
1. Introduction
The Andean orogenic belt is commonly divided into morphotectonic provinces (e.g., Carrapa et al., 2011; Jordan 
et al., 1983; Kley, 1996; Strecker et al., 2007) that are characterized by their unique structural styles (Figure 1a). 
Especially the eastern limit of the Central Andes in southern Bolivia and NW Argentina shows rapid structural 
changes along-strike between the Inter-/Subandean Zone and the Santa Barbara System, which form the fore-
land of the Eastern Cordillera. Previous studies of the transition from the Eastern Cordillera to the Inter- and 
Subandean Zone, their structural characteristics and their exhumation history have focused heavily on the Boliv-
ian part of the fold-and-thrust belt (Anderson et  al.,  2017, 2018; Arriagada et  al., 2008; Barnes et  al., 2008; 
DeCelles & Horton, 2003; Echavarria et al., 2003; Eichelberger et al., 2013; Gubbels et al., 1993; Horton, 2005; 
Kley, 1996; McQuarrie, 2002; Müller et al., 2002; Rak et al., 2017; Roeder, 1988), where hydrocarbon explora-
tion has provided a large data set for detailed structural modeling. In contrast, the limit of the Eastern Cordillera 
in Argentina and the transition from the Subandean Zone to the Santa Barbara System are poorly constrained; in 
particular, the cause for the abrupt termination of the Interandean and Subandean fold-and-thrust belt south of 
23°S remains an enigma to be solved.

The complex geological history of the Central Andes, comprising multiple wide-reaching phases of contraction 
and extension (e.g., Carrera et al., 2006; Heredia et al., 2018; Ramos, 2008), is responsible for creating hetero-
geneities that were reactivated during Andean shortening and thus greatly influences the present structure of the 
Andean orogeny and the distribution of its morphotectonic provinces. Of all preceding phases, the widespread 
Salta rift basin has played a major role in controlling the localization and characteristics of Andean deformation 
within the Eastern Cordillera. There are many excellent examples of reactivation and inversion of Cretaceous 
extensional faults within the Eastern Cordillera and Santa Barbara System (e.g., Carrera et al., 2006; Kley & 
Monaldi, 2002; Kley et al., 2005; Kortyna et al., 2019; Seggiaro et al., 2017), which have mostly been studied 
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qualitatively using stratigraphic and structural relations based on field data. Complementing qualitative studies, 
low-temperature thermochronology, when placed in a structural context, is a powerful instrument to quantify both 
timing and magnitude of fault-related exhumation within fold-and-thrust belts and provides the opportunity to 
date multiple exhumation events related to the reactivation of pre-existing structures.

In this study we present a new robust data set of low-temperature thermochronologic cooling ages constrain-
ing consecutive phases of exhumation within the Eastern Cordillera of NW Argentina. We performed apatite 
(U-Th-Sm)/He (AHe), apatite fission track (AFT) and zircon (U-Th-Sm)/He (ZHe) dating on 26 samples that 
are arranged in W-E vertical and horizontal transects crossing the Tilcara Range orographic barrier and adja-
cent Yungas lowlands. Using an improved structural framework and multi-sample thermal modeling, we recon-
struct the reactivation of pre-Cenozoic heterogeneities in the course of the Andean orogeny. The resulting model 
focuses on the boundary of the Eastern Cordillera and the transition zone between the Subandean Zone and Santa 
Barbara System at 23.5°S, and sheds new light on propagation of deformation in time and space at the limit of 
this major Andean fold-and-thrust belt.

Figure 1. (a) Overview of the Central Andes between 20°S and 27°S with its morphotectonic provinces, modified from Jordan et al. (1983). EC: Eastern Cordillera, 
IZ: Interandean Zone, SBS: Santa Barbara System, SP: Sierras Pampeanas. The transition zone between the Inter- and Subandean Zone, SBS and EC is marked. 
Sama-Yunchará anticlinorium (SYA) is indicated. (b) Overview of the Salta rift basin including sub-basins (TC: Tres Cruces, CH: Cerro Hermoso, Lo: Lomas de 
Olmedo, S: Sey, ER: El Rey, M: Metán, Al: Alemanía, B: Brealito), showing syn-rift isopachs from Salfity and Marquillas (1994) and the location of structural highs 
(gray). Locations of Cretaceous normal faults (red) from Starck (2011). Blue square represents the area shown in Figure 2.
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2. Geological Setting
The Eastern Cordillera of NW Argentina is bordered by the Inter- and Subandean Zone to the east and the 
Altiplano-Puna plateau to the west (Figure 1a). Whereas the Interandean Zone is increasingly integrated into 
the Eastern Cordillera, the Subandean Zone abruptly terminates at 23°S and is replaced by the Santa Barbara 
System south of 23.5°S (Kley & Monaldi, 2002). The Eastern Cordillera and Santa Barbara System transition 
into the Sierras Pampeanas toward the south (Figure 1a). Concurrently, the structural style changes rapidly from 
a classic thin-skinned fold-and-thrust belt in the Bolivian Subandean Zone (Dunn et  al.,  1995; Eichelberger 
et  al.,  2013; McQuarrie, 2002) to the thick-skinned broken foreland basins of the Santa Barbara System and 
the Sierras Pampeanas, where basement blocks are uplifted along reactivated, pre-existing faults (e.g., Kley 
& Monaldi, 2002; Kley et al., 1999; Zapata et al., 2019). Although Jordan et al. (1983) proposed a correlation 
between tectonic disparities and the transition from steep (∼30°) to flat (∼5°–10°) subduction, more recent stud-
ies (Anderson et al., 2007; Gans et al., 2011; Horton, 2018; Linkimer et al., 2020; Ramos et al., 2002) show that 
this transition zone is narrower and located further south, and that there is a poor correlation between changes 
in structural style and slab angle. Kley and Monaldi (2002) argue that the sharp boundaries of the Santa Barbara 
System form a pronounced contrast to the smooth variation of slab inclination and suggest that stratigraphic 
disparities might instead have a major impact on the current structural segmentation of the Andes. Similarly, 
McGroder et  al.  (2015) propose a strong influence of inherited crustal elements within the South American 
plate on structural styles and hydrocarbon resources within the Central Andes. Indeed, many authors (e.g., 
Carrera et al., 2006; Grier et al., 1991; Kley & Monaldi, 2002; Kley et al., 2005; Kortyna et al., 2019; McGroder 
et al., 2015) have demonstrated that inherited anisotropies from Paleozoic and Cretaceous tectonism strongly 
influenced the present-day deformational pattern in the Eastern Cordillera between 23°S and 24°S.

At the far eastern limit of the Eastern Cordillera, the Tilcara Range strikes N-S, showing high topography with 
peak elevations just below 5,000 m. The Tilcara Range is bounded to the east by a high-angle, north-striking, 
east-vergent reverse fault that is hereafter referred to as the Tilcara Range Frontal Fault (Figure 2). The San 
Lucas block is located directly east of this reverse fault. The basement of the Tilcara Range consists of the late 
Ediacaran-early Cambrian Puncoviscana Formation, deposited in the Puncoviscana foreland basin bordering the 
Pampean orogen (Aceñolaza, 2003; Einhorn et al., 2015; Escayola et al., 2011; Pearson et al., 2012). It encom-
passes weakly metamorphosed (Escayola et al., 2011; Pearson et al., 2012) alternating claystones, siltstones and 
sandstones with an estimated total thickness of >2,000 m (Aceñolaza, 2003). The Pampean-Tilcaric unconform-
ity (Escayola et al., 2011; Turner & Mendez, 1975) separates the Puncoviscana Formation from the overlying 
middle to late Cambrian Mesón Group and marks the end of the Pampean cycle (Adams et al., 2011).

The Mesón Group consists of up to 3,000 m thick marine siliciclastic rocks (Aceñolaza, 2003; Moya, 1998; 
Sanchéz & Salfity, 1999), although thickness varies locally, and is divided into upper and lower coarse-grained, 
cliff-forming quartzite units, and the middle, finer-grained Campanario Formation. An unconformity exists 
between the Mesón Group and the overlying upper Cambrian-lower Ordovician Santa Victoria Group (Rahl 
et al., 2018; Vaucher et al., 2020). The Santa Victoria Group consists of alternating quartz-rich sandstones and 
shales with a thickness of a few thousands meters (Aceñolaza, 2003; Moya, 2015). Within the Tilcara Range, 
large parts were eroded and the preserved Ordovician strata can locally be as thin as 500 m (Buatois et al., 2006).

The Precambrian to Ordovician sedimentary basement strata were deformed during the Ocloyic phase (middle 
Ordovician-middle Silurian or Devonian) (Bahlburg et al., 2000; Heredia et al., 2018; Otamendi et al., 2020; 
Ramos,  2008; Seggiaro et  al.,  2017). The Ocloyic phase induced uplift in the area of the present-day Puna 
and Eastern Cordillera (Starck et  al.,  1992) and led to an eastward migration of foreland basins. Alonso 
et al. (2012, p. 1846) consider the Eastern Cordillera the “non-metamorphic part of the Ocloyic foreland thrust 
belt”. Structures in the Eastern Cordillera that were formed during the Ocloyic orogeny show a dominant 
north-strike and east vergence (Hongn et al., 2010) and are thus positioned favorably for Andean reactivation 
(Heredia et al., 2018; Seggiaro et al., 2017). Salfity and Marquillas (1994) propose that compressional deforma-
tion related to the Ocloyic orogeny also affected the Tilcara Range. However, Ordovician normal faulting has also 
been recorded in the Eastern Cordillera (Seggiaro et al., 2008, 2017; Villagrán et al., 2015) and not in all cases the 
original geometry and slip of Paleozoic structures is clearly defined. Although Silurian to Carboniferous strata 
were deposited (González & Tchilinguirian, 2003; Starck, 1995), they were largely eroded prior to Cretaceous 
sedimentation (Salfity & Marquillas, 1994; Starck, 1995) and the majority of Cretaceous-Paleogene strata were 
deposited unconformably on top of Ordovician rocks (Figure 2b).
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Figure 2.



Tectonics

KOOTEN ET AL.

10.1029/2022TC007342

5 of 35

From the Late Jurassic to Early Cretaceous, the opening of the South Atlantic Ocean caused extension in the 
location of the Cenozoic Central Andes and the development of the Salta rift basin, which covered most of NW 
Argentina (Marquillas et  al.,  2005; Salfity & Marquillas,  1994). The Salta basin hosts a thick succession of 
syn- and post-rift sediments of the Salta Group (Turner, 1959) that were deposited from the lower Cretaceous 
up to the middle Eocene (Marquillas et al., 2005; Salfity & Marquillas, 1994). The Salta Group is divided into 
the syn-rift Pirgua Subgroup (Reyes & Salfity, 1973) and the post-rift Balbuena and Santa Bárbara Subgroups 
(Moreno, 1970). Further subdivisions and their spatial distribution vary regionally, depending on the specific 
depocenter.

One of the Salta rift depocenters is the NW-SE striking Lomas de Olmedo sub-basin. It is delimited to the north 
by the Michicola arch and to the south by the Quirquincho arch. The Condor arch and the Salta-Jujuy high confine 
the basin to the west (Figure 1b). The area of the Tilcara Range was part of the westernmost Lomas de Olmedo 
sub-basin during the late syn-rift and post-rift stages. However, Salfity and Marquillas (1994) suggest that the 
very first sedimentary infill, consisting of the lowermost Pirgua Subgroup, was shed into a separate depocenter 
known as Cerro Hermoso (Figure 1b). Within the Tilcara Range, the Pirgua Subgroup is relatively thin, especially 
compared with its thickness of >2,500 m within the Cianzo syncline farther north (Boll et al., 1989). The post-rift 
strata were mainly accommodated by thermal subsidence (Marquillas et al., 2005; Viramonte et al., 1999) and 
possibly early flexural loading from the Altiplano-Puna plateau (Becker et  al.,  2015). Seismic sections show 
that normal fault activity related to rifting in the Lomas de Olmedo sub-basin commenced no later than the 
Cretaceous and continued up to the Paleocene (Starck, 2011). Some authors argue that local conglomerate levels, 
NE-directed paleoflow and the extraordinarily large spatial distribution of the Santa Bárbara Subgroup indicate 
an early influence of the Andean orogenic wedge in the late Paleocene-Eocene (e.g., DeCelles et al., 2011). Ulti-
mately, the late Eocene-early Oligocene onset of Andean shortening in the Puna and Eastern Cordillera ended 
the deposition of the Salta Group (Carrapa et al., 2011; Coutand et al., 2001; Marquillas et al., 2005; Salfity & 
Marquillas, 1994).

Following the uplift in the Puna and Eastern Cordillera during the late Eocene or early Oligocene (Carrapa 
& DeCelles,  2008; Carrapa et  al.,  2011; Coutand et  al.,  2001; DeCelles et  al.,  2007,  2011; Henríquez 
et al., 2020, 2022), the Salta Group was buried by foreland deposits of the Orán Group (Boll & Hernández, 1986; 
Salfity & Marquillas, 1994). Whereas most studies agree that its lower part (Metán Subgroup) was deposited in 
a widespread basin (Coutand et al., 2001; DeCelles et al., 2011; Siks & Horton, 2011), the younger tectonosedi-
mentary history has been debated. Some authors conclude that from the late Oligocene-late Miocene on, clastic 
sediments were deposited in smaller, fully or partly isolated depocenters generated during the uplift of the Eastern 
Cordillera (Becker et al., 2015; Siks & Horton, 2011; Strecker et al., 2007). Thus, the Orán Group directly docu-
ments the propagation of Andean deformation from the Puna to the Eastern Cordillera (Becker et al., 2015). Other 
studies (Carrapa et al., 2012; DeCelles et al., 2011) argue that upper Miocene-Quaternary sediments represent 
wedge-top accumulations that were deposited in a connected regional foreland basin system.

2.1. Timing of Uplift

Tectonic shortening related to Andean mountain building in the Puna and Eastern Cordillera (between 23.5°S 
and 24°S) began in the early Paleogene with the inversion of extensional Salta Rift structures. Relief formation 
commenced in the middle-late Eocene (Montero-López et al., 2020). Although the proto-Sierra Alta (Figure 1), 
west of the Tilcara Range, started uplifting in the Paleogene (Montero-López et al., 2020), Pingel et al. (2013) 
(with data from Deeken et al., 2006; Reynolds et al., 2000, 2001; Siks & Horton, 2011) show that uplift was most 
pronounced at ∼15 Ma. Undeformed deposits that unconformably overlie folded Ordovician to Miocene strata 
above the San Juan de Oro geomorphic surface, south of the Bolivian border, indicate that major deformation in 
the western Eastern Cordillera terminated at 9 Ma (Allmendinger & Zapata, 2000). In contrast, Streit et al. (2017) 

Figure 2. (a) Geological map of the Tilcara Range and San Lucas block revised from González and Tchilinguirian (2003) and Jiron (2015). Coordinates are shown as 
UTM WGS84 zone 20K (inside frame) and degree-minutes-seconds (outside frame). TB1–TB4 mark tectonic blocks. Dotted lines depict Alonso, San Lucas and Las 
Animas transects. The Tilcara Range Frontal Fault (TRFF) is marked in red. Measurements marked in gray are from Jiron (2015). (b) Schematic overview of structural 
and stratigraphic relationships between the basement and Cretaceous-Paleogene strata within the Tilcara Range and San Lucas block (TB4). Topographic section shows 
the difference in altitude between the Tilcara Range and San Lucas block. (c) Schematic cross-sections of the Alonso, San Lucas and Las Animas transects. The Tilcara 
Range Frontal Fault is marked in red. The leeward (LW) and windward (WW) sides of the Tilcara Range are indicated. Folding in Precambrian-Paleozoic strata is 
shown schematically.
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show that fluvial incision at the Casa Grande basin (Figure 1) outlet was only outpaced by the rate of uplift of the 
Sierra Alta, bounding this basin to the east, between 3.8 and 0.8 Ma, which they attribute to increased sediment 
supply connected to enhanced precipitation and increased uplift rates. This implies that range uplift west of the 
Humahuaca valley continued during Pliocene-Pleistocene times. Deformation in general propagated eastward 
(Anderson et al., 2017, 2018; DeCelles et al., 2007, 2011; Deeken et al., 2006; Henríquez et al., 2019, 2020), 
with proposed periods of out-of-sequence deformation (e.g., Henríquez et al., 2022), and reached the Tilcara 
Range at ∼ 10-4 Ma (Henríquez et al., 2022; Pingel et al., 2013, 2014; Siks & Horton, 2011). Early uplift of the 
Tilcara Range and its northern continuation is well documented in the Cianzo basin, ∼20 km east of Humahuaca, 
where the Orán Group records a changing geological setting from a widespread foreland basin to a restricted 
intermontane basin in the late Miocene (Siks & Horton, 2011). Uplift of the Tilcara Range formed an orographic 
barrier, disrupting drainage patterns within the Humahuaca basin west of the Tilcara Range after 4.2 Ma, based 
on changes in paleoflow directions and increasingly proximal facies (Pingel et al., 2013). Consequently, surface 
uplift of the Tilcara Range before 4.2 Ma was not sufficient to disrupt fluvial connectivity (Streit et al., 2017). 
These results clearly suggest Pliocene or younger uplift of the Tilcara Range. Pingel et al. (2019) show that an 
abrupt decrease of denudation rates is in agreement with the establishment of an orographic barrier after 3 Ma: 
whereas pre-3 Ma rates were similar to modern-day denudation rates (0.49 and 0.58 mm/a) on the wet side of the 
Tilcara Range (Bookhagen & Strecker, 2012; Schildgen et al., 2016), post-3 Ma rates show a tenfold decrease 
(Pingel et  al.,  2019), indicating dryer conditions on the leeward side of the orographic barrier and a strong 
erosional gradient, which might affect low-temperature thermochronology cooling ages.

3. Methods
3.1. Mapping and Cross-Section Construction

The revised geological map (Figure  2a) was constructed based on field data from our 2019 and 2021 
campaigns, existing measurements by Jiron  (2015) and descriptions and interpretations from González and 
Tchilinguirian (2003). We used satellite imagery (Google, n.d.; Esri, 2021) to interpolate geological boundaries 
in areas where no field-based data was available. The revised map was digitized using the Esri ArcGIS ® software 
ArcMap™ v10.5.1 on a scale of 1:5,000. Three parallel, WNW-ESE striking, unbalanced cross-sections were 
constructed in the software MOVE v2019.1 (Petroleum Experts, 2020), hereafter referred to as the Alonso, San 
Lucas and Las Animas transects (Figure 2c). We used the kink band method (Suppe, 1983) to create horizons 
whenever viable. Parallel formation boundaries were created, assuming constant thickness and a negligible angu-
lar relationship between the Santa Bárbara and the Balbuena subgroups. We used thickness measurements for 
Cretaceous-Paleogene strata from nearby stratigraphic sections (Boll et al., 1989) to estimate the viability of the 
sections. Because movement planes of major faults do not crop out, we qualitatively inferred the most probable 
fault orientation from the approximate intersection of major faults from satellite imagery with the digital eleva-
tion model (DEM) (Copernicus WorldDEM-30, 2021).

3.2. Sample Selection and Preparation

We collected 26 samples along three W-E transects crossing the Tilcara Range from the Quebrada de Humahuaca 
to Valle Grande (Figure 2c). The aim was to sample vertical transects for thermochronologic analysis and to 
access different structural positions within the tectonic blocks. Preliminary mineral separates (i.e., crushing, siev-
ing, magnetic separation with strong hand magnet) were conducted at the National University of Salta. Further 
processing at the University of Potsdam included (a) magnetic separation, using a Frantz ® magnetic separator 
with a frontal angle of 10°, a side angle of 10° and a current of 1.2 A, (b) treatment of the non-magnetic fraction 
with 10% acetic acid to remove carbonate and 3% H2O2 to remove clay and organic matter, and (c) density sepa-
ration using Sodium Polytungstate (SPT; ρ = 2.86 g/cm 3) and Diiodomethane (DI; ρ = 3.3 g/cm 3).

3.3. Single-Grain (U-Th-Sm)/He Thermochronology

Low-temperature (U-Th-Sm)/He apatite and zircon (AHe and ZHe, respectively) thermochronology is based 
on α-particle ejection associated with the decay of U, Th and Sm parent isotopes. He atoms (α particles) are 
retained within apatite on geological timescales at temperatures below 40°C and are emitted at temperatures 
above 85°C (Wolf et al., 1998). This temperature interval “where helium is neither quantitatively retained nor lost 



Tectonics

KOOTEN ET AL.

10.1029/2022TC007342

7 of 35

by diffusion” (Wolf et al., 1998, p. 105) is called the apatite partial retention zone (APRZ). The closure temper-
ature (Tc) for the (U-Th-Sm)/He system varies with cooling rate, crystal size and radiation damage; a typical Tc 
is approximately 68°C for apatite (Farley, 2000). For zircons, the partial retention zone (ZPRZ) is between 170 
and 190°C with an average experimental closure temperature of 183°C (Reiners et al., 2004). Ideal crystals for 
(U-Th-Sm)/He thermochronology should be euhedral with a diameter of >60 μm and free of inclusions, fractures 
and zoning.

We analyzed 26 samples from the basement and sedimentary strata of the Tilcara Range and San Lucas block 
using AHe and/or ZHe thermochronology. Aliquots were carefully hand-picked with a binocular polarizing 
microscope to eliminate grains with visible inclusions and/or fractures. Due to the detrital nature of the sand-
stone samples, the majority of the grains have a rounded geometry with frosted surfaces, potentially obscuring 
small inclusions and hairline fractures within the crystal. Although grains were carefully picked, we cannot fully 
exclude this cause of dispersion in detrital samples. Grain dimensions (width, length of prism, and total length) 
and the number of terminations were recorded for all grains. Aliquots were packed in Pt (for apatite) or Nb (for 
zircon) tubes and loaded into the Australian Scientific Instruments (ASI) Alphachron He extraction and analysis 
system at the University of Potsdam. Aliquots were heated twice with a 978 nm diode laser at 8 A for 5 min for 
apatite, or at 12 A for 10 min for zircon to achieve full He degassing. Two zircon aliquots were heated four times 
(see Table S1), because of residual He in the first re-extract. The resulting gas was purified using a SAES AP10N 
hot getter and analyzed using a Pfeiffer Prisma 200 Quadrupole mass spectrometer. The aliquots were then trans-
ferred to the German Research Center for Geosciences (GFZ) Potsdam for analysis of U, Th, and Sm abundances 
by isotope dilution. The grains were spiked with  235U,  230Th, and  149Sm, dissolved, and then analyzed on a Thermo 
Element 2 XR ICP-MS. Additional analytical data are provided in Zhou et al. (2017) and Galetto et al. (2021). 
(U-Th-Sm)/He ages were calculated following the equations in Meesters and Dunai (2005) using the He, U, Th, 
and Sm abundances, an alpha-ejection correction factor (Ft) (Farley et al., 1996; Ketcham et al., 2011) obtained 
from the measured grain dimensions, and the alpha-particle stopping distance from Ketcham et al. (2011). We 
report (U-Th-Sm)/He ages with a weighted error (Table S1), which considers the relative contribution of each 
parent isotope to the total He production.

Weighted mean ages (Table 1) excluding outliers were calculated in IsoplotR using a random effects model that 
considers both the analytical uncertainty and an overdispersion term as sources of uncertainty (Vermeesch, 2018). 
AHe outliers are defined as aliquots that show Th/ 238U >100, or a combination of U <2 ppm and 2σ (of corrected 
age) >1.5 Ma. Furthermore, AHe aliquots are considered outliers if the single-grain age ±2σ is greater than the 
sample's AFT age ±1σ or if the single-grain ages show an exceptionally large amount of He compared to the 
amount of U, pointing toward the presence of an undissolved inclusion. ZHe outliers were defined by re-assessing 
grain geometry and characteristics and comparing these with single-grain ages. Excluded aliquots are marked 
in Table S1 and are ignored for both the weighted mean age calculation and further thermal history modeling. 
None of the AHe samples showed a positive age-eU trend corresponding to Flowers et al. (2009), although two 
samples showed a positive age-Ft and age-equivalent sphere radius (ESR) trend. Three ZHe samples showed 
positive age-eU trends, characteristic of zircons with <1,500 ppm eU according to the radiation damage model 
of Guenthner et  al.  (2013). One sample showed a negative age-eU trend with high overall eU, which can be 
attributed to increasing He diffusivity due to the interconnection of damage zones in the zircons (Guenthner 
et al., 2013). Age-Ft and age-ESR relationships are seen in two ZHe samples. For samples with age-eU and/
or age-Ft relationships, all single-grain ages were included in QTQt models. Although we routinely used the 
RDAAM and ZRDAAM radiation damage models (Flowers et al., 2009; Guenthner et al., 2013) to model the 
age-eU spread, we did not apply the concept of inheritance envelopes (e.g., Guenthner et al., 2015), because of 
the relatively low overall spread in (U-Th-Sm)/He ages and eU. Age-eU, age-ESR and age-Ft plots are included 
in Figure S1 in Supporting Information S1 and samples showing an age-eU and/or age-Ft trend are marked in 
Table 1.

3.4. Apatite Fission Track Thermochronology

Apatite fission track (AFT) thermochronology is based on the spontaneous fission of  238U, which creates charged 
particles that form linear damage zones in the crystal lattice called fission tracks. Through quantification of 
fission tracks and the abundance of the remaining parent isotope in apatite, a cooling age is generated for the 
sample. The temperature interval between 60°C and 120°C marks the apatite partial annealing zone (APAZ) 
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Apatite (U-Th-Sm)/He data

TB a Sample Aliquots b Lithology UTM N c UTM E c Z (m) WM (Ma) d SE (Ma) e % f

1 AL5 3 PRC 265,330 7,407,390 3,732 9.0 0.4 3.9%

AL6 4 PRC 264,129 7,406,152 3,509 6.9 0.5 6.8%

AL7 4 PRC 263,544 7,405,230 3,306 11.7 0.6 5.1%

AL8 4 CAM 262,789 7,405,469 3,112 35.7 2.6 7.3%

AL9 3 ORD 262,168 7,404,701 2,820 10.0 0.1 1.2%

2 AL4 g 3 ORD 265,693 7,407,476 3,761 9.4 3.3 35.6%

3 LU1 5 PRC 268,703 7,390,777 4,142 9.8 1.1 11.2%

AC1 g 3 PRC 269,588 7,386,416 4,123 7.7 0.4 5.5%

TAC1 5 PIR 272,118 7,406,576 4,033 7.3 0.8 11.0%

AC2 3 PRC 270,123 7,386,139 3,894 4.3 0.3 7.9%

AL2 5 ORD 270,624 7,405,026 3,670 6.3 0.5 7.2%

LU2 4 PRC 270,443 7,390,822 3,607 6.8 0.6 8.1%

4 MA3 3 SAB 272,520 7,398,204 3,863 6.4 0.4 6.6%

AC6 5 BAL 272,000 7,384,350 3,769 3.5 0.2 4.6%

AC3 4 CAM 270,778 7,385,071 3,574 4.1 0.8 19.4%

MA2 4 ORD 274,321 7,397,718 3,477 5.1 0.6 11.1%

LU5 3 ORD 274,792 7,391,378 3,415 6.3 0.4 5.7%

LU4 3 ORD 273,074 7,392,891 3,385 5.2 0.8 15.5%

LU6 3 SAB 275,647 7,391,245 3,297 4.2 0.2 5.7%

LU7 4 SAB 277,533 7,391,911 3,263 3.4 0.3 7.3%

LU3 4 SAB 271,736 7,393,079 3,220 3.5 0.3 7.5%

LU9 3 ORD 283,558 7,390,518 2,787 4.1 0.3 6.1%

LU12 4 ORA 289,357 7,386,938 2,375 3.5 0.4 10.3%

LU11 4 SAB 288,034 7,387,380 2,159 4.3 1.8 41.7%

Zircon (U-Th-Sm)/He data

TB a Sample Aliquots b Lithology UTM N c UTM E c Z (m) WM (Ma) d SE (Ma) e % f

1 AL5 4 PRC 265,330 7,407,390 3,732 178.5 5.3 3.0%

AL8 g , h 4 CAM 262,789 7,405,469 3,112 313.9 15.5 4.9%

2 AL3 g 3 PRC 270,128 7,405,319 3,631 27.0 1.9 6.9%

3 LU1 3 PRC 268,703 7,390,777 4,142 125.3 5.7 4.5%

AC1 h 3 PRC 269,588 7,386,416 4,123 78.3 5.5 7.0%

TAC1 6 PIR 272,118 7,406,576 4,033 339.2 62.6 18.5%

MA1 2 CAM 271,055.1 7,399,705 3,960 50.6 1.1 2.2%

LU2 h 3 PRC 270,443 7,390,822 3,607 67.2 6.9 10.2%

Table 1 
(U-Th-Sm)/He Ages for Apatite (AHe) and Zircon (ZHe)
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(Wagner et al., 1989) in which tracks can be partially annealed. The exact temperature interval of the APAZ varies 
with cooling rate and kinetic characteristics, which can be quantified using the diameter of the etch pits (Carlson 
et al., 1999; Donelick, 1993; Donelick et al., 1999; Ketcham et al., 1999).

We analyzed 19 samples for AFT thermochronology using the external detector method (Gleadow, 1981). The 
sample fraction containing apatites (2.96 < ρ < 3.3 g/cm 3) was mounted on a glass slide with epoxy, ground and 
polished. Apatite mounts were then etched using 5.5 N HNO3 at 21°C for 20 s (Donelick, 2005), packed with a 
mica detector on top and sent to Oregon State University for thermal neutron irradiation. After irradiation, the 
mica detectors were etched in 40% HF at 21°C for 45 min.

All samples were analyzed at the University of Potsdam using a Leica DMRM microscope at 1,250X magnifica-
tion and the FTStage software (Dumitru, 1994). For calculation of AFT ages a zeta correction factor (Hurford & 
Green, 1983) of 380.5 ± 7.5 (WvK) was applied. We measured the diameter of the etch pits Dpar (Donelick, 2005; 
Sobel & Seward, 2010) as a proxy for kinetic characteristics of the crystal, which strongly influence annealing 
(Barbarand et  al.,  2003; Carlson et  al.,  1999; Ketcham et  al.,  1999). Dpar measurements were calibrated by 
correlating individual Dpar measurements for Fish Canyon Tuff and Durango apatite with those by Donelick 
et al. (1999), yielding a correction factor of 1.07. For the full calibration procedure see Sobel and Seward (2010). 
It was not possible to measure a statistically relevant number of track-in-track (TINT) lengths. Although due to 
the low number of spontaneous track measurements (Ns), the sample size according to standard criteria (Yates 
et al., 1999) was too small for calculating viable chi-square statistics, we performed a chi-square test of inde-
pendence on all samples. For samples that passed the chi-square test (P(χ 2) > 5%), we calculated a pooled age 
and one sigma error (Galbraith & Laslett, 1993); for samples that exhibited multiple age components and thus 
did not pass, we calculated a central age in IsoplotR. These samples were also checked for a possible correlation 
between Dpar and single-grain ages, which would explain larger-than-normal age scatter. Non-passing samples 
were generally excluded from modeling procedures. AFT data is summarized below (Table 2). Radial plots from 
RadialPlotter (Vermeesch, 2009) can be found in Figure S2 (Supporting Information S1).

3.5. QTQt Modeling

To better constrain pre-Cretaceous and Andean phases of exhumation we conducted thermal modeling in the QTQt 
software v5.8.0 (Gallagher, 2021) using data from Tables 1 and 2. This software is able to take into account kinematic 
characteristics of single-grain ages. AHe and ZHe samples exclude outliers as discussed above. For AHe samples, 
we used the radiation damage model of Flowers et al. (2009). For ZHe samples, we used the radiation damage model 
of Guenthner et al.  (2013). For one ZHe sample (TAC1), where an inheritance component was considered, we 
modeled ZHe age populations as two separate samples. The annealing model of Ketcham et al. (2007) was used for 
AFT samples. AFT data also included mean Dpar measurements to implement compositional control in the models.

Models were run for single tectonic blocks, because QTQt currently does not allow for a tectonic offset in the 
thermal history modeling. We modeled spatially offset elevation profiles separately, because the lateral offset 
and the presence of faults between W-E elevation profiles disrupt age-elevation or age-stratigraphy relationships. 
Furthermore, samples located at the leeward side of the Tilcara Range were modeled separately from samples 

Table 1 
Continued

Zircon (U-Th-Sm)/He data

TB a Sample Aliquots b Lithology UTM N c UTM E c Z (m) WM (Ma) d SE (Ma) e % f

4 AC6 5 BAL 272,000 7,384,350 3,769 415.4 35.7 8.6%

LU4 5 ORD 273,074 7,392,891 3,385 153.6 13.1 8.5%

LU3 4 SAB 271,736 7,393,079 3,220 314.7 23.7 7.5%

LU9 h 3 ORD 283,558 7,390,518 2,787 110.6 10.7 9.7%

Note. Lithologies range from Puncoviscana Fm (PRC), Mesón Group (CAM), Santa Victoria Group (ORD), Pirgua (PIR), Balbuena (BAL) and Santa Bárbara (SAB) 
subgroups to Orán Group (ORA). Full (U-Th-Sm)/He data is provided in Table S1.
 aCorresponding tectonic block, for numbers see Figure 2.  bNumber of aliquots used, excluding outliers.  cUTM zone 20K.  dWeighted mean age calculated in IsoplotR, 
excluding outliers.  eStandard error (1σ) of the weighted mean age.  fPercentage of SE of the weighted mean age.  gSamples with age-Ft relationship.  hSamples with 
age-eU relationship.
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located at the windward side, because post-3 Ma denudation rates indicate a strong erosional gradient across 
the Tilcara Range (Pingel et  al.,  2019; see section 2.1) that might have affected pre-3 Ma cooling rates. For 
models run using age-elevation relationships (Table 3), we used the sampling elevation as input. For models using 
age-stratigraphy relationships, we calculated a “stratigraphic elevation” relative to the stratigraphically deepest 
sample by projecting samples onto cross-sections. We then measured the stratigraphic offset between samples, 
using the basement-Salta Group unconformity as a zero offset line. The resulting values were normalized, so 
that the stratigraphically deepest sample is located at zero m pseudo-elevation. This correction was conducted 
separately for all three sections, to account for irregularities in unit thicknesses within the Tilcara Range and San 
Lucas block. In cases where the basement-Salta Group unconformity has been eroded, the base of the Mesón 
Group was used as a zero offset line. Furthermore, variations in burial depth due to varying thickness of Ceno-
zoic strata and erosion of basement strata before deposition of the Salta Group have not been taken into account.

Models were consistently run with ≥100,000 repetitions post burn-in, to ensure strong likelihood and posterior 
chains. In cases where 100,000 iterations was an insufficiently large sampling size, we increased the number 
of iterations to 200,000 (Table  3). AFT-only models were regularly run with 200,000 iterations because of 
the increase in model fit with comparatively low extra computing time. We used a maximum bounding box of 
275 ± 275 Ma and 70 ± 70°C, 80 ± 80°C or 150 ± 150°C (AHe, AFT, and ZHe models, respectively). Present 
day temperature offset of the samples was set to a maximum of 10 ± 10°C, because all samples were at the 
surface when sampled. Additional time-temperature constraints based on when the samples were at the surface 
are documented in Table 3. In all cases, we present the expected model, which is a weighted mean model using 
the posterior probability for weighting. See Gallagher et al. (2009) for further information. A complete summary 
of QTQt models and their respective parameters and constraints is given in Table 3. Models that are not discussed 
in detail in the results section can be found in Figure S3 (Supporting Information S1).

TB b Sample
Litho-
logy UTM N c UTM E c Z (m) N d Ns Ni Nd

RhoS 
(x10 5)

RhoI 
(x10 5)

RhoD 
(x10 5) e

Age 
(Ma) f

±1σ 
(Ma)

P(χ 2) 
(%) g

Dpar 
(μm) h

SD 
(μm) i

1 AL5 PRC 265,330 7,407,390 3,732 17 44 708 4,076 10.746 172.906 9.924 11.7 1.8 61.1% 2.5 0.3

AL6 PRC 264,129 7,406,152 3,509 10 72 1,427 4,076 24.454 484.667 9.879 9.5 1.2 31.6% 2.6 0.2

AL7 PRC 263,544 7,405,230 3,306 10 27 455 4,076 9.080 153.016 9.849 11.1 2.2 73.5% 2.1 0.2

AL9 ORD 262,168 7,404,701 2,820 16 178 3,132 4,076 24.087 423.818 9.820 10.6 0.8 55.4% 2.3 0.3

2 AL3 PRC 270,128 7,405,319 3,631 20 41 633 4,076 7.417 114.511 9.984 12.3 2.0 97.7% 2.3 0.7

3 AC1 PRC 269,588 7,386,416 4,123 13 49 978 4,076 12.259 244.670 10.164 9.7 1.4 27.2% 2.3 0.3

AC2 PRC 270,123 7,386,139 3,894 12 36 911 4,076 8.607 217.815 10.119 7.6 1.3 80.9% 2.3 0.2

AL2 ORD 270,624 7,405,026 3,670 15 56 1,087 4,076 17.950 348.422 10.029 9.8 1.4 30.6% 2.6 0.2

LU2 PRC 270,443 7,390,822 3,607 15 58 1,346 5,187 9.028 209.501 12.904 10.6 1.4 76.5% 2.3 0.2

4 AC3 CAM 270,778 7,385,071 3,574 12 38 914 4,076 12.335 296.678 10.089 9.2 1.9 2.4% 2.4 0.2

AC6 BAL 272,000 7,384,350 3,769 12 39 1,284 4,076 7.477 246.172 10.059 6.9 1.6 1.1% 2.4 0.3

LU12 ORA 289,357 7,386,938 2,375 26 171 1,242 5,187 11.404 82.831 12.517 32.7 2.7 30.7% 3.2 0.5

LU3 SAB 271,736 7,393,079 3,220 15 34 782 5,187 8.569 197.078 12.839 10.6 1.9 92.5% 2.3 0.4

LU4 ORD 273,074 7,392,891 3,385 16 37 1,503 5,187 8.286 336.605 12.796 6.0 1.0 64.0% 2.3 0.3

LU5 ORD 274,792 7,391,378 3,415 21 66 2,328 5,187 11.080 390.812 12.753 6.9 0.9 88.8% 2.4 0.2

LU6 SAB 275,647 7,391,245 3,297 9 39 1,629 5,187 6.173 257.853 12.710 5.8 0.9 82.2% 2.6 0.3

LU7 SAB 277,533 7,391,911 3,263 5 12 381 5,187 5.889 186.984 12.646 7.6 2.2 78.9% 2.3 0.3

LU9 ORD 283,558 7,390,518 2,787 17 111 4,034 5,187 8.528 309.943 12.582 8.3 1.6 0.0% 2.4 0.2

MA2 ORD 274,321 7,397,718 3,477 7 10 206 5,187 8.692 179.065 12.432 11.5 3.7 32.7% 2.6 0.5

Note. For lithology abbreviations see caption of Table 1.
 aζ = 380.5 ± 7.5.  bCorresponding tectonic block, for numbers see Figure 2.  cUTM zone 20K.  dNumber of individual crystals dated.  eCN5 standard glasses monitored 
thermal neutron fluences.  fCentral age for samples that did not pass chi-square test, pooled age for all other samples.  gP(χ 2) (%) is the chi-square probability (Galbraith 
& Laslett, 1993; Green, 1981).  hCorrected Dpar calculated after Sobel and Seward (2010).  iStandard deviation of measured Dpars.

Table 2 
Apatite Fission Track Data a
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General constraints

Modeling interval a 0–550 Ma, 0–300°C Maximum cooling rate 1,000°C/Ma

eU resampling No Reheating Allowed

Iterations b ≥100,000/≥100,000 Gradient variation Allowed

Present day offset c ≤10 ± 10°C Surface temperature 10 ± 10°C

Model-specific constraints

Run

Stratigraphic constraints Sample constraints

Time (Ma) Temp. (°C) AHe AFT ZHe Trend d Offset (°C) e Iterations

5a 500 ± 50 0–20 AL3 S 35.01 200,000

510 ± 30 0–20 AL5

  AL8

5b 500 ± 50 0–20 AL5 E 27.36 200,000

465 ± 20 0–20 AL7

  AL9

5c 500 ± 50 0–20 AL5 S 24.21 100,000

510 ± 30 0–20 AL6

465 ± 20 0–20 AL7

  AL8

  AL9

5d 500 ± 50 0–20 AL3 S 36.81 100,000

510 ± 30 0–20 AL5 AL5

465 ± 20 0–20 AL6

  AL7 AL7

  AL8 AL8

  AL9

5e 500 ± 50 0–20 AL5 AL5 E 27.36 100,000

510 ± 30 0–20 AL7

465 ± 20 0–20 AL9

6a 510 ± 30 0–20 MA1 E 2.19 100,000

115 ± 15 0–20 TAC1

6b 465 ± 20 0–20 AL2 E 10.89 100,000

115 ± 15 0–20 TAC1

6c 465 ± 20 0–20 MA2 E 11.58 100,000

60 ± 2 0–20 MA3

6d 465 ± 20 0–20 AL2 E 16.68 100,000

115 ± 15 0–20 MA2

60 ± 2 0–20 MA3

  TAC1

6e 465 ± 20 0–20 AL2 E – 200,000

6f 465 ± 20 0–20 MA2 E – 200,000

6g 510 ± 30 0–20 AL2 AL2 E 10.89 100,000

465 ± 20 0–20 MA1

115 ± 15 0–20 TAC1 TAC1

Table 3 
QTQt Modeling Parameters and Constraints (Stratigraphic and Sample Constraints)
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Table 3 
Continued

Model-specific constraints

Run

Stratigraphic constraints Sample constraints

Time (Ma) Temp. (°C) AHe AFT ZHe Trend d Offset (°C) e Iterations

6h 465 ± 20 0–20 MA2 MA2 E 11.58 100,000

60 ± 2 0–20 MA3

7a 500 ± 50 0–20 LU1 S 48.21 100,000

  LU2

7b 465 ± 20 0–20 LU4 E 17.94 100,000

  LU9

7c 465 ± 20 0–20 LU4 S 27.99 100,000

  LU9

7d 500 ± 50 0–20 LU1 E 27.66 100,000

465 ± 20 0–20 LU2

60 ± 2 0–20 LU3

44 ± 6 0–20 LU4

  LU5

  LU6

  LU7

7e 500 ± 50 0–20 LU1 E 16.05 100,000

  LU2

7f 465 ± 20 0–20 LU9 E 18.84 200,000

60 ± 2 0–20 LU11

23 ± 15 0–20 LU12

7g 500 ± 50 0–20 LU2 E – 200,000

7h 465 ± 20 0–20 LU3 S 84.87 200,000

60 ± 2 0–20 LU4

44 ± 6 0–20 LU5

23 ± 15 0–20 LU6

  LU7

  LU12

7i 500 ± 50 0–20 LU1 LU1 E 16.05 100,000

  LU2 LU2 LU2

7j 465 ± 20 0–20 LU3 LU3 S 116.55 100,000

60 ± 2 0–20 LU4 LU4

44 ± 6 0–20 LU5

23 ± 15 0–20 LU6

  LU7

  LU9

  LU12

7k 465 ± 20 0–20 LU9 LU9 E 18.84 200,000

60 ± 2 0–20 LU11

23 ± 15 0–20 LU12 LU12



Tectonics

KOOTEN ET AL.

10.1029/2022TC007342

13 of 35

4. Results
4.1. Field Geology

From west to east, the study area is divided into four tectonic blocks (TB1-TB4), of which TB1-TB3 are located 
within the Tilcara Range and TB4 (San Lucas block) encompasses the area east of the Tilcara Range Frontal Fault. 
TB1 to TB3 consist of mostly Precambrian to Ordovician basement rocks that generally dip to the WSW-WNW 
(Figure 2). We found large domains of upper Cambrian-lower Ordovician rocks, identified by their character-
istic lithological assemblage, fossils and trace fossils. Discrepancies between existing maps (e.g., González & 
Tchilinguirian, 2003; Rodríguez-Fernández et al., 1999) can be explained by the improved accessibility of the 
Tilcara Range outcrops along newly-built roads, the increasing quality of satellite imagery used for interpola-
tion of formation boundaries and the large-scale character of the aforementioned maps. Both the Puncoviscana 
Formation and Santa Victoria Group show a strong lithological contrast to the intervening Mesón Group. This 
contrast is further accentuated by the Tilcaric unconformity, which is strongly angular near Huacalera. The alter-
nating lithologies in the Puncoviscana Formation and Santa Victoria Group allowed the accommodation of inten-
sive small-scale folding in these units (Figures 2 and 3a). In contrast, the competent sandstones and quartzites 
of the Mesón Group are less deformed and form excellent markers for large-scale deformation in the basement 
blocks of the Tilcara Range. Within the Tilcara Range there are also small, locally restricted outcrops of the 
Pirgua Subgroup (see also Kley et al., 2005).

Table 3 
Continued

Model-specific constraints

Run

Stratigraphic constraints Sample constraints

Time (Ma) Temp. (°C) AHe AFT ZHe Trend d Offset (°C) e Iterations

8a 500 ± 50 0–20 AC1 E 16.47 100,000

510 ± 30 0–20 AC2

70 ± 2 0–20 AC3

  AC6

8b 500 ± 50 0–20 AC1 E 6.87 100,000

  AC2

8c 510 ± 30 0–20 AC3 E 5.85 100,000

70 ± 2 0–20 AC6

8d 500 ± 50 0–20 AC1 E 6.87 200,000

  AC2

8e 500 ± 50 0–20 AC1 S 17.82 200,000

  AC2

8f 500 ± 50 0–20 AC1 AC1 AC1 E 16.47 100,000

510 ± 30 0–20 AC2 AC2

70 ± 2 0–20 AC3

  AC6

8g 500 ± 50 0–20 AC1 AC1 AC1 E 6.87 100,000

  AC2 AC2

8h 500 ± 50 0–20 AC1 AC1 S 17.82 100,000

  AC2

Note. Stratigraphic constraints describe broad time-temperature conditions at which the included samples were at the surface and are used as additional modeling 
constraints. Sample constraints describe the samples, low-temperature thermochronology methods and trends (age-elevation or age-stratigraphy, see Figure 4) included 
in the corresponding model.
 aTemperature interval for AHe-, AFT-, and ZHe-only models 0–140°C, 0–160°C, and 0–300°C, respectively.  bNumber of iterations burn-in and post-burn-in.  cPresent-
day offset maximum 10 ± 10°C, unless original offset was lower.  dAge-elevation (E) or age-stratigraphy (S).  eThermal offset between the hottest and coldest sample, 
based on a geothermal gradient of 30°C/km.
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NW-SE striking high-angle faults divide TB1–TB3 internally, as seen from offsets within the Precambrian to 
Ordovician basement. In some cases, they show an apparent strike-slip movement, as indicated in Figure 2a. Kley 
et al. (2005) suggest that these apparent strike-slip faults within the basement blocks of the Tilcara Range are 
in fact Cretaceous normal faults that were tilted during block rotation linked to fault activity along NNE-SSW 
striking reverse faults. Evidence supporting this is found within TB3, where one of the faults cuts off syn-rift 
strata of the Pirgua Subgroup against upper Cambrian-lower Ordovician rocks, suggesting a half-graben setting. 
The syn-rift strata consist of locally confined, proximal breccia grading into conglomerates and cross-bedded 
sandstones that unconformably overlie the Santa Victoria Group.

The tectonic blocks of the Tilcara Range are tilted along and separated by NNE-SSW high-angle, east-vergent 
reverse faults (Figure 2c, Alonso transect), recognized also by previous authors (Alonso et al., 2012; González 
& Tchilinguirian, 2003; Rodríguez-Fernández et al., 1999). A minor reverse fault with a similar orientation 
occurs west of Alonso (Figure  2a) and accommodates shortening within TB2. These faults appear to cut 
NW-SE striking faults (Figure 2a), suggesting that the most recent Andean shortening was accommodated 
by thrusting along the NNE-SSW fault system. Although we can only speculate about its timing and mech-
anism of formation, the existence of approximately north-striking, east-vergent Paleozoic reverse faults that 
have been reactivated during Andean shortening has been proven in the Eastern Cordillera and specifically 
within the Tilcara Range (e.g., Barrabino et al., 2015). The NNE-SSW striking fault system continues up to 
the Tilcara Range Frontal Fault, which marks a transition in structural elevation and outcropping lithologies, 

Figure 3. (a) Small-scale folding in the Santa Victoria Group east of Alonso. Due to alternating competent and incompetent lithologies, the Santa Victoria Group 
strata can easily accommodate strain. (b) Angular unconformity (30°) between the Santa Victoria Group and the Cretaceous Pirgua Subgroup at Quebrada Amarilla. 
(c) Paraconformity between the Mesón Group and the Cretaceous-Paleogene Yacoraite Formation near Las Animas. (d) Footwall syncline in the Cretaceous-Paleogene 
succession. The Yacoraite Formation and Pirgua Subgroup show an overturned western limb.
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and forms the boundary between the Tilcara Range and the San Lucas block. A direct fault contact between 
basement strata of the Tilcara Range and syn-rift strata of the San Lucas block (Figure 2a) is not visible in the 
field, but the fault is causally linked to the formation of a close (interlimb angle ∼ 35°), east-verging footwall 
syncline within the Salta Group of the San Lucas block, which can be traced along the Tilcara Range Frontal 
Fault for several kilometers (Figure  2a). The western limb of this syncline bordering the reverse fault has 
been overturned (Figure 2c, Alonso and Las Animas transect). Similar folds showing an identical NE-SW to 
NNE-SSW strike can be observed farther east, suggesting the presence of possibly blind reverse or thrust faults 
within TB4 (Figure 2c, San Lucas transect). Toward the east, the Salta Group and the overlying Orán Group 
form increasingly open, upright folds. The presence of the Lumbrera Formation, with a middle-late Eocene 
depositional age known from the vertebrates fossil record assigned to the Riochican-Casamayoran (Pascual 
et al., 1981) and U-Pb dating of a tuff layer near its top (Del Papa et al., 2010), within the synclines shows that 
fault activity along the Tilcara Range Frontal Fault, and in general shortening within the San Lucas block, must 
be younger than the late Eocene.

Within the Tilcara Range, most of the Salta Group has been eroded and is only present in small outcrops 
related to synclines. In contrast, east of the Tilcara Range Frontal Fault, a full succession of the Salta Group is 
preserved, from basal conglomerates of the Pirgua Subgroup to the transition of the Santa Bárbara Subgroup 
into the overlying Orán Group close to San Lucas. Both in the northern and middle part of the area, the Pirgua 
Subgroup unconformably overlies the Santa Victoria Group (Figure 2a). In the north, we observed a strong 
angular unconformity (30°, Figure 3b), whereas at Huairahuasi the angle is significantly smaller (<11°). We 
attribute this angular variety to folding of the Santa Victoria Group before deposition of the Salta Group, also 
shown in other locations within the Eastern Cordillera (e.g., Alonso et al., 2012). Short wavelength folding is 
also clear from rapidly changing bedding orientations within the Puncoviscana Formation and Santa Victoria 
Group (Figure 2). However, large-scale folding with NE-SW to NNE-SSW striking fold axes also occurs in the 
Santa Victoria Group (Figure 2a), suggesting that Andean deformation has affected these rocks as well as the 
Salta Group strata.

The thickness of the Salta Group varies from north to south and west to east, largely controlled by the thickness 
changes of the Pirgua Subgroup. Transects in Figure 2c and sections from Boll et al. (1989) 5 km south of the 
Alonso transect, document a rapidly decreasing thickness of the Pirgua Subgroup from 413 m in the north to 
10 m at Huairahuasi (compare sections in Figure 2c). South and east of Huairahuasi, the Pirgua Subgroup is not 
preserved, leaving the Yacoraite Formation resting paraconformably on top of the Mesón and Santa Victoria 
Groups (Figure 3c) near Las Animas and San Lucas. Although the Balbuena Subgroup retains a relatively stable 
thickness from north to south and west to east, the thickness of the Santa Bárbara Subgroups varies from >487 m 
in the north (Boll et al., 1989) to >206 m in the south and >650 m in the west to 492 m in the east. The latter 
strongly contrasts with the measured thickness of >198.8 m at the Rio San Lucas by Boll et al. (1989).

The relatively large thickness of the Pirgua Subgroup north of Quebrada Amarilla, its rapid thinning toward 
the south and the presence of breccias and proximal conglomerate levels at its base suggest the presence of 
a remnant NW-SE striking Cretaceous normal fault north of Quebrada Amarilla, compatible with the data of 
Kley et al. (2005). Combined with locally confined and fault-bound outcrops of syn-rift strata within the Tilcara 
Range, this supports the general idea that at the margins of the Lomas de Olmedo sub-basin, the thickness of the 
Pirgua Subgroup varies dramatically due to its deposition in local half-graben settings (Marquillas et al., 2005; 
Salfity & Marquillas, 1994).

4.2. Thermochronology

Thermochronological data were plotted in age-elevation and age-stratigraphy diagrams to analyze trends 
(Figure 4). We calculated regression lines using a linear fit based on weighted mean cooling ages that exclude 
outliers. Visual guides were traced by hand (Figure 4, dashed lines) whenever sample statistics were not robust 
enough to calculate a fit (i.e., for trends with only two samples or for samples with high dispersion), but visually 
a trend could be seen. AHe ages range from 1.7 ± 0.5 Ma to 43.5 ± 1.8 Ma (excluding one outlier) and show 
a decrease from west to east, concordant with sampling elevation (Figure 4 and S1). AHe ages at the leeward 
side of the Tilcara Range are generally older than ages at similar elevations at the windward side. Within 
coherent NW-SE transects, there is a pervasive positive age-elevation trend across the Tilcara Range Frontal 
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Figure 4. Diagrams of the (a) Alonso transect, (b) San Lucas transect, and (c) Las Animas transect showing single-grain AHe and ZHe ages, as well as AFT 
ages plotted against the distance along the section. Schematic geological sections (see also Figure 2c) with swath profiles show the location and elevation of the 
samples. Samples are projected onto the section and the location of faults and formation boundaries are drawn relative to the samples. Transects are accompanied by 
age-elevation and age-stratigraphy plots, including calculated regression lines (solid) and visual guides (dashed). Note the breaks in the y- and x-axes.
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Fault (Figure 4),  indicating a lack of significant fault activity after exhumation beyond the APRZ. Within the 
AL9-AL5 vertical profile of TB1, AHe ages range from 43.5 ± 1.8 Ma to 8.4 ± 0.2 Ma and show a disperse but 
positive age-stratigraphy trend (Figure 4a). Assuming the lower, stratigraphically younger samples were only 
partially reset, this could explain the increasingly scattered ages in these samples. Similarly, the overdispersion of 
single-grain AHe ages within sample AL4 (TB2) could be caused by partial resetting. However, fully reset AFT 
ages and burial of the samples to >4.5 km (see e.g., Siks & Horton, 2011) suggest that AHe ages should be fully 
reset. For sample AL4, an age-ESR trend could provide an alternative explanation for dispersion, but the small 
absolute difference in ESR and rapid exhumation also make this an unlikely solution. AHe ages show no offset 
across faults and between TB2 and TB3 there is a positive age-elevation trend. Within the San Lucas transect, 
samples LU1-LU7 and LU9-LU12 form continuous age-elevation trends, although the latter shows a slight offset 
toward older ages. This might suggest that minor thrust or reverse faults disturb the basement strata internally. In 
theory, partial resetting of AHe cooling ages could also explain a deviation from the general age-elevation trend. 
However, the samples show late Miocene to Pleistocene cooling ages, whereas the depositional ages of the source 
rocks range from the upper Cambrian to the Miocene. Furthermore, samples LU9-LU12 show a continuous 
age-elevation trend with a similar slope as the trend seen in samples LU1-LU7.

AFT ages range from 5.8 ± 0.9 Ma to 12.3 ± 2.0 Ma for reset ages. Coinciding with the AHe age distribution, 
spatial relationships between samples are disrupted within tectonic blocks. We attribute this to disruption of 
the age pattern due to fault activity and propagation of fault activity from north to south. AFT ages from the 
leeward side show a positive, near-vertical age-elevation trend, contrasting with the negative trend seen in the 
AHe data (Figure 4a). Again, there is no evidence for fault activity between the tectonic blocks, suggesting that 
late Miocene exhumation of these fault blocks occurred homogeneously and fault activity along the NNE-SSW 
fault system ceased before exhumation through the APAZ.

At the windward side of the Tilcara Range, AFT cooling ages do not show a general age-elevation trend, contrary 
to the AHe data (Figure 4). Instead, the samples adhere to an overall positive age-stratigraphy trend (Figure 4 and 
S1). We attribute the lack of an age-elevation relationship to the interplay of both absolute sampling elevation 
and Cenozoic burial depth, and suggest that the majority of folding and faulting within TB4 must have taken 
place after cooling through the APAZ, placing an important constraint on deformation in this block. The strati-
graphically highest sample LU12 has an age of 32.7 ± 2.7 Ma: this comparatively old age likely results from 
the limited thickness of foreland strata to the east, which cannot have buried the sample deeply enough to cause 
resetting prior to a Miocene-Pliocene exhumation event. Several samples from the Santa Bárbara Subgroup also 
show ages that are older than expected for the general age-stratigraphy trend and might only be partially reset. 
AFT ages show a subtle age offset across the Tilcara Range Frontal Fault in all three transects, with slightly 
younger  ages  in the hanging wall (Figure 4). The minor offset indicates that fault-related exhumation beyond the 
APAZ was limited.

ZHe ages range from 24.1 ± 0.2 Ma to 560.8 ± 10.0 Ma (excluding one young and one old outlier). The highest 
sample in TB3 within the Alonso transect shows two age populations: one Early-Middle Jurassic and one late 
Cambrian-early Silurian. We cannot exclude either of these based on ICP-MS data, grain geometry or intragrain 
impurities and there is no age-eU or age-Ft relationship. Because both populations are older than the Cretaceous 
depositional age, we argue that the sample is partially reset and that the ZHe ages show an age distribution 
that reflects the detrital provenance—and as such the radiation damage history—of the single aliquots. ZHe 
single-grain ages do not show an overall age-elevation trend, nor an overall age-eU trend (Figure S1 in Supporting 
Information S1). However, within TB1, ZHe samples show a positive age-stratigraphy trend, similar to the AHe 
data. Within TB4, there is a positive age-elevation and/or age-stratigraphy trend, neither confirming nor rejecting 
the hypothesis that deformation in this block took place after cooling beyond the APAZ. The sample LU3 shows 
ZHe ages that are older than its depositional age (Figure 4b), and was not fully reset. Similar to sample LU3, 
the TB4 sample in the Las Animas transect is non-reset and reflects detrital provenance rather than Paleogene 
exhumation. Since sample LU3 fits only on an age-stratigraphy trend (Figure 4b) it is likely that deformation took 
place after cooling through the ZPRZ.

ZHe samples were collected from both sides of the reverse faults dividing the tectonic blocks (Figure 4). Although 
from TB2 to TB3, ages appear to be offset (Figure 4a), age-elevation plots across the fault show that there is a 
continuous positive age-elevation trend from TB2 to TB3. Within the windward side of the Tilcara Range, ZHe 
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data across the Tilcara Range Frontal Fault show a clear offset toward younger ages in the hanging wall block 
(Figures 4b and 4c), indicating that there has been fault activity after the samples cooled through the ZPRZ.

4.3. QTQt Modeling

Based on the different trends for AHe, AFT and ZHe samples described above, we initially created single-method 
QTQt models. Depending on the trend seen in the thermochronological data (Figure 4), models were run in 
age-elevation and/or age-stratigraphy space. Age-elevation models use the sampling elevation, whereas 
age-stratigraphy models use the stratigraphic pseudo-elevation of samples, measured from the cross-sections 
in Figure  2c (see section 3.5 for full methodology). Age-elevation models are based on the assumption that 
deformation processes, which change spatial relationships between samples, terminated before cooling through 
the APRZ, APAZ or ZPRZ. In contrast, age-stratigraphy models assume deformation has not yet occurred. 
Single-method models (see Figure S3 in Supporting Information S1) that showed robust results were combined 
into multi-method models, which were preferably used for interpretation of thermal histories (Figures  5–8). 
For age-elevation (age-stratigraphy) models where single-grain ages of one method are incompatible with an 
age-elevation (age-stratigraphy) trend, we still used at least one sample of that method to impose better time 
and temperature constraint. Cooling rates are calculated from the visual inflection points of the hot sample 95% 
confidence interval, obtaining a lowest and highest cooling rate for the most recent exhumation phase. We report 
these as average cooling rates with standard deviation.

4.3.1. Alonso Transect (Leeward)

Early exhumation within TB1 and TB2 is constrained by a multi-sample age-stratigraphy ZHe model (model 
5a, Figure S3 in Supporting Information S1) that we modeled following the age-stratigraphy relationship seen 
in Figure 4a. Predicted ZHe ages are generally slightly older than observed ages. Although the model suggests 
an early, pre-Salta Group exhumation of the Tilcara Range between the Carboniferous and the Early Cretaceous 
(330-140 Ma), ZHe ages cannot constrain the Miocene-Pliocene exhumation well, suggesting an onset of exhu-
mation between 16 and 2 Ma.

Andean exhumation is constrained by single- and multi-method models using AHe and AFT samples. An 
age-elevation AFT model for TB1 (model 5b, Figure 5b; see also Figure 4a), shows an onset of rapid exhumation 
between 24 and 16 Ma. In contrast, an AHe model for TB1 (model 5c, Figure S3 in Supporting Information S1) 
using an age-stratigraphy relationship (see also Figure 4a) proposes an early, Cretaceous exhumation with an 
onset between 135 and 114 Ma, as well as a Miocene exhumation starting between 13 and 10 Ma with a decreas-
ing exhumation rate <9 Ma. For both models, predicted ages show a fairly good fit with the observed ages. The 
discrepancy in the onset of exhumation between the models can be explained by the different temperature inter-
vals that AHe and AFT cooling ages document. As such, AFT ages are better suited to document early cooling 
and the earliest onset of exhumation.

We ran one multi-method age-stratigraphy model (model 5d, Figure  5c) for TB1 and TB2, using five AHe, 
one AFT and three ZHe ages. The model shows an early pulse of exhumation from the Mississippian to the 
Early Jurassic (335-200  Ma), which is roughly within the timeframe given by model 5a. The samples were 
re-buried below the APAZ between 245 and 26 Ma. Late Oligocene to Miocene exhumation is well-constrained 
in this model and started at approximately 26 Ma, slightly earlier than in model 5b. An age-elevation model 
for TB1 (model 5e, Figure 5d) that excludes AHe ages shows Andean rapid exhumation starting in the early 
Miocene (21-16 Ma) and slowing down in the middle Miocene (13-12 Ma). Although both multi-sample models 
agree on a late Oligocene to middle Miocene (26-16 Ma) onset of rapid exhumation, model 5d shows a much 
tighter constraint on the timing of exhumation, which could also be connected to the larger number of samples 
modeled. Furthermore, observed ages are more in accordance with predicted ages in model 5d, suggesting a 
higher reliability.

4.3.2. Alonso Transect (Windward)

Pre-Cretaceous exhumation of the windward side of the Tilcara Range is constrained by a ZHe model for TB3 
(model 6a, Figure S3 in Supporting Information S1). Samples were modeled in age-elevation space, based on the 
small amount of internal deformation of TB3 after the onset of cooling. Predicted ages match the observed ages 
well. The model shows an early exhumation from the Late Jurasic to the Early Cretaceous (150-117 Ma) to bring 
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Figure 5. Modeling results for the leeward side of the Alonso section. (a) Shows the subset of samples used for individual models (see also Table 3) and its location on 
the section. Models marked in gray are shown in Figure S3 in Supporting Information S1. The Tilcara Range Frontal Fault is marked in red. Models (b) 5b, (c) 5d and 
(d) 5e are shown as the expected t-T-path and 95% confidence interval of the hot and cold sample. Average cooling rates with standard deviation are shown for the most 
recent exhumation phase. All models show the predicted and observed single-aliquot ages and the log likelihood (LL) to the right.
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Figure 6. Modeling results for the windward side of the Alonso section. (a) Shows the subset of samples used for individual models (see also Table 3) and its location 
on the section. Models marked in gray are shown in Figure S3 in Supporting Information S1. The Tilcara Range Frontal Fault is marked in red. Models (b) 6b, (c) 6g, 
and (c) 6h are shown as the expected t-T-path and 95% confidence interval of the hot and cold sample. Average cooling rates with standard deviation are shown for the 
most recent exhumation phase. All models show the predicted and observed single-aliquot ages and the LL to the right.
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Figure 7. Modeling results for the windward side of the Alonso section. (a) Shows the subset of samples used for individual models (see also Table 3) and its location 
on the section. Models marked in gray are shown in Figure S3 in Supporting Information S1. The Tilcara Range Frontal Fault is marked in red. Models (b) 7i, (c) 7j and 
(c) 7k are shown as the expected t-T-path and 95% confidence interval of the hot and cold sample. Average cooling rates with standard deviation are shown for the most 
recent exhumation phase. All models show the predicted and observed single-aliquot ages and the LL to the right.
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Figure 8. Modeling results for the windward side of the Alonso section. (a) Shows the subset of samples used for individual models (see also Table 3) and its location 
on the section. Models marked in gray are shown in Figure S3 in Supporting Information S1. The Tilcara Range Frontal Fault is marked in red. Models (b) 8c, (c) 8f, 
and (c) 8g are shown as the expected t-T-path and 95% confidence interval of the hot and cold sample. Average cooling rates with standard deviation are shown for the 
most recent exhumation phase. All models show the predicted and observed single-aliquot ages and the LL to the right.
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upper Cambrian-lower Ordovician basement to the surface. Although it is clear that the samples were again buried 
below the APAZ until 60-47 Ma, the timing of Andean exhumation is poorly constrained. Some iterations show an 
onset of exhumation between 62 and 47 Ma, but a large number of iterations suggest the final pulse of exhumation 
may have started between 26 and 15 Ma. The latter seems to be more in agreement with the AHe and AFT models.

Miocene-Pliocene exhumation is constrained by AHe, AFT and multi-method models. AHe age-elevation models 
were run separately for TB3 and TB4 to compare the timing of deformation on both sides of the Tilcara Range 
Frontal Fault. The TB3 model (model 6b, Figure 6b) shows exhumation starting between 21 and 11 Ma with a 
slightly decreasing rate of exhumation at approximately 6 Ma. The TB4 model suggests an onset of rapid exhu-
mation between 16 and 15 Ma, within the same interval seen in model 6b (model 6c, Figure S3 in Supporting 
Information S1), but no decrease of the exhumation rate. We also ran a model across the Tilcara Range Frontal 
Fault (model 6d, Figure S3 in Supporting Information S1), which proposes an onset of exhumation between 18 
and 12 Ma, in between the TB3 and TB4 model. In all cases, the majority of the predicted AHe ages is older than 
the corresponding observed ages.

We ran separate single-sample AFT models for TB3 and TB4 (model 6e and 6f, respectively). The model for TB3 
(model 6e, Figure S3 in Supporting Information S1) suggests an onset of exhumation between 17 and 14 Ma, 
whereas the model for TB4 (model 6f, Figure S3 in Supporting Information S1) shows continuous exhumation 
starting between 22 and 17 Ma. The predicted versus observed fit is better for model 6f. The AFT models do not 
add any significant constraint on the timing of exhumation.

TB3 and TB4 were modeled separately in multi-method, multi-sample models. The TB3 model uses two AHe, 
one AFT and two ZHe ages in age-elevation space, based on the AHe and ZHe single-method models (model 
6g, Figure  6c). It suggests a first pulse of rapid exhumation for the hot sample starting in the Early Creta-
ceous (133-123 Ma). This is within the exhumation timeframe given by model 7a. From 118 Ma, the samples 
were buried well below the APAZ (>160°C). Andean exhumation started between 14 and 8 Ma, slowing down 
between 8 and 7 Ma, coinciding with model 6b. The TB4 model uses two AHe ages in age-elevation space and 
one AFT age for better constraint (model 6h, Figure 6d). It proposes burial >100°C after deposition of the Santa 
Bárbara Subgroup at approximately 62 Ma. The onset of continuous exhumation occurred between 18 and 16 Ma, 
slightly earlier than in AHe model 6c. Again, predicted AHe cooling ages are slightly older than observed ages, 
but the model fit for AFT and ZHe data is good. Similar to the single-sample AFT models, the onset of exhuma-
tion occurred earlier in TB4 than in TB3.

4.3.3. San Lucas Transect

Early pre-Salta Group exhumation was inferred from ZHe models that were run in both age-stratigraphy and 
age-elevation space. Based on the assumption that block-internal folding and rotation happened after the samples 
cooled through the ZPRZ, age-stratigraphy trends are theoretically more accurate. However, the effect of the 
deformation on inter-sample relationships and thermal gradients for the ZHe samples might be too small to 
notice. The TB3 age-stratigraphy model (model 7a, Figure S3 in Supporting Information S1), although better 
than the age-elevation model, does not provide good constraints on pre-Salta Group exhumation. Furthermore, 
predicted ZHe ages are much older than the observed ages. For TB4, the age-elevation (model 7b, Figure S3 in 
Supporting Information S1) and age-stratigraphy model (model 7c, Figure S3 in Supporting Information S1) 
yield very similar results with a well-constrained onset of exhumation between 136 and 121 Ma (138 and 112 Ma 
for model 7c). For this model, ZHe ages show a better observed versus predicted fit. Using a third, Paleogene 
sample for the TB4 models does not increase the model fit. Unfortunately, none of the models provide good 
constraints on the timing of Miocene exhumation.

To constrain the Andean exhumation, we ran a multi-sample AHe model (model 7d, Figure S3 in Supporting 
Information S1) that crosses the Tilcara Range Frontal Fault because of the age-elevation relationship for AHe 
samples in TB3 and TB4. The model suggests burial at <44 Ma, based on the Santa Bárbara Subgroup deposi-
tional age. Miocene exhumation started between 14 and 11 Ma and slowed down after 9 Ma, which is similar 
to model 5c but earlier than model 6b and 6g. A separate model for TB3 (model 7e, Figure S3 in Supporting 
Information S1) yields a similar timing of exhumation, starting between 11 and 10 Ma and slowing down between 
9 and 8 Ma. In contrast, the easternmost part of TB4 (samples LU9-LU12, model 7f) shows a badly-constrained 
phase of burial between 30 and 5 Ma below the APRZ and an onset of exhumation between 5 and 4 Ma, much 
later than models 7d and 7e.
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Similar to model 7e, a single-sample AFT model from TB3 (model 7g, Figure S3 in Supporting Information S1) 
shows an onset of exhumation between 22 and 16 Ma. A multi-sample age-stratigraphy AFT model for TB4, 
which assumes that most of the block-internal deformation happened after cooling through the APAZ (model 7h, 
Figure S3 in Supporting Information S1), suggests burial of the cold sample from approximately 27 Ma, followed 
by rapid exhumation that started between 10 and 8 Ma. This shows that in the San Lucas transect the onset of 
exhumation in TB4 occurred later than in TB3. Although the model predicts ages that are too old for the upper 
three samples, it obtains a good Dpar fit throughout the sample column.

We also modeled TB3 and TB4 separately for multi-method models. The age-elevation model for TB3 (model 7i, 
Figure 7b), using two AHe, one AFT and two ZHe ages with an age-elevation relationship, shows burial below the 
APAZ from approximately 45 Ma. Exhumation started between 15 and 13 Ma, and slowed down <8 Ma. Similar 
to the ZHe models, predicted ZHe ages are too old compared to the observed ages, which might be connected 
to a too-shallow modeled Cenozoic burial of the samples. Although we also ran an age-stratigraphy model with 
one AFT and two ZHe ages, we prefer the age-elevation model (7i) because of the larger number of constraints 
placed by the sampling and the resulting constraints on the Miocene exhumation. The use of AFT and ZHe ages 
in an age-elevation model should not result in major errors, because TB3 is not folded internally and inter-sample 
relationships are preserved. For TB4 we used age-stratigraphy space, because the AFT samples do not adhere to 
an age-elevation trend. The model (model 7j, Figure 7c) yields an onset of exhumation at 10 Ma. Even though the 
uppermost AFT sample shows a predicted age that is too old, the other AFT samples, Dpar values and ZHe ages 
show a good fit. An age-elevation model of the far eastern part of TB4 (model 7k, Figure 7d) yields an onset of 
exhumation for the hot sample <6 Ma, roughly coinciding with model 7f. ZHe predicted ages are again too old in 
this model, for similar reasons as described above.

4.3.4. Las Animas Transect

Although pre-Cretaceous exhumation cannot be constrained well by ZHe models of the Las Animas transect, 
single- and multi-sample models are able to constrain Miocene exhumation. We ran one AHe model crossing 
the Tilcara Range Frontal Fault (model 8a, Figure S3 in Supporting Information S1) that suggests exhumation 
starting before 9 Ma, but the model does not give any hard constraints for the minimum age of onset. The separate 
age-elevation model for TB3 (model 8b, Figure S3 in Supporting Information S1) yields exhumation beginning 
between 11 and 10 Ma. The TB4-specific model (model 8c, Figure 8b) shows burial <70 Ma, constrained by the 
depositional age of the Santa Bárbara Subgroup, and exhumation starting around 15 Ma at the earliest, increasing 
slightly at approximately 4 Ma. The separate models for TB3 and TB4 both constrain the onset of exhumation 
better than the combined model and are not affected by fault motion. Furthermore, predicted AHe cooling ages 
match the observed ages quite well.

Multi-sample age-elevation and age-stratigraphy AFT models for TB3 (model 8d and 8e, Figure S3 in Supporting 
Information S1) both show similar t-T-paths with an early-middle Miocene onset of exhumation (17-12 Ma and 
19-13 Ma, respectively). Unfortunately, both AFT samples in TB4 did not pass the chi-square test and were thus 
not considered for modeling.

We ran a multi-sample age-elevation model across the Tilcara Range Frontal Fault (model 8f, Figure 8c), which 
yielded an onset of rapid exhumation at 11 Ma, corresponding to the AHe model for TB3. An age-elevation 
model for TB3 (model 8g, Figure 8d) shows Late Jurassic-Early Cretaceous exhumation (165-102 Ma), burial 
at <102 Ma below the APAZ and rapid exhumation beginning between 18 and 16 Ma, coinciding with the earliest 
timeframe given by the AFT model 8d. Although we ran an age-stratigraphy model, which excluded AHe ages, 
the Tertiary history of that model was badly constrained whereas the Miocene history was very similar to model 
8g. Thus, the age-elevation and age-stratigraphy model show great similarities, indicating that internal deforma-
tion after cooling through the ZPRZ and APAZ did not affect the modeling interval for Miocene exhumation.

4.3.5. Summary of Modeling Results

The timing of pre-Salta Group exhumation is well-constrained for both the leeward and windward side of the 
Tilcara Range. ZHe models from the western Alonso transect show an early phase of exhumation from the 
Carboniferous to the Early Cretaceous (335-140 Ma), which is confirmed by the multi-method model. However, 
north of the Alonso transect the Salta Group rests unconformably on top of upper Cambrian-lower Ordovician 



Tectonics

KOOTEN ET AL.

10.1029/2022TC007342

25 of 35

(Santa Victoria Group) basement, indicating that the samples may have been close to the surface as late as the 
Cretaceous (115 ± 15 Ma). The latter is also suggested by ZHe and multi-method models from the windward side, 
which consistently show a Late Jurassic to Early Cretaceous phase of exhumation (between 150 and 110 Ma), 
with most of the models showing an onset of exhumation between 140 and 115 Ma.

Cooling related to Andean exhumation began earlier in TB1 and TB2, compared to TB3 and TB4 (Alonso tran-
sect), and the cooling rate also shows an earlier decrease in the westernmost tectonic blocks. Furthermore, cool-
ing rates for the most recent Andean exhumation phase are notably lower for the leeward side of the Tilcara Range 
than for the windward side. Models from the leeward side of the Tilcara Range show an onset of exhumation in 
the late Oligocene-middle Miocene (26-16 Ma) and two models show a decrease of exhumation rates after 13 Ma. 
In contrast, the windward side of the Alonso transect shows an onset of exhumation between 21 and 11 Ma for 
TB3 and 22-15 Ma for TB4, with a decrease in exhumation rate for TB3 around 7 Ma. Models from the San Lucas 
transect also show a decreasing rate around 7 Ma for TB3. Models from the Alonso, San Lucas and Las Animas 
transects all show a similar onset of cooling for TB3 (21-11 Ma, 22-10 Ma and 18-11 Ma, respectively). Although 
for the Alonso and Las Animas transect the onset of exhumation for TB3 and TB4 are roughly contemporaneous, 
models from the San Lucas transect show a younger onset between 10 and 8 Ma. The San Lucas transect models 
are theoretically more reliable, because the larger number of samples within this transect encompass a broader 
swath of stratigraphy and structure. Models for the far eastern part of TB4 (San Lucas transect) show an onset of 
exhumation between 6 and 4 Ma, younger than the decrease in exhumation rate in TB3 at approximately 7 Ma. 
This suggests that propagation of fault-related exhumation across the Tilcara Range Frontal Fault occurred in the 
latest Miocene-earliest Pliocene.

5. Discussion
5.1. Pre-Andean Exhumation

Although the apatite low-temperature thermochronology is only able to show exhumation related to the Andean 
orogeny, ZHe samples have not received a sufficiently large overprint to erase earlier exhumation events. The 
majority of ZHe samples from TB1–TB4 record an early period of exhumation within the lower Cretaceous 
(140-115 Ma), showing an earlier onset than rift shoulder exhumation in the Brealito basin (130-80 Ma, Deeken 
et al., 2006), the Sierra de Quilmes (105-76 Ma, Carrapa et al., 2014) or at the Cumbres Calchaquíes (Sobel & 
Strecker, 2003) to the south. Stratigraphic relations of basal Salta Group units overlying basement directly show 
that Cambrian-Ordovician strata were at the surface during deposition of syn-rift strata. Farther north, the Salta 
Group overlies Jurassic, Carboniferous and Silurian-Devonian basement (e.g., Siks & Horton, 2011). Whereas 
the absence of Jurassic and Carboniferous strata in the Tilcara Range is related to the southern boundary of the 
Tarija basin, which was located along the Michicola arch north of the study area (Starck, 1995), the absence of 
Silurian-Devonian strata within the Tilcara Range and the San Lucas block shows a marked pre-rift exhumation 
gradient from north to south (Kley et al., 2005; Starck, 1995). Although the depositional age of the Salta Group 
was used as a constraint in many models, thus fixing the upper limit of pre-Cretaceous exhumation, several 
models show an upper limit of cooling in the Cretaceous, regardless of further post-depositional constraints, 
strongly suggesting a pre-rift exhumation of the Tilcara Range, which we link to normal movement along NW-SE 
striking faults, associated with Salta rift extension (see also Kley et al., 2005). These faults segment the basement 
uplifts of the Tilcara Range lithologically but do not offset NNE-SSW striking reverse faults, indicating that these 
particular pre-existing faults might not have been activated during the most recent phase of the Andean orogeny. 
In contrast, there is evidence of major inverted normal faults directly north of the study area, within the Cianzo 
basin (Kley et al., 2005; Siks & Horton, 2011; Starck, 2011).

5.2. Andean Uplift of the Tilcara Range

The Tilcara Range and the San Lucas block were buried by up to 4.5 km of Neogene foreland strata (Siks & 
Horton, 2011), sourced from the Andean orogenic wedge to the west (DeCelles et al., 2011). However, this burial 
was not deep enough to reset the zircon helium system; therefore, ZHe data from the Precambrian-Ordovician 
basement units are unable to document Andean exhumation. Fortunately, low-temperature apatite thermochro-
nology is able to constrain the Miocene-Pliocene history of the Tilcara Range and the San Lucas block. Thermal 
modeling shows that exhumation of the leeward TB1-TB3 related to the propagation of the Andean wedge started 
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in the late Oligocene-early Miocene (26-16 Ma; Figure 9). Multi-method models also provide a tentative upper 
constraint for rapid exhumation of TB1, presumably driven by fault activity, between 13 and 12 Ma. AHe cooling 
ages are not able to constrain the earliest phase of the exhumation, but record a decrease of the exhumation rate 
<9 Ma, in the late Miocene. Although the latter is in agreement with data from Reynolds et al. (2000), constrain-
ing pronounced deformation within the Tilcara Range to 10-4 Ma, reconstructions of Henríquez et al.  (2022) 
suggest shortening and exhumation within the Tilcara Range <6.5 Ma. We propose an earlier onset of exhuma-
tion based on thermal modeling. Results from other studies that propose a propagation of deformation from the 
Puna to the Eastern Cordillera in the late Eocene or early Oligocene (Coutand et al., 2001; Elger et al., 2005; 
Hongn et al., 2007), also indicate that an early Miocene onset of exhumation at the eastern border of the Eastern 
Cordillera is plausible.

At the windward side of the Tilcara Range, a general decrease of AHe cooling ages from west to east coincides 
with lower elevation toward the east and the transition from a high orographic barrier to the Andean foreland. 
AHe cooling ages in all transects show age-elevation relationships that persist over the Tilcara Range Frontal 
Fault and NNE-SSW striking intrablock faults. Thermal models for TB3 along all transects indicate a coeval 
onset of exhumation along-strike. In general, the models suggest that the onset of exhumation for the windward 
side of the Tilcara Range occurs at a slightly later stage than for the leeward side (leeward: 26-16 Ma, wind-
ward: 22-10 Ma). This is in agreement with a systematic younging of cooling ages toward the east (Reiners 
et al., 2015), as well as an overall eastward propagation of deformation and uplift within the Puna and Eastern 
Cordillera (Carrapa et al., 2011; Deeken et al., 2006; Gubbels et al., 1993; Henríquez et al., 2022). Furthermore, 
many models show a decrease of exhumation at ∼7 Ma, which might serve as an upper constraint for fault-related 
exhumation of TB3 (Figure 9). Although this disagrees with data from the central part of the Eastern Cordil-
lera, showing that deformation within the Eastern Cordillera ceased at 9–10 Ma (Allmendinger & Zapata, 2000; 
Gubbels et  al., 1993), other studies (Henríquez et  al., 2022; Pingel et  al., 2013; Reynolds et  al., 2000, 2001; 
Siks & Horton, 2011) suggest that the easternmost border of the Eastern Cordillera was active also in the late 
Miocene. Rahl et al. (2018) attribute provenance changes in Neogene foreland basin sediments at 23°S to grow-
ing topography at the eastern border of the Eastern Cordillera. Similar to the results of Siks and Horton (2011) 
from the Cianzo basin, they find evidence for blocking of far western sediment sources through the uplift of 
mountain ranges bounding the Eastern Cordillera by the late Miocene, between 12 and 7 Ma. This is consist-
ent with increasing sedimentation rates in the foreland strata by 9 Ma, because of orographic barrier uplift and 
increased localization of erosion at the orogenic front (Echavarria et al., 2003). Concurrently, average cooling 
rates for models at the leeward side of the Tilcara Range are notably lower than cooling rates for the windward 
side (6.0–6.6°C/Ma leeward vs. 7.2–15.9°C/Ma windward), also indicating more effective erosion at the wet side 
of the range and the establishment of an orographic barrier during the most recent phase of Andean exhumation 
in the Miocene-Pliocene. Although denudation rates determined from cosmogenic nuclides ( 10Be from fluvial 
sands; Pingel et al., 2019) show a strong variation from 3 Ma, the thermal models show that the uplift of the 
Tilcara Range must have affected the erosional gradient pre-3 Ma.

Figure 9. Schematic section showing the timeframe of rapid exhumation for different parts of the Tilcara Range and San Lucas block, inferred from thermal models. 
Tectonic blocks TB1-TB4, leeward (LW) and windward (WW) side of the Tilcara Range are marked. Detachment(s) in the subsurface (see discussion) are not shown 
due to scaling issues.
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5.3. Exhumation Along the Tilcara Range Frontal Fault

The uplift and exhumation of TB1-TB3 was presumably driven by fault activity along the Tilcara Range Frontal 
Fault, which shows a major change in the structural elevation of the Tilcara Range and San Lucas block. Evidence 
of fault activity comes from a structural offset of approximately 400 m between the Pirgua Subgroup in TB3 and 
TB4, east of Alonso. Furthermore, ZHe cooling ages that are younger than the Salta rift-related exhumation phase 
show a consistent and pronounced offset across the Tilcara Range Frontal Fault in all transects with younger ages 
in the hanging wall. They indicate fault movement after ∼50 Ma, coinciding with the stratigraphic and structural 
lower constraints, given by the youngest stratigraphic unit in its footwall. AFT ages record only a slight offset 
across the fault and we therefore propose that these ages document the final stages of fault-related exhumation 
along the Tilcara Range Frontal Fault. This is supported by the continuous AHe age-elevation trend across the 
Tilcara Range Frontal Fault, proving that fault activity mostly ceased before cooling through the APRZ at ≥7 Ma. 
We thus propose that the upper limit of fault activity along the Tilcara Range Frontal Fault coincides with the 
decrease in exhumation rate at approximately 7 Ma, and might also mark the propagation of fault activity to the 
east. Late Miocene-early Pliocene AFT cooling ages from the northern continuation of the Tilcara Range suggest 
that fault-related exhumation might continue <7 Ma in parts of the range (Henríquez et  al.,  2022), although 
inherited Cretaceous normal faults could be responsible for a segmentation between the Tilcara Range and its 
northern counterpart. Furthermore, continued exhumation of upper thrust sheets might also be related to an 
inferred step-down of the basal décollement in the most recent (6.5–0 Ma) time step of Henríquez et al. (2022; 
Figure 12). In any case, the propagation of exhumation in Argentina from the Eastern Cordillera to its foreland 
at 23.5°S occurred at a later stage than in Bolivia, where propagation from the Eastern Cordillera into the Inter-
andean Zone happened after 30-25 Ma (Anderson et al., 2018; Ege et al., 2007; McQuarrie et al., 2008; Müller 
et al., 2002) and propagation from the Interandean Zone into the Subandean Zone occurred between ∼11 and 
8 Ma (Anderson et al., 2018).

5.4. Uplift of the San Lucas Block

Thermal models from the San Lucas block imply an onset of exhumation between 10 and 8 Ma, slightly earlier 
than the proposed upper limit of fault activity along the Tilcara Range Frontal Fault. However, interpretation 
of thermal models from the Alonso and Las Animas transects suggests that TB4 started exhuming earlier than 
TB3, indicating an out-of-sequence propagation of exhumation. The idea of in-sequence eastward propaga-
tion of the Andean thrust belt has recently been challenged (Del Papa et al., 2013; Montero-López et al., 2018; 
Payrola et al., 2020). Instead, it was proposed that deformation has been spatially widespread and disparate in 
a broken-foreland style (Del Papa et al., 2013; Montero-López et al., 2018). Pearson et al. (2013) suggest that, 
even though the Andean thrust belt overall propagated toward the east, every eastward pulse prompted a local 
westward migration of deformation. Out-of-sequence pulses have also been proposed in a very recent study by 
Henríquez et al. (2022). Our data also suggests that local out-of-sequence uplift of tectonic blocks is possible.

The continuous AHe age-elevation trend within TB4 indicates that internal faulting and folding has transpired 
before cooling of the samples through the APRZ at ≥7 Ma. The timing of deformation within the San Lucas block 
and final activity along the Tilcara Range Frontal Fault suggests that the competent Tilcara Range acted as a 
backstop, not dissimilar to the situation at the Eastern Cordillera and Inter-/Subandean Zone, close to the Bolivian 
border. In contrast, AFT and ZHe ages exhibit approximate age-stratigraphy relationships for TB4, indicating a 
timing of block-internal deformation during or after cooling through the APAZ. Since the youngest AFT cooling 
ages in TB4 are approximately 6–7 Ma, deformation within the westernmost San Lucas block occurred before 
the onset of rapid exhumation in the easternmost part of TB4, suggesting that deformation was still active in the 
west. Therefore, faulting and folding could have been coeval with the younger most cooling through the APAZ.

Pleistocene AHe cooling ages within the easternmost part of the area show that TB4 was exhumed until very 
recently. Thermal models show an onset of cooling around 6-4 Ma, coinciding with a decrease of the exhumation 
rate in TB3, the upper limit of uplift for the Tilcara Range proposed by Reynolds et  al.  (2000) and recent 
AFT  results from Henríquez et al. (2022). It is again evident that, along-strike to the north, exhumation occurred 
earlier than in corresponding morphotectonic provinces to the south. For example, the Bolivian Subandean Zone 
started exhuming <12 Ma (Anderson et al., 2018; Uba et al., 2007; Uba et al., 2009) and the far eastern part of 
the Bolivian Subandean Zone shows late Miocene-Pliocene AHe ages (Anderson et al., 2018) that are similar to 
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the San Lucas block ages. Similarly, exhumation in the Puna at 23–24°S and in the Bolivian Eastern Cordillera 
at 21°S was coeval (Anderson et al., 2017; Anderson et al., 2018; Elger et al., 2005; Henríquez et al., 2020; 
Henríquez et  al.,  2022; Müller et  al.,  2002). More recent Pliocene-Pleistocene exhumation of TB4 may be 
explained by uplift along underlying, potentially blind thrust faults that nucleate from a basal detachment. On 
the other hand, González and Tchilinguirian (2003) show inferred reverse or thrust faults cropping out east of the 
Calilegua National Park (Figure 1a). Along-strike to the north, these outcrops appear to coincide with the eastern-
most border of the Interandean Zone in Bolivia (Kley, 1996). Furthermore, close to the Calilegua National Park, 
a 2009 earthquake recorded thrust faulting in an ESE (104°) direction at the shallow depth of 5 km (Heidbach 
et al., 2016, 2018), suggesting that the thrusts driving exhumation of TB4 continue to be active.

5.5. Structural Implications

East-vergent, high-angle reverse faults within Precambrian to Ordovician strata, segmenting the basement blocks 
of the Tilcara Range, are associated with rotation of the blocks along a N-S oriented, (sub)horizontal axis, causing 
a tilting of the strata toward the west. The high-angle character of the faults suggests that these might be reactivated 
and possibly related to pre-existing structures from the Ocloyic phase, which also affect the present-day structure 
of the Eastern Cordillera (Alonso et al., 2012; Hongn et al., 2010; Salfity & Marquillas, 1994; Starck et al., 1992). 
For example, in the westernmost part of the study area, retrodeformation of Andean east-vergent thrusting reveals 
Paleozoic east-vergent shortening in the Precambrian-Ordovician basement (Barrabino et al., 2015). Regional 
evidence of Paleozoic inherited structures is found for example, west of the Quebrada de Humahuaca (Alonso 
et al., 2012; Mon et al., 1993; Seggiaro & Gallardo, 2002) and east of Salta (Seggiaro et al., 2014). In general, 
Paleozoic folding shows a higher amplitude and shorter wavelength than Andean deformation (see also Barrabino 
et al., 2015), which is highlighted by the angular unconformity between the Salta Group and previously folded 
Santa Victoria Group strata. Although many of the aforementioned Paleozoic structures relate to a convergent 
setting, an influence of early to middle Ordovician normal faulting has also been debated (see Figure 2c in this 
study and discussion in Seggiaro et al., 2017).

East of the Tilcara Range Frontal Fault, the San Lucas block shows close, in part overturned folds within the 
Cretaceous to Paleogene strata, forming east-vergent footwall synclines (Figure 2c). The amount of shortening 
decreases toward the east, as is evident from the increasing open fold geometry observed from Huairahuasi to San 
Lucas (see also Henríquez et al., 2022). Coinciding with the structural change from high-angle uplifts of deeper 
basement rocks within the Tilcara Range to a more fold-dominated style and lower-angle reverse faults within 
the San Lucas block is a marked exhumation gradient: the Salta Group overlies the deformed Santa Victoria 
Group sedimentary basement directly both west and east of the Tilcara Range, but the range itself is mainly built 
of the Precambrian-Cambrian Puncoviscana Fm and Mesón Group (see also González & Tchilinguirian, 2003; 
Salfity & Marquillas, 1994) with locally constricted, small outcrops of the Salta Group. The absence of syn-rift 
and foreland basin deposits within the Tilcara Range indicates that major exhumation has taken place after the 
establishment of an orographic barrier in the Andean phase. However, the sharp contacts between the Puncovis-
cana Formation and the Santa Victoria Group along NE-SW striking faults, which coincidentally form the local 
half-grabens in which the syn-rift deposists were shed, also suggest a high amount of pre-Cretaceous exhumation.

The structural elevation and lithological contrast between the Tilcara Range and the San Lucas block show simi-
larities to the transition between the Eastern Cordillera and Interandean Zone in southern Bolivia (Kley, 1996), 
where the thick-skinned Eastern Cordillera fold-and-thrust belt exhibits high-angle, east-vergent basement faults 
that ultimately root in a detachment at 8–10 km depth (Kley, 1996). This shallow detachment level continues to the 
east, underneath the Interandean Zone (Allmendinger & Zapata, 2000; Kley, 1996). A frontal, high-angle reverse 
fault separates the Eastern Cordillera from the Interandean Zone, which at the surface shows characteristics of a 
thin-skinned fold-and-thrust belt but rides on top of a basement thrust sheet (Kley, 1996; McQuarrie, 2002). In 
NW Argentina, the detachment below the Puna and part of the Eastern Cordillera is located at a similar depth 
of ∼10 km, ramping upwards to ultimately form the northern continuation of the Tilcara Range Frontal Fault at 
the surface (Henríquez et al., 2022). Based on all of the aforementioned, the Tilcara Range Frontal Fault and its 
apparent northern continuation, the Cianzo thrust (reverse fault) (Siks & Horton, 2011), may very well be the 
along-strike equivalent of the frontal reverse fault of the Sama-Yunchará anticlinorium (Figure 1a, SYA), forming 
the boundary of the Eastern Cordillera in Bolivia. However, toward the south, the Interandean Zone located east 
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of the SYA increasingly disappears and structures east of the Tilcara Range are generally considered to belong to 
the Eastern Cordillera (see e.g., Henríquez et al., 2022).

Although thermochronological cooling ages from the San Lucas block and its northern continuation (Henríquez 
et al., 2022) are similar to the easternmost Subandean Zone of Bolivia, we cannot consider the San Lucas block to 
be the direct equivalent of the Subandean Zone from a structural point of view. The boundary between the East-
ern Cordillera and Interandean Zone in Bolivia is marked by the transition at the basement-cover interface from 
competent Cambrian quartzite into incompetent Silurian shales (Anderson et al., 2018; Kley, 1996). Consequently, 
the main detachment level within the thin-skinned Subandean Zone (Dunn et al., 1995; Echavarria et al., 2003; 
Gubbels et al., 1993; Kley, 1996) is located within these Silurian shales, dipping gently (2–3°) toward the west 
(see e.g., Anderson et  al.,  2017; Echavarria et  al.,  2003; McQuarrie,  2002). The termination of thin-skinned 
deformation at 23°S, coinciding with the margin of the Lomas de Olmedo sub-basin, is attributed  to  the increased 
erosion of the Silurian-Devonian section toward the south (Starck, 1995) and the removal of these incompetent, 
potential detachment horizons (Kley & Monaldi, 2002), which are absent within the San Lucas block (Figure 2). 
Furthermore, although it was proposed that the Subandean detachment is located at depths of >24 km beneath 
the Santa Barbara System (Allmendinger & Zapata, 2000), the slip recorded by earthquake focal mechanisms 
east of the study area (Figure 1a) cannot be related to this detachment, because it occurred at too shallow depth 
(Heidbach et al., 2016, 2018). Solving this problem is beyond the scope of this work, but previous studies have 
presented various solutions for the crustal structure of the Central Andes at this longitude. In one model, Cahill 
et al. (1992) propose an upward ramping of the detachment below the Santa Barbara System, based on seismicity 
patterns and focal mechanism solutions. In a more recent study, McFarland et al. (2017) infer a basal thrust belt 
detachment at approximately 15 km depth beneath the Eastern Cordillera, with a freely slipping portion to the 
west, showing no microseismicity, and a fully locked portion below the San Lucas block, showing microseismic-
ity (data from Cahill et al., 1992). A very recent study by Henríquez et al. (2022) proposes a detachment at the 
base of the Ordovician strata, at ∼10 km depth beneath the Puna, which reaches the surface as the along-strike 
continuation of the Tilcara Range Frontal Fault. They propose a second detachment beneath the northern contin-
uation of the San Lucas block, located at ∼18 km depth, but ramping upwards to shallower levels beneath the 
eastern part of the study area.

South of 23.5°S, the Subandean Zone is replaced by the thick-skinned Santa Barbara System, which is character-
ized by basement uplifts along pre-existing faults and sparse low-angle Tertiary faults (Kley & Monaldi, 2002). 
Based on the thickness of the Cambrian-Ordovician strata and the inferred high-angle (>30°) geometry of 
block-internal faults, deformation of the San Lucas block also shows involvement of Precambrian-Cambrian, 
weakly metamorphosed basement rocks. However, footwall synclines within Tertiary strata, which are classically 
related to thrusting (McNaught & Mitra,  1993), and short-wavelength folds in general are more widespread. 
Furthermore, the main detachment level within a thick-skinned fold-and-thrust belt is generally at greater depth 
than recorded by the 2009 earthquake east of Calilegua (Pfiffner, 2017). Simple geometric extrapolation of a 5° 
west-dipping detachment located at 5 km depth below the Calilegua National Park toward the west shows that 
this detachment would be located at approximately 12 km depth below the Tilcara Range and the San Lucas 
block, similar to the depth of the Eastern Cordillera/Interandean Zone detachment in the Bolivian fold-and-thrust 
belt (Kley, 1996) and the detachment beneath the Eastern Cordillera and Puna in NW Argentina (Henríquez 
et al., 2022). Such a shallow detachment is able to invoke thrust faults, relatively low-angle reverse faults and 
short-wavelength folding at the surface. At the same time, a deeper detachment may be responsible for crustal 
thickening and propagation of deformation into the Andean foreland, but might also be able to influence exhu-
mation in shallower crustal levels. Hybrid models showing a combination of thick- and thin-skinned deformation 
have been documented by for example, Giambiagi et al. (2008, 2009) and Parker and Pearson (2021). To study 
their application to the Tilcara Range and San Lucas block, more detailed structural mapping and modeling, 
especially of the Santa Victoria Group and its relationship to the overlying Salta Group, is needed.

6. Conclusions
Thermal modeling within a structural context provides quantitative constraints on the deformation and exhumation 
history of the Tilcara Range and San Lucas block. Placed within a broader reference frame, the low-temperature 
AHe, AFT, and ZHe data set imposes new constraints on the multi-phase exhumation history of the Eastern 
Cordillera in NW Argentina (Figure 9). We extract four key conclusions from our study:
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1.  Thermal models using ZHe single-grain ages record a cooling event between approximately 140 and 115 Ma, 
corresponding to pre-Salta Group exhumation of basement highs in the early stages of the Salta Rift. In 
particular the lower limit is newly constrained by thermal models in this study.

2.  Exhumation related to the Andean orogeny began in the latest Oligocene-early Miocene (26-16 Ma) at the 
westernmost border of the Tilcara Range and propagated toward the east, reaching the eastern part of the range 
in the early-middle Miocene (22-10 Ma), the western San Lucas block in the late Miocene (10-8 Ma) and the 
eastern San Lucas block in the early Pliocene (6-4 Ma). Individual thermal models indicate out-of-sequence 
deformation at a local scale, although at a larger scale, deformation appears to occur in-sequence.

3.  The Tilcara Range Frontal Fault forms the structural boundary between the thick-skinned Tilcara Range and 
the San Lucas block, which is characterized by short-wavelength folds and lower-angle reverse faults. Ther-
mal models indicate that rapid exhumation of the easternmost Tilcara Range began in the early Neogene and 
ended around 7 Ma. AHe cooling ages show continuous age-elevation relationships across the Tilcara Range 
Frontal Fault, confirming that major fault-related exhumation ceased in the late Miocene (≥7 Ma) and rapid 
exhumation in the western San Lucas block began coevally.

4.  Internal faulting and folding of the San Lucas block predates final fault-related exhumation at the Tilcara 
Range Frontal Fault and disturbs age-elevation relationships between ZHe and AFT samples. Thermochron-
ologically, the San Lucas block is the equivalent of the Subandean Zone, with cooling ages showing that its 
western part started exhuming in the late Miocene (10-8 Ma), while its eastern part started exhuming in the 
late Miocene-early Pliocene (5-4 Ma). Recent earthquake focal mechanisms show that faults east of Valle 
Grande, which may drive exhumation of the San Lucas block, have been active recently.

Data Availability Statement
Data associated with this paper can be found in the Supporting Information  at https://doi.org/10.5281/
zenodo.6358993.
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