
1. Introduction
The westward acceleration of the South American plate after the opening of the Southern Atlantic Ocean 
during the Late Cretaceous has been regarded as the driving mechanism for the onset of contractional tec-
tonics along the western margin of South America, ultimately promoting the inversion of Mesozoic back-
arc basins and the formation of the Andean mountain chain (Ramos, 2009; Somoza & Zaffarana, 2008) 
(Figure 1). Since then, deformation processes have been mainly controlled by the geometry of the oceanic 
slab and the rate and obliquity of convergence between the subducting and South American plates (e.g., 
Mpodozis & Ramos, 1990; Ramos, 2009; Somoza & Ghidella, 2005), the collision of oceanic ridges (e.g., 
Fennell et al., 2019; Maloney et al., 2013; Seton et al., 2012), and the variability of the oceanic plate buoyan-
cy promoting flattening and/or steepening of the subducting slab (Molnar & Atwater, 1978; Horton, 2018; 
Ramos & Folguera, 2009; Ramos & Kay, 2006).

Over the last two decades, numerous sedimentological, stratigraphic, structural, and geochronological stud-
ies have addressed different orogenic phases in the Southern Andes between 36°S and 39°S since Cretaceous 
times (Figures 2 and 3, and references therein). Thermochronological dating tools, including fission track 
and (U-Th-Sm)/He dating in apatites and zircons, have become established techniques to reconstruct the 
exhumation history of this region. The Chos Malal fold-and-thrust belt (ChMFTB) is located in the back-arc 

Abstract The integration of inverse thermal history modeling of new geochronological data with 
structural analyses from the western flank of the Domuyo volcano (∼36°30′S) allows us to propose 
a detailed cooling history of a key region in the Southern Andes. The Domuyo area is located in the 
northwestern part of the Chos Malal fold-and-thrust belt in the back-arc of the Southern Andes. Despite 
extensive geological investigations in this region, details about the early stages of Andean deformation 
remain poorly understood. The present study focuses on the interpretation and integration of new U-Pb, 
fission track, and (U-Th-Sm)/He data constraining the Cretaceous to Paleogene exhumation history of 
the Southern Andes at these latitudes. The results indicate two main episodes of rapid cooling during 
Albian-Campanian and Eocene times that can be related to exhumation driven by two main contractional 
pulses. The first event promoted basement cooling/exhumation associated with the uplift and erosion of 
a broad N-S striking antiform; whereas the Eocene episode triggered the inversion of the preexisting N-S 
striking Manchana Covunco normal fault and the deformation of the Mesozoic sedimentary cover. The 
two orogenic phases are separated by a potential period of orogenic quiescence during the Paleocene. 
These new insights highlight the importance of the initial compressional stages of mountain building in 
the Southern Andes at these latitudes.
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exhumation of the Paleozoic 
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and erosion of a broad N-S striking 
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•  The second phase involves the 
inversion of the Manchana Covunco 
fault and the deformation of the 
Mesozoic sedimentary cover
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Tectonics

of the Southern Andes between ∼36°30′S and 37°30′S (Figures 1 and 2). The relative magnitude and timing 
of the different tectonic phases responsible for its genesis are still a matter of debate. While the beginning 
of mountain building at these latitudes is suggested as latest Early to Late Cretaceous times (Di Giulio 
et al., 2012, 2016; Fennell et al., 2015; Gómez et al., 2019; Tunik et al., 2010), the oldest low-temperature 
thermochronological data indicate that the exhumation in the ChMFTB did not take place before ∼72 Ma 
(Rojas Vera et al., 2015; Sánchez et al., 2018, 2020; Zamora Valcarce et al., 2009). Structural analysis and 
inverse thermal history modeling of apatite fission track data reveal a Late Cretaceous-Paleogene cooling 
episode, interpreted as the main compressive phase of the ChMFTB (Rojas Vera et al., 2015). In turn, ther-
mochronological and detailed structural studies suggest that deeper levels of exhumation in the ChMFTB 
occurred during the middle-late Miocene (Folguera et al., 2007; Sánchez et al., 2018). Another field for open 
questions relates to the role of Paleogene deformation in this region. In the Frontal/Principal Cordillera 
fold-and-thrust belt (30°S), thermochronological analysis reveals that rapid Eocene exhumation is respon-
sible for a significant buildup of topography and relief (Lossada et al., 2017), whereas in the ChMFTB, the 
Paleogene deformation episode is described as negligible (Sagripanti et  al.,  2012). Some local structural 
and geophysical studies suggest a certain impact of the Paleogene orogenic phase at 36°–37°S (Cobbold & 
Rossello, 2003), but no thermochronological studies support the existence of a rapid exhumation/cooling 
strictly linked to this phase at these latitudes.

We present new thermochronological data (fission track and (U-Th-Sm)/He in apatites and zircons) from 
Permian intrusives and Upper Jurassic sedimentary rocks, used for thermal history modeling in order to 
better constrain an updated tectonic evolution model for the western flank of the Domuyo area (∼36°30ʹS; 
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Figure 1. (a) Regional digital elevation model (DEM) showing the location of the study area (black box) in the Southern Andes (Tassara & Yáñez, 2003) at 
∼36°30′S and the Southern Volcanic Zone (SVZ) between 33°30′ and 47°S (Stern, 2004). (b) Shaded relief map showing the study area in the context of the 
Neuquén Basin and the main fold-and-thrust belts (FTB). (c) E-W elevation profiles across the study area at ∼36°30′S (A-A′) and further south (B-B′ and C-C′).
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Figure 2. Evidence of compressive deformation documented in the Southern Andes of Argentina between 35°45′S and 38°30′S, together with the main 
lithological groups. The map shows a compilation of cooling ages which the authors infer to be related to deformation (Burns, 2002; Burns et al., 2006; Di Giulio 
et al., 2016; Folguera et al., 2015; Jordan et al., 2001; Muñoz, 1996; Rojas Vera et al., 2015; Sánchez et al., 2018, 2020; Thomson et al., 2010; Zamora Valcarce 
et al., 2009). FTB, fold-and-thrust belt; ACFZ, Antiñir-Copahue Fault Zone.
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Figures 1 and 2). The application of multiple thermochronometers allows for the reconstruction of ther-
mal histories across a wide spectrum of temperatures, reducing uncertainties, and leading to an improved 
analysis of the exhumation process (e.g., Hurford, 1986; Moore & England, 2001). Moreover, as the absolute 
age of Permian intrusives from Domuyo area was still under debate due to some similarities with Upper 
Cretaceous intrusives outcropping in the western foothills of Cordillera del Viento, we combined their ther-
mochronological data with new U-Pb dating. These results allowed us to constrain the crystallization age of 
these intrusives and to model them using improved chronological data. Consequently, the results obtained 
in this study integrated with our structural data from the area (Galetto et al., 2018) represent a robust contri-
bution toward understanding the exhumation and tectonic evolution of the Domuyo area in the framework 
of the Chos Malal fold-and-thrust belt, and to reevaluate the significance of the first compressive periods at 
these latitudes.

2. Geological Setting
The oldest rocks in the Domuyo area are represented by Upper Devonian meta-greywackes affected by 
contractional deformation to form tight subvertical to vertical folds, with a slight W-WSW vergence, related 
to the final stages of the Famatinian orogeny (Giacosa et al., 2014; Zappettini et al., 1987, 2012). Late Pale-
ozoic mountain building processes (San Rafael orogeny) led to the formation of a continental-scale NW-SE 
trending mountain belt (Gondwanides). The gravitational collapse of this orogen during early Permian to 
Middle Triassic times was accompanied by widespread magmatic activity represented by granitoids and vol-
canic rocks that integrate the Choiyoi Group (Llambías & Sato, 2011) (Figure 4). Synchronous exhumation 
processes formed the Huarpic erosional surface on top of the Choiyoi Group intrusives marking the end of 
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Figure 3. Summary of the evidence for compressive deformational episodes documented in the back-arc of the Southern Andes compiled in Figure 2. The 
compressive periods inferred from low-temperature thermochronometers by each author are highlighted with circles and rhombuses. The colors used for each 
deformational age and thermochronological evidence (circles and rhombuses) are equivalent to those used in Figure 2. Interpreted extensional periods are also 
indicated.
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Figure 4. Simplified stratigraphic chart of the study area and its comparison to the foreland sequence (based on Arregui et al., 2011; JICA, 1983, 1984; 
Llambías et al., 1978, 2007; Miranda et al., 2006; Nullo et al., 2005; Orts et al., 2012; Sagripanti et al., 2011, 2012). Colors of lithological groups correspond to 
those used in Figure 2.
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the Gondwanic Cycle (Azcuy & Caminos, 1987; Llambías et al., 2007). The Upper Devonian metamorphic 
rocks together with the Choiyoi Group constitute the structural basement of the study area.

From Late Triassic to Early Jurassic times, extensional faulting associated with continental-scale rifting 
processes controlled the fragmentation of the Huarpic erosion surface and the development of rift zones 
throughout the western margin of Gondwana (Franzese & Spalletti,  2001; Müller et  al.,  2016; Vergani 
et al., 1995). In the study region, these processes gave rise to the development of the Neuquén Basin, a large 
marine embayment that accumulated up to 7,000 m of volcanoclastic, marine, and continental deposits pri-
or to the Andean orogeny (Carbone et al., 2011) (Figures 1 and 4). The localized NNW-SSE to NW-SE trend-
ing normal faulting that characterized the early-rift stage of the Neuquén Basin changed to a transitional 
phase in Early to Middle Jurassic times, when fault-controlled subsidence was replaced by regional thermal 
subsidence, with a progressive waning of magmatic activity and the onset of the post-rift phase (Arregui 
et al., 2011; Franzese & Spalletti, 2001; Vergani et al., 1995). In the study area, the syn-rift phase is repre-
sented by volcanic and volcanoclastic deposits of the Precuyano Cycle, widely exposed along the Cordillera 
del Viento (Figures 2 and 4). The post-rift sag phases are represented by a succession of marine and con-
tinental deposits of the Cuyo (marine), Lotena (transitional), Mendoza (continental to deep marine), and 
Bajada del Agrio (transitional to continental) groups (Figures 2 and 4). Simultaneously to the deposition of 
Kimmeridgian continental deposits of the Mendoza Group, specifically sandstones and minor conglomer-
ates of the Tordillo Formation, a second extensional setting is proposed for the northern Neuquén Basin in 
response to the initial opening of the Southern Atlantic Ocean and a trench roll-back along the subduction 
margin (Charrier, 2007; Charrier et al., 2007; Mescua et al., 2020; Vergara et al., 1995). At the same time, 
transpressive tectonics is recorded in southern Neuquén Basin along the proposed E-W suture of the North 
Patagonian cratonic block, controlling the uplift of the Huincul arch (Silvestro & Zubiri, 2008).

The beginning of the crustal shortening along the western South American plate by Late Mesozoic times 
promoted the deposition of the first continental synorogenic foreland deposits in the Neuquén Basin 
during the latest Early-Late Cretaceous, which integrate the Neuquén Group (Di Giulio,  2012; Fennell 
et al., 2015; Gómez et al., 2019; Tunik et al., 2010) (Figures 2 and 4). Conspicuously, thermochronological 
data from the Chos Malal fold-and-thrust belt (ChMFTB) suggest the onset of cooling and inferred exhu-
mation at ∼72 Ma, long after the initiation of synorogenic sedimentation (Rojas Vera et al., 2015; Sánchez 
et al., 2018, 2020; Zamora Valcarce et al., 2009) (Figures 2 and 3). The construction of the ChMFTB occurred 
through an interaction between first-order basement structures that characterize its inner part in the west 
and multiple decollement levels within the Mesozoic sedimentary rocks toward the foreland (Kozlowski 
et al., 1996; Sánchez et al., 2015; Turienzo et al., 2018). During Late Cretaceous to Paleocene times, intrusive 
and effusive magmatic activity occurred along the Andean axis (Casé et al., 2008; Franchini et al., 2003; 
Iannelli et al., 2020; Kay et al., 2006). The Paleocene magmatic activity recorded in the northern Neuquén 
province has been associated with diverse tectonic settings: (i) a potential postorogenic relaxation stage that 
followed the initial uplift of the Andes (Llambías & Aragón, 2011); (ii) a relative shallowing of the Benioff 
zone with the eastward migration of the arc front and major contractional deformation (Ramos & Kay, 2006; 
Spagnuolo et al., 2012); and recently, (iii) with an extensional tectonic episode in response to a southward 
migrating mid-oceanic ridge subduction between ∼35°S and 37°S (Fennell et al., 2019; Iannelli et al., 2020). 
Synchronously with the magmatic activity, sedimentary rocks of the Malargüe Group were deposited on top 
of the Neuquén Basin deposits in the foreland area, representing the first Atlantic-related continental and 
marine succession (Aguirre-Urreta et al., 2010) (Figures 2 and 4).

Paleogene apatite fission track cooling ages of ∼50–40 Ma from ChMFTB have been interpreted as the final 
stages of the Late Cretaceous orogenic phase (Rojas Vera et al., 2015; Sánchez et al., 2018, 2020; Zamora 
Valcarce et al., 2009). Conversely, geophysical and structural studies developed east of the Cordillera del 
Viento (∼37°S) reveal Paleogene contractional deformation and crustal thickening in representation of a 
second independent compressive episode (Cobbold & Rossello, 2003). This compressive stage has been cor-
related with the Incaic orogenic phase widely recognized further north in the Cordillera Frontal and in the 
Puna/southern Altiplano where it represents the major stage of construction of the Andes (e.g., Hongn 
et al., 2007; Lossada et al., 2017; Steinmann, 1929). During the Paleogene, large parts of the ChMFTB and 
adjacent regions likely formed positive areas since some synorogenic deposits accumulated in a foreland 
basin north and south of the fold-and-thrust belt (Leanza & Hugo, 2001; Ramos & Kay, 2006).
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Since the Oligocene to the early Miocene, regional extension invoked the development of the Cura Mallín 
basin in the intra-arc west of the study area, which was subsequently inverted by another major compres-
sional stage during middle-late Miocene times; these episodes have been related to steepening and shallow-
ing of the subducted oceanic slab, respectively (Folguera et al., 2007; Spikings et al., 2008; Utgé et al., 2009) 
(Figure 2). Cooling ages ranging from ∼15 to ∼7 Ma from the Agrio and Chos Malal fold-and-thrust belts 
have been associated with this last compressive pulse (Folguera et al., 2015; Sánchez et al., 2018, 2020). 
Toward the Plio-Pleistocene, the arc and retro-arc areas were subjected to renewed extension, promoting 
the development of Plio-Quaternary extensional basins and polygenic magmatic activity, including the 
Domuyo Volcanic Complex (Folguera et al., 2005; Galetto et al., 2018; Ramos & Kay, 2006; Rojas Vera et al. 
(2014a, 2014b) (Figures 2, 4 and 5). In turn, evidence of coeval Plio-Quaternary compressive deformation 
has been also reported for ∼37°S (e.g., Colavitto et al., 2020; Galland et al., 2007; Messager et al., 2010).

3. Structural Framework of the Domuyo Area
The Domuyo volcano is considered one of the most voluminous Plio-Pleistocene igneous centers of the 
Southern Andes and it hosts one of the world’s largest high-enthalpy geothermal fields, with an important 
present-day activity (Astort et al., 2019; Chiodini et al., 2014). Its underlying structure has been charac-
terized as a broad basement antiform with a N-S axis gently plunging to the north, developed during the 
Andean orogeny and further deformed during the superimposed emplacement of the Domuyo Volcanic 
Complex (DVC) since middle Miocene-Pliocene times (Llambías et al., 1978). The DVC is composed by a 
granitic-dioritic porphyry stock interpreted as the upper section of a partly exposed middle Miocene-Plio-
cene magmatic chamber, complemented by volcanic rocks depicting a central magmatic system fed through 
preexisting fractures on the western flank of Domuyo volcano (Llambías et al., 1978; Miranda et al., 2006; 
Pesce, 1987, Figure 5).

The integration of detailed fracture analysis and kinematic studies of mesoscale faults with geological, 
structural, and geophysical data indicates that the structural architecture of the study area has been strongly 
controlled by the reactivation of basement structures (cf. Galetto et al., 2018). The main structure inferred 
along the western flank of the Domuyo volcano is the Manchana Covunco fault (MCF; Galetto et al., 2018). 
The MCF is a local N-S trending, east-dipping high-angle normal fault that likely controlled the thickness 
variations of the Mesozoic sedimentary rocks and has been partially inverted during the Andean orogeny. 
It is a blind structure buried by the Plio-Quaternary volcanic sequence and it exerts a first-order control on 
the present-day Domuyo geothermal field dynamics (Galetto et al., 2018). A set of ∼E-W-striking basement 
faults intersects the MCF, related to the rifting phase of the Neuquén Basin, and coincident with the main 
geothermal manifestations (Figure 5). Kinematic analysis reveals a reactivation of preexisting basement 
faults likely associated with the accommodation of regional extension during Plio-Quaternary times (Gal-
etto et al., 2018).

So far, both the onset of compressive deformation in the Domuyo area during the Andean orogeny and the 
subsequent development of its structural configuration preceding the emplacement of the DVC are poorly 
documented and therefore remain under debate. The main objective of this study is to shed light on these 
aspects by means of geochronological and thermochronological studies.

4. Methods
4.1. Sampling Methodology and Location of Samples

Six bedrock samples collected from the western flank of the Domuyo volcano were processed for apatite 
and zircon fission track, and (U-Th-Sm)/He analysis. For two of them, we also established U-Pb zircon 
data. Sampling localities were chosen to evaluate the history of the MCF by tracking exhumation-cooling 
episodes across the strike of the fault (e.g., Ehlers & Farley, 2003; Georgieva et al., 2016; Kelley, 2005; Streck-
er, 1996). Two samples from granites and granodiorites of the Choiyoi Group (TF12, TF16) and four samples 
from Upper Jurassic sandstones of the Tordillo Formation (TF09, TF10, TF17, TF18) were collected west 
and east of the MCF, respectively (Figure 5).
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Figure 5. Geological map of the western flank of the Domuyo volcano including the main structures and lithological groups, and the location of analyzed 
samples (TF09 to TF18). The ages with black asterisks correspond to absolute ages of units exposed in the study area. MCF: Manchana Covunco Fault. BA: 
back-arc, FB: foreland basin. See Figure 2 for location.
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4.2. U-Pb Zircon Geochronology

U-Pb crystallization ages were obtained from two samples from the intrusive rocks of the Choiyoi Group 
(TF12, TF16; Figure 5), in order to constrain their absolute age and to develop accurate thermal models. 
Both were previously dated with low-temperature thermochronology techniques. Zircon grains were recov-
ered from the rocks using standard mineral separation techniques, mounted in teflon, and polished. U, Th, 
and Pb isotopes were analyzed using a Laser Ablation Multi-Collector Inductively Coupled Plasma Mass 
Spectrometer (LA-MC-ICP-MS) at the Laboratory of Thermochronology La.Te. Andes S.A., Salta, Argen-
tina. The samples were ablated using a RESOlution SE instrument, incorporating a 193 nm ArF excimer 
laser. The sample cell was flushed with ultrahigh purity He (370 ml min−1) and N2 (5 ml min−1), both of 
which were passed through an inline Hg trap. Isotopic signal intensities were measured using an Agilent 
8900 triple quadrupole ICP-MS, with high purity Ar as the plasma gas. For sample TF16, the U-Pb analysis 
was performed on the same zircon crystals previously dated by the ZFT method, plus additional crystals 
to improve the final concordia age. Data reduction was performed with LADR V.1.1.06 software (Norris 
& Danyushevsky, 2018). The 206Pb/238U ages were used as the preferred age, as they are more precise than 
207Pb/206Pb for ages younger than 1.2 Ga (Gehrels et al., 2008). The cut-off value for the acceptance and re-
jection of discordant data has been set to 10%. The weighted mean U-Pb crystallization ages and concordia 
plots were calculated using the program IsoplotR (Vermeesch, 2018). Procedures and raw data are outlined 
in detail in the Supporting Information file (S1).

4.3. Zircon and Apatite Fission Track (ZFT-AFT) Analysis

The fission track method is based on the analysis of damage to the crystal lattice—“fission tracks”—that 
are formed in the mineral structure by the spontaneous fission decay of 238U (Fleischer et al., 1975; Price & 
Walker, 1963). Retention of the radiogenic daughter product of this decay in the crystalline lattice below a 
certain temperature range can be modeled using the concept of closure temperature (Tc), above which tem-
perature the system is open and radiogenic decay products are lost through the total shortening of the tracks 
(Tc: 240 ± 20 °C for ZFT and 100 ± 10 °C for AFT; Brandon et al., 1998; Dodson, 1973; Ketcham et al., 1999; 
Laslett et al., 1987). Such closure is not instantaneous, and there exists a transitional temperature range, the 
Partial Annealing Zone (PAZ), in which daughter products are partially lost and partially retained. Conse-
quently, the reduction in the length of the fission tracks depends on the temperature and duration of sample 
reheating/slow cooling. In nature, significant track shortening occurs within thermal ranges of 60–120 °C 
for apatites and 200–300 °C for zircons, representing the PAZ for the corresponding mineral (Gleadow & 
Fitzgerald, 1987; Tagami, 2005). When a rock is subjected to temperatures within the PAZ, the fission tracks 
become progressively shortened and finally erased, or annealed, by thermal recovery as the crystal lattice 
damage is repaired (Fleischer et al., 1975).

In this work, fission track cooling ages were obtained from five samples (TF10, TF12, TF16, TF17 and TF18; 
Figure 5) using the External Detector Method (Hurford & Green, 1983). Ages were calculated using the 
TrackKey software (Dunkl, 2002). The chi-square test—P(x2)—was applied in each case in order to evaluate 
data overdispersed in relation to the statistical expectation for the radioactive decay process (Galbraith, 1981; 
Green, 1981). We measured the kinetic parameter Dpar and confined track lengths (Donelick, 1993; Green 
et al., 1986). The first consists of the diameter of fission track etch-pits parallel to the apatite crystal c axis, 
and the second of complete fission tracks preserved within the crystal. The length of the confined tracks 
depends on the amount of shortening experienced during their passage through the PAZ, and on the ki-
netic characteristics of the crystal, reflected by Dpar (Donelick, 1993; Ketcham et al., 2007). Confined track 
lengths were corrected using the horizontal angle of the track with respect to the crystallographic c axis 
(Ketcham et al., 2007). See Supporting Information for details of sample preparation and analytical proce-
dures (S2).

4.4. (U-Th-Sm)/He in Zircons and Apatites (ZHe-AHe)

(U-Th-Sm)/He cooling ages are based on the measurement of 4He, which is generated by the radioactive 
decay of 235U, 238U, 232Th, and 147Sm. Each transformation in the decay chain results in the generation of an 
energetic particle of 4He. The diffusion of 4He atoms out of the crystal lattice depends fundamentally on the 
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thermal conditions of the rock sample. In nature, 4He diffusion within the crust occurs within the Partial 
Retention Zone (PRZ) spanning the temperature interval of ∼40–85 °C, with a Tc of 75 ± 5 °C for apatites, 
and ∼130–180 °C with a Tc of 180 ± 10 °C for zircons (Flowers & Farley, 2012, 2013; Flowers et al., 2009; 
Reiners & Brandon, 2006; Reiners et al., 2004; Wolf et al., 1998). Hence, the 4He generated by radioactive 
decay within the PRZ is retained within the crystal (Farley, 2000; Wolf et al., 1998). Above the PRZ, 4He 
escapes from the crystal lattice by means of diffusion, providing cooling ages equal to zero and causing a 
reset of the isotopic system (Farley, 2000). During the decay process, 4He travels ∼20 μm through the crystal 
lattice before stopping; therefore, some 4He will be ejected from the crystal when the decay occurs within 
20 μm of its edges resulting in ages younger than expected (Farley et al., 1996). Radiation may also influence 
4He diffusion. The recoil of a parent nuclide of U, Th, or Sm as it decays by ejecting a 4He particle or the 
formation of a fission track damages the crystal lattice and thereby alters the diffusivity for 4He. In apatites, 
this can result in older ages than expected; in zircon, very high damage can lead to anomalously young ages 
(e.g., Flowers et al., 2009; Guenthner et al., 2013).

All the six samples were dated by the AHe technique (TF09, TF10, TF12, TF16, TF17 and TF18), and only 
two by the ZHe technique (TF12, TF16; Figure 5). A minimum of three single-grain aliquots were dated for 
intrusive rocks (TF12, TF16), and five for sedimentary samples (TF09, TF10, TF17, TF18). The alpha-ejec-
tion correction was applied to account for 4He loss considering the dimensions of each crystal (Farley 
et al., 1996). See Supporting Information for details of measurement procedures (S3).

4.5. Inverse Thermal History Modeling

Thermal histories were modeled with the QTQt software (Gallagher, 2012) adopting established models 
to predict fission track annealing and 4He-diffusion kinetics as a function of time and temperature (Far-
ley, 2002; Flowers et al., 2009; Ketcham et al., 2007; Reiners et al., 2004; Tagami et al., 1998). QTQt im-
plements a transdimensional Bayesian Markov Chain Monte Carlo (MCMC) algorithm (Gallagher, 2012; 
Gallagher et al., 2009) that explores an a priori-defined time-temperature modeling space (general time and 
temperature priors) in a random walk, along which different thermal paths are proposed, evaluated, and 
either rejected or accepted. Accepted paths are used to construct the posterior distribution on the thermal 
history. For AFT data, horizontal confined, and c axis projected track lengths were input along with Dpar 
values as the kinetic parameter (Burtner et al., 1994). All simulations in this study implement the Ketcham 
et al.  (2007) and Tagami et al.  (1998) annealing models for fission tracks in apatites/zircons, respective-
ly. For 4He-diffusion kinetics in apatite, we adopted the radiation damage model of Flowers et al. (2009) 
due to the old stratigraphic age of the samples (∼150 Ma for the Tordillo Formation and ∼288 Ma for the 
Choiyoi Group, according to Rossel et al. (2014) and Naipauer et al. (2012, 2015a, 2015b); and to this work, 
respectively) and to their potential long-term stay near the surface. For 4He-diffusion kinetics in zircon, we 
applied the radiation damage model of Guenthner et al. (2013). The dimensions and U-Th-Sm and 4He con-
centrations were input for each zircon/apatite grain. A specific prior of time-temperature ranges and some 
geological constraints were introduced in the setup for each model. The prior for each model is constrained 
by the temporal (via input age) and thermal (via thermochronometer) data. The interpretation of the mod-
eled thermal histories and cooling rates estimates are according to the expected (mean) model considering 
95% credible intervals (Gallagher, 2012). See Supporting Information for details of methodology, setup, and 
constraints (S4).

5. Analytical Results
5.1. U-Pb Zircon Crystallization Ages from the Choiyoi Group Rocks

For samples TF12 and TF16, U-Pb zircon ages are presented on two concordia diagrams (Figures 6a and 6c). 
Analytical results are detailed in the Supporting Information file (Table S1.2). Uncertainties are quoted at 
the 2σ level for individual analyses, and the error for weighted mean 206Pb/238U ages is quoted at the 2σ (95% 
confidence) level. The resulting data set presents a narrow range of age values (Figures 6b and 6d). Ages are 
identical within limits of uncertainties, with weighted mean ages of 288.44 ± 0.70 Ma for sample TF12 and 
288.17 ± 0.78 Ma for sample TF16, respectively.
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5.2. Zircon Fission Track (ZFT)

Twenty-eight zircon grains from sample TF16 (Choiyoi Group) yield an Aptian-Albian ZFT central cooling 
age of 109.9 ± 4.8 Ma (Tables 1 and S2.5). The grain-age distribution has a P(x2) > 5% consistent with a sin-
gle population of ages (Galbraith, 1981; Green, 1981) (Figure 7). The same crystals were double dated using 
the U-Pb technique (Section 5.1, Figure 6, and Table S1.2).

5.3. Apatite Fission Track (AFT)

Samples TF12 and TF16 from the Permian Choiyoi Group yield Late Cretaceous cooling ages of 70.3 ± 5.9 
and 84.0 ± 5.8 Ma, respectively. Both of these samples pass the chi-square test (Figure 7). Mean confined 
track lengths are 13.13 ± 1.79 µm (TF12) and 14.25 ± 1.48 µm (TF16) (Tables 1, S2.5 and S2.6). The low 
dispersion of grain ages in the radial plots indicate a single population of ages equivalent with P(x2) values 
>5%, which is consistent with the low dispersion of confined track lengths and grain ages versus Dpar val-
ues (Figure S2.1).
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Figure 6. U-Pb results for samples TF12 (a), (b) and TF16 (c), (d) from the Choiyoi Group. (a and c) Concordia ages and Tera-Wasserburg Concordia diagrams 
calculated using the IsoplotR Software (Vermeesch, 2018). Error ellipses are shown as 2σ. Concordance results and statistical indexes of MSWD (Mean Square 
Weighted Deviation) are specified as MSWD for concordance | for equivalence | combined for concordance + equivalence. (b and d) Box plots created using the 
IsoplotR Software (Vermeesch, 2018). Boxes correspond to the 206Pb/238U age of each dated zircon-crystal; box height represents the 2σ error.
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The sedimentary samples from the Upper Jurassic Tordillo Formation (TF10, TF17, and TF18), located east 
of the MCF (Figure 5), yield Paleogene cooling ages. The central ages are 45.5 ± 3.5 Ma (TF17), 38.5 ± 4.1 Ma 
(TF18), and 33.2 ± 3.5 Ma (TF10). All samples have been completely reset prior to exhumation, as indicated 
by grain-age distributions with P(x2) > 5% (Figure 7). Only a small number of confined tracks lengths could 
be measured (Tables 1, S2.5 and S2.6).

5.4. (U-Th-Sm)/He in Zircons (ZHe)

Three ZHe single-grain aliquots were processed from each of the Choiyoi Group samples. Late Creta-
ceous single-grain cooling ages range from 65.3 ± 0.4 to 78.2 ± 0.4 Ma for TF12, and from 65.7 ± 0.8 to 
84.8 ± 0.8 Ma for TF16 (Table 2).
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Figure 7. Radial plots showing the distribution of fission track ages. Plots show the relative error versus absolute error (above) and frequency histograms 
(below), constructed using TrackKey software (Dunkl, 2002) for each sample analyzed by AFT and ZFT. TF10, TF17, and TF18: Tordillo Formation; TF12 and 
TF16: Choiyoi Group. n: total number of analyzed crystals. Central ages and their range of analytical uncertainty are represented with red dashed lines and red 
shadowed areas, respectively.
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5.5. (U-Th-Sm)/He in Apatites (AHe)

Three AHe single-grain aliquots were processed from each of the Choiyoi Group samples. Eocene sin-
gle-grain cooling ages range from 41.3 ± 0.5 to 56.1 ± 0.7 Ma with a weighted mean age of 47.8 ± 6.1 Ma for 
TF16, and from 46.1 ± 1.0 to 56.2 ± 0.9 Ma with a weighted mean age of 49.6 ± 4.4 Ma for TF12 (Table 2). 
The errors of reported weighted mean ages correspond to the standard deviation of single-grain ages.
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Grain no.
Raw age 

(Ma)
±σ 

(Ma)
ESR 
(µm) U (ppm)

Th 
(ppm)

Sm 
(ppm) Th/238U

4He 
(nmol/g)

eU 
(ppm) FT

Crystal 
terminations

FT correct. 
age (Ma)

1σ 
(Ma)

(U-Th-Sm)/He in zircons

TF_12_Zr1 53.9 0.3 70.8 365.2 140.5 0.4 0.4 116.2 398.2 0.82 2 65.3 0.4

TF_12_Zr2 55.0 0.2 57.8 450.1 181.8 0.2 0.4 146.8 492.8 0.79 2 69.9 0.3

TF_12_Zr3 63.0 0.3 63.8 261.4 137.2 0.5 0.5 100.4 293.6 0.80 2 78.2 0.4

TF_16_Zr1 64.1 0.6 50.4 215.3 174.2 0.4 0.8 89.1 256.2 0.75 2 84.8 0.8

TF_16_Zr2 55.6 0.5 40.5 314.9 206.4 0.6 0.7 109.6 363.4 0.70 2 79.3 0.7

TF_16_Zr3 49.7 0.6 50.2 581.4 290.6 1.3 0.5 174.8 649.7 0.76 2 65.7 0.8

(U-Th-Sm)/He in apatites

TF_09_Ap1 0.7 0.1 33.2 10.8 132.5 2159.4 12.5 0.2 42.0 0.59 1 1.2 0.1

TF_09_Ap2 1.7 0.4 29.4 3.5 15.5 93.5 4.6 0.1 7.1 0.55 2 3.2 0.7

TF_09_Ap3 0.8 0.2 33.4 4.7 14.9 201.9 3.3 0.0 8.2 0.59 0 1.4 0.4

TF_09_Ap4 0.9 0.3 22.4 7.0 22.4 1171.3 3.3 0.1 12.2 0.43 2 2.0 0.7

TF_09_Ap5 2.6 1.1 22.1 2.4 4.2 7.6 1.8 0.1 3.4 0.43 2 6.3 2.6

TF_10_Ap1 2.3 0.1 47.3 4.8 23.5 213.2 5.1 0.1 10.3 0.70 1 3.4 0.2

TF_10_Ap2 2.6 0.2 42.9 4.5 24.5 200.1 5.6 0.2 10.3 0.67 2 5.0 0.2

TF_10_Ap3 6.0 0.3 32.3 7.8 32.8 269.7 4.3 0.5 15.5 0.58 2 10.7 0.5

TF_10_Ap4 1.3 0.1 42.5 10.2 47.4 296.8 4.8 0.2 21.3 0.67 0 2.0 0.2

TF_10_Ap5 4.3 0.3 41.5 2.8 14.0 163.6 5.1 0.2 6.1 0.67 2 6.6 0.5

TF_12_Ap1 45.1 0.7 75.5 11.2 19.6 20.5 1.8 3.9 15.8 0.80 2 56.2 0.9

TF_12_Ap2 34.7 0.5 54.2 26.5 60.6 40.6 2.4 7.7 40.8 0.72 2 47.9 0.7

TF_12_Ap3 29.3 0.6 41.1 22.7 46.6 44.6 2.1 5.4 33.6 0.64 2 46.1 1.0

TF_16_Ap1 43.2 0.5 65.3 39.3 68.7 320.1 1.8 13.1 55.5 0.78 2 56.1 0.7

TF_16_Ap2 38.1 0.5 60.9 27.1 45.3 401.4 1.7 7.9 37.7 0.76 2 50.3 0.6

TF_16_Ap3 31.6 0.4 63.6 33.2 55.0 401.1 1.7 8.0 46.1 0.77 1 41.3 0.5

TF_17_Ap1 22.7 0.3 31.1 70.2 85.6 307.3 1.3 11.1 90.3 0.57 2 40.8 0.6

TF_17_Ap2 11.8 1.2 36.0 5.4 21.9 231.6 4.2 0.7 10.6 0.62 1 19.6 1.9

TF_17_Ap3 29.6 0.5 41.0 40.3 5.4 132.2 0.1 6.7 41.6 0.66 2 45.0 0.7

TF_17_Ap4 6.2 0.5 33.8 2.5 11.5 54.9 4.7 0.2 5.2 0.60 2 10.8 0.8

TF_17_Ap5 22.3 0.6 35.4 15.7 6.6 253.8 0.4 2.1 17.2 0.61 1 36.3 1.0

TF_18_Ap1 17.3 0.7 35.2 5.4 22.4 135.6 4.3 1.0 10.6 0.61 2 29.3 1.2

TF_18_Ap2 28.5 0.6 36.3 6.0 19.3 138.0 3.3 1.7 10.5 0.62 1 47.2 1.0

TF_18_Ap3 25.1 0.5 46.4 4.6 15.4 155.7 3.4 1.2 8.2 0.70 0 36.8 0.7

TF_18_Ap4 18.9 0.7 32.8 6.0 37.9 207.7 6.4 1.6 15.0 0.59 2 33.7 1.2

TF_18_Ap5 15.6 0.9 33.8 2.7 9.9 185.4 3.7 0.5 5.1 0.60 1 26.6 1.6

Note. Weighted mean errors are reported. See the Supporting Information for details (S3).

Table 2 
(U-Th-Sm)/He Analytical Data
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Two samples from the Tordillo Formation collected east of the Manchana Covunco fault and along the 
northern flank of the Domuyo volcano were dated with AHe (TF17 and TF18; Figure 5). Five AHe sin-
gle-grain aliquots per sample provided single-grain ages between 10.8 ± 0.8 and 45.0 ± 0.7 Ma for TF17, 
and between 26.6 ± 1.6 and 47.2 ± 1.0 Ma for TF18. Corrected AHe ages (to account for 4He loss consider-
ing the dimensions of each crystal; Farley et al., 1996) show a positive correlation with effective uranium 
content (eU) (Figure S3.1). The other two samples from the Tordillo Formation collected along the southern 
flank of the Domuyo volcano (TF09 and TF10; Figure 5) yield AHe ages ranging between 1.2 ± 0.1 Ma and 
6.3 ± 2.6 Ma for TF09, and between 2.0 ± 0.2 and 10.7 ± 0.5 Ma for TF10 (Table 2). Two of the measured 
grains from sample TF09 are rather small (FT correction factor of 0.4) and should be interpreted with cau-
tion. The entire data set lacks a correlation between grain size and cooling ages (Figure S3.1).

6. Modeling Results
Thermal history modeling was performed on data from Paleozoic basement and Mesozoic sedimentary 
samples, from the western and eastern blocks of the Manchana Covunco fault (MCF), respectively. Details 
about the model setup are provided in the Supporting Information (S4).

6.1. Western Block of MCF: Thermal Histories of Choiyoi Group Samples

Inverse thermal history modeling was performed on Choiyoi Group intrusive samples (TF12, TF16) by 
combining ZFT, ZHe, AFT, AHe data, and >70 confined track lengths for each sample. The obtained Per-
mian U-Pb crystallization ages of 288.44 ± 0.70 Ma (TF12) and 288.17 ± 0.78 Ma (TF16) for Choiyoi Group 
samples (Figure 6 and Table S1.2) and the Middle-Upper Triassic Huarpic erosion surface (Azcuy & Camin-
os, 1987; Llambías et al., 2007, 2011) were introduced as geological constraints for the models. See Support-
ing Information for more details about constraints (S4).

The data input for sample TF12 included 33 single-grain AFT ages (with grain-specific mean Dpar val-
ues), with 73 horizontal confined track lengths, 3 AHe and 3 ZHe single-grain ages (Tables 1 and 2, S2.5 
and S2.6). The modeling output shows a well-constrained thermal history with good fits to the observed 
data (Figure 8a). The expected model matches the observed AFT age. The AHe predictions cluster around 
the two younger single-grain ages (∼35–30 Ma), whereas the oldest AHe age is underpredicted (younger 
than observed), but still within the range of analytical uncertainty. The ZHe predictions cluster around 
the oldest ZHe single-grain age (∼65 Ma) and overpredict two younger ages within the range of analytical 
uncertainty. Two abrupt pulses of rapid cooling are predicted between ∼90–75 Ma and ∼55–30 Ma in a 
stepwise fashion, separated by a protracted residence in the AFT PAZ at ∼90–100 °C. The residence of the 
sample within the PAZ temperatures is coherent with the observed minor group of shorter confined track 
lengths within this sample.

For sample TF16, the model input consisted in ZFT ages from 28 zircon crystals, AFT ages from 24 apatites 
with grain-specific mean Dpar values and 71 horizontal confined track lengths, as well as 3 AHe and 3 ZHe 
single-grain ages (Tables 1 and 2, S2.5 and S2.6). This sample was modeled as two different samples (4 m 
vertical offset) in order to combine both AFT and ZFT data sets. This procedure is required by the QTQt 
program. The modeling output constrains the onset of the first episode of rapid cooling as between 110 and 
100 Ma (Figure 8b). In this thermal history, cooling rates abruptly decelerate after ∼75 Ma and remain slow 
throughout the PAZ. This change is almost coeval with the end of TF12 first cooling pulse. Since then, cool-
ing rates remain slow and constant until reaching surface conditions. Predicted AFT ages, confined track 
lengths distribution, and ZHe and AHe ages are consistent with the observed data. The expected model 
(mean model from all sampled thermal histories) significantly overpredicts the observed ZFT data; how-
ever, the maximum likelihood model predicts these data well and is very similar in shape to the mean (ex-
pected) thermal history. For more details and extended modeling results see Supporting Information (S4).

6.2. Eastern Block of MCF: Thermal Histories of Tordillo Formation Samples

The Tordillo Formation samples were modeled through the combination of AFT and AHe data. Few con-
fined track lengths were included in each case (n < 7), without significant impact on the model outputs. A 
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Late Jurassic depositional age (Naipauer et al., 2012, 2015a, 2015b; Rossel et al., 2014) and a local middle 
Miocene angular unconformity (Folguera et al., 2007; Silva et al., 2018) were introduced as geological con-
straints for the models. See Supporting Information for more details about constraints (S4).

For sample TF18, the model input included AFT ages from 24 apatites with grain-specific mean Dpar values 
and 3 horizontal confined track lengths, as well as 5 AHe single-grain ages (Tables 1 and 2, S2.5 and S2.6). 
The modeled thermal histories are well-constrained, matching most of the observed data (except the oldest 
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Figure 8. QTQt modeling results for igneous (Choiyoi Group: TF12, TF16; 8a, b) and sedimentary (Tordillo Formation: TF18, TF17, TF10; 8c, d, e) samples. 
Inset plots present predicted versus observed ages/MTL plotted against sample elevation (default minor offset between aliquots for the sake of clarity). All 
predicted versus observed data correspond to the expected (average) model generated by QTQt (black lines representing the mean and 95% confidence intervals 
for the average thermal history). The predictions from the maximum likelihood models (very similar to the expected model) are given in the Supporting 
Information (Figure S4.1) (e.g., Gallagher, 2012; Gallagher & Ketcham, 2020). The green (AHe), orange (ZHe), cyan (AFT), red (mean track length), and violet 
(ZFT) bands represent the 95% credible intervals for the predictions (sampled intervals).
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AHe age) within the range of analytical uncertainty (Figure 8c). The modeled thermal history indicates a 
major pulse of rapid cooling (∼100 °C) reaching near-surface temperatures and starting between 50 and 
40 Ma, roughly coinciding with the younger cooling event recorded by the thermal history of TF12.

For sample TF17, thermal histories were performed with 44 AFT grain ages with grain-specific mean Dpar 
values and 7 horizontal confined track lengths, as well as 5 AHe single-grain ages (Tables 1 and 2, S2.5 
and S2.6). The obtained thermal model reflects a similar rapid cooling event constrained between 65-55 
and 40-35 Ma (Figure 8d). After 40 Ma, the thermal path marks a residence at near-surface temperatures 
(∼20 °C) or slow reheating until ∼15-10 Ma, followed by an abrupt reheating to >50 °C and very recent 
cooling until surface conditions. The later event likely induced a partial reset of AHe ages as evidenced by 
the dispersion of their ages (Table 2).

The single-grain ages for both TF17 and TF18 samples are excellently predicted by the expected models 
(Figures 8c and 8d). Notably, AHe single-grain ages show a positive correlation with eU (effective urani-
um) values for both samples (Figure S3.1), suggesting some degree of accumulated radiation damage likely 
influenced 4He-diffusion of apatite grains, and is therefore responsible for the observed dispersion of AHe 
cooling ages.

Finally, sample TF10 was modeled with 41 AFT ages with grain-specific mean Dpar values, 2 confined track 
lengths, as well as 5 AHe single-grain ages (Tables 1 and 2, S2.5 and S2.6). The expected model predicts the 
observed data within the range of analytical uncertainty, except for the two oldest AHe ages (Figure 8e). 
A pulse of rapid cooling is predicted at ∼50 Ma, closely mimicking those recorded for samples TF17 and 
TF18, but less constrained in terms of temperature range. After 15-10 Ma, an abrupt reheating to >80 °C is 
responsible for the total resetting of all AHe ages and followed by very recent accelerated cooling to surface 
temperatures. The modeled thermal histories underpredict the two oldest AHe ages, which might be due 
to partial resetting of these grains or possible flaws during grain selection. There is no clear correlation be-
tween cooling ages and eU-values for this sample (Figure S3.1).

The young (<10 Ma) reheating event predicted by TF17 and TF10 thermal histories has likely affected the 
TF09 sample as reflected by the very young (fully reset) AHe cooling ages of this sample (Table 2).

7. Discussion and Tectonic Implications
The modeled thermal histories constrain different heating and cooling events during the time-temperature 
evolution of the Domuyo area. In the following, these are chronologically discussed and integrated in the 
framework of the regional tectonic scenarios, including the implications for exhumation-cooling mecha-
nisms and their relationship with the MCF, and the final thermal effect of DVC on the cooling history.

7.1. Chronological Development of Reheating, Deformation, and Exhumation in the Domuyo 
Area

7.1.1. Neuquén Basin Development. Resetting of Fission Track and (U-Th-Sm)/He Ages

The uniform distribution of Dpar and confined track lengths versus grain ages of the Choiyoi Group and 
Tordillo Formation is consistent with corresponding P(x2) values >5% and the presence of a single popu-
lation of ages (Table 1; Figures 7 and S2.1). These characteristics together with the fact that the obtained 
cooling ages are much younger than their depositional and/or U-Pb crystallization ages (Figure 6) imply 
that the fission track and (U-Th-Sm)/He isotopic systems were totally reset.

Progressive reheating related to the opening, subsidence, and filling of the Neuquén Basin in a wide-rift 
setting as well as significant volcanic activity and crustal extension are the main processes responsible for 
the total reset of both isotopic systems (Franzese & Spalletti, 2001; Franzese et al., 2003) (stages 2B and 2A 
in Figure 9c and Figures 10a and 10b). The rift stage is evidenced by N-S and W-NW striking normal faults 
in the Domuyo and Cordillera del Viento areas (Galetto et al., 2018; Sagripanti et al., 2014). The total reset 
of the AFT and AHe systems in the Tordillo Formation indicates progressive subsidence and burial above 
the AFT closure temperature (110 ± 10 °C) with a thermal peak around 130 °C (Figures 8c, 8d, 8e, and 9c). 
The maximum temperature of 130 °C is consistent with burial depths of >2.6 km according to a geothermal 
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gradient of ∼51 °C/km. This latter estimate corresponds to the modern easternmost region of the Neuquén 
Basin (Sigismondi, 2013; Sigismondi & Ramos, 2009a, 2009b), which was not affected by Andean deforma-
tion and can be considered an analogue to the pre-Andean tectonic scenario of the study area. This burial 
depth is in good agreement with those estimated by Galetto et al. (2018) east of the MCF; with paleo-depths 
of >4.2-2.3 km interpreted for the southeastern flank of Domuyo volcano (Folguera et al., 2015), and with 
the deposition of 3–3.6 km of Mesozoic sedimentary rocks east of Cordillera del Viento since Late Jurassic 
times (Sánchez et al., 2018). The estimated burial depth could be even higher considering the high subsid-
ence rates estimated for the Tordillo Formation in southern Mendoza province (Mescua et al., 2020).

7.1.2. Cretaceous Cooling Period (Albian-Campanian)

The oldest cooling age and the thermal histories of Choiyoi Group samples reflect and Albian-Campanian 
cooling episode, lasting since ∼110 to 75 Ma (Table 1, Figures 8a, 8b, and 10c, and stage 1B in Figure 9c). 
This cooling episode is consistent with: (i) the onset of the Andean orogeny interpreted by provenance 
studies in the foreland of the Southern Andes between 34°S and 39°S (Balgord & Carrapa, 2016; Borghi 
et al., 2019; Di Giulio et al., 2012, 2016; Gómez et al., 2019; Tunik et al., 2010) (Figures 2 and 3); (ii) the 
beginning of exhumation and magmatism in the fore-arc (Glodny et al., 2008; Tapia et al., 2020); and (iii) 
a major change in plate’s configuration and spreading rates at a global scale (Matthews et al., 2012; Müller 
et al., 2016; Somoza & Zaffarana, 2008). Assuming the geothermal gradient of ∼51 °C/km (Sigismondi, 2013; 
Sigismondi & Ramos, 2009a, 2009b), the Albian-Campanian rapid cooling event implies maximum cooling 
rates of 12 ± 4 to 23 ± 10 °C/Ma and exhumation rates of up to ∼0.5 ± 0.2 mm/yr (see Table S4.2 for de-

GALETTO ET AL.

10.1029/2020TC006415

18 of 30

Figure 9. (a) Schematic structural profile across the main morphostructural units at 36°30′S, modified from Zamora Valcarce et al. (2009), Orts et al. (2012), 
Rojas Vera et al. (2014a, 2014b), Folguera et al. (2015), Sánchez et al. (2018), Turienzo et al. (2018), and Colavitto et al. (2019). (b) Generalized structural profile 
of the Domuyo area. The location of samples is projected onto the profile maintaining their relative elevation. See Figure 5 and Table 1 for locations and 
coordinates. (c) Compilation of the expected (average) model generated by QTQt from Choiyoi Group and Tordillo Formation samples (Figure 8). Dark/light 
pink lines correspond to the Choiyoi Group and dark/light blue to the Tordillo Formation. In each case, thick lines are the mean model and thin lines represent 
the 95% confidence intervals for each average thermal history. Black dotted arrows correspond to different cooling phases and red dotted arrows to heating/
reheating phases. Gray boxes represent geological constraints introduced in the models.
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tails about calculation). This phase of the thermal history represents the earliest tectonically driven cooling 
event recognized in the ChMFTB, and can be precisely correlated with the maximum depositional ages of 
∼109–100 Ma for the first synorogenic deposits in the Neuquén Basin, represented by the Neuquén Group 
(Borghi et al., 2019; Di Giulio et al., 2012, 2016; Fennell et al., 2015; Gómez et al., 2019; Tunik et al., 2010, 
Figures 2 and 4). These deposits register >1,500 m of sedimentary rocks in some sectors of the basin (Legar-
reta & Uliana, 1999), and between 250 and 550 m in its northern part at 34°–36°S (Borghi et al., 2019; Gómez 
et al., 2019; Mescua et al., 2013; Orts et al., 2012). Moreover, the sedimentary evidence at 36°–37°S indicates 
>2,500 m of denudation driven by the Late Cretaceous contractional phase of the Southern Central An-
des, shaping the mountain system with a topographic front defined by the Cordillera del Viento anticline 
between 70°00′W and 70°30′W (present coordinates) (Borghi et al., 2019, Figure 2). This is consistent with 
Paleogene volcanic rocks that rest in angular unconformity on top of the deformed basement and Choiyoi 
Group units in the western foothills of the Cordillera del Viento, indicating significant contraction before 
Paleogene times (Jordan et al., 2001). This phase of orogenic construction is equivalent to the Peruvian oro-
genic phase defined by Steinmann (1929) further north in the northern segment of the Central Andes. To 
the south, it is synchronous with the onset of Late Cretaceous mountain building in the Patagonian Andes 
(Echaurren et al., 2016; Fosdick et al., 2011; Genge et al., 2021; Ghiglione et al., 2014; Gianni et al., 2018; 
Klepeis et al., 2010; Savignano et al., 2016; Thomson et al., 2001, 2010; among others).

Importantly, the lack of correlation between most of the previously published cooling ages and the maxi-
mum depositional ages of the Neuquén Group at these latitudes is probably because most of the thermo-
chronological data are from Mesozoic sedimentary units of the eastern sectors of the basin (Figure 2). Such 
samples usually yield nonreset or partially reset fission track and (U-Th-Sm)/He ages, as their burial depths 
are not enough to fully reset these isotopic systems. In the case of Mesozoic nonreset sedimentary samples, 
cooling ages only provide old (pre-Andean) thermal information from their provenance areas; whereas in 
the case of partially reset samples only the youngest Cenozoic grain-age populations likely reflect reliable 
local cooling episodes associated to the final stages of the Andean orogeny (Folguera et al., 2015; Sánchez 
et al., 2018; Zamora Valcarce et al., 2009). Therefore, the early stages of the Andean cooling/exhumation 
have remained poorly constrained by the fission track and (U-Th-Sm)/He cooling signals of these sedimen-
tary rocks.

7.1.3. Paleocene Orogenic Quiescence

Since the end of the Campanian, thermal histories of the Choiyoi Group exhibit a progressive decrease in 
the cooling rates along different trajectories toward surface temperatures (Figure 9c). The TF16 model in-
dicates uniform slow cooling rates until the present (Figure 8b), whereas the TF12 expected model reflects 
protracted cooling through the apatite PAZ between 75 and 55  Ma (Figure  8a). These thermal histories 
likely reflect a period of orogenic quiescence matching diverse tectonic settings proposed for this period 
at 37°S: (i) a potential postorogenic relaxation stage that followed the initial uplift of the Andes (Llambías 
& Aragón, 2011); (ii) an extensional tectonic episode in response to a southward spread mid-oceanic ridge 
subduction between ∼35°S and 37°S (Fennell et al., 2019; Iannelli et al., 2020). Synchronously, the para-
conformable deposition of the Malargüe Group deposits, including the first Atlantic-related marine suc-
cession on top of Neuquén Basin deposits (Figures 2 and 4), implies a mild and widespread subsidence in 
the retro-arc and foreland areas, which is also consistent with a relative quiescence stage and slow rates of 
sediment accumulation (Aguirre-Urreta et al., 2010; Fuentes & Horton, 2020). At a global scale, the low 
cooling rates between 75 and 55 Ma precisely match a plate motion global event defined by a major drop 
in relative spreading rates around 70 Ma between Africa and South American plates, followed by a gradual 
acceleration in rates after ∼55-50 Ma (Colli et al., 2014; Müller et al., 2016).

7.1.4. Eocene Cooling Period

The modeled thermal histories for the Tordillo Formation (Figures 8c–8e) indicate rapid Eocene cooling 
(∼55-35  Ma, stage 1C in Figures  9c and  10d) matching the youngest cooling episode predicted for the 
Choiyoi Group TF12 sample (Figures 8a and 9c). This episode is associated with maximum cooling rates 
of 5.8 ± 1.2 °C/Ma (see Table S4.2 for further details). The available confined track lengths for the Tordillo 
Formation samples are scarce (n ≤ 7) (Table 1); however, the consistency of the first cooling episode pre-
dicted by all Tordillo thermal histories, and their similar AFT and AHe ages, suggest that rapid cooling was 
triggered by accelerated exhumation that we suggest is associated with an important deformational event. 
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This episode represents a distinct and specific orogenic event preceded by a relative orogenic quiescence 
(TF12), contrary to the previously proposed rather continuous “Late Cretaceous-Paleogene” constructional 
period described in the ChMFTB (Folguera et al., 2015; Rojas Vera et al., 2015; Sánchez et al., 2018, 2020).

Importantly, the Eocene exhumational stage recognized in the study area is synchronous with a remarkable 
angular unconformity carved over Paleogene rocks of the Malargüe Group and recorded east and southeast 
of the Domuyo area between ∼36°S and 37°S, with a likely southward declining angularity, supporting a 
phase of tectonism in the Andes and foreland basin at this time (Orts et al., 2012; Ramos, 1981; Rodríguez 
et al., 2011; Sagripanti et al., 2011, 2012, Figure 4). The unconformity marks the limit between the Eocene 
strata of the upper Malargüe Group and upper Oligocene to lower Miocene volcanoclastic deposits, indi-
cating the existence of a late Eocene uplift in the region, older than ∼30 Ma (Orts et al., 2012; Ramos, 1981; 
Rodriguez et al., 2011; Sagripanti et al., 2011, 2012).

Notably, the distribution of synorogenic deposits linked to the Eocene orogenic phase at 36°–37°S is still un-
der discussion. Volumes of these deposits are low north of the Cortaderas lineament and even more limited 
to the south (Ramos & Kay, 2006). In southern Mendoza province (36°25′S), a 50–100-m thick synorogenic 
sequence attributed to the upper Malargüe Group strata has been recognized, which contains sandstones 
and conglomerates deposited during a progressive continentalization and progradation of fluvial systems to 
the southeast following the regression of the Atlantic Ocean (Kozlowski et al., 1987; Sagripanti et al., 2012).

Whether contemporaneous foreland basin strata support major deformation in the Eocene remains an open 
question, evidence for changes in the tectonic regime at ca. 49 Ma in the ChMFTB derives from an eastward 
migration of the volcanic arc (Cobbold & Rossello, 2003; Cobbold et al., 1999; Kay et al., 2006). The cessation 
of Paleogene volcanism west of the Cordillera del Viento and its initiation to the east has been attributed 
to an eastward shift of the volcanic front during Eocene times, accompanied by contractional deformation 
(Kay et al., 2006). Moreover, an Eocene compressive event east of Cordillera del Viento has been postulated 
by Cobbold et al. (1999), based on contractional structures, orientation of bitumen veins cross-cutting de-
formed Cretaceous strata, and ages of magmatic rocks in Huantraico syncline (Cobbold & Rossello, 2003).

At a regional scale, the Eocene compressive stage corresponds to the southward continuation of the Eocene 
rapid cooling period identified by Lossada et al. (2017) further north (30°S). Moreover, it coincides with the 
Eocene compressive stage widely documented north of 28°S in the Puna/Altiplano and Eastern Cordillera 
(Hongn et  al.,  2007), and it is equivalent to the Incaic orogenic phase defined by Steinmann  (1929) for 
the northern Central Andes. This correlation implies the southward extension of the western Eocene belt 
defined by Lossada et al. (2017) toward the latitude of the study area (36°30′S). According to the authors, 
this western belt comprises the High Andes and Western Cordillera between 22°–35°S and 68°–70°W, and 
describes a gradual decrease of shortening from north to south. At a plate margin scale, the Eocene con-
tractional period matches the gradual acceleration in oceanic spreading rates and plate motion after ∼55-
50 Ma (Colli et al., 2014; Müller et al., 2016), and the reconstructions of the subducting slab evolution that 
evidence coupling and significant orogenic belt built-up since ∼50 ± 10 Ma in the western margin of the 
South American plate (Faccenna et al., 2017).

7.1.5. Significance of Cooling Ages on Oligo-Miocene Deformational Episodes

The available geological information indicates that extensional deformation linked to the genesis of the 
Oligocene-early Miocene Cura Mallin basin was likely localized along the volcanic arc, west from the study 
area (Burns et al., 2006; Spikings et al., 2008; Utgé et al., 2009). The absence of reheating signals during 
this time in the obtained thermal histories further support those observations. Moreover, the lack of rapid 
cooling for the middle Miocene compressive phase in the western flank of Domuyo volcano (Figures  2 
and 3, and references therein) could indicate either that the analyzed samples were already exhumed below 
40 °C (lower temperature of the PRZ for AHe) by those times, and/or that the entire area was passively 
transported eastwards, toward the foreland, along the gently dipping regional detachment of the ChMFTB 
(Figure 9a).
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Figure 10. Schematic structural evolution of the Domuyo morpho-structure from Late Triassic to Plio-Pleistocene times. DVC: Domuyo Volcanic Complex, 
MCF: Manchana Covunco Fault, ABT: Andacollo back-thrust, numbers with asterisks refer to cooling/heating phases indicated in Figure 9c. See Section 7 and 
Galetto et al. (2018) for further details.
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7.2. Mechanisms for Thrust-Related Exhumation and Implications for the Dynamics of the 
MCF

Contrasting thermal histories are registered on opposing sides of the MCF since Cretaceous times (Figures 8 
and 9c). While Choiyoi Group samples west of the MCF remained below <100 ± 10 °C since ∼80-75 Ma, 
the Tordillo Formation cooled below those temperatures at least 25 M.y. later. Both of these cooling periods 
can be explained by the inception of an east-vergent basement wedge since Late Cretaceous times combined 
with the development of a retro-vergent thrust to the west (Figures 9, 10c, and 10d).

As temporal variations in cooling rates depend on the amplitude of the topography, the remarkable initial 
steepening of the time-temperature trajectories of the Choiyoi Group samples west of the MCF requires 
high-angle faults capable of creating a large vertical offset associated with a rapid cooling signal (Ehlers & 
Farley, 2003; Metcalf et al., 2009; ter Voorde et al., 2004). In this scenario, the first rapid cooling episode of 
the Choiyoi Group at ∼110 Ma (Figures 8a, 8b, and 9c) could be related to regional uplift in the hangingwall 
of an east-vergent basement wedge accommodated by a high angle and deep detachment and the inception 
of a retro-vergent thrust west of the Choiyoi Group units (Figures 9 and 10c). This tectonic scenario is com-
patible with the large basement-involved fault-bend anticline proposed for the Cordillera del Viento imme-
diately south of the study area (Folguera et al., 2007; Kozlowski et al., 1996, 1998; Sánchez et al., 2018, 2020; 
Zapata et al., 1999). Moreover, displacement on a thrust fault alone does not cause exhumation; denudation 
is required to cool rocks and bring them to the surface (Ehlers & Farley, 2003). The active compressional 
deformation and the development of a broad antiform with a N-S trending axis must have enhanced the 
relief and triggered erosion of the Mesozoic sedimentary sequence overlying the basement and the Choiyoi 
Group rocks, which is reflected in a distinctive acceleration of the exhumation and cooling rates to up to 
12 ± 4–23 ± 10 °C/Ma (Figures 9 and 10c; Table S4.2). The erosive products were transported and deposited 
eastwards in the Neuquén Group deposits, simultaneous with the development of the Cretaceous foreland 
basin (Di Giulio et al., 2012, 2016; Mpodozis & Ramos, 1990; Ramos, 1981; Tunik et al., 2010). As previ-
ously mentioned, the onset of rapid cooling at 110 Ma (±3 Ma considering the 95% confidence intervals 
for the average) is consistent with the maximum depositional ages of 109–100 Ma reported for Neuquén 
Group synorogenic deposits at 35°–38°S (Borghi et al., 2019; Di Giulio et al., 2012, 2016; Fennell et al., 2015; 
Gómez et al., 2019; Tunik et al., 2010). Therefore, erosion would have started almost simultaneously with 
the onset of uplift of Choiyoi Group units, with generation of positive relief and intense denudation. A 
humid paleoclimate has been described for Upper Cretaceous deposits at 34°–37°S (Borghi et al., 2019; Lo-
thari et al., 2020), and climate reconstructions based on the study of contemporary foreland deposits in the 
Patagonian Andes indicate global greenhouse conditions for middle Cretaceous times (Varela et al., 2018, 
and references therein). This climate pattern supports the massive removal of the easily erodible Mesozoic 
sedimentary rocks overlying the basement of the Neuquén Basin, resulting in a remarkable acceleration of 
exhumation rates since ∼110 Ma.

During the Eocene, a second compressive event controlled the local reactivation and inversion of the MCF, 
and the folding of the entire Mesozoic sedimentary sequence (Figures 9 and 10d). In this tectonic scenario, 
the MCF acted as a local retro-vergent thrust that localized most of the deformation and exhumation in the 
Domuyo mountain, reflected by AFT and AHe ages from the Tordillo Formation east of the MCF (Tables 1 
and 2; Figure 10d). Thermal effects of the Eocene compressive stage can also be recognized in one of the 
Choiyoi Group thermal models (TF12), showing that the western reverse fault likely experienced some Eo-
cene contractional reactivation, probably due to the transference of deformation through the ENE Covunco 
fault (Figure 5). As previously mentioned, this episode of uplift is coherent with the angular unconformity 
carved over Paleogene rocks of the Malargüe Group between ∼36°S and 37°S (Figure 4).

The Late Cretaceous exhumation episode is not recorded by AFT cooling ages from the Tordillo Forma-
tion; this probably relates to deeper Cretaceous burial depths of this unit east of the MCF, compared to the 
Choiyoi Group to the west. This setting results in contrasting exhumation episodes across the AFT PRZ be-
tween the two sides of the MCF (Figure 9c). Therefore, if the MCF was a local east-dipping normal fault dur-
ing the Late Jurassic, it could have controlled the distribution and thickness variations of the Upper Jurassic 
sedimentary rocks generating subsidence and promoting sediment accumulation in an Upper Jurassic dep-
ocenter to the east (Figure 10b) (Galetto et al., 2018). This structural architecture matches the Late Jurassic 
extensional tectonic configuration proposed for 34°–36°30′S in the Malargüe fold-and-thrust belt and the 
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Andean fore-arc during Late Jurassic times (Charrier, 2007; Charrier et al., 2007; Mescua et al., 2020; Ver-
gara et al., 1995).

In the case of the reverse fault located west of the Choiyoi Group units, it would represent the continuation 
of the Andacollo back-thrust system, a Late Cretaceous, east-dipping and N-S-striking, blind back-thrust 
that spans the western flank of Cordillera del Viento, reaching the latitude of the Domuyo volcano (Fig-
ure 2; Cobbold & Rossello, 2003; Sánchez et al., 2018, 2020; Zapata et al., 1999).

7.3. Thermal Effects From the Emplacement of Domuyo Volcanic Complex (DVC)

The thermal impact of the intrusive phase of the DVC is constrained by the AHe cooling ages of the Tordillo 
Formation and reflected in the modeled thermal histories (Figures 8, 9c,, and 10f). The progressive emplace-
ment of the DVC intrusive body and associated diffusion of heat likely controlled the latest Miocene reheat-
ing event seen in the Tordillo Formation thermal paths. The intensity and acceleration of this thermal over-
print appear to be proportional to the distance of each sample from the intrusion, being more pronounced 
for TF10 and smoother for TF17 (Figures 5, 8d and 8e). The onset of the DVC magmatism took place during 
middle-late Miocene times according to its thermal effect on nearby Late Jurassic units (∼10 Ma; AHe). 
This age is older than the 2.5 ± 0.5 Ma age suggested for the DVC by Miranda (1996), but consistent with 
the interpretation of middle Miocene to lower Pleistocene by Llambías et al. (1978). The extension of DVC 
volcanic activity toward Plio-Pleistocene times (Figure 10f) is evidenced by the protracted thermal imprint 
on the closest sample analyzed (TF09; Figure 5), which yielded Pleistocene AHe cooling ages (Table 2).

8. Conclusions
Inverse thermal modeling of apatite and zircon fission track and (U-Th-Sm)/He data from Paleozoic igne-
ous rocks and Upper Jurassic sedimentary rocks from the Domuyo volcano area, reveals a stepwise thermal 
history composed of two major episodes of rapid cooling constrained to Albian-Campanian (∼110-75 Ma) 
and Eocene (∼55-35 Ma) times. A Paleocene quiescence stage, characterized by very slow cooling rates, 
separates both cooling phases (∼75-55 Ma). Thermal histories from the footwall (Paleozoic samples) and 
hanging wall (Upper Jurassic samples) of the Manchana Covunco fault suggest differential (temporally 
offset) cooling trajectories. Paleozoic (Choiyoi Group) samples west of Manchana Covunco fault cooled 
below <100 ± 10 °C at ∼80 Ma and were cooled toward the present surface since that time. The Albian 
onset of cooling at ∼110 Ma in the structural basement units is constrained by ZFT ages from one of the 
analyzed samples. In turn, Upper Jurassic sedimentary samples (Tordillo Formation) east of Manchana 
Covunco fault cooled below the AFT PRZ at least 25 M.y. later and were subsequently affected by a late Mio-
cene-Pleistocene reheating event. This thermal overprint is registered for those Tordillo Formation samples 
located closer to the main intrusive body of the Domuyo Volcanic Complex.

The constrained cooling phases likely reflect stages of exhumation driven by contractional tectonics during 
Albian-Campanian and Eocene times. In this context, we propose an onset of exhumation in the inner 
part of the Chos Malal fold-and-thrust belt for the Albian, which is ca. 25 M.y. earlier than previously con-
strained by low-temperature thermochronology and supported by maximum depositional ages of coeval 
sedimentary rocks in the foreland. Moreover, we support the idea of a continuation of the Eocene contrac-
tion widely recognized in the Puna-Eastern Cordillera and the Principal/Frontal Cordillera further south 
until the latitude of the study area. The recognition of contrasted cooling phases between both sides of the 
Manchana Covunco fault allows us to suggest that the fault was inverted during Eocene times. The positive 
inversion of the east-dipping normal Manchana Covunco fault as a local retro-vergent thrust has been re-
sponsible for the rapid exhumation and deformation of Tordillo Formation in its hanging wall.

The results presented here suggest that the cooling/exhumation history of Domuyo area represents a com-
plex combination of early Andean deformational episodes with a superimposed reheating event triggered 
by the emplacement of the Domuyo Volcanic Complex magmatic activity since the middle-late Miocene 
(∼10 Ma). The new data provided in this work suggest that further studies are needed to better understand 
the relative importance of the first mountain building stages in the Southern Andes, and their role in the 
structuration of the Chos Malal fold-and-thrust belt.
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Data Availability Statement
All of the supplementary data have been filed at the Geochron data base (http://www.geochron.org/dataset/
html/geochron_dataset_2021_05_05_GZM32).
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