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Abstract The Patagonian Andes have been used to illustrate the dependency of major topographic
changes in response to glacial erosion processes dominating over tectonic deformation and uplift. Here,
we investigate tectonic and glacial contributors to the erosion history and evolution of topography

in the Patagonian Andes at 46.5°S. We present 33 new apatite and zircon (U-Th)/He (AHe and ZHe,
respectively) and fission track (AFT and ZFT, respectively) ages integrated with 46 previously published
bedrock thermochronometric ages in a 3D thermo-kinematic model. Observed thermochronometer ages
increase from the eastern flank of the topographic crest of the orogen toward the eastern retro-foreland
basin (from AFT 4-10 Ma, ZHe 4-12 Ma, ZFT 6-14 Ma to AFT 28-32 Ma, ZHe 68-117 Ma). Thermo-
kinematic modeling indicates that spatial gradients in thermochronometric ages can be explained by an
up to 100-km-wide, parabolic-shaped pattern in exhumation rates with a maximum rate of 0.5 mm/yr
from 15 Ma until the onset of glaciation at ~7 Ma. Furthermore, model results suggest that the youngest
AHe ages require a localized acceleration in erosion from ~0.5 mm/yr to ~2.2 mm/yr starting between ~5
and ~3 Ma, coeval with intensified glaciation and subduction of the Chile Rise. Our results suggest that
the long-wavelength (~100 km) topography and erosion patterns are likely controlled by rock uplift above
mid-crustal ramp(s) and subsequent transpression along the Liquifie-Ofqui Fault. Superposed on these
tectonic processes, Late Cenozoic glaciation resulted in localized and accelerated erosion over wavelengths
of <20 km.

1. Introduction

It has been known for a long time that topography reflects the interplay between the effects of tectonics,
climate, biota, and surface processes (e.g., Champagnac et al., 2012; England & Molnar, 1990; Penck, 1953;
Starke et al., 2020; Whipple, 2009; Whittaker, 2012). In orogens with multiple glaciations or a sustained,
long-term glacial cover, glacial erosion is hypothesized to exert a major control on the development of to-
pography (e.g., Egholm et al., 2009; Ehlers et al., 2015; Herman et al., 2013; Pedersen et al., 2010; Stock
et al., 2009; Tomkin, 2007). It has been proposed that glacial erosion may balance rock uplift above the
snowline and control mountain height independently from tectonically driven rock uplift rates (i.e., the
“glacial buzz-saw” of Brozovi¢ et al., 1997). However, the glacial buzz-saw mechanism is restricted to re-
gions dominated by warm-based glaciers that are characterized by high erosional efficiency (Brozovic,
et al., 1997). Cooler climate conditions at higher latitudes and/or higher elevations favor the development of
cold-based glaciers characterized by decreased erosive capacity (Clinger et al., 2020; Thomson et al., 2010;
Yanites & Ehlers, 2012). Under these circumstances, glaciers rather protect bedrock from erosion and pre-
serve (high) topography (e.g., Pedersen et al., 2014; Tomkin & Braun, 2002).

Several previous studies have interpreted the exhumation patterns and topographic development of the
Patagonian Andes (Figure 1) as dominantly controlled by climate (via glaciation) over the past 7 Myr (Her-
man & Brandon, 2015; Herman et al., 2013; Thomson et al., 2010). For example, low-temperature thermo-
chronometric and modeling studies have suggested that latitudinal climate gradients are associated with
variable glacial-erosion efficiency, such that warmer temperatures (and potentially warm-based glaciers)
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Figure 1. Topography and tectonic setting of the study area (dashed red rectangle). Red rectangle shows location

of Figure 2. White line delineates glacial extent during the Last Glacial Maximum (LGM; Singer et al., 2004). Black
ovals and ages show migration of the Chile Triple Junction (CTJ) in space and time since 10 Ma (Breitsprecher &
Thorkelson, 2009). LOFZ-Liquiiie-Ofqui fault zone. Topography is illustrated by a 90 m-resolution DEM (GTOPO30
data). NPI-Northern Patagonian Ice field. The black arrows and velocities represent direction and rates of Antarctica
and Nazca plates with respect to a fixed South American continent (e.g., Angermann et al., 1999; Wang et al., 2007).

are correlated with lower topography in the Northern Patagonian Andes and colder temperatures with
higher topography in the Southern Patagonian Andes (Herman & Brandon, 2015; Thomson et al., 2010).

However, preceding and coeval with glacial conditions (starting between ~7 and ~5 Ma, Mercer & Sut-
ter, 1982; Ton-That et al., 1999), this region had been affected by oblique plate convergence between the
oceanic Nazca and the continental South American plate and collision of oceanic ridge segments on the
Nazca plate, which have been accommodated by the regional Liquifie-Ofqui strike-slip fault zone and as-
sociated structures (LOFZ, Figure 1; Astudilo-Sotomayor et al., 2021; Cande & Leslie, 1986; Forsythe &
Nelson, 1985). Furthermore, an abrupt increase in present-day summit elevations (3,000-4,000 m), relief
(regionally reaching almost 6,000 m considering fjord bathymetry) and a four-fold decrease in convergence
rate (Figure 1, DeMets et al., 1990) can be observed south of the latitude of the Chile Triple Junction (CTJ;
the intersection between the Nazca, Antarctic and South American plates at 46.5°S latitude), during the
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last 6 Myr (e.g., Breitsprecher & Thorkelson, 2009). Other studies have suggested dynamic (transient) uplift
associated with slab-window development (as a consequence of oceanic ridge collision) as an explanation
for high topography in the Southern Patagonian Andes (Braun et al., 2013; Guillaume et al., 2009, 2013;
Scalabrino et al., 2011). Finally, a crustal response to the closely spaced collision of ridge segments, mani-
fested by local faulting, has been associated with observed abrupt short-wavelength topographic variations
(Georgieva et al., 2016).

Most of the previous studies (Christeleit et al., 2017; Georgieva et al., 2016, 2019; Thomson et al., 2010) have
focused on lower-temperature thermochronometers (“He/*He, apatite (U-Th)/He and fission track) that
constrain the syn-glacial exhumation history of the Patagonian sector of the Andean orogen (last 7 Myr).
However, distinguishing between climate versus tectonic influences on Patagonian topography, requires
that the pre-glacial tectonic evolution of the Patagonian Andes needs to be considered. Therefore, in this
study, we integrate new and published apatite and zircon (U-Th)/He (AHe and ZHe, respectively), as well
as apatite and zircon fission track (AFT and ZFT, respectively) ages with a 3D thermo-kinematic numerical
model. We aim at quantifying the tectonic and glacial contributions to exhumation, erosion and topography
over the last 15 Myr, following the major mountain building phase. We determine the climatic (i.e., glacial)
contributions to exhumation and topography by comparing the predicted ages from our numerical models
with the observed AHe ages that are sensitive to thermal perturbations caused by glacial erosion and chang-
es in topography (e.g., Densmore et al., 2007; Ehlers et al., 2006). Furthermore, combining lower (AHe) and
higher temperature systems (AFT, ZHe, and ZFT) in our models allows us to record thermal perturbations
in the upper crust (e.g., Reiners et al., 2003) that likely reflect pre- and syn-glacial tectonic contributions to
exhumation (e.g., Michel et al., 2018; Rak et al., 2017).

2. Regional Setting

Here, we summarize the chronology of events relevant to the tectonic (kinematic) history of the Patagonian
Andes that are needed for our thermo-kinematic model setup, which is used for the interpretation of ther-
mochronometer data (briefly outlined in Section 2.3).

2.1. Regional Geologic Setting

The Patagonian Andes resulted from the subduction of the Nazca plate at the convergent South American
plate margin over the last ~100 Myr (Figure 1; Folguera & Ramos, 2011; Fosdick et al., 2011; Ramos, 2009).
Upper-plate shortening has been accommodated by several pulses of thick- and thin-skinned style thrust
faulting concentrated in the retro-foreland (Fosdick et al., 2011; Ramos, 1989). Mountain building resulted
in at least 25-40 km of shortening (at > 49°S latitude), and is associated with retro-foreland migration of
deformation (Fosdick et al., 2011; Ramos, 1989). In the study area (Figure 2), the emplacement of the Ju-
rassic to Cretaceous Patagonian Batholith in pre-Mesozoic basement preceded and partly occurred coevally
with crustal shortening (Hervé et al., 1987; Hervé, Pankhurst, et al. 2007; Hervé, Faundez, et al., 2007).

Although the amount of upper-plate shortening was limited, the final and main mountain-build-
ing pulse in the Oligocene-Middle Miocene (~30-~15 Ma, Fosdick et al., 2011; Lagabrielle et al., 2004;
Thomson et al., 2001) was associated with a significant exhumation of more than 6 km of rock (Fosdick
et al., 2011, 2013; Thomson et al., 2001). Since the Oligocene, shortening has been accommodated by thrust
faulting in the retrowedge (e.g., Folguera et al., 2018; Fosdick et al., 2011; Ramos, 1989). This tectonic phase
is recorded by a transition from marine to continental deposition (molasse-type basin) in the retro-foreland
occurring approximately synchronously along the entire Patagonian Andes (Fosdick et al., 2011; Ramos &
Ghiglione, 2008).

Carbon and oxygen isotope analyses from paleosols in syntectonic deposits in the retro-foreland document
the transition from humid to arid climate conditions at ~16-14 Ma (Blisniuk et al., 2005). This climate tran-
sition was controlled by the formation of the Andean orographic barrier due to uplift (Blisniuk et al., 2005).
From ~15 Ma, sedimentation rates decreased in the eastern Basin Coeval with the termination of thrust
activity (Blisniuk et al., 2005). Finally, at 12 Ma the formerly active deformation front in the eastern foreland
was sealed by Miocene-Pliocene plateau basalts (e.g., Guivel et al., 2006), marking the minimum age for
active orogenic growth at these latitudes.
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The termination of Cenozoic shortening at 54°S was partially coeval with the onset of oblique oceanic-ridge
collision starting at ~14 Ma (Breitsprecher & Thorkelson, 2009; Cande & Leslie, 1986). Successive ridge
segments collided with the subduction margin at 14-12 Ma, 10 Ma, 6 Ma, 3 Ma, and 0.3 Ma, leading to
the northward migration of the triple junction from the south (54°S) to its present position at 46°30" S
(Breitsprecher & Thorkelson, 2009; Cande & Leslie, 1986) and the northward unzipping of an astheno-
spheric slab window beneath southern Patagonia. This process is proposed to have been associated with
a transient dynamic uplift of up to 0.7 km (Braun et al., 2013; Guillaume et al., 2009, 2013) and localized
extension via reactivation of former thrust faults following the collapse of the uplifted and thermally weak-
ened continental crust during the last 3-4 Myr (Lagabrielle et al., 2007; Scalabrino et al., 2010).

The location of the CTJ has remained relatively stable (47°50'-46°30’ S) over the last 3 Myr due to the close-
ly spaced subsequent collisions of three short ridge segments, and it represents a major tectonic segmen-
tation between the Northern and Southern Patagonian Andes. North of the CTJ, the Nazca plate subducts
obliquely (N80°) at a rate of ~7 cm/yr (Figure 1; Angermann et al., 1999; DeMets et al., 1990). The mar-
gin-parallel component of oblique deformation is accommodated by the dextral transpressional intra-arc
LOFZ (Rosenau et al., 2006). The LOFZ has been active since ~16-10 Ma and is associated with pronounced
exhumation since ~7 Ma (Thomson, 2002). South of the CTJ, the subduction of the Antarctic plate beneath
the South American continental plate is perpendicular at a rate of 2 cm/yr (Figure 1; Wang et al., 2007).

2.2. Geomorphology and Glacial History

The highest topography of the Patagonian Andes follows a N-S oriented axis (Figures 1 and 2d) and is in-
tersected by numerous glaciated valleys separating the Northern Patagonian Icefield (NPI) from the eastern
orogenic front (Lagabrielle et al., 2004; Scalabrino et al., 2010). The area to the east and south of the pres-
ent CTJ is marked by a high topography (maximum elevation of 4,060 m, Mount San Valentin, Figure 2d)
that decreases eastward toward the retro-foreland basin (Figures 1 and 2). The eastern orogenic front is
characterized by a polycyclic, gently inclined and gravel-covered surface that merges with the low-relief
topography of the Pampean region adjacent to the Atlantic Ocean (e.g., Clague et al., 2020). To the west of
the highest topography of the Andes, the study area is flanked by the low-elevation corridor of the LOFZ
that forms a steep boundary between the NPI and the Taitao Peninsula (Figure 2).

The study area has been repeatedly glaciated during the last 7-5 Myr (e.g., Lagabrielle et al., 2010; Mercer
& Sutter, 1982; Singer et al., 2004), and numerous U-shaped valleys, overdeepenings, cirques, hanging val-
leys, and moraines demonstrate the strong glacial impact on the landscape. Moraines farther to the south
(~49°S), however, may suggest an even earlier onset of glaciation at ~10 Ma (Wenzens, 2006). Compared to
the present-day conditions the distribution of terminal moraines testifies to a significantly larger, regional
ice extent with ice caps that reached widths of 100-300 km across the orogen (Figure 1, Clapperton, 1993;
Singer et al., 2004). The present-day equilibrium-line altitude (ELA) in the NPI area is estimated to be be-
tween ~1,000 and 1,300 m (Rivera et al., 2007), while during the LGM it lowered to elevations between ~600
and 500 m (e.g., Broecker & Denton, 1989; Hubbard et al., 2005).

2.3. Thermochronological Data in the Study Area

The W-E distribution of AHe, AFT and ZFT data at elevations <500 m across the orogen shows a clear
eastward increase of thermochronometric ages and an incipient U-shaped pattern (Figure 2; Georgieva

Figure 2. Distribution of new and published thermochronometric ages used in this study (Georgieva et al., 2016, 2019; Guillaume et al., 2013; Thomson

et al., 2001, 2010). Red dashed rectangle represents the modeled study area. (a) Swath profile of the area inboard of the Chile Triple Junction with locations of
samples used in this study (new and published); (b) Age versus distance distribution of new and published AHe and apatite fission track (AFT) ages (1 sigma
error) from elevations <500 m. Dashed blue line represents AFT age pattern; (c) Age versus distance distribution of new and published ZHe and ZFT ages (1
sigma error) from elevations <500 m. Dashed blue and orange lines represent zircon fission track (ZFT) and ZHe age patterns; (d) Map showing topography,
major structures, and thermochronologic sample locations. Dashed ellipses delineate Leones, Nef and Exploradores valleys. Topography is illustrated by a 90-m
resolution DEM (GTOPO30 data); (e) Simplified geological map based on SERNAGEOMIN (2003). 1. Pre-Mesozoic basement, 2. Jurassic-Cretaceous volcanic
and volcano-sedimentary rocks, 3. Cretaceous-Tertiary retro-foreland basin fill, 4. Cretaceous-Oligocene batholith, 5. Miocene batholith, 6. Eocene-Pliocene
intraplate alkaline basalts, 7. Pliocene ophiolites, 8. Pliocene—Quaternary volcanic rocks, 9. Glacial sediments, 10. Ice sheet (Northern Patagonian Ice field

[NPI]), 11. Glacial lakes.
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etal., 2016, 2019; Guillaume et al, 2013; Thomson et al., 2010). Although the U-shaped age pattern shown in
Figure 2 is defined by one data point west of the topographic divide, we consider this pattern representative
as a similar U-shaped pattern is defined farther north with existing (more densely sampled) thermochrono-
metric ages across the LOFZ and west of the divide (Thomson, 2002; Thomson et al., 2010). Such U-shaped
pattern in the thermochronometric age distribution is also typical of thermochronometric ages in the fold-
and-thrust belt to the south (at ~51°S, Fosdick et al., 2013).

The youngest ages are located in the eastern foothills of the NPI. The oldest ZFT ages are located in the
vicinity of the eastern thrust front and correspond to the crystallization age of the Patagonian Batholith
(~130-70 Ma; Hervé, Pankhurst, et al., 2007, Hervé, Faundez, et al., 2007, and references therein). Based
on pluton-crystallization depths (calculated using Al-in-hornblende), previous studies have suggested an
average exhumation rate of up to 0.2 mm/yr since the Cretaceous (Hervé et al., 1997; Thomson et al., 2001).
In the central part of the orogen, AHe and AFT ages and ‘He/*He cooling histories suggest average-exhu-
mation rates of up to 0.5 mm/yr along the eastern foothills of the NPI, for the last ~10-12 Myr (Georgieva
et al., 2016, 2019) and 0.25 mm/yr toward the southern slopes of the NPI (averaged over the last 7 Myr,
Christeleit et al., 2017). Focusing mainly on AHe age patterns and “He/*He thermochronometry, Christeleit
et al. (2017) deduced rapid glacial incision and generation of most of the present-day relief in the NPI re-
gion since the beginning of glaciation sometime between 10 and 5 Ma. Based on thermal-history modeling
of thermochronometric ages, Georgieva et al. (2016, 2019) proposed a stepwise exhumation history over
the course of the last 10 Myr driven by glacial erosion and superimposed tectonic pulses related to oblique
ridge-collision events.

3. Methods

Fifteen new granodioritic/granitic bedrock samples were collected along a ~100-km-long, approximately
west-east oriented, horizontal transect that is, located to the north and east of the NPI along the Explora-
dores Valley (northern flank of the NPI), and along the southern shoreline of Lago Buenos Aires (Figure 2,
see also Figures S1 and S2, Andri¢-Tomasevi¢ et al., 2021, and Table 1). These samples were collected at the
lowest possible elevation (between 28 and 741 m a.s.l.) to minimize the elevation dependence of thermo-
chronometric ages.

The samples were analyzed with the AHe, AFT, and ZHe dating techniques, resulting in 22 new ages (Ta-
ble 1). Furthermore, we analyzed 18 zircon mineral separates from previously collected samples (Georgieva
et al., 2016) for ZHe (18 samples) and ZFT (2 samples) thermochronometry. Because previous ZFT ages
from the Exploradores Valley are old and close to crystallization ages (Figure 2), we focused our new ZFT
analyses on samples from the high-elevation area in the Leones Valley. To cover the possible range of ages,
we selected a low- and a high-elevation sample for dating (327 and 2,100 m, Table 1). These samples origi-
nate from an elevation transect from the Leones glacier valley, which is an eastward-draining glacier of the
NPI (Figure 2d). Finally, these new data were combined with 46 published AHe, 15 published AFT and 4
published ZFT bedrock thermochronometric ages from the region (Georgieva et al., 2016, 2019; Guillaume
et al., 2013; Thomson et al., 2010; see also Table S1, Andri¢-Tomasevi¢ et al., 2021). The samples were in-
terpreted using a 3D thermo-kinematic numerical model. The combined data that are distributed along a
horizontal transect (as close as possible at equal elevation) used to quantify the geometry of the exhumation
field in the study region (Figure 2). In addition, some samples fall along the near-vertical Leones and Nef
transects (see Section 4.2) to provide additional constraints on the rate and duration of exhumation. Note
that among published samples we use only thermochronometric ages that can be interpreted as exhumation
ages, that is, not as crystallization ages (Table S1, Andri¢-Tomasevi¢ et al., 2021).

3.1. Low-Temperature Thermochronometry

Apatite and zircon separates of new bedrock samples were obtained by standard heavy liquid and magnetic
mineral-separation techniques, and were then analyzed with AHe, AFT, ZHe, and ZFT dating methods at
the University of Tiibingen, Germany. A summary of sample locations and ages of this study is presented in
Table 1. Details of individual sample measurements are provided in the supplementary material S1 (Tables
S1-S7 available in Andri¢-Tomasevic et al., 2021).
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3.1.1. Apatite and Zircon (U-Th)/He Dating

For each sample four apatite and four zircon grains were prepared for He, U, Th (and Sm for apatites) meas-
urements, except for two samples (17PG006, 17PG007), where only two apatite grains of sufficient quality
were available for measurement. Clear, euhedral grains, with diameters >80 um, without fractures, and no
or only small/few inclusions were selected, photographed, and packed into Nb capsules for analysis. Pro-
cedures of He measurements, mineral digestion, and analyses by ID-ICP-MS in the Tiibingen laboratories
are outlined in the supplementary material of Stiibner et al. (2016). The a-ejection correction was done
using the numerical approach by Glotzbach et al. (2019), which was also used to derive the grains’ volumes,
sphere-equivalent radii (ser), and effective uranium (eU) estimates (Tables S2 and S5). Single-grain ages
were calculated with the non-iterative solution from Meesters and Dunai (2005).

3.1.2. Apatite and Zircon Fission-Track Dating

Fission track dating of apatite and zircon was performed using the external detector and ¢{-calibration techniques
(Hurford, 1990). Apatites and zircons were mounted in epoxy resin and Teflon, respectively, ground, and pol-
ished. The mounts were etched (apatites for 20 s in 5.5 M HNO; at 21°C, and zircons in a KOH:NaOH eutectic
melt at 228°C for variable time lengths (35-65 h) depending on the grains’ radiation damage (e.g., Donelick, 2005;
Garver, 2003; Hurford, 1990), covered with mica detectors, and packed with age standards (Durango and Fish
Canyon Tuff) and uranium-doped glasses (IRMM540, IRMM541) as flux monitors for irradiation at the FRM-II
nuclear reactor in Garching, Germany. Micas were then etched in ~40%-HF for 30 min. Fission tracks and Dpar
were counted/measured at 1,000X| X magnification with a Zeiss Axiolmager microscope equipped with AutoS-
can stage system and software (Tables S3, S4, S6 and S7, available in Andri¢-Tomasevic et al., 2021).

3.2. Numerical Modeling

The numerical modeling was conducted by using a modified version of the 3D finite element thermo-kin-
ematic model Pecube-D presented in McQuarrie and Ehlers (2015) and Whipp et al. (2009). The Pecube-D
version of Pecube was modified from the original version (Braun, 2002a, 2002b, 2003) to account for detrital
thermochronometer age prediction (not used in this study) and temporally and spatially variable kinematic
fields in convergent orogens (used in this study). The model solves the 3D transient heat-transport equation
by taking into account heat conduction from the fixed basal temperature boundary, heat advection resulting
from tectonic activity and surface denudation, and radiogenic heat production within the continental crust.
The model comprises three components including a: (a) thermal model; (b) kinematic model; and (c) an
age-prediction model, all described below.

3.2.1. Thermal Model

We assume that the background heat flow is controlled by a conductive and advective heat transfer, and
radiogenic heat production (e.g., Braun, 2002a). The effects of groundwater flow, hydrothermal fluid flow,
and conductive heat flow produced by point sources (i.e., plutons) are not taken into account as no data
documenting fluid flow is available from the region. The temperature field and heat transfer is described by
the 3D advection-diffusion equation (Carslaw & Jaeger, 1959):

pc(£+v£] =ikﬁ+ik£+ik§+pA €9

ot oz O0x Ox Oy Oy 0z o0z

where x, y, z are spatial coordinates, t is time, and T (%, y, z, t) is temperature. A, c, p, k, and v are crustal
volumetric radiogenic heat production (WW/m?), specific heat capacity (J/kg x K), rock density (kg/m?),
thermal conductivity (W/m X K) and vertical velocity (mm/yr) of rocks from the kinematic model, respec-
tively. The main outputs of this model are transient time-temperature paths that are generated by tracking
surface particles through the model domain.

3.2.2. Modeling Strategy, Assumptions and Limitations

The philosophy behind our modeling strategy was to test a sufficiently wide range of parameters that is, con-
strained by independent geological observations. Given this, we reduced the number of free parameters and
avoided geologically implausible solutions. The model parameters and their ranges are summarized in Table 2.
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Table 2
Thermal, Material and Kinematic Parameters Used in the Model
Simulations

Model input
Property/Parameter value
Material properties
Crustal thickness 35 km*”
Thermal conductivity 2.5 W/mK*
Specific heat capacity 800 J/kgK*
Crustal density 2,700 kg/m**
Mantle density 3,200 kg/m*
Basal temperature 400-1,000°C
Surface temperature 10°C
Atmospheric lapse rate 5°C/km
Crustal volumetric radiogenic heat production 1 uW/m*
e-folding depth of crustal radiogenic heat production 10 km*
Mantle volumetric heat production 0.02 uW/m*
Kinematic parameters
Maximum uplift rate 0.1-2.2 mm/yr
1/2 width of parabola 40:20:160 km
Location of the maximum uplift rate 55:5:80 km

*Turcotte and Schubert (2002). "van der Meijde et al. (2013). “Haenel et al.
(1988), Touloukian et al. (1989) “Hasterok and Chapman (2011).

As in several previous studies (e.g., Glotzbach et al., 2011; Herman
et al., 2010; Michel et al., 2018; Valla et al., 2010), in our simulations the
thermal, kinematic and geometric parameters that we consider known
(as defined in the literature), or that have little influence on model pre-
diction, were kept constant. For example, thermal conductivity, crustal
volumetric heat production, and specific heat capacity are spatially uni-
form and represented by standard values reported for granodiorite lithol-
ogy and continental crust (Ehlers, 2005; Haenel et al., 1988; Touloukian
et al., 1989; Turcotte & Schubert, 2002). We broke down the modeling
procedure into a series of tests to investigate the first-order influence of
free parameters (exhumation rates and timing, basal temperature and
geometry of the exhumation field) on the predicted thermochronomet-
ric ages. A stepwise increase in model-experiment complexity is used to
narrow down the controlling first-order effects of the tested parameters
on predicted thermochronometric ages. Such an approach not only helps
to avoid geologically implausible combinations of parameters, but also
decreases computational time and storage required for these simulations
(e.g., one simulation takes up to 250 h to run and requires ~20 GB tempo-
rary disc storage). Given the long simulation time associated with these
experiments a 3D inverse modeling approach (e.g., genetic algorithm
or smart search) is not feasible. However, we note that our choice of in-
vestigating a range of parameters is akin to the Monte Carlo modeling
approach, with the difference being that our stepwise increase in model
complexity and decades of previous experience with thermal modeling
problems similar to this allows us to narrow down the plausible range of
parameters worth considering.

Our model domain represents a 200 X 100 km wide and a 35-km-thick
block of continental crust, which corresponds to the average Moho depth

in the Southern Patagonian Andes (e.g., van der Meijde et al., 2013). The horizontal resolution of the model is
0.5 km. The vertical model resolution varies from a 1:1 aspect ratio down to the first 5 km below the surface,
3:1 from 5 to 15 km depth, and 9:1 from 15 km depth. By default, the lower boundary is set by a basal temper-
ature of 700°C (Tesauro et al., 2013) that is, kept constant during model evolution (Figure 3a). Pecube uses a
fixed basal temperature as a boundary condition and does not allow free temporal variation of temperature
(Braun, 2002a, 2002b, 2003). Normally, for the application of a constant temperature-boundary condition it
is preferred to apply the boundary condition at the lithosphere-asthenosphere thermal boundary layers (e.g.,
~110 km depth; S. D. Willett et al., 2020). However, due to the presence of a slab window in this location and
previous, independently derived Moho estimates of temperatures at a shallower depth (Tesauro et al., 2013),
we applied the best estimate available in the literature. Furthermore, we evaluated the sensitivity of results to
our assumed basal temperature in Figure S5. An implication of this assumption is that the fixed temperature
at the base of the crust suppresses the thermal gradient leading to different estimates of exhumation rates than
in inversion models with fixed flux boundary conditions (S. D. Willett et al., 2020). However, this difference
in model behavior is reported for processes involving high erosion rates over timescales greater than 10 Myr,
which is not the case in our study. Furthermore, the average erosion rates that are predicted for the Late Mi-
ocene by our models and inverse thermal history models used by Georgieva et al. (2019) show no differences.

A surface temperature of 10°C was used as an upper thermal boundary at sea level with a lapse rate of
5°C/km. These values represent mean values of the surface temperature at sea level and lapse rate in the
study area over a time span of 30 years (Worldclim data set, Fick & Hijmans, 2017). On the margins of the
model domain, zero-flux boundary conditions were used. Although numerous geomorphologic indicators
show that glaciation significantly affected topography in the study area, in our modeling approach we use
present-day conditions (90 m resolution DEM, STRM) as the initial topography. In this way, we avoided the
usage of unconstrained parameters representing pre-glacial topography and additional model complexity.
Furthermore, in our simulations, topography remained constant during simulations assuming a topograph-
ic steady-state, that is, erosion rate equals tectonic rock-uplift rate during each time step.

ANDRIC-TOMASEVIC ET AL.

9 of 37



A .
NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF005993

ADVANCING EARTH
AND SPACE SCIENCE

[a]

3

1.5

0

topography (km)

225

0.75

To quantify the AHe thermochronometric age response to changing topography we used the approach of
Olen et al. (2012) to iteratively solve (i.e., invert) for paleotopography until the misfit between observed
and predicted thermochronometric age was sufficiently minimized (see details in Olen et al., 2012). We
tested the effect of topographic variations on AHe ages during the last 7 Myr that corresponds to the onset
of glaciation.

3.2.3. Kinematic Model

The kinematic model is based on two possible uplift fields in the study area. These fields include a uniform
vertical and a parabola-shaped (laterally variable) vertical uplift (Figure 3b). The parabolic uplift field is
based on Fermi’s equation and parameterized by maximum and minimum uplift rates, as well as the width
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Figure 3. Model setup and kinematic field. (a) Model domain and boundary conditions; this case represents a parabolic uplift field (thick black arrows; red
solid lines mark isolines representing the distribution of the uplift velocities); (b) kinematic fields simulated in this study: uniform uplift (black) and parabolic

uplift (red).

ANDRIC-TOMASEVIC ET AL.

10 of 37



Ay

NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF005993

ADVANCING EARTH
AND SPACE SCIENCE

and location of the parabola (Figure 3b). For the sake of simplicity, a cylindrical uplift pattern is adopted
in all parabolic uplift models to extend the parabola into the third (North-South) dimension. The spatially
uniform uplift pattern was used to test for a potential effect of a slab window-induced, long-wavelength
uplift on the distribution of the predicted thermochronometric ages and to simulate average exhumation
rates controlled by glacial erosion. The parabolic uplift pattern simulates: (a) antiformal stacking associ-
ated with ramp-flat thrust geometries as observed in numerous fold-and-thrust belts (e.g., McQuarrie &
Ehlers, 2017), and (b) restraining bend kinematics as seen in many transpressional systems (e.g., Cun-
ningham, 2007; Wakabayashi et al., 2004) potentially associated with the activity of the LOFZ. The purely
vertical parabolic uplift pattern is an acceptable assumption to simulate thrust-related antiformal stacking
in the study area for two reasons. First, previous studies in the Patagonian Andes found a low magnitude of
shortening and higher vertical than horizontal velocity components in the retro-foreland resulting from the
material transport along the steeply dipping thrust ramps (e.g., Fosdick et al., 2011, 2013; cf. Section 2.1).
Second, the lack of field kinematic data on thrust activity in the studied region hinders an evaluation of the
horizontal thrust component affecting predicted thermochronometric ages. The uncertainties in the hori-
zontal thrust component would add poorly constrained complexity to the model. Finally, our consideration
of a uniform vertical exhumation field is admittedly pedagogic and aimed at understanding if the simplest
approach possible satisfies observations. Furthermore, it allows identification of the range of exhumation
rates required to fit ages, thereby guiding what range of rates should be considered in complicated (para-
bolic) kinematic models.

3.2.4. Age-Prediction Model

The predicted thermochronometric ages across the surface topography are calculated from time-temper-
ature paths using cooling rate dependent kinetic models. AHe and ZHe ages are predicted using diffusion
kinetics from Farley (2000) and Reiners et al. (2004), respectively. AFT and ZFT ages are predicted using the
annealing models of Green et al. (1986) and Galbraith and Laslett (1988), respectively.

3.3. Evaluation of Modeling Results

We conducted 495 simulations divided into 7 experiments (Table S8). Each simulation is evaluated by the
goodness of fit between predicted and observed thermochronometric ages, defined by a reduced y* misfit.

The quality of fit between predicted and observed thermochronometric ages in each simulation for each
individual thermochronometer system was calculated as (e.g., Dunai, 2005; Ehlers et al., 2003):

2
2= \/i . i(Pred.i - Obs.,-) @)

where n is the number of samples, Pred. is the predicted thermochronometric age, Obs. is the observed ther-
mochronometric age and Error is the 1 ¢ uncertainty of the observed age. A * misfit that equals 2 represents
a fit within 2 standard deviations. Higher values indicate a progressively worse fit, for example, )* misfit of
5 represents a fit within 5 standard deviations.

The cumulative y* misfit for all samples and thermochronometers in each simulation was calculated as:
2 2 2 2 2
XCum = Xawe T XArT + XzHe T XzFT (3)

We consider a model appropriate when the y* misfit for each thermochronometer is below or equal to 2
(fit within 2o of sample uncertainties). In the case of the cumulative * misfit, we consider a model to be
adequate at values of 8 and lower. The best-fit scenario from each experiment was generally used as a ref-
erence model in the subsequent experiment. Deviations from this approach are specifically mentioned and
explained in the text.
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4. Results: Observed Thermochronometric Ages

The new AHe and ZHe ages range from 3.7 + 0.8 Ma to 8.1 = 1.7 Ma, and 3.9 + 0.3 Ma to 118.0 + 13.0 Ma, re-
spectively (+1o, Table 1). The AFT and ZFT ages range from 9.6 + 1.0 Ma to 28.1 + 4.3 Ma, and 5.8 + 0.9 Ma
to 14.4 &+ 1.8 Ma, respectively (+1c, Table 1). Allnew AHe, AFT, and ZFT ages are from igneous rocks and are
younger than the crystallization age (~130-70 Ma Patagonian Batholith; Hervé, Pankhurst, et al., 2007, 2007b,
and references therein), whereas ZHe ages from samples 17PG005-008, 17PG011, and 17PG013 correspond
to the crystallization age of the batholith (Table 1). In general, thermochronometric ages similar to the crys-
tallization ages are observed along the eastern orogenic front. In contrast, thermochronometric ages younger
than the ~130-70 Ma batholith crystallization age (referred to as “reset ages”) occur near the high topog-
raphy of the range and along the northern and eastern flanks of the NPI (Figure 2). The “younger” reset
thermochronometric ages can be divided into two groups. The first group includes thermochronometric ages
older than 7 Ma (pre-glacial), for which we assume that they were not affected by a potential acceleration in
glacial erosion and/or direct processes of ridge collision and slab window development (since ~3 Ma) in the
study area. The thermochronometric ages range between ~8-14 Ma for AHe, ~8-32 Ma for AFT, ~8-20 Ma
for ZHe, and ~15 Ma for the ZFT system (Tables 1 and S1, and Figures S1 and S2). These ages suggest that
they were likely affected by previous tectonic events during the main mountain building phase of the region
(~30-15 Ma, e.g., Fosdick et al., 2011; Lagabrielle et al., 2004) and activity of the LOFZ (since 16-10 Ma;
Cembrano et al., 2002; Thomson, 2002). In contrast to the ZHe and ZFT ages that are only available from
a narrow zone in the immediate foothills of the NPI (from the Exploradores, Leones and Nef valleys, Fig-
ures S1 and S2), AHe and AFT ages are available from along the eastern orogenic front. The second group of
“younger” thermochronometric ages includes ages that are younger than 7 Ma. With the exception of several
AHe ages obtained along the valley occupied by Lago Buenos Aires (Figures 2, S1 and S2), the samples for all
other ages <7 Ma were located along the flank of the NPI.

The new thermochronometric ages are consistent with published data from the same thermochronometric
systems (Georgieva et al., 2016, 2019; Guillaume et al., 2013; Thomson et al., 2010; see also Table S1).

4.1. Horizontal Transect Thermochronometric Ages

Along the horizontal E-W transect, thermochronometric ages range between 3.7 = 0.8 and 6.1 + 2.4 Ma
for AHe, 9.6 + 1.0 Ma and 28.0 + 4.3 Ma for AFT, and between 6.9 + 0.7 Ma and 118.0 =+ 13.0 Ma for ZHe
(1o, Table 1). In the Exploradores Valley (northern flank of the NPI, Figure 2d), most ZHe ages show
variations at spatial scales of <10 km along the valley ranging from ~10 Ma to ~20 Ma (Figure S1). These
spatial variations might be related to differential exhumation controlled by the Exploradores thrust fault
(Georgieva et al., 2016).

New and published thermochronometric ages from elevations <500 m (to eliminate elevation effects on
the thermochronometric ages, Figures 2b and 2c) along the W-E horizontal transect delineate in general a
U-shaped age pattern, with young ages (AHe ~2-6 Ma, AFT ~4-9 Ma, ZHe ~4-21 Ma, and ZFT ~5.8 Ma,
Table S1) at the foothills of the NPI in the west and older ages (AFT ~15-28 Ma, ZHe ~73-118 Ma, and ZFT
~72-127 Ma, Table S1) toward the retro-foreland in the east (Figures 2b and 2c). The spatial distribution of
the AFT, ZHe, and ZFT ages show concave-upward (U-shaped) patterns with minima centered along the
immediate eastern foothills of the NPI (Figures 2b and 2c). We note variations in the widths of the proposed
U-shape age patterns between different thermochronometers. ZHe and ZFT U-shaped age patterns are nar-
rower (~100 km wide, Figure 2c) compared to the AFT U-shaped age pattern (~150 km wide, Figure 2b)
and show a steeper gradient in thermochronological ages as they approach the NPI from the east. The AHe
thermochronological ages delineate a clear increase in age toward the east (Figure 2b).

Furthermore, the AHe and AFT ages from the immediate eastern foothills of the NPI define a concave-up-
ward pattern in the N-S direction (at wavelengths of ~50 km, Figures 4b and 4c). Thermochronometric ages
decrease from north to south from the Exploradores to the Leones Valley (~4 Ma to 2 Ma AHe ages, ~9.5 Ma
to 4 Ma AFT ages, ~9 Ma to 4 Ma ZHe ages) and increase again from the Leones toward the Nef Valley (~2 Ma
to 4 Ma AHe ages, ~4 Ma to 7 Ma AFT ages; Figure 2d). In both directions, W-E and N-S, the Leones Valley
shows the youngest thermochronometric ages and thereby defines an area of localized rapid exhumation.
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Figure 4. S-N distribution of thermochronometric ages along the northern and eastern foothills of the Northern
Patagonian Icefield (NPI). (a) Sample locations (black dots; new and published) from elevations <500 m only to avoid
elevation-effects on ages. Red rectangle delineates samples whose thermochronometric ages are plotted in b, c, d and
e. (b, ¢, d, e) Spatial distribution of AHe (b), apatite fission track (AFT) (c), ZHe (d), and zircon fission track (ZFT) (e)
thermochronometric ages in the N-S direction. The distance is measured from the center of the coordinate system of
our model domain that is, located in the Golfo de Pefias (47°S, Figures 1 and 3).

4.2. Age-Elevation Transect

Previously reported AHe and AFT ages from an elevation transect in the Leones Valley (Figures 2, 4 and 5;
Georgievaetal., 2016, 2019) range between 2.0 + 0.6 Maand 6.8 + 1.1 Ma,and 4.6 + 0.5 Maand 7.7 + 1.2 Ma,
respectively. Here, we report 18 new ZHe and 2 new ZFT thermochronometric ages from the same samples.
The transect covers an elevation range between 325 and 2,436 m (min/max elevations in the catchment
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in plots include: the Bayesian Information Criterion (BIC); log-likelihood (InL); average apparent exhumation rate (Exh. ©@); minimum/maximum apparent
exhumation rate (min, max) within xy-uncertainty; and correlation coefficient R’.

~230/3,750 m) with a corresponding range of ZHe and ZFT ages from 3.9 + 0.3 Ma to 12.2 + 1.3 Ma, and
5.8 + 0.9 Mato 14.4 + 1.8 Ma, respectively (Table 1).

ZHe ages correlate positively with elevation (¥ = 0.87, Figure 5d) with a slope of 0.34 + 0.03 mm/yr im-
plying lower apparent exhumation rates compared to those calculated from AHe (0.56 + 0.125 mm/yr,
* = 0.71) and AFT data (0.56 + 0.14 mm/yr, r* = 0.89, Figures 5c and 5e). It is notable that in the Leones
Valley, AHe ages decrease with increasing altitude, from the lowest elevations of 283 m to elevations of
~993 m, Table S1, Figure 5c).
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The ZFT ages also correlate positively with elevation, but given the limited number of data the slope range
of 0.17-0.27 mm/yr is ambiguous (Figure 5f). The thermochronometric age difference between thermo-
chronometer systems increases at higher elevations (e.g., ~7.5 Myr at 2,100 m a.s.l. vs. ~3 Myr at 327 m
a.s.l. between AHe and ZFT thermochronometric ages, Table 1) suggesting significant compression of the
isotherms below the lower part of the valley.

5. Numerical Modeling Results
5.1. Considerations of Experimental Design

Before presenting the experimental design for the numerical simulations, we discuss a series of potential
complexities in the study area, and justify the simplifications that we have made in our experiments. The
broad U-shaped distribution of observed thermochronometric ages across the study area (W-E, covering
~100-150 km, Figures 2b and 2c, see details in Section 4) suggests either: (a) differential exhumation due
to tectonically induced rock uplift and associated erosion (e.g., McQuarrie & Ehlers, 2015); and/or (b) dif-
ferential exhumation due to erosion of the pre-existing topography (e.g., Braun, 2005; Ehlers et al., 2006)
in the last 15 Myr. These effects could be enhanced by lateral variations in the crustal temperature gra-
dients caused either by shallow (i.e., plutons, Ehlers, 2005) or deeper (slab window) heat sources (e.g.,
Braun, 2010; Braun et al., 2013; Guillaume et al., 2013). In the following steps, an incremental increase in
model complexity was used to identify the different components and sources of rock cooling observed in the
data. We briefly summarize here the primary factors explored in subsequent simulations.

Although many observed that AHe ages correlate with the development of the slab window in the area
(since ~4 Ma, Breitsprecher & Thorkelson, 2009), the observed width (wavelength) of the AHe U-shaped
age pattern is too short to be controlled by the dynamic topography uplift driven by the thermal effects of
the slab window (wavelength of ~250 km; Braun et al., 2013). Also, the associated uplift of less than 1 km
suggested by previous studies (Braun et al., 2013; Guillaume et al., 2009, 2013) is not sufficient to reset
AHe ages, which typically have closure-temperature depths of 2-3 km (Ehlers, 2005). Furthermore, during
the last 3 Myr the study area was subjected to the collision of several ridges (e.g., Breitsprecher & Thorkel-
son, 2009). However, current thermochronological data show no evidence of a possible effect on upper
crustal structures (Georgieva et al., 2016). Therefore, the immediate effect of ridge collision on shortening
during the last 3 Myr is difficult to assess based on available observations. Finally, it is noteworthy, that
the U-shaped age pattern previously described also applies to the higher-temperature thermochronometers
ZHe and ZFT, which are usually not affected by the variations in pre-existing topography in contrast to AHe
ages (e.g., Densmore et al., 2007; Ehlers & Farley, 2003). Therefore, erosion of the pre-existing topography
alone cannot explain the spatial distribution of observed thermochronometric ages, especially in the case of
the higher-temperature systems.

Lateral variations in the crustal temperature gradients as contributors to the wavelength of the observed
U-shaped age patterns are also unlikely. The wavelengths (100-150 km in E-W direction and ~50 km in N-S
direction, Figures 2 and 4) of the observed U-shaped age pattern could suggest the existence of a shallow
heat source (pluton) within the crust. However, the consistent age-elevation relationship of thermochron-
ometric ages from the Leones Valley (this study and Georgieva et al., 2016) likely discards the existence of
a heat source in form of a shallow pluton in this area that could enhance the age pattern. Alternatively, a
deeper source for a pluton (e.g., at the base of the lithosphere) is also unlikely as it would lead to higher
dissipation of heat causing a broader anomaly with lower amplitude (e.g., Ehlers, 2005; Sibbett, 1988), de-
creasing the possibility to be detected by higher-temperature systems.

Therefore, we assume that the U-shaped distribution of observed thermochronometric ages across the
study area is primarily controlled by tectonically induced differential exhumation, although additional ef-
fects of pre-existing topography and/or an elevated thermal gradients cannot be ruled out completely. In
compressional tectonic settings such as the Patagonian Andes, thrust ramps are observed to produce high
exhumation rates and U-shaped thermochronometric age patterns (e.g., Lock & Willett, 2008; McQuarrie
& Ehlers, 2015). These patterns contain sharp transitions between young thermochronometric ages in the
footwall and inherited older ages toward the foreland (including ages from high-temperature systems, e.g.,
Lock & Willett, 2008; Rak et al., 2017). Furthermore, similar steep gradients in thermochronometric ages
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(U-shaped age pattern) are observed to be associated with strike-slip faulting, such as the LOFZ in the
Northern Patagonian Andes (Thomson, 2002; Thomson et al., 2010) or the Giudiacare and Periadriatic
faults in the Alps (Klotz et al., 2019; Pomella et al., 2012). In light of these observations, our hypothesis of
tectonically induced, differential exhumation is reasonable. The decrease of thrusting in the retro-foreland
of the Patagonian Andes (~30-15 Ma, e.g., Fosdick et al., 2011; Lagabrielle et al., 2004) and the onset of
transpressive strike-slip faulting along the LOFZ (since 16-10 Ma, Cembrano et al., 2002; Thomson, 2002)
temporally overlap with each other and correspond to the oldest reset thermochronometric ages (~8-14 Ma
AHe, ~8-32 Ma AFT, ~8-20 Ma ZHe, and ~15 Ma ZFT, Tables 1 and S1, Figures S1 and S2), making it dif-
ficult to differentiate between these two tectonic drivers of rock uplift.

To test the hypothesis that reset thermochronometric ages in the study area are primarily controlled by
pre-glacial, tectonically induced differential exhumation, we explore with numerical modeling which ex-
humation pattern(s) best explain the observed broad U-shaped distribution of thermochronological ages.
Therefore, the modeling approach focuses first on finding the exhumation geometry, rates, and the basal
temperature that best explains the observed regional (long-wavelength) spatial distribution of AFT, ZHe,
and ZFT thermochronometric ages. We thus estimate the exhumation field active during the Middle to Late
Miocene (following the main mountain building phase and activity of the LOFZ during the last 15 Myr). To
do so, we conducted a series of experiments that included temporal and spatial variations in exhumation
rate and magnitude. As all samples belong to the same stratigraphic unit (Cretaceous batholith), the effects
of spatial variations in thermo-physical properties (volumetric radiogenic heat production, thermal conduc-
tivity, density, and heat capacity) on ages are not expected to be significant (e.g., Flowers & Ehlers, 2018).

Finally, we test the hypothesis that the Late Miocene glaciation (since ~7-5 Ma) caused accelerated exhu-
mation. To do so, we focus on determining exhumation rates, onset and termination times that best explain
the observed regional spatial distribution of the AHe ages. However, the effect of glacial erosion on exhuma-
tion can vary significantly in time and space over short wavelengths (e.g., two orders of magnitude within
a 20-km-long catchment, Shuster et al., 2011), which is usually reflected by a spatially variable distribution
of AHe ages (e.g., Ehlers et al., 2006) that we also observe in our area (Leones Valley). We estimate Late
Miocene exhumation rates across short-wavelength topographic variations based on the spatial distribution
of the thermochronometric ages in the Leones Valley. To disentangle exhumation controlled by the back-
ground tectonically induced rock uplift (controlled by activity along the LOFZ and the collision of the ridge
segments, and/or slab window) and topographic changes driven by the erosional efficiency of the glaciers
we use the iterative topographic reconstruction model of Olen et al. (2012, see Section 6.3). A stepwise
increase in model-experiment complexity is presented below to demonstrate and filter out the controlling
effects of the tested parameters on predicted thermochronometric ages.

5.2. Uniform Exhumation and Steady-State Topography (Simplest Scenario)

In this experiment, simulations started and ended with present-day (i.e., steady-state) topography, and a
spatially uniform exhumation rate (Figures 5 and 6). We conducted 14 simulations that each include two
time steps. The first time step covers the timeframe between 130 and 15 Ma. The onset of this time step
corresponds to the oldest ZFT age in the study area (very close to the sample’s crystallization age, Table S1).
We set the exhumation rate to 0.15 mm/yr, which represents the average exhumation rate needed for the
Cretaceous batholith, that was emplaced at ~20 km depth (Hervé et al., 1997), to reach the surface during
the last 130 Myr. This time step represents a simplification of the Andean mountain-building phases that
terminated at ~15 Ma (e.g., Fosdick et al., 2013; Lagabrielle et al., 2004 and references therein). The second
time step covers the last 15 Myr. Here, we varied the exhumation rate from 0.2 to 1.5 mm/yr, at increments
of 0.1 mm/yr between each simulation. This time step aims at simulating the latest exhumation phase post-
dating the major mountain-building phase. In all simulations, the basal temperature of 700°C is based on
the crustal model of Tesauro et al. (2013). Details on thermo-physical properties used are listed in Table 2.

The best-fit scenarios show a cumulative y* misfit of 25-26 (corresponding to a fit within 25-26 o errors)
for exhumation rates between 0.7 and 0.9 mm/yr (Figure 6a). A comparison of the best-fit scenarios for the
thermochronometer systems considered here shows that different exhumation rates can be used to reduce y*
misfits for each thermochronometer system (Figure 6a). This suggests that more than one exhumation-rate
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Figure 6. (a) y’misfit between predicted and observed thermochronometric ages for different uniform exhumation
rates from 15 to 0 Ma. (a) x* misfit for all samples in Figure 2, and misfit for subdomains shown in Figure 4 including
(b) Leones, (c) Nef and (d) Exploradores valleys.

history can reproduce all thermochronometer ages. While scenarios with spatially uniform exhumation rates
imposed on steady-state topography cannot reproduce the observed spatial variations in thermochronomet-
ric ages of all thermochronometric systems along the horizontal profile, the AHe and AFT (some ZHe, and
ZFT) data of the elevation profiles in the Leones and Nef valleys are well-predicted (Figures 5, 6b, and 6¢).
For example, in the Leones Valley, exhumation rates of 0.6 mm/yr and 0.7 mm/yr produce minimum y* mis-
fits of 1-2 for AHe and AFT data (Figures 5c, 5e and 6b). However, these simulations fail to reproduce the
increase in AHe ages at the lowest elevations (Figure 5c). Predicted ZHe thermochronometric ages require
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exhumation rates between 0.8 and 0.9 mm/yr to produce a y* misfit of 2 (corresponding to a fit within 2o
errors, Figures 5d and 6b). Although the same misfit allows an exhumation rate of 1.1 mm/yr, in the case
of ZFT ages it only reproduces the observed younger thermochronological age at the base of the profile
(Figures 5f and 6b). In the case of an older observed ZFT age (14.4 Ma, Table 1), the predicted age is ~7 Myr
younger and requires a slower exhumation rate to be reproduced. In general, predicted ZHe and ZFT ages in
the Leones Valley exhibit steeper age-elevation relationships compared to those observed (Figures 5d and 5f).
This suggests that a spatially and temporally uniform exhumation history over the entire valley cannot ex-
plain the observed age-elevation trend in the case of higher-temperature systems.

Apatite (U-Th)/He and fission track ages from the Nef Valley (Figure 2d) are similarly well-predicted (*
value of 1). The inferred values suggest an exhumation rate of 0.4 mm/yr and 0.5 mm/yr for AHe and AFT,
respectively (Figures 5a, 5b and 6¢). In the Exploradores Valley, apatite thermochronometric ages (both
AHe and AFT) are well-predicted at a rate of 0.4 mm/yr (y* value of 1-2, Figure 6d), whereas ZHe ages
require rates of up to 0.6 mm/yr. These observations suggest that a spatial increase in exhumation rates of
up to 0.1-0.2 mm/yr (accounting for AHe, AFT, and ZHe, Figures 6b-6d) in the Leones compared to the
Nef and Exploradores valleys is required to reproduce the observed thermochronometric ages under the
conditions dictated by these simulations.

Furthermore, the good fit (¥* < 2) of AHe and AFT ages in these uniform exhumation and steady-state to-
pography simulations shows that AHe and AFT closure-temperature isotherms (<110°C) mimic the overly-
ing topography, suggesting that tectonic uplift and erosion (except samples <500 m from the Leones Valley
defining a crescent shape) were mostly exhumed at the same pace and spatially constant during the last ~8-
15 Myr (based on the oldest AFT ages in Exploradores, Nef and Leones valleys, Table S1). Note that this may
be restricted only to elevations below ~2 km (as elevations of AHe and AFT samples are < 2.1 km, Table S1).

Overall, model results show that a spatially and temporally uniform uplift field during the last 15 Myr can-
not reproduce the regional U-shaped AFT, ZHe, and ZFT age patterns observed in the study area (Figures 2b
and 2c¢), requiring a more complex model set up. In the next steps, we apply lessons learned (e.g., range of
likely exhumation rates required) from the previous uniform uplift-rate scenario to develop a parabolic
uplift field of variable size and location to explore the effect of a spatially variable exhumation field on pre-
dicted thermochronological ages. Furthermore, our model results show that the Leones Valley represents
an area of anomalously high and variable local exhumation compared to the surrounding valleys (Nef and
Exploradores), which likely resemble background exhumation rates. Therefore, data from the Leones Valley
are processed separately (Section 5.4). Finally, we address the need for a temporal variation in the exhuma-
tion field in the Leones Valley by adding additional time steps to the chronology of changes in exhumation
rates (Section 5.4).

5.3. Parabolic Exhumation Pattern and Steady-State Topography: Background Exhumation

In this section we focus on constraining the background-exhumation field in the study area. Based on the
observed U-shaped patterns in thermochronometric ages and results from the previous section, we do this
by exploring a parabola-shaped exhumation pattern. Simulations were designed to investigate the influ-
ence of: 1) the width and location of the parabolic exhumation pattern over the last 15 Myr; 2) the effect
of exhumation rates and basal temperatures over the last 15 Myr; 3) variable onsets and rates of parabolic
exhumation during the last 15 Myr; and 4) the effect of glaciation (last 7-5 Myr) simulated as a uniform
exhumation field.

5.3.1. Effect of Width and Location of Parabolic Exhumation: 15 Ma to Present

‘We conducted 42 simulations to explore the effect of the width and location of the maximum exhumation
rate (peak) of a parabolic exhumation field (cf. Figure 3b) on predicted ages during the last 15 Myr. The set of
parabolic uplift-peak locations considered varied by increments of 5 km from 55 to 80 km measured from the
center of the coordinate system of our model domain, located in the Golfo de Pefias (47°S, Figures 1 and 3).
We tested parabolic exhumation-field widths of 40-160 km at increments of 20 km. Here, we focused on
fitting the spatial distribution of the higher temperature systems (AFT, ZHe, and ZFT) and therefore use
maximum exhumation rates of 0.6 mm/yr that provided a good fit to AFT, ZHe, and ZFT ages in the pre-
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vious experiment (cf. Section 5.2, Figures 6a and 6d). All other parameters remained equal to the best-fit
model parameters from the previous experiment (cf. Section 5.2).

The results indicate the best-fit models for the AFT, ZHe, and ZFT systems (outlined by the red polygons
in Figures 7b-7d) are achieved in different exhumation scenarios. Hence, an evaluation of this experiment
based on the cumulative y* misfit value for the entire data set would be misleading. The distribution of the
average y* misfit values for the AFT data shows a low sensitivity of predicted AFT ages to variations in the
parabola peak location with increasing parabola width (Figure 7b). In contrast, the average y* misfit values
for the ZHe and ZFT systems show a linear dependence between the width of the parabolic exhumation
field and location of the maximum exhumation rate (parabola peak; Figures 7c and 7d). This means that the
observed ZHe and ZFT ages can be explained equally well by a wide parabolic exhumation field centered in
the interior of the orogen (around the topographic divide of the NP, e.g., 100-120 km wide parabola located
at 60 km, Figures 2a and 7c, 7d) or a narrow parabola centered along the immediate eastern slopes of the
NPI (e.g., a 40-60 km wide parabola at 70-75 km, Figures 2a and 7c, 7d).

This discrepancy between the ZHe and ZFT, and AFT data is expected given differences in the widths of
the observed age patterns (Figures 2b and 2c), which cannot be reproduced using a single vertical parabolic
exhumation field. Therefore, we focus on the area around the NPI, where all our reset AFT, ZHe, and ZFT
ages capture the evolution of the area during the last 15 Myr (west of ~100 km, Figure 2a). In this region,
the average x* misfit values for each system show similar trends (Figure S3), implying that all thermo-
chronometric systems could be explained by the same exhumation scenario. The reduced cumulative x*
misfit of 11 (Figure 7e) suggests that measured thermochronometric ages could be explained by applying a
120-km-wide parabolic exhumation pattern with peak-exhumation rate located at 55 km, or a 100-km-wide
parabolic exhumation pattern with a peak at 60 km. These geometries lead to a good fit for AHe and AFT
ages (* misfit of 2, Figure S3), while predictions of ZHe and ZFT ages are less accurate (y* misfit of 3 and
4, respectively, Figure S3). The wide range of measured ZHe ages in the Exploradores Valley (~21-~9 Ma,
Table 2) suggests a deviation in the real exhumation geometry from our modeled parabolic pattern. There-
fore, we cannot find a better fit for ZHe ages (i.e., )(2 misfit <2). The maximum exhumation rates of above
0.5 mm/yr (Figure 6c¢) fail to predict data from the Nef Valley (as shown in Section 5.2).

However, the reduced cumulative )* misfit value suggests that increasing the maximum exhumation rate
(from 0.5 mm/yr to 0.6 mm/yr used in this experiment) requires a narrower exhumation field to produce
acceptable fits for the observed age-elevation profile (cumulative misfit of 4, which fits within 2o error on
average for each individual system, Figure 7f) in the Nef Valley. Except for the set of parameters outlined by
the red polygon in Figure 7f, all other simulations overpredict observed ages by ~2-3 Myr.

Taken together, our preferred reference model describes a 100-km-wide parabolic exhumation field cen-
tered at 60 km that reproduces best the long-term background exhumation field. This geometry reproduces
the steep age gradients from the NPI toward the east for all systems for samples at elevations <500 m (Fig-
ures 7 and S4). However, it poorly explains the observed age-elevation relationships observed in the Nef
Valley (Figure 7f). Furthermore, it requires accelerated exhumation after ~7-6 Ma, possibly coeval with
parabolic exhumation, in order to fit AHe ages farther east of the NPI (away from the influence of parabolic
exhumation, Figure S4a) and youngest ZHe age in the Exploradores Valley Figure S4c).

5.3.2. Effect of Basal Temperature and Exhumation Rate: 15 Ma to Present

This sensitivity study is based on 36 simulations to evaluate the effect of variable basal temperatures and ex-
humation rates on predicted ages generated from our preferred parabolic exhumation geometry for the area
around the NPI (width of 100 km, peak located at 60 km). Parabolic distribution of exhumation rates with
the maximum rate ranging from 0.4 mm/yr to 1 mm/yr in increments of 0.1 mm/yr. Basal temperatures
range from 400°C to 1,000°C in increments of 100°C. All other parameters were kept constant (Table 2).

Model results produced a minimum cumulative * misfit of 10, suggesting several possible solutions that
are outlined in red in Figure 8a. This experiment shows that these combinations of maximum exhuma-
tion rate/basal temperature (i.e., 0.5 mm/yr/700°C, 0.6 mm/yr/600°C, and 0.7-0.8 mm/yr/500°C) produce
slightly better model fits (misfit of 10 instead of 11, Figures 7e and 8) compared to our reference model. As
expected, predicted thermochronometric ages from the Nef Valley show a better fit to observed ages under
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(c) samples surrounding the NPI and (d) in the Nef Valley.

lower exhumation rates and higher temperatures (e.g., 0.4-0.5 mm/yr and T > 700°C, Figure 8b), or higher
exhumation rates and lower basal temperatures (0.6-0.8 mm/yr and 400-500°C, Figure 8b). It is notewor-
thy that an increase of the basal temperature or maximum exhumation rate does not significantly affect
the first-order wavelength of the predicted ages in our reference model (exhumation rate of 0.6 mm/yr and
basal temperature of 700°C, Figure S5). The increase in temperature and/or maximum exhumation rate will
increase the amplitude of the age pattern and lead to variations in predicted ages. However, in contrast to
variations in maximum exhumation rates where predicted ages are only affected by the exhumation rates
prescribed within the exhumation pattern (i.e., parabola), the increase in basal temperature results in a
general decrease of all predicted ages (Figure S5). In the following, we therefore retain a basal temperature
of 700°C, as proposed by Tesauro et al. (2013).
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5.3.3. Effect of Onset Time of Exhumation and Exhumation Rate: 15 Ma to Present

Here, we evaluate the sensitivity of the predicted thermochronometric ages to variations in exhumation rate
and onset times of parabolic shaped exhumation. The maximum exhumation rates of the parabolic exhu-
mation pattern range from 0.3 mm/yr to 1.3 mm/yr at increments of 0.2 mm/yr. Exhumation onset times
varied from 15 Ma to 3 Ma at increments of 2 Myr. All other parameters were kept constant (e.g., parabolic
exhumation pattern with a width of 100 km and a peak at 60 km, Table 2).

The reduced cumulative * misfits of 10 suggest that the observed thermochronometric ages can be best
explained by a maximum exhumation rate of 0.5 mm/yr starting at 15 Ma (red rectangle in Figure 8c). The
observed thermochronometric ages in the Nef Valley are reproduced by a maximum exhumation rate of
0.5 mm/yr (Sections 5.2 and 5.3.2, Figure 8d). The reduced cumulative y2 misfit of 3 indicates a wider range
of possible exhumation onset times (15-11 Ma, Figure 8d) compared to all other samples (Figure 8c).

5.3.4. Effect of Onset Time of Glaciation and Glacial Erosion Rate Increase

Here we investigate the hypothesis that glaciation caused an increase in erosion during the last 7 Myr. We
use a uniform exhumation field to simulate erosion driven by glaciation in the entire model domain. In this
section, a uniform erosion rate across the domain was used (rather than a parabolic field), because most
of the observed AHe ages (Figure 2b, ~130-280 km) which record sample cooling over the last 2-13 Myr,
correspond to the age of the onset of glaciation in the range; these ages do not show strong spatial varia-
tions and a U-shaped pattern (compare AHe and AFT ages, Figure 2b), and therefore would not be able to
constrain a more complicated, spatially varying exhumation field. Furthermore, as the ice extent over the
region (at least during the LGM) was extensive, it makes more sense to apply a uniform uplift pattern rather
than spatially varying as in the previous sections. In the next section (Section 5.4), we investigate in more
detail subtle variations (at the valley scale) in AHe age and here focus our attention on the regional pattern
of observed AHe ages (Figure 2b) as they might relate to glacial erosion.

The tested onset times of glaciation ranged from 7 Ma to 1 Ma in increments of 2 Myr. The increases in ero-
sion rate potentially due to glaciation ranged from 0 mm/yr to 1.5 mm/yr in increments of 0.5 mm/yr. The
increase in erosion rates is imposed on an initial (pre-glacial) erosion rate of 0.5 mm/yr. All other parame-
ters were kept constant (e.g., parabolic exhumation pattern with width of 100 km and peak at 60 km at rates
from 15 Ma until the onset of glaciation defined in this experiment, Table 2). Although a comparison of all
predicted and observed thermochronometer systems was carried out (e.g., Figure 6), the results presented
here focus on the AHe system, which is most sensitive to recent changes in erosion rates, and for sample
locations at <500 m elevation. Results indicate (Figure 9) that an increase in glacial erosion rates during the
last 7 Myr produces an improved fit to observed AHe ages for samples with ages less than or equal to the on-

EI AHe cooling ages <7 Ma
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Figure 9. Effect of varying onset of glaciation and magnitude of the increase in glacial erosion on AHe
thermochronometric ages (a) younger than 7 Ma and (b) 5 Ma.

ANDRIC-TOMASEVIC ET AL.

22 of 37



Y Yed N | N
NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF005993

ADVANCING EARTH
AND SPACE SCIENCE

set of glaciation. More specifically, for AHe ages less than 7 or 5 Ma (Figure 9), model predictions support an
increase in erosion rates from the preglacial rate of 0.5 mm/yr to 1.0 mm/yr initiating in the last 7 to 3 Myr.

5.4. Parabolic Exhumation Pattern and Steady-State Topography: Leones Valley

Here we focus on constraining the pattern of exhumation in the Leones Valley. We do this because the
observed AHe, AFT, and ZHe ages in this valley are the youngest observed in the study area (Figure 4) and
suggest locally enhanced erosion may have occurred here relative to the Exploradores and Nef valleys to the
north and south, respectively. The simulations conducted investigate the influences of: 1) the width of the
parabolic exhumation pattern over the last 15 Myr; and 2) variable onset times and exhumation rates of the
parabolic exhumation field during the last 15 Myr.

5.4.1. Effect of the Width of Parabolic Exhumation, Leones Valley: 15 Ma to Present

This experiment evaluates how spatial variations in the exhumation rate in the Leones Valley influence
the age-elevation relationship of cooling ages. Here, we use a parabolic exhumation pattern with a peak of
maximum exhumation located at 75 km (location of the sample with the youngest ZFT age, VG-11-LL-10,
Table 1). The width of the parabola varied from 20 to 50 km at increments of 5 km. The maximum exhuma-
tion rate is 1.1 mm/yr corresponding to the best-fit model for ZFT ages in this area (see Section 5.2).

Only parabolic exhumation fields that are 35-40 km and 40-50 km wide provide a good fit to observed
ZHe and ZFT ages (y* misfits of 1-2, Figure 10a). Furthermore, a gradual decrease of the exhumation rate
(parabolic exhumation pattern, Figure 10b) along the Leones Valley reproduces the observed ZHe and ZFT
age-elevation relationship (Figure 10c) better than the uniform uplift (cf., Section 5.2, Figure 5d and 5f). Al-
though parabolic exhumation patterns wider than 30 km generate similar age-elevation trends, as observed
in the AHe and AFT data, most of the predicted ages are younger than the observed ages (Figure 10c). This
suggests the need for a decrease or termination of the exhumation phase earlier than the present-day. In
the final experiment we use a width of the parabolic exhumation pattern of 40 km that is, suggested by the
reduced cumulative y* misfit of 10 (Figure 10a), and explore the changes in exhumation rates leading to the
present-day.

5.4.2. Effect of Duration and Rate of Parabolic Exhumation: 15 Ma to Present

This experiment adopts the best estimate for the long-term parabolic uplift geometry to explore transient
model simulations with variable rate, onset, and termination of exhumation in the Leones Valley (Fig-
ures 11, 12 and S6). This set of simulations was conducted because the previous section (Figure 10c) in-
dicates that in this valley constant rates of exhumation until the present predict younger than observed
AHe and AFT ages. Results suggest that although an acceleration in erosion likely occurred coevally with
glaciation (Section 5.3.4), AHe and AFT data in the Leones Valley (entire vertical profile) require a cessa-
tion, or slowing down of the exhumation rates in the recent past. We explore this by looking at a multistage
exhumation history including a range of exhumation onset (at 15-3 Ma, at increments of 2 Myr) and termi-
nation times (9-1 Ma, at increments of 2 Myr), and a range of maximum exhumation rates (0.8-2.2 mm/yr,
at increments of 0.2 mm/yr). This exhumation pulse is followed by a uniform exhumation rate of 0.1 mm/
yr until present.

Several combinations of parameters yield a good fit to the observed thermochronometric ages in the Le-
ones Valley (cumulative y* misfit of 8 and lower, outlined in red in Figure S6). These simulations suggest
maximum exhumation rates of 1.4 mm/yr and higher over the last 15-11 Myr. Moreover, the predicted ages
exhibit a higher sensitivity to the onset and termination times of parabolic exhumation than to exhuma-
tion rates. As expected, higher maximum exhumation rates require shorter durations of exhumation, while
lower maximum exhumation rates allow the exhumation phase to last longer. For example, the best-fit
simulations for the maximum exhumation rate of 2.2 mm/yr requires exhumation to last for 8-10 Myr,
starting between 13 Ma and 15 Ma and terminating no later than 5 Ma (Figure S6f), whereas a maximum
exhumation rate of 1.4 mm/yr requires the phase to last for 12 Myr (15-3 Ma; Figure S6b). Although these
examples show statistically good fits to the observed data (cumulative y* misfit of 8), maximum exhumation
rates higher than 1.6 mm/yr produce a steeper age-elevation trend than is observed in the Leones Valley
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Figure 10. (a) Effect of varying short-wavelength parabola widths on predicted thermochronometric ages in the
Leones Valley; (b) spatial variation in exhumation rate along the Leones Valley resulting from simulations where
the width of the parabola was 40 km and the maximum exhumation rate of 1.1 mm/yr was located at 75 km. Black
dots represent sample location. Gray lines are isolines; (c) age-elevation profile comparing observed and predicted
thermochronometric ages for the exhumation scenario presented in (b).

(Figure 12). The lowest cumulative )* misfit (7, outlined in red in Figure S6b) shows that simulations with
an exhumation rate of 1.4 mm/yr and exhumation pulse lasting from 15 Ma to 3 Ma generate age-elevation
profiles fitting the data within 1-2c of sample uncertainties, on average (Figure 12). However, the results for
the youngest AHe ages (elevations <500 m) still yield a poor fit to the data (underpredicted by 1-2 Myr, Fig-
ure 12). This suggests that the parabolic exhumation pattern incorporating unaltered present-day topogra-
phy cannot reproduce these ages and an increase in erosion rates in the recent past is required. The )* misfit
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Figure 11. The )’ misfits evaluating the effect of exhumation rates, onset and termination of the exhumation on the fit of youngest AHe (younger than 5 Ma)
observed in the Leones Valley at elevations <500 m.

calculated for the youngest AHe ages reveals that several transient exhumation scenarios provide improved
fits to observed ages (Figure 11). Although our simulations suggest that the onset of exhumation could
have occurred at almost any time investigated, the fact that observed thermochronometric ages are younger
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than 5 Ma narrows down the possible scenarios to either: (a) a maximum exhumation rate of 1.2-1.8 mm/
yr between 5-3 Ma and 1 Ma; (b) a maximum exhumation rate of 2-2.2 mm/yr between 5 and 3 Ma; or (c)
a maximum exhumation rate of 2 mm/yr from 3 Ma until 1 Ma (Figure 11).

6. Discussion

Our new thermochronometric ages and model simulations allowed us to constrain the long-term, long-
(orogen scale) and short- (Leones Valley scale) wavelength exhumation patterns in the Patagonian Andes at
about 46.5°S. Furthermore, we identified a localized and shorter-term increase in exhumation coeval with
Mio-Pliocene glaciation. In the following, we summarize evidence for widespread and localized exhuma-
tion in the study area and discuss potential controlling mechanisms.

6.1. Quantification of Long-Wavelength Exhumation

The model results demonstrate that the steep age-distance gradient observed in the thermochronometric
ages from the vicinity of the NPI (Figures 2b and 2c) can be reproduced by imposing an orogen-perpendic-
ular parabolic exhumation pattern (e.g., Figure S4). Our best-fit model suggests a 100-km-wide parabolic
exhumation pattern with maximum and minimum rates of 0.5 and 0.1 mm/yr, respectively, averaged over
the last 15 Myr. The highest exhumation rates corroborate previous findings from an elevation transect
(Georgieva et al., 2016), and spatially overlap with the core of the orogen and the region of the highest to-
pography in the NPI (Figures 2a, 7, and 13a).

The spatial distribution of exhumation rates suggested by our simulation results matches the deformation
along the thrust front within the Andean retro-wedge east of the NPI (Figures 2d and 2e and 13a). We
propose that thrust faulting, with subsequent offset on the LOFZ, were accompanied by efficient fluvial
and glacial erosion and are likely mechanisms controlling the observed exhumation pattern during the last
15 Myr. Previous thermo-kinematic modeling studies in fold-and-thrust belts elsewhere (e.g., Lock & Wil-
lett, 2008; McQuarrie et al., 2019; McQuarrie & Ehlers, 2017) showed that exhumation associated with rock
motion along mid-crustal ramps produces a characteristic U-shaped pattern of predicted thermochrono-
logical ages. Such thermochronometric age patterns have been observed in numerous fold-and-thrust belts
around the world (e.g., Alps, Eizenhofer et al., 2021; Hindukush, Kufner et al., 2016; Southern Alps, New
Zealand, Batt et al., 2000), including the Southern Patagonian Andes (Fosdick et al., 2013).

In this type of tectonic setting, the horizontal translation of material along the thrust flat and out-of-se-
quence thrusting influence the skewness in the predicted thermochronometric ages. This is usually re-
corded by the lower temperature systems (AHe and AFT) as a U-shaped pattern with higher skewness in
the direction of tectonic transport compared to the higher temperature systems (ZHe and ZFT, e.g., Lock &
Willett, 2008; McQuarrie et al., 2019; Rak et al., 2017). This is also observed in our study area (Figures. 2b, 2c
and S4). As our modeling approach includes only vertical exhumation, we were not able to simultaneously
quantify the amount of vertical and lateral transport along the thrust system and fit observed AFT, ZHe, and
ZFT age patterns (see Section 5.3.1). Considering the observed reset AFT ages, out-of-sequence (westward)
propagation of the exhuming zones probably occurred between ~30-28 Ma and ~10 Ma (Table 1, Fig-
ures. S1 and S2). This timeframe corresponds to the main mountain building phase and increased sediment
flux in the retro-foreland Magallanes-Austral basin (~30-12 Ma) of the Patagonian Andes south of 47°S
(Encinas et al., 2019; Folguera et al., 2018; Fosdick et al., 2011, 2013; Ramos, 1989; Thomson et al., 2001).

To the west of the crest of the Andes, the W-E concave-upward thermochronometric age distribution is
truncated (or displaced) by the LOFZ (Figure 2) suggesting a potential effect of transpression-related rock
uplift on the observed age patterns (Georgieva et al., 2016, 2019; Schildgen et al., 2018). Certainly, the colli-
sion of the ridge segments over the last ~6 Myr associated with the activity of the LOFZ could lead to spatial
and temporal variations in stresses and topographic growth in the area of the NPI (between 46°S and 47°S,
Figure 1), also suggested by Georgieva et al. (2016). The NPI topography shows typical features of restrain-
ing bends in transpressional zones (e.g., Cunningham, 2007), such as: (a) elongated to sigmoidal strands
of higher topography; and (b) a thrust fault that formed perpendicular to the principal compressive stress
(Exploradores thrust, Figures 2 and S1b, Georgieva et al., 2016). Restraining bends are often characterized
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by patches of accelerated vertical uplift over relatively short along-strike distances and short timescales (up
to 2.3 mm/yr for 5 Myr, Fattaruso et al., 2014), which are not represented in our models. Although such a ge-
ometry might be able to reproduce the latitudinal variations in observed thermochronometric ages between
valleys flanking the NPI (Leones, Nef, Exploradores, Figure 4; Georgieva et al., 2016, 2019), it alone cannot
explain the observed long-term exhumation pattern in the study area as reset ZHe ages of ~20-18 Ma (Ta-
ble 1) predate the LOFZ activity (since ~16-10 Ma, Cembrano et al., 1996, 2002; Thomson, 2002).

6.2. Quantification of Short-Wavelength Exhumation

The model simulations restricted to data from the Leones Valley confirm a long-term (between 15-11 Ma
and 5-3 Ma, Figures 10b and 12 and S6) valley-scale parabolic exhumation pattern that predates glaciation.
Although our best-fit simulations for the Leones Valley (Figure S6b—f) show a decrease in exhumation
rates (at the valley scale, averaged during the last 15 Myr) from 1.4 mm/yr to 0.1 mm/yr sometime after
5-3 Ma, the transient exhumation histories for the lowermost (<500 m, Figure 2b) and youngest (younger
than 5 Ma) AHe ages provide improved fits to observed thermochronometric ages in the case of accelerated
localized exhumation during the last 5-3 Myr (Figure 11). This result differs from the work of Christeleit
et al. (2017) who suggested an acceleration in glacial erosion in Southern Patagonian fjords between 10 and
5 Ma, followed by a decrease in rates. Our suggested timing for a decrease in rates (averaged over the entire
Leones Valley) to 0.1 mm/yr at ~5-3 Ma, rather than 7-5 Ma, could be the result of either the difference in
geographic location, or our analysis of samples obtained close to valley bottoms (<500 m). The thermochro-
nometry samples interpreted in Christeleit et al. (2017) were collected above sea-level in fjords and did not
cover locations at the fjord bottom where more efficient glacial erosion would be expected. This suggests
that erosion rates in Patagonia may have increased close to the onset of glaciation (~7-5 Ma) and then de-
creased between 5 and 3 Ma coeval with Late Pliocene and Quaternary glaciations, which is also suggested
by C. D. Willett et al. (2020). We note that previous glacial landscape-evolution modeling of oscillating
glacial/interglacial conditions predicts the same behavior in erosion histories as observed here (Yanites &
Ehlers, 2012). For example, predicted erosion rate histories over multiple glacial/interglacial cycles suggest
glacially accelerated rates during initial glaciations that are superseded by an overall decrease in erosion.
The acceleration of glacial erosion during the onset of glaciations is often related to the changes in valley
hypsometry due to its transition from a fluvial (“V”) to a glacial (“U”) valley shape and the changing eleva-
tions (and subsequently temperatures) at which subsequent glaciations can form ice (Prasicek et al., 2015;
see Figure 4 of Yanites & Ehlers, 2012).

The higher-temperature (ZHe and ZFT) thermochronometer data obtained in our study area suggest a
gradual eastward and downslope increase in erosion rates within the valley (Figure 10b). In contrast, the
lower-temperature systems (AHe and AFT, Figures 5c and 5e, except for the youngest AHe ages) can be
reproduced equally well by applying a temporally and spatially uniform (vertical) exhumation field. This
difference in spatial variations in the exhumation rate between these high and low-temperature systems
can be explained by different mechanisms (tectonic vs. glacial) exerting a dominant control on observed
thermochronometric ages at different times in the exhumation history of the study area. For example, the
parabolic exhumation field identified here (e.g., Figure 10) provides the best fit with higher-temperature
systems (ZHe and ZFT). As previously discussed, this exhumation field is most likely the consequence of
a crustal ramp at depth. In contrast, observed low-temperature ages over long wavelengths from the range
crest to the foreland are more uniform (Figure 2), and as a result are most easily interpreted by a uniform
erosion rate across the region (Figures 6a and 9) resulting from glaciers that covered the area.

However, the glacially induced uniform erosion pattern (Section 5.3.4) is superimposed by shorter-wave-
length variations (valley scale, Leones Valley) in exhumation rates. Although uniform exhumation in the
Leones Valley cannot be entirely ruled out, the poor fit for the youngest AHe ages (from samples at <500 m,
Figures 5c and 5e) implies some degree of differential incision whereby valley bottoms experience higher
exhumation rates than ridge crests. The * misfits show that several transient exhumation histories involv-
ing accelerated exhumation of 1.2-2.2 mm/yr during the last 3-5 Myr improve the fit to the observed low-
ermost and youngest AHe data (Figure 11). Assuming no other sources of local thermal perturbations, such
as shallow plutons or local faulting causing differential uplift and exhumation within the Leones Valley,
the proposed localized increase in glacial erosion of pre-existing topography during the Plio-Pleistocene is
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the most plausible explanation. This is supported by the coincidence of the elevation of the youngest AHe
ages and the LGM ELA (~500 m), which corresponds to the region of most efficient glacial erosion in catch-
ments, as supported by previous modeling studies (e.g., Herman & Braun, 2008; Tomkin & Braun, 2002;
Yanites & Ehlers, 2012, 2016).

6.3. Disentangling Tectonic and Glacial Contributions to the Topographic Evolution of the
Patagonian Andes During the Late Cenozoic

In glaciated and tectonically active mountain belts, such as the Patagonian Andes, the topographic evolu-
tion involves competing effects of tectonic rock uplift, climatic gradients (e.g., variations in temperature
and precipitation rates across and along strike of the mountain belt), and glacial and fluvial erosion over
short and long wavelengths (e.g., Berger et al., 2008; Mitchell & Montgomery, 2006; Pedersen et al., 2014;
Whipple et al., 1999). We have shown that the distribution of thermochronometric ages from the Southern
Patagonian Andes at the latitude of the NPI contains signals of both long-term tectonic processes and more
recent glacial modification of topography.

Specifically, tectonic effects are reflected by the E-W U-shaped distribution of thermochronometric ages
across the orogen (Figure 2). This pattern can be explained by a parabolic exhumation field (Figures 7
and S4), which temporally and spatially corresponds to Late Cenozoic thrusting and subsequent transpres-
sion. As we were able to fit most of the observed thermochronometric ages using our steady-state topogra-
phy modeling approach, this suggests that the general long-wavelength pattern of topography is long-lived
(at least over the last 15 Myr) and thus was similar to the present-day. This is supported by the correlation
between our preferred modeled exhumation pattern and elevation (mean and max, Figure 13a) and by the
paleoenvironmental evolution of Patagonia associated with formation of topography as an orographic bar-
rier (Blisniuk et al., 2005; Hinojosa & Villagran, 1997). This means that the upward motion of rocks above
a crustal thrust ramp, and subsequent transpressional faulting along the LOFZ, created high topography in
our study area. This interpretation is consistent with other studies that suggested high topography in the Pa-
tagonian Andes south of 49°S is controlled by thrust faulting in the retro-wedge (Fosdick et al., 2013; Ramos
& Ghiglione, 2008). The correspondence between high topography and a thrust front is commonly observed
in doubly vergent orogens worldwide (e.g., Pyrenees, Southern Alps in New Zealand, Southern Patagonian
Andes; Batt et al., 2000; Fosdick et al., 2013; McQuarrie & Ehlers, 2017).

Based on the across-strike distribution of thermochronological ages in the Patagonian Andes south of
46°S (Fosdick et al., 2013; Georgieva et al., 2016, 2019; Guillaume et al., 2013; Thomson et al., 2010), we
note that tectonically induced exhumation in the retro-wedge prevails in the recorded AFT, ZHe and ZFT
thermochronometric ages over the climatically induced exhumation driven by west-east climatic gradients
(Blisniuk et al., 2005) over the last 15 Myr. This means that since the establishment of the orographic precip-
itation pattern across the Patagonian Andes (~16-14 Ma, Blisniuk et al., 2005), the windward (wet, western)
side of the orogen experienced less exhumation compared to the dry, but tectonically active side (this study;
Fosdick et al., 2013). This implies a small influence of W-E climatic gradients on the long-wavelength to-
pography and its amplitude during the last 15 Myr.

The Late Cenozoic cooling and the onset of glaciation at ~7-5 Ma (Mercer & Sutter, 1982; Ton-That
et al., 1999) in the study area was conducive to the creation of short-wavelength topography (e.g., U-shaped
valleys, hanging valleys, and cirques) observed today. While in numerous other glaciated orogens, Late
Cenozoic cooling appears to have been associated with an overall acceleration in exhumation (e.g., Berger
et al., 2008; Herman et al., 2013; Michel et al., 2018), we recorded long-term exhumation in our study area
predating glaciation on the valley scale (Figures 8c and 8d, 10, 12 and S6, cf., also Georgieva et al., 2016).
However, if we take into account the sparse remains of moraines (~49°S, Wenzens, 2006) and fluvioglacial
conglomerates (~45-46°S, Suarez et al., 2007) that suggest an earlier onset of glaciation at about 10 Ma
(Wenzens, 2006) or even extending back as far as the Middle Miocene (Suarez et al., 2007; ~12 Ma-R. De la
Cruz, M. Suarez, M. Fanning pers. comm. to Lagabrielle et al., 2010), the recorded long-term exhumation
might also be controlled to some extent by glaciation, although we are not able to resolve a signal of this in
the higher-temperature thermochronometric ages.
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Figure 12. Age-elevation relationships comparing observed and predicted thermochronometric ages for variable parabolic exhumation rates and durations.

The impact of glaciation on the exhumation history of the region is most evident in the lower-temperature
AHe data. More specifically, we find from simulations using uniform uplift and acceleration in exhumation
rates (Section 5.3.4) non-U-shaped, or almost flat lying, patterns of AHe ages (~130-290 km, Figure 2b)
that suggest a regional acceleration of exhumation rates occurred sometime in the last ~7-5 Myr, which is
coeval with the onset of glaciation. However, despite the regional acceleration in exhumation rates at this
time, more subtle spatial variations in glacial erosion may be present at the catchment scale. For example,
in the Leones Valley, model results detected a glacially induced change in topography, likely induced by
glacial incision during the last 5-3 Myr. The location of this accelerated exhumation (green parabola in
Figure 13b) coincides with a shift in the trend of mean and maximum local relief (dashed and solid red
lines in Figure 13b, respectively) and the mean and maximum elevations (dashed and solid black lines in
Figure 13b, respectively). We find that decreases in the mean and maximum elevations correspond with
increasing mean/maximum local relief (outlined by the orange ellipse in Figure 13). We interpret this as
another indication of a transient topographic signal resulting from disequilibrium between rock uplift and
glacial erosion (e.g., Brocklehurst & Whipple, 2007). However, in the future, as a consequence of this pro-
cess, both the relief and elevation of the study area will likely be reduced due to the tendency to concentrate
the mean elevation around the ELA, which is commonly referred to as the “buzzsaw effect” (e.g., Brozovi¢
et al., 1997; Mitchell & Montgomery, 2006; Shuster et al., 2011).

The previous discussion highlights that although tectonic processes are responsible for the formation of
long-wavelength topography and higher-temperature thermochronometric ages in this region, the initia-
tion of glaciation sometime in the last 7 Myr induced a change in the pattern of AHe ages. To quantify the
potential effect of glaciation on topography we applied the approach of Olen et al. (2012) to iteratively solve
for the range of linear topographic changes required to produce an improved fit (y* misfit <2) to the ob-
served AHe ages in the Leones Valley (Figure 14). This approach is based on the assumption that the entire
misfit between observed and predicted AHe ages is produced by changes in topography. Therefore, we use
the simplest geological scenario and simulate topographic change due to glacial erosion as a single event
(averaging all glacial cycles during the last 7 Myr). To do this, simulations were conducted in 3D with a
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Figure 13. Swath profile of the area east of the Chile Triple Junction with mean and maximum elevation and local
relief. (a) The predicted long-wavelength exhumation pattern (pink parabola, generated by our best-fit model, for
details see Section 5.3) represents the cumulative effect of thrusting (blue line, both solid, and dashed) and subsequent
strike-slip (red line, both solid and dashed) faulting during the last 15 Myr. Following previous thermokinematic
modeling studies (e.g., Lock & Willett, 2008; McQuarrie & Ehlers, 2017) we used the highest exhumation and lowest
reset thermochronometric ages (see also Figures 2b and 2c and Section 6.1) to infer thrust geometry, that is, location
of the deep-seated ramp(s?), shown in the blue dashed line) in the study area. (b) The predicted short-wavelength
exhumation pattern (green line) represents the long-term erosional response at the valley scale to regional tectonic
activity. A glacially induced transient topographic signal is represented by the shift in the elevation and relief trends
(orange ellipse, see also Section 6.3 for details). The distribution of the mean and maximum local relief are created by
calculating the maximum difference in elevation within a 5 km diameter moving window (for details see also Adams
& Ehlers, 2017). The modern and Last Glacial Maximum (LGM) equilibrium-line altitude (ELA) are from Rivera

et al. (2007).

parabolic background (tectonically driven) maximum exhumation rate of 0.5 mm/yr for the initiation phase
prior to 7 Ma. From 7 Ma to the present, we imposed uniform background (tectonically driven) exhumation
rates between 0.2 and 0.5 mm/yr. All simulations were conducted with a basal temperature of 700°C, and
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Figure 14. Model results for simulations considering paleotopographic change from 7 Ma to the present. Simulations follow the iterative topographic
inversion approach of Olen et al. (2012) and build upon the best-fit simulations presented in previous Sections 5.3.3 and 5.3.4. (a) Present day topography and
AHe sample locations used in simulations. (b) Reconstructed paleotopographies at 7 Ma required to minimize the misfit to observed AHe ages for different
background exhumation rates (see text for discussion of unrealistic paleotopographies shown). (c) Predicted and observed present-day AHe age-elevation
relationships for different background exhumation rates. The shape and slope of each model prediction vary depending on the evolution of paleotopographies
shown in part (b) toward present-day. (d) Predicted and observed present-day apatite fission track (AFT) age-elevation relationships for paleotopographic

change scenarios shown in part (b).

thermophysical properties identical to those used in previous simulations (see Section 5.3.4). Thus, the only
parameter changing in these simulations was the uniform background exhumation rate.

It should be noted that in this type of approach, there is a non-uniqueness in predicting AHe ages implying
that the observed AHe ages could be equally well explained either by higher uniform background exhu-
mation rates and lower changes in topography or lower uniform exhumation rates and higher changes in
topography. Thus, all of the resulting paleotopographic profiles shown in Figure 14b fit the observed AHe
ages, but some make more geologic/geomorphic sense than others. For example, at a uniform background
exhumation rate of 0.2 mm/yr (slower than the 0.5 mm/yr suggested in previous sections prior to 7 Ma)
an unrealistic paleotopographic high of ~15 km elevation is required to produce high enough exhumation
rates to minimize misfits to the AHe data. In contrast, at a higher background exhumation rate of 0.5 mm/
yr (equal to the best-fit exhumation rate prior to 7 Ma suggested in previous sections) a smaller topographic
change (on the order of ~100 m) is required to minimize the AHe age misfit. Both scenarios (0.2 vs. 0.5 mm/
yr uniform background exhumation rate) produce reasonable AHe age-elevation relationships within sam-
ple uncertainties (Figure 14c).

It is challenging to narrow down which topographic change and uniform background exhumation rate
scenario are most likely because the signal of paleotopography in the AHe ages is weak, and can almost
be fitted by constant exhumation of 0.5 mm/yr over the last 7 Myr with steady-state topography (Fig-
ure 14b, yellow curve). The non-uniqueness in solutions can be addressed by looking at thermochronom-
eter systems with higher closure temperature such as AFT (Figure 14d). For the topographic reconstruc-
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tions presented in Figure 14b, only those with a uniform background (tectonically driven) exhumation
rates of 0.5 mm/yr and 0.4 mm/yr provide the best fit to AFT ages within sample uncertainties. As a
result, we propose the two following scenarios: (a) uniform background exhumation rates from 7 Ma to
present either stayed the same as before 7 Ma and minor (on the order of 100 m, yellow curve, Figure 14b)
changes in topography occurred from accelerated glacial erosion rates. Alternatively, (b) exhumation
rates from 7 Ma to present were slightly decreased (from 0.5 to 0.4 mm/yr) and topography decreased by
about 4.9 km (orange curve, Figure 14b) from 7 Ma to present due to significantly enhanced erosion rates
from glaciation. We consider the later scenario (b) more likely (a decrease in tectonically driven back-
ground rock uplift) because as discussed previously, other lines of geologic evidence suggest a decrease
in tectonic processes contributing to rock uplift in the last 7 Myr and a change in deformation style from
thrust faulting toward more transpressive behavior.

In summary, taking the higher- and lower-temperature data together, we find that long- and short-wave-
length exhumational pattern and topography were controlled by the long-term erosive response to varia-
tions in regional tectonics that predated glaciation. It is noteworthy that our exhumation rates are averaged
over timescales of 10°~10 years and could contain shorter exhumation pulses which are not resolvable (e.g.,
S. D. Willett et al., 2020). Such pulses could be potentially driven by the regional and local climate varia-
tions and may be expressed only locally, such as observed in the Leones Valley (1-3 Myr long pulses). This
is consistent with previous studies (Ramos & Ghiglione, 2008) favoring the hypothesis of a strong tectonic
influence on exhumation and topography development in the Southern Patagonian Andes. Thus, although
this study supports that Pleistocene glaciation recently enhanced erosion rates (e.g., Herman et al., 2013;
S. D. Willett et al., 2020), we find that the large-scale spatial pattern of exhumation and long-wavelength
topography primarily reflect tectonic processes.

7. Conclusions

The new AHe, AFT, ZHe, and ZFT data, and 3D thermo-kinematic modeling results presented in this
study quantify long-term and short-term changes in exhumation rates and topography during the last
15 Myr in the Southern Patagonian Andes at 46.5°S. Our new data and numerical model results suggest
that an observed spatial gradient in AFT, ZHe, ZFT thermochronometric ages requires a 100 km-wide
parabolic-shaped regional exhumation pattern with an average maximum rate of 0.5 mm/yr located in
the vicinity of the Northern Patagonian Ice field and active during the last 15 Myr. Our exhumation
pattern coincides spatially and temporally with thrusts and strike-slip faults associated with the Lig-
uifie-Ofqui Fault and likely records thrust- and transpression-related rock uplift coupled with surface
processes in the retro-wedge domain. Furthermore, our modeling study shows that tectonically induced
rock uplift drove the development of the long-wavelength topography and created high elevation topog-
raphy during the last 15 Myr.

Analysis of the low-temperature AHe thermochronometric data and numerical simulations demonstrate
that glaciers caused an up to twofold (from the preglacial rate of 0.5 mm/yr to 1.0 mm/yr) increase in av-
erage regional and spatially uniform exhumation rates during the last 7-3 Myr. Locally, on the valley scale
(Leones Valley), our findings reveal that the youngest AHe ages (<5 Ma) record transient glacial erosion
rates that may be up to 2.2 mm/yr, demonstrating an up to fourfold increase in erosion rates during the last
5-3 Myr.

Similar to results from studies in other mountain ranges worldwide, we find that the most efficient glacial
erosion occurred near the ELA. In contrast to the pre-glacial exhumation phase, glacial erosion rates caused
a regional acceleration in exhumation. In addition, our high data density allows us to conclude that short-
er-wavelength (valley scale) spatial variations in accelerated erosion are superimposed upon this regional
trend in local areas (Leones Valley).
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