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Abstract

In the South Central Andes, a complex relationship between climate, tectonics, erosion
and topography is well documented. Building on recent advances in the mechanical
modelling of subduction zones, we isolate the contribution of fault motion to
topography and observe how rock uplift has been recorded in river valley morphology.
Rivers on the wetter Chilean-side of the Andean cordillera have steep and narrow
valleys, in stark contrast to those draining the arid Argentinian cordillera, whose valleys
are variably wider and less steep. The Chilean rivers have responded to fault slip along
the western mountain front by incising vertically and propagating a knick zone
upstream. In Argentina, there is little evidence of channel steepening despite
predictions for higher vertical rock uplift rates. We hypothesise that the aridity of the
Argentinian region has limited the transport capacity of the rivers to export their
sediment fill and as a result, vertical incision has been inhibited and lateral incision
and valley widening favoured. The long-term climate gradient appears to have been
important in modulating the morphological response of these rivers to fault slip. These

factors precondition future landscape sensitivity to both tectonic and climatic change.
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1. Introduction

The relationship between rock uplift and river incision underpins our understanding of
how, and at what pace, landscapes evolve and respond to tectonic and climatic
change (Adams et al., 2020). As the climate shifts, there is now a need to identify
erosion and sedimentation hotspots in landscapes and assess their future potential for
generating geomorphic hazards cascades that propagate downstream (Schwanghart
etal., 2018; Barnhart et al., 2020). The complex feedbacks between climate, sediment
transport, erosion, and topography, however, are not well understood, nor easily
isolated from tectonics. If we are to deduce the impact of climate on spatially and
temporally varying erosion trends, the contribution of rock uplift to topography needs
to be well constrained by integrating field and modelling approaches. In this paper, we
explored to what extent the geomorphological evolution of a river's sediment routing
system modulates a river's incisional response to rock uplift, when uplift is driven by
plate subduction. More specifically, we assessed whether steeper topography, and
higher millennial and decadal erosion rates, along the south-Central Andean
subduction zone, between 33 and 37-S, is the result of higher rock uplift rates or
whether they record a more complex relationship with erosion and climate. In doing
so, we bridge the gap between shallow surface and deep Earth processes to
understand the evolution of topography.

Observations of the link between erosion and uplift are centred around the ubiquitous
power law relationship between channel slope and drainage area that is measurable
in real landscapes. Many field studies have focused on modelling this observation with
stream power geomorphic incision rules in tectonically active landscapes (e.g. Goren
et al., 2014; Kirby and Whipple, 2001; Leonard and Whipple, 2021; Racano et al.,
2021; Aron et al., 2022). This detachment-limited style model implicitly assumes river
profiles evolve to maintain a transport capacity equal to its sediment flux, such that the
bed resistance to detachment by the flow controls the incision rate. This means that
bedrock rivers erode at a rate equivalent to their uplift rate, relative to base level, and
remove all the sediment they are supplied with. In this way, channel steepness (the
steepness of a channel normalised by its drainage area) is considered an indicator of
the vertical incision rate and dependent on the tectonic and climatic boundary
conditions acting on the landscape (Kirby and Whipple, 2012; Hilley et al., 2019).
Where channel steepness can be normalised by a uniform value of profile concavity,
spatial patterns in steepness are being increasingly used to map spatial variability in
tectonic uplift or bedrock erodibility (Kirby and Whipple, 2001; Goren et al., 2014;
Leonard and Whipple, 2021; Racano et al., 2021; Aron et al., 2022), assuming erosion
has kept pace with uplift and is time-invariant (Perron and Royden, 2013). This
assumption that erosion has kept pace with uplift, however, is limiting in many settings
and is particularly restrictive when exploring the impact of climate on river channel
networks.

As rock uplift increases the height of mountain ranges, mass wasting increases the
delivery of sediment to river valleys. Rivers are tasked with evacuating and
redistributing this sediment in order to incise. Numerous models that incorporate
sediment transport thresholds and sediment flux dependencies in bedrock river
evolution, highlight the role of a river's sediment transport capacity in modulating its



incisional response to uplift. Models suggest that both the spatial distribution of rock
uplift and the distribution of sediment across a river network control the morphology of
fluvial landscapes (Gasparini and Brandon, 2011). Mechanistic models demonstrate
that for a given uniform tectonic uplift field, river incision rates can vary over several
orders of magnitude, depending on the degree of coupling between the supply of
sediment to a river and the river's sediment transport capacity (Sklar and Dietrich,
2006). Similarly, when bedrock erosion is increasingly dependent on sediment
transport, equilibrium channel slopes and relief within mountain ranges are found to
be lower than would be expected for detachment-limited models of river incision
(Whipple, 2002). This is because, as rivers become predominantly alluvial, channel
gradient becomes more dependent on sediment and water fluxes to the channel and
their interaction with the bed, rather than any tectonically induced slope (Wickert and
Schildgen, 2019). In which case, the degree to which a mountain river's bed is covered
with sediment modulates whether it is protected by an alluvial cover or exposed to
sediment tools for erosion (Sklar and Dietrich, 2004; Yanites et al., 2011).

Beyond models, field studies demonstrate that the link between tectonics, climate and
river profile form is also modulated by adjustments in channel width, sediment size
and lithology (Riebe et al., 2015; Yanites, 2018; Harries et al., 2018; Baynes et al.,
2020; Shobe et al., 2021). The preference for rivers to erode laterally as well as
vertically has been linked to rock uplift and sediment supply as well as the hardness
of the transported sediment (Brocard and van der Beek, 2006). Alluvial covers are
found to inhibit both vertical and lateral incision rates in the field (Cook et al., 2014),
while models suggest that the frequency of bed impacts by sediment particles as well
as the volume of sediment detached from the bed by each impact, influences lateral
erosion rates (Li et al., 2020).

The supply of sediment downstream is therefore a key modulator of bedrock incision.
The supply, however, is not only dependent on the processes of sediment generation,
i.e. faulting, chemical and physical weathering (Riebe et al., 2015). It is also dependant
on factors that control sediment transfer. These are the degree of connectivity between
sediment sources and active channels (Harries et al., 2021) and the capacity of the
rivers to transport sediment along them (Shobe et al., 2021; Lai et al., 2021). Climate
drives cascades of geomorphic adjustments that modulate the availability and mobility
of sediment within the landscape (Harrison et al., 2019; Wapenhans et al., 2021).
Climate should therefore be a key control on the distribution of sediment in the
landscape and, in turn, influence the dependency of bedrock erosion on sediment
transport and the resultant spatial variability in bedrock erosion (Hobley et al., 2011).

This complicates a direct relation between climate, bedrock incision and topographic
form that is predicted by the detachment-limited stream power incision model. Indeed,
where it is expected that a higher mean annual precipitation rate will generate more
stream power and enhance incision (e.g. Ferrier et al., 2013), the impact of climate on
river channel steepness is in fact not persistently detected in real landscapes (Leonard
and Whipple, 2021; Desormeaux et al., 2022). The geomorphological evolution of a
river's sediment routing system should be a critical filter for climate driving bedrock
erosion. The lack of constraint on the geomorphological evolution of river valleys limits
our understanding of how vulnerable they are to shifts in climate over the next century.



It also limits our understanding of how sediment storage and evacuation might
modulate bedrock incision and valley evolution (Lague, 2010). Extreme rainfall events
can evacuate sediment generated by earthquake triggered landslides rapidly (Dadson
et al., 2004), while glacial-interglacial cycles can influence sediment storage and
transfer over much longer periods (Dosseto et al., 2010).

For this investigation we selected the south-Central Chilean-Argentinian Andes, a
region characterised by strong tectonic and climatic gradients that have been
repeatedly explored as drivers of latitudinal variability in mountain topography and
erosion rates (e.g. Carretier et al., 2018; Val et al., 2018; Montgomery et al., 2001;
Lamb and Davis, 2003; Stalder et al., 2020; Seagren et al., 2020; Evenstar et al.,
2023).

Latitudinally, differences between decadal, millennial, and longer-term erosion
patterns, and how they relate with topography, have indicated varying degrees of
landscape transience in response to rock uplift (Carretier et al., 2018). The lack of
reliable, quantitative methods for measuring pure tectonic uplift (England and Molnar,
1990; Hoggard et al., 2021), and our short time window of observation, however, are
the primary limitations to deconvolving the tectonic and climatic influences on erosion
and topography (Perron, 2017).

To address part of those limitations, we exploited recent advances in the modelling of
subduction zones to predict differential rock uplift caused by crustal-scale faults and
thereby isolate the contribution of tectonic uplift to mountain relief. This method is
powerful because it allows us to map spatially the variability in tectonic uplift driven by
subduction zone mechanics. We can therefore explore the relative importance of
climate, bedrock lithology and glaciation on spatial variability in mountain river
morphology. We investigated how the steepness and width of mountain rivers, and
their local topography, have recorded the predicted fault activity. We use these
observations to highlight areas of the mountain range that may be susceptible to
change as the climate shifts.

2. Study area

The Andes between 33 and 37-S are an evolving tectonic-volcanic landscape with
strong spatial gradients in climate and glaciation (Fig. 1). While several of the highest
peaks in this region are volcanoes, deformed rock also outcrops at >5000 m. The
topography of the mountain range is a major topographic barrier to moisture delivered
by westerlies and has influenced the mean annual precipitation, seasonality and
storminess of the climate both sides of the drainage divide, persistently over at least
the last 14 Myr (Rehak et al., 2010; Viale et al., 2019). On both the western, Chilean
Andes and eastern, Argentinian Andes, Ushaped valleys and large ridges of glacial
moraine in the upper reaches of catchments are evidence to suggest glaciers have
been important in shaping their upper reaches through the Quaternary (Farias et al.,
2008). Downstream, mountain rivers are bedrock-alluvial channels, which in Chile
encompass large terrace sequences (Fig. 2). The history and timescales of sediment
storage and evacuation that are evident in undated and unmapped valley fills and
fluvial terrace sequences, however, is unknown. The geomorphological evolution of



the south Central Andes has been left poorly constrained, in contrast to its structural
history.

The most recent episode of horizontal shortening and crustal thickening began during
the Miocene (~25 Ma) when convergence rates between the South American and
Nazca plates may have increased (e.g. Litvak et al., 2018). Since then, plate motion
has been accommodated through contraction and uplift of the Principle and Frontal
Cordilleras on a mixture of steep structures rooted in basement and flat and ramp
thrusts across the sedimentary cover (e.g., McQuarrie and DeCelles, 2001;
McQuarrie, 2002; Mdaller et al., 2002; Pearson et al., 2013; Giambiagi et al., 2003;
Riesner et al., 2018). The onset, intensity, and localisation of deformation along these
structures, and their relative importance in accommodating uplift, vary with latitude.
This alongstrike variability has been linked to both changes in subduction geometry
(Kay and Mpodozis, 2002) and climatically forced variability in erosion (Montgomery
et al., 2001). A southward reduction in mountain elevation across the study area has
been previously linked to climate. The reduction in peak height being driven either by
a southward increase in glacial erosion, evident from decreasing snow line altitudes
southwards (Montgomery et al., 2001), or, in parallel, due to a southward increase in
the volume of sediment delivered to the Chilean Trench, which can reduce the friction
at the plate boundary and dampen crustal deformation (Lamb and Davis, 2003).

In contrast to these denudation patterns on geological timescales, millennial and
decadal erosion rates calculated from cosmogenic nuclides and suspended sediment
yields peak around 33-S, and therefore record a more recent decreasing erosion trend
southward, within the western Chilean Cordillera, which goes against the precipitation
gradient (Carretier et al., 2015). This erosion peak at 33-S coincides with the highest
topography, with peaks over 6000 m, though not with mean hillslope gradient (Rehak
et al., 2010). Carretier et al. (2015) proposed that the difference between millennial
and longer-term erosion patterns may be explained by the landscapes reflecting
different stages in their transient topographic response to uplift, modulated by climate.
In the arid north, they suggest similar long-term and millennial erosion rates and the
occurrence of relict perched pediments (Rehak et al., 2010) is evidence of a very long
and slow erosive response to uplift. In the wet south, the topographic response to uplift
may have been accelerated, particularly through glacial erosion (Melnick and Echtler,
2006) and has had its erosional peak pass millions of years ago, first filling the
subduction trench with sediment, and then leaving behind a landscape with decreasing
slopes and low erosion rates. Where erosion peaks around 330S, in the central Chile,
Carretier et al. (2015) suggest river knickpoints are propagating upstream and
reaching the catchment head (e.g., Farias et al., 2008) and are therefore closest to
being in equilibrium with uplift. Below, the tectonic, lithologic and climatic evolution of
Chilean-Argentinian Andes within our targeted study site, between 33 and 37-S, is
detailed.

2.1. Tectonic landscape

Four major crustal-scale structures accommodate shortening in this region: (i) San
Ramon-Pocuro; (ii) El Diablo-Las Le nas-El Fierro; (iii) Malargie-Aconcagua fold and
thrust belt; and (iv) Frontal Cordillera (Fig. 1a) (Farias et al., 2010). The partitioning of



deformation across these four crustal-scale structures (Fig. 1a), however, is highly
contested (Armijo et al., 2010; Farias et al., 2010; Giambiagi et al., 2003; Vargas et
al., 2014; Riesner et al., 2018), though linked to local variability in subduction geometry
and convergence rate (Arriagada et al., 2013).

It is generally accepted that the Andes between 33 and 37-S uplifted relatively
simultaneously since the late Miocene (Carretier et al., 2015 and references therein).
From ~25 Ma, crustal thickening and shortening drove folding and thrusting within
Mesozoic beds, now on the Argentinian-side of the cordillera, and deformed the late
Eocene-Oligocene volcanic beds of the Abanico and Farellones formations, which now
outcrop on the Chilean-side of the cordillera (Farias et al., 2010). Initial uplift of the
Argentinian-side, along the Aconcagua and Malargue fold-and-thrust belts, occurred
between ~25 and 10 Ma, with deformation propagating eastwards from 13 Ma. After 9
Ma, the El Diablo-Las Lenas-El Fierro fault system, which bounds the Abanico and
Farellones formations and approximates the location of the drainage divide, was
activated. This fault system is still seismically active today (Farias et al., 2010).
Deformation at the front of the Malargle fold-andthrust belt, within the Malargle
anticline began after 7 Ma and continued until 1 Ma (Silvestro et al., 2005). On the
Chilean-side, deformation initially occurred between 25 and 22 Ma, within the Abanico
formations (Armijo et al., 2010), with an episode of more recent, rapid uplift between
10.5 and 4.6 Ma (Farias et al., 2008). Farias et al. (2008) derived the timing of this
recent event by mapping out the propagation of knickpoints, still preserved in this
region's river profiles, across uplift markers and dated volcanic bodies. The celerity of
knickpoint propagation they estimated to be 10—-40 mm al] 1. The uplifting fault, the
San Ramon-Pocuro fault, is now believed to only be seismically active in the north of
the study area (Vargas et al., 2014; Riesner et al., 2017). These four major structures
were incorporated into the tectonic model.

2.2. Bedrock landscape

The drainage divide of the Principle Cordillera roughly corresponds with the El Diablo-
Las Le’nas-El Fierro fault system, which marks the approximate contact between
Mesozoic and Cenozoic deposits exposed in the eastern and western sides of the
cordillera, respectively (Fig. 1). On the Argentinian-side of the drainage divide, the
Malarglie and Aconcagua fold-and-thrust belts expose Mesozoic interbedded marine
and continental strata with small outcrops of pre-Jurassic basement quartzites and
schists. Pliocene to Holocene volcanic rocks are also exposed locally, around large
eruptive centres (Mescua et al., 2014). Bedrock exposed on the Chilean-side of the
drainage divide, however, is predominantly made up of Cenozoic volcaniclastic rocks,
tuffs, basic lavas, ignimbrites, and interbedded alluvial, fluvial, and lacustrine
sediments (SERNAGEOMIN 1:1 M geo map). This sequence is capped in some areas
by intermediate and basic lava strata with volcanic rocks and minor ignimbrite beds.
Bedrock on the most western front is notably deformed and intruded with granitic rocks
<10 Ma old (Farias et al., 2008). Tolorza et al. (2019) identified the Mesozoic rocks in
this region as more resistant to slope failure, than the Cenozoic rocks. Farias et al.
(2008) suggested that the localisation of knickpoints and steeper channels within this
belt of granitic outcrops records the influence of spatial variability in bedrock hardness
on erosion.



2.3. Climate

Latitudinal variability in precipitation patterns, vegetation (Jeffery et al., 2014) and ice
cover (Rehak et al., 2010; Viale et al., 2019) are driven by the northward penetration
of frontal systems associated with the westerlies, as far north as 30-S. Between 33
and 37-S, there is a marked transition from subtropical to extratropical climate which
impacts how moisture is distributed across the cordillera. In the western Principle
Cordillera, precipitation predominantly falls in the cold seasons and is often frozen,
whereas in the east, precipitation is concentrated in convective summer storms
(Poveda et al., 2020). While precipitation rates are comparably low on both sides of
the Andes north of 35°S (~400 mm/yr), southwards precipitation rates increase by a
factor of 2 on the western slopes of the cordillera (~1500 mm/yr) (Rehak et al., 2010).

Southward increases in precipitation rates are also accompanied by a lowering of the
0 -C isotherm from >4000 m altitude in the north to ~3000 m in the south (Masiokas et
al., 2020). Recent glacial inventories show the highest concentration of glaciers and
rock glaciers in South America between 31 and 35-S, largely due to the frequency of
peaks above 5000 m (Masiokas et al., 2020). The southward reduction in mountain
elevation (Fig. 1) means that, across the study area, glaciers become more sparse
southwards, despite the accompanying increase in precipitation and lowering of the 0
°C isotherm from >4000 m altitude to ~3000 m. Across the drainage divide, glaciers
on western slopes are found to descend 500 m lower than those on the east (Masiokas
et al., 2020).

The rivers investigated are perennial rivers that experience strong seasonality
between the winter and snowmelt seasons (Fig. 1c). In the Rio Maipo, Chile, variability
in average monthly discharge is 50 %, with historical average monthly discharges
during snowmelt season of 151 m?%s and during winter, around 57 m3/s (Arrospide et
al., 2018). Whereas in Argentina, the average monthly discharge of the Rio Atuel
varies by ~170 %, with 22 m®/s and 65 m3%s in the winter and melt seasons,
respectively (Araneo and Villalba, 2014).

The differences in both mean annual precipitation and discharge variability across this
region of the mountain range are ideal for probing the impact of spatially variable
climate on mountain river morphology. Especially as it lies within the range of
precipitation values that models suggest landscapes should be most sensitive to;
mean annual precipitation between 100 mm/yr and 1500 mm/yr (DiBiase and Whipple,
2011).

3. Methods
3.1. Topographic analysis

We characterise the morphology of the seven major perpendicular rivers draining the
Principle Cordillera (Fig. 3) by calculating their normalised channel steepness and
local relief from a 12 m DEM and measuring their bedrock valley widths.

In calculating channel steepness, we test the assumption that the rivers on both sides
of the Andean drainage divide are steepening in response to zones of enhanced
tectonic uplift. This ought to be the case if the rivers are responding to uplift in a



detachment-limited way. Where rivers are not steepening, we can then identify them
as being less sensitive to their tectonically induced slope and transport-limited. We
calculate normalised channel steepness (ksn) using the gradient of elevation along a
channel (S) and the upstream area (A), normalised it by a median concavity value (0)
of 0.37, for all seven rivers (ksn).

ksn = S/A®

The median value was identified using the TopoToolbox algorithm, which tunes the
Bayesian Optimization of the parameter to all catchments in the study area through
cross validation (Schwanghart and Scherler, 2014). This normalisation of channel
steepness indices allows us to compare indices across the study area.

The distributions of ksn within each bedrock lithology group, for all points along the
river network, were then derived and compared between river catchments to analyse
the dependency of channel steepness on bedrock lithology. We exploit existing
geological maps (1:1 M) published by the geological surveyors of Chile and Argentina,
SERNAGEOMIN and SEGEMAR, respectively, to group bedrock lithologies using the
available relevant data that we expect to influence their resistance to erosion; their
age and lithology.

The local relief of the cordillera was calculated from the elevation range within a 5 km
moving window using the TopoToolbox local relief algorithm (Schwanghart and
Scherler, 2014). To directly observe the difference between the spatial variability in
normalised channel steepness, local relief, and the predicted tectonic uplift field, we
convert these data to rasters and scale their variability between 0 and 1. We then
subtract the tectonic uplift field from the steepness and local relief maps.

Valley width measurements were taken every two kilometres along the main river
valley (Fig. 3 inset) using Google Earth satellite imagery (0.5 m resolution) and in some
localities verified with field measurements.

3.2. Tectonic model

Existing thermochronology and provenance studies between 33° and 37°S generally
agree that rock uplift occurred relatively synchronously during a main exhumation
event since the Late Miocene (Stalder et al., 2020). This shared uplift history allows
the spatiotemporal evolution of faulting in this region to be averaged over a timescale
equivalent to rates of long-term plate convergence. We create a 3D model of this
segment of the Andean subduction zone and impose boundary conditions and far field
loads to simulate the long-term subduction that excites slip on crustal faults.

To calculate the spatial variability in rock uplift, we built a mechanical Boundary
Elements Method (BEM) model of the plate boundary (Fig. A2). For this we used the
3D BEM Matlab© code tribemx (Loveless, 2019). This code uses line integral
algorithms relating slip on triangular dislocation elements to displacement and strain
throughout a homogeneous elastic half-space, solving the boundary value problem
based on elastic dislocation theory (Meade, 2007). Due to its elastic nature, the model
does not allow plastic yielding of the material and gravity loads were set to zero. The



BEM is a natural choice for modelling faults as it requires that only dislocation surfaces
be parameterised within a three dimensional body (e.g. Marshall et al., 2009).

A 3D mesh of the Andean subduction zone was first constructed by parameterising
the major structures described previously as a series of dislocation surfaces
embedded in the half-space, meshed with planar triangular elements using the public
software Gmsh© (Geuzaine and Remacle, 2009). The model half-space was
parameterised as a 650 x 300 km box, with the long axis orientated parallel to the
vector of plate motion (Figs. 1 and 3) and with a maximum depth of 270 km, from the
traction-free boundary at the surface of the Earth to the base of the subducting oceanic
plate. The surface of the Earth was considered flat so we did not account for the
influence of topography on the stress field. The geometry of the subduction zone was
constructed from the USGS Subduction zone geometry model Slab2 (Hayes et al.,
2018), which contours the interface of the subducting Nazca oceanic slab with the
overriding South American continental plate, and was limited down to the
lithosphere/asthenosphere boundary. On the continental plate, we introduced four
crustal-scale faults, with geometries that have been carefully reconstructed from
published geological maps and structural cross-sections (Farias et al., 2010;
Giambiagi et al., 2012). These are: the San Ramon-Pocuro fault system, El Diablo-
Las Le"nas-El Fierro fault system and the eastern-most thrusts of the Aconcagua-
Malargle foldand- thrust belts and the Frontal Cordillera (see tectonic overview
Section 2.1). In the absence of constraints on how these major fault systems interact
at depth and in relation to the inter-plate contact, we terminated the faults at a
maximum depth of 35 km and drew from published structural cross-sections, which
have an underlying assumption of eastvergence, to build their subsurface geometry
(Farias et al., 2010b; Giambiagi et al., 2012). We did not explore the published cross
sections for a bi-verging orogeny (e.g. Riesner et al., 2018) as the proposed fault
interactions are difficult to resolve physically in three dimensions across the entire
study area.

To the mesh, we then assigned traction-free boundary conditions to the triangle
elements in each dislocation surface, using a uniform crustal Poisson's ratio of 0.25
(Turcotte and Schubert, 2002). Convergence between the South American and Nazca
plates was simulated by prescribing slip to the box's east and west walls, which, in
turn, deforms the model interior. The current rates of absolute plate motion, relative to
hotspots, are 4.8 and 3.2 cm yr(]1 1 for the South American and Nazca plates,
respectively (Gripp and Gordon, 2002). We therefore assign 60 % of the total opening
motion to the continental plate and 40 % to the oceanic plate. The crustal-scale faults
were allowed to slip freely but were prohibited from opening motion, while the north
and south walls were allowed to slip freely in all directions, to prevent any edge effects.

At the slab interface, we simulated two different regimes. The first, approximated the
cumulative effect of subduction seismic events, so simulating the long-term coseismic
phase in which the subducting slab is allowed to slip freely in all directions. The
second, a long-term interseismic period, where we locked the upper 40 km of the slab
interface, approximating the depth of the seismogenic zone at this latitude (Patzwahl
et al., 1999).



With these boundary conditions, tribemx uses Green's functions (Meade, 2007) to
calculate, firstly, the slip vector, with its corresponding strike and dip slip components,
at the centroid of each triangular element (e.g., Aron et al., 2022). Secondly, a
displacement vector and its horizontal and vertical components on a regular 10 km
grid on the Earth's surface. To assess the dependency of the displacement vector on
the resolution of the mesh and assure reproducibility of the numerical model results,
we ran the model for a full range of mesh resolutions and calculated the root mean
square error of each mesh with respect to the finest (Fig. 3c); a mesh with a
characteristic length scale of 8400 m (the approximate size of the triangle's sides). We
used the 8400 m grid as the final output and average the results of the seismic and
interseismic model runs.

The Green's functions are used to calculate vertical displacement as a percentage of
the total convergence rate (e.g., Aron et al., 2022). Using two control points on the
Earth's surface we scaled these dimensionless rock uplift values, x:

Xnorm = X =rmin/ fmax — Fmin (tmax - tmin)+tmin

where rmin and rmax are understood to be the minimum and maximum modelled values
of x, and tmin and tmax are minimum and maximum values of xnorm. We find the best
fitting tmin and tmax that can resolve the difference in rock uplift rate between the oceanic
slab, where we expect there to be a rock uplift rate of 0 mm/yr, and a site located in
the Principle Cordillera, where existing Apatite Fission Track and Apatite Helium age-
elevation profiles indicate exhumation rates of 0.3 mm/yr. This scaling yields a tmax of
0.41 mml/yr, which is in line with a 0.4 mm/ yr minimum average rock uplift rate
approximated at 34°S for the last 5 Ma, from paleo-elevation data (Farias et al., 2008;
Hoke et al., 2014; Val et al., 2018). It is also in agreement with minimum slip rates
estimated for the San Ramon fault, 0.3 mm/yr over the past 16 Myr, and on its west
verging basal detachment, 0.4 mm/yr over the last 25 Myr (Armijo et al., 2010; Vargas
et al., 2014). To compare the topographic and rock uplift spatial distributions, we
calculated the difference between the datasets once each is normalised by their data
range.

4. Results
4.1. River network analysis

Mountain elevation decreases rapidly southwards along both sides of the cordillera,
though the highest peaks are in Argentina (Fig. 1c). The highest peaks (>4000 m) are
in the north, reaching >5000 m in the Rio Diamante and Rio Atuel Argentinian
catchments. In the south, the average peak height is 20003000 m, with maximum
peak heights of 4000 m in Argentina. The local relief, however, is notably higher in the
Chilean cordillera. Here, maximum relief is focused in the north, with >3000 m of local
relief in the Rio Cachapoal and Rio Tinguiririca catchments, decreasing to ~1500 m
southwards along the Rio Teno and Rio Lontue (Fig. 5c). Higher normalised channel
steepness values, >200 ksn (6=0.37), are also concentrated within the Chilean
cordillera, in a band upstream of, but parallel to, the mountain front (Figs. 3 and 4).
Channels are uniformly less steep, <100 ksn, in Argentina, where local relief is <2000
m, only reaching higher values around volcanic edifices (Fig. 5c).



An analysis of the full distributions of channel steepness along each river network and
the distribution of normalised valley widths reveal further important differences
between the Chilean and Argentinian sides of the cordillera (Fig. 6). The Argentinian
rivers have median steepness values between 30 and 35. Their median normalised
widths are 0.034 and 0.05 along the Rio Malargie and Rio Atuel, respectively, and
0.003, along the Rio Diamante. The measurements on the latter river were
complicated by recent volcanic processes influencing the valley morphology and may
therefore be an outlier in this analysis. Conversely, while all Chilean rivers record an
upstream steepening (Figs. 4 and 5), their full steepness distributions highlight that
Rio Lontue, the southernmost river, is distinct. The Rio Cachapoal, Rio Tinguiririca
and Rio Teno have a median steepness of between 40 and 45, while the Rio Lontue
has a median steepness of 30, in line with the Argentinian rivers. Their median
normalised valley widths, however, are all very similar, ranging between 0.01 and 0.02.
The trend of narrow and steeper river networks along the Chilean cordillera is also
evident from field investigations (Fig. 2).

4.2. Steepness dependency on bedrock lithology

Rivers draining the Paleozoic basement rocks of the Frontal Cordillera are
systematically steeper than those in the Principle Cordillera (Fig. 7). The distributions
of channel steepness within the Neogene and Mesozoic bedrocks of the Principle
Cordillera, however, are not distinguishable from one another. The lower channel
steepness values in the southeast do not therefore appear to be well explained by the
differences in bedrock lithology nor age. This finding is corroborated by the uniform
channel steepness values recorded across the Mesozoic- Neogene bedrock transition
in a number of catchments. Pliocene-Holocene volcanic activity, on the other hand,
does appear to have influenced channel steepness patterns locally in the Rio Atuel
and to a lesser extent in the Rio Diamante. Along these rivers, low channel steepness
distributions in Pliocene-Holocene volcanics (Fig. 7) map onto plateaus of Quaternary
volcanic rock (Fig. 1).

4.3. Spatial distribution of rock uplift rates derived from the mechanical model

The variable, vertical rock uplift field generated by our simple mechanical model (Figs.
3d and 5a) is reproducible for the given structural configuration, irrespective of mesh
resolution (Fig. 3c). The model also accurately predicts positive rock uplift onshore
and zero-net rock uplift along the Pacific coastline (Fig. 3d), and therefore replicates
the spatial extent of deformation in the crust (e.g. Cosentino et al., 2018). When
averaging the long-term vertical crustal motion over seismic and interseismic periods,
we find that deformation is generally focused on the western and eastern fronts of the
Principle Cordillera and that the higher magnitude of deformation shifts from the west
to the east with increasing latitude (Figs. 3d and 5a). Southwards, rock uplift along the
San Ramon-Pocuro fault decreases from 0.4 to 0.3 mm/yr as deformation shifts to the
east within the Malargle fold-and-thrust belt of the Eastern Principle Cordillera.

We therefore predict that rock uplift rates in the Argentinian cordillera are currently
highest, within the Malargue fold-and-thrust belt, where channel steepness and local
relief are lowest and valleys are widest. This contrasts with the Chilean cordillera,



where the highest local relief and channel steepness are observed upstream of the
high uplift zone along the San Ramon-Pocuro fault (Fig. 5).

5. Discussion
5.1. Tectonic model and topography

Our mechanical modelling predicts a southward shift in the localisation of high rock
uplift rates, from the west-verging San Ramon- Pocuro fault to the east-verging
Malargle fold-and-thrust belt (Fig. 3d). There is ample structural and geomorphic
evidence to suggest both of these structures have been major active fronts
accommodating shortening throughout the Quaternary (Armijo et al., 2010; Branellec
et al., 2016; Farias et al., 2008, 2010b; Messager et al., 2010; Riesner et al., 2018;
Vargas et al., 2014). In the north of the study area, the preferential accommodation of
rock uplift along the west-verging, San Ramon-Pocuro fault, and the passive nature of
the EIl Fierro-El Diablo- Las Lenas fault systems, are in agreement with existing
evidence of a biverging orogeny (Armijo et al., 2010; Riesner et al., 2018). The
dominance of west-vergent motion during the evolution of the Principle Cordillera can
therefore occur without a more complex structural geometry than that previously
proposed (c.f. Riesner et al., 2018). To the south, the increasing trend in vertical rock
uplift within the Malargue fold-and-thrust belt is not interpreted from existing estimates
of shortening rates in balanced cross-sections (Giambiagi et al.,, 2012). This
disagreement is predictable because our model finds significant oblique motion in this
sector of the cordillera, a shortening direction that is not considered when cross-
sections are constructed perpendicular to the mountain front.

There are also other processes that can generate vertical motion in the crust that are
not related to crustal faulting. Mantle convection in this region favours the maintenance
of topography in Argentina (Schellart, 2017), and any isostatic rebound of the crust
due to glacial unloading would southwardly increase vertical movement of the crust.
These additional processes would therefore support and enhance our model findings
of high rock uplift rates in southern Argentina. With this model constraint, we can
analyse the extent to which topography and erosional processes record this spatial
variability in fault motion. Where our mechanical model predicts a southward increase
in tectonic uplift through the study area, we observe a southward decrease in total
relief, from >5000 m to <4000 m. Similarly, the lowest local relief and channel
steepness indices are found where rock uplift rates are highest, in contrast to what is
predicted for bedrock fluvial landscapes, where increased uplift ought to energise
streams to incise and steepen (Whipple and Tucker, 1999). Our findings do not
therefore support regional tectonic studies that suggest that the topography results
from near pure surface homogeneous uplift (Giambiagi et al., 2012). We do, however,
note important differences in valley morphology, which suggest other factors must be
modulating the morphological response of the landscape to rock uplift.

5.2. Climate and bedrock lithology on topography

As highlighted by previous studies, the broad pattern of decreasing mountain elevation
with latitude follows the climate gradient and can be explained either by the southward
enhancement of Quaternary glacial erosion (Montgomery et al., 2001) or through the



lubrication of the subduction interface by climate-enhanced sediment delivery to the
trench (Lamb and Davis, 2003). Channel steepness, local relief and valley width, on
the other hand, which vary over millennial timescales, vary most significantly from west
to east. This trend cannot be explained by spatial variability in glacial erosion, firstly,
because the main valleys are below the equilibrium line altitude modelled for the last
glacial maximum in this region (Clapperton, 1994). Secondly, because models of
warm-based glacial erosion would otherwise predict lower gradient valleys in the
steeper Chilean cordillera where snowline altitudes are reconstructed at lower
elevations (MacGregor et al., 2000).

The obtained values of channel steepness fall below the global threshold identified by
Hilley et al. (2019) above which steepness becomes insensitive to erosion rate.
Considering that the observed morphological trends are driven primarily by fluvial
incision, we explored the drivers of vertical and lateral incision across this landscape.
The active western and eastern mountain fronts are bounded by reverse faults. In
response to fault slip and earthquakes, we therefore expect efficient rivers to first fill
with landslide sediments and then over time, as sediments are evacuated, generate
knickpoints proximal to the faults, which then propagate upstream through vertical
bedrock incision (Loget and Van Den Driessche, 2009). Upstream reaches distal from
the faults, on the other hand, ought to preferentially incise laterally and widen where
vertical incision is inhibited by a sediment cover (Yanites et al., 2010). The systematic
steepening of rivers and their local relief upstream of the San Ramon-Pocuro fault has
been well-explained by such a detachment-limited model for a propagating erosional
wave (Farias et al., 2008). Valley widening upstream and downstream of the active
knickpoint zones, together with their vast sediment stores, suggests sediment cover
has modulated river incision to some extent in these Chilean rivers. The strong overlap
in the distributions of channel steepness and bedrock valley width for each catchment
(Fig. 3) suggest their response to rock uplift has been relatively uniform, irrespective
of their lithological differences.

This trend is in stark contrast to those rivers draining the Argentinian cordillera. Here,
the river valleys are wider and less steep along their lengths, despite their predicted
high rates of fault-induced vertical motion (Fig. 5a). The broad groupings of bedrock
lithology mapped hinder us from investigating the role of local variability in erodibility;
e.g. internal discontinuities from cooling or structural pre-conditioning on valley
geometry. Indeed, local lithological constraints on valley geometry are evident,
particularly around volcanic centres that have been active over the last 2 million years.
Our analysis of channel steepness distributions within the broad bedrock units (Fig.
7), however, allows us to observe that the broad differences in bedrock age and
lithology are not the dominant control on cordillera-scale differences in river
morphology. These morphological differences do, however, map onto hemispheric-
scale precipitation patterns that have mostly likely persisted for the last 14 Ma (Viale
et al., 2019).

5.3. Conceptual model for the south Central Andes

A river's ability to evacuate its sediment supply and respond sensitively to fault vertical
movement can be limited if its transport capacity is low. In wet mountain ranges such



as the Himalayas, sediment evacuation can occur over years to decades (Whipp and
Ehlers, 2019). In arid mountain ranges, such as the south Central Andes, however,
effective discharge, or the frequency of effective discharge events, can become an
important factor limiting the erosional response time to rock uplift. In Fig. 8, we suggest
that the wetter, Chilean rivers have responded to fault uplift on the San Ramon-Pocuro
fault by generating a propagating knick zone proximal to the fault, and widening river
valleys upstream, distal from the fault, as conceptualised by Yanites et al. (2010). In
contrast, the drier Argentinian rivers have responded more slowly to fault motion along
the Malargie and Aconcagua fold-and-thrust belts. They have not yet been able to
incise vertically due to the delayed evacuation of their sediment covers, thereby
promoting lateral incision and valley widening along their lengths (Fig. 6).

Farias et al. (2008) previously estimated a delayed erosion response time to rapid
uplift in the Chilean Cordillera of 5—-10 Ma, calculated from evidence of knick-point
propagation through volcanic rocks of known emplacement ages. The lack of bedrock
exposure and steepening in the Argentinian Principle cordillera suggests even longer
response times, much >10 Ma. This has resulted in very different fluvial landscapes
developing on either side of the drainage divide (Fig. 2).

5.4. Wider implications

With this work, we highlight the process through which long-term climate has
modulated bedrock valley morphology, and therefore fluvial erosion, in response to
rock uplift of the Andean Principle Cordillera. These findings go some way to
supporting the hypothesis that latitudinal variations in millennial and decadal erosion
rates in the Chilean Andes record spatial variability in the erosional response time of
the Andes to Miocene uplift, modulated by climate (Carretier et al., 2015). They also
highlight that caution should be taken when using river networks to invert information
about tectonic activity in arid landscapes. Without independent constraint on the
spatial distribution of fault motion across the Argentinian cordillera, relatively high rock
uplift rates would have been overlooked in this region and would not have been
interpreted by classical river profile inversion techniques (e.g. Goren et al., 2014; Aron
et al., 2022).

5.5. Future sensitivity to climate change

Models suggest that landscapes should most sensitively respond to changes in the
mean annual precipitation rate between 100 mm/yr and 1500 mm/yr (DiBiase and
Whipple, 2011). As this is the range of precipitation rates in our study area, differences
in valley morphology and sediment cover on either side of the Principle Cordillera's
drainage divide offer an opportunity to identify thresholds for climate influencing
morphological change. The Argentinian cordillera currently has a mean annual
precipitation rate of <500 mm/yr and a variability in average monthly discharge of 170
% (Araneo and Villalba, 2014). Here, the lack of erosional response to faulting
suggests the rivers are tending towards being transport-limited. Their low mean annual
rainfall and infrequency of high magnitude rainfall events may be important in limiting
not only their sensitivity to a tectonically-induced slope, but also maintaining slopes
that have a high threshold for sediment mobility, through time. This transport-limited
behaviour is a precondition that may impact the future sensitivity of this landscape to



climatic change. The migration rate of such rivers across wide sediment filled valleys
can be a geomorphic filter that buffers the link between the frequency and magnitude
of rainfall events, and erosion and sediment export in these catchments. The impact
of such internal feedbacks within the sediment system on sediment transfer is well
documented in alluvial rivers downstream of mountain fronts (Harries et al., 2019).

The more detachment-limited style of river profile evolution evident in the Chilean
rivers occurs where there is currently a minimum average rainfall of 800 mm/yr, a
strong orographic rainfall gradient, and only a 50 % variance in average monthly
discharge (Fig. 1). The steeper and narrower valleys of the Chilean rivers (Fig. 2) have
evolved through sediment filling and evacuation and have generated large (~40 m)
terraces through this process (Fig. 2). This suggests sediment has been mobilized
through these wetter catchments in the past and that any increases in the frequency
of large mobilising events could have a direct impact on the delivery of sediment
downstream into highly populated areas. Future research into how a landscape's initial
and boundary conditions influence its response to climatic change is necessary to
understand the hazard posed by geomorphic change in these regions.

6. Conclusion

Here we provided an example of climate modulating the contrasting morphological
response of both sides of the south Central Andean topography to tectonic uplift. Using
a mechanical model to predict the spatial distribution of rock uplift across the cordillera,
produced by subduction and displacement along crustal faults, we are able to observe
where the morphology of the Andes has responded to rock uplift and which factors
may be otherwise modulating the tectonic-topographic link. In response to tectonic
rock uplift, we observe large differences between the steepness, local relief and valley
widths of the Chilean and Argentinian cordilleras. Rock uplift along the San Ramon-
Pocuro fault in the Chilean Andes is correlated with an upstream zone of steep river
channels, high local relief and narrow valleys. In contrast, the zone of most rapid rock
uplift in southeast Argentina, along the Malargle foldand- thrust belt, has not caused
rivers to steepen but instead to widen and fill with sediment. Given the correlation
between these morphological trends and long-term climate patterns, we suggest
climate aridity in Argentina has limited the ability of these catchments to evacuate their
sediment supply and incise vertically, instead promoting lateral incision and valley
widening. We recognise climate patterns that persist over millennial timescales as
being an important limiting factor in delaying a river's morphological response to rock
uplift. This finding has important implications for understanding the erosional sensitivity
of landscapes to both tectonic and climatic forcing.
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Figure captions

Fig. 1. a) Geology, b) climate and c) topography of the Andean cordillera. The four
crustal-scale structures accommodating shortening in response to plate convergence
are delineated along with the location of the Chilean trench and coastline. Map a)
demonstrates the difference in bedrock age and lithology between the Chilean
(Cenozoic sedimentary-volcaniclastics) and Argentinian (Mesozoic sedimentary-
volcaniclastics) cordillera. Map b) highlights the strong and persistent rain shadow
gradient from west to east across the cordillera, mapped using worldclim data on mean
annual rainfall. Map c) shows the southward reduction in mountain elevation. The
black square delineates the focus area for our river analysis.

Fig. 2. Field photos (a and b) and google earth images (c and d) of two rivers in Chile
and Argentina, respectively. The Rio Teno, in Chile, has a relatively narrow valley with
terrace sequences (up to 40 m high) along its sides and steep, high local relief. The
Rio Atuel, in Argentina, has a wide valley with a meandering, sinuous river channel
and low local relief.

Fig. 3. a) Plan view of the 3D mesh used to model fault slip in response to plate
convergence. b) Cross-section looking north highlighting the fault geometries
reconstructed from existing literature. ¢c) Root mean square error calculated with
respect to the finest resolution mesh, demonstrating the lack of dependency of the
rock uplift field on the characteristic element length. d) Uplifted field predicted by the
tectonic model when averaged over seismic (locked) and aseismic (unlocked) slip
modes. Control points 1 and 2 were used to scale the non-dimensional field to realistic
values. We focused our topographic analysis within the black box.

Fig. 4. Chi-Elevation long profiles for each river flowing perpendicular to the mountain
front.

Fig. 5. Spatial variability in (a) modelled rock uplift rate, (b) normalised channel
steepness and (c) local relief. The spatial differences between (d) normalised channel
steepness and modelled rock uplift and (e) local relief and modelled rock uplift.

Fig. 6. Distribution of normalised main valley width plotted against the normalised
channel steepness distribution of the drainage network for each river. The error bars
are the 25th and 75th percentiles of each distribution. Purple rivers drain the western
Chilean cordillera and green rivers drain the eastern, Argentinian cordillera.

Fig. 7. Distributions of channel steepness within the different geomaterials mapped in
Fig. 1a.

Fig. 8. Conceptual model of how Chilean and Argentinian rivers have responded to
fault motion, adapted from Yanites et al. (2010). On both sides of the cordillera, rock
uplift decays upstream from frontal thrusts. Following landslide filling of the river
valleys, the wetter Chilean rivers evacuated enough of their sediment supply in their
proximal zone to propagate knickzone upstream from the fault. In contrast, the lower
transport capacity of the arid Argentinian rivers has limited the evacuation of their
sediment cover and inhibited vertical incision, promoting lateral incision and widening
of their valleys along their lengths.
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Figure 5.
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