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Abstract The southern Central Andes recorded retroarc shortening, basin evolution, and magmatic arc
migration during Neogene changes in subduction. At 31-33°S, above the modern flat-slab segment, spatial
and temporal linkages between thin- and thick-skinned foreland shortening, basement-involved
exhumation of the main Cordillera, and lower-crustal hinterland thickening remain poorly resolved. We
integrate new geochronological and thermochronological data for thrust sheets and Neogene foreland basin
fill with structural, sedimentological, and passive seismic results to reconstruct the exhumation history
and evaluate potential geometric linkages across structural domains. “Ar/*PAr ages for volcanic horizons
and zircon U-Pb ages for synorogenic clastic deposits in the Manantiales Basin constrain the minimum
duration of synorogenic sedimentation to ~22-14 Ma. Detrital zircon age distributions record sequential
unroofing of hinterland thrust sheets until ~15 Ma, followed by eastward (cratonward) advance of the
deformation front, shutoff of western sediment sources, and a shift from fluvial to alluvial fan deposition at
~14 Ma. Apatite (U-Th)/He cooling ages confirm rapid exhumation of basement-involved structural blocks
and basin partitioning by ~14-5 Ma, consistent with the timing of the Manantiales facies and provenance
shifts and a coeval (~12-9 Ma) pulse of thin-skinned shortening and exhumation previously identified in the
eastern foreland. Late Miocene-Pliocene (~8-2 Ma) cooling ages along the Chile-Argentina border point to
hinterland uplift during the latest stage of Andean orogenesis. Finally, geophysical constraints on crustal
architecture and low-temperature thermochronometry results are compatible with a hybrid thin- and
thick-skinned décollement spanning retroarc domains.

1. Introduction

Cordilleran mountain building is the product of shortening, magmatism, and crustal thickening along a sub-
duction margin (e.g., Dewey, 1980; Isacks, 1988; Schellart, 2017). However, the processes and interactions
that influence crustal deformation, thickening of the overriding plate, topographic uplift, and synorogenic
basin evolution remain poorly understood. Retroarc fold-thrust belts provide important constraints on the
geometry, kinematics, and magnitude of crustal shortening and thickening due to structural repetition
(Farias et al., 2010; Giambiagi et al., 2012; Ramos et al., 2004). Synorogenic deposits further record
shortening-related exhumation, thrust loading, sediment redistribution, and the development of topo-
graphic barriers across the orogen (DeCelles, 2012; DeCelles & Giles, 1996; Horton, 2018a; Jordan, 1995).
With sufficient spatial and temporal constraints, retroarc fold-thrust belt and foreland basin systems provide
nearly continuous, quantitative records of deformation, erosion, and subsidence that are fundamental to
understanding the growth and evolution of subduction-related orogens (e.g., Anderson et al., 2017;
Horton, 2018b; Kley, 1996; Kley & Monaldi, 1998; McQuarrie, 2002).

The southern Central Andes (31-33°S; Figure 1a) define type examples of Cordilleran orogenesis during
Neogene flattening of the subducted oceanic plate, but debate persists regarding (1) the timing of
shortening-induced exhumation along basement-involved ranges in the Frontal Cordillera hinterland
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Fig 1. (a) Map of the Central Andes showing topography (ASTER DEM V002) and tectonic setting. Nazca-South America plate convergence rates after Ramos and
Folguera (2009). Modern trench location and Wadati- Benioff zone contours (40 km contour interval; black lines) from the SLAB 2.0 model (Hayes et al., 2018). Inset
illustrates location within South America. Box indicates location of Figures 1b and 2. (c) Map above the modern Chile-Argentina flat slab subduction segment
highlighting major structural domains and Neogene foreland basins.
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Fig 2. Geologic map of the study area showing cross-section trace (A-B-C) and sample locations for detrital zircon U-Pb geochronology and apatite (U-Th)/He ther-
mochronology. Geology modified from Cristallini and Ramos (2000), Jara and Charrier (2014), Mpodozis et al. (2009), Ragona et al. (1995), Rivano et al. (1993),
Segemar (2000), and Sernageomin (2003).
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domain (Figure 1b) and (2) the geometry of nonemergent structures, and potential structural linkages,
between the retroarc hinterland and flanking fold-thrust belt. Previous studies have proposed a range of late
Eocene-late Miocene ages for initial shortening and uplift of the Frontal Cordillera (~35 Ma, Lossada
et al., 2017; ~25 Ma, Hoke et al., 2015; 24-17 Ma, Levina et al., 2014; 20-17 Ma, Buelow et al., 2018; Pinto
et al.,, 2018; ~14-12 Ma, Jordan et al., 1996; Perez, 1995; ~9 Ma, Ramos & Folguera, 2009; 7 Ma, Rodriguez
et al., 2018). Interpretations of regional structures that accommodate crustal thickening and transfer short-
ening from lower to upper crustal levels remain largely schematic and are complicated by limited exposures
near the transition from basement-involved to thin-skinned deformation (Figures 1b, 2; Allmendinger
etal., 1990; Allmendinger & Judge, 2014; Cristallini & Ramos, 2000; Ramos et al., 2004). However, recently
published geochronological data for volcanic and sedimentary deposits along the Chile-Argentina border
refine hinterland chronostratigraphy and sediment source characterization, providing new insights into
provenance-based interpretations of exhumational timing (Jara & Charrier, 2014; Mackaman-Lofland
et al., 2019; Maydagan et al., 2020; Mpodozis et al., 2009; Rodriguez et al., 2018). Broadband seismic data
now available for Chile and western Argentina have additional potential to improve interpretations of none-
mergent structures and better characterize the interactions between crustal thickening and shallow defor-
mation (Alvarado et al., 2007; Ammirati et al., 2013, 2016; Gans et al., 2011).

In this study, we integrate new ‘mArf?'gAr, detrital zircon U-Pb, and apatite (U-Th)/He results with published
structural, geo/thermochronological, and geophysical data sets to (1) advance the chronostratigraphic and
provenance framework of Neogene synorogenic deposits (preserved in the Manantiales Basin at ~32°S;
Figures 1b and 2), (2) refine the timing of shortening-induced exhumation along major thin-skinned and
basement-involved structures in the retroarc hinterland, and (3) investigate nonemergent structural geome-
tries at ~32°S. Updated correlations with Neogene foreland basin deposits in the Precordillera fold-thrust
belt allow us to reconstruct regional facies, sediment accumulation, and provenance trends (Buelow
et al., 2018; Jordan et al., 1996; Levina et al., 2014; Pérez, 2001; Pinto et al., 2018). Thermokinematic model-
ing is applied to test middle to upper crustal structural interpretations (Almendral et al., 2015; Mora
et al.,, 2015). Based on these results, we propose early to middle Miocene retroarc deformation involved
south- and eastward migration of the foreland basin system during sequential exhumation along
thin-skinned and basement-involved structures in the Principal and Frontal Cordilleras (Figures 1b, 2).
Integrated structural, thermochronological, and geophysical data sets are further compatible with a hybrid
thin- and thick-skinned décollement that connected retroarc hinterland and foreland domains. These find-
ings quantify overriding plate deformation during changes in subduction zone geometry and provide
insights into the relationships among thin- and thick-skinned shortening, exhumation, subsidence, and fore-
land basin evolution in Cordilleran mountain belts.

2. Geologic Context

The Andean orogen at 31-33°S is comprised of three structural domains: the Principal Cordillera, Frontal
Cordillera, and Precordillera (Figures 1b, 2). The Principal Cordillera defines the western flank of the
Andes and involves Mesozoic-Cenozoic sedimentary and volcanic deposits in principally thin-skinned
deformation (Charrier et al., 2007; Cristallini & Ramos, 2000; Jara & Charrier, 2014; Ramos et al., 1996).
The Frontal Cordillera is characterized by north trending uplifts that exhume chiefly mechanical basement
in the form of upper Paleozoic-Triassic rhyolites and granitic intrusions, though Devonian-Carboniferous
metamorphic and sedimentary rocks are exposed at the lowest structural levels (Heredia et al., 2002;
Kleiman & Japas, 2009; Rocher & Vallecillo, 2014; Vallecillo et al., 2010). The Frontal Cordillera accommo-
dated ~20 km of shortening and is made up of en échelon ranges exhumed along high-angle reverse faults
(the Cordillera de Santa Cruz and Cordén del Espinacito, Figure 2; Cristallini & Ramos, 2000; Ramos
et al., 2004). The Cordillera del Tigre comprises the easternmost range in the Frontal Cordillera at ~32°S;
contractional faults are not mapped along the uplift margins (Figure 2; Heredia et al., 2012; Rocher &
Vallecillo, 2014; Segemar, 2000). The Precordillera is a thin-skinned fold-thrust belt that accommodates
the majority of retroarc shortening (>100 km) and involves Paleozoic-lower Mesozoic sedimentary deposits
(Allmendinger et al., 1990; Cristallini & Ramos, 2000; Von Gosen, 1992).

Published cross sections and high-resolution local receiver function analyses provide insight into the struc-
tural interactions among these domains. High-amplitude positive arrivals beneath the central and western
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Precordillera at ~5 and 10 km correspond with the depth and dip of the décollement calculated from
balanced Precordillera cross sections (Ammirati et al., 2016; Cristallini & Ramos, 2000; von Gosen, 1992).
Increased positive arrival depths beneath the western Precordillera and Cordillera del Tigre (from ~10 to
20 km) are also compatible with a change in detachment depth interpreted beneath the Precordillera and
hinterland basement-cored ranges (e.g., Heredia et al., 2012).

Neogene synorogenic deposits are exposed in discontinuous, north trending basin segments throughout the
Frontal Cordillera and Precordillera (Figure 2). Preserved stratigraphic thicknesses for these nonmarine
deposits range from <1 km in the central Precordillera to >2-3 km for depocenters proximal to major
Frontal Cordillera thrust faults (Buelow et al., 2018; Heredia et al., 2002; Irigoyen et al., 2000; Jordan
et al,, 1996; Levina et al., 2014; Pérez, 2001; Vergés et al., 2001).

The Manantiales Basin, located between the Cordon del Espinacito and Cordillera del Tigre at 31°45'-32°30’
S, contains ~3.6 km of nonmarine clastic deposits derived from the Principal and Frontal Cordilleras
(Figures 1b, 2, 3; Alarcéon & Pinto, 2015; Jordan et al., 1996; Perez, 1995; Pérez, 2001; Pinto et al., 2018;
Ruskin et al., 2011). The western basin margin is overthrust by the Espinacito reverse fault, and to the east
Manantiales strata overlie Permian-Triassic Choiyoi Group volcanic units in depositional contact (Figure 2;
Cristallini & Ramos, 2000; Jordan et al., 1996). The exceptionally thick Neogene succession and western
basin location provide a unique record of retroarc deformation and proximal foreland basin evolution near
the transition from basement-involved to thin-skinned deformation styles.

3. Manantiales Basin Stratigraphy

Neogene Manantiales Basin deposits are assigned to the Chinches Formation and consist of (1) a basal mem-
ber comprising ~40-350 m of cross-bedded eolian sandstones and scarce conglomerates; (2) a ~100 m thick
andesitic breccia; and (3) an upper member of fluvial, alluvial fan, and lacustrine deposits that generally
coarsen upsection and reach thicknesses >3,500 m (Figure 3; Jordan et al., 1996; Mirré, 1966;
Perez, 1995). Detailed studies have identified four stratigraphic packages within the upper Manantiales
Basin member (Jordan et al., 1996; Ruskin et al., 2011). The first package transitions from sandstone and
mudstone facies representative of meandering river and floodplain environments to conglomeratic sand-
stones characteristic of braided fluvial deposition (Facies Groups I-III after Jordan et al., 1996; Figure 3).
The second and third packages coarsen upward from lacustrine claystones and mudstones to braided fluvial
sandstones and conglomerates (Groups IV-V, and VI-VII; Figure 3). The uppermost package begins with a
thinner lacustrine interval than the underlying sequences and is capped by >600 m of boulder conglomerate;
these deposits are located in the footwall directly east of the Espinacito reverse fault and are characteristic of
an alluvial fan environment (Groups VI-VIII; Figures 2, 3; Cristallini & Ramos, 2000; Jordan
et al.,, 1996; Pérez, 2001).

Paleocurrent measurements from this study (supporting information Table S1; eolian member) and Jordan
et al. (1996; upper member) show generally east and southeast directed sediment transport throughout the
Manantiales section (Figure 3), and previous studies have linked facies and provenance trends to thrust
activity in the Principal and Frontal Cordilleras (Cristallini & Ramos, 2000; Jordan et al., 1996;
Perez, 1995; Pinto et al., 2018). This study builds upon numerous investigations and data sets (e.g., clast
counts, sandstone petrography, volcanic and sandstone geochemistry, heavy mineral analyses, zircon fission
track and U-Pb geochronology, magnetostratigraphy, paleontology, and paleoaltimetry) that address the
timing and nature of Manantiales Basin accumulation (Figure 3; Alarcén & Pinto, 2015; Hoke et al., 2014;
Iglesia Llanos, 1995; Jordan et al., 1996; Lopez et al., 2011; Perez, 1995; Pérez, 2001; Pinto et al., 2018;
Ruskin et al., 2011).

4. Materials and Methods

4.1. ®Ar/*Ar Geochronology

Hornblende “°Ar/>°Ar ages from the andesite breccia member (sample MAN09) and an ashfall tuff inter-
bedded within the upper boulder conglomerate facies (MAN16) provide new constraints on the timing of

Manantiales Basin accumulation (Figures 2, 3; Harrison, 1982). The andesite breccia sample (MANO09) con-
tains plagioclase, K-feldspar, clinopyroxene, and abundant hornblende; the ashfall sample (MAN16)
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comprises a ~20 cm horizon with K-feldspar and hornblende phenocrysts (Jordan et al., 1996; Pérez &
Ramos, 1996). “°Ar/*°Ar step heating analyses were performed for both samples at the New Mexico
Geochronology Research Laboratory. Crystals were separated using conventional heavy liquid, magnetic,
and handpicking techniques. Samples and flux monitors (Fish Canyon Tuff sanidine; Kuiper et al., 2008)
were then loaded into machined AI discs and irradiated for 16 hours at the U.S. Geological Survey TRIGA
reactor in Denver, Colorado. Step heating was conducted using a 55-W Photon Machines diode laser.
“OAr/*Ar isotopic measurements were made using a Helix MC Plus mass spectrometer. The New Mexico
Geochronology Research Laboratory provides detailed operational information on their website (https://
geoinfo.nmt.edu/labs/argon/methods/home.html). Additional instrumentation and step heating analytical
parameters are reported in the supporting information (Table S2 and Data Set S2).

4.2. Zircon U-Pb Geochronology

Detrital zircon U-Pb geochronology yields provenance information and maximum depositional ages that
provide additional constraints on the timing of basin accumulation. U-Pb age distributions were generated
for six sandstone samples throughout the Manantiales Basin section (n = 550 concordant analyses; Figures 2,
3). Analyses were completed at the University of Texas at Austin following previously described procedures
(Hart et al., 2016; Horton et al., 2016; Mackaman-Lofland et al., 2019; Thomson et al., 2017). Zircon grains
were separated using standard magnetic and density separation techniques and mounted on double-sided
tape attached to 1-inch-diameter acrylic disks. Zircon samples and standards (primary standard GJI zircon,
Jackson et al., 2004) were analyzed using a Photon Machine Analyte G.2 Eximer laser (30-pum laser spot size)
with a large-volume Helex sample cell and a Thermo Element2 inductively coupled plasma mass spectro-
meter. Data were reduced using VizualAge and Iolite software (Paton et al, 2010; Petrus &
Kamber, 2012). At least 120 zircons were analyzed for each sample to obtain a statistically robust age and
provenance data set (Vermeesch, 2004). Detailed analytical methods and raw data are reported in the sup-
porting information (Table S3 and Data Set S3).

4.3. Apatite (U-Th)/He Thermochronology

Apatite (U-Th)/He (AHe) thermochronometry provides insight into the timing of tectonic and/or erosional
exhumation in orogenic systems (e.g., Lock & Willett, 2008). AHe thermochronometry is based on the
temperature-dependent retention of alpha particles (He) during radioactive decay of U, Th, and Sm and is
characterized by a closure temperature range of ~50-110 °C that is widely applicable to upper-crustal pro-
cesses (depending on grain size, radiation damage, and other factors; Ehlers & Farley, 2003; Farley &
Stockli, 2002; Flowers et al., 2009; Reiners & Farley, 2001; Shuster et al., 2006). Exhumational cooling is com-
monly delayed following tectonic activity, and thermochronometric data do not directly quantify fault activ-
ity or surface uplift (e.g., Carretier et al., 2015; Kooi & Beaumont, 1996). However, if cooling is linked to
fault-induced displacement and enhanced erosion, AHe ages may serve as a proxy for deformational timing
(Ehlers & Farley, 2003; Lock & Willett, 2008; McQuarrie & Ehlers, 2017).

AHe analyses were conducted for 11 sandstone samples from (1) the Manantiales foreland basin, which was
exhumed during uplift of the Cordillera del Tigre; (2) Mesozoic basin deposits in the Eastern Principal
Cordillera, exhumed during uplift of the Cordén del Espinacito; and (3) deposits in the Western Principal
Cordillera near the Chile-Argentina border (Figures 2, 3; Cristallini & Ramos, 2000; Jordan et al., 1996;
Pérez, 2001; Ramos et al., 2004). Upper Paleozoic-Triassic igneous samples collected from key locations in
the Cordillera del Tigre and Cordén del Espinacito hanging walls did not yield apatite suitable for analyses.

Measurements were completed at the University of Texas at Austin following analytical procedures
described by Stockli et al. (2000) and Levina et al. (2014). Apatites were separated using the same magnetic
and density techniques required for zircon minerals. Inclusion-free grains were then handpicked, photo-
graphed, and measured using a petrographic microscope (180x max) and sealed into platinum foil packets.
When possible, six to eight euhedral, 70-150- um-diameter crystals were selected per sample. However, sev-
eral samples yielded very few, poor-quality apatites, and in these cases smaller (<60 pm) and/or slightly
abraded grains were selected. To determine “He concentration, apatite samples and standards (Durango apa-
tite; Boyce & Hodges, 2005) were laser degassed, cryogenically concentrated and purified, and analyzed
using a noble gas quadrupole mass spectrometer. Sample aliquots were then dissolved using HNO;-based
solution spiked with a 23'S’U, 23‘:'Th, and *°Sm tracer; diluted with purified MilliQ water to 5% HNOs; and
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throughout the western and central Frontal Cordillera (220-245 Ma; Hervé et al.,, 2014; Kleiman &
Japas, 2009; Maksaev et al., 2014; Mpodozis & Kay, 1992; Sato et al., 2015). Late Paleozoic-Triassic ages
also comprise dominant components in the Mesozoic Principal Cordillera deposits; these spectra show
an upsection trend toward older late Paleozoic-Triassic age peaks attributed to unroofing of the
Frontal Cordillera (Mackaman-Lofland et al., 2019). All potential sources of late Paleozoic-Triassic
U-Pb ages are characterized by high zircon fertility relative to other sources and age components, as
reflected by the dominant late Paleozoic-Triassic components in Manantiales detrital spectra
(Figure 5; Capaldi et al., 2017; Mackaman-Lofland et al., 2019).
Mesozoic ages (~80-220 Ma, blue bar) could have been recycled from latest Triassic-Cretaceous sedimen-
tary and volcanic units in the Principal Cordillera or derived from intrusive and volcanic rocks exposed
along the Chilean coast (Figures 1b, 2; Charrier et al, 2007, 2015; Jara & Charrier, 2014;
Mackaman-Lofland et al., 2019; Pinto et al., 2018; Segemar, 2000; Sernageomin, 2003).
Latest Cretaceous—early Miocene zircons (~22-70 Ma, yellow bar) are present in andesitic-dacitic units
and upper Paleogene-lower Miocene volcaniclastic rocks in the Western Principal Cordillera
(Figures 1b, 2; Charrier et al., 2002, 2015; Jara & Charrier, 2014; Mackaman-Lofland et al., 2019;
Mpodozis et al., 2009; Rivano & Septlveda, 1991). Paleogene retroarc basin deposits exposed along the
eastern and southern margins of the Precordillera also contain ~22-70 Ma ages, but these units were
likely not exposed until the late Miocene-Pliocene (Buelow et al., 2018; Fosdick et al., 2017).
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Fig 5. Age histograms and probability density plot (PDP) showing all detrital zircon U-Pb analyses for the Manantiales
Basin (this study). Age signatures from potential sediment sources are highlighted in colored bars and discussed in the text.

5. Zircon ages <22 Ma (striped bar) were derived from the Neogene magmatic arc. Volcanic centers were
concentrated in the Western Principal Cordillera until ~17 Ma, and spread eastward to the Principal
Cordillera, Frontal Cordillera, and Precordillera during Manantiales accumulation (Figures 1b, 2;
Cristallini & Ramos, 2000; Jara & Charrier, 2014; Kay & Mpodozis, 2002; Segemar, 2000).

5.2.2. Stratigraphic Trends

Our detrital zircon U-Pb results (six sandstone samples, n = 550 concordant analyses) augment detrital zir-

con data recently published by Pinto et al. (2018) for the same stratigraphic section (four sandstone samples,

n = 422 analyses). We integrate both data sets to characterize chronostratigraphic and provenance trends in

the Manantiales Basin (Figure 6).

U-Pb age distributions for the basal eolian facies are dominated by latest Cretaceous—early Miocene (~22-70

Ma) zircon ages (Figures 6a, 6b). Late Paleozoic-Triassic ages (~220-330 Ma) make up subordinate compo-

nents, and Mesozoic (~80-220 Ma) and Proterozoic to mid-Paleozoic (~350-1400 Ma) grains are relatively

limited in both samples (MANO7 and LP-01). Sample MANO7 did not contain zircons <40 Ma, but LP-01
yields a 22.0 + 0.4 Ma maximum depositional age that constrains the timing of initial basin accumulation

(Figure 6b; Pinto et al., 2018).

Fluvial and lacustrine deposits overlying the Manantiales andesitic breccia record a shift in U-Pb age spectra.

Results from the lower two stratigraphic packages display dominant late Paleozoic-Triassic (220-330 Ma)

components and reduction of the latest Cretaceous—early Miocene signature (Figures 3, 6c—6h). The concur-

rent increase in Mesozoic and Proterozoic to mid-Paleozoic components is also significant given the low pro-

portion of ~80-220 and ~350-1400 Ma zircon ages throughout the Manantiales detrital spectra (Figures 5,

6c-6h). Late Paleozoic-Triassic age peaks from the second stratigraphic package signify a slight upsection

shift toward younger ages, from ~280 Ma in MANOS to ~265 Ma, with a secondary ~240 Ma peak, in

MAN14 (Figures 6e—6h).

Lacustrine and proximal alluvial fan deposits in the third and fourth stratigraphic packages show increased

latest Cretaceous—early Miocene (~22-70 Ma) signatures, disperse late Paleozoic-Triassic (220-330 Ma)

ages, and decreased Mesozoic (~80-220 Ma) and Paleozoic to mid-Proterozoic (350-1400 Ma) components
relative to underlying detrital spectra (MAN15 and MA-10; Figures 3, 6i-j).

All results from the fluvial, lacustrine, and alluvial fan deposits in the upper Manantiales Basin contain <22

Ma zircons derived from the Neogene Andean arc. With the exception of sample MAN11, maximum deposi-

tional ages systematically decrease from 18.6 + 2.0 and 18.6 + 1.1 Ma in the lower meandering river and

floodplain deposits (IQ-01 and MANO1) to 14.5 + 0.4 Ma in the upper boulder conglomerates (MA-10;

Figures 3, 6¢-6j; Pinto et al., 2018).
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Fig 6. Age histograms and probability density plots (PDPs) showing detrital zircon U-Pb results for the Manantiales Basin. Analyses from this study are shown in
orange PDPs; results from Pinto et al. (2018) in gray. Results are arranged in stratigraphic order (6a-6j). Gray triangles indicate upward-coarsening stratigraphic
packages. Right column displays the full distribution of zircon U-Pb ages (0-2000 Ma). Left column shows 0-400 Ma interval for the same samples. Colored bars
represent provenance signatures from the Principal and Frontal Cordilleras (Figure 5). Striped bars denote syndepositional volcanic components.

5.3. Apatite (U-Th)/He Results

AHe results are younger than the geochronological age constraints for the same samples, indicating that the
three analyzed transects were thermally reset by postdepositional burial reheating (Mackaman-Lofland
et al,, 2019; Pinto et al., 2018). Results do not show significant correlation between AHe age and grain size
or effective uranium concentration, and of the 61 total apatite grains analyzed, 10 were rejected due to
blank-level “He concentrations, high “He reextract measurements (indicative of He-rich inclusions within
the crystal), and/or statistically irreproducible aliquot ages (outside 2o confidence interval for mean sample
age; Vernon et al., 2009; Table S4).

AHe age-depth relationships are shown with respect to stratigraphic level within the Neogene (Figure 7a)
and Mesozoic (Figures 7b, 7c) basin sections (Cristallini & Ramos, 2000; Jordan et al, 1996).
Uncertainty-weighted linear regression of positive cooling age-stratigraphic level relationships in the
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6. Interpretations
6.1. “°Ar/**Ar Interpretation

As the initial steps display greater discordance (over the first 5% of gas
released), plateau ages are considered representative of depositional ages
for both samples. The plateau age obtained for the basal andesitic breccia
(18.14 + 0.05 Ma; MANO9) is compatible with detrital zircon maximum
depositional ages calculated for underlying eolian and overlying fluvial
facies (21.16 + 0.49 and 18.7 + 2.0 Ma, respectively; Figures 3, 4; Pinto
et al., 2018). Previous age estimates were based on geochemical correla-
tions with dated andesitic volcanic deposits in the Cordén de La
Ramada and near Barreal (~20 Ma; Alarcén & Pinto, 2015;

Leveratto, 1976; Perez, 1995; Pérez, 2001), and these “°Ar/>°Ar data represent the first isotopic ages obtained
for the andesite breccia member. The 14.22 + 0.04 Ma plateau age for the upper interbedded tuff (MAN16) is
also consistent with maximum depositional ages from under- and overlying strata (15.14 + 0.47 to 13.83 +
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0.45 Ma; this study; Pinto et al., 2018) and within error of the 12.4 + 2.9 Ma zircon fission track age obtained
for the same horizon (Figures 3, 4; Jordan et al., 1996).

6.2. Zircon U-Pb Interpretation

6.2.1. Potential Sediment Sources

Regional provenance and structural indicators suggest that exhumation and topographic uplift of the Andes
initiated by the early to middle Miocene, severely limiting sediment transport from coastal sources during
Manantiales Basin accumulation (Cristallini & Ramos, 2000; Hoke et al, 2014; Jordan et al., 1996;
Maydagan et al., 2020; Perez, 1995; Pérez, 2001; Pinto et al., 2018; Rodriguez et al., 2018). Paleocurrent indi-
cators are further incompatible with sediment derivation from eastern domains (Figure 3; Jordan et al., 1996).
As such, we consider latest Cretaceous—early Miocene zircon ages (~22-70 Ma) diagnostic of sediment con-
tribution from the Western Principal Cordillera (Figures 5, 6). Following Western Principal Cordillera uplift,
the combined presence of Mesozoic (~80-220 Ma), late Paleozoic-Triassic (220-330 Ma), and Proterozoic to
mid-Paleozoic (~350-1400 Ma) ages is most consistent with recycling from Triassic-Cretaceous sedimentary
rocks in the central and Eastern Principal Cordillera. Late Paleozoic-Triassic (220-330 Ma) components also
define igneous sources in the Frontal Cordillera, but component associations and unroofing trends in the
late Paleozoic-Triassic age peaks help distinguish igneous from recycled sedimentary sources.

In this context, eastward (cratonward) advance of the thrust belt and sequential unroofing of the Principal
and Frontal Cordilleras should result in (1) the introduction of ~22-70 Ma Western Principal Cordillera ages
in basal foreland basin deposits; (2) decreased Western Principal Cordillera signatures and the combined
introduction of ~80-220, 220-330, and ~350-1400 Ma ages during thrust propagation to the Eastern
Principal Cordillera; and (3) shutoff of Principal Cordillera provenance signatures, recycling of older fore-
land basin strata, and persistent late Paleozoic-Triassic components during exhumation of the Cordon del
Espinacito along the western Manantiales Basin margin (Figure 2).

6.2.2. Stratigraphic Trends

The latest Cretaceous—early Miocene (~22-70 Ma) zircon age components that dominate basal eolian detrital
spectra strongly indicate sediment derivation from the Western Principal Cordillera (Figures 6a, 6b).
Hinterland structural relationships further suggest shortening-induced exhumation along faults at the east-
ern domain margin by 22-18 Ma (e.g., Teatinos/Volcan fault system, Figure 2; Cristallini & Ramos, 2000;
Jara & Charrier, 2014; Pérez & Ramos, 1996; Ramos & Folguera, 2005). Subordinate late Paleozoic-
Triassic (~220-330 Ma) age components may reflect erosion from Choiyoi Group deposits at the
Manantiales Basin margins, recycling from Mesozoic units in the Principal Cordillera, and/or exhumation
of distal igneous sources in the Cordillera del Limite (located along strike of the Teatinos/Volcin fault sys-
tem, Figure 2; Mirré, 1966; Cristallini & Ramos, 2000; Pinto et al., 2018).

The combined increase in Mesozoic (~80-220 Ma) and Proterozoic to mid-Paleozoic (~350-1400 Ma) com-
ponents following the shift to fluvial and lacustrine deposition is consistent with sediment recycling from
Mesozoic sources in the central and Eastern Principal Cordillera (Figures 5, 6c-6h). Dominant late
Paleozoic-Triassic (~220-330 Ma) components could have been derived from the Principal or Frontal
Cordilleras, but the upsection shift toward younger late Paleozoic-Triassic age peaks (Figures 6e-6h),
coupled with diagnostic Principal Cordillera age signatures in the same samples, points to reverse unroofing
and component recycling during Principal Cordillera exhumation (e.g., Mackaman-Lofland et al., 2019;
Pérez, 2001). Choiyoi Group units in the Cordillera de Santa Cruz represent a probable additional source
of late Paleozoic-Triassic ages (Figure 2; Jordan et al., 1996; Pérez & Ramos, 1996).

We interpret the reduction in Mesozoic (~80-220 Ma) and Paleozoic to mid-Proterozoic (350-1400 Ma) com-
ponents in the third and fourth stratigraphic packages to reflect diminished contribution from the Eastern
Principal Cordillera (Figures 6i, 6j). Latest Cretaceous-early Miocene (~22-70 Ma) ages may indicate
renewed contribution from the Western Principal Cordillera and bypass across the central and Eastern
Principal Cordillera domains, or recycling of subjacent foreland basin deposits. The broad range of late
Paleozoic-Triassic ages and coeval shift to coarse depositional facies are compatible with the introduction
of varied or recycled sources, potentially including recycled foreland basin strata and/or primary late
Paleozoic-Triassic sources in the Cordén del Espinacito, proximal to the Manantiales depocenter
(Mackaman-Lofland et al., 2019; Pinto et al., 2018).
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6.3. Apatite (U-Th)/He Interpretation

No evidence of middle Miocene-Pliocene normal faulting is documented in the Andean retroarc at 31-33°S,
and the foreland basin record suggests ongoing shortening, thrust loading, and flexural subsidence during
cooling of the Manantiales and Principal Cordillera AHe transects (Figure 7; Buelow et al., 2018; Jordan
et al., 2001). As such, we interpret AHe results to reflect exhumational cooling in response to
shortening-induced uplift and enhanced erosion. Positive cooling age-stratigraphic level relationships in
the Manantiales Basin and Eastern Principal Cordillera further suggest discrete exhumation along the
Cordillera del Tigre and Espinacito fault, rather than a regional erosional event (Figures 2, 7a, 7b). We inter-
pret the negative age-stratigraphic level relationship in the Western Principal Cordillera to reflect deforma-
tion and tilting of the Mesozoic sedimentary rocks prior to exhumation above the AHe closure isotherm,
consistent with crosscutting relationships that confirm thin-skinned shortening in the Principal Cordillera
before 9-12 Ma (Cristallini & Ramos, 2000; Jara & Charrier, 2014).

Overlying basin deposits may have been of sufficient thickness to reset AHe ages in the lower Manantiales
section, but a combination of depositional and thrust sheet burial was likely required to reset the sedimen-
tary rocks in the Principal Cordillera (Cristallini & Ramos, 2000). Results from all three transects indicate
substantial exhumation throughout the Andean hinterland and retroarc regions over the past ~14 Myr, with
the majority of Cordillera del Tigre and lower Manantiales Basin cooling from ~12 to 6.5 Ma, unroofing of
the upper Espinacito Fault hanging wall from ~14 to 5 Ma, and late-stage exhumation near the
Chile-Argentina border at ~8-2.5 Ma.

7. Discussion

7.1. Manantiales Basin Accumulation History

“OAr/**Ar results and this study's zircon maximum depositional ages are combined with published detrital
zircon, zircon fission track, and paleomagnetic data sets to refine the chronostratigraphy of the
Manantiales Basin and evaluate sediment accumulation trends (Figure 8a). The maximum depositional
age obtained for the basal eolian member indicates initial subsidence at 22.0 + 0.4 Ma (Pinto et al., 2018).
“OAr/**Ar volcanic ages constrain deposition of the fluvial and lacustrine facies (Groups I-VII; Figure 3)
to 18.14 + 0.05 to 14.22 + 0.04 Ma. With the exception of the zircon fission track age near 2.5-km strati-
graphic level, all 40AI}'39AI, zircon fission track, and maximum depositional age constraints are within error
throughout the Manantiales section (Jordan et al., 1996; Pinto et al., 2018). Isotopic ages are consistently sev-
eral million years older than preferred paleomagnetic age interpretations (Figure 3; Jordan et al., 1996;
Ruskin et al., 2011) but align with Jordan et al. (1996)'s alternative magnetic polarity correlation in which
fluvial and lacustrine deposition spanned ~19 to 13.3 Ma.

Age-thickness data reveal slow (<90 m/Myr) sediment accumulation during initial subsidence and eolian
deposition, followed by rapid (average >750 m/Myr) accumulation during fluvial and lacustrine deposition
(Groups I-VII; Figure 8a). Inflections in the accumulation curve at ~18, ~17, and ~15 Ma additionally cor-
respond with the first through third upward-coarsening stratigraphic packages (Figures 3, 8a; Jordan
etal., 1996). Age data and accumulation rates have yet to be obtained for the uppermost boulder conglom-
erate deposits (upper Group VIII), but the sigmoidal shape of the Manantiales accumulation history is diag-
nostic of flexural subsidence and distal foreland to wedge-top depocenter migration (DeCelles &
Horton, 2003; Horton & Decelles, 2001).

7.2. Manantiales Basin Provenance (Multidimensional Scaling)

We use a multidimensional scaling analysis (MDS) based on the Kolmogorov-Smirnov test D value to statis-
tically discriminate detrital zircon age distributions and evaluate trends in Manantiales Basin provenance
(Figure 8b). MDS maps pairwise sample dissimilarity as spatial proximity, such that statistically similar sam-
ples plot closely together and dissimilar samples plot further apart (Vermeesch, 2013). We compare detrital
zircon age distributions for individual Manantiales Basin samples (this study; Pinto et al., 2018) with com-
posite zircon age distributions representative of Western Principal Cordillera, Eastern Principal
Cordillera, and Frontal Cordillera sources. Eight detrital samples (n = 585 total ages) from
Mackaman-Lofland et al. (2019)'s Western La Ramada Basin transect were integrated to represent the
Western Principal Cordillera source; nine detrital samples (n = 520 ages) from the Central La Ramada
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Fig 8. (a) Stratigraphic age versus thickness diagram for the Manantiales Basin. (b) Multidimensional scaling (MDS) plot
showing relative statistical similarity (Komolgorov-Smirnov test D value; Vermeesch, 2013) between Manantiales Basin
detrital zircon samples and composite zircon age distributions representative of potential sediment sources (Western
Principal Cordillera, Eastern Principal Cordillera, and Frontal Cordillera; Mackaman-Lofland et al., 2019; Pinto

et al., 2018). Inset shows sample locations within the Manantiales section. Symbols are explained in Figure 3.

Basin transect comprise the Eastern Principal Cordillera data set; and one igneous sample (ESP02, n = 29
ages) represents the Cordén del Espinacito (Mackaman-Lofland et al., 2019).

U-Pb age distributions from the basal eolian facies (MANO7 and LP-01; shown in yellow, Figure 8b) plot clo-
sest to the composite age distribution from the Western Principal Cordillera. Samples from the fluvial and
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lacustrine deposits that overlie the Manantiales andesite breccia (highlighted in blue) plot in a field sur-
rounding data compiled from Mesozoic sedimentary rocks in the Eastern Principal Cordillera. The sample
from the upper boulder conglomerate (MA-10; purple) maps closest to the age distribution from the
Cordén del Espinacito at the western basin margin (Mackaman-Lofland et al., 2019). Finally, U-Pb age dis-
tributions from the upper Manantiales stratigraphic packages show close provenance associations with sam-
ples from the base of the Manantiales succession: MA-10 (from the upper boulder conglomerate) maps
nearest to IQ-01 (collected directly above the andesite breccia), and MAN15 (from the upper lacustrine
deposits) shows affinity with MANO7 and LP-01 (from the basal eolian facies). Collectively, MDS associa-
tions indicate (1) sediment derivation from the Western Principal Cordillera during initial eolian deposition;
(2) provenance from Mesozoic sources in the Eastern Principal Cordillera following the shift to fluvial and
lacustrine environments; and (3) foreland basin recycling and detrital contribution from the Cordén del
Espinacito during uppermost fluvial-lacustrine and alluvial fan accumulation.

7.3. Foreland Basin Evolution

We integrate sedimentological, geo/thermochronological, provenance, and structural constraints to recon-
struct Manantiales Basin evolution and determine the timing of deformation in the Principal and Frontal
Cordilleras (Figure 9). Comparable data sets have been obtained for Neogene synorogenic deposits in the
Precordillera (La Chilca, Riquiliponche, Pachaco, Talacasto, and Albarracin depocenters; Levina et al., 2014;
Pinto et al., 2018; Reyna et al., 2010) and the Cacheuta foreland basin, located south of the Precordillera at
33°S (Figures 2, 10; Buelow et al., 2018). We update correlations between these basin segments to investigate
retroarc accumulation trends and provide insight into proximal-distal foreland basin evolution.

7.3.1. Distal Foreland Basin Accumulation (Late Oligocene-Early Miocene)

Manantiales Basin accumulation began at ~22 Ma with the development of an eolian system, deposited
unconformably on Permian-Triassic Choiyoi Group igneous units (Mirré, 1966; Pérez, 2001; Pinto
etal., 2018). Zircon U-Pb results, published geochemical, detrital heavy mineral, and sandstone petrographic
data sets, and hinterland structural relationships all point to sediment contribution from the Western
Principal Cordillera during shortening-induced exhumation along structures at the eastern domain margin
(Teatinos/Volcdn and related fault systems, Figure 2; Alarcon & Pinto, 2015; Cristallini & Ramos, 2000; Jara
& Charrier, 2014; Mackaman-Lofland et al., 2019; Pérez, 2001; Pinto et al., 2018; Piquer et al., 2017).
Subordinate late Paleozoic-Triassic igneous components may reflect both Principal Cordillera basin recy-
cling and exhumation of primary sources in the Cordillera del Limite (Figure 9a; Cristallini &
Ramos, 2000; Mirré, 1966). The eolian facies and slow sedimentation rates (<90 m/Myr) are compatible with
distal foreland basin accumulation during initial thrust loading and flexural subsidence (Figures 8a, 9a).

To the south and east, deposition initiated with ephemeral fluvial and playa lake conditions in the
Precordillera basins (at ~24 Ma) and episodic, sheet-flow-dominated fluvial/alluvial fan accumulation in
the Cacheuta basin (~20 Ma) and transitioned to a regionally extensive eolian system by ~18 Ma
(Figures 10a, 10b; Buelow et al., 2018; Jordan et al., 1993, 2001; Levina et al., 2014). Provenance results reveal
ubiquitous Western Principal Cordillera and late Paleozoic-Triassic components comparable to the lower
Manantiales Basin deposits, with substantial Neogene ages derived from the Andean magmatic arc
(Buelow et al., 2018; Levina et al, 2014). Greater syndepositional volcanic contributions to the
Precordillera and Cacheuta basin segments may reflect distal ash accumulation during prevailing south
and southeast directed wind conditions (Figure 3). Rare Mesozoic ages in the basal Cacheuta detrital zircon
spectra likely attest to the involvement of Mesozoic strata along faults at the eastern margin of the Western
Principal Cordillera at 33°S (Figure 2; Buelow et al., 2018; Cristallini & Cangini, 1993).

7.3.2. Foredeep Deposition (Early to Middle Miocene)

The abrupt increase in accumulation rates and shift to chiefly fluvial and lacustrine facies reflect foreland
basin advance and foredeep deposition in the Manantiales Basin by ~18 Ma (Figures 8a, 9b). The
upward-coarsening stratigraphic packages are further compatible with episodic thrusting during eastward
migration of the orogenic load (Figure 3; Perez, 1995; Jordan et al., 1996; Cristallini & Ramos, 2000; Pinto
et al., 2018). Zircon U-Pb ages and gravel clast counts confirm sediment derivation from the Principal
Cordillera, and potentially Cordillera de Santa Cruz in the central Frontal Cordillera, throughout the first
and second upward-coarsening packages (Figure 3; Perez, 1995; Pérez, 2001). Simultaneous reduction of
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(C) <15 Ma (wedgetop accumulation):
exhumation of Cordén del Espinacito, Cordillera del Tigre MANANTIALES BASIN

Cordillera Cordillera de i iitie
dof Limite  Sanea alluvial fan deposition

(B) ~18-15 Ma (foredeep accumulation):
exhumation of Principal Cordillera, Cordillera de Santa Cruz
Cordillera del Limite fMA NANTIA !.ES BA Sl N
§ fluvial and lacustrine deposition

(A) ~22-18 Ma (distal foreland basin):

exhumation of Western Principal Cordillera, Cordillera del Limite MANANTIALES BASIN
eolian sedimentation

Fig 9. Schematic block diagrams illustrating hinterland deformation and Manantiales foreland basin evolution at ~32°S.

the Western Principal Cordillera detrital signal suggests inhibited sediment transport due to thrust migra-
tion and drainage reorganization (Figure 9b).

The shift to fluvial depositional systems occurred asynchronously throughout the retroarc region (~18 Ma in
the Manantiales depocenter vs. 17-16 Ma in the Precordillera and Cacheuta basins, Figures 10a, 10b), con-
sistent with south- and eastward migration of the foreland basin system. The establishment of braided rivers
in western basin segments and distal fluvial-floodplain environments to the east is additionally compatible
with the distribution of proximal-distal facies across a contiguous foredeep by ~17-16 Ma (Buelow et al., 2018;
Levina et al., 2014). Though accumulation rates increased dramatically in the proximal Manantiales Basin
following the transition to fluvial deposition, slow accumulation rates persisted in the Precordillera and
Cacheuta depocenters consistent with the relatively distal basin locations (Figures 10a, 10b).

As observed in the Manantiales Basin, foredeep strata for the Precordillera and Cacheuta basins show dimin-
ished Western Principal Cordillera components and increased late Paleozoic-Triassic age signatures, with
upsection trends toward younger late Paleozoic-Triassic detrital zircon age peaks (Bercowski et al., 1993;
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Buelow et al., 2018; Jordan et al., 1993, 1996; Levina et al., 2014). Though Levina et al. (2014) interpreted the
late Paleozoic-Triassic age shift to out-of-sequence deformation and exhumation of younger Choiyoi Group
units in the hinterland, the decreased Western Principal Cordillera age signatures and regional
upward-coarsening facies patterns match predicted trends during eastward thrust propagation. We alterna-
tively suggest that the late Paleozoic-Triassic components in the Precordillera foredeep deposits reflect
in-sequence exhumation of the same Principal Cordillera and Cordillera de Santa Cruz sources interpreted
for the Manantiales Basin (Figure 9b).

Provenance results for the Albarracin, Cacheuta, and Pachaco basins also reflect the upsection introduction
of clasts and detrital zircon age components indicative of Paleozoic sources in the Precordillera (Buelow
et al,, 2018; Levina et al., 2014). Given corollary facies and provenance evidence for an integrated foredeep
depocenter during the early to middle Miocene, these components may indicate (1) initial exhumation of
the western Precordillera preceding foreland basin partitioning and/or (2) exhumation of equivalent
Paleozoic metasedimentary and sedimentary rocks exposed in the easternmost Frontal Cordillera at ~33°S
(Buelow et al., 2018; Hoke et al., 2014; Levina et al., 2014; Suriano et al., 2017).

7.3.3. Wedge-Top Deposition and Basin Partitioning (Middle Miocene to Pliocene)

In the Manantiales Basin, facies and provenance trends from the third and fourth upward-coarsening
packages recorded continued thrust belt migration, drainage reorganization, and foreland basin recycling
(Figure 3). The transition to alluvial fan facies, close MDS provenance association with the Cordén del
Espinacito, and introduction of rhyolite blocks in the upper boulder conglomerates strongly indicate exhu-
mation of the Cordon del Espinacito and development of a significant topographic barrier along the western
basin margin (Figure 8b; Jordan et al., 1996; Pérez, 2001). We interpret the third stratigraphic package to
represent the transition from foredeep to wedge-top environments during initial shortening-induced exhu-
mation and foreland basin recycling along the Espinacito fault. Establishment of the alluvial fan system in
the uppermost package reflects sustained Espinacito fault motion, principal uplift of the Cordén del
Espinacito, and well-developed wedge-top accumulation by ~14 Ma (Figure 9c). AHe cooling ages from
the Eastern Principal Cordillera are compatible with shortening-induced exhumation of the Cordon del
Espinacito from mainly 14 to 5 Ma, consistent with the foreland basin record. AHe results for the
Manantiales deposits and piggyback basin analyses in the Uspallata depocenter suggest nearly contempora-
neous exhumation of the Cordillera del Tigre at ~12-6.5 Ma (Figure 9c; Cortés, 1994; Hoke et al., 2014, 2015;
Mahoney et al., 2014).

Minimum age constraints for the Pachaco and Talacasto depocenters indicate western Precordillera defor-
mation and basin partitioning after ~14 Ma, compatible with the onset of major exhumation interpreted
for the Cordon del Espinacito and Cordillera del Tigre and transition to wedge-top deposition in the
Manantiales Basin (Figures 9c, 10b; Levina et al., 2014). By 12-9 Ma, AHe cooling ages and structural rela-
tionships in the Precordillera point to regionally synchronous, shortening-induced exhumation over
>200 km across strike (Levina et al., 2014). The Cacheuta basin segment recorded continued foredeep
deposition at ~12 Ma, followed by southward migration of the foreland basin system, recycling of subjacent
strata, and wedge-top deposition at 8-7 Ma (Figures 10b, 10c; Buelow et al., 2018; Irigoyen et al., 2000).
Uppermost synorogenic deposits throughout the hinterland and retroarc domains reflect late Miocene—
Pliocene piggyback deposition (e.g., Beer et al., 1990; Cortés, 1994; Hoke et al., 2014; Mahoney et al., 2014;
Ruskin & Jordan, 2007; Suriano et al., 2017).

Espinacito fault activity and piggyback basin accumulation continued from ~14 to potentially <5 Ma
(Figure 9c; Hoke et al., 2015; Jordan et al., 1996; Pinto et al., 2018). Approximately 14—8 Ma AHe cooling
ages from the Los Pelambres-Pachén region indicate synchronous cooling and tectonic exhumation in the
hinterland, potentially triggered by middle Miocene thrusting along the Mondaquita fault (Figure 2;
Maydagan et al, 2020). Crosscutting volcanic deposits and intrusions pin the cessation of major
thin-skinned shortening in the Principal Cordillera before ~9 Ma, but broad-wavelength folds in the cross-
cutting volcanic units require minor late-stage hinterland deformation (Cristallini & Cangini, 1993). Our
AHe results from the Western Principal Cordillera further suggest exhumational cooling during the late
Miocene-Pliocene (~8-2.5 Ma). These AHe ages define a younger cooling episode than the results from
Los Pelambres-Pachén but coincide with (1) a ~7 Ma AHe age obtained near the northern termination of
the Pocuro fault (~45 km northwest of this study's sample locations); (2) thermal models that indicate ~7
Ma rapid cooling in the western Frontal Cordillera at 30°S; and (3) numerous ~8-2 Ma AHe and apatite
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fission track cooling ages from the Western Principal Cordillera at 33-35°S (Farias et al., 2008; Maksaev
et al., 2009; McInnes et al., 2005; Piquer et al., 2017; Rodriguez et al, 2018). Regional late Miocene-
Pliocene cooling ages consistently postdate the emplacement of magmatic or hydrothermal systems by at
least several million years and point to a major episode of tectonic exhumation and surface uplift that
affected the Andean hinterland from ~30°S to 35°S (Farias et al., 2008; Maksaev et al., 2009; Maydagan
et al., 2020; Piquer et al., 2017; Rodriguez et al., 2018). At 32°S, seismicity beneath the hinterland and retro-
arc domains suggests contractional deformation is still active at depth (<10-20 km; Ammirati et al., 2015;
Gregori & Christiansen, 2018; Marot et al., 2014).

7.4. Retroarc Structural Geometry at 32°S

In addition to providing insight into the timing of deformation-induced exhumation in active tectonic set-
tings, low-temperature thermochronometry yields important information regarding the geometry of struc-
tures at depth. Focused exhumation along footwall ramps determines the location of the youngest reset
thermochronometers, and previous studies have applied spatial patterns in cooling ages to refine nonemer-
gent fault interpretations and deformation kinematics in mountain belts (e.g., Castelluccio et al., 2015; Lock
& Willett, 2008; McQuarrie et al., 2008; McQuarrie & Ehlers, 2015, 2017; Mora et al., 2015; Reiners &
Brandon, 2006). We combine regional structural, broadband seismic, and AHe data to investigate linkages
between thin- and thick-skinned retroarc domains and explore the structural mechanisms controlling exhu-
mational cooling at 32°S (Figure 11).

High-resolution local receiver function analyses corroborate the Precordillera décollement geometry
determined from balanced cross sections (Figure 11b; Ammirati et al., 2016; Cristallini &
Ramos, 2000; von Gosen, 1992). Based on the transition in positive arrival depths beneath the western
Precordillera and Andean hinterland (from ~10 to 20 km) and previous interpretations of a change in
detachment depth beneath the Precordillera and eastern Frontal Cordillera ranges (Cristallini &
Ramos, 2000; Heredia et al., 2012), we propose a footwall ramp beneath the Cordillera del Tigre that
links Precordillera faults with basement-involved structures to the west. AHe ages in the Western
Principal Cordillera require another zone of focused exhumation in the hinterland. Given the overlap
in cooling ages from the Western and Eastern Principal Cordilleras, high-amplitude positive arrivals
beneath the Principal and Frontal Cordilleras at ~20-km depth, and supporting evidence for late
Miocene-Pliocene uplift throughout the Andean retroarc, we consider a west dipping footwall ramp
connected with the regional décollement (Figure 11; Ammirati et al, 2015, 2016; Cristallini &
Ramos, 2000; Pérez, 2001). Minimum estimates of Neogene shortening in the Precordillera restore the
transition from thin-skinned to basement-involved domains ~60-70 km to the west (beneath the mod-
ern Western Principal Cordillera; von Gosen, 1992), and if these shortening values are correct, the inter-
preted hinterland ramp may reflect a westward increase in décollement depth associated with the
change in deformation styles (supporting information Table S5).

We use FetKin software (Finite Element Thermo-Kinematics; Almendral et al., 2015) to explore the via-
bility of these structural interpretations. FetKin evaluates models of the thermal evolution from
balanced cross sections by solving the transient advection-diffusion equation in two dimensions to com-
pute time-temperature paths and predicted thermochronometric ages along a topographic profile. Misfits
between the forward modeled ages and sample ages measured along the profile are reduced by itera-
tively adjusting FetKin inputs (including structural geometries/kinematics, deformational timing, and
thermal parameters). A thermokinematic model is considered viable if forward modeled cooling ages
reasonably match measured data (e.g., Almendral et al., 2015; Chapman et al., 2017; Mora et al., 2015).

A simplified balanced cross section based on published cross sections, regional geologic maps, and our none-
mergent geometric interpretations effectively simulates the structures associated with exhumational cooling
at 32°S (Figure 11b, S5). This cross section modifies Cristallini and Ramos (2000)'s orogen-scale reconstruc-
tion to include Frontal Cordillera structures from Heredia et al. (2002); revisions to the chronostratigraphy of
the Western Principal Cordillera after Mpodozis et al. (2009), Jara and Charrier (2014), and
Mackaman-Lofland et al. (2019); and minimum estimates of shortening and exhumation in the western
Precordillera from Von Gosen (1992). Our decision to base western Precordillera interpretations after Von
Gosen (1992) is further supported by (1) vitrinite reflectance data that suggest <5 km of burial reheating
and exhumation in the western Precordillera since the Triassic, (2) alignment of the restored transition
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from thin-skinned to basement-involved deformation with the west dipping ramp interpreted beneath the
modern Western Principal Cordillera, and (3) well-documented evidence for pre-Andean deformation in
this domain, including pre-Andean ductile fabrics and Ordovician-Devonian subcrop relationships for
Carboniferous and Triassic deposits (Figure 2; Mpodozis & Ramos, 1990; Ragona et al., 1995; Urien
et al., 2009; von Gosen, 1992).

The restored-state cross section was sequentially deformed to reproduce shortening in the Principal
Cordillera, Frontal Cordillera, and Precordillera from 22 to 0 Ma, following the timing of deformation inter-
preted from the retroarc basin record and range of AHe ages measured along the profile (19.1 + 1.1 to 3.6 +
0.2 Ma). Final fault geometries, slip magnitudes, and topography were required to match the modern cross
section illustrated in Figure 11b (Cristallini & Ramos, 2000; Heredia et al., 2002; Jara & Charrier, 2014; von
Gosen, 1992). The timing and shortening magnitude for intermediate steps were iteratively adjusted to
achieve the best fit between predicted and measured AHe cooling ages. Past topographic profiles were esti-
mated assuming horizontal initial topography and focused erosion above active zones of fault-induced uplift
(e.g., Table S5; Castelluccio et al, 2015). The resultant thermokinematic model remains inherently
schematic (e.g., lithospheric flexure and topographic growth associated with the attainment of critical
taper were not systematically incorporated into each deformation step; Rak et al., 2017; Robinson &
McQuarrie, 2012), but the results provide an informative test of the structural mechanisms responsible for
(1) zones of high-magnitude exhumation along the profile, (2) the positive AHe cooling age-stratigraphic
level relationships in both the Manantiales Basin and Eastern Principal Cordillera, and (3) late-stage hinter-
land exhumation documented in the Western Principal Cordillera during the late Miocene-Pliocene.

We reiterate that samples collected from key structural locations along the Espinacito fault hanging wall
and Cordillera del Tigre did not yield apatite suitable for analyses, limiting our comparison of predicted
and measured cooling ages. However, a kinematic sequence that accommodates rapid regional deforma-
tion over the past 16 Myr provides an excellent match between forward modeled and available sample
ages, and a final episode of shortening along the hinterland ramp and Espinacito fault system initiating
at 5-2 Ma effectively fits the youngest measured AHe ages in the Western Principal Cordillera
(Figure 11a, S5). Though alternative middle to upper crustal interpretations and deformation kinematics
remain viable, FetKin model results are compatible with (1) initial exhumation of the Cordillera del
Tigre and Manantiales Basin deposits along a hinterland ramp at the restored transition from
thinskinned to basement-involved structural styles and (2) rapid translation of the Principal
Cordillera, Frontal Cordillera, and Manantiales domains along a hybrid thin- and thick-skinned regional
décollement during high-magnitude shortening in the Precordillera. These interpretations provide viable
mechanisms for Cordillera del Tigre uplift and Manantiales Basin exhumation given the lack of mapped
contractional faults at the range margins. Model results also provide testable hypotheses for future
work, including sampling of rock types along strike that may be more fertile in the minerals necessary
for thermochronology.

8. Conclusions

1. New *°Ar/*Ar volcanic ages and detrital zircon maximum depositional ages constrain the timing of
synorogenic clastic deposition in the retroarc Manantiales Basin. Basal eolian facies recorded initial sub-
sidence and distal foreland basin accumulation from ~22 to 18 Ma. Upward-coarsening facies packages in
overlying fluvial and lacustrine deposits reflect thrust motion, eastward (cratonward) migration of the
flexural basin system, and medial to proximal foredeep deposition until ~15 Ma. Coarse alluvial fan facies
point to wedge-top deposition by ~14 Ma, consistent with thermochronological controls on the timing of
thrust propagation.

2. Manantiales Basin provenance results signify sequential unroofing along both thin-skinned and
basement-involved thrust sheets in the Principal and Frontal Cordilleras. Detrital zircon U-Pb ages
and published geochemical, detrital heavy mineral, and sandstone petrographic data sets indicate
sediment contribution from the Western Principal Cordillera and Cordillera del Limite during
shortening-induced exhumation along structures at the eastern domain margin (Teatinos/Volcan
and related fault systems) from ~22 to 18 Ma. Substantial Principal and Frontal Cordillera detrital
components introduced in overlying fluvial and lacustrine foredeep deposits reflect eastward advance
of the thrust belt and exhumation of both the basement-involved Cordillera de Santa Cruz and
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thin-skinned Principal Cordillera during accumulation of the first and second facies packages at ~18-
15 Ma. Provenance associations indicate sediment recycling from Mesozoic and older Cenozoic basin
units during initial exhumation along the thick-skinned Espinacito fault and accumulation of the
third stratigraphic package (~15 Ma); shutoff of hinterland detrital signatures and introduction of
rhyolite blocks in the upper Manantiales deposits require continued exhumation, uplift of the
Cordén del Espinacito, and development of a significant topographic barrier by ~14 Ma.

3. Apatite (U-Th)/He (AHe) cooling ages confirm that the majority of shortening-induced exhumation
along the Cordén del Espinacito and Cordillera del Tigre was nearly synchronous (from roughly ~14
to <5 Ma), consistent with the Manantiales Basin provenance record and upper facies transition. Late
Miocene-Pliocene (~8-2.5 Ma) AHe ages in the Western Principal Cordillera are younger than crosscut-
ting volcanic units that pin the timing of thin-skinned deformation and are compatible with exhuma-
tional cooling along nonemergent hinterland structures during late-stage orogenesis.

4. Updated chronostratigraphic and provenance correlations between the Manantiales Basin and coeval
basin segments in the Precordillera and modern foreland reveal south- and eastward migration of a con-
tiguous foreland basin system from ~20 to 14 Ma, followed by partitioning of western (proximal) basin
segments during Cordillera del Tigre and western Precordillera deformation at ~14 Ma. Provenance data
sets for these Neogene deposits show patterns of sequential hinterland exhumation compatible with
Manantiales Basin results, punctuated by locally significant contributions from syndepositional volcanic
centers.

5. By ~12-9 Ma, thermochronometric and provenance results for hinterland and Precordillera basin depos-
its indicate regionally synchronous shortening, foreland basin recycling, and exhumational cooling dur-
ing rapid development of the Precordillera thrust belt. Deformation throughout the hinterland and
retroarc domains persisted until at least the late Miocene—Pliocene.

6. Integrated structural, thermochronological, and geophysical data sets are compatible with rapid exhuma-
tion of the Principal Cordillera, Frontal Cordillera, and Manantiales Basin deposits along a regionally
connected, hybrid thin- and thick-skinned décollement.
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