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Abstract Marked along‐strike changes in stratigraphy, mountain belt morphology, basement
exhumation, and deformation styles characterize the Andean retroarc; these changes have previously
been related to spatiotemporal variations in the subduction angle. We modeled new apatite fission track and
apatite (U‐Th‐Sm)/He data from nine ranges located between 26°S and 28°S. Using new and previously
published data, we constructed a Cretaceous to Pliocene paleogeographic model that delineates a four‐stage
tectonic evolution: extensional tectonics during the Cretaceous (120–75 Ma), the formation of a broken
foreland basin between 55 and 30 Ma, reheating due to burial beneath sedimentary rocks (18–13 Ma), and
deformation, exhumation, and surface uplift during the Late Miocene and the Pliocene (13–3 Ma). Our
model highlights how preexisting upper plate structures control the deformation patterns of broken foreland
basins. Because retroarc deformation predates flat‐slab subduction, we propose that slab anchoring may
have been the precursor of Eocene–Oligocene compression in the Andean retroarc. Our model challenges
models which consider broken foreland basins and retroarc deformation in the NWArgentinian Andes to be
directly related to Miocene flat subduction.

1. Introduction

Cordilleran orogens, such as the Andes, are characterized by subduction of an oceanic plate beneath conti-
nental lithosphere (DeCelles et al., 2009). During subduction, contractional or extensional phases are con-
trolled by the relative convergence rate, angle of subduction, and the contrast between the densities of the
subducting slab and the mantle (Chen et al., 2019; Horton, 2018b; Oncken et al., 2006). However, the con-
trols exerted by the subduction system on upper plate deformation and sedimentation patterns remain con-
troversial (Horton, 2018b; Jordan et al., 1983; Kley et al., 1999). The Andes are characterized by spatial
(along‐strike) and temporal variations in the deformation patterns that are responsible for changes in moun-
tain belt morphology, magnitude of shortening, and foreland basin geometry (Figure 1a) (e.g., Jordan
et al., 1983; Pearson et al., 2012). Several authors proposed different conditions such as flat subduction, inter-
actions between the slab and the mantle, and upper plate inherited structures to be the main precursor of
these spatiotemporal variations along the Andes (e.g., Chen et al., 2019; Horton, 2018b; Martinod et al., 2020;
Pearson et al., 2013).

Flat‐slab subduction increases plate coupling, which promotes deformation toward the foreland and
upper plate compression (e.g., Horton, 2018b; Martinod et al., 2020). Moreover, the penetration of the
subducted slab into the lower mantle also increases plate coupling and promotes upper plate shortening
(Chen et al., 2019; Faccenna et al., 2017). Diachronic flat‐slab subduction along the Andean continental
margin has been suggested to be the main precursor of thick‐skin retroarc deformation and therefore may
be responsible for variations in foreland basin geometries, deformation patterns, and mountain belt
morphology (e.g., Horton, 2018b; Jordan et al., 1983; Martinod et al., 2020; Ramos, 2009). Alternatively,
several authors have proposed that inherited structures controlled the geometry of foreland basins and
along‐strike segmentation of the Andean retroarc (del Papa et al., 2013; Kley & Monaldi, 2002;
Pearson et al., 2013). We aim to better understand the evolution of the Andean retroarc by documenting
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the spatiotemporal relationships between deformation patterns, inherited structures, and previously
documented variations in the subduction angle.

Between 26°S and 28°S, the Puna Plateau and the associated Santa Barbara broken foreland abruptly termi-
nates and transitions southward into the Sierras Pampeanas broken foreland. To constrain the timing of seg-
mentation in this portion of the Andean broken foreland, we reconstruct and compare the thermal histories
of nine basement blocks in the Santa Barbara system and Sierras Pampeanas using apatite fission‐track
(AFT) and apatite (U‐Th‐Sm)/He (AHe) data. We use new and published thermochronometric data to

Figure 1. (a) Central Andes sedimentary cover and geological provinces modified from Kley et al. (1999). (b) Geological
map of the study area modified from Dal Molin et al. (2003) and González (2000), showing available thermochronology
ages (Coughlin et al., 1999; Coutand et al., 2006; Löbens et al., 2013; Mortimer et al., 2007; Sobel & Strecker, 2003;
Zapata et al., 2019b). Color code denotes ages; circles represent AFT, triangles are AHe, and dashed black squares contain
the new ages presented in this contribution. Gray lines denote the limits of the different tectonomorphic provinces.
Faults within the Tucuman Basin were taken from seismic‐based reconstructions (Iaffa et al., 2011, 2013). HF: Hualfin
fault; WAF: West Aconquija fault; ARF: Agua Rica fault; EAF: East Aconquija fault, ATF: Altos del Tortora fault; RF:
Rearte fault; and GF: Guasayan fault. Letter “S” relates to the sections presented in Figure 2.
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develop a Cretaceous to Pliocene paleogeographic model of the Andean retroarc. We document Paleogene
and Miocene retroarc deformation that may have been promoted by slab penetration into the lower mantle
and flat‐slab subduction, respectively. During these contractional phases, inherited structures controlled the
deformation patterns and basin geometries.

2. Geological Background
2.1. Tectonic Evolution of the Central Andes

Foreland basin geometries can be divided into two end‐member styles (Strecker et al., 2011). Continuous
foreland basin systems are associated with thin‐skin deformation related to the growth of an orogenic wedge
(DeCelles & Giles, 1996; Horton & DeCelles, 1997). Conversely, broken foreland basins are characterized by
thick‐skin deformation (Jordan & Allmendinger, 1986; Strecker et al., 2011). This study targets samples col-
lected along the transition between the high elevation Puna Plateau, the Santa Barbara system, and the
Sierras Pampeanas tectonomorphic provinces. The Santa Barbara system is a broken foreland basin charac-
terized by combined thick‐skin and thin‐skin deformation that includes inverted normal faults and shallow
décollements in the sedimentary fill (Abascal, 2005; Kley & Monaldi, 2002). The Sierras Pampeanas encom-
passes several discontinuous mountain ranges bounded by high‐angle faults (Jordan & Allmendinger, 1986).
The Sierras Pampeanas broken foreland is 5 times broader (E‐W ~ 500 km) than the Santa Barbara broken
foreland (Figure 1a).

During the Early Cretaceous (130–70 Ma), the Central Andes experienced at least two extensional rifting epi-
sodes related to the opening of the South Atlantic Ocean (Marquillas et al., 2005; Moulin et al., 2010). During
this period, rift basins developed along the Central Andes, including the Salta Basin exposed in the Santa
Barbara system, and the Sierras Chicas and San Luis Basins located to the south of the Sierras Pampeanas
(Figure 1a) (Marquillas et al., 2005; Salfity & Marquillas, 1994; Schmidt et al., 1995; Viramonte et al., 1999).
Between 70 and 55Ma, the Central Andes experienced regional thermal subsidence that facilitated the deposi-
tion of postrift strata within the Early Cretaceous rift basins (Becker et al., 2015; Marquillas et al., 2005).

Contractional tectonics characterized the Late Cretaceous to Cenozoic evolution of the Central Andes; this
has been interpreted to have driven several deformational phases and associated mountain‐building events
(e.g., Arriagada et al., 2006; Chen et al., 2019; Horton, 2018a; Oncken et al., 2006; Sobolev et al., 2005). In the
Central Andean retroarc, shortening and crustal thickening initiated between 50 and 30 Ma (Canavan
et al., 2014; Zhou et al., 2017). The Eocene to Oligocene tectonic evolution of the Central Andean retroarc
between 25°S and 30°S has been extensively discussed. Several authors postulated that the Central
Andean retroarc was undeformed and constituted a distal segment of a continuous foreland basin formed
during a period of steep subduction (Carrapa et al., 2008; DeCelles et al., 2011; Gianni et al., 2020; Zhou
et al., 2017). Alternative models proposed that Paleogene deformation in the Central Andean retroarc
formed disconnected basement highs that characterize a broken foreland basin (del Papa et al., 2013;
Hongn et al., 2007; Payrola et al., 2009). In the Sierras Pampeanas and the Santa Barbara system, Miocene
deformation was characterized by basement‐involved faulting and a broken foreland basin (Dávila
et al., 2007; Kley &Monaldi, 2002; Löbens et al., 2013; Pearson et al., 2013). Yáñez et al. (2002) suggested that
the collision between the South Americanmargin and the Juan Fernandez Ridge caused flat‐slab subduction
of the Nazca plate beneath the South American plate during the Miocene. This model predicts that flat‐slab
subduction commenced beneath the study area (26–28°S) around 12 Ma. However, Gianni et al. (2020) sug-
gested that between 25°S and 28°S flat‐slab subduction started at ~26 Ma. The formation of the Sierras
Pampeanas and the Santa Barbara broken foreland basins has been directly related to Late‐Oligocene to
Miocene flat‐slab subduction (Carrapa et al., 2008; Gianni et al., 2020; Jordan et al., 1983; Ramos &
Folguera, 2009).

2.2. Geology of the Study Area (26–28°S)

Between 26°S and 28°S, the transition from the Puna Plateau and the associated Santa Barbara system to the
Sierras Pampeanas is marked by the termination of elevated intermountain basins, changes in fault geome-
tries, variations in the thickness of the sedimentary fill, and variations in the morphology of mountain belts
(Figure 1) (Gapais et al., 1996; Löbens et al., 2013; Zapata et al., 2019). Herein, we informally subdivide the
Sierras Pampeanas province into two regions: the High and Low Sierras Pampeanas (Figure 1b). The High
Sierras Pampeanas (HSP) comprises the Campo‐Arenal, El Cajon, and the Santa Maria elevated basins
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(~2,000 masl). The HSP sedimentary fill is characterized by Miocene to Pliocene coarsening‐up successions
that unconformably overlie either Eocene to Oligocene sedimentary rocks or paleosurfaces (Zapata
et al., 2019a, 2019b).

The eastern limit of the HSP is marked by the Aconquija and Cumbres Calchaquies Ranges. The Aconquija
Range is a ~5,000‐masl basement block bounded by two high‐angle NE‐striking reverse faults parallel to the
trend of the range (Figure 1b) (Cristallini et al., 1997; Löbens et al., 2013); the southern end of this range is
characterized by several ~NW‐striking faults oriented perpendicular to the trend of the range (Figure 1b)
(Seggiaro et al., 2014). The Choromoro Basin marks the southern limit of the Santa Barbara system; this
basin hosts syn‐rift strata of the Pirgua group deposited between 130 and 70 Ma. Between 70 and 55 Ma,
the Balbuena and Santa Barbara groups were deposited during a period of postrift thermal subsidence.
These rift‐related units are overlain by clastic sedimentary rocks deposited in fluvial and lacustrine settings
during the Paleogene (Figure 2a); in the study area, the relation of these units with the post‐rift depositional

Figure 2. (a) Structural sections modified from Iaffa et al. (2013), vertical exaggeration is 2:1. (b) Schematic cross sections
of the studied ranges are based on available geological maps and seismic data presented by Abascal (2005) and Iaffa
et al. (2011), vertical exaggeration is 4:1. Dashed black lines denote schematically faults. Locations and color codes are
presented in Figure 1b.
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system or with the early phases of the Andean orogeny is unknown due to the lack of chronostratigraphic
constraints (DeCelles et al., 2011; Georgieff et al., 2014; Zapata, et al., 2019a). Finally, Miocene to Pliocene
coarsening‐up sedimentary successions were unconformably deposited on top of the Paleogene units
(Figure 2a) (Zapata et al., 2019a).

West of the Choromoro Basin is the Altos del Totora Range (Figure 1b). This range is bounded to the east by
a reverse fault; to the west, the basement of the range is overlain by Paleogene to Cenozoic sedimentary rocks
(Abascal, 2005). The Tafi del Valle Range is the southward continuation of the Altos del Totora Range. South
of the Choromoro Basin is the San Javier Range, which is bounded by a reverse fault to the east; to the west,
the basement of the range is overlain by Cretaceous to Miocene strata. The Medina and Candelaria Ranges
are part of the basement‐cored eastern ranges; the basement of these ranges is unconformably overlain by
Cretaceous to Miocene sedimentary rocks (Figures 1b and 2b).

The Low Sierras Pampeanas (LSP) is formed by the Tucuman and Pipanaco Basins. This subprovince is char-
acterized by low‐elevation depocenters (~800 masl); the sedimentary strata in these basins are usually less
deformed than the sediments in the HSP (Figure 2a). In the Tucuman Basin, outcrops are restricted to
coarsening‐upMiocene clastic strata that accumulated in lacustrine and fluvial systems (Zapata et al., 2019a).
However, seismic data suggest the presence of undeformed Cretaceous and Paleogene strata (Figure 2a)
(Iaffa et al., 2011). Between the Pipanaco and the Tucuman Basins is the ~2,700‐masl Ambato Range, which
is bounded by a reverse fault to the west. Miocene sedimentary rocks overlie basement rocks of this range
(Figure 2b) (Zapata et al., 2019a). In the SE part of the Tucuman Basin is the ~600‐masl Guasayan Range,
which is delineated by a reverse fault to the east; to the west, the basement of the range is overlain by
Miocene sedimentary rocks (Figure 2b) (Dal Molin et al., 2003).

The basement in the study area includes Cambrian to Ordovician schists, gneisses, and migmatites grouped
into the Puncoviscana Fm.; all were intruded by Ordovician granites (Adams et al., 2007, 2008; Ramos, 2008
and references therein). Available basement thermochronological data shows contrasting exhumation and
tectonic histories in the study area (Figure 1b). The Cumbres Calchaquies, Quilmes, and Capillitas Ranges
exhibit Cretaceous AFT and AHe ages interpreted to reflect Cretaceous horst exhumation followed by
Miocene reheating and Miocene‐Pliocene exhumation (Carrapa et al., 2014; Coughlin et al., 1999; Löbens
et al., 2013; Mortimer et al., 2007; Sobel & Strecker, 2003). The Aconquija Range yields Paleogene zircon
(U‐Th)/He (ZHe) ages and Miocene to Pliocene AFT and AHe ages, indicating an along‐strike increase in
Miocene exhumation with respect to the Cumbres Calchaquies Range (Figure 1b) (Löbens et al., 2013;
Sobel & Strecker, 2003). Finally, the Chango Real Range yields Paleogene AFT ages interpreted to record
exhumation during the early phases of the Andean orogeny (Coutand et al., 2001).

3. Methods
3.1. Sampling

We collected 31 samples from nine basement blocks in the study area. Low‐grade metamorphic rocks of the
Puncoviscana Fm. and Ordovician granitic rocks were collected in vertical transects or from different struc-
tural positions within the basement blocks (Figure 3). The relative position of the samples within the rock
body allows for the reconstruction of thermal histories (e.g., Reiners & Brandon, 2006).

3.2. AFT Method

The AFT method is based on the quantification of damage to the crystal lattice (tracks) that results from the
spontaneous fission of 238U. These tracks are partially annealed at temperatures between ~60°C and 120°C;
this interval is known as the apatite partial annealing zone (APAZ) (Wagner et al., 1989). Fission tracks
shorten within the APAZ; therefore, the track length distribution (TLD) and the mean track length (MTL)
values can be used as proxies to reconstruct the thermal history within the APAZ (Green et al., 1985). The
fission‐track annealing resistance depends strongly on the kinetics of the apatite crystal. A useful kinetic
indicator is the resistance of the crystal to the acid used to reveal the tracks (etching). Therefore, the diameter
of the fission‐track etch pit (Dpar) can be used as a proxy to quantify resistance to annealing (Carlson
et al., 1999; Donelick et al., 1999; Ketcham et al., 1999). The detailed procedures for etching, Dpar measure-
ments, and sample preparation are presented in Text S1 in the supporting information (Dunkl, 2002;
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Galbraith & Laslett, 1993; Green, 1981). Results are summarized in Table 1; complete AFT data are
presented in Tables S1 and S4.

3.3. AHe Method

AHe thermochronology quantifies the production and accumulation of helium formed by the alpha decay of
U, Th, and Sm. The temperature interval in which apatite retains helium is known as the apatite partial reten-
tion zone (APRZ), which ranges from 40°C to as high as 90°C (Farley, 2002). The AHe closure temperature is
controlled by the helium retentivity of the crystal. This can be affected by the accumulated radiation damage,
which is proportional to the effective uranium content (eU = U + 0.235*Th) and the time that the sample
resided at temperatures below ~100°C (Flowers et al., 2009; Shuster et al., 2006). Residence within the
APRZ can result in gas loss proportional to the crystal retentivity, resulting in positive correlations between
eUand age.Additionally, the size and geometry of the crystals also affect helium retentivity (Brown et al., 2013;
Farley et al., 1996). Internal crystal zonation and the presence of high helium or eUmicroinclusions can affect
the age estimate (e.g., Flowers, 2009; Vermeesch et al., 2007). Detailed analytical procedures are described in
Text S1. Results are summarized in Table 1; complete AHe results are presented in Table S2.

3.4. Thermal Modeling Procedures and Parameters

It is challenging to interpret thermal histories based on multiple thermochronometers due to natural disper-
sion and the complexities of each thermochonometer, especially when the samples are collected in different

Figure 3. (a–h) eU versus corrected AHe age plots. Hollow markers denote aliquots considered to be outliers. The color
of the markers denotes the ESR value of each aliquot. Hollow markers indicate the excluded aliquots.
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structural positions within a transect. We performed inverse modeling with the QTQt program (v. 5.7.0),
which uses a Bayesian transdimensional statistical approach to extract the most probable thermal history
from robust data sets (Gallagher, 2012). In each multiple‐sample model, the structurally highest and lowest
samples are called the “cold sample” and the “hot sample,” respectively.

AHe single grain ages that cannot be explained by the available diffusion models must be identified and
excluded from the thermal history models to prevent the models from trying to fit these AHe ages. In this
contribution, we have used three different criteria to choose the AHe aliquots used in the thermal history
models. First, reproducible AHe single grain ages were included in the models; we consider ages to be repro-
ducible when the 1σ S.D. is <20% of the mean age (Flowers et al., 2009; Flowers & Kelley, 2011). Second,
since QTQt software utilizes helium diffusion models able to reproduce age and size controls
(Gallagher, 2012), AHe single grain ages which exhibit an intrasample positive correlation between age
and eU and/or size were included in the models (e.g., Flowers et al., 2007; Reiners & Farley, 2001), eU versus
age plots are presented in Figure 3. Finally, elevation versus AFT and AHe ages trends were also used to
identify possible AHe outliers. In all, 85 out of 105 AHe aliquots were used in the models. The criteria used
for the inclusion of each aliquot are presented in Table S2.

We used the radiation damage model from Flowers et al. (2009) for AHe data and the annealing model of
Ketcham et al. (2007) for AFT data. All the models were allowed to find thermal histories between 600
and 0 Ma and between 200 and 0°C to model geologically realistic radiation damage. For each model, only
the time interval with a constrained solution is presented here; complete models are presented in Figure S1,
and the likelihood chains are presented in Figure S2. Given that all of the samples were collected frommeta-
morphic rocks from the Puncoviscana Fm. or from Paleozoic granitoids, a constraint to start with a reset
sample between 550 and 450 Ma was added in the models. This constraint denotes the time of metamorph-
ism of the Puncoviscana Fm. and crystallization of the metamorphic and granitoid rocks of the
Puncoviscana Fm. (Ramos, 2008 and references therein). Additional stratigraphical constraints were added
to each model based on the local geology. The details of these constraints and the modeling parameters are
presented in Table S3.

4. Results
4.1. San Javier Range

We collected three samples from the eastern side of the San Javier Range in an ~600‐m elevation profile
(Figure 2b). AFT ages are between ~65 and 101MawithMTLs between ~11.7 and 11.8 μm. Eight single grain
AHe aliquots from sample 16072SJ and 16076SJ have dispersed ages between ~26 and 220 Ma. However,
since both samples exhibit positive age versus eU correlations, all aliquots were included in the model
(Figures 3a and 4a). A geological constraint in the model represents the unconformity between the basement
and Cretaceous strata (Figure 2). The expected thermal history model results indicate a Cretaceous
(130–110 Ma) cooling event, followed by a stay at low temperatures (~50°C) until the Miocene when the
section was reheated. A final fast cooling event occurred during the Pliocene (Figure 4a). This model repro-
duced most of the observed data. Despite the poor prediction of the older AHe aliquots, the model predicts
similar age versus eU trends.

4.2. Tafi del Valle Range

We collected five samples over an ~1,000‐m elevation profile in the Tafi del Valle Range (Figure 2b). AFT
ages are between ~74 and 94 Ma. MTLs for samples 16060TV and 16070TV are 11.4 and 13.0 μm, respec-
tively. Single grain AHe ages are between ~29 and 196 Ma. We modeled four reproducible AHe single grain
ages from sample 16060TV; these aliquots have a mean age of ~37.0 Ma. Fourteen AHe aliquots from sam-
ples 16058TV, 16062TV, 16064TV, and 160070TV exhibit intrasample dispersion; 10 of these aliquots were
modeled because they show positive correlations between age and eU (Figure 3b). The model results suggest
that this block experienced cooling during the Upper Cretaceous (100–75 Ma), followed by reheating
between and 75 and 40 Ma, and continuous cooling during the Miocene (Figure 4b). Our model reproduces
most of the observed data. However, predicted ages for the older aliquots, which were part of the eU versus
age intrasample trend, did not match the observed data.

10.1029/2019GC008876Geochemistry, Geophysics, Geosystems

ZAPATA ET AL. 9 of 22



4.3. Medina and Candelaria Ranges

We collected basement samples 17145RN and 16144RN at 0.2‐ and 0.7‐km distance from the unconformity
on the western side of the Medina Range (Figure 2). Sample 17145RN has an AFT age of ~108 Ma with a
MTL of ~12.0 μm and AHe single grain ages between ~40 and 78 Ma. We modeled three reproducible ali-
quots with a mean age of ~67.5 Ma. Sample 16144RN has an AFT age of ~65 Ma and dispersed AHe single
grain ages between ~28 and 190 Ma. Three of these aliquots were included in the model because they exhibit
a positive correlation between age and eU.We added a constraint to themodel to represent the unconformity
between the basement and Cretaceous strata. The structural depth with respect to the unconformity was
incorporated in the model. The expected model results suggest a Cretaceous cooling event between 130

Figure 4. QTQt thermal history expected models from the (a) San Javier, (b) Tafi del Valle, (c) Medina, and
(d) Candelaria ranges. Age versus elevation plots are presented for each profile, and the predicted and observed data are
plotted for each model. We present the values predicted for the expected thermal history model and the 2‐sigma interval
of the data predicted by the post‐burn‐in acceptable models. The red lines denote the “hot sample” and the blue
line the “cold sample” with their respective 95% confidence intervals. Black boxes indicate the model constraints. For a
sample with several AHe ages, a small elevation perturbation was added to the plot to facilitate data visualization. Shaded
blue areas are used to group the AFT and AHe data from the same sample. TLD are presented for each sample; red
lines denote the predicted TLD.
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and 100 Ma followed by reheating between 80 and 65 Ma (Figure 4c). After reheating, the model suggests
cooling between 60 and 50 Ma. During the Neogene, the model suggests slow reheating and cooling after
10 Ma. The model successfully predicted most of the observed data except for the oldest aliquot from sample
16144RN.

One sample from the metamorphic basement of the Candelaria Range exhibits AHe grain ages between ~25
and 62 Ma (Figure 3c). We modeled three reproducible AHe aliquots with a mean age of ~28.7 Ma. The
model suggests cooling below 50°C at ~30 Ma (Figure 4d). The model reproduces the ages of the three
AHe ages.

4.4. Capillitas and Aconquija Ranges

We collected 14 basement samples between 1,000 and 4,600 masl along two different elevation profiles in the
Capillitas and Aconquija ranges. We collected seven basement samples between 1,000 and 2,500 masl in pro-
file AR1, which is located in the Capillitas Range. In profile AR2, we collected eight basement samples
between 2,500 and 4,600 masl at the southern end of the Aconquija Range (Figure 1b). Profile AR2 crosses
the Agua Rica Fault; therefore, we divided this profile into AR2a in the footwall and AR2b in the hanging
wall (Figure 2b).

The transect AR1 exhibits Cretaceous AFT ages (~70–90 Ma) with shortened MTLs (~11.8–13.0 μm) and 19
AHe single grain ages between ~51 and 78 Ma. Since all the samples exhibit intrasample reproducible AHe
ages, all of the aliquots were included in the model (Figure 3d). The expected thermal history model suggests
Cretaceous cooling between ~90 and 85 Ma followed by reheating between ~75 and 65 Ma and then cooling
between 60 and 55Ma. During the Neogene, themodel suggests slow reheating up to ~50°C and cooling after
10 Ma (Figure 5c). This model successfully reproduces most of the observed data.

The lower three samples (16023CP, 16025CP, and 16027CP) from the segment AR2a have AFT ages between
~9.3 and 18.4 Ma. The highest sample (16021CP) has an AFT age of 64.5 Ma and MTL of 12.5 μm. We mod-
eled two reproducible aliquots with a mean age of ~11.5 Ma from sample 16027CP (Figure 3e). Three ali-
quots from sample 16023CP were included because they exhibit a positive correlation between AHe age
and eU. We excluded AHe aliquots from samples 16025CP because, despite having similar low eU values
(<10 ppm), these aliquots have older ages than the reproducible AHe ages from the samples immediately
above and below. Moreover, these AHe ages are older than the AFT ages from the profile (Figures 3e
and 3f). We modeled four reproducible aliquots with a mean age of ~59.2 Ma from sample 16021CP. The
AR2a expected model shows rapid Late Cretaceous cooling, followed by Late Miocene reheating within
the APAZ, ending with rapid cooling around 10 Ma (Figure 5b). The model succeeds at reproducing the
data including the observed AHe age versus eU trend in sample 16023CP. Although sample 16021CP has
four reproducible AHe ages, the model predicts a size versus age trend for this sample. Older ages were
predicted for the two aliquots with higher eU values (Figure 5b).

The three samples from profile AR2b have AFT ages between 7.0 and 15.8 Ma for the lower samples
(16017CP and 16019CP) and ~46.7 Ma for the highest sample (16015CP). Single grain AHe ages from the
lower samples are between 5.0 and 15.7 Ma. The highest sample (16015CP) has AHe single grain ages
between 1.4 and 20.8 Ma. We modeled data from three reproducible AHe aliquots with a mean age of
~5.6 Ma from sample 16019CP. We modeled four aliquots from sample 16017CP and two from sample
16015CP because they exhibit positive intrasample correlations between AHe age and eU (Figure 3f). The
AR2b model shows Miocene reheating and fast exhumation at ~5 Ma. This model successfully reproduces
most of the data except for the AHe age versus eU trend observed in sample 16017CP.

Despite the presence of Miocene volcanic deposits (12–4 Ma) close to the collected samples, unreset samples
(e.g., 16021CP) suggest that the measured ages were not significantly affected by magmatism. Additionally,
fully reset AFT and AHe (~10 Ma) ages are older than the reported ages for the nearby Miocene intrusives
(~6 Ma) (Landtwing et al., 2002). The lack of Miocene magmatic resetting could be related to shallow empla-
cement depths and volumetrically small intrusives (Murray et al., 2018).

4.5. Altos del Totora Range

We collected two samples in the Altos de la Totora range (Figure 2b). Sample 16082SP was collected from
basement on the western flank of the range, below Paleogene strata. Sample 16084CH was collected
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~9 km east of the discordance close to the Altos del Totora Fault (Figure 2b). Sample 16082SP has an AFT age
of ~198 Ma and dispersed AHe single grain ages between 45.8 and 203.8 Ma; three of these aliquots were
modeled because they exhibit a positive correlation of age with eU and grain size (Figure 3g). Sample
16084CH has an AFT age of ~64 Ma and three reproducible AHe aliquots with a mean age of ~12 Ma;
these aliquots were modeled (Figure 3g). We added a constraint to the model to represent the
unconformity between the basement and the Paleogene sedimentary rocks. We incorporated the
structural depth with respect to the unconformity (Figure 7a). The multiple‐sample model shows a long
residence of the cold sample at temperatures below 50°C followed by reheating between 75 and 65 Ma.
Cold and hot samples exhibit a cooling event between 50 and 40 Ma. Paleogene cooling was followed by
slow cooling for the cold sample and continuous cooling for the hot sample. The absence of Miocene
cooling in the cold sample thermal history can be explained by the sample residing in a shallow position
above the APRZ prior to the Miocene exhumation (Figure 6a). The model reproduces all the observed
data including the AHe age versus eU trend observed in sample 16082SP.

4.6. Ambato Range

We collected three samples on the western side of the range in an ~500‐m elevation profile (Figure 2b). The
samples were collected below a continuous east‐dipping paleosurface on the eastern flank of the range

Figure 5. (a–c) Thermal history expected models from the Capillitas and the Aconquija ranges. See Figure 4 for the
detailed caption.
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(Figure 2b). AFT ages are between ~75 and 95 Ma; samples 16033AM and 16029AM have MTLs of ~12.5 and
13.0 μm, respectively. We modeled six aliquots from samples 16033AM and 16031AM because they have
intrasample reproducible AHe ages with mean ages of ~82.1 and ~83.1 Ma, respectively (Figure 3h). Since
Miocene strata overlie this paleosurface farther north, we added a stratigraphic constraint to represent
this unconformity in the model. The expected thermal history model suggests Late Cretaceous
exhumation (110–90 Ma) followed by a stay at low temperatures (~50°C) until the Miocene when the
section was reheated. A final fast cooling event took place during the Pliocene (Figure 6b). The model
reproduces the observed data.

4.7. Guasayan Range

On the western side of the range (Figure 2b), we collected one sample with an AFT age of ~125 Ma and an
MTL of ~11.7 μm. Single grain AHe ages are between ~127 and 170 Ma. We modeled data from four repro-
ducible aliquots with a mean age of ~152Ma (Figure 3h). We added a stratigraphic constraint to the model to
represent the unconformity between crystalline basement and Late Miocene sedimentary rocks. The
single‐sample model suggests a fast cooling event around 160 Ma followed by ~80 Ma of residence at tem-
peratures below 40°C, followed by Miocene reheating and exhumation (Figure 6c). This model poorly fits
three of the AHe ages. However, the long residence at low temperatures followed by Miocene reheating pre-
dicts the observed overlap between AFT and AHe ages and the shortened TLD.

Figure 6. Thermal history expected models from the (a) Altos del Totora, (b) Ambato, and (c) Guasayan ranges. See
Figure 4 for a detailed caption.
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5. Discussion
5.1. Structure of the Southern End of the Salta Basin (120–75 Ma)

Published thermochronologic data and our models from the study area suggest that Cretaceous (120–75 Ma)
exhumation occurred in several of the studied blocks (Carrapa et al., 2014; Löbens et al., 2013; Mortimer
et al., 2007). This exhumation event was coeval with the deposition of syn‐rift strata in the Choromoro
and Tucuman Basins and farther north in the Salta Basin (130–80 Ma) (Iaffa et al., 2013; Marquillas
et al., 2005; Porto et al., 1982). The Guasayan Range has an older modeled exhumation age of ~160 Ma
(Figure 7c). Similar Jurassic exhumation has been documented in the Hualfin Range in the
Campo‐Arenal Basin (Zapata et al., 2019b); this Jurassic cooling event could reflect extensional phases
before the development of the Salta Basin (Bense et al., 2013; Schmidt et al., 1995).

Figure 7. (a–d) Schematic evolution of the study area, highlighting the periods of cooling and reheating of the basement
and the interpreted fault activity through time. The city of Tucuman is shown as a reference point. ATR: Altos de la
Totora Range, CCR: Cumbres Calchaquies Range, MR: Medina Range, SJR: San Javier Range, CNR: Candelaria Range,
HR: Cuevas‐Hualfin Range, CR: Capillitas Range, AR: Aconquija Range, TVR: Tafi del Valle Range, AMR: Ambato
Range, GR: Guasayan Range, WCF: West Cumbres Calchaquies Fault; WAF: West Aconquija Fault; EAF: East
Aconquija Fault, ATF: Altos de la Tortora Fault. (e) Cross section of the Paleogene broken foreland.
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Thermochronologic data from the San Javier, Cumbres Calchaquies, Quilmes, and Hualfin Ranges show
extensive Cretaceous cooling without subsequent Cretaceous reheating (Löbens et al., 2013; Mortimer
et al., 2007; Sobel & Strecker, 2003). After the Cretaceous cooling, the Aconquija Range experienced contin-
uous reheating until the Miocene (Figures 5a and 5b). In contrast, inverse thermal models for the Capillitas,
Tafi del Valle, Altos del Totora, andMedina Ranges exhibit Late Cretaceous cooling between 130 and 70Ma,
quickly followed by Late Cretaceous to Eocene reheating (80–55 Ma). This cooling of basement blocks in the
HSP and the Santa Barbara system can be related to footwall exhumation along Cretaceous normal faults
(Cristallini et al., 1997; Iaffa et al., 2011; Löbens et al., 2013). We interpret the reheating in the Santa
Barbara system and the Aconquija Range to be a consequence of sedimentary burial during the infilling
of rift‐related depocenters (Figure 7a).

Exhumation in the Aconquija and Cumbres Calchaquies Ranges removed the stratigraphic evidence of a
relationship between the southeast‐dipping faults located to the west of the Aconquija and Cumbres
Calchaquies Ranges (WAF and WCF) and the potential Cretaceous sedimentary fill. However, seismic
reflection data suggests that Cretaceous strata was not deposited west of these faults (Figure 2) (Bossi &
Muruaga, 2009). Moreover, contrary to the thermal histories of the basement blocks to the west of the
WAF and WCF, most blocks in the Santa Barbara system exhibit Cretaceous reheating. These differences
in reheating can be used to reconstruct the extent of the Cretaceous sedimentary fill. Thus, it is plausible that
these high‐angle east‐dipping faults acted as normal structures during the Cretaceous and controlled the
extent of the Salta Basin sedimentary fill (Figure 7a).

Seismic reflection data document a change in the dominant strike of the Cretaceous normal faults fromNNE
in the Choromoro Basin to ENE in the Tucuman Basin (Figure 7a) (Iaffa et al., 2011, 2013). West of the
Tucuman Basin, the ~NE striking reverse West Aconquija Fault splits into several NW‐striking structures
oriented perpendicular to the trend of the range (Figure 1b). Despite the lack of direct information about
the relationship between these faults and the Cretaceous sedimentary fill, the change in the dominant strike
of the West Aconquija Fault coincides with the changes in the strike of the Cretaceous normal faults pre-
served in the Tucuman Basin. Therefore, we suggest that the geometry of the West Aconquija Fault may
resemble the geometry of the former Cretaceous rift basin. South of these ~NW‐ and ENE‐striking normal
structures, the Ambato Range experienced Late Cretaceous exhumation without subsequent reheating.
The Upper Cretaceous exhumation of the Ambato Range, the change in the geometry of the reverse faults,
and the absence of syn‐rift deposits or Cretaceous reheating south of the Tucuman Basin suggest that these
NW‐ and ENE‐striking normal faults were part of a horst block which defined the southern structural limit
of the Salta Basin (Figure 7a).

The different strikes of the Cretaceous normal faults in the study area could be the result of consecutive mul-
tiple noncoaxial extensional phases and/or preexisting structures controlling the strike of the normal faults
(e.g., Grier et al., 1991; Morley et al., 2004). Late Cretaceous horst exhumation in most of the studied base-
ment blocks suggests that faults with contrasting strike orientations were active during the same extensional
event. Thus, a plausible explanation is that pre‐Mesozoic basement structures controlled the rift geometry.
Similar changes in the architecture of normal faults due to preexisting structures have been documented
farther north in the Salta Basin and farther south in the Sierras Chicas Basin (Grier et al., 1991; Kley &
Monaldi, 2002; Schmidt et al., 1995).

5.2. A Paleogene Broken Foreland (55–30 Ma)

We have robustly modeled cooling that occurred between 60 and 30 Ma. On the western flank of the
Choromoro Basin, cooling is documented in the Tafi del Valle and Altos del Totora Ranges, which are
bounded by the Rearte Fault to the west and the Altos del Totora Fault to the east (Figure 2). The
Paleogene exhumation of this block continued toward the south, on the eastern flank of the Aconquija
Range, as suggested by ~58 Ma AHe ages (Löbens et al., 2013). Cooling in the Capillitas Range initiated
between 60 and 50 Ma (Figure 5c). In the eastern Choromoro Basin, the thermal history model of the
Medina Range exhibits cooling between 60 and 50 Ma (Figure 4c). Moreover, the thermal history model
of the Candelaria Range suggests final cooling at ~30 Ma (Figure S2). Detrital AFT data from the El Cajon
Basin also suggest that exhumation in the source area occurred between 58 and 30Ma (Mortimer et al., 2007).
West of the Campo‐Arenal Basin, the Chango Real Range yielded AFT ages between ~40 and 30 Ma, inter-
preted to reflect Eocene exhumation (Coutand et al., 2001).
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Paleogene cooling was restricted to the Medina, Candelaria, Tafi del Valle, Altos del Totora, Capillitas, and
Chango Real Ranges. During the same time interval, interspersed basement blocks, such as the Quilmes, San
Javier, Hualfin, Ambato, Cumbres Calchaquies, and Guasayan Ranges, did not experience fast cooling or
reheating (Löbens et al., 2013; Mortimer et al., 2007; Zapata et al., 2019b). These relative quiescent thermal
histories combined with the paleosurfaces developed on top of these basement blocks suggest that these
blocks had low relief during the Paleogene (Zapata et al., 2019b). We consider that the development of a bro-
ken foreland basin can explain the documented exhumation pattern, in which disconnected blocks with fast
cooling were interspersed with blocks with quiescent thermal histories (Figures 7d and 7e).

Alternative scenarios to explain this cooling pattern, such as forebulge erosion or regional thermal cooling
would require a homogeneous north‐south cooling pattern along the studied area; this is not observed.
Moreover, regional thermal subsidence in this area commenced around 70 Ma (Marquillas et al., 2005),
before the documented Paleogene cooling. Additionally, these disconnected basement blocks are separated
by reverse faults that were active during the Cenozoic (Abascal, 2005; Iaffa et al., 2013; Löbens et al., 2013)
(Figure 1b).

The thermal history models from the Medina and Capillitas Ranges show cooling between ~60 and 55 Ma.
However, stratigraphy and geological mapping show that the Salta rift was characterized by the deposition of
post‐rift strata of the Santa Barbara subgroup between ~70 and 58 Ma (Hyland et al., 2015; Marquillas
et al., 2005). Since these units were deposited on top of some of these blocks (Figure 2) (Bossi, 1969; Iaffa
et al., 2013), we suggest that the development of thick‐skin deformation started at ~55 Ma, at the younger
limit of the modeled cooling intervals (Figure 7b).

During the Eocene–Oligocene, thick‐skin deformation in the study area was restricted to the HSP and the
Santa Barbara system. The deformation front advanced to the Choromoro Basin in the Santa Barbara system
and the eastern flank of the Aconquija Range in the HSP during this interval. Late Miocene to Pliocene exhu-
mation of the Ambato and the Guasayan Ranges marks the development of the LSP broken foreland.
Therefore, the broken foreland basin in the Santa Barbara system is older than the broken foreland basin
in the LSP.

5.3. Neogene Reheating and Basin Fragmentation (18–3 Ma)

During the Miocene, the Ambato, San Javier, Medina, Hualfin, Guasayan, Cumbres Calchaquies, Quilmes,
and Aconquija blocks experienced a reheating peak within the APRZ and the APAZ (Löbens et al., 2013;
Mortimer et al., 2007; Sobel & Strecker, 2003). We interpret this reheating to be related to the deposition
of 1.5 to 3 km of Miocene (18–13 Ma) strata on top of the crystalline basement (Figure 7c) (Zapata,
et al., 2019a). The Altos del Totora, Candelaria, and Tafi de Valle Ranges, which were exhumed during
the Paleogene, did not experience Miocene reheating and instead continued cooling. Other blocks that
cooled between 55 and 30 Ma, such as the Medina and the Capillitas Ranges, experienced minimal amounts
of Miocene reheating in which the structurally deepest, hot sample briefly resided at the upper limit of the
APRZ (~40°C). A plausible explanation for differential Miocene reheating is that the blocks which were
exhumed during the Paleogene experienced more rock uplift than the basement blocks which were not
exhumed. Therefore, since these basement blocks were at different positions with respect to basin base level,
they were overlain by different thicknesses of Miocene strata, which caused differential reheating.

During the Late Miocene and Pliocene, approximately E‐W compression characterized the Central Andes
(Chen et al., 2019; Kley et al., 2005). Our model results (Figure 5) indicate that cooling of the Aconquija
Range started in the south at ~12 Ma with the inversion of normal faults in the southwestern part of the
former Salta Basin. The sedimentary strata in the Pipanaco Basin is correlatable with the units described
in the Campo‐Arenal Basin (Davila et al., 2012). Since the top of crystalline basement in the Pipanaco
Basin is located ~2 km below sea level, at least ~7 km of differential rock uplift was accommodated during
the Middle Miocene along the southern flank of the Acoquija Range. The thermal models suggest thermal
offsets of ~65°C and 25°C across the West Aconquija and Agua Rica Faults, respectively. Considering
geothermal gradients between 25 and 50°C/km, these two faults accommodated between ~1.8 and
3.6 km of relative rock uplift. One or more reverse faults farther south in the Pipanaco Basin and the
Capillitas Range may have accommodated the remaining rock uplift. The reactivation of normal faults
on the SW flank of the Aconquija Range also limited the along‐strike development of this orographic
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barrier and compartmentalized the Campo‐Arenal Basin. The faults in the southern end of the Aconquija
Range have been interpreted as strike‐slip faults (Seggiaro et al., 2014). However, we have documented
significant vertical rock uplift along these faults. These findings do not necessarily negate the previous
interpretation because thermochronological data cannot constrain the strike‐slip component of motion.

Published AFT and AHe ages from the northern part of the Aconquija Range are between ~8 and 3 Ma; the
ages from the humid side are the youngest (~3 Ma) (Löbens et al., 2013; Sobel et al., 2003). The aridification
of the Campo‐Arenal Basin at ~3 Ma reflects the development of a rain shadow driven by topographic
growth of the Aconquija Range (Sobel & Strecker, 2003). We suggest that the cooling offset documented
along the Agua Rica and the West Aconquija Faults may have been responsible for the initial surface uplift
of the southern part of the Aconquija Range after ~12 Ma. Subsequently, the development of an orographic
barrier focused precipitation and hence enhanced erosion on the central humid side of the range. Similar
orographic precipitation controls on the amount of exhumation have been documented in ranges such as
the Himalayas (e.g., Adlakha et al., 2013; Thiede et al., 2004).

The amount of cooling experienced by the Aconquija Range was at least 100°C higher than in the surround-
ing ranges, especially the Cumbres Calchaquies Range, located along‐strike toward the north (Figure 1b).
Thus, considering geothermal gradients between 25 and 50°C/km, the Aconquija Range experienced 2 to
4 km more exhumation than the Cumbres Calchaquies Range during the Miocene–Pliocene (Löbens
et al., 2013; Sobel et al., 2003). Structural models have shown that the number of reverse faults accommodat-
ing Miocene shortening is larger in the north (HSP and Santa Barbara system) than in the south (LSP)
(Figure 7d) (Abascal, 2005; Cristallini et al., 2004; Iaffa et al., 2013). Furthermore, in the LSP, the strike of
the Cretaceous faults is subparallel to the maximum compression direction. Therefore, it is plausible that
this angular relationship hindered basin inversion and the propagation of deformation toward the
Tucuman Basin (Iaffa et al., 2011). As a consequence, shortening was mostly accommodated in the
Aconquija Range, leading to a higher amount of basement exhumation. In the Santa Barbara system and
the HSP, the ~NE strike of the normal faults promoted the exhumation of several basement blocks.
Therefore, shortening was distributed among more faults, which may have caused less basement exhuma-
tion in the northern ranges compared to the Aconquija Range.

5.4. Upper Plate Controls on the Development of Broken Foreland Basins and Implications for
Andean Tectonic Models

The LSP broken foreland transitions toward the north into the Santa Barbara system and the Puna Plateau.
This transition coincides with the southern limit of the Salta Basin, documented in this contribution.
Therefore, we suggest that upper plate pre‐Miocene structures were the main precursor of the along‐strike
segmentation observed in the study area. Herein, we show that the along‐strike segmentation of this portion
of the Andes predates Late Oligocene to Miocene flat‐slab subduction (26 Ma, Gianni et al., 2020) and con-
trolled the subsequent deformation style. These conclusions imply that Late Oligocene–Miocene slab flatten-
ing was not responsible for the along‐strike segmentation and the deformation patterns of the northern limit
of the Sierras Pampeanas.

Several tectonic models proposed the existence of a continuous Paleogene foreland basin associated with a
topographic load farther west (Carrapa et al., 2008; Ramos et al., 2002; Ramos & Folguera, 2009; Zhou
et al., 2017). Conversely, the model presented herein documents the development of an Eocene to
Oligocene broken foreland basin in the Andean retroarc (Figure 7e). Between 55 and 30 Ma, at ~27°S
thick‐skin deformation was distributed among several deformational fronts, including the proto‐Puna
Plateau (Zhou et al., 2017), the Chango Real Range (Coutand et al., 2006), the Altos del Totora Range,
and the Eastern Ranges (this contribution) (Figure 7e). This deformational pattern implies that during the
Eocene deformation migrated from the Western Cordillera (Arriagada et al., 2006; Kraemer et al., 1999;
Zhou et al., 2017) into the Andean retroarc, encompassing a segment of an ~500 km wide deformation zone.
Coeval deformation along several disconnected deformational fronts cannot be explained by the advance of
a single orogenic wedge into the foreland basin (DeCelles & Giles, 1996; Martinod et al., 2020). Tectonic
models proposed for other segments of the Andes suggest that migration of deformation into the Andean ret-
roarc was promoted by flat‐slab subduction (e.g., Horton, 2018b; Martinod et al., 2020). Farther north in the
Central Andes (~22–24°S), Eocene to Oligocene retroact deformation was coeval with a period of flat‐slab
subduction (Haschke et al., 2002; Horton, 2018b; Martinod et al., 2020). However, between 26°S and 28°S,
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the Eocene to Oligocene magmatic arc remained on the Western Cordillera, suggesting Paleogene normal
subduction in this segment of the Central Andes (Gianni et al., 2020). Therefore, in our study area,
flat‐slab subduction was not the main precursor of the documented eastward migration of deformation dur-
ing the Eocene.

Slab reconstructions have shown that the penetration of the slab into the lower mantle promoted compres-
sional tectonics in the Central Andes (Chen et al., 2019; Faccenna et al., 2017). Numerical models predict
retroarc compression once the slab is anchored (Faccenna et al., 2017). Between 26°S and 28°S, slab anchor-
ing in the study area occurred between ~54 and 44 Ma (Chen et al., 2019). Since in our study area, the docu-
mented thick‐skin deformation partially coincides with a period of slab anchoring and steep subduction, we
suggest that the documented deformation in the Andean retroarc could result from upper plate compression
promoted by slab anchoring.

Our findings suggest that deformation can take place ~700 km from the trench during a period of steep sub-
duction. Thus, flat subduction was not necessary to shift deformation toward the foreland or to form broken
foreland basins. Although initial deformation and formation of a broken foreland were not linked to flat‐slab
subduction, the Miocene reactivation of these structures may have been aided by slab flattening. Previous
work linking flat‐slab subduction with the formation of Miocene broken foreland systems in the Sierras
Pampeanas (Carrapa et al., 2008; Encinas et al., 2016; Jordan et al., 1983; Ramos & Folguera, 2009) lacked
information about the Paleogene foreland evolution. While Eocene to Oligocene retroarc compression
was related to slab anchoring, the upper plate inherited structures hindered or facilitated the migration of
deformation, controlling deformation patterns, the amount of exhumation, and geometry of the foreland.
These findings are critical for the interpretation of the sedimentation and deformation patterns of foreland
basins.

6. Conclusions

We have documented the thermal histories of nine basement blocks between 26°S and 28°S. During the
Cretaceous, horst uplift and the development of the Salta rift depocenters caused exhumation and reheating
of the basement. Between 55 and 30Ma, several disconnected basement blocks were deformed and exhumed
as part of a broken foreland basin. During the early Miocene, burial beneath more than 2 km of sediments
caused reheating of several basement blocks. This contribution documents the controls exerted by preexist-
ing basement structures on basin geometry, the amount of basement exhumation, and deformation patterns
during the Cenozoic deformation phases. Our model suggests that the observed segmentation of the Andean
retroarc was controlled by preexisting basement structures, prior to Miocene slab flattening. Therefore,
flat‐slab subduction is not necessary to create a broken foreland. The development of a broken foreland dur-
ing the Eocene–Oligocene argues against previous models that propose the existence of a continuous unde-
formed foreland basin. In this region, Paleogene compressionmay have been caused by slab anchoring while
upper plate structures controlled the development of the studied broken foreland basins and the along‐strike
segmentation of the Andean retroarc.

Data Availability Statement

All the data used in this manuscript can be found in the supporting information. All of the data have been
archived at the geochron database (https://www.geochron.org/dataset/html/geochron_dataset_2019_10_
24_c17eU).
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