associated rift system were aborted after ca. 118–106 Ma, when
the magma foci shifted to the east and a compressive tectonic regime started during
the Late Cretaceous (Grocott and Taylor 2002; Escribano et al. 2013;

Fig. 2 Chronostratigraphic chart with Triassic and Jurassic rocks in the studied segments and
morphotectonic units. Based on the recently updated cartography done by the Chilean Geological
and Mining Survey. For specific references see the text
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Sepúlveda et al. 2014) (see Chap. “Mechanisms and Episodes of Deformation
Along the Chilean–Pampean Flat-Slab Subduction Segment of the Central Andes in
Northern Chile”).

3 Petrography and Geology of the Triassic–Jurassic
Igneous Units in Northern Chile

3.1 Triassic–Jurassic Igneous Units Between 20° and 22° S

The studied volcanic units in this segment are as follows: Sierra de Lagunas Beds
(Upper Triassic–Lower Jurassic), Oficina Viz Formation (Toarcian–Bajocian), and
the volcanic facies from the Huantajaya Group corresponding to the Caleta Lígate
Formation (Bajocian) and the El Godo Formation (Bajocian–Oxfordian). Sierra de
Lagunas Beds are exposed in both Coastal Cordillera and Precordillera, whereas in
the Precordillera, volcanic formations younger than Lower Jurassic are absent.

Sierra de Lagunas Beds and Oficina Viz Formation consist in monotonous
homoclinal sequences of subaereous andesitic to basaltic andesitic lava flows and
minor pyroclastic rocks in the Sierra de Lagunas Beds. The contact relation between
these units is unclear because of late tectonic deformation. Additionally, a plutonic
event took place at 180–175 Ma, represented by the Vetarrón Monzonite, which
intruded the Sierra de Lagunas Beds (Sepúlveda et al. 2014). The Sierra de Lagunas
Beds are located at the central and eastern portion of the Coastal Cordillera and are
composed of porphyritic andesitic and basaltic andesitic lavas with a total thickness
of 2,250 m. These lavas are dark gray and contain scarce lenses of laminated
sandstone and crystal and lithic tuffs. Locally, they vary to amygdule-bearing and
red-colored glassy andesitic lavas. Along the Precordillera, Tomlinson et al. (2015)
recognized this unit as composed of massive and brecciated pyroxene and horn-
blende andesites with porphyrytic, glomeroporphyritic and seriate textures, minor
lithic tuffs, volcanic and volcanosedimentary breccias, conglomerates, and sand-
stones. The Oficina Viz Formation consists mostly in a dark green to gray sequence
of aphiric, porphyrytic, and amygdaloidal basaltic-andesite and andesite lavas,
andesitic volcanic breccias, sandstone lenses, and scarce reddish brown tuff layers,
with a minimum thickness of 1,000–1,500 m. Locally, andesitic dykes cut the lava
piles (Thomas 1970; Kramer et al. 2005; Sepúlveda et al. 2014). The volcanic rocks
are affected by very low-grade metamorphism, but fresh clinopyroxene, plagioclase,
and amphibole phenocrysts do occur in most of the lava flows (Oliveros et al.
2006). The Oficina Viz Formation is covered concordantly by the Caleta Lígate
Formation with a Bajocian age (Thomas 1970; Kossler 1998; Vásquez and
Sepúlveda 2013).

The volcanic lithofacies of Caleta Lígate Formation has been recognized south
of Iquique town and consist of pyroclastic breccias, basalts, and tuffs intercalated
with fossiliferous sandstones (Kossler 1998; Vásquez and Sepúlveda 2013).
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The pyroclastic breccias contain long rhyolithic blocks (juvenile) of decimetric size,
and minor centimetric andesitic and sedimentary clasts, both included in a glassy
groundmass. The pyroclastic rocks vary from breccias to glassy lapilli tuffs, with
“fiamme” structures and lithics fragments mostly of andesitic composition. There
are also basaltic lavas with a greenish gray color with pillow tubes. The volcanic
rocks of El Godo Formation correspond mainly to basalt and basaltic andesites with
pillowed or brecciated structure. Locally, olistoliths, humid intrusive dikes, and
peperites associated with subaqueous lapilli tuffs, denote that volcanism interacted
with water-rich sediments. Andesites and basalts have subophitic and porphyritic
texture with plagioclase, pyroxene, and minor amphibole phenocrysts, in a
crystal-bearing glassy groundmass. The volcanic rocks associated with the
Huantajaya Group were deposited in a submarine environment, intercalated in
marine sedimentary rocks, while their ages have been determined on the base of the
fossiliferous content and radiometric dating (Thomas 1970; Kossler 1998;
Marquardt et al. 2008; Vásquez and Sepúlveda 2013). Both formations are
unconformably covered by the Lower Cretaceous Punta Barranco Formation.

3.2 Triassic–Jurassic Igneous Units Between 22° and 26° S

In addition to the two morphostructural units where the Triassic rocks usually crop
out in northern Chile, the Triassic rocks are also found in the vicinity of the Salar de
Atacama basin in this segment (Figs. 1 and 2). Near the Peine locality, volcanic
sequences of reddish and greenish andesitic lava flows and breccias, vitric and
crystalline tuffs, interbedded with conglomeratic sedimentary rocks are grouped in
the Peine Formation (Upper Permian?—Middle Triassic). This unit is uncon-
formably overlain by porphyritic andesitic lavas and breccias and dacitic agglom-
erates of the Cas Formation (Niemeyer 2013). Partially coetaneous andesitic
volcanism and continental sedimentation in fluvial systems are represented by the
volcanosedimentary sequences of the Cerros Negros Beds (Lower Triassic)
(Niemeyer 2013) (Fig. 2).

In the Domeyko Cordillera, the Triassic units also represent volcanic activity and
continental sedimentation, where they unconformably overlie Carboniferous to
Lower Permian strata. Near the city of Calama, the Quetena Beds composed of
conglomerates and sandstones (Middle Triassic) (Tomlinson et al. 2010) are
overlain by the andesitic lavas, with minor dacitic and rhyolitic rocks, of the
Chuquicamata Beds (Carnian) (Tomlinson and Blanco 2008) (Fig. 2). The latter
sequence is intruded by small granodiorites plutons of Carnian age (Proffett and
Dilles 2007; Tomlinson et al. 2010). In the eastern flank of the Domeyko Cordillera,
the Tuina Formation crops out, which is composed of andesitic lava flows and
minor dacites and rhyolites (Lopingian—Middle Triassic) (Henríquez et al. 2014).
Also in this flank, andesitic and dacitic lava flows are interbedded with lacustrine
deposits that correspond to the El Bordo Beds (Middle Triassic) (Basso and
Mpodozis 2012) and their equivalents further south in Sierra Mariposas and Imilac
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(Cortés 2012; Solari et al. 2015). In the southern part of the Domeyko Cordillera,
the Exploradora, Vaquillas, and Castillo ranges, Triassic sequences of the vol-
canosedimentary Quebrada del Salitre Formation crop out extensivelly (Middle?—
Upper Triassic) (Fig. 2). Its lower member is composed of basaltic lava flows,
dacites, and pyroclastic and volcanoclastic rocks interbedded with sedimentary
rocks that represent an alluvial–fluvial environment (Mpodozis and Cornejo 1997;
Venegas et al. 2013), and it is intruded by rhyolitic domes dated at ca. 232 Ma
(Cornejo et al. 1998, 2009). Its upper member (Norian-Rhaetian) is composed of
thick piles of andesitic and dacitic lava flows, breccias, and tuffs, interbedded with
fluvial and alluvial sedimentary strata that grade into shallow marine beds that mark
an important transgression in the area (Venegas et al. 2013; Espinoza et al. 2015),
which lasted until the Middle Jurassic and is represented by units such as the
Rencoret Beds and Profeta Formation (Chong 1973; Tobar 1966; Marinovic 2007;
Cornejo et al. 1998, 2009). Other units, with similar composition to the Quebrada
del Salitre Formation, that represent significant volcanic activity contemporaneous
with lacustrine and alluvial continental sedimentation in the area are the Las Lomas
Beds, the Cerro La Ballena, Cerro Guanaco, and Sierra de Varas formations (Norian
—Rahetian) (Marinovic and García 1999; Marinovic 2007; Basso and Mpodozis
2012; González et al. 2015) (Fig. 2).

In the Coastal Cordillera at *23° S, Triassic volcanic activity is recorded by
tuffs and domes of rhyolitic composition and restricted volume (Basso 2004).
Further south, a volcanosedimentary sequence that constitutes so far the oldest
known Triassic unit (Middle to Upper Triassic) in the coast of northern Chile crops
out near the Paposo town (Álvarez et al. 2016). It has been assigned to the Cifuncho
Formation (Álvarez et al. 2016), although the latter is mainly Upper Triassic in age
in its type locality, where it is composed mainly by braided fluvial sedimentary and
pyroclastic rocks (Contreras et al. 2013). The Agua Chica Formation, the south-
ernmost Triassic unit in the Coastal Cordillera, is composed by andesitic lava flows
and subvolcanic bodies, interbedded with sandstones and conglomerates repre-
senting an alluvial and fluvial environment (Godoy and Lara 1998). Triassic
magmatism in the Coastal Cordillera is also represented by small plutons and
plutonic complexes, such as the Middle Triassic granodioritic intrusions (Espinoza
et al. 2011), the Upper Triassic (Norian) two mica monzo and syenogranites near
Taltal (Escribano et al. 2013), and minor tonalitic intrusions in Mejillones (Casquet
et al. 2014) (Fig. 2). The Upper Triassic marine transgression identified in the
Domeyko Cordillera is also recorded in the Coastal Cordillera by the Rencoret Beds
and the Pan de Azúcar Formation (González and Niemeyer 2005; Contreras et al.
2013) (Fig. 2).

3.3 Triassic Igneous Units Between 26° and 30° S

The Triassic igneous units between 26° and 30° S crop out as two roughly sub-
parallel belts in the Coastal Cordillera and in the Precordillera/Frontal Cordillera
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(Fig. 1). The outcrops in the western belt, in the Coastal Cordillera, are volumet-
rically more restricted than their eastern counterparts (Fig. 1). Igneous rocks in this
belt are mainly plutonic, and they intrude or overlie schists, metasandstones, and
metapsamites of the Chañaral Epimetamorphic and Punta de Choros metamorphic
complexes (Devonian—Permian) (Godoy and Lara 1998; Creixell et al. 2016).
Among these units are the Cerros del Vetado Pluton composed by hornblende and
two mica syenogranites and monzogranites (Triassic); the Capitana Syenogranite, a
two mica suite of monzo and syenogranites (Norian); the Peralillo, Bufadero,
Barquito, and Cerro Castillo plutons, which include biotite and hornblende gneissic
granodiorites, diorites and tonalites (with paragneiss inclusions), and monzogranites
(Rhaetian—Sinemurian) (Godoy and Lara 1998; Cruden et al. 2004; Espinoza et al.
2014) (Fig. 2). Further south in the Coastal Cordillera, outcrops of the Carrizal Bajo
Plutonic Complex (Rhaetian) are composed by a bimodal suite of
pyroxene–hornblende–biotite diorites, quartz-diorites and gabbronorites, and
biotite–hornblende granites and granodiorites. This complex is intruded by the bio-
tite–hornblende monzogranites and granodiorites of the Algodones Granite (Triassic
—Jurassic boundary) (Cruden et al. 2004; Arévalo and Welkner 2008) (Fig. 2).

A small portion of the volcanosedimentary Agua Chica Formation (Upper
Triassic) crops out in this segment, and it is composed of andesitic lava flows,
crystalline and lithic tuffs, shales and basal conglomerates, and breccias. The beds
are interdigitated with the Cifuncho Formation and overlaid by the marine Pan de
Azúcar Formation (Godoy and Lara 1998) (Fig. 2). Further south, the Canto del
Agua Formation (Middle—Upper Triassic) is exposed in two main depocenters and
composed by sandstones, shales, conglomerates, minor calcareous sedimentary
rocks and volcanoclastic breccias, and tuffaceous sandstones (Arevalo and Welkner
2008). Most of the sedimentary and volcanic rocks that were exposed in the
southern depocenter have been recently assigned to the Carboniferous—Permian
Llanos de Chocolate beds based on radiometric ages and fossil content (Welkner
et al. 2006; Creixell et al. 2016).

In the Precordillera and Frontal Cordillera, a thick sequence of intermediate to
acidic volcanic rocks, the Guanaco Sonso Formation (Lopingian—Middle
Triassic), covers a large area near the Chile—Argentina border, overlying the Late
Carboniferous basement (Las Placetas Formation). It is composed of andesitic to
rhyolitic lavas flows and domes, interbedded with glass and lithic tuffs and a minor
proportion of siliciclastic rocks (Ortiz and Merino 2015). This unit is temporal and
spatially related to the Chollay Plutonic Complex (Lower—Middle Triassic), a
NNE-elongated series of plutonic bodies that along with the Montosa—El Potro
Plutonic Complex (Lopingian—Middle Triassic) represent the largest Mesozoic
batholith in the Frontal Cordillera, cropping out to the west of the Guanaco Sonso
Formation (Fig. 2). This plutonic unit is composed mainly by hornblende–biotite
monzogranites, granodiorites and tonalites, with minor amounts of gabbros and
syenogranites. It intrudes the Paleozoic metasedimentary sequences and abundant
xenoliths of mid-crustal metamorphosed plutonic rocks, known as La Pampa
Gneisses, are incorporated in its western flank (Álvarez et al. 2013; Salazar et al.
2013; Coloma et al. 2017). The Chollay Plutonic Complex is overlaid by the Pastos

The Early Stages of the Magmatic Arc … 173

dlorts@yahoo.com

246



Blancos Formation (Upper Triassic) (Fig. 2), formerly assigned to the Pastos
Blancos Group along with the Guanaco Sonso Formation by Martin et al. (1999), a
volcanic bimodal succession composed by a basal section of basaltic lava flows and
pyroclastic rocks, and an upper section of dacitic to rhyolitic domes, lava flows, and
tuffs. The Colorado Syenogranites (Upper Triassic) intrudes both the Chollay
complex and the Pastos Blancos Formation (Fig. 2); it is a spatially restricted suite
of biotite syeno- and monzogranites of characteristic pink color (Martin et al. 1999;
Salazar et al. 2013; Coloma et al. 2017). Numerous dykes of basaltic-andesite and
rhyolite (pink colored) composition cross cut the aforementioned units; their con-
tacts with the wall rock are irregular, suggesting that they are partly contempora-
neous with the Pastos Blancos Formation and the Colorado Syenogranite (Martin
et al. 1999; Creixell et al. 2009).

To the west of the Chollay Plutonic Complex crops out the La Totora Formation
(Upper Triassic), a volcanic sequence that discordantly overlies the Guanaco Sonso
Formation, the Carboniferous—Permian intrusions, and the Permian Laguna Chica
Formation (Fig. 2). It is in gradational contact with the Triassic sedimentary San
Felix Formation; in fact, the upper member of the latter has been assigned to the La
Totora Formation based on their lithological similarity (Coloma et al. 2017). It is
composed by basaltic and basaltic-andesite lava flows, ash and lapilli tuffs, rhyolitic
domes, and sedimentary beds of breccias and lithic arkose (Salazar et al. 2013;
Maksaev et al. 2014). The shallow marine deposits of the Lower—Middle Jurassic
Lautaro Formation overlie the Triassic volcanics in slight unconformity (Salazar
et al. 2013). North of 28°30′S, the La Ternera Formation (Upper Triassic—
Hettangian), discordantly overlies Late Paleozoic intrusions and older stratified
units and it is in turn overlaid by the Lautaro Formation (Iriarte et al. 1996; Iriarte
et al. 1999; Arévalo 2005; Matthews et al. 2006; Mpodozis et al. 2012; Peña et al.
2013). This volcanosedimentary sequence is composed by andesitic and basaltic
andesitic lava flows, minor rhyolitic domes, glass and lithic tuffs, conglomerates,
quartz sandstones, and shales (Iriarte et al. 1996). Further north of 27°30′, the
outcrops of the El Mono Beds (Lopingian) and the Quebrada del Salitre Formation
are located in a similar position as the La Ternera and La Totora within the eastern
belt of Triassic rocks at the Frontal Cordillera (Fig. 2).

3.4 Jurassic Igneous Units Between 22º and 26º S

In contrast to the Triassic units, the present-day Coastal Cordillera of northern Chile
was the main locus of Jurassic magmatism as it is attested by the vast outcrops of
volcanic and plutonic rocks of the period aligned along more than 1,000 km
(Fig. 1). The Jurassic volcanic and sedimentary rocks are assigned to the La Negra
Formation and crop out as a homoclinal sequence that can reach thicknesses of
7,000–10,000 m (Buchelt and Tellez 1988). They mainly consist of porphyritic
lavas with phenocryst contents up to 25%, with basaltic andesites and andesites as
the main compositional types, although basalts, dacites, and rhyolites (ignimbrites)
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have been reported from several areas (Boric et al. 1990; Cortés 2000; Kramer et al.
2005). Volcanic breccias, tuffs, and sedimentary rocks as well as epiclastic sand-
stone lenses are less abundant. The age of volcanism has traditionally been
established on the basis of contact relationship with sedimentary units or the fos-
siliferous content of interbedded sediments, from Early to lowermost Upper Jurassic
(Rogers and Hawkesworth 1989; González and Niemeyer 2005) (Fig. 2), although
some authors argue that the main volume of volcanism and sedimentation is
restricted to the Middle and Upper Jurassic (Oliveros et al. 2006, 2008). Large and
widely distributed plutonic bodies, the Coastal Batholith (Figs. 1 and 2), of gab-
broic to granitic in composition, intrude the volcanic sequence together with dykes
and stocks of mainly basic to intermediate composition (Jurassic—Early
Cretaceous) (Pichowiak 1994; Dallmeyer et al. 1996; Lucassen and Thirlwall 1998;
González and Niemeyer 2005; Oliveros et al. 2006, 2008).

3.5 Jurassic Igneous Units Between 26º and 30º S

The units that represent the Early Andean magmatism in this segment can be
divided into two main areas that form two parallel belts of outcrops (Fig. 1). As in
the northern segment, the first group of rocks, representing the Jurassic arc, is
located in the present-day Coastal Cordillera and comprises thick sequences of
volcanic and volcanoclastic material and large batholitic bodies. The second group
of rocks has been interpreted as the Jurassic back-arc domain, and it is located in the
Precordillera and Frontal Cordillera (Charrier et al. 2007; Rossel et al. 2013). The
back-arc domain can be further subdivided into western and eastern belts of out-
crops, both of them composed almost exclusively by volcanic and volcaniclastic
rocks (Rossel et al. 2013, 2015).

The volcanism in the Coastal Cordillera is represented in this segment by the
thick deposits of the La Negra Formation (26º–29º S) and the volcanic and sub-
volcanic rocks of the Agua Salada Volcanic Complex (29º30′–31º S). This last unit
can be correlated with the lower member of the Punta del Cobre Formation that is
intruded by 143 Ma tonalites (Creixell et al. 2012). The sequence crops out mainly
as large roof pendants as a consequence of the intrusion of Upper Jurassic and
Cretaceous plutonic bodies; therefore, its base is in general not well exposed.
Locally, it can be observed that the La Negra Formation overlies in concordance the
Pan de Azúcar (Rhaetian—Sinemurian) and Canto del Agua (Upper Triassic) for-
mations (Naranjo and Puig 1984; Welkner et al. 2006; Arévalo and Welkner 2008,
Creixell et al. 2016) or unconformably the Chañaral Epimetamorfic Complex of
Permian age (Naranjo and Puig 1984; Espinoza et al. 2015) (Fig. 2). On the basis of
its fossil content, stratigraphic relationships and scarce radiometric data, an age
ranging from Pliensbachian to Upper Jurassic, are assigned to this unit (Charrier
et al. 2007 and references therein) (Fig. 2).

Plutonic rocks of the Coastal Batholith cropping out in this segment range
compositionally from gabbro to granite, but correspond mostly to diorites,
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monzonites, tonalites, and granodiorites with typical metaluminous mafic miner-
alogy, that intruded in several magmatic pulses during the Jurassic (Fig. 2).
Structural analyses suggest that the intrusion of these bodies was facilitated mostly
by tensional fractures and faults (Grocott et al. 1994; Creixell et al. 2011), but it is
possible to observe forced intrusions induced by sequential emplacement of mag-
matic pulses in early stages (Rodríguez et al. 2016).

In the Precordillera and Frontal Cordillera, a series of volcanosedimentary units
(Fig. 2) would represent a back-arc volcanism during the Late Jurassic (Rossel et al.
2013). The rocks are distributed in two parallel chains and, due to their position
relative to the arc domain, would resemble the configuration of some of the modern
island arc magmatic systems of western Pacific (Rossel et al. 2013). The west-
ernmost chain of volcanic rocks is represented by the Sierra Fraga (26–27º S) and
Algarrobal-Picudo (28–31º S) formations. These units are composed by thick piles
of more than 1,500 m of volcanic and pyroclastic material, intercalated with sed-
imentary continental and marine beds in the case of Sierra Fraga Formation and
with continental sedimentary beds in the Algarrobal Formation (Iriarte et al. 1996;
Rossel et al. 2013; Salazar et al. 2013). The eastern chain is represented by the
Quebrada Vicuñita Beds (26º–27º S) and the Lagunillas Formation (27º30′–30º S)
(Fig. 1). These units are characterized by homogeneous sequences of basaltic and
basaltic andesitic lavas with a maximum thickness of 200 m, interbedded with
minor limestones and calcareous sandstones in the Quebrada Vicuñita Beds,
(Cornejo et al. 1998; Iriarte et al. 1999; Salazar et al. 2013). Only two minor
Jurassic intrusive bodies crop out in the Frontal Cordillera at 29º S, the Quebrada
Lopez (150 Ma), and the Río Potrerillos (144 Ma.) tonalitic stocks (Merino and
Ortiz 2015).

4 Age Distribution of the Triassic and Jurassic
Magmatism

The Mesozoic volcanic and plutonic rocks cropping out between 22° and 30° S
have been dated mainly through the K-Ar (Ar–Ar) and U-Pb methods in primary
mineral phases such as zircon, amphibole, biotite, and plagioclase (Oliveros et al.
2006; Parada et al. 2007; Hervé et al. 2014; Maksaev et al. 2014, and references
therein). In terms of the total volume of units and rocks sampled for geochronology,
there is a slight bias toward plutonic rocks due to the higher abundance of suitable
mineral phases in these rocks and the lower alteration degree that they exhibit.
Volcanic rocks in general lack of amphibole and biotite, and their phenocrystals and
groundmass are strongly altered and replaced by minerals typical of very low to
low-grade metamorphism, which is particularly problematic when dating with the
K-Ar and Ar–Ar methods (Oliveros et al. 2006, 2008). Consequently, the Coastal
Batholith and the Triassic plutons in the High Andes have extensively been more
dated than the Triassic and Jurassic volcanic units. Taking this into account, the

176 V. Oliveros et al.

dlorts@yahoo.com

249



volume of magmatism seems invariant throughout most of the Triassic, with a
significant peak at ca. 245–250 Ma and an important decrease toward the
Triassic–Jurassic boundary (Fig. 3). The Jurassic igneous rocks are volumetrically
more abundant than their Triassic counterparts (Fig. 1), and the same pattern is
observed in terms of age distribution (Fig. 3). The peaks in the Middle and Late
Jurassic have higher magnitudes than the Triassic, with the c. 150 Ma peak being
the largest of the studied time frame (Fig. 3). The opposite is observed in the Latest
Triassic and Early Jurassic, where igneous ages are scarce. A relatively similar
pattern of age distribution is observed in the back-arc marine and continental
sedimentary units representative of the Tarapacá and Neuquén basin (Naipauer
et al. 2015) (see Chap. “A Provenance Analysis from the Lower Jurassic Units of
the Neuquén Basin. Volcanic Arc or Intraplate Magmatic Input?”). The detrital
zircons of different localities of these Jurassic basins yield a frequency distribution
with two prominent peaks at ca. 243 Ma and 144–152 Ma and a magmatic lull at
ca. 197 Ma, which those authors interpreted as the onset of Andean subduction.
Overall, the amount to Triassic detrital zircons is smaller than the Jurassic material
(Fig. 3). Given the current geochronological database, it is therefore possible to
infer that the volume of magmatism would have remained relatively constant during
most of the Triassic, decreasing notoriously at ca, 200 Ma, and later increasing to
its maximum for the studied period at the Late Jurassic.

Fig. 3 Frequency distribution histogram for mineral U-Pb and K-Ar (Ar–Ar) radiometric ages
from rocks of northern Chile (20°–30° S) and model distribution of detrital zircon U-Pb ages for
Tr-Jr rocks of the Neuquén and Tarapacá back-arc basins. Data from Breitkreuz and Van Schmus
(1996), Oliveros et al. (2006), Parada et al. (2007), Maksaev et al. (2014), Hervé et al. (2014),
Naipauer et al. (2015) and references therein, and geological maps of the Chilean Geological and
Mining survey between 20° and 30° S
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5 Geochemistry of the Triassic and Jurassic Magmatism

The significant compositional contrasts between the Jurassic and Triassic magma-
tism in northern Chile are one of the main reasons for which these two periods have
been associated with specific and distinctive evolutionary stages of the South
American margin. From a purely petrographic perspective (Fig. 4), most of the
exposed Triassic igneous rocks are intermediate to acid in composition (Fig. 4a),
whereas the Jurassic magmatism was predominantly basic to intermediate (Fig. 4b).
Previously, the bimodal character of the Triassic volcanism has been invoked as
evidence of continental rifting during that stage (Ramos and Kay 1991; Parada et al.
1999; Morata et al. 2000). However, in spite of the more evolved character of the
Triassic rocks, no bimodality in their composition is observed when integrating
either the petrography or the major elements content of all the reported igneous
units in northern Chile (Figs. 4 and 5a); in fact, the volcanism is largely andesitic in
composition for the studied 100 my interval. The Triassic rocks are mainly sub-
alkaline (Fig. 5a), with few samples escaping to this trend, and also follow a
calk-alkaline trend in the AFM diagram (Fig. 5b). The plutonic Jurassic rocks are
mostly metaluminous, whereas the majority of the Triassic intrusions are peralu-
minous (Fig. 5c), indicating an important crustal component in the magma source.
However, the metaluminous intrusions correspond to the less evolved lithologies,
which suggest that a mantle component must have also been involved in the
generation of these magmas (Coloma et al. 2017). Due to the significant alteration
exhibited by the volcanic rocks, the use of mobile major elements, such as K, Na,
Ca, Fe, and Mg, is not recommended (Oliveros et al. 2007; Rossel et al. 2015;
Coloma et al. 2017) and most of the tectonic classifications are made based on the
more immobile trace elements (Fig. 5d, e). The two selected diagrams show that the
vast majority of the Triassic and Jurassic rocks plot either in the field of “volcanic
arc basalts” or “volcanic arc granites”, with few samples in other fields. These
Triassic igneous rocks with transitional to alkaline affinities have been interpreted
as precursors to the establishment of the arc at the present-day Coastal Cordillera,
which took place at some point after ca. 215 Ma (Vásquez and Franz 2008; Coloma
et al. 2017). The “arc-signature” for the Triassic and Jurassic rocks is further
reinforced by the primitive mantle-normalized trace element abundances (Fig. 5f)
in which there is a marked enrichment in LIL elements over the HFS elements, with
characteristics troughs in Nb, Ta, P, and Ti. High abundances of Pb and Zr would
suggest an important crustal component, which is more evident for the Triassic
rocks.

In terms of the REE abundances, when considering the whole dataset for each
stage, it is difficult to find distinctive patterns as both groups have rather flat slopes
or LREE to HREE ratios (Fig. 5g). However, a systematic decrease in the La/Yb
and La/Sm parameters from the Triassic to the Jurassic has been reported (Oliveros
et al. 2016). For a group of Triassic rocks, the Eu anomaly is markedly more
negative than for the whole population of samples, suggesting more reduced con-
ditions for the magmatism. There is also a particular group of Jurassic samples for
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which the slope and abundances of REE are lower, indicating the less evolved
magmas would have been generated under a thinned crust.

The isotope composition of the Mesozoic rocks suggests that the magma source
must have had a mantle component as they plot along the mantle array, and most of
the Jurassic and a significant portion of the Triassic rocks plot above and to the left
of the “bulk silicate earth” values, in the Nd-Sr diagram (Fig. 5h). Some of the
Triassic rocks have undoubtedly a crustal component in their source due to the
elevated 87Sr/86Sr and low 143Nd/144Nd that they exhibit. The Jurassic rocks with
the more radiogenic signature are those representing the back-arc domain (Late
Jurassic volcanism), and they are thought to have a more enriched mantle source
because of their inferred position relative to the mantle wedge in the subduction
zone at that time (Rossel et al. 2013, 2015). The Pb isotopic composition of the
Triassic rocks is very similar to the Jurassic ones and both groups plot in a field that
suggest a rather restricted crustal or sediment influence in the magma sources
(Fig. 5i). The Late Jurassic rocks mark a distinctive, more radiogenic group, for
which their Pb signature is interpreted as a more enriched mantle source behind the
main arc at that time (Rossel et al. 2013, 2015).

6 Tectonic Setting and Initiation of the Andean
Magmatism

The geochemical signature of the Triassic magmatism, along with its intermediate
to acid composition, would require a depleted mantle source that melted in presence
of fluids enriched in mobile incompatible elements. The most likely tectonic setting
to produce such magmatic products is the subduction of the oceanic plate beneath
the continent (Fig. 6a, b). Although some authors have recently speculated with a

Fig. 4 Compositional distribution of the Triassic and Jurassic igneous rocks cropping out in the
Chilean territory between 20° S and 30° S. The percentages of each lithology are calculated from
the petrographic, stratigraphic and geochronological information available for ca. 20,000 km2 of
surficial exposure of relevant units according to the geological maps published by the Chilean
Geological and Mining Survey
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scenario like this for the Triassic magmatism (Vásquez et al. 2011; del Rey et al.
2016; Coloma et al. 2017), the more generalized hypothesis is that during this
period, subduction ceased and magmatism was generated merely by continental
rifting (Mpodozis and Kay 1992; Charrier et al. 2007 and references therein).

At a continental scale, the tectonic forces during the Triassic were indeed
dominated by the Pangea–Gondwana breakup that imposed tensional stresses along
the proto-south american part of the continental plate (Frizon de Lamotte et al.
2015). This resulted firstly in extensive crustal anathexis, generating the acidic
Choiyoi province, and then in the formation of NW- oriented rift basins (Llambías
et al. 1993, 2003; Charrier et al. 2007; Bechis et al. 2014), with a minor component
of N-S extensional stresses, such as the Ichigualasto and Cuyo basins in the
present-day Argentinian territory, which accumulated large volumes of siliciclastic
sediments and OIB-like or anorogenic bimodal magmatism (Ramos and Kay 1991;
Llambías et al. 2007). All this features are well-documented in Argentina and allow
constraining the tectonic model of orogenic collapse, continental extension, and
rifting without subduction. However, Chilean units show that closer to the conti-
nental margin, volcanic and plutonic rocks do not exhibit a bimodal compositional
distribution, with dominant intermediate lithologies that show systematic enrich-
ment in LILE over HFSE. Given the evidence of a crustal component in the Triassic
magmas, i.e., the peraluminous character of several plutonic units, part of the LILE
enrichment could have been generated from melting or assimilation of the preex-
isting continental crust, during the ascent of the magmas to the surface or
middle-upper crustal levels. Nevertheless, the Sr–Nd–Pb isotope signature of vol-
canic and plutonic rocks requires a magmatic source with a depleted mantle
component (Fig. 5h, i); thus, the Triassic magmatism cannot be solely attributed to
dehydration melting of a preexisting crust bearing an arc-signature nor to decom-
pression melting of an asthenospheric mantle beneath the continent. The features of
the Triassic volcanic and plutonic rocks are better explained if fluid-induced melting
of a depleted mantle source generated basaltic magmas that latter evolved due to
different degrees of continental crust assimilation, in the context of active sub-
duction under tensional stresses along the margin.

The progressive stretching of the continental lithosphere due to the Gondwana
breakup would have resulted, during the Jurassic, in a paleogeographic

JFig. 5 a TAS (Le Bas et al. 1986), b AFM (Irvine and Baragar 1971) c alumina saturation index
diagrams for plutonic rocks (Shand 1943), d Th-Nb-Hf for basic and intermediated volcanic rocks
(Wood 1980) e Rb versus Y+Nb diagram for plutonic and acid volcanic rocks (Pearce et al. 1984).
Spider diagrams of f chondrite-normalized rare earth and g primitive mantle-normalized trace
elements abundances in plutonic and volcanic rocks. Normalizing values are from Sun and
McDonough (1989). h 87Sr/86Sr versus 143Nd/144Nd and i 207Pb/204Pb versus 206Pb/204Pb
diagrams for the studied rocks, showing the mantle components after Zindler and Hart (1986).
Data are from Rogers and Hawkesworth (1989), Brown (1991), Vergara et al. (1991), Mpodozis
and Kay (1992), Pichowiak (1994), Parada et al. (1999), Morata et al. 2000, Llambías et al. (2003),
Kramer et al. (2005) Lucassen et al. (2006), Llambías et al. (2007), Oliveros et al. (2007), Vásquez
and Franz (2008), D’Elia et al. (2012), Vásquez et al. (2011), Creixell et al. (2012), Parada (2013),
Rossel et al. (2013), Salazar et al (2013), Coloma et al. (2017) and Oliveros et al. (2016)
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Fig. 6 Paleography and tectonic setting for the magmatism at the northern Chile margin during
the Triassic and Jurassic. Location of the segments corresponds to the present-day latitudes
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configuration that resembled an ocean–ocean convergent margin, with a low-relief,
partly submarine, arc chain, and a back-arc marine basin (Rossel et al. 2013)
(Fig. 6c). The Jurassic arc magmatism is remarkably homogeneous both litholog-
ically and geochemically, with basaltic-andesite, andesite, and diorite being by far
the most abundant type of products, while major and trace elements composition
groups the samples tightly in the different trends of calc-alkaline (Fig. 5b) or arc
affinities (Fig. 5d, e). The small crustal contribution to the magma sources and the
protracted extensional regime during the Jurassic resulted in a large addition of
juvenile magmas to the continent in this period (Lucassen et al. 2006; Oliveros et al
2007). Back-arc magmatism was much more restricted in terms of volume and
duration, but also more heterogeneous in its composition, including calc-alkaline
and transition to alkaline volcanism. It took place during a marine regression that
left the back-arc basin partially emerged and that would have resulted from
transpressional conditions in the arc region (Rossel et al 2013, 2015).

Therefore, subduction associated with extensional stresses, indeed persisted
during the Triassic and the Jurassic, indicating that the beginning of the “Andean
cycle” or “Andean subduction” was arbitrarily placed at the Early Jurassic. In spite
of their similar origin, Triassic igneous rocks are somewhat different to the Jurassic
ones, as they are more acidic (Fig. 4) and their deposits in general lack of thick piles
of effusive lava flows, which is the norm in the “La Negra arc” representative units.
Pyroclastic and volcanoclastic deposits are the most common occurrence of the
Triassic volcanics, which reflects in part its more evolved character. The crustal
component in the Jurassic magmas is significantly lower than the older magmatism,
with the Jurassic volcanic rocks being partly tholeiitic having MORB-like isotopic
signatures (Figs. 5b, h and 6). Thus, even though the mechanism for magma
generation would have remained invariant through the ca. 100 Ma, the lithospheric
contributions to the magmatic processes significantly diminished in the same period
(Oliveros et al. 2016). In addition to the geochemical and petrological differences, a
potential “break” in the magmatism could have been occurred near the Triassic–
Jurassic boundary because both igneous and detrital ages exhibit a marked lull
around this time frame (Fig. 3). The settlement of the volcanic arc in the
present-day Coastal Cordillera is thought to have taken place at the Hettangian or
Sinemurian age (Mpodozis and Ramos 1989; Charrier et al. 2007 and references
therein), but the recent finding of the Estratos de Sierra Lagunas (Sepúlveda et al.
2014) suggests that the typical volcanism of the “La Negra arc” could have started
during the Rhaetian age. Still, this event roughly coincides in time with the mag-
matic lull and the shift from a rifting stage to a thermal sag stage in the Neuquén
basin (see Chap. “A Provenance Analysis from the Lower Jurassic Units of the
Neuquén Basin. Volcanic Arc or Intraplate Magmatic Input?”), suggesting that
probably a common tectonic phenomenon existed associated with the decrease in
the magma production rates prior to the focus of the arc in a narrow position along
the margin. Further studies are necessary to determine the nature of such phe-
nomenon and more precisely constrain the exact time when it started. This work
argues for the need to redefine the beginning of the “Andean Cycle” to be placed
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either at sometime during the Triassic or after the end of the Choiyoi event during
the Late Permian–Early Triassic (Sato et al. 2015).

7 Pre-Andean Segmentation of the Convergent Margin

Even though Mesozoic subduction may have taken place along the entire section of
the Andean margin between 22° and 30° S, this could have had different charac-
teristics evidenced by different deformation styles affecting the uppermost crust
evidenced in the geological record that could reflect a tectonic segmentation of the
margin. During the Early to Middle Triassic, the magmatism in the northern seg-
ment was less abundant and closely related to continental basins, whereas in the
southern segment, large volumes of both volcanic and plutonic rocks were
emplaced in the crust, relatively far from the marine forearc basins (Fig. 6). During
the Late Triassic, the differences between both segments are less notorious but still
the magma production was likely higher in the northern region, where volcanism
was closely related to rifting in continental-marine basins (Fig. 6).

The segmentation of the margin becomes especially evident during Late Jurassic
in the back-arc, with exclusively marine sedimentation north of 27º S and conti-
nental deposition between 27º and 36º S. However, it is possible to observe a
second-order segmentation related to magmatic activity (Rossel et al. 2013). Thus,
Rossel et al. (2015) suggest the following scenario: (a) 20º–25º S, marine sedi-
mentation without volcanism, (b) 25–27º S, mainly marine sedimentation and
submarine calc-alkaline-tholeitic volcanism, (c) 27º–31º S, continental sedimenta-
tion and heterogeneous volcanism.
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Abstract
The geodynamic setting along the SW Gondwana margin during its early breakup

(Triassic) remains poorly understood. Recent models calling for an uninterrupted

subduction since Late Palaeozoic only slightly consider the geotectonic significance

of coeval basins. The Domeyko Basin initiated as a rift basin during the Triassic

being filled by sedimentary and volcanic deposits. Stratigraphic, sedimentological,

and geochronological analyses are presented in order to determine the tectonostrati-

graphic evolution of this basin and to propose a tectonic model suitable for other

SW Gondwana‐margin rift basins. The Domeyko Basin recorded two synrift stages.

The Synrift I (~240–225 Ma) initiated the Sierra Exploradora sub‐basin, whereas
the Synrift II (~217–200 Ma) reactivated this sub‐basin and originated small

depocentres grouped in the Sierra de Varas sub‐basin. During the rift evolution, the

sedimentary systems developed were largely controlled by the interplay between

tectonics and volcanism through the accommodation/sediment supply ratio (A/S).

High‐volcaniclastic depocentres record a net dominance of the syn‐eruptive period

lacking rift‐climax sequences, whereas low‐volcaniclastic depocentres of the Sierra
de Varas sub‐basin developed a complete rift cycle during the Synrift II stage. The

architecture of the Domeyko Basin suggests a transtensional kinematic where N‐S
master faults interacted with ~NW‐SE basement structures producing highly asym-

metric releasing bends. We suggest that the early Domeyko Basin was a continental

subduction‐related rift basin likely developed under an oblique convergence in a

back‐arc setting. Subduction would have acted as a primary driving mechanism for

the extension along the Gondwanan margin, unlike inland rift basins. Slab‐induced
dynamic can strongly influence the tectonostratigraphic evolution of subduction‐
related rift basins through controls in the localization and style of magmatism and

faulting, settling the interplay between tectonics, volcanism, and sedimentation

during the rifting.
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1 | INTRODUCTION

Subduction‐related rift basins are the result of mechanical
subsidence driven by lithospheric thinning at the vicinity of a
subduction zone in extensional arcs (Merle, 2011; Sengör &
Natal'in, 2001) (see Supplementary Material SM1). Current
examples of such arcs are less common than their compres-
sional or neutral stress counterparts (Busby, 2012; Jarrard,
1986) and they often develop in oceanic crust (e.g., Western
Pacific subduction zones). Few examples of extensional, sub-
duction‐related rift basins in continental settings are known:
the Okinawa Trough (Lee, Shor, Bibee, Lu, & Hilde, 1980),
the intra‐arc rift basins of the Taupo arc (Villamor et al.,
2017), and the grabens of southern Japan (Kamata &
Kodama, 1994), whereas extinct examples are the Eo‐Oligo-
cene evolution of the Basin and Range (Ingersoll, 2012) and
the Late Cretaceous Western Peruvian Trough (Polliand,
Schaltegger, Frank, & Fontboté, 2005). Recent studies from
the Taupo intra‐arc rift, have shed light on the uniqueness of
subduction‐related rifts, such as their rapid evolution com-
pared to intraplate continental rifts, which is due to the role of
active magmatism in weakening of the crust during the early
rift stages (Ellis, Heise, Kissling, Villamor, & Schreurs,
2014; Villamor et al., 2017).

Even though continental subduction‐related rifts are
scarce in modern settings, they could have been far more
common along the “Pangean rim of fire” developed during
the Late Triassic (Hadlari, Midwinter, Poulton, & Mat-
thews, 2017), where unique global tectonic conditions such
as very low convergence rates and subduction of relatively
old and cold oceanic plates (Matthews et al., 2016; Müller
et al., 2016) would have favoured the development of
continental rift basins (Schellart, 2005; Stephenson &
Schellart, 2010) associated with contemporaneous arc mag-
matism along the northwestern (Busby‐Spera, 1988) and
southwestern (Coloma et al., 2017; González et al., 2018;
Oliveros et al., 2017; Poma et al., 2014) Gondwana mar-
gins. The identification and study of those basins in the
Triassic Gondwanean record is crucial to understand the
processes that took place at the margin of the superconti-
nent during the early stages of its breakup (~ 200 Ma;
Lamotte, Fourdan, Leleu, Leparmentier, & Clarens, 2015).

In addition to their scarcity in the global geological
record, subduction‐related rift basins are difficult to identify
because of their intrinsic relationship to arc volcanism, gen-
erating complex stratigraphic records where primary and
secondary volcano‐sedimentary deposits evolve in tandem
(Németh & Martin, 2007; D'Elia, Martí, Muravchik,
Bilmes, & Franzese, 2016), in strong contrast to the non-
volcanic basins for which most tectonostratigraphic models
have been proposed (e.g., Gulf of Suez and North Sea rifts;
Schlische, 1991; Gawthorpe & Leeder, 2000; Withjack,

Schlische, & Olsen, 2002). For example, the larger volume
and supply rates of sedimentation in magma‐rich basins
(Muravchik, D'Elia, Bilmes, & Franzese, 2011) results in
low accommodation space‐sediment supply ratios (A/S)
during the syn‐eruptive period, creating thick aggradational
successions that often interfere with normal siliciclastic or
carbonatic deposition (Németh & Martin, 2007). Hence,
typical features developed in many nonvolcanic intraconti-
nental rifts such as the tripartite succession representing the
alluvial‐lacustrine‐fluvial deposition (Schlische, 1991;
Withjack et al., 2002), are not always observed in volcano‐
sedimentary basins. Furthermore, new advances in the
study of subduction‐related rift basins have highlighted the
link between key volcanic parameters (type of edifices,
style, and scale of eruptions, etc.) and main features of the
basin internal dynamics (synrift stratigraphic infill and sub-
sidence pattern), distinguishing two‐end members models
depending on the amount of volcaniclastic input to the
basin (low/high volcaniclastic depocentres; e.g., D'Elia et
al., 2016). How can these models be applied to continental
subduction‐related rift basins? What controls the develop-
ment of low/high volcaniclastic depocentres in this particu-
lar tectonic scenario? A detailed characterization of the
main volcanic parameters and their impact on the accom-
modation and material supply ratios is key to address these
questions.

The Domeyko Basin of northern Chile (Figs. 1 and 2)
provides an excellent opportunity to study the relationship
between tectonism, magmatism, and sedimentation in a
subduction‐related rift developed on the Gondwana conti-
nent. It began as a rift basin during the Triassic (Charrier,
1979; Suárez & Bell, 1992), though its position with
respect to the arc remains unknown (Oliveros et al., 2017;
Poma et al., 2014; Suárez & Bell, 1992). During the synrift
stage, continental and later marine deposition was coeval
with profuse volcanism of variable composition, ranging

Highlights

• The synrift phase of the Domeyko Basin took
place during two synrift stages: Synrift I (242-
225 Ma) and Synrift II (217-200 Ma).

• Tectonic subsidence and volcanism largely con-
trolled the development of sedimentary systems
through the evolution of the A/S ratio.

• Rift climax sequences related to a fault linkage
process were developed during the Synrift II in
the Sierra de Varas sub‐basin.

• The Domeyko Basin synrift architecture suggests
a transtensional kinematic for the rifting process.
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from basalts to rhyolites (Astudillo et al., 2017; Chong &
Hilldebrandt, 1985; Cornejo, Mpodozis, Rivera, & Mat-
thews, 2009; Venegas et al., 2013), with mainly calcalka-
line affinities (Espinoza, Oliveros, & Celis, 2016; González
et al., 2015; Oliveros et al., 2017). The end of the mechan-
ical subsidence at the postrift stage is thought to have taken
place during the earliest Jurassic (Ardill, Flint, Chong, &
Wilke, 1998; Suárez & Bell, 1992). Even though the conti-
nental infill dominates the synrift succession, previous
works focused on the postrift marine successions, paying
little attention to the initial volcano‐sedimentary succes-
sions (Ardill et al., 1998; Bell & Suárez, 1991; Chong &
Hilldebrandt, 1985; Marinovic, Smoje, Maksaev, Hervé, &
Mpodozis, 1995; Prinz, Wilke, & von Hillebrandt, 1994).
This was partly due to the lack of adequate chronostrati-
graphic constraints in the fossil‐poor continental syn‐rift

successions and to the strong deformation resulting from
the tectonic inversion of the basin since the Late Creta-
ceous (Amilibia et al., 2008; Bascuñán, Arriagada, Le
Roux, & Deckart, 2015), that hampered the understanding
of the synrift architecture of the Domeyko Basin. Recent
geological field surveys have generated significant
geochronological and stratigraphic information of the Trias-
sic successions (Astudillo et al., 2017; Cornejo et al., 2009;
González et al., 2015; Venegas et al., 2013) without inter-
preting that information in the context of the architecture,
kinematics, and driving mechanisms of the synrift stage.
Thus, tectonostratigraphic models which integrate this data
at the entire basin scale are still lacking.

The aims of this paper are twofold. In order to get insights
about the evolution of subduction‐related basins, we attempt
to unravel the tectonostratigraphic evolution of the synrift

(a) (b)

FIGURE 1 (a) Distribution of Triassic basins of Chile and Argentina. The inset shows the reconstruction of Gondwana at 200 Ma according
to Torsvik and Cocks (2013). (b) Map of NW Chile and adjacent Argentina, showing main morphostructural units. Main tectonic features include
the Atacama Fault System (AFS), the Domeyko Fault System (DFS) and main continental NW‐SE lineaments (Abels & Bischoff, 1999;
Petrinovic, Riller, & Brod, 2005). The red rectangle indicates the study area showed in Figure 2
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Domeyko Basin by addressing the interplay between volcanic,
sedimentary, and tectonic processes. Secondly, on a broader
scale, we aim to assess the geologic processes acting at the
southwestern margin of Gondwana during the early stages of
its breakup and propose a coherent tectonic model for exten-
sional basins developed on a continental margin. To achieve
these goals we carried a sedimentological and U‐Pb
geochronological study focused on the continental Triassic
deposits cropping out in the Domeyko Range (Fig. 2).

2 | GEOLOGICAL SETTING

2.1 | Overview of the Domeyko Basin

The Domeyko Basin comprises deposits from the Triassic
to Lower Cretaceous (Ardill, 1996; Ardill et al., 1998),
cropping out in the western margin of the Domeyko Range
of northern Chile, between 21° and 27°S (Figs. 1 and 2).
The Domeyko Basin developed in its earliest stages under
active lithospheric stretching, producing a continental rift
basin (Charrier, 1979; Suárez & Bell, 1992). The synrift
deposits comprise mainly volcanic and continental sedi-
mentary rocks, which unconformably overlie “upper” Car-
boniferous to Permian acidic igneous rocks (Fig. 3). Master
extensional faults have been inferred to have been inverted
postrifting (Amilibia et al., 2008), whereas secondary nor-
mal faults show displacements from metres to tens of
metres (Fig. 4). The prerift basement in part comprises
rocks of the Choiyoi magmatic province, which is typically
exposed across the Principal Cordillera of Chile and Argen-
tina (Kleiman & Japas, 2009; Llambıás, Quenardelle, &
Montenegro, 2003).

Overlying the synrift deposits are sedimentary rocks that
represent a marine transgression that took place in several
depocentres during the Late Triassic (Chong, 1973; Chong
& Hilldebrandt, 1985). This transgression was followed by
an abrupt global rise of the sea level during the Hettangian
(Ardill et al., 1998). The positive tectonic inversion of the
basin took place during the Andean orogeny, which shaped
the Domeyko Range through the Domeyko Fault System
since the Late Cretaceous (Amilibia et al., 2008; Muñoz et
al., 2005). The subsequent deformation imposed on the
synrift successions hindered the recognition of the primary
basin geometry and most of its large‐scale architectural
elements.

2.2 | Sub‐basins and synrift lithostratigraphic
units

In the study area (Fig 2; 24°‐26°30′S), the Domeyko Basin
comprises two major synrift sub‐basins: the Sierra de Varas
sub‐basin (SVSB) and the Sierra Exploradora sub‐basin
(SESB). In this section, we briefly describe the synrift units

following the lithostratigraphic schemes outlined by recent
studies (Fig. 3; Álvarez, 2003; Cornejo et al., 2009; Vene-
gas et al., 2013; González et al., 2015; Montecino, 2015;
Astudillo et al., 2017).

2.2.1 | Sierra de Varas sub‐basin
The units representing the SVSB crop out as several small
synrift depocentres disrupting the continuity of the current
Domeyko Range (Fig. 2). The synrift units unconformably
overlie acidic volcanic and granitic rocks of Upper Car-
boniferous‐Early Permian age (La Tabla Formation and
Punta del Viento Plutonic Complex) and are conformably
overlain by the lower member of the Profeta Formation.

At the Cerro La Ballena depocentre (24°45′S–24°09′S),
the Cerro La Ballena Formation comprises ~650 m of
welded tuffs, calcarenites, stromatolitic limestones, and
basalts to basaltic andesites (Astudillo et al., 2017; Mari-
novic, 2007; Muñoz, 1989; Valenzuela, 2014). Zircon U‐Pb
ages indicate an age interval of ca. 218–203 Ma for this
unit (Matthews et al., 2007 in Valenzuela, 2014; Astudillo
et al., 2017). A mildly younger age for this unit
(194.4 + 7.9 ‐9.2 Ma; Marinovic, 2007) is based on just
two zircons with a different weighted mean age as the
reported, so we discard it due to its poor statistical signification.

At the Sierra de Varas depocentre (24°11′S and 24°42′
S), ~600 m of bouldery‐grained conglomerates and breccias
from the Cerro Rincones Beds crop out at the western
flank of the Sierra de Varas range (Astudillo et al., 2017;
Montecino, 2015). A maximum depositional zircon U‐Pb
age of ca. 276.2 ± 6.6 Ma and stratigraphic relationships
constrain its age to the Permian‐Late Triassic (Astudillo et
al., 2017). In the same depocentre, the Sierra de Varas For-
mation comprises >650 m of siliciclastic and carbonate
sedimentary rocks intercalated with pyroclastic rocks (Astu-
dillo et al., 2017; Contreras, 2014; González et al., 2015;
Marinovic et al., 1995; Montecino, 2015). U‐Pb ages indi-
cate a range of ~211–206 Ma for this unit (Astudillo et al.,
2017; González et al., 2015).

In the Cerro Guanaco depocentre (24°47′S and 25°10′
S), the Cerro Guanaco Formation crops out along the
flanks of the Sierra de Varas range and is composed of
~1300 m of andesitic to dacitic lavas and pyroclastic rocks
(Alfaro, 2014; González et al., 2015). U‐Pb zircon
geochronology constrains the age of this unit to ca. 213–
200 Ma (González et al., 2015). Isolated gravel‐rich out-
crops which are similar to those from the Cerro Rincones
Beds have been assigned by González et al. (2015) to the
basal member of the Sierra de Varas Formation. These
breccias unconformably overlie Permian plutonic rocks
(288 ± 7 Ma; Marinovic et al., 1995) and are discordantly
overlain by Hettangian marine rocks from the Profeta For-
mation (Chong, 1973; Marinovic et al., 1995), though a
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fault contact between these units has been proposed
recently (González et al., 2015).

The Late Triassic marine transgression is represented
by the lower member of the Profeta Formation (Astudillo
et al., 2017; Chong & Hilldebrandt, 1985; González
et al., 2015; Venegas et al., 2013), which comprises
gravel‐rich siliciclastic beds, calcareous sandstones, and

coral‐rich boundstones of a Rhaetian age (Astudillo et al.,
2017; Chong & Hilldebrandt, 1985; González et al.,
2015; Prinz‐Grimm, 1995). This unit concordantly over-
lies the previous synrift units, though local angular
unconformities are observed in Quebrada La Carreta
(Fig. 4A) and Quebrada Punta del Viento (Chong &
Hilldebrandt, 1985; Fig. 5).

FIGURE 3 Lithostratigraphic scheme
of the western margin of the Domeyko
Range based on the work of Tomlinson
et al. (1999); Álvarez (2003); Cornejo et al.
(2009); Naranjo and Puig (1984); González
et al. (2015) and Astudillo et al. (2017)

FIGURE 2 Geologic map of the study area showing the distribution of prerift, synrift, and postrift units and main tectonic features. U‐Pb
ages are from: 1this work (bolded), 2Astudillo et al. (2017), 3González et al. (2015), 4Venegas et al. (2013), 5Cornejo et al. (2009), 6Matthews
et al. (2007) in Valenzuela (2014), 7Urzúa (2009) and 8Cortés (2012). Please note the location of stratigraphic sections (S1 to S12) presented in
Figure 9. Key section locations corresponds to: S1 (Cerro La Ballena), S2 (Cerro Pascua), S3 (north portion of Sierra de Varas), S4 (Quebrada
Mármol), S5 (Cerro Guanaco), S6 (Quebrada Punta del Viento), S7 (Quebrada Los Pozos), S8 (Quebrada La Carreta), S9 (Cerro Danko), S10A
(Quebrada La Perra), S10B (Quebrada del Salitre), S11 (Quebrada Doña Inés Chica) and S12 (Cerro Pedernales)
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2.2.2 | Sierra Exploradora sub‐basin
To the south of the study area (Fig 2), the SESB is repre-
sented by a voluminous succession of volcanic and sedi-
mentary rocks known as the Quebrada del Salitre
Formation (Cornejo et al., 2009; Naranjo & Puig, 1984;

Tomlinson, Cornejo, & Mpodozis, 1999). The lower mem-
ber of this unit unconformably overlies Permian plutonic
rocks (Cornejo et al., 2009; Tomlinson et al., 1999),
including a thick succession of coarse sedimentary rocks
and a suite of dacitic, rhyolitic, and basaltic volcanic rocks
(Cornejo & Mpodozis, 1996; Cornejo et al., 2009).

FIGURE 4 (a) Slight angular unconformity between the reef facies of the Profeta Formation and the fluvial and volcanic successions of the
Sierra de Varas Formation (SVF) at S8. (b) Synrift listric faults affecting deltaic facies from the SVF at S7. (c) Synsedimentary extensional fault
controlling the location of a fluvial palaeochannel, growth strata and basaltic lava flow thickness from the Quebrada del Salitre Formation at S11
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According to Cornejo et al. (2009), the upper member cor-
responds to transitional to marine facies, which underlies
Pliensbachian beds from the Montandón Formation. How-
ever, based on the difference between the continental and
marine lithofacies, we agree with the proposal of Álvarez
(2003) who separates the initial shallow marine successions
in the Las Bateas Formation (Rhaetian – Sinemurian).
Hence, we consider the upper member of the Quebrada del
Salitre Formation corresponds mainly to the continental
and transitional successions developed prior to the well‐
developed marine deposits (Las Bateas Formation). This
division has lithostratigraphic and chronostratigraphic sig-
nificance, helping to make regional correlations between
the sub‐basins. The lower levels of the Las Bateas Forma-
tion comprise quartz‐rich sandstones, conglomerates, and
coral‐rich boundstones (Rhaetian?; Álvarez, 2003) correlat-
ing with the basal member of the Profeta Formation (Astu-
dillo et al., 2017; González et al., 2015).

3 | LITHOFACIES ASSOCIATION
AND DEPOSITIONAL
ENVIRONMENTS

We performed a comprehensive facies analysis focused in
the continental volcanic and sedimentary Triassic succes-
sions of the Domeyko Basin (24°–26°S). A summary of
the volcanic and sedimentary facies, their codes and inter-
preted genetic processes is presented in Table 1, whereas a
detailed description of individual facies and interpretations
can be found in the Supplementary Material SM2. Facies

nomenclature follows Miall (2006) for sedimentary silici-
clastic rocks, Branney and Kokelaar (2002) for pyroclastic
rocks and D'Elia, Muravchik, Franzese, and López (2012)
for volcanic and volcano‐sedimentary rocks. Facies analysis
was based on measured stratigraphic sections, field survey
of key localities and complemented with lithostratigraphic
studies carried out by Suárez and Bell (1992), Cornejo et
al. (2009) and Mpodozis and Cornejo (2002) in the south-
ern part of the studied area.

3.1 | Facies associations

The sedimentary versus volcanic infill of the synrift stage
of the Domeyko Basin present large variations across the
depocentres with sedimentary deposits comprising ~60% of
the observed rocks. The sedimentary assemblages devel-
oped during this stage include alluvial fan, sand‐rich
braided, and meandering fluvial systems, lacustrine, deltaic,
and shallow carbonate platform assemblages. Here we pre-
sent a synthesis of main facies associations and the inter-
preted depositional environments where they were
originated (Table 2). Main localities of facies associations
are listed in Supplementary Material SM7.

3.1.1 | Alluvial fan

Facies Association A1: Debris flows (Gmm, Sm)
This facies assemblage is mainly represented by Gmm gravel
facies, corresponding to massive, matrix‐supported and
poorly sorted breccias (Fig. 6A), developing crude horizontal
stratification (<5 m thick). Decimetre‐ to metre‐scale

FIGURE 5 Angular unconformity between the delta fan facies from the Cerro Guanaco Formation and the Profeta Formation at S6. A slight
angular unconformity between the Rhaetian reef (early postrift) and the offshore facies of the Profeta Formation marks a maximum flooding
surface during the Hettangian global sea rise (Ardill et al., 1998)
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intercalations of massive sandstone facies (Sm) are common.
Gmm facies represent debris flows deposits, developed in
subaerial to subaqueous conditions (Miall, 2006). Due to the
lack of marine or lacustrine features (e.g., wave reworking,
subaqueous fossils, calcareous, or muddy matrix) we inter-
pret this association as corresponding to the proximal portion
of alluvial fans (Blair & McPherson, 1994; Nemec & Steel,
1984). Given that the generation of this type of en-masse
flows is favored by steep slopes, and its preservation in the
geological record requires a high subsidence, these assem-
blages are inferred here to be deposited in proximity to
uplifted structural blocks (Blair & McPherson, 1994, 2009).
Given the inferred extensional setting, these structural blocks
were likely formed via fault slip along high‐angle, predomi-
nantly dip‐slip normal faults.

Facies Association A2: Channelized flows (Gcm, St, Sm)
Channelized gravel bodies show lenticular to tabular
geometries and are formed by clast‐supported, poorly to
moderately sorted, massive conglomerates of decimetric to
metric scale thick (Gcm facies, Fig. 7G). This facies occa-
sionally grade upward into medium‐ to pebbly‐sized mas-
sive (Sm) and trough cross‐bedded sandstones (St). This
association represents the deposition of channels and/or
longitudinal bars (Gcm) and sediment gravity flows (Sm) in
the active lobes of alluvial fans (Miall, 2006; Nichols,
2009; Selley, 2000).

Facies Association A3: Sheetfloods (Gcm, Sh)
This facies association is mainly represented by well‐strati-
fied, tabular bodies of oligomictic and clast‐supported con-
glomerates (Gcm), occasionally intercalated with sheets of
horizontal laminated and normal graded tuffaceous sand-
stones (Sh). Gcm facies were originated by pseudo‐plastic
debris flows, whereas parallel‐laminated sandstones (Sh)
were deposited under upper flow regime conditions (Miall,
1978, 2006). This association records sheetfloods originated
by turbulent flows (Koster & Steel, 1984; Nichols, 2009).

3.1.2 | Fluvial

Facies Association F1: Sand-rich braided rivers (Gcm,
St, Sp, Sh, Sm, Fm)
The architecture of this facies assemblage corresponds to
channel bedforms embedded in thick overbank deposits
(Fig. 6). Channelized bedforms are represented by trough
cross‐bedded sandstones (St) formed by 3‐D dune migra-
tion, and massive sandstones (Sm). Fine facies (Fm) repre-
sents deposition from standing water in the floodplain
during low‐stage abandonment of channels. Occasional Sh
facies would represents sporadic spill out floods into the
overbank area (Miall, 2006).

Facies Association F2: Meandering rivers (Fl, Fm,
Sm, Sh)
This facies association corresponds to massive and lami-
nated fine facies (Fm and Fl), formed by quartz‐rich silt-
stones to very fine sandstones, intercalated with thin sheets
of massive (Sm), and horizontally stratified sandstones (Sh)
(Fig. 6C). Fine facies occasionally incorporates Late Trias-
sic fossil flora (Fig. 6B; see Supplementary Material SM6
for detailed descriptions) indicating deposition in a flood-
plain with abundant vegetation (Miall, 2006). The presence
of siderite nodules points to a deposition under reducing
conditions with a mixing of seawater and freshwater
(Nichols, 2009), suggesting a coastal meandering fluvial
origin for these facies. On the other hand, sandy facies rep-
resents sediment gravity flows (Sm) and deposition under
upper plane conditions (Sh), probably related to sporadic
bank collapse and/or crevasse splays over the floodplain
environment (Miall, 2006; Walker & James, 1992).

3.1.3 | Lacustrine

Facies Association L1: Basinal lacustrine (Fl, Sm)
Finely laminated mudstones (Fl facies) correspond to grey-
ish to greenish mudstones, displaying millimetric lamina-
tion (“laminites”, Fig. 6E), with common intercalations of
pyroclastic fall deposits (//sT facies). Occasionally, they
present centimetric‐scale “cast and flame” load structures
and ripple bedding. Fine facies represents deposition by
suspension and weak traction currents (Miall, 2006). The
well‐preserved “laminites” indicates the absence of biotur-
bating bottom fauna and seasonal variation in phytoplank-
ton production, pointing to a deposition under open water
lake conditions in a deep basinal setting (Platt & Wright,
1991), whereas Sm facies and the load‐cast features suggest
the development of sporadic sandy turbidites (Nichols,
2009), probably in a high-gradient, bench type margin lake
(Platt & Wright, 1991).

Facies Association L2: Marginal lacustrine facies (Fo,
Bs, Gmm, Gcm)
Stromatolitic boundstone facies (Bs), is formed by dark‐
greyish microbial limestones (algal mats and stromatolites)
showing parallel and convolute bedding, originated in shal-
low lake shorelines under good illumination conditions
(Nichols, 2009). Oncolytic floatstone facies (Fo, Fig. 6F)
exhibits intercalations of coarse siliciclastic beds (Gmm,
Gcm), indicating progradation of alluvial fans over swamps
in a palustrine environment (Alonso‐Zarza & Tanner, 2009;
Wright & Platt, 1995). These marginal lacustrine facies were
formed in shallow and ephemeral lakes associated with a
low-gradient ramp margin, where the sediment supply and
accommodation space were similar (Platt & Wright, 1991).

12 | EAGE
ESPINOZA ET AL.

272



TABLE 1 Lithofacies code and corresponding depositional process

Code Lithology Description Geometry and thickness Interpretation

Sedimentary

Gmm Breccia Poorly sorted, massive, matrix‐supported
conglomerate showing crude horizontal
stratification. Gravel clasts are angular
to subangular ranging from pebbles to
boulders

Irregular to poorly tabular bodies,
making up metres to tens of
metres thick

High‐strength debris flow

Gcm Conglomerate Moderately sorted, massive, clast‐
supported conglomerate. Clasts range
from pebble to large boulder and are
moderately to well rounded

Lenticular to tabular. Decimetric‐
to metric‐scale thickness (< 4 m)

Debris flows; hyper‐
concentrated flows

Gmg Conglomerate Matrix‐supported conglomerate, normal
or inverse grading

Irregular to poorly tabular bodies,
up to 2 m thick

Low‐strength debris flow

Sh Sandstone Medium‐ to fine‐grained sandstones with
horizontal lamination

Tabular, 10–30 cm thick Plane bed flow (critical
flow)

Sm Sandstone Massive, very fine‐ to coarse‐grained
sandstone containing roots

Tabular, <40 cm thick Sediment gravity flow

Sp/St Sandstone Cross stratified, medium to coarse‐
grained sandstone

Tabular, Foresets up to 60 cm
thick

2‐D and 3‐D dune
migration under lower
regime conditions

Ss Sandstone Thin‐bedded stratified sandstones; occurs
as thin lenses within or alternates with
facies Gmm

Tabular, 10–40 cm thick Scour fills

Fl Siltstone Interlaminated, mudstone, siltstone, and
fine‐grained sandstone; locally
containing plant fossils

Laminar, milli‐to centi‐metre scale
lamination (< 3 cm)

Overbank, abandoned
channel, or warning
flood deposits

Fm Siltstone Massive siltstone and mudstone; locally
containing plant fossils

Tabular, 10–30 cm thick Deposition from
suspension; back swamp,
abandoned channel
deposits

W, M Limestone Laminated and massive calcareous
mudstones and wackestones

Tabular, < 30 cm thick. Calcareous deposition
from suspension in
restricted shallow marine
environment

Fo Limestone Oncolytic floatstone Irregular, 20–30 cm thick Algae originated under
shallow subaqueous
conditions

R Limestone Coarse, clast‐supported bioclastic
mudstones

Irregular, up to 1.5 m thick. Deposition in carbonate
platform in high‐energy
conditions

B Limestone Coral‐rich boundstones Irregular, deci‐ to metre‐ scale
thick (up to 1.5 m)

Framework reefal
carbonate

Bs Limestone Stromatolitic boundstone Irregular, 20–30 cm thick Stromatolites and algal
mats originated under
shallow subaqueous
conditions and low
siliciclastic input

P Limestone Packstone limestones Irregular, 10–30 cm Deposition in carbonate
platform in high to
medium energy
conditions

(Continues)
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3.1.4 | Shallow marine

Facies Association SM1: Delta fans (Gmg, Gmm,
Gcm, St, Ss, M)
Gravel‐facies consist of pale grey Gmm, Gcm, and Gmg
facies, corresponding to debris flows (Miall, 2006) depos-
ited first in alluvial fans, and then into a shallow marine
carbonate platform as indicated by the intercalations of
limestones (M facies) and the increasing input of bioclastic
fragments (Benvenuti, 2003; Blair & McPherson, 2009;
McPherson, Shanmugam, & Moiola, 1987). Conglomerates
display poor sorting and coarsening‐upward cycles with
clast sizes ranging from pebbles to large boulders (Fig. 5)

with outsized clasts that are up to 1.12 m in diameter
(Fig. 6D), immersed in a fine‐grained calcareous matrix.
Intercalated in these facies are green calcareous mudstones
and medium‐ to pebble‐sized calcareous sandstones, with
trough cross stratification (St facies) and scoured bases (Ss
facies).

Facies Association SM2: Rimmed carbonate shelf (B,
R, P, W, M, Sm)
This facies association is characterized by calcareous
coral‐rich facies formed by greyish, irregular beds of
coral‐rich boundstones (B facies, Figs. 5 and 6G), bearing
Late Triassic Retiophyllia sp. and Thecosmilia sp. fossils

TABLE 1 (Continued)

Code Lithology Description Geometry and thickness Interpretation

Extrusive

cB Basalt Coherent aphanitic and microporphiritic
lava flows. Highly vesiculated and
amygdaloidal, very altered

Tabular to lenticular, metre‐scale
beds making up tens to hundreds
of metres (<600 m)

Subaerial mafic lava flows
related to fissural
volcanism

brB Basalt Brecciated and highly vesiculated lava
flows with moderate development of
pseudo pillows, peperitic textures, and
hyaloclastic textures

Tabular to irregular, <3 m thick Hydroclastic reaction of
mafic flows in contact
with water or wet
sediments. Subaqueous
lava flows

cA Andesite Coherent porphyritic lavas. Locally
highly amygdaloidal

Tabular, 0.4 – 2 m thick Subaerial intermediate
lava flows

cD Dacite Coherent and massive lava flows, show
aphanitic and porphyritic texture

Subaerial acidic lava
flows

brA/brD Andesite/Dacite Autobrecciated lava flows with angular
clasts in a matrix‐supported fabrics and
crystalline groundmass

Tabular, < 2 m thick Subaerial acidic lava
flows

bcR/cjD Rhyolite/Dacite Coherent vitrophiric and porphyritic
lavas showing flow banded textures
with vertical disjunctions. Fault related

Irregular to dome‐shaped, circular
to highly elongated. Related to
extensional faults. Tens of metre
thick (<40 m)

Silicic domes and necks

Pyroclastic

mBr Pyroclastic breccia Massive monomictic breccia, nongraded,
seriated, poorly sorted, and ash
supported. Juvenile pyroclasts are
dacitic porphyritic rocks

Tabular, 1–5 m thick Block and ash pyroclastic
flows related to dome
collapse

mLT Lapilli tuff Massive lapilli tuff Tabular, cm to m thick horizons
or amalgamated beds making up
tens of metres (<40 m)

Ignimbrite deposit. Rapid
aggradation from fluid
escape‐dominated flow
boundary zone of a
pyroclastic density
current

mT Tuff Massive vitric and vitric‐crystal tuff Tabular or lenticular, <1 m thick Distal ignimbrite or
fallout deposits

//sT Tuff Thin stratified, laminated well‐sorted fine
tuff

Tabular, 10–30 cm thick Fallout deposits

p-//sT Tuff Pumice rich, parallel‐laminated tuff Pumice rich fallout
deposits
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corresponding to the core of reefal frameworks (Ardill
et al., 1998; Chong, 1977; González et al., 2015; Monte-
cino, 2015). Intercalations of rudstone (R facies) and
packstone limestones (P facies) are composed of frag-
ments of bivalves, brachiopods, shell debris, and corals.
Locally, intercalations of massive litharenites (Sm) and
laminated calcareous mudstones (M facies), indicate a
deposition by suspension fallout in protected areas, proba-
bly in a back‐reef to lagoon environment (Nichols, 2009).
This assemblage represents a shallow marine carbonate
platform limited by a mounded‐reef (“rimmed carbonate
shelf”) with an intermittent siliciclastic input (Nichols,
2009). This reefal facies marks the beginning of a marine
transgression of regional significance along the Domeyko
Range (Chong, 1973; Chong & Hilldebrandt, 1985;
Gröschke, v. Hillebrandt, Prinz, Quinzio, & Wilke, 1988).
The presence of Retiophyllia sp. and Choristoceras sp. in
equivalent facies across the Domeyko Basin indicates a
Rhaetian age for the onset of the marine transgression
(Ardill, 1996; Chong & Hilldebrandt, 1985; Navea,
Wilke, & González, 2015).

3.2 | Volcanic facies

Volcanic lithofacies present important variations across the
sub‐basins, with a mainly intermediate composition (an-
desites to dacites) at the Sierra de Varas sub‐basin and a
predominant mafic composition (basalts to basaltic ande-
sites) with silicic and minor intermediate volcanism at the
Sierra Exploradora sub‐basin.

3.2.1 | Basaltic volcanism

Facies Association VB1: Basaltic subaerial and partly
subaqueous volcanism (cB, brB)
Mafic volcanic rocks crop out extensively in the southern
portion of the study area, with thicknesses varying from
tens of metres (~ 60 m) in Quebrada Los Pozos (S7,
Fig. 2) to hundreds of metres (>1300 m, Fig 7C) in Que-
brada del Salitre (S10, Fig. 2). This facies assemblage
mainly corresponds to dark‐green, coherent basalts, and
basaltic andesites (cB facies, Fig. 7C) which form deci-
metric to metric scale irregular beds displaying a high
proportion of vesicles and calcite‐filled amygdales. Coher-
ent basaltic facies (cB) represents subaerial mafic effusive
volcanism (McPhie, Doyle, & Allen, 1993). Locally,
basalts exhibit a brecciated texture (brB facies), corre-
sponding to mixed lava fragments and silicified red‐
coloured sediments (peperitic texture, Fig. 7E), indicating
interaction of lava with soft and wet sediments (Busby‐
Spera & White, 1987; Doyle, 2000), or pillow‐breccias
(Fig. 7B), evidencing partial deposition under subaqueous
conditions (Cas & Wright, 1988; White & Houghton,
2006).

3.2.2 | Intermediate volcanism

Facies Association VI1: Intermediate subaerial lava
flows (cA, cD, brA, brD)
Intermediate composition volcanic rocks crop out discontin-
uously across the entire Domeyko Range. Andesitic

TABLE 2 Facies association codes

Type Depositional environment Facies association Code Facies

Sedimentary Alluvial fan Debris flow A1 Gmm, Sm

Channelized flows A2 Gcm, St, Sm

Sheetflood flows A3 Gcm, Sh

Fluvial Sand‐rich braided river F1 Gcm, St, Sp, Sh, Sm, Fm

Meandering river F2 Fl, Fm, Sm, Sh

Lacustrine Marginal lacustrine L1 Fo, Bs, Gmm, Gcm

Basinal lacustrine L2 Fl, Sm

Shallow marine Delta‐fan SM1 Gmg, Gmm, Gcm, St, Ss, M

Rimmed carbonate shelf SM2 B, R, P, W, M, Sm

Volcanic Basaltic volcanism Basaltic subaerial & partly
subaqueous volcanism

VB1 cB, brB

Intermediate volcanism Intermediate subaerial
lava flows

VI1 cA, cD, brA, brD

Silicic explosive volcanism Silicic domes & proximal
pyroclastic deposits

VS1 bcR, cjD, mBr, mLT

Medium to distal
pyroclastic deposits

VS2 mT,//sT, p-//sT
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volcanism is common in the northern portion of the study
area (Cerro La Ballena depocentre), whereas dacitic and
subordinate andesitic volcanism predominates to the south
(Vaquillas Altas depocentre and SESB).

Andesitic to dacitic coherent facies (cA and cD facies),
form massive and vesiculated beds (0.4–2 m thick), show-
ing a porphyritic texture (Fig. 5) composed by medium‐
grained phenocrysts (pg + amph ± qtz) embedded in a
glassy or microcrystalline groundmass. These facies corre-
spond to lava flows originated under low shear rates in
subaerial conditions (Stewart & McPhie, 2003). Locally,
matrix‐supported, brecciated dacites and andesites (brD,
Fig. 7F, and brA facies) were originated by an autoclastic,
brittle fragmentation mechanism, due to the lateral transport
of lava flows under subaerial conditions (McPhie et al.,
1993; Stewart & McPhie, 2006).

3.2.3 | Silicic effusive and explosive
volcanism

Facies Association VA1: Silicic domes and proximal
pyroclastic deposits (bcR, cjD, mBr, mLT)
Coherent vitrophyric rhyolites (bcR) and dacites (cjD)
present flow banding and vertical columnar jointing
(Fig. 7D), indicating the flow advance and cooling mar-
gins of small domes and vents (Fink & Anderson,
2000). At SESB, these domes form elongated bodies
(1.6 to 2.2 km long) which are spatially associated with
~NS trending extensional faults (Cornejo et al., 2009).
Large vents are recorded by subcircular silicic domes
bounded by arcuate ring normal faults (~5 km of diame-
ter, Tomlinson et al., 1999) associated with dome‐margin
breccias (mBr), suggesting an extensional origin for these
vents, with a plate (piston) mechanism for the subsidence
(Lipman, 2000).

At Cerro Guanaco depocentre (S5 and S6 in Fig. 9),
matrix‐supported, and monomictic massive pyroclastic
breccias (mBr) are spatially associated with dacitic domes
and are interpreted as block‐and‐ash pyroclastic flow
deposits related to the gravitational collapse of lava domes
(Branney & Kokelaar, 2002; Cas & Wright, 1988; Freundt,
Wilson, & Carey, 2000).

Ignimbrite deposits are recorded by very poorly sorted
massive lapilli‐tuffs (mLT facies), which are formed by
lapilli‐sized pumice, crystal fragments and lithics in a vitric
matrix. The common thickness of mLT facies at Vaquillas
Altas depocentre are up to ~30 m thick, though similar
facies can be thicker at Cerro Guanaco (Alfaro, 2014; Gon-
zález et al., 2015) and Cerro La Ballena (Valenzuela,
2014) depocentres. There is a general lack of evidence of
high‐temperature welding (e.g., sintering of glass shards,
rheomorphism, etc.), with some ignimbrites showing a
pseudo‐eutaxitic texture due to diagenetic alteration.T
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Facies Association VA2: Medium to distal pyroclastic
deposits (mT, //sT, p-//sT)
Reddish‐ to greenish‐ massive tuffs (mT) are composed of
well‐sorted pumice, crystals, and minor lithics in a vitreous

ash‐sized matrix, making up centimetric beds (<1 m). This
facies can corresponds to the deposition of fine‐grained dis-
tal ignimbrites or fallout deposits (Branney & Kokelaar,
2002; Cas & Wright, 1988; Fisher & Schmincke, 1984).

FIGURE 6 (a) Gmm facies developed in proximal alluvial fan facies (debris flows) from the basal member of Sierra de Varas Formation
(SVF) at Sierra de Varas depocentre. (b) Late Triassic fossil flora developed in floodplain assemblage from SVF at S7. (c) A synsedimentary
extensional fault affecting meandering fluvial assemblages from basal successions of the SVF at S7. (d) Matrix‐supported gravel facies developed
in a fan delta assemblage from the Cerro Guanaco Formation at S6. (e) Basinal lacustrine facies (Fl facies) from SVF at S7. (f) Oncolite‐bearing
floatstone facies deposited in marginal lacustrine conditions from the SVF at S3. (g) Boundstone facies from the Las Bateas Formation bearing
Late Triassic corals (Retiophyllia sp.) at S11
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On the other hand, well‐stratified (occasionally laminated)
and very well‐sorted //sT facies present a similar composi-
tion that mT facies. The //sT facies could represent distal
fallout of eruption plumes, ash‐rich pyroclastic density cur-
rents or surges deposits (Branney & Kokelaar, 2002; Cas
& Wright, 1988), however, its common association with
lacustrine mudstones, its generally low thickness (0.3‐
0.6 m) and the absence of lateral transport evidence
(scours, cross stratification, low‐angle truncations), points
to a fallout origin (Branney & Kokelaar, 2002; Cas &
Wright, 1988; D'Elia et al., 2012; McPhie et al., 1993).
Occasionally, similar pumiceous‐rich tuffs (p-//sT facies)
show subangular pumice clasts indicating a similar fallout
origin (Branney & Kokelaar, 2002).

4 | RESULTS

4.1 | Analytical methods

U‐Pb igneous and detrital zircon analyses were performed
using laser‐ablation inductively coupled‐plasma mass‐spec-
trometry (LA‐ICP‐MS and LA‐MC‐ICP‐MS) method in 10

samples. Lithostratigraphic units sampled correspond to the
continental, sedimentary, and volcanic, Sierra de Varas,
Cerro Guanaco and, Quebrada del Salitre formations.

Heavy minerals were concentrated by standard crushing,
Gemini table, LST heavy liquid (2.9 g/cm3), and magnetic
separation techniques at Servicio Nacional de Geología and
Minería and University of Concepción. Finally, zircon
grains were handpicked under a binocular microscope,
mounted in epoxy, and polished to expose grain centres for
cathodoluminescence (CL) imaging. U‐Pb analysis of sam-
ples CPV‐14‐157, CPV‐14‐254, CPV‐14‐261, and CPV‐14‐
268 were performed at the Arizona LaserChron Center
(ALC), University of Arizona, whereas samples CPV‐15‐
310, CPV‐15‐316, CPV‐15‐324, CPV‐15‐342, CPV‐15‐
350, and CPV‐16‐400 were analysed at the Laboratorio de
Estudios Isotópicos (LEI), Centro de Geociencias, UNAM.
Concordia and average ages were calculated using Isoplot
v. 4.15 (Ludwig, 2008). We apply a discordance filter of
<15% for igneous analyses, whereas for detrital analyses, a
discordance filter <25%, and a reverse discordance filter of
> ‐5% were used. 206Pb/238U ages are preferred for zircons
younger than <1.0 Ga, whereas 207Pb/206Pb ages are

FIGURE 7 (a) Coherent andesites (cA)
from Cerro La Ballena Formation at S1. (b)
Brecciated basalts (brB) from Quebrada del
Salitre Formation (QSF) showing pseudo‐
pillow structures at S7. (c) Coherent basalts
(cB) successions at S10. (d) Silicic lava
dome formed by coherent rhyolites (bcR)
from the QSF showing vertical columnar
jointing at Cerro Colorado. (e) Peperites. (f)
Brecciated dacites facies (brD) at S6. (g)
Channelized flows (alluvial fan) incised
over massive lapilli‐tuffs (mLT) from the
SVF at S7

18 | EAGE
ESPINOZA ET AL.

278



reported for zircons older than that age (Gehrels, 2011). A
detailed description of the analytical techniques is in Sup-
plementary Material SM5.

4.2 | U‐Pb geochronology

Geochronological results and sample locations are summa-
rized in Table T3 and Figures 2 and 8. Errors are reported
as 2σ and maximum depositional ages (MDA) were calcu-
lated averaging the 3 or more zircons overlapping at 2σ
error, except for sample CPV‐14‐254, where 2 zircons
overlapping at 1σ error was used (Dickinson & Gehrels,
2009). Detailed isotopic and rejected data of U‐Pb analysis
are found in Supplementary Material SM3 and SM4.

4.2.1 | Sierra de Varas Formation

Detrital zircons (DZ) from a coarse‐grained sandstone inter-
calated in monomictic massive breccias (CPV‐14‐261) cor-
responding to the Lower Member of the Sierra de Varas
Formation (González et al., 2015), yielded a unimodal age
distribution with a weighted mean age of 303.3 ± 2.1 Ma
which is interpreted as the MDA. The breccias overly in
unconformity Permian plutonic rocks with a K‐Ar (biotite)
age of 288 ± 7 Ma (Marinovic et al., 1995), suggesting a
significant gap between the MDA and the depositional age
for this unit.

DZ age distribution from a coarse sandstone intercalated
in conglomeratic facies at the base of the Sierra de Varas
Formation (CPV‐15‐342) shows the main peak at ca.
292 Ma (~80%) and a minor peak at ca. 246 Ma (~12%)
with an MDA of 213.8 ± 3.1 Ma. Another DZ sample
from this unit (CPV‐14‐254), a quartz‐rich sandstone
directly overlying Carboniferous‐Permian plutonic rocks
(Punta del Viento Plutonic Complex), shows a main age
peak at ~297 Ma (77%) and two smaller groups at
~479 Ma (9%) and ~246 Ma (3%), with scarce zircons
older than 500 Ma and a MDA of 234.4 ± 4.8 Ma. Thus,
both samples from the basal successions indicate the main
source from the Permian basement (292‐297 Ma), with
more restricted secondary sources from Middle Triassic
(~246 Ma) and Ordovician (~478 Ma) rocks.

Igneous zircon (IZ) from a lapilli‐tuff sampled 40 m
above the base of the unit (CPV‐15‐350) yielded a major
peak at ca. 227 Ma and a secondary peak at ca. 211 Ma. We
interpret the youngest peak as the age of the eruptive event,
yielding a weighted mean age (WMA) of 210.7 ± 3.4,
whereas the secondary peak at ca. 227 Ma would correspond
mostly to accessory sources. A vitric tuff (CPV‐14‐268)
intercalated in the upper levels of a lacustrine succession
(Fig. 8) yielded a WMA of 203.5 ± 1.6 Ma interpreted as
the age of the volcanic event. An older small peak at ca.
283 Ma is probably associated to accidental fragments. On

the other hand, an IZ sample from a vitric tuff intercalated in
fluvial deposits (CPV‐15‐400) yielded a Concordia age of
208.6 ± 2.3 Ma, interpreted as the crystallization age of the
pyroclastic event.

4.2.2 | Cerro Guanaco Formation

Igneous zircon from a brecciated dacite (CPV‐14‐157)
yielded a Concordia age of 211.5 ± 1.8 interpreted as the
crystallization age. This lithostratigraphic unit was formerly
assigned to the Carboniferous‐Permian La Tabla Formation
(Venegas et al., 2013). However, taking into account the
Norian crystallization age and the interpretation of the
dated level as part of proximal acidic dome deposits, we
assign these outcrops to the Cerro Guanaco Formation
(Alfaro, 2014; González et al., 2015).

4.2.3 | Quebrada del Salitre Formation

Igneous zircon from a banded rhyolite belonging to a silicic
dome (CPV‐15‐310) yielded a WMA of 226.7 ± 1.4 Ma
interpreted as the timing of the volcanic event, whereas a
secondary group at ca. 241 Ma is inferred to represent
accessory material from the volcanic conduit. A litharenite
corresponding to sand‐rich fluvial deposits from the basal
member of this unit (CPV‐15‐316) yielded an MDA of
241.5 ± 4.0 Ma with a major peak at ca 294 Ma (41%) and
a secondary peak at ~267 Ma (12%). Another DZ sample
from a tuffaceous sandstone corresponding to meandering
fluvial facies from the upper continental member of this
unit, shows an MDA of 208.4 ± 3.4 Ma and major peaks at
ca. 258 Ma (47%) and ca. 272 Ma (24%).

5 | DISCUSSION

5.1 | Stratigraphic correlations across the
Domeyko Basin

Given the abrupt facies changes across depocentres and
the common incomplete exposure of many sections due to
basin inversion process, there are scarce correlations for
the logged synrift deposits. The most easily correlated
unit is the “upper” Rhaetian marine transgression marked
by the presence of coral‐rich reef boundstones (Fig. 6G)
at the base of the Profeta and Las Bateas formations
(Álvarez, 2003; Ardill et al., 1998; Astudillo et al., 2017;
Chong & Hilldebrandt, 1985; Cornejo et al., 2009; Gonzá-
lez et al., 2015; Venegas et al., 2013), which is observed
in most of the depocentres (Fig. 9). The beginning of the
synrift can be correlated at the base of the sections S7
and S8 in the Vaquillas Altas depocentre for the Sierra de
Varas Formation and between the base of S4 and S5 sec-
tions in the Sierra de Varas and the Cerro Guanaco
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FIGURE 8 U‐Pb geochronological data from this study
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depocentres for the Sierra de Varas and the Cerro Gua-
naco formations respectively. Secondary correlations based
on sedimentary facies can be suggested between the
meandering fluvial systems that follow the thick basaltic
successions of the Quebrada del Salitre Formation (S10
and S11) and the Sierra de Varas Formation (S7 and S8)
at the Vaquillas Altas depocentre (Fig. 9).

5.2 | Timeframe of the synrift activity

In the Domeyko Basin, we propose that two stages of major
mechanical subsidence and associated sedimentation were
developed during the Triassic (Fig. 11). The Synrift I would
have taken place in the SESB, during the Ladinian – Car-
nian (~240–225 Ma). The lower limit is constrained by the
DZ MDA of 241.5 ± 4.0 Ma from sand‐rich braided fluvial
facies (CPV‐15‐316; Figs. 8 and 9) and the upper limit by
the IZ age of rhyolitic domes which have been dated at
225.2 ± 1.5 Ma (CPV‐15‐310, Fig. 8 and S10 in Fig. 9).
The Synrift II (“upper” Norian – Rhaetian; 217‐200 Ma) is
well constrained by the initiation of the SVSB at ca. ~213‐
210 Ma (Figs. 9 and 10). The upper limit of the Synrift II is
constrained by the Rhaetian marine transgression and a U‐
Pb IZ age of 200 ± 2 Ma (González et al., 2015) from the
uppermost synrift beds in the Cerro Guanaco depocentre
(section S5, Fig. 9). The activity of the SESB during the
Synrift II can be established by the DZ MDA of meander-
ing fluvial facies (208.4 ± 3.4 Ma) which are overlain by
Rhaetian shallow marine facies from the Las Bateas Forma-
tion (Álvarez, 2003). The initiation age of the Synrift II at
SESB is very problematic to resolve due to the low zircon
fertility of basaltic lavas inferred to represent the basal part
of the Synrift II (S10, Fig. 9). The latter raises the possibil-
ity that a relatively continuous deposition took place at the
SESB, without the inferred hiatus between the two synrift
stages. However, considering a more regional context, the
scattered sedimentary record from the “Synrift I stage”
occurred in isolated basins peripheral adjacent to the
Domeyko Range which do not record deposition during the
Synrift II stage, such as the El Bordo (Basso & Marinovic,
2003), Tuina (Henríquez, Becerra, & Arriagada, 2014) and
Pular (Solari, Montecinos, Venegas, & Espinoza, 2015) for-
mations, suggesting that the volcanism and sedimentation
during the Synrift I stage was discontinuous with respect to
the Synrift II stage. On the other hand, the well‐marked ini-
tiation of depocentres at ~212 Ma such as the SVSB and
the Cifuncho basin at the Coastal Cordillera (Contreras et
al., 2013; spinoza, Oliveros, Vásquez, & Bechis, 2015)
seems to indicate that the Synrift II stage was a well‐distin-
guishable event across the palaeo‐margin. Therefore, we
propose that both stages were clearly differentiated and infer
that the activity of the SESB during the Synrift II stage took
place in a similar timeframe as the SVSB, though further

geochronological constraints are needed to confirm this
hypothesis.

5.3 | Tectonostratigraphic evolution of the
synrift Domeyko Basin: an interaction between
sedimentary, volcanic, and tectonic processes

Sedimentary systems are the result of the balance between
the accommodation space (A) and sediment supply (S) to
the basin. The accommodation space is related to the space
available below the base level in order for sediments to
accumulate (Jervey, 1988). In nonmarine environments,
base level is better defined by the “stratigraphic base level”
(Martinsen et al., 1999), which is the equilibrium surface
that “describes the direction in which a stratigraphic system
is likely to move, towards sedimentation and stratigraphic
preservation or sediment bypass and erosion” (Shanley &
McCabe, 1994). Thus, we use the “subaerial accommoda-
tion space” defined as “the space developed between suc-
cessive depositional surfaces of different ages” (Muto &
Steel, 2000), which is most commonly driven by changing
subsidence, uplift or eustatic sea level and is represented
by the thickness of preserved sediment in the stratigraphic
record (Muto & Steel, 2000). In nonmarine basins, eustatic
level changes are negligible (Martinsen et al., 1999). On
the other hand, in rift basins tectonic subsidence may affect
the accommodation space more strongly than climatic
effects (Derer, Schumacher, & Schäfer, 2005; Martins‐Neto
& Catuneanu, 2010; Prosser, 1993; Schlische, 1991). How-
ever, the latter can account for higher frequency changes in
sedimentary environments (Carroll & Bohacs, 1999), as
observed in some rift lakes from East Africa (Lake Tan-
ganyika, Lake Malawi, and Lake Turkana; Scholz, Rosen-
dahl, & Scott, 1990; Scholz et al., 2007; Johnson,
Halfman, Rosendahl, & Lister, 1987) and United States
(Lake Lahonton; Benson & Thompson, 1987). During the
Triassic, major climatic fluctuations at the Domeyko Basin
are poorly recorded, maintaining a main subtropical cli-
mate, though sporadic drought episodes have been pro-
posed at the Coastal Cordillera (Suárez & Bell, 1994,
2010). However, the development of very different sedi-
mentary environments in both sub‐basins during a similar
period (Synrift II stage), such as lacustrine and alluvial
facies associations in the SVSB and meandering rivers in
the SESB, let us to infer that the base level variations were
mainly controlled by local variations in the subsidence
regime rather than climatic fluctuations which should have
allowed the development of similar sedimentary environ-
ments in a broader area. In the following section, the evo-
lution of the synrift stages in the SVSB and SESB is
analysed interpreting changes in the stratigraphic record
(A/S) as due to the interplay between sedimentary, vol-
canic, and tectonic processes.
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5.3.1 | Synrift I (~240–225 Ma)

Sierra Exploradora sub‐basin
The Synrift I stage (Fig. 12A) recorded the deposition of
coarse alluvial fan facies (A/S < 1; Martinsen et al., 1999)
with a thickening‐upward trend (base of S10, Fig. 9), that
resulted from very low A/S due to low subsidence rates
during basin initiation (Gawthorpe & Leeder, 2000). The
alluvial fans are followed by sand‐rich braided rivers indi-
cating a slight increase in the A/S ratio (S10 in Fig. 9).
This was accompanied by subaerial intermediate volcanism
which added a significant supply to the basin (S10, Fig. 9).
During the Carnian, deposition to the basin was marked by
a profuse silicic magmatism evidenced by the extrusion of

rhyolitic domes spatially related to high‐angle extensional
structures with a current ~NS trend (Fig. 12A). Explosive
volcanism is recorded by the proximal deposition of ign-
imbrites near to silicic vents. The scarcity of major epiclas-
tic sedimentation indicates the predominance of a high
volcaniclastic material supply during this period, with
restricted deposition of sand‐rich braided fluvial facies (A/
S < 1 ratio).

5.3.2 | Synrift II (~217–200 Ma)

Sierra de Varas sub‐basin
The initiation of rifting in the Sierra de Varas sub‐basin
(Norian) was accompanied by the deposition of proximal

FIGURE 10 Generalized stratigraphic
section S7 showing a complete rift cycle
during the Synrift II stage. Rift inception
records alluvial and fluvial with an A/
S < 1, rift climax records basinal lacustrine
facies with an A/S > 1 indicating an abrupt
increase of subsidence and the postrift
phase is marked by shallow marine facies
indicating a decrease of the subsidence and
supply to the basin. Approximate lithology
outcrop‐colour is indicated
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alluvial fan facies (A/S < 1) from the Cerro Rincones Beds
(S3 in Fig. 9) and the basal member of the Sierra de Varas
Formation (S4 in Fig. 9). At the Vaquillas Altas depocentre
(S7 in Fig. 9), the alluvial deposition (A/S < 1) was fol-
lowed by meandering rivers (A/S ≈ 1, Martinsen et al.,
1999) carrying a Late Triassic fossil flora (Fig. 6B), evi-
dencing an increase in the accommodation space during the
inception of the rift. This phase experienced negligible vol-
canism, evidenced by the mature composition of sediments
and scarce DZ juvenile sources (Fig. 8E).

During the Norian‐Rhaetian, the variable supply of vol-
canic products across the SVSB resulted in “high‐ or
low‐volcaniclastic” depocentres based on the sedimentary
systems developed (Fig. 9; D'Elia et al., 2016). At the
Cerro La Ballena and Cerro Guanaco volcanic depocentres,
intermediate to silicic volcanism formed composite vents
and proximal pyroclastic deposits (block‐and‐ash and ign-
imbrites). Restricted coarse‐grained sedimentary systems
were developed (A/S < 1), such as alluvial fans and
braided rivers at Cerro La Ballena depocentre and progra-
dational delta‐fans at the Cerro Guanaco depocentre (S2
and S6, Fig. 9).

In Sierra de Varas and Vaquillas Altas depocentres, a
low‐volcaniclastic input allowed the deposition of sedimen-
tary systems with medial to distal pyroclastic assemblages
(distal ignimbrites and/or fallout deposits). A complete syn-
rift cycle is recorded at the Vaquillas Altas depocentre (S7 in
Fig. 9 and Fig. 10), from alluvial fans (A/S < 1), basinal
lacustrine (A/S > 1) and braided fluvial systems, with
restricted pyroclastic (mainly fallout deposits) and dacitic to
basaltic volcanism (Fig. 10). This succession would repre-
sents the transition from rift inception (very low A/S), cli-
max (high A/S), and postrift sequences (moderate A/S),
reflecting the rapid increase and posterior cease of mechani-
cal subsidence (Barredo et al., 2012; Prosser, 1993; Schlis-
che & Anders, 1996; Withjack et al., 2002). The rift climax
is referred as the “time of maximum rate of displacement on
a fault” (Prosser, 1993). This period is characterized by the
linkage of previous small and isolated faults into a fully
linked fault array (Cowie, Gupta, & Dawers, 2000;
Gawthorpe & Leeder, 2000) producing a maximum subsi-
dence where the sedimentation is likely to be outpaced by
the accommodation space, generating characteristic rela-
tively fine‐grained basinal depositional systems (lacustrine,
marine gulf) due to the starvation of the basin (McCann &
Saintot, 2003; Prosser, 1993). Thus, the development of
basinal lacustrine rift‐climax facies (Prosser, 1993) across
the Sierra de Varas and the Vaquillas Altas depocentres
(e.g., at S4, S7 sections), suggests an abrupt increase of the
accommodation space which would be related to the fault
linkage and consequent increase in mechanical subsidence
across the SVSB (Fig. 12B; Schlische, 1991; Gawthorpe &
Leeder, 2000; Withjack et al., 2002).

It should be noted that the succession recording the
complete rift cycle (S7), was previously assigned to the
Quebrada del Salitre Formation (Naranjo & Puig, 1984;
Venegas et al., 2013). We suggest that these deposits
would be better assigned to the Sierra de Varas Formation
based on: (1) the presence of lacustrine facies which are
absent in the type locality of the Quebrada del Salitre For-
mation, (2) its Norian‐Rhaetian age which is younger than
a significant portion of the Quebrada del Salitre Formation,
and (3) its location in a structurally separated depocentre.

Sierra Exploradora sub‐basin
The Synrift II stage in the SESB (Fig. 12 B), recorded the
deposition of meandering rivers and mafic lava flows (S10
and S11) with no development of rift‐climax sequences
(Prosser, 1993). The development of meandering rivers (A/
S ≈ 1, Martinsen et al., 1999) suggest that the thick basal-
tic infill (>1300 m in S10, Fig. 9) match the high accom-
modation space and inhibited the development of water‐
deep facies during the high‐subsidence of the basin. An
outcrop scale example of this is preserved in the Quebrada
del Salitre Formation (Fig. 4C), where syntectonic troughs
were filled by basaltic lavas during meandering fluvial
deposition (S11 in Fig. 9). This indicates an important role
of the volcanism in the depositional systems developed in
the SESB (high‐volcaniclastic input).

5.3.3 | Postrift transition (“latest” Rhaetian)

During the uppermost Rhaetian (Fig. 12C), a broad and
thin (<50 m) shallow marine surface formed in carbonate
shelves mantled the hanging‐ and footwalls of both sub‐
basins (see section 5.1), indicating a generalized and abrupt
reduction of the mechanical subsidence and the onset of
the postrift stage. At the Vaquillas Altas depocentre, excep-
tional exposures of synsedimentary faults evidence the
postrift character of the carbonate platform assemblage
(Fig. 4B). Previous works roughly delineated the onset of
the postrift at the Hettangian, when deep marine facies
were developed during a global sea rise (Ardill et al.,
1998). However, these facies are better assigned to a late
postrift phase (Fig. 12D; Prosser, 1993).

5.4 | Synrift architecture of the Domeyko
Basin

Regarding to the main rift structures of the Domeyko
Basin, we suggest that major N‐S basin bounding faults
were located at the western margin of the basin based on
the predominance of thick, monomictic and coarse debris
flow deposits, covering small areas near to the western-
most N‐S faults of the Cenozoic Domeyko Fault System
(DFS; Fig. 2). This proximal alluvial fan facies requires
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high‐slopes to be formed and fast subsidence to be pre-
served, suggesting the proximity to high‐angle faults
(Blair & McPherson, 1994, 2009), in contrast to wider
medial to distal assemblages (sheetfloods and channelized
flows) developed at flexural margins. The proximity of
this facies to the DFS suggests the reactivation of this
structure, which usually occurs at the master faults of pre-
vious extensional systems (Amilibia et al., 2008; Bonini,
Sani, & Antonielli, 2012; Butler, 1989). At the SESB,
elongated silicic domes were associated with ~N‐S trend-
ing faults (Fig. 12A).

On the other hand, abrupt lithofacies changes and strong
thickness asymmetry of the Domeyko Basin through the N‐
S direction, suggest basin segmentation was controlled by
oblique, NW‐SE striking faults (inset in Fig. 9). Moreover,
several palaeo‐highs can be recognized longitudinally
across the Domeyko Basin (e.g., Cerro Danko and Cerro
Pedernales palaeo‐highs) based on the unconformable con-
tact between the prerift basement and postrift marine facies
(Fig. 9). Major palaeo‐highs coincide with the tip of SVSB
and SESB and correlates with large‐scale NW lineaments
(Figs. 1 and 2; Salfity, 1985; Abels & Bischoff, 1999;

Petrinovic, Riller, & Brod, 2005), suggesting pre‐existing
basement fabrics exhibit a strong control on the segmenta-
tion of the basin (Fig. 12). Additionally, Triassic NW‐SE
trending cataclasites (238 ± 10 Ma, K‐Ar whole rock age)
crop out at the Sierra de Varas depocentre (Niemeyer, Ber-
ríos, & Ruiz Cruz, 2004; Padilla, 1988) while prevailing,
centi‐ to metre‐scale Triassic NNW‐SSE to NW‐SE synsed-
imentary extensional faults have been identified at the
SVSB (Espinoza et al., 2016).

We suggest that the interaction between major N‐S
structures and NW‐SE oblique discontinuities can be
explained by a transtensional model, partitioning the defor-
mation into extensional and sinistral strike‐slip components,
where the NW‐SE structures acted as releasing bends
(Fig. 12). Several key features developed in transtensional
basins are recognized in the Domeyko Basin: (a) a strong
longitudinal and lateral asymmetry (Christie‐Blick & Bid-
dle, 1985), (b) narrow basins and rapid changes in lateral
and vertical facies, thickness, and geometry of near
depocentres (Belt, 2012; Christie‐Blick & Biddle, 1985;
Dorsey & Umhoefer, 2012), (c) common unconformities
from one basin to another marking the migration of

FIGURE 11 (a) Compilation of volcanic and detrital (MDA) U‐Pb ages from Triassic units exposed at the western margin of the Domeyko
Range (69°–69.5°W). The two synrift stages are indicated. References for geochronological data are the same that in Fig. 9. (b) Minimum
cumulative thickness of outcropping successions up to Kimmeridgian (based in the work of Prinz et al. (1994) and graphically updated by the
thickness of Triassic successions presented in this work)
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depocentres (Busby & Bassett, 2007; Christie‐Blick & Bid-
dle, 1985), such as those recorded at S6 and S8 in Vaquil-
las Altas and Cerro Guanaco depocentres (Fig. 9), (d)
prominent topographic margins (Nilsen & Sylvester, 1998),
which is in agreement with the unimodal provenance evi-
denced by the DZ data (Fig. 8), pointing to close and
highly compartmentalized depocentres. Additionally, a
strike‐slip component has been suggested for the Jurassic
back‐arc phase of the Domeyko Basin, based on the “en-
echelon” distribution of depocentres (Prinz et al., 1994;
Vicente, 2005). Similar transtensional continental rift basins
were developed during the Late Triassic‐Lower Jurassic arc
of the northwestern Gondwana (Busby, 2012; Busby &
Bassett, 2007). In modern times, the dextral transtensional
Walker Lane belt (United States) host the largest volcanic
vents at releasing bends (Busby, 2013), and we infer a sim-
ilar setting for the major volcanic centres developed in the
Domeyko Basin.

During the postrift stage (mainly Jurassic to Lower
Cretaceous), the location of the thickest cumulative
infills coincides with the deepest subsiding depocentres
formed during the synrift stage (Fig. 11), suggesting a
strong control of the synrift architecture over the differen-
tial thermal subsidence during the postrift phase of the
Domeyko Basin, similar to that proposed by Cristallini et
al. (2009) for the Jurassic back‐arc Neuquén Basin of
South America.

5.5 | Geotectonic significance of the Domeyko
Basin in the Southwestern Gondwana

During the Synrift II stage, the Cifuncho Basin (Fig. 1)
was filled by volcanic and sedimentary rocks in the
Coastal Cordillera in a similar timespan (212‐200 Ma;
Contreras et al., 2013; Espinoza et al., 2015). The scat-
tered plutonic rocks of this age (Escribano et al., 2013;
Espinoza et al., 2014; Godoy & Lara, 1998) and the inter-
mediate to silicic, calcalkaline volcanism at the Coastal
Cordillera would indicate a back‐arc position for the syn-
rift Domeyko Basin which hosts both calcalkaline and
tholeiitic magmas (Espinoza et al., 2016; Oliveros et al.,
2017). The later points to a more distal position of the
Domeyko Basin with respect to the arc‐axis, where the
influence of released fluids from the slab in the genesis
of magmas is less pronounced (Hochstaedter, Gill, &
Morris, 1990; Sayit, Bedi, Tekin, Göncüoglu, & Okuyucu,
2017; Stern et al., 1990).

The strong possibility that the subduction would have
been active in northern Chile at least during the Late Trias-
sic (Coloma et al., 2017; González et al., 2018; Oliveros et
al., 2017; Poma et al., 2014; del Rey, Deckart, Arriagada,
& Martínez, 2016), suggests that the slab‐pull would have
played an important role as a driving mechanism of rifting

at the southwestern margin of Gondwana during its early
breakup. The oblique convergence required to sustain the
sinistral transtension for the Domeyko Basin is in agree-
ment with recent Triassic kinematic reconstructions (Mat-
thews et al., 2016; Müller et al., 2016). The slab‐pull in a
retreating trench, would be coexisting with others driving
mechanisms, such as far‐field stresses (Giambiagi et al.,
2009), which would have been more relevant for inboard
basins at this time, such as the Ischigualasto and Cuyo
basins (Fig. 1A). We suggest that the influence of the sub-
duction system at the Gondwanan margin would have con-
trolled the basin geometry, kinematics and ultimately the
tectonostratigraphic evolution of the synrift Domeyko
Basin.

6 | CONCLUSIONS

In the Domeyko Basin, two synrift periods were developed
during the Triassic: The Synrift I (~240–225 Ma) with the
aperture of the Sierra Exploradora sub‐basin (SESB) and
the Synrift II (217‐200 Ma), which led to the opening of
the Sierra de Varas sub‐basin (SVSB) and the reactivation
of the SESB. These volcano‐sedimentary sub‐basins present
striking differences in the sedimentary and volcanic infill
of their depocentres, evidencing a strong influence of the
volcanic input (low or high) and the mechanical subsidence
in the sedimentary depositional systems developed (A/S
ratio). In low‐volcaniclastic depocentres, a complete rift
cycle is recorded (alluvial‐lacustrine‐fluvial), with rift‐cli-
max basinal lacustrine facies (A/S > 1) indicating the fault
linkage of the SVSB during the Synrift II. In high‐volcani-
clastic depocentres of the SVSB and SESB, the develop-
ment of low to very low A/S facies (A/S ≤ 1) during high
mechanical subsidence suggests that volcanic supply inhib-
ited the development of rift‐climax facies (basinal deep‐
water facies). The postrift transition took place at the “lat-
est” Rhaetian where the thermal subsidence allowed a wide
transgression of shallow marine facies, bypassing the foot-
walls of the Domeyko Basin.

We suggest that the architecture of the synrift Domeyko
Basin was controlled by the interaction between major N‐S
faults and oblique ~NW‐SE discontinuities, generating asym-
metric half‐graben depocentres and structural highs in a left‐
lateral transtensional model (pull‐apart or releasing bend). The
oblique discontinuities would correspond to NW‐SE continen-
tal‐scale lineaments, suggesting that inherited basement weak-
nesses controlled the segmentation of the Domeyko Basin.

The strong possibility that the Domeyko Basin would
have been formed as subduction‐related rift basin in a back‐
arc position during the Late Triassic, highlights the slab‐pull
as a probable driving mechanism for extension at the South-
western Gondwana margin during its early breakup, unlike
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other inland rift basins driven by far‐field stresses (Cuyo,
Ischigualasto and Neuquén basins). Therefore, slab‐induced
tectonics can control the first‐order features of subduction‐
related rifts, such as the rift position (e.g., intra‐arc or back‐
arc basins), the style and composition of volcanism, and the
rift kinematics (purely extensional versus transtensional
tectonics). These features would have controlled the
tectonostratigraphic evolution of the synrift stage of the
Domeyko Basin through the localization of volcanic centres
(high‐volcaniclastic depocentres) and the deformation at
releasing stepovers (transtensional kinematics). Given that
only a moderate amount of subduction obliquity would be
required to develop a strike‐slip component during rifting
(> ~30°; Philippon & Corti, 2016), the transtensional

Domeyko rift may correspond to an underestimated example
of the tectonostratigraphic evolution of Gondwanean conti-
nental subduction‐related basins.
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Resumen. The Pre-Andean cycle (Late Permian-Early Jurassic), has been characterized typically as a 
stationary stage of Gondwana with an abortion of the subduction system (Mpodozis and Kay, 1990). 
Consequently, it would have predominated an extensional tectonic with the development of a NNW trending 
continental rifting and a magmatic bimodality (Charrier et al., 2007). These features are well recognized in 
Argentina. However, along the Chilean side, the outcrops are more scarce and discontinuous than in 
Argentina and have been strongly affected by magmatism and tectonism of the Cenozoic era, hindering 
the recognition of primary features of basins and discouraging systematic studies of this important period.

On the other hand, previous and recent works in Chile and Argentina, have proposed models 
invoking the development of subduction during the Late Triassic (Llambías et al., 2007; Suárez et al., 1985; 
Coloma et al., 2013; Oliveros et al., 2014) which would modify the classic interpretation of these basins as 
continental rifting non-related to subduction.

In northern Chile (24.5°-26°S) cropping out two depocenters of the Pre-Andean cycle: the Cifuncho 
basin in Coastal Cordillera, and El Profeta basin in Precordillera. This area records volcano-sedimentary 
rocks, which allow us to evaluate the position of the basins relative to the locus of magmatism (intra-arc 
versus back-arc basins). These probable arc-related basins are important proxies to characterize the 
geodynamic framework of the Late Triassic-Early Jurassic

Thus, in order to unravel the geologic evolution during this period and to evaluate the possible 
influence of subduction process in the strain field of the crust, we propose a tectonostratigraphic study 
focused in stratigraphic (chronostratigraphy, provenance and environmental studies) and tectonic 
methodologies (syn-rift kinematic analysis and restoration of structural sections).

We carried a preliminary structural analysis of third and four order extensional faults affecting Late 
Triassic-Early Jurassic successions of the El Profeta depocenter. Most of the data (Punta del Viento, 
Quebrada Encuentro, Quebrada Doña Inés Chica and Quebrada La Perra) show a clear synrift character 
with the development of fault controlled growing strata. Besides, the extensional structures present in Cerro 
Manchón are analyzed together because of its presumable synrift origin. These data and their kinematic 
analysis are summarized in the Figure 1.

The kinematic analysis shows a great variability in the bedding-corrected orientation of tensional 
axis (T). This principal direction vary from NW to NE. Also, most of the corrected extensional structures 
show normal faulting with little strike-slip component except the Quebrada Doña Ines Chica data which 
correspond to a main sinistral faulting with a minor extensional component.

However, significant clockwise rotations close to ~30º have been reported in the vicinity of the study 
area. Moreover this rotations can vary highly in magnitude and even in sense of movement, like those 
reported near the south of Potrerillos area related to complex local tectonics (Arriagada et al., 2006). 

Thus, although the principal directions distribution are probably reflecting a variation in the strain 
field across the El Profeta basin, this orientations need to be corrected by vertical axis rotations to get 
original principal strain directions. This paleomagnetic data is absent in the study area and is acquisition is 
beyond the scope of this work.
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Figura 1: A) Área de estudio mostrando la ubicación de las cuencas de Cifuncho y El Profeta. En azul se 
muestra las localidades donde análisis cinemáticos de fallas fueron realizados. B) Estereogramas 
mostrando los planos de falla y la solución de estos planos. Los cuadrados rojos marcan la posición del 
eje T de tension y los azules marcan los ejes de presión P. Las flechas marcan la dirección de extension 
estimada para la posición del eje de tensión.

VI. References
Arriagada, C., Roperch, P., Mpodozis, C., Fernandez, R., 2006. Paleomagnetism and tectonics of the southern 

Atacama Desert (25-28°S), northern Chile. Tectonics 25.
Charrier, R., Pinto, L., Rodriguez, M.P., 2007. Tectonostratigraphic evolution of the Andean Orogen in Chile, in: The 

Geology of Chile. pp. 21–114.
Coloma, F., Creixell, C., Salazar, E., 2013. Arc development during continuous subduction from Carboniferous to 

Triassic: Evidence from geochemistry of intrusive rocks in the Vallenar Cordillera (El Tránsito valley), Andes of 
northern Chile, in: International Geological Congress on the Southern Hemisphere. p. 281.

Llambías, E.J., Leanza, H. A., Carbone, O., 2007. Evolución Tectono-magmática durante el pérmico al Jurásico 
- ncias geológicas y geoquímicas del inicio 

de la Cuencas Neuquina. Rev. de la Asoc. Geol. Argentina 62, 217–235.
Mpodozis, C., Kay, S., 1990. Provincias magmáticas ácidas y evolución tectónica de Gondwana: Andes chilenos (28º-

31º S). Revista Geológica de Chile.
Oliveros, V., Valin, X., Vásquez, P., Creixell, C., Vallejos, D., 2014. Estudio geoquímico y geocronológico de las 

sucesiones volcano-sedimentarias pre-Jurásicas en el norte de Chile (28º00`-29º30`): Implicancias para el inicio 
de la subducción andina, in: XIX Congreso Geológico Argentino.

Suárez, M., Naranjo, J., Puig, A., 1985. Estratigrafia de la Cordillera de la Costa al sur de Taltal, etapas iniciales de la 
evolucion andina. Rev. Geológica Chile 19–28.

294



U-P  geochronolog  an inema ic preliminar  anal ses 
of La e Triassic-Earl  Jurassic asins in nor hern Chile 
(24.5º-26ºS).
Mauricio Espinoza 1*, Verónica Oliveros 1, Paulina Vásquez 2, Florencia Bechis 3 

(1) Departamento de Ciencias de la Tierra, Facultad de Ciencias Químicas, Universidad de Concepción, Casilla 160-
C, Concepción.
(2) Servicio Nacional de Geología y Minería. Avda. Santa María 0104, Providencia, Santiago.
(3) Instituto de Investigaciones en Diversidad Cultural y Procesos de Cambio (IIDyPCa), CONICET - Universidad
Nacional de Río Negro, Mitre 630, San Carlos de Bariloche, Argentina

*Mail: mauricespinoza@udec.cl

A s rac . In nor hern Chile (24.5 -26 S) o La e 
Triassic-Earl  Jurassic epocen ers crop ou : he 
Cifuncho asin in Coas al Cor illera, an  Profe a 

asin in Precor illera. There is scarce s s ema ic 
s u ies of hese asins resul ing in ma or gaps in he 

no le ge of i s chronos ra igraph an  s ruc ural 
frame or .  

In his con ri u ion e presen  preliminar  resul s (U-
P  geochronological an  s ruc ural s nrif  a a) of a 
ec onos ra igraphic s u  of he Cifuncho an  

Profe a asins. The geochronological a a along he 
Cifuncho an  Profe a asins sho  a main con inen al 
se imen ar  eposi ion uring he Norian o Rae hian. 
Volcanose imen ar  roc s sho  a main e ri al 
suppl  of Earl  Permian age ( 2 -2 3 Ma). This inpu  
can e associa e  i h he volcanic La Ta la 
Forma ion an or he e huma ion of Permian 
grani oi s. A minor suppl close o 4  Ma is rela e  
o a source from he Lo er Or ovician arc ( 4  Ma), 

sugges ing he ec onic e huma ion of his source o 
he eas  of he Profe a asin uring he La e Triassic.

On he o her han , he inema ic anal ses evi ence a 
varia ili  in he orien a ion of he ma imum s rain 
a es from a main nor h es  o a su or ina e 
nor heas  irec ion of e ension, pro a l  reflec ing 
local varia ion in he s rain fiel  across he asins 

uring.

Ke or s: Triassic, s nrif , U-P  geochronolog . 

I. In ro uc ion

The Pre-Andean cycle (Late Permian-Early Jurassic,
Charrier et al., 2007) has been characterized as a stationary 
stage of Gondwana with an abortion of the subduction 
system (Mpodozis and Kay, 1990) and the development of 
a NNW trending continental rifting (Charrier et al., 2007).
However, previous works in Chile and Argentina, have 
proposed alternative models invoking the development of 
subduction during the Late Triassic (Coloma et al., 2013; 
Llambías et al., 2007; Oliveros et al., 2014). The latter 

evidences that the first order driving mechanisms for 
extension in the Pre-Andean basins are poorly understood. 
. 
On the other hand, the best preserved successions of Pre-
Andean basins are recorded in Argentina, while along the 
Chilean side, the outcrops are scarce, scattered and have 
been strongly affected by magmatism and tectonism of the 
Cenozoic era. The later causes major gaps in the 
knowledge of the geochronology, stratigraphy and 
structural framework of these basins in Chile. 

The study of these basins is an important proxy in order to 
characterize the geodynamic framework of the Late 
Triassic-Early Jurassic evolution of the southwestern 
margin of Gondwana during the transition to the Andean 
orogeny. In this work, we present first results (U-Pb 
geochronology and kinematic analyses) of a 
tectonostratigraphic study of the Pre-Andean Cifuncho and 
Profeta basins, cropping out in the Coastal Cordillera and 
the Precordillera of northern Chile (Figure 1). 

II. Bac groun

II.1 Geological se ing

The units corresponding to the Cifuncho basin crops out 
along the Coastal Cordillera and its infill is composed by 
the Cifuncho, Agua Chica, Pan de Azúcar and Posada de 
los Hidalgo formations. The Cifuncho Formation overlies 
in unconfomity the Paleozoic metasedimentary basement 
and is composed mainly by continental fluvial-alluvial 
facies and piroclastic rocks. To the south, this unit grades
laterally to the volcaniclastic Agua Chica Formation. 
Recent data have assigned the main part of the Cifuncho 
Formation to the Norian (Contreras et al., 2013). A marine 
transgression was developed diacronically in the ‘late’ 
Norian and Hettangian-Sinemurian represented by the 
shallow marine Pan de Ázucar Formation (Contreras et al., 
2013).

The units representing the Profeta basin are located along 
the Precordillera and correspond to Late Triassic-Early 
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Jurassic stratified volcanic and sedimentary rocks. The 
older unit of  this basin is the continental volcaniclastic 
Quebrada del Salitre Formation, which overlies the Punta 
del Viento Plutonic Complex and the La Tabla Formation 
(Carboniferous-Permian). Quebrada del Salitre Formation
records lacustrine and alluvial-fluvial facies with volcanic 
intercalations. In the Sierra de Varas, the Cerro Guanaco 
and Sierra de Varas formations overlie in unconformity the 
La Tabla Formation with an age constrained as late 
Norian-Raethian (González et al., 2015). A wide marine 
transgression begins in the Raethian represented by the 
Profeta Formation and the upper member of the Quebrada 
del Salitre Formation in Sierra Exploradora (Cornejo et al., 
2009). These rocks overlie in transition the previous 
volcaniclastic rocks (Cornejo et al., 2009).

II.2 S ruc ural frame or

In the Coastal Cordillera, the structures controlling the 
Cifuncho basin have been referred as the Tigrillo Fault 
System. Yet, according to Contreras et al. (2013) there is 
not clear evidence of the synrift character for this structural 
system. Thus, the characterization of the faults controlling
the Cifuncho basin remains an open issue. On the other 
hand, a complex tectonic evolution has been suggested for 
the Precordillera. This evolution involves strike slip 
faulting, inversion of the Mesozoic synrift structures, and 
vertical axis rotations. However, an important number of 
mesoscopic synrift structures are well preserved in some 
ravines. The kinematic analysis of these structures allow us 
to compare the strain field along the Cifuncho-El Profeta 
basins with those reported in Argentina for the same period 
(Bechis et al., 2010).  

III. Me ho olog

U-Pb zircon geochronology (LA-MC-ICPMS) was
conducted at the Arizona LaserChron Center. The
statistical analysis were carried out using the Isoplot/Ex
version 4.15 (Ludwig, 2011). Kinematic analyses were
made using FautKin7 software (Allmendinger et al., 2012).

IV. Resul s

IV.1 Geochronological U-P  a a

The geochronological results of this work are summarized 
in the Figure 2. In the north portion of Sierra de Varas two 
samples belonging to the Sierra de Varas Formation were 
collected. A fine grained tuff intercalated in lacustrine 
mudstones (CPV-14-268) shows a main peak of ~205 Ma 
interpreted as the approximate age of the pyroclastic event. 
A secondary peak of ~283 Ma is probably associated with 
an accidental source. On the other hand, a tuffaceous 
sandstone (CPV-14-266), shows a detrital signal with two 
marked peaks, a primary close to ~295 Ma and a younger 

peak of ~212 Ma. In this sample, the weighted average of 
the three youngest grains yields an age of 207.3±3.2 as the 
maximum depositional age.

In Sierra Vaquillas Altas two samples corresponding to the 
Quebrada del Salitre Formation were analyzed. A 
tuffaceous breccia (CPV-14-157), formerly assigned to the 
La Tabla Formation (Venegas et al., 2013) cropping out 
~220 m under the contact with Profeta Formation, yielded 
a crystallization age of 212.1 +1.7/-1.6 Ma according to the 
TuffZirc algorithm (Ludwig, 2011). On the other hand, a 
coarse grained sandstone directly overlying Permian 
granites in Quebrada Vaquillas (CPV-14-254), displays a 
detrital signal with a major peak close to ~297 Ma and two 
minor peaks at ~246 Ma and ~478 Ma. In this sample, the 
weighted average of the three youngest grains estimates an 
age of 245.9±3.6 Ma as the maximum depositional age.

Figure 1: Study area showing outcrops of Cifuncho and Profeta 
basins. Samples codes associated with geochronological U-Pb 
and structural data locations are included.

In the Coastal Cordillera, two samples corresponding to 
the Cifuncho and Agua Chica formations were collected. A 
tuffaceous breccia of Cifuncho Formation (CPV-14-178), 
yield a concordia age of 208.9±2.1 Ma. On the other hand, 
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a tuff belonging to the Agua Chica Formation in the 
Quebrada Pan de Ázucar (CPV-14-195) shows a main 
peak close to the ~200 Ma and a secondary peak close to 
~264 Ma. The estimate age of the youngest cluster based in 
TuffZirc algorithm yield an age of 200.7 +2.29/-3.32 Ma 
interpreted as the age of the pyroclastic event.
IV.1 Kinema ic a a

We carried a preliminary structural analysis of third and 
four order extensional faults affecting Late Triassic-Early 
Jurassic strata (<10 m of slip). Most of the data (Punta del 
Viento, Quebrada Encuentro, Quebrada Doña Inés Chica 
and Quebrada La Perra localities) show a clear synrift 
character with the development of fault controlled growing 
strata. Three of the sites correspond to the continental 
underlying successions (Quebrada La Perra  and Cerro 
Manchón localities) while the others correspond to the 
marine overlying succesions (Quebrada Encuentro, 
Quebrada Doña Inés Chica and Punta del Viento localities) 
These data and their kinematic analysis are summarized in 
the Figure 3. 

The kinematic analysis after the tilting correction evidence 
that tensional axis (T) range from NW to NE directions
with a slight predominance of the NW to NNW extension 
directions. Also, most of the corrected extensional 
structures show normal faulting with little strike-slip 
component except the data from the Quebrada Doña Ines 
Chica data which correspond to a main sinistral faulting 
with a minor extensional component.

V. Discussion

In the northern section of the study area, the crystallization 
ages presented (CPV-14-157,268) constrain the main 
activity of deposition to the upper part of the Late Triassic. 
These data are in agreement with recent works in the Sierra 
de Varas constraining the continental deposition to the 
interval between the Norian to Raethian (Gonzalez et al., 
in press). On the other hand, the detrital zircons at the base 
of the Quebrada del Salitre Formation (CPV-14-254) only 
yield a maximum age of deposition close to ~246 Ma. 
Thus, it can not be discarded that in Sierra Vaquillas Altas 
the rifting began earlier than the well-recognized activity 
close to ~212-214 Ma (Venegas et al., 2013).

Moreover, the  detrital signal of samples in Precordillera 
shows an main source of Early Permian rocks (~283-297
Ma), related to supplies from La Tabla Formation, Permian 
granitoids (Punta del Viento or Sierra de Varas plutonic 
complexes) or a combination of both. A minor input close 
to ~478 Ma is observed at the base of Quebrada del Salitre 
Formation (CPV-14-254), which could be associated with 
the Lower Ordovician arc (~480 Ma). This magmatism has 
been recognized to the northeast of the study area 
(Zimmermann et al., 2009), suggesting a tectonic control 
in the exhumation of this source during the Late Triassic.

In the Coastal Cordillera, the age obtained in the Cifuncho 
Formation (208 ± 2.1 Ma) is in agreement with those 
presented by Contreras et al. (2013), ranging from 209 to 
212 Ma. Also, we report the first absolute age of the Agua 
Chica Formation (~200 Ma), which indicates that part of 
this unit is younger than Cifuncho Formation and that the 
continental facies reached the Triassic-Jurassic limit. 

The kinematic analysis shows a variability in the bedding-
corrected orientation of tensional axis (T) from a main NW 
to subordinate NE directions. However, significant 
clockwise rotations close to ~30º have been reported in the 
vicinity of the study area. These rotations can vary in
magnitude and even in the sense of movement (Arriagada 
et al., 2006). Thus, although the principal directions 
distribution are probably reflecting a variation in the strain 
field across the El Profeta basin, vertical axis rotations
needs to be considered to get original principal strain 
directions. 

VI. Conclusions

The geochronological data along the Cifuncho and Profeta 
basins, show a main continental sedimentary deposition 
during the Norian to Raethian. Volcanosedimentary rocks 
show a main detrital supply of Early Permian age (~297-
283 Ma). This input can be associated with the volcanic La 
Tabla Formation and/or the exhumation of Permian 
granitoids. A minor supply close to ~478 Ma is related to a 
source from the Lower Ordovician arc (~480 Ma), 
suggesting the tectonic exhumation of this source to the 
east of the Profeta basin during the Late Triassic.  

The kinematic analyses evidence a variability in the 
orientation of the maximum strain axes from a main 
northwest to a subordinate northeast direction of extension, 
probably reflecting local variation in the strain field across 
the basins during the aperture of Pre-Andean depocenters. 
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Figure 2: Geochronological U-Pb data of igneous and detrital zircons. 
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Figure 3: Kinematic analysis of synrift data. Red (blue) squares represent the maximum (minimum) axes of the strain ellipsoid
(Allmendinger et al., 2012).
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Geochronology, Geochemistry and Tectonics of subduction-related Late Triassic rift 
basins in northern Chile (24º-26ºS). 

Mauricio Espinoza, Verónica Oliveros, Chistopher Celis, Paulina Vásquez, Florencia Bechis

Abstract
As plate-tectonic processes ultimately control the location, initiation, and evolution 

of sedimentary basins, the study of these is crucial to understand the geodynamic 
framework of a specific period. In northern Chile, Late Triassic depocenters crop out along 
the Coastal Cordillera and Precordillera. These basins have been typically associated to a 
continental rifting unrelated to subduction prior to the Andean orogeny. In this work, we 
characterize these basins and present field and analytical data suggesting the development 
of these basins during an active subduction system.

U-Pb geochronology show the opening of these basins probably during the Anisian-
Carnian (>233 Ma) with the deposition of highly mature sediments in fluvial systems, 
followed by the initiation of the volcanism and associated fluvial-alluvial redeposition. 
Furthermore, a continental (fluvial and lacustrine) deposition and its transition to shallow 
marine facies are recorded during the Norian to Raethian (212-200 Ma), contemporaneous 
with the development of acidic volcanic centers. The sedimentary provenance evidence a 
main detrital supply of Early Permian age (~297-283 Ma) corresponding to volcanic and 
plutonic basement rocks and a minor supply close to ~478 Ma related to the exhumed 
Famatinian arc to the east.

Geochemical results from volcanic products present in the basins show a typical 
subduction signal (calc-alkaline trend, low HFS/LILE ratio and Nb-Ta negative anomalies), 
while petrography indicate a wide compositional variation more than a bimodal distribution. 

These basins present half-graben geometries with the recognition of structural highs 
separating local depocenters. Kinematic analyses carried in synrift extensional faults show 
a bimodal distribution of the maximum strain axes from a NE-SW to a subordinate NW-SE 
direction of elongation. This bimodality could be related to the co-existence of two 
competing strain directions associated to the breakup of Pangea and the presence of a 
subducting slab.

These results integrates the magmatic, sedimentary and tectonic record pointing to 
a subduction-related extensional basin model developed over a continental substratum. 
The recognition of this ancient examples are important to understand an actual 
underrepresented basin setting.
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The synrift evolution of the early Domeyko Basin (Domeyko Range, 
northern Chile): Coupling detrital 40Ar-39Ar white mica and U-Pb zircon 

analysis into a tectonostratigraphic framework 

Mauricio Espinoza, Verónica Oliveros, Leah Morgan, Michael Cosca, Luigi Solari 

Abstract 

Compressional tectonics that shaped the western flank of the Andes seems to have been
strongly influenced by the heritage of extensional basins developed during the break-up of 
Gondwana. However, major questions remain about the exact timing, architecture and 
driving mechanism of these basins (subduction-related rift versus continental rift). In this 
work, we coupled U-Pb detrital zircon (DZ) and 39Ar-40Ar in detrital muscovites (DM) into a
tectonostratigraphic framework in order to unravel the synrift evolution of the Domeyko Basin 
(northern Chile, 24° - 26° S). 

U-Pb data indicate that the rifting in the Domeyko Basin occurred in two stages; a first from
ca. 240-225 Ma which led to the formation of the Sierra Exploradora sub-basin (SESB) and
a second from ca. 217-200 Ma, opening the Sierra de Varas sub-basin (SVSB) and
reactivating the SESB. The competition between mechanical subsidence and the volcanic
supply rates in these magma-rich depocenters, led to the dominance of the inter-eruption
period in the SVSB and a predominance of the syn-eruptive period along the SESB.

Geochronology of detrital minerals deposited during the second rift stage reveal significant 
differences between both sub-basins. At the SVSB, DZ ages show a main peak at ca. 285-
295 Ma and much younger WDM ages, with a main peak close to ca. 200 Ma, slightly 
younger than the depositional age at ca. 213-210 Ma, likely due to partial resetting of the 
WDM ages by burial. A lack of muscovite-bearing plutonic sources of 230-200 Ma, leads us 
to interpret that WDM ages indicate a significant cooling of the Permian plutonic sources 
close to the basin aperture. On the contrary, along the SESB, WDM ages (260-265 Ma) are 
only slightly younger than DZ ages (280-270 Ma). The small difference between the WDM 
and the DZ ages, points to a rapid cooling of plutonic source rocks at ca. 260 Ma, coinciding 
with the age of the San Rafael orogenic phase in northern Chile. 

DZ data of the Domeyko Basin show a predominance of sediments from the Gondwanic 
basement with a scarcity of zircons >500 Ma, indicating erosion from the margins of fault-
bounded closed basins. All samples fall in the convergent regime of tectonic discriminator 
plots for DZ data, suggesting a subduction-related origin for these basins, which contrasts 
with the classical view of these basins as having a continental rift origin. 
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Evolución geológica  c onica e las cuencas riásicas en el nor e e Chile
(C. Cos a  C. Dome o, 24 -26 S): Evi encias e un rif  asocia o a su ucción.

Mauricio Espinoza 1, Verónica Oliveros 1, Paulina Vásquez 2, Chris opher Celis1, Ro inson Re es1

1 Departamento de Ciencias de la Tierra, Facultad de Ciencias Químicas, Universidad de Concepción, 
Casilla 160-C, Concepción. E-mail: mauricespinoza@udec.cl
2 Servicio Nacional de Geología y Minería. Avda. Santa María 0104, Providencia, Santiago.

En las C. de la Costa y C. de Domeyko del norte de Chile (24°-26°S) se albergan un 
volumen importante de sucesiones volcánicas y sedimentarias de origen continental y marino 
depositadas en cuencas durante el Triásico Medio-Superior.

Recientes avances en la geocronología U-Pb indican que la apertura de estas cuencas 
se habría desarrollado en dos periodos bien reconocibles. Durante el  Ladiniense-Nórico bajo
(242-225 Ma), tendría lugar una sedimentación fluvial sincrónica a un volcanismo intermedio-
ácido y durante el Noriano-Rhaetiano (212-200 Ma) una sedimentación a través de sistemas 
fluviales y lacustres, contemporánea al desarrollo un magmatismo de gran variación 
composicional, sucedida por una sedimentación marina somera con característicos arrecifes 
coralinos.

En C. de Domeyko, la geometría de estas cuencas corresponde a hemigrábenes que 
describen una profundización general hacia el sur (Qda. Doña Inés Chica) con altos del 
basamento Carbonífero Superior-Pérmico separando estos depocentros. En la Cordillera de la 
Costa, la distribución del registro triásico estaría controlada por el Sistema de Fallas Tigrillo y el 
Sistema de Fallas de Atacama, infiriéndose una posible actividad precursora en el Triásico para 
éste ltimo.

Los análisis cinemáticos obtenidos desde fallas synrift del Triásico Superior-Jurásico 
Inferior, muestran una distribución bimodal de los ejes de deformación, con una dirección de 
elongación principal NE-SW y una subordinada NW-SE. Esta bimodalidad pareciera ser 
independiente de la edad del fallamiento y podría estar relacionada a dos direcciones de 
deformación competentes, una asociada al desmembramiento de Pangea y otra 
correspondiente a la presencia de una losa subductante.

Por otro lado, los resultados geoquímicos de los productos volcánicos del Triásico 
Superior intercalados en las cuencas, presentan una geoquímica típica de un volcanismo 
asociado a subducción, describiendo una tendencia calcoalcalina, altas razones LILE HFSE y
anomalías negativas de Nb y Ta. De esta manera, el conjunto de resultados obtenidos indicaría 
que estas cuencas se habrían desarrollado bajo una tectónica extensional con una 
sedimentación continental y posteriormente marina, íntimamente relacionada al desarrollo de 
volcanismo asociado a subducción, al menos durante el Triásico Superior. 
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The interplay between volcanic, tectonic and sedimentary processes in 
an ancient subduction-related rift basin: The early Domeyko Basin 
(Triassic, northern Chile) 

Espinoza, M.; Oliveros, V.; Montecino, D.; González, R.; Vásquez, P. 
 
The geodynamic setting along the SW Gondwana margin during its early breakup (Triassic) 

remains poorly understood. However, main models only slightly consider the geotectonic 

significance of coeval basins. The Domeyko Basin initiated as a rift basin during the Triassic being 

filled by sedimentary and volcanic deposits. Stratigraphic, sedimentological and geochronological 

analyses are presented in order to determine the tectonostratigraphic evolution of this basin (22º- 

26º S) and to propose a tectonic model suitable for other SW Gondwana-margin rift basins. 

The Domeyko Basin recorded two synrift stages. The Synrift I (~240-225 Ma) initiated the Sierra 

Exploradora sub-basin (SESB) while the Synrift II (~217-200 Ma) reactivated this sub-basin and 

originated small depocenters grouped in the Sierra de Varas sub-basin (SVSB). During the rift 

evolution, the sedimentary systems developed were largely controlled by the interplay between 

tectonics and volcanism through changes in the accommodation/sediment supply ratio (A/S). 

High-volcaniclastic depocenters record a net dominance of the syn-eruptive period, lacking rift- 

climax sequences due to the decreasing of the A/S ratio by the high volcanic supply. On the other 

hand, low-volcaniclastic depocenters of the SVSB record a tripartite succession (alluvial- 

lacustrine-fluvial) indicating the development of a complete rift cycle with a fault-linkage phase 

during the Synrift II stage. An early post-rift phase took place during the latest Rhaetian with the 

ubiquitous development of shallow marine facies marked by typical reefal deposits over the former 

foot- and hanging- walls of the basin. 

The inferred architecture of the Domeyko Basin suggests a transtensional kinematic (sinistral) 

where N-S master faults interacted with ~NW-SE basement structures producing narrow and 

highly asymmetric releasing bends. Detrital zircon data show a predominance of sediments from 

the Gondwanic basement with a scarcity of zircons >500 Ma, indicating erosion from the margins 

of fault-bounded closed basins. All detrital zircon samples fall in the convergent regime for tectonic 

discriminator plots. We propose that the early Domeyko Basin was a continental subduction- 

related rift basin likely developed under an oblique convergence in a back-arc setting. Subduction 

would have acted as a primary driving mechanism for the extension along the Gondwanan 

margin, unlike inland rift basins (Ischigualasto, Cuyo and Neuquén basins). 
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Revealing the Early Mesozoic tectonic inheritance of the western 
Central Andes (Domeyko Range, northern Chile): A structural, 
geochronological and 39Ar-40Ar thermochronological approach. 

Espinoza, M.; Oliveros, V.; Giambiagi, L.; Bechis, F.; Vásquez, P.; Morgan, L. 
 

The Domeyko Range defines the western edge of the Central Andes and hosts some of the gigantic 

porphyry Cu-Mo deposits in the world. This range is a complexly deformed belt formed by a core of Late 

Paleozoic rocks uplifted over a Mesozoic stratified cover. The building of this range seems to have been 

strongly controlled by the inversion of the former Mesozoic basin (Domeyko Basin). However, major 

questions rely on the primary structure of this basin and its control over the later deformation. This study 

aims to unravel the tectonic evolution of the Triassic rifting and relate it with the later building of the 

Domeyko Range (northern Chile 22º - 26º S). 

 
U-Pb data show that the Domeyko Basin was formed during two synrift stages. The Synrift I (~240-225 Ma) 

initiated the Sierra Exploradora sub-basin (SESB), while the Synrift II (~217-200 Ma) originated the Sierra 

de Varas sub-basin (SVSB). During the Synrift II, rift-climax sequences were developed at the SVSB 

evidencing a fault-linkage process which created a major N-S fault array in the present position of the 

Domeyko Fault System (Eocene-Oligocene). Structural mapping and kinematic analyses indicate a 

transtensional rifting kinematic with a main ~NE-SW stretching direction, where major N-S faults interacted 

with NW-SE basement structures producing deep releasing bends. 

 
On the other hand, at the SVSB, U-Pb detrital zircon ages (DZ) show the main peak at ca. 290 Ma and 

much younger 40Ar-39Ar detrital muscovites ages (DM), suggesting the begin of the sources exhumation at 

~245 Ma. On the contrary, along the SESB, the main exhumation of sources took place at ~265 Ma (DM 

ages), only slightly after its crystallization (DZ peak at ~270 Ma). The latter reveals a different history of 

sources exhumation between both sub-basins, pointing to a segmentation of the basement structure prior 

to ~265 Ma. Moreover, main spatial variations in the structural style along the range axis correlate with the 

sub-basins edges (vergence direction, thick- versus thin- skin and shortening ratios), with thick-skinned 

belts occurring at the site of former synrift border faults. 

 
We propose that the rifting architecture strongly determined the main structural style of the Domeyko Range 

and controlled the inception of the prolific Domeyko Fault System. The main structure which segmented 

the sub-basins would have been present at least since the Late Paleozoic (~265 Ma) and correlates with a 

major NW lineament of the present forearc. 
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