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Abstract

Deep incised glacial valleys surrounded by high peaks form the modern topography of the Southern Patagonian Andes. Two
Miocene plutonic complexes in the Andean retroarc, the cores of the Fitz Roy (49°S) and Torres del Paine (51°S) massifs, were
emplaced at 16.74£0.3 Ma and 12.5£0.1 Ma, respectively. Subduction of ocean ridge segments initiated at 54°S, generating
northward opening of an asthenospheric window with associated mantle upwelling and orogenic shortening since 16 Ma. Sub-
sequently, the onset of major glaciations at 7 Ma caused drastic changes in the regional topographic evolution. To constrain
the respective contributions of tectonic convergence, mantle upwelling and fluvio-glacial erosion to rock exhumation, we present
inverse thermal modeling of a new dataset of zircon and apatite (U-Th)/He from the two massifs, complemented by apatite
4He/3He data for Torres del Paine. Our results show rapid rock exhumation recorded in the Fitz Roy massif between 10.5 and
9 Ma, which we ascribe to mantle upwelling and/or crustal shortening due to ridge subduction at 49°S. Both massifs record a
pulse of rock exhumation between 6.5 and 4.5 Ma, which we interpret as the result of the onset of Patagonian glaciations. After
a period of erosional quiescence during the Miocene/Pliocene transition, increased rock exhumation since 3-2 Ma to present

day is interpreted as the result of alpine glacial valley carving promoted by reinforced glacial-interglacial cycles. This study



demonstrates that along-strike thermochronological studies provide us with the means to assess the spatio-temporal variations

in tectonic, mantle, and surface processes forcing on rock exhumation.

Hosted file

962417 _0_table_10949410_rs17ss.docx available at https://authorea.com/users/614863/articles/
641536-geodynamic-and-climatic-forcing-on-late-cenozoic-exhumation-of-the-southern-
patagonian-andes-fitz-roy-and-torres-del-paine-massifs


https://authorea.com/users/614863/articles/641536-geodynamic-and-climatic-forcing-on-late-cenozoic-exhumation-of-the-southern-patagonian-andes-fitz-roy-and-torres-del-paine-massifs
https://authorea.com/users/614863/articles/641536-geodynamic-and-climatic-forcing-on-late-cenozoic-exhumation-of-the-southern-patagonian-andes-fitz-roy-and-torres-del-paine-massifs
https://authorea.com/users/614863/articles/641536-geodynamic-and-climatic-forcing-on-late-cenozoic-exhumation-of-the-southern-patagonian-andes-fitz-roy-and-torres-del-paine-massifs

0NN N W —

11
12
13

14
15
16

17
18

19

20
21

22

23
24

25
26

27
28

29
30

Geodynamic and climatic forcing on late-Cenozoic exhumation of the
Southern Patagonian Andes (Fitz Roy and Torres del Paine massifs)

Veleda A.P. Muller'?, Christian Sue2’3, Pierre G. Vallaz, Pietro Sternai', Thibaud
Simon-Labric**, Cécile Gautheron™, Kurt Cuffey®, Djordje Grujic’, Matthias Bernet’,
Joseph Martinodz, Matias C. Ghigliones, Peter Reiners9, Chelsea WillettG, David
Shuster6, Frédéric Hermanlo, Lukas Baumgartnern, Jean Braun®'*"?

" Dipartimento di Scienze dell’ Ambiente e della Terra (DISAT), Universita degli Studi di
Milano-Bicocca, Piazza della Scienza 4, Milan, Italy.

*Institute des Sciences de la Terre (ISTerre), Université Grenoble Alpes, Université Savoie
Mont Blanc, CNRS, IRD, IFSTTAR, Université Gustave Eiffel, Grenoble — Chambery,
France.

3 Université de Franche-Comté, 25000 Besancon, France
* Centre de Géologie Oisans Alpes, Musée des Minéraux, 38520 Bourg-d'Oisans, France
> Université Paris Saclay, CNRS, GEOPS, 91405, Orsay, France.

% Department of Geography, Department of Earth and Planetary Science, University of
California — Berkeley, USA

7 Department of Earth and Environmental Sciences, Dalhousie University, Halifax, Canada.

¥ Instituto de Estudios Andinos “Don Pablo Groeber”, Universidad de Buenos Aires,
CONICET, Buenos Aires, Argentina

? Department of Geosciences, University of Arizona, Tucson, USA

' Institute of Earth Surface Dynamics (IDYST), Université de Lausanne, CH-1015 Lausanne,
Switzerland

" Institut des Sciences de la Terre (ISTE), Université de Lausanne, CH-1015 Lausanne,
Switzerland

2 Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Potsdam,
Germany

13 Institute of Earth and Environmental Sciences, University of Potsdam, Potsdam, Germany

Corresponding author: Veleda Muller, v.paivamuller@campus.unimib.it

Key Points:

. Apatite and Zircon (U-Th)/He data record the opening of the asthenospheric window
at latitude 49°S in the Fitz Roy massif.
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. Along-strike correlations of low-temperature thermochronology data enable to

separate climate and tectonic forcing on rock exhumation in the Patagonian Andes.
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Abstract

Deep incised glacial valleys surrounded by high peaks form the modern topography of
the Southern Patagonian Andes. Two Miocene plutonic complexes in the Andean retroarc, the
cores of the Fitz Roy (49°S) and Torres del Paine (51°S) massifs, were emplaced at 16.7+£0.3
Ma and 12.5+0.1 Ma, respectively. Subduction of ocean ridge segments initiated at 54°S,
generating northward opening of an asthenospheric window with associated mantle upwelling
and orogenic shortening since 16 Ma. Subsequently, the onset of major glaciations at 7 Ma
caused drastic changes in the regional topographic evolution. To constrain the respective
contributions of tectonic convergence, mantle upwelling and fluvio-glacial erosion to rock
exhumation, we present inverse thermal modeling of a new dataset of zircon and apatite (U-
Th)/He from the two massifs, complemented by apatite “He/’He data for Torres del Paine.
Our results show rapid rock exhumation recorded in the Fitz Roy massif between 10.5 and 9
Ma, which we ascribe to mantle upwelling and/or crustal shortening due to ridge subduction
at 49°S. Both massifs record a pulse of rock exhumation between 6.5 and 4.5 Ma, which we
interpret as the result of the onset of Patagonian glaciations. After a period of erosional
quiescence during the Miocene/Pliocene transition, increased rock exhumation since 3-2 Ma
to present day is interpreted as the result of alpine glacial valley carving promoted by
reinforced glacial-interglacial cycles. This study demonstrates that along-strike
thermochronological studies provide us with the means to assess the spatio-temporal
variations in tectonic, mantle, and surface processes forcing on rock exhumation.

1. Introduction

Orogens that form along subduction and continental collision zones grow and evolve
according to a long-term balance between incoming flux by tectonic accretion and outgoing
flux by climate-driven erosion (Dahlen, 1990; Ruddiman et al., 1997; Willett, 1999; Willett et
al., 2001; Beaumont et al., 2001; Egholm et al., 2009; Whipple, 2009). Compression is
primarily accommodated by folds, nappes stacking, thrusts, and transpressive faults, that lead
to lithospheric shortening and thickening as well as to surface uplift (Dahlen, 1990; Willett,
1999). At depths, lithospheric slab subduction and upper mantle dynamics modulate the stress
and thermal states of the crust, thereby affecting rock and surface uplift (e.g., Molnar et al.,
1993; Heuret and Lallemand, 2005; Conrad and Husson, 2009; Guillaume et al., 2010;
Faccena et al., 2013; Sternai et al., 2019). At the surface, erosion shapes the relief of orogens,
exhuming rocks and generating sediments, which subsequently fill topographic depressions,
i.e., basins (England and Molnar, 1990; Whipple and Tucker, 1999; Willett, 1999;
Brocklehurst, 2010; Whipple, 2009; Champagnac et al., 2014). Climate-controlled erosion
and lithospheric/deep-seated processes are intrinsically linked and operate at various spatial
and temporal scales, and quantifying their relative contributions to rock exhumation and
landscape evolution in orogenic settings is of prime importance in current geoscience

research.
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The erosional mass outflux from glaciated orogens largely depends on the partitioning
between glacial processes that widen and deepen valleys (Brocklehurst and Whipple, 2006;
Shuster et al., 2005, 2011; Herman et al., 2011, 2018; Sternai et al., 2011, 2013), and fluvial
erosion, which is primarily controlled by the local slope, water discharge, and rock erodibility
(Willett, 1999; Whipple and Tucker, 1999; Braun and Willett, 2013). The global cooling
during the late Cenozoic and associated onset of glaciations generated cyclic shifts in
fluvial/glacial erosional processes with associated transience in mountain landscape and
surface uplift (Peizhen et al., 2001; Molnar, 2004; Egholm et al., 2009; Koppes and
Montgomery, 2009; Valla et al., 2011; Herman et al., 2013, 2018). At orogenic scale, the
glacier’s Equilibrium Line Altitude (ELA) may limit the elevation of glaciated mountain
ranges, independent of the tectonic uplift rate (Montgomery et al., 2001; Egholm et al., 2009).
Other studies, however, suggested that tectonic uplift modulates both fluvial and glacial
erosion rates in orogens (Koppes and Montgomery, 2009). The impact of glacial erosion on
the elevation and topographic relief of mountain ranges is complex and depends on factors
such as bedrock physical properties, pre-glacial mountain topography, basal ice thermal
regime, etc. (e.g., Sternai et al., 2013; Pedersen and Egholm, 2013, and references therein).
The basal thermal regime of ice masses, in particular, modulates glacial erosion rates such
that wet and warm-based glaciers are more prone to generate glacier sliding and higher
erosion rates (e.g., Pedersen and Egholm, 2013), whereas dry and cold-based glaciers shield
the underneath bedrock from erosion, allowing topographic growth by tectonic rock uplift
(e.g., Thomson et al., 2010).

The typical steep and high topographic relief of glaciated mountain belts, with deeply
incised valleys, exposes lithospheric bedrock from various crustal depths. Generally,
crystalline rocks (i.e., magmatic and metamorphic rocks) offer a higher resistance to erosion
compared to soft rocks (i.e., volcano-sedimentary rocks), and tend to form prominent peaks in
alpine settings (Egholm et al., 2009; Shuster et al., 2011; Champagnac et al., 2014). Low-
temperature thermochronological bedrock ages vary systematically with elevation, low
elevation rocks being more recently exhumed. Age-elevation relationships, thus, allow
estimating regional exhumation rates (Wagner and Reimer, 1972; Wagner et al., 1979;
Fitzgerald and Gleadow, 1988; Fitzgerald et al., 1995; Braun, 2002; Reiners and Brandon,
2006) and provide useful information to unravel the exhumation history of orogenic regions
and the balance between regional erosion and tectonic uplift (Willett et al., 2001; Spotila,

2005; Tomkin and Roe, 2007; Berger et al., 2008).
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In the Southern Patagonian Andes, glacial landscapes and related sedimentary deposits
were proposed to reflect the onset of major glaciations in the latest Miocene (at 7 Ma; Mercer
and Sutter, 1982; Zachos et al., 2001; Thomson et al., 2001, 2010; Rabassa, 2008; Lagabrielle
et al., 2010; Georgieva et al., 2016, 2019; Christeleit et al., 2017; Willett et al., 2020; Ronda
et al. 2022). Currently, the Northern Patagonian (46—47°S), the Southern Patagonian (SPI,
48-52°S) and the Cordillera Darwin (54°S) icefields are located along the strike of the
internal domain of the orogen. Our study focuses on the eastern proximity of the SPI, where
mountain peaks rise above the current glaciers’ ELA, which has been oscillating between 0.5
and 2 km above sea level since the Last Glacial Maximum (~21 ka, Broecker and Denton,
1990; Davies, 2020). Miocene plutonic complexes that intrude deformed Mesozoic
sedimentary rocks constitute most of these high peaks, which are surrounded by steep valleys
close to the ice fields, and gentle valleys towards the eastern continental foreland (Ramirez de
Arellano et al., 2012; Fosdick et al., 2013). The entire region is lying above an asthenospheric
window (Fig. 1), currently originating around the Chile Triple Junction (CTJ, at 46°S) where
the Nazca, Antarctic and South American plates meet (Cande and Leslie, 1986; Breitsprecher
and Thorkelson, 2009). The asthenospheric window opened through subduction of spreading
ocean ridge segments approximately parallel to the trench. Ocean ridge collision with the
subduction trench likely generated compressive deformation and tectonic uplift in the orogen,
migrating northward from an initial collision around 54°S at 16 Ma to about 49°S at 12 Ma,
and 47°S at 3 Ma (Fig. 1) (Cande and Leslie, 1986; Thomson et al., 2001; Ramos, 2005;
Haschke et al., 2006; Lagabrielle et al., 2010; Breitsprecher and Thorkelson, 2009; Guillaume
et al., 2009, 2013; Scalabrino et al., 2010; Fosdick et al., 2013; Stevens Goddard and Fosdick,
2019; Georgieva et al., 2016, 2019). Mantle upwelling during ocean ridge subduction is
expected to have generated long-wavelength dynamic surface uplift and lateral tilting of the
continent, following the northward motion of the CTJ (Guillaume et al., 2009; 2013).

In this study, we present new low-temperature thermochronological datasets from two
of the most emblematic massifs of the Southern Patagonia Andes: the Fitz Roy (FzR, 49°S)
and Torres del Paine (TdP, 51°S) (Figs. 1-4). These two regions are located south of the CT]J,
and thus may have recorded the earlier effects of northward ridge subduction and
asthenospheric window opening besides those of late Cenozoic glaciation (Thomson et al.,
2001; Ramos, 2005; Guillaume et al., 2009, 2013; Fosdick et al., 2013; Georgieva et al., 2016,
2019; Christeleit et al., 2017; Stevens Goddard and Fosdick, 2019; Willett et al., 2020; Ronda
et al., 2022). They are also located far away from the damage areas of the Liquifie-Ofqui and

the Magallanes-Fagnano strike-slip fault zones, enabling us to dismiss any potential effect on
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the regional exhumation and/or thermal impact associated to these major transcurrent
structures (Thomson et al., 2001; Lagabrielle et al., 2010; Guillaume et al., 2013). Because
these two massifs are located 200 km apart along the strike of the orogen, their comparative
study also enables us to interpret their local and/or regional exhumation histories including
transient processes. Our main goal is to decipher the partitioning between geodynamic- and

climate-driven processes to rock exhumation in the Southern Patagonian Andes.
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Figure 1. Geodynamic context of the Southern Patagonian Andes. The orange region represents the current
asthenospheric window, the Chile Triple Junction (CTJ, black circle) is located where the ocean Chile Ridge is
currently subducting beneath the South American Plate. The black and gray lines between the Nazca and the
Antarctic plates are the present day, and the ancient positions (at ~16 and ~12 Ma), respectively, of the spreading
ocean ridges and transform faults separating the oceanic plates (Breitsprecher and Thorkelson, 2009). The gray
arrows show the velocity and approximate direction of subduction of the Nazca and Antarctic plates (DeMets et
al., 2010). Red triangles show Quaternary volcanoes (Global Volcanism Program, 2023). Low-temperature
thermochronometric data presented in this study are from the Torres del Paine (TdP) and Fitz Roy (FzR) massifs
(yellow circles), located on the eastern border of the Southern Patagonian Icefield (SPI, white line). The blue line
delimits the ice-covered region during the Last Glacial Maximum (LGM) at ~21 ka (adapted from Thorndycraft
et al., 2019). Other abbreviations: NPI: Northern Patagonian Icefield, CDI: Cordillera Darwin Icefield, MFFZ:
Magallanes-Fagnano Fault Zone, LOFZ: Liquifie-Ofqui Fault Zone.
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2. Geological context
2.1. Geodynamic setting

The FzR and the TdP massifs are located in the retroarc of the Southern Patagonian
Andes, to the east of the N-S oriented drainage divide. Furthermore, these satellite plutons are
outside of the Southern Patagonian Batholith (SPB) domain, which concentrate the locus of
Late Jurassic to Miocene subduction-related magmatism intruding Paleozoic metamorphic
complexes (Hervé et al., 2007). The amalgamation of the continental block bearing the SPB
with the South American continent occurred in the Late Cretaceous through the closure of the
ocean-floored backarc Rocas Verdes Basin (Calderon et al., 2012; Maloney et al., 2013;
Muller et al., 2021). Ensuing crustal shortening and thickening in the retroarc led to foreland
subsidence, and deposition of marine siliciclastic basal deposits of the Magallanes-Austral
foreland basin (Fildani et al., 2003; Fosdick et al., 2011; Malkowski et al., 2017). After the
break-up of the Farallon Plate into the Nazca and the Cocos plates at ~25 Ma, the increase in
convergence velocity generated eastward thrust propagation into the foreland basin, forming
the N-S oriented Patagonian fold-and-thrust belt (Figs. 2 and 3; Sudarez et al., 2000; Kraemer,
2003; Ghiglione et al., 2009; Fosdick et al., 2011, 2013; Betka et al., 2015). Small Miocene
plutonic complexes intruded the Patagonian fold-and-thrust belt, distributed for 800 km along
the strike of the orogen (Ramirez de Arellano et al., 2012). In the FzR massif, the Chaltén
Plutonic Complex (49°S) is composed of granitic to gabbroic rocks crystallized between
16.9+0.05 and 16.4+0.02 Ma (Ramirez de Arellano et al., 2012). Hornblende-
thermobarometry from this plutonic complex indicates magmatic emplacement at 8-10 km
depth and exhumation to 6-4 km depth during the syn-magmatic phase (Ramirez de Arellano,
2011). Currently, this plutonic complex is exposed, for example, in the Mount Fitz Roy (3405
m a.s.l.) and Cerro Torre (3128 m a.s.l.) (Fig. 2). The Torres del Paine Plutonic Complex,
located at 51°S, is a laccolith with feeder dikes of granitic to gabbroic composition, emplaced
at 2-4 km depth, as constrained from contact-metamorphic assemblages such as prehnite-
anorthite (Putlitz et al., 2001), and crystallized between 12.4 £0.006 Ma and 12.6 +£0.009 Ma
(Leuthold et al., 2012). The culminant peaks of the TdP massif are the Cerro Paine Grande
(2884 m a.s.l), composed of Late Cretaceous metasedimentary siliciclastic rocks

encompassing the pluton, and the granitic Torre Central (2460 m a.s.l., Fig. 3).
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Figure 2. Geological map of the Fitz Roy massif (FzR), Argentina (modified from SEGEMAR, 2011,
background satellite image is from ©Google Earth), with sample locations. Major topographic peaks are
indicated by red triangles, samples for (U-Th)/He thermochronometry are located by black circles (apatite) and
diamonds (zircon). See Figure 1 for location within the Southern Patagonian Andes.

The older and faster Nazca Plate subduction with respect to the Antarctic Plate
generated a much longer Nazca slab than the Antarctic slab (DeMets et al., 2010; Hayes et al.,
2018), with space for mantle upwelling in an asthenospheric window beneath Southern
Patagonia (Fig. 1; Cande and Leslie, 1986; Ramos and Kay, 1992; Lagabrielle et al., 2004,
2007; Ramos, 2005; Breitsprecher and Thorkelson, 2009). Between 12 and 6 Ma, the
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asthenospheric window broadened between latitudes 51 and 48°S, and dynamic surface uplift
related to the asthenospheric flow was estimated to ~800 m (Guillaume et al., 2009). Around
the current latitude of the CTJ (46-47°S) tectonic deformation and asthenospheric upwelling
due to ocean ridge subduction are proposed as mechanisms forcing rock exhumation between
10 and 3 Ma (Thomson et al., 2001; Lagabrielle et al., 2004, 2007, 2010; Guillaume et al.,
2009; Georgieva et al., 2016, 2019). However, its synchronicity with the onset of glaciations
in Patagonia makes it difficult to separate the climate-driven from the tectonic-driven
mechanisms forcing on rock exhumation (Thomson et al., 2001, 2010; Georgieva et al., 2016,
2019; Christeleit et al., 2017; Willett et al., 2020; Ronda et al. 2022). Our study region located
more than 300 km south of the current CTJ offers the opportunity of analyzing a sector of the
Patagonian Andes where the climate-driven and the tectonic-driven signals must not be
coincident in time (Fosdick et al., 2013; Stevens Goddard and Fosdick, 2019). Magmatic
effects of ridge subduction include the cessation of arc volcanism (Ramos, 2005), and
extensive plateau basaltic volcanism recording the opening of the asthenospheric window
(Ramos and Kay, 1992; Gorring et al., 1997; Guivel et al., 2006; Breitsprecher and
Thorkelson, 2009). Amongst the six Quaternary volcanoes of the Austral Andes Volcanic
Zone (Stern et al., 1984; Global Volcanism Program, 2023), the closest Lautaro (49°S) and
Reclus (51°S) volcanoes are located more than 20 km away from the study regions (Fig. 1),
which leads us to assume negligible thermal influence from recent volcanism on the

investigated FzR and TdP massifs.
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Figure 3. Geological map of the Torres del Paine massif (TdP), Chile (modified from Fosdick et al., 2013,
background satellite image from ©Google Earth), with sample locations. Major topographic peaks are indicated
by red triangles, samples for apatite (U-Th)/He thermochronometry are located by colored circles (see legend for
details). See Figure 1 for location within the Southern Patagonian Andes.

2.2. Paleoclimatic setting and regional exhumation record

The Southern Patagonian Andes are approximately perpendicular to the main wind
trend dominated by the Westerlies, thus acting as an orographic barrier since at least the early

Miocene (Blisniuk et al., 2006; Fosdick et el., 2013). As a result, the precipitation rates are

9
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higher than 4000 mm/yr on the windward side of the orogen, where the SPB is located,
whereas the region located to the east of the topographic divide, including the FzR and the
TdP massifs, is in a rain shadow (Blisniuk et al., 2006; Fosdick et al., 2013; Herman and
Brandon, 2015). Low-temperature thermochronological ages (apatite and zircon (U-Th)/He
and fission tracks) from the SPB range from 60 to 10 Ma, being generally younger eastward,
and were interpreted to reflect an eastward migration of the topographic divide and
exhumation front (Thomson et al., 2001; 2010). Within the Patagonian fold-and-thrust belt,
including the TdP massif, recorded cooling ages range between 22 and 10 Ma ascribed to
erosional exhumation during thrusting, and between 7 and 3 Ma ascribed to climate-driven
exhumation mainly associated to glacio-fluvial erosion (Thomson et al., 2010; Fosdick et al.,
2013; Herman and Brandon, 2015; Christeleit et al., 2017; Willett et al., 2020; Ronda et al.,
2022). There are no low-temperature thermochronological ages younger than 3 Ma in the
area, thus limiting our knowledge of the most recent exhumation history in the region.

The onset of Patagonian glaciations at around 7 Ma is supported by sedimentary and
geomorphologic evidence, including glacial troughs, striations and moraine deposits up to 100
km eastward distant from the sediment sources (Mercer and Sutter, 1982; Zachos et al., 2001;
Singer et al., 2004; Rabassa et al., 2005; 2011; Lagabrielle et al., 2010). In the CTJ region,
thermochronological ages of 4-3 Ma were associated with both changing glacial/interglacial
cycles, and faulting due to spreading ridge and transform faults interaction with the orogen
(Thomson et al., 2001; Lagabrielle et al., 2010; Scalabrino et al., 2010; Georgieva et al., 2016;
2019; Willett et al., 2020; Ronda et al., 2022). The maximum extent of the cordilleran ice
sheet (during the so-called Great Patagonian Glaciation) has been dated at ~1 Ma, and was
followed by glacial episodes that reveal a gradual shrinking of the ice cover (Kaplan et al.,
2004; Singer et al., 2004; Hein et al., 2011). During the Last Glacial Maximum, the region
between 38 and 56 °S formed the Patagonian Ice Sheet (Fig. 1; Kaplan et al., 2004; Glasser
and Jansson, 2008; Davies and Glasser, 2012; Thorndycratf et al., 2019; Davies, 2020). An
orogen-scale southward increase in thermochronological ages south of 49 °S was interpreted
as a decrease in the long-term erosional efficiency due to bedrock shielding by cold-based
glaciers at high latitudes (Thomson et al., 2010). However, the effects of cold-based glaciers
on long-term bedrock exhumation, and whether topographic relief in the Southern Patagonian
Andes may surpass the glacier’s ELA due to bedrock protection, are still discussed (Egholm
et al., 2009; Thomson et al., 2010).
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3. Materials and Methods
3.1. Sample locations and processing

Sampled bedrock outcrops are distributed within the FzZR and TdP massifs, with a
sampling strategy along elevation profiles when possible (Figs. 2-4). The FzR profile covers
660 m elevation (Figs. 2, 4a and 5a) over 3-4 km of horizontal distance of magmatic rocks of
the Chaltén Plutonic Complex. We collected 7 samples for apatite (U-Th)/He (AHe) dating
and 4 samples for zircon (U-Th)/He (ZHe) dating (Tables 1-2). In the TdP massif, AHe
samples were collected from three sectors (Central, North and West, Figs. 3 and 4b,c), with 2
samples from the Central sector also having apatite *He/’He data (Fig. 5b, Tables 3a-c and
S1). The Central sector covers 1600 m elevation over 15 km of horizontal distance, while the
West and North sectors extend over 630 m and 550 m elevation respectively (Figs. 3 and 4c).
The Central sector is comprised of 15 magmatic samples from the Torres del Paine Plutonic
Complex and 2 metasedimentary samples from the Patagonian fold-and-thrust belt located
near the Nordenskjold Lake (Figs. 3 and 4b). The West sector is comprised of 3 samples of
metasedimentary rocks near the Grey and Tyndall lakes, whereas the North sector has 2
samples of metasedimentary rocks near the Dickson Lake (Figs. 3 and 4c).

Apatite and zircon crystals were extracted from bedrock samples using crushing
followed by standard magnetic and heavy-liquid separation techniques (Kohn et al., 2019).
For apatite, preparation included selection of crystals with euhedral shape, equivalent

spherical radius between 30 and 100 um (Tables 2 and 3), and absence of inclusion.
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Figure 4. Samples spatial distributions within the FzR and TdP study regions. a) Fitz Roy massif and
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sample labels with AHe data from the Central sector (white circles, b-c), and from the North (blue circles, b-c)
and the West (green circles, b-c) sectors.
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3.2. AHe and ZHe thermochronology data

Both methods used in this study (ZHe and AHe dating) are based on *He production
and accumulation within a crystal coming from alpha radioactive decay of the parent nuclides
28y, 2°U, #°Th, and "'Sm (Zeitler et al., 1987; Farley, 2002). Helium being a gas, it
accumulates in a crystal depending on the diffusion coefficient, crystal size, and broken tips
(e.g., Reiners and Farley, 2001; Brown et al., 2013). He diffusion in apatite and zircon is
strongly controlled by radiation damage that accumulates in crystals with time (Shuster et al.,
2006; Reiners, 2005). In consequence, He retention is complex and the associated effective
closure temperature (T.) and partial retention zone (PRZ) vary with damage dose production
and annealing through time (Dodson, 1973). The T.represents the temperature where 50% of
the produced He atoms are retained in a crystal structure for a monotonic cooling, and the He-
PRZ is the zone between 10 and 90% of the produced retained He atoms. Those notions are
purely mathematic formulations but illustrate the temperature sensitivity of a
thermochronological system. As a result, (U-Th)/He age varies depending on the crystal size,
U and Th content (Farley, 2002; Reiners, 2005), and chemical composition for apatite
(Gautheron et al., 2013). For apatite, the He-PRZ increases with damage dose from 40 to 120
°C (Shuster et al., 2006; Gautheron et al., 2009; Flowers et al., 2009; Djimbi et al., 2015).
Whereas for zircon, the He-PRZ increases with radiation damage from 100 to 200 °C
(Guenthner et al., 2013; Gautheron et al., 2020; Gérard et al., 2022) until a threshold and
decreases up to a temperature <100 °C (Ketcham et al., 2013; Guenthner et al., 2013).

For apatite, He diffusion algorithms exist that take into account damage production
and annealing, and here we used the model of Flowers et al. (2009). This model was chosen
because the radiation damage present in the apatite crystal of our study is relatively low, as
the plutonic rocks are young (16.740.3 Ma, Ramirez de Arellano et al., 2012). For zircon
from the FzR plutonic complex, we used an adapted He diffusion coefficient, with He
diffusion parameters calculated based on Gautheron et al. (2020), taken into account the
plutonic rock age and U-Th content (Tables 1 and S2). The calculated closure temperature of
the ZHe system ranges between ~87 and ~108 °C for the FzR samples (See Supplementary
Material and Table S2 for details).

AHe thermochronometry was performed following standard procedures (House et al.,
2000) at the ARHDL of University of Arizona (USA) for magmatic samples of TdP, and at
the Berkeley Geochronology Center (USA) for metasedimentary samples of TdP and *He/°’He
data. AHe thermochronometry of FzR magmatic samples was performed in the GEOPS
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Laboratory in the Paris-Saclay University (Paris, France), and ZHe thermochronometry was
performed in the UTHHE Laboratory of Dalhousie University (Halifax, Canada) following
the methods of Reiners et al. (2004, 2005). Full analytical details for ZHe, AHe and *He/’He

data production are given in the Supplementary Material.

3.3. Inverse thermal modeling

We used inverse thermal modeling to interpret our new AHe and ZHe data in terms of
bedrock cooling histories, and eventually to estimate the timing and spatial differences in
exhumation histories between the TdP and FzR massifs. To this aim, we used the QTQt
model (Gallagher, 2012), which is based on a Bayesian Markov-Chain Monte-Carlo approach
to statistically explore different temperature-time (T-t) paths for multiple samples distributed
along an elevation profile. For predicting *He diffusion in an apatite or zircon crystal, the
model uses the raw contents of ***U, **Th and '*’Sm, and the equivalent spherical radius
calculated from crystal measurements in the laboratory (Tables 1-3). For AHe data, we used
the *He diffusion kinetic parameters from the radiation damage and annealing model of
Flowers et al. (2009). For ZHe data, we estimated and input the *He diffusion parameters
(activation energy, E,, and diffusion coefficient, D) for each individual zircon crystal to
further investigate He diffusion in zircon (see Supplementary Material and Table S2 for
details; Gérard et al., 2022). Then, we conducted several thermal QTQt inversions for FzR
massif and TdP sectors (Central, West and North sectors, Fig. 4) with shared input modeling
parameters in QTQt. First, we prescribed a geothermal gradient of 35+10 °C/km, according to
the 70-90 mW/m’ regional thermal flow predicted by Avila and Davila (2018). The
geothermal gradient is allowed to vary with time within the 35+10 °C/km range, and no
reheating was allowed due to the lack of evidence for reheating event in the study FzR and
TdP regions during the late Miocene to Plio-Quaternary (Ramirez de Arellano et al., 2012).
We considered an atmospheric lapse rate of 6+2 °C/km, and a present-day surface
temperature of 1£1 °C to ensure model simulations reaching surface temperature for modern
conditions (all sample locations have mean annual surface temperature below or around 0
°C). We also constrained the initial thermal constraints based on pluton crystallization ages,
using temperature-time constraints of 27525 °C (i.e. well hotter than respective T of the
ZHe and AHe systems), and 16+1 Ma and 12+1 Ma for the FzR and TdP (Central sector)
massifs, respectively. For the metasedimentary samples (West and North sectors of TdP

massif), we did not impose any initial thermal constraint, and re-heating was not allowed
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given the lack of evidence of thermal events after Early Cenozoic low-grade metamorphism
during basin thrusting (Klepeis et al., 2010; Fosdick et al., 2011). For thermal inversion,
QTQt’s modeling is based on a linear interpolation between the highest and the lowest
elevation samples to predict thermal paths randomly and shared geothermal gradients for all
samples in an elevation profile (Figs. 6-8, S1-4) that best predicts observed
thermochronological data in a consistent manner (Gallagher, 2012). QTQt inverse simulations
were done for 10,000 iterations to ensure the robustness of the inversion results (see
Supplementary Material).

Finally, we used thermal inversion modeling (Schildgen et al., 2010) to interpret
*He/*He thermochronological data in two TdP samples (Fig. 3, Table S1). To explore possible
changes in *He diffusivity through time, all cooling paths (20-30x10° iterations for each
sample) began at 150 °C, well above the accumulation of radiation damage effects (Flowers et
al., 2009) and ended after 10 Myr at the modern surface temperature. Following each
specified cooling path, the model first calculated an AHe age that was compared to the
measured age. If the predicted age was within 1 standard deviation (SD) of the mean
measured age (Table 3), a model “He/’He ratio evolution was calculated using the same
analytical heating schedule as the sample and compared to observed ratios. This approach
enables a random-search scheme to identify cooling histories that are compatible with the
observations based on the computation of misfit statistics (M; mean of squared residuals
weighted by the individual uncertainties in the ratio measurements; Schildgen et al., 2010);
we set a misfit limit M~2, which corresponds to the 99% confidence level. Thermal histories
yielding M>4 are excluded by the data, 2<M<4 are marginally acceptable (yellow lines in
Fig. 9b,d), and M<2 are good fits to the data (green lines in Fig. 9b,d).

4. Results
4.1. AHe and ZHe thermochronological data

We present all analytical details, as well as full AHe and ZHe data in Tables 1-3. For
illustration, we report in Figure 5 both single-crystal and average AHe and ZHe corrected
ages with 1 standard deviation of the single-crystal ages (1o error) in age-elevation diagrams.

The FzR dataset (Fig. 5a) reveals single-crystal ZHe ages ranging from 6.1+0.4 to
12.9+0.8 Ma, and single-crystal AHe ages ranging between 3.1£0.1 and 9.7+£0.6 Ma. The lack
of clear age-elevation relationship for the entire elevation profile potentially indicates fast

rock exhumation during the ~3 to 13 Ma period.
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Figure 5. Age-elevation profiles for the
FzR and TdP massifs. a) ZHe and AHe
data for the FzR massif: single-crystal
apatite and zircon (U-Th)/He ages are
indicated by circles, and mean ages with 1o
errors (standard deviation of the single-
crystal ages) by diamonds. b) AHe data for
the TdP massif: single-crystal apatite (U-
Th)/He ages are indicated by circles, and
mean ages with 1o errors (standard deviation
of the single-crystal ages) by diamonds. Two
samples with apatite ‘He/’He data are
marked by a red asterisk. Colors correspond
to different sectors of the TdP massif
(Central, West and North sectors), gray
samples are sedimentary and yellow are
magmatic samples from the Central sector,
according to the legend in Figure 3, and as
explained in the main text. Full analytical
details for AHe and ZHe data are given in
Tables 1-3 and in the Supplementary
Material.
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For the TdP massif, single-crystal AHe ages from the Central sector (Fig. 5b) range
from 3.1+0.1 to 13.1+0.3 Ma, and the metasedimentary samples have similar ages to the
magmatic samples. In addition, we observe an apparent break-in slope in the age-elevation
relationship at ~7 Ma and 1400-m elevation, potentially indicating an increase in rock
exhumation at this time. Samples from the North and West sectors have been collected at
lower elevations (i.e. below 1000-m elevation, Fig. 5b), with AHe single-crystal ages ranging
from 5.9+0.1 to 11+0.2 Ma in the West sector, and 6.3+0.2 to 10.4+0.1 Ma in the North
sector.

4.2. QTQt thermal inversion results

The results of QTQt thermal inverse modeling are reported in Figures 6-8 with the
relative probabilities of expected temperature-time (T-t) paths for the highest and lowest
elevation samples of each elevation profile plotted in Figure 5, together with the best-fitting
observed vs. predicted ages diagrams. The expected models for all the samples of each
massif/sector, interpolated from the highest and the lowest elevation ones, and the output
thermal gradient predicted (within the imposed range of 35+10 °C/km, see section 3.3) are
shown in the Supplementary Figures S1-4. Using the output T-t paths and geothermal
gradients, we can estimate exhumation rates for the different periods of time, that we have
graphically determined based on major observed changes in output T-t paths (Figs. 6-8).

QTQt inversion results for the FzZR massif suggest a multi-stage cooling history (Figs.
6 and Sla). Using both ZHe and AHe data, the expected (weighted mean), maximum mode,
and maximum posterior thermal histories show an unconstrained cooling from the imposed
initial magmatic temperature (275+25 °C) and age (161 Ma) constraints, to a temperature
range between 110 and 70 °C at 9 Ma, showing a cooling rate of ~35 °C/Myr. At around 10.5
Ma the maximum likelihood predicted T-t paths become steeper until 9 Ma, as well as the
other thermal models become steeper from 10-9.5 Ma up to 9 Ma, probably indicating an
increase in the cooling rate from 35 to 60-90 °C/Ma (Fig. 6). Between 9 and 6 Ma, all the
thermal models show a phase of slow cooling at 4-5 °C/Myr. At 6 Ma, both high- and low-
elevation samples were rapidly cooled at ~70 °C/Myr during a short period of around 1 Myr.
The highest sample (FZR3, Fig. 6a) reached surface temperatures at early Pliocene time,
while the lowest elevation sample (FZR13, Fig. 6b) still experienced cooling at 5 °C/Myr
with a slight increase up to 20 °C/Myr at since 1 Ma.
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Figure 6. QTQt thermal modeling outputs for the FzZR massif, derived from AHe and ZHe data (Tables 1
and 2). Selected outputs with relative probability for: a) the highest sample FZR3 (2070 m), and b) the lowest
sample FZR13 (1410 m), with the expected model (weighted mean model) and its 95% confidence intervals
(black solid lines), the maximum-likelihood model (red line), the maximum posterior model (green line), and the
maximum mode model (white line). Black dashed lines highlight key time periods with major changes in cooling
rates. The black box indicates the initial thermal constraint and the red box represents general T-t priors. Note
that output thermal histories for other FzR samples are linearly interpolated between these two end members
(Fig. S1). c) Best-fitting observed vs. predicted age diagram with single-crystal AHe (dark green triangles) and
ZHe (downward green triangle) uncorrected ages.

For the TdP massif, inverse thermal modeling using QTQt provided variable
information on the regional exhumation history from the different sectors. For the Central
sector (Figs. 7 and S2), expected T-t paths from the dense AHe dataset (Fig. 5b) first show
apparent rapid but unconstrained cooling from the imposed magmatic temperature/age
constraints to a temperature range of 70-130 °C at around 11.5 Ma, which is the oldest
thermochronological AHe age in the profile. We propose that this cooling signal has no real
geological meaning since it reflects thermal adjustment after the shallow intrusion of the TdP
Plutonic Complex (note that the Central sector includes also two metasedimentary samples,
which we assume were re-heated by the same intrusion event). TdP samples of the Central
sector then slowly cooled until 6.5 Ma, when they experienced an increase in cooling rate
from <1 °C/Myr up to 90-120 °C/Myr. This fast exhumation phase was relatively short in
time (during 0.5 Myr), ending at ~6 Ma, when the highest elevation sample (04-JM-66, Fig.

7a) reached almost surface temperatures. The lowest elevation sample (13-TP-26, Fig. 7b)
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shows a quiescent period until 2 Ma (slow cooling at <1 °C/Myr) when it experienced an
increase in cooling rate up to 30 °C/Myr. It is worth noting that the output thermal history is
relatively well constrained over the late Miocene to Plio-Quaternary period because of the

dense AHe dataset and well prescribed AHe age-elevation relationship (Fig. 5b).
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Figure 7. QTQt thermal modeling outputs for the Central sector of the TdP massif, derived from AHe
data (Table 3a). Selected outputs with relative probability for: a) the highest 04-JM-66 (1802 m), and b) the
lowest 13-TP-26 (206 m) elevation samples, with the expected model (weighted mean model) and its 95%
confidence intervals (black solid lines), the maximum-likelihood model (red line), the maximum posterior model
(green line), and the maximum mode model (white line). Black dashed lines highlight key time periods with
major changes in cooling rates. The black box indicates the initial thermal constraint and the red box represents
general T-t priors. Note that output thermal histories for other TdP samples are linearly interpolated between
these two end members (Fig. S2). c) Best-fitting observed vs. predicted age diagram with single-crystal AHe
uncorrected ages (green triangles).

For the North and West sectors of the TdP Massif (metasedimentary samples, Fig. 8),
the AHe dataset is less dense and output model predictions are less constrained. For the West
sector, the expected T-t paths (Fig. 8a,b) are not well constrained until 12 Ma, after this time
the relative probability for the cooling histories defines a slow cooling at 4 °C/Myr. At around
6.5 Ma, cooling accelerated to 25-30 °C/Myr for a short period of 1-1.5 Myr, bringing the
high-elevation sample (Fig. 8a) to near surface temperatures. After this time-interval, the low-
elevation sample (Fig. 8b) was cooled slowly to the surface (at ~2 °C/Myr), with a potential

late-stage exhumation increase since 0.5 Ma (with a cooling rate up to 80 °C/Myr). For the
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North sector, there is no output constraint on the thermal histories until 15 Ma (Fig. 8c,d). The
output thermal history reveals slow cooling between 15 and 5 Ma, with an estimated cooling
rate <2 °C/Myr, followed by a short cooling episode between 5 and 4 Ma at 40-60 °C/Myr.
The low-elevation sample (Fig. 8c) also recorded cooling after 4 Ma, but this phase is
relatively unconstrained, although a potential acceleration in cooling rate may occur since 0.5
Ma (from 20 up to 40 °C/Ma, Fig. 8d).

Potential cooling events before 15 Ma would not have been recorded by the AHe
dataset in the TdP massif. All TdP sectors show a short episode of fast cooling between 6.5
and 4 Ma, which is common between the magmatic and the metasedimentary samples, and a
potential delay (or lower precision in timing) for this event north of the TdP massif (North
sector). Finally, the final stage of cooling is revealed for all low-elevation samples (Figs. 7b
and 8b,d), but the timing of onset for this episode appears spatially variable, being apparently
earlier (at 2 Ma) for the Central sector compared to the West and North sectors (at 0.5 Ma).
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Figure 8. QTQt thermal modeling outputs for the West and North sectors of the TdP massif, derived from
AHe data (Tables 3b,c). Selected outputs with relative probability for: a) the highest CH15-TP22 (746 m), and
b) the lowest CHI5-TP14 (112 m) elevation samples of the West sector, ¢) the highest CH15-26 (916 m), and
the d) lowest CH15-TP17 (369 m) elevation samples of the North sector, with the expected model (weighted
mean model) and its 95% confidence intervals (black solid lines), the maximum-likelihood model (red line), the
maximum posterior model (green line), and the maximum mode model (white line). Black dashed lines highlight
key time periods with major changes in cooling rates. The red box represents general T-t priors. Note that output
thermal histories for other TdP samples are linearly interpolated between these two end members (Figs. S3 and
S4). e, f) Best-fitting observed vs. predicted age diagram with single-crystal AHe uncorrected ages (green
triangles) of the West and North sectors.

4.3. *He/*He thermal histories

Inverse thermal modeling of *He/’He data shows variable resolution for the two TdP

samples (Central sector, Figs. 5b and 9). “He/’He data resolution is relatively low for sample
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13-TP-26 (Fig. 9c), resulting in unconstrained output cooling histories over the last 10 Ma.
However, significant cooling (40-50 °C) had still occurred for this sample since 5-6 Ma (Fig.
9d). “He/’He data resolution is much higher for sample 04-JM-90 (Fig. 9a) and associated
output cooling histories (Fig. 9b) suggest fast cooling until 6 Ma before a quiescent period of
low cooling rates. This thermal history is relatively similar to QTQt outcomes for the Central
sector (Fig. 7). Finally, a late-stage cooling episode is recorded since 2 Ma, coherent with

QTQt thermal predictions for the lowest elevation sample of the Central sector (Fig. 7b).
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Figure 9. “‘He/’He thermochronometry of TdP massif (see Figs. 3-5 for locations and details). *He/’He ratio
evolution diagrams and model cooling paths are shown for 04-JM-90a (a, b) and 13-TP-26a (c, d). The measured
*He/*He ratios of each degassing step (Rstep) are normalized to the bulk ratio (Rbulk) and plotted versus the
cumulative *He release fraction (YF’He). Boxes indicate +lc (vertical) and integration steps (horizontal).
Colored lines show the predicted “He/*He ratio evolution diagrams (a, ¢) for arbitrary cooling paths between 150
and 10 °C (b, d). Each colored path predicts the observed AHe age of the sample to within +1c (cooling paths
failing to predict the AHe age are not shown); red and yellow cooling paths are excluded by the *He/’He data,
whereas green cooling paths are permitted (see section 3.3 and Supplementary material, and Supplementary
Table S1 for analytical details).

22



533
534
535

536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559

5. Discussion
5.1. The role of ridge subduction and asthenospheric dynamics

In the FzR thermal models, an estimated rock exhumation rate (resulting from the
output QTQt cooling rate divided by the predicted geothermal gradient given in Fig. S1) of 1
km/Myr before 9 Ma, drops to 0.2 km/Myr between 9 and 6 Ma (Fig. 6). Part of the initial fast
exhumation rate can be associated to post-magmatic thermal relaxation after pluton
emplacement. An apparent acceleration of rock exhumation to 2-3 km/Myr can be seen
between 10.5 and 9 Ma, with the beginning of this pulse varying between the thermal models
(10.5 — 9.5 Ma, Fig. 6). Spreading ridge subduction beneath the FzR massif occurred between
12 and 8 Ma (Cande and Leslie, 1986; Ramos, 2005; Lagabrielle et al., 2010; Guillaume et
al., 2009b, 2013; Breitsprecher and Thorkelson, 2009), and asthenospheric upwelling during
this process may have forced dynamic and thermal surface uplift (Conrad and Husson, 2009;
Guillaume et al., 2010; Faccenna et a., 2013; Sternai et al., 2016). This would amplify the
effects of surface erosion on rock exhumation over the incipient asthenospheric window at
depth (Fig. 10a), thus accelerating the exhumation rate of the FzZR massif in the time interval
between 10.5 and 9 Ma. Furthermore, spreading ridge collision with the trench would have
increased compression in the orogen with fold-and-thrust belt propagation towards the
continent (Thomson et al., 2001; Ramos, 2005; Scalabrino et al., 2010; Guenthner et al.,
2010; Lagabrielle et al., 2004, 2010; Georgieva et al., 2016, 2019; Stevens Goddard and
Fosdick, 2019), a mechanism also suggested by numerical and analytical model outputs
(Lallemand et al., 1992; Gerya et al., 2009; Salze et al., 2018), and may have played a role on
accelerating rock exhumation in the FzR latitudes. Additionally, after the ocean ridge has
subducted at 49°S, slower subduction of the Antarctic Plate with respect to the Nazca Plate
may have reduced compression, uplift and rock exhumation across the orogen until the onset
of the late Cenozoic glaciation (Suarez et al., 2000; Thomson et al., 2001), corresponding to

the phase of erosional quiescence between 9 and 6 Ma.
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Figure 10. Block diagram with the interpretation of the geodynamic and topographic evolution of the
Southern Patagonian Andes from the late Miocene to the Quaternary. a) During the late Miocene (~12 Ma),
the spreading ridge between the Nazca Plate (NZ) and the Antarctic Plate (AT) was subducting beneath the
South American Plate (SAM) at 49°S, asthenospheric upwelling caused dynamic and thermal surface uplift and
part of the rock exhumation in the FzZR massif. Deformation in the fold-and-thrust belts was active, generating
crustal thickening and surface topography. The Chaltén Plutonic Complex was already emplaced at 4-5 km depth
in the Fitz Roy region whereas the Torres del Paine Plutonic Complex was emplaced at 2-3 km depth. The
Southern Patagonian Batholith (SPB) was already emplaced in the core of the orogen. Topography was growing
by combining thrust tectonics, dynamic and thermal uplift, and erosion. b) At the Miocene — Pliocene transition
(around 6 Ma), the spreading ridge was subducting at 48°S, and associated dynamic and thermal uplift should be
occurring in the north of the studied regions. The Antarctic Plate was subducting at the latitudes of the studied
regions and the fold-and-thrust belt and the intrusions were being exhumed mainly due to the onset of
Patagonian glaciations. ¢) During the Quaternary, the subducting spreading ridge was at 47°S. The mountain belt
was being exhumed mainly due to glacio-fluvial erosion, with carving deep valleys and leaving the mountain
peaks far above the bottom of the valleys. The plutonic complexes must be at or near the surface. Black arrows
highlight the uplifting regions, orange arrows highlight the region of asthenospheric upwelling.
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In the TdP Massif no episode of fast cooling before the Mio-Pliocene transition
appears in the thermal model outputs, but AHe ages around 12 Ma are found for high-
elevation samples (Fig. 5b). These old thermochronological ages suggest that high-elevation
samples were in (or near) the partial retention zone of the AHe system between 12 and 9 Ma
(Figs. 5b and 7), reflecting slow exhumation at that time as confirmed by the thermal model
outputs (Fig. 7). Thermochronological cooling ages between 12 and 10 Ma previously
obtained in the TdP massif were also associated with thermal resetting during pluton
emplacement (Fosdick et al., 2013). Dynamic surface uplift due to mantle upwelling in the
region of TdP is not well constrained, and less plausible than in the FzZR massif because the
TdP massif is located 200 km to the south of the region where the spreading ridge has been
subducting since 12 Ma (Fig. 10a).

5.2. The role of late Miocene to Plio-Quaternary glacio-fluvial erosion

The FzR and the TdP massifs share an episode of abrupt acceleration in rock
exhumation between 6.5 Ma and 4.5 Ma. The onset of increased exhumation rate is
synchronous with the reported stratigraphic, geomorphologic (Mercer and Sutter, 1982;
Lagabrielle et al., 2004, 2007, 2009, 2010; Rabassa et al., 2005, 2011; Rabassa, 2008), and
thermochronological (Thomson et al., 2001; Glodny et al., 2008; Thomson et al., 2010;
Fosdick et al., 2013; Georgieva et al., 2016; 2019; Christeleit et al., 2017; Willett et al., 2020;
Ronda et al., 2022) evidence for the onset of major glaciations at 7-6 Ma in the Southern
Patagonian Andes. The Andean topography, therefore, quickly responded to the transition
from fluvial-dominated to glacial-dominated erosional processes (Fig. 10b), as proposed for
other alpine environments (Egholm et al., 2009; Shuster et al., 2005; 2011; Valla et al., 2011,
Herman et al., 2013; Champagnac et al., 2014). The magnitude and duration of this event
depend on the analysed sector of the TdP and FzR massifs, varying between 0.6 and 3
km/Myr. The limited exhumation in the North and West sectors of the TdP massif compared
to the Central sector (Figs. 7 and 8) could reflect already existing high topographic reliefs in
the North and West sectors and/or selective glacial erosion with potential glacial bedrock
shielding closer to the present-day/past icefield (Rabassa, 2008, Lagabrielle et al., 2010).
Efficient erosion of high-elevation topography by glacial and periglacial processes during the
late Miocene would have resulted in a net decrease of ice accumulation area and hence in ice
extent, ice flux, and consequently in glacial erosion (Pedersen and Egholm 2013; Sternai et

al., 2013). Such negative feedback has also been proposed to explain the late Quaternary
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gradual shrinking of the Southern Patagonian Icefield (Fig. 10c; Kaplan et al., 2009), and
likely explains the short-lived erosion pulse that our results and previous studies identified in
Southern Patagonia at the late Miocene/Pliocene transition (Christeleit et al., 2017; Willet et
al., 2020).

Pliocene low exhumation rates (<0.1 km/Myr) recorded in the FzZR and TdP massifs
indicates erosional quiescence following high but transient glacial erosion rates in the
Southern Patagonian Andes (Christeleit et al., 2017; Willet et al., 2020). The late-stage
Quaternary fast exhumation is mainly recorded for low-elevation samples and in *He/’He
thermochronological data, with predicted onset varying between 2 and 0.5 Ma depending on
the sample location (Figs. 6-9, and S1-4). An increase in exhumation rates for several
mountainous regions worldwide since around 2 Ma (Herman et al., 2013) has been associated
with the onset of enhanced glaciations at mid latitudes, including Fjordland in New Zealand
(Shuster et al., 2011), Alaska (Berger et al., 2008), British Columbia (Shuster et al., 2005),
and the European Alps (Haeuselmann et al., 2007; Valla et al., 2011; Glotzbach et al., 2011,
Fox et al., 2015; 2016). A possible climatic trigger might be the observed increase in the
duration and asymmetry of glacial-interglacial cycles at ~1.2 Ma (Lisiecki and Raymo, 2007;
Lisiecki, 2010). By periodically switching between glacial and fluvial conditions, and by
changing associated vegetation and soil cover, geomorphic processes would remain transient
(Molnar, 2004; Herman and Champagnac, 2016), maintaining landscape disequilibrium and
in turn enhancing erosion rates (Egholm et al., 2009; Champagnac et al., 2014). North of the
studied region (46-47°S), stratigraphic records from moraine deposits indicate a shift in the
drainage network after 3 Ma, resulting in a major landscape change from a smooth piedmont
surface with extensive icefields in the foreland, to long west-east oriented and channelized
glacial lobes (Lagabrielle et al., 2010). Tectonic uplift of the eastern Patagonian foreland
could therefore have conditioned or at least favored such geomorphological shift and induced
west-east incision of deep glacial valleys, but it is mostly associated to regions to the north of
47°S where the interactions of the ocean ridge with the trench via compression, transpression
and mantle upwelling play a recent (<3 Ma) role (Lagabrielle et al., 2010; Georgieva et al.,
2019). In our study region (49-51°S), the recent acceleration in exhumation is most likely
associated with the Plio-Quaternary shift in glacial-interglacial cyclicity, enhanced glacial

erosional processes, and icefield drainage reorganization in Southern Patagonia (Fig. 10c¢).
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6. Conclusions

The Southern Patagonian Andes recorded a long history of interactions between
tectonics and climate-driven erosion processes. The North-South orientation of the Andean
mountain belt allowed us to investigate spatial and temporal variations of these interactions.
We found thermochronological evidence for the effects of ocean ridge subduction and
asthenospheric upwelling to the surface uplift and rock exhumation in the Fitz Roy massif
during the late Miocene (between 10.5 and 9 Ma). This event accounts for more than 2 km of
rock exhumation over the late Miocene, resulting in dynamic and thermal surface uplift
and/or continental compression, which increased erosion at 49°S latitude. This event was not
recorded by low-temperature thermochronological data from the Torres del Paine massif,
possibly due to the already attenuated surface response to ridge collision and mantle
upwelling at 51°S, when the TdP pluton was emplaced at around 12.5+0.1 Ma.

The onset of glaciations in Southern Patagonia generated a regional signal of rapid
rock exhumation in the Fitz Roy and Torres del Paine massifs (at 49-51°S) between 6.5 and
4.5 Ma. This was followed by a period of slow rock exhumation from the early Pliocene to
the Quaternary, highlighting erosional quiescence and possibly reflecting bedrock shielding
by extensive icefields covering the Southern Patagonian Andes. A late-stage Quaternary
episode of accelerated rock exhumation is recorded in our thermochronological datasets, and
coincides with worldwide increased mountain erosion ascribed to intense glacial-interglacial
cycles. This climatic transition generated a geomorphological shift from smooth landforms to
deep incised glacial valleys, leaving the high elevations of the Torres del Paine and the Fitz

Roy plutonic complexes standing far above nearby valley bottoms.
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Table 1. Zircon (U-Th)/He (ZHe) data for Fitz Roy (FzR) samples.

Sample N° Latitude/ Longitude Elevation U Th Sm “He Rs Fr Rawage Rawerror Corrected Age 1o error
(°S/°W) (m) (ppm) (ppm) (ppm) (nmol/g)  (um) (Ma) (Ma) (Ma) (Ma)
FZR3-1 205.8 91.5 6.0 7.9 5435 0.78 6.4 0.04 8.2 0.1
FZR3-2 2843 100.8 2.5 11.1 56.52  0.79 6.7 0.04 8.5 0.1
FZR3-3 506.7 1569 34 18.8 53.10 0.78 6.4 0.04 8.2 0.1
FZR3-4 5169 1387 2.5 19.7 53.24 0.78 6.6 0.04 8.5 0.1
FZR3-5 513.1 1984 2.6 21.0 51.87 0.77 6.7 0.04 8.7 0.1
FZR3 49.2566/ 2070 8.4 £0.2
49.2566/
FZR4-1 3713 1409 3.5 13.7 4751 0.76 6.3 0.04 8.3 0.1
FZR4-3 309.6 1093 2.5 11.6 52.78  0.78 6.4 0.04 8.3 0.1
FZR4-4 11288 3266 3.9 34.6 4521 0.75 5.3 0.03 7.1 0.4
FZR4-5 715.6 234.1 2.9 23.7 5290 0.78 5.7 0.03 7.3 0.4
FZR4 49.2550/ 1955 7.7 £0.6
73.0281
FZR5-1 9042 3214 74 35.6 52.99  0.78 6.7 0.04 8.7 0.5
FZR5-2 2714  96.8 3.1 11.4 4623 0.75 7.1 0.04 9.6 0.6
FZR5-3 4124 3109 5.7 12.0 4533  0.74 4.6 0.03 6.2 0.4
FZR5-4 5279 2465 6.5 22.5 4324  0.73 7.1 0.04 9.7 0.6
FZR5-5 5294 2686 5.2 14.3 4328 0.73 4.5 0.03 6.1 0.4
FZR5 49.2540/ 1758 8.0 £1.8
73.0311
FZR6-1 11572 380.0 84 66.4 4997  0.77 9.9 0.06 12.9 0.8
FZR6-2 1221.7 476.3 9.3 62.1 4548 0.75 8.6 0.05 11.6 0.7
FZR6-3 1021.0 290.1 4.2 41.4 43.47  0.74 7.1 0.04 9.6 0.6
FZR6-4 403.0 141.7 2.8 11.6 4443  0.74 4.9 0.03 6.7 0.4
FZR6 49.2487/ 1569 10.2 £2.7
73.0327

Notes. Ft = age correction factor (Farley et al., 1996). Bold numbers are mean ages calculated from the single-crystal replicates; 1o error for mean ages is standard
deviation of replicate ages. Analytical uncertainties are around 6% of the corrected age.



Table 2. Apatite (U-Th)/He (AHe) data for Fitz Roy (FzR) samples.

Sample N° Latitude/  Elevation U Th Sm *He Rs F, Raw age Rawerror Corrected lo
Longitude (m) (ppm) (ppm) (ppm) (nmol/g) (um) (Ma) (Ma) Age (Ma) error
(°S/°W) (Ma)
FZR10-M 13.3 38.2 277.3 0.7 435 0.73 5.5 0.9 7.5 0.6
FZR10-N 53.3 168.0  436.1 3.6 422 073 7.1 1.2 9.7 0.8
FZR10 49.2543/ 1780 8.6x1.6
73.0319
FZR11-A 3.5 12.0 103.0 0.2 554  0.80 4.3 1.0 5.4 0.4
FZR11-D 8.0 19.9 170.5 0.5 51.1  0.77 6.9 0.7 8.9 0.7
FZR11-E 23.5 38.6 122.4 0.8 60.7 0.80 4.5 0.7 5.7 0.5
FZR11-L 14.4 46.4 344.1 0.6 40.0 0.73 3.8 0.0 5.1 0.4
FZR11 49.2538/ 1840 6.2+1.4
73.0346
FZR12-E 7.3 20.6 136.3 0.4 57.1 0.78 5.2 0.8 6.7 0.5
FZR12-M 23.6 68.0 381.9 1.3 41.8 0.71 5.9 1.0 8.3 0.7
FZR12-N 15.3 45.8 250.0 0.9 47.0 0.76 6.2 1.1 8.1 0.7
FZR12 49.2493/ 1765 7.7+0.9
73.0364
FZR13-B 26.9 46.2 140.1 0.9 56.3 0.77 4.7 0.0 6.0 0.1
FZR13-F 7.9 22.8 83.5 0.4 77.0 0.84 5.0 0.0 6.0 0.1
FZR13-L 71.3 1358 4614 2.5 41.3  0.69 4.3 0.7 6.3 0.3
FZR13 49.2553/ 1410 6.1£0.2
73.0473
FZR14-A 10.0 17.4 105.9 0.4 66.3 0.81 5.6 0.2 6.9 0.1
FZR14-D 11.1 30.5 186.5 0.6 542 0.74 6.0 0.2 8.1 0.1
FZR14-E 10.5 29.4 183.3 0.6 58.0 0.75 5.6 0.2 7.5 0.1
FZR14-F 6.7 19.5 76.1 0.4 794  0.85 6.3 0.2 7.4 0.1
FZR14-G 9.8 24.9 100.2 0.6 749  0.84 6.3 0.2 7.5 0.1
FZR14 49.2586/ 1530 7.5+0.4
73.0493
FZR15-A 28.3 72.1 150.8 1.1 64.5 0.78 4.6 0.0 5.8 0.1
FZR15-D 27.3 78.1 130.8 1.2 70.5  0.80 4.7 0.0 5.9 0.1




FZR15-F 36.3 106.9 2143 1.6 55.7 0.75 4.8 0.0 6.4 0.1

FZR15 49.2715/ 1910 6.0+0.3
73.0568

FZR16-A 13.7 40.9 131.7 0.4 573 0.78 3.0 0.0 3.9 0.1

FZR16-C 14.2 40.2 109.1 0.3 634 0.82 2.6 0.0 3.1 0.1

FZR16-E 12.2 38.5 68.9 0.4 78.0 0.83 3.8 0.0 4.6 0.1

FZR16 49.2654/ 1710 3.9+0.7
73.0586

Notes. Ft = age correction factor (Farley et al., 1996). Bold numbers are mean ages calculated from the single-crystal replicates; 1o error for mean ages is standard
deviation of replicate ages. Analytical uncertainties are <1, ~3 and ~2% for respectively U, Th and Sm measurements; and <1% for *He measurements.



Table 3a. Apatite (U-Th)/He (AHe) data for Torres del Paine (TdP) samples, Central sector.

Sample N° Latitude/  Elevati U Th Sm “He Rs F; Raw age Rawerror Corrected lo
Longitude on (ppm) (ppm) (ppm) (nmol/g) (um) (Ma) (Ma) Age (Ma) error
(°S/°W) (m) (Ma)
04-JM-66apl 8.2 10.1 442.4 0.5 53.6  0.73 8.6 0.3 11.7 0.4
04-JM-66ap2 5.1 11.2 291.3 0.3 54.8 0.73 6.7 0.2 9.2 0.2
04-JM-66ap3 8.8 13.3 397.6 0.5 39.8  0.64 7.6 0.3 11.9 0.4
04-JM-66ap4 324 40.9 575.7 22 555 0.74 9.6 0.2 13.1 0.3
04-JM-66 50.97541/ 1802 11.5+1.6
73.02521
04-JM-67apl 7.5 16.9  290.2 0.4 614 0.76 6.1 0.1 8.1 0.1
04-JM-67ap2 54.2 752  1128.1 3.4 59.0 0.75 8.2 0.1 10.9 0.2
04-JM-67ap3 8.9 21.1 442.6 0.6 774 0.81 7.5 0.1 9.3 0.1
04-JM-67ap4 53.9 67.3 996.1 2.0 56.3 074 52 0.1 7.1 0.1
04-JIM-67ap5 14.3 30.9 647.5 0.8 42.1  0.65 6.5 0.2 10.0 0.4
04-JM-67 50.97492/ 1731 9.1£1.5
73.02651
04-JM-68apl 4.2 11.6 162.0 0.3 76.7 0.80 7.3 0.2 9.1 0.3
04-JM-68ap2 8.4 154  309.2 0.3 543 0.73 5.0 0.2 6.8 0.3
04_JM-68 50.97405/ 1619 8.0+1.6
73.02843
04-JM-71apl 36.1 89.2 701.2 1.4 72.0 0.81 4.6 0.1 5.7 0.1
04-JM-71ap2 15.1 25.1 508.5 0.8 70.6  0.79 6.7 0.1 8.5 0.1
04-JM-71ap4 19.8 26.2 579.9 0.8 59.0 0.75 5.8 0.2 7.7 0.2
04-JM-71 50.97342/ 1310 7.3+1.5
73.03557
04-JM-76apl 15.2 21.6  466.1 0.5 46.2  0.69 5.1 0.3 7.3 0.4
04-JM-76ap2 21.1 41.2 503.4 0.7 41.1  0.65 4.0 0.2 6.1 0.4
04-JM-76ap3 41.2 42.2 539.9 1.2 46.8  0.69 4.4 0.1 6.4 0.2
04-JM-76 50.97449/ 1189 6.6+0.6
73.03936
04-JM-87ap1 11.1 31.8  448.1 0.4 42.5 0.66 4.1 0.3 6.2 0.4

04-JM-87ap2 21.9 50.8 291.5 1.1 983 0.84 6.0 0.1 7.1 0.1




04-JM-87ap3 17.9 25.5 588.6 0.6 58.1 0.75 4.4 0.1 5.9 0.1
04-JM-87 50.97638/ 1042 6.4+0.6
73.04372
04-JM-90ap1 28.0 22.8 2543 0.7 50.5 0.71 3.8 0.1 53 0.2
04-JM-90ap2 12.7 28.5 352.8 0.6 66.7 0.77 5.9 0.2 7.7 0.2
04-JM-90ap3 223 29.9 312.2 0.8 63.7 0.77 5.2 0.2 6.8 0.2
04-JM-90 50.98166/ 758 6.6+1.2
73.05553
08-JL-385apl 18.6 64.7 185.9 0.7 46.4 0.68 3.8 0.1 5.7 0.1
08-JL-385ap2 2.2 0.9 0.2 0.1 47.1 0.70 3.8 0.3 5.5 0.5
08-JL-385ap3 11.2 33.6 270.3 0.5 443  0.67 52 0.2 7.7 0.2
08-JL-385ap4 26.7 60.4 397.6 0.7 384 0.62 33 0.1 5.3 0.2
08-JL-385ap5 44.8 128.8 2994 2.2 48.6  0.69 5.3 0.1 7.6 0.1
08-JL-385 50.97669/ 1175 6.4+1.2
73.10013
07-JL-160ap2 5.1 234 208.1 0.3 57.1 0.73 4.6 0.1 6.2 0.1
07-JL-160ap3 5.3 21.8 145.7 0.2 57.7 0.74 4.0 0.1 5.4 0.1
07-JL-160ap4 9.1 30.8 181.9 0.4 5.1 0.71 4.4 0.1 6.2 0.1
07-JL-160 50.97677/ 1200 6.0+0.4
73.10036
07-JL-165ap4 20.8 40.3 222.7 0.7 49.2 0.70 4.5 0.1 6.4 0.1
07-JL-165ap4 16.7 544 2503 0.5 479 0.69 3.1 0.1 4.4 0.1
07-JL-165ap4 42.7 93.2 317.6 1.7 50.6  0.71 5.0 0.1 7.1 0.1
07-JL-165ap4 213 43.4  285.7 0.6 42.0 0.65 3.5 0.1 54 0.2
07-JL-165 50.97718/ 1275 5.8+1.2
73.10087
04-JM-49ap1 10.5 423 416.6 0.5 572 0.74 4.7 0.1 6.4 0.1
04-JM-49ap2 9.5 26.6 348.4 0.4 60.0 0.75 4.2 0.1 5.6 0.1
04-JM-49ap3 8.2 24.7 330.6 0.3 46.1 0.68 33 0.1 4.9 0.1
04-JM-49ap4 8.4 24.2 285.5 0.5 64.0 0.77 5.9 0.1 7.6 0.1
04-JM-49 51.04051/ 785 6.1+1.2
73.08473
04-JM-30apl 9.1 12.8 501.3 0.5 68.8 0.79 7.2 0.0 9.18 0.4
04-JM-30ap2 15.8 38.0 671.1 0.8 51.2  0.71 6.0 0.2 8.46 0.2




04-JM-30 50.94709/ 1830 8.8+0.5
72.99015

04-JM-23apl 6.2 14.9 317.0 0.3 639 0.77 5.2 0.2 6.77 0.2

04-JM-23ap2 6.7 12.9 352.7 0.3 40.8  0.65 4.2 0.5 6.53 0.8

04-JM-23 50.94713/ 1461 6.7+0.2
72.99902

13-TP-26-a 16.8 90.4 60.5 0.5 564 0.74 2.3 0.1 3.08 0.1

13-TP-26-z-BR 10.6 40.0 53.3 0.5 633 0.77 4.1 0.1 5.37 0.1

13-TP-26-y-BR 9.8 343 46.4 0.3 63.6 0.77 3.1 0.1 4.11 0.1

13-TP-26-x 11.3 45.6 51.8 0.4 59.2  0.75 3.2 0.1 4.22 0.1

13-TP-26 50.9728/ 206 4.2+0.9
72.8839

CH15-19 51.01057/ 372 0.2 33 23.6 0.1 84.8 0.82 3.7 0.4 4.4£0.5
72.94342

CHIS5-TP21 x 4.9 30.1 514 0.2 69.6 0.78 2.7 0.1 342 0.1

CH15-TP21 y 11.3 13.1 34.1 0.2 554 0.73 3.0 0.1 4.14 0.1

CHI5-TP21 z 3.7 16.7 13.1 0.1 67.1 0.78 3.0 0.1 391 0.1

CH15-TP21 50.98973/ 268 3.8+0.4
72.79723

CHI5 TP30 x 1.7 11.3 16.1 0.1 78.9 0.81 5.7 0.1 7.19 0.1

CH15_TP30 y 1.5 11.3 19.5 0.1 66.2 0.77 3.4 0.1 7.01 0.1

CHIS5 TP30 z 1.1 11.826 12.423  0.097 604 0.75 4.5 0.3 6.1 0.4

CH15_TP30 50.94726/ 1053 6.8+0.6
72.90560

Notes. Ft = age correction factor (Farley et al., 1996). Bold numbers are mean ages calculated from the single-crystal replicates; 1o error for mean ages is standard
deviation of replicate ages. Analytical uncertainties are <1, ~3 and ~2% for respectively U, Th and Sm measurements; and <1% for *He measurements.



Table 3b. Apatite (U-Th)/He (AHe) data for Torres del Paine (TdP) samples, West sector.

Sample N° Latitude/  Elevation U Th Sm “He Rs F, Raw age Rawerror Corrected 1o error
L(%g%ci)t\;c;e (m) (ppm)  (ppm) (ppm) (nmol/g) (um) (Ma) (Ma) Age Ma)  (Ma)
CH15-TP14 x 11.8 86.6 46.4 0.9 7777 0.81 4.9 0.1 6.2 0.1
CH15-TP14 z 1.6 15.6 23.1 0.1 58.7 0.75 4.3 0.1 5.9 0.1
CH15-TP14 51.25035/ 112 6.1£0.2
73.24379
CHI15-TP15 x 5.0 6.4 21.9 0.2 612 0.76 6.0 0.1 7.9 0.1
CH15-TP15 y 3.0 20.9 20.1 0.2 61.4 0.76 53 0.1 7.2 0.2
CH15-TP15 z 2.7 18.6 34.1 0.3 486 0.70 7.5 0.1 11.0 0.2
CH15-TP15 50.98633/ 235 8.7+2.0
73.21632
CH15 TP22 x 9.9 7.0 18.1 0.5 60.4 0.75 7.7 0.1 10.3 0.1
CHI15 TP22 y 2.9 16.8 14.9 0.2 475 0.69 6.1 0.2 9.0 0.4
CHI15 TP22 z 0.8 23.3 12.3 0.2 558 0.73 7.2 0.6 10.2 0.8
CH15_TP22 51.00625/ 746 9.8+0.7
73.14149

Notes. Ft = age correction factor (Farley et al., 1996). Bold numbers are mean ages calculated from the single-crystal replicates; 1o error for mean ages is standard

deviation of replicate ages. Analytical uncertainties are <1, ~3 and ~2% for respectively U, Th and Sm measurements; and <1% for *He measurements.



Table 3c¢. Apatite (U-Th)/He (AHe) data for Torres del Paine (TdP) samples, North sector.

Sample N° Latitude/  Elevation U Th Sm *He Rs F, Raw age Rawerror Corrected 1o error
L(?)Ié%it\;c;e (m) (ppm)  (ppm) (ppm) (nmol/g) (um) (Ma) (Ma) Age (Ma)  (Ma)
CHI15-TP17 y 2.3 15.1 25.2 0.2 724 0.79 53 0.1 6.3 0.2
CH15 TP17 z 1.8 15.6 36.7 0.2 549 0.73 7.5 0.1 6.6 0.2
CH15_TP17  50.81598/ 369 6.46+0.2
73.12218
CH15 TP26 x 31.3 49.5 53.9 1.8 839 0.82 7.8 0.1 9.6 0.1
CHI15 TP26 y 34.9 41.4 41.4 1.1 62.0 0.76 4.6 0.1 6.1 0.2
CH15 TP26 z 13.3 23.8 38.6 0.8 693  0.78 8.1 0.1 10.4 0.1
CH15_TP26 50.85859/ 916 8.71+2.27
73.12883

Notes. Ft = age correction factor (Farley et al., 1996). Bold numbers are mean ages calculated from the single-crystal replicates; 1o error for mean ages is standard
deviation of replicate ages. Analytical uncertainties are <1, ~3 and ~2% for respectively U, Th and Sm measurements; and <1% for *He measurements.
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Abstract

Deep incised glacial valleys surrounded by high peaks form the modern topography of
the Southern Patagonian Andes. Two Miocene plutonic complexes in the Andean retroarc, the
cores of the Fitz Roy (49°S) and Torres del Paine (51°S) massifs, were emplaced at 16.7+£0.3
Ma and 12.5+0.1 Ma, respectively. Subduction of ocean ridge segments initiated at 54°S,
generating northward opening of an asthenospheric window with associated mantle upwelling
and orogenic shortening since 16 Ma. Subsequently, the onset of major glaciations at 7 Ma
caused drastic changes in the regional topographic evolution. To constrain the respective
contributions of tectonic convergence, mantle upwelling and fluvio-glacial erosion to rock
exhumation, we present inverse thermal modeling of a new dataset of zircon and apatite (U-
Th)/He from the two massifs, complemented by apatite “He/’He data for Torres del Paine.
Our results show rapid rock exhumation recorded in the Fitz Roy massif between 10.5 and 9
Ma, which we ascribe to mantle upwelling and/or crustal shortening due to ridge subduction
at 49°S. Both massifs record a pulse of rock exhumation between 6.5 and 4.5 Ma, which we
interpret as the result of the onset of Patagonian glaciations. After a period of erosional
quiescence during the Miocene/Pliocene transition, increased rock exhumation since 3-2 Ma
to present day is interpreted as the result of alpine glacial valley carving promoted by
reinforced glacial-interglacial cycles. This study demonstrates that along-strike
thermochronological studies provide us with the means to assess the spatio-temporal
variations in tectonic, mantle, and surface processes forcing on rock exhumation.

1. Introduction

Orogens that form along subduction and continental collision zones grow and evolve
according to a long-term balance between incoming flux by tectonic accretion and outgoing
flux by climate-driven erosion (Dahlen, 1990; Ruddiman et al., 1997; Willett, 1999; Willett et
al., 2001; Beaumont et al., 2001; Egholm et al., 2009; Whipple, 2009). Compression is
primarily accommodated by folds, nappes stacking, thrusts, and transpressive faults, that lead
to lithospheric shortening and thickening as well as to surface uplift (Dahlen, 1990; Willett,
1999). At depths, lithospheric slab subduction and upper mantle dynamics modulate the stress
and thermal states of the crust, thereby affecting rock and surface uplift (e.g., Molnar et al.,
1993; Heuret and Lallemand, 2005; Conrad and Husson, 2009; Guillaume et al., 2010;
Faccena et al., 2013; Sternai et al., 2019). At the surface, erosion shapes the relief of orogens,
exhuming rocks and generating sediments, which subsequently fill topographic depressions,
i.e., basins (England and Molnar, 1990; Whipple and Tucker, 1999; Willett, 1999;
Brocklehurst, 2010; Whipple, 2009; Champagnac et al., 2014). Climate-controlled erosion
and lithospheric/deep-seated processes are intrinsically linked and operate at various spatial
and temporal scales, and quantifying their relative contributions to rock exhumation and
landscape evolution in orogenic settings is of prime importance in current geoscience

research.
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The erosional mass outflux from glaciated orogens largely depends on the partitioning
between glacial processes that widen and deepen valleys (Brocklehurst and Whipple, 2006;
Shuster et al., 2005, 2011; Herman et al., 2011, 2018; Sternai et al., 2011, 2013), and fluvial
erosion, which is primarily controlled by the local slope, water discharge, and rock erodibility
(Willett, 1999; Whipple and Tucker, 1999; Braun and Willett, 2013). The global cooling
during the late Cenozoic and associated onset of glaciations generated cyclic shifts in
fluvial/glacial erosional processes with associated transience in mountain landscape and
surface uplift (Peizhen et al., 2001; Molnar, 2004; Egholm et al., 2009; Koppes and
Montgomery, 2009; Valla et al., 2011; Herman et al., 2013, 2018). At orogenic scale, the
glacier’s Equilibrium Line Altitude (ELA) may limit the elevation of glaciated mountain
ranges, independent of the tectonic uplift rate (Montgomery et al., 2001; Egholm et al., 2009).
Other studies, however, suggested that tectonic uplift modulates both fluvial and glacial
erosion rates in orogens (Koppes and Montgomery, 2009). The impact of glacial erosion on
the elevation and topographic relief of mountain ranges is complex and depends on factors
such as bedrock physical properties, pre-glacial mountain topography, basal ice thermal
regime, etc. (e.g., Sternai et al., 2013; Pedersen and Egholm, 2013, and references therein).
The basal thermal regime of ice masses, in particular, modulates glacial erosion rates such
that wet and warm-based glaciers are more prone to generate glacier sliding and higher
erosion rates (e.g., Pedersen and Egholm, 2013), whereas dry and cold-based glaciers shield
the underneath bedrock from erosion, allowing topographic growth by tectonic rock uplift
(e.g., Thomson et al., 2010).

The typical steep and high topographic relief of glaciated mountain belts, with deeply
incised valleys, exposes lithospheric bedrock from various crustal depths. Generally,
crystalline rocks (i.e., magmatic and metamorphic rocks) offer a higher resistance to erosion
compared to soft rocks (i.e., volcano-sedimentary rocks), and tend to form prominent peaks in
alpine settings (Egholm et al., 2009; Shuster et al., 2011; Champagnac et al., 2014). Low-
temperature thermochronological bedrock ages vary systematically with elevation, low
elevation rocks being more recently exhumed. Age-elevation relationships, thus, allow
estimating regional exhumation rates (Wagner and Reimer, 1972; Wagner et al., 1979;
Fitzgerald and Gleadow, 1988; Fitzgerald et al., 1995; Braun, 2002; Reiners and Brandon,
2006) and provide useful information to unravel the exhumation history of orogenic regions
and the balance between regional erosion and tectonic uplift (Willett et al., 2001; Spotila,

2005; Tomkin and Roe, 2007; Berger et al., 2008).
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In the Southern Patagonian Andes, glacial landscapes and related sedimentary deposits
were proposed to reflect the onset of major glaciations in the latest Miocene (at 7 Ma; Mercer
and Sutter, 1982; Zachos et al., 2001; Thomson et al., 2001, 2010; Rabassa, 2008; Lagabrielle
et al., 2010; Georgieva et al., 2016, 2019; Christeleit et al., 2017; Willett et al., 2020; Ronda
et al. 2022). Currently, the Northern Patagonian (46—47°S), the Southern Patagonian (SPI,
48-52°S) and the Cordillera Darwin (54°S) icefields are located along the strike of the
internal domain of the orogen. Our study focuses on the eastern proximity of the SPI, where
mountain peaks rise above the current glaciers’ ELA, which has been oscillating between 0.5
and 2 km above sea level since the Last Glacial Maximum (~21 ka, Broecker and Denton,
1990; Davies, 2020). Miocene plutonic complexes that intrude deformed Mesozoic
sedimentary rocks constitute most of these high peaks, which are surrounded by steep valleys
close to the ice fields, and gentle valleys towards the eastern continental foreland (Ramirez de
Arellano et al., 2012; Fosdick et al., 2013). The entire region is lying above an asthenospheric
window (Fig. 1), currently originating around the Chile Triple Junction (CTJ, at 46°S) where
the Nazca, Antarctic and South American plates meet (Cande and Leslie, 1986; Breitsprecher
and Thorkelson, 2009). The asthenospheric window opened through subduction of spreading
ocean ridge segments approximately parallel to the trench. Ocean ridge collision with the
subduction trench likely generated compressive deformation and tectonic uplift in the orogen,
migrating northward from an initial collision around 54°S at 16 Ma to about 49°S at 12 Ma,
and 47°S at 3 Ma (Fig. 1) (Cande and Leslie, 1986; Thomson et al., 2001; Ramos, 2005;
Haschke et al., 2006; Lagabrielle et al., 2010; Breitsprecher and Thorkelson, 2009; Guillaume
et al., 2009, 2013; Scalabrino et al., 2010; Fosdick et al., 2013; Stevens Goddard and Fosdick,
2019; Georgieva et al., 2016, 2019). Mantle upwelling during ocean ridge subduction is
expected to have generated long-wavelength dynamic surface uplift and lateral tilting of the
continent, following the northward motion of the CTJ (Guillaume et al., 2009; 2013).

In this study, we present new low-temperature thermochronological datasets from two
of the most emblematic massifs of the Southern Patagonia Andes: the Fitz Roy (FzR, 49°S)
and Torres del Paine (TdP, 51°S) (Figs. 1-4). These two regions are located south of the CT]J,
and thus may have recorded the earlier effects of northward ridge subduction and
asthenospheric window opening besides those of late Cenozoic glaciation (Thomson et al.,
2001; Ramos, 2005; Guillaume et al., 2009, 2013; Fosdick et al., 2013; Georgieva et al., 2016,
2019; Christeleit et al., 2017; Stevens Goddard and Fosdick, 2019; Willett et al., 2020; Ronda
et al., 2022). They are also located far away from the damage areas of the Liquifie-Ofqui and

the Magallanes-Fagnano strike-slip fault zones, enabling us to dismiss any potential effect on
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the regional exhumation and/or thermal impact associated to these major transcurrent
structures (Thomson et al., 2001; Lagabrielle et al., 2010; Guillaume et al., 2013). Because
these two massifs are located 200 km apart along the strike of the orogen, their comparative
study also enables us to interpret their local and/or regional exhumation histories including
transient processes. Our main goal is to decipher the partitioning between geodynamic- and

climate-driven processes to rock exhumation in the Southern Patagonian Andes.
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Figure 1. Geodynamic context of the Southern Patagonian Andes. The orange region represents the current
asthenospheric window, the Chile Triple Junction (CTJ, black circle) is located where the ocean Chile Ridge is
currently subducting beneath the South American Plate. The black and gray lines between the Nazca and the
Antarctic plates are the present day, and the ancient positions (at ~16 and ~12 Ma), respectively, of the spreading
ocean ridges and transform faults separating the oceanic plates (Breitsprecher and Thorkelson, 2009). The gray
arrows show the velocity and approximate direction of subduction of the Nazca and Antarctic plates (DeMets et
al., 2010). Red triangles show Quaternary volcanoes (Global Volcanism Program, 2023). Low-temperature
thermochronometric data presented in this study are from the Torres del Paine (TdP) and Fitz Roy (FzR) massifs
(yellow circles), located on the eastern border of the Southern Patagonian Icefield (SPI, white line). The blue line
delimits the ice-covered region during the Last Glacial Maximum (LGM) at ~21 ka (adapted from Thorndycraft
et al., 2019). Other abbreviations: NPI: Northern Patagonian Icefield, CDI: Cordillera Darwin Icefield, MFFZ:
Magallanes-Fagnano Fault Zone, LOFZ: Liquifie-Ofqui Fault Zone.
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2. Geological context
2.1. Geodynamic setting

The FzR and the TdP massifs are located in the retroarc of the Southern Patagonian
Andes, to the east of the N-S oriented drainage divide. Furthermore, these satellite plutons are
outside of the Southern Patagonian Batholith (SPB) domain, which concentrate the locus of
Late Jurassic to Miocene subduction-related magmatism intruding Paleozoic metamorphic
complexes (Hervé et al., 2007). The amalgamation of the continental block bearing the SPB
with the South American continent occurred in the Late Cretaceous through the closure of the
ocean-floored backarc Rocas Verdes Basin (Calderon et al., 2012; Maloney et al., 2013;
Muller et al., 2021). Ensuing crustal shortening and thickening in the retroarc led to foreland
subsidence, and deposition of marine siliciclastic basal deposits of the Magallanes-Austral
foreland basin (Fildani et al., 2003; Fosdick et al., 2011; Malkowski et al., 2017). After the
break-up of the Farallon Plate into the Nazca and the Cocos plates at ~25 Ma, the increase in
convergence velocity generated eastward thrust propagation into the foreland basin, forming
the N-S oriented Patagonian fold-and-thrust belt (Figs. 2 and 3; Sudarez et al., 2000; Kraemer,
2003; Ghiglione et al., 2009; Fosdick et al., 2011, 2013; Betka et al., 2015). Small Miocene
plutonic complexes intruded the Patagonian fold-and-thrust belt, distributed for 800 km along
the strike of the orogen (Ramirez de Arellano et al., 2012). In the FzR massif, the Chaltén
Plutonic Complex (49°S) is composed of granitic to gabbroic rocks crystallized between
16.9+0.05 and 16.4+0.02 Ma (Ramirez de Arellano et al., 2012). Hornblende-
thermobarometry from this plutonic complex indicates magmatic emplacement at 8-10 km
depth and exhumation to 6-4 km depth during the syn-magmatic phase (Ramirez de Arellano,
2011). Currently, this plutonic complex is exposed, for example, in the Mount Fitz Roy (3405
m a.s.l.) and Cerro Torre (3128 m a.s.l.) (Fig. 2). The Torres del Paine Plutonic Complex,
located at 51°S, is a laccolith with feeder dikes of granitic to gabbroic composition, emplaced
at 2-4 km depth, as constrained from contact-metamorphic assemblages such as prehnite-
anorthite (Putlitz et al., 2001), and crystallized between 12.4 £0.006 Ma and 12.6 +£0.009 Ma
(Leuthold et al., 2012). The culminant peaks of the TdP massif are the Cerro Paine Grande
(2884 m a.s.l), composed of Late Cretaceous metasedimentary siliciclastic rocks

encompassing the pluton, and the granitic Torre Central (2460 m a.s.l., Fig. 3).
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Figure 2. Geological map of the Fitz Roy massif (FzR), Argentina (modified from SEGEMAR, 2011,
background satellite image is from ©Google Earth), with sample locations. Major topographic peaks are
indicated by red triangles, samples for (U-Th)/He thermochronometry are located by black circles (apatite) and
diamonds (zircon). See Figure 1 for location within the Southern Patagonian Andes.

The older and faster Nazca Plate subduction with respect to the Antarctic Plate
generated a much longer Nazca slab than the Antarctic slab (DeMets et al., 2010; Hayes et al.,
2018), with space for mantle upwelling in an asthenospheric window beneath Southern
Patagonia (Fig. 1; Cande and Leslie, 1986; Ramos and Kay, 1992; Lagabrielle et al., 2004,
2007; Ramos, 2005; Breitsprecher and Thorkelson, 2009). Between 12 and 6 Ma, the
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asthenospheric window broadened between latitudes 51 and 48°S, and dynamic surface uplift
related to the asthenospheric flow was estimated to ~800 m (Guillaume et al., 2009). Around
the current latitude of the CTJ (46-47°S) tectonic deformation and asthenospheric upwelling
due to ocean ridge subduction are proposed as mechanisms forcing rock exhumation between
10 and 3 Ma (Thomson et al., 2001; Lagabrielle et al., 2004, 2007, 2010; Guillaume et al.,
2009; Georgieva et al., 2016, 2019). However, its synchronicity with the onset of glaciations
in Patagonia makes it difficult to separate the climate-driven from the tectonic-driven
mechanisms forcing on rock exhumation (Thomson et al., 2001, 2010; Georgieva et al., 2016,
2019; Christeleit et al., 2017; Willett et al., 2020; Ronda et al. 2022). Our study region located
more than 300 km south of the current CTJ offers the opportunity of analyzing a sector of the
Patagonian Andes where the climate-driven and the tectonic-driven signals must not be
coincident in time (Fosdick et al., 2013; Stevens Goddard and Fosdick, 2019). Magmatic
effects of ridge subduction include the cessation of arc volcanism (Ramos, 2005), and
extensive plateau basaltic volcanism recording the opening of the asthenospheric window
(Ramos and Kay, 1992; Gorring et al., 1997; Guivel et al., 2006; Breitsprecher and
Thorkelson, 2009). Amongst the six Quaternary volcanoes of the Austral Andes Volcanic
Zone (Stern et al., 1984; Global Volcanism Program, 2023), the closest Lautaro (49°S) and
Reclus (51°S) volcanoes are located more than 20 km away from the study regions (Fig. 1),
which leads us to assume negligible thermal influence from recent volcanism on the

investigated FzR and TdP massifs.
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Figure 3. Geological map of the Torres del Paine massif (TdP), Chile (modified from Fosdick et al., 2013,
background satellite image from ©Google Earth), with sample locations. Major topographic peaks are indicated
by red triangles, samples for apatite (U-Th)/He thermochronometry are located by colored circles (see legend for
details). See Figure 1 for location within the Southern Patagonian Andes.

2.2. Paleoclimatic setting and regional exhumation record

The Southern Patagonian Andes are approximately perpendicular to the main wind
trend dominated by the Westerlies, thus acting as an orographic barrier since at least the early

Miocene (Blisniuk et al., 2006; Fosdick et el., 2013). As a result, the precipitation rates are
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higher than 4000 mm/yr on the windward side of the orogen, where the SPB is located,
whereas the region located to the east of the topographic divide, including the FzR and the
TdP massifs, is in a rain shadow (Blisniuk et al., 2006; Fosdick et al., 2013; Herman and
Brandon, 2015). Low-temperature thermochronological ages (apatite and zircon (U-Th)/He
and fission tracks) from the SPB range from 60 to 10 Ma, being generally younger eastward,
and were interpreted to reflect an eastward migration of the topographic divide and
exhumation front (Thomson et al., 2001; 2010). Within the Patagonian fold-and-thrust belt,
including the TdP massif, recorded cooling ages range between 22 and 10 Ma ascribed to
erosional exhumation during thrusting, and between 7 and 3 Ma ascribed to climate-driven
exhumation mainly associated to glacio-fluvial erosion (Thomson et al., 2010; Fosdick et al.,
2013; Herman and Brandon, 2015; Christeleit et al., 2017; Willett et al., 2020; Ronda et al.,
2022). There are no low-temperature thermochronological ages younger than 3 Ma in the
area, thus limiting our knowledge of the most recent exhumation history in the region.

The onset of Patagonian glaciations at around 7 Ma is supported by sedimentary and
geomorphologic evidence, including glacial troughs, striations and moraine deposits up to 100
km eastward distant from the sediment sources (Mercer and Sutter, 1982; Zachos et al., 2001;
Singer et al., 2004; Rabassa et al., 2005; 2011; Lagabrielle et al., 2010). In the CTJ region,
thermochronological ages of 4-3 Ma were associated with both changing glacial/interglacial
cycles, and faulting due to spreading ridge and transform faults interaction with the orogen
(Thomson et al., 2001; Lagabrielle et al., 2010; Scalabrino et al., 2010; Georgieva et al., 2016;
2019; Willett et al., 2020; Ronda et al., 2022). The maximum extent of the cordilleran ice
sheet (during the so-called Great Patagonian Glaciation) has been dated at ~1 Ma, and was
followed by glacial episodes that reveal a gradual shrinking of the ice cover (Kaplan et al.,
2004; Singer et al., 2004; Hein et al., 2011). During the Last Glacial Maximum, the region
between 38 and 56 °S formed the Patagonian Ice Sheet (Fig. 1; Kaplan et al., 2004; Glasser
and Jansson, 2008; Davies and Glasser, 2012; Thorndycratf et al., 2019; Davies, 2020). An
orogen-scale southward increase in thermochronological ages south of 49 °S was interpreted
as a decrease in the long-term erosional efficiency due to bedrock shielding by cold-based
glaciers at high latitudes (Thomson et al., 2010). However, the effects of cold-based glaciers
on long-term bedrock exhumation, and whether topographic relief in the Southern Patagonian
Andes may surpass the glacier’s ELA due to bedrock protection, are still discussed (Egholm
et al., 2009; Thomson et al., 2010).

10
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3. Materials and Methods
3.1. Sample locations and processing

Sampled bedrock outcrops are distributed within the FzZR and TdP massifs, with a
sampling strategy along elevation profiles when possible (Figs. 2-4). The FzR profile covers
660 m elevation (Figs. 2, 4a and 5a) over 3-4 km of horizontal distance of magmatic rocks of
the Chaltén Plutonic Complex. We collected 7 samples for apatite (U-Th)/He (AHe) dating
and 4 samples for zircon (U-Th)/He (ZHe) dating (Tables 1-2). In the TdP massif, AHe
samples were collected from three sectors (Central, North and West, Figs. 3 and 4b,c), with 2
samples from the Central sector also having apatite *He/’He data (Fig. 5b, Tables 3a-c and
S1). The Central sector covers 1600 m elevation over 15 km of horizontal distance, while the
West and North sectors extend over 630 m and 550 m elevation respectively (Figs. 3 and 4c).
The Central sector is comprised of 15 magmatic samples from the Torres del Paine Plutonic
Complex and 2 metasedimentary samples from the Patagonian fold-and-thrust belt located
near the Nordenskjold Lake (Figs. 3 and 4b). The West sector is comprised of 3 samples of
metasedimentary rocks near the Grey and Tyndall lakes, whereas the North sector has 2
samples of metasedimentary rocks near the Dickson Lake (Figs. 3 and 4c).

Apatite and zircon crystals were extracted from bedrock samples using crushing
followed by standard magnetic and heavy-liquid separation techniques (Kohn et al., 2019).
For apatite, preparation included selection of crystals with euhedral shape, equivalent

spherical radius between 30 and 100 um (Tables 2 and 3), and absence of inclusion.
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3.2. AHe and ZHe thermochronology data

Both methods used in this study (ZHe and AHe dating) are based on *He production
and accumulation within a crystal coming from alpha radioactive decay of the parent nuclides
28y, 2°U, #°Th, and "'Sm (Zeitler et al., 1987; Farley, 2002). Helium being a gas, it
accumulates in a crystal depending on the diffusion coefficient, crystal size, and broken tips
(e.g., Reiners and Farley, 2001; Brown et al., 2013). He diffusion in apatite and zircon is
strongly controlled by radiation damage that accumulates in crystals with time (Shuster et al.,
2006; Reiners, 2005). In consequence, He retention is complex and the associated effective
closure temperature (T.) and partial retention zone (PRZ) vary with damage dose production
and annealing through time (Dodson, 1973). The T.represents the temperature where 50% of
the produced He atoms are retained in a crystal structure for a monotonic cooling, and the He-
PRZ is the zone between 10 and 90% of the produced retained He atoms. Those notions are
purely mathematic formulations but illustrate the temperature sensitivity of a
thermochronological system. As a result, (U-Th)/He age varies depending on the crystal size,
U and Th content (Farley, 2002; Reiners, 2005), and chemical composition for apatite
(Gautheron et al., 2013). For apatite, the He-PRZ increases with damage dose from 40 to 120
°C (Shuster et al., 2006; Gautheron et al., 2009; Flowers et al., 2009; Djimbi et al., 2015).
Whereas for zircon, the He-PRZ increases with radiation damage from 100 to 200 °C
(Guenthner et al., 2013; Gautheron et al., 2020; Gérard et al., 2022) until a threshold and
decreases up to a temperature <100 °C (Ketcham et al., 2013; Guenthner et al., 2013).

For apatite, He diffusion algorithms exist that take into account damage production
and annealing, and here we used the model of Flowers et al. (2009). This model was chosen
because the radiation damage present in the apatite crystal of our study is relatively low, as
the plutonic rocks are young (16.740.3 Ma, Ramirez de Arellano et al., 2012). For zircon
from the FzR plutonic complex, we used an adapted He diffusion coefficient, with He
diffusion parameters calculated based on Gautheron et al. (2020), taken into account the
plutonic rock age and U-Th content (Tables 1 and S2). The calculated closure temperature of
the ZHe system ranges between ~87 and ~108 °C for the FzR samples (See Supplementary
Material and Table S2 for details).

AHe thermochronometry was performed following standard procedures (House et al.,
2000) at the ARHDL of University of Arizona (USA) for magmatic samples of TdP, and at
the Berkeley Geochronology Center (USA) for metasedimentary samples of TdP and *He/°’He
data. AHe thermochronometry of FzR magmatic samples was performed in the GEOPS

13
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Laboratory in the Paris-Saclay University (Paris, France), and ZHe thermochronometry was
performed in the UTHHE Laboratory of Dalhousie University (Halifax, Canada) following
the methods of Reiners et al. (2004, 2005). Full analytical details for ZHe, AHe and *He/’He

data production are given in the Supplementary Material.

3.3. Inverse thermal modeling

We used inverse thermal modeling to interpret our new AHe and ZHe data in terms of
bedrock cooling histories, and eventually to estimate the timing and spatial differences in
exhumation histories between the TdP and FzR massifs. To this aim, we used the QTQt
model (Gallagher, 2012), which is based on a Bayesian Markov-Chain Monte-Carlo approach
to statistically explore different temperature-time (T-t) paths for multiple samples distributed
along an elevation profile. For predicting *He diffusion in an apatite or zircon crystal, the
model uses the raw contents of ***U, **Th and '*’Sm, and the equivalent spherical radius
calculated from crystal measurements in the laboratory (Tables 1-3). For AHe data, we used
the *He diffusion kinetic parameters from the radiation damage and annealing model of
Flowers et al. (2009). For ZHe data, we estimated and input the *He diffusion parameters
(activation energy, E,, and diffusion coefficient, D) for each individual zircon crystal to
further investigate He diffusion in zircon (see Supplementary Material and Table S2 for
details; Gérard et al., 2022). Then, we conducted several thermal QTQt inversions for FzR
massif and TdP sectors (Central, West and North sectors, Fig. 4) with shared input modeling
parameters in QTQt. First, we prescribed a geothermal gradient of 35+10 °C/km, according to
the 70-90 mW/m’ regional thermal flow predicted by Avila and Davila (2018). The
geothermal gradient is allowed to vary with time within the 35+10 °C/km range, and no
reheating was allowed due to the lack of evidence for reheating event in the study FzR and
TdP regions during the late Miocene to Plio-Quaternary (Ramirez de Arellano et al., 2012).
We considered an atmospheric lapse rate of 6+2 °C/km, and a present-day surface
temperature of 1£1 °C to ensure model simulations reaching surface temperature for modern
conditions (all sample locations have mean annual surface temperature below or around 0
°C). We also constrained the initial thermal constraints based on pluton crystallization ages,
using temperature-time constraints of 27525 °C (i.e. well hotter than respective T of the
ZHe and AHe systems), and 16+1 Ma and 12+1 Ma for the FzR and TdP (Central sector)
massifs, respectively. For the metasedimentary samples (West and North sectors of TdP

massif), we did not impose any initial thermal constraint, and re-heating was not allowed
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given the lack of evidence of thermal events after Early Cenozoic low-grade metamorphism
during basin thrusting (Klepeis et al., 2010; Fosdick et al., 2011). For thermal inversion,
QTQt’s modeling is based on a linear interpolation between the highest and the lowest
elevation samples to predict thermal paths randomly and shared geothermal gradients for all
samples in an elevation profile (Figs. 6-8, S1-4) that best predicts observed
thermochronological data in a consistent manner (Gallagher, 2012). QTQt inverse simulations
were done for 10,000 iterations to ensure the robustness of the inversion results (see
Supplementary Material).

Finally, we used thermal inversion modeling (Schildgen et al., 2010) to interpret
*He/*He thermochronological data in two TdP samples (Fig. 3, Table S1). To explore possible
changes in *He diffusivity through time, all cooling paths (20-30x10° iterations for each
sample) began at 150 °C, well above the accumulation of radiation damage effects (Flowers et
al., 2009) and ended after 10 Myr at the modern surface temperature. Following each
specified cooling path, the model first calculated an AHe age that was compared to the
measured age. If the predicted age was within 1 standard deviation (SD) of the mean
measured age (Table 3), a model “He/’He ratio evolution was calculated using the same
analytical heating schedule as the sample and compared to observed ratios. This approach
enables a random-search scheme to identify cooling histories that are compatible with the
observations based on the computation of misfit statistics (M; mean of squared residuals
weighted by the individual uncertainties in the ratio measurements; Schildgen et al., 2010);
we set a misfit limit M~2, which corresponds to the 99% confidence level. Thermal histories
yielding M>4 are excluded by the data, 2<M<4 are marginally acceptable (yellow lines in
Fig. 9b,d), and M<2 are good fits to the data (green lines in Fig. 9b,d).

4. Results
4.1. AHe and ZHe thermochronological data

We present all analytical details, as well as full AHe and ZHe data in Tables 1-3. For
illustration, we report in Figure 5 both single-crystal and average AHe and ZHe corrected
ages with 1 standard deviation of the single-crystal ages (1o error) in age-elevation diagrams.

The FzR dataset (Fig. 5a) reveals single-crystal ZHe ages ranging from 6.1+0.4 to
12.9+0.8 Ma, and single-crystal AHe ages ranging between 3.1£0.1 and 9.7+£0.6 Ma. The lack
of clear age-elevation relationship for the entire elevation profile potentially indicates fast

rock exhumation during the ~3 to 13 Ma period.
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Figure 5. Age-elevation profiles for the
FzR and TdP massifs. a) ZHe and AHe
data for the FzR massif: single-crystal
apatite and zircon (U-Th)/He ages are
indicated by circles, and mean ages with 1o
errors (standard deviation of the single-
crystal ages) by diamonds. b) AHe data for
the TdP massif: single-crystal apatite (U-
Th)/He ages are indicated by circles, and
mean ages with 1o errors (standard deviation
of the single-crystal ages) by diamonds. Two
samples with apatite ‘He/’He data are
marked by a red asterisk. Colors correspond
to different sectors of the TdP massif
(Central, West and North sectors), gray
samples are sedimentary and yellow are
magmatic samples from the Central sector,
according to the legend in Figure 3, and as
explained in the main text. Full analytical
details for AHe and ZHe data are given in
Tables 1-3 and in the Supplementary
Material.
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For the TdP massif, single-crystal AHe ages from the Central sector (Fig. 5b) range
from 3.1+0.1 to 13.1+0.3 Ma, and the metasedimentary samples have similar ages to the
magmatic samples. In addition, we observe an apparent break-in slope in the age-elevation
relationship at ~7 Ma and 1400-m elevation, potentially indicating an increase in rock
exhumation at this time. Samples from the North and West sectors have been collected at
lower elevations (i.e. below 1000-m elevation, Fig. 5b), with AHe single-crystal ages ranging
from 5.9+0.1 to 11+0.2 Ma in the West sector, and 6.3+0.2 to 10.4+0.1 Ma in the North
sector.

4.2. QTQt thermal inversion results

The results of QTQt thermal inverse modeling are reported in Figures 6-8 with the
relative probabilities of expected temperature-time (T-t) paths for the highest and lowest
elevation samples of each elevation profile plotted in Figure 5, together with the best-fitting
observed vs. predicted ages diagrams. The expected models for all the samples of each
massif/sector, interpolated from the highest and the lowest elevation ones, and the output
thermal gradient predicted (within the imposed range of 35+10 °C/km, see section 3.3) are
shown in the Supplementary Figures S1-4. Using the output T-t paths and geothermal
gradients, we can estimate exhumation rates for the different periods of time, that we have
graphically determined based on major observed changes in output T-t paths (Figs. 6-8).

QTQt inversion results for the FzZR massif suggest a multi-stage cooling history (Figs.
6 and Sla). Using both ZHe and AHe data, the expected (weighted mean), maximum mode,
and maximum posterior thermal histories show an unconstrained cooling from the imposed
initial magmatic temperature (275+25 °C) and age (161 Ma) constraints, to a temperature
range between 110 and 70 °C at 9 Ma, showing a cooling rate of ~35 °C/Myr. At around 10.5
Ma the maximum likelihood predicted T-t paths become steeper until 9 Ma, as well as the
other thermal models become steeper from 10-9.5 Ma up to 9 Ma, probably indicating an
increase in the cooling rate from 35 to 60-90 °C/Ma (Fig. 6). Between 9 and 6 Ma, all the
thermal models show a phase of slow cooling at 4-5 °C/Myr. At 6 Ma, both high- and low-
elevation samples were rapidly cooled at ~70 °C/Myr during a short period of around 1 Myr.
The highest sample (FZR3, Fig. 6a) reached surface temperatures at early Pliocene time,
while the lowest elevation sample (FZR13, Fig. 6b) still experienced cooling at 5 °C/Myr
with a slight increase up to 20 °C/Myr at since 1 Ma.
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Figure 6. QTQt thermal modeling outputs for the FzZR massif, derived from AHe and ZHe data (Tables 1
and 2). Selected outputs with relative probability for: a) the highest sample FZR3 (2070 m), and b) the lowest
sample FZR13 (1410 m), with the expected model (weighted mean model) and its 95% confidence intervals
(black solid lines), the maximum-likelihood model (red line), the maximum posterior model (green line), and the
maximum mode model (white line). Black dashed lines highlight key time periods with major changes in cooling
rates. The black box indicates the initial thermal constraint and the red box represents general T-t priors. Note
that output thermal histories for other FzR samples are linearly interpolated between these two end members
(Fig. S1). c) Best-fitting observed vs. predicted age diagram with single-crystal AHe (dark green triangles) and
ZHe (downward green triangle) uncorrected ages.

For the TdP massif, inverse thermal modeling using QTQt provided variable
information on the regional exhumation history from the different sectors. For the Central
sector (Figs. 7 and S2), expected T-t paths from the dense AHe dataset (Fig. 5b) first show
apparent rapid but unconstrained cooling from the imposed magmatic temperature/age
constraints to a temperature range of 70-130 °C at around 11.5 Ma, which is the oldest
thermochronological AHe age in the profile. We propose that this cooling signal has no real
geological meaning since it reflects thermal adjustment after the shallow intrusion of the TdP
Plutonic Complex (note that the Central sector includes also two metasedimentary samples,
which we assume were re-heated by the same intrusion event). TdP samples of the Central
sector then slowly cooled until 6.5 Ma, when they experienced an increase in cooling rate
from <1 °C/Myr up to 90-120 °C/Myr. This fast exhumation phase was relatively short in
time (during 0.5 Myr), ending at ~6 Ma, when the highest elevation sample (04-JM-66, Fig.

7a) reached almost surface temperatures. The lowest elevation sample (13-TP-26, Fig. 7b)
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shows a quiescent period until 2 Ma (slow cooling at <1 °C/Myr) when it experienced an
increase in cooling rate up to 30 °C/Myr. It is worth noting that the output thermal history is
relatively well constrained over the late Miocene to Plio-Quaternary period because of the

dense AHe dataset and well prescribed AHe age-elevation relationship (Fig. 5b).
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Figure 7. QTQt thermal modeling outputs for the Central sector of the TdP massif, derived from AHe
data (Table 3a). Selected outputs with relative probability for: a) the highest 04-JM-66 (1802 m), and b) the
lowest 13-TP-26 (206 m) elevation samples, with the expected model (weighted mean model) and its 95%
confidence intervals (black solid lines), the maximum-likelihood model (red line), the maximum posterior model
(green line), and the maximum mode model (white line). Black dashed lines highlight key time periods with
major changes in cooling rates. The black box indicates the initial thermal constraint and the red box represents
general T-t priors. Note that output thermal histories for other TdP samples are linearly interpolated between
these two end members (Fig. S2). c) Best-fitting observed vs. predicted age diagram with single-crystal AHe
uncorrected ages (green triangles).

For the North and West sectors of the TdP Massif (metasedimentary samples, Fig. 8),
the AHe dataset is less dense and output model predictions are less constrained. For the West
sector, the expected T-t paths (Fig. 8a,b) are not well constrained until 12 Ma, after this time
the relative probability for the cooling histories defines a slow cooling at 4 °C/Myr. At around
6.5 Ma, cooling accelerated to 25-30 °C/Myr for a short period of 1-1.5 Myr, bringing the
high-elevation sample (Fig. 8a) to near surface temperatures. After this time-interval, the low-
elevation sample (Fig. 8b) was cooled slowly to the surface (at ~2 °C/Myr), with a potential

late-stage exhumation increase since 0.5 Ma (with a cooling rate up to 80 °C/Myr). For the
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North sector, there is no output constraint on the thermal histories until 15 Ma (Fig. 8c,d). The
output thermal history reveals slow cooling between 15 and 5 Ma, with an estimated cooling
rate <2 °C/Myr, followed by a short cooling episode between 5 and 4 Ma at 40-60 °C/Myr.
The low-elevation sample (Fig. 8c) also recorded cooling after 4 Ma, but this phase is
relatively unconstrained, although a potential acceleration in cooling rate may occur since 0.5
Ma (from 20 up to 40 °C/Ma, Fig. 8d).

Potential cooling events before 15 Ma would not have been recorded by the AHe
dataset in the TdP massif. All TdP sectors show a short episode of fast cooling between 6.5
and 4 Ma, which is common between the magmatic and the metasedimentary samples, and a
potential delay (or lower precision in timing) for this event north of the TdP massif (North
sector). Finally, the final stage of cooling is revealed for all low-elevation samples (Figs. 7b
and 8b,d), but the timing of onset for this episode appears spatially variable, being apparently
earlier (at 2 Ma) for the Central sector compared to the West and North sectors (at 0.5 Ma).
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Figure 8. QTQt thermal modeling outputs for the West and North sectors of the TdP massif, derived from
AHe data (Tables 3b,c). Selected outputs with relative probability for: a) the highest CH15-TP22 (746 m), and
b) the lowest CHI5-TP14 (112 m) elevation samples of the West sector, ¢) the highest CH15-26 (916 m), and
the d) lowest CH15-TP17 (369 m) elevation samples of the North sector, with the expected model (weighted
mean model) and its 95% confidence intervals (black solid lines), the maximum-likelihood model (red line), the
maximum posterior model (green line), and the maximum mode model (white line). Black dashed lines highlight
key time periods with major changes in cooling rates. The red box represents general T-t priors. Note that output
thermal histories for other TdP samples are linearly interpolated between these two end members (Figs. S3 and
S4). e, f) Best-fitting observed vs. predicted age diagram with single-crystal AHe uncorrected ages (green
triangles) of the West and North sectors.

4.3. *He/*He thermal histories

Inverse thermal modeling of *He/’He data shows variable resolution for the two TdP

samples (Central sector, Figs. 5b and 9). “He/’He data resolution is relatively low for sample
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13-TP-26 (Fig. 9c), resulting in unconstrained output cooling histories over the last 10 Ma.
However, significant cooling (40-50 °C) had still occurred for this sample since 5-6 Ma (Fig.
9d). “He/’He data resolution is much higher for sample 04-JM-90 (Fig. 9a) and associated
output cooling histories (Fig. 9b) suggest fast cooling until 6 Ma before a quiescent period of
low cooling rates. This thermal history is relatively similar to QTQt outcomes for the Central
sector (Fig. 7). Finally, a late-stage cooling episode is recorded since 2 Ma, coherent with

QTQt thermal predictions for the lowest elevation sample of the Central sector (Fig. 7b).
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Figure 9. “‘He/’He thermochronometry of TdP massif (see Figs. 3-5 for locations and details). *He/’He ratio
evolution diagrams and model cooling paths are shown for 04-JM-90a (a, b) and 13-TP-26a (c, d). The measured
*He/*He ratios of each degassing step (Rstep) are normalized to the bulk ratio (Rbulk) and plotted versus the
cumulative *He release fraction (YF’He). Boxes indicate +lc (vertical) and integration steps (horizontal).
Colored lines show the predicted “He/*He ratio evolution diagrams (a, ¢) for arbitrary cooling paths between 150
and 10 °C (b, d). Each colored path predicts the observed AHe age of the sample to within +1c (cooling paths
failing to predict the AHe age are not shown); red and yellow cooling paths are excluded by the *He/’He data,
whereas green cooling paths are permitted (see section 3.3 and Supplementary material, and Supplementary
Table S1 for analytical details).
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5. Discussion
5.1. The role of ridge subduction and asthenospheric dynamics

In the FzR thermal models, an estimated rock exhumation rate (resulting from the
output QTQt cooling rate divided by the predicted geothermal gradient given in Fig. S1) of 1
km/Myr before 9 Ma, drops to 0.2 km/Myr between 9 and 6 Ma (Fig. 6). Part of the initial fast
exhumation rate can be associated to post-magmatic thermal relaxation after pluton
emplacement. An apparent acceleration of rock exhumation to 2-3 km/Myr can be seen
between 10.5 and 9 Ma, with the beginning of this pulse varying between the thermal models
(10.5 — 9.5 Ma, Fig. 6). Spreading ridge subduction beneath the FzR massif occurred between
12 and 8 Ma (Cande and Leslie, 1986; Ramos, 2005; Lagabrielle et al., 2010; Guillaume et
al., 2009b, 2013; Breitsprecher and Thorkelson, 2009), and asthenospheric upwelling during
this process may have forced dynamic and thermal surface uplift (Conrad and Husson, 2009;
Guillaume et al., 2010; Faccenna et a., 2013; Sternai et al., 2016). This would amplify the
effects of surface erosion on rock exhumation over the incipient asthenospheric window at
depth (Fig. 10a), thus accelerating the exhumation rate of the FzZR massif in the time interval
between 10.5 and 9 Ma. Furthermore, spreading ridge collision with the trench would have
increased compression in the orogen with fold-and-thrust belt propagation towards the
continent (Thomson et al., 2001; Ramos, 2005; Scalabrino et al., 2010; Guenthner et al.,
2010; Lagabrielle et al., 2004, 2010; Georgieva et al., 2016, 2019; Stevens Goddard and
Fosdick, 2019), a mechanism also suggested by numerical and analytical model outputs
(Lallemand et al., 1992; Gerya et al., 2009; Salze et al., 2018), and may have played a role on
accelerating rock exhumation in the FzR latitudes. Additionally, after the ocean ridge has
subducted at 49°S, slower subduction of the Antarctic Plate with respect to the Nazca Plate
may have reduced compression, uplift and rock exhumation across the orogen until the onset
of the late Cenozoic glaciation (Suarez et al., 2000; Thomson et al., 2001), corresponding to

the phase of erosional quiescence between 9 and 6 Ma.
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Figure 10. Block diagram with the interpretation of the geodynamic and topographic evolution of the
Southern Patagonian Andes from the late Miocene to the Quaternary. a) During the late Miocene (~12 Ma),
the spreading ridge between the Nazca Plate (NZ) and the Antarctic Plate (AT) was subducting beneath the
South American Plate (SAM) at 49°S, asthenospheric upwelling caused dynamic and thermal surface uplift and
part of the rock exhumation in the FzZR massif. Deformation in the fold-and-thrust belts was active, generating
crustal thickening and surface topography. The Chaltén Plutonic Complex was already emplaced at 4-5 km depth
in the Fitz Roy region whereas the Torres del Paine Plutonic Complex was emplaced at 2-3 km depth. The
Southern Patagonian Batholith (SPB) was already emplaced in the core of the orogen. Topography was growing
by combining thrust tectonics, dynamic and thermal uplift, and erosion. b) At the Miocene — Pliocene transition
(around 6 Ma), the spreading ridge was subducting at 48°S, and associated dynamic and thermal uplift should be
occurring in the north of the studied regions. The Antarctic Plate was subducting at the latitudes of the studied
regions and the fold-and-thrust belt and the intrusions were being exhumed mainly due to the onset of
Patagonian glaciations. ¢) During the Quaternary, the subducting spreading ridge was at 47°S. The mountain belt
was being exhumed mainly due to glacio-fluvial erosion, with carving deep valleys and leaving the mountain
peaks far above the bottom of the valleys. The plutonic complexes must be at or near the surface. Black arrows
highlight the uplifting regions, orange arrows highlight the region of asthenospheric upwelling.
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In the TdP Massif no episode of fast cooling before the Mio-Pliocene transition
appears in the thermal model outputs, but AHe ages around 12 Ma are found for high-
elevation samples (Fig. 5b). These old thermochronological ages suggest that high-elevation
samples were in (or near) the partial retention zone of the AHe system between 12 and 9 Ma
(Figs. 5b and 7), reflecting slow exhumation at that time as confirmed by the thermal model
outputs (Fig. 7). Thermochronological cooling ages between 12 and 10 Ma previously
obtained in the TdP massif were also associated with thermal resetting during pluton
emplacement (Fosdick et al., 2013). Dynamic surface uplift due to mantle upwelling in the
region of TdP is not well constrained, and less plausible than in the FzZR massif because the
TdP massif is located 200 km to the south of the region where the spreading ridge has been
subducting since 12 Ma (Fig. 10a).

5.2. The role of late Miocene to Plio-Quaternary glacio-fluvial erosion

The FzR and the TdP massifs share an episode of abrupt acceleration in rock
exhumation between 6.5 Ma and 4.5 Ma. The onset of increased exhumation rate is
synchronous with the reported stratigraphic, geomorphologic (Mercer and Sutter, 1982;
Lagabrielle et al., 2004, 2007, 2009, 2010; Rabassa et al., 2005, 2011; Rabassa, 2008), and
thermochronological (Thomson et al., 2001; Glodny et al., 2008; Thomson et al., 2010;
Fosdick et al., 2013; Georgieva et al., 2016; 2019; Christeleit et al., 2017; Willett et al., 2020;
Ronda et al., 2022) evidence for the onset of major glaciations at 7-6 Ma in the Southern
Patagonian Andes. The Andean topography, therefore, quickly responded to the transition
from fluvial-dominated to glacial-dominated erosional processes (Fig. 10b), as proposed for
other alpine environments (Egholm et al., 2009; Shuster et al., 2005; 2011; Valla et al., 2011,
Herman et al., 2013; Champagnac et al., 2014). The magnitude and duration of this event
depend on the analysed sector of the TdP and FzR massifs, varying between 0.6 and 3
km/Myr. The limited exhumation in the North and West sectors of the TdP massif compared
to the Central sector (Figs. 7 and 8) could reflect already existing high topographic reliefs in
the North and West sectors and/or selective glacial erosion with potential glacial bedrock
shielding closer to the present-day/past icefield (Rabassa, 2008, Lagabrielle et al., 2010).
Efficient erosion of high-elevation topography by glacial and periglacial processes during the
late Miocene would have resulted in a net decrease of ice accumulation area and hence in ice
extent, ice flux, and consequently in glacial erosion (Pedersen and Egholm 2013; Sternai et

al., 2013). Such negative feedback has also been proposed to explain the late Quaternary
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gradual shrinking of the Southern Patagonian Icefield (Fig. 10c; Kaplan et al., 2009), and
likely explains the short-lived erosion pulse that our results and previous studies identified in
Southern Patagonia at the late Miocene/Pliocene transition (Christeleit et al., 2017; Willet et
al., 2020).

Pliocene low exhumation rates (<0.1 km/Myr) recorded in the FzZR and TdP massifs
indicates erosional quiescence following high but transient glacial erosion rates in the
Southern Patagonian Andes (Christeleit et al., 2017; Willet et al., 2020). The late-stage
Quaternary fast exhumation is mainly recorded for low-elevation samples and in *He/’He
thermochronological data, with predicted onset varying between 2 and 0.5 Ma depending on
the sample location (Figs. 6-9, and S1-4). An increase in exhumation rates for several
mountainous regions worldwide since around 2 Ma (Herman et al., 2013) has been associated
with the onset of enhanced glaciations at mid latitudes, including Fjordland in New Zealand
(Shuster et al., 2011), Alaska (Berger et al., 2008), British Columbia (Shuster et al., 2005),
and the European Alps (Haeuselmann et al., 2007; Valla et al., 2011; Glotzbach et al., 2011,
Fox et al., 2015; 2016). A possible climatic trigger might be the observed increase in the
duration and asymmetry of glacial-interglacial cycles at ~1.2 Ma (Lisiecki and Raymo, 2007;
Lisiecki, 2010). By periodically switching between glacial and fluvial conditions, and by
changing associated vegetation and soil cover, geomorphic processes would remain transient
(Molnar, 2004; Herman and Champagnac, 2016), maintaining landscape disequilibrium and
in turn enhancing erosion rates (Egholm et al., 2009; Champagnac et al., 2014). North of the
studied region (46-47°S), stratigraphic records from moraine deposits indicate a shift in the
drainage network after 3 Ma, resulting in a major landscape change from a smooth piedmont
surface with extensive icefields in the foreland, to long west-east oriented and channelized
glacial lobes (Lagabrielle et al., 2010). Tectonic uplift of the eastern Patagonian foreland
could therefore have conditioned or at least favored such geomorphological shift and induced
west-east incision of deep glacial valleys, but it is mostly associated to regions to the north of
47°S where the interactions of the ocean ridge with the trench via compression, transpression
and mantle upwelling play a recent (<3 Ma) role (Lagabrielle et al., 2010; Georgieva et al.,
2019). In our study region (49-51°S), the recent acceleration in exhumation is most likely
associated with the Plio-Quaternary shift in glacial-interglacial cyclicity, enhanced glacial

erosional processes, and icefield drainage reorganization in Southern Patagonia (Fig. 10c¢).
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6. Conclusions

The Southern Patagonian Andes recorded a long history of interactions between
tectonics and climate-driven erosion processes. The North-South orientation of the Andean
mountain belt allowed us to investigate spatial and temporal variations of these interactions.
We found thermochronological evidence for the effects of ocean ridge subduction and
asthenospheric upwelling to the surface uplift and rock exhumation in the Fitz Roy massif
during the late Miocene (between 10.5 and 9 Ma). This event accounts for more than 2 km of
rock exhumation over the late Miocene, resulting in dynamic and thermal surface uplift
and/or continental compression, which increased erosion at 49°S latitude. This event was not
recorded by low-temperature thermochronological data from the Torres del Paine massif,
possibly due to the already attenuated surface response to ridge collision and mantle
upwelling at 51°S, when the TdP pluton was emplaced at around 12.5+0.1 Ma.

The onset of glaciations in Southern Patagonia generated a regional signal of rapid
rock exhumation in the Fitz Roy and Torres del Paine massifs (at 49-51°S) between 6.5 and
4.5 Ma. This was followed by a period of slow rock exhumation from the early Pliocene to
the Quaternary, highlighting erosional quiescence and possibly reflecting bedrock shielding
by extensive icefields covering the Southern Patagonian Andes. A late-stage Quaternary
episode of accelerated rock exhumation is recorded in our thermochronological datasets, and
coincides with worldwide increased mountain erosion ascribed to intense glacial-interglacial
cycles. This climatic transition generated a geomorphological shift from smooth landforms to
deep incised glacial valleys, leaving the high elevations of the Torres del Paine and the Fitz

Roy plutonic complexes standing far above nearby valley bottoms.
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Supplementary Material
Zircon (U-Th)/He (ZHe) thermochronometry

Zircon single crystals were processed at the Dalhousie Noble Gas Extraction
Laboratory (Halifax, Canada) for (U-Th)/He dating. They were analyzed following the
methods of Reiners et al. (2004; 2005), in parallel with Fish Canyon Tuff standards. Zircon
crystals were measured and observed under binoculars to avoid any inclusion and fracture,
before being packed into a Nb foil envelope. “He was then extracted from each aliquot in an
in-house built He extraction line with successive 15-min-heatings under a focused beam of a
45 W diode laser (1250 °C), until *He yields were under 1% of total. After adding a known
amount of purified *He spike, *He/*He ratios were measured with a Pfeiffer Vaccuum Prisma
quadrupole mass spectrometer. Typical 1o errors are in range of 1.5-2%. Fish Canyon Tuff
(FTC) zircon standards were included to ensure the accuracy, reproducibility, and reliability
of the data. After He extraction, zircons were dissolved in high-pressure dissolution vessels
with concentrated HF and HNOjs at 200 °C for 96 h. Prior to dissolution, samples were spiked
with mixed *°U, *°Th, and '*’Sm spikes. Isotopic ratios were measured with iCAP Q
inductively coupled plasma mass spectrometry (ICP-MS). Additional blank analyses
controlled the analytical accuracy. The raw data were reduced using a Helios software
package.

ZHe ages for the Chaltén Plutonic Complex (Fitz Roy massif) are relatively similar to
AHe ages presented in this study (Tables 1-2, Fig. 5a). Following the recent studies of Gérard
et al. (2022) and Gautheron et al. (2020; 2022), we propose that such age similarity between
the ZHe and the AHe systems result from the low a-dose in the zircon crystals, calculated
between 6 x 10" and 5.3 x 10'° (a/g) (Table S2), and linked with a low *He retention. The a-
dose is the total radiation damage accumulated in the crystal lattice, and depends on the age-
effective uranium concentration, eU (Table S2), and the time since the crystal began to
accumulate damage. The low radiation damage and associated low *He retention in the zircon
crystals of the FzR is most probably explained by the young emplacement age of the Chaltén
Plutonic Complex (12.5+0.1 Ma; Ramirez de Arellano et al., 2012). In the following, we
estimate the changes in He retention for zircon crystals by calculating the impact of low a-
dose on He diffusivity in zircon, which we subsequently relate to the effective closure
temperature, T, of the ZHe system (Dodson, 1979; Gautheron et al., 2020; 2022; Gérard et
al., 2022) (Table S2). We calculate the initial diffusion coefficient Dy as a function of the

damage fraction (f), estimated in terms of a-dose normalized to the total number of atoms in



g of zircon (Nasdala et al., 2001) and the diffusion coefficient for a zero-damage crystal (1.6
x 107 m?/s, Table 4 in Gautheron et al., 2020). Typical damage fraction for low-damaged
zircon will be in the 0.01 to 1 % range. With time, damage content in zircon will increase and
the damage fraction will be higher (Gautheron et al., 2020). The activation Energy, E,, was
estimated relative to the a-dose as well with a similar value of 133 kJ/mol for all zircon
crystals, as an intermediate value (Fig. 8 of Gautheron et al., 2020) for young zircons with o-
dose in the order of 10" and 10'®. For inverse QTQt thermal modeling, instead of using an
existing model for the He diffusion, we input the activation energy, E,, and the calculate
diffusion coefficient Dgas shown in Table S2. The resulting T, between 87 and 108 °C, and
the a-dose between 6 x 10" and 5.3 x 10'® (0/g) of the zircon crystals of the Chaltén Plutonic
Complex can help to fill current gaps in our knowledge about low a-dose zircon behaviour,
since few studies recognized natural examples with this kinetic behaviour (Gérard et al,

2022).

Apatite (U-Th)/He (AHe) and ‘He/*He thermochronometry

For TdP AHe data, single-crystal aliquots of apatite were wrapped in Pt or Nb foils
and degassed by laser heating. At the University of Arizona and the Berkeley Geochronology
Center, *He abundances were measured using “He isotope dilution and quadrupole mass
spectrometry (House et al., 2000). Net signal intensities were interpolated to the inlet time of
the gas into the mass spectrometer, and then compared to the corresponding mean signal from
reference gas aliquots of known absolute amounts analyzed by the same procedure. Degassed
aliquots were then dissolved and U, Th and Sm concentrations were measured by isotope
dilution using ICP-MS.

For FzZR AHe data, individual apatite crystals were encapsulated in Pt tubes before
heating under high vacuum conditions at high temperature (1050+50°C using an infrared
diode laser) twice for 5 min at GEOPS laboratory (Université¢ Paris-Saclay, France). The
released *He gas was mixed with a known amount of *He, purified, and the gas was analyzed
using a Prisma Quadrupole. The “He content was determined by isotope dilution method.
Subsequently, apatite crystals were dissolved in 100 pL of HNO; 5 N solution containing
known amount of 2°U, #°Th, '*’Sm, and **Ca. The solution was heated at 70°C during 3 h
and after a cooling time, 900 puL of distilled water was added. The final solution was analyzed
using an ELEMENT XR ICP-MS and the 28y, 2°Th, and "*’Sm concentrations and apatite

weight (using the Ca content) were determined following the methodology proposed by



Evans et al. (2005). More details about the analytical procedure can be found in Gautheron et
al. (2021).

Durango apatite crystals were also analyzed during the same period to ensure the data
quality. Replicate analyses of Durango apatite yielded a <5% reproducibility compared to the
reference age. An o-ejection correction was applied to calculate the (U-Th)/He (AHe) age
(Farley et al., 1996). The one-sigma error on each AHe age amounts to around 8%, reflecting
the analytical error and the uncertainty on the F; ejection factor correction. Sample locations
and details, as well as all individual AHe ages, crystal characteristics and mean ages appear
in Tables 2 and 3.

In *He/’He thermochronometry (Shuster and Farley, 2004) the natural spatial
distribution of radiogenic *He is constrained by stepwise degassing and *He/’He analysis of a
sample containing synthetic, homogeneously distributed, proton-induced *He. Approximately
50 mg of apatite crystals were packaged into Sn foil and exposed to ~5 x 10'® protons cm™
with incident energy of ~220 MeV over a continuous ~5-hour period at the Francis H. Burr
Proton Therapy Center (Boston, USA). Euhedral crystals free of visible mineral inclusions
were selected using the above criteria; crystal dimensions were measured using a calibrated
binocular microscope. Individual crystals were then sequentially heated in multiple steps
under ultra-high vacuum using a feedback-controlled 70-W diode laser, with temperature
measured with a coaxially aligned optical pyrometer at the Noble Gas Thermochronometry
Laboratory (Berkeley Geochronology Center, USA). The molar *He abundance and the
*He/*He ratio were measured for each heating step using calibrated pulse-counting sector-
field mass spectrometry and corrected for blank contributions to *He and *He (uncertainties in
blank corrections are propagated into ratio uncertainties). All stepwise ‘“He/*He degassing
data are given in Tables S1 a,b. A few heating steps yielded “He/’He ratios that plot well
outside analytical uncertainty relative to contiguous heating steps and therefore result in
evolving ratios that do not monotonically increase over the course of certain stepped heating
analyses. Potential explanations for these anomalous ratios include: (i) inaccuracy in the *He
blank correction for a particular heating step, or (ii) small cracks within the crystal that were
not visible via optical microscopy. To minimize the influence of anomalous “He/’He ratios
and simultaneously place some constraint on the most likely cooling scenarios, these data
(open gray boxes in Fig. 9a,c) were excluded from the calculation of misfit statistics.
Somehow, inclusion of these data would result in lower levels of confidence in the excluded

cooling paths, with most of the constraint therefore derived from the AHe age alone.
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Figure S1 - QTQt thermal
modeling outputs for the
FzR massif. A) Expected
(weighted mean) T-t model
based on AHe and ZHe data
presented in Fig. 5a. Red and
blue lines correspond to the
output thermal history for the
highest and lowest elevation
samples, respectively. Gray
lines are output thermal
histories of the intermediate
samples. The cyan and
magenta lines bound the 95%
confidence interval of the
expected model for the lowest
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samples, respectively. The
black box indicates the initial
thermal constraints, and the
red box is representing
general T-t priors. B)
Observed vs. predicted age
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triangles) uncorrected ages.
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Supplementary Tables

Table Sla. Stepwise *He/’He degassing data for Torres del Paine sample 04-JM-90a.

04-JM-90a (758 m)

Step Temperature* Duration *He ) *He/*He )
(°C) (hours) (x10° (x 10°
atoms) atoms)

1 210 0.2 0.006 0.001 2058.40 6513.08
2 225 0.5 0.049 0.004 391.81 303.77
3 260 0.38 0.096 0.007 437.33 163.28
4 300 0.51 0.444 0.022 376.70 39.49
5 300 0.66 0.233 0.014 589.97 82.25
6 310 0.66 0.287 0.017 612.92 70.86
7 330 0.46 0.297 0.017 746.94 78.31
8 340 0.45 0.349 0.019 815.25 72.20
9 350 0.48 0.377 0.020 965.31 77.20
10 350 0.66 0.421 0.021 1054.30 75.91
11 370 0.53 0.503 0.024 1233.72 76.86
12 400 0.48 0.723 0.029 1537.27 72.97
13 410 0.5 0.799 0.031 1542.67 69.22
14 420 0.56 0.700 0.029 1902.99 89.92
15 440 0.63 0.864 0.032 1971.67 80.89
16 475 0.5 0.803 0.031 2183.20 94.58
17 500 0.5 0.590 0.026 2101.45 110.96
18 600 0.5 0.489 0.023 2391.61 141.96
19 700 0.5 0.006 0.001 9494.85 26907.71
20 900 0.5 0.010 0.001 659.04 1768.82

Notes. *Temperatures of these analyses are approximate, and controlled to £50 °C.

BDL: Below Detection Limit.
Effective model: a=59.9 um; U = 21.0 ppm; Th =27.1 ppm.

Single-crystal replicates: (U-Th)/He age = 6.60+1.22 Ma; mean replicates a = 60.3 um.



Table S1b. Stepwise “He/*He degassing data for Torres del Paine sample 13-TP-26a.

13-TP-26a (206 m)

Step Temperature* Duration *He =) *He/*He )
(°C) (hours) (x 10° (x 10°
atoms) atoms)
1 210 0.2 0.010 0.001 BDL BDL
2 225 0.5 0.137 0.010 9.68 38.31
3 260 0.38 0.299 0.018 6.56 19.96
4 300 0.51 0.947 0.035 17.33 4.95
5 300 0.66 0.657 0.029 24.36 11.64
6 310 0.66 0.570 0.026 38.46 11.12
7 330 0.46 0.617 0.028 49.51 9.70
8 340 0.45 0.674 0.029 50.97 8.84
9 350 0.48 0.766 0.031 56.26 7.51
10 350 0.66 0.708 0.030 69.94 8.53
11 370 0.53 0.813 0.032 74.44 9.58
12 400 0.48 1.373 0.043 74.09 5.37
13 410 0.5 1.318 0.042 77.77 5.66
14 420 0.56 1.380 0.043 82.26 5.62
15 440 0.63 1.850 0.051 81.79 3.72
16 475 0.5 2.793 0.063 87.70 3.39
17 500 0.5 2.323 0.057 102.05 3.94
18 600 0.5 2.594 0.061 122.40 4.74
19 700 0.5 0.135 0.010 307.72 63.39
20 900 0.5 0.053 0.005 670.05 254.61

Notes. *Temperatures of these analyses are approximate, and controlled to £50 °C.

BDL: Below Detection Limit.
Effective model: a=61.0 um; U = 12.2 ppm; Th = 52.6 ppm.

Single-crystal replicates: (U-Th)/He age = 4.20+0.94 Ma; mean replicates a = 60.8 um.



Table S2. Calculations of the radiation damage, kinetic He diffusion parameters and closure
temperature of the ZHe system in the Fitz Roy massif samples in a scenario in which the low
a-dose is linked to the relatively young age of the pluton of 12.5+0.1 Ma (Ramirez de
Arellano, 2012). The a-dose, f and Dy estimates were calculated based in Gautheron et al.
(2020), using a common activation energy (E, value of 133 kJ/mol (see text for details), and
the Tc estimates were based in Dodson (1979).

Corr. Age = 16 (Ma) eU (ppm) o-dose (a/g) f(%) D, (m%*/s) T, (°C)

zFZR3-1 8.24 226.86  6.11797E+15 0.2 0.00008 90.6
zF7ZR3-2 8.47 307.51 8.51577E+15 0.2 0.00008 91.16
zFZR3-3 8.24 542.86  1.4624E+16 0.6 2.66667E-05 99.15
zFZR3-4 8.50 54891 1.52487E+16 0.6 2.66667E-05 99.15
zFZR3-5 8.69 577.81 1.64245E+16 0.6 2.66667E-05 98.83
FZR3 8.43 +£0.19

zFZR4-1 8.30 403.74 1.09639E+16 0.5 0.000032 95.7
zFZR4-3 8.26 334.71  9.03723E+15 0.2 0.00008 90.3
zF7ZR4-4 7.14 1204.03 2.81155E+16 1 0.000016  100.69
zFZR4-5 7.31 769.46  1.83981E+16 0.8 0.00002 101.56
FZR4 AV 7.75 £0.61

zFZR5-1 8.66 978.23  2.77215E+16 1 0.000016  103.44
zFZR5-2 9.54 293.70  9.1662E+15 0.3 5.33333E-05 91.26
zFZR5-3 6.22 484.01 9.85664E+15 0.2 0.00008 87.73
zFZR5-4 9.72 584.72  1.8603E+16 0.8 0.00002 98.09
zFZR5-5 6.11 591.26 1.18174E+16 0.5 0.000032 94.26
FZRS5 AV 8.05 £1.77

zFZR6-1 12.87 1244.72 5.23982E+16 2 0.000008  108.37
zFZR6-2 11.59 1331.37 5.05061E+16 2 0.000008  106.56
zFZR6-3 9.58 1087.78 3.40949E+16 1.5 1.06667E-05 103.3
zFZR6-4 6.68 435.66  9.51279E+15 0.2 0.00008 87.38
FZR6 AV 10.2 £2.70

Notes. eU is the effective uranium concentration, f is the damage fraction, Dy is the initial diffusion coefficient,
and T, is the effective closure temperature of the ZHe system.
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