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Abstract 

The Andean belt in South America is a first-order topographic feature on Earth. Significant 

differences in the topography, amount of shortening, styles of deformation, magmatism, among other 

features make the Andes an ideal natural laboratory to study how this type of orogeny operates through 

time. Fundamental questions remain regarding the mechanisms responsible for the formation of the 

Altiplano-Puna Plateau, a high (>3650 m) and thick crustal zone (60-70 km) in the hinterland of the 

central part of the Andes (17-27 °S). Two mechanisms have been proposed to be responsible for the 

formation of the plateau. In the Altiplano, a rapid Miocene surface uplift has been associated with 

delamination events after or during crustal thickening due to underthrusted crust; while in the Puna 

Plateau, surface uplift has been linked to a slow and steady growth due to shortening and crustal 

thickening. However, the kinematic history of the thrust belt in the Puna Plateau remains poorly 

constrained, limiting our understanding of what characteristics in the thrust belt led to the formation of the 

Plateau. In order to provide constraints on the growth of the Andes through time at Puna latitudes (23-24 

°S), this dissertation focuses on: (1) Is shortening at northern Puna latitudes able to explain the crustal 

thickness? (2) What is the kinematic evolution of the thrust belt at 23-24 °S? and (3) How does the 

kinematic evolution of the thrust belt relate to lithospheric processes in the region? These questions were 

addressed using field methods, structural analysis of outcrop to regional scale structures, two low-

temperature thermochronometers (apatite fission tracks and apatite (U-Th)/He), thermal modeling, U-Pb 

geochronology, and structural modeling.  

In order to provide constraints for the kinematic model, this study concentrates on determining 

the mechanisms, timing, and distribution of deformation in the Puna Plateau and identifying the main 

periods of exhumation and thickening during the growth of the orogen. In Appendix A, low-temperature 

thermochronologic data recorded in the Late Cretaceous to Miocene deposits and the main thrust fault in 

the thrust belt show that exhumation was non-uniform, started as early as 86 Ma but mainly occurred 

between ca. 50 and 28 Ma. These data, together with previously documented growth strata and regional 

unconformities, support that periods of propagation of the orogenic front at ca. 65 Ma and 50-40 Ma are 

separated by periods of internal deformation and exhumation. In Appendix B, structural, 

thermochronologic and geochronologic data show that a significant part of the shortening in the Puna 

Plateau is Paleozoic. Additionally, results from this appendix demonstrate that the Puna Plateau started to 

shorten and thicken at ca. 45 Ma, accumulated shortening mainly during the Eocene and Oligocene and 

experienced both forward and internal deformation during an unsteady but overall eastward propagation 

of the thrust belt. In Appendix C, structural and thermochronologic ages from the Eastern Cordillera east 

of the Puna Plateau were integrated with previous geochronologic, thermochronologic, sedimentologic, 
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stratigraphic and structural data from the Puna Plateau and Eastern Cordillera in a kinematic model that 

explains the evolution of the thrust belt during the last ca. 45 Ma. This model estimates 219 km of 

shortening only in the Puna and Eastern Cordillera. This shortening, when combined with shortening 

estimates from the Cordillera de Domeyko and Salar de Atacama areas in the earlier part of the thrust 

belt, increases to 240 km. These results show that shortening is responsible for 90% of the crustal 

thickness at Puna Plateau latitudes (23-24 °S). When comparing the kinematic model to the characteristics 

of the lithosphere at 23-24 °S, this study suggests that periods of internal deformation and thickening in 

the Puna Plateau could have been facilitated by delamination events able to weaken the lithosphere and 

result in making space under the plateau for additional shortening. Additionally, the analysis of along-

strike variation in the kinematic history of the thrust belt, structural styles, amount of shortening and 

upper plate stratigraphy between 19 and 25 °S suggests that a layered and laterally continuous 

stratigraphy able to accommodate significant horizontal shortening might have been a key factor in the 

formation of the Altiplano-Puna Plateau. 
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Introduction 

State of the Problem: 

The Andean Cordillera is the best example of a cordilleran-type orogenic system. It provides an 

outstanding natural laboratory to understand how this type of orogenic systems operate and what the 

mechanisms that control its growth are. In the central part (17-27 °S), the Andes host the Altiplano-Puna 

Plateau, the second largest plateau on Earth. The plateau in the Andes is characterized by high elevation 

and internal drainage on top of a crust 60-70 km thick (Isacks, 1988). Thus, the fundamental mechanisms 

driving plateau formation have to include a mechanism for surface uplift and a mechanism for the crustal 

thickening required to support high elevations.  

In the Andes, paleoelevation data have provided key information regarding the timing when high 

elevations were attained (e.g., Garzione et al., 2017). Based on these data, two mechanisms have been 

proposed for the formation of the plateau. In the Altiplano, a Miocene surface uplift has been explained 

by delamination events (e.g., Garzione et al., 2008; Bershaw et al., 2010; Garzione et al., 2017), while in 

the Puna Plateau, an earlier Eocene rise of the Andes has been linked to tectonic shortening (Canavan et 

al., 2014; Quade et al., 2015). An additional component of this problem is the mechanism for crustal 

thickening. Although it is widely accepted that shortening is the main factor controlling crustal thickening 

(Isacks, 1988; Roeder, 1988; Sheffels, 1990; Schmitz, 1994; McQuarrie, 2002), both the Altiplano and 

Puna have insitu shortening estimates that fall short of explaining the local crustal thickness (e.g., 

Claduohos et al., 1994; Coutand et al., 2001; Elger et al., 2005) unless the crust was already thick prior to 

the Andean shortening event. The Altiplano consists of foreland basin deposits that, based on surface data 

and seismic profiles, experienced limited shortening (65 km, Elger et al., (2005)). This lack of shortening 

in the Altiplano has been explained by the addition of middle to lower crust transferred from the east due 

to shortening in the frontal ranges (Eichenberger and McQuarrie, 2015). On the other hand, the Puna 

Plateau consists of a series of ranges where the Paleozoic basement is exposed and intermontane basins 

where Cenozoic units are preserved (e.g. Allmendinger et al., 1997; Coutand et al., 2001). Shortening in 

the Puna Plateau (ca. 40 km; Claduohos et al., (1994); Coutand et al., (2001)) is also insufficient to 

explain ca. 60 km of crustal thickness (Tassara and Echaurren, 2012); however, this estimate might be 

over-conservative due to the strain accumulated during Paleozoic shortening events (Ocloyic and Chanic 

events, Ramos et al., 1984; Kley and Reinhardt, 1994; Starck, 1995; Jacobshagen et al., 2002; McGroder 

et al., 2015) and lack of time constraints that track the Andean shortening.  

The goal of this study is to understand the mechanism that leads to the formation of the northern 

Puna Plateau. Since the Puna Plateau sits in the hinterland of the thrust belt, understanding its tectonic 
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origin requires investigating not only the local evidence for deformation but also the evolution of the 

thrust belt as a whole. Reassessing the shortening estimates and placing time constraints integrating the 

structure of the thrust belt is then the first step to investigate the role of shortening in the formation of the 

Plateau. Moreover, the thrust belt at this latitude has evidence of a foreland basin and contractional 

deformation since Late Cretaceous, thus providing an opportunity to integrate the structure since the onset 

of compression and explore possible mechanisms controlling the orogeny at this latitude. In order to 

contribute to solving this problem, this dissertation focuses on three main questions: (1) Is shortening at 

northern Puna latitudes able to explain the crustal thickness? (2) What is the kinematic evolution of the 

thrust belt at 23-24 °S? and (3) How does the kinematic evolution of the thrust belt relate to lithospheric 

processes in the region? Answering these questions requires characterizing the deformation and providing 

quantitative constraints about the timing and amount of exhumation, erosion and shortening across the 

thrust belt at 23-24 °S. 

At 23-24 °S, the thrust belt can be divided into 6 tectonomorphic zones which, from west to east, 

are: The Coastal Cordillera, the Cordillera de Domeyko, the Salar de Atacama area, the western 

Cordillera which hosts the modern volcanic arc, the Puna Plateau and the Eastern Cordillera (Figure 1). 

The Cordillera de Domeyko and Salar de Atacama area in the modern forearc were part of the retroarc 

thrust belt until the Miocene when the volcanic arc migrated eastward to its present position (Kay and 

Coira, 2009). The Salar de Atacama area exposes the stratigraphic record of the Late Cretaceous to 

Miocene foreland basin. In the Cordillera de Domeyko, high angle reverse faults exhume Paleozoic and 

Triassic units above Jurassic to Miocene units (Amilibia et al., 2008). In its western edge, an east vergent 

thrust fault propagates shortening into the Salar de Atacama area (Arriagada et al., 2006; Bascuñán et al., 

2019), folding and faulting the foreland deposits. Exhumation along the center of the Cordillera de 

Domeyko took place between 50-30 Ma and requires the erosion of 4-5 km (Maksaev and Zentilli, 1999). 

However, the exhumation history in the retroarc thrust belt and its relation to deformation events are 

poorly constrained. 

In the Puna Plateau, the basement units (Ordovician; Bahlburg, 1991) are folded and affected by 

cleavage (Jacobshagen et al., 2002; Muller et al., 2002) indicating significant shortening; however, the 

Paleozoic and the Cenozoic shortening event  could be responsible for this deformation (Jacobshagen et 

al., 2002; Muller et al., 2002; McQuarrie and Davis, 2002). Some of the challenges to differentiating these 

two shortening events and to determining the evolution of the thrust belt across this regions include: 1) a 

lack of cross-cutting relationships due to a combination of a discontinuous stratigraphic record and 

limited rock exposure due to the sedimentary and volcanic cover, 2) unconstrained exhumation in several 

ranges and 3) a lack of understanding of the deformation mechanism operating at multiple scales to 
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accommodate the shortening.  Exhumation data in the southern Puna suggest that shortening had reached 

the western side of the southern Puna and the central part of the northern Puna by early Eocene (Coutand 

et al., 2001; Deeken, 2005; Letcher, 2007). Nonetheless, a lack of understanding of the deformation 

history on the northern Puna Plateau limits our ability to explore the role of shortening in the formation of 

the Plateau. 

The Eastern Cordillera is a thrust system built on a basement affected by the Salta rift, an 

intracratonic rift developed in northwestern Argentina and southern Bolivia (e.g., Salfity and Marquillas, 

1994; Marquillas et al, 2005; Starck, 2013). High angle faults exposing Proterozoic rocks, preserved 

extensional structures and extensional faults reactivated as reverse faults (Kley et al., 2005; Monaldi et 

al., 2008) evidence significant Andean shortening; nevertheless, neither the exhumation, erosion nor the 

shortening have been estimated in this part of the thrust belt.   

The study of the thrust belt was done in three steps which correspond to three main areas across 

the thrust belt, covered from west to east, in the sense of the propagation of the deformation. In Appendix 

A we focused on the exhumation history in the eastern side of the Cordillera de Domeyko and Salar de 

Atacama area, the proximal part of the thrust belt since the Late Cretaceous. In Appendix B, we studied 

the deformation and exhumation history in the northern Puna Plateau, east of the volcanic arc. Finally, in 

Appendix C we focused on the structural and exhumation history of the Eastern Cordillera, east of the 

Puna Plateau. Data from the northern Puna Plateau and Eastern Cordillera were integrated into a regional 

structural cross-section that offers a structural model for explaining the evolution of the thrust belt east of 

the volcanic arc. Further analyses of the structural model support the hypothesis that crustal shortening is 

responsible for the crustal thickness in the northern Puna Plateau and that the growth of the orogen was 

unsteady at least since the Cenozoic, with alternating periods of propagation of the orogenic front and 

internal deformation. Moreover, this study highlights that Plateau formation requires significant 

shortening which is facilitated by a layered and laterally continuous upper plate stratigraphy, and 

delamination events. The role of the delamination events vary from presumable large events being 

associated with the uplift of a region due to isostatic adjustments as has been proposed for the Altiplano 

(e.g., Garzione et al., 2017) to more local events (Beck et al., 2015) which result in making space under 

the hinterland facilitating internal deformation and thickening. 
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Figure 1: DEM of the Andes showing the main morphotectonic units. CC: Coastal Cordillera, 

CD: Cordillera de Domeyko, SdA: Salar de Atacama, WC: Western Cordillera, Arc: Volcanic arc, 

EC:Eastern Cordillera, IA: Interandean Zone, SA: Subandean Zone, SB: Santa Babara Ranges. White 

boxes show the location of the three individual studies presented in this dissertation.  
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Present Study: 

 The research presented in this dissertation is designed as a contribution to understanding 

mountain-building processes in Cordilleran-type orogenic-systems—in particular, plateau formation. The 

time constraints rely mainly on interpretations of apatite fission track and apatite (U-Th)/He cooling ages 

across the thrust belt as well as U-Pb geochronology. These techniques have been widely used to 

constrain the kinematic history of regions (e.g., Ege et al., 2007; Barnes et al., 2008; Parra et al., 2009; 

Safipour et al., 2015; Mora et al., 2015; Chapman et al., 2017; Anderson et al., 2017; 2018; Kortyna et al., 

2019).  

The main body of this dissertation consists of three manuscripts that are presented here as 

appendices. The individual studies are formatted in accordance with the journals in which they are 

published or will be submitted. These studies provide constraints for the evolution of the thrust belt at 23-

24 °S in different regions which record the progressive development of the retroarc thrust belt. A brief 

description of the major conclusions and scientific relevance of each study is provided below. 

Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and 

Salar de Atacama Basin, Northern Chile 

This study examines the post-depositional burial and cooling history of the Cordillera de 

Domeyko and the synorogenic deposits in the Salar de Atacama area. We employed a multi-dating 

approach combining zircon U-Pb geochronology with apatite fission track and apatite (U-Th)/He 

thermochronology to constrain the cooling history of the proximal part of the thrust belt between the Late 

Cretaceous and Miocene times. This study (1) documents Late Cretaceous to Oligocene exhumation in 

the proximal part of the thrust belt, and (2) explores the relationship between the exhumation history and 

deformation events. This study uses cooling ages and regional angular unconformities to propose that 

three periods of exhumation are identified: ca.86-65 Ma, ca.65-50 Ma, 50-28 Ma. This study estimates 

that ca.2.5-3.3 km of erosion above major structures took place during these periods. This study 

postulates that regional unconformities in the Salar de Atacama basin correlate with periods of eastward 

migration of the orogenic front at ca.65 Ma and ca.50-40 Ma and suggests that pulses of deformation at 

the front of the thrust belt alternated with periods of internal deformation and exhumation. Moreover, it 

suggests that although exhumation was non-uniform, it has migrated mostly eastward due to the 

propagation of the thrust belt since at least ca. 65 Ma. This manuscript was published in the journal 

Tectonics on January 2019.  
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Deformation History in the Puna Plateau, Northwestern Argentina 

This study presents a detailed analysis of the deformation at outcrop scale in the northern Puna 

Plateau, documents the distribution of strain across Ordovician ranges, investigates the origin of the 

cleavage development in the Ordovician strata, describes the Cenozoic deformation in the Andean 

depocenters, and documents the cooling history (apatite fission track and apatite (U-Th)/He) to constrain 

the amount of exhumation in the hangingwall of structures. This study focuses on three questions: (1) 

What are the deformation mechanisms? (2) What is a possible strain-progression for the structures? and 

(3) How much exhumation can be explained by the Andean thrust belt? We present observations of the 

outcrop-scale structures in the Ordovician strata, the only basement unit in the Puna Plateau. This study 

shows that the shortening was mainly accommodated by detachment folds and flexural slip mechanisms. 

The strain analysis shows that the progressive deformation of the Ordovician strata requires at least four 

phases of deformation: upright folding, flattening through cleavage formation, low-angle faulting with 

vertical extension and rotations through simple shear. Thus, the deformation within each thrust sheet is 

mainly pure shear while at thrust belt scale discrete thrust sheets accommodating lateral displacements 

and a migrating foreland basin (e.g., DeCelles et al., 2011; Siks and Horton, 2011) indicate simple shear 

deformation. New cooling ages across the Puna Plateau demonstrate that the Andean thrust belt produced 

shortening, exhumation, and erosion in the northern Puna Plateau mainly between the middle Eocene (ca. 

45-40 Ma) and the Oligocene (ca. 25 Ma) due to the forward propagation of the thrust front. This result 

shows that deformation in the Puna Plateau took place at the same time as shortening in the Eastern 

Cordillera at southern Altiplano (21 °S; e.g., Muller et al., 2002; McQuarrie, 2002; Barnes et al., 2008; 

Anderson et al., 2018). 

With respect to the age of the shortening, this study proposes that the strain, pressure and 

temperature conditions for deforming the Ordovician and the Cenozoic strata are significantly different 

and could not have been produced by a single shortening event. The Cenozoic Andean deformation 

happened in near-surface conditions while the strain history in the Ordovician strata requires conditions 

for pressure dissolution able to remobilize quartz and form cleavage planes where synkinematic illites 

grow. Moreover, Ordovician units involved in the Cenozoic deformation in the western side of the Puna 

Plateau record Cretaceous AFT cooling ages which indicates that the Ordovician rocks did not experience 

temperatures higher than ca. 120 °C and thus, that the Andean deformation did not reach the temperatures 

required for pressure dissolution. Thus, this study indicates that the Puna Plateau accommodated 

significant pre-Andean shortening and suggests that strain-softening might have favored the development 

of Andean structures. This manuscript will be submitted to the Journal of Structural Geology for 

publication. 
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The Kinematic Evolution of the Andean Thrust Belt at 23-24 °S 

This study is motivated by the need to estimate the amount of shortening accommodated by the 

thrust belt, determine the kinematic evolution of the thrust belt and ultimately better understand the 

conditions that led to the formation of the Puna Plateau. Here we present new structural and apatite 

fission-track data from the Eastern Cordillera. In order to build a retrodeformable cross-section, this study 

integrates new low-temperature thermochronologic and structural data with the available geochronologic, 

thermochronologic and structural data to refine the timing and rates of shortening and exhumation. The 

structural model was restored using the software Move (Midland Valley). This study focuses on two 

questions: (1) Is shortening at the northern Puna latitude enough to explain the crustal thickness? and (2) 

What is the kinematic evolution of the thrust belt at ca. 23-24 °S? 

The result of this work shows ca. 219 km of shortening across the northern Puna, and Eastern 

Cordillera. This new estimate together with shortening estimates from the thrust belt to the west (21 km; 

Haschke and Gunther, (2003) and Amilibia et al., (2008)) explains 90% of the crustal thickness (Kley and 

Monaldi, 1998) and demonstrates that crustal thickening in the northern Puna Plateau is largely the result 

of shortening. The kinematic evolution of the thrust belt shows a mid-Eocene onset of shortening in the 

western side of the northern Puna Plateau and an unsteady eastward propagation of the orogenic front. 

Moreover, this study proposes that the northern Puna Plateau accumulated shortening between the middle 

Eocene and Oligocene, similar to the Eastern Cordillera east of the southern Altiplano (e.g., Muller et al., 

2002; Anderson et al., 2017, 2018); however, from these two areas only the Puna Plateau has evidence of 

delamination. This suggests that delamination events are relevant processes in the formation of both the 

Altiplano and the Puna Plateau. In contrast to the Altiplano which requires to explain thickening by 

adding mid to lower crust transferred from neighbor areas, local shortening and thickening in the Puna 

thrust belt is a necessary condition to trigger local delamination events which, in turn, allowed further 

shortening and thickening in the Plateau. This manuscript will be submitted to the GSA Bulletin for 

publication. 
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Cretaceous to middle Cenozoic exhumation history of the cordillera de Domeyko and Salar de 

Atacama basin, northern Chile 
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Key Points: 

• The Cordillera de Domeyko experienced exhumation during the upper Cretaceous, Paleocene, 

Eocene and Oligocene. 

• The Cordillera de Domeyko experienced ~2.5-3.3 km of exhumation above major structures. 

• Regional unconformities in the Salar de Atacama basin correspond to periods of migration of the 

orogenic front at ~65 and between 40-50 Ma. 

Abstract 

Spatiotemporal patterns of deformation and exhumation in the central Andes are key parameters 

for reconstructing the kinematic history of the orogenic belt. Previous studies of the retroarc thrust belt 

document overall eastward propagation of deformation since the late Eocene, but the amount and timing 

of exhumation during the early phase of Andean orogeny remains largely unconstrained, particularly in 

the modern forearc region. In order to determine the timing and amount of exhumation prior to the late 

Eocene, we employed a multi-dating approach combining zircon U-Pb geochronology with apatite fission 

track and apatite (U-Th)/He thermochronology. We focus on the low-temperature cooling history of the 

Cordillera de Domeyko thrust belt and synorogenic deposits in the Salar de Atacama basin. Our results 

show Late Cretaceous to Oligocene cooling and exhumation in the Cordillera de Domeyko. The 

distribution of cooling ages in the forearc indicates three periods of exhumation: ~86-65 Ma, ~65-50 Ma, 

50-28 Ma. The amount of cooling was variable in space and time but requires total exhumation of ~2.5-

3.3 km of rocks above major structures in the thrust belt. Regional unconformities in the Salar de 

Atacama basin correlate with periods of eastward migration of the orogenic front at ~65 Ma and ~50-40 

Ma. Pulses of deformation at the front of the thrust belt alternated with periods of out-of-sequence 

hinterland deformation and exhumation. Overall our data show that shortening in the central Andes 

commenced during the Late Cretaceous (as early as ~86 Ma) and that deformation (shortening) and 

exhumation were coupled in space and time.  
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1. Introduction 

The Andes are the largest topographic feature on Earth associated with an active Cordilleran-type 

orogenic system. In its central, widest and highest part (16-26°S), the orogen comprises a forearc, a high-

elevation (~3500 m) hinterland plateau (the Altiplano-Puna plateau), an eastward vergent thrust belt (the 

Eastern Cordillera and Sub-Andean zone), and an eastward migrating foreland basin (e.g., Isacks, 1988; 

Allmendinger et al., 1997; Horton, 2001, 2005; Beck & Zandt, 2002; McQuarrie, 2002; Oncken et al., 

2006; DeCelles et al., 2011).  

The timing of onset of Andean mountain building remains a topic of active research. Estimates 

range between the Late Cretaceous for its western part (Mpodozis et al., 2005; Arriagada et al., 2006) and 

Paleocene-Eocene for the eastern retroarc region (e.g., Oncken et al., 2006; Carrapa & DeCelles, 2015; 

Quade et al., 2015; Eichelberger et al., 2015; DeCelles et al., 2015). Evidence from the retroarc region 

includes the development of a regional foreland basin, which requires the existence of a contemporaneous 

thrust belt (DeCelles & Horton, 2003; Horton, 2005; DeCelles et al., 2011), as well as stable isotope 

paleoaltimetry datasets that indicate high regional elevations during Eocene time (Canavan et al., 2014; 

Quade et al., 2015). In the western part of the central Andes, onset of orogeny is suggested by upper 

Cretaceous (ca. 79 Ma) growth strata in the Cordillera de Domeyko (Arriagada et al., 2006; Bascuñán et 

al., 2015). However, the timing of significant regional shortening and crustal thickening in the western 

part of the central Andes, and its relation to deformation and basin development farther east in the retroarc 

region, remain sparsely documented.  

In this paper we present new low-temperature thermochronological data to address the problem of 

orogenic timing in the western central Andes. The utility of thermochronological data in determining the 

timing of orogeny is based on the assumption that erosion of topographic relief generated by thrust 

faulting is the main mechanism for exhuming rocks in a fold-thrust belt (e.g., Ehlers & Farley, 2003; 

McQuarrie & Ehlers, 2015). Particularly useful are low-temperature thermochronometers such as apatite 

(U-Th)/He (AHe) and apatite fission track (AFT) methods, which allow quantification of the cooling 

history and inferred exhumation of the upper ~4-1 km of crust (e.g., Reiners & Brandon, 2006). 

Although thermochronological studies have constrained exhumation along the axis of the 

Cordillera de Domeyko and the Coastal Cordillera (e.g., Maksaev & Zentilli, 1999; Juez-Larrre et al., 

2010), very little information is available from the eastern side of the Cordillera de Domeyko and in the 

adjacent upper Cretaceous to Oligocene foreland basin deposits. In an effort to test the hypothesis that the 

western central Andes experienced growth since the Late Cretaceous (Mpodozis et al., 2005; Arriagada et 

al., 2006), we quantify the amount and distribution of exhumation due to shortening in the early orogenic 

wedge by documenting the cooling history of upper Cretaceous to Eocene rocks in the retroarc region of 
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northern Chile (between 22 and 24 °S). We present new zircon U-Pb and AFT and AHe data from 

bedrock and granitic clasts from the Cordillera de Domeyko and Salar de Atacama basin. We combine 

our results with existing data to show that the Salar de Atacama basin records exhumation of the 

Cordillera de Domeyko as early as ~86 Ma. Furthermore, we demonstrate that although exhumation was 

non-uniform, it has migrated mostly eastward due to the propagation of the thrust belt, widening and 

thickening the orogen at least since 65 Ma. 

2. Tectonic Setting 

2.1 Forearc Geology 

The modern forearc region of the central Andes, between latitudes 22° and 24 °S, can be divided 

into four morphotectonic zones oriented subparallel to the trench. From west to east these include the 

Coastal Cordillera, Central Depression, Cordillera de Domeyko and Salar de Atacama basin (Figure 1).  

The Coastal Cordillera is a mountain range with 1-2 km of elevation extending along the coast of 

northern Chile. It is composed of lower Jurassic to lower Cretaceous volcano-sedimentary and intrusive 

rocks (Garcia, 1967) related to the initiation of subduction along the western edge of South America (e.g., 

Charrier et al., 2007). The Central Depression is occupied by an Eocene to Pliocene sedimentary basin 

located at an elevation of ~1 km (Saez et al., 1999; Hartley et al., 2000; Hartley & Evenstar, 2010). 

Differential uplift of the Coastal Cordillera with respect to the Central Depression from Oligocene to 

present (Hartley et al., 2000) was related to normal and strike-slip movements along the Atacama Fault 

Zone (Figure 1; e.g., Okada, 1971; Gonzalez et al.,2003). 

Rising to an average elevation of ~3 km, the Cordillera de Domeyko (CD) lies east of the Central 

Depression and exposes rocks ranging in age from Neoproterozoic to Miocene. During the Jurassic to 

early Cretaceous, the CD hosted two back-arc basins: the marine Domeyko-Tarapaca basin and an 

unnamed volcano-sedimentary basin (e.g., Garcia, 1967; Marinovic & Garcia, 1999). By the Late 

Cretaceous, the volcanic arc had migrated into the CD (~86-66 Ma, Quebrada Mala Formation; Marinovic 

& Garcia, (1999); Basso and Mpodozis, (2012)). Between the Paleocene and Eocene, the magmatic arc 

migrated from the axis of the CD (61 – 53 Ma, Cinchado Formation; Marinovic & Garcia, (1999)) to its 

eastern side (~47-37 Ma, e.g., Campbell et al. (2006) (Figure 1). The last period of magmatic activity was 

coeval with early stages of sedimentation in an extensional to transtensional sedimentary basin in the CD 

(< 52-47 Ma to upper Pliocene, Calama Basin; May et al. (1999, 2005); Pananont et al. (2004)). 

Directly east of the CD is the Salar de Atacama (SA) basin, which is filled with a thick succession 

of Cretaceous-Cenozoic sedimentary rocks that partly records the erosion of the western part of the 

central Andes (e.g., Mpodozis et al., 2005; Jordan et al., 2007). The basin corresponds to a negative 
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topographic anomaly on top of a strong positive isostatic residual anomaly (Reutter, et al., 2006) related 

to the “Central Andean Gravity High” (Götze & Krause, 2002). Several interpretations have been 

proposed for the origin of SA basin, including an extensional backarc basin (Flint et al., 1993; Charrier & 

Reutter, 1994), inversion of an extensional basin (Macellari, 1991; Hartley et al., 2002), and a flexural 

foreland basin (Muñoz et al., 1997; Arriagada et al., 2006; Jordan et al., 2007). The most recent work 

favors a foreland basin between Late Cretaceous and early Oligocene time (Mpodozis et al., 2005; 

Arriagada et al., 2006; Jordan et al., 2007; Bascuñán et al., 2015). The SA basin contains about 4 km of 

mostly alluvial sedimentary rocks exposed along the El Bordo Escarpment (Figure 2). The modern 

eastern margin of the SA basin is a west-dipping slope where Cenozoic strata in the basin onlap a west-

dipping unconformity (Jordan et al., 2007). There, a west vergent monocline uplifted relief to the east 

2320 m (±1050 m) since ∼10 Ma (Jordan et al., 2010) 

2.1.1. Structure of the Cordillera de Domeyko and El Bordo Escarpment 

Structurally, the CD is dominated by elongated north-south trending basement ridges uplifted by 

north-south striking, high-angle reverse faults. Structural vergence varies along strike such that thick-

skinned “pop-up” structures propagated shortening into the Mesozoic and Cenozoic sedimentary cover 

(Amilibia et al., 2008). The north-south-striking thrusts are thought to be controlled by inversion, as early 

as ~90 Ma, of pre-existing normal faults associated with the Mesozoic Domeyko-Tarapaca basin 

(Amilibia et al., 2008). To the east, a thin-skinned, east-verging fold-thrust belt propagated into the 

Cenozoic sedimentary fill of the SA basin (Arriagada et al., 2006; Amilibia et al., 2008). 

The eastern boundary of the CD is a basement-cored fold related to an east-verging reverse fault, 

which presumably formed during the Jurassic-early Cretaceous (Mpodozis et al., 2005) as part of the 

extensional Tarapaca basin and was later reactivated. This thick-skinned deformation produced the El 

Bordo Escarpment where the CD is uplifted over Mesozoic strata of the SA basin (Figure 2). The Barros 

Arana syncline is the most prominent structure directly east of the El Bordo Escarpment and exposes most 

of the lower part of the SA basin fill (Figure 2). The geometry of the syncline varies from open and 

concentric to a tight-chevron shape (Barros Arana fold system, Figure 2, Arriagada et al. (2006)). The 

structure along the hangingwall of the El Bordo Escarpment also varies along strike, from an east-vergent 

fold formed by a blind fault to a thrust fault (Arriagada et al., 2006). 

2.1.2. Stratigraphy of the Salar de Atacama Basin 

According to Mpodozis et al. (2005) the SA basin stratigraphy starts with three upper Cretaceous 

conformable sedimentary formations followed by two Paleogene formations separated by a progressive 

unconformity (Fig. 2). The upper Cretaceous stratigraphy includes the Tonel (460 – 1060 m), Purilactis 
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(3000 m) and Barros Arana (550 m) Formations. Detrital zircon U-Pb data from the Purilactis Formation 

indicate deposition between ~79 and 73 Ma and the minimum age for the Barros Arana Formation is 

considered to be pre-66 Ma (Bascuñán et al., 2015). To the south, the Paleocene to middle Eocene 

Naranja Formation (900 m) was unconformably deposited over lower Paleocene lavas (66 – 64 Ma, Cerro 

Totola Formation; Mpodozis et al. (2005)). The middle Eocene to early Oligocene Loma Amarilla 

Formation (2500 m) was deposited in angular unconformity upon the Naranja Formation and preserves 

evidence for intraformational syntectonic unconformities (i.e., a progressive unconformity; Mpodozis et 

al. (2005)). The depositional age of the Loma Amarilla Formation, is between ~44 and 28 Ma (Mpodozis 

et al. (2005). During the late Oligocene to early Miocene, the Tambores Formation was deposited on top 

of the uplifted upper Cretaceous part of the basin fill and the San Pedro Formation was deposited within 

the basin-proper farther to the east (e.g., Marinovic & Lahsen, 1984; Naranjo et al., 1994). Based on 

subsurface data the San Pedro Formation is considered to vary in thickness from no less than 3000 m in 

the north to 500 m in the south, controlled by an east-dipping normal fault (Pananont et al., 2004 and 

references therein). Thus, this formation marks an extensional episode that started at ~28 Ma in the SA 

basin and continued until the middle Miocene. 

2.1.3 Previous Cooling Data from the Modern Forearc 

Previous thermochronological studies in the retroarc region at this latitude have produced AFT, 

AHe and zircon (U-Th)/He (ZHe) data (Andriessen & Reutter, 1994; Maksaev & Zentilli, 1999; Juez-

Larre et al., 2010 and Reiners et al., 2015) (Figure 3). In the Coastal Cordillera, AHe ages show cooling 

between ~80 and 60 Ma (Figure 3; Juez-Larre et al. (2010)). This cooling postdates the migration of 

magmatic activity to the east, which was located in the CD by ~80 Ma (e.g., Marinovic & Garcia, 1999). 

This cooling has been interpreted to be related to arc uplift and thermal relaxation after the arc left the 

region. AHe ages from this range show a second period of cooling between ~50 and 40 Ma (Figure 3; 

Juez-Larre et al. (2010)), which the authors explained by erosion of 2.4 km of crust (assuming a forearc 

geothermal gradient of 20 °C/km). 

In the CD, Maksaev & Zentilli (1999) and Reiners et al. (2015) found evidence of cooling since 

the Paleocene (Figure 3). Maksaev & Zentilli (1999) studied Late Cretaceous intrusions along the CD and 

argued that they resided between ~350°C and ~120°C before 50 Ma. Reiners et al. (2015) suggested that 

double dated zircons (U-Pb and ZHe) older than ~100 Ma in the Naranja and Loma Amarilla Formations 

record a non-magmatic cooling signature. They interpreted the U-Pb and ZHe data as evidence of the 

progressive unroofing of a volcanic sequence in the CD. Maksaev & Zentilli (1999) identified a period of 

cooling between ~50 and 30 Ma that can be interpreted to represent exhumation of 4-5 km of rocks from 

the axis of the CD. Moreover, they suggested that exhumation accelerated between ~40 and 30 Ma. 
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Reiners et al. (2015) found that granitic cobbles from the Loma Amarilla Formation were buried to depths 

equivalent to the apatite partial retention zone (PRZ) and then exhumed starting at ~20-22 Ma (Figure 3). 

They argued for erosion of 1.5-3 km of rock from above the Loma Amarilla Formation (< ~28 Ma, 

according to Mpodozis et al. (2005)). Burial was probably related to thrusting in the CD before the 

change to extensional conditions proposed for the area after ~28 Ma (Jordan et al. (2007) and reference 

therein). To the east, AFT data indicate cooling in the basement of the Cordon de Lila at ~38 Ma (Figure 

2; Andriessen & Reutter (1994)).  

Synorogenic sedimentation in the SA basin requires correlative exhumation of the CD, which has 

been poorly understood, especially during the Late Cretaceous and Paleogene. Although cooling during 

this time is widely documented in the modern retroarc region (Carrapa & DeCelles, 2015 and references 

therein), the only data available for the CD are from the axis of the range and do not include structures 

from the thrust belt in the eastern part of the range. 

3. Methods 

One of the most useful techniques to constrain exhumation due to erosion is thermochronology. 

We use apatite fission track (AFT) and apatite (U-Th)/He (AHe) thermochronology to constrain the 

cooling history of the CD through the ~120°C to ~40°C closure window (e.g., Reiners & Brandon, 2006), 

which can represent exhumation and erosion in the upper ~4-1 km of the crust (assuming a geothermal 

gradient of 25°C/km and a surface temperature of 20°C). These two thermochronometers have been 

successfully combined for the same samples (multi-dating) to determine thermal histories and timing of 

deformation and exhumation in the Andes (Carrapa et al., 2009; Carrapa & DeCelles, 2015; Reiners et al., 

2015). Additionally, we use U-Pb geochronology of zircons to constrain the crystallization age of igneous 

bedrock samples and of clast source rocks for sedimentary samples (conglomerates); and the maximum 

depositional age of the sedimentary units investigated (Dickinson & Gehrels, 2009). 

3.1 Sampling Strategy 

We collected three samples from igneous bedrock along the eastern edge of the CD, which is 

bounded by a blind east-verging reverse fault (Mpodozis et al., 2005) (Figures 1 and 2). We also targeted 

sedimentary units from the SA basin and sampled six granite clasts, three sedimentary bedrock samples 

(sandstones) and one volcanic clast; the clasts were sub-rounded cobbles between 18 and 25 cm in 

diameter. Locations and corresponding stratigraphic positions are shown in Figure 2 and Tables 1 and 2. 

The three igneous bedrock samples (SPA1-9, SPA1-7 and SPA1-14) belong to the Quimal intrusive and 

the Tuina Formation. The six granitic clasts (SPA1-3, SPA1-5, SPA1-10, SPA1-6, 1AT1230FT and 

1AT1450FT) are from the Purilactis, Barros Arana, Loma Amarilla and Tambores Formations. The three 
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sedimentary bedrock samples are from the Cenozoic units, one from the Naranja Formation (AT-NAJ) 

and two from the Loma Amarilla Formation (1AT165FT and 1AT433DZ). These 12 samples span the 

upper Cretaceous to early Miocene stratigraphic record. 

3.2 U-Pb Geochronology 

U–Pb detrital zircon geochronology by means of laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) following the method described by Gehrels et al. (2008) is here used to 

constrain the maximum depositional ages of the Paleogene deposits and to assess sediment provenance. 

Age peaks and populations were calculated using the Excel spreadsheet “Age Pick” program provided by 

the LaserChron Center at the University of Arizona 

(https://sites.google.com/a/laserchron.org/laserchron/). We used the youngest cluster with three or more 

grains ages to constrain the maximum depositional age (Dickinson & Gehrels, 2009). Additionally, four 

granitic clasts were dated by zircon U-Pb geochronology (SPA1-3, SPA1-5, SPA1-10 and 1AT1230FT) 

to compare their crystallization ages with the cooling ages obtained with AFT and/or AHe techniques. 

This helps to determine if the cooling signature is related to magmatic activity or tectonic-erosional 

processes (Table S1, supporting information). 

3.3 Thermochronology 

3.3.1 Apatite (U-Th)/He Thermochronology  

(U-Th)/He thermochronology of apatite uses the concentration of 4He formed by alpha decay of 

U, Th and Sm, which is largely retained in apatite crystals at temperatures below ~70 °C and is lost by 

diffusion at higher temperatures (e.g., Farley, 2000). Radiogenic He produced by an apatite experiencing 

cooling starts to be retained within the crystal at temperatures between ~40 and 70ºC, the so-called Partial 

Retention Zone (PRZ). 

We analyzed five single apatite grains per sample in the Arizona Radiogenic Helium Dating 

Laboratory at the University of Arizona. The (U-Th)/He crystal ages were obtained using a two-stage 

analytical procedure where first the crystal is degassed by heating to measure the gas 4He using gas 

source mass spectrometry, and then the parent nuclides (U, Th and Sm) are measured using inductively-

coupled plasma mass spectrometry (Reiners & Nicolescu, 2006). To analyze the results, we first 

addressed morphology issues and the presence of inclusions. Then we explored possible correlations 

between AHe age, effective uranium concentration (eU) and equivalent spherical radius (Rs) using 

different single aliquots from each sample (Supporting information, Figures S5 and S6; e.g., Flowers et 

al., 2009). Finally, we considered He implantation for grains with low U content, for small grains (<40 

https://sites.google.com/a/laserchron.org/laserchron/
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μm; Gautheron et al. (2012)) producing anomalously old ages and for grains with cooling ages older than 

the crystallization age and which do not show clear age-eU relationships. 

3.3.2 AFT Thermochronology 

Fission tracks are formed by spontaneous fissioning of 238U. Fission tracks in apatite crystals are 

preserved at temperatures below ~60oC, partially annealed between ~60oC and ~120°C within the partial 

annealing zone (PAZ; Gleadow et al. (1986)) and fully annealing at higher temperatures. The closure 

temperature of the AFT system strongly depends on the kinetic characteristics of the apatites and the 

cooling rate (e.g., Ketchman et al., 1999 and references therein). 

The apatite separates were mounted in epoxy, polished, etched in 5.5 M nitric acid for 20 s at 

21°C, according to methods outlined by Donelick et al. (2005), and irradiated at Oregon State University 

on glass slides. After irradiation, the mica prints were etched in 49% hydrofluoric acid for 15 minutes at 

23°C following the protocol described by Donelick et al. (2005). Fission tracks were counted by optical 

identification using an Olympus petrographic microscope at 1600X magnification at the University of 

Arizona. According to generally accepted practices, AFT age determinations are based on 20 grains per 

bedrock sample or granite cobble, and 100 grains per sedimentary bedrock sample selected randomly and 

dated using the external detector method (Hurford & Green, 1982). In samples that lacked these numbers 

of suitable grains, we counted all suitable grains. For sedimentary bedrock samples, detrital populations 

(of grains cooled before their deposition and therefore thermally not reset) were calculated using the 

automatic mixture modeling algorithm implemented in the java application “RadialPlotter” (Vermeesch, 

2009). 

4. Results 

4.1 U-Pb Geochronology Results 

The U-Pb zircon ages from the two sedimentary bedrock samples are shown in Table 3 and in the 

data Table S1 (supporting information). The Naranja Formation (AT-NAJ, Figure 4) produced a youngest 

age population of 73.7 ± 1 Ma. The Loma Amarilla Formation (1AT433DZ, Figure 4) yielded a youngest 

population age of 42.4 ± 0.8 Ma. 

The four granitic clasts yielded Permian to Triassic U-Pb zircon ages (Tables 3 and S1 in the 

supporting information). The two clasts from the upper Cretaceous units produced U-Pb ages of 295.2 ± 

2.1 Ma (SPA1-10) and 288.7 ± 2.3 Ma (SPA1-5). The clast from the Loma Amarilla Formation produced 

a U-Pb zircon age of 234.7 ± 2.8 Ma (1AT1230FT) and the clast from the Tambores Formation an age of 

296.3 ± 2.2 Ma (SPA1-3). 
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4.2 Apatite (U-Th)/He Thermochronology 

A total of 28 single apatite grains from six samples were analyzed using (U-Th)/He 

thermochronology. The AHe data are shown in Table 1 and sample locations are shown on Figure 2. To 

analyze the results, we first looked for correlations between eU-Rs and eU-corrected age (supporting 

information Figure S5 and S6). Correlations between these parameters indicate radiation damage (e.g., 

Shuster et al., 2006; Flowers et al., 2009). We rejected grains with cooling ages older than the 

crystallization age for the same sample. Grains from igneous samples with cooling ages equal to 

crystallization ages (within error) are reported, but because they record the magmatic cooling, they were 

not used for interpretation about the exhumation-related cooling history. Results from two grains, one 

from sample SPA1-10 and another from sample SPA1-14, were not reported because they are not from 

apatite; three other grains, from samples SPA1-7 and SPA1-14 are not considered due to ages equal to or 

older than crystallization ages. The remaining data were analyzed using the weighted mean and the 

standard deviation, both expressed in Ma in Table1. A high ratio of (Std. Dev.*100)/(Weighted Mean 

Age) indicates high variability in the dataset. This is the case for samples SPA1-3 and SPA1-14, where 

this ratio exceeded 20% (scattered ages around the mean value). We describe the results for each sample 

in the following section. 

The bedrock sample from the Triassic unit (SPA1-14) has eU concentrations between 34 and 39 

ppm and cooling ages between 31.4 ± 0.4 and 225.4 ± 3.4 Ma. One grain that produced a Triassic (~225 

Ma) age similar to its depositional age (236.3 ± 2.5 Ma, zircon U-Pb, Henriquez et al., 2014) was 

excluded from the weighted mean calculation and standard deviation. The other three grains show no 

clear correlations among age, eU and Rs. The weighted mean value for these three cooling ages is 37.6 ± 

0.4 Ma and the standard deviation 10.4 Ma.  

The easternmost sample from the Quimal intrusive (SPA1-7) has eU concentration between 4.7 

and 7.7 ppm and cooling ages between 41.3 ± 0.9 Ma and 70.1 ± 1.6 Ma. One grain has an age similar to 

the crystallization age of the intrusive (SPA1-7-AP2 in Table 1, 66-64 Ma, Basso & Mpodozis, 2012) 

whereas a second grain (SPA1-7-AP4 in Table 1) is much older than the other grains (SPA1-7-AP1, 

SPA1-7-AP3 and SPA1-7-AP5 in Table 1), suggesting possible He implantation. The weighted mean of 

the remaining three grains is 49.4 ± 0.6 Ma and the standard deviation of 7.9 Ma. The westernmost 

sample from the same intrusive body (SPA1-9) has eU concentrations between 18 and 31 ppm and has 

cooling ages between 38 ± 0.6 Ma and 55.9 ± 0.9 Ma, with a weighted mean of 44.6 ± 0.3 Ma and a 

standard deviation of 6.6 Ma. 

The sample at the base of the Purilactis Formation (SPA1-6) has eU concentration between 9 and 

14 ppm and ages between 24.7 ± 0.5 Ma and 35.6 ± 0.6 Ma with a weighted mean age of 31.8 ± 0.3 Ma 
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and a standard deviation of 4.3 Ma. The sample in the middle of the stratigraphic section (SPA1-10) has 

eU concentrations between 7 and 18 ppm and produced ages between 45.5 ± 1.1 Ma and 64.2 ± 1.3 Ma. 

The grains with lower eU correlate with older cooling ages but they show no correlation between Rs and 

the age; we report the weighted mean age of the four grains (50.6 ± 0.5 Ma) and the standard deviation 

(8.6 Ma). The sample from the Tambores Formation (SPA1-3) has eU concentrations between 6.5 and 15 

ppm and cooling ages between 48.9 ±1.7 and 94.9 ± 1.8 Ma with a weighted mean age of 71.1 ± 0.7 and a 

standard deviation of 20.6 Ma. These grains have no clear correlation between age, eU and Rs. We note 

that the large standard deviation for this sample (20.6 Ma, Table 1) possibly indicates a mixed cooling 

signal. 

4.3 Apatite Fission Track Thermochronology 

Nine samples were analyzed for AFT thermochronology: two bedrock samples, five granitic 

clasts and two sandstones (sedimentary bedrock). The AFT data are shown in Table 2 and sample 

locations are shown in Figure 2. All samples pass χ2 test indicating homogeneous populations (e.g., 

Green, 1981; Galbraith, 2005). We report the pooled ages (Ma ± 1σ, Table 2). 

AFT cooling ages range from 40.5 ± 9 Ma to 170 ± 18.4 Ma. The bedrock samples from the 

eastern side of the CD are from an early Paleocene intrusive in the central part of the basin (samples 

SPA1-7 and SPA1-9, Quimal intrusive) (Figure 6). Sample SPA1-9 has an AFT age of 60.2 ± 6.4 Ma and 

sample SPA1-7 of 40.5 ± 9 Ma. The granitic clast from the Purilactis Formation produced and AFT age of 

72.6 ± 13.7 Ma (SPA1-10) whereas the granitic clast from the Barros Arana Formation has an age of 

104.8± 16.6 Ma (SPA1-5). The granitic clasts from the Loma Amarilla Formation shows ages between 

56.7 ± 6.4 Ma (1AT1230FT) and 170.0 ± 18.4 Ma (1AT1450FT). These clasts are ~300 m apart in the 

stratigraphic column. The granitic clast from the Tambores Formation has an age of 77.4 ± 25 Ma (SPA1-

3). The two sedimentary bedrock samples from the Loma Amarilla Formation show one main population. 

Sample 1AT165DZ (95 grains, Figure 7) shows a youngest population of 64 ± 5.1 Ma and sample 

1AT433DZ (100 grains, Figure 7) shows a youngest population of 81.9 ± 8.8 Ma. Two granitic clasts 

have few apatite grains (12 in the sample SPA1-7 and 9 in the sample SPA1-3) and large relative errors 

(40.5 ± 9 Ma and 77.4 ± 25 Ma respectively); nevertheless, both samples passed the chi-square test 

(Table2), so we carefully considered them in our interpretations. 

5. Exhumation of the Eastern Cordillera de Domeyko  

The CD is a thermally complex region owing to the influence of Late Cretaceous to Eocene 

magmatism. Cooling in this region could have been caused by deformation-driven exhumation and/or 

erosion, cooling following magmatism, and/or a decrease in the geothermal gradient. Reheating could 



40 
 

reflect structural or sedimentary burial and/or an increase in the geothermal gradient. In the absence of 

geothermal gradient measurements in the CD, we rely on published ranges for geothermal gradients in 

Andean forearc, magmatic arc, and retroarc regions (Giese, 1994; Rothstein & Manning, 2003). Based on 

this, we assumed a geothermal gradient of 40 °C/km for samples that cooled in the CD before the end of 

magmatism in the region (at ~37 Ma; samples SPA1-3, SPA1-5, SPA1-10, SPA1-14, 1AT1230FT and 

1AT1450FT) or near the Quimal intrusive during its magmatic cooling (SPA1-7 and SPA1-9, Figure 2 

and 6); and a geothermal gradient of 30 °C/km for samples that we know were not close to magmatic 

bodies (SPA1-7 and SPA1-9 after the magmatic cooling of the intrusive and SPA1-6, Figures 2, 5 and 6). 

We assumed that the mean surface temperature for all samples was 20 °C. 

Our new thermochronological data show cooling from Late Cretaceous to Oligocene time. 

Thermochronological ages recorded in the stratigraphic units sampled in this study show both pre-

depositional and post-depositional cooling ages, which indicate a mixed signal including cooling of the 

source terrane, some degree of thermal resetting during burial (or magmatic heating), and subsequent 

basin cooling (by exhumation). Ages and corresponding interpretations are compiled in Table 3, shown in 

the Figures 5, 6 and 7 and discussed below in the context of each section and from higher to lower 

temperature systems. 

5.1 Barros Arana Section 

Three granitic cobbles from the Purilactis, Barros Arana and Tambores formations (~79-73 Ma, 

~73-66 and late Oligocene to early Miocene, respectively) were multi-dated (SPA1-10, SPA1-5, SPA1-3; 

U-Pb, AFT and AHe). The zircon U-Pb ages are all Permian (295.2 ± 2.1 Ma, 288.7 ± 2.3 Ma and 296.3 ± 

2.2 respectively). These ages in the Upper Cretaceous sequence represent erosion of a Permian source 

terrane during deposition. The AFT ages from samples SPA1-10, SPA1-3 and SPA1-5 show cooling 

since at least ~86 Ma and as early as 104.8 ± 16.6 Ma (Figures 5 and 8c). AFT cooling ages of samples 

SPA1-5 and SPA1-3 record exhumation during the Lower or Upper Cretaceous, however, sample SPA1-

10 (located at a lower stratigraphic position), shows cooling during the Upper Cretaceous. The AFT age 

from sample SPA1-10 (72.6 ± 13.7 Ma) indicates a cooling event prior to its deposition in the Purilactis 

Formation which ended at 73 Ma. We interpret this cooling signal to be related to exhumation associated 

with deformation (shortening). This interpretation requires exhumation of at least ~2.5 km (assuming a 

geothermal gradient of 40°C /km) during deposition of the Purilactis Formation.  

Sample SPA1-14 shows cooling during the late Eocene (AHe age, 37.6 ± 0.4 Ma, with a standard 

deviation of 10.4 Ma, Table 1, Figures 2 and 5), which we interpret as exhumation of the Triassic section 

in the eastern basement uplift of the CD (Figure 2). The samples from the upper Cretaceous to Miocene 
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sedimentary sections (SPA1-6, SPA1-10, SPA1-5 and SPA1-3) show progressively younger AHe ages 

from stratigraphically top to bottom (Figure 5) indicating varying degrees of burial heating and 

subsequent basin cooling. The volcanic clast at the base of the Purilactis Formation was thermally reset at 

~32 Ma (AHe age, SPA1-6, with a standard deviation of 4.3 Ma). We interpret this age as cooling driven 

by exhumation and erosion of ~1.6 km (assuming 30°C/km and a mean surface temperature of 20 °C) of 

rocks between ~32 Ma and middle Miocene time when the Tambores Formation accumulated 

unconformably on top of the previously deformed Barros Arana syncline (Figures 2 and 5). The section 

removed to reset the AHe ages is the part of the Purilactis Formation located above the sample (SPA1-6) 

which was later accumulated in the SA basin (Tambores or San Pedro formations). Moreover, in this 

context, we interpret the AHe from the granitic cobble (SPA1-10, 50.6 ± 0.5 Ma, with a standard 

deviation of 8.6 Ma,), located ~1.5 km up-section, to represent a mixed age due to partial resetting after 

deposition. This age further supports cooling due to the exhumation of a Permian source during the Late 

Cretaceous, as suggested by the aforementioned AFT ages. Father east, an AFT age reported by Reiners 

et al., (2015) shows Oligocene cooling (CL23, 29.4 ± 4 Ma, Figure 3). This sample was originally 

interpreted to belong to the Naranja Formation, however, according to the geologic map (Henriquez et al., 

2014), it probably belongs to the Oligo-Miocene San Pedro Formation. If so, the AFT age is older than 

the unit therefore it represents cooling in the source. 

5.2 Quimal Section 

In the Quimal section, two igneous samples from the Quimal intrusive (~66 – 64 Ma, Figure 6) 

were dated with AFT and AHe thermochronology. The AFT ages show cooling at 60.2 ± 6.4 Ma (SPA1-

9) and 40.5 ± 9 Ma (SPA1-7). Sample SPA1-9 has an AFT cooling age within range of the crystallization 

age of the Quimal intrusive, so we interpret this age to represent magmatic cooling. This implies that the 

intrusive had to be emplaced at a depth at least equivalent to the closure temperature for the AFT system 

(~120oC). Sample SPA1-7 has an AFT age within range of the AHe age, suggesting fast cooling through 

the ~120-70oC temperature window. 

AHe ages from samples SPA1-9 and SPA1-7 indicate cooling between 49.4 ± 0.6 Ma (standard 

deviation of 7.9 Ma) and 44.6 ± 0.3 Ma (standard deviation of 6.6 Ma). We interpret these ages to be 

related to exhumation during the middle Eocene. Thus, the AFT (SPA1-7) and AHe data (SPA19 and 

SPA1-7) suggest erosion of ~3.3km of rocks between 50-28 Ma, with at least ~1.6 km of rocks eroded 

between ~50-40 Ma and a maximum of ~1.7 km between ~40 and 28 Ma (assuming a geothermal 

gradient of 30 oC/km and a mean surface temperature of 20 oC). An unconformity beneath Eocene-

Oligocene strata, which rest on top of Triassic to Eocene units both in the axial part of the CD (Calama 

Basin, Figure 1, May et al., 2005) and in the eastern part of the CD (Mpodozis et al., 2005), provides a 
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temporal constraint on the time when the samples reached the surface. Considering this, the AFT (SPA1-

7) and AHe data (SPA19 and SPA1-7) suggest erosion of ~3.3 km of rocks between 50-28 Ma, with at 

least ~1.6 km of rocks eroded between ~50-40 Ma and a maximum of ~1.7 km between ~40 and 28 Ma 

(assuming a geothermal gradient of 30 oC/km and a mean surface temperature of 20 oC). East of the El 

Bordo Escarpment, a sedimentary bedrock sample from the Purilactis Formation   by Reiners et al. (2015) 

shows an AFT cooling age of 27.4 ± 3.4 Ma (CL27; Figures 3 and 6). This cooling age can potentially be 

explained by tectonic exhumation due to the extensional episode proposed for the Oligo-Miocene (e.g., 

Pananont et al., 2004; Rubilar et al., 2017). 

5.3 Loma Amarilla Section 

The distribution of detrital zircon U-Pb ages from the Naranja Formation (AT-NAJ, Figure 4) 

shows a Carboniferous, Jurassic and Upper Cretaceous age peaks (305 Ma, 171 Ma and 73 Ma, Figure 4). 

We interpret the youngest peak (73.7 ± 1 Ma) as the maximum depositional age. Detrital zircon U-Pb data 

of the uppermost sample (1AT433DZ) from the Loma Amarilla Formation shows Permian, Triassic, 

Paleocene and Eocene peaks (296 Ma, 234 Ma, 57 Ma and 42 Ma, Figure 4). The youngest age peak is 

42.4 ± 0.8 Ma (Figure 4, see Section 3.3), suggesting zircon provenance from the Eocene arc. We 

interpret the younger peak as the maximum depositional age for this part of the formation (see Section 

3.2). The U-Pb ages from the Naranja (AT-NAJ) and Loma Amarilla formations (1AT433DZ) show an 

increasing amount of Permian to Triassic zircon ages up-section relative to the amount of Cenozoic ages 

(Figure 4). The exposure of the Permian and Triassic source rocks together with the absence of the 

Jurassic source supports the unroofing signal proposed by Reiners et al. (2015). On the other hand, the 

youngest detrital AFT populations from the basal (64 ± 5.1 Ma, 1AT165FT) and middle (81.9 ± 8.8 Ma, 

1AT433DZ) samples of the Loma Amarilla stratigraphic section indicate cooling of a source located in 

the CD. These cooling signals could be reflecting magmatic cooling or cooling associated with 

exhumation of the CD. The older cooling age signal in the middle part of the section compared to cooling 

age peak in the base of the section can also be explained by the unroofing of a volcanic sequence in the 

CD.  

The AFT ages from the two granitic cobbles from the Loma Amarilla Formation (1AT1230FT 

and 1AT1450FT) indicate cooling at 56.7 ± 6.4 and 170.0 ± 18.4 Ma. These ages are not reset and 

therefore show the cooling age of the source terrane. Sample 1AT1230FT is Triassic in age (zircon U-Pb 

age of 234.7 ± 2.8 Ma). We interpret its AFT age to represent cooling driven by exhumation of at least 

~2.5 km of rocks from the CD (assuming 40°C/km) between Paleocene time and the depositional age of 

the sample 1AT433DZ (42.4 ± 0.8 Ma). Reiners et al. (2015) reported an AFT age (32.9 ± 2.2 Ma, CL28, 

Figure 3) for the base of the Loma Amarilla Formation. The AHe ages reported in the same study for the 
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same formation indicate cooling during the Paleocene and partial resetting during the Miocene (20-22 

Ma). The AFT and the Paleocene AHe ages represent cooling of the source terrane (CD) prior to 32.9 ± 

2.2 Ma, partial resetting due burial and later exhumation during the Miocene. This is likely related to the 

extensional episode during the Oligocene (e.g., Rubilar et al., 2017). 

6. Discussion: Implications for the Behavior of the Orogenic Wedge 

The review of previous and new cooling age data together with previous stratigraphic, 

provenance, geochronologic and geochemical data helps to identify the location, timing and magnitude of 

cooling and exhumation in the western sector of the central Andes since mid-Cretaceous time (Figures 8, 

9; Section 5). Previous studies in the retroarc region of NW Argentina have documented rapid eastward 

propagation of the orogenic wedge at ~40 Ma and high elevations since ca. 38 Ma (DeCelles et al., 2009; 

Canavan et al., 2014; Quade et al, 2015 and DeCelles et al., 2015). One result from our analysis is the 

correlation between times when the locus of exhumation controlled by deformation shifted eastward and 

regional unconformities developed in the CD and SA basin (Figures 8, 9). The new data presented here 

from the western (hinterland) part of the orogenic system show three stages of exhumation at ~86-65 Ma, 

~65-50 Ma and ~50-28 Ma, which we discuss below in the context of Figures 8 and 9.  

The Cretaceous cooling signal is consistent with exhumation and inversion of the Tarapaca 

extensional basin, which started at ~90 Ma (Amilibia et al., 2008). Mpodozis et al. (2005) interpreted the 

upper Cretaceous volcano-sedimentary deposits in the CD to be locally controlled by strike-slip 

deformation coeval with shortening in the retroarc region. Nonetheless, the evidence of late Cretaceous 

deformation in the hinterland is scarce. An unconformity observed at the base of the upper Cretaceous 

volcanic unit indicates that deformation and erosion occurred during the mid-Cretaceous in the Cordillera 

de Domeyko (e.g., Marinovic & Garcia, 1999). Geochemical evidence from the magmatic arc indicates 

crustal thicknesses of ~35 km during the mid-Cretaceous (from Figure 2d in Profeta et al., 2015). Mid-

Cretaceous exhumation has been reported in the Coastal Cordillera (which was in the forearc at that time; 

Maksaev & Zentilli (1999), Juez-Larre et al. (2010), and Reiners et al. (2015); Figures 3, 9a), but the 

amount of erosion has not previously been estimated. Our results suggest ~2.5 km of erosion in the CD 

during the earliest stages in the orogeny. Presumably, exhumation related to this erosion was controlled 

by inversion of high-angle normal faults (in the Tarapaca basin), a process that would have been more 

efficient at exhuming rocks in the absence of substantial horizontal shortening. Given the apparent low 

amount of shortening (even considering the total amount of shortening in the CD), the normal crustal 

thickness (Profeta et al., 2015), the large amount of local exhumation in the CD, and the proximity 

between the arc and the foreland basin (Purilactis Formation in the SA basin), we speculate that flexural 
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subsidence to accommodate ~3 km thick foreland basin deposits required either a large incipient thrust 

belt load or the contribution of additional loading from the arc itself (Figure 9a).  

Between ~65 and ~50 Ma, the orogenic front was located either within the SA basin or east of the 

basin (Figure 9b). The migration of the orogenic front from somewhere in the CD to at least the middle 

part of the SA basin is supported by the presence of a depocenter east of the Cordon de Lila (Figure 2; 

based on interpretations by Arriagada et al., (2006)) and by an angular unconformity in seismic line Z1G-

010 (e.g., Munoz et al., 2002, Arriagada et al., 2006, Jordan et al., 2007). This angular unconformity is 

also seen in the CD between ~22-26 oS (e.g., Muñoz et al., 2002, Cornejo et al., 2003; Charrier et al., 

2007; Figure 9b). Reverse faulting and folding have been documented along the CD and SA basin (e.g., 

Cornejo et al., 2003; Charrier et al., 2007). Considering the approximate position of the frontal thrust at 

that time (Figure 9b), the deformation in the CD was located in the hinterland and therefore corresponds 

to out-of-sequence deformation. As a consequence, the Naranja Formation in the SA basin was deposited 

in a wedge-top depozone within the proximal foreland basin system. Exhumation during this time is 

documented in the western part of the CD (Figures 3 and 8b; Maksaev & Zentilli, (1999) and Reiners et 

al., (2015)) and, according to our results, in the Loma Amarilla Formation (SA basin, Figures 7 and 8c). 

This is the first episode of cooling due to exhumation controlled by a reverse fault that is preserved in the 

CD (Figure 9b, references 2 0 and 21). The only available cooling age to the east is located in the 

easternmost CD and is an AFT age for the Quimal intrusive (CHI-4, 64.9 ± 7.9 Ma, Andriessen & 

Reutter, 1994) (Figure 6). As we argue in Section 5.2, this age is, within error, contemporaneous to the 

crystallization age of the Quimal intrusive and could represent a magmatic cooling age. The sample (a 

cobble) from the Loma Amarilla Formation allows an estimation of ~2.5 km of exhumation from the CD 

between 56.7 ± 6.4 Ma and ~28 Ma (see Section 5.3). Although the magnitude of exhumation between 

~65 and 50 Ma remains unconstrained, the review of new and previous data allows us to identify and 

episode of cooling due to exhumation (not magmatic cooling) before ~50 Ma in the hinterland of the 

central Andean orogenic wedge (Figure 9b, reference 20, 21). Additionally, the crust may have thickened 

from ~35 km to ~40 km (Profeta et al., 2015) during this time. Thus, the contractile deformation, timing 

and location of cooling due to exhumation, and the crustal thickening in the CD suggest a growing 

orogenic wedge. Retroarc foreland basin sedimentation took place in the Altiplano and Puna regions 

during this time (Horton, 2001; DeCelles & Horton, 2003; DeCelles et al., 2011). The presence of a 

foreland basin system in the Puna also suggests that the orogen had widened and propagated eastward by 

Paleocene to early Eocene time. By this time the orogenic wedge was growing by frontal accretion 

(manifested by the eastward propagation of the thrust belt) and by sporadic out-of-sequence deformation 

in the hinterland part of the wedge.  
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Deformation between ~50 and ~40 Ma has been traditionally interpreted as responsible for the 

construction of the central Andes between ~26 and 23o S (e.g., Charrier et al., 2007; Mpodozis et al., 

2005, Bascuñán et al., 2015; Carrapa & DeCelles, 2015). Evidence for shortening during middle Eocene 

time is widely recognized in the central Andes (e.g., Coutand et al., 2001; Horton, 2005; Oncken, et al., 

2006; Ege et al., 2007; Eichelberger et al., 2013; DeCelles et al., 2015; Horton et al., 2015; Zhou et al., 

2016). Geochemical and isotopic signatures suggest that the magmatic arc was forming in a progressively 

thicker crust (from ~40 km at 50 Ma to ~50 km at 40 Ma; Haschke et al. (2002, 2006), Profeta et al. 

(2015)). Important changes in the size of the orogenic wedge took place between ~50 and 28 Ma: by 37 

Ma, magmatism ceased in the CD (e.g., Coira et al., 1993; Haschke et al., 2002), and the thrust belt had 

propagated into the Puna and Eastern Cordillera (Figures 8, 9c). In this context, the CD and SA basin 

transitioned from a location within the east-facing retroarc orogenic wedge, to a hinterland position with 

locally derived sediments accumulating in intermontane basins. Eocene exhumation is recorded in both 

the hinterland region and the frontal orogenic wedge east of our study area (Carrapa et al., 2008). Cooling 

ages older than ~40 Ma generally are found in the forearc whereas ages between ~40 and 28 Ma are found 

both in the forearc and retroarc (e.g., Carrapa & DeCelles, 2015). In the forearc, the axial part of the CD 

experienced 4-5 km of exhumation between 50 and 30 Ma, mostly between 40 and 30 Ma (Maksaev & 

Zentilli, 1999). The locus of exhumation was relocated to the eastern part of the CD (Figures 3, 9c, 

references 13-17). New cooling ages from this study document the exhumation and erosion controlled by 

thrust faulting along the eastern edge of the CD starting at ~50 Ma (Figures 5, 8). There, results from the 

Quimal Section (Section 5.2) support the erosion of ~3.3 km of rocks between 50 and 28 Ma, ~1.6-3.3 km 

between ~50 and 40 Ma, and a maximum of ~1.7 km between 40-28 Ma. Finally, the Cordon de Lila 

(Figure 1) was cooled due to erosion and exhumation at ~38.6 ± 5.6 Ma (AFT age, Figure 2; Andriessen 

& Reutter, 1994) and at ~25 Ma (CL22, Figure 2; average age for three AHe single grain ages from 

Reiners et al., 2015) suggesting ~1.6 km of erosion between ~38.6± 5.6 and 25 Ma and ~1.6 km after ~25 

Ma (assuming a geothermal gradient of 30 oC/km and a mean surface temperature of 20oC). Additional 

exhumation due to thrusting along the eastern edge of the CD is recorded in the Barros Arana Syncline, 

where ~1.6 km of rocks had to be removed between ~32 Ma and the Miocene (See Section 5.1). 

Exhumation data between ~50 and 40 Ma agree with the onset of the orogenic constructional phase 

proposed by Oncken et al. (2006) and correlate with an increase in convergence rates (Figure 8a) and the 

angular unconformity (directly to the east) between the Naranja and Loma Amarilla Formations. 

Although rapid exhumation and erosion due to internal shortening in the eastern part of the CD were 

occurring between ~50 and 28 Ma, the amount of shortening in the hinterland (CD and SA basin) was 

limited to < 40 km (e.g., Amilibia et al., 2008). Haschke & Gunther (2003) estimated that shortening in 

the central part of the CD (~9 km) can explain up to 70% of the crustal thickness gained during this time 
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and suggested that magmatic additions can account for the remaining 30%. If local shortening is unable to 

explain the crustal thickness, then other mechanisms should be considered. One of them is underplated 

material eroded from the forearc (e.g., Von Huene et al., 1991; Haxel et al., 2015). Another option is basal 

accretion in the form of duplexes below the hinterland, which is able to balance the shortening in the 

frontal thrust belt (e.g., DeCelles et al., 2015). This period of increased exhumation and continuous 

crustal thickening preceded the propagation of the orogenic front into the Puna and Eastern Cordillera and 

supports previous interpretations of a subcritical state and therefore unsteady growth of the central Andes 

during this time (Carrapa & DeCelles, 2015), either by frontal and/or basal accretion. 

Oligo-Miocene to recent exhumation is not recorded by low-temperature thermochronometers 

used in this study. Partially reset ages from the Loma Amarilla Formation support cooling due to the 

erosion of ~1.5-3 km of rocks (Reiners et al., 2015; Figure 7) during the Miocene, which is probably 

related to the Oligo-Miocene extensional episode (e.g., Rubilar et al., 2017). The lack of fully reset ages 

since the Oligocene supports limited erosion consistent with a dry climate and high regional elevation 

since mid-Miocene (Canavan et al., 2014; Quade et al., 2015). During this time, rapid exhumation, thrust 

faulting and wedge-top deposits were mostly confined to the Eastern Cordillera (Carrapa & DeCelles et 

al., 2015 and references therein).  

7. Conclusions 

New apatite fission track and apatite (U-Th)/He data from upper Cretaceous to Eocene 

sedimentary rocks in the modern forearc region of the central Andes show Cretaceous to Oligocene 

cooling ages. We interpret the Late Cretaceous and younger ages to be the result of exhumation 

associated with major contractional deformation in the Cordillera de Domeyko in the early Andean 

retroarc thrust belt.  

Cooling and exhumation could have started as early as~86 Ma and migrated eastward from the 

Coastal Cordillera and western part of the Cordillera de Domeyko to the eastern Cordillera de Domeyko 

and Salar de Atacama basin by ~ 65 Ma. Bedrock samples from the Cordillera de Domeyko thrust belt 

show cooling during the Paleocene and Eocene. Granite clasts from foreland basin conglomerates record 

cooling of the source terrane during the Late Cretaceous and Paleocene as well as a later Eocene 

exhumation of the thrust belt. 

Based on the cooling ages and regional angular unconformities, three periods of exhumation are 

identified: ~86-65 Ma, ~65-50 Ma, 50-28 Ma. We estimate that between ~2.5 and 3.3 km of erosion 

above major structures took place during these periods. Although exhumation during the Late Cretaceous 

is still poorly constrained, our results indicate that at least ~2.5 km of rocks were eroded away (at least 
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locally) during this time. Exhumation after ~65 Ma is related to specific thrust fronts in the CD and 

corresponds to out-of-sequence deformation within the orogenic wedge.  

Two angular unconformities in the Salar de Atacama basin at ~65 Ma and between ~50 and ~40 

Ma are interpreted to be related to deformation and eastward propagation of the orogenic front. These 

deformation events progressively widened the orogen, relocating the orogenic front farther east of the 

magmatic arc. Results of this study provide support for models invoking shortening and orogenic growth 

of the Andean Cordillera since the Late Cretaceous, with an active continental arc, a retroarc thrust belt, 

and a foreland basin. 
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Figure A 1 Geologic map of the forearc (Modified from Servicio Nacional de Geología y Minería, 

(2003)).  The map shows the distribution of upper Cretaceous to early Miocene rocks, main structures and 

the location of previous and new thermochronological data. Inset: A, Altiplano plateau; P, Puna Plateau; 

EC, Eastern Cordillera; SA, Subandean ranges. 
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Figure A 2  Geologic map of the El Bordo Escarpment.  The eastern edge of the Cordillera de Domeyko 

and western edge of the Salar de Atacama basin (Based on Arriagada, (1999)); and the stratigraphic units 

(Based on Mpodozis et al., (2005) and Jordan et al., (2007)). In both parts of the figure, we show the 

location and type of samples included in this study. 
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Figure A 3  Isochron map based on previous AFT bedrock ages.  Plot showing the previous AFT and 

AHe data form clasts and igneous and sedimentary bedrock samples. The six labeled samples (CHI-3, 

CHI-4, CL22, CL23, CL27, and CL28) are discussed in the text. 



59 
 

 

Figure A 4 U-Pb detrital zircon ages for the Naranja and Loma Amarilla Formations.  The youngest peak 

for the Naranja Formation is 73.7 ± 1 Ma (38 grains), while the youngest peak for the Loma Amarilla 

Formation is 42.4 ± 0.8 Ma (14 grains). 

  



60 
 

 

Figure A 5 Thermochronological results for the Barros Arana section.  The trace of the section is shown 

in the figure 2. a) Plot of AFT, AHe, crystallization and/or depositional age for each sample. The “Reset 

zone” separates cooling ages younger than the deposit, therefore, they reflect a cooling event after a 

reheating episode that reset the previous cooling signal. Conversely, the cooling ages in the “No reset – 

partially reset zone” show the cooling signal pre-deposition of the clast, i.e., the cooling history of the 

source. b) Schematic section showing the location of the samples. Based on interpretations of Arriagada 

et al. (2006) and Jordan et al. (2007). 
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Figure A 6 Thermochronological results for Quimal section.  The trace of the section is shown in the 

figure 2. a) Plot of AFT, AHe and crystallization age for basement samples. b) Schematic section 

showing the location of the samples. Modified from Arriagada et al. (2006).  
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Figure A 7 Thermochronological results for the Loma Amarilla section.  The trace of the section is 

shown in the figure 2. a) Plot of AFT, AHe, crystallization and/or depositional age for each clast analyzed 

from the Loma Amarilla Fm. The “Reset zone” separates cooling ages younger than the deposit, 

therefore, they reflect a cooling event after a reheating episode that reset the previous cooling signal. 

Conversely, the cooling ages in the “No reset – partially reset zone” show the cooling signal pre-

deposition of the clast, i.e., the cooling history of the source. b) Schematic section showing the location of 

the samples. Samples from Reiners et al., (2015) are located in the same relative positions both in the plot 

and in the EW section. c) Density plot and younger age pick for the two sedimentary bedrock samples. 

(96 grains for the sample 1AT165FT and 100 grains for the sample 1AT433DZ). Density plots made 

using the software DensityPlotter (Vermeesch, 2009) which found one population in each sample.  
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Figure A 8 The figure summarizes local and regional processes in the Andes between 22 - 24°S.  a) 

Convergence rates from Pardo Casas & Molnar, (1987) and Soler & Bonhomme (1990). b) AFT ages 

(Andriessen & Reutter,1994; Maksaev & Zentilli, 1999; and Reiners et al., 2015) and AHe ages from this 

work. To avoid possible cooling signal due to magmatism, only AFT ages (plus analytical error) 10 Ma or 

younger than the corresponding crystallization age were plotted. The previous AHe ages were not 

included because of the age dispersion within each sample and without a single cooling history or 

meaning for them. Additionally, this graph contains the possible location of the cobble samples (from the 

basin) in the source area (Cordillera de Domeyko). c) Stratigraphic section for the Salar de Atacama basin 

(after Wilkes & Gorler, (1994); Mpodozis et al., (2005), Bascuñán et al., (2015)) and cooling ages from 

this work. Ng: Neogene deposits, SP: San Pedro and Tambores Formations, LA: Loma Amarilla 

Formation, N: Naranja Formation, CT: Cerro Totola Formation, BA: Barros Arana Formation, P: 
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Purilactis Formation, T: Tonel Formation. The horizontal arrows show times when the deformation front 

migrated to the east and their relative position with respect to the CD and Salar de Atacama basin.  

 

 

Figure A 9  Schematic regional cross-sections through the western central Andes  showing proposed 

kinematic history as constrained by thermochronological data, unconformities, sedimentary provenance 

data, growth structures, and magmatism, based on this study and the references (denoted by numbered 

boxes) listed in Table S2 in Supporting Information. Different colors are used to distinguish different ages 

of volcano-sedimentary units. 
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Figure A 10 Supporting information. Weighted average 238U/206Pb age distributions of zircons from the 

sample 1AT1230FT, a granitic clast from the Loma Amarilla Formation. Uncertainties are 2s. 
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Figure A 11 Supporting information. Weighted average 238U/206Pb age distributions of zircons from the 

sample SPA1-3, a granitic clast from the Tambores Formation.  
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Figure A 12 Supporting information. Weighted average 238U/206Pb age distributions of zircons from the 

sample SPA1-5, a granitic clast from the Barros Arana Formation.  
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Figure A 13 Supporting information. Weighted average 238U/206Pb age distributions of zircons 

from the sample SPA1-10, a granitic clast from the Purilactis Formation. Uncertainties  
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Figure A 14 Supporting information. Plot of the AHe ages (Corrected age, [Ma]) and the 

effective uranium concentration (eU, [ppm]). Values form the Table 1 in the main text.  
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Figure A 15 Supporting information. Plot of the AHe ages (Corrected age, [Ma]) and the equivalent 

spherical radius (Rs, [mm]). Values form the Table 1 in the main text.  
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Table A 1 Apatite (U-Th)/He data (Continued). 
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Table A 1 Apatite (U-Th)/He data. 
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Table A 2 Apatite fission track data. 
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Table A 3  Summary of the new geochronologic and thermochronologic ages. 
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Table A 4 Supporting information. U-Pb data for samples AT-NAJ, 1AT433, 1AT1230FT, 

SPA1-3, SPA1-5 and SPA1-10 (Continued).
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Table A 4 Supporting information. U-Pb data for samples AT-NAJ, 1AT433, 1AT1230FT, SPA1-3, 

SPA1-5 and SPA1-10 (Continued) 
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Table A 4 Supporting information. U-Pb data for samples AT-NAJ, 1AT433, 1AT1230FT, SPA1-3, 

SPA1-5 and SPA1-10 (Continued). 
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Table A 4 Supporting information. U-Pb data for samples AT-NAJ, 1AT433, 1AT1230FT, SPA1-3, 

SPA1-5 and SPA1-10 (Continued). 
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Table A 4 Supporting information. U-Pb data for samples AT-NAJ, 1AT433, 1AT1230FT, SPA1-3, 

SPA1-5 and SPA1-10 
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Table A 5 Supporting information. List of observations and references that accompany Figure 9 in the 

main text. 
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Abstract 

The Puna Plateau is part of the larger Central Andean plateau and contains some of the thickest 

crust on Earth. Understanding the formation of the Andean Plateau requires a thorough examination of the 

deformation mechanisms, the timing and the conditions required to explain its structural and tectonic 

evolution. Several studies have shown that inherited structures from pre-Andean events have exerted 

different amounts of control over the subsequent structural evolution of the orogen. In the Puna Plateau, 

two shortening events have been proposed to be responsible for the first order structural characteristics of 

the region, a Paleozoic event and the Cenozoic event responsible for the Andean Orogeny. These two 

superimposed shortening events challenge the understanding of the kinematic development of the Andean 

thrust belt in the Puna Plateau. In order to elucidate the deformation history of the Puna Plateau, we focus 

on answering three questions: What are the deformation mechanisms? What is a possible stain-

progression for the structures? And how much exhumation is associated with the Andean thrust belt? To 

answer these questions, we combine detailed observations of the structures across the Puna Plateau with 

low-temperature thermochronology (apatite fission track and apatite (U-Th)/He) to constrain the amount 

of exhumation in the hangingwall of specific structures. Our results indicate that strain progression 

observed in the basement units requires a least four phases of deformation, one of them responsible for 

flattening structures producing cleavage systematically observed across the Puna Plateau. However, the 

Andean shortening during the Cenozoic is unlikely able to explain this flattening event, especially in the 

western side of the plateau where pre-Andean cooling ages demonstrate limited exhumation in the 

Andean thrust belt. On the other hand, the exhumation history shows a middle Eocene to Oligocene time 

for the Andean thrusting supporting an overall continuous development of the Puna Plateau and thrust 

belt since the early Cenozoic. 

mailto:susanahg@email.arizona.edu
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1. Introduction  

Retroarc thrust belts record the dynamics of orogens along convergent plate margins (e.g., Willet, 

1992; Tavani et al., 2014; Yonkee and Weil, 2015).  Analyzing the kinematic evolution of structures is 

fundamental to determining the evolution of the thrust belt. This includes studying the strain and 

mechanisms of deformation operating at different times and scales. In the central Andes, the thrust belt 

includes the Andean Plateau, a >3600 m km high region (e.g., Isacks, 1988) that sits on a zone of crust up 

to 70 km thick (James,1971, Yuan et al., 2000, Rivadeneyra‐Vera et al., 2019) in the hinterland of the 

orogen. Two main regions are differentiated within the Central Andean Plateau: the northern segment or 

Altiplano, which encompasses the Altiplano basin and part of the Eastern Cordillera thrust system; and 

the southern segment (south of 21 °S) or the Puna Plateau, which consists of a thrust belt system and 

several intermontane basins. Folds and thrust faults are the dominant structures across the plateau. These 

structures have been attributed to two major shortening events during Paleozoic and Cenozoic times (e.g., 

Kley et al., 1997; Muller et al., 2002).  

The Ordovician is the thickest stratigraphic unit within the basement of the Altiplano (up to 8-9 

km total thickness; Kley et al., 1997) and the only basement unit in the northern Puna Plateau (up to 7 km 

total thickness; e.g., Bahlburg, 1991; Moya, 2015); thus, the compressional structures are preferentially 

observed as intraformational deformation within Ordovician strata (e.g., McQuarrie, 2002, Muller et al., 

2002). A key structural feature observed in this intraformational deformation is the development of 

cleavage. K-Ar ages from synkinematic illites and fluid inclusion data (Jacobshagen et al., 2002) in the 

southeast part of the Altiplano suggest that most of the cleavage and folding is Carboniferous-Permian in 

age. Nonetheless, highly strained domains with pervasive cleavage have been spatially correlated with 

Cenozoic-age structures and therefore some cleavage development could be the result of progressive 

deformation during the Andean Cenozoic event (McQuarrie and Davis, 2002). We use the term “Andean 

deformation” to refer to the Cenozoic-age deformation, even though the Andean deformation started 

during the Late Cretaceous (e.g., Cobbold and Rosello, 2003; Mpodozis et al., 2005; Arriagada et al., 

2006; Cobbold et al., 2007). These contrasting observations raise questions about the strain progression 

and the mechanism for cleavage development and overall deformation in the Puna Plateau.  

The purpose of this contribution is to analyze the details of the deformation in the northern Puna 

Plateau in order to examine the kinematic and strain continuity along the region. In order to understand 

the structural mechanisms operating at regional scale, it is necessary to first understand the dominant 

mechanism at outcrop scale within individual thrust sheets and structures. We hypothesize that the strain 

and exhumation history during the Andean deformation in the northern Puna Plateau is not able to fully 

explain the strain progression in the Ordovician basement. To test this hypothesis, we characterize the 
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deformation at outcrop scale and document the distribution of strain across Ordovician ranges, investigate 

the origin of the cleavage development, describe the Cenozoic deformation in the Andean basins, and 

document cooling and exhumation in the Andean thrust belt. By integrating strain observations with the 

exhumation history in the basement uplifts, this study provides kinematic constraints for the deformation 

in the region. In this paper, we show that the progressive deformation of the Ordovician strata requires at 

least four phases of deformation, two pre-Andean phases which produced upright folding and flattening 

through cleavage formation; and two later phases that could be Cenozoic in age and which produced low-

angle faulting with vertical extension and rotations through simple shear. Moreover, this study shows that 

there is no spatial correlation between highly strained domains and the amount of Andean exhumation or 

adjacent Andean deformation; and that shortening, exhumation, and erosion occurred in the northern Puna 

Plateau mainly between the middle Eocene (ca. 45-40 Ma) and the Oligocene (ca. 25 Ma) due to the 

forward propagation of the thrust front. 

2. Geologic Setting 

The modern Andean retroarc thrust belt in the Central Andes records the growth of the Andes by 

shortening and thickening due to the eastward propagation of the orogenic belt during the Cenozoic (e.g., 

Isacks, 1988; Allmendinger et al., 1997; McQuarrie, 2002; Kley, 1996; Oncken et al., 2006, DeCelles et 

al., 2011; 2015). The central Andean retroarc region between 18 and 25 °S is divided into five 

tectonomorphic zones (Figure 1) that from west to east are: (1) The Western Cordillera, (2) the Andean 

Plateau, (3) the Eastern Cordillera, (4) the Interandean zone and (5) the Subandean and Santa Barbara 

ranges. 

The Western Cordillera is composed of the Neogene to Recent volcanic arc with high volcanic 

peaks that reach ca. 6000 m a.s.l. The Central Andean Plateau is a high (>3800 m a.s.l.) and relatively flat 

zone in the hinterland that sits above a crust 60-70 km thick (e.g., Beck et al., 2002). It includes two 

regions: the Altiplano and the Puna Plateau. The Altiplano is an internally drained basin at ca. 3800 m 

elevation that records sedimentation since the Paleocene (e.g., Horton, 2005). Its southern part was 

deformed during late Oligocene to Miocene time (Elger et al., 2005). South of 22 °S, the Puna Plateau has 

a more rugged topography formed by a series of ranges that separate small internally drained basins; base 

level is at ca. 4200 m (Isacks, 1988; Allmendinger et al., 1997; Coutand et al., 2001; Strecker et al., 

1997). Puna Plateau geology is dominated by Ordovician sedimentary and igneous rocks, with Cenozoic 

sedimentary rocks and Miocene volcanic rocks along its western edge. The Eastern Cordillera is the 

highest part of the thrust belt, reaching ca. 6500 m. It is an externally drained region that accommodates 

significant shortening in a doubly-vergent thin-skinned fold-thrust belt developed between late Eocene 
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and Oligocene time (e.g., McQuarrie, 2002; Muller et al., 2002; Ehlers et al., 2008; Anderson et al., 

2018). It exposes mainly Cambrian to Silurian sediments locally covered by Mesozoic and Cenozoic 

deposits. South of 22 °S, this high region transitions to a bivergent Miocene thrust belt (Kley and 

Monaldi, 2002; Kley, 2005) that exposes Proterozoic to Mesozoic rocks in the western side and a thin-

skinned fold-thrust belt that comprises Silurian to Mesozoic sedimentary units in the eastern side. 

Topographically, it shows an eastward decrease in elevations from ca. 4000 to 2000 m. that has been 

related to changes in the deep structure (e.g., McQuarrie, 2002). Finally, in the frontal ranges, the 

Subandean zone is a thin-skinned fold-thrust belt composed of Carboniferous through Cenozoic 

sedimentary rocks. It was formed in the last 10 Ma (e.g., McQuarrie 2002; Echavarria et al., 2003; 

Reynolds et al.2001; Barnes et al., 2008; Hernandez and Echevarria, 2009; Anderson et al., 2018). To the 

south, the Subandean ranges transition to the Santa Barbara ranges where upper Cambrian to Devonian, 

Cretaceous and Cenozoic rocks are uplifted and deformed by east-dipping reverse faults (Kley and 

Monaldi, 2002). 

2.1 Stratigraphy 

The stratigraphic record in the northern Puna Plateau spans from the Ordovician until the 

Cenozoic. Three main periods of sedimentation during the Ordovician, Cretaceous and the Cenozoic 

characterize the stratigraphic record and are described below. 

2.1.1 Ordovician 

The total stratigraphic thickness of Ordovician rocks in the Puna is ca. 7000 m (Bahlburg, 1991); 

however, there is not a single location where all units and stratigraphic relations are continuously 

exposed. We follow here the stratigraphy proposed by Bahlburg (1991) and presented by Moya (2015) for 

Ordovician rocks in northwestern Argentina. The Ordovician includes three unconformity-bound units 

that are referred to as the Complejo de Plataforma de la Puna (CPP), a volcaniclastic sequence, and the 

Complejo Turbiditico de la Puna (CTP) (Figures 2 and 3). The Complejo de Plataforma de la Puna (CPP) 

is mainly composed of the Cobres Group, a 2000 m thick transgressive quartzite and shale sequence 

exposed in the Cobres Range. The volcaniclastic sequence includes the Aguada de la Perdiz and Chiquero 

Formations. The Aguada de la Perdiz Formation is ca. 3800 m thick and accumulated in subaerial 

(volcaniclastic) to turbiditic environments. The Chiquero Formation crops out in the Cobres Range and 

consists of wackestones, quartzites, and pelites (Kirschbaum et al., 2006). The last Ordovician unit, the 

Complejo Turbiditico de la Puna, is a ca. 3500 m thick succession of turbidites that accumulated in a 

basin in the western Puna. It consists of lower and upper units. The lower unit is a ca. 2700 m thick 

succession of fine- to medium- grained sandy turbidites. The upper unit is a 920 m thick marine 
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succession of sandy to silty turbidites, shales and occasional coarse sandstones, gravels and 

conglomerates (Falda Cienaga and Lina Formations, Bahlburg, 1991).  

The Ordovician units have been affected by low-grade metamorphism (Jacobshagen et al., 2002). 

During Ordovician time, two magmatic arcs developed: the Complejo Igneo y Sedimentario Cordon de 

Lila in the forearc (CISL, Furongian-Tremadocian, e.g., Niemeyer, 1989), and the Faja Eruptiva de la 

Puna Oriental in what is now the Puna region. According to Bahlburg et al. (2016), this magmatic event 

produced a N-S belt that extends for ca. 400 km and includes two phases: one of middle Ordovician age 

(480 - 460 Ma) followed by a second and main event during the late Ordovician (453 - 444 Ma), possibly 

linked to the Oclóyic orogeny. 

2.1.2 Cretaceous 

Up to 6000 m of sedimentary rocks, referred to as the Salta Group, accumulated in the 

intracratonic Salta Rift. The Salta Group consists of the Pirgua, Balbuena, and Santa Barbara Subgroups 

(Salfity and Marquillas, 1994), which divide formations controlled by normal faulting and two interpreted 

episodes of thermal subsidence (e.g. Welsink et al., 1995). In the northern Puna, the Cretaceous strata 

crop out mainly in the Tres Cruces depocenter located in the transition from the Puna to the Eastern 

Cordillera. The Pirgua Subgroup consists of a succession up to 4 km thick of red conglomerate, siltstone, 

sandstone and volcanic rocks (e.g., Marquillas et al, 2005) of Neocomian to lower Maastrichtian age. The 

Pirgua Subgroup was deposited over a gentle unconformity (e.g., Salfity and Marquillas, 1994; Kley, 

2005) during the syn-rift phase of the Salta Rift (e.g., Grier et al., 1991). The Balbuena Subgroup consists 

of 400-500 m of limestone, fine- to medium-grained, calcareous sandstone, and coarse-grained oolitic 

grainstone accumulated during the Maastrichtian to early Paleocene in fluvio-lacustrine to marine 

environments (e.g., Marquillas et al., 2005). These units were deposited conformably above the Pirgua 

Subgroup and have a regional distribution that has been interpreted to indicate thermal subsidence (e.g., 

Salfity and Marquillas, 1994). The Balbuena Subgroup consists of ca. 250 m of limestone and calcareous 

sandstone of the Lecho and Yacoraite Formations. These formations are of Maastrichtian age and provide 

a structural marker across the region.  

2.1.3 Cenozoic 

The Lower Cenozoic stratigraphy includes three formations that constitute the Santa Barbara 

Subgroup of the Salta Group. These are the Mealla, Maiz Gordo, and Lumbrera Formations. According to 

Marquillas et al. (2005), the Mealla Formation consists of 100-150 m of fine-grained sandstone and red 

siltstone with calcareous nodules; the Maiz Gordo Formation consists of 200-250 m of coarse- to fine-
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grained sandstone; and the Lumbrera Formation is 400-450 m of red sandstone, siltstone, and mudstone, 

with intercalations of dark green to grey claystone and stromatolitic limestone. Del Papa and Salfity 

(1999) defined a late Paleocene-Selandian age for the Mealla Formation; a latest Paleocene to Early 

Eocene age for the Maíz Gordo Formation, and middle to late Eocene age for the Lumbrera Formation. 

Additionally, del Papa et al. (2010) reported a U-Pb age of 39.9 ± 0.4 Ma for a tuff intercalated at the top 

of the Upper Lumbrera Formation. Originally, these units were interpreted as the results of a second 

episode of thermal subsidence in the Salta Rift (e.g., Salfity and Marquillas, 1994; Marquillas et al., 2005; 

Starck, 2013). However, DeCelles et al. (2011) documented an extremely mature sequence of compound 

paleosols, typically 50–100 m thick, in the Maiz Gordo and Lumbrera Formation, which represents a zone 

of intense stratigraphic condensation over a period of ca. 10–15 Ma throughout all of northwestern 

Argentina; an equivalent paleosol zone is present in Bolivia (DeCelles and Horton, 2003; Horton, 2005). 

The paleosol disconformity is interpreted to be the result of forebulge migration through this part of the 

Andes, with foredeep and wedge-top deposits above the paleosols support the eastward migration of a 

foreland basin system during the Cenozoic (e.g., DeCelles and Horton, 2003; DeCelles et al., 2011). 

Above the Lumbrera Formation, the stratigraphic record can be divided into three main 

successions: the Quebrada de Los Colorados Formation (and its equivalents), Rio Grande Formation (and 

its equivalents), and the Jujuy Subgroup. The Quebrada de Los Colorados Formation is an upward 

coarsening succession that starts with fine-grained sandstone and varies to sandstone and conglomeratic 

sandstone interbedded with red siltstone (e.g., DeCelles et al., 2011; Montero-Lopez et al., 2018). This 

unit crops out from the Susques area to the east, with ca. 860 m measured in the Tres Cruces area (Boll 

and Hernandez, 1986). The fossil content (Bond and Lopez, 1995; Montero-Lopez et al., 2018; Hongn et 

al., 2007) indicates a middle Eocene age. A maximum depositional age of 37.6 ± 1.2 Ma was determined 

using U-Pb analysis in detrital zircons (Carrapa et al., 2012). The Rio Grande Formation is a nonmarine 

succession composed of 3000 – 4200 m of eolian and fluvial sandstone and conglomerate (Starck and 

Vergani, 1996; Countand et al., 2006; Siks and Horton 2011). Siks and Horton, (2011) reported 40Ar/39Ar 

analyses of five ashfall tuffs with a modest degree of reworking in the Cianzo area which yielded 

weighted mean ages between 16.34 ± 0.6 Ma and 9.69 ± 1 Ma. Carrapa et al. (2012) reported youngest U-

Pb detrital zircon ages establishing a maximum depositional age of 21.4 ± 0.7 Ma for the equivalent 

Angastaco Formation. Carrapa et al. (2012) considered that this formation was deposited from ca. 21 to 

ca. 9 Ma. These early to mid-Miocene units were deposited in the foredeep and wedge-top parts of the 

foreland basin system (DeCelles et al., 2001; Carrapa et al., 2012). The Jujuy Group includes the Pisungo 

and Sijes Formations which crop out in the Tres Cruces and Cianzo areas. The Pisungo Formation is 2000 

m thick in the Tres Cruces area (Boll and Hernandez, 1986) and 1600 m thick in the Cianzo area (Siks 
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and Horton, 2011). The Pisungo Formation consists of a succession of poorly consolidated conglomerate 

that accumulated in proximal alluvial fans on the flanks of growing structures (Siks and Horton, 2011). In 

the Tres Cruces area, the Sijes Formations is a 200 m thick pyroclastic unit (Turner, 1960) composed of 

tuff with minor intercalations of fine- to coarse-grained sandstone covered by dacites dated at 12 ± 2 Ma 

by K-Ar on whole rock (Coira, 1979). In the Cianzo area, the Pisungo Formation was deposited after ca. 9 

Ma (Siks and Horton, 2011). Sedimentation continued during the Plio- Pleistocene in the northern Puna 

region. In the Tres Cruces area, Streit (2017) documented a 120-m-thick sequence of clast-supported 

conglomerate, siltstone, and fine- to medium-grained sandstone. Ashes at the base and top of the sequence 

yielded U-Pb zircon ages of 3.74 ± 0.04 Ma and 0.80 ± 0.02 Ma, respectively (Streit, 2017).  

2.2 Structure 

Three main periods of deformation have characterized the evolution of the northern Puna plateau: 

a series of Paleozoic shortening events, an Early Cretaceous rifting event, and a Cenozoic shortening 

event that characterized the Andean orogeny.  

2.2.1 Pre-Andean Deformation 

Six unconformities have been documented and related to tectonic events between the Proterozoic 

and Paleozoic (Tilcara, Iruyican, Tumbaya, Guandacol, Ocloyic, and Chanic; Moya, 2015). Many have 

related the deformation within the Ordovician section to the Ocloyic orogeny (e.g., Turner and Mendez, 

1979; Bahlburg et al., 1990; Coira et al., 1982; Thomas and Astini, 2007). Moya (2015) pointed out that 

the Ocloyic unconformity is mainly erosive, due to a prolonged depositional hiatus, and therefore 

represents a time of uplift and erosion not necessarily associated with an orogenic event; instead, Moya 

(2015) suggested the unconformity could have resulted from isostatic uplift following the Ordovician 

glaciation. This observation is relevant for analyzing specific deformation fabrics and their relationship to 

deformation events. 

The deformation in the Ordovician section is characterized by open to tight upright folds with N-

S to NNE-SSW trending fold axes accompanied by slaty cleavage and foliation (e.g., Claduohos et al., 

1994; Muller et al., 2002). These characteristics reveal the deformation history of the Ordovician strata 

and define three specific conditions: pressure and temperature conditions for producing low-grade 

metamorphism, deformation and erosion that leads to the low angular unconformity with the Cretaceous 

strata (and the conformity between Jurassic and Devonian rocks to the east in the Eastern Cordillera, 

McQuarrie, 2002), and the conditions needed for development of folding and slaty cleavage. Structural 

and geothermometric constraints have been used to propose three contrasting deformation histories: 
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1) Upper Paleozoic low-grade metamorphism, cleavage, and folding. Vitrinite reflectance, 

infrared spectroscopy of organic matter, illite crystallinity, and fluid inclusion analyses were performed 

by Jacobshagen et al. (2002) along a transect at ca. 21 °S. Their results show that: 1) K-Ar ages on 

synkinematically grown illites in the Ordovician rocks point to a late Carboniferous age (310–290 Ma); 2) 

fluid inclusion and vitrinite reflectance indicate temperatures ranging between ca. 260 and ca. 330 °C; and 

3) a westward increase in thermal maturity in the upper Carboniferous of the Eastern Cordillera 

(transition zone). These geothermometric results indicate an early Permian age (Hernicyan age) for the 

heating event responsible for the folding and slaty cleavage.  

2) Paleozoic low-grade metamorphism and cleavage and Cenozoic folding. Muller et al. (2002) 

argued that the contact between the deformed Ordovician section and the non-foliated Cretaceous units is, 

in most cases, a low-angle unconformity and the subvertical slaty cleavage is observed in both folded and 

flat-lying Ordovician rocks. Therefore, Muller et al. (2002) suggested that even though the Ordovician 

section had to be buried to 3-7 km depth during peak metamorphism and cleavage formation in late 

Carboniferous time (based on synkinematic illite ages of Jacobsen et al., 2002), the pre-Cretaceous 

folding seems to be moderate or localized. 

3) Cenozoic cleavage and folding. McQuarrie (2002) observed both highly strained domains and 

unstrained domains in Paleozoic rocks of Bolivia. The highly strained domains are mainly in the cores of 

folds and fault zones, whereas the unstrained domains occur along sections of strata that are structural 

flats. Additionally, the presence of deformed Jurassic rocks in the area which rest conformably above 

Devonian rocks to the east indicate that the small-scale structures are in fact Andean. McQuarrie and 

Davis (2002) documented flexural slip folding, fold flattening, late-stage vertical stretching, and latest 

stage kink and large offset faults. They proposed a strain progression from: 1) co-axial strain or pure 

shear, to: 2) flattening with negative dilatation (cleavage formation), and: 3) vertical stretching with 

horizontal shortening along low-angle faults. Thus, the folding, faulting and cleavage are results of 

progressive deformation in the Andean thrust belt and not Ordovician as has been suggested for other 

parts of the thrust belt (e.g., Turner and Mendez, 1975; Mon and Hongn, 1991; Kley and Reinhardt, 1994; 

Mon and Salfity, 1995). 

During the Early Cretaceous, the Salta Rift produced normal faults that controlled three main 

depocenters (e.g., Starck et al., 2013).  The N-S trending Tres Cruces depocenter (Figure 2) in the 

northern Puna is strongly deformed by Andean deformation, but few normal faults were recognized and 

described by Monaldi et al. (2008). These authors documented EW-oriented half-grabens, rollover 

anticlines, and extensional fault-propagation folds. These structures are exposed along the eastern side of 
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the basin where later erosion has exposed the structures. To the west, north- and east-striking Cretaceous 

faults were reactivated, but the border of the basin is not precisely defined due to discontinuous exposure 

of Cretaceous strata.   

2.2.2 Andean Deformation 

Several ranges controlled by high-angle reverse faults expose the Ordovician section and are 

associated with Cenozoic depocenters. At the surface, the high-angle reverse faults dip more than 60°, 

strike N-S to NNE-SSW, and do not show a preferred vergence (e.g., Coutand et al., 2001). Faults that 

strike NNE-SSW across the Puna seem to have acted as transfer zones (Coutand et al., 2001). The 

depocenters and faults limiting the Ordovician ranges show unequivocal Cenozoic deformation. These 

depocenters are referred to as the Olaroz, Salinas Grandes, and Tres Cruces depocenters. The last two 

have been studied combining surface observations with seismic reflection profiles and interpreted to be 

the results of late Eocene to Quaternary shortening (Coutand et al., 1999, 2001; Steinmetz et al., 2015). 

The Tres Cruces depocenter has an overall footwall syncline geometry controlled by an east-verging 

thrust fault along its western border (Coutand, et al., 2001) and preserves evidence of early Cretaceous 

extensional faults and tectonic inversion (Coutand et al., 2001; Kley, 2005; Monaldi et al., 2008). 

Kinematic analyses of the Cenozoic faults (Marrett et al., 1994; Claduohos et al., 1994; Coutand et al., 

2001) have shown shortening axes on average N110 (Coutand et al., 2001) and N120 ± 20° (Claduohos et 

al., 1994) with subvertical stretching axes. The shortening direction is perpendicular to the main thrust 

faults (Coutand et al., 2001). This deformation was Miocene to Pliocene in age at ca. 21°S (Claduohos et 

al., 1994), while growth strata and the basin burial and uplift histories indicate a late Eocene age for the 

onset of shortening between 23 and 25°S (Coutand et al., 2001). At 21°S, a second episode of 

deformation after ca. 9 Ma was documented based on horizontal extension, strike-slip faults, and ENE-

WSW to vertical shortening (Cladouhos et al., 1994; Marrett et al., 1994), indicating diverse late Miocene 

to Quaternary strain orientations. The difference between the principal shortening axes and the 

convergence vector has been related to a strong Paleozoic structural inheritance (Marrett et al., 1994) and 

rotations due to the formation of the Bolivian Orocline and to local block rotations (Coutand et al., 1999, 

2001; Arriagada et al., 2008). 

3. Methods  

This work combines field methods and three analytical methods: (1) U-Pb geochronology on 

detrital zircons to constrain maximum depositional ages of two Cenozoic depocenters and the age of 

deformation; (2) apatite fission track and (3) apatite (U-Th)/He thermochronology to constraint the 
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cooling history of Ordovician rocks. Because the depths and styles of the deformation are intimately 

related to thermal conditions, cooling ages can inform on the depth of deformation driven exhumation. 

3.1 Field Methods 

The structural analysis and discussion presented in this work are based on structural data 

collected in the field along walking transects and detailed mapped areas. The mapping effort is focused on 

providing constraint for deformation along the selected transects; thus, it concentrates on regional 

distribution of lithologic units, cross-cutting relationships and unconformities. In an effort to characterize 

the deformation, we identified and described dipping panels within the Ordovician strata and collected 

samples in the hangingwall of Cenozoic thrust faults for low temperature thermochronologic analysis. For 

each dipping panel, we systematically described the lithology and bed thickness; looked for veins and 

indicators of bedding orientation; measured bedding and cleavage; and characterized fold geometries and 

fault zones. Our work in Cenozoic deposits was focused on characterizing the deformation by measuring 

bedding, describing geometries and collecting samples for U-Pb geochronology. Additionally, we 

measured and described stratigraphic sections and collected samples to provide time constraints in 

depocenters with previously unknown stratigraphy.  

3.2 U-Pb Geochronology 

U-Pb geochronology on detrital and igneous zircons has proven to be a useful method for dating 

Cenozoic stratigraphic units in the central Andes due to the close proximity of the Andean magmatic arc 

(DeCelles et al., 2007, 2011; Carrapa et al., 2008, 2012; Siks and Horton, 2011; Perez and Horton, 2014; 

Horton et al., 2015). In order to constrain the age of Cenozoic deposits we use U-Pb geochronology on 

detrital zircons from sedimentary rocks and on zircons from volcanic rocks. We collected eight 3-4 kg 

samples, seven of which were sandstones collected for detrital zircon analyses and one of which was a 

volcanic rock collected for igneous zircon analyses. Zircon grains were separated using standard crushing 

methods, followed by density separation using a Wilfley table, magnetic separation using a Frantz 

isodynamic magnetic separator, and a second density separation using heavy liquids (sodium 

polytungstate and methyl iodide) to separate grains with densities higher than ca. 2.89 g/cm3. Zircon 

separates were mounted with fragments of standards Sri Lanka (SL), FC-1, and R33 (Gehrels et al., 

2008). The mounts were polished to exposed the grains and then imaged by backscattered electron (BSE) 

cathodoluminescence (CL) imaging using a Hitachi S-3400N scanning electron microscope (SEM; 

www.geoarizonasem.org). For U-Pb analysis, individual grains were selected in a random fashion and 

analyzed by laser ablation–multi-collector–inductively coupled plasma–mass spectrometry (LA-MC-ICP-

MS) at the Arizona LaserChron Center (Gehrels et al., 2008; Gehrels and Pecha, 2014; 

http://www.geoarizonasem.org/
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www.laserchron.org). Data reduction was done using the standard Arizona LaserChron Center reduction 

protocol (NUPMagecalc.xls; Gehrels et al., 2008). U-Pb analytical data can be found in the Table S1 

(Supplementary data). To determine the maximum depositional ages of sedimentary samples we used the 

TuffZirc routine in Isoplot (Ludwig, 2008). This technique provides a reliable age when the sample has 

either a group of at least 5 analyses of igneous crystals, or a reasonable fraction of the analyses (at least 

30 – 40%) are cogenetic with an eruption age; TuffZirc only works well on crystals that are unaffected by 

Pb loss. For samples that do not meet this criterion, we used the youngest age group determined as the 

youngest cluster of three or more grain ages (n≥3) overlapping in age at 2σ (Dickinson and Gehrels, 

2009). The clusters or peaks were determined using the DZ Age Pick Program from the University of 

Arizona LaserChron Center (www.geo.arizona.edu/alc). The results are shown in Table 1. 

3.3 Low-Temperature Thermochronology  

The primary purpose of using low-temperature thermochronology in this study is to determine the 

thermal history of rocks along hanging-walls of structures within the thrust belt. We employed apatite 

fission track (AFT) and apatite (U-Th)/He (AHe) low-temperature thermochronology. These two 

thermochronometers are best suited for constraining the timing of cooling exhumation as rocks transit 

through the upper few kilometers of crust (e.g., Reiners and Brandon, 2006). We are especially interested 

in understanding the cooling history of the pre-Cenozoic rocks, particularly the Ordovician rocks, which 

have experienced pressures and temperatures necessary for low-grade metamorphism. We collected a 

suite of 11 samples, including three for AHe analysis (SH16-3, SH16-19 and SH16-40), six for AFT 

analysis (SH16-5, SH16-9, SH16-10, SH16-11, SH16-33 and SH16-47), and two for both (SH16-1 and 

SH16-4) (Tables 2 and 3 ; Figure 2). Our sampling strategy targeted Ordovician sandstones/quartzites and 

the intrusive bodies in the hanging-walls of major reverse faults (Figure 2). Apatite grains were separated 

using the same methods of crushing, density separation and magnetic separation used for zircon U-Pb 

analyses (section 3.1) with the exception of the last step of density separation (heavy liquids), in which 

apatites are concentrated in the lighter rather than denser fraction. 

3.3.1 Apatite Fission Track Thermochronology 

AFT thermochronology uses the crystallographic damage in apatite grains produced by the 

natural fission of 238U. These crystallographic damages, or fission tracks, are preserved at temperatures 

below 80-120 °C and rapidly healed at temperatures higher than 120 °C (e.g., Green et al., 1989). 

Between 80 and 120 °C, the fission tracks begin to anneal or shorten defining a temperature range known 

as the partial annealing zone (PAZ) (e.g., Green et al., 1989). Depending on the time-temperature paths 

that the sample experienced after deposition or crystallization, the original fission tracks can be fully 

http://www.laserchron.org/
http://www.geo.arizona.edu/alc
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annealed by burial, fully retained by fast and monotonic exhumation through the PAZ, or partially 

annealed if the sample resided within the PAZ.  

Apatite grains were mounted in epoxy resin, polished and etched using 5.5M HNO3 for 20 

seconds ± 1 second at 20 °C ± 1°C to allow for optical identification of the spontaneous fission tracks 

(Donelick, 2005). Samples were analyzed using the external detector method (e.g., Gleadow, 1981; 

Hurford and Green, 1982) in the University of Arizona Fission Track Center and irradiated at the Oregon 

State University Triga Reactor, Corvallis. The neutron fluence was monitored using Corning uranium-

dosed glass CN5. The original amount of 238U was calculated using mica sheets fixed to the sample 

mounts, which recorded the induced tracks produced by the induced fission of 235U. Mica sheets were 

etched in 49% hydrofluoric acid for 15 minutes at 23° C following (Donelick, 2005) to permit the optical 

identification of the induced tracks. Spontaneous and induced tracks were counted using a microscope at 

1600 times magnification. Central ages (e.g., Galbraith, 2005) were calculated using the Zeta calibration 

approach of Hurford and Green (1983). For each sample, we counted fission tracks in 20 grains or all the 

available grains in cases of low grain availability or quality. To assess the statistical validity of the ages, 

i.e., whether the grain ages belong to a homogenous population, we used the X2 test where a P(X2) >5% 

indicates that individual data are consistent with a common ratio of spontaneous and induced counts (e.g., 

Galbraith, 1981; Green, 1981). The results are shown in Table 2. 

3.3.2 Apatite (U-Th)/He and Thermal Modelling 

The apatite (U-Th)/He system is based on α-particles (4He) emitted during the radioactive decay 

of the elements 238U, 235U, and 232Th (Farley et al., 1996; Ehlers and Farley, 2003). The 4He particles are 

retained within the crystal at low temperatures, whereas at high temperatures, the 4He particles diffuse out 

of crystal. For apatites, the diffusive loss of 4He happens between 40 and 80 °C in the partial retention 

zone (PRZ) (e.g., Farley et al., 2000; Reiners and Brandon, 2006). Euhedral apatites free of inclusions and 

with clear surfaces were photographed, measured, and packed into Nb-tubes using a binocular 

microscope. U, Th, and Sm concentrations were determined by inductively coupled plasma–mass 

spectrometry (ICP-MS) at the University of Arizona Radiogenic He Dating Lab (ARHDL). Several 

factors can produce dispersion among individual AHe ages in apatites that experienced the same thermal 

history (from the same sample). These factors include grain size, chemical composition and radiation 

damage, all of which affect the closure temperature of the grains (e.g., Wolf et al., 1996; Ehlers and 

Farley 2003; Flowers et al., 2009; Gautheron et al., 2013); proximity to high-U phases (e.g., Spiegel et al., 

2009) and inclusions of U-rich minerals can produce erroneously old ages. Radiation damage is of 

particular importance because it impedes He-diffusion, changing the retentivity of He in the apatites and 



94 
 

producing older ages for aliquots with higher eU (effective Uranium, (U+0.235xTh)) (e.g., Shuster et al., 

2006) or bigger grain sizes (e.g., Farley, 2000). It is important to notice that these factors tend to increase 

the amount of 4He, the daughter product, hence they create apparent older ages.  

Our sampling strategy targeted Ordovician and Lower Cretaceous intrusives exposed across the 

Puna Plateau. For each sample, we analyzed 3 to 5 single aliquots. We looked at the age reproducibility 

amongst grains of a given sample and investigated correlations between eU (ppm) and Rs (μm) and eU 

(ppm) and corrected age (Ma) to evaluate radiation damage (e.g., Shuster et al., 2006). We used inverse 

modeling to determine the time-temperature histories of samples using the softward HeFTy (Ketcham, 

2005). This modeling program evaluates cooling histories based on (U-Th)/He and fission track data. The 

software uses a Monte Carlo approach to evaluate random time-temperature histories and compare the 

modeled cooling ages against the measured ages (analytical data). The time-temperature histories are 

cateogorized depending on the “goodness of fit”, a value between 0 and 1 that shows the degree of fit 

with all the available data (Ketcham, 2005). Contraints for the thermal models are based on geologic 

informaton, an initial temperature range, a surface temperature and single (U/Th)/He ages and fission 

track age. Time-tempeatures paths at temperatures higher than the closure temperature of the highest 

thermochronometer used canot be resolved with the thermal model. The thermal models of AHe single 

ages include the effects of grain size, U, Th and Sm concentrations, and radiation damage. AFT data 

produce additional constraints for higher temperatures; however, the lack of track length data limits the 

possibility of unraveling more complex cooling histories. The models were allowed to run until 1000 

‘good’ (Goodness of fit >0.5; Ketcham, 2005) paths were found. The results of the apatite (U-Th)/He 

analyzes are shown in Table 3 and the plots in figures S3 and S4 and are discussed in the result and 

interpretation sections from old to young in the context of each range. The parameters and data 

considered for the thermal models are presented in Table 4. This table follows the protocol proposed by 

Flowers et al. (2015). 

4. Results 

4.1 Structures in the Northern Puna Plateau 

The key features of the structural development of the northern Puna Plateau are described below 

in two areas: Olaroz-Lina ranges and Susques-Cobres ranges. The field data are presented in maps, cross-

sections, and photographs. 
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4.1.1 Olaroz and Lina Ranges 

The Olaroz Range is a N-S trending ridge that separates the Paso de Jama and El Toro 

depocenters (Figure 4). The range is composed of strongly deformed Ordovician sedimentary (turbiditic) 

strata. To the west, the contact is covered by modern alluvium. To the east, the range is limited by a west-

dipping reverse fault.  Deformation within the range is characterized by tight, concentric and 

asymmetrical upright folds. Bedding in the Ordovician rocks is high-angle to subvertical across most of 

the range (Figure 4). Fold axial traces are continuous for up to 10 km along strike. Wavelengths typically 

are between 700 m and 800 m. Cleavage is penetrative across the range. Contrasting rheologic units 

favored the formation of multiple detachments within the section, resulting in disharmonic and parasitic 

folds. On the western side of the range, axial surfaces and cleavage dip preferentially to the east (Figure 

4). In the core of a syncline, conglomerate pebbles show sub-horizontal open cracks that indicate vertical 

extension (Figure 5). In the middle part of the Olaroz Range, the folds are more symmetrical, have shorter 

axial traces (up to ca. 3 km) and wavelengths between 150 and 350 m. On the eastern side of the range, 

folds become tighter to isoclinal and cleavage subparallel to transposed. Folds have west-dipping axial 

planes that locally gradually vary from high angle to the west to low angle to east forming a radial pattern 

(Figure 5). These folds are accompanied by hydrothermal alteration (to clay-rich mineral associations) 

and indicate the presence of a high-strain domain.  

In the Lina Range, the folds are oriented NNE. Folds are upright, tight and have concentric or 

chevron shapes (Figure 5b below). The cleavage was formed across the whole range and was 

preferentially accommodated in the weak shale layers. The folds experienced thickening in their cores 

accommodated by smaller-scale folds and layer-parallel slip (Figure 5C below). The deformation is 

accompanied by the formation of quartz veins and low-angle thrust faults (Figure 5d). Bedding is upright 

in places where we observed bedding orientations. If bedding is upright within the Olaroz Range, small-

scale folds in an east-dipping panel (Figure 6) would indicate west-vergent sense of shear.  

 Two Cenozoic depocenters in between Ordovician ranges show unequivocal evidence of Andean 

deformation. In the Paso de Jama depocenter, the sedimentary sequence is folded in a tight anticline-

syncline pair with west-dipping axial surfaces (Figure 4). The anticline exposes the lower parts of the 

Cenozoic stratigraphic record (Quebrada de los Colorados/Geste and Angastaco/Rio Grande Formations). 

To the east, an unconformity at the base of the late Miocene volcanic deposits is folded in a gentle 

footwall syncline between the aforementioned anticline and the Ordovician section to the east (Figure 4). 

This indicates that deformation within the depocenter began after deposition of the Rio Grande Formation 

and continued until after the late Miocene. Along the west flank of the Paso de Jama area, the contact 

with the Ordovician units is covered by recent alluvium, but the Miocene Rio Grande Formation is tilted 
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to the west close to the contact with the Ordovician strata. This contact requires a structure that places the 

Ordovician strata at the same elevation than the Miocene units. In El Toro depocenter, bedding in the 

depocenter fill dips consistently westward. The Cenozoic deposits are in the footwall of a west-dipping 

reverse fault that places the Olaroz Range above the Cenozoic deposits. At the base of the Cenozoic 

sequence, two tight chevron anticlines are located very close to the unconformity between the Cenozoic 

deposits and the Ordovician rocks. These folds mainly include a paleosol sequence (Lumbrera Formation) 

that has been recognized in the lower part of the Andean foreland depocenter stratigraphic record across 

the Puna (DeCelles et al., 2011). To the east, an onlap unconformity between the Ordovician and the 

Cenozoic deposits is gently tilted to the west.  

4.1.2 Susques and Cobres Ranges 

In the Susques Range, structures include Ordovician, Cretaceous, and Cenozoic rocks. The 

Ordovician basement rocks (sedimentary units and an intrusive) are uplifted above the Cretaceous strata 

by an east-dipping reverse fault (Figure 7). In the hangingwall, the Ordovician succession is internally 

deformed in asymmetric tight folds affected by pervasive cleavage that dips toward the WNW. West of 

this fault, a second high-angle east-dipping reverse fault uplifts strata from the Cretaceous Salta rift and 

the Ordovician basement over the Cenozoic section. West of this fault, a Cenozoic sedimentary section is 

internally deformed in an asymmetric syncline with an east-dipping axial surface. The west dipping panel 

is thicker and exposes the lower part of the Lumbrera Formation. The Lumbrera Formation is locally 

folded in multiple tight and overturned folds with west-dipping axial surfaces subparallel to the west-

dipping limb of the syncline. The asymmetry of these folds indicates a localized east-vergent shear.  The 

west-vergent anticline folds ignimbrites of ca. 9 Ma (SH17-10) and plunges to the north exposing 

Ordovician basement to the south. The absence of the younger Cenozoic units (Lumbrera, Quebrada de 

los Colorados/Geste and Rio Grande/Angastaco Formations) between these units requires localized 

erosion before the late Miocene or paleotopography.  

Farther east, the Cobres Range exposes Ordovician sedimentary and plutonic rocks. Three main 

reverse faults limit a western segment and two thrust sheets to the east (Figure 7). On the western 

segment, the internal deformation is accommodated in larger open and concentric folds with a wavelength 

of ca. 2.5 km. Shortening within these folds is in turn accommodated by smaller-scale folds (with 

wavelengths of a few tens of meters) controlled by intra-stratal detachments (Figure 8). This domain is 

replaced by a high-strain domain to the east, characterized by higher-angle bedding and cleavage oblique 

to subparallel to bedding. Locally, asymmetry of an anticline-syncline pair within the succession forms a 

“Z” shape that indicates east-vergent shear (Figure 9). To the west, the middle thrust sheet is limited by an 
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east-dipping reverse fault to the west and a west-dipping reverse fault to the E. Internally, this thrust sheet 

forms an open symmetrical anticline and constitutes the least strained Ordovician segment observed in the 

area. To the east, the west-dipping fault places the anticline over a highly strained domain characterized 

by tight asymmetric folds and pervasive cleavage that indicates east-vergent deformation.  

The Tusaquillas Range is composed of Ordovician basement and a Cretaceous intrusive. This 

range is in the hangingwall of a west-dipping thrust fault that exhumed an Early Cretaceous intrusive, 

bounding the Salinas Grandes depocenter to the east (Coutand et al., 2001).   

4.2 Stratigraphy and U-Pb Geochronologic Constraints on Cenozoic Depocenters 

Because Cenozoic stratigraphic units in the Puna are deformed, their stratigraphic ages place 

significant constraints on the timing of deformation. Two Cenozoic depocenters in the western part of the 

Puna were studied: The Paso de Jama and El Toro depocenters (Figures 4 and 10). Additionally, we 

mapped sedimentary rocks in the Susques area and collected samples for placing time constraints. We 

used detrital U-Pb geochronology to constrain their depositional ages.  

The Paso de Jama depocenter consists of a ~2.5 km-thick, upward coarsening sequence. The base 

of the section is not exposed but probably rests unconformably upon strongly deformed Ordovician 

turbiditic strata in the Olaroz Range (Figure 4). The lower ~780 m of the section consists of laminated 

siltstone with local bioturbation transitioning upward into very fine- to fine-grained sandstone with 

current ripples, trough cross-stratification, and lenticular sandstone bodies with erosional bases that are 

interpreted as channel deposits. This succession is interpreted as fluvio-lacustrine deposits. A sandstone 

sample from the 793 m of the sequence was analyzed by U-Pb detrital geochronology to constrain the 

maximum depositional age of these strata. The youngest grain-age population (maximum depositional 

age) is 36.99 ± 0.87 Ma (PJ793DZ, 17 grains). We correlate this unit with the Quebrada de los Colorados 

Formation, which has yielded similar ages elsewhere in the Puna Plateau and Eastern Cordillera of 

northwestern Argentina (DeCelles et al., 2011; Carrapa et al., 2012). Resting conformably above the 

lower interval is an ~200 m thick unit of fine-grained sandstone with frosted grains and large-scale 

(several meter-thick cross-sets) trough cross-stratification, which we interpret as an eolian deposit. We 

tentatively correlate this unit with the lower member of the Angastaco Formation (Carrapa et al., 2012) 

and other lower Miocene eolian deposits that are reported in the Eastern Cordillera and Puna Plateau 

(Starck and Anzótegui, 2001; DeCelles et al., 2011; Kortyna et al., 2019). Above the eolian interval, a 

sequence of massive coarse-grained sandstone beds was sampled and analyzed with U-Pb detrital 

geochronology (ca. 50 m in the local stratigraphic succession, ca. 1150 m in the composite stratigraphic 

section shown in Figure 10). The maximum depositional age obtained (youngest population) is 22.15 ± 
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0.33 Ma (SH17-19, 28 grains). We correlate this succession with the Angastaco Formation. The 

sedimentary record ends with ~1000 m of very coarse-grained fluvio-aluvial sandstones and 

conglomerates.  

The El Toro depocenter also consists of an upward coarsening sequence (Figure 10). At the base 

of the succession, an interval of very fine-grained sandstone intercalated with variegated paleosols is 

correlated with the Lumbrera Formation. A sample (ca. 2 m) above the basal angular unconformity 

(SH17-21) on top of Ordovician rocks produced U-Pb zircon ages older than 250 Ma, which does not 

help to constrain the depositional age. Above this unit, a sequence of pink to red, medium- to coarse-

grained sandstone transitions upward into coarse-grained sandstone and conglomerate. Lenticular bodies 

with erosional basal contacts suggest paleochannel deposition. A sample from this interval (SH16-44, 

~480 m) was analyzed using detrital U-Pb geochronology. The youngest ages obtained are from three 

grains of ca. 36 Ma (Figue10; Table 1); however, the individual ages do not overlap at 2σ, such that a 

maximum depositional age cannot be defined (Dickinson and Gehrels, 2009). We tentatively interpret this 

coarse-grained interval as equivalent to the Geste and Quebrada de Los Colorados Formations of late 

Eocene age (Carrapa and DeCelles, 2008). Above this unit, a sequence of very coarse-grained sandstone 

and partially consolidated conglomerate caps the sequence. We tentatively correlate this unit to the 

Miocene Rio Grande and Angastaco Formations (e.g., Boll and Hernandez, 1986; Carrapa et al., 2012; 

Siks and Horton, 2011).  

To the east, in the Susques area, the Lumbrera and Rio Grande formations and a 

volcanosedimentary sequence crop out. The Lumbrera Formation in the Susques area was measured and 

described by DeCelles et al. (2011) as an upward coarsening succession that starts with ~100 m of 

massive red siltstone and paleosols and records increasing amounts of fluvial sandstone and conglomerate 

up-section. The section described by Decelles et al. (2011) is ~400 m thick and was measured ca. 10 km 

south of this study, in an along-strike equivalent position. The sequence of red sandstone intercalated with 

conglomerate reaches ~600 m in the studied part of the Susques area. This unit culminates in a 

conglomeratic interval (~300 m thick) that we tentatively correlate with the Rio Grande Formation. 

Above this unit, a volcanosedimentary unit composed of sandstone and ignimbrite (~400 m thick) of 

probable Miocene age ends the stratigraphic record. A sample from the uppermost ignimbrite found 

locally (SH16-13) and a sample from a tuff rich sandstone from the middle part of the 

volcanosedimentary succession (SH17-10) yielded weighted mean U-Pb zircon ages of 6.8 ± 0.11 Ma and 

9.12 ± 0.1 Ma respectively (Figure 2; Table 1). This unit is age-equivalent to the Sijes Formation in the 

Tres Cruces area and the Pisungo Formation farther east in the Cianzo area (Siks and Horton, 2011).  
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4.3 Low-Temperature Thermochronology  

4.3.1 Apatite Fission Track Thermochronology 

Although AFT was attempted on all samples, low apatite yield limited the results to eight cooling 

ages. We sampled Ordovician sedimentary rocks, Ordovician intrusives, and a Cretaceous intrusive from 

six ranges across the Puna Plateau (Figure 2). The results are shown in Table 2 and figures S5 and S6. 

Seven of the eight samples passed the χ2 test which indicates a single population. All the samples of the 

Ordovician sedimentary unit show ages younger than Ordovician. The results are described below from 

older to younger and in the context of each range. 

In the Olaroz Range (Figure 4), two samples from the Ordovician sedimentary succession yielded 

Cretaceous cooling ages. SH16-9 and SH16-10 yielded pooled ages of 67 ± 6.6 Ma and 69.5 ± 5.8 Ma 

respectively. To the east, two samples from the Lina Range show Eocene cooling ages;pooled ages from 

the sample SH16-11 and SH16-47 are 40.2 ± 3.8 Ma and 43 ± 5 Ma, respectively. One sample from an 

Ordovician intrusive exposed in the Susques Range (SH16-4) yielded a pooled age of 40.1 ± 2.4 Ma. This 

sample was multi-dated using (U-Th)/He thermochronometry (see below). To the east, two samples from 

Ordovician sedimentary units exposed along the Cobres Range produced Oligocene cooling ages. In the 

central thrust sheet of the Cobres Range, the sample SH16-33 produced a pooled age of 27.2 ± 2.5 Ma, 

whereas a sample from the Tusaquillas Range yielded an age of 25 ± 2.4 Ma. Sample SH16-5 from the 

Ordovician sedimentary succession exposed west of  the Paso de Jama depocenter cooled through the 

AFT closure temperature at 26.3 ± 2.9 Ma. 

4.3.2 Apatite (U–Th)/He Thermochronology 

We performed (U–Th)/He analyses on five samples (22 single grains;  SH16-1, SH16-3, SH16-4, 

SH16-19 and SH16-40).  AHe dates from the Susques Range (SH16-4) are between ca. 43 and ca. 61 Ma. 

Single-grain dates from the Cobres Range (SH16-3) yielded ages between ca. 26 and ca. 62 Ma. Single-

grain AHe ages from the Cobres Range E (SH16-1) are between ca. 18 and ca. 47 Ma. Additionally, sample 

SH16-19, which we consider to be an along-strike equivalent of sample SH16-1, produced ages between 

ca. 22 and 31 Ma. Sample SH16-40 from the western flank of the Aguilar Range yielded an age between 

ca. 15 and ca. 27 Ma. This sample did not contain many apatites. Two of the analyzed grains turned out not 

to be apatites, and two others were broken and partially complete (SH16_40_1 and SH16_40_2) although 

bigger than the only complete aliquot analyzed (SH16_40_4). The two incomplete grains produced younger 

ages and low eU concentrations (SH16_40_1, 15.7 ± 1.1 Ma, 6.9 ppm eU and SH16_40_2, 24.6 ± 0.7 Ma, 
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7.1 ppm eU) compared to the third grain (SH16_40_4, 27 1.1 Ma, 50. 7 ppm eU). We used the three grains 

to constrain the cooling history through a thermal model discussed in the next section. 

5. Interpretation:  

5.1 Deformation in the Northern Puna Plateau 

The finite strain in the northern Puna Plateau is the result of at least three episodes of 

deformation, two of which involved shortening and one extension. One of the challenges is to estimate 

how much of the total strain was acquired during the presumably late Carboniferous shortening event, and 

how much is due to Andean shortening. Strain within the Ordovician section is heterogeneous and 

partitioned, with different characteristics distributed within the two main compositional and rheologic 

rock types. Incompetent shales absorbed more strain than competent sandstone layers. In this section, we 

use field observations to interpret the folding and deformation mechanisms and attempt to analyze the 

strain stages, i.e., the sequence of strain states through which the rocks passed to reach their current state. 

We are particularly interested in understanding the progression of deformation and the stress and thermal 

conditions necessary to produce the deformation. For this reason, it is relevant to consider the cleavage 

development and its relationship with bedding and folding. This analysis suggests that significant strain in 

the Ordovician basement was accommodated by two early phases of mainly pure shear deformation: an 

early phase in which detachment folds were formed, followed by a flattening phase in which cleavage 

developed. These first two events were likely Paleozoic in age. A later simple shear event is tentatively 

linked to Andean (Cenozoic) shortening.      

5.1.1 Fault-Related Folds 

Folding is the main mechanism accommodating the strain within the Puna ranges. Two types of 

fault-related folds can explain the field observations of upright steep limbs, both symmetric and 

asymmetric configurations, with open, tight to locally isoclinal shapes: fault-propagation folds and 

detachment folds. Data limitations make it difficult to establish a quantitative relationship with fault 

geometries in the subsurface; however, each model predicts specific characteristics in the subsurface that 

can be considered. If fault-propagation folding is operating, then the fault ramps have to be either high-

angle or they have been systematically rotated. Additionally, the progressive shortening would have 

narrowed hinge zones and increased fold amplitudes (e.g., Suppe and Medwedeff, 1990; Wallace and 

Honza, 2004). On the other hand, if detachment folding is operating, then shortening would have 

produced symmetric and asymmetric folds and the progressive shortening would have folded the 

sequence by hinge migration lengthening the limbs and/or limb rotation, tightening the fold until they 
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reached isoclinal shapes (Mitra, 2003). In these folds, faulting is usually secondary (Mitra, 2003). 

Regardless of the folding mechanism, it is possible that these folds were created as symmetrical folds and 

later buckled by larger-scale structures or flattened to an asymmetrical shape.  

Smaller-scale structures show that detachment folding is controlling at least part of the 

deformation. Concentric folds that connect and transfer slip between intraformational detachment zones 

were locally observed. These folds have wavelengths well below 200 m and are localized in the inner-arc 

parts of larger folds (Figure 8) where strain is concentrated. Although fault-propagation folding is a 

plausible mechanism for the folding, it may not be preferable because the vast majority of the strain is 

observed in the field as being accommodated by folding rather than faulting, and fault-propagation 

folding would require faults at greater depths in the stratigraphic section that are not observed. Thus, we 

prefer the interpretation of disharmonic folding due to detachments folds. 

5.1.2 Deformation Mechanism 

Flexural slip allows folding by layer parallel slip along low-cohesion layer contacts (Davis et al., 

2011). Slip in flexural folds is commonly aided by fluid pressure (Horne and Culshaw, 2001). Minor 

structures related to this mechanism are observed across all the ranges and structural depths. 

Structures/features that suggest flexural slip include generally preserved bed thickness in sandstone 

layers, conjugate faults in the fold hinge zones, en echelon tension veins filled with quartz, slaty cleavage, 

and vertical extension in the outer-arcs of folds as evidenced by open fractures in the hinge zones (Figure 

5).  

In flexural slip, the deformation is preferentially accommodated in weak layers by cleavage 

formation and in stiff layers by small-scale structures. The amount of slip along a specific layer is a 

function of the layer thickness (Ramsay, 1967); thus, flexural slip manifests as a function of bed thickness 

and fold geometries reflect a continuous spectrum of layer thicknesses. If beds are finely laminated and 

have high cohesion (e.g., Reches and Johnson, 1976; Davis et al., 2011), flexural slip will manifest as 

kink or chevron folds (Figure 5). The nucleation of kink bands to accommodate layer parallel shortening 

(e.g., Steward and Alvarez, 1991) is the first step to produce kink folds (Figure 5). The migration or 

rotation of the kink bands can evolve to produce kink or chevron folds at their intersections (Paterson and 

Weiss, 1966). Thus, we interpret that flexural slip is able to explain most if not all the structures observed 

across the ranges in the northern Puna Plateau and is therefore the main deformation mechanism in the 

Ordovician section. 
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5.1.3 Cleavage Formation and Shear Strain 

Slaty cleavage forms parallel to XY planes of finite strain ellipsoids, perpendicular to the Z axis, 

which is the one that experiences more shortening. Two mechanisms might have played a role in the 

cleavage development: incremental stress-controlled mechanisms (recrystallization and pressure 

dissolution) and strain-controlled mechanisms (mechanical rotation through micro-folding). The finite 

strain ellipsoid describes the total strain observed today resulting from progressive deformation. An 

alternative way of defining the strain ellipsoid is through the angular shear and the shear strain. The 

angular shear (ψ) describes the rotation (in degrees) of objects due to the strain and the shear strain (γ), 

which is the relative shift in the orientation of lines that were originally perpendicular. Thus, cleavage 

orientations provide information about the strain ellipsoid and the stress conditions prevalent at the time 

of its formation.  

The cleavage formed during the late Carboniferous event is expected to vary in radial fashion due 

to strain refraction (Treagus, 1983, 1988; Cosgrove, 1989) in the Ordovician sequence. Further flattening 

or rotation might have modified original orientations, either at the end of the Paleozoic event or during 

Andean deformation. In the following section, we use and compare two independent methods for 

estimating shear strain within the Ordovician strata.  

1) Cleavage due to simple shear: during recrystallization, platy minerals orient themselves perpendicular 

to σ1, the maximum principal stress orientation, which will result in maximum shortening. Under 

pressure solution conditions, the plane perpendicular to the direction of maximum shortening can 

experience local removal of material by pressure solution, producing the realignment of crystals. This 

plane is the pressure solution cleavage plane (e.g., Wood, 1974; McClay, 1977; Davis et al., 2011). 

Considering that synkinematic illites were likely formed during late Carboniferous time (Jacobshagen et 

al., 2002), recrystallization and pressure dissolution likely happened during that Paleozoic event. The 

presence of quartz which could have been dissolved and locally reprecipitated in veins further supports 

pressure dissolution in the Ordovician strata as a mechanism for cleavage formation. To evaluate the 

amount of shear strain in fold limbs we assumed the scenario sketched in Figure 11 and calculated the 

shear strain (γ). We calculated the shear strain in several locations by comparing bedding dip to cleavage 

dip. This estimation of shear strain, from here on referred to as γ1, reflects the amount of shear required to 

form the cleavage plane between bedding planes which act as shear surfaces.  

2) Cleavage due to flexural slip: when cleavage formation is concomitant with flexural slip folding, two 

mechanisms for cleavage formation dominate in different parts of the fold: recrystallization in the hinges, 

and mechanical rotation of platy minerals in the fold limbs. Since all our measurements were done in fold 
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limbs, we can only estimate the shear strain produced by layer parallel slip. To estimate the amount of 

shear strain produced as a consequence of flexural slip we used a simple relation proposed by Ramsay 

(1967) and sketched in Figure 11. Ramsay (1967) estimated that the amount of shear strain due to 

interbed slip, from here on labeled γ2, can be estimated as the inclination of the bed in radians. 

We calculated γ1 and γ2 from 306 measurements across the four studied ranges: Olaroz, Lina, 

Susques and Cobres ranges. The results are plotted in Figure 11 and are available in Table S4 of the 

supplementary data. By comparing shear strain due to simple shear (γ1) to shear strain due to flexural slip 

(γ2) we can investigate how much of the shear strain can be explained by flexural slip folding and thus 

what is the role of this mechanism for cleavage development across the Puna Plateau. Figure 11 shows 

that simple shear (γ1) is dominant across the ranges and that flexural slip folding (γ2) played a more local 

role in cleavage development. This indicates significant flattening post-cleavage formation in the fold 

limbs due layer parallel shear.  

5.1.4 Strain Progression  

On an orogenic scale, the propagation of a foreland basin flexural wave through the Puna Plateau 

and Eastern Cordillera requires that significant regional shortening by crustal-scale simple shear must 

have taken place during Cenozoic time (DeCelles et al., 2011). However, at local and outcrop scales, the 

strain progression indicates a more complex history. If deformation at outcrop scale was coaxial, then fold 

limbs would have been compressed to a more vertical position reaching tight to isoclinal configurations. 

On the other hand, if the deformation was non-coaxial (simple shear), fold limbs would have experienced 

shortening, stretching and possibly rotation from high-angle to overturned limbs. Field observations 

indicated that highly strained zones are characterized by shorter wavelengths, foliated rocks, slaty 

cleavage subparallel to bedding, parasitic folds, and isoclinal folds; but not by systematically overturned 

fold limbs. We therefore speculate that the main period of folding was coaxial (pure shear) and that 

simple shear acted as a secondary mechanism.  

The regional strain ellipsoid is expected to vary due to local changes in stress conditions within 

thrust sheets and folds. To better constrain the deformation history and explore possible effects of Andean 

deformation in the Ordovician section we combined cleavage orientations with observations of the 

Cenozoic deformation. Cleavage orientation provides information about the deformation mechanism: 

subvertical cleavage development suggests pure shear deformation, whereas systematically inclined 

cleavage requires simple shear or the rotation of the thrust sheet (bedding and cleavage) along faults 

(Mitra et al., 1984). On the other hand, the deformation in the Cenozoic sedimentary sections provides 

constraints for the Andean strain in the Ordovician basement. The cleavage planes generally dip 
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westward, but east-dipping domains are locally observed as well as domains with mixed orientations. One 

place where the Ordovician basement has been certainly affected by Andean deformation is the Olaroz 

Range. There, the Ordovician basement is truncated by an inferred east-dipping fault that produced a 

gentle footwall syncline along the west side of the range, and by an observed west-dipping reverse fault 

on the east side of the range. Two cleavage domains are observed in this range, a west dipping domain on 

the eastern side, and an east-dipping domain on the western side. We interpret fold asymmetry and 

cleavage orientation in the Olaroz Range to indicate west-vergent shear in the western side of the range 

and east-vergent shear above an east-vergent reverse fault in the eastern side of the range (Figure 5). 

Cleavage orientation in the hangingwall that mirrors the Cenozoic faults below can be successfully 

explained by simple shear mechanism accommodating the strain in the hangingwall. On the eastern side 

of the Cobres Range farther to the east, west dipping/east-vergent cleavage could also be explained by 

east-vergent Andean deformation. Thus, we interpret that the strain ellipsoid for the Ordovician basement 

includes a late simple shear component due to the Andean shortening event. 

 We propose that the strain progression evolved in four main stages depicted in Figure 12: 1) main 

stage of upright folding; 2) flattening stage evidenced by cleavage formation (Figure 5) and possibly 

rotations; 3) low-angle thrusting and local vertical extension (Figure 5), and 4) cleavage rotation due 

flexural slip and simple shear. 

5.1.5 Summary 

Deformation in the Ordovician basement is accommodated mainly by detachment folds, both 

symmetric and asymmetric, with minor high-angle faulting. Multiple intraformational detachments make 

the deformation disharmonic, limiting the use of surface observations to predict specific geometries in the 

subsurface. Moreover, volume loss due to cleavage development requires shortening that has not been 

constrained in the Ordovician basement.  

Shortening recorded in the Cenozoic sedimentary deposits involves un-metamorphosed 

sedimentary rocks and partially consolidated conglomerates at the top of the stratigraphic column 

indicating near-surface thermal conditions. Cenozoic faults are high-angle and verge both to the east and 

west. The faults are oriented parallel to subparallel to the Ordovician bedding suggesting that no 

significant rotation happened between the Paleozoic and Cenozoic shortening events. The thrust sheets 

and fault-related folds generally do not show significant evidence of shear within the Cenozoic 

sedimentary successions. The only exception to this is the tight and overturned folds within the Lumbrera 

Formation in the El Toro and Susques areas. These folds involve very fine-grained sandstone and 

siltstone layers near the basal unconformity that could have acted as a local zone of weakness (shear 
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zone) to accommodate the Cenozoic shortening. In general, the Cenozoic deformation accommodated in 

Cenozoic deposits is significantly less than shortening in the Ordovician basement and requires very 

different thermal conditions making it difficult to explain by a single shortening event.  

If most of the folds in the Ordovician basement are pre-Andean (likely Paleozoic), then the strain 

distributions cannot be linked to specific modes of deformation during development of the Andean thrust 

belt. However, zones in the hangingwall of Cenozoic faults correlate with some high strain domains 

(Figure 4 and 5). Additionally, a later simple shear event in the Ordovician section could have been the 

result of intra-formational strain during the Andean event. This indicates that the Andean deformation 

likely increased strain in part of the thrust belt; unfortunately, with the current understanding we cannot 

estimate by how much.  

We propose that eastward propagation of deformation was facilitated during the Cenozoic by 

strain softening in the Ordovician basement. Inherited structures from the Salta Rift could have played a 

role in the Susques Range because rift deposits are involved; however, direct evidence of this has not 

been documented.  

5.2 Cooling History and Exhumation of Ordovician Ranges   

New AFT ages from eight samples and apatite (U-Th)/He ages from five samples across the 

northern Puna Plateau record exhumation and erosion of the uppermost 3.3 km of crust (assuming 30 

°C/km and surface temperature of 20 °C). The thermochronometric data record a middle Eocene to 

Oligocene cooling history (Figure 13). We interpret the cooling ages as the timing of exhumation and 

erosion in the hangingwall of structures. Thus, the cooling ages constrain the timing of shortening in the 

Andean thrust belt and the different thermochronometers constrain the amount of erosion required to 

produce the cooling signal. In the following section, we interpret the exhumation history of the main 

Ordovician ranges based on our new thermochronologic ages, published cooling ages, and local geologic 

constraints. 

We produced five thermal models.Three models (SH16-3, SH16-19 and SH16-40) incorporate 

three to five single-grain AHe ages and two (SH16-1 and SH16-4) integrated four single-grain AHe ages 

and AFT data. Since all the sample are intrusives, the initial time-temperature contraints were defined by 

the crystallization age (Table 4) and 160 °C, a temperature higher thant the closure temperature of the 

AFT system. For each sample, we constrained the models to reach a surface temperature of 20°C at the 

present time (0 Ma). Only the sample SH16-4 did not produce 1000 path with a “goodness of fit” greater 

than 0.5. Four AHe ages and AFT data, only produced five ‘good’ paths for the sample SH16-4. All the 
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constraints used for the models are presented in Table 4. The results are presented in the Figure S3 and S4 

and discussed below in the context of each range. 

5.2.1 Olaroz and Lina Ranges 

Two new AFT ages from the Olaroz Range indicate cooling at 67 ± 6.6 Ma (SH16-9) and 69.5 ± 

5.8 Ma (SH16-10). This range is tilted by an east-vergent fault to the east and is bounded by an inferred 

west-vergent fault on the western flank (Figure 5). These faults uplifted the range during the Miocene 

(after ca. 22 Ma) disconnecting the Paso de Jama depocenter from the El Toro depocenter (Figure 5). The 

stratigraphic record of these depocenters suggests that they were part of the same depocenter before being 

deformed; this supports removal of at least 2 km of Cenozoic sedimentary rock from above the Olaroz 

Range. These two samples are located in the uppermost part of the Ordovician stratigraphic section, 

suggesting that only a small part of the Ordovician strata is missing. We interpret these two Cretaceous 

ages to indicate < 3.3 km of erosion (assuming 30 °C/km and surface temperature of 20 °C) due to the 

Cenozoic shortening and exhumation, 2 of which would be required to remove the Cenozoic foreland 

deposits from above.  

To the east, two samples from the Lina Range record the onset of exhumation during Andean 

deformation. The two AFT ages evince cooling at 40.2 ± 3.8 Ma (SH16-11) and 43 ± 5 Ma (SH16-47). 

These new ages suggest that the thrust front was located in the western Puna Plateau producing shortening 

and inducing exhumation and erosion by mid-Eocene time (ca. 45-40 Ma). 

5.2.2 Susques Range 

In the Susques Range, a sample (SH16-4) collected in the hangingwall of a west-vergent thrust 

fault was multi-dated using AFT and AHe techniques. The youngest aliquot (SH16_3_4) has a very high 

eU (ca. 115 ppm) suggesting possible He implantation or zonation (Farley et al., 2011; Gautheron et al., 

2012, Murray et al., 2014). The other single ages are between ca. 47 and 61 Ma and show a weak 

correlation between eU and the corrected age (Figure S2), suggesting some radiation damage. A thermal 

model for this sample (HeFTy, Table 4, Figure S3) suggests cooling from temperatures at least 80°C and 

possibly higher than 120 °C at ca. 45-35 Ma. Only five ‘good’ paths were found. Although these paths do 

not represent a unique solution, all of them suggest that rapid cooling through the AFT PAZ and AHe 

PRZ is a plausible solution. We interpret this cooling event as the result of exhumation due to thrusting 

and erosion of the hangingwall of the fault at ca. 45-35 Ma. 

A previous study by Letcher (2007) reported three AFT ages for the Susques Range (ST-1, ST-2, 

and ST-3, Figure 2, Table S2). Additionally, these authors reported Eocene apatite (U-Th)/He ages for the 
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same samples (ST-1, weighted mean of 5 grains, 46.7 ± 3.1Ma; ST-2, weighted mean of 3 grains, 46.3 ± 

1.5 Ma; ST-3, weighted mean of 3 grains, 37.9 ± 1.2 Ma; ST-4, weighted mean of 3 grains, 29.4 ± 2.9 

Ma). Letcher (2007) attributed the systematic older AHe ages compared to the AFT ages to possible 

contamination of the AHe ages by inclusions or He implantation. They used AFT data from two samples 

(ST-2 and ST-3) to model plausible T-t thermal histories using HeFTy (Ketcham 2005) based on which 

they proposed cooling at ca. 26-20 Ma.  

Previous and new AHe ages are similar (single ages between ca. 35 and 50 Ma for 5 samples) 

which would require that any external process responsible for producing older AHe ages would have had 

to be extremely systematic. Additionally, older AFT ages to the west (Lina Range) provide a reasonable 

context for middle Eocene AHe ages in the Susques Range. Thus, although it is possible that the AHe 

ages are in general older than AFT ages due to inclusions or He implantation, long residence time in the 

PAZ could have produced radiation damage which can increase the 4He retentivity and thus, produce 

AHe ages older than the AFT ages (inverted ages; Shuster et al., 2006; Fox and Shuster 2014). In any 

case, partially reset AFT ages and slightly older AHe ages suggest limited exhumation and erosion (ca. 2-

3.3 km assuming a paleogeothermal gradient of 30 °C/km) in the range, likely starting at ca. 45-35 Ma. 

5.2.3 Cobres and Tusaquillas Ranges 

Two new cooling ages from the Cobres Range (SH16-33 and SH16-3) and one multi-dated 

sample in the Tusaquillas Range (SH16-1) help constrain exhumation in three main thrust sheets (Figure 

2 and 7). An AFT sample (SH16-33) from the central part of the Cobres Range (Figure 7) show cooling at 

27.2 ± 2.5 Ma. Five AHe ages for the sample SH16-3 contraint cooling in the thrust sheet to the east. The 

oldest aliquot (SH16_3_4, 62.9 ± 1.5 Ma) has the lowest eU (ca. 64.3 ppm). The combination of a 

relatively older age with low eU suggest He implantation in the grain. He implantation also explains an 

older AHe age compared to the AFT ages reported for samples from the same range (SC-1, SC-3, and SC-

4, Figure 2). The remaining grains produced ages between ca. 26 and ca. 34 Ma, with eU between ca. 67 

and 124 ppm and a size (Rs) between ca. 52 and 98 μm. These results depict a strong correlation between 

age and eU, and between Rs and eU (Figure S2) suggesting radiation damage in the sample. A thermal 

model based on four AHe grains from sample SH16-3 (Figure S4) shows monotonic cooling through the 

AHe PRZ between ca. 40 and 10 Ma in the next thrust sheet to the east. For the Tusaquillas Range, five 

AHe ages and an AFT age allow to determine the cooling history of the range. The grain SH16_1_3 

yielded the oldest age (47.2 ± 0.8 Ma) and the lowest eU (76.7 ppm ) suggesting He implantation. Grain 

SH16_1_5 yielded an age of 44.1 ± 0.7 Ma with a high eU (174.3 ppm) and U/Th (3.225 atomic) ten 

times larger than the ratios of the other grains. Moreover, this grain is older than the AFT age for the same 
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sample (SH16-1, 25 ± 2.4 Ma) thus inverting the expected relation between these two techniques.  The 

other grains produced ages between ca. 18 and ca. 31 Ma, with similar eU (ca. 68-76 ppm) and U/Th (ca. 

0.29 – 0.31 atomic). These three aliquots show no correlation between age and eU, or Rs and eU (Figure 

S2); however, these ages are, within error, equivalent to the AFT age.  Thus we combined results from 

these two techniques in a thermal model to determine the thermal history of the sample. The thermal 

model (Figure S3) indicates fast cooling through the AHe PRZ and AFT PAZ between ca. 30 and ca. 25 

Ma in the last thrust sheet to the east. Finally, four AHe ages from an along-strike equivalent sample 

(SH16-19) shows a strong correlation between age and eU, and between Rs and eU (Figure S2), a process 

that produces older ages due a higher He retentivity in the apatite crystals (See section 3.3.2). A thermal 

model based on these samples show monotonic cooling through the AHe PRZ between ca. 30 and ca. 10 

Ma. The Cobres  Range has been extensively dated by previous thermochronometric studies. Published 

cooling ages in this range consist of seven AFT ages and four apatite (U-Th)/He ages (Deeken, 2005 and 

Letcher, 2007). Deeken (2005) reported four AFT ages (SUS-1, SUS-2, SUS-3 and SUS-4, Figure 13, 

Table S2) for the central range. According to their results, the central part of the Cobres Range (Figure 7 

and 13) experienced cooling through the PAZ between ca. 31 and ca. 37 Ma (Figure 7 and 13).  For the 

next thrust sheet to the east, Letcher (2007) reported three AFT ages (SC-1, SC-3 and SC-4, figures 7 and 

13, Table S2) and four apatite (U-Th)/He ages (SC-1, weighted mean of 2 grains, 30.7 ± 2.4 Ma; SC-2, 

weighted mean of 3 grains, 27.6 ± 0.9 Ma; SC-3, weighted mean of 2 grains, 26.4 ± 1.0 Ma; SC-4, 

weighted mean of 3 grains, 32.4 ± 2.3 Ma). These authors considered that these AHe ages were affected 

by either inclusions or He implantation and used two AFT ages (SC-1 and SC-4) to model thermal 

histories using HeFTy (Ketcham, 2005). Based on the modeled T-t paths they proposed punctuated 

cooling between ca. 28 and ca. 15 Ma or continuous cooling since ca. 28 Ma until the present.  

Our new ages mainly complement the previous ages in the Cobres Range and point to the onset of 

exhumation and erosion between ca. 37-29 Ma in the central part of the range, between ca. 28 and 10 Ma 

for the next thrust sheet to the east, and fast exhumation and erosion between ca. 30-25 Ma for the 

easternmost thrust sheet. The cooling ages decrease to the east and require ca. 3.3 km of erosion 

(assuming a paleo-paleogeothermal gradient of 30 °C/km) induced by upper Eocene to Oligocene east-

vergent shortening in the middle of the northern Puna Plateau. During the Oligocene, cooling due to 

exhumation and erosion in the hangingwall of an inferred east-vergent thrust sheet is also recorded to the 

west (west of the Paso de Jama depocenter). A new AFT age of 26.3 ± 2.9 Ma (SH16-5) suggests out-of-

sequence shortening in the Puna Plateau.   
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5.2.4 Aguilar Range 

The easternmost range sampled for thermochronology is the Aguilar Range. One sample from the 

western side of the range yielded few apatites to analyze. A thermal model constrained by three AHe ages 

from sample SH16-40 shows slow cooling through the AHe PRZ between ca. 30 and ca. 15 Ma. 

However, two of the three apatites analyzed have very low eU, increasing the uncertainty of the results. 

Two previous studies recorded cooling in the Aguilar Range. Deeken (2005) reported cooling 

between ca. 17 and ca. 23 Ma based on two AFT ages in the eastern part of the range (GA6 and GA7, 

Figure 13). Insel et al. (2012) used K-feldspar multi–diffusion domain modeling to propose a fast cooling 

event (ca. 150-100 °C) driven by exhumation and erosion in the Aguilar Range at ca. 35-25 Ma. 

Our AHe ages overlap and are only slightly older than the AFT ages reported by Deeken (2005). 

Slow cooling suggested by the thermal model (Figure S4) suggests that the sample (SH16-40) was close 

to the AHe PRZ and, therefore, the eastern part of the Aguilar Range likely sat at a higher structural level 

than the western side. On the other hand, the fast cooling event proposed by Insel et al. (2012) could also 

be reconciled with our AHe ages; however, the three thermochronometric contraints (AHe, AFT and K-

feldspar multi-diffusion domain modeling) cannot be reconciled in a single cooling history. Low apatite 

yields in the samples could have affected the AFT ages, as discussed by Insel et al. (2012). If that is the 

case, the  fast cooing event between ca. 35-25 Ma would have required rapid erosion and sedimentation at 

the time. The stratigraphic record to the east in the Tres Cruces area includes ~800 m of sedimentary 

rocks (Casa Grande Formation according to Boll and Hernandez, 1986, and Geste Formation according to 

DeCelles et al., 2011) between late Eocene and Oligocene times. It is possible that a later erosion event 

could have removed part of this stratigraphic record; however, uplift of the ranges farther to the west 

could easily explain sedimentation in the Tres Cruces area at that time. Since the sedimentary units that 

overlie the Casa Grande Formation are thick (up to 4 km) and coarse (the Rio Grande and Pisungo 

Formations), we speculate that significant exhumation and erosion happened in the Aguilar Range after 

the Oligocene. We interpret that cooling due to thrust faulting, exhumation, and erosion in the Aguilar 

Range could have started as early as ca. 27 Ma, but that at least 2 km of erosion happened between ca. 25 

and 15 Ma. 

5.2.5 Summary 

This study documents the eastward migration of the orogenic front through the northern Puna 

Plateau between ca. 45-40 and ca. 22 Ma. Exhumation during the Oligocene in the westernmost Puna 

Plateau suggests out-of-sequence thrusting, as well as the Miocene shortening event that did not induce 
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enough erosion to be recorded by the low-temperature thermochronometers. The eastward propagation of 

deformation and related foreland basin has been documented by previous studies (e.g., Coutand et al, 

2001; DeCelles et al., 2011; Quade et al., 2015; Carrapa and DeCelles, 2015). Our new data support 

previous results, provide evidence for an earlier onset of shortening and exhumation in the region, and 

provide a more detailed timing for deformation driven exhumation in the region. 

Reset AFT ages cannot rule out Andean exhumation greater than ca. 3.3km (assuming a 

paleogeothermal gradient of 30 °C/km and 20 °C of surface temperature); however, un-reset ages inform 

our understanding of the thermal conditions during deformation. The exhumation history in the western 

Puna Plateau is not enough to enable both the formation of cleavage at deeper levels and the required 

exhumation in the same shortening event. Un-reset ages in the Olaroz Range, where intense strain and 

cleavage was documented, are in agreement with the interpretation that significant shortening in the 

Ordovician section is pre-Andean. Low magnitude exhumation (< 3.3 km, a magnitude unable to reset the 

AFT system with a paleogeothermal gradient of 30 °C/km and 20 °C of surface temperature) has been 

proposed for the western side of the Puna Plateau only ~100 km to the south in the Arizaro basin (Carrapa 

and DeCelles, 2015). There, few Cretaceous and older AFT ages (Deeken et al., 2006; Carrapa et al., 

2009; Carrapa and DeCelles, 2015) as well as partially reset (U-Th)/He apatite ages observed elsewhere 

in the Puna Plateau (Reiners et al., 2015) support limited exhumation since the Cretaceous. Additionally, 

Insel et al. (2012) used U/Pb and 40Ar/39Ar geochronology and thermochronlogy to explore the cooling 

history of basement rocks in the Puna Plateau and argued for less than 150 °C cooling, equivalent to <4.3 

km (assuming paleogeothermal gradient of 30 °C/km and a surface temperature of 20 °C). Thus, our 

results from the Olaroz Range are in agreement with low magnitude exhumation in the western Puna 

Plateau during the Cenozoic. Interestingly, the Cretaceous and partially reset cooling ages not only restrict 

the amount of erosion but also indicate that the western part of the Puna Plateau was never buried by a 

thick foreland basin or, alternatively, that a pre-Cenozoic paleo-topography existed and was never buried 

during the regional foreland development (Carrapa and DeCelles, 2015). 

6. Discussion: Regional Implications 

6.1 Timing of Andean Exhumation in Northern Puna Plateau 

The combination of cooling ages and timing of basin formation shows that Andean shortening 

was accommodated by an eastward propagating orogenic system. Locally, west-vergent faulting 

accommodated out-of-sequence deformation. This shortening contributed to different stages of crustal 

thickening in the frontal and hinterland parts of the thrust belt.  
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Henriquez et al. (2109) documented significant late Cretaceous-Eocene exhumation coeval with 

shortening in the Cordillera de Domeyko of northern Chile, which was probably the location of the 

earliest part of the central Andean thrust belt (Arriagada et al., 2006). Cooling ages in the Lina Range 

record the relocation of the thrust front by the middle Eocene (ca. 40-45 Ma). During this time, significant 

exhumation and growth strata have been reported to the west in the Cordillera de Domeyko and Salar de 

Atacama Basin (Maksaev and Zentilli, 1999; Mpodozis et al., 2005; Arriagada et al., 2006, Henriquez et 

al., 2019). To the north at 21 °S, reset ZHe ages indicate cooling at ca. 43-40 in central Eastern Cordillera 

(Anderson et al., 2018). To the south at ca. 24.5 °S, the Geste Formation accumulated in a wedge-top 

depozone no later than ca. 38 Ma (Carrapa and DeCelles, 2008) indicating Eocene shortening in the 

western Puna Plateau. 

By the Late Eocene to early Oligocene time (ca. 37-31 Ma), the thrust front propagated to the east 

inducing exhumation and erosion in the Cobres Range. During this time, exhumation continued to the 

west in the Cordillera de Domeyko (Maksaev and Zentilli, 1999; Henriquez et al., 2019) after magmatism 

ceased (by ca. 37 Ma, e.g., Coira et al., 1993; Haschke et al., 2002). Middle Eocene exhumation driven by 

shortening in the western Puna Plateau contemporaneous with exhumation to the west in the Cordillera de 

Domeyko suggests that the orogen was growing by shortening both in the hinterland and along the 

orogenic front. At 21 °S, the thrust belt propagated westward from the central Eastern Cordillera to the 

Altiplano (AFT ages, Ege et al., 2007); while to the southwest (at ca. 26 °S), an AFT age in the 

hangingwall of a thrust fault west of Arizaro basin (37.3 ± 4.8 Ma; Carrapa and DeCelles, 2015) and 

detrital AFT and AHe ages indicate late Eocene exhumation in the western Puna Plateau (Carrapa et al., 

2009). Moreover, stable isotope paleoelevation data suggest that the western side of the Puna Plateau 

attained high elevations (> 4 km) and dry conditions no later than ca. 38-36 Ma (Canavan et al., 2014 and 

Quade et al., 2015). The samples that record high paleoelevations are located in a depocenter ca. 330 km 

to the south, which was located in a proximal foreland basin position during Eocene time. Our data 

support that shortening could have been responsible for crustal thickening and surface uplift in Puna 

Plateau as suggested by Quade et al. (2015); nevertheless, shortening estimates near the location of the 

paleoelevation data are required to test this hypothesis.  

During the Oligocene (ca. 31-25 Ma), exhumation due to east-vergent shortening is recorded in 

the Cobres Range and possibly in the Aguilar Range. Exhumation due to shortening is also recorded in 

the westernmost ridge of the northern Puna Plateau at 23 °S. These results document the propagation of 

the thrust front to the east and out-of-sequence shortening in the hinterland. At 21 °S, AFT cooling ages 

in the Eastern Cordillera and southern Altiplano (Elger et al., 2005 and Ege et al., 2007) record a similar 

exhumation history. There, shortening in the hinterland was accommodated by east-vergent deformation 
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in the southern Altiplano at ca. 30-27 Ma (Elger et al., 2005 and Ege et al., 2007), equivalent to 

deformation in the westernmost ridge of the Puna Plateau. However, the significant west-vergent 

shortening in the Eastern Cordillera which reached the Altiplano by ca. 27 Ma (Ege et al., 2007) is not 

recorded in the northern Puna Plateau. 

After ca. 25 Ma, exhumation is recorded mainly in the Aguilar Range before propagating to the 

east into the Eastern Cordillera zones. Shortening continued in the plateau deforming the Cenozoic 

depocenters (Paso de Jama, El Toro, Susques and Tres Cruces areas). This deformation has not been 

recorded by low-temperature thermochronometric ages in this region. Deformation ceased at ca. 6.5 Ma 

in the Susques area (Letcher, 2007). A similar deformation history is observed at 21 °S. There, the thrust 

front migrated to the east into the Interandean zone at ca. 25 Ma (e.g., Anderson et al., 2018). Out of 

sequence deformation is recorded at ca. 19-10 Ma by AFT ages in the southern Altiplano (Elger et al., 

2005) and at ca. 15-10 Ma by AHe ages in the western Eastern Cordillera (Anderson et al., 2017, 2018). 

Out-of-sequence shortening at this latitude ended by ca. 10 Ma (Gubbels et al., 1993, Horton, 2005). A 

similar dynamic in the hinterlands at these two latitudes suggests a continuous evolution of the thrust belt 

along the transition from the Altiplano to the Puna Plateau since the early Miocene.  

6.2 Shortening Considerations and Deep Structure 

Shortening is mainly accommodated by folding within the Ordovician basement and by faulting 

in the Cenozoic depocenters. Shortening of the Ordovician basement has not been precisely estimated in 

this study. Strain varies across the ranges, with general estimates based on line-lengths from outcrops 

suggesting 25-50% shortening. Additionally, strong spaced cleavage would add as much as 25-35 % 

(Alvarez et al., 1978). If cleavage was formed during the Carboniferous, significant shortening and 

flattening took place during the Paleozoic. Andean strain likely increased the flattening and produced 

rotation due to simple shear in the hangingwall of thrust sheets; however, this seems to have varied 

locally. Furthers studies, likely microscopic, would be required to estimate the magnitude of the Andean 

contribution to the shortening within Ordovician basement. We speculate that it will be significantly less 

than the Paleozoic shortening.  

The Ordovician sedimentary sequence overlies a Proterozoic and Cambrian basement that crops 

out to the east along the Eastern Cordillera. The absence of the deeper parts of the section in the Puna 

Plateau even considering the amount of shortening in the Ordovician basement suggests that a major 

detachment developed at the base of the Ordovician strata (e.g., Claduohos et al., 1994; Muller et al., 

2002, McQuarrie, 2002) during Andean shortening. If a significant part of the shortening in the 
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Ordovician section is pre-Andean, then it is likely that a pre-Andean detachment controlled the 

shortening, exhumation, and erosion during the Andean event.  

The propagation of the Andean thrust belt through the Puna region requires a mechanism or main 

fault to propagate the strain in the upper crust. We speculate that the Andean thrust faults are connected to 

this main detachment at the base of the Ordovician section. Although there is no direct evidence for the 

location of the basal décollement, the stratigraphic thicknesses and thermochronologic results provide an 

approximate location. Exhumation requires structures rooting no shallower than ca. 3.3 km depth.  If we 

consider that the composite stratigraphic thickness for the Ordovician strata (ca. 7 km) represents the 

thickness of the basement below the Cretaceous and Cenozoic strata and that 2-3 km of Cenozoic 

sedimentary rocks were locally accumulated in depocenters across the Puna Plateau, then the Andean 

thrust faults could be rooted at a décollement 9-10 km deep. Variations in the depth of this detachment 

and possible effects on the hangingwall strain are at presently largely inscrutable from the surface data. 

However, velocity fields from geodetic studies (McFarland et al., 2018) and P-S receiver functions (Yuan 

et al., 2000, 2002; Issacs et al., 2016) provide insight about the structure of the crust. A prominent 

discontinuity in the crust under the Central Andean Plateau is represented by the Andean Low-Velocity 

Zone (ALVZ). The ALVZ is a discontinuity at depth of 5-15 km imaged at ca. 21 S in the eastern side of 

the Andean Plateau (Yuan et al., 2000, 2002; Ward et al., 2013, Issacs et al., 2016). This discontinuity has 

been related to the brittle-ductile transition and linked to the basal detachment under the Plateau (Yuan et 

al., 2000). In the Eastern side of the Andean Plateau, Issacs et al, (2016) imaged a west-dipping 

discontinuity at depth of 20-35 km depth P-S receiver functions. Issacs et al. (2016) interpreted this 

discontinuity as the main thrust that accommodates the underthrusting of the Brazilian shield under the 

orogen. McFarland et al. (2018) used GPS data to model the velocities in the crust and proposed that 70 ± 

5% of the plate convergence is accommodated along the subduction interface and that a decollement 

located at 14±9 km and that extends roughly until the eastern limit of the Puna Plateau accommodates a 

slip rate of 9.1 ± 0.9 mm/yr . In their model, this decollement explains a transition from free slipping to 

fully locked behavior and is interpreted to reflect the western limit of the cratonic lithosphere. Both the 

ALVZ and the decollement proposed by McFarland et al., (2018) are consistent with the main 

decollement under the northern Puna Plateau inferred from this study based on the stratigraphy and 

patterns of deformation. In both cases, the discontinuity is likely not a sharp plane but instead, it 

corresponds roughly to a sub-horizontal zone controlled by thermal processes (Yuan et al., 2000; 

McFarland et al., 2018). Additionally, McFarland et al., (2018) noticed that the westward end of the 

decollement coincides with an abrupt change in the geothermal gradient in the region (Currie and 

Hyndman,2006) as evidenced by the expected depth to the 300°C-350°C isotherms from a shallow 
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position under the Puna Plateau (ca. 10-15 km depth) to a lower position in the craton (ca. 20-30 km 

depth). Interestingly, the inferred decollement under the Puna sits very close to the proposed location for 

the 300-350°C isotherm, a temperature where the quartz starts to behave plastically and therefore is prone 

to accommodate the strain in ductile shear zones due to quasi-plastic processes (e.g., Sibson, 1977).  

7. Conclusions 

New structural, geochronologic and thermochronologic data help constrain the condition and time 

of deformation in the Puna Plateau. The Cenozoic strata require horizontal shortening and folding mainly 

through pure shear deformation. The amount of strain, pressure and temperature conditions for deforming 

the Ordovician and the Cenozoic strata are significantly different and could not have been produced by a 

single shortening event.  

Strain in the Ordovician strata of the Puna plateau is mainly accommodated by detachment folds. 

The strain progression in the Ordovician basement requires at least 4 stages: A first stage of upright 

folding during pure shear deformation; a second stage of flattening through cleavage formation; the third 

stage of low-angle thrusting and vertical extension and a fourth and last stage of flattening through simple 

shear.  The Cenozoic Andean deformation happened under near-surface conditions while the strain 

history in the Ordovician strata requires condition for pressure dissolution able to remobilize quartz and 

form cleavage planes where synkinematic illites grow. Previous constraint on the synkinematic illites 

(Jacobshagen et al., 2002) indicate that they were formed at temperatures ranging between ca. 260 and ca. 

330 °C during late Carboniferous age (310–290 Ma). Since most of the folding and flattening in the 

Ordovician strata happened prior to and during cleavage formation, most of the shortening in the 

Ordovician basement is likely to be Carboniferous in age.  

New apatite fission track and apatite (U-Th)/He ages document eastward propagation of the 

Andean thrust belt during middle Eocene to Oligocene times. Exhumation in the western part of the 

northern Puna Plateau started at ca. 45-40 Ma before propagating to the east until at least ca. 25 Ma. 

Cretaceous AFT cooling ages in the Ordovician strata involved in Cenozoic deformation evidence that 

locally the Ordovician rocks did not experience temperatures higher than ca. 120 °C and thus, that the 

Andean deformation did not reach the temperatures requires for pressure dissolution. Additional, new 

thermochronologic data reveal two periods of out-of-sequence exhumation: during the Oligocene as 

recorded by an AFT age (ca. 26 Ma), and during the Miocene, as recorded by deformation in the 

Cenozoic depocenters.  
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This study shows that shortening in the northern Puna Plateau took place at the same time that 

shortening in the Eastern Cordillera at southern Altiplano latitudes (21 °S). However, a significant 

difference is that the strain within the Ordovician strata in the northern Puna Plateau cannot be explained 

entirely by the Cenozoic Andean event. This along-strike difference might reflect the distribution of 

Paleozoic shortening and/or the style of Cenozoic deformation and mechanism for cleavage formation 

within the Ordovician strata north of the Puna.    
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Figure B 1: Digital Elevation Model of the Central Andes depicting the main tectonomorphic regions. 

CC: Coastal Cordillera, CD: Cordillera de Domeyko,  WC: Western Cordillera, EC: Eastern Cordillera, 

IA: Interandean Zone, SA: Subandean Zone, SB: Santa Barbara Ranges.  
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Figure B 2: Geologic map of the northern Puna Plateau.  
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Figure B 3: Simplified stratigraphic columns.  Modified from Bahlburg (1991), Boll and Hernandez 

(1984), Moya (2015), Kley and Monaldi (2002), Siks and Horton, (2011) and DeCelles et al., (2011).   
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Figure B 4: Map and composite cross-section of the Olaroz and Lina ranges.  Stereographic projections 

of the bedding and cleavage across the cross-section.   
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Figure B 5: Photos documenting strain development in Olaroz and Lina ranges. a) Kink bands b) 

Chevron folds. c) Flexure slip fold: Anticline showing thickening in the hinge region. Quarzitic sandstone 
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beds preserve original thickness, whereas intercalated finer-grained strata show variable thickness. This 

can be seen in the eastern side of the picture where a syncline includes steep dipping panels at the base 

that flatten to sub-horizontal beds toward the top of the outcrop. d) Low angle thrust faults. e) 

Conglomerate with quarzite clast affected by vertical extension (see g in this figure). f) Folds with east-

dipping axial surfaces. g) Clast with open sub-horizontal fractures due to vertical extension. h) High strain 

domain: folds with west axial surfaces that steepen from east to west. This shear zone aligns with a west-

dipping Cenozoic fault to the south. 
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Figure B 6: Small scale folds in between east-dipping panels indicating west-vergent sense of shear. 
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Figure B 7: Map and composite cross-section of the Susques and Cobres Ranges. Stereographic 

projections of the bedding and cleavage across the cross-section. 
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Figure B 8: Photos documenting strain development in the Cobres Range. a) Anticline in the core of a 

syncline (Photo d). Concentric fold detachment within the section. Other structures in the picture are 
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tension gashes, small-scale folds and thrust faults that accommodate shortening in the core of the folds 

and axial-planar cleavage which provide evidence of fold flattening. b) Quartz veins. c) Cleavage 

subparallel to the bedding. d) Relatively large-scale syncline. Parasitic folds in the core are described in 

a). The quarzitic beds control these bigger folds, while smaller rheological changes control smaller scale 

structures. e) Small-scale folds are indicating east-verging shear parallel to the bedding. f) Chevron folds 

in the core of a syncline (ca. 700 m wide). The wavelength is ca. 200 m, suggesting a shallow detachment. 

Unconformity at the top with Cenozoic strata (undifferentiated). 
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Figure B 9: Anticline-syncline pair forming a “Z” shape suggesting east vergent sense of shear. 
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Figure B 10: Schematic stratigraphic sections of the Paso de Jama and El Toro basins and relative 

probability plots showing the results of the detrital U-Pb geochronology. 
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Figure B 11: Shear Strain. a) Schematic representation of the shear strain due simple shear. B) Schematic 

representation of the shear strain due to flexural slip. C) Plot comparing the estimated shear strain. The 

shear strain due simple shear from (REFF) and the shear strain due flexural slip based on Ramsay, (1967). 



143 
 

 

Figure B 12: Strain Progression. a) Proposed strain stages for deformation in the Ordovician basement. 

B) Schematic strain distribution in the stratigraphic units in the northern Puna Plateau. 



144 
 

 

Figure B 13: Summary of the AFT and AHe ages for the northern Puna at 23-24 °S.  
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Figure B 14: Supplementary information. Probability density plots for U-Pb analysis from the Lina 

Range. a) Results for sample SH17-19. b) Results for sample PJ793DZ. c) Results for sample PJ405DF. 

d) Results for sample SH16-44. e) Results for sample SH17-21.  
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Figure B 15: Supplementary information. Plots of Age v& eU and Rs v& eU for apatite (U-Th)/He 

analysis. Sample SH16-1 (upper left plots), sample SH16-3 (upper-right plots), sample SH16-4 (middle 

left plots), sample SH16-19 *middle right plots) and sample SH16-40 (lower plots). 
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Figure B 16: Supplementary information. Thermal history modeling results for the Susques Range 

(SH16-4), eastern part of the Cobres Range (SH16-1) and for the sample SH16-19. Thermal models 

were obtained with HeFTy (Ketcham, 2005).

 

Figure B 17: Supplementary information. Thermal history modeling results for the Cobres Range (SH16-

3) and the western side of the Aguilar Range (SH16-40). Thermal models were obtained with HeFTy 

(Ketcham, 2005). 
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Figure B 18: Supplementary information. Radial plots for AFT results in the Olaroz and Lina ranges. a) 

AFT results for sample SH16-5. b) AFT results for sample SH16-9. c) AFT results for sample SH16-10. 

d) AFT results for sample SH16-11. e) AFT results for sample SH16-47. 
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Figure B 19: Supplementary information. Radial plots for AFT results in the Susques and Cobres ranges. 

a) AFT results for sample SH16-4. b) AFT results for sample SH16-33. c) AFT results for sample SH16-

1. 
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Table B 1:  Compiled U-Pb geochronologic analyses. 
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Table B 2: Apatite fission track data. 
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Table B 3: Apatite (U-Th)/He data (Continued) 
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Table B 3: Apatite (U-Th)/He data. 
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Table B 4: Constraints for HeFTy models. 
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Table B 5: Supporting information. U-Pb geochronologic analyses, LA-ICP-MS. 
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Table B 6: Supporting information. Compiled AFT data for Puna Plateau. 
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Abstract 

The Andean Mountains are the result of shortening and crustal thickening since the Late 

Cretaceous. A first-order issue regarding the tectonic evolution of the Altiplano-Puna Plateau is what 

controls along-strike differences in shortening and styles of deformation. Along-strike differences in the 

time of surface uplift have led to the proposal of two ways of producing crustal thickening and ultimately 

surface uplift: while a rapid Miocene surface uplift in the Altiplano has been linked to delamination 

events after or during crustal thickening, an earlier Eocene uplift of the Puna Plateau suggest that 

protracted shortening and crustal thickening are responsible for a more gradual surface uplift and thus 

support coupling between shortening and uplift. These two models suggest significant differences in the 

evolution of the thrust belt at different latitudes along the Puna-Altiplano Plateau; however, the lack of a 

regional cross-section at northern Puna latitudes limits our understanding of the conditions that ultimately 

lead to the formation of plateaus in Cordilleran-type orogenic systems and limits our ability to evaluate 

the extent to which these previous mechanisms might be applicable across the entire region. In order to 

understand the evolution of the thrust belt at northern Puna latitudes, we build a regional and 

retrodeformable cross-section at 23-24 °S. We use apatite fission-track thermochronology to determine 

the evolution of the Eastern Cordillera east of the Puna Plateau. We integrate the available 

geochronologic, thermochronologic and structural data to constrain the kinematic history of the thrust 

belt. Our results demonstrate that shortening (ca. 240 km) is responsible for crustal thickening at northern 

Puna latitudes and that the kinematic evolution of the thrust belt was continuous across the Altiplano-

Puna Plateau. Moreover, our results provide evidence that the growth of the Andes was unsteady in time 

and suggest that delamination events in the retroarc could be responsible for diachronous episodes of 

internal shortening and thickening along the Altiplano-Puna Plateau. 

1. Introduction 

The Andes is the longest (> 8000 km) and second highest mountain belt on Earth and represents 

the archetypical Cordilleran type orogenic belt associated with a long-lived oceanic-continental 

subduction zone (e.g., Dewey et al., 1970). This active orogen is highly variable along strike (e.g., Isacks, 

1988; Kley et al., 1999; Ramos, 2009; McGroder et al., 2015), providing an outstanding natural 

mailto:susanahg@email.arizona.edu
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laboratory for understanding processes controlling mountain building. The Central Andes is the highest 

and widest part of the orogen, with the thickest crust and the large and high Altiplano-Puna Plateau. With 

elevations greater than 3500 m, the Central Andean plateau is flanked by the volcanic arc to the west and 

by the Eastern Cordillera to the east, both of which contain peaks reaching elevations above 6000 m; 

farther east, the Interandean, Subandean, and the Santa Barbara range compose the modern orogenic front 

(Figure 1).  

Several authors have studied the tectonic evolution of the Central Andes from different 

perspectives (e.g., Isacks, 1988; Beck et al., 2002; McQuarrie, 2002; DeCelles and Horton, 2003: 

Mpodozis et al., 2005; Oncken et al., 2006; Garzione et al., 2008; Arriagada et al., 2008; Carrapa and 

DeCelles, 2015; Quade et al., 2015; Eichelberger and McQuarrie, 2015; Garzione et al., 2017). Two 

different models have been proposed for explaining the crustal thickness and surface uplift along the 

plateau in the Central Andes: in the Altiplano (northern part), surface uplift is an isostatic response after 

the  removal of mantle lithosphere which is requires crustal thickening but is disassociated from insitu 

shortening (e.g., Garzione et al., 2014; Eichelberger and McQuarrie 2015; Garzione et al., 2017), while in 

the Puna Plateau (southern part), surface uplift, shortening and crustal thickening has been suggested to 

be directly related (e.g. Quade et al., 2015; DeCelles et al., 2015).  

In the Altiplano, paleoaltimetry studies suggest that uplift mostly occurred in the Miocene as a 

result of lithospheric removal (e.g., Garzione et al., 2008, 2014, 2017). The apparent lack of shortening in 

the Altiplano itself is proposed to be balanced by thickening the crust with mid-lower crust transferred 

westward from beneath the Eastern Cordillera since the Eocene (e.g., McQuarrie, 2002; Muller et al., 

2002) or from the Subandean Ranges during the Miocene at the time of surface uplift (Eichelberger and 

McQuarrie 2015). Farther to the south, in the Puna Plateau, paleoaltimetry data point to an Eocene rise of 

the plateau (e.g., Canavan et al., 2014; Quade et al., 2015), contemporaneous with local exhumation 

(Coutand et al., 2001; Carrapa and DeCelles, 2015) and prior to the eastward propagation of shortening 

and uplift into the Eastern Cordillera during early Miocene time (e.g., Coutand et al., 2001; Carrapa et al., 

2011; Pearson et al., 2013;  Carrapa et al., 2014). These studies suggest a link between shortening, crustal 

thickening, and uplift in the Puna Plateau; however, shortening estimates are less than what would be 

expected to explain the crustal thickness at this latitude (Kley and Monaldi, 1998). These different 

interpretations between the formation of the Altiplano and Puna highlight one of the fundamental debates 

about mountain building processes in the Andes. 

In order to better constrain along-strike differences in the timing and processes driving mountain 

building in the across the Altiplano-Puna Plateau, we focus on two questions: is shortening at the northern 
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Puna latitude enough to explain modern crustal thickness? And what is the kinematic evolution of the 

thrust belt at ca. 23-24 °S? We hypothesize that shortening and thickening are connected across the Puna-

Altiplano transition and began in the Eocene. To test this hypothesis, we mapped and built a regional 

structural cross-section across the northern Puna-Plateau at 23-24 °S. New structural data from the 

Eastern Cordillera were integrated with previous data across the region in a retrodeformable cross-section. 

New low-temperature thermochronologic data were integrated with published thermochronologic ages to 

refine the timing and rates of shortening and exhumation. Our results document a higher magnitude of 

shortening relative to the previous estimate and support a coupling between shortening, crustal 

thickening, and uplift starting in the early Cenozoic, which would allow us to explore whether or not a 

more regionally consistent interpretation of correlated shortening and uplift across the plateau is possible. 

2. Geologic Background 

The Andes are a Cordilleran-type Orogenic System formed along the western side of the South 

American Plate. One of the main tectono-morphological features of the Andes 17-27 °S is the Altiplano-

Puna Plateau, also known as the Central Andean Plateau, an internally drained region with elevations 

above 3650 m (Isacks, 1988) associated with a crustal thickness of 60-70 km (e.g., Yuan et al., 2002). 

Morphologically, the Central Andes (17-17 °S) include 8 zones oriented parallel to the trench (Figure 1) 

which from the trench (W) to the foreland (E) are: the Coastal Cordillera, the Central Depression, the 

Western Cordillera, the Altiplano-Puna Plateau, the Eastern Cordillera, the Interandean zone, the 

Subandean zone and the Santa Barbara Ranges. Between 22 and 24 °S, the Coastal Cordillera has an 

average elevation of 1500-2000 m and exposed Paleozoic and Mesozoic igneous rocks. The Cordillera de 

Domeyko is a range with an average elevation of ca. 3000 m that is structurally controlled by thick-

skinned faults that uplift Paleozoic to Triassic rocks above Jurassic, Cretaceous and Cenozoic units (e.g., 

Amilibia et al., 2008). The Salar de Atacama area is a depression that sits at ca. 2300 m where a 

continuous stratigraphic record since Late Cretaceous is exposed (e.g., Mpodozis et al., 2005). The 

Western Cordillera is where the volcanic arc has been located since the Miocene, with volcanic edifices 

reaching ca. 6000 m and a base topographic level at ca, 4500 m (e.g., de Silva et al., 1991). The Puna 

Plateau is a region with an average elevation of ca. 4200 m that consists of several ranges composed of 

Paleozoic sedimentary strata and intermontane basins where Cenozoic units are preserved (e.g., Coutand 

et al., 2001; Strecker et al., 2007). Finally, the Eastern Cordillera is a thick-skinned thrust belt that 

exposes Proterozoic and Paleozoic strata and reaches elevations of ca. 6000 m. 

In the Central Andes (17 -27 °S), several studies have combined regional structural cross-sections 

with thermochronology to constrain the kinematic evolution of the thrust belt (e.g., McQuarrie, 2002; 

Elger et al., 2005; Ege et al., 2007; Barnes et al., 2008;  Pearson et al., 2013; Rak et al., 2017; Anderson et 
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al., 2017, 2018). These studies have shown the eastward propagation of the thrust front, consistent with 

the migration of the foreland basin through the region since the Late Cretaceous (e.g. DeCelles and 

Horton, 2003; Horton, 2005; Carrapa and DeCelles, 2008; del Papa et al., 2010; DeCelles et al., 2011; 

Siks and Horton, 2011; Rahl et al., 2018; Montero-Lopez et al., 2018). However, data from the Altiplano 

and Puna point to different mechanisms for the formation of the Plateau (e.g., DeCelles et al., 2015; 

Garzione et al., 2017). 

At Altiplano latitudes (19-21 °S), the Eastern Cordillera started to shorten and gain some 

elevation by Late Eocene to Oligocene times (e.g., McQuarrie, 2002; Muller et al., 2002; Anderson et al., 

2018) while the Altiplano experienced shortening during the Oligocene and Miocene (Elger et al., 2005). 

Surface uplift in the southern Altiplano at 16-13 Ma has been related piecemeal removal of lower 

lithosphere beneath the plateau (Garzione et a. 2014). Critical amounts of crustal thickness under the 

Altiplano able to trigger lithospheric removal events have been explained by shortening accommodated in 

the thrust belt to the east in two different times. One model argues that significant shortening and 

thickening in the Eastern Cordillera since the Eocene (McQuarrie, 2002; Anderson et al. 2017, 2018) 

could be responsible for thickening the Altiplano by underthrusting crust prior to the Miocene (Garzione 

et al., 2014). On the other hands, a kinematic reconstruction of the Bolivian orocline based on shortening 

estimates and thermochronological and paleomagnetic data show that with an initial thickness of > 35 km 

(at ca. 50 Ma) the modern crustal thicknesses can be predicted (Eichelberger 2015, Eichelberger and 

McQuarrie 2015). According to this model, the Altiplano and Eastern Cordillera in southern Bolivia 

would have reached modern thicknesses during the Miocene (ca. 6-10 Ma) due to crustal flow from the 

Subandean region, consistent with stable isotope data from the Altiplano that indicate high paleoelevation 

at this time (Garzione et al., 2017).  

In the Puna Plateau at ca. 25 °S, exhumation (Coutand et al., 2001), synorogenic sedimentation 

(DeCelles et al., 2007; Carrapa and DeCelles, 2008; DeCelles et al. 2011), shortening (Coutand et al., 

2001) and high paleoelevations (> 3 – 4 km; Canavan et al., 2014; Quade et al., 2015) are recorded since 

the Eocene (ca. 38-40 Ma). At 14-10 Ma (Pearson et al., 2013) and ca. 4 Ma (Kley and Monaldi, 2002) 

the thrust front propagated eastward, separating periods of internal deformation and a stable thrust front 

(Carrapa et al., 2012; Pearson et al., 2013; Carrapa et al., 2014). Although the Altiplano and Puna have 

been part of the thrust belt since the Eocene, current estimates of the amount of documented shortening 

decreases southward from ca. 350 km at. 19-21 °S to ca. 142 km at 25 °S (McQuarrie, 2002; Pearson et 

al., 2013; Anderson 2017, 2018), and the kinematic histories differ significantly. Between these two 

regions, shortening in the northern Puna Plateau is estimated to be ca. 40 km (Claduohos et al., 1994; 

Coutand et al., 2001) but the kinematic history is largely unconstrained.  
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The thrust belt at northern Puna Plateau latitudes (ca. 23-24 °S, Figure 2) was built on a basement 

previously affected by two tectonic events: a Paleozoic shortening event (e.g., Turner, 1960; Jacobshagen 

et al., 2002; Muller et al., 2002; Pearson et al., 2013; Moya, 2015; Henriquez et al., in prep, Appendix B) 

and the Salta rift, an intracratonic rift located in southern Bolivia and northern Argentina (e.g., Salfity and 

Marquillas, 1994; Marquillas et al., 2005). Previous studies and new data that constrain the structural 

evolution of the thrust belt at 23-24 °S are systematically described below in the results and 

interpretations section. The stratigraphy includes Proterozoic, Paleozoic, Mesozoic and Cenozoic units 

that vary significantly across the region. The following section describes the stratigraphic framework in a 

systemic and detailed manner, emphasizing regional correlations that provide key constraints on the 

regional cross-section.  

2.2 Stratigraphy 

2.2.1 Proterozoic to Paleozoic 

2.2.1.1 Neo-Proterozoic to Cambrian  

The stratigraphic record starts with a thick (at least 3000 m) siliciclastic succession of green 

sandstone, siltstone, and mudstone, with subordinate conglomerate and limestone (Adams et al., 2011). 

These units correspond to the Puncoviscana Formation, a turbiditic sequence that crops out in a narrow N-

S trending belt along the Eastern Cordillera and southern Puna. It has a penetratively deformed, low-

metamorphic-grade defined mainly by chlorite, albite, and phengite (Escayola et al., 2011). Chemical 

analysis of phengitic white mica grains suggests pressures between 5 and 7 kbar. Different models have 

been proposed for the tectonic setting of the Puncoviscana Formation, including trench, foreland, passive 

margin, and rift basin settings (see discussion in Escayola et al., 2011 and Adams et al., 2011). Its 

stratigraphic position (unconformable below the middle to upper Cambrian Meson Group), fossil content 

(Oldhamia, Ediacaran, Neo-Proterozoic) and U-Pb zircon ages (e.g., Escayola et al., 2011; Adams et al., 

2011; DeCelles et al., 2011; Einhorn et al., 2015) suggest that the Puncoviscana Formation was deposited 

between the Ediacaran and the Early Cambrian (e.g., Acenaloza et al., 1988) but mainly during the Early 

Cambrian (540-535 Ma, Escayola et al., 2011), contemporaneous with the Pampean-Tilcarian orogeny 

(Escayola et al., 2011). 

The Meson Group is a siliciclastic unit that rests in angular unconformity upon the Puncoviscana 

Formation and is limited by the Iruyican unconformity (Astini et al., 2008). It consists of sandstone 

(usually quartzitic), siltstone and mudstone, with minor conglomerate intervals. These rocks crop out 

together with the Puncoviscana Formation, usually forming the crests of the mountain ranges. The Meson 
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Group is divided into three formations: Lizoite, Campanario and Chalhualmayoc. The Lizoite Formation 

comprises conglomerates that grade to white, grey and pink silicified sandstones reaching 1000 m of 

thickness (Gonzalez, 2003; and references therein). The Campanario Formation comprises orthoquartzite 

and brown-purple and green silicified sandstone intercalated with brown-red bioturbated mudstone. 

Measured thicknesses vary from 180 to 700 m (Gonzalez, 2003). The Chalhualmayoc Formation consists 

of white to light yellow silicified sandstone, with measured thicknesses between 270 and 620 m 

(Gonzalez, (2003) and references therein). The Meson Group was deposited in shallow, near-coastal and 

tide-dominated environments (e.g., Sánchez and Salfity, 1999). Depositional age indicators include trace 

fossils (Skolithus; Gonzalez, 2003; and references therein), detrital zircons (ref.), and its stratigraphic 

position, all of which suggest a Cambrian age. 

To the north, in southern Bolivia, the oldest preserved stratigraphic units are Cambrian in age 

(Camacho, Torohuayco and Sama and Iscayachi Formations) and consist of a marine sequence that starts 

with conglomerate and coarse-grained sandstone, grading upward to medium- and fine-grained 

sandstones (e.g. Egenhoff, 2007). According to Egenhoff (2007), these rocks correlate with Cambrian 

units in the northern Puna, and the depositional environments changed from fluvial to shallow marine 

shoreline to deltaic in response to increasing subsidence to the north during Cambrian and early 

Ordovician time. 

2.2.1.2 Ordovician.  

The Ordovician units form a thick succession of marine sedimentary rocks (e.g., Bahlburg, 1991), 

which include several formations separated by three main unconformities referred to as the Tumbaya 

(Tremadocian, Lower Ordovician), Guandacol (Dapingian, Middle Ordovician) and Ocloya (Katian, 

upper Ordovician) unconformities (Figure 3). The total stratigraphic thickness reaches ca. 7 km 

(Bahlburg, 1991); however, there is not a single location where all these units and stratigraphic relations 

are continuously exposed. Here we follow the stratigraphy proposed by Bahburg (1991) and presented by 

Moya (2015). These unconformities separate three Ordovician units, which from base to top are: the 

Complejo de Plataforma de la Puna (CPP), a volcanoclastic sequence and the Complejo Turbiditico de la 

Puna (CTP) (Figure 3). 

The Complejo de Plataforma de la Puna (CPP) includes the Cobres Group and the Santa Rosita 

Formation. The Cobres Group is a 2000 m thick, transgressive, quartzitic sandstone to shale sequence 

exposed in the Sierra del Cobre (Bahlburg, 1991). The Santa Rosita Formation is a 2300 m thick fluvio-

estuarine to open marine sequence exposed in the Eastern Cordillera (Turner, 1960). The volcaniclastic 

sequence, the second Ordovician unit, is exposed in the Puna and Eastern Cordillera. It includes the 
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Aguada de la Perdiz, Chiquero and Acoite Formations. The Aguada de la Perdiz Formation is a ca. 3800 

m thick succession accumulated in a partially subaerial volcaniclastic to turbiditic environment in western 

Puna (Bahlburg, 1991). The Chiquero Formation crops out in the Sierra del Cobre and consists of ca. 

2000 m of very fine- to coarse-grained sandstone and pebbly sandstone turbidites (Buatois et al., 2009). 

The Acoite Formation (which is locally included in the Santa Victoria Group (Gonzalez, 2003) is a 

sequence of clay shale and sandstone exposed in the Eastern Cordillera with thickness up to 3200 m 

(Martin et al., 1987). The last Ordovician unit, the Complejo Turbitico de la Puna (Bahlburg, 1991), is a 

ca. 3500 m thick succession of turbidites. It includes a lower ca. 2700 m thick succession characterized by 

fine- to medium-grained sandy turbidites (Bahlburg, 1991), overlain by an upper 920 m thick marine 

succession characterized by sandy to silty turbidites, shales and occasional coarse-grained sandstones and 

conglomerates (Falda Cienaga and Lina Formations; Bahlburg, 1991). To the east, the Sepulturas 

Formation, a unit from the Santa Victoria Group that is age equivalent to the lower part of the CTP, 

consists of quartzitic sandstone and shale exposed near the Sierra Aguilar. 

During the Ordovician two magmatic arcs developed: the Complejo Igneo y Sedimentario Cordon 

de Lila in the forearc (CISL, Furongian-Tremadocian, e.g., Niemeyer, 1989), and the Faja Eruptiva de la 

Puna Oriental in the Puna region. According to Bahlburg et al. (2016), this late magmatic event produced 

a N-S belt that extends for ca. 400 km and includes two phases: one of middle Ordovician age (480 - 460 

Ma) followed by a second and main event during the late Ordovician (453 - 444 Ma), possibly linked to 

the Oclóyic orogeny. 

The Ordovician deposits continue to the north constituting the thickest part of the Paleozoic 

basement in the Eastern Cordillera in Bolivia (up to 10 km according to Muller et al, 2002). At 21 °S, 

Jacobshagen et al. (2002) studied the low metamorphic grade of the Ordovician section in the Eastern 

Cordillera and argued that pre-Andean deformation, erosion, and exhumation are required to explain a 

higher metamorphic grade in the eastern part of the Eastern Cordillera. Slaty cleavage is pervasive in the 

Ordovician section. Jacobshagen et al. (2002) determined that the formation of this cleavage required 

burial to depths between 3 and 7 km. 

2.2.1.3 Silurian to Carboniferous.  

The Silurian to Carboniferous stratigraphic record includes up to 2 km (Gonzalez, 2003) of 

shallow marine to glacial sedimentary units deposited unconformably over the Ordovician units. These 

units are only found in the eastern side of the Eastern Cordillera (Figure 3) and were not completely 

differentiated by Gonzalez (2003) (Regional map used for this work). The two Silurian to Devonian 
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Formations (Lipeon and Baritu Formations) and the two Carboniferous Groups (Machareti and Mandiyuti 

Groups) were mapped together. 

The Lipeon Formation is a shallow marine unit composed of interbedded green to yellow, fine-

grained sandstone, siltstone, and claystone. Amengual and Zanettini (1973) measured 685 m in the Zenta 

Range. An age between late Hirnantian-Early Llandoverian and Early Devonian is constrained by 

multiple fossils (trilobites, brachiopods, Bivalves, Conulariids, Nautiloids and corals; Gonzalez, 2003;, 

and references therein). Resting conformably above the Lipeon Formation is the Baritu Formation. It 

consists of fine-grained, green, lithic-rich sandstone and light-gray quartzitic sandstone interbedded with 

shale. Its sedimentary facies vary from shallow marine in the lower part to continental in its upper part, 

suggesting a progradational sequence (Starck, 1995). The age of the Baritu Formation is based on fossil 

content (Spirifer antarticus Australocoelia tourtellotti leptocoelia flavelites, Schuchertella agasizi, 

Chonetes falklandicus y Orbiculoidea sp.), which has been interpreted to be Early Devonian - Silurian in 

age (Gonzalez, 2003; and references therein). Regionally, the Silurian and Devonian succession is thicker 

to the north (southern Bolivia) and comprises three upward-coarsening sequences associated with changes 

in relative sea level (Starck, 1995). In this interpretation, the Lipeon and Baritu formations are parts of the 

first progradational parasequence.  

Carboniferous deposits accumulated in the Tarija Basin over an erosive and gently angular 

unconformity after the Chanic orogenic event (Starck et al., 1992). The Machareti Group consists of light-

grey, fine-grained sandstone interbedded with conglomerate. Thickness varies from 10 to 600 m 

(Gonzalez, 2003; and references therein). The Mandiyuti Group, according to Gonzalez (2003), is 

composed of fine- to medium-grained red and light-grey sandstone interbedded with conglomerate and 

sandy shale; thicknesses range from 70 to 300 m. The sedimentary facies include fluvial, lacustrine, 

glacio-fluvial, eolian and beach deposits (Starck et al., 1992).  

2.2.2 Mesozoic and Cenozoic Stratigraphy 

During the Cretaceous, an intracratonic rift formed in NW Argentina. This rift had three main 

branches that are referred to as the Lomas de Olmedo, Metán-Alemanía, and Tres Cruces depocenters. 

They were organized around the Jujuy High and accumulated up to 6 km of sedimentary and volcanic 

rocks. The Salta rift strongly influenced local thermal history (Carrapa et al., 2012) and orientations of 

later Andean structures (e.g., Kley and Monaldi, 2002; Monaldi et al., 2008; Kortyna et al., 2019). The 

Tres Cruces depocenter aligns N-S in the transition between the Puna and the Eastern Cordillera, 

providing a favorable orientation for tectonic inversion of extensional structures during the Andean 

orogeny (Monaldi et al., 2008). The stratigraphic record has been classically divided into three subgroups: 
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the Pirgua, Balbuena, and Santa Barbara (Salfity and Marquillas, 1994). The Pirgua Subgroup was 

deposited over a gentle unconformity and includes the La Yesera, Las Curtiembres and Los Blanquitos 

Formations (e.g., Salfity and Marquillas, 1994; Kley et al., 2005). The Pirgua Subgroup is up to 4 km 

thick, and consists of red conglomerate, siltstone, sandstone and volcanic rocks (e.g., Marquillas et al., 

2005). The Pirgua accumulated during Neocomian to lower Maastrichtian time, mostly restricted to fault-

controlled depocenters formed during the syn-rift phase of the Salta rift (e.g., Grier et al., 1991). The 

Balbuena Subgroup is a Maastrichtian to Lower Paleocene fluvio-lacustrine to marine sequence, which 

includes the Lecho and Yacoraite Formations. It consists of 400-500 m of limestone, fine- to medium-

grained, calcareous sandstone, and coarse-grained oolitic grainstone. These units have a regional 

distribution that was controlled by thermal subsidence. The Yacoraite Formation contains evidence of 

marine ingression from the Atlantic (e.g., Marquillas et al 2005) and due to its distinct lithology, 

represents a structural marker across the region. The last subgroup is the middle Paleocene to Eocene 

Santa Barbara Subgroup, which includes the Mealla, Maiz Gordo and Lumbrera Formations. According 

to Marquillas et al. (2005) and DeCelles et al. (2011), the Mealla and Maiz Gordo formations consist of a 

combined thickness of 10-121 m of fine-grained sandstone and red siltstone with abundant calcareous and 

manganese-iron hydroxide nodular paleosols; and the Lumbrera Formation is up to 585 m (70-485 m in 

the lower member and >100 in the upper member according to DeCelles et al. 2011) of red sandstone, 

siltstone, and mudstone, with intercalations of dark green to grey claystone and stromatolitic limestone. 

Del Papa and Salfity (1999) and references therein documented the rich fossil content in this subgroup 

defining a late Paleocene-Selandian age for the Mealla Formation; latest Paleocene to Early Eocene age 

for the Maíz Gordo Formation, and Middle to Late Eocene age for the Lumbrera Formation. Additionally, 

Del Papa et al. (2010) reported a U-Pb age of 39.9 ± 0.4 Ma for a tuff intercalated at the top of the upper 

Lumbrera Formation.  

The Balbuena subgroup is preserved across the Puna and Eastern Cordillera (Figures 2 and 3). 

Originally, these units were interpreted as the results of a second episode of thermal subsidence in the 

Salta rift (e.g., Salfity and Marquillas, 1994; Marquillas et al., 2005; Starck, 2011). However, DeCelles et 

al. (2011) documented an extremely mature sequence of compound paleosols, typically 50–100 m thick, 

in the Maiz Gordo and Lumbrera Formations, which represents a zone of intense stratigraphic 

condensation over a period of ca.10–15 Ma throughout all of northwestern Argentina. A similar interval 

of paleosols was documented in the Eastern Cordillera of Bolivia by DeCelles and Horton (2003). The 

stratigraphic level of the paleosol zone generally climbs eastward and can ultimately be traced into the 

Subandean zone (Uba et al., 2009). The paleosol disconformity is interpreted to be the result of forebulge 

migration through this part of the Andes (e.g., DeCelles et al., 2011).  
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Nonmarine sedimentation continued throughout the Cenozoic, recording the tectonic and 

erosional history of the Andean orogeny. Above the Lumbrera Formation, the stratigraphic record can be 

divided into three main successions: the Quebrada de Los Colorados Formation, Angastaco Formation 

(and their equivalents), and the Jujuy Subgroup.  

The Quebrada de Los Colorados Formation is age-equivalent to the Casa Grande Formation and 

Geste Formation. It corresponds to an upward coarsening succession that starts with fine-grained 

sandstone and varies to sandstone and conglomeratic sandstone interbedded with brick-red siltstone (e.g., 

DeCelles et al., 2011; Carrapa et al., 2012; Montero-Lopez et al., 2018). Paleocurrent data indicate 

eastward and northeastward paleoflow (DeCelles et al., 2011). This unit, crops out from the Susques area 

to the east, with thicknesses that increase eastward from ca. 860 m in the Tres Cruces area to ca. 1400 m 

in the Cianzo area (Figure 3). To the south (25-26 °S), thicknesses vary from 650 m (Carrapa et al., 2012) 

to 1500 m (Hongn et al 2007). Mammal fossils indicate a middle Eocene age (Bond & Lopez, 1995; 

Montero et al., 2017). Hongn et al. (2007) reported Middle Eocene fossils. DeCelles et al. (2007) 

provided a maximum depositional age of 37.6 ± 1.2 Ma (U-Pb in detrital zircons at 25.4o S). An 

additional time constraint is provided by detrital thermochronologic ages in the Geste Formation, which 

indicates sediment source exhumation at ca. 35 Ma at the top of the formation (Carrapa and DeCelles, 

2008). These formations have been interpreted as the proximal foredeep and wedge-top depozones of a 

regional foreland basin (DeCelles et al., 2011). 

The Rio Grande Formation is composed of 3000 – 4200 m of eolian and fluvial sandstone and 

conglomerate (Starck and Vergani, 1996; Countand et al.,2006; Siks and Horton, 2011). To the south (25-

26 °S), this formation correlates with the Angastaco Formation (e.g., Coutand et al., 2006; Carrapa et al., 

2012). To the east, the Calilegua and San Lorenzo Formations accumulated unconformably on top of the 

Lumbrera Formation in the Valle Grande area (Figures 2 and 3). These units consist of ca. 1000 m of 

quartzitic sandstone interbedded with siltstone, mudstone and coarse-grained sandstone (Cellini, 1973). A 

biotite 40Ar/39Ar age of 13.4 ± 0.4 Ma was obtained by Grier and Dallmeyer (1990) from an ash within the 

lower fluvial deposits of the Angastaco Formation. Siks and Horton (2011) reported 40Ar/39Ar analyses of 

five ashfall tuffs with a modest degree of reworking in the Cianzo area which yielded weighted mean ages 

between 16.34 ± 0.6 Ma and 9.69 ± 1 Ma. The Calilegua and San Lorenzo Formations were assigned by 

Gonzalez (2003) to the 16.4 - 12.8 Ma interval based on a correlation with the Calchaquence 

Megasequence. Carrapa et al. (2012) reported U-Pb detrital zircon ages establishing a maximum 

depositional age of 21.4 ± 0.7 Ma. Additionally, Carrapa et al. (2011) documented an intraformational 

unconformity within growth strata related to syn-depositional deformation at the base of the Angastaco 

Formation between 21.4 ± 0.7 and 13.4 ± 0.4 Ma. Sedimentation ended by ca. 9 Ma with the 
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accumulation of a new sequence over the Angastaco Formation, the Palo Pintado Formation (Carrapa et 

al, 2012; Pinguel et al., 2016). Thus, Carrapa et al. (2012) considered that this formation was deposited 

from ca. 21 to ca. 9 Ma. Paleocurrent data indicate mainly ENE to ESE directed paleoflow (Siks and 

Horton, 2011; Carrapa et al., 2012). According to DeCelles et al. (2011), these early to mid-Miocene units 

indicate sedimentation in the wedge-top and proximal foredeep depozones of the foreland basin.  

The youngest stratigraphic units are in the Jujuy Group, which from base to top includes the 

Pisungo, Sijes, Maimara, Tilcara, and Urquia Formations. The Pisungo Formation is a 2000 m (Tres 

Cruces area, Boll, and Hernandez, 1986) to 1600 m (Cianzo area, Siks, and Horton, 2011) thick sequence 

of poorly consolidated conglomerate that accumulated in proximal alluvial fans with growth strata (Siks 

and Horton, 2011). The Sijes Formation is a 200 m thick pyroclastic unit (Turner, 1960) composed of tuff 

and reworked tuff with minor intercalations of fine- to coarse-grained sandstone. In the Tres Cruces area, 

this unit is covered by dacites dated at 12 ± 2 Ma by K-Ar on whole rock (Coira, 1979). In the Cianzo 

area, the Pisungo Formation was deposited after ca. 9 Ma (Siks and Horton, 2011) and is time equivalent 

to the Palo Pintado Formation in the Angastaco basin (Carrapa et al., 2012).  Sedimentation continued 

during the Plio- Pleistocene with sedimentation mainly restricted to the modern basins. In the Tres Cruces 

area, Streit et al. (2017) documented a 120-m-thick sequence of clast-supported conglomerate, siltstone, 

and fine- to medium-grained sandstone. Ashes at the base and top of the sequence yielded U-Pb zircon 

ages of 3.74 ± 0.04 Ma and 0.80 ± 0.02 Ma, respectively (Streit et al., 2017). In the Humahuaca valley, 

three formations were deposited during latest Miocene-Pliocene time: the Maimara Formation 

corresponds to gypsum-bearing mudstone, sandstone, and conglomeratic sandstone; the Tilcara Formation 

is a 250 m thick interbedded conglomerate and sandstone interval, which contains volcanic ash layers 

(Pingel et al., 2013). Pingel et al. (2013) reported U–Pb zircon ages between 5.9 – 4.2 Ma for the 

Maimara Formation and 3.6 – 2.5 Ma for the Tilcara Formation. The Urquia Formation consists of ca. 

260 m (Reguero, 2007) of poorly consolidated sandstone and siltstone, with tuffaceous intercalations 

(Gonzalez, 2003). Reguero et al. (2007) used fossils to determine a late Chapadmalalan (4.0—3.0 Ma) to 

Ensenadan age (1.2—0.8 Ma) for the Urquia Formation. In the Angastaco basin and areas to the south 

along the margin of the Puna Plateau these units are equivalent to the Punashotter conglomerate (Carrapa 

et al., 2011; Schoenbohm et al., 2015). 

3. Methods 

3.1 Apatite Fission Track (AFT) Thermochronology 

In fold-thrust belts, thermochronologic ages provide time constraints on cooling driven by 

exhumation and erosion in the hanging-walls of thrust faults (e.g. ter Voorde et al., 2004; Ege et al., 2007; 

https://en.wikipedia.org/wiki/Mya_(unit)
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Reiners and Brandon, 2006; Barnes et al., 2008; Mora et al., 2015; Fosdick et al., 2015; Anderson et al., 

2018; Chapman et al., 2017). Here, we use AFT thermochronology as a proxy to constrain the kinematic 

history of the thrust belt.  

Apatite fission track (AFT) thermochronology uses the damage produced in the apatite crystal 

lattice by the spontaneous fission of 238U. At temperatures higher than the closure temperature (120 °C; 

e.g., Green et al., 1989), these damage or fission tracks are annealed, while at temperatures lower than 80 

°C, fission tracks are fully retained within the crystals. At 120-80 °C, fission tracks start to anneal 

defining the Partial Annealing Zone (PAZ, e.g., Green et al., 1989). Thus, depending on the geothermal 

gradient, AFT is sensitive to the cooling driven by exhumation and erosion of the upper ca. 6-2 km of the 

crust (assuming a geothermal gradient of 20-40 °C/km respectively).  

In order to determine the time and regional patterns of deformation, we sampled hanging-wall 

rocks of main thrust faults across the thrust belt. 3-4 kg of rocks were sampled from Ordovician, 

Cambrian and Proterozoic siliciclastic units. To determine the AFT cooling ages, we used the external 

detector method (Hurford and Green, 1983). We mounted the apatite grains in epoxy resin, polished the 

mounts to expose the apatite grains, etched the mounts to reveal the fission tracks (5.5M HNO3 for 20 ± 1 

second at 20 °C ± 1°C following Donelick, 2005), and fixed mica sheets to the sample mounts to record 

the induced fission of 235U. The samples were irradiated at Oregon State University Triga Reactor, 

Corvallis. The neutron fluence was determined using Corning uranium-dosed glass CN5. Analyses were 

conducted at the University of Arizona Fission Track Laboratory. The induced tracks in the mica sheets 

were etched using 49% hydrofluoric acid for 15 minutes at 23° C (Donelick, 2005). The spontaneous and 

induced tracks were counted using an Olympus petrographic microscope at 1600 times magnification at 

the University of Arizona. Cooling ages were calculated using the Zeta calibration method (Hurford and 

Green, 1983). Central ages (e.g., Galbraith, 2005) were determined using 20 apatite grains. The χ2 statistic 

was used to determine the variance of grain age distribution (e.g., Galbraith, 2005). χ2>5 indicates that all 

the grains belong to a single age population (Galbraith, 2005). Additionally, we used radial plots 

(RadialPlotter software; Vermeesch, 2009) to show the age variance on each sample (Supplementary 

information). 

3.2 Cross Section Construction and Restoration 

Previous geologic maps of the area at 1:150.000 and 1:500.000 (Gonzalez, 2003; Mapa 

Geologico de la Provincia de Jujuy) were used as the basis for new mapping, and foot transects focused 

on stratigraphic and structural relationships at 1:50.000 scale. The regional cross-section (A-A’) is 

oriented ~W-E, perpendicular to the main structural trend, and it was built by projecting data from shorter 
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cross-sections oriented perpendicular to local structures (Figure 2). Generally, we projected bedding, 

structural relationships, and sample locations from up to 5 km distance perpendicular to the trace of the 

cross-section; however, depending on the access and along-strike continuity of the structures, we locally 

projected data from up to 10 km distances. Thus, the regional cross-section provides a first-order, 

regionally representative interpretation of the structure in the fold-thrust belt.  

The thrust belt is divided into two main zones, the Puna Plateau and the Eastern Cordillera. Each 

zone was further divided into areas based on continuous and contiguous structural characteristics. We 

constructed the balanced cross-section iteratively by combining line-length balancing and forward 

modeling using MOVE (Midland Valley). In most cases, the hanging-wall cutoff positions have been 

removed by erosion. We used conservative geometries that provide a minimum estimate of shortening 

and exhumation. We assumed that basement structures have the simplest geometric solution that explains 

the cooling patterns, sedimentation, Andean deformation in Cenozoic depocenters, and provides a 

kinematically viable balancing of fault slip. We did not incorporate deformation at scales smaller than 2 

km. Additionally, our cross-section does not incorporate out-of-plane deformation. Structural geometries 

were iteratively refined during the kinematic reconstruction using the restored section and forward 

modeling in order to attain a cross section that best honors all available data constraints. We used standard 

algorithms of fault-bend-fold and fault-parallel-flow for structures with forward slip (e.g., Suppe, 1983; 

Egan et al., 1997; Ziesch et al., 2014; Brandes and Tanner, 2014). Simple-shear and flexural-slip 

algorithms were used for backthrust deformation forming “pop-up” structures (e.g., Suppe, 1983; White 

et al., 1986; Brandes and Tanner, 2014). 

4. Results and Interpretations 

4.1 Apatite Fission Track Analytical Results 

Fifteen samples of Paleozoic sandstone and one granite were analyzed. All samples record 

Cenozoic cooling ages. All the samples except one (SH17-5) produced data that pass the χ2 test, 

indicating the presence of a single age population. Results are reported in Table 1 and are presented below 

in the context of each tectonomorphic zone. Ten samples were collected in three locations in the Eastern 

Cordillera, eight along two EW-oriented valleys in the western side of the NS-trending Humahuaca valley 

and two in the basement uplift east of the valley (SH16-28 and SH16-29). Three out of the eight samples 

are from the Coraya valley (SH16-30, SH16-31 and SH16-36) and five from the Yacoraite valley (S17-

1.2, SH17-2, SH17-5, SH17-6, and SH17-6a; Figure 2).  
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Cooling ages along the Coraya valley yielded pooled ages between ca. 5 and 13 Ma. From west to 

east, the samples yielded cooling ages of 10.6 ± 1.4 Ma (SH16-36), 5.5 ± 1.9 (SH16-31) and 12.1 ± 1.6 

Ma (SH16-30). Cooling ages along the Yacoraite valley, ca. 18 km to the south of the Coraya valley, 

produced pooled ages between ca. 12 and 23 Ma. The westernmost sample (SH17-5) yielded a pooled age 

of 12 ± 1.6 Ma and is the only sample that has a χ2 value of 5, the limit value for passing the statistical test 

that indicates a single population (Galbraith, 2005). The following samples to the east yielded pooled ages 

of 14 ± 1.4 Ma (SH17-6a), 12.1 ± 1.5 Ma (SH17-6), 13.7 ± 1.3 Ma (SH17-2) and 22.4 ± 1.3 Ma (SH17-

1.2). The two samples east of the Humahuaca valley are from the same thrust sheet sampled at a different 

elevation; the highest sample produced a pooled age of 6.1 ± 0.9 Ma (4248 m, SH16-29) and the lowest 

one a pooled age of 5.1 ± 2.4 Ma (3757 m, SH16-28). 

The six samples collected from the eastern side of the Eastern Cordillera are from Ordovician 

sandstones (SH16-20, SH16-21, SH16-23, SH16-24, SH16-26 and SH16-27). The range of elevation 

between the samples is 1181 m. The westernmost sample yielded a pooled age of 3.3 ± 1.1 Ma (SH17-

27). This sample is the only one in the hanging-wall of the Zenta thrust (see the description of the thrust 

belt below). The analytical results for the other five samples show an eastward trend toward younger 

pooled ages as they decrease 1338 m in elevation from 4617 to 3279 m. From west to east, the pooled 

ages are 7.5 ± 0.8 Ma (4617 m, SH16-26), 7±1.1 Ma (4493 m, SH16-24), 7 ± 1.1 Ma (3970 m, SH16-23), 

5.8 ± 1.1 Ma (3594 m, SH16-21), and 5.2 ± 1.1 Ma (3279 m, SH16-20). These samples were not 

considered a vertical transect because they are horizontally spread over a distance of ca. 20 km. 

4.1.2 Interpretation of AFT Cooling Ages 

We interpret the cooling ages to reflect a time of exhumation and erosion driven by deformation. 

In the Yacoraite valley, the sample SH17-1.2 is interpreted to indicate cooling driven by exhumation due 

to shortening in the valley. Samples GF-1, GF-3, GF-4, and GF-6 (Deeken, 2005) are from a thrust sheet 

in the middle of the valley (see structural data in section 4.2). Sample GF-6 (64 ± 2.7 Ma, 72 of χ2 value 

Deeken, 2005) is the oldest and highest sample of the four. The three other samples collected show 

cooling between ca. 11 and 15 Ma. We interpret GF-6, the highest and oldest sample, to represent an 

unreset age. A total of 9 out of 12 samples along the Yacoraite and Coraya valleys yielded cooling ages 

between ca. 15-10 Ma. We interpret these ages to represent the time of exhumation of the hanging-wall of 

a larger and deeper structure that was internally deformed by a series of thrust sheets. We prefer this 

interpretation rather than exhumation controlled by each thrust fault because this would require 

significant shortening along each thrust fault that is not supported by field observations (See the 

description of the structure in the Yacoraite valley below). The youngest age (SH16-31; 5.5 ± 1.9 Ma) is 

from the westernmost fault that exhumed basement in the Coraya valley. We interpret this cooling age to 
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indicate the time of local out-of-sequence deformation. Similarly, the AFT cooling ages east of the 

Humahuaca valley are interpreted to represent late Miocene to Pliocene exhumation due to shortening. 

Further interpretations of these cooling ages are presented together with the kinematic history of the fold-

thrust belt below. 

4.2 Structure of the Fold-Thrust Belt at 23-24 °S 

In the following section, we summarize and integrate published structural data that characterize 

the deformation in an attempt to establish lateral connections across the thrust belt. Our cross-section 

interpretation is based on the assumption that there is a main structure connecting and propagating 

shortening through the region and that sedimentation was compartmentalized in wedge-top and 

intermontane depocenters and laterally continuous across the foredeep, forebulge and backbulge 

depozones (DeCelles et al., 2011).  

Different amounts of strain have been documented in the Ordovician basement compared to the 

Cenozoic depocenters (Henriquez et al., in prep, Appendix B). The Ordovician ranges are intensely 

deformed in a series of open to tight folds; penetrative strain and cleavage require a pre-Andean 

deformational event able to form phyllosilicates in cleavage planes and dissolve quartz by pressure 

dissolution (Henriquez et al., in prep, Appendix B.). On the other hand, Andean deformation in the 

Cenozoic depocenters is characterized by long-wavelength folds, usually preserved as footwall synclines, 

or by tilted panels that accommodate significantly less strain (shortening). Although the Andean 

deformation is likely responsible for the last modification of a previously folded sequence, the amount of 

additional strain within each thrust sheet remains undocumented. Faults exhuming Ordovician basement 

above Cenozoic deposits and structures deforming those deposits are the only structures that we consider 

for constraining the Andean shortening.  

4.2.1 Olaroz and Lina Ranges 

4.2.1.1 Previous and New Observations 

The Paso de Jama and El Toro areas preserve late Eocene to Miocene sedimentary rocks (Figure 

2 and 4). These two depocenters are limited and separated by ranges composed of Ordovician rocks to the 

east and west. We follow the structure described by Henriquez et al. (in prep, Appendix B). The Paso de 

Jama area is characterized by a partially eroded east-vergent anticline, which deforms the Cenozoic strata. 

To the east, Miocene volcano-sedimentary deposits form an open syncline, which requires bivergent east-

west shortening. The Paso de Jama area is widely covered by younger deposits, so it is possible that the 

structure is more complex than a single anticline, especially under the covered areas; however, we use the 
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simplest interpretation to constrain the minimum amount of shortening. In the El Toro area, the Cenozoic 

strata are tilted to the west. West of the Paso de Jama area, an inferred reverse fault places the Ordovician 

rocks above the Miocene sandstones, whereas to the east, the open footwall syncline suggests that a 

covered or blind west-vergent fault uplifts the Olaroz Range (Henriquez et al., in prep, Appendix B). 

Along the eastern side of the Olaroz Range, a reverse fault exhumes the Ordovician basement above the 

Miocene conglomerates of the El Toro area. Farther to the east, the Lina Range does not have clear 

Cenozoic faults controlling its exhumation.  

4.2.1.2 Interpretation 

The cross-section interpretation of these structures (Figure 4) consists of an east-vergent thrust 

system in which the Ordovician range west of the Paso de Jama area was uplifted by a thrust fault that 

propagated shortening into the basin, producing the anticline in the Paso de Jama area. The Olaroz Range 

is a pop-up structure and the Lina Range was exhumed by two east-vergent faults that form a duplex. 

Constraints for this structure include thermochronologic data (Cretaceous AFT ages recorded by the 

samples SH16-9 and SH16-10 in the Olaroz Range and  

Eocene AFT ages recorded by the samples SH16-11 and SH16-47 in the Lina Range), an east-

vergent fault that crops out to the north (at ca. 22.5 °S, Caffe et al., 2001), and an east-vergent reverse 

fault that controlled a depocenter in the Rinconada area, north of the Coranzuli area (at ca. 22.5 °S, 

Claduohos et al., 1994). 

4.2.2 Salinas de Olaroz and Susques Area 

4.2.2.1 Previous and New Observations 

The Salinas de Olaroz is a modern depression limited by Ordovician ranges. No Cenozoic 

sedimentary rocks are exposed in this area, nor are seismic reflection data available to constrain the 

subsurface geology. To the north, this area is limited by Ordovician basement and volcanic deposits. In 

the Susques area, the main structure is a west-vergent thrust that places Ordovician strata and an 

Ordovician intrusive above Cretaceous and Cenozoic strata (Servicio Geologico Argenitno, 1996; 

Coutand et al., 2001; Henriquez et al., in prep, Appendix B). Locally, a second reverse fault branches 

from this main fault, forming an east-dipping fault system that in map view varies along strike, including 

other branches and continuing as a high-angle fault system for ca. 150 km (Servicio Geologico Argenitno, 

1996, Figure 2). West-dipping reverse faults have been documented along the eastern side of the Susques 

Range (Coutand et al., 2001, Letcher, 2005), although significant volcanic and alluvial cover usually 

cover the actual fault zone.  
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Cretaceous strata crop out as a west-dipping panel unconformably deposited above Ordovician 

strata. A second east-dipping reverse fault folded rocks of the Balbuena Subgroup above the Lumbrera 

Formation (Figure 5). Within the Lumbrera Formation, an anticline-syncline pair with an overturned limb 

indicates the formation of an east-vergent fault propagation fold.  

4.2.2.2 Interpretation 

Based on structural relationships (Figure 4), we interpret the Salar de Olaroz as a depocenter of 

negligible depth above Ordovician basement. In the cross-section interpretation of the Susques area, the 

main east-dipping fault system is a backthrust that branches at depth from an east-vergent fault. 

Displacement along this backthrust induced sedimentation to the west and produced a footwall syncline. 

The east-vergent fault within the Lumbrera Formation is considered a structure related to the faults 

propagating shortening from the west in the Lina Range.  

4.2.3 Cobres Range and Salinas Grandes  

4.2.3.1 Previous and New Observations 

The Cobres Range is mainly composed of Ordovician strata and intrusives (Figure 2). The main 

structures are a N-S striking, east-dipping reverse fault and two NNE-SSW striking, west-dipping reverse 

faults (Figure 2). To the east, the Tusaquillas Range is controlled by a west-dipping east-vergent thrust 

fault that uplifts the Tusaquillar intrusive above the Salinas Grandes (e.g., Steinmetz et al., 2015). The 

Salinas Grandes has been studied using seismic reflection profiles by several researchers (e.g., Monaldi et 

al., 1993; Gangui and Geotze, 1996; Coutand et al., 2001, Steinmetz et al., 2015). In the Salinas Grande 

area, seismic interpretations show Cenozoic units unconformably accumulated above the Salta rift 

deposits and the Ordovician basement (e.g., Monaldi et al., 1993; Coutand et al., 2001; Steinmetz et al., 

2015). The sedimentary infill is undeformed (e.g., Monaldi et al., 1993; Coutand et al., 2001; Steinmetz et 

al., 2015) with the exception of growth near the fault in the Aguilar Range(Coutand et al., 2001 and 

Steinmetz et al., 2015). Growth strata in the Casa Grande Formation (Coutand et al.,2001; Steinmetz et 

al.,2015) and Rio Grande Formation (Coutand et al. 2001) near the Aguilar Range provide evidence of 

upper Eocene to Miocene shortening in the Aguilar Range. 

4.2.3.2 Interpretation 

In the Cobres Range, the intensity of deformation (of Paleozoic age) within the Ordovician strata 

frustrates attempts to constrain Andean (Cenozoic) fault geometries using bedding orientation and 

stratigraphic separation. Although fold asymmetries and cleavage orientations within the Ordovician 
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rocks obscure the Cenozoic deformation, the two Cenozoic faults to the east are consistent with east-

vergent deformation within the ranges documented by Henriquez et al. (in prep, Appendix B). To 

constrain the structural model in this range we use thermochronologic data (see kinematic history). In the 

cross-section interpretation (Figure 4), the Cobres Range is an east-vergent thrust system, which locally 

accommodates shortening in a “pop-up” structure. The east-vergent faults duplicated the Ordovician 

strata, the Tusaquillas thrust uplifted the Cretaceous intrusive (Tusquillas intrusive) and provided 

sediments to the depocenter to the west. The Salinas Grandes depocenter is a wedge-top, or piggy-back, 

depocenter that accumulated detritus between the Tusaquillas thrust and a backthrust in the Aguilar 

Range, where late Eocene to Miocene growth strata document shortening (Coutand et al., 2001; Steinmetz 

et al.,2015). This depocenter was passively translated above an east-vergent fault that propagated 

shortening to the east. 

4.2.4 Aguilar Range and Tres Cruces Area 

4.2.4.1 Previous and New Observations 

Like the Cobres Range, the Aguilar Range consists of Ordovician strata and an lower Cretaceous 

intrusive (Figure 2). This range is exhumed by the Aguilar thrust to the east (e.g., Coutand et al., 2001; 

Kley et al., 2005) and by a backthrust along its western flank. To the east, the structure in the Tres Cruces 

area has been studied by several researchers using both surface data and seismic reflection profiles (e.g., 

Coutand et al., 2001; Kley et al., 2005; Monaldi et al., 2008). Sedimentation in the Tres Cruces area took 

place in the footwall of the Aguilar thrust (Coutand et al., 2001). Structures within the basin vary 

significantly along strike and show different degrees of reactivation during the Andean deformation (Kley 

et al., 2005, Monaldi et al., 2008). The structures include preserved Cretaceous east-striking normal 

faults, half grabens, rollover anticlines and fault propagations folds (Monaldi et al., 2008). To the east, the 

structure is more complex and comprises several folds and faults as well as half grabens formed during 

the opening of the Salta rift (Monaldi et al., 2008). Andean sedimentation at this locality started during 

the Eocene as part of the Andean regional foreland basin (e.g., Kley et al., 2005, DeCelles et al., 2011). 

Coutand et al. (2001) interpreted thickening of the Casa Grande Formation towards the Aguilar thrust, to 

indicate a late Eocene to Oligocene time for the onset of deformation in the Aguilar Range. We use the 

interpretation of Coutand et al. (2001) of a seismic line in the center of the basin to constrain the amount 

of shortening in the cross-section. This line shows two east-vergent thrust sheets that sole into a 

detachment in the Ordovician basement.  

4.2.4.2 Interpretation 
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In the cross-section interpretation, the Aguilar Range is a “pop-up” structure in the hanging-walls 

of an east-vergent main thrust and a west-vergent (antithetic) backthrust. Slip propagated eastward into 

and beneath the Cenozoic section of the Tres Cruces area along the top of the Ordovician strata. 

4.2.5 Sierra Alta 

4.2.5.1 Previous and New Observations 

The structure in the Eastern Cordillera is characterized by high-angle N-NNE striking thrust 

faults, imbricated fault systems, and folds that expose the Proterozoic to early Cambrian basement (Mon 

and Salfity, 1995; Kley et al., 2005). Both east- and west-dipping major thrusts are present (e.g., Kley et 

al., 2005, Carrera et al., 2006; Pearson et al., 2013), and although some structures are continuous for 

several kilometers, they also are interrupted by NW-striking faults. These include normal and partially 

inverted faults (e.g., Kley et al., 2005; Carrera et al., 2006; Monaldi et al., 2008) and sinistral faults with 

low magnitude displacements (Pearson et al., 2013). The main structures that accommodated shortening 

trend N to NNE, and were either formed or reactivated during the Cenozoic Andean deformation. 

The Yacoraite valley provides an easily accessible transect of the western part of the Eastern 

Cordillera (Figure 2 and 6), in which excellent aerial exposure and bedding dip domains can be 

interpreted in terms of thrust hanging-wall/footwall relationships. The structure in the Yacoraite valley 

area consists of west-dipping high-angle thrust faults, which expose Proterozoic to Neocomian rocks 

(Figure 2 and 6). Four out of the six thrust sheets repeat Proterozoic to Cambrian rocks. The westernmost 

fault duplicates the Pirgua and Balbuena Subgroups in a hanging-wall flat on footwall flat relationship 

(Figure 7c). In the lower thrust sheet, the Pirgua Subgroup rests unconformably on Ordovician units 

(Figure 7e). This thrust sheet places a Proterozoic hanging-wall lateral ramp on a footwall flat in the 

Pirgua Subgroup (Figure 7f). In the Yacoraite valley-proper, this fault is overturned; however, north of 

the valley, this fault places a Cambrian hanging-wall ramp on Ordovician footwall ramp (Figure 6). To 

the east, a hanging-wall ramp places Cambrian to Cretaceous rocks on Ordovician and Cambrian rocks in 

the footwall ramp (Figure 7(A)). This fault is possibly an originally extensional fault that was inverted as 

a reverse fault during the Andean orogeny. The thrust sheet in the footwall consists of Proterozoic to 

Ordovician rocks (Figure 7(B)). It is internally deformed in a west-dipping monocline and duplicates 

Proterozoic to Cambrian rocks in a ramp on-ramp structural relationship. The next thrust fault to the east 

juxtaposes a Proterozoic to Cambrian hanging-wall ramp against a Cambrian footwall ramp (Figure 7b). 

The easternmost major fault in the Yacoraite valley area juxtaposes a Cambrian hanging-wall ramp on a 

Cretaceous footwall ramp. To the south, this fault (the Purmamarca fault) carries Proterozoic rocks. 

Inverted faults and thrust sheets with ramp-on-ramp structural relationships and small stratigraphic 
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separations indicate that each thrust did not accommodate significant shortening. Additional constraints 

for the cross-section come from thermochronologic data discussed below in the kinematic history section.  

4.2.5.2 Interpretation 

The cross-section interpretation of these structures is an east-vergent low-angle thrust system 

detached at different levels within the Proterozoic to Cambrian rocks (Figure 8). Displacement started in 

the Purmamarca fault (easternmost fault), producing two fault-bend folds above two ramps separated by 

flats. The hangingwall was internally deformed by several thrust faults (Figure 7c, 7c, 7f) and at least 

partially facilitated by reactivated (inverted) extensional faults (Figure 7(A)). 

4.2.6 Humahuaca Valley 

4.2.6.1 Previous and New Observations 

To the east of the Yacoraite valley area, the Humahuaca valley consists of Cretaceous to Pliocene 

rocks (Figure 2 and 3). This valley is structurally and topographically controlled by the Purmamarca fault 

on its west side, and the Tilcara Ranges to the east (Pingel et al., 2013). A series of east-verging thrust 

faults accommodated small displacement in the western side of the valley placing the Lumbrera 

Formation on Miocene and Pliocene units (Tilcara and Maimara Formations, Pingel et al., 2013). The 

Tilcara Ranges are formed by the last thrust sheets within the Eastern Cordillera. The structure is 

characterized by N-NNE striking thrust faults that repeat the Proterozoic to Ordovician units, exposing 

the basement of the Salta rift deposits in steeply dipping panels (Kley et al., 2005). Normal faults in the 

thrust sheets were rotated and exposed during the Andean deformation as steeply dipping E to ESE 

striking faults (Kley et al., 2005). One of the main structures in the Tilcara Ranges is the Cianzo fault, 

which places the Proterozoic to lower Cambrian basement over Pliocene deposits (Figure 2 and 9).  

4.2.6.2 Interpretation 

Based on our cross-section the Humahuaca valley area is interpreted to represent a Cretaceous 

depocenter in the hanging wall of an east-verging thrust sheet that propagated slip to the surface in the 

Tilcara Ranges (Figure 8). Displacement along this thrust sheet induced exhumation of a significant part 

of the Cenozoic stratigraphy from above the Cretaceous units. In the western side of the valley, the 

Purmamarca fault ramps above the Cretaceous strata. Pliocene exhumation and minor shortening in the 

western side of the valley is related to slip along a deep decollement that propagated shortening to the 

east. This structure is further explained in the Valle Grande area.  These structures were not included in 
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the regional cross-section; however, some reactivation and deformation are possible within the regional 

structural model proposed here.  

4.2.7 Cianzo Area 

4.2.7.1 Previous and New Observations 

At this latitude, structures produce a change in the average topography from ca. 4000 m to ca. 900 

m in the foreland basin over a west-to-east distance of ca.50 km. The stratigraphic level exposed in this 

part of the thrust belt is shallower than in the Eastern Cordillera. This difference has been related to the 

Hornocal fault, an east-dipping normal fault that controlled Cretaceous deposition in the Cianzo area 

during the opening of the Salta rift (Kley et al., 2005). 

One of the main structures in the Eastern Cordillera is the Cianzo Syncline (Figure 2, 9 and 10). 

This fold trends N-S and is cut to the north by the high-angle SE-dipping Hornocal fault (Amengual and 

Zapettini, 1973; Figures 2, 9 and 10). South of this fault, the Pirgua Subgroup reaches 2 km of thickness, 

whereas to the NW, the Pirgua is missing and the Balbuena Subgroup rests unconformably on Ordovician 

rocks (Starck, 1995). The Hornocal fault is interpreted to be a normal fault (Salfity and Marquillas, 1994) 

with a throw of about 4 km (Kley et al., 2005). Inversion of the Hornocal fault during Andean shortening 

placed the Cretaceous strata over the Rio Grande and Pisungo Formations (e.g., Kley et al., 2005; Siks 

and Horton, 2011). In the western limb of the syncline, the Hornocal fault is cut by the west-dipping 

Cianzo thrust, and to the east, the Hornocal fault merges with the Zenta thrust, a N-S trending high-angle 

east-dipping thrust fault (e.g., Amengual and Zapettini, 1973; Gonzalez, 2003; Kley et al., 2005). Kley et 

al. (2005) proposed that several high-angle reverse and inverted faults controlled the structure in the 

eastern part of the syncline. East of the Cianzo Syncline both the structure and stratigraphy are less well 

constrained as evidenced by inferred stratigraphic contacts and fold axes (Gonzalez, 2003).  

4.2.7.2 Interpretation 

The overall structure of the Cianzo area is a large anticline (ca. 25 km width) that exposes 

Ordovician, Devonian, Carboniferous and Cretaceous units. Internally, this large structure was locally 

modified by smaller-scale folds. The anticline closest to the Cyanzo syncline is shown in Figure 10. We 

speculate that these folds could have been formed as fault-propagation folds related to backthrusts. The 

cross-section interpretation of the Cianzo Syncline requires the inversion of the Hornocal fault followed 

by its decapitation by the east-vergent Cianzo fault (Figure 8, 9 and 10). The western limb of the syncline 

was formed during the inversion of the Hornocal fault, whereas the eastern limb was tilted during the 
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formation of the major anticline to the east. The large-scale anticline was modeled as a fault-bend fold 

above an east-vergent thrust that crops out in the Valle Grande area. 

4.2.8 Valle Grande Area 

4.2.8.1 Previous and New Observations 

According to the geologic map of the Valle Grande area (Gonzalez, 2003) combined with our 

new observations, the main structures of this area are presented by three folds, a gentle syncline that 

exposes Cenozoic strata and two anticlines that expose the Pirgua and Balbuena Subgroups and the 

Devonian rocks to the east. Farther to the east, this geologic map shows four inferred east-vergent reverse 

faults that deform the Miocene deposits as the easternmost structures to crop out. In the western limb of 

the syncline, the Cenozoic units are subhorizontal to gently dipping toward the east. The contact between 

the steeply east-dipping Balbuena Subgroup and the Cenozoic strata is covered. To the east, the two N-S 

trending anticlines that expose Devonian units at their cores have a gently dipping west limb and a steeply 

dipping east limb. 

4.2.8.2 Interpretation 

In the local stratigraphy, the Cenozoic units are the Calilegua and San Lorenzo formations, two 

units that correlate with the Rio Grande Formation. For simplicity, the Calilegua and San Lorenzo 

formations were represented in the map and cross-section as the Rio Grande Formation. In the western 

limb of the syncline along the Valle Grande area, the thick and gently dipping Calilegua and San Lorenzo 

Formations do not seem to have enough space to be folded with the Balbuena Subgroup. Based on this 

observation we speculate that an east-vergent thrust fault places the steeply dipping Balbuena Subgroup 

above the Miocene strata. The Pirgua Subgroup exposed to the east projects below the Miocene strata, but 

does not continue to the west under the Balbuena Subgroup (Figure 2). This suggests that a normal fault 

in the subsurface controlled the local accumulation of the Pirgua Subgroup. To the east, asymmetry in the 

two N-S trending anticlines indicates east-vergent deformation. Since no fault seems to cut along the 

trend of these folds, we interpret these folds as fault-bend folds. Based on our cross-section we infer an 

east-verging thrust fault detached in the pre-Ordovician basement in the western part of the Valle Grande 

area. This fault exhumed a thick thrust sheet and forms the anticline that separates the Cianzo Syncline 

from the Valle Grande area. The two fault-bend folds are formed by two east-verging flat-ramp structures, 

which propagate shortening into the foreland. These structures in the Eastern side of the Eastern 

Cordillera are interpreted to sole into a deeper decollement than the structures in the Puna and Eastern 

Cordillera based on the stratigraphy and depth of the deformation east of the Cianzo Syncline. In our 
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structural model we propose the decollement to have several flat-ramp segments in order to facilitate the 

youngest of exhumation in the Eastern Cordillera and Huamahuaca valley to the west. 

4.3 Kinematic Evolution of the Andean Retroarc Belt 

The proposed kinematic evolution is based on geometric constraints of the structures, 

stratigraphic constraints, cross-cutting relationships, provenance data of Cenozoic synorogenic 

sedimentary rocks, and thermochronologic data. We chose to not model our structural and 

thermochronological data using more sophisticated thermo-kinematic algorithms (e.g. Fetkin; Almendral 

et al., 2015.) because of the current distribution of the data across the region, which does not allow 

enough resolution for these kinds of models to produce reliable results. In the mid to late Cretaceous, the 

thrust belt was located west of the arc in the Cordillera de Domeyko and Salar de Atacama area (Figure 

1). The Cordillera de Domeyko was shortened since the Late Cretaceous (Amilibia et al., 2008). Late 

Cretaceous and Paleocene-middle Eocene growth strata in the Salar de Atacama area (Purilactis and 

Naranja Formations; Mpodozis et al., 2005; Arriagada et al., 2006) indicate sedimentation in a foredeep 

and wedge top depozones respectively, showing the eastward propagation of the thrust belt (e.g. Jordan et 

al., 2007; Henriquez et al., 2019). Shortening and exhumation in the Cordillera de Domeyko propagated 

into the Salar de Atacama area mostly between 50 and 32 Ma (e.g., Maksaev and Zentilli, 1999; 

Mpodozis et al., 2005; Henriquez et al., 2019; Bascuñán et al., 2019). Although this region preserves 

synorogenic sedimentation related to protracted shortening, the shortening estimates are only locally 

constrained (Haschke and Gunther, 2003; Amilibia et al., 2008) and reach ca. 21 km of total shortening. 

This estimate includes 9 km (Haschke and Gunther, 2003) and 8 km (Amilibia et al., 2008) from the 

Cordillera de Domeyko at ca. 22 °S and 26 °S respectively and 4-5 km in the eastern edge of the 

Cordillera de Domeyko at ca. 23 °S (Amilibia et al., 2008) but it does not consider internal deformation in 

the Salar the Atacama area or structures in the western side of the Cordillera de Domeyko. This structural 

high (Cordillera de Domeyko) and proximal foreland basin (Salar de Atacama area) provide a relevant 

context for the kinematic history recorded in the Puna Plateau and Eastern Cordillera of NW Argentina.  

In time step 1 (> 45 Ma), the kinematic sequence starts with the eastward propagation of the fold-

thrust belt along the decollement at the base of the Ordovician strata. The two thrust-sheets to the west 

represent an unconstrained but expected relief below the Miocene to recent volcanic deposits. These 

structures are hypothesized based on the eastward propagation of the thrust-belt from the Salar de 

Atacama area, west of the arc (Figure 1). These hypothesized structures were not considered in the 

shortening estimates, however, shortening estimates from the Cordillera de Domeyko and Salar de 

Atacama were considered for the total amount of shortening described below. The Maiz Gordo, Mealla 

and lower Lumbrera Formations accumulated in the back-bulge and forebulge depozones of the regional 
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foreland basin system that was developed across the Puna and Eastern Cordillera during Paleocene-

Eocene time (DeCelles et al., 2011). 

Time step 2 (45-35 Ma) shows the development of structures during the early stages of 

deformation in the northern Puna plateau. Basement slip was propagated from the detachment by east-

verging ramps (Figure 12 (a)) and a backthrust (Figure 12 (b)). These structures accommodated 36 km of 

shortening. The Lina Range and Susques Range started to form during this time as a result of forward 

propagation of the thrust belt. AFT cooling ages from the Lina Range (50-40 Ma, Figure 12 (c); 

Henriquez et al. in prep, Appendix B) indicate that the orogenic front had propagated ca. 150 km from the 

Salar de Atacama area at ca. 45 Ma. This suggests an unsteady growth of the orogen. AFT and AHe 

cooling ages from the Susques Range ((d) Letcher, 2007; Henriquez et al., in prep, Appendix B) indicate 

a more complex cooling history, which requires limited exhumation (ca. 1.6-3.3 km assuming a 

geothermal gradient of 30 °C/km), likely starting at ca. 45-35 Ma. (Henriquez et al., in prep, Appendix 

B). The Geste Formation accumulated in the wedge-top depozone in the eastern Puna and western part of 

the Eastern Cordillera (Salar de Pozuelos; e.g., Carrapa and DeCelles, 2008; DeCelles et al., 2011) and 

the proximal foredeep depozone, represented by the Quebrada de los Colorados Formation, was located in 

the Eastern Cordillera (DeCelles et al., 2011; Carrapa et al., 2012). The total amount of shortening at this 

time is 57 km. 

Time step 3 (35-25 Ma) illustrates the result of cumulative shortening until ca. 24 Ma. Basement 

slip was accommodated by east-vergent ramps in the Cobres Ranges (Figure 12 (f), (g) and (h)) and west 

of the Paso de Jama area (Figure 12 (e)), evincing out-of-sequence deformation and the continued forward 

propagation of the thrust front. AFT and AHe cooling ages support exhumation of ca. 4 km of rocks from 

the hanging-wall of these thrust faults (Figure 12 (e), (f), (g) and (h)). Exhumation between ca. 37 and 34 

Ma occurred in the central part of the Cobres Range (Figure 12 (i)) and between ca. 30 and 23 Ma (Figure 

12 (j) and (k)) in both the hinterland and the Tusaquillas Range. Cooling data from the Aguilar Range 

support coeval exhumation controlled by shortening (Henriquez et al., in prep, Appendix B). This is also 

supported by growth strata in the Casa Grande Formation in both the Salinas Grandes and Tres Cruces 

areas ((l) and (m); e.g., Coutand et al., 2001; Steinmetz et al., 2015); however, significant exhumation in 

this range happened after Oligocene time (Henriquez et al., in prep, Appendix B) and was therefore 

included in time step 4. The kinematic model is supported by the location of the foredeep depozone 

(DeCelles et al., 2011) as well as distal sedimentation in the Cianzo area (Casa Grande Formation; Siks 

and Horton, 2011). The cumulative shortening in the Puna Plateau is 94 km and the total amount of 

shortening for the orogenic system as a whole is 115 km.   
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By the time step 4 (25-20 Ma), 25 km of additional shortening was accommodated within the 

thrust belt. The detachment at the base of the Ordovician strata propagated eastward cutting deepest parts 

of the stratigraphic section that were exposed at the surface during the formation of the Salta rift. Slip 

along this detachment continued the eastward propagation of the thrust front by 130 km. A “pop-up” 

structure in the Aguilar Range separates the undeformed Salinas Grandes from the Tres Cruces area 

(Figure 12 (n) and (o)). A fault-bend fold is interpreted to have formed in the hanging-wall of the east-

verging Purmamarca fault (Figure 12 (p)) in the eastern part of the Eastern Cordillera. Shortening and 

exhumation along this fault are constrained by sample SH17-1 with an AFT cooling age of  22.4 ± 3.3 Ma 

(Fig. x). Sedimentation in the hinterland and in the proximal foreland is recorded in the Paso de Jama, El 

Toro, Tres Cruces and Cianzo depocenters (Figure 12 (q), (r), (s) and (t)). The growth of these structures 

is supported by proximal facies within the Rio Grande Formation containing detrital Ordovician zircon U-

Pb ages (500-435 Ma) indicating the erosion of the Ordovician basement in the Puna Plateau ((t), Cianzo 

area, Siks and Horton, 2011). The cumulative shortening in the Puna Plateau is 119 km, whereas the 

amount of shortening for the orogen is 140 km.   

Time step 5 (20-10 Ma) shows the main phase of shortening in the Sierra Alta (Eastern 

Cordillera) and the Tres Cruces area. Deformation during this time was accommodated by steeply dipping 

faults as the deformation front migrated into the region that was strongly controlled by extensional faults 

inherited from the Salta rift. Exhumation due to shortening and erosion in the Sierra Alta is constrained by 

12 AFT ages, which are mainly between ca. 15 and 10 Ma (SH16-36, SH16-31, SH17-5,SH1-6, SH17-6a, 

GF-6, GF-4, GF-3, GF-1, SH16-30, SH117-2 and SH17-1.2; Table 1; Deeken, 2005 and this work). These 

cooling ages are interpreted to represent displacement along reverse and inverted faults, which internally 

deformed a fault-bend fold (Figure 12 (u)) in the frontal part of the thrust belt. The Tres Cruces area 

remained a depocenter accumulating the synorogenic Rio Grande Formation (Figure 12 (v)) during the 

Miocene. The ca. 23 km of shortening accommodated by these structures was out-of-sequence, insofar as 

the front of deformation stayed in the eastern side of the Sierra Alta (Eastern Cordillera). This 

interpretation is supported by proximal coarse-grained sedimentation in the Tres Cruces area (Boll and 

Hernandez, 1986) and proximal facies in the Rio Grande Formation in the Cianzo area which also record 

an increase of Cretaceous and Cambrian clasts evidencing the exhumation and erosion of the Sierra Alta 

(Siks and Horton, 2011). The cumulative shortening for the Puna Plateau and the Eastern Cordillera is 

142.2 km and the total shortening for the orogenic system is 163.2 km.   

During time step 6 (15-6.5 Ma), significant out-of-sequence shortening (ca. 35 km) was 

accommodated in the Puna Plateau. This deformation was not recorded by low-temperature 

thermochronometers (Henriquez et al., in prep, Appendix B). The time constraints for this shortening are 
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a maximum depositional age (from detrital zircon U-Pb ages) of deposits in the Paso de Jama area (~22 

Ma, Henriquez et al., in prep, Appendix B), and the ages of deformed (6.8 ± 0.11 Ma and 9.12 ± 0.1 Ma, 

Henriquez et al., in prep, Appendix B; and 6.59 ± 0.02 Ma; Letcher, 2007) and undeformed (ca. 6.5 Ma, 

Letcher, 2007) ignimbrites in the Susques Area. Shortening was propagated from the main detachment 

under the Puna Plateau along thrust ramps and a backthrust. There are no specific constraints for the time 

of slip in each structure. From west to east, the Paso de Jama depocenter was internally deformed in an 

anticline by slip along a ramp to the west (Figure 12 (x)). The Olaroz Range was uplifted as a “pop-up” 

structure (Figure 12 (y)) exposing two samples with pre-Andean (Cretaceous) AFT cooling ages (SH16-9 

and SH16-10, Henriquez et al., in prep, Appendix B). In the Lina Range, a thrust fault was reactivated 

(Figure 12 (z)) tilting the Cenozoic units from the El Toro area and exhuming the Ordovician units 

between the Lina Range and the Susques area. A west verging fault further exhumed the Susques Range 

and deformed the Cenozoic deposits (Figure 12 (aa)). In this interpretation, these structures are the last 

ones that propagated slip from the detachment at the base of the Ordovician section and the last ones that 

accommodated internal deformation relative to a stationary orogenic front located in the east side of the 

Sierra Alta (Eastern Cordillera). The cumulative shortening for the Puna Plateau and Eastern Cordillera is 

177.7 km, and the total shortening is 198.7 km. 

During time step 7 (6.5 – 0 Ma), slip was accommodated first by the west-verging Hornocal fault 

((ab), Figure 9 and 12), which inverted the Cianzo graben, then by the east-verging Cianzo Fault  ((ac), 

Figure 9 and 12), followed by in-sequence east-verging faults in the eastern side of the Eastern Cordillera 

(Figure 12 (ad) and (ae)). A total of ca. 42 km of shortening was accommodated in the last ca. 7 Ma. 

Exhumation controlled by these structures is constrained by two AFT cooling ages in the hanging-wall of 

the Cianzo fault (SH16-28 and SH16-29, Table 1. Figure 8) and six AFT cooling ages east of the Cianzo 

Syncline (SH16-20, SH16-21, SH16-23, SH16-24, SH16-26 and SH16-27, Table 1, Figure 8). According 

to our interpretation, shortening in the eastern side of the Eastern Cordillera is controlled by slip along a 

deeper thrust, which detaches at ca. 18 km depth (Figure 12 (af)). Displacement along this thrust 

coincides with the end of out-of-sequence shortening in the Puna Plateau. Data from the Humahuaca 

valley and Cianzo area support this interpretation (Sick and Horton, 2011 and Pingel et al., 2013): (1) 

westerly sourced detritus in the Humahuaca valley support connectivity of the Puna and the valley until 

ca. 6 Ma (Maimara Formation, Pingel et al., 2013); (2) a change from eastward flowing rivers to 

southward drainage by ca. 4.2 Ma in the Humahuaca valley (Tilcara Formation) and drier conditions as 

late as ca. 5 Ma (Pingel et al., 2013) support growth of moisture-blocking topography by slip along the 

Cianzo fault to the east; (3) the disappearance of Ordovician U-Pb detrital zircon ages (characteristic of 

sources from the Puna Plateau) in the Cianzo area, along with upper Miocene and Pliocene growth strata 
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against the Hornocal fault (Pisungo Formation) support local sources and active deformation after ca. 9 

Ma (Siks and Horton, 2011). Moreover, we propose that a ramp segment of a deeper thrust (Figure 12 

(af)) might be responsible for the uplift of the Eastern Cordillera during the Pliocene. This is supported by 

a later episode of extensive basin excavation during the Pleistocene, a period of renewed shortening in the 

Humahuaca valley (Pingel et al., 2013), and the isolation of the Tres Cruces depocenter by ca. 2.1 Ma 

(Streit et al., 2017). This last episode of shortening increases the cumulative shortening for the thrust belt 

to 219 km and the total amount of shortening from the Cordillera de Domeyko to the foreland to 240 km.  

4.4 Thermo-Kinetic Constraints 

The kinematic history proposed in this study is constrained by thermochronologic data. 

Thermochronologic techniques are usually applied to constrain the timing of deformation (e.g., Deeken et 

al., 2006; Barnes et al., 2008; Elger et al., 2007; Mora et al., 2015, Chapman et al., 2017). To test the 

admissibility of the kinematic history we used the cooling ages, the amount of exhumation in each thrust 

sheet (vertical displacement; by assuming a fixed geothermal gradient), a hypothetical erosion level based 

on structural relief in the hanging-wall (material removed from above the sample) and planar isotherms 

under the topography, in other words, a constant depth of the isotherms regardless of the topography. 

Since this study does not consider advection and the effect of topography and changes in erosion and 

deformation rates (e.g., Reiners and Brandon 2006; Lock and Willet, 2008; Mora et al., 2015; Almendral 

et al., 2015), it provides only a first-order approximation of the distribution of cooling ages predicted by 

the kinematic evolution of the thrust belt.  

For each time step, we speculate erosion in the hanging-wall of structures based on structural data 

and the cooling ages as well as burial by sedimentation based on the stratigraphic record. Figure 13 shows 

the relative depth or, equivalently, the expected amount of section eroded away from above each sample. 

Cooling ages can reasonably be used to explain the kinematic history of a region when the slip along the 

thrust faults produces exhumation that (1) is enough for the thermochronometers to register the cooling 

and (2) happens at the time of the cooling age recorded by the thermochronologic technique. In Figure 13, 

this can be tested by tracking in which time-step the sample moved up passing through the PAZ (for AT) 

and/or PRZ (Partial Retention Zone, where the diffusive loss of 4He particles happens in the apatite U-

Th)/He system; e.g., Farley et al., 2000; Reiners and Brandon, 2006). Also, cooling ages can only be 

interpreted to represent the true time of exhumation when exhumation was rapid allowing for the sample 

to pass through their respective PAZ (for AFT) and PRZ (for apatite (U-Th)/He) quickly. When cooling is 

slow thermochronological ages recorded by a sample only represent a mixed and minimum age of 

exhumation. We here assume that: 1) cooling occurred mainly due to deformation (thrusting); 2) that it 

was relatively rapid; 3) a closure temperature of 120oC for AFT and of 80oC for apatite (U-Th)/He 
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helium; and 4) a geothermal gradient of 30°C/km and surface temperature of 20°C. These data do not 

constrain exhumation of samples that were sitting at temperatures lower than 80°C. This first-order test 

provides constraint not only for the minimum amount of exhumation needed to reset the cooling ages but 

also on the maximum magnitude exhumation predicted by the model.   

5. Discussions:  

5.1 Plateau Formation in the Northern Puna 

The 219 km of shortening estimated in Puna and Eastern Cordillera at 23-24 °S together with the 

21 km of shortening in the Cordillera de Domeyko and Salar de Atacama areas (Haschke and Gunther, 

2003; Amilibia et al., 2008) total 240 km of shortening in the thrust belt at 23-24 °S. Regional shortening 

estimations are usually compared against the amount of “equivalent shortening” required to explain the 

crustal thickness by shortening alone (Kley and Monaldi, 1998). The estimation of the “equivalent 

shortening” assumes that: 1) all crustal thickness is explained by tectonic shortening; 2) the total cross-

sectional area is preserved (before and after shortening) and 3) the cross-sectional area above 0.3 km is 

isostatically balanced by a root following Airy isostasy (Isacks, 1988). As a general observation, the 

estimated “equivalent shortening” is positively correlated with the cross-sectional area (integration of the 

elevation above 0.3 km along transects perpendicular to the orogen) and inversely correlated with the 

assumed initial crustal thickness (Isacks, 1988). The new shortening estimate of 240 km explains 90 % of 

the “equivalent shortening” suggesting that crustal thickening under the Plateau is primarily controlled by 

west-east shortening. Inasmuch as our total shortening estimate is based on conservative cross-section 

construction, the 90% might be taken as a minimum value.    

The timing of shortening and exhumation in the northern Puna at 24-23 °S is continuous with the 

Eastern Cordillera of Bolivia at 21 °S (Elger et al., 2005; Muller et al., 2002; Anderson et al., 2017, 2018; 

Henriquez et al., in prep, Appendix B). Moreover, Eocene to Oligocene shortening in the Puna Plateau 

accommodated ca. 120 km of shortening, the same amount that was accommodated in the Eastern 

Cordillera of Bolivia (Anderson et al., 2017), which is equivalent to 75% of shortening for the Puna 

Plateau and 95 % for the Eastern Cordillera of Bolivia. The three main differences between these two 

regions are internal drainage and higher elevations in the northern Puna and changes in the structural style 

in the thrust belt to the east with thin-skinned deformation in the Interandean and Subandean zones in 

southern Bolivia (e.g., Dunn et al., 1995; McQuarrie, 2002; Anderson et al., 2017) and thick-skinned 

deformation in the Eastern Cordillera of northern Argentina (e.g., Kley et al., 2005). Internal drainage was 

established as early as 25 Ma (e.g., Vandervoort et al., 1995; Carrapa et al., 2005; Carrapa and DeCelles, 

2008) consistent with high elevations being established by Oligocene time (Quade et al., 2015). The 
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history of uplift of the Bolivia Altiplano and Eastern Cordillera seem to differ from the Puna Plateau. The 

structural architecture of the Puna Plateau is also significantly different from the Altiplano and provides 

evidence for the mechanically heterogeneous nature of the Andean Plateau. 

5.2 Along-Strike Variations  

Along-strike differences in the styles of deformation and the amounts of shortening have been 

recognized in the Andes for a long time (Isaack 1988; Mpodozis and Ramos, 1989; Allmendinger et al., 

1997; Kley et al., 1999; Ramos, 2008; Mpodozis, Oncken et al., 2006; McGroder et al., 2015). These 

along-strike differences imply that the main control cannot be attributed to plate velocities, which are 

roughly constant along most of the Andes (Pardo-Casas and Molnar, 1978; Somoza and Ghidella, 2012). 

Several regional cross-sections have been proposed to explain the kinematic evolution at different 

latitudes (e.g., Kley et al., 1996; Coutand et al., 2001; Kley and Monaldi, 2002; Giambiagi et al., 2002; 

McQuarrie, 2002; Muller et al., 2002; Echavarria et al., 2003; Elger et al., 2005; Ege et al., 2007; 

Giambiagi et al. 2012; Pearson et al., 2013; McGroder et al., 2015; Perez et al., 2016; Rak et al., 2017; 

Anderson et al., 2018). Along-strike differences have been related to three main processes: changes in the 

Paleozoic stratigraphy, inherited crustal structures, and differences in the strength of South American 

lithosphere. In the following section, we use our new kinematic models at 19-25 °S to evaluate these 

processes.  

5.2.1 The Role of Paleozoic Stratigraphy 

In order to test the effect of changes in the Paleozoic stratigraphy, we compared the structural 

styles, shortening and thickening with the distribution of the Paleozoic stratigraphy. The distribution of 

Paleozoic units varies along strike due to changes in the depositional setting and the location of pre-

Andean deformation. A detachment at the base of Ordovician strata (ca. 7-10 km depth below the 

topography) has been proposed to control deformation in the Eastern Cordillera and Interandean Zone at 

southern Altiplano latitudes and in the northern Puna, accommodating a significant part of the strain in 

both regions (e.g., Claduohos et al., 1994; McQuarrie, 2002; Muller et al.,2002; McGroder et al., 2015; 

Henriquez et al., in prep, Appendix B). If the Paleozoic stratigraphy controlled the evolution of the thrust 

belt, then the distribution of these stratigraphic units should correlate with the structural style and 

shortening, especially with the thick succession of Ordovician strata. The areal exten of the Ordovician 

deposits in the Central Andes is shown in Figure 14. The southern end of the Ordovician basin roughly 

coincides with the southern end of the Puna (Allmedinger et al., 1983) and the transition to the thick-

skinned deformation in the Sierra Pampeanas and a sharp decrease in shortening estimates (Kley and 

Monaldi, 1998; Oncken et al., 2006). Insufficient shortening estimations required to explain crustal 
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thickening (Kley and Monaldi, 1998) can be due to over-conservative estimations or hidden shortening; 

however, differences seem to also reflect the rheology of the basement beneath the southern Puna (clastic 

and turbiditic sequences versus Precambrian metamorphic basement and Paleozoic igneous rocks). South 

of the Puna, a more isotropic basement is usually interpreted to have been exhumed by high-angle reverse 

faults rooted in deeper detachments (Ramos and Cristallini, 1989; Giambiagi et al., 2002, 2008, 2012). 

Since exhumation controlled by shortening requires slip along ramp segments of thrust faults, this type of 

basement structures (high-angle ramp systems) is able to exhume rocks with less shortening than low-

angle basement faults. We support that along-strike changes in the amount of shortening in the southern 

Puna correlate with the spatial distribution of Ordovician strata and thus, that changes in the Paleozoic 

stratigraphy and rheology (Allmendinger et al., 1983; Kley et al., 1999; Mpodozis and Ramos, 1989) 

influenced the growth of the Andes along the strike. Moreover, this suggests that the significant 

thickening required to sustain the Andean Plateau requires an upper plate able to accommodate significant 

shortening both in the upper crust and in the lower crust by underthrusting material at the base of the 

orogen. 

5.2.2 The Role of Inherited Extensional Faults  

The influence of the extensional faults of the Salta rift has been discussed in multiples studies 

(e.g., Welsink et al., 1995; Grier et al., 2001; Kley et al., 1997; Kley and Monaldi, 2002; Carrera et al., 

2006; Monaldi et al., 2008; Siks and Horton, 2011 Carrapa et al., 2012; Pearson, et al., 2013; McGroder 

et al., 2015; Kortyna et al., 2019). Inversion of normal faults has been suggested to influence the style of 

deformation and evolution of the thrust belt (e.g., Kley et al., 1996; Kley et al., 2005; Carrera et al., 2006, 

Pearson et al., 2013; McGroder et al., 2015; Kortyna et al., 2019) and the hydrocarbon occurrences along-

strike (McGroder et al., 2015). However, the eastward propagation of the orogenic front and migration of 

the foreland basin point to a negligible influence on the overall kinematic history of the thrust belt; in 

essence, the inverted normal faults were reactivated as reverse faults ‘on schedule’ in an eastward 

propagating orogenic wedge (e.g., Carrapa et al., 2011, 2012; Siks and Horton, 2011).  

To assess the influence of the Salta rift faults on the location of Andean deformation we 

compared multiple observations in the thrust belt between 19-25 °S. Early shortening does not correlate 

with pre-existing structures or syn-rift depocenters in the southern Altiplano and northern Puna. North of 

22 °S, Andean structures do not seem to correlate with Cretaceous rift depocenters (McQuarrie, 2002; 

Anderson et al., 2017). This might be because rift structures were not favorably oriented with respect to 

the regional maximum compressive stress direction, or because the Cretaceous depocenters were 

relatively shallow (McGroeder et al., 2015) and are dominated by Cretaceous post-rift facies (El Molino 

Formation; McQuarrie, (2002)). At northern Puna latitudes (ca. 23 °S), the onset of shortening and 
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exhumation occurred in the western side of the region, away from Salta rift structures, and even though 

some reactivation could have happened during the Oligocene (Aguilar Range east to the Tres Cruces 

depocenter), this was a time of widespread shortening in the Andes that was not preferentially localized 

around Cretaceous structures. To the east, Andean shortening reached the location where several 

Cretaceous rift depocenters have been documented (e.g., Marquillas, 2005). The structural styles in the 

eastern Puna (Tres Cruces area) and the Eastern Cordillera are influenced by tectonic inversion of the 

Salta rift (e.g., Coutand et al., 2001; Monaldi et al., 2008; Kley et al., 2005). Although some localized out 

of sequence deformation has been documented at  25 °S, (Pearson et al., 2013), overall deformation 

propagated eastward in sequence throughout the region (Carrapa et al., 2012; Kortyna et al., 2019) These 

patterns of deformation along strike suggest that even though rift-related structural style and strain 

localization influenced the evolution of the thrust belt locally (e.g., Carrera et al., 2006; Pearson et al., 

2013; Kortyna et al., 2019), they do not seem to have controlled the regional patterns of exhumation and 

deformation.  

5.2.3 The Role of Variations in the Upper Plate Lithosphere 

The southward decrease in the total amount of shortening seems to be accompanied by along-

strike variation in shortening history (Figure 14). Uncertainties are particularly large in the onset of 

shortening and in the Puna at 25°S; however, cumulative shortening curves show an increase in 

shortening rate at 20-12 Ma, and maybe a decrease from 32 to 25 Ma. On the other hand, another process 

that varies along strike is the time of internal deformation. At ca. 23 °S, out-of-sequence deformation 

(internal shortening) during the Miocene (15 (?)-6.5 Ma, Figure 12) occurred in the western part of the 

northern Puna, close to the post 27 Ma magmatic arc, in a region that had experienced shortening and 

exhumation since Eocene time. The time of this out-of-sequence deformation coincides with a proposed 

lithospheric foundering event (Beck et al., 2015). According to Beck et al. (2015), westward-retreating 

delamination can explain the low velocities in the crust of the northern Puna Plateau, low to moderate P-

wave velocities in the upper mantle, and the westward migration of volcanism during the Miocene (17-11 

Ma, Kay and Coira, 2009, and references therein). When looking at the southern Altiplano to Puna 

Plateau region, there is a trend in the time of cessation of the out-of-sequence (westward) shortening. At 

ca. 21 °S, out-of-sequence shortening ended by 10 Ma (Gubbels et al., 1993), at ca. 23 °S by 6.5 Ma 

(Letcher 2007, Henriquez et al., in prep, Appendix B) and at ca. 25 °S by 4 Ma (Pearson et al., 2013). 

This trend also reflects a time when the orogenic front migrated eastward after a period of internal 

deformation in the Puna Plateau (Pearson et al., 2013, DeCelles et al., 2015 and this work).  

In the following, we evaluate the influence of the lithosphere and of possible delamination events 

on shortening and deformation. North of 22°S, the mechanically strong underthrusted lithosphere extends 
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to the Altiplano-Eastern Cordillera transition where low-velocity zones indicate lithospheric delamination 

(Beck et al., 2002). Between 22°S and 24°S, high-velocity anomalies in the upper mantle (Schurr et al., 

2006, Sciere et al., 2015) and low shear-wave velocities in the crust (Beck et al., 2015) are interpreted as 

the result of lithospheric removal (Beck et al., 2015). This process likely thinned and thermally weakened 

the continental lithosphere under the Puna (Whitman et al., 1996). At 25°S, an eastward directed 

stationary delamination zone characteristic of a stronger lithosphere (Beck et al., 2015) is proposed to 

explain an increase in volcanism in the retroarc from ca. 7-2 Ma (Kay and Coira, 2009). We propose that 

the dynamic of the thrust belt is at least partially controlled by delamination events and the heterogeneous 

nature of the lithosphere. However, although delamination can affect the state of the orogenic system and 

the locus of deformation, in the Puna and Eastern Cordillera it does not seem to be the main driver for 

major uplift (DeCelles et al., 2015). 

5.3 Preferred Interpretation  

The increase in cumulative shortening rate over time between ca. 20 and 12 Ma (Figure 14) could 

reflect systematic foundering events that weaken the upper plate. Our preferred interpretation is that the 

N-S variations in shortening rate and the trend toward younger out-of-sequence deformation to the south 

are related to the timing of delamination in the retroarc thrust belt (Figure 15). This interpretation is 

consistent with an increase in the effective elastic thickness toward the Bolivian Orocline (Watts et al., 

1995; Chase et al., 2009) and variation in styles and timing of delamination patterns along strike 

described above. Because delamination requires the formation of an eclogitic root in the lower crust (Kay 

et al., 1994 Kay and Coira, 2019; Wang et al., 2015; Currie et al., 2015), this process would be the 

indirect result of a previous accumulation of crustal shortening and thickening in the retroarc (e.g., 

DeCelles et al., 2015). These episodes of crust removal as well as magmatic addition (e.g., Lamb and 

Hoke, 1997; Ward et al., 2019) affect the budget of crustal thickening, however, shortening exert the first 

order control in the modern crustal thickens. 

On the other hand, the amount of shortening is influenced by the rheology of the Paleozoic 

stratigraphy. Two styles of basement geometries have been proposed to control deformation in the upper 

crust: thin basement thrust sheets (McQuarrie, 2002; Perez et al., 2016; Anderson et al., 2017) and thick 

basement thrust systems (Kley et al., 1999; Ramos et al., 2004; Giambiagi, et al., 2002, 2008). Thin 

basement thrust sheets are favored when the upper plate stratigraphic record is thick, layered, continuous 

and subhorizontal as it has been proposed in the Andes and North American Cordillera (e.g., McQuarrie, 

2002; Hardebol et al., 2007; Fuentes et al., 2012; Yonkee and Weil, 2015). These structures are able to 

accommodate significant shortening and produce thickening by stacking thrust sheets and underthrusting 

mid to lower crust under the orogen. On the other hand, thick basement thrust systems are favored when 
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the upper plate is laterally more heterogeneous and dominated by either crystalline rocks or inherited 

discontinuities. These structures are more efficient at producing localized exhumation and thickening 

above high angle faults (ramps) but are less efficient at accommodating significant total shortening 

(Butler et al., 2004; Lacombe and Bellahsen, 2016). The pre-Andean basement is heterogeneous along 

strike (e.g., Ramos, 2008; McGroder et al., 2015); thus, significant changes in basement structure are 

expected. Triassic, Jurassic, and Cretaceous rifts control the structural style and shortening in the foreland 

(30-36 °S, Allmendinger et al., 1990; Crystallini and Ramos, 2002; Giambiagi et al., 2008, 2012) and in 

the upper Cretaceous to Eocene retroarc which is located in the modern forearc (22-28 °S; Mpodozis et 

al., 2005; Amilibia et al., 2008; Martinez et al., 2015). Shortening estimates in the foreland at 30-36 °S 

vary from 10 to 55 km (Giambiagi et al., 2008, 2012) while in the upper Cretaceous to Eocene retroarc at 

22-28 °S reaches 21 km (e.g., Haschke and Gunther 2003; Amilibia et al., 2008) We speculate that similar 

controls on the style of basement geometries and retroarc shortening in these two regions could have 

thickened the crust in the upper Cretaceous to Eocene Andes at 22-28 °S to similar magnitudes observed 

in the Andes at 30-36 °S (ca. 50 km, Rivadeneyra-Vera et al., 2019) in spite of the low amount of 

shortening. Structural cross-sections provide a valuable constraint on the evolution of the thrust belt and 

the overall growth of the orogen. However, the basement geometries remain largely uncertain owing to a 

lack of high-resolution seismic imaging. Complementary data able to better constrain differences in the 

deeper structure, reconstruct basement geometries, and understand deformation in the middle and lower 

crust can come from multiple studies such as thermochronology, thermobarometry, geophysics, and 

numerical and analog modeling. Data focused on constraining processes and geometries at depth would 

greatly benefit our understanding of the anatomy of the Andes.  

5.3 The Anatomy of the Andes at 23-24 °S 

In Figure 16, we present a schematic model, which integrates structural and lithospheric features 

across the Andes at 23-24 °S. The Cordillera de Domeyko and Salar de Atacama area contain evidence of 

Upper Cretaceous to Miocene shortening. In the Salar de Atacama region the Late Cretaceous to 

Cenozoic history remains debated: some researchers support extension (Hartley et al., 1992; Flint et al., 

1993) while others propose compression (Mpodozis et al., 2005; Arriagada et al., 2006; Jordan et al., 

2007); and for middle Oligocene to middle Miocene, some studies posit extension (Pananont et al., 2004; 

Jordan et al., 2004) while others point to a compressional regime (Arriagada et al., 2006; Bascuñán et al., 

2019). We follow the interpretation proposed by Bascuñán et al. (2019), which integrates gravimetric 

modeling to the seismic reflection data traditionally used for interpretations in the Salar de Atacama area 

(Flint et al., 1993; Charrier and Reutter, 1994; Pananont et al., 2004; Arriagada et al., 2006; Jordan et al., 

2007). Observation of the surface structures between the Salar de Atacama area and the Puna are hindered 
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by volcanic deposits, however, both regions preserved evidence of eastward propagation of the thrust belt 

from the Cordillera de Domeyko and Salar de Atacama areas to the Puna Plateau (see the kinematic 

history above). The structure in the Cordillera de Domeyko and in the Salar de Atacama area were 

connected to the structure in the Puna and Eastern Cordillera by extending to the forearc the two 

interpreted decollements in the retroarc. We speculate that the slip was propagated from the Cordillera de 

Domeyko to the Puna by a decollement ca. 8-10 km below the surface. This decollement corresponds to 

the decollement inferred at the base of the Ordovician strata in the Puna Plateau, which was active during 

Eocene, Oligocene and Miocene times, propagating shortening into the foreland and hinterland part of the 

thrust belt. By Late Miocene to Pliocene, a second and deeper decollement propagated shortening to the 

eastern part of the Eastern Cordillera (Figure 12g). If this structure extends toward the subduction zone, it 

is possible that slip along it folded and therefore disabled the previous (shallower) decollement. These 

two major decollements are highly interpretative, especially below the arc and forearc. Hence, it is only a 

suggestion that these decollements could provide plausible hypothetical discontinuities in the crust able to 

propagate strain from the subduction zone to the thrust belt. 

The lithosphere at 23-24 °S includes: 1) a strong and cold lithosphere under the Salar de Atacama 

area (Yuan et al., 2002; Schurr and Riedbrock, 2004, Schurr et al., 2006); 2) A thermally weak zone under 

the volcanic arc (Schurr et al., 2006); 3) a thin and weak lithosphere under the Puna (Whitman et al., 

1996; Schurr et al., 2006); and 4) an area with relatively faster velocities in the asthenosphere under the 

Puna  (high Vp velocities, Schur et al., 2006, Figure 16) interpreted as evidence of lithospheric 

delamination (Schurr et al., 2006; Beck et al., 2015). The influence of the lithosphere in the retroarc thrust 

belt was discussed in the previous section (5.3). Features in the forearc and arc regions that have been 

related to these lithospheric anomalies include: 1) the continuous subsidence of the Salar de Atacama 

basin (Gotze and Krause, 2002; Schurr and Riedbrock, 2004), 2) the eastward deflection of the volcanic 

arc (Schurr et al., 2006) and 3) extension in the Coastal Cordillera (outer forearc, Metcalf et al., 2015) 

6 Conclusions 

The retroarc thrust belt at 23-24 °S accommodated 219 km of shortening: ca. 154 km in the 

northern Puna Plateau and, ca. 65 km in the Eastern Cordillera. With this estimate, the total amount of 

shortening from the Cordillera de Domeyko to the foreland is at least ca. 240 km. This new estimate of 

shortening (240 km) explains 90 % of the crustal thickness and evidence that shortening is the main 

mechanism to thicken the crust in the northern Puna Plateau.  

The eastward propagation of the thrust belt was unsteady. In the northern Puna Plateau, 

shortening started at ca. 45 Ma in the eastern edge of the plateau. This suggests propagation of the 
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orogenic front by ca. 150 km from the Cordillera de Domeyko and Salar de Atacama areas to the Puna 

Plateau at ca. 45 Ma. Periods of forward (eastward) propagation alternated with periods of out-of-

sequence (hinterland) deformation. Forward propagation happened at ca. 45-30 Ma, 25-15 Ma, and 6.5-0 

Ma. Out-of-sequence deformation happened at ca. 30-25 Ma and 15-6.5 Ma. These periods of internal 

deformation and stagnant position of the orogenic front reflect two intrinsic characteristics a recharge 

state in the cyclical processes in the Central Andes (DeCelles et al., 2015). 

The northern Puna Plateau accumulated shortening between the middle Eocene and Oligocene, 

similar to the Eastern Cordillera of southern Bolivia; however, delamination in southern Bolivia happened 

close to the Altiplano-Eastern Cordillera transition (e.g., Garzione et al., 2017; Beck and Zandt, 2002), 

while in the Puna Plateau, smaller scale delamination events happened directly below the thrust belt in the 

Puna itself (Beck et al., 2015). This suggests that delamination events are significant processes in the 

formation of both the Altiplano and the Puna Plateau. However, in contrast to the Altiplano, shortening 

and thickening in the Puna thrust belt are a necessary condition to trigger local delamination events 

which, in turn, allowed further shortening and thickening in the Plateau.  

Finally, the comparison of along-strike differences in the kinematic histories of the retroarc fold 

and thrust belt between 19 and 25 °S correlate with changes in the Paleozoic stratigraphy and 

delamination events at different times in the retroarc thrust belt but not with inherited extensional 

structures from the Salta rift.  
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Figure C 1: Dem of the Andes showing the main tectonomorphic zones and countries. WC: 

Western Cordillera, EC: Eastern Cordillera, IA: Interandean Zone, SA: Subandean Zone, and SB: Santa 

Barbara Ranges. 
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Figure C 2: Geologic map. Modified from González et al., (1999) and Mapa geológico de la provincia de 

Jujuy. At the bottom, the thermochronologic ages and the topographic profile through the region. The 

cross-sections A, B, C, D, E, and F conform the cross-section of the Puna thrust belt (Figure 5). The 

cross-sections G, H and I conform the cross-section of the Eastern Cordillera thrust belt (Figure 9). 

 

Figure C 3: Compiled stratigraphy for the retroarc thrust belt in the Central Andes at ca. 23 °S. See 

Location of basins in Figure 1. Stratigraphic sections rea schematic based on the following references: 

Western Puna (Bahlburg 1991), Paso de Jama and El Toro áreas (Henriquez), Susques Area (DeCelles et 

al., 2011, observations from Henriquez), Cobres Range (Bahlburg, 1991, Buatois et al., 2009), Tres 

Cruces area (Boll and Hernandez, (1986), DeCelles et al., (2011)), Humahuaca valley (Pingel et al., 2013; 

Reguero et al., 2007), Eastern Cordillera and Eastern Cordillera east (Bahlburg, 1991; Gonzalez, 2003), 

Cianzo área (Kley et al., 2005; Siks and Horton, 2011), Valle Grande area (Gonzalez, 2003). (*) indicates 

that the unit in the stratigraphic column was sketched based on general description not a measured 

section.  
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Figure C 4: Cross-section showing the interpreted structure in the Puna thrust belt and the corresponding 

restoration. 

 

Figure C 5: Google Earth image depicting the main thrust faults and folds in the Susques area. For scale 

refer to the map in Figure 2. 



232 
 

 

Figure C 6: Google Earth image showing the main structures in the Yacoraite valley. PꞒp: Precambrian 

Puncoviscana Formation, Ꞓm: Cambrian Meson Group, Ord: Ordovician Santa Victoria Subgroup, Kp: 

Cretaceous Pirgua Subgroup, Kb: Cretaceous Balbuena Subgroup. For description of the stratigraphic 

units see section 2.2.2. For scale refer to the map in Figure 2. 
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Figure C 7: Photos showing the main faults and contacts along the Yacoraite Valley. PꞒp: Precambrian 

Puncoviscana Formation, Ꞓm: Cambrian Meson Group, Ord: Ordovician Santa Victoria Subgroup, Kp: 

Cretaceous Pirgua Subgroup, Kb: Cretaceous Balbuena Subgroup. Scale bars and saguaro cactus mark the 

scale of he structures. 

 

Figure C 8: Cross Section showing the interpreted structure in the Eastern Cordillera thrust belt and the 

corresponding restoration. 
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Figure C 9: Google Earth image showing the main structures in the Cianzo area. PꞒp: Precambrian 

Puncoviscana Formation, Ꞓm: Cambrian Meson Group, Ord: Ordovician Santa Victoria Subgroup, Cmm: 

Carboniferous Machareti and Mandiyuti Groups, SDlb: Silurian-Devonian Lipeon and Baritu Formations, 

Kp: Cretaceous Pirgua Subgroup, Kb: Cretaceous Balbuena Subgroup. Mrg: Miocene Rio grande and 

MPlp: Miocene-Pliocene Pisungo Formations. For scale refer to the map in Figure 2. 
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Figure C 10: Structures in the eastern side of the Eastern Cordillera.  a) Cianzo Syncline. The Cianzo 

Fault exhumes the Proterozoic to Cambrian Puncoviscana Formation (PꞒp) and the Hornocal Fault the 

Cyanzo Syncline over the Pisungo Formation (Mpi). Roads mark the scale of the structures. 
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Figure C 11: Structural cross-section and restored section for the Andean retroarc at 23-24 °S. 
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Figure C 12: Kinematic evolution of the thrust belt between 23-24 °S. 

 

 

Figure C 13: Thermo-kinetic constraints. Relative depth of the samples in each time step predicted from 

the kinematic model. In the upper part of the figure, the AFT and AHe cooling ages. Numbers under the 

boxes are reference numbers: (1) Henriquez, (2) Letcher (2007), (3) Deeken (2005) and (4) This work. 

The plot below shows an estimated depth of the samples for each time step show in color lines. Since 

cooling controlled by thrusting requires erosion, a plausible amount of erosion was assumed for each time 

step. This erosion removed part of the relief formed above trust faults after shortening. The relative depth 

(y axis) or estimated depth is determined by the difference between the depth of the sample after thrusting 

and the hypothesized erosion surface. The plot also shows the position of the Partial Annealing Zone 

(PAZ) and Partial Retention Zone (PRZ) assuming stationary isotherms (see text).  
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Figure C 14: Total and cumulative shortening in the southern Andean thrust belt.  a) DEM of the Andean 

orogen showing the location of regional cross sections, the distribution of the syn-rift deposits forms the 

Salta rift and the distribution of Ordovician platform and turbidites facies. b) Total shortening along the 

strike. Color of the dots according to the color-coded references. c) Cumulative shortening. Color of the 

dots according to the color-coded references. d) Convergence rates between Nazca and South American 

plates. References: (1) Marquillas et al., (2005) and Viramonte et al., (1995). (2) Ramos (2008). (3) Kley 

and Monaldi (1998). (4) Pardo-Casas and Molnar (1987). (5) Somoza and Ghidella (2012). (6) McQuarrie 
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(2002) and Barnes et al., (2018). (7) Anderson et al., (2017,2018) and Elger et al., (2005). (8) Kley 

(1996), Muller et al., (2002), Elger et al., (2005), Dunn et al., (1995) and Barnes et al., (2008). (9) This 

work. (10) Coutand et al., (2001), Pearson et al., (2013) and Kley and Monaldi (2002).   

 

Figure C 15: Schematic cartoons showing the relationship between delamination and out of sequence 

deformation. The vertical dashed line is a position marker through the figures. a) Shows thickening due to 

shortening required to trigger delamination (Beck et al., 2015). b) Depicts a retreating and a stationary 

delamination, the two styles of delamination proposed by Beck et al. (2015) at 21-24 °S and 24-27 °S in 

the Andean retroarc. These authors also linked the delamination events to the migration of the volcanism 

in the corresponding latitudes. c) Illustrates out-of-sequence shortening and thickening after the 

delamination. 
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Figure C 16: Schematic crustal model across the Andes at 23-24 °S. LAB: Lithosphere-Asthenosphere 

Boundary. Moho: Mohorovicic discontinuity, from Tassara and Echaurren (2012). Areas with high Q, 

low Q and high Vp values from profiles at 23.1 °S by Schurr et al. (2006). Blue dots: Earthquake 

hypocenters from GeoMapApp (magnitudes > 4.5, years 1960-2018). Brow dots: Earthquake hypocenters 

from Schurr et al. (2006). Structural interpretation for the Salar de Atacama area from Bascuñán et al., 

(2019).    
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Table C 1: Apatite fission track data. 
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