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ABSTRACT

The subduction of seismic oce~..*~ ridges often results in the formation of slab windows,
which can affect not only the heat 1:.ow and retroarc volcanism, but also the exhumation and
topographic evolution of the unoe: plate. An active and world-class example of a slab window
is southern Patagonia, ir socthernmost South America, which is related to the subduction of
the seismic oceanic Soutl Chile Ridge between the middle—late Miocene and the Present day.
How the subduction of the ridge and formation of the slab window have influenced the
evolution of the Patagonian landscape, exhumation and topography is still under debate. Some
works have proposed orogenic deformation mostly affecting the Pacific margin and hinterland
areas, or an inherited early Miocene tectonic relief generated before the slab window formation.
Others have preferred epeirogenesis hypotheses, such as dynamic uplift or isostatic rebound as
a result of lithospheric thinning associated with asthenospheric or lithospheric mantle changes.

In this work, we analyze the landscape evolution at medium (orogen-scale) and long



wavelengths (embracing the whole of southern Patagonia, from coast to coast) using FastScape
a landscape numerical model. This program was coupled with an optimization scheme (the
Neighborhood Algorithm) suitable for nonlinear inverse problems. The “goodness” (fit to data)
of our landscape evolution models was evaluated using: i) cooling ages, and ii) maximum
elevations, in order to provide constraints on the uplift rates, erosion efficiency and effective
elastic thickness. We then used the best values to compare two forward models representing
medium- versus long-wavelength processes. Our results indicrte that long-wavelength uplift
geometry (including dynamic uplift and/or lithospheric rebourd 1, "m thinning) involving areas
from the Andes to the Atlantic coast was required from 1.' Myr to the Present day in order to

reproduce not only the youngest cooling ages but alsc . ~sent-day topography.

Keywords: Slab window; Southern Patagonic Inverse modeling; Isostatic rebound

1. Introduction

The subduction of seismir, v eanic ridges and formation of asthenospheric or slab
windows are genetically relat>d . -acesses that strongly affect and modify the configuration and
evolution of overriding riaws ( Fhorkelson, 1996; Thorkelson et al., 2011). Regions overlying
these geological windows are characterized by high heat flows (Avila and Davila, 2018;
Groome and Thorkelson, 2009), back-arc alkaline magmatism (Aragon et al., 2013; Gorring et
al., 1997), deformation and seismicity focused along the margin and forearcs (e.g., Georgieva
et al., 2016), low intra-lithospheric seismic velocities (Russo et al., 2010; Suéarez et al., 2021),
thickness reduction of the lithospheric mantle (Avila and Davila, 2020; Curie and Hyndman,
2006), and formation of topographic plateaus (Avila and Davila, 2020; Guillaume et al., 2009;
Thorkelson etal., 2011). The most studied active examples are in the North America Cordillera,

Central America and southern Patagonia (see Thorkelson et al., 2011). Ancient slab windows



have also been reported in the southern/central Andes (Aragén et al., 2013; Gianni et al., 2018;
Martina et al., 2020), Japan (Underwood, 1993), and Alaska (Haeussler et al., 2003).

The modern southern Patagonia case is associated with the subduction dynamics of the
seismic oceanic South Chile Ridge (Breitsprecher and Thorkelson, 2009; Ramos and Kay,
1992). In this region, although there is a relative consensus on the connections between the
magmatic evolution and the formation of a slab window, the processes involving the thermal
states and uplift across Patagonia are still strongly discussed (ser Avila and Davila, 2020, 2018;
Christeleit et al., 2017; Georgieva et al., 2019, 2016; Guillau'ne .t al., 2013, 2009; Husson et
al., 2019; Stevens Goddard and Fosdick, 2019; Thomson ¢* al., 2010; and Willett et al., 2020).

The Cordilleran belt has shown little or no crusta shortening from the late Miocene to
the Present day (Ghiglione et al., 2016), which corrciates with the formation stage of the slab
window. Structural sections showed that for *he 1ast 12 Myr, extensive plateau basalts with
geochemical signatures of asthenospheric 'aantle (Gorring et al., 1997; Guivel et al., 2006;
Lagabrielle et al., 2007) rest on the ~as.~rn thrust front of the Southern Patagonian Andes
(Ghiglione et al., 2016; Lagabri:ne au al., 2007). These observations suggest that the main
shortening (roughly orthogor~l wc the Andean belt) would have ceased before the arrival of the
South Chile Ridge (Guil’aume et al., 2009; Lagabrielle et al., 2007; Scalabrino et al., 2010).
Nevertheless, an increase in both summit elevations and local relief, as well as an important
exhumation event, have been described along the southernmost Patagonian Andes during the
last 10 Myr (Georgieva et al., 2016; Thomson et al., 2010). In addition, towards the distal
foreland and passive Atlantic margin, a moderate elevation plateau (500-1000 m asl) has
developed since the late Miocene (Guillaume et al., 2009; Pedoja et al., 2011). Some works
have proposed that the oceanic ridge collision drove a deformation stage, mostly along the
Pacific margin and hinterland (Georgieva et al., 2016; Stevens Goddard and Fosdick, 2019).

Others have suggested an inherited tectonic relief generated before the slab window formation



(Andri¢-TomasSevi¢ et al., 2021; Colwyn et al. 2019). Regional dynamic uplift (including the
foreland to Atlantic margin areas) caused by the cessation of dynamic deflection generated by
the Nazca plate (Guillaume et al., 2009) or isostatic rebound by reduction of lithospheric
thickness (Avila and Davila, 2020) have also been proposed.

The aim of this paper is to provide new insights into the main driving forces that could
have generated topographic changes since the arrival of the asthenospheric window in southern
Patagonia. To address this issue, we analyzed the landscape 2volution at medium (orogen-
scale) and long wavelengths (embracing the entire breadth of Faiagonia, from coast to coast)

using FastScape, a landscape numerical model (Braun and Wil ett, 2013).

2. Geological and geodynamic setting

The study region comprises southernmc:t South America, between the Southern Andean
Cordillera to the west, and the passive Aw"atic platform to the east (45° and 55° S, Fig. 1a).
These regions are bounded to the wes* by the Nazca and Antarctic oceanic plates, intersecting
the Chile trench at ~46.5° S" (Fi,. ».). The Nazca slab, to the north, plunges to the east with
a dip of around 30-45° with ~ cuvergence velocity of 7 cm/yr, and extends at least until the
670-km mantle discontinui,” whereas the Antarctic plate, to the south, displaces at 2 cm/yr, is
sub-horizontal and only s.'bducts for ~100 km from the trench (Breitsprecher and Thorkelson,
2009; Suérez et al., 2021). The junction of these three plates (Nazca, Antarctica and South
America) defines the Chile Triple Junction (CTJ) (Fig. 1a). The oceanic South Chile Ridge
(and CTJ) would have migrated from ~55°-54° S northward for ~1000 km, from 16 Myr
(Middle Miocene) to the Present day. These plate kinematics have been associated with the
formation of an asthenospheric or slab window (Fig. 1a, Breitsprecher and Thorkelson, 2009;
Ramos and Kay, 1992). The occurrence of a volcanic arc gap since the middle—late Miocene

(e.g. Suérez et al., 2021), alkaline volcanism in the back-arc from ~12 Myr (e.g. Gorring et al.,



1997; Guivel et al., 2006; Ramos and Kay, 1992), low-velocity zones in seismic tomography
(Mark et al. 2022; Russo et al., 2010; Suérez et al., 2021), high heat flows (Avila and Davila,
2018), rapid exhumation in the last ~10 Myr (Guillaume et al., 2009; Stevens Goddard and
Fosdick, 2019), and anomalous elevations across the foreland (Avila and Davila, 2020) have

supported this interpretation.

2.1 Topography, uplift and exhumation
Northward of the CTJ, overlying the Nazca plate subdi cticn zone, the elevations along
the Cordilleran axis are <2300 m asl. In contrast, south of ‘he C'TJ, overlying the slab window
and Antarctic subduction zone, the altitudes are >300% 1. asi (maximum elevations are around
3200 m asl, Fig. 1a). These regions have been affeced by moderate-to-no crustal shortening
across the hinterland during the last 12 Myr (Z rensprecher and Thorkelson, 2009; Lagabrielle
et al., 2007; Scalabrino et al., 2010), whe.” as the forearc deformation was mainly driven by
transpression associated with the Lio+ine Ofqui strike-slip fault zone (Georgieva et al., 2016;
Suérez et al., 2021). Towards the istal foreland and passive Atlantic margin, Patagonia
developed a moderate elevation nlateau (500-1000 m asl, Fig. 1b) (Guillaume et al., 2009;
Lagabrielle et al., 2007; e )a et al., 2011) which exposes undeformed and flat-lying Upper
Oligocene—Lower Mioce.'e marine strata and Upper Miocene basalts (see Avila and Davila,
2020). In this region, similar to observations in the Cordilleran sections, no major crustal
tectonic structures seem to explain the uplift history and plateau formation (see Avila and
Davila, 2020).
Low-temperature thermochronology studies and exhumation modeling using different
thermochronological systems (from apatite fission track, AFT, to apatite helium, AHe) along
the Cordillera showed a variety of ages from Cretaceous to Pliocene (Andri¢-Tomasevic¢ et al.,

2021; Georgieva et al., 2019, 2016; Guillaume et al., 2013; Haschke et al., 2006; Stevens



Goddard and Fosdick, 2019; Thomson et al., 2010). However, the cooling ages using the lowest
closure temperatures (AFT and AHe) reported values <10 Myr (see Andri¢-Tomasevi¢ et al.,
2021). Considering that the region has had poor (and possibly no) tectonic shortening since the
late Miocene, this period of cooling has been related to high erosion (Miocene to Pleistocene
glaciations), inherited topography, high geothermal gradients, or relief formation by
epeirogenic processes (Andri¢-Tomasevic et al., 2021; Colwyn et al., 2019; Guillaume et al.,
2013; Stevens Goddard and Fosdick, 2019; Thomson et al., 2019). It is important to emphasize
that from 12 Ma, southern Patagonia was affected by the -on hined effects of two major
mechanisms, from the surface to deep Earth: (1) The [ate leogene glaciations (6-7 Ma,
Coronato and Rabassa, 2011; Herman and Brandon, zu.5; Mercer and Sutter, 1982), and (2)
the formation of a slab window (Avila and DAvila, 20i8; 2020; Guillaume et al., 2009).
Haschke et al. (2006) and Guillaume et al. (2C '3) analyzed AFT data at local and larger scales
between 45°S and 48°S, respectively, anu “.oncluded that the slab window drove a reheating
phase between 15 and 6 Ma, before *he major cooling or exhumation stage. However, more
recently, Georgieva et al. (2019) a.d Stevens Goddard and Fosdick (2019) analyzed a larger
database and far more modc! 1 :‘ersions, and proposed continuous cooling since the early
Cenozoic, instead of this niecting event.

This elevation da.1 and the lack of crustal shortening across the Andes, foreland and
Atlantic margin, together with the high exhumation rates reported along the Cordilleran belt
since the Late Miocene, have led some authors to propose different hypotheses to explain the
uplift history. Georgieva et al., (2016) associated different structural observations and
thermochronological data with short-wavelength processes. They proposed a stepwise
exhumation for the last 10 Myr driven by glacial erosion that affected a complex structural
mosaic, dominated by transpressional tectonics, likely related to the South Chile

Ridgesubduction. On the other hand, Stevens Goddard and Fosdick (2019) based their



hypothesis on the Furlong and Govers (1999) model, and proposed the generation of a
thickened ridge-parallel crustal welt, which preceded the arrival of the subducting ridge,
affecting an area of >160 km from the trench to the foreland. Other studies have tested the
epeirogenesis hypotheses associated with thermal evolution linked to the oceanic ridge
subduction and formation of the Patagonian slab window (e.g., Guillaume et al., 2009). While
Guillaume et al. (2013) inclined towards a positive change of dynamic topography or a dynamic
uplift component to account for both topography and thermechronological data, Avila and
Dévila (2020) proposed an isostatic rebound by lithospheric u.inning driven by heat flow

increase (Avila and Davila, 2018).

2.2 Paleotopography and Neogene stratigraphy

A key point for our topographic analy<'s is w define the scenario from which the model
starts. For most authors, the widespreau 'stribution of shallow marine beds in Patagonia
(Centinela Fm. and correlatives, see Citid et al., 2016, 2012; Parras and Cuitifio, 2021 among
others, Fig. 1a) suggests that the: s.'ay region was below, or close to, sea level in the late
Oligocene—early Miocene {i.e., prior to slab window formation). These strata are
unconformably followed v, upward-coarsening alluvial synorogenic beds (Santa Cruz Fm.,
and correlatives; Cuitine et al., 2016; 2012), interpreted as the main phase of Cenozoic
deformation and surface uplift in the Patagonian Cordillera (Blisniuk et al., 2005; Lagabrielle
et al., 2007). The southern Patagonia foreland would have been characterized by a subtropical
humid climate in the Paleogene to middle Miocene, and a semiarid to arid climate since then
(Blisniuk et al., 2005; Flynn and Swisher, 1995; Pascual and Jaureguizar, 1990). In consistency
with this, and based on carbon and oxygen isotope analyses of pedogenic carbonate nodules
from this unit, Blisniuk et al. (2005) interpreted an increase in aridity across the eastern

foreland, and attributed it to the formation of an orographic rain shadow by the middle Miocene



(ca. 16.5 Ma). By ~12 Myr the synorogenic deposition across the foreland ended (Ghiglione et
al., 2016), and Mio-Pliocene to Pleistocene glacial tillites and recurrent basalt layers developed,
overlying the upper Miocene Santa Cruz Formation (Coronato and Rabassa, 2011; Mercer and
Sutter, 1982; Rabassa and Coronato, 2002). These are undeformed, flat lying, and, as
mentioned above, indicate the end of deformation, foreland uplift, and the contemporaneity of
glacial and mafic volcanic activity (Lagabrielle et al.; 2007). On the other hand, Colwyn et al.
(2019) used water isotopes in hydrated volcanic glass to interpret the Patagonian topography
through time. In contrast to the widely held view that the Pata joi."an Andes formed during the
Miocene and that the area was under or close to sea level duriag the Late Oligocene to Early
Miocene, these authors proposed that the topograpry ~eyan to grow continuously without
interruptions from the Late Cretaceous. Their resul.s suygest that a significant isotopic rain
shadow, of a magnitude similar to the moder: one, would have existed in Patagonia since at
least the Paleocene. Based on these resui.~ they proposed a main Cretaceous uplift and the
creation of a high topography betwe~n .25 Myr and 70 Myr, followed by relative stability
throughout the Cenozoic to the I'recent day. They also suggested that marine sedimentation

during the Late Oligocene-Ec*ly “Miocene would have been localized incursions.

3. Landscape evolLtion model
We used FastScape, a landscape numerical model (Braun and Willett, 2013), to explore
the evolution of the Patagonian landscape since the arrival of the slab window, from the
middle—late Miocene to the Present day. Our main target was to analyze the long- and medium-
wavelength topographic evolution to the south of the CTJ, between the Pacific and Atlantic
coasts, as well as the low-temperature thermochronology reported along the Patagonian
Cordillera since the last and most rapid exhumation episode (<12 Ma; Stevens Goddard and

Fosdick, 2019). Figure 2 summarizes the models and scenarios analyzed in this study. We



tested two competing hypotheses or models (Models 1 and 2), considering two likely initial
topographic scenarios (a and b) in each model. Scenario a considers a flat initial topography,
assuming the region was below sea level in the Late Oligocene to Early Miocene, as widely
proposed (see above). Scenario b follows the Colwyn et al. (2019) proposal of an initial
topography similar to the Present day across the Cordillera. In Model 1 (scenarios a and b), the
topography and low-temperature rock cooling were fully controlled by medium-wavelength
(orogen-scales, >300 km) processes affecting the orogenic wic'th, as suggested by Georgieva
etal. (2016, 2019), Stevens Goddard and Fosdick (2019), and An.'ric-Tomasevic et al. (2021).
In Model 2 (scenarios a and b), rock cooling and topog.aphy were mainly driven by long-
wavelength processes (<300 km), such as dynamic uuni* (Suillaume et al., 2009) or isostatic

rebound (Avila and Davila, 2020).

3.1 Direct model: FastScape
FastScape (Braun and Willett, ?"15) includes an unconditionally stable implicit solution

to the stream power equation:

on _ an\™
SL=U-KA"S" =U — KA™(2) (1)

e =

where e is the rate of topographic change; h is topographic height; t is time; U is the
assumed rock uplift function; S (dh/dx) is the local slope; and A is the drainage area (see
Whipple and Tucker, 1999). Parameters k, m, and n are constants that mostly depend on
lithology and climate; m is the discharge exponent fixed at 0.4, n'is 1, and k is an erodibility
factor that depends mainly on lithology and channel width (for further details see Croissant and

Braun, 2014; Whipple and Tucker, 1999).



The erosion rates in fluvial and glacial erosion processes are primarily controlled by the
slope and geometry of first order drainage systems. Nevertheless, the stream power law and a
simple diffusion-like representation of hillslope processes may not be the best solution for
modeling glaciated landscapes. However, to date, the algorithms that solve the glacial erosion
equations (e.g., Braun et al., 1999; Hergarten, 2021) require glacial parameters that are difficult
to define. In addition, these solutions are not efficient enough, particularly for running

inversions like those carried out in this work.

3.1.1 Parameterization

The models were performed on a rectangiia avmain of 800700 km (Fig. 2),
discretized by 1x1 km regular space nodes. This snice represents the dimensions of southern
Patagonia (Fig. 1a). All models run for 20 M r. 111e time step length was fixed to 1 kyr. For
Model 1a and 2a, initial topography (at .2 Ma) was set as flat and near sea level in order to
simulate the marine stratigraphic des~vip.ions and paleotopography interpretations during the
late Oligocene—early Miocene (sce geological setting above). For these models the
precipitation rates were introcicc as functions that change in space and time (Fig. 2). For the
first 3.5 Myr (i.e., from ~u (0 16.5 Ma), the model ran at a homogeneous rate of 1500 mm/yr
across the domain in oru>r to simulate humid climates (cf. Blisniuk et al., 2005; Flynn and
Swisher, 1995; Pascual and Jaureguizar, 1990). After 3.5 Myr (i.e., from 16.5 to 0 Ma),
according to the orographic barrier model of Blisniuk et al. (2005), the precipitation rates were
3000 mm/yr to the west of the Cordillera and 200 mm/yr to the east (Gaussian function that
simulates an orographic barrier), particularly along the Patagonian foreland (see Fig. 2). For
Models 1b and 2b, the initial topography was set as similar to the Present-day Cordillera and
flat across the foreland to the coastal region, close to sea level (cf. Colwyn et al., 2019

hypothesis) in order to guarantee the marine incursions during the late Oligocene to early



Miocene (Fig. 2). This topography is represented by two gradients in a vertical displacement
along a north—south boundary. From the left boundary to 100 km, the topography increases
linearly until 3200 m asl (maximum height). From 100 km to 150 km (towards the right), the
topography decreases linearly to 0 m (Fig. 2). This initial geometry allows those areas where
marine strata accumulated to be explained. For these latter models, precipitation rate was
introduced as a Gaussian function that simulates an orographic barrier; the precipitation rate

was 3000 mm/yr to the west of the Cordillera and 200 mm/yr tr the east (see Fig. 2).

3.1.2 Uplift rate functions and flexural isostasy
Uplift functions were used in combinatior w'th flexural isostasy functions that
reproduce the lithospheric unloading caused by ercsion. Fastscape incorporated the flexural
equation using a thin elastic plate model (Brau» anu Willett, 2013). To account for the isostatic
rebound, FastScape solves the bi-harmonic «exural equation for a thin elastic plate subject to

surface loading/unloading:

4 4,
d4W+DdW+Dd—”=Apgw+ pcgAh (2

dx* dy* az4

D

where w is the surface 2:splacement associated with the isostatic adjustment of an increment

in erosion Ah; Ap is the density contrast between asthenospheric density (pa=3300 kg/m3) and

ET3
12(1-v2)

surface rock density (ps=2800 kg/m3); D = is flexural rigidity, where E is Young's

modulus (70 x 10° Pa), v is Poisson's ratio (0.25), and Te is effective elastic thickness (Turcotte
and Schubert, 2002). All these parameters are constant in space and time.
The first geodynamic hypothesis tested in this work (Models 1a and b) starts with an

uplift rate Uu (Fig. 2b) that simulates the crustal tectonic shortening and deformation along the



Cordillera described in different structural studies (e.g., Aramendia et al., 2022; Fosdick et al.,
2013; Ghiglione et al., 2016). Uu allowed the reproduction of the main phase of early—middle
Miocene deformation and related surface uplift that occurred in the Patagonian Andes during
the early Neogene (cf. Lagabrielle et al., 2007; Blisniuk et al., 2005, see Fig. 1a). This can be
illustrated as a tectonic wedge, represented by two gradients in a vertical displacement rate
along a north—south boundary. From the left boundary to 200 km, the uplift rate increases until
Uu (maximum uplift rate). From 200 to 260 km (right bounriary), the uplift rate decreases
linearly to 0 mm/yr (Fig. 2b). Although the function Uu is s'mp:= 1or modeling the orogenic
growth as a consequence of tectonic shortening, it satisfi>s tf 2 magnitudes and geometry to
account for the tectonic and paleoclimatic scenario, 1.eniioned above. Models 1a and 1b
assume that the reliefs continued to be influenced Ly crustal deformation along the 260 km-
wide Andean belt described above, associatec wiui tectonic shortening after the arrival of the
South Chile Ridge (Fig. 2). The rock upn* rate function (Uu) ceases as the ridge subduction
migrates northward, i.e., the uplift is "en.~ canceled (backwards) as the ridge moves forward
(Fig. 2) at a constant velocity (8 ran./vr).

The second geodynarric . /pothesis tested in this work (Models 2a and b, Fig. 2) starts
with the same geometry fur *he uplift rate Uu as Model 1. In these models, the rock uplift rate
function U runs for ca. & Myr (i.e., from 20 until 12 Ma, the age of the oldest and undeformed
basalt). Uz was imposed (not inverted, as in Model 1) with values of 2 mm/yr. Once the
function Uiz ends at 12 Ma, the uplift rates change to Um in order to simulate the influence of a
subcrustal-driven or long-wavelength uplift. To simulate this rock uplift rate, we developed a
Gaussian-type function Um. The function Um affects the entire domain width (from W-E) of
southern Patagonia, from the Pacific coast to the Atlantic margin (Fig. 2). The function
describes a pulse that migrates in time at a constant velocity (8 mm/yr). This migration

coincides with the advance of the Chile Ridge to the north. 62 is 150 km to guarantee that the



area affected by the function is similar to the one proposed by Guillaume et al. (2009).
Considering that the sublithospheric processes associated with the asthenospheric window
should be higher near the trench, where the thermal anomalies are higher, the Um function

decreases linearly from west to east with a slope of 0.8 (Avila and Davila, 2020).

3.2 Inverse Model: Neighborhood Algorithm (NA)

For our computations, we used Fastscape coupled with 21 optimization scheme suitable
for non-linear inverse problems (Neighborhood Algorithm, N/.; Scmboridge, 1999). We defined
the “goodness” (fit to data) using: i) cooling ages youn ter vian 10 Ma, and ii) maximum
elevations at the Present day. To perform f*ms nversion model, we used 92
thermochronological samples (AHe and AFT) frum Fatagonia (see location in Fig. 1a,
compiled from Blisniuk et al., 2005; Christele:* et a1., 2017; Georgieva et al., 2016; Guillaume
et al., 2013; Haschke et al., 2006; Thoms.~ et al., 2001; 2010; and Willet et al., 2020). Ages
older than 10 Myr were discarded sir~e .2y reflect the cooling histories prior to the arrival of
the Chile Ridge in southern Patagor.> we also used the maximum elevation along the Andean
belt (3200 m asl) and Patagcnia~ foreland (800 m asl) to perform the inversion. These data
were extracted from a sv au. oiofile (generated with a DEM STRM 90 m) of the study region
considering a width (souu —north) similar to the model extension (Fig. 1b). These profiles were
also used to compare models with observed topography.

The NA (Sambridge, 1999) is a search method that finds acceptable data fit models in
a multidimensional parameter space. Rather than looking for a single optimal model, the NA
finds a set of models that preferentially shows the good data-fitting regions of the parameter
space. This algorithm uses the geometric constructions of VVoronoi cells to generate the search
in the parameter space. These are the closest neighborhood regions defined under a suitable

distance rule. The algorithm is conceptually simple, requires only two "fitting parameters", and



uses a range of data rather than a defined numeric value. In this way, all the difficulties
associated with scaling a data fit function are avoided, and any combination of data fit criteria
can be used.

As stated above, we tested our models by comparing the predicted against the measured
(or observed) low-temperature thermochronology and maximum elevation from the Pacific to
the Atlantic coast (see Fig 1b). FastScape can reproduce cooling ages at specific locations for
different thermochronometers — Apatite and zircon fission trac'ss (AFT and ZFT), and apatite
and zircon helium (AHe and ZHe). The rnrogram  solves the  heat

conduction/advection/production equation in 1D to obtain ther nal histories:

TS ®)
where « is thermal diffusivity and v is the erccion rate predicted by FastScape. We assume that
the top and base of the crust are helr . > constant temperature: Tz=0 = 0°C, Tz=L = 800 °C and
L = 30 km. We also tested two & .14 members for Tz=L = 600 and 1000°C (see Supplementary
Material Fig. S1). These thermc! histories are then used to obtain ages by solving the Fission
Track annealing equatioi: anc the solid state He diffusion equation (Braun et al., 2006).

The parameters ~~nstrained by the inversion of thermochronological ages and present-
day topography were the erosion efficiency (k), rock uplift rate (Uu and Um), and effective
elastic thickness (Te). The chi-square (%2) goodness of fit function is used to quantify the

discrepancy between the values modeled in FastScape and the observed geological data:

red_ p;0bs)? ePTed_ 4 1p0bs 2
vz = (=) e, <(Ag I ctee) )/m @

2
OH,ps TAgeops



where m is the number of thermochronological ages; Age® and Age”® are the observed and
predicted ages; and cAgei is the uncertainty on the observed ages. H°* and HP™ are the
observed (Present-day) and predicted maximum topography of Patagonia, and cH obs IS the
regional variability (200 m). NA repeatedly uses these values to resample the parameter space
in a way that leads to an optimal and effective search to minimize the fit function (Sambridge,
1999). For each geodynamic scenario, we ran 3000 models for the first iterations, and 4000 to

explore the parameter space; we then performed 300 iterations 'vith 150 resampled cells.

4. Results

Figures 3—-6 show the results from the NA inversion (which define the best orogenic uplift
Uu or Um, effective elastic thickness Te, anu erodibility parameters k) and forward
computations to compare modeled and >'iserved topography and thermochronology. The
inversion models were illustrated wit sc.tter plots as values of the misfit function for pairs of
free parameters (Fig. 3a, 4a, 5a 2,10 33). In the panels, each dot represents a single FastScape
model run. The color scale rxfei: to the misfit value of the run; reds indicate the best fitting
areas. In each of the panis, the red star indicates the position of the best-fitting model in the
parameter space. In addiun, we have illustrated a comparison between the modeled AHe and
AFT ages, and maximum and mean topography for the best-fit model (lowest misfit) against
the same observed (or measured) values. This allows us to make visual comparisons between
the results of the two geological hypotheses (Models 1 and 2) and the two scenarios (a and b)
described in the methodology and below. In the Supplementary Material, we show two end
member results that consider different temperatures at the base of the crust (Fig. S1). These

results show that AHe and AFT ages tend to be younger with lower basal temperature and older



with hotter basal temperature. This suggests that basal temperature has a minor influence on

the models (note that the AHe and AFT ages are + - 1 Myr with respect to 800°C).

4.1 Model 1a (Flat initial topography and uplift localized along the orogenic belt)

The misfit for the best free parameters in the NA inversion model was 4.6 (Fig. 3a).
The values for Ui, Te and k were constrained between 1.7.0-2.5 mm/yr, 55-65 km and 1.5-4
x 10° m¥2™1 respectively (see Supplementary Material Fig. $2). In turn, the NA inversion
results showed best fits (red star) 1.9 mm/yr for Uy, 62 km fcr 10 and 1.8 x 10° m*2™1 for k.
With these best fits, we ran a forward model using Fastsca,e. Figures 3b—d show these results,
where we compared observed versus modeled th:ri..2caronological ages (Fig. 3b) and
topography in N-S and W-E swath profiles (Figs. 3c and 3d). The thermochronological
correlation (modeled versus observed) of both - vsteins was, in general, acceptable, with a Mean
Squared Error (MSE) of 5.6 (Fig. 3b). The .pographic profiles correlate rather well. While the
N-S maximum swath profile has a remar.:able similarity, the W—E swath profile shows only a
good correlation across the orocer..~ area in the Andes (first 400 km, from W to E). The
correlation across the extra-# nac~n plateau, from 400 km eastward, is not good. Note that the
modeled topography is c’usc tu sea level from across the foreland to the Atlantic margin (Fig.
3d), whereas the observed elevations are >500 m (Fig. 3d). However, the correlation was poor
in both profiles (N-S and W-E) for the mean swaths (the modeled topography is lower than

the observed topography).

4.2 Model 1b (Initial topography with an orogenic relief and uplift localized along the orogenic
belt)
The misfit for the best free parameters was 4.7 (Fig. 4a). The values for Uu, Te and k

were constrained between 1.71-3.0 mm/yr for Uu, 65-80 km for Te and 1-2.5 x 10 m!-2mt



for k (see Supplementary Material Fig. S3). In turn, the NA inversion results showed best fits
(red star) of 2.7 mm/yr for Uy, 78 km for Te and 2.02 x 10> m*2™ for k. These values are
higher than the ones calculated for Model 1a. With these fitting values, we ran a forward model
using Fastscape. Figure 4 shows these results, where we compared observed versus modeled
thermochronological ages (Fig. 4b) and topography in N-S and W—E swath profiles (Figs. 4c
and 4d). In general, the thermochronology correlation of both systems was acceptable, with an
MSE of 5.8 (Fig. 4b). As in Model 1a, the topographic profiles rlepicted good correlations. The
N-S maximum swath profile shows a remarkable correlatica, «'hereas the W—E maximum
swath profile has a good correlation across the orogenic ¢vea n the Andes (the first 250 km,
from W to E), but correlates poorly across the extra- Aidean plateau, from 400 km eastward.
However, as in Model 1a, the correlation was pnor in buth profiles (N-S and W-E) for the

mean swaths (the modeled topography is lowc - thaii the observed topography).

4.3 Model 2a (Flat initial topographv anu long-wavelength uplift)

The misfit for the best fi.ti.> ree parameters was 4.2, suggesting that this model
acceptably reproduces the ma:in. 'm topography and thermochronology data (Fig. 5a). The Um,
k and Te were well const. ai.eu, with values of 0.2-1 mm/yr, 29-36 km and 0.2-0.5 x 10 m*-
2m-1 respectively (see Supnlementary Material Fig. S4). In turn, the inversion results show that
the observed data are best explained using 0.33 mm/yr, 35 km and 0.28 x 10*m*2™1 for Um,
Te and k, respectively. Figures 5b—d show these results and the relationships between observed
and predicted thermochronological ages and maximum and mean topography across N-S and
W-E swath profiles. In general, the thermochronology correlation of both systems was good,
with an MSE of 3.6 (see Fig. 5b). The N-S modeled maximum swath profile matches observed
peaks but does not reproduce valleys like Model 1 (a and b). In turn, mean topography

correlates better than Models la—b. The W-E maximum swath profiles depict better



correlations than Models 1a—b across the whole study domain, i.e., from the orogenic area
across the Andes to the west, and to the Atlantic coast to the east. It is important to note that
our inversion model was designed to match two maximum elevation points, one in the
Cordillera and another one across the foreland. The result of Model 2a illustrates a good match,

not only in these two maximum points, but also in the remaining topography (Figs. 5¢c—d).

4.4 Model 2b (Initial topography with an orogenic relief and Ieng-wavelength uplift)

The misfit for the best fitting free parameters was 4.4 ("-1g. 6a). The Um, k and Te were
well constrained, with values of 0.2—1 mm/yr, 32—-42 kmar 4 2.0—4.0x 10°m!2™ respectively
(see Supplementary Material Fig. S5). In turn, the inversion cesults show that the observed data
are best explained using 0.27 mm/yr for Um, 40 km for Te and 2.2 x 107 for k. With these value
combinations, we computed a forward model . siny rastscape. Figures 6b—d show these results
and the relationships between observed and redicted thermochronological ages and maximum
and mean topography across N-S and *N—= swath profiles. In general, the thermochronological
correlation of both systems was ¢ou with an MSE of 4.1 (see Fig. 6b), similar to Model 2a.

The swath profiles show simi'ar >arrelations to Model 2a (see above, Figs. 6¢—d).

5. Discussion
The inversion and forward landscape models allowed us to demonstrate that only a long-
wavelength uplift geometry, from the Andes to the Atlantic coast, is needed to reproduce the
Present-day topography. Initial topography (i.e., scenarios a and b) did not substantially affect
our results when a long-wavelength uplift was considered (see Figs. 3-7). However, if we
compare all the results in detail, we can identify some minor differences in the model which

considers only local deformation and an initial relief across the Andes (Figs. 3-7).



Another important result from our study is that none of the models could accurately
reproduce the thermochronological data. They are probably too simple to analyze ninety-two
(92) cooling ages covering such a large area (800 x 700 kms). Thermochronological data are
strongly influenced by local processes (see Georgieva et al., 2019), not considered in this
contribution (e.g., local deformation, topography, erodibility or the presence of glaciers). For
example, Georgieva et al., (2016, 2019) demonstrated that local fault displacements close to
the present location of the CTJ satisfactorily explain the cooling ages of that region. In turn,
for the same area, Andri¢-Tomasevi¢ et al. (2021) referred t» u.» occurrence of a subcrustal
major thrust to account for cylindrical deformation gcometry which would explain the
distribution of low-temperature thermochronology a¢es. Guillaume et al. (2013) and Stevens
Goddard and Fosdick (2019) interpreted the major late Miucene cooling event with exhumation
after the ridge subduction, but only across tr.» orugenic belt. In particular, Stevens Goddard
and Fosdick (2019) estimated a time lag b *ween the subduction time of different segments of
the ridge and cooling ages. Given the 'ack ~f tectonic deformation in the last 12 Myr to account
for thermochronology, they propcsed the occurrence of a sort of “crustal welt” (or lower crustal
thickening) across the Cordil'ara for ~160 km to generate uplift. Another important point to
consider in future work whicn might affect the matching between observed and modeled
cooling ages, is the lana. cape model. It is possible that an algorithm that considers glacial
erosion might improve part of the offsets.

Taking all this evidence into account, and considering the simplicity of the uplift and
erosional functions (that do not consider glacial erosion) in our study (Figs. 3-7), we
demonstrated that both Models 1 and 2 reproduce rather well the post 10 Myr exhumation
history when the slab window started to affect the study region. The best fitting result for
Model 1 provided high tectonic uplift rates in the last 12 Myr, around 2-3 mm/yr, when

thrusting was minor to null, and a Te >60 km, which are values only found in pericratonic and



cratonic areas of South America (Pérez-Gussinyé et al., 2007). No geological and/or
geophysical contributions have shown such high values in Patagonia. Model 2, in contrast,
yielded more realistic quantities. While the uplift rate (Um) in the last 12 Myr is 0.3 mm/yr,
similar to those proposed by Pedoja et al. (2011) for the Atlantic coast, Te = 34-40 km is
consistent with values estimated by Alvarez et al. (2016) for the study region using gravity
inversion. This demonstrates that in order to explain the regional topographic observations and
cooling ages, a long-wavelength uplift or rebound would adjust hetter than a localized orogenic
uplift, only across the Cordillera.

Since the 1990s, the formation of slab windo\ /s 1)1 Patagonia has mainly been
mentioned (Gorring et al., 1997; Ramos and Kay, 1v2) to account for basalt formation.
However, only a few studies have dealt with the connection to long-wavelength uplift
(Guillaume et al., 2009; 2013). These contrik''tions investigated the impact of the associated
mantle flow on vertical surface motion du.* 1g the Neogene. They concluded that the episodic
northward opening of a slab window k=lo.* southern Patagonia (Breitsprecher and Thorkelson,
2009) would have canceled the c'ynomiic downward deflection of the continental plate above
the subduction zone, induciny a Jvnamic rebound or uplift (i.e., the cessation of the dynamic
deflection) of the overriciny oiate. An alternative hypothesis was more recently suggested by
Avila and Davila (2020), who calculated residual topography and isostatic uplift across the
Patagonian foreland from the early—middle Miocene to the Present day (when the slab window
formation began to migrate northward to its current position). These authors proposed that
isostatic uplift by lithospheric thinning produced by a heat flow increase during the formation
of the slab window (Avila and Davila, 2018) would have been the main driving mechanism for
generating the long-wavelength topography (Avila and Davila, 2020). However, they did not
disregard the hypothesis that dynamic uplift could have played a minor role in topography

overlapping the isostatic rebound effect. Although our contribution supports a large-scale



process, covering Patagonia from coast to coast, it cannot differentiate between dynamic uplift
and lithospheric rebound by thinning. Some works have mentioned that both processes could
have partly overlapped (Avila and Davila, 2020; Flament et al., 2015; Guillaume et al., 2009),
although asthenospheric and lithospheric mantle processes would have had different timings.
While dynamic uplift is an instantaneous process (Hager and O"Connel, 1981), generated by a
change in subduction conditions (the “passive” dynamic uplift of Guillaume et al., 2013) or a
real upwelling driven by a mantle flow (the “active” dynamic unlift of Guillaume et al., 2013),
a lithospheric rebound would require reduction of the lithosptenic thickness by degradation of
the lithospheric mantle.

As discussed previously, a change in subc'ucion conditions represents the most
plausible scenario. It is questionable whether the litt.ospheric thinning process would account
for the uplift observations, given that differer:* stuuies have shown that it might take ~10 Myr
to occur (Heyn and Conrad, 2022). Neve, *.eless, it is known that Patagonia was affected by
older thermal anomaly events (e.g, Ai~gon et al., 2013) that might have degraded the
lithospheric mantle before the M ocone slab window formation and, consequently, facilitated
and accelerated a lithospheric re.noval, followed by thinning and rebound. This interpretation
would be in line with a recent comography in southern Patagonia by Mark et al. (2022), who
presented the first seismi. velocity model covering the slab window area. They proposed the
occurrence of a slow velocity anomaly in the uppermost mantle, which suggests warm
temperatures, low viscosity, and possibly partial melting. The latter, in turn, suggests that the
lithospheric mantle could have been thermally eroded in the areas surrounding the CTJ, over
the youngest part of the slab window (Fig. 1a). Our model supports the idea that both dynamic
uplift and lithospheric mantle processes are valid and complementary hypotheses for
explaining the current topography and reproducing the youngest cooling ages in southern

Patagonia.



6. Conclusions

By combining inverse and forward landscape evolution models to match modeled and
observed low-temperature thermochronological ages and Present-day topography, this
contribution has demonstrated that only a long-wavelength uplift, spanning Patagonia from
coast to coast, can reproduce the data set. The parameters constrained by inversion, i.e., erosion
efficiency, rock uplift rates, and effective elastic thickness, show reasonable values (and are
consistent with other geophysical data), when the models use long-wavelength uplifts. Two
likely large-scale processes might explain these results in sou.ne: 1 Patagonia, associated with
subcrustal mechanisms in the lithospheric or/and asthenosher ¢ mantle: lithospheric thinning
(Avila and Davila, 2020) or dynamic topography (Gu:na.'me et al., 2009), respectively. These
driving forces, likely interrelated (Avila and Davila, 2020,, would have been the main drivers
for the topographic changes and exhumation :2poied since the arrival of the oceanic ridge at
the subduction zone and the formation . -ne asthenospheric window from the middle—late
Miocene to the Present day. For this '~ny wavelength-driven case, our best model choice, the
uplift rate was 0.3 mm/yr, similar (o *he rates proposed by Pedoja et al., (2011) for the Atlantic
coast, and the effective elas*ic thickness was 34 km, consistent with values estimated by
Alvarez et al., (2016). We 2 not rule out the possibility that more local tectonic forces may
have interfered in some sectors with the long-wavelength upwelling, favoring a better fit

between models and observations.
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9. Figure captions

Figure 1 a) Map of southern Patagor.‘a show.ng topography, location of thermochronological
ages and the main stratigraphic and t >c.0. .c features referenced in our work. The Andean thrust
fronts (easternmost deformatior) e represented as a solid black line with black triangles. The
belt between the trench (sc'id 1..xes with circles indicate the tracking of the migration of the
Chile Triple Junctior, C 71 7.nd the thrust front is the orogenic area (Patagonian Andes). The
extent of the Patagoniai. slab window is shown with thick, solid black lines. The Oligocene-
lower Miocene marine beds are shown as orange polygons. AFT samples are illustrated as
magenta dots, and AHe samples as yellow dots. The white rectangle shows the position of the
study domain and E-W and N-S swath profile represented in Figure 1b. CTJ: Chile Triple
Junction (After Breitsprecher and Thorkelson, 2009). FTS: Fagnano transform system. b) E—
W swath profile showing the maximum topography across the white rectangle shown in Figure

1a. Black points indicate the observed topography used. The comparison between modeled and



observed topography was made using the maximum modeled topography from 100-400 km to

compare with the 3200 m point and from 400-700 km to compare with 800 m.

Figure 2. Parametrization for Models 1 and 2, and scenarios a and b. a) Schematic initial
topography and precipitation for Scenario a. Note the precipitation rates used in the models
were 1500 mm/yr between 20 and 16.5 Myr, and from 16.5 to 0 Myr (since the formation of
the rain shadow), 3000 mm/yr to the left boundary (Andes) and 200 mm/yr to the right (i.e.,

. (w)z , N
towards the Patagonian foreland: P = 3e\ 120000 + 2). k) Scihematic initial topography

and precipitation for Scenario b. Initial topography sta’ceu with 2000 m high across the
cordillera region and flat in the foreland. Precipitation r~te \ *as 3000 mm/yr to the left boundary
(Andes) and 200 mm/yr to the right (i.e., toward the "at.onian foreland). ¢) Schematic uplift
rate geometry used in Model 1. Between 20 an i 1.’ M.iyr, the Un is the maximum tectonic uplift
(crustal shortening), represented by the . axi.num height of the triangle. Between 12 (t1) and 0
Ma, the uplift rate decreases as the slau *vindow migrates northward. The arrow indicates the
direction of slab window migratic 1.: ¢ i1; ti refers to time passing. d) Schematic uplift rate
geometry for Model 2. Betwec 20 and 12 Myr, Ur is the maximum tectonic uplift (crustal
shortening), represented by’ t1.o m1iaximum height of the triangle. Uplift rate geometry for Model

2 between 12 (t1) a1 0 Myr is represented by a Gaussian-type function (U =

—2(y—0,075t)

2
Ume( 50000 ) ), Um decreases linearly from west to east with a slope of 0.8. The arrow

indicates the direction of slab window migration. t1; t i-1; ti refers to time passing.

Figure 3. Results of the NA inversion for Model 1a. a) Scatter plots colored by misfit values
for pairs of free parameters in Inversion 1a: Erosion efficiency (k), effective elastic thickness
(Te), and tectonic uplift rate from 12 to 0 M Myr (Uu). The run with the smallest misfit is

indicated with a red star. b) Comparison between modeled and observed cooling ages (AFT,



dark gray circles, and AHe, light gray triangles) predicted by the best-fit analysis. C)
Comparison between modeled (red) and observed (gray) for maximum (solid) and mean
(dashed) topography plotted as a N-S profile of the study region. d) Comparison between
modeled (red) and observed (gray) for maximum (solid) and mean (dashed) topography plotted

as a W-E profile of the study region.

Figure 4. Results of the NA inversion for Model 1b. See other details and captions in Figure

3.

Figure 5. Results of the NA inversion for Model 2a. a) Scdtter plots colored by misfit values
for pairs of free parameters in Inversion 1a: Erosior efficiency (k), effective elastic thickness
(Te), and tectonic uplift rate from 12 to 0 Myr {* Im). 1'he run with the smallest misfit is indicated
with a red star. b) Comparison between .~ feled and observed cooling ages (AFT, dark gray
circles, and AHe, light gray triangles) nreucted by the best-fit analysis. ¢) Comparison between
modeled (red) and observed (gray) 1. inaximum (solid) and mean (dashed) topography plotted
as a N-S profile of the study r~ai.n. d) Comparison between modeled (red) and observed (gray)
for maximum (solid) anu 1.ean (dashed) topography plotted as a W—E profile of the study

region.

Figure 6. Results of the NA inversion for Model 2b. See other details and captions in Figure

5.

Figure 7. Simplified topographic profiles (from Fig. 3d, Fig. 4d, Fig. 5d, Fig. 6d) showing the
influences of (a) medium (crustal tectonics) versus (b) long (mantle-driven) wavelength forces

on topography across the entire Patagonia, from the Pacific to the Atlantic coasts. Note that



even though the modeled cooling ages along the orogen reproduced the observed ages rather
well (see Figs. 4b and 6b), without large-scale controls, the observed and modeled topographies
across the foreland and the Patagonian Atlantic coast do not match. The position of the thrust

front is strikingly far from the high reliefs reported in the foreland.
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Highlights

1.

2.

Southern Patagonia records rock uplift and plateau formation from Miocene-Present
Long-wavelength uplift geometry is required for reproducing Present-day topography
Long-wavelength uplift geometry is useful for reproducing Present-day cooling ages

A slab window is responsible for long-wavelength uplift in southern Patagonia



