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Abstract The Frontal Cordillera is a first-order geologic feature of the southern central Andes, hosting the
highest hinterland topography above the modern Pampean flat-slab segment. The timing of Frontal Cordillera
exhumation is important for testing models of Andean tectonics, yet large latitudinal gaps exist between
structural and thermochronological constraints for the region. We conducted a thermochronometric study using
a 4.4 km age-elevation transect along the northeast ridge of Cerro Mercedario, the highest peak in the La
Ramada massif at ~32°S. Zircon (U-Th)/He dates indicate partial resetting, supporting a limited magnitude of
exhumation in even the most extreme Andean topography. Single grain apatite (U-Th-Sm)/He dates range from
8.5 £ 0.9 to 35.8 £ 3.6 Ma, with median dates of ~10.5 to ~15.7 Ma with increasing elevation. Integrated with
geologic mapping and thermal history modeling, these data suggest Early to Middle Miocene exhumation along
the Santa Cruz and Espinacito faults concomitant with uplift of the La Ramada massif. New apatite helium data
from the Cordillera del Tigre segment of the Frontal Cordillera are partially reset and preferred modeling
interpretations suggest exhumation ca. 11-9 Ma, coeval with shortening in the eastward adjacent Precordillera.
These data add to accumulating regional evidence for out-of-sequence deformation during the Miocene,
consistent with internal (hinterland) growth of a subcritical orogenic wedge contemporaneous with surface
uplift and crustal thickening in the south-central Andes.

Plain Language Summary The convergence of tectonic plates causes rocks to bend, break, pile up,
and rise to high elevations. As mountains like the Andes of South America rise, they get worn down by rain,
wind, ice, and gravity. Geologists can analyze elements in rocks to determine when erosion happened, which
tells us when mountains were growing. This is important because the timing of topographic growth is critical to
understanding things like the evolution of life and the long-term behavior of Earth's climate. For this study, we
collected rock samples from one of the highest mountains in the Andes (Argentina's Cerro Mercedario) to figure
out when uplift and erosion were happening. Sampling at high elevation is a powerful approach because the
highest rocks usually reach Earth's surface first, recording the earliest phases of mountain building. We found
that the high peaks started rising around 20 million years ago, coeval with regional thickening and uplift of
South American crust. In addition, our data show that Cerro Mercedario was still being uplifted after
contractional deformation had moved east to near the city of San Juan, adding evidence that the Earth's crust
doesn't always break in a sequential, migrating fashion as predicted by idealized models of mountain belts.

1. Introduction

The highest Andes are located along the Argentina-Chile border between 31.5° and 32.5°S, above a shallowly
subducting segment of Nazca oceanic lithosphere (Figure 1). Extreme elevation in this region is accompanied by a
modern crustal thickness exceeding 65 km (e.g., Cristallini & Ramos, 2000; Gans et al., 2011; Tassara &
Echaurren, 2012). Crustal thickness values are comparable to those in the Altiplano orogenic plateau to the north
despite a two-fold decrease in upper crustal shortening from north to south (e.g., Allmendinger et al., 1990;
Anderson et al., 2018; Giambiagi et al., 2012, 2022; McQuarrie, 2002). The timing and mechanism(s) of crustal
thickening and surface uplift in Cordilleran orogenic systems remain first-order questions that are particularly
relevant in this transitional segment of the south-central Andes (Carrapa et al., 2022; Hoke et al., 2014; Hor-
ton, 2018; Introcaso et al., 1992). Investigating these relationships require constraints on the timing, rates, and
patterns of rock uplift and exhumation in the upper plate (e.g., Anderson et al., 2018; Hoke et al., 2015). To this
end, numerous studies have used the synorogenic basin record and bedrock geo- and thermochronology to gain
insight into the deformation chronology at the latitude of interest (Alarcén & Pinto, 2015; Buelow et al., 2018;

HOWLETT ET AL.

1 of 25


https://orcid.org/0000-0002-5031-5591
https://orcid.org/0000-0001-6345-9589
https://orcid.org/0000-0001-6370-8514
mailto:cadenhowlett@arizona.edu
https://doi.org/10.1029/2024TC008433
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024TC008433&domain=pdf&date_stamp=2025-01-24

I ¥eld .
N\\I Tectonics 10.1029/2024TC008433

ADVANCING EARTH
AND SPACE SCIENCES

Thermochronology
sample location

I
-70.2° -70.1° 700 -69.8°

Figure 1. (a) Plate tectonic context of central and south-central Andes, with subducted slab depth contours in black and active volcanoes related to the magmatic arc as
red triangles. Slab contours—ranging from 20 to 660 km with an interval of 20 km—are from Hayes et al. (2018). (b) Generalized tectonomorphic/structural provinces
of the south-central Andes. MB—Manantiales Basin (c) Topography and major structures of the Frontal Cordillera at ~32°S, with thermochronology sample locations
from this study shown as black symbols (rectangles—apatite (U-Th-Sm)/He; diamonds—zircon (U-Th)/He; combined—double dated). Western (Espinacito and Santa
Cruz) and eastern (Cordillera del Tigre) segments of the Frontal Cordillera separated by the Eocene-Miocene Manantiales wedge-top basin.

Cristallini & Ramos, 2000; Davila et al., 2007, 2010; Fosdick et al., 2024; Jordan et al., 1996; Mackaman-Lofland
et al., 2020, 2024; Maydagén et al., 2020; Suriano et al., 2017, 2023). Despite these efforts, uncertainty surrounds
the tectono-thermal evolution of the Frontal Cordillera, a dominant structural and topographic component of the
orogenic system at this latitude (e.g., Lossada et al., 2018; Mazzitelli, 2020) (Figure 1).
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The timing of Frontal Cordillera exhumation is the focus of studies that make dramatically different in-
terpretations about the overall tectonic architecture of the south-central Andes (e.g., Hoke et al., 2014; Lossada
et al., 2023; Riesner et al., 2019). For example, “early” uplift of the Frontal Cordillera (ca. 20 Ma) prior to
deformation in the westward adjacent Principal Cordillera (Figure 1a) has been used as evidence for an overall
west-vergent Andean system (Riesner et al., 2019). Other constraints—although suggesting similar timing—are
interpreted to be consistent with the “paradigm” of an eastward propagating orogenic wedge (Hoke et al., 2014).
Therefore, determining the thermal history and, in particular, the regional patterns of Frontal Cordillera uplift and
exhumation is crucial for refining models of mountain building in the south-central Andes.

Extreme topography and its location relative to existing data sets make the La Ramada massif of western
Argentina an ideal locality for a thermochronological study (Figure 1b). Here, we integrate new field observations
with the highest systematic thermochronology date-elevation transect from the Andes to address exhumation
timing and magnitude at Cerro Mercedario (6,720 m asl). Our results indicate limited Cenozoic erosion that,
combined with active shortening, supports significant uplift and crustal thickening during the Miocene. We
consider our results alongside thermal history inversions of existing thermochronology transects from the Frontal
Cordillera with variable cooling histories. The along-strike discrepancy in the timing of Frontal Cordillera
exhumation and regional east-west patterns in the timing of deformation have implications in the context of
Andean orogenic wedge behavior, providing insights into the processes and mechanisms that form some of the
highest topography in the Andes and other cordilleran-type orogenic systems.

2. Tectonic Setting and Geologic Background

In strongly convergent plate tectonic settings, the subduction of oceanic lithosphere beneath a continent creates a
predictable arrangement of geologic features at the surface, collectively referred to as a cordilleran orogenic
system. The south-central Andes (Figure 1a) are the archetypical example of this, hosting (from west to east) a
subduction trench, forearc basin, a magmatic arc, retroarc fold-thrust belt, and a regional foreland basin system.
Between 28° and 33°S, the Pampean flat-slab segment of the Nazca Plate has ruptured the foreland region and
extinguished the modern magmatic arc (Figure 1a; Cahill & Isacks, 1992; Ramos et al., 2002). Above the flat-slab
zone at ~32°S, the orogen is subdivided into five tectonomorphic provinces on the basis of lithology and
structural style: the Coastal Cordillera in Chile, the Principal and Frontal Cordilleras along the Argentina/Chile
border, the Argentine Precordillera, and the Sierras Pampeanas (Figure 1b; Ramos et al., 1996).

At the study latitude, the Principal and Frontal Cordilleras together host the most extreme relief and highest
topography in the Andes (referred to here as the High Andes), with average elevations exceeding 4 km and
numerous peaks rising >6,000 m asl (Figure 1c). The Principal Cordillera consists primarily of Mesozoic-
Cenozoic sedimentary and volcanic deposits deformed in a thin-skinned style above a detachment in Jurassic
gypsum, while the Frontal Cordillera is characterized by basement blocks of Permo-Triassic plutonic and vol-
canic rock exhumed along west-dipping high-angle reverse faults that likely root into the mid- to lower crust
(Cristallini & Ramos, 2000). Collectively, these two zones comprise the hybrid thin- and thick-skinned portion of
the orogenic wedge known as the La Ramada fold-thrust belt (e.g., Cristallini & Ramos, 2000; Mackaman-
Lofland et al., 2020). The hybrid character and exhumed basement blocks that comprise the highest peaks of
the Frontal Cordillera are likely the result of reactivation and tectonic inversion of a Late Triassic rift system
(Alvarez & Ramos, 1999; Cristallini & Ramos, 2000). A major jog in the location of the Frontal Cordillera occurs
at the latitude of the study area, centered around the Eocene-Middle Miocene Manantiales basin (Figures 1b and
1c). The Manantiales basin contains a >4 km thick succession of mainly Early-Middle Miocene nonmarine
sedimentary rocks (e.g., Pinto et al., 2018; Ronemus et al., 2024), with its western margin overthrust by the Santa
Cruz and Espinacito fault system and eastern margin bound by the Cordillera del Tigre segment of the Frontal
Cordillera (Figures 1c and 2a; Pérez, 1995; Jordan et al., 1996). Uplift timing of each bounding segment has
implications for the interpreted deposition “zone” within the Andean foreland basin system (i.e., foredeep vs.
wedgetop sensu DeCelles & Giles, 1996). Jordan et al. (1996) suggested the Manantiales basin may have
accumulated in a wedgetop position; although this wasn't their preferred interpretation, new sedimentology from
Ronemus et al. (2024) supports this scenario, which we expand on in this work.

Several studies have improved our understanding of the timing of uplift and exhumation of the Frontal Cordillera
and the broader deformation chronology at this latitude. Previous studies determined a generally eastward
migration of deformation, beginning as early as ca. 100 Ma in the western regions and propagating into the
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Figure 2. (a) Geologic mapping results from this study and Ronemus et al. (2024). (b) Map of Santa Cruz fault zone, with Lambert equal area stereonet showing
consistent westward bed dip of Triassic sandstone and basalt units. Overlapping structural measurements of similar orientation were averaged for clarity. Dotted black
rectangle denotes location of panorama in Figure 3a.

Principal and Frontal Cordilleras by 21-18 Ma (Giambiagi et al., 2022). The timing of deformation in the
Principal and Frontal Cordilleras has been constrained primarily by the Cenozoic sedimentary basin record
(Levina et al., 2014; Pérez, 1995; Ronemus et al., 2024; Suriano et al., 2023) and there were no thermochronology
constraints on the westward adjacent basement block uplifts prior to this study. Existing thermochronology data
from Frontal Cordillera basement to the northwest of our study area have been interpreted to record rapid cooling
pulses in the early Cenozoic (ca. 60-30 Ma) and from 15 to 10 Ma (Lossada et al., 2017, 2020a, 2020b;
Mackaman-Lofland et al., 2024; Maydagén et al., 2020). Approximately 100 km south of the La Ramada massif,
low-temperature thermochronology and basin analysis has constrained the main-phase of Frontal Cordillera
exhumation to the mid-Miocene (Buelow et al., 2018; Hoke et al., 2014; Lossada et al., 2020a, 2020b, 2023;
Riesner et al., 2019). Near Cerro Aconcagua at 32.5°S, shortening, exhumation and crustal thickening in the
Principal Cordillera and Aconcagua fold and thrust belt occurred primarily at ~15-12 Ma (e.g., Carrapa
et al., 2022; Giambiagi et al., 2012), with possible deformation pulses as early as the Late Cretaceous (Fennell
et al., 2023).

HOWLETT ET AL.

4 of 25

85UB2 17 SuoWWOD dAIEaID a|qedi|dde ay) Aq peusenoh ae saie YO 8sn Jo Sajn. 1oy Ariq1]8uljuO A3|IM UO (SUOI}IPUOI-PpUR-SLLLIBIWOD A3 | 1M Atelq 1)Ul Juo//:SdN) SUOTIPUOD pue SWLe | 8y 88S *[5202/T0/yz] uo Akiqiauljuo A|Im ‘ Ariqi]euozuy JO AISBAIUN - 11BIMOH [ uspeD Aq ££78000 117202/620T 0T/10p/wod A 1m Arelqipuljuosqndnbe//sdny wouy pepeojumoq ‘T ‘6202 ‘v6T6vY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2024TC008433

East of our study area, deformation in the Precordillera began ca. 18 Ma and continued until ca. 2 Ma (e.g.,
Fosdick et al., 2015; Levina et al., 2014), contemporaneous with out-of-sequence thrusting in the La Ramada
massif (e.g., Ronemus et al., 2024; this study). Orthogonal subduction of the Juan Fernandez ridge and shallowing
of the subducted slab began by ca. 11 Ma, eventually extinguishing the magmatic arc and uplifting the Sierras
Pampeanas mostly during the Late Miocene (Ramos et al., 2002; Stevens Goddard et al., 2018).

3. Methods and Results
3.1. Geologic Mapping and Field Observations

Geologic mapping (Figure 2) was conducted at 1:50,000 scale atop 100-m contours and MapBox satellite imagery
using the FieldMove iPad application. Mapping focused on the Santa Cruz fault zone, a west-dipping basement-
involved reverse fault that is hypothesized to have uplifted the highest peaks of the La Ramada massif (e.g.,
Lencinas, 1982). The fault zone is well exposed near the northeast ridge of Cerro Mercedario and is characterized
by a hanging wall of Choiyoi Group granite and rhyolite in thrust contact with an ~350 m thick panel of west-
dipping (~35°) sedimentary and volcanic strata (Figures 2b and 3a).

The lowermost sedimentary unit is composed of interbedded red siltstone and medium to coarse-grained sand-
stone beds, which have been previously mapped as the Triassic Rancho de Lata Formation (Alvarez et al., 1995;
Cristallini & Ramos, 2000). These beds are capped by a highly altered black basalt with abundant zeolite and
quartz-filled vesicles (Figure 3d), previously mapped as Jurassic sandstones or limestones (Cristallini &
Ramos, 2000; Mazzitelli, 2020) but herein assigned to the Rancho de Lata Formation based on similarity to
previous lithologic descriptions (Alvarez & Ramos, 1999). The Santa Cruz fault is characterized by a 300 m thick
damage zone with indications of extensive hydrothermal alteration, including the alteration of olivine to
iddingsite in the upper Rancho de Lata basalt flows (Figure 3e). In the westernmost portion of the fault zone, we
document a folded pebble-cobble clast-supported conglomerate (Figure 3b). Previous regional-scale maps portray
this outcrop as Miocene in age (e.g., Tedesco et al., 2024), equivalent to the eastward adjacent Chinches For-
mation that comprises most of the Manantiales basin fill. If this interpretation is correct, the folding of this unit
provides evidence of Cenozoic (perhaps Middle Miocene) uplift along the Santa Cruz fault.

3.2. (U-Th-Sm)/He Thermochronology
3.2.1. Thermochronology Methods

Low-temperature thermochronology is a useful tool for determining the time at which a mineral cools through a
given temperature window in the upper crust and can be used as a proxy for timing/depth of erosion or to date
tectonic exhumation (in extensional settings) (e.g., Braun et al., 2006). The (U-Th-Sm)/He thermochronometer
relies on thermally activated diffusion of radiogenic *He produced during the decay of radioactive >*%U, *°U,
232Th, and '*’Sm in apatite and zircon (Farley & Stockli, 2002). The nominal range of temperatures over which
“He diffusion occurs (known as the partial retention zone, or PRZ) is ~200-160°C and ~80-55°C for zircon and
apatite, respectively (Reiners & Brandon, 2006). Detailed analytical methods for zircon and apatite helium
thermochronometry (ZHe and AHe) are reported in Supporting Information S1 (Text S1).

The relationship between thermochronometric date and elevation for samples collected over significant relief is a
powerful strategy for constraining the timing and rates of rock exhumation (e.g., Fitzgerald et al., 1995; Hun-
tington et al., 2007; Reiners et al., 2004). Specifically, the slope of an age-elevation trend provides information
about the rate of exhumation, defined as the displacement of rocks with respect to Earth's surface which is
equivalent to the amount of material removed from the surface (e.g., England & Molnar, 1990). Furthermore,
vertical profiles can be jointly modeled using inverse thermal history modeling techniques to obtain statistically
more robust thermal histories (e.g., Gallagher, 2012; Ketcham, 2024).

We measured (U-Th-Sm)/He dates on six apatite samples (5 single grains per sample for a total of 30 single grain
dates) and four zircon samples (20 single grain dates) collected along an ~4.4 km vertical transect up the northeast
ridge of Cerro Mercedario (Figures 1c and 4; Tables 1 and 2). This age-elevation profile represents the highest
relief profile available from the Andes. Two AHe samples and two ZHe samples were collected in the hanging
wall of the Espinacito fault (below the Santa Cruz fault) and four samples were collected from the hanging wall of
the Santa Cruz fault (Figure 2). Two of the samples from the hanging wall of the Santa Cruz fault were double-
dated using both AHe and ZHe. An additional sample collected from the Cordillera del Tigre portion of the
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Figure 3. Field observations from the Santa Cruz fault zone along the eastern face of Cerro Mercedario. (a) Primary structural relationship along Santa Cruz fault, with
Choiyoi Group in thrust contact with (b) folded Miocene (?) pebble-cobble conglomerate within the Santa Cruz fault zone. Notebook for scale. (c) Eastern face of Cerro
Mercedario, displaying the planar contact between red sandstone and overlying altered basalt. (d) Altered basalt showing extensive evidence of alteration related to the
Santa Cruz fault, with inset showing a close up of zeolite and quartz-filled vesicles. (e) Thin section photomicrograph representative of black basalt with filled vesicles
and evidence of hydrothermal alteration of olivine.

Frontal Cordillera on the eastern side of the Manantiales Basin was analyzed for AHe (Figure 1¢). Samples were
collected from Permo-Triassic (ca. 290-225 Ma) biotite granites and porphyritic rhyolites of the Choiyoi Group,
the dominant lithologies of the Frontal Cordillera structural province (e.g., Dahlquist et al., 2024; Mackaman-
Lofland et al., 2019; Mpodozis & Kay, 1992). All samples were hand-picked and irradiated for apatite fission-
track thermochronology by the external detector method, but poor yield, small grain-sizes, extremely few
spontaneous tracks and no confined track lengths prevented acquisition of meaningful ages. As such, no apatite
fission-track data are incorporated into our modeling effort.
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Figure 4. (a) Zircon and (b) apatite (U-Th-Sm)/He thermochronology results plotted against variables potentially responsible for dispersion. Left and right columns for
each panel display date-eU and date-grain size comparisons, respectively.

3.2.2. Thermochronology Results

Five Durango apatites and four Fish Canyon Tuff zircons used as standards yielded average corrected dates of
31.8 £0.42 and 29.3 £ 0.45 Ma, respectively, within 2c error of published values (Reiners et al., 2004; Schmitz &
Bowring, 2001). Analytical errors reflect the propagation of uncertainty from measurements of He, U, Th, and Sm
and grain size. Uncertainties on the corrected (U-Th-Sm)/He dates are reported at 26 and include the propagated
total analytical uncertainties (TAU) on the U, Th, and He measurements as well as an estimated uncertainty on the
alpha-ejection correction, which was estimated to be 5%. Uncertainty calculation was completed with HeCalc
software (Martin et al., 2023).

Zircon (U-Th)/He samples (ZHe) yield single grain dates between 11.1 £ 1.3 and 175.9 + 20.7 Ma (Table 1),
excluding the oldest dates from sample MERC4232, which are as old as ca. 800 Ma (Figure 4a). A negative
relationship between ZHe date and effective uranium (eU) is observed, the latter of which is commonly used as a
proxy for radiation damage (e.g., Guenthner et al., 2013). The eU concentrations range from 208 to 1,270 ppm,
with a relatively steep negative slope for grains with eU concentrations <750 ppm. Three grains with the highest
eU values of 731, 1,270, and 4,930 ppm yield the youngest observed dates, forming a relatively flat tail char-
acteristic of highly damaged (partially-reset) zircons (e.g., Orme et al., 2016; Ault et al., 2018; Figure 4a). No
apparent trends between ZHe date and grain size (reported in this study as the radius of a sphere with a surface-
area-to-volume ratio equivalent to that of the grain analyzed, or Rs) are observed (Figure 4).

Apatite (U-Th-Sm)/He samples (AHe) single grain dates from the Mercedario transect have considerable intra-
sample variation, ranging from 8.5 + 0.9 to 275.4 + 34.5 Ma (Figure 4; Table 2). Omitting dates from the most
dispersed sample (MERC4232) results in an oldest date of 72.7 + 9.4 Ma. The two most reproducible data sets,
with >4 single grain dates overlapping within error, are the topographically second lowest (ESP2928) and highest
(MERC6720) samples. The highest sample from the summit of Cerro Mercedario yields five grains overlapping
within 26 with a central age of 15.7 £ 2.9 Ma. No obvious correlation between date-eU or date-grain size exists,
except for sample MT22-4, which has negative and positive correlations, respectively (Figure 4b). The average
apatite grain size (Rs) across all samples is 38.0 pm, with six grains having Rs < 30 pm (Figure 4b). Single grain
dates from the Cordillera del Tigre sample range from 14.2 + 1.9 to 41.1 &+ 4.3 Ma, showing a positive correlation
between He date and eU and no relationship between date and grain size (Table 2; Figure 7).

HOWLETT ET AL.
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3.2.3. Interpretation of Date-Elevation Relationships

Date-elevation relationships from Cerro Mercedario display dispersion in our data set but reveal trends that
facilitate our data filtration approach and the interpretation of cooling signals (Figure 5). ZHe dates from our
lowest samples (2-3 km asl) are dispersed but approach the crystallization age of host rocks with increasing
elevation (Figure 5b). These dates are interpreted to represent partial resetting of the ZHe system by residence of
the lowest samples within the ZHe partial retention zone (PRZ) at the onset of Andean exhumation. An alternative
explanation is that samples cooled to near surface temperature following crystallization and were reheated by
sediment and/or thrust sheet burial from the impinging thrust belt to the west. By extrapolating the average dip
from the west-dipping panel of Triassic strata (Figure 2b) across the Cordon del Espinacito basement block, we
calculate an approximate true overburden thickness of ~5.8 km for our lowest elevation sample. Assuming that
some thickness of Jurassic and younger strata was eroded from above this sample, the combined thickness is
adequate to position these samples in or near the ZHe PRZ prior to Miocene exhumation. It also implies that little
to no burial by younger synorogenic sediments is required, as any significant added thickness would have
probably heated samples above the ZHe PRZ.

The two highest ZHe samples were analyzed to test the hypothesis that the whole transect was uplifted and
exhumed along the Espinacito fault system, with the Santa Cruz fault representing a relatively minor, perhaps out-
of-sequence thrust fault. If this hypothesis is correct, expected ZHe dates would approach and/or overlap the
Choiyoi crystallization age since samples would be progressively farther from the ZHe PRZ interpreted for the
lower sample group. Such a straight-forward interpretation for the high ZHe samples is complicated by high
dispersion, likely caused by factors other than prolonged residence in the ZHe PRZ as demonstrated in subsequent
modeling efforts. If ZHe dispersion in the high sample group is interpreted to be the result of residence in the ZHe
PRZ, this requires the Santa Cruz hanging wall to have experienced a magnitude of erosion similar to that in the
Cordon del Espinacito (removal of at least 6 km of material assuming a typical geothermal gradient of 25°C/km).

Comparable trends between ZHe date and elevation have been used to determine the timing and magnitude of
exhumation in southern portions of the Frontal Cordillera (Riesner et al., 2019). These authors interpreted their
lowest sample to have resided in or near the ZHe PRZ prior to Cenozoic exhumation, and their interpretation of
rapid cooling onset relies on their youngest single ZHe date from this sample. In contrast, their highest ZHe
sample, collected at ~4.3 km asl, produced dates overlapping with the crystallization age of the host rock,
suggesting no resetting of the ZHe system. A notable aspect of our ZHe data set is that the single-grain dispersion
observed in MERC6021 is similar to what is observed in the lowest sample of Riesner et al. (2019), even though
our sample was collected approximately 4 km higher in elevation.

The youngest AHe date(s) increase with elevation (Figure 5c). The most reproducible low elevation sample
(ESP2928) produced four single grains overlapping within 26 with a weighted mean age of 10.47 £ 1.13 Ma.
Increasing date with elevation is observed when considering the youngest date from sample MERC4232, the two
youngest dates from MERCS5200, the two youngest dates from MERC6021, and all five dates from the highest
sample. This trend is not noticeably disrupted across the Santa Cruz fault and the Santa Cruz hanging wall records
older dates (Figure 5c). A linear age-elevation trend suggests continuous exhumation from at least 18—-14 Ma to
11.5-9.5 Ma; however, we hesitate to interpret samples above and below the Santa Cruz fault as a single group for
reasons described in the following sections. It is noteworthy that an uncertainty-weighted regression of the
youngest average AHe dates across all samples yields an apparent exhumation rate of ~0.3-0.4 mm/yr (~400 m/
Myr) (Figure 5c). This rate is comparable to rates determined for the Frontal Cordillera from existing data sets
(Lossada et al., 2017; Riesner et al., 2019), giving us additional confidence that our youngest AHe dates are
capturing a regional cooling signature.

3.2.4. Handling Complex He Data Prior to Modeling

Similar to existing (U-Th-Sm)/He data sets from the Frontal Cordillera province (e.g., Hoke et al., 2014), our data
are complex and require an inspection of possible causes of single-grain dispersion. Numerous complicating
factors, such as U- and Th-rich (micro)inclusions, fluid inclusions, variation in crystal size, alpha-particle ejection
correction, zonation and He implantation can contribute to date dispersion (e.g., Farley et al., 1996; Fitzgerald
et al., 2006). Poor apatite yield and quality is characteristic of the Choiyoi Group and grains are typically small
(Hoke et al., 2014; Mackaman-Lofland et al., 2020). Our approach to identifying possible causes of dispersion
and subsequent interpretations is guided by the review from He et al. (2021). These authors show that for rapidly
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Figure 5. Helium date versus elevation plots showing intra-sample single-
grain dispersion and trends with increasing elevation. Panels A, B, and C
zoom in toward progressively younger dates (maximum x-axis values of
1,000, 200, and 50 Ma, respectively).

result of He implantation, perhaps related to mobility of “He due to the hy-
drothermal activity (sensu Milesi et al., 2019) that is observed in the Santa
Cruz fault zone (e.g., Figures 3d and 3e). The sample with next highest degree
of dispersion (MT22-4) was collected most proximal to the Espinacito fault
and may have been affected by similar helium perturbations related to
faulting, although our preferred interpretation is that ZHe date dispersion in
this sample is due to residence in the ZHe PRZ. The apatite quality in this
sample was poor, and grain images reveal fragmented grains that are likely
producing dispersed AHe dates due to a combination of the variables
described above. Characteristics of each grain analyzed in this study are
detailed in the Supporting Information (Data Set S1).

3.3. Modeling of Thermochronometric Data
3.3.1. Inverse and Forward Modeling of Mercedario Vertical Transect

Thermal history modeling of AHe and ZHe data was performed with the QTQt
software (version 5.8.0). QTQt applies a Bayesian trans-dimensional
approach to Markov Chain Monte Carlo statistics (Gallagher, 2012) to pro-
duce a cooling evolution of the sample that predicts the measured data by
applying a user specified He diffusion model (this study utilizes the Flowers
et al. (2009) and Guenthner et al. (2013) diffusion models for AHe and ZHe,
respectively). Given the large degree of vertical separation between our
highest and lowest samples, we utilize QTQt's ability to jointly model multiple
samples with a known vertical relationship. This is a powerful approach in that
it (a) increases the likelihood of recovering a better resolved thermal history,
and (b) enables us to explore the effects of each sample on the modeled
thermal history and further identify outlying single grains that are incom-
patible with geologically plausible cooling paths (e.g., Abbey et al., 2023).

We began modeling efforts by conducting vertical profile sensitivity tests
following the workflow outlined in Abbey et al. (2023). Detailed model in-
puts, outputs, decisions made, and interpretations for sensitivity tests and
subsequent modeling can be found in the Supporting Information (Figure S1
in Supporting Information S1 and Data Sets S2 and S3). Sensitivity testing is
an effective approach to better understand the effect of each sample on the
resolved thermal history and enables identification of potential outlying
grains that have dates inconsistent with geologically plausible cooling his-
tories. Experimentally removing samples from our modeled profile moder-
ately changes the timing of Cenozoic cooling, but the results consistently
demonstrate a better observed versus predicted match in younger grains
(Figure S1 in Supporting Information S1). We therefore use the sensitivity
test outputs in tandem with other potential controls on anomalously old he-
lium dates, such as grain size, to refine our model inputs and resolve
exhumation-related cooling signatures.
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Following sensitivity tests and omission of anomalously old dates (interpreted to be the result of implantation,
crystal size, or a combination of other factors which skew grains toward older values), we jointly modeled AHe
data for the entire vertical profile, disregarding the Santa Cruz fault. The resulting time-temperature paths show
rapid cooling between ca. 19.5 and 16 Ma and produce output AHe dates that are in general agreement with our
observed data (Figure 6a). Modeled paths place the lowest two samples at 150-180°C, consistent with the
interpretation that the samples resided within the ZHe PRZ prior to the onset of rapid exhumation. Sample
MERC6021 maintains a temperature below the ZHe PRZ, suggesting that the dispersion in single grain ZHe dates
may be caused by something other than residence within the ZHe PRZ. Following this preliminary approach, we
modeled AHe data in two groups above and below the Santa Cruz fault. The high and low sample groups show
cooling between ca. 23 and 17.5 Ma, and 12.5 and 8.5 Ma, respectively (Figure 6b). The wide 95% credible path
intervals prior to rapid exhumation in our expected time-temperature outputs demonstrate that separately grouped
AHe data are not capable of resolving the earlier portion of the thermal history (Figure 6b). Given the horizontal
distance and presence of the Santa Cruz fault between samples (Figures 1 and 3a), modeling the hanging wall
sample groups separately is preferred for interpreting the timing of uplift and exhumation.

Attempts to jointly invert ZHe and AHe dates were inconclusive, with QTQt unable to reproduce the observed
dates across samples with geologically meaningful time-temperature paths. To investigate possible causes of the
discrepancy between data sets and explore the apparent negative correlation between ZHe date and effective
uranium (eU), we implemented a series of forward models using the damage and annealing model (DAAM) script
of Guenthner et al. (2013), which incorporates a He diffusion model and alpha ejection correction and is used to
assess the validity of potential time-temperature paths for producing an observed date-eU trend (https://github.
com/wrguenthner/DAAM). A significant finding from this experiment is that there are no time-temperature paths
that can reproduce the negative date-eU relationships (Figure S2 in Supporting Information S1), suggesting the
apparent negative correlation is the result of factors outside the commonly cited radiation-damage-diminished
retention of daughter product (e.g., Hirtel et al., 2022). Specifically, we find that assuming a Choiyoi crystal-
lization age of ca. 250 Ma, there is insufficient time (regardless of holding temperature) prior to uplift for adequate
radiation damage to accumulate. This is especially relevant for MERC6021, the sample with the most pronounced
negative relationship between date and eU (Figure 4a). Samples from the hanging wall of the Espinacito fault
display both negative and positive relationships across the same range of eU (MCDS and MCD6, respectively;
Figure 4a and Figure S2 in Supporting Information S1), making it impossible to reproduce the expected curves
with a shared thermal history. Despite modeling difficulties encountered due to ZHe dispersion, we maintain the
interpretation that low samples in the proximal hanging wall of the Espinacito fault experienced residence in the
ZHe PRZ based on the modern geology, scale of the fault, and ZHe dates approaching the Choiyoi crystallization
age with increasing elevation (Figure 5).

An alternative explanation for the ZHe dispersion in the Espanicito hanging wall involves (a) dispersion in lower
sample MCD6 due to fault-related or other perturbation(s) of the system, and (b) a captured Middle- to Late-
Jurassic cooling signature in the more internally consistent MCDS5, potentially related to normal faulting in the
northern Neuquén basin (e.g., Ramos et al., 1996). Single-sample modeling of MCD5 enabled the identification
of one problematic grain (the youngest grain in the sample, Zr5) which was preventing the model from finding
reasonable time-temperature paths. An inversion containing the other four grains reveals a relatively well-
constrained cooling signature at ca. 150 Ma (Figure S3 in Supporting Information S1). We emphasize two
points regardless of the preferred cooling history contained in the ZHe data: (a) erosion related to the main phase
of Andean mountain building at this latitude is insufficient to expose fully reset ZHe dates, and (b) dispersion in
the ZHe system does not affect our preferred interpretation for the timing of thrusting recorded by AHe data
between ca. 23 and 17.5 Ma and 12.5 and 8.5 Ma in the Santa Cruz and Espinacito hanging walls, respectively.

Our data sets, particularly the ZHe results, highlight a potential complicating factor for the interpretation of
thermochronology data in this region. We have demonstrated that the large degree of dispersion in the ZHe data
cannot be reconciled with plausible time-temperature paths; as such, the youngest single grains from bedrock
(e.g., Riesner et al., 2019) or detrital grains from the adjacent basin record (e.g., Fosdick et al., 2024) may result in
erroneous interpretations for the timing of shortening-related exhumation in the Frontal Cordillera. There are
Eocene-Miocene ZHe dates in our data set from Frontal Cordillera bedrock that are seemingly controlled by
factors outside of rock uplift and exhumation related to Andean mountain building. The intimate linkage between
cooling, exhumation, hydrothermal heating, and widespread porphyry-epithermal deposits (e.g., El Pach6n and
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Pelambres) may contribute to some of the observed dispersion in low-temperature thermochronology data sets
from this region (e.g., Maydagén et al., 2014, 2020; Milesi et al., 2019, 2020) and should be considered carefully.

3.3.2. Thermal History Modeling for the Cordillera del Tigre

Our modeling approach for the partially reset Cordillera del Tigre (CDT) sample is guided by recent findings from
the westward adjacent Manantiales Basin. We first implement a forward modeling approach for our Cordillera del
Tigre AHe sample that uses the apatite radiation damage and annealing model (ARDAAM) of Flowers
et al. (2009). Three plausible thermal histories, all beginning at the Choiyoi crystallization age of ca. 250 Ma, are
tested, including: (a) protracted residence below the AHe closure temperature followed by moderate Oligo-
Miocene foredeep burial (5.5°C/Ma) and rapid late Miocene cooling (35°C/Ma); (b) “early” CDT cooling be-
tween 22 and 17 Ma at 10°C/Ma; and (c) protracted residence in the upper AHe PRZ followed by the same late
Miocene cooling as in scenario one (Figure 7¢). Scenarios one and two produce earlier inflection points in the
date-eU correlation and predict AHe dates older than are observed. In contrast, scenario three predicts a date-eU
correlation that overlaps within 26 for four of the five observed dates (Figure 7c). We inverted the AHe data from
CDT with both QTQt and the HeFTy software (Ketcham, 2024) and present an output from the latter as the ability
to identify “acceptable” and “good” fit paths is valuable in the context of our adjacent forward models (Figure 7).
Inverse models are constrained with one initial temperature window between 0° and 200°C at 240-260 Ma and a
final present-day temperature of 20°C. Modeled t-T paths with an episodic randomizing style were run until 50
good fit paths were reached. To more fully allow the data to determine a variety of possible t-T histories, the
segment between the initial constraint and present-day temperature was halved four times (i.e., four nodal points
allowing changes in slope). The merit values for “good” and “acceptable” fits are 0.5 and 0.05, respectively.
Inverse modeling in HeFTy enabled the identification of a single grain (Ap2) which prevented the software from
finding any good fit paths; this is the youngest grain in our sample and is the only grain in our forward modeling
with 2s uncertainty not overlapping with the predicted date-eU curve (Figure 7c). Removal of this grain enabled
HeFTy to find good fit paths, which are generally consistent with the best-fit path from our forward modeling
(Figures 7c¢ and 7d). Importantly, good fit paths require sustained residence in the AHe PRZ from Choiyoi
crystallization until Oligo-Miocene time, with the best fit path showing cooling ca. 11-8 Ma (Figure 7d). Other
good fit paths between ca. 24-20 Ma cannot be discounted with available data and may capture an earlier pulse of
cooling in the Early Miocene.

Considering forward and inverse models together, the data most convincingly capture Late Miocene cooling
(Figure 7); however, partially reset AHe dates from the Cordillera del Tigre must be considered in the structural
context of the sample and alongside recent work from the Manantiales basin. The Manantiales basin contains
more than 4 km of Cenozoic deposits with reset (mainly < 15 Ma) AHe ages in even the central to upper levels of
the basin fill (Jordan et al., 1996; Mackaman-Lofland et al., 2020). By contrast, older AHe dates from the
Cordillera del Tigre indicate that overlying deposits were of insufficient thickness to completely reset the AHe
system (i.e., <2.5 km assuming a 25°C/km geothermal gradient). Therefore, the Cordillera del Tigre was likely
initially elevated prior to or during deposition of Miocene basin fill, consistent with reported evidence for wedge-
top deposition in <18 Ma strata of the Manantiales basin (Ronemus et al., 2024). Although the forward model test
of this thermal history (scenario two) produces AHe dates older than observed (Figure 7c), our sample was
collected from relatively low elevation (2,800 m asl) and earlier cooling signatures (if preserved) would be
recorded higher in the CDT, which reaches elevations >5,500 m asl (Figure 2).

Our thermal history models indicate that cooling ca. 11-9 Ma can best reproduce observed AHe date—eU trends
(Figure 7c). This cooling timing is consistent with the termination of sedimentation and inception of cooling in the
Manantiales basin (Mackaman-Lofland et al., 2020; Ronemus et al., 2024) and likely indicates a second phase of
uplift of the Cordillera del Tigre. Collectively, an initial phase of uplift of the Cordillera del Tigre during
deposition of the Manantiales basin fill (ca. 18—16 Ma) in combination with a second phase of Late Miocene uplift

Figure 6. (a) QTQt expected time-temperature path for entire vertical profile displaying cooling of all samples between ca. 20 and 18 Ma. (b) Modeling the transect in
two samples groups above and below the Santa Cruz fault (SC fault). For both (a) and (b), the uncorrected observed versus predicted date plots are shown as insets, with
triangle color corresponding to sample ID. All paths originate in the middle of a single constraint box, placed arbitrarily due to the inability of apatite (U-Th-Sm)/He data
to resolve the early portions of the time-temperature history. This is graphically represented by dashed lines indicating broad 95% credible intervals before 20 Ma. AHe
PRZ—nominal closure temperature for the apatite (U-Th-Sm)/He system; ZHe PRZ—nominal closure temperature for the zircon (U-Th)/He system. All model inputs
and choices are detailed in Howlett et al. (2024).
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best reconciles AHe dates from Cordillera del Tigre basement and upper Manantiales basin strata. This sequence
of deformation is compatible with the Manantiales basin record, which records a ca. 18-16 Ma shift from
transverse to internal drainage, consistent with structural damming by the Cordillera del Tigre (Ronemus
et al., 2024).

4. Discussion
4.1. Regional Tectonics Surrounding the Frontal Cordillera

New bedrock thermochronology data show Early to Middle Miocene cooling of the La Ramada massif. Two
periods of cooling are recorded in the hanging walls of the Santa Cruz and Espinacito faults at ca. 20 Ma and ca.
12 Ma respectively, supporting rock uplift driven erosion at this time (Figure 6b). These cooling signatures are
consistent with an increase in sedimentation rate and a drainage reorganization in the Manantiales basin beginning
ca. 18 Ma, likely related to tectonic loading from the shortening Principal Cordillera and Frontal Cordillera and
possibly propagation of the thrust front into the Cordillera del Tigre (Mackaman-Lofland et al., 2020; Ronemus
et al., 2024) (Figure 2). Additionally, growth geometries along the western margin of the Manantiales basin pin
the timing of fault movement between 15 and 11 Ma (Ronemus et al., 2024). AHe dates from sample ESP2928
and the associated modeled cooling are interpreted to capture the latest stages of erosion associated with the
Espinacito hanging wall at ca. 10.5 Ma (Figures 4 and 6b).

A comparison of our cooling constraints with existing thermochronology data from the eastward adjacent Pre-
cordillera demonstrates that the latter stage of deformation in the Frontal Cordillera was out-of-sequence
(Figure 8). For example, the 13-9 Ma cooling documented in the hanging wall of the Espinacito fault and
growth structures in the western Manantiales basin are coeval with ca. 18-2 Ma deformation in the Precordillera
(Figure 8; Fosdick et al., 2015; Levina et al., 2014; Suriano et al., 2017). Mackaman-Lofland et al. (2020, 2024)
suggest a kinematic linkage between the Frontal Cordillera (including the Cordillera del Tigre) and the Pre-
cordillera, with shortening sustained along a regional, broadly west-dipping décollement at depths between 10
and 20 km. Considering this geometry, the Frontal Cordillera at the latitude of Cerro Mercedario is perhaps best
thought of as a basement culmination or antiformal stack like those observed in the Sevier fold-thrust belt in the
western interior USA (e.g., Wasatch culmination; Yonkee, 1992; DeCelles & Coogan, 2006; Mazzitelli, 2020).

In terms of thrust belt kinematics, thermochronology evidence for exhumation at ca. 15-10 Ma is interpreted as a
pulse of contraction in the Frontal Cordillera during growth of a trailing basement culmination that was feeding
slip into the eastward adjacent Precordillera (Figure 8b). The onset of Cordillera del Tigre uplift and transfer of the
Manantiales basin to a wedge-top position, followed by possible later out-of-sequence uplift (Figure 7), represents
the eastward extent of this culmination (Figure 8c). This type of thrust belt behavior is typical of orogenic wedges
that are subcritically tapered, or do not have a taper sufficient to cause forward (or in-sequence) propagation of
deformation (e.g., Boyer, 1995). Widespread evidence for Middle Miocene deformation in the Principal
Cordillera (e.g., Carrapa et al., 2022; Giambiagi et al., 2022) is generally consistent with internal deformation of a
subcritical Andean wedge. Cristallini and Ramos (2000) discovered structural evidence for out-of-sequence
thrusting in the thin-skinned La Ramada thrust belt to the west of the La Ramada massif at ca. 9 Ma, suggest-
ing that the latter acted as a “sticking point” or buttress for deformation to the west. These interacting styles of
deformation and the broader deformation chronology discussed above are partly controlled by pre-Andean
structural architecture and reactivation of pre-existing normal faults related to Triassic rifting (Alvarez &
Ramos, 1999). It is possible to examine the apparent kinematic sequence and structural styles at this latitude in the
context of the “double-decker” model proposed by Parker and Pearson (2021) for the northern US cordilleran
thrust belt. Existing restored cross sections through the La Ramada massif reveal an eastward tapering wedge of
northern Neuquén basin sedimentary rocks atop the Choiyoi Group and underlying mechanical basement
(Figure 8a; e.g., Cristallini & Ramos, 2000). The better constrained kinematic sequence, supported by data

Figure 7. AHe results from the Cordillera del Tigre segment of the Frontal Cordillera, plotted against (a) grain size (equivalent spherical radius, Rs) and (b) effective
uranium concentration (eU). (¢c) Forward modeling results exploring the predicted date-eU correlation from plausible time-temperature paths. All three paths begin at the
Choiyoi Group crystallization age of ca. 250 Ma. Central curve represents prediction for mean grain size (35.0 pm), and dashed envelopes encompass +2¢ grain size.
(d) HeFTy inverse modeling result from the Cordillera del Tigre. Models start with an initial T-window between 0°C and 200°C between 240 and 260 Ma representing
Choiyoi Group crystallization age. Green and pink lines represent the acceptable-fit and good-fit paths, respectively. Black line represents best fit path. GOF
—*“goodness of fit” between model dates and measured dates.
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Figure 8. Schematic cross sections showing the preferred kinematic model for the La Ramada and Cordillera del Tigre portions of the Frontal Cordillera, relative to the
eastward adjacent Precordillera. (a) Folding and thrusting in the Principal Cordillera with a detachment in weak Jurassic gypsum (e.g., Cristallini & Ramos, 2000).
Mesozoic stratigraphy shown as light blue and green. To the north of the thin-skinned La Ramada thrust belt, the western Frontal Cordillera was undergoing uplift and
exhumation during Late Eocene—Early Oligocene time (e.g., Fosdick et al., 2024; Lossada et al., 2017). (b) After exhausting the eastward tapering Mesozoic deposits,
the basal detachment downsteps into basement (gray) and activates a linked west-dipping master detachment proposed by Mackaman-Lofland et al., 2020. Uplift and
exhumation timing for the Santa Cruz hanging wall (SCF) is consistent with new thermochronology data (Figure 6B). Earliest thrusting in the western Precordillera
(Jordan et al., 2001; Levina et al., 2014). Exposure of the Choiyoi Group overlying the basement is shown schematically with rose color mountainous topography.
(c) New thermochronology data resolves out-of-sequence thrusting for the Espinacito fault and Cordillera del Tigre (ESP and CDT, respectively). Both structures were
active during the peak of shortening in the Precordillera. A kinematic linkage between the Frontal Cordillera and Precordillera is compatible with new
thermochronology data, with out-of-sequence cooling pulses representing internal grown of an eastward propagating orogenic wedge. Yellow schematically represents
Cenozoic basin fill.

presented here, involves early exploitation of weak Jurassic salt units (e.g., Cristallini et al., 1995) followed by
activation (or reactivation) of deeper west-dipping faults that ultimately were responsible for uplift and exhu-
mation of the La Ramada massif (e.g., Santa Cruz fault). The main decollement and associated orogenic wedge
stepping down into deeper structural levels as the thrust belt exhausted the weak overlying horizons, followed by
eastward propagation and the linkage of Frontal Cordillera structures with those in the adjacent Precordillera is
compatible with the expected behavior of supercritical to subcritical cycles of thrust belts with limited stratig-
raphy atop basement (Figures 8b and 8c; e.g., Coogan, 1992). Although a somewhat isolated example, the study of
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La Ramada massif and other regions to the south with limited shortening and complex, relatively thin sedimentary
packages atop basement will benefit from considerations using this deformation framework.

4.2. Exhumation Along Strike of the Frontal Cordillera

Several thermochronology data sets along strike of the Frontal Cordillera have high single-grain variability and/or
poorly behaved fission-tracks, precluding straight-forward interpretations of cooling histories. As demonstrated
above, thermal history modeling is a helpful approach to test hypotheses and potentially extract thermal infor-
mation from dispersed samples. We utilized QTQt to invert apatite (U-Th-Sm)/He data from select Frontal
Cordillera transects and consider our results in the context of an updated compilation of thermochronology data
from the south-central Andes (Figure 9; Data Set S2 and S4). Results include examples of the interpreted out-of-
sequence cooling pulses mentioned above (Figures 9a and 9b), as well as Early to Middle Miocene cooling of the
La Ramada massif and the Frontal Cordillera at more southern latitudes (Figures 9c and 9e).

The data sets along strike in Figure 9 have fueled a debate regarding the overall vergence direction of the south-
central Andean thrust belt (e.g., Lossada et al., 2023; Riesner et al., 2019). Although Eocene cooling has been
documented to the north of Cerro Mercedario (Fosdick et al., 2024; Lossada et al., 2017; Mackaman-Lofland
et al., 2024), existing data south of Mercedario point toward a Miocene onset of rapid cooling for the Frontal
Cordillera. This appears to be consistent along strike (Figure 9; Lossada et al., 2018) with possible complications
related to varying amounts of foredeep burial and paleotopographic highs that existed before Andean deformation
(e.g., Hoke et al., 2014; Figure 9d). There is primarily uncertainty in the southern region surrounding whether the
onset of cooling was during the Early, Middle, or Late Miocene. The ca. 22-20 Ma “early” cooling suggested by
Riesner et al. (2019) has been used as evidence for an overall west-vergent Andean system with shortening
sustained along an east-dipping crustal scale footwall ramp. This contrasts with a later (ca. 15 Ma) onset of rapid
uplift and exhumation following a generally in sequence pattern of deformation with the westward adjacent
Principal Cordillera (e.g., Lossada et al., 2023). QTQt thermal history inversion results combining AHe data from
Riesner et al. (2019) and Lossada et al. (2023) are consistent with the timing of cooling determined by the latter,
beginning at ca. 16 Ma (Figure 9e). Early- to Middle Miocene uplift of the Frontal Cordillera along strike is
supported by partially reset AHe dates implying that foreland basin deposits were not sufficiently thick to reset the
chronometer, as well as abundant evidence that Miocene basin deposits were accumulating in a discontinuous
foreland (probably wedgetop) position (e.g., Lossada et al., 2023; Ronemus et al., 2024). Paired with recent
findings from the foreland basin record, thermochronology data from Cerro Mercedario and the Cordillera del
Tigre are consistent with east-vergent mountain building punctuated by out-of-sequence deformation (Figure 8;
Ronemus et al., 2024). Similar kinematics may explain the apparent chronology of deformation to the south
without the need for major changes in the geometry of the main crustal-scale faults (i.e., Giambiagi et al., 2012).

Recent thermochronology studies at 30°S have documented convincing evidence of Late Eocene exhumation of
the Frontal Cordillera (Fosdick et al., 2024; Mackaman-Lofland et al., 2024), whereas our data set and those to the
south of Cerro Mercedario at 32°S are confined mostly to the Miocene (Figure 9). The northern region also
coincides with thicker foreland basin deposits in the Bermejo Basin that taper to the south (Jordan et al., 2001),
potentially suggesting a larger orogenic load at this latitude. This implies that uplift and exhumation may have
begun earlier in the northern Frontal Cordillera. The absence of Eocene-Oligocene cooling and the thinning of
foreland basin deposits to the south (Jordan et al., 2001) could reflect later activation of lower detachment levels
and tectonic loading in the La Ramada region during the Miocene (Figure 9).

We emphasize that thermochronology data in the south-central Andes should be interpreted with caution due to
the prevalence of out-of-sequence thrusting. Such thrust belt behavior complicates a straight-forward interpre-
tation of thermochronology data with regards to deformation vergence. Given its large areal extent and

Figure 9. Variable cooling histories from select transects along strike of the Frontal Cordillera determined by inverse thermal history modeling of apatite (U-Th-Sm)/He
data. Transects placed in the context of existing thermochronology data from the south-central Andes (symbols represent different chronometers, size of symbols
increases proportional to age/date). Letters for each time-temperature path are keyed to the map and only portions of the time-temperature history constrained by the
input data are displayed (note varying x-axis). Light blue bar highlights approximate onset of Cenozoic cooling. References for each inversion: (a) Fosdick et al. (2015),
(b) Maydagén et al. (2020), (c) this study, (d) Hoke et al. (2015), (e) Riesner et al. (2019), and Lossada et al. (2023). Thermochronology data compilation available as

Data Set S4.
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significance in the context of ongoing tectonic arguments in the south-central Andes, continued generation of
low-temperature thermochronology data from the Frontal Cordillera is essential.

4.3. Regional Tectono-Climatic Implications

The Frontal Cordillera represents a deeply exhumed tectonic province in the south-central Andes relative to the
westward adjacent Principal Cordillera, with almost complete erosion of the Mesozoic-present stratigraphy (e.
g., Cristallini & Ramos, 2000; Ramos et al., 1996). The fact that the ZHe dates in this and comparable studies
(Riesner et al., 2019) are partially reset underscores the simple but important point that the magnitude of
erosion in the hinterland of the highest Andes is low (i.e., not high enough to expose fully reset chronometers).
The lack of young (<5 Ma) AHe dates in the La Ramada massif contrasts with existing results from low-
temperature thermochronometers on both sides of the Andean drainage divide south of 33°S (Figure 9),
many of which are younger than what is recorded by our transect (e.g., Farias et al., 2008; Stalder et al., 2020).
Val et al. (2018) highlighted that focused seismicity and rock uplift, rather than changes in precipitation, are
responsible for the latitudinal changes in erosion rate. Our new data reinforce the fact that apparently limited
erosion and topography formation has occurred since the Miocene (i.e., during Plio-Pleistocene glaciations) in
the La Ramada massif and other regions of the High Andes north of Cerro Aconcagua (e.g., Bissig et al., 2002,
2003; Hoke et al., 2014).

5. Conclusions

¢ New field and low temperature thermochronology data from the La Ramada massif are consistent with
Early to Middle Miocene exhumation along the Santa Cruz and Espinacito reverse faults. Thermal history
models suggest thrust-related cooling at ca. 20 and 12 Ma. Although these cooling signals appear to be in-
sequence from west to east, cooling along the Espinacito fault is out-of-sequence relative to the Cordillera
del Tigre and Precordillera which were actively uplifting as early as 18 Ma (Fosdick et al., 2015; Jordan
et al., 2001; Ronemus et al., 2024). The timing of out-of-sequence deformation along the Espinacito fault
determined in this study is compatible with recently constrained growth structures in the Manantiales
wedge-top basin.

¢ AHe dates from the Cordillera del Tigre portion of the Frontal Cordillera suggest that overlying foredeep
deposits were not thick enough to reset the chronometer (<2.5 km). Partially reset dates from the base of the
range in tandem with reset AHe dates from upper Manantiales basin strata are consistent with early uplift of
the Cordillera del Tigre and transfer of the basin to a wedge-top position during the early to mid-Miocene. An
out-of-sequence pulse of uplift and exhumation at ca. 11-9 Ma is suggested by AHe forward models from
the CDT.

o Relief in this segment of the Frontal Cordillera formed during the Miocene (e.g., Hoke et al., 2015), suggesting
that shortening was a primary control on surface uplift. Relatively high shortening has occurred in the Pre-
cordillera to the east coeval with continued deformation and erosion in the High Andes along the Argentina-
Chile border.

o Comparisons with existing thermochronologic data sets to the south reveals consistency in Early to Middle
Miocene rapid cooling along strike of the Frontal Cordillera. Although this timing has been interpreted to
suggest both a west- and east-vergent orogenic system, we emphasize that regional trends in bedrock ther-
mochronology and the adjacent basin record are consistent with forward propagation and internal deformation
of an overall east-vergent fold-thrust belt.

Data Availability Statement

Detailed grain descriptions and dimension measurements for apatite (U-Th-Sm)/He and zircon (U-Th)/He
are available in Data Set S1 at Zenodo via https://doi.org/10.5281/zenodo.11152585 with no access re-
strictions (Howlett et al., 2024). All QTQt thermal history modeling input and output files are available in Data
Set S2 at Zenodo via https://doi.org/10.5281/zenodo.11152585 with no access restrictions (Howlett
et al., 2024). QTQt model input parameters and decisions made are available in Data Set S3 at Zenodo via
https://doi.org/10.5281/zenodo.11152585 with no access restrictions (Howlett et al., 2024). Compilation of
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