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W. Reiners5, Matthew Fox6 
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   Universidad de Chile, Santiago, Chile 

5 Department of Geosciences, University of Arizona, Tucson, AZ 85721 
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Abstract  

The Central Andes between 18°S and 36°S latitude strike north-south for 2000 km along the 

Chilean subduction margin, cross several climate zones from hyperarid to humid and exhibit 

mean elevations in excess of 4000 m.a.s.l. Here, we investigate the relationships between 

tectonics, climate and exhumation by inverting low-temperature thermochronological data 

compiled from the literature (824 ages from 549 samples) and new data (238 ages from 146 

samples) to quantify the exhumation rate history of the Central Andes since 80 Ma. Our 

inferred exhumation rates west of the drainage divide and between 18 and 32°S did not 

exceed 0.25 km/Ma. Such low exhumation rates are consistent with low shortening rates 

and arid conditions in this region. Local pulses of exhumation occurred only during the 
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Eocene as response to active deformation and during the Miocene, probably as response to 

uplift of the western Andean slope. East of the drainage divide between 18 and 28°S, the 

observed exhumation pattern reflects the onset and eastward propagation of deformation. 

Here, exhumation occurred locally since the middle-to-late Eocene in the Eastern Cordillera 

and the Altiplano-Puna and subsequently affected larger parts of these regions and the 

north-western Sierra Pampeanas during the Oligocene. In the early Miocene (~20 Ma), the 

Interandean zone started exhuming and at 12-10 Ma exhumation propagated into the 

Subandean zone. Enhanced shortening rates and intensified precipitation along the eastern 

deformation front associated with the onset of the South American Monsoon led to 

increased exhumation rates in the eastern Interandean and the Subandean zones in the 

Plio-Pleistocene (0.6 km/Ma). Higher Pleistocene exhumation rates are also observed in the 

northern Sierra Pampeanas (1.5 km/Ma) that can be related to rock uplift along steep 

reverse faults coupled with high precipitation. South of 32°S on the western side, 

exhumation rates in the Principal Cordillera increased from ca. 0.25 km/Ma in the Miocene 

to rates locally exceeding 2 km/Ma in the Pleistocene. Whereas the tectonic regime in the 

southern Principal Cordillera remained unchanged since the late Miocene, these higher 

rates are likely associated with enhanced erosion resulting from intensified Pleistocene 

precipitation and glacial growth in this region, reinforced by isostatic rock uplift and active 

tectonics. Our study shows that the onset of exhumation correlates mainly with the 

initiation of horizontal shortening and crustal thickening, whereas the magnitude of 

exhumation is largely set by the amount of precipitation and glacial erosion and by the style 

of deformation, which is controlled by inherited structures and the amount of sediments in 

the foreland. 
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1. Introduction 

The topographic, kinematic, and exhumational evolution of mountain belts reflects 

interactions between tectonic, climatic, and surface processes whose relative roles in 

forcing and modulating various features of orogens are widely debated (e.g., England and 

Molnar, 1990; Molnar and England, 1990; Raymo and Ruddiman, 1992; Reiners et al., 2003; 

Molnar, 2009; Whipple, 2009; Champagnac et al., 2012; Herman et al., 2013). At convergent 

margins, tectonic forcing creates horizontal shortening that induces spatial gradients in 

crustal thickness, which drive both contractional deformation and surface uplift and initiate 

erosion. Erosion and sedimentation, in turn, have the potential to strongly influence the 

shape of the orogen by setting the orogenic mass balance and lithospheric stress regime 

that control internal deformation and isostatic uplift of mountain belts (Dahlen and Suppe, 

1988; Koons, 1990; Molnar and England, 1990; Beaumont et al., 1992; Willett, 1999). The 

climatic factors that modulate these surface processes may also be influenced by the size, 

form and height of the orogen itself, further complicating efforts to resolve or distinguish 

the respective role of tectonics and climate in shaping mountain ranges. 

Numerical (Beaumont et al., 1988; Koons, 1989; Beaumont et al., 1992; Willett et al., 

1993; Batt and Braun, 1997; Willett, 1999) and analogue models (Davies et al., 1983; Dahlen 

and Suppe, 1988; Malavieille 1984; Koons, 1990; Konstantinovskaia and Malavieille, 2005) 

suggest that along-strike variations in orogen height and width may be caused by either 

differences in tectonically-controlled variations in horizontal shortening rate (e.g., Isacks, 

1988; Gephart, 1994; Kley and Monaldi 2002; Giambiagi et al., 2012), or climatically-forced 

variations in erosion rate (e.g., Masek et al., 1994; Horton, 1999; Montgomery et al., 2001). 

Similarly, in an orogen with steady form, localized regions of high rock uplift and erosion 

rates, or cross-orogen differences in these rates, could be driven by either kinematic or 
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climatic factors, or both. In both cases, positive feedbacks will complicate the discrimination 

between tectonic and climatic effects on the kinematics, erosion, and topography of 

orogens (e.g., Molnar, 2009). Nevertheless, it is reasonable to expect that independent, far-

field-driven changes in either tectonic or climatic processes affect orogens in ways that 

would allow us to examine their responses in size, form, internal kinematics, and erosion 

rates, as well as the response of the coupled forcing (climate or tectonics).  

For example, a change in the convergence rates between plates may change the 

amount and rate of shortening. Shortening, together with other processes either 

contributing to crustal thickening, as for instance magmatism (e.g., Francis and 

Hawkesworth, 1994; de Silva and Kay, 2018), or to surface uplift, as for instance dynamic 

uplift related to mantle processes (e.g., Dávila and Lithgow-Bertelloni, 2015), construct 

topography that sustains higher exhumation rates. The amount and rate of shortening 

might also be influenced by the amount of sediments and the presence of decollement 

layers and inherited structures in the foreland that control the structural mode of 

deformation (i.e., thick- versus thin-skinned) and the fault geometry (e.g., Allmendinger et 

al., 1983; Allmendinger and Gubbels, 1996). If the topographic growth is sufficient to build 

orographic barriers, the precipitation pattern changes and may alter the distribution and 

magnitude of exhumation rates. Increased precipitation should be observable in the 

sedimentary record of the orogen by a change in the sedimentary facies (e.g., Strecker et al., 

2007). Focused precipitation at the range front may also promote out-of-sequence thrusting 

related to enhanced erosion (Horton, 1999), whereas on the lee side of the orographic 

barrier the crust thickens in the absence of erosion and a high-elevation plateau in the 

orogen interior might form (Willett, 1999). Finally, the drop of the equilibrium line altitude 

(ELA) during the Late Cenozoic cooling resulted in wide-spread glaciations and might has led 
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to increased erosion rates in mountainous regions (e.g., Herman et al., 2013). Yet evidence 

of feedbacks that are not only circumstantial are challenging to observe in field studies 

(Whipple, 2009; Whipple, 2014), which are complicated by uncertainties in the 

reconstruction of tectonic, climate and erosion rate histories (e.g., Montgomery et al., 2001; 

Zhang et al., 2001; Molnar, 2004; Champagnac et al., 2012; Herman et al., 2013; Herman 

and Champagnac, 2016; Willenbring and Jerolmack, 2016; Carretier et al., 2018).  

In this study, we use the Central Andes (18 – 36 °S) as a natural laboratory to 

investigate how the exhumation rate varied through time with the evolution of the 

mountain belt and across different tectonic and climatic gradients. The Andes are formed by 

the active subduction of the Nazca plate below the South American plate and stretch for 

approximately 7000 km along the west coast of South America. They cross several climatic 

zones from the tropics to the polar regions, which results in strong precipitation gradients 

both across and along the strike of the orogen (e.g., Schwerdtfeger et al., 1976; Garreaud, 

2009; Garreaud et al., 2009).  

 A large number of studies attributed the variable Andean rock uplift, erosion and 

morphology to different tectonic and geodynamic processes (e.g., Barnes et al., 2006; Gillis 

et al., 2006; Spikings et al., 2008; Strecker et al., 2009; Hilley and Coutand, 2010; Carrapa 

and DeCelles, 2015; Reiners et al., 2015) and climatic conditions (e.g., Masek et al., 1994; 

Horton, 1999; Montgomery et al., 2001; Lamb and Davis, 2003; Thomson et al., 2010; 

Barnes et al., 2012). To shed new light on the outstanding questions about the influence of 

climate through erosion on the dynamical evolution of mountain ranges, we integrate a 

wide range of stratigraphic, geochronologic and thermochronologic data sets at the scale of 

an orogen. We use the central and southern Central Andes (18-36°S) as a natural laboratory. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 6 

To our knowledge, this has not been tempted at such spatial and temporal scales and in 

such detail. 

In the following, we present new low-temperature thermochronological data (238 

ages) that we complement with literature data (824 ages) to constrain the exhumation rate 

history of the Andean mountain belt at large temporal (Ma) and spatial scales (18 to 36°S). 

We focus on apatite and zircon fission track (AFT and ZFT, respectively) and apatite and 

zircon (U-Th)/He (AHe and ZHe) data. Our study area is located in the central and southern 

part of the Central Andes (Gansser, 1973; Ramos, 1999) and is informally divided into a 

northern (18-28°S), a central (28-32°S), and a southern (32-35°S) segment based on the 

different morphotectonic structures observed in these parts of the Central Andes (e.g., 

Charrier et al., 2007). First, we review the deformation and climatic histories of the Central 

Andes and briefly discuss the geothermal field and magmatic activity that can influence the 

interpretation of thermochronological data. Based on the low-temperature 

thermochronological data, we then model thermal histories and interpret them in terms of 

the exhumation rate history of the Central Andes since 80 Ma using an inverse approach. 

The changes in exhumation rates are compared to changes in the tectonic and climatic 

records to investigate the role of tectonic and climatic processes on exhumation. We find 

that in the western part of the northern segment, where the climate is dry and shortening 

rates are low, Cenozoic exhumation rates vary little through time and are lower than 0.25 

km/Ma. East of the drainage divide in the northern segment, exhumation locally started in 

the middle-to-late Eocene in the Eastern Cordillera and Altiplano-Puna plateau and 

expanded into wider parts of these regions during the Oligocene. During the Miocene, 

exhumation subsequently spread into the eastern part of the southern Eastern Cordillera 

and into the Interandean- and Subandean zones, with rates between ca. 0.1 and 0.25 
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km/Ma. This reflects the onset and eastward propagation of compressional deformation in 

these regions. Compared to the west, the higher rates can be explained by higher 

shortening rates and higher precipitation in this region. Highest exhumation rates are 

observed in the Pleistocene in the southern Principal Cordillera west of the Andean range 

crest (≥2 km/Ma), that coincide with Pleistocene glacial growth, and in the northern Sierra 

Pampeanas (1.5 km/Ma) and the Subandean belt (0.6 km/Ma) east of the crest that relate 

to tectonic activity and enhanced precipitation in these regions. We conclude that the onset 

of exhumation is mostly consistent with the beginning of compressional tectonics and 

crustal thickening, whereas the climate significantly influences the magnitude of the 

observed exhumation rates.  

2. Deformation history of the Central Andes 

The Andean mountain belt is a type-example of a non-collisional orogen in an ocean-

continent subduction setting (Dewey and Bird, 1970), formed by the ongoing eastward 

subduction of the Nazca Plate below the South American Plate (e.g., Barazangi and Isacks, 

1976; Cahill and Isacks, 1992).  The present-day geometry of the subduction zone in the 

study area shows a flat slab segment between 28° and 32°S latitude (Barazangi and Isacks, 

1976; Cahill and Isacks, 1992) that initiated in the Miocene (Kay and Mpodozis, 2002) (Fig. 

1). Based on the tectonostratigraphic and magmatic records, the Andean orogeny started in 

the Late Cretaceous at about 100 Ma, when the prevailing extensive regime of back-arc 

spreading and rift basins changed into a convergent arc setting (e.g., Mpodozis and Ramos, 

1989; Charrier et al., 2007; Horton et al., 2018a,b).  

Compilations of shortening estimates suggest a significant decrease of the total 

amount of crustal shortening with latitude, from 270-420 km at 21°S to 31-71 km at 33.5°S 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 8 

(e.g., Kley and Monaldi, 1998; Oncken et al., 2006; Faccenna et al., 2017; Schepers et al., 

2017 and references therein). Similarly, reconstructed average crustal shortening rates have 

consistently been higher in the North than in the South and varied between 1.2 mm/a and 

16 mm/a in the north and between 1.2 and 6.5 mm/a in the south during the last 45 Ma 

(Oncken et al., 2006; Giambiagi et al., 2015a; Riesner et al., 2018) (Fig. 2). Due to structural 

inheritances and thickness variations in the pre-existing sedimentary cover, compressional 

deformation in the Central Andes can be described by three different deformational styles 

(e.g., Allmendinger et al., 1983; Allmendinger and Gubbels, 1996; Kley et al., 1999; 

McQuarrie and DeCelles, 2001; McQuarrie et al., 2002; Giambiagi et al., 2003; Elger et al., 

2005; Anderson et al., 2017). i) Thin-skinned deformation in a typical foreland basin system 

as observed in the Subandean fold-and-thrust belt and adjacent Chaco foreland basin in the 

Bolivian Andes. Here, the fold-and-thrust belt developed in a thick Paleozoic to Mesozoic 

sedimentary sequence, where shortening has been accommodated by intra-sedimentary 

deformation along primarily east-vergent, flat-ramp thrust systems and by displacement on 

the basal décollement (e.g., Allmendinger et al., 1983; Baby et al., 1992; Dunn et al., 1995; 

Kley, 1996; Horton and DeCelles, 1997; Anderson et al., 2017). ii) Basement-core uplift as 

observed in the Sierra Pampeanas, where almost no sediment cover existed before the 

onset of contractional deformation (Allmendinger et al., 1983). Here, tectonic shortening is 

accommodated by spatially disparate, diachronous uplift of Proterozoic-to-Paleozoic 

basement blocks that are bound by high-angle reverse faults formed along inherited 

structures associated with earlier deformation (Jordan and Allmendinger, 1986; Strecker et 

al., 1987; Grier et al., 1999; Hilley et al., 2005). The newly formed Neogene contractional 

basins are passively transported in the hanging-wall of these basement ranges. iii) A 

combination of these two deformational styles, where both the basement and the 
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sedimentary cover are deformed in a mix of flat-ramp thrusts and steep structures rooting 

in the deeper basement as for instance in the Eastern Cordillera (e.g., McQuarrie and 

DeCelles, 2001; McQuarrie, 2002; Müller et al., 2002; Pearson et al., 2013; Anderson et al., 

2017), the Interandean zone (e.g., Kley, 1996; Anderson et al., 2017), the Altiplano-Puna 

(e.g., Kraemer et al., 1999; Coutand et al., 2001), the Santa Barbara range (e.g., Kley and 

Monaldi, 2002) and the Principal and Frontal Cordilleras (e.g., Giambiagi et al., 2003; Riesner 

et al., 2018). Below, we review the Andean deformation history by extracting the 

occurrence of syntectonic sediments and other structural and sedimentological 

observations from the literature in three segments (northern, central and southern) that 

show different tectonic and climatic conditions (Fig. 3, supplementary Table S6). Note that 

we exclude studies that use thermochronology to infer onset and magnitude of deformation 

or shortening rates to avoid circular reasoning when comparing it to the modelled 

exhumation rates derived by our approach. Our review aims at constraining shortening 

rates to provide a first-order constraint on crustal thickening processes. However, the 

amount of shortening and estimated shortening rate reconstructions summarized here and 

depicted in Figure 2 should be interpreted with care. Shortening estimates on the western 

side of the Andes and in large parts of the Altiplano are poorly resolved because 

deformation markers are obscured by both volcanic deposits and little to non-incised 

intramontane basins. Detailed reconstructions are thus restricted to the Eastern Cordillera 

and the Inter- and Subandean zones. Also, all estimates should be regarded as minimum 

values due to erosional removal of hanging-wall cut-offs and the incompleteness of the 

sedimentary record. Furthermore, shortening estimates are very variable among different 

studies as they rely largely on balanced cross-section, as for instance between 270 km 

(Oncken et al., 2006) and 420 km (Schepers et al., 2017) at 21°S. Such differences are due to 
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the fact that balanced cross-sections are commonly built from surface observations with 

sparse control of the geometry and kinematics of deep structures and on the constant-area 

assumption that is generally valid at shallow crustal levels only, leaving shortening at depth 

largely unknown. Differences also arise from inherent subjectivity of the applied techniques 

and from the lack of unified structural evaluation, since most shortening estimates focus 

only on specific tectonomorphic units and transects across the entire Andes are rare. Yet, 

despite the fact that shortening estimates have clear limitations, they provide fundamental 

insight into the deformation history, which we summarize below.  

2.1. Northern segment (18 - 28°S) 

The northern part of this segment (18 - 23.5°S) is a wide mountain belt that comprises, from 

west to east, the Coastal Cordillera, the Central Depression, the Western Cordillera, the 

Altiplano-Puna plateau, the Eastern Cordillera and the Interandean and Subandean zones 

(Fig. 1). South of 23.5°S, the Subandean zone is replaced by the Santa Barbara system and 

the southern Eastern Cordillera, which sit over the transition zone from a steeply subducting 

Nazca Plate to a flat slab geometry. These units end at around 26°S and the Sierra 

Pampeanas appears. We first describe the deformation history in the region between 18 

and 23.5°S and then briefly review the tectonic setting in the southern part between 23.5° 

and 28°S. Our main focus is on the eastern flank of the orogen since little is known about 

deformation on the western side. 

At 21°S, the Central Andes are 720 km wide from the coast to the present mountain 

front in the Subandean zone and record more than 270-420 km of total shortening (e.g., 

Kley and Monaldi, 1998; McQuarrie et al., 2005; Oncken et al., 2006; Eichelberger et al., 

2013; Anderson et al., 2017; Faccenna et al., 2017; Schepers et al., 2017). This shortening is 
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thought to have been accommodated mainly by the Eastern Cordillera and Interandean 

zone (190 ± 46 km), the Subandean belt (82 ± 21 km) and the Altiplano (65 km) over the last 

40-50 Ma, whereas shortening in the Central Depression and Western Cordillera seems to 

be less important (Anderson et al., 2017).  

Mountain building is thought to have started in the Late Cretaceous (90 Ma) in the 

Central Depression and Western Cordillera as suggested by compressional growth 

structures and angular unconformities in Late Cretaceous to late Eocene sediments 

(Mpodozis et al., 2005; Arriagada et al., 2006; Amilibia et al., 2008; Herrera et al., 2017) and 

by the early foreland basin depositional history preserved in the Altiplano basin (Horton and 

DeCelles, 1997; Sempere et al., 1997; Horton et al., 2001; Elger et al., 2005; McQuarrie et 

al., 2005; DeCelles et al., 2011; Horton, 2018a) (Fig. 3A). This is also corroborated by 

increasing proportions of granitic clasts with western provenance observed in Late 

Cretaceous sediments of the Salar de Atacama Basin, which indicate unroofing of the 

Western Cordillera or “Cordillera Domeyko” during that time (Bascuñán et al., 2016). This 

initial period of shortening was followed by a complex deformation history with 

contractional, strike-slip and extensional phases from the Oligocene to the earliest Miocene 

in the Western Cordillera (Pananont et al., 2004; Arriagada et al., 2006; Jordan et al., 2007; 

Bascuñán et al., 2019). Since then, the area underwent west-vergent thrusting, tilting and 

local extension (Muñoz and Charrier, 1996; Victor et al., 2004; Farías et al., 2005). 

Shortening rates west of the Altiplano did not exceed 1.2 mm/a and were always lower than 

in the east of the Altiplano (Oncken et al., 2006). Highest rates were observed during the 

Eocene and are possibly associated with enhanced mountain building in the Western 

Cordillera (“Cordillera Domeyko”; e.g., Charrier et al., 2007). At about 40 Ma, shortening 

rates in the west slowed down to <0.25 mm/a (Victor et al., 2004; Oncken et al., 2006) and 
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the thrust front moved into the Eastern Cordillera that shows tectonic activity until the late 

Miocene (McQuarrie and DeCelles, 2001; Müller et al., 2002; McQuarrie et al., 2005). By the 

early Oligocene, deformation affected most parts of the orogen including the Altiplano and 

expanded as far as 26°S south into the Puna (Coutand et al., 2001; DeCelles and Horton, 

2003; Elger et al., 2005; McQuarrie et al., 2005; Oncken et al., 2006; DeCelles et al., 2011) 

(Fig. 3A). Shortening rates in the Altiplano show high local and temporal variability in the 

range of 0.1 and 3 mm/a, with a period of quiescence in the early Miocene (Elger et al., 

2005). In the Eastern Cordillera, shortening rate estimates based on stratigraphy and fault 

kinematics suggest that shortening culminated in the Oligocene to early Miocene with rates 

of 5-10 mm/a (Müller et al., 2002; Elger et al., 2005). In the early Miocene (25-21 Ma), 

shortening in most parts of the Eastern Cordillera ceased except for some out-of-sequence 

thrusting in its central part (Müller et al., 2002; Horton, 2005; Anderson et al., 2017) and the 

deformation front migrated eastward across the Interandean zone, where the majority of 

the shortening between 25 and 10 Ma (70 km) took place (Horton, 2005; Elger et al., 2005; 

Anderson et al., 2017; Calle et al., 2018). At 12-10 Ma, deformation in these parts of the 

Andes finally terminated (Gubbels et al., 1993; McQuarrie et al., 2005; Calle et al., 2018) and 

moved into the Subandean fold-and-thrust belt, where east-vergent thrust systems 

subsequently incorporated sediments previously deposited in the early foreland basins and 

accommodated up to 82 km of shortening (Baby et al., 1992; Kley, 1996; Dunn et al., 1995; 

DeCelles and Horton, 2003; Echavarria et al., 2003; Uba et al., 2005; Uba et al., 2006; Uba et 

al., 2009; Calle et al., 2018). Shortening rate estimates in the Subandean zone suggest that 

shortening rates either (1) steadily increased since 9 Ma to a maximum of 11 mm/a at 3 Ma 

and a present-day rate of 8 mm/a or (2) that shortening occurred in two discrete pulses 
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from 9-7 Ma and 2-0 Ma with maximal rates of 13 mm/a, which were separated by a period 

of modest shortening rates (0-5 mm/a) (Echavarria et al., 2003). 

At around 24.5°S, the Central Depression on the western side of the Central Andes 

narrows and finally disappears at 28°S. Similarly, the Subandean fold-and-thrust belt on the 

eastern side disappears around 23.5°S and is replaced by the southern Eastern Cordillera 

and the Santa Barbara system and, south of 26°S, the Sierra Pampeanas (Fig. 1). These 

structural changes in the foreland may be linked to the transition from a steep to a flat 

subduction geometry (e.g., Jordan et al., 1983) as well as to inherited paleogeography and 

associated thickness variations of pre-Cenozoic strata (e.g., Allmendinger et al., 1983; 

Allmendinger and Gubbels, 1996; Pearson et al., 2013; del Papa et al., 2013). Compared to 

the thin-skinned Sub-Andean fold-and-thrust belt that formed in a zone of thick Paleozoic 

and Mesozoic sedimentary cover, the preexisting sedimentary accumulations are thinner in 

the Santa Barbara system and almost absent in the thick-skinned Sierra Pampeanas 

(Allmendinger et al., 1983). The total amount of shortening at 24-25°S is ca. 142 km and 

thus significantly less than at 21°S (Pearson et al., 2013). Deformation across the Puna, the 

southern Eastern Cordillera and the Santa Barbara system was spatially disparate and 

predominantly along reactivated extensional structures associated to the Cretaceous-to-

Paleogene Salta rift system (Grier et al., 1991; Kley and Monaldi, 2002). This resulted in a 

Paleogene broken foreland where Cenozoic sediments were deposited in intermontane 

basins separated by uplifted ranges of Proterozoic and Paleozoic basement, similar to the 

present-day broken foreland of the Sierra Pampeanas (e.g., Hongn et al., 2007; del Papa et 

al., 2013; Montero-López et al., 2016). Growth strata in these intermontane basins indicate 

that tectonic activity started in the middle Eocene at the Puna margin in the southern 

Eastern Cordillera (e.g., Hongn et al., 2007; Montero-López et al., 2016) and in the late 
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Eocene to Oligocene in the Puna plateau interior (Kraemer et al., 1999; Coutand et al., 2001; 

Carrapa and DeCelles, 2008). In the Puna, shortening was largest in the middle Miocene and 

continued until the Pliocene (Kraemer et al., 1999; Coutand et al., 2001). To the east, the 

exhuming Puna margin shed detritus into a formerly unrestricted foreland that became 

compartmentalized in the middle to late Miocene, when ensuing shortening led to the uplift 

of Paleozoic basement in the western and central parts of the Eastern Cordillera (Hilley and 

Strecker, 2005; Coutand et al., 2006; Deeken et al., 2006; Carrera and Muñoz, 2008; Hain et 

al., 2011). Concurrent range uplift at the Eastern Cordillera-Santa Barbara boundary 

documents the disparate nature of deformation (Hain et al., 2011). Tectonic activity 

continued during the Plio-Pleistocene across the entire foreland by promoting further 

basement uplift in its eastern part and by maintaining synsedimentary deformation in the 

intermontane basins of the Eastern Cordillera (Hilley and Strecker, 2005; Coutand et al., 

2006; Carrera and Muñoz, 2008; Hain et al., 2011). Deformation in the northern Sierra 

Pampeanas started during the late Miocene by fragmentation of the former continuous 

foreland basin (Strecker et al., 1989; Bossi et al., 2001; Carrapa et al., 2008; Zapata et al., 

2019), although some topography may have already existed before in its eastern part 

(Strecker et al., 1989; Zapata et al., 2019). Major relief development and range uplift 

occurred after 6 Ma along reverse fault-bounded basement blocks akin to the structures in 

the Eastern Cordillera and the Santa Barbara system (Strecker et al., 1989, Bossi et al., 2001; 

Carrapa et al., 2008; Zapata et al., 2019). Folded and overthrusted Quaternary units in the 

eastern part document that deformation in this region continued during the Plio-

Pleistocene (Strecker et al., 1989). 

In summary, and as depicted in Fig. 3A, the sedimentary record between 18° and 

23.5°S shows different deformation histories for the western and the eastern sides of the 
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Central Andes. The western side of the Andes shortened relatively continuously since the 

Late Cretaceous to the present-day, with deformation reaching its climax in the Eocene 

(e.g., Charrier et al., 2007). At this time, compressional deformation initiated in the Eastern 

Cordillera (e.g., Müller et al., 2002; Elger et al., 2005). From the Oligocene until 10 Ma, the 

whole Andes except for the Subandean zone experienced major tectonic deformation (Fig. 

3A). Since 12-10 Ma (e.g., Gubbels et al., 1993), deformation north of 23.5°S has mainly 

been accommodated in the thin-skinned fold-and-thrust belt forming the Subandean zone, 

where shortening rates may have reached up to 13 mm/a in the Pliocene (Echavarria et al., 

2003). South of 23.5°S, the Subandean belt disappears and the dominant deformation mode 

is thick-skinned. Here, deformation started in the Eocene in the Puna and the westernmost 

southern Eastern Cordillera (e.g., Montero-López et al., 2016). In the middle to late 

Miocene, the continuous foreland was dissected into several intermontane basins that are 

separated by basement blocks uplifted along steep reverse faults related to inherited 

extensional structures (e.g., Strecker et al., 1989; Coutand et al., 2006). Deformation 

continued during the Plio- and Pleistocene (e.g., Strecker et al., 1989; Carrera and Muñoz, 

2008). 

2.2. Central segment (28 - 32°S) 

The central segment of our study area (28-32°S) is located above the contemporary 

Pampean flat slab segment of the Nazca subduction zone. It comprises from west to east 

the Coastal, Principal and Frontal Cordilleras, the Precordillera, the Santa Bárbara system 

and the Sierra Pampeanas (Fig. 1).  

Syntectonic sediments from the Principal and Frontal Cordilleras indicate that a first 

pulse of compressional deformation may have taken place during the Late Cretaceous to the 
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Paleocene, between 82 and 45 Ma (Martínez et al., 2016; Rossel et al., 2016; Martínez et al., 

2018) (Fig. 3B). Such an early onset of mountain building and topographic growth is also 

corroborated by the onset of incipient retroarc foredeep sedimentation with provenance 

from the Frontal Cordillera and magmatic arc by at least the late Eocene (Fosdick et al., 

2017). During the Oligocene, extensional structures in the Doña Ana Group are related to an 

intra-arc and retro-arc setting in the Frontal Cordillera (Winocur et al., 2015). Compression 

in the Frontal Cordillera resumed in the early Miocene and led to the inversion of the 

previously formed basins (Winocur et al., 2015; Martínez et al., 2016; Rossel et al., 2016; 

Martínez et al., 2018). Shortening now also affected the western part of the Precordillera, as 

evidenced by early Miocene (~20 Ma) syntectonic growth strata and onlap structures 

identified on seismic data (Allmendinger et al., 1990; Jordan et al., 1993) (Fig. 3B) and by the 

oxygen isotope record of pedogenic carbonates that indicate that this part of the 

Precordillera has attained present-day elevations before 9 Ma (Hoke et al., 2014).  This early 

phase of deformation was followed by 3 to 4 Myr of tectonic quiescence. At 15 Ma, 

shortening resumed and peaked around 9-12 Ma with rates of 20-25 mm/a, followed by 

decreasing rates >10 mm/a (Jordan et al., 2001a; Allmendinger and Judge, 2014). 

Deformation then subsequently propagated to the east where it affected the eastern part of 

the Precordillera and the Sierra Pampeanas since 5-7 Ma (Strecker et al., 1989; Jordan et al., 

1993; Jordan et al., 2001a) (Fig. 3B).  

2.3. Southern segment (32 - 36°S) 

The southern segment of our study area (32 - 36°S) includes the transition from the 

shallowly dipping segment of the Nazca subduction zone to a moderately (30°) dipping 

segment south of 33°S. Here, the Central Andes comprise the Coastal Cordillera, the Central 
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Depression, the Principal Cordillera, the Frontal Cordillera and the eastern Malargüe fold-

and-thrust belt and foreland basin (Fig. 1).  

Thrust-related growth strata and evidence of basin inversion in the Coastal 

Cordillera/Central Depression and in the Malargüe fold-and-thrust belt also suggest a late 

Cretaceous (~100 Ma) onset of shortening in this part of the Andes (Horton, 2018b and 

references therein) (Fig. 3C). However, the formation of several basins filled by volcano-

sedimentary deposits in the late Eocene to the Oligocene (~37-23 Ma) document large-scale 

extension and crustal thinning in this region, similar to the setting at 30°S (Jordan et al., 

2001b; Charrier et al., 2002; Ramos and Folguera, 2005; Burns et al., 2006; Folguera et al., 

2010; Rojas Vera et al., 2010; Horton et al., 2016; Horton et al., 2018b). Shortening finally 

resumed in the latest Oligocene by tectonic inversion of the former extensional basins 

(Godoy et al., 1999; Charrier et al., 2002). Neogene compressional syntectonic strata at 33-

34°S are observed in the inverted Abanico basin in the western Principal Cordillera, in the 

Alto Tunuyán basin separating the Principal and Frontal Cordilleras, and in the foreland 

(Giambiagi et al., 2001; Giambiagi et al., 2003; Fock et al., 2006; Porras et al., 2016; Riesner 

et al., 2017; Riesner et al., 2018) (Fig. 3C).  

Deformation in the southern segment was accommodated by two fold-and-thrust 

belts of opposite vergence located in the Principal Cordillera. Two contrasting views about 

the onset, the intensity and the partitioning of deformation have been proposed based on 

either an east-vergent structural model (e.g., Giambiagi and Ramos, 2002; Farías et al., 

2010; Giambiagi et al., 2012; Giambiagi et al., 2015a) or a bi-vergent model (Armijo et al., 

2010; Riesner et al., 2017; Riesner et al., 2018; Riesner et al., 2019). In the east-vergent 

model, most of the orogenic shortening has been accommodated by east-vergent thrusts in 

the hybrid thick- and thin-skinned Aconcagua fold-and-thrust belt, which is located in the 
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eastern Principal Cordillera and separates the modern volcanic arc and the basement 

culmination of the Frontal Cordillera (Giambiagi et al., 2015a and references therein). 

According to this model, compressional deformation started around 22 Ma in the western 

and central Principal Cordillera by inversion of the Abanico basin (Godoy et al., 1999; 

Charrier et al., 2002; Fock et al., 2006), which resulted in 7-16 km of shortening during the 

early Miocene (Farías et al., 2010; Giambiagi et al., 2015a). Shortening in the Aconcagua 

fold-and-thrust belt in the eastern Principal Cordillera initiated around 18-15 Ma and was 

active until the early Pliocene (~5 Ma) as revealed by syntectonic sediments deposited in the 

Alto Tunuyán wedge-top basin adjacent to the east (Giambiagi et al., 2001; Giambiagi and 

Ramos, 2002; Giambiagi et al., 2003; Giambiagi et al., 2015a; Porras et al., 2016) (Fig. 3C). 

East of the Principal Cordillera, shifts in the sedimentary provenances in the foreland basin 

at 16 Ma and in the Alto Tunuyán Basin at 11-9 Ma indicate important uplift of the Frontal 

Cordillera during that time that continued through the Pliocene (Irigoyen et al., 2000; 

Giambiagi et al., 2003; Porras et al., 2016; Buelow et al., 2018). This is also corroborated by 

the oxygen isotope record of pedogenic carbonates from the Alto Tunuyán Basin that 

indicates that 2 ± 0.5  km of surface uplift occurred during the Mio-Pliocene (Hoke et al., 

2014). In the Pliocene (~4 Ma), compressional deformation finally propagated to the eastern 

Frontal Cordillera and to the Cuyo foreland (Irigoyen et al., 2000; Giambiagi et al., 2003; 

García and Casa, 2014; Giambiagi et al., 2015b). In this model, the Coastal Cordillera and the 

western Principal Cordillera were uplifted passively due to the tectonic activity of the 

Aconcagua fold-and-thrust belt (Giambiagi et al., 2015a), with main surface uplift occurring 

during the late Miocene (10.5 Ma) to the Pliocene (4.6 Ma) based on geomorphologic 

evidence (Farías et al., 2008). However, recent detailed analyses of syntectonic deposits in 

Oligocene-to-Miocene sedimentary rocks of the western Principal Cordillera indicate the 
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activity of a series of west-vergent thrusts since 25 Myr, which form the West-Andean fault-

and-thrust belt (Riesner et al., 2017). These faults inverted and folded the former Oligocene-

to-Miocene Abanico basin with an average shortening rate of 0.1-0.5 mm/a. Its 

westernmost fault delineates the current western mountain front of the Principal Cordillera, 

where deformation is still active today as testified by shallow seismic activity and at least 

two paleo-earthquakes in the past 20 ka (Barrientos et al., 2004; Vargas et al., 2014). To the 

east, a series of out-of-sequence thrusts deformed Jurassic to Miocene sediments in west-

vergent folds between 15 Ma to 5 Ma that link the West-Andean thrust belt with the east-

vergent Aconcagua fold-and-thrust belt (Riesner et al., 2018). These new insights indicate 

that the western part of the Andean mountain belt has accommodated more shortening 

and deformation than previously thought (Armijo et al., 2010; Riesner et al., 2017; Riesner 

et al., 2018). Therefore, shortening in the Principal Cordillera and uplift of the Frontal 

Cordillera is proposed to be accommodated by a bi-vergent orogen with continuous, 

primary westward deformation since 25-20 Ma. The Aconcagua fold-and-thrust belt is 

considered as a secondary structural feature which passively accommodated Andean 

deformation along thin-skinned thrusts (Riesner et al., 2018), instead of being the principal 

structure as suggested by Giambiagi et al. (2015a). These two contrasting models also lead 

to different shortening rate reconstructions across the Andes (Fig. 2). According to Riesner 

et al. (2018), the long-term average shortening rate is 1.2 - 2.2 mm/a. In the reconstruction 

of Giambiagi et al. (2015a), shortening peaks between 17-11 Ma with rates of 4.7-6.5 mm/a 

and is lower before 17 Ma (2 mm/a) and during the Pliocene (1.6 mm/a). The total amount 

of shortening decreases from 31-71 km at 33.5°S (Giambiagi and Ramos, 2002; Giambiagi et 

al., 2012; Giambiagi et al., 2015a; Riesner et al., 2018) to 10-13 km at 36°S (Giambiagi et al., 

2012). The Frontal Cordillera disappears south of 34.5°S (Giambiagi et al., 2012) and the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 20 

Aconcagua fold-and-thrust belt gives way to the thick-skinned Malargüe fold-and-thrust belt 

and its corresponding foreland basin (Ramos et al., 1996), which are both characterised by 

syntectonic sediments younging to the east (e.g., Horton et al., 2018b and references 

therein).  

2.4. Summary of the deformation history of the Central Andes 

As outlined above, the magnitude and onset of deformation in the Central Andes varies 

considerably with latitude (Fig. 2, Fig. 3). The total amount of shortening is highest in the 

northern segment of the study area and was accommodated mostly in the eastern part of 

the orogen (Fig. 3A). Shortening amounts decrease substantially towards the south. The 

compressional regime in the central and southern segments was interrupted by a period of 

foreland quiescence and hinterland extension in the late Eocene to the late Oligocene (e.g., 

Litvak et al., 2007; Wincour et al, 2015; Horton et al., 2016; Horton et al., 2018b), while the 

north experienced a major phase of deformation (e.g., Elger et al., 2005; McQuarrie et al., 

2005) (Fig. 3). Deformation resumed at about 25 Ma and was accommodated by either an 

east-vergent fold-and-thrust belt in the eastern Principal Cordillera or by a doubly-vergent 

wedge with mainly westward deformation located in the western Principal Cordillera 

(Giambiagi et al., 2015a; Riesner et al., 2018).  

3. Crustal thickening, magmatism and the geothermal field of the Central 

Andes 

The primary control on surface elevation is isostasy (e.g., Molnar and England, 1990). 

Erosion, magmatism, and tectonic shortening set the crustal thickness that in turn controls 

elevation (e.g., Allmendinger et al., 1997; Kley and Monaldi, 1998; Giese et al., 1999). 
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Additionally, mantle dynamics especially above subduction zones or crustal flow also 

influence topography, exhumation, and the shape of a mountain belt (e.g., Jordan et al., 

1983; Braun, 2010; Martinod et al., 2010; Dávila and Lithgow-Bertelloni, 2015; Flament et 

al., 2015; Siravo et al., 2019). In particular, and as for instance observed for the modern 

Pampean flat slab segment (28 - 32°S), flattening of the subducting slab may generate 

dynamic uplift (Dávila and Lithgow-Bertelloni, 2015; Flament et al., 2015) and induce 

shortening in the upper plate’s interior far away from the trench, which leads to the 

widening of the mountain belt (Martinod et al., 2010). On the contrary, steep and retreating 

subduction slabs can lead to dynamic subsidence and to a topography that is lower than 

expected from crustal thickening (Mitrovica et al., 1989; Royden, 1993). Based on the 

magmatic arc activity and on periods of deformation and crustal thickening, several past flat 

slab segments might have formed during the Cenozoic in the Central Andes (Ramos and 

Folguera, 2009 and references therein). These were located from 14° to 20°S between 45-35 

Ma and 25 Ma, from 20° to 24°S between 18 and 12 Ma, and from 34.5°S to 37.75°S 

between 15 and 5 Ma (Ramos and Folguera, 2009). However, our compilation of igneous 

activity in the Central Andes (Fig. 4, supplementary Table S7) does not show the expected 

cessation of magmatism for the latest two periods of the proposed flat slab subduction in 

the respective locations of the Western and Principal Cordilleras. Hence, uncertainties about 

the past geometry of the subduction zone remain.  

The magmatic contribution to crustal evolution and surface uplift in the Andes relative 

to crustal thickening due to tectonic shortening is difficult to constrain because of the 

uncertainty on the amount of igneous material added to the crust. This is commonly 

calculated from the volume of volcanic rocks by assuming a plutonic-to-volcanic ratio that 

can vary from 3:1 to 35:1 (e.g., de Silva and Kay, 2018) and assuming a mantle contribution 
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to the melt of roughly 50% (e.g., Kay et al., 2010). Early estimates of magmatic addition are 

13 km2/Ma over the last 10 Ma at 21-22°S (Francis and Hawkesworth, 1994), but more 

recent estimates in the same region are much higher, up to 33-107 km2/Ma over the last 11 

Ma (de Silva and Kay, 2018). Assuming an average shortening rate of 9-10 mm/a (Fig. 2) and 

an average crustal thickness of 50 km, these estimates of magmatic addition indicate that 

the contribution of magmatic activity to crustal thickness relative to the contribution from 

tectonic shortening can vary between 2-3% and 6-24%. However, crustal thickening by 

shortening and magmatism is compensated in some places by crustal thinning resulting 

from processes like crustal delamination and forearc subduction erosion. For instance, the 

Altiplano-Puna plateau was rather a site of crustal loss than addition according to de Silva 

and Kay (2018). These processes of lithospheric removal and magmatic contribution may 

have resulted in ~1 km of Airy isostatic surface uplift in the Altiplano-Puna plateau over the 

last 11 Ma (Perkins et al., 2016). Although the highest estimates of magmatic contribution 

to crustal thickening do not exceed 25% relative to the amount of crustal thickening driven 

by tectonic shortening, these values indicate that magmatic addition is a non-negligible 

contribution to crustal growth. Therefore, we briefly review the current knowledge about 

crustal thickening and magmatic activity in the Central Andes.  

3.1. Present-day crustal thickness 

Continental-scale data analysis from satellite gravimetry, seismic refraction, receiver 

functions and surface wave tomography show that the thickest crust of South America (> 70 

km) is located below the central Andean Plateau (~10° to 28°S) (e.g., Beck et al., 1996; Giese 

et al., 1999; Assumpção et al., 2013; Chulick et al., 2013; van der Meijde et al., 2013). The 

crustal thickness then gradually decreases southwards to ca. 45 km at 35°S (Assumpção et 
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al., 2013; Chulick et al., 2013; van der Meijde et al., 2013). Thinner crust is also observed in 

the South-American craton east of the Andes (30-40 km) and along the range in the Andean 

foreland, where the average thickness is below 35 km (Assumpção et al., 2013). Hence, the 

Central Andes show variable crustal thicknesses that correlate with topography at the 

orogen scale, suggesting a first-order local Airy-type isostatic compensation (e.g., Molnar 

and England, 1990; Beck et al., 1996; Ryan et al., 2016). 

3.2. Crustal thickening and magmatic arc evolution  

The evolution of crustal thickening through time can be constrained by the geochemical 

composition of volcanic and magmatic arc products (e.g., Leeman, 1983; Plank and 

Langmuir, 1988). 

Several lines of evidence suggest that the Andean subduction and related magmatism 

along the Chilean continental margin were relatively continuous since the early 

Carboniferous, although variations in the global geodynamic processes and crustal thickness 

produced noticeable modifications of magmatism through time (e.g., Scheuber et al., 1994; 

Mamani et al., 2010a; Charrier et al., 2015; Hervé et al., 2014; del Rey et al., 2016; Oliveros 

et al., 2018). Since the late Paleozoic until the Late Cretaceous (91 Ma), the subduction 

margin underwent tectonic stretching that resulted in crustal thinning (Mamani et al., 

2010a). A magmatic arc slightly oblique to the present-day coastline and a (mainly) marine 

back-arc basin to its east were formed (Charrier et al., 2007; Mamani et al., 2010a; Charrier 

et al., 2015; Oliveros et al., 2018). Several pulses of magmatism occurred during this time 

and initiated the creation of the Coastal Batholith and associated volcanoclastic deposits in 

the Coastal Cordillera (Oliveros et al., 2007; Mamani et al., 2010a; Oliveros et al., 2018) (Fig. 

4, supplementary Table S7). In the Late Cretaceous to the middle Oligocene, a relatively 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 24 

wide forearc basin formed to the west of the magmatic arc and the marine back-arc basin 

evolved into a terrestrial foreland basin filled by volcanoclastic products and continental 

deposits (e.g., Lamb et al., 1997; Mpodozis et al., 2005; Charrier et al., 2007; Mamani et al., 

2010a; Wotzlaw et al., 2011; Di Giulio et al., 2012; Charrier et al., 2013; Charrier et al., 2015; 

Bascuñán et al., 2016). The magmatic arc subsequently migrated to the east into the 

Western/Principal Cordillera where it is located today, with the exception of an amagmatic 

zone delineating the current Pampean flat slab segment between 28° and 32°S that initiated 

in the Miocene (e.g., Kay and Mpodozis, 2002) (Fig. 4).  

In the northern segment of the Central Andes, between 13° and 26°S, geochemical 

observations from magmatic and volcanic arc composition indicate incipient crustal 

thickening during the late Cretaceous (91 Ma) to the middle Oligocene (30 Ma) and major 

thickening since then (Kay et al., 1994; Mamani et al., 2010a; Profeta et al., 2015). Several 

observations suggest that the Western Cordillera and its slope reached a substantial part of 

its current elevation before or during the Miocene and that uplift in this region was a rather 

continuous process since at least the Neogene (Jordan et al., 2010; Evenstar et al., 2015; 

Scott et al., 2018). The uplift history of the Eastern Cordillera and the Altiplano is less clear 

(e.g., Barnes and Ehlers, 2009). Studies using paleo-elevation and -temperature proxies from 

the Altiplano and Eastern Cordillera at 19-22°S suggest that these regions reached their 

modern elevations in the Burdigalian to Langhian after a pulse of surface uplift of 2-3 km, 

which is attributed to an isostatic response to crustal thickening and lower lithosphere 

delamination (Hoke and Garzione, 2008; Saylor and Horton, 2014; Garzione et al., 2017 and 

references therein). However, the use of such proxies to infer paleo-altitudes remains 

debated mainly because they may reflect changes in climate rather than in elevation (Ehlers 

and Poulsen, 2009) and other studies favour either an early, pre-Oligocene uplift history 
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(e.g., Canavan et al., 2014) or continuous growth since the Oligocene (e.g., Fiorella et al., 

2015) of the Eastern Cordillera and Altiplano-Puna plateau.  

In the flat subduction segment and its margins, the late Oligocene to early Miocene 

volcanism is characterized by basaltic to andesitic composition erupted through a crust of 

normal thickness (30-35 km) in an extensional setting (e.g., Kay and Mpodozis, 2002; Litvak 

et al., 2007). Incipient slab shallowing between 28° and 32°S in the latest early Miocene (~18 

Ma) resulted in the broadening of the magmatic arc and in the eastward migration of the 

arc front into the Precordillera and Sierra Pampeanas (Kay et al., 1991; Kay and Mpodozis, 

2002) (Fig. 4). Crustal thickening began in the middle to late Miocene (e.g., Kay et al., 1991; 

Kay et al., 1994; Kay and Mpodozis, 2002; Litvak et al., 2007; Kay et al., 2014). With the peak 

of slab shallowing in the latest Miocene, igneous activity in the Principal Cordillera ceased 

by 8 to 5 Ma and shut down completely by 2 Ma in the Precordillera and Sierra Pampeanas, 

indicating full emplacement of the flat slab segment by the Pliocene (Kay and Mpodozis, 

2002) (Fig. 4). 

To the south of the flat slab segment between 33° and 36°S, the late Oligocene to 

early Miocene magmatic activity was concentrated at the western border of the Principal 

Cordillera in a relatively thin crust of 30-35 km (Nyström et al., 2003; Kay et al., 2005) (Fig. 

4). Geochemical changes in the composition of the magmatic arc products indicate that 

crustal thickening in this part of the Andes began in the latest early Miocene (Kay et al., 

2005). The magmatic arc front migrated 35 km towards the east from 19 to 16 Ma and 

additional 50 km from ca. 7 to 3 Ma to its current position at the Argentinian-Chilean 

border, where it has stayed during the last 3 Ma (Kay et al., 2005). By this time, the crust 

reached its present-day thickness of about 45-50 km (Kay et al., 2005).  
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3.3. Heat flow and geothermal gradients in the Central Andes 

Exhumation rates derived from thermochronological data strongly depend on the assumed 

geothermal field. Whereas modern and past geothermal gradients set the depth of the 

closure isotherms of thermochronometers, the geothermal field is influenced by erosion 

due to its control on how fast heat is advected to the surface. Furthermore, magma bodies 

emplaced in the lower crust also influence thermochronometric ages in their surroundings 

and can lead to a misinterpretation of the observed cooling ages and exhumation rate 

history (e.g., Calk and Naeser, 1973; Murray et al., 2018). Geothermal gradients in the 

Central Andes are expected to be different in distinct regions due to variable distances from 

the subduction trench, locations of the magmatic arc and crustal thicknesses. Present-day 

heat flow density data in the Central Andes come only from 74 boreholes (15-30°S) and are 

thus very sparse (Springer and Förster, 1998). These measurements reveal large across 

strike variations (Springer and Förster, 1998). The Coastal Cordillera shows low values (20 

mW/m2) that increase to about 60 mW/m2 at the western flank of the Western/Principal 

Cordillera. In the active magmatic arc (Western/Principal Cordillera) and the Altiplano, heat 

flow density values range from 50 to 180 mW/m2 but are extremely sparse (Springer and 

Förster, 1998). The higher heat flow values in these parts may be related to isolated magma 

reservoirs in the shallow crust. Relatively high heat flow (80 mW/m2) is further observed in 

the Eastern Cordillera, whereas the Subandean zone shows lower values of about 40 

mW/m2. Assuming an upper crustal thermal conductivity of 2.6 W/m/K (e.g., Čermák and 

Rybach, 1982), these heat flow measurements translate to the following geothermal 

gradients: 8 °C/km in the Coastal Cordillera, 23 °C/km in the western flank of the 

Western/Principal Cordillera, 19-69 °C/km in the magmatic arc and Altiplano, 31 °C/km in 

the Eastern Cordillera and 15 °C/km in the Subandean zone and Andean foreland. At around 
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33°S in the Principal Cordillera, a geothermal gradient of 30-35 °C/km was measured (Höfer-

Öllinger and Millen, 2010). Estimates of the Oligocene geothermal gradients in the Altiplano, 

Eastern Cordillera and Inter- and Subandean zones at 21°S range from 19 °C/km to 32 °C/km 

(Ege et al., 2007) and are thus similar to the present-day values.  

We expect that geothermal gradients change through time due to changes in 

exhumation rates which control the advection of heat, due to evolving spatial patterns of 

magmatic activity and due to changes in slab geometry which likely change the temperature 

at the base of the crust from ambient mantle temperature within the mantle wedge to 

relatively chilled oceanic lithosphere. Our modeling accounts for the advection of heat 

driven by exhumation and we expect that the effects of magmatic activity can be mitigated 

by analyzing samples that are unlikely to be influenced by this activity. However, we do not 

account for changes in the slab geometry. Based on a crustal thickness of 50 km and a 

thermal diffusivity of 20 km2/Ma, we expect that the temperature of the shallow crust (1-6 

km) will respond to temperature changes at depth over a time scale of 125 Ma. Therefore, 

these thermal effects are not as important as changes in exhumation rates. However, our 

prescribed geothermal gradient in the inversion will significantly influence the magnitude of 

exhumation rates derived from thermochronological data. In particular, higher geothermal 

gradients will result in lower exhumation rates due to more efficient heat advection and 

shallower depths of closure of the thermochronologic systems. Therefore, exhumation rates 

will likely be underestimated in regions where the true geothermal gradient is lower than 

the modelled gradient and overestimated in places where it is higher. 
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4. Present-day and Cenozoic climate  

4.1. Present-day climate of the Central Andes 

The Central Andes cross several climate zones from arid and tropical conditions in the north 

to temperate and semi-arid conditions in the south (Schwerdtfeger, 1976). This first-order 

global atmospheric circulation pattern was established at least since the early Cenozoic 

(Parrish et al., 1982) or the Mesozoic (Hartley et al., 1992) but was altered by the uplift of 

the Central Andes (e.g., Campetella and Vera, 2002; Insel et al., 2010).  

The present-day climate along and across the Andes exhibits strong climatic gradients 

and seasonality due to the combined effects of latitudinal position, continentality, rain 

shadow and cold oceanic upwelling (e.g., Schwerdtfeger, 1976; Lenters and Cook, 1995; 

Houston and Hartley, 2003) (Fig. 5). The interference of the Andes with the prevailing wind 

systems creates the ‘Arid Diagonal’ (De Martonne, 1925; Gourou and Papy, 1966) that 

separates the northern and central Andes, which receive high precipitation on the eastern 

flank due to the South American Monsoon in austral summer, from the southern Andes, 

which are characterized by winter precipitation associated with the mid-latitude storm 

tracks or Westerlies (Schwerdtfeger, 1979; Lenters and Cook, 1995; Garreaud, 2007). 

The South American Monsoon system is a major feature of the South American 

climate and forms in response to seasonal changes in the thermal contrast between the 

South American continent and the adjacent Atlantic Ocean (e.g., Zhou and Lau, 1999; 

Nogués-Paegle et al., 2002; Vera et al., 2006; Marengo et al., 2012). In austral summer, the 

South American Monsoon system is characterized in the upper levels by the “Bolivian high”, 

centered at 15°S, 65°W, and the “Nordeste through” over northeast Brazil (Lenters and 

Cook, 1997; Lenters and Cook, 1999). The South Atlantic Convergence Zone (SACZ) 
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delineates a zone of cloudiness and precipitation that extents from the southern Amazon 

towards southeast Brazil and the adjacent Atlantic Ocean (Kodama, 1992; Lenters and Cook, 

1999; Carvalho et al., 2004) (Fig. 5A).  At low level, the easterly trade-winds transport high 

amounts of moisture from the tropical Atlantic Ocean and the Amazon Basin to the west. 

When encountering the Andes, the moisture-bearing winds are deflected southward into 

the Chaco Low via the South American low-level jet (Saulo et al., 2000; Nogués-Paegle et al., 

2002; Marengo et al., 2004), which locally results in more than 1000 mm/yr of precipitation 

at the eastern flank of the Central Andes during austral summer (Fig. 5A). In austral winter, 

the zone of high precipitation migrates northwestward towards the equator (Vera et al., 

2006). Precipitation on the eastern flank of the Andes is scarce and mainly related to 

northward incursions of the Westerlies (Vuille and Ammann, 1997) (Fig. 5B). In contrast, the 

Atacama Desert located between 5° and 27°S west of the Andes exhibits hyperarid 

conditions with mean annual precipitation <20 mm. Precipitation in the arid Altiplano-Puna 

plateau and intermontane basins to the east of the Puna is less than 200 mm/a and strongly 

variable throughout the year (Hijmans et al., 2005) (Fig. 5). South of 35°S, the mean annual 

rainfall is controlled by the mid-latitude storm-tracks that bring moisture from the Pacific to 

the western side of the Andes, whereas the eastern side of the Andes receives only little 

rain due to the orographic barrier effect (e.g., Schwerdtfeger, 1976, Lenters and Cook, 

1995). Because the latitudinal band of maximum precipitation associated with the 

Westerlies shifts from 45-55°S in summer to 35-45°S in winter (Garreaud, 2009), the region 

between 27° and 37°S shows strong seasonal variations and defines a transitional zone from 

a semi-arid climate with average rainfall of around 30 mm/a in the north to a 

Mediterranean climate with average rainfall of around 1000 mm/a in the south (Fig. 5).  
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4.2. Paleoclimate of the Central Andes 

Modelling results from Ehlers and Poulsen (2009) and Insel et al. (2010) suggest that the 

emergence of the Andes above half of their present height may have resulted in increased 

precipitation along the eastern flanks and the central plateau, whereas hyperarid conditions 

replaced the semi-arid to arid conditions that prevailed since the Mesozoic in the Atacama 

Desert (Hartley et al., 1992; Dunai et al., 2005; Hartley et al., 2005; Le Roux, 2012; Oerter et 

al., 2016). The onset of Antarctic Bottom Water formation, the growth of the East Antarctic 

Ice Sheet and the resulting intensification of cold water upwelling along the Pacific Coast 

during the middle Miocene possibly contributed to the increasing aridity on the western 

side of the Andes (Houston and Hartley, 2003, and references therein). Sedimentologic, 

geomorphologic, pedogenic and isotopic data suggest that this change to hyperaridity 

occurred in the middle Miocene at about 12 Ma (Riquelme et al., 2007; Nalpas et al., 2008; 

Evenstar et al., 2009; Rech et al., 2010; Jordan et al., 2014; Rech et al., 2019) and was 

interrupted by several arid and semi-arid stages in the higher elevated regions of the 

western Andean margin (Sáez et al. 2012; Jordan et al., 2014). The middle Miocene also 

marks the onset of deep canyon incision on the western Andean slope in northern Chile that 

are either linked to these climatic changes (García et al., 2011; Cooper et al., 2016) or to 

surface uplift related to westward tilting of the forearc (e.g., Farías et al., 2005; García and 

Hérail, 2005; Hoke et al., 2007). 

Starting in the Eocene to the Oligocene and throughout the Miocene, widespread, 

diachronous uplift of individual ranges in the Puna started to disconnect fluvial systems 

from the foreland and led to the establishment of internally drained basins in a semi-arid 

environment (see Strecker et al., 2007 for a review). Arid conditions were finally established 

in the late Miocene, when the Eastern Cordillera had built sufficient topography to block 
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moisture transport towards the Puna plateau (Coutand et al., 2006). To the east, structurally 

similar basins in the Eastern Cordillera, Santa Barbara province and Sierra Pampeanas 

alternated between internal drainage conditions and open drainage to the foreland (Hilley 

and Strecker, 2005; Strecker et al., 2007). In the late Miocene (~9 Ma; Coutand et al., 2006), 

the sedimentary deposits in these intermontane basins mark a drastic shift from a (semi-

)arid climate to fluvial conditions characterized by floodplains, lakes and swamps that 

support an important flora and fauna (Starck and Anzótegui, 2001). Higher moisture 

availability during the late Miocene is also indicated by the appearance of authigenic clays in 

paleosoils in the intermontane Santa María valley (Sierra Pampeanas) (Kleinert and Strecker, 

2001), and from stable isotope data in pedogenic carbonates, leaf wax and volcanic class in 

the intermontane Angastaco Basin (Eastern Cordillera) (Rohrmann et al., 2016). 

Contemporaneously, a change from (semi-)arid to more humid conditions is also observed 

in the Subandean zone from sedimentary facies analyses (Uba et al., 2005; Uba et al., 2007) 

and from a fourfold increase in the sedimentation rate in the foreland stratigraphy (Uba et 

al., 2007); although the latter can also be associated to tectonic processes. These 

widespread climatic changes observed in late Miocene sediments are commonly attributed 

to the establishment of efficient orographic barriers due to the uplift of the Altiplano-Puna 

plateau, Eastern Cordillera and basement blocks in the Sierra Pampeanas (e.g., Starck and 

Anzótegui, 2001; Coutand et al., 2006; Strecker et al., 2007). At present-day, the main 

source of moisture along the eastern side of the Andes is the LLJ which is a direct 

consequence of the interaction between the easterly trade-winds and the Andean mountain 

belt (Lenters and Cook, 1995; Campetella and Vera, 2002; Insel et al., 2010). It is thus likely 

that the topographic uplift resulted in the initiation or amplification of the South American 

monsoon and associated LLJ at around 10-7 Ma (e.g., Strecker et al., 2007; Mulch et al., 
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2010; Rohrmann et al., 2016). The onset of fluvial megafan deposits in the Subandean zone 

in the late Miocene (Horton and DeCelles, 2001; Uba et al., 2005), which can be attributed 

to a monsoonal climate (Leier et al., 2005), corroborates this interpretation. Finally, the 

eastward migration of deformation in the Pliocene resulted in the subsequent uplift of 

individual ranges that acted as local orographic barriers, which led to focused precipitation 

on their eastern flank and renewed aridification in the adjacent intermontane basins located 

to the west (e.g., Strecker et al., 1989; Kleinert and Strecker, 2001; Sobel and Strecker, 

2003; Coutand et al., 2006). 

In the southern part of the study area and west of the drainage divide, Cenozoic 

continental deposits between 27-37°S are sparse and paleoclimate reconstructions rely 

mainly on paleoflora studies with poor data coverage (Villagrán et al., 2004; Gayó et al., 

2005; Hinojosa, 2005). These reconstructions rely on the assumption that the paleoclimatic 

conditions can be inferred from the present-day environment of the closest living relative 

and are thus subject to high uncertainty. The paleobotanic analyses indicate a shift from a 

Paleocene-to-Eocene (sub-)tropical climate towards drier and colder conditions from the 

end of the Eocene to the early Miocene (Villagrán et al., 2004; Gayó et al., 2005; Hinojosa, 

2005). The re-appearance of sub-topical flora (Hinojosa, 2005) and subtropical sea surface 

temperatures revealed by strontium isotopes of marine fossils (Nielsen and Glodny, 2009) 

suggest a warmer and more humid climate during the Mid-Miocene Climatic Optimum. On 

the eastern side of the Andes at these latitude, paleoclimatic evidence comes mainly from 

the basin stratigraphy of the foreland. Here, upper Cretaceous to Paleocene fluvial and 

lacustrine sediments were replaced by semi-arid conditions with ephemeral rivers and playa 

lake deposits in the Paleocene-Eocene (Fosdick et al., 2017). In the Oligocene to the early 

Miocene, arid conditions led to the establishment of extensive eolian dune fields that 
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covered large parts of the foreland (Jordan et al., 2001a; Tripaldi and Limarino, 2005; 

Fosdick et al., 2017; Buelow et al., 2018). Clay mineralogy and isotope analyses of paleosoils 

from an intermontane basin adjacent to the Frontal Cordillera (Ruskin and Jordan, 2007) 

and the onset of fluvial and lacustrine deposits in the middle Miocene (Jordan et al., 2001a; 

Ciccioli et al., 2014; Buelow et al., 2018) finally record a shift to renewed semi-arid 

conditions with seasonal precipitation.  

In general, the paleo-climate of the northern and central segments of our study area is 

strongly influenced by the rise of the Andean mountain belt that led to the establishment or 

intensification of the South American Monsoon on its eastern flank and to aridification on 

its western side (e.g., Strecker et al., 2007). The onset of glaciations in West Antarctica and 

the formation of the cold Humboldt current in the middle Miocene probably enhanced this 

aridification (Houston and Hartley, 2003 and references therein). This first-order climatic 

pattern was overprinted by several global cold and warm phases that correlate well with 

plate tectonic processes (e.g., Zachos et al., 2001; Ruddiman, 2008). However, the 

sedimentary records used to reconstruct paleo-climates during the Cenozoic are often too 

incomplete and resolutions are too low to draw firm conclusions about possible feedbacks. 

One of the best studied climatic transition occurred during the Late Cenozoic, when the 

global climate cooled (Zachos et al., 2001) and evolved towards high-amplitude oscillating 

conditions expressed by interglacial-glacial cycles throughout the Plio-Pleistocene 

(Shackleton et al., 1984). Many studies suggest that Pleistocene glaciation has had a global 

impact on the topographic evolution, relief, valley shape and erosion rates in mountainous 

landscapes (e.g., Molnar and England, 1990; Montgomery et al., 2001; Shuster et al., 2005, 

Egholm et al., 2009; Shuster et al., 2011; Herman et al., 2013). Hence, past glaciations could 
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have significantly contributed to the exhumation history of the Central Andes and we 

therefore summarize below evidences of past glaciations observed in the study area.  

4.2.1. Evidence of past glaciations 

Glaciers can only grow if the ELA is lower than the maximum elevation. North of 27°S 

in the semi-arid to arid Andes, the current ELA is at an altitude of around 6000 m and the 

presence of glaciers is restricted to few volcanic edifices exceeding 6000 m (Clapperton, 

1983). The ELA also shows a steep east-west gradient due to higher precipitation on the 

eastern flanks of the Andes (Clapperton, 1994; Klein et al., 1999; Haselton et al., 2002). 

Between 27° and 40°S, the ELA drops from 6000 m to 1500 m (Schwerdtfeger, 1976; 

Harrison, 2004) and the east-west ELA gradient is reversed south of 30°S due to the 

inversion of the dominant wind direction and induced precipitation pattern (Clapperton, 

1994). Today, the northernmost glaciers influenced by Westerly precipitation are found up 

to 27°S (Amman et al., 2001).  

Although evidence of glaciations are found throughout the Andes, most studies 

focused on the glacial record of Patagonia south of 40°S (e.g., Clapperton, 1983; Clapperton, 

1994; Harrison, 2004; Rabassa et al., 2005; Hein et al., 2017), where glaciation started 

around 7-4.6 Ma (Mercer and Sutter, 1982) and was followed by several glacial-interglacial 

cycles throughout the Plio-Pleistocene (Clapperton, 1983; Harrison, 2004). There is also 

considerable evidence for extensive late Pleistocene icefields and valley glaciers between 

32° and 37°S on the western side of the Andes (Clapperton, 1994; Harrison, 2004; Zech et 

al., 2008; Charrier et al., 2019). Mapped and dated moraine deposits at 33 to 34.5°S show 

that valley glaciers have descended as low as 950-1300 m during the last glacial maximum 

(LGM) (Herrera, 2016; Charrier et al., 2019) and thus have covered large parts of the 

catchments. Furthermore, radiometrically dated volcanic layers indicate that most valley 
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incision in the higher Andes west of the drainage divide has occurred during the Pleistocene, 

with incision rates between 1.2 and 2.8 km/Ma during the last 1 Ma (Farías et al., 2008). 

Glacial growth in this region likely responded to increased precipitation associated with 

intensified Westerlies and may have occurred before (35-40 ka) the global LGM (Zech et al., 

2008; Zech et al., 2011). Evidence for higher precipitation before and during the LGM, 

between 40 and 17 ka, also comes from grain-size and clay mineral analyses in marine 

sediment cores offshore Chile at 27°S (Stuut and Lamy, 2004) and 33°S (Lamy et al., 1999) 

and from palynological, sedimentological and isotopic data from a lake core from Laguna 

Tagua Tagua at 34.5°S (Heusser, 1983; Valero-Garcés et al., 2005). On the contrary, drier 

conditions prevailed during the early to mid-Holocene warm phase (Lamy et al., 2001; Jenny 

et al., 2003; Stuut and Lamy, 2004; Valero-Garcés et al., 2005). These climatic changes might 

be attributed to shifts in the core zone of the Westerlies in response to sea surface 

temperature in the eastern South Pacific Ocean (e.g., Lamy et al., 2010). 

Glaciations in the semi-arid Andes up to 27°S north were less developed and restricted 

to higher elevations, with late Pleistocene ELA’s located around 4000 m and the lowest 

preserved terminal moraine reaching down to 3450 m (Amman et al., 2001; Harrison, 2004; 

Zech et al., 2008). Several cirque and valley glaciations are also observed in the Altiplano-

Puna and in the Sierra Pampeanas which advanced during periods of intensified monsoonal 

precipitation (e.g., Haselton et al., 2002; Zech et al., 2008; Backer and Fritz, 2015; D’Arcy et 

al., 2019). Colder temperatures and increased moisture on the eastern flank of the Andes 

led to a significant drop-down in Pleistocene snowlines of 300 m in the Puna and 900 m in 

the Sierra Pampeanas (Haselton et al., 2002). The extent to which these glaciations have 

affected the topography in the Central Andes remains debated. Montgomery et al. (2001) 

highlighted a strong latitudinal correlation between mean mountain height and the position 
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of the ELA. Rehak et al. (2010) investigated the influence of climate on relief in Chile 

between 15.5°S and 41.5°S and identified the region between 28°S and 35°S as a zone of 

high local relief (750 m) generated by glacial erosion during the Quaternary. 

Precipitation modulates erosion and thus influences exhumation and sediment 

storage, recycling and transport out of the system. According to the sedimentary record, 

several climatic changes could have left a signal in the exhumation history of the Central 

Andes. The most important change occurred during the late Miocene, when the Andes 

reached elevations high enough to act as an orographic barrier and initiated the South 

American Monsoon system (e.g., Strecker et al., 2007). This led to increased precipitation at 

the eastern mountain front and thus possibly to higher erosion rates in parts of the Eastern 

Cordillera, Santa Barbara system, Sierra Pampeanas and Subandean zone (e.g., Horton and 

DeCelles, 2001; Starck and Anzótegui, 2001; Uba et al., 2007). In northern Chile during this 

time, hyperarid conditions were established (e.g., Rech et al., 2010; Jordan et al., 2014) and 

deep canyon incision started (e.g., Farías et al., 2005; García and Hérail, 2005; Hoke et al., 

2007; García et al., 2011; Cooper et al., 2016). Furthermore, the mid-Pleistocene shift to a 

highly oscillating climate (Zachos et al., 2001) and the occurrence of Pleistocene glaciation in 

the Central Andes (e.g., Zech et al., 2008) possibly also led to increased exhumation rates in 

parts of the Central Andes that experienced colder and wetter conditions (e.g., Aguilar et al., 

2011).  
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5. Methods 

5.1. New and compiled data  

We collected 149 bedrock samples between 21.8 and 34.9°S latitude in the Chilean Andes 

that we analysed for AHe (119 samples; supplementary Table S1), ZHe (92 samples; 

supplementary Table S2) and/or AFT (52 samples; supplementary Table S3). Our sampling 

strategy was to increase spatial coverage where data was sparse, concentrating on the 

western side of the Andes. Three analysed samples out of these 149 samples were rejected 

for all thermochronometric systems (14NC98, CLRK3849, Clin3). The new data includes 

samples collected on elevation transects at six locations to define age-elevation 

relationships (AER): samples Clin22A-D (AER-a in Fig. 1), CLRK3864 and CLRK3866 to 

CLRK3868 (AER-c in Fig. 1), Clin10A-E, Clin12A-E, Clin16A-E, and Clin25A-D analysed for AHe 

(all profiles), AFT (Clin22A-D, Clin25A-D and CLRK3864/3865-3868) and ZHe 

(CLRK3864/3865-3868). Clin22A and Clin25A were additionally dated with the U-Pb method 

because they were collected from shallow Miocene intrusions with unknown crystallization 

ages (supplementary Table S4 and Fig. S5).  

The laboratory procedures are detailed in the supplementary material. We use mean 

ages and their standard deviation for (U-Th)/He data representation and modelling. AHe 

single grain ages with a U concentration over the grain mass smaller than 2 ppm and/or high 

He uncertainty (> 15%) were rejected because of their low precision (supplementary Table 

S1). We also rejected AHe single grain ages with an age difference greater than 50% relative 

to the average age of the sample, if the other aliquots show consistent ages similar to AHe 

samples in their surroundings. Additionally, two AHe single grain ages were rejected 

because they were older than the remaining aliquots, which gave consistent ages, and older 
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than their crystallization (CLRK3853, age difference > 17% from average age) or ZHe age 

(CLRK3864, age difference > 35% from average age). We rejected three samples that 

showed large age dispersions (1 > 50% of average age; 14NC36, Clin3, CLRK3849), one 

sample that is significantly younger than its surroundings and whose grains have very low U 

concentrations (<2 ppm) and high He-uncertainties (14NC38), and one sample that was 

derived from a Porphyry deposit and whose age overlap with its crystallization and ZHe age 

(14NC98). Single ZHe grain ages were excluded if they overlap or are older than their 

crystallization age or if they have age differences greater than 50% relative to the average 

age of the sample. In total, seven ZHe samples were rejected due to magmatic cooling 

(14NC26, 14NC29, 14NC31, 14NC70, 14NC98, CLRK3849) and high age dispersion 

(Huasco87) (supplementary Table S2). 

We calculated AFT central ages, χ² probability and age dispersion for apatite fission-

track ages (supplementary Table S3). Although derived from igneous bedrock, nine samples 

failed the χ²-test and were decomposed into age peaks using Binomfit (Brandon, 2002). We 

use the central age if the major age peaks are similar to the central age and comprise a 

fraction of grains greater than 75% and for sample 14NC06, which yields two populations 

with ages similar to the central age. Track lengths could only be measured for 14 of the 54 

samples (supplementary Table S3). Of these, seven samples show bimodal track length 

distributions with mean track lengths between 12.2 and 14.2 µm and 1 > 2 (Gleadow et al., 

1986). One additional sample (CLRK3874) has a track length of 11.72 ± 1.4 µm but this value 

is based on 5 measured tracks only. Because all but one (Huasco54) of this seven samples 

pass the χ²-test and because all central ages have relatively low 1 uncertainty and are 

consistent with other thermochronological data (AHe, AFT, ZHe) in their surroundings, the 

samples were included in the inversion. We cannot guarantee that samples for which no 
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track lengths could be measured are not partially reset and these samples might lead to an 

underestimation of the modelled exhumation rate at their locations. Five samples show low 

U concentrations ( 16 ppm), high uncertainties (1 > 15% of the central age), and low 

numbers of counted grains ( 11) and were rejected. Furthermore, sample 14NC05 was 

rejected because it is older than its corresponding ZHe age, contains little U (5 ppm) and 

shows high uncertainty (1 = 14.8 % of the central age). Seven samples are close (< 2 Ma, 

within standard deviation of the mean age) to their magmatic cooling age and were rejected 

to exclude data corresponding to magmatic cooling instead of exhumation-related cooling 

(e.g., Murray et al., 2018).  

Additionally, we compiled a total of 1177 AHe, AFT, ZHe and ZFT ages from previous 

studies in the Central Andes between 18° and 36°S (supplementary Table S5). Of those, 255 

ages were rejected because they were either of poor quality (e.g., less than 10 grains 

analyzed for AFT/ZFT), highly dispersed for AHe/ZHe (1 differs for more than 100% or 20 

Ma from the average) or samples failing the χ²-test, unreset detrital samples (i.e., ages older 

than or overlapping with their formation age) or partially reset samples that were reported 

as such in the literature. Additionally, we excluded 80 AFT, ZHe and ZFT ages that are, within 

standard deviation of the sample age, less than 2 Ma younger than the sample intrusion age 

to exclude data corresponding to magmatic cooling instead of exhumation-related cooling. 

This value is a conservative estimate for magmatic cooling (Murray et al., 2018). 30 of those 

samples are from volcanic or porphyry rocks or dykes, the remaining ones are from intrusive 

rocks of which most can be related to porphyry copper deposits and associated 

hydrothermal circulation (e.g., Maksaev and Zentilli, 1999; Deckart et al., 2005; Farías et al., 

2008; Maksaev et al., 2009). We also excluded 18 samples that are derived from or located 

close to hydrothermally altered rocks or hot springs. 
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Including our 238 accepted ages, 1062 thermochronological ages from 695 samples 

were used to constrain the exhumation rate history of the central-southern Central Andes 

(Fig. 6, supplementary Table S5). 

5.2. Inversion of data into exhumation rate histories 

We use the inversion method described in Fox et al. (2014) and modified by Herman and 

Brandon (2015) to model the rate of exhumation for the last 80 Ma in the central-southern 

Central Andes. In this method, the depth from the surface to the closure depth (  ) is 

described as the integral of the exhumation rate,  ̇, from the cooling age, , to the present 

day, which is translated to logarithmic space to avoid negative exhumation rates:  

                                    ∫  ̇    
         
→          (∫    ( )   )



 



 
                                (1) 

 where      (  ) and      ( )̇. The model assumes monotonic exhumation histories and 

therefore does not account for reburial.  

A thermal model that accounts for heat advection and the effects of topography is 

used to model the geothermal gradient and rock cooling histories. From the thermal 

histories, we derive the closure depth using Dodson’s definition for the closure 

temperature, i.e., the temperature at which the sample was at the time given by its 

apparent age (Dodson, 1973).  

This inverse problem is weakly non-linear and can be solved using the non-linear 

least-squares method (e.g., Tarantola, 2005). This is achieved by discretization of the 

integral in Equation 1 into fixed time intervals   :  

     (∑    (  )    )
 
                                                      (2) 
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Similar to Fox et al. (2014), we impose the condition that ε is spatially correlated by defining 

an a priori model covariance matrix,    . This matrix is constructed for all time intervals 

using the horizontal distance between the ith and jth data points,  , and a Gaussian 

correlation function,  

                                                 (   )    
    ( (

 

 
)
 

)                                                                   

(3) 

where   is a correlation length scale,   the distance between samples, and    is the a priori 

variance serving primarily as a weighting factor. This covariance matrix enables, but does 

not impose, that data close to each other share a common exhumation history. Finally, a 

second non-linearity is implied because both the temperature field and closure depth 

calculations depend on the solution, i.e., on the estimated erosion rates (Fox et al., 2014). 

The non-linear problem is solved using the steepest descent algorithm (Tarantola, 2005 

(p.70)), 

                            (   
   
  (       )   (          ))                             (4) 

where    is the iteration number,        is the logarithm of our initial guess of the erosion 

rate  ̇     ,    is the data covariance matrix,   is an ad hoc parameter chosen by trial and 

error that controls how rapidly the model parameters change,     is the logarithm of the 

closure depth computed with the thermal model, and   is obtained by computing the 

derivatives of   (∑    (  )   
 
   ) with respect to   (Herman and Brandon, 2015).  

The model and data covariance must be chosen to minimize trade-off between model 

and data variance,   
  (e.g., Aster et al., 2011). We start the iterative process by assigning 

the a priori expected value of the exhumation rate, ėprior, and a final prior geothermal 

gradient, G0. As any Bayesian inversion problem (e.g., Tarantola, 2005), the model solution 
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depends on the initial ėprior since it remains part of the solution (Equation 4) (Fox et al., 

2014; Herman et al., 2013; Jiao et al., 2017; Willett et al., subm.). This dependency is more 

pronounced when data have poor resolution capacity. Similarly, the model also depends on 

our choice of G0 due to the strong coupling between the geothermal field and the 

exhumation rate. In particular, higher geothermal gradients lead to shallower closure 

depths and thus to less exhumation. Higher exhumation rates increase the geothermal 

gradient because heat is more efficiently advected towards the surface. We run our model 

for two different ėprior values (0.1 and 0.5 km/Ma) and geothermal gradients G0 (25 and 50 

°C/km) to test the robustness of our results. The tested ėprior values are endmember values 

for regions that show very low Cenozoic exhumation rates like the Atacama Desert (< 0.2 

km/Ma; Avdievitch et al., 2018) and regions that show higher exhumation rates like the 

southwestern Puna plateau (0.3 km/Ma to >1 km/Ma; Carrapa et al., 2005; Carrapa and 

DeCelles, 2008) or the southern Eastern Cordillera (0.1 to 0.6 km/Ma; Coutand et al., 2006; 

Deeken et al., 2006). The choice of G0 and the length of time the model is run, i.e., 80 Ma, 

set the final geothermal gradient at the end of the prior model. We adjust the initial 

geothermal gradient Gini at 80 Ma to generate final geothermal gradients at the end of the 

prior model (G0) of 25 and 50 °C/km, respectively, under ėprior values of 0.1 and 0.5 km/Ma. 

For example, a Gini of 22.3 °C/km and running the model for 80 Ma with an ėprior of 0.1 

km/Ma leads to a final prior geothermal gradient G0 of 25 °C/km in the most recent time 

step. Because the geothermal gradient is influenced by heat advection, an ėprior of 0.5 

km/Ma requires a smaller Gini (14.5 °C/km) to get the same final prior geothermal gradient 

G0 as in the inversion with an ėprior of 0.1 km/Ma. Similar G0’s for the different ėprior values 

are important to allow investigating the influence of the ėprior on the modelled exhumation 

rates. Finally, the modelled geothermal gradients in the most recent timestep (i.e., as 
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constrained by the modelled exhumation rates) should be comparable to observed modern 

geothermal gradients in the Central Andes. A G0 of 25 °C/km and a time length of 80 Ma 

leads to modelled geothermal gradients in the range of 24-34 °C/km (ėprior = 0.1 km/Ma) and 

16-49 °C/km (ėprior = 0.5 km/Ma) for the last timestep. These values are consistent with most 

heat flow measurements of the Central Andes apart from the Coastal Cordillera, although 

few data are available (Springer and Förster, 1998; Höfer-Öllinger and Millen, 2010; Ege et 

al., 2007) (supplementary Fig. S4). Nevertheless, because many data especially in the 

southern segment were sampled closer to the magmatic arc and thus in areas with 

geothermal gradients up to 70 °C/km, we also test for a G0 of 50 °C/km. Such a high final 

prior geothermal gradient results in modelled present-day values between 46-60 °C/km 

(ėprior = 0.1 km/Ma) and 31-75 °C/km (ėprior = 0.5 km/Ma), which are significantly higher than 

observed in the Central Andes. 

 To assess the solution, we compute the reduced variance which is the ratio between 

the a posteriori and a priori variance. The reduced variance ranges from 0 to 1 and is an 

indication of whether the solution has improved by incorporating data or not. The closer to 

zero, the better the solution is. We set the ratio between the a priori variance and a priori 

exhumation rate in logarithmic space equal to 7 for all inversions. This relatively high value 

permits more variation in the inverse solution and improves the fit to the data (Fox et al., 

2014).  

The use of the correlation structure   (   ) was recently criticized by Schildgen et al. 

(2018) who argue that the increase in late Cenozoic exhumation rates observed in modelled 

thermochronological data (Herman et al., 2013; Fox et al., 2015) are a result of a spatial 

correlation bias due to data correlation across faults. Willett et al. (subm.) reviewed the 

analysis of Schildgen et al. (2018) to identify the source of this discrepancy. They found that 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 44 

Schildgen et al (2018) made a series of errors, including incorrect construction of models, 

application of a biased operator to post-process Herman et al.’s (2013) results, and incorrect 

interpretations of both tectonic kinematics and how important these are to the resolving 

capability of thermochronometric data. These errors in Schildgen et al (2018) combined to 

create the appearance of an error in the original analysis of Herman et al. (2013) that does 

not exist. A spatial correlation may smooth exhumation rates across fault boundaries but 

does not impose a common history of correlated data. To demonstrate this, we test our 

model for different correlation length scales (10, 20 and 30 km) and provide model runs in 

which the study area is split into fault blocks that are independent from each other (i.e., no 

correlation between data in different blocks) using the same set of parameters (ėprior = 0.1 

km/Ma; G0 = 25°C/km). The inversions with fault blocks are tested for correlation length 

scales of 20 and 1000 km for data located within the same block. In total, we provide eight 

inversions to test different combinations of G0 and ėprior values (four inversions) and to 

explore the importance of the correlation length scales (2 inversions) and fault blocks (2 

inversions). Each inversion is run for 80 Ma, which is the approximate onset of 

compressional deformation in the Central Andes (Fig. 3). Therefore, only 

thermochronological ages younger than or equal to 80 Ma are used in the inversions (837 

ages). Finally, past and present geothermal gradients are unknown in most parts of the 

Central Andes. We thus compare our modelled exhumation rates with rates derived from 

age-elevation profiles at 3 locations, which provide independent constrains on exhumation 

rates (e.g., Wagner et al., 1979; Gleadow and Fitzgerald, 1987; Fitzgerald et al., 1995), 

although Fox et al. (2014) showed that exhumation rates are robust with respect to the 

thermal model where data constrain exhumation rates due to age elevation relationships. 
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6. Results 

6.1. Thermochronological ages 

In the following section, we first analyse how the compiled thermochronological ages vary 

in time and space, including new and previously published ages (Fig. 6, supplementary Table 

S5). Whereas the Western/Principal Cordillera (348 ages), the Sierra Pampeanas (277 ages), 

and the Coastal (124 ages), Eastern (93 ages) and Frontal (105 ages) Cordilleras are relatively 

well covered with data, the other tectonomorphic units contain a maximum of 42 ages (Fig. 

1, Fig. 6). Furthermore, more data are available in the western part of the orogen than in 

the east, where data density is high only at 21°S and in the southern Eastern Cordillera and 

northern Sierra Pampeanas. The absence of a certain age population in tectonomorphic 

structures where only few ages were dated can thus simply be a sampling bias. 

We split the compiled data set along the main drainage divide to account for the 

climatic gradients that are opposite on the western and eastern sides of the Andes (Fig. 7, 

Fig. 8). Data from the internally draining Altiplano-Puna plateau are merged with data in the 

west. Relative frequencies of the age distributions for the western and eastern sides of the 

Andes are shown in the supplementary Fig. S1. Furthermore, we provide latitudinal cross-

sections for the northern, central and southern segments to account for their different 

tectonic settings (Fig. 9). In the data description hereafter, the numbers in brackets 

represent the number of samples in a given tectonomorphic or temporal unit. 
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6.1.1. Data to the west of the main drainage divide 

Figure 7 shows the 586 thermochronological ages that are located to the west of the 

drainage divide. A major feature is the significant drop in ages south of ca. 32°S observed in 

all four thermochronological systems.  

North of 32°S, the distribution of the AHe and AFT ages share many similarities and 

therefore we describe them here together. The AHe (226) and AFT (147) ages range from 10 

to 109 Ma and from 16 to 198 Ma, respectively (Fig. 7, supplementary Fig. S1 A and Table 

S5). Both systems have one exception located at 30°S in the Frontal Cordillera at 2050 m 

elevation with an AHe age of 6.9±0.6 Ma and an AFT age of 8.4±0.8 Ma (Rodríguez et al., 

2018). Palaeocene and older ages are a minor fraction (23 AHe and 30 AFT ages). They are 

mainly located in the Coastal Cordillera (16 AHe and 17 AFT) and are rare and scattered 

from the Central Depression to the Puna Plateau. The majority of ages are Eocene to 

Oligocene (148 AHe and 108 AFT ages) and mostly located in the Principal Cordillera (94 AHe 

and 65 AFT ages), common in the Frontal Cordillera (11 AHe and 28 AFT ages) and sparse 

elsewhere. Miocene ages (56 AHe and 9 AFT ages) are common in the Frontal (19 AHe and 4 

AFT ages) and Principal/Western Cordilleras (31 AHe and 2 AFT ages) but are sparse in the 

Coastal Cordillera and Puna plateau. 

South of 32°S, the AHe ages (36) range from 0.5 to 35 Ma (Fig. 7, supplementary Fig. 

S1 B). Only four ages are Oligocene. These are located close to 32°S in the Coastal (2) and 

Principal (2) Cordilleras. The remaining AHe ages are all located in the Principal Cordillera. 

Miocene ages (9) are located closer to the mountain front, whereas most Plio-to-

Pleistocene ages (23) are located closer to the drainage divide. The AFT data (50) range from 

1.9 to 51 Ma. They show a minority of Eocene ages in the Principal (5) and Coastal 

Cordilleras (4), one early Miocene age in the Central Depression, and a large majority of 
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ages (40) younger than 13 Ma located in the Principal Cordillera. Sixteen samples are Plio-

Pleistocene in age. 

ZHe ages north of 32°S (107) range from 31 to 221 Ma (Fig. 7, supplementary Fig. S1 

A). Pre-Cretaceous ages (6) range between 150 and 221 Ma and are located in the Principal 

(5) and Frontal (1) Cordilleras. Cretaceous ages (51) are found in the Coastal Cordillera (27), 

the Principal (11) and Frontal Cordilleras (10), the Puna plateau (2), and the Central 

Depression (1). The remaining ages are Paleogene (50) and located in the Principal (34), 

Frontal (13), and Coastal (3) Cordilleras. South of 32°S, the Principal Cordillera yields 

Miocene (3) to Pliocene (3) ZHe ages between 13 and 2.8 Ma (Fig. 7, supplementary Fig. S1 

B).  

Only thirteen ZFT samples located west of the Andean crest remained after excluding 

ages that represent magmatic cooling ages, non-reset detrital ages, or samples that were 

most likely hydrothermally altered (supplementary Table S5). Among the accepted samples, 

six are located north of 32°S (Fig. 7). They show Triassic ages in the Western/Principal 

Cordillera and Cretaceous ages in the Coastal Cordillera. South of 32°S, all ZFT samples are 

located in the Principal Cordillera (7). One age is Late Cretaceous, three ages are late 

Paleocene to Eocene and three are middle to late Miocene (Fig. 7). 

In summary, the majority of the thermochronological ages west of the Andean water 

divide and north of 32°S are Paleogene (Fig. 7 and supplementary Fig. S1 A). The few ZFT 

ages and the ZHe additionally show a major Cretaceous population. Among the Paleogene 

samples, AHe and AFT ages are predominantly Eocene to Oligocene whereas ZHe ages are 

mostly Paleocene to Eocene (supplementary Fig. S1 A). These ages are distributed from the 

Coastal Cordillera to the Western/Principal and Frontal Cordilleras to the Altiplano-Puna 

plateau. Miocene cooling ages, mostly AHe ages and few AFT ages, are mainly located in the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 48 

Western/Principal and Frontal Cordilleras. Finally, pre-Cenozoic ages of all four systems, yet 

frequently recorded by the ZHe system, are common in the Coastal Cordillera but are also 

present in other units. Ages south of 32°S are significantly younger than in the north (Fig. 7, 

supplementary Fig. S1 B). Almost all ages are located in the Principal Cordillera. Plio-

Pleistocene to Miocene ages prevail, whereas pre-Cenozoic ages are only observed in the 

ZFT system. 

6.1.2. Data to the east of the drainage divide 

East of the Andean range crest, the quantity of data (476) is lower than to the west (Fig. 6). 

Data are dense in the northern segment along a cross-section at 21°S in the Eastern 

Cordillera and Inter- and Subandean zones as well as in the southern Eastern Cordillera and 

the northern Sierra Pampeanas, whereas they are sparse in the Frontal Cordillera, 

Precordillera and eastern Principal Cordillera in the middle and central segments (Fig. 1). 

Unlike to the western side of the orogen, no clear spatial pattern is observed along a north-

south transect (Fig. 8). Young AHe ages are present all along the eastern margin of the 

orogen. AFT and ZHe ages are youngest between 27° and 28°S .  

As observed to the west of the drainage divide, the spatial distribution of the AHe and 

AFT ages east of the divide share some similarities and are thus described together. AHe 

ages range from 1.6 to 294 Ma (206 samples) and AFT ages from 2.6 to 270 Ma (203 

samples) (Fig. 8, supplementary Fig. S1 C). The majority of Pre-Cenozoic AHe (56) and AFT 

ages (70) are located in the Sierra Pampeanas. The remaining Pre-Cenozoic ages are located 

in the Frontal (4) and Eastern Cordilleras (1) for AHe and scattered in the foothills of the 

Precordillera (6), the Subandean zone (2) and the foreland close to Malargüe (1) for AFT. 

Paleogene ages (40 AHe and 43 AFT) include a majority of mid-Eocene to Oligocene ages 

particularly dense in the Sierra Pampeanas and Santa Barbara range (27 AHe and 16 AFT) 
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and in the Eastern Cordillera (6 AHe and 20 AFT). The rest are scattered among the Puna (5 

AFT), Interandean zone (4 AHe) and Frontal Cordillera (3 AHe and 2 AFT). Miocene ages (89 

AHe and 65 AFT) are distributed over most tectonomorphic units of the eastern side of the 

drainage divide and are most frequent in the Eastern Cordillera (25 AHe and 20 AFT), Sierra 

Pampeanas (26 AHe and 20 AFT) and Interandean zone (20 AHe and 15 AFT). The rest are 

found in the Subandean zone (6 AHe and 1 AFT), southern Frontal Cordillera (7 AHe), Puna 

(3 AFT), Precordillera (2 AFT) and in the Principal Cordillera (3 AHe and 2 AFT) and adjacent 

foreland (2 AHe and 2 AFT). Pliocene ages (18 AHe and 16 AFT) are mostly observed in the 

Sierra Aconquíja (5 AHe and all 16 AFT) and the Sierra de Valle Fértil (2 AHe), which are part 

of the Sierra Pampeanas, and in the Subandean zone (7 AHe). The remaining AHe are 

scattered at the southern margin of the Eastern Cordillera (2 AHe), in the Interandean zone 

(1 AHe) and in the Principal Cordillera (1 AHe). Pleistocene data include only three AHe ages 

located in the Sierra de Valle Fértil (1) and Fiambalá Basin (1) of the Sierra Pampeanas and 

in the Subandean zone (1) (Fig. 8). 

Among the ZHe ages, which range from 9.4 to 378 Ma (64 ages), the majority are pre-

Cenozoic (46) and mainly derived from the Sierra Pampeanas (37) (Fig. 8, supplementary Fig. 

S1 C). The remaining pre-Cenozoic ages are from the Eastern Cordillera (6), Interandean 

zone (1) and Frontal Cordillera (2). Cenozoic ages (18) are mainly Eocene to Oligocene (16). 

These are most abundant in the Eastern Cordillera (11) and few are derived from the Sierra 

Aconquíja in the Sierra Pampeanas (3), Interandean zone (1) and Frontal Cordillera (1). Two 

ages from the Sierra Aconquíja in the Sierra Pampeanas are Miocene.  

There are only three ZFT ages in our compilation. These are located in the Eastern 

Cordillera (2) and Principal Cordillera (1) and yielded Upper Jurassic to Lower Cretaceous 

ages (Fig. 8).  
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In summary, the eastern dataset shows younger thermochronological ages compared 

to the western data set north of 32°S and a larger spread of ages (Fig. 7, Fig. 8, 

supplementary Fig. S1 A,C). Pre-Cenozoic ages mainly occur in the Sierra Pampeanas and are 

abundant in all four thermochronometric systems. Paleogene and Miocene ages from the 

AHe, AFT and ZHe systems are distributed within most tectonomorphic units, although data 

are sparse in the Frontal and Principal Cordilleras, Precordillera and the Altiplano-Puna (Fig. 

1). Pliocene ages are restricted to the AFT and AHe systems (Fig. 8). They are found 

commonly in the Subandean zone and the Sierra Pampeanas and only locally at the 

southern margin of the Eastern Cordillera, Interandean zone and Principal Cordillera. 

Pleistocene ages are sparse and only observed among the AHe data from the Sierra 

Pampeanas and the Subandean zone.  

6.1.3. Latitudinal age distribution 

Figure 9 shows the data distribution across the Andes in four latitudinal cross-sections. 

Thermochronological AHe and AFT ages in the cross-section between 18° and 23.5°S show 

an eastward decreasing age trend that is particularly important in the AHe system for the 

Inter- and Subandean zones (Fig. 9A). A similar trend can be observed in the cross-section 

between 23.5° and 28°S in the AHe, AFT and ZHe systems that show much younger ages and 

a wider age range in the northern Sierra Pampeanas (including the Fiambalá Basin) and the 

southern Eastern Cordillera than the data located to the west, which are all older than 10 

Ma (Fig. 9B). The central segment between 28 and 32°S has less data and ages on the 

eastern side are restricted to the Sierra Pampeanas. AFT and ZHe ages are younger on the 

western side, whereas AHe ages are young on both side of the orogen and especially in the 

Sierra de Valle Fértil located in the Sierra Pampeanas (Bense et al., 2013; Ortiz et al., 2015) 
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(Fig. 9C). Finally, the southern segment between 32° and 36°S shows significantly younger 

ages and a much wider spread of ages in the west compared to the east (Fig. 9D).  

In summary, most ages in our database are Eocene to Miocene (643 ages). Plio-to 

Pleistocene ages (79) are common in three areas: in the Subandean zone and the Sierra 

Pampeanas (especially in the Sierra Aconquíja) east of the drainage divide and in the 

southern Principal Cordillera west of the drainage divide. 

6.2. Inversion of ages to exhumation rate histories 

In this section, we first describe the inversion results for the exhumation rate history of the 

Central Andes for selected time intervals using a correlation length scale of 20 km, an ėprior 

of 0.1 km/Ma and a G0 of 25 °C/km (Fig. 10, Fig. 11). The erosion rates mentioned in this 

section are specific for this set of parameters. This is because the prescribed G0, and to a 

lesser extent the ėprior value and the correlation length scale, directly influence the 

magnitude of the modelled exhumation rates (Sec. 6.2.2). Yet the general pattern (i.e., 

acceleration, deceleration) stays the same for all inversions (supplementary material, 

movies InversionA-H). Furthermore, Fox et al. (2014) emphasized the importance of the 

reduced variance and temporal resolution when analyzing the inversion results. Because 

resolution degrades back in time, more recent stages of the model are better resolved than 

earlier stages, in which changes in exhumation rates can only be captured where multiple 

thermochronometers are available. Movies showing the complete exhumation rate histories 

since 80 Ma are provided in the supplementary material for all eight inversions.  
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6.2.1. Exhumation rate history of the Central Andes 

6.2.1.1. Northern segment (18 - 28°S) 

The exhumation rate history before 36 Ma is poorly constrained, as indicated by a reduced 

variance close to 1 in most parts of the Central Andes (Fig. 11A,B). Only the western flank of 

the Andes and parts of the Sierra Pampeanas, Eastern Cordillera and Interandean zone are 

partially resolved and show some constraints on the exhumation rates. These are mainly 

around 0.1 km/Ma between 60 and 36 Ma (Fig. 10A,B and supplementary movie, 

InversionA).  

Such low exhumation rates prevail on the western side of the Andes during the 

whole modelled time period apart from localized zones in the Western Cordillera that show 

slightly higher ( 0.2 km/Ma) rates: A pulse of exhumation migrates from the south (28°S) to 

the north (26°S) between 50 and 38 Ma (Fig. 10B), and some localized spots show higher 

Miocene exhumation rates compared to their surroundings (Fig. 10G). 

During the Late Cretaceous to the Paleocene, exhumation on the eastern side of the 

Andes occurs only in the northern Sierra Pampeanas with low rates (0.1 km/Ma) (Fig. 10A). 

By the middle to late Eocene, exhumation starts locally in the Eastern Cordillera and the 

Altiplano-Puna plateau (Fig. 10B) and subsequently affects larger parts of these regions and 

the north-western Sierra Pampeanas during the Oligocene (Fig. 10C,D). Exhumation rates 

remain smaller than 0.2 km/Ma until the middle Miocene. In the early Miocene, the 

Interandean zone starts exhuming with rates < 0.15 km/Ma  (Fig. 10E,F). Reduced variances 

<1 in the Eastern Cordillera at 22°S and the western Sierra Pampeanas indicate that the 

solution in these parts is now reasonable constrained by thermochronological data (Fig. 

11E,F). During the late Miocene, exhumation accelerates up to ca. 0.25 km/Ma in parts of 
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the Eastern Cordillera, western Puna margin and Interandean zone and propagates 

eastwards into the eastern part of the southern Eastern Cordillera and into Subandean zone 

(Fig. 10G-K). Exhumation rates in the eastern Interandean zone and the Subandean zone 

increase from <0.2 km/Ma before 6 Ma to ca. 0.6 km/Ma in the Pleistocene (Fig. 10H-K). 

Plio-Pleistocene increases in exhumation rates are also observed locally in the northern 

Sierra Pampeanas, namely in the Fiambalà Basin and the Sierra Aconquíja. In the latter, 

rates increase from <0.1 km/Ma before 6 Ma (Fig. 10H) to about 1.5 km/Ma in the 

Pleistocene (Fig. 10K). This region shows the highest rates observed in the northern 

segment of the Central Andes.  

6.2.1.2. Central segment (28 - 32°S) 

Exhumation rates west of the drainage divide in the central segment show a similar pattern 

as the northern segment. Until the middle Miocene, exhumation rates in the Principal and 

Frontal Cordilleras vary around 0.1 to 0.13 km/Ma (Fig. 10A-F). Between ca. 10 Ma to 6 Ma, 

exhumation rates in the Frontal Cordillera constantly increase and reach values up to 0.25 

km/Ma at 30°S (Fig. 10G,H). On the eastern side, only few thermochronological data are 

available that are restricted to the Sierra Pampeanas. There, exhumation rates are low (< 

0.1 km/Ma) with the exception of the Sierra de Valle Fértil that starts exhuming during the 

Pliocene and shows exhumation rates of ca. 0.75 km/Ma in the last 2 Ma (Fig. 10I,K).  

6.2.1.3. Southern segment (32 - 36°S) 

In the Central Andes south of ca. 32°S on the western side of the drainage divide, most pre-

Miocene ages are located in the Coastal Cordillera or close to the mountain front in the 

Principal Cordillera. In this zone, a first exhumation signal is observed in the early Eocene 

and low exhumation rates (~0.1 km/Ma) prevail until the late Miocene (Fig. 10A-F). 
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However, data are sparse and the solution is not well resolved (Fig. 11A-F). After 12 Ma, 

exhumation is recorded in most parts of the Principal and Frontal Cordilleras with a better 

resolution (Fig. 10G, Fig. 11G). Exhumation rates on the western side increase from <0.15 

km/Ma in the latest Miocene (Fig. 10H) to ca. 0.25 km/Ma in the Pliocene (Fig. 10I) and to 

more than 2 km/Ma in the Pleistocene (Fig. 10K). These are the highest exhumation rates 

observed in the Central Andes. On the eastern side of the Andes, exhumation rates in the 

Frontal and Principal Cordilleras and in the Malargüe fold-and-thrust belt accelerate 

relatively continuously from ca. 0.15 km/Ma in the late Miocene to ca. 0.4 km/Ma in the 

Pleistocene (Fig. 10G-K).  

6.2.2. Influences of the model parameters on the inversion results 

To assess the influence of fault blocks, G0, ėprior values and correlation length scales on the 

inversion result, we compare the exhumation rate histories and reduced variances for the 2-

0 Ma time interval of the eight inversions (Fig. 12, Fig. 13). The misfit between observed and 

predicted ages and histograms of the age differences are provided in supplementary Figure 

S2. 

The most significant influences on the modelled exhumation rates is exerted by our 

choice of the ėprior and G0 (Fig. 12). Higher G0‘s lead to lower exhumation rates because heat 

is more efficiently advected to the surface and thus the closure depths are shallower (Fig. 

12B,D). Higher ėprior values instead lead to significantly higher exhumation rates because the 

ėprior stays part of the solution (Equation 4) (Fig. 12C,D). Thus, a higher geothermal gradient 

partly compensates for higher exhumation rates resulting from a high ėprior, and therefore 

rates are highest in the inversion with an ėprior of 0.5 km/Ma and a geothermal gradient of 

25 °C/km (Fig. 12C). These differences in exhumation rates are most important in fast 

exhuming places (e.g., in the Inter- and Subandean zones, southern Principal Cordillera or 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 55 

Sierra Aconquíja), whereas in places where exhumation rates are low (e.g., in the Western 

Cordillera) recovered rates are similarly low (and mainly below 0.2 km/Ma) in all inversions 

(Fig. 12). Different values of ėprior and G0 do not influence the reduced variance if the 

correlation length scale remains the same (Fig. 13A-D). Instead, a smaller correlation length 

scale increases the reduced variance because the number of thermochronological data to 

infer exhumation rates at any given location is reduced (Fig. 13E). A larger length scale 

results in lower reduced variances and more spatial smoothing (Fig. 13F). Nevertheless, the 

exhumation rate magnitudes and patterns remain similar despite being less pronounced 

when a small correlation length scale is used (Fig. 12A,E,F). 

The influence of fault blocks on the inversion results can be investigated by comparing 

Figure 12A (without faults) with Figure 12G (with faults), for which the same set of 

parameters was used (ėprior = 0.1 km/Ma; G0 = 25 °C/km, L = 20 km). In the inversion with 

fault blocks, the spatial extent of the modelled exhumation rates (Fig. 12G) and reduced 

variances (Fig. 13G) is truncated at block boundaries because information of 

thermochronological data does not propagate into adjacent blocks, whereas the solution is 

smoothed across in the inversion without fault blocks (Fig. 12A, Fig. 13A). This is for example 

clearly observable along the western mountain front in the southern Principal Cordillera. 

However, these differences are rather local and exhumation rate magnitudes and patterns 

are similar in most places. Besides, regional differences in exhumation rates, which are an 

expression of spatially different thermochronological data, are equally recovered in several 

locations as for example at the boundary between the southern Eastern Cordillera and 

northern Sierra Pampeanas, the boundary between the Inter- and Subandean zones or in 

the Western Cordillera (Fig. 12A,G). Figure 12H shows the inversion for which fault blocks 

were combined with a correlation length scale of 1000 km, i.e. all data can be spatially 
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correlated if located in the same fault block. Even with such a large correlation length scale, 

exhumation rates vary spatially in individual blocks (e.g., in the southern Principal Cordillera 

and northern Sierra Pampeanas). Where data resolution is high, the magnitude and pattern 

of the modelled exhumation rates remain comparable to the inversion without fault blocks 

(Fig. 12A), although they are heavily smoothed. 

6.2.3. Age-elevation profile analysis 

The slope of an age-elevation profile is an approximation of the exhumation rate that is 

independent of the geothermal gradient (e.g., Wagner et al., 1979; Gleadow and Fitzgerald, 

1987; Fitzgerald et al., 1995) and thus enables us to validate our modelling results (Fig. 14). 

However, in such age-elevation relationships it is assumed that the isotherms are flat and 

that the samples have undergone an identical exhumation history (e.g., Mancktelow and 

Grasemann, 1997). This assumption is often not valid because topography disturbs the 

geothermal field (e.g., Mancktelow and Grasemann, 1997; Braun, 2002a,b). The 

temperature perturbation decreases exponentially with depth in proportion to the 

wavelength of the surface topography. The critical wavelength for this temperature 

disturbance can be approximated by the closure temperature divided by the geothermal 

gradient (Braun, 2002a,b). Assuming a geothermal gradient of 25 °C/km and a closure 

temperature of 70 °C (Farley, 2000) for AHe and 110 °C for AFT (Ketcham et al., 1999), the 

critical wavelength is 2.8 km for AHe and 4.4 km for AFT. We use three sites for the age-

elevation analysis: two are located in the southern segment around 33.5°S latitude on the 

western (AER-a; this study) and eastern sides (AER-b; Riesner et al. (2019)) of the Andes, the 

third one is located in the Western Cordillera at 26.2°S (AER-c; this study) (see Fig. 1 and 

supplementary Table S5 for location and data). Because AER-b and AER-c were sampled 
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over a larger horizontal distance (5.7 and 7.5 km) than the critical wavelength c, the 

derived exhumation rates should be considered as maximum values (Braun, 2002b).  

The age-elevation profile in the southern segment on the western side of the Andes 

(AER-a) consists of data between 1.24 ± 0.3 to 9.8 ± 1.0 Ma at elevations from 1559 to 2575 

m (Fig. 14A). The AHe data show a break in slope that indicates an increase in the 

exhumation rate (e.g., Wagner et al., 1979; Gleadow and Fitzgerald, 1987; Fitzgerald et al., 

1995) from 0.15 ± 0.1 km/Ma before 2 Ma to 2.0 ± 3.7 km/Ma after 2 Ma. The linear fit to 

the AFT data indicates an exhumation rate of 0.54 ± 0.3 km/Ma between 7 and 10 Ma, 

which fits with the slower rate before 2 Ma in the AHe data. The two oldest AFT samples are 

close to their magmatic cooling age (10.2 ± 0.09 Ma; this study (supplementary Table S4)). 

However, the intrusion from which the samples were taken from is an isolated body of 

moderate size that was emplaced high in the crust and does not show any sign of multiple 

intrusive pulses and thus has cooled relatively quickly (Cornejo and Mahood, 1997). 

Therefore, these two ages probably represent cooling due to exhumation and can be used 

in the age-elevation relationship. Nevertheless, they were rejected in the inverse modelling 

since all thermochronological ages compiled for this study were treated uniformly (i.e., at 

least 2 Ma younger than their intrusion age). The exhumation history as resolved by the age-

elevation profile differs only partly from that derived from the inversion model (Fig. 14C). In 

the inversion, the reduced variance stays close to 1 before 15 Ma (Fig. 14E) indicating that 

the a posteriori rates are not resolved by the data. After 15 Ma, the modelled exhumation 

rates with ėprior = 0.5 km/Ma start to decrease from the prior value to ≤0.25 km/Ma at 8 Ma, 

whereas they start to increase slightly for the inversions with ėprior = 0.1 km/Ma (Fig. 14C). 

The observed decrease in exhumation rates for the inversions with an ėprior value of 0.5 

km/Ma should thus be considered as an artefact caused by the transition from posterior 
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rates unresolved by the data to rates resolved by the data. After 8 Ma, the reduced variance 

decreases significantly to values between 0.55 and 0.85 (Fig. 14E) due to the incorporation 

of the AFT data (Fig. 14A) and until 2 Ma all exhumation rates range between 0.08 and 0.26 

km/Ma. At 2 Ma, the reduced variance drops below 0.1 and the rates increase abruptly to 

values between 0.65 and 0.74 km/Ma for G0 set to 50 °C/km and between 1.43 and 1.62 

km/Ma for G0 set to 25 °C/km (Fig. 14C), which matches the slope of the age-elevation 

relationship. Different correlation length scales do not significantly influence the results.  

The age-elevation profile on the eastern side of the orogen (AER-b) has much older 

AHe and ZHe ages than the profile on the western side (Fig. 14B) (Riesner et al., 2019). No 

AFT ages were available. AHe ages span the period between 10.5 ± 2.7 and 17.5 ± 6.2 Ma 

and the linear fit to this data indicates an exhumation rate of 0.07 ± 2.6 km/Ma. ZHe ages lie 

between 179 ± 12.4 and 227 ± 20.8 Ma and give an exhumation rate of 0.02 ± 0.01 km/Ma. 

These data are from a Permo-Triassic intrusion with poor age control (one whole rock K-Ar 

age of 234 ± 10 Ma; Gregori and Benedini 2013 and references therein) and the oldest two 

ZHe ages may represent magmatic cooling ages. The ZHe ages were not incorporated in the 

inverse model because only ages younger than or equal to 80 Ma were used. The modelled 

exhumation rates (Fig. 14D) and reduced variances (Fig. 14F) at this location show a first 

signal at 80 Ma due to the influence of pre-Cenozoic AHe ages in the surrounding area in the 

Frontal Cordillera. This is especially important for the inversions with ėprior values of 0.5 

km/Ma for which erosion rates drop below 0.25 km/Ma (Fig. 14D). The decrease is a direct 

consequence of the choice of the ėprior and occurs when the model starts to adjust to rates 

constrained by thermochronological data. However, the reduced variance stays close to 1, 

indicating poor data resolution (Fig. 14F). By 42 Ma, exhumation rates of all inversions are 

similar and smaller than 0.15 km/Ma (Fig. 14D). Between 18 and 16 Ma, the exhumation 
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rate history starts to be constrained by the AHe data along the age-elevation profile, which 

results in a drop of the reduced variance to 0.72-0.96 (Fig. 14F). The reduced variance stays 

around these values until 10 Ma, indicating that the solution in these time intervals is better 

constrained. All but one inversions show exhumation rates that steadily increase from 

below 0.1 km/Ma before 18 Ma to values between 0.15 and 0.6 km/Ma at 2 Ma. In the last 

time interval, the reduced variance drops again below 0.8 due to the additional constraint 

that the samples need to be exhumed to the surface. In the time interval covered by the 

thermochronological data (10-18 Ma), the exhumation rates of most inversions (0.06 to 0.17 

km/Ma) are consistent with the rates derived from the AHe age-elevation relationship (0.07 

± 2.6 km/Ma).  

A third age-elevation profile from the Western Cordillera (AER-c) also shows a good fit 

with the inversion results (supplementary Fig. S3). Here, ZHe, AFT and AHe data constrain 

the time period between 110 and 33 Ma in the age-elevation profile, giving exhumation 

rates of 0.01 ± 0.001 km/Ma (ėZHe), 0.03 ± 0.06 km/Ma (ėAFT) and 0.2 ± 0.09 km/Ma (ėAHe) 

that match well with the modelling results yielding rates between 0.04 and 0.2 km/Ma in 

the time interval covered by the data. 

Taken together, the modelled exhumation rates are similar to the ones derived from 

age-elevation profiles at selected locations over the time intervals resolved by the data. 

Furthermore, all inversions show the same exhumation rate pattern (acceleration, 

deceleration) independently from the chosen parameters when data resolution is sufficient 

(i.e., when the reduced variance < 1), but the magnitude of the rates varies strongly with G0 

and, to a lesser extent, the ėprior.  
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7. Discussion 

7.1. Influence of the ėprior and G0 on modelled exhumation rates 

The inversion of low-temperature thermochronological data requires to prescribe an a priori 

exhumation rate (ėprior) and a priori covariance, which are both independent of the 

thermochronometric data (e.g., Fox et al., 2014), and a final prior geothermal gradient G0. 

Their influence can be tested by comparing inversion results with different sets of 

parameters or different correlation length scales (Fig. 12, Fig. 13) and by comparing the 

inversion solutions with age-elevation relationships at selected locations (Fig. 14, 

supplementary Fig. S3). Several conclusions can be drawn from these comparisons.  

First, all tested cases converge toward similar exhumation rate histories that are 

consistent with the age-elevation relationships when data resolution is sufficient. At 33.5°S, 

all modelled exhumation rates increase significantly at 2 Ma west of the Andes (Fig. 14C) 

and moderately since 14 Ma on the eastern side of the orogen (Fig. 14D). The observed 

temporal variations of exhumation rate patterns (i.e., acceleration, deceleration) are 

therefore independent of our prior model. This demonstrates the robustness of our 

approach.  

On the other hand, the magnitude of the modelled exhumation rates strongly 

depends on G0 and to a lesser extent on the ėprior. Especially the model solution of the most 

recent time step shows a high dependency on the near surface geothermal gradient (Fox et 

al., 2014). This is expected for this interval as the youngest ages only provide an estimate of 

the exhumation from their closure depths to their present elevation, and the closure depth 

clearly depends on the geothermal gradient at the time of closure. In comparison, older 

ages in an age-elevation relationship constrain both the average exhumation since closure 
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(which depends on the thermal field) but also the exhumation rate between the sample’s 

age and the age of the sample directly below it in the profile. Therefore, parts of the model 

that are resolved by age-elevation relationships are less sensitive to the geothermal 

gradient than the youngest time step and time steps that are more recent than the 

youngest age. Furthermore, fast exhuming regions like the southern Principal Cordillera, the 

Sierra Aconquíja or the Subandean zone are more sensitive to the geothermal gradient (Fig. 

12, Fig. 14C). This can be explained by the control of the exhumation rate on heat advection, 

which is elevated in case of faster exhumation rates. 

Modelled exhumation rates in the southern Principal Cordillera (1.43 to 1.62 km/Ma; 

Fig. 14C) match better the rates derived from the age-elevation relationship (2.0 ± 3.7 

km/Ma; Fig. 14A) under a G0 of 25 °C/km, although the exhumation rate is still 

underestimated. Such an underestimation is expected because the age-elevation 

relationship approach assumes that the closure isotherm is flat and therefore tends to 

overestimate rates as the closure isotherm is likely to be perturbed by topography. A G0 of 

25 °C/km results in modern modelled geothermal gradients in the range of 24-34 °C/km 

(ėprior = 0.1 km/Ma) and 16-49 °C/km (ėprior = 0.5 km/Ma) (supplementary Fig. S4), which are 

consistent with most heat flow measurements of the Central Andes (Springer and Förster, 

1998) and with present-day geothermal gradients from the Principal Cordillera (32-35°C/km; 

Höfer-Öllinger and Millen, 2010). Instead, a G0 of 50 °C/km  yields modern modelled 

geothermal gradients between 46 and 60 °C/km (ėprior = 0.1 km/Ma) that are significantly 

higher than the observed values. Thus, inversions using a G0 of 25 °C/km are preferable over 

inversions with 50°C/km. This means however that the magnitude of modelled exhumation 

rates in regions where the true geothermal gradient is lower are underestimated, i.e., in the 

Coastal Cordillera (8 °C/km) and Subandean zone (15 °C/km), whereas rates are 
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overestimated in regions with a higher geothermal gradient such as in parts of the Principal 

Cordillera close to the magmatic arc (19-69 °C/km).  

Furthermore, magmatic bodies in the Andean middle-to-upper crust locally alter the 

geothermal field. This can lead to a misinterpretation of exhumation rates derived from 

thermochronological data (e.g., Calk and Naeser, 1973; Murray et al., 2018). For example, a 

large magma reservoir with a volume of up to 500’000 km3 (Ward et al., 2014) sits in the 

upper crust below the Altiplano-Puna plateau (21-24°S, 68.5-66°W) since the late Miocene 

(de Silva, 1989). However, all thermochronological ages located less than 25 km away from 

the intrusion boundary are older than Miocene, except for one AHe age, and the latitudinal 

trend does not show any anomaly in this area (Fig. 9A,B). The data used in this study thus 

seem to be unaffected by the intrusion. Volcanic and plutonic activity in the Central Andes 

was common during the Mesozoic in the Coastal Cordillera and during the Cenozoic in the 

Principal/Western Cordilleras (Fig. 4). Our western thermochronological dataset shows a 

significant decrease in cooling ages south of 32°S (Fig. 7). This pattern is similar to the 

distribution of the magmatic intrusion ages (Fig. 4A) that shows mostly Miocene intrusions 

south of 33°S whereas pre-Miocene ages prevail to the north. Miocene and younger 

volcanic activity however is relatively uniformly distributed in the Principal Cordillera north 

of 33°S apart from the amagmatic zone delineating the modern flat slab segment between 

28-32°S (Fig. 4B). This suggests that Miocene magmatic bodies were most probably also 

present in the northern segment of the Andes but are simply not exposed due to lower 

exhumation rates in this zone. Likewise, pre-Miocene intrusions are preserved in the north 

whereas higher exhumation rates in the southern Principal Cordillera may have caused their 

erosion and the exposure of younger magmatic bodies. No data are available in the Coastal 

Cordillera south of 32°S and we thus relate the absence of Cretaceous and Paleozoic igneous 
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rocks in this area to a sampling bias. Our samples were taken at a minimum distance of 25 

km from Holocene volcanoes in order to exclude possible hydrothermal disturbances of the 

geothermal field by volcanic activity. Few literature samples are located closer to Holocene 

volcanos, but their ages show no anomalies in the cross-sectional age trends depicted in 

Figures 7, 8 and 9. We thus conclude that magmatic effects on our thermochronological 

dataset are negligible. 

Another factor that influences the magnitude of the modelled exhumation rates is the 

ėprior because it remains part of the solution (Equation 4) (Fox et al., 2014; Herman et al., 

2013; Jiao et al., 2017; Willett et al., subm.). If the data resolution capacity is low, the model 

solution is especially sensitive to the prior model due to the impossibility of recovering a 

function not sampled by the age data. In such cases, our model parameter will not deviate 

from the prior value. Furthermore, this can lead to a spurious acceleration or deceleration 

of the exhumation rates as rates begin to deviate from the prior due to increased data 

resolution (e.g., Fox et al., 2014; Willett et al., subm.). Fig. 14 shows that the impact of the 

ėprior on our model solution is especially important at the beginning when the oldest 

thermochronological ages become available but when data resolution is still poor. For 

example, an overestimated ėprior leads to a decrease in exhumation rates when the model 

starts to incorporate data that indicate a lower rate than the assumed ėprior, as observed for 

an ėprior of 0.5 km/Ma between 14 and 8 Ma at the site of AER-a (Fig. 14C) and between at 

80 Ma at the site of AER-b (Fig. 14D). In such cases, a diagnostic feature to recognize the 

validity of the inversion results is the reduced variance: if the deceleration/acceleration 

corresponds to an interval with reduced variance close to 1, than the model is poorly 

resolved over that period and the deceleration/acceleration is likely not a robust feature 
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(e.g., Fig. 14E,F). If the deceleration/acceleration instead corresponds to intervals with good 

data resolution, then the influence of the ėprior is negligible.  

We prefer an ėprior value of 0.1 km/Ma over an ėprior of 0.5 km/Ma, despite the better 

model fit of the ZHe and ZFT ages with the higher prior value (supplementary Fig. S2). The 

reason for this is that during the late Cretaceous to the middle Eocene, a high ėprior predicts 

high exhumation rates due to the lack of resolution. However, exhumation rates were likely 

to be slow during this time period as there is evidence that little topography existed. It is 

important to note that the exhumation rates after the middle Eocene are similar for the 

different ėprior values, with the ėprior = 0.5 km/Ma model showing a decrease in rates during 

the early Eocene to values similar to the ėprior = 0.1 km/Ma model as resolution increases 

(supplementary Fig. S3 and movie InversionC). The misfit is especially large for the pre-

Oligocene ZHe and ZFT ages (supplementary Fig. S2 A,A*), which are mainly located within 

the Western Cordillera and are locally close to or younger than their corresponding AHe or 

AFT age or surrounding AHe/AFT ages (supplementary Table S5). This could be related to 

issues with the kinetic parameters of the different systems or due to higher exhumation 

rates that are not recovered by the model due to damping. Yet, no evidence of higher rates 

during the Paleogene is observed in the inversion with a higher ėprior (supplementary Fig. S3 

and movie, InversionC). Alternatively, the geothermal gradient could have been higher than 

assumed during this time interval due to the position of the Paleogene magmatic arc in the 

Western Cordillera (e.g., Charrier et al., 2007). This could explain the better fit of the ZHe 

ages in the inversion with a higher geothermal gradient (supplementary Fig. S2 B,B* and 

movie, InversionB) which predicts less age dispersion between the different systems due to 

smaller differences in the closure depth. Furthermore, a higher ėprior would be more 

appropriate in fast exhuming places like the southern Principal Cordillera, the eastern flank 
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of the Andes, or the Sierra Aconquíja in the more recent time steps. Here, erosion rates 

might be underestimated which could explain the larger misfit of the Neogene AFT ages of 

the Sierra Aconquíja (supplementary Fig. S2 A). 

Finally, the comparison of exhumation histories derived with and without fault blocks 

but with the same correlation length scale (Fig. 12A,12G and supplementary movies, 

InversionsA,G) shows that the two versions are similar and lead to the same pattern of 

exhumation rates. This implies that our model is robust regarding to the fault blocks and 

that observed increases are not due to potential correlations across faults as suggested by 

Schildgen et al. (2018). 

Our analysis of the influence of the model parameters and model set up on the 

inversion results shows that the differences in the solution are minor and that the method 

used in this study is robust. Whereas all inversions show a similar pattern of exhumation 

rates (i.e., deceleration/acceleration), the magnitude of the exhumation rate depends on 

the chosen geothermal gradient G0 and on the ėprior especially when data resolution is poor.  

7.2. Exhumation history of the Central Andes 

The large-scale spatial pattern of thermochronological cooling ages and exhumation rates 

strikingly mimic the present-day climatic precipitation gradients of the Central Andes (Fig. 

5). On the western side, the northern arid to semi-arid climate is replaced by more humid 

conditions south of ca. 30°S due to the influence of the Westerlies. Most ages north of 32°S 

are Paleogene and, with one exception (Rodríguez et al., 2018), no ages younger than 10 Ma 

are observed (Fig. 7). This results in generally low exhumation rates over the modelled time 

period (Fig. 10). South of 32°S, the ages decrease significantly and Plio-to-Pleistocene 

modelled exhumation rates are markedly increased relative to the north. On the eastern 
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side, the South American Monsoon leads to high precipitation on the mountain front north 

of ca. 28°S, whereas the climate is semi-arid south of it (Fig. 5). Although no clear 

correlation between cooling ages and precipitation pattern is observed along the strike of 

the Andes on the eastern side (Fig. 8), latitudinal cross-sections show that ages north of 28°S 

are youngest along the eastern mountain front, whereas south of 32°S they are youngest on 

the western side (Fig. 9). Yet, the observed cooling patterns could also be explained by 

tectonic deformation that affected most parts of the Andes between the Eocene and the 

late Miocene and later focused at the eastern mountain front (Fig. 3). These first-order 

observations imply a complex interplay between tectonics, climate and erosion that is 

discussed below for the northern, central, and southern segments of the central-southern 

Central Andes.  

7.2.1. Northern segment (18 - 28°S) 

On the western side of the Andes, exhumation started in the Late Cretaceous to Paleocene 

as constrained by cooling ages mainly located in the Coastal Cordillera and Central 

Depression. This corroborates the idea that mountain building may have started during this 

time (e.g., Mpodozis et al., 2005; Arriagada et al., 2006; Henriquez et al., 2019). However, 

the inversion results do not sufficiently resolve possible changes in exhumation rates on the 

western side of the drainage divide (Fig. 11). In fact, the data can be fitted with relatively 

constant exhumation rates that did not exceeded 0.2 km/Ma since 80 Ma (Fig. 10). This is 

supported by the inversion with an ėprior value of 0.5 km/Ma that recovers equally low rates 

in places with better resolution (e.g., Fig. 12, supplementary Fig. S3 and movie, InversionC). 

Our results do not exclude a pulse of exhumation during the Paleogene that is expected 

from the deformation record (Sec. 2.1) and suggested by the thermo-kinematic modelling of 

thermochronometric data in Reiners et al. (2015), but data resolution on the western side of 
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the orogen is too low to discriminate between constant low erosion rates and migrating 

pulses of exhumation during this time interval. Furthermore, our assumption of monotonic 

cooling might not be appropriate due to volcanic reburial (Reiners et al., 2015).  

In this arid zone of the Central Andes, deformation started in the Late Cretaceous in 

the Central Depression and Western/Principal Cordillera (Fig. 3A) and was active throughout 

the Cenozoic, but with low shortening rates (Fig. 2; Victor et al., 2004; Oncken et al., 2006). 

A major phase of mountain building took place in the Eocene with shortening rates up to 1.2 

mm/a (Fig. 2, Fig. 3; Oncken et al., 2006). Our inversion resolves a localised pulse of 

enhanced exhumation (≤0.2 km/Ma) between 26°S and 28°S from 58 to 38 Ma (Fig. 10A, B), 

which might be associated with increased shortening rates during that time. Similar pulses 

of localized enhanced exhumation are also observed along the western Andean piedmont 

since the Miocene (Fig. 10G). These might be linked to the onset of deep canyon incision 

and intensified uplift of the western Andean flank since the middle Miocene (e.g., e.g., 

Farías et al., 2005; García and Hérail, 2005; Hoke et al., 2007; Jordan et al., 2010; García et 

al., 2011; Cooper et al., 2016). However, exhumation rates in this part of the Central Andes 

were generally low and are thus consistent with low amounts of horizontal shortening and 

low mean annual precipitation.  

On the eastern side of the Central Andes, a first signal in exhumation is observed in 

the northern Sierra Pampeanas in the Late Cretaceous that can be related to extensional 

tectonics of  the Salta rift system (e.g., Grier et al., 1999; Marquillas et al., 2005). Only by the 

middle-to-late Eocene, exhumation starts locally in the Eastern Cordillera and the Altiplano-

Puna plateau and subsequently covers larger parts of these regions during the Oligocene. 

This is in good agreement with the onset of syntectonic sedimentation in these regions (Fig. 

3A; e.g., Coutand et al., 2001; Elger et al., 2005; McQuarrie et al., 2005; Montero-López et 
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al., 2016) and with the early Oligocene onset of major crustal thickening in the northern 

segment (e.g., Mamani et al., 2010a). Shortening rates in the northern part of the Eastern 

Cordillera culminated in the Oligocene to the early Miocene (Müller et al., 2002; Elger et al., 

2005), but exhumation rates remained relatively constant during this time period (Fig. 10D, 

E). This indicates that episodes of horizontal shortening are not necessarily followed by 

pulses in exhumation. During the Miocene, exhumation affected large parts of the Puna, 

Eastern Cordillera, north-western Sierra Pampeanas and the Interandean zone (Fig. 10F, G). 

This exhumation pattern agrees well with major tectonic deformation that affected the 

whole Andes except for the Subandean zone from the Oligocene until ca. 10 Ma. It also 

correlates with intense shortening in the Puna (Coutand et al., 2001) and with the onset of 

basement block uplift in the Eastern Cordillera that led to the compartmentalization of the 

foreland (e.g., Coutand et al., 2006). In the late Miocene (~12 Ma), exhumation propagated 

into the Subandean zone (Fig. 10G) and thus reflects the eastward propagation of 

deformation into this area (Fig. 3A). Similarly, exhumation in the southern Eastern Cordillera 

also spreads eastwards during this time, contemporaneously with the east-directed, yet 

unsystematic propagation of uplifting basement blocks (e.g., Coutand et al., 2006; Hain et 

al., 2011) (supplementary movie, InversionA). However, exhumation rates in the southern 

Eastern Cordillera as resolved by our inversion appear relatively constant through time (Fig. 

10) in spite of the successive aridification of the hinterland that is associated with growing 

orographic barriers (Coutand et al., 2006). This can be explained by low data resolution in 

the western part of the southern Eastern Cordillera where only data from single 

thermochronometric systems (either AFT or AHe) are available, which are older than 10 Ma, 

or ZHe older than 80 Ma, which are not included in the modelling (Deeken et al., 2006; 

Carrapa et al., 2011; Pearson et al., 2013; Carrapa et al., 2014; Reiners et al., 2015).  
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The initiation of the South American Monsoon in the late Miocene (10-7 Ma) led to 

important hydrological changes at the eastern mountain front (e.g., Strecker et al., 2007; 

Uba et al., 2007; Mulch et al., 2010). Increased exhumation rates in the eastern Interandean 

zone and the Subandean belt since the latest Miocene (~6 Ma) could thus be an expression 

of enhanced precipitation and higher climate variability associated with the onset of the 

monsoonal climate (e.g., Mulch et al., 2010; Rohrmann et al., 2016) and the establishment 

of high-amplitude climatic oscillations in the Plio-Pleistocene (Shackleton et al., 1984) (Fig. 

10H-K, supplementary movie, InversionA). Conversely, they can also be explained by 

augmented shortening rates (Echavarria et al., 2003) or a combination of both. Higher 

moisture availability might also account for higher exhumation rates observed locally in the 

Eastern Cordillera during the late Miocene. Finally, the Sierra Aconquíja in the northern 

Sierra Pampeanas shows a strong Plio-Pleistocene acceleration in exhumation, where rates 

increase from <0.1 km/Ma before 6 Ma to ca. 1.5 km/Ma in the Pleistocene (Fig. 10H-K). The 

Sierra Aconquíja is a major orographic barrier for westward moisture-bearing winds from 

the foreland and receives more than 800 mm/a rainfall on its eastern flank (Sobel and 

Strecker, 2003). Major tectonically-driven surface uplift and relief development started after 

6 Ma along high-angle reverse faults, intensified during the Pliocene and was most 

pronounced after 3 Ma (Strecker et al., 1989; Bossi et al., 2001; Zapata et al., 2019). Ensuing 

aridification of the adjacent intermontane basin to the west has occurred between 3 and 2.5 

Ma as a result of the establishment of an efficient orographic barrier at that time (Kleinert 

and Strecker, 2001). Taken together, the Pleistocene increase in exhumation rate in this 

area can be explained by the interplay of active tectonic uplift and efficient erosion related 

to very high precipitation and localized Pleistocene glaciation (e.g., Sobel and Strecker, 

2003; Löbens et al., 2013). A similar Pleistocene increase in the exhumation rate also 
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occurred in the Fiambalá Basin (western northern Sierra Pampeanas) but is only based on 

one young AHe age of 2.3 ± 0.05 Ma (e.g., Fig. 8, Fig. 9B) that has been attributed to Plio-

Pleistocene tectonic activity in this area (Carrapa et al., 2008; Safipour et al., 2015).  

In the northern segment of the Central Andes, the influence of both climate and 

tectonic processes can be observed. On the western side, exhumation rates are slow and 

correspond to very low shortening rates and high aridity. Although significant topography at 

the western flank of the Andes might have existed since the middle Miocene or earlier 

(Hoke and Garzione, 2008; Jordan et al., 2010; Evenstar et al., 2015; Scott et al., 2018), little 

exhumation has occurred during the Cenozoic in this part of the Andes. Reburial linked to 

volcanic covering and internal drainage of the Altiplano-Puna plateau, a consequence of dry 

climatic conditions, contributed to low exhumation rates (e.g., Reiners et al., 2015). This 

suggests that erosion in the west is primarily inhibited due to the absence of precipitation 

and possibly would have been higher in a different climatic setting. The onset of exhumation 

on the eastern side of the Andes seems to be synchronous with the onset of tectonic activity 

(Fig. 3A). The observed exhumation pattern also generally agrees well with phases of major 

tectonic deformation, but increased horizontal shortening does not necessarily result in 

pulses of enhanced exhumation. However, as deformation propagates into areas that were 

previously not subjected to shortening, so does exhumation. This is clearly observed in the 

eastward migration of exhumation into the Subandean zone and in the southern Eastern 

Cordillera during the late Miocene that reflects the eastward propagation of deformation in 

these areas.  

Exhumation rates in the east are higher than in the west. This can be explained by 

higher amounts of horizontal shortening and/or higher moisture availability in a semi-arid to 

humid environment. Increased exhumation rates in the eastern Interandean and the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 71 

Subandean zone since the latest Miocene (ca. 6 Ma) can equally be explained by either 

increased shortening rates (Echavarria et al., 2003) or higher precipitation associated with 

the onset of the South American Monsoon (e.g., Strecker et al., 2007; Uba et al., 2007; 

Mulch et al., 2010) and the establishment of high-amplitude climatic oscillations in the Plio-

Pleistocene (Shackleton et al., 1984) associated with Late Cenozoic global cooling (Zachos et 

al., 2001). Yet, Pleistocene exhumation rates in the northern Sierra Pampeanas are 

significantly higher than in the Subandean range, although both were tectonically active and 

received high amounts of precipitation during the last 2 Myr. They differ, however, in their 

tectonic style. Whereas deformation in the Subandean belt is thin-skinned (e.g., Echavarria 

et al., 2003; Anderson et al., 2017), shortening in the northern Sierra Pampeanas is 

accommodated along steep (50-60° dip; Strecker et al., 1989), basement-involving reverse 

faults that result in important surface uplift (e.g., Sobel and Strecker, 2003), steep 

topography and high exhumation rates. This suggest that the tectonic style that 

accommodates deformation is a major factor in setting the exhumation rate under similar 

precipitation conditions. Our results further show that the onset of exhumation agrees 

relatively well with the onset of tectonic activity, whereas the magnitude of exhumation 

rates seems to be strongly modulated by climatic conditions and the tectonic style which 

accommodates deformation. Therefore, in the northern segment of the Central Andes, we 

cannot disentangle the respective roles of deformation and climate on exhumation. 

7.2.2. Central segment (28 - 32°S) 

The central part of the orogen between 28° and 32°S is currently located above the 

Pampean flat slab segment which initiated in the latest early Miocene (e.g., Kay and 

Mpodozis, 2002). On the western side of the range, where thermochronological data are 

abundant, little information about the timing and magnitude of tectonic activity exists. 
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Contractional deformation initiated in the Late Cretaceous to the Paleocene in the Principal 

and Frontal Cordilleras. Similar to the northern segment, exhumation during the Paleogene 

is recorded with relatively low rates (< 0.2 km/Ma) although data resolution is too low to 

infer changes in exhumation rates. This supports previous interpretations of structural and 

sedimentary observations (Martínez et al., 2016; Rossel et al., 2016; Fosdick et al., 2017; 

Martínez et al., 2018) and thermochronological data (Cembrano et al., 2003; Lossada et al., 

2017; Rodríguez et al., 2018) that indicate an early, pre-Oligocene onset of mountain 

building in this part of the Andes. In the Oligocene, contractional deformation was 

interrupted by extension and only resumed in the early Miocene by basin inversion and 

deformation in the Frontal Cordillera (Fig. 3B; Winocur et al., 2015; Martínez et al., 2016; 

Rossel et al., 2016). At a regional scale, exhumation rates in the Frontal Cordillera are 

moderately higher (0.25 km/Ma) since the late Miocene compared to the northern segment 

(Fig. 10G). This correlates with the onset of crustal thickening and the peak of slab 

shallowing (e.g., Kay and Mpodozis, 2002; Rodríguez et al., 2018) that could have led to 

isostatic uplift (e.g., Dávila and Lithgow-Bertelloni, 2015; Flament et al., 2015) and, in turn, 

enhanced exhumation rates. Higher exhumation rates could also be explained by the 

influence of the Westerlies, which bring higher precipitation up to 30°S in austral winter 

(Garreaud et al., 2009). East of the drainage divide, thermochronological data are very 

sparse. The main recovered signal is a relatively high Pleistocene exhumation rate (ca. 0.75 

km/Ma) in the Sierra Pampeanas which can be attributed to active deformation along 

reactivated normal faults in the Sierra de Valle Fértil (Ortiz et al., 2015).  

7.2.3. Southern segment (32 - 36°S) 

Pre-Neogene thermochronological ages are sparse and limited to the Coastal Cordillera, 

which shows low exhumation rates since the Oligocene (Fig. 10), or close to the mountain 
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front in the Principal Cordillera. Therefore, our reconstruction of the exhumation rate is 

restricted to the middle Miocene and onwards. Compressional deformation in the southern 

segment has occurred in the early Miocene after a period of regional extension (Fig. 3C) 

(e.g., Jordan et al., 2001b; Horton et al., 2018b). A first signal in exhumation rate is recorded 

after 16 Ma in most parts of the Principal and Frontal Cordilleras (supplementary movie, 

InversionA). This is later than the suggested onset of tectonic activity in the West-Andean 

fault-and-thrust belt at ca. 25 Ma (Riesner et al., 2017) and crustal thickening (Kay et al., 

2005), but around the same time of the initiation of the Aconcagua fold-and-thrust belt at 

18-15 Ma (Giambiagi et al., 2015a). Exhumation rates on the eastern side of the drainage 

divide continuously accelerated since the late Miocene from 0.15 km/Ma to ca. 0.4 km/Ma 

in the Pleistocene (Fig. 10) despite decreasing (Giambiagi et al., 2015a) or constant (Riesner 

et al., 2017) shortening rates (Fig. 2). This might be explained by higher erosional efficiency 

related to increasing topography associated with Andean mountain building (e.g., Hoke et 

al., 2014) and by the onset of more humid conditions in the middle Miocene (Jordan et al., 

2001a; Ruskin and Jordan, 2007; Ciccioli et al., 2014; Buelow et al., 2018) and the South 

American Monsoon system in the late Miocene (Strecker et al., 2007; Mulch et al., 2010; 

Rohrmann et al., 2016). The Principal Cordillera on the western side of the Andes shows low 

rates (0.1-0.25 km/Ma) during the late Miocene to the late Pliocene that drastically increase 

to values exceeding 2 km/Ma in the Pleistocene (Fig. 10H-K). These high erosion rates are 

observed 2 Ma after the period of high surface uplift (10.5-4.6 Ma) (Farías et al., 2008), and 

although the Principal Cordillera was and is tectonically active, no evidence for intensified 

Pleistocene rates of horizontal shortening exists (Riesner et al., 2017). Therefore, we cannot 

explain this change in erosion nor the magnitude of Pleistocene erosion rates by 

tectonically-driven rock uplift only. Interestingly, this region experienced important 
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glaciation (e.g., Clapperton, 1994) and intensified precipitation (Lamy et al., 1999; Valero-

Garcés et al., 2005) during the Pleistocene, processes that are commonly associated to a 

northward shift of the Westerlies during colder conditions (e.g., Lamy et al., 1999; Zech et 

al., 2008). We therefore attribute the high Pleistocene erosion rates on the western side of 

the Andes to glacial erosion and intensified precipitation, reinforced by isostatic rock-uplift 

and active tectonics. Glacial overprint in this region is also evidenced by glacial relief 

observed from morphometric analyses (Rehak et al., 2010). Consequently, we conclude that 

increased erosion caused by the onset of glaciations produced a perturbation to the 

prevailing conditions in this part of the Central Andes that could have resulted in increased 

rock uplift and, in turn, further enhanced erosion in a feedback mechanism (e.g., Molnar 

and England, 1990; Whipple and Meade, 2006). 

7.2.4. Integrated view on the exhumation rate pattern from north to south 

As shown by the critical wedge theory (e.g., Dahlen and Suppe, 1988; Willett, 1999) and 

implied by previous case studies of the Central Andes (Masek et al., 1994; Horton, 1999; 

Montgomery et al., 2001), climatic conditions may control the shape of the mountain belt 

by influencing the erosion rate. Our study shows that the wide mountain belt in the 

northern segment indeed correlates with low erosion rates that prevail over most parts of 

the orogen, apart from focused erosion on its eastern orogenic front. Yet, reconstructed 

Miocene erosion rates in the southern segment, where the Andes are narrow, are 

comparably low as in the northern segment and only accelerated in the Plio-Pleistocene. It 

seems thus likely that processes such as mantle dynamics, tectonic activity and crustal 

thickening set the topographic expression of the Central Andes, which is then modulated by 

climatic conditions. In particular, the northern Central Andes experienced more horizontal 

shortening and crustal thickening than the southern segment, and both processes initiated 
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earlier in the northern segment. This may have resulted in orographic growth before (e.g., 

Canavan et al., 2014; Scott et al., 2018) or during (e.g., Fiorella et al., 2015) the Oligocene. 

On the contrary, the southern segment experienced a period of Oligocene extension and 

horizontal shortening resumed only in the early Miocene, with values significantly lower 

than in the north (Fig. 2, Fig. 3). Given these different tectonic settings, it remains open if 

the southern segment of the Central Andes would have reached similar width and height as 

the northern segment, although significant growth seems to be unlikely under the such high 

Plio-Pleistocene erosion rates. Similarly, the building up of the Altiplano-Puna plateau might 

not have been possible under higher erosion rates.  

Our analysis of the exhumation rate in the Central Andes indicates that the onset of 

tectonic activity and major crustal thickening mainly correlates with the onset of 

exhumation as constrained by the oldest cooling ages in a given region. However, these 

ages could be younger than the true onset of exhumation and therefore they represent 

minimum ages for initial cooling. Our results also highlight the influence of climatic 

conditions on the magnitude of upper crustal exhumation. Exhumation rates in the Central 

Andes vary most commonly between 0.05 km/Ma and 0.25 km/Ma with important regional 

exceptions. The highest rates are observed during the Plio-Pleistocene in the Subandean 

range, the Sierra Aconquíja in the northern Sierra Pampeanas and in the Principal Cordillera 

south of 33°S. These regions are all characterized by active tectonics and high moisture 

availability but show important differences that highlight several aspects of the 

relationships between tectonics, climate and exhumation. First, inherited structures and the 

presence of sediments and decollement layers in the foreland control the way how 

deformation is accommodated (e.g., Allmendinger et al., 1983) and directly influence the 

exhumation rate by determining the steepness of faults and thus the amount of vertical 
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displacement. Second, we observe similar Mio-to-Pliocene erosion rates in the western part 

of the southern segment (Principal Cordillera) and in the eastern part of the northern 

segment (Eastern Cordillera, Inter- and Subandean zones), although shortening rates are 

much higher in the north than in the south (Fig. 2). This suggests that the magnitude of 

erosion does not necessarily correlate with the amount of horizontal shortening and that 

moisture availability and the structural style of deformation have an important role in 

setting the exhumation rate. Finally, glacial erosion in the southern Principal Cordillera 

increases the exhumation rate previously set by deformation and fluvial processes by ca. 

one order of magnitude.  

8. Conclusion 

In this study, we provide 238 new thermochronological ages from 146 samples that 

we complement with 824 ages from literature to constrain the exhumation rate history of 

the Central Andes. To gain insights about feedback mechanisms between climate, tectonics 

and erosion, we compare the exhumation rate history to the past and present climatic 

setting and to the deformation record of the Central Andes.  

In the arid region west of the Andes (18 - 32°S), exhumation rates are generally low 

(<0.2 km/Ma) and correlate well with low shortening rates and high aridity. On the eastern 

side of the Andes in the northern segment, the subsequent onset of exhumation in the 

Eastern Cordillera, Altiplano-Puna plateau and Inter- and Subandean zones reflects the 

onset and eastward propagation of deformation observed in this region. Accelerated 

exhumation since the latest Miocene in the eastern Interandean and the Subandean zone 

can be either related to increased horizontal shortening rates, the onset of the South 

American Monsoon, or the coupling between the two.  
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Highest exhumation rates are observed during the Pleistocene in the Sierra Aconquíja 

in the northern Sierra Pampeanas and in the Principal Cordillera south of 33°S and west of 

the Andes. These regions are characterized by active tectonics accommodated along steep, 

reactivated normal faults and affected by either particularly high rainfall (Sierra Aconquíja) 

or intense glacial erosion (southern Principal Cordillera). The observed exhumation rates in 

these regions are higher than the ones observed in the Subandean range, which is 

characterized by high shortening rates accommodated by thin-skinned deformation. This 

indicates that the style of deformation, which is largely set by inherited structures and the 

presence of sediments in the foreland, has a significant impact on the magnitude of 

exhumation rates, as does glacial erosion and increased precipitation in an active tectonic 

setting.  
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Fig. 1: Tectonomorphic units of the Central Andes modified from Müller et al. (2002), 

Mpodozis et al. (2005), Hilley and Coutand (2010), Carrapa et al. (2014), Armijo et al. (2015) 

and Riesner et al. (2018) and based on geological maps from SegemAR (1997) and 

SERNAGEOMIN (2003). JFR = Juan Fernandez ridge; AER = locations of age-elevation 

relationships shown in Fig. 14 (AER-a,b) and in supplementary Fig. S3 (AER-c). Numbers 

represent specific locations referred to in the text: 1 = Santa Barbara system; 2 = Sierra 

Aconquíja; 3 = Fiambalá Basin; 4 = Sierra de Valle Fértil; 5 = Cuyo foreland basin; 6 = 

Aconcagua fold-and-thrust belt; 7 = West Andean fold-and-thrust belt; 8 = Laguna de Tagua 

Tagua;  9 = Malargüe fold-and-thrust belt; 10 = Malargüe foreland basin. S = Santiago de 
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Chile (CL); M = Mendoza (AR); P = Potosi (BO). Underlying topography from GMTED2010, 7.5 

arc-s (Danielson and Gesch, 2011). 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 119 

 

 

Fig. 2: Average orogenic shortening rates for the northern segment at 21°S (black line; 

Oncken et al., 2012) and southern segment at 33.5°S (purple line; Giambiagi et al., 2015a) of 

the study area. Green arrow indicates the period of Oligocene extension in the central and 

southern segments (see text for discussion). Please note that these shortening rate 

reconstructions mainly rely on studies from the eastern part of the Andes whereas 

shortening on the western side and in the Altiplano is largely unresolved. 
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Fig. 3: Lithospheric-scale cross-sections and approximate onset and duration of deformation 

in the Central Andes as observed in syntectonic sediments. Dark purple boxes represent 

compression, green boxes extension. Light purple envelope outlines the inferred timespan 

of compression, i.e. delimiting the onset and cessation of tectonic activity in the respective 

tectonic units. See supplementary Table S6 for data compilation and references. Mean 

elevation from SWATH profiles over the respective areas. A) The northern segment 

comprises data between 19° and 24°S that was projected on a cross-section at 21°S within 

the respective tectonic units. Geological cross-section and crustal thickness modified from 

Armijo et al. (2015). Question marks indicate high uncertainty. IAZ = Interandean zone; SAZ 

= Subandean zone. B) The middle segment shows data between 28° and 31°S projected on a 

cross-section at 30°S within the respective tectonic units. Geological cross-section and 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 121 

crustal thickness modified from Lossada et al. (2017) and Gans et al. (2011), respectively. C) 

Data for the southern segment include studies between 32.5° and 34°S projected on a cross-

section at 33.5°S within the respective tectonic units. Geological cross-section and crustal 

thickness modified from Giambiagi et al. (2015a) and Gans et al. (2011), respectively.    
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Fig 4: A) Magmatic and B) volcanic activity during the last 200 Ma along the strike of the 

Andes. Colors represent tectonomorphic units shown in Fig. 1: AP = Altiplano-Puna plateau; 

CC = Coastal Cordillera; CD = Central Depression; EC = Eastern Cordillera; FC = Frontal 

Cordillera; IAZ = Interandean zone; PC = Western/Principal Cordillera; PreC = Precordillera; 

SP = Sierra Pampeanas and Santa Barbara ranges. Data compilation from Mamani et al. 

(2010b) with additional data from McNutt et al. (1975), Kurtz et al. (1997), Scheuber (1998), 

Mutschler et al. (2001), Farías et al. (2008), Singer et al. (2008), Hervé et al. (2014), Jones et 

al. (2015), Muir et al. (2015) and Naranjo et al. (2018). Data are provided in supplementary 

Table S7.  
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Fig. 5: Precipitation pattern of South America averaged over 1960-1990, with 2.5 arc-

minutes resolution (from worldclim.org;  Hijmans et al. (2005)). Black line represents the 

main drainage divide (Lehner and Grill, 2013), white stippled line the Arid Diagonal. Grey 

arrows indicate positions of main climatic features (after Norgués-Pagele et al., 2002, Vera 

et al., 2006; Garreaud, 2009): ITCZ = Intertropical Convergence Zone; SACZ = South Atlantic 

Convergence Zone; LLJ = low-level jet. 1 = Santa Barbara system; 2 = Sierra Aconquíja; 3 = 

Fiambalá Basin; 4 = Sierra de Valle Fértil; 5 = Cuyo foreland basin; 6 = Aconcagua fold-and-

thrust belt; 7 = West Andean fold-and-thrust belt; 8 = Laguna de Tagua Tagua;  9 = Malargüe 

fold-and-thrust belt; 10 = Malargüe foreland basin. Letters correspond to tectonomorphic 

units: A = Altiplano; C = Coastal Cordillera; E = Eastern Cordillera; F = Frontal Cordillera; P = 

Principal Cordillera; Pr = Precordillera; Pu = Puna; SA = Subandean zone; SE = southern 

Eastern Cordillera; SP = Sierra Pampeanas; W = Western Cordillera. A) During austral 

summer, the LLJ brings moisture from the Atlantic to the eastern flank of the Andes. The 

SACZ is an additional source of moisture. The influence of the western storm tracks is 

restricted to areas south of ~38°S. B) In austral winter, almost no precipitation reaches the 

eastern flank and plateau, whereas the area affected by westerly precipitation expands up 

to about 30°S.   
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Fig. 6: Low-temperature thermochronological ages compiled from literature and own data 

(see supplementary Table S5 for data and references). Topography from GMTED2010, 7.5 

arc-s (Danielson and Gesch, 2011), bathymetry from GEBCO_2014 (Weatherall et al., 2015).  
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Fig. 7: Thermochronological ages west of the drainage divide along the strike of the Andes, 

including the internally drained Altiplano-Puna plateau. Colors represent tectonomorphic 

units from Fig. 1: AP = Altiplano-Puna plateau; CC = Coastal Cordillera; CD = Central 

Depression; FC = Frontal Cordillera; PC = Western/Principal Cordillera. Data from this study 

are highlighted with bold black rim. Ages south of 32°S are significantly younger than in the 

north for all thermochronologic systems. R denotes the exceptionally young sample from 

Rodríguez et al. (2018).  
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Fig. 8: Thermochronological ages east of the drainage divide along the strike of the Andes. 

Colors represent tectonomorphic units from Fig. 1: AP = Altiplano-Puna plateau; EC = 

Eastern Cordillera; FC = Frontal Cordillera; IAZ = Interandean zone; PC = Western/Principal 

Cordillera; PreC = Precordillera; SAZ = Subandean zone; SP = Sierra Pampeanas and Santa 

Barbara ranges. AHe, AFT and ZHe systems all show a youngest age cluster between 26° and 

28°S but no clear pattern is observed. The AHe data additionally show young ages in the 

Subandean zone (21-22°S) and in the Sierra de Valle Fértil (SVF; Ortiz et al., 2015). FB 

denotes the young sample from the Fiambalá Basin (Safipour et al., 2015).  
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Fig. 9: Latitudinal cross-sections of thermochronological ages. ZFT ages in B&D are shown 

together with ZHe ages and represented by star symbols. Colors correspond to tectonic 

units from Fig. 1: AP = Altiplano-Puna plateau; CC = Coastal Cordillera; CD = Central 

Depression; EC = Eastern Cordillera; FC = Frontal Cordillera; IAZ = Interandean zone; PC = 

Western/Principal Cordillera; PreC = Precordillera; SAZ = Subandean zone; SP = Sierra 

Pampeanas and Santa Barbara ranges.  A, B) The northern segment shows cooling ages that 

are younger than 10 Ma east of ca. 65°W in the Inter- and Subandean zones (A) and east of 

ca. 66.5°W in the northern Sierra Pampeanas and southern Eastern Cordillera (B). Ages to 

the west are all older than 10 Ma, with the exception of the young AHe age from the 

Fiambalá Basin (FB; Safipour et al., 2015). The central (C) and southern (D) segments show 

the opposite age trend with ages younging to the west, apart from four AHe ages from the 
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Sierra de Valle Fértil (SVF; Ortiz et al., 2015) and in the foreland (Zapata, 2019) in the central 

segment. Data from this study are highlighted with bold black rim. 
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Fig. 10: Modelled exhumation rates for selected time intervals discussed in the text. Black 

line delineates the main water divide, black points represent thermochronological data 

falling into the respective time intervals. Numbers indicate specific locations referred to in 

the text: 1 = Santa Barbara system; 2 = Sierra Aconquíja; 3 = Fiambalá Basin; 4 = Sierra de 

Valle Fértil; 5 = Cuyo foreland basin; 6 = Aconcagua fold-and-thrust belt; 7 = West Andean 

fold-and-thrust belt; 8 = Laguna de Tagua Tagua;  9 = Malargüe fold-and-thrust belt; 10 = 

Malargüe foreland basin. Letters correspond to the following tectonomorphic units: AP = 

Altiplano; C = Coastal Cordillera; E = Eastern Cordillera; FC = Frontal Cordillera; IA = 

Interandean zone; P = Principal Cordillera; Pr = Precordillera; Pu = Puna; SA = Subandean 

zone; SE = southern Eastern Cordillera; SP = Sierra Pampeanas; W = Western Cordillera. 

Underlying topography from GEBCO_2014, 30 arc-s (Becker et al., 2009).  
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Fig. 11: Reduced variance corresponding to the exhumation rate maps shown in Fig. 10. 

Black line delineates the main water divide, black points represent thermochronological 
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data falling into the respective time intervals. See caption Fig. 10 for numbers and letters. 

Underlying topography from GEBCO_2014, 30 arc-s (Becker et al., 2009). 
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Fig. 12: Influence of the model parameters on the modelled exhumation rates of the most 

recent timestep (2-0 Ma). White rectangles delineate specific locations discussed in the text: 

EC = southern Eastern Cordillera; IAZ/SAZ = Inter- and Subandean zones; PC = southern 

Principal Cordillera; SA = Sierra Aconquíja, northern Sierra Pampeanas; WC = Western 

Cordillera. Arrows highlight differences between inversions modelled with and without fault 

blocks. A-D)  nversions with different combinations of ėprior (0.1, 0.5 km/Ma) and G0 (25, 50 
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°C/km). Correlation length scale is 20 km. E, F) Inversions with the same set of parameter as 

in A) but with correlation lengthscales of 10 and 30 km, respectively. G, H) Inversions with 

fault blocks and the same set of parameter as in (A) and correlation lengthscales of 20 and 

1000 km, respectively. Thin black lines delineate the faultblocks.  
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Fig. 13: Reduced variance of the inversion results shown in Fig. 12. White rectangles 

delineate specific locations discussed in the text: EC = southern Eastern Cordillera; IAZ/SAZ = 

Inter- and Subandean zones; PC = southern Principal Cordillera; SA = Sierra Aconquíja (Sierra 

Pampeanas); WC = Western Cordillera. Arrows highlight differences between inversions 

modelled with (G, H) and without (A) fault blocks. 
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Fig. 14: Comparison 

of exhumation rates derived from age-elevation profiles and from the inversions for the 

southern segment of the study area. See Fig. 1 and supplementary Table S5 for locations 

and data. A, B) Age-elevation profiles at 33.5°S to the west (AER-a) and east (AER-b) of the 

water divide, with linear best-fit after York et al. (2004) indicating the exhumation rate. For 

consistency with the inversion, average ages with standard deviation rather than individual 

grain ages are used. The AHe data of profile AER-a shows a break in slope that indicates an 
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increase in exhumation rate from 0.15 ± 0.1 km/Ma before 2 Ma (slope of the line 

connecting the two highest elevated samples) to 2.0 ± 3.7 km/Ma after 2 Ma. To get a 

meaningful linear fit, a higher uncertainty (1.5 Ma instead of 0.3 Ma; grey error bar) was 

given to the lowermost sample. C, D) Exhumation rates derived from the inversions at the 

respective locations of the age-elevation profiles using different sets of parameters. The ZHe 

data from AER-b is not used in the model because ages older than 80 Ma are excluded in the 

inversion. Solid lines represent inversions with a correlation length scale of 20 km and 

varying G0 (25 and 50 °C/km) and ėprior’s (0.1 and 0.5 km/Ma). Black lines are inversions with 

our preferred parameter set (G0 = 25 °C/km; ėprior = 0.1 km/Ma) run with correlation length 

scales of 10 km (dotted), 20 km (solid) and 30 km (dashed). Grey lines represent the 

inversion with fault blocks and correlation length scales of 20 km (solid) and 1000 km 

(dashed), respectively. Colored arrows indicate the time span covered by the respective 

thermochronological systems. E, F) The reduced variance of the model drops when 

information of the thermochronological data are available.  
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Supplementary Material 

1. Thermochronological analyses (AHe, ZHe and AFT) 

To increase spatial coverage on the western side of the Andes, where thermochronometric 

data was sparse, we have collected 149 new samples from Chile during several field 

campaigns that were realized over the last 4 years. After crushing and sieving of the bedrock 

samples to gain the fraction between 25-350 µm, apatite and zircon crystals were 

concentrated using the traditional two-steps heavy liquid separations (3.1 and 3.3 g/cm-3) 

and Frantz paramagnetic separation techniques. Different laboratories were involved for 

mineral separation and dating. Samples labelled with the prefix 14NC (Campaign 1) were 

separated at the Geological Institute of the Bulgarian Academy of Sciences in Sofia, Bulgaria, 

those with the prefix Clin (Campaign 2) by Zirchron LLC in Tucson, Arizona, and those with 

the prefix CLRK (Campaign 3) by the Langfang Yantuo Geological Service Company in 

Langfang, China. Samples from Campaign 1 and 2 (14NC-x; Clin-x) were analysed at the 

ARHDL lab (University of Arizona, Tucson) for (U-Th)/He dating. Fission-track analyses were 

conducted at the ISTerre (Grenoble, FR) (14NC-x) and at the ETH Zurich (Zurich, Switzerland) 

(Clin-x), respectively. CLRK-x samples were analysed at Dalhousie University (Halifax, CA) for 

(U-Th)/He dating  and AFT. 

1.1. (U-Th)/He dating of zircons and apatites 

For each sample, 2 to 5 apatite and zircon crystals were manually selected under a high-

magnification stereoscopic microscope for (U-Th)/He analyses. Preference was given to 

euhedral, transparent, inclusion- and crack-free grains with the smallest dimensions being 

not less than 70 µm (CLRK-x) or 60 µm (14NC-x and Clin-x). Grain dimensions of apatites 

were determined and photographed in at least two different orientations parallel and 
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perpendicular to the c-axis. For zircon crystals, the bipyramidal tip heights and two different 

c-axis parallel widths were measured. In rare cases, where all inclusion-free grains were 

broken, apatite and zircon grains with one damaged tip were analysed. This was taken into 

account during the α-particle ejection corrections (e.g., Farley et al., 1996). All selected 

grains were packed in Nb tubes for 4He extraction.  

1.1.1. (U-Th)/He analytical procedure for samples 14NC-x and Clin-x analysed at the 

University of Arizona  

Apatite grains were heated by a focused laser beam (either CO2 or diode) to 900-

1000°C for 3 minutes, zircon grains were heated 3 times to ~1000-1250°C for 20 minutes 

each time to allow complete degassing of 4He. The 4He was spiked with 0.1-0.2 pmol 3He 

and analysed by a Balzers quadrupole mass spectrometer (QMS). Durango apatite and Fish 

Canyon tuff were used as external standards for apatite and zircon measurements, 

respectively. The ablated grains were spiked with nitric acid solutions enriched in 233U, 229Th 

(and 42Ca, 147Sm for apatites, 90Zr for zircon) isotopes and dissolved in acid to determine 

molar contents of U, Th, Sm, Ca, and Zr via isotope-dilution ICP-MS. Preparation procedure 

and analytical details are provided in the ARHDL Report 1 of Reiners and Nicolescu (2006). 

All ages were corrected for α-particle ejection by using individual grain dimensions (Reiners 

et al., 2018). 

1.1.2. (U-Th)/He analytical procedure for samples CLRK-x analysed at Dalhousie University 

4He measurements were completed on a custom-built He-extraction line equipped with a 40 

W diode laser and a Pfeiffer Vacuum Prisma quadrupole mass-spectrometer. Apatite 

crystals were heated to 1050° C for 5 minutes, whereas zircon crystals were heated to 1250° 

C for 15 minutes. After 4He extraction, a precisely measured aliquot of 3He was added to the 

sample and the 3He/4He ratio was measured using the quadrupole mass-spectrometer. This 
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procedure was repeated once for apatite crystals to assure that no 4He is left in the grain. 

Since zircon crystals retain 4He to higher temperatures, the 4He extraction for zircon grains 

was repeated minimum 3 times until the amount of 4He in the last re-extraction was less 

than 1% of the total 4He extracted from this grain. Typical analytical uncertainties are in the 

range of 1.5-2% (1σ) for both zircon and apatite crystals. Durango apatites and Fish Canyon 

tuff zircons were used as external standards for apatite and zircon measurements, 

respectively, that went through the same analytical procedures as unknown samples to 

ensure accuracy, reproducibility and reliability of the data.  

After 4He extraction, both apatite and zircon crystals were spiked with mixed 235U, 

230Th, and 149Sm and dissolved following standard dissolution protocols for these minerals. 

Apatite crystals were dissolved in HNO3 at 80°C for 1.5 hours, whereas zircon crystals were 

dissolved in high-pressure dissolution vessels in mixture of concentrated HF and HNO3 at 

200°C for 96 hours. Isotopic ratios were measured using an iCAP Q ICP-MS. 

Raw data were reduced using the Helios software package developed by R. Kislitsyn 

and D. Stockli at Dalhousie University (Halifax, CA) specifically for (U-Th)/He data reduction. 

The α-ejection correction was calculated based on surface to volume ratio (Farley at al., 

1996). 

1.2. Fission-track dating of apatites 

Apatite grains were mounted into epoxy resin, polished to expose the internal grain 

surface and etched for 20s at 21°C in 5.5 M HNO3. All mounts were prepared using the 

external detector method (Hurford and Green, 1983).  

Samples from Campaign 1 (14NC-x) were irradiated at the FRM II research reactor in 

Garching, Germany under a nominal neutron fluence of 8∙1015 n/cm2 and with IRMM540R 
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dosimeter glasses (15 ppm U) and Fish Canyon tuff and Durango apatite as external 

standards. Samples from Campaign 2 (Clin-x) and Campaign 3 (CLRK-x) were irradiated at 

the Radiation Centre of the Oregon State University under a nominal neutron fluence of 

1.2∙1016 n/cm2 and 1∙1016 n/cm2, respectively. The high flux used for samples Clin-x was 

chosen based on the expected young cooling ages and relatively low (~1ppm) uranium 

content. CN5 dosimeter glasses and Durango apatite as external standard were used for 

samples Clin-x and CLRK-x. After irradiation, the low-U muscovite detectors that covered the 

apatite grain mounts and glass dosimeters were etched in 48% HF for 18 min at 23 °C 

(samples 14NC-x) and in 40% HF for 45 min at 21 °C (samples Clin-x and CLRK-x) to reveal 

induced fission tracks. Dry counting was performed under an optical microscope at a 

magnification of 1000 (CLRK-x) and 1250 (14NC-x and Clin-x), respectively. Fission-track ages 

were calculated using a weighted mean Zeta calibration factor (Hurford and Green, 1983) 

based on IUGS ages standards (Durango, Fish Canyon and Mount Dromedary apatites) 

(Hurford, 1990; Miller et al., 1985), giving Zetas of ISTerre = 310.4 ± 13.8 for samples 14NC-x, 

Zurich = 354.96 ± 12.6 for samples Clin-x and Dalhousie = 370.6 ± 5 for samples CLRK-x, 

respectively.  

2. U-Pb analyses 

A total of 75 zircon crystals from two samples (Clin22A - 39 crystals; Clin25A – 36 crystals) 

were analysed for U-Pb ages by LA-ICP-MS (supplementary Table S4, Fig. S5). Zircons were 

handpicked, mounted into epoxy and polished down to half thickness with a 1 µm diamond 

paste. Ablation spots of 50 µm were preselected on cathodoluminescence images 

conducted on a CamScanMV2300 SEM at the University of Lausanne. Neither sample 

showed mineral zonations, but the zircon grains of Clin22A have inclusion-rich cores and 

appear in two generations that are characterized by two different crystal sizes. Zircons from 
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both generations were analysed. 238U/206Pb ages were obtained by measuring 202Hg, 204Pb, 

206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U intensities on an UP-193FX (ESI) ablation system 

interfaced to an Element XR sector field, single-collector ICP-MS (Thermo Scientific) at the 

University of Lausanne. Operation conditions were similar to Ulianov et al. (2012) and 

included a repetition rate of 5 Hz, a spot size of 50 µm and an on-sample energy density of 3 

Jcm-2. We used GJ-1 (Jackson et al., 2004; ID–TIMS 206Pb/238U age of 600.4 ± 0.4 Ma (Ulianov 

et al., 2012; Boekhout et al., 2012)) as a primary  eference material and  lesoviče zircon as 

a secondary standard (206Pb/238U age of 337.13 ± 0.37 Ma; Slàma et al., 2008). The weighted 

mean 206Pb/238U age of our measurements for  lesoviče zircon is 335.6 ± 3.5 Ma (2σ of 

1.1%). The measurements of the  lesoviče zircon crystals show a day-long drift from older 

(344.7 Ma) to younger (328.9 Ma) ages (supplementary Table S4 and Fig. S6), which 

corresponds to max. inaccuracies of ca. 2% relative to the ID-TIMS age. Such inaccuracies 

are considered normal for the U/Pb LA-ICP-MS dating of zircon (e.g., Schaltegger et al., 

2015). The drift is not observed for the samples Clin22A and Clin25A. Common Pb 

contamination was qualitatively assessed by controlling the measured 202Hg and 204Pb. 

Weighted mean average ages with 2σ standard errors of analytically concordant values 

were calculated by using Isoplot 4.1 (Ludwig, 2001) (supplementary Fig. S5, Fig, S6). 

3. Inverse model using fault blocks 

The fault blocks of the study area were defined by an exploration team of First Quantum 

Minerals FQM using a variety of sources including seismic tomography, earthquake 

epicentres, satellite gravity enhanced with ground station readings, regional aeromagnetics, 

tectonostratigraphic geological mapping at 1:100.000-500.000, mapped faults from 

SERNAGEOMIN and SEGEMAR published maps and topography (Banyard and Farrar, 2018). 

The boundaries between the blocks are interpreted to be long-lived, deep seated structural 
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corridors and as such may not find their expression in a single, traceable fault at surface 

(Banyard and Farrar, 2018). Thermochronological data in different blocks move 

independently from each other even if they are located within the correlation distance. An 

ėprior of 0.1 km/Ma,  G0 25 °C/km and correlation length scales of 20 and 1000 km, 

respectively, were used to test the influence of the fault blocks on the exhumation rates 

(Fig. 12G, H and supplementary movies, InversionG and InversionH).  
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Supplementary Figures 

 

Fig. S1: Histograms of AHe, AFT and ZHe ages for the different data sets described in the 

text. A) Data west of the drainage divide and north of 32°S, B) data west of the drainage 

divide and south of 32°S and C) data east of drainage divide.   Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 146 

 

Fig. S2: Misfit and histograms for the eight tested inversions. A-D) Inversions with different 

combinations of ėprior (0.1, 0.5 km/Ma) and G0 (25, 50 °C/km) and a correlation length scale 

of 20 km. E, F) Inversions with the same set of parameter as in (A) but with correlation 

lengthscales of 10 and 30 km, respectively. G, H) Inversions with fault blocks and the same 

set of parameter as in (A) and correlation lengthscales of 20 and 1000 km, respectively. A*-

H*) Histograms of age differences (agepred-ageobs) corresponding to inversions A-H.   
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Fig. S3: Comparison of exhumation rates in the northern segment of the study area (26.2°S) 

derived from the age-elevation profile AER-c and from our inversion (see Fig. 1 and 

supplementary Table S5 for location and data). A) Age-elevation profile with linear best-fit 

indicating the exhumation rate. For consistency with the inversion, average ages with 

standard deviation rather than individual grain ages are used. Open circles represent 

thermochronological ages are excluded in the inversion. B) Exhumation rates derived from 

the inversion at the location of the age-elevation profile shown in (A) using different sets of 

parameters. Solid lines represent inversions with a correlation length scale of 20 km and 

varying G0 (25 and 50 °C/km) and ėprior’s (0.1 and 0.5 km/Ma). Black lines represent 

inversions with our preferred set of parameters (G0 = 25 °C/km; ėprior = 0.1 km/Ma) and 

correlation length scales of 10 km (dotted), 20 km (solid) and 30 km (dashed). Grey lines 

represents the inversion with fault blocks and correlation length scales of 20 km (solid) and 

1000 km (dashed), respectively. Colored arrows indicate the time span covered by the 

respective thermochronological systems. C) The reduced variance of the model drops when 

information of the thermochronological data are available. 
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Fig. S4: Modelled present-day heat flow for the tested inversions. White rectangles 

delineate specific locations discussed in the text: EC = southern Eastern Cordillera; IAZ/SAZ = 

Inter- and Subandean zones; PC = southern Principal Cordillera; SA = Sierra Aconquíja, 

northern Sierra Pampeanas; WC = Western Cordillera. A-D) Inversions with different 

combinations of ėprior (0.1 and 0.5 km/Ma) and G0 (25 and 50 °C/km) and a correlation 

length scale of 20 km. E, F) Inversions with the same set of parameter as in (A) but with 

correlation lengthscales of 10 and 30 km, respectively. G, H) Inversions with fault blocks 

using the same set of parameter as in (A) and correlation lengthscales of 20 and 1000 km, 

respectively. 
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Fig. S5: U-Pb Concordia diagrams for samples Clin22A and Clin25A. Discordant ages are 

shown as empty, black ellipses.  
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Fig. S6: A) U-Pb Concordia diagram of  lesoviče Secondary standard. Discordant ages are 

shown in empty, black ellipses. B) Observed day-long drift of the  lesoviče Secondary 

standard. Black line represents mean value of concordant ages (335.6 ± 3.5 Ma). 
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