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Earthquake-induced landslides coupled to fluvial incision in An-
dean Patagonia: inferring their effects on landscape at geological
time scales

Bastian Morales, Elizabet Lizama, Marcelo Somos-Valenzuela, Diego Rivera,
Chen Ningshen

e During the year 2007 the Liquine-Ofqui Fault System (LOFS) showed
its destructive power in Andean Patagonia, causing a 6.2 Mw earth-
quake in the Aysén Fjord leading to over 500 landslides with volumes
reaching 12 Mm?3.

e We implemented a landscape evolution model to study co-seismic land-
slide erosion coupled to fluvial incision, in order to understand the
long-term effects on the Aysén Fjord Landscape of the LOFS seismic
cycle.

e Based on our analysis, we propose that the LOFS exerts primary con-
trol over landscape erosion and sediment generation in Andean Patag-
onia.
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Abstract

Earthquakes can deeply erode the mountainous landscape through co-seismic
landslides, generating large amounts of sediment and debris that are then
transported and distributed by rivers, controlling the landscape evolution.
We can observe this influence in the Liquiie Ofqui Fault System (LOFS),
an active intra-arc fault system extending hundreds of kilometers through
the Andes in Chilean Patagonia. For example, on April 21, 2007, a 6.2
Mw earthquake in the Aysén Fjord triggered over 500 landslides with vol-
umes reaching 12-20 Mm?. Although there is a well-defined seismic cycle,
no study has focused on the effects of co-seismic landslides and sedimentary
dynamics on the evolution of this mountainous landscape. In this research,
we seek to improve the long-term understanding of the interaction between
landslides and fluvial incisions in this segment of the Andes. For this reason,
we implemented the Landlab-HyLands landscape evolution model (LEM),
a hybrid landscape evolution model that allows modeling landslide activity
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coupled to fluvial incision. We consider the landslides that occurred during
the 2007 earthquake as a precedent and simulate nine scenarios of ten seismic
cycles over 21,000 years based on the 2100-year seismic cycle of the Holocene
documented in this region. We further used multiple uplift rates, sediment
erodibility, and m/n constant ratios associated with the current power law to
assess this parameterization’s impact on the landscape. According to our re-
sults, landslides are a fundamental mechanism in the landscape’s evolution in
this region. Deposits derived from landslides can create transitory landscape
forms that can intervene in fluvial dynamics. According to our simulations, a
significant part of the landslide sediment can remain on the slopes for thou-
sands of years. We identified that parameterization considerably impacts
the evolutionary response of the landscape in the evaluated time scale. Low
m/n ratios can generate a different evolutionary response than other scenar-
ios because the slopes are constantly driven towards their threshold angle,
intensifying the interaction between landslides and fluvial incisions. Based
on our analysis and considering the historical record of the Aysen Fjord,
we can explain a critical primary control of the LOFS on landscape erosion
and sediment production because of the surface seismic cycle. In our study,
we demonstrate how the implementation of hybrid LEM can help to infer
the contribution of sediments associated with large earthquakes and to im-
prove the understanding of the role of landslides in the evolutionary history
of Andean Patagonia. However, we stress that it is essential to advance in
capturing erodibility and incision parameters of the current power law in the
Andes and local geomechanical information. Finally, we believe the LEM
can help to deepen the knowledge of these processes in other Andean basins
exposed to these geomorphological processes.

Keywords: Landslides, Patagonian Andes, Aysén Fjord, Landscape
evolution, LOFS

1. Introduction

Erosion processes affect the dynamics of landscapes and ecosystems, rep-
resenting a threat to vegetation, soils, and habitats by altering infiltration
rates and surface runoff, but also are a hazard to human life and infras-
tructure. In this sense, landslides can be the primary erosion mechanism in
the mountains and complex topography environments (Broeckx et al., 2020;
Hovius et al., 1997). Specifically, landslides associated with large earthquakes
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can generate erosion and deposition patterns with the capacity to change the
shape of the landscape on different temporal and spatial scales (Crozier, 2010;
Shobe et al., 2021). The extensive sediment volumes generated by landslides
are transported by fluvial channels from mountain basins to the ocean (Mil-
liman and Meade, 1983). Also, sediment release produces incisions in the
bedrock, generating a chain reaction that 1) reduces the surrounding slopes’
base level, 2) makes slopes collapse due to the mass lost, obstructing rivers
with sediment and impeding further incisions in the bedrock until the sed-
iments derived from landslides are evacuated from the system (Campforts
et al., 2020a; Korup et al., 2010; Larsen and Montgomery, 2012).

Co-seismic landslides, i.e., landslides that occur during or shortly after
the earthquake, can generate large volumes of sediments and rubble derived
from the soil and bedrock of mountain chains (Fan et al., 2019). Much of
the material released remains on slopes or in secondary channels for a long
time, forming deposits, while the rest is transferred directly to rivers, where
it can be transported by the current (Dai et al., 2021). After earthquakes,
it is common to see an increase in sediment discharge in mountain rivers
(Hovius et al., 2011; Wang et al., 2015), although there are also exceptions
(Tolorza et al., 2019). It has been identified that this period of high erosion
is generally short, typically lasting less than a decade, resulting in significant
volumes of sediment remaining in the mountains after sediment discharges
have returned to normal levels (Francis et al., 2022). This is because the
sediment generated by co-seismic landslides is too thick to be transported
in suspension. This sediment is transported through bedload processes and
is believed to remain in the landscape for hundreds of years (Francis et al.,
2022). For example, it has been empirically estimated that sediment from
the 1999 Chi-Chi earthquake in Taiwan could take between 250 and 600 years
to be completely evacuated from the landscape (Yanites et al., 2010). Fur-
thermore, dating in the Pokhara region of Nepal suggests that river systems
can reprocess sediments from large earthquakes over several hundred years
(Schwanghart et al., 2016; Stolle et al., 2019). Recently, attempts have been
made to assess the fate of sediments derived from co-seismic landslides after
ten years of the seismic event (Dai et al., 2021; Francis et al., 2022). However,
what happens to sediments derived from co-seismic landslides on time scales
of centuries or millennia is still poorly understood, as how these processes
modify mountain landscapes.

Landscape evolution models (LEM) have been widely used to study land-
scape changes in response to tectonics and climate change and their complex
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interactions. Advances in these models have allowed for incorporating differ-
ent modules, which simulate the interaction between landslides and fluvial
processes at different scales. One approach to test and calibrate these mod-
els involves "natural experiments,” which are case study sites defined by
various criteria. First, landscape evolution is mainly controlled by a critical
driver (such as current cutting or rapid transport along slopes); second, ini-
tial conditions are well known or can be inferred with sufficient detail; and
third, there are restrictions available for changes over time in the studied
area (Tucker, 2009).

In the Andes of southern Chile, the subduction of the Nazca plate un-
der South America causes an extensive and active system of intra-arc faults
called the Liquine Ofqui Fault System (LOFS), which extends for 1200 km
between 39-47 ° S. This fault system, since at least the Miocene, has been
the primary tectonic process along the Chilean subduction margin (Cem-
brano et al., 1996; Hervé et al., 2017). On April 21, 2007, the LOFS showed
its destructive power, causing a shallow earthquake of 6.2 Mw in the Aysén
Fjord and triggering more than 500 landslides with volumes reaching 12
Mm? (Naranjo et al., 2009; Septilveda et al., 2010). Subsequently, analysis
of the historical record using sediment cores shows a return period of seismic
activity in approximately 2100 years in the Aysén Fjord (Wils et al., 2018).

The history of earthquakes and large landslides makes the Aysén Fjord an
exciting area to decipher the dynamics of sediments derived from landslides
on various time scales. It also allows us to understand how landslide erosion
coupled with fluvial incision influences the evolution of a tectonically active
landscape. Thus, we conducted an experimental application in the Aysén
fjord of Chilean Patagonia of the Landlab-Hylands model. This hybrid land-
scape evolution model can simulate landslide erosion and subsequent fluvial
transport. Via this landscape evolution model, we intended to understand:
What sediment dynamic arises after a period of intense co-seismic landslides?
How will the landscape of the Fjord of Aysén respond to time scales after a
series of stochastic co-seismic landslides?

2. Study area

The Aysén Fjord is located south of the subduction margin between the
Nazca and South American plates (Figure 1). In this segment of the Andes,
plate subduction form the Liquifie-Ofqui Fault System (LOFS) (Cembrano
et al., 1996; Hervé et al., 2017). This dextral strike-slip fault is the main

4
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morpho-structural feature of the area, extending for around 1200 km and
controlling much of the volcanic activity in southern Chile. The geology of
this region corresponds mainly to intrusive diorite-granite rocks of the Meso-
Cenozoic age belonging to the North Patagonian Batholith (NPB). Also,
Paleozoic metamorphic rocks and Quaternary volcanic rocks of basalt and
andesite composition are present. The study zone has notable U-shaped val-
leys carved by Quaternary glacial erosion, currently filled by alluvial, fluvial,
and volcanic deposits (Villalobos et al., 2020). The Aysén Fjord has a de-
tailed record of seismic activity occurring during the last 12,000 years. The
stratigraphic record can be found in marine sediments from erosion caused
by at least six earthquakes associated with the LOFS (Wils et al., 2018). In
2007 the Aysén Fjord saw another event in this seismic cycle, as the epicen-
ter of an Mw 6.2 earthquake at a depth of 10 km (Sepulveda et al., 2010).
This surface seismic activity caused in the epicenter area over 500 landslides
in exceptionally shallow soil, rock slides, rock falls, debris flows, and rock
avalanches of up to 12 Mm? (Sepiilveda et al., 2010; Villalobos et al., 2020).

-75°0 -70°0

—— LOFS - Earthquake-induced landslides Y 2007 earthquake epicenter

—— Hydrographic network I:l Study area ® Town

Figure 1: Study area. Polygons represent landslides associated to the Aysén earthquake,
2007.
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3. Methodology

3.1. Landscape evolution model

Numerical modeling was done via Landlab, which combines a group of
numerical tools to model land surface processes via the Python programming
language. In our study, we used the HyLands landscape evolution model
recently implemented in Landlab to simulate erosion by landslide (Campforts
et al., 2020a, 2022). HyLands treats erosion and landslide earth deposits
deterministically, but it uses a stochastic focus to calculate the occurrence of
landslides. The HyLands model simulates deep gravitational landslides that
simultaneously erode the sediment layer and the bedrock. Hylands represent
the landscape as a rock surface covered by a regolith layer, varying in space
and time (Campforts et al., 2020a, 2022). The evolution over time of the
topographic elevation 7, the elevation of the bedrock surface R, and the
thickness of the moving regolith H is determined considering the following
mass balance equation:

on O0R OH
I _ e s 1
ot ot ot ()
where the first term is defined as:
OR
—87 "N U — Hriue T Erls (2>
and the second:
oH 1
E = (1_—¢d)(DSlS + DSfluv - ESls - Esfluv) -V (3)

In the equation, the rate of uplift of the surface regarding the base level is
defined by U [LT~!] and the porosity of the sediment by ¢,.q. For its part, E,
[LT~!] describes the rate of fluvial bedrock erosion as a volume flow per unit
area, while F, [LT™!] represents the sediment entrainment and D, [LT™!]
the fluvial deposition flux. The term ¢, [L2T~!] corresponds to the flow of
sediments associated with fluvial transport. The landslide causes bedrock
erosion F,, sediment entrainment F; and deposition as volumetric flow per
area D,. HyLands calculates fluvial bedrock incision, sediment transport,
and deposition using the SPACE model (Shobe et al., 2017), where Eq. (4)
represents sediment entrainment, while Eq. (5) represents bedrock erosion:
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Esfluv:K.san(l—e*H/H*fluv) (4)

E

Tfluv

_ quSntH/H*fluv (5)

K, and K, [L™'] are the erodibility constants for sediments and rocks,
respectively. Here, q represents the discharge of water per unit width, we
calculate this as ¢ = K;A™, where k, is a coefficient that is part of K, and
K,.. The parameter m is the exponent of the drainage area, S corresponds to
the slope of the channel [L L] and n is the exponent of the slope (Campforts
et al., 2022). We calculate the sediment deposition flux as Davy and Lague
(2009):

_ stluv
Sfluv — Q

where Dy is the deposition flux, (), represents the volumetric discharge
of sediment, () is the volumetric discharge of water, and V is the effective
sedimentation rate. Culmann’s theory gives the probability of a slope failure
occurring at a location (z,y) (Culmann, 1875), which defines that the prob-
ability of failure depends on the relationship between the height of the slope
H, and the height of the maximum stable slope H.. A probabilistic Poisson
model defines the temporal probability of stochastic landslides (Campforts
et al., 2022). In Hylands, the spatiotemporal probability of failure for a
location (x,y) is given by the following equation:

D

4 (6)

Pt = (1 — etL_—;)Ps(x, ). (7)

Following Culmann’s theory (Culmann, 1875), the spatial probability of
failure P, is defined as:
P, =— (8)

The maximum stable height of the slope H,. is determined through the
following expression:

B g sinfcoso
© pg1—cos(f—¢)

(9)
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where C corresponds to the cohesion [ML™! T2], p is the density of the
rock (ML™3) established in this work in 2700 kg m™2, g is the acceleration
of gravity (9.81 ms~2), 5 the topographic angle, and ¢ the internal fric-
tion angle of the rock. Once the landslide has occurred, the eroded bedrock
volume (E,) is calculated based on a Culmann stability model, assuming
Mohr-Coulomb materials, where a fault plane with dip angle . bisects the
local topographic angle 3, and the material internal friction angle ¢ (Dens-
more et al., 1998; Champel, 2002; Campforts et al., 2022). HyLands then
distributes the sediments over the slope and deposits them using a nonlin-
ear and nonlocal deposition scheme (Carretier et al., 2016; Campforts et al.,
2022):

. Qsls/w
Sis L

where Dy, corresponds to the deposition flux per area and @), is the
volumetric discharge of landslide sediments and L (L), the transport distance.

D (10)

3.2. Numerical experiment

We simulated ten landslide pulses over 21,000 years through Landlab-
HyLands in the Aysén Fjord. We consider a landslide return period of
2100 years based on the seismic history documented in the area during the
Holocene (Wils et al., 2018). To carry out the experiments, we use two es-
sential components: BedrocklLandslider, the landslide generator, and Space-
LargeScaleEroder, which simulates fluvial incision and sediment transport.
Simulations were carried out on a 30 m resolution grid covering an area of
150 km?; we use a digital elevation model (DEM) derived from Shuttle Radar
Topography Mission (SRTM) v3.0.

Implementing Landlab-Hylands requires changing physical variables (de-
scribed in the previous section) to model landslide erosion (area-volume and
spatial-temporal scaling), incision, and fluvial transport. The sensitivity of
the scenarios to the parameterization of the model was evaluated through
nine experimental configurations that are detailed below: a base scenario
was established, with an angle of internal friction of 30° and a cohesion of 20
kPa considering geomechanical conditions of rocks post- earthquake (Jeandet
et al., 2019). The tectonic uplift rate was set at 0.135 mm/year, considering
previously documented values for this region of Patagonia (Thomson et al.,
2010). We adjusted the return time of the landslide in 2100 years, consider-
ing the stratigraphic record of the Aysén Fjord on the seismic activity of the

8



179

180

181

182

183

184

187

188

189

190

191

192

193

194

195

196

197

198

199

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

LOFS (Wils et al., 2018). We tune BedrockLandslider to simulate stochastic
landslides over ten years, considering temporal landslide activity observed
after earthquakes (Fan et al., 2019). The maximum size of the landslides
was regulated considering the dimensions of the largest landslide triggered
by the 2007 earthquake in the Fjord of Aysén, whose estimates oscillate be-
tween 12-20 Mm? (Sepiilveda et al., 2010; Lastras et al., 2013). We model
the coarse portion of the sediment, assuming that all fine sediment is rapidly
evacuated from the system during the first few years of the seismic event.
This is based on the proximity of the deposits to the fjord and the dynamics
observed during the 2007 (Naranjo et al., 2009) earthquake. For this reason,
we established that fifty percent of the sediment was evacuated immediately
in each pulse.

To regulate fluvial erosion, we assign commonly accepted erodibility val-
ues for rocks in active continental margins of 1 x 107°, for exponents m=0.5
and n=1 (Stock and Montgomery, 1999). These standard scale exponents
are derived from an empirical analysis of stream incision in different bedrock
using the stream power law (Stock and Montgomery, 1999). We set an erodi-
bility constant for the soil of 1.5 x 1075, increasing by 1/3 the rock erodibility
as previously implemented in natural experiments (Campforts et al., 2022).
We developed nine experimental setups to assess the model’s sensitivity to
parameterization. From scenario 1 (parameters described above), we changed
the value of the uplift rate, erodibility, and exponents of slope and drainage
area (n and m, respectively). In previous studies, these parameters have
been highly sensitive and thus can considerably affect landscape evolution
scenarios (Tucker and Whipple, 2002; Booth et al., 2013; Harel et al., 2016;
Barnhart et al., 2020; Campforts et al., 2022). To evaluate the impact of the
variation of these parameters in our study area, we changed the uplift rate
(U) to 0.76 mm/year (scenario 2) and 1.4 mm/year (scenario 3), according
to different uplift rates reported in the region (Thomson et al., 2010; Vargas
et al., 2013). We examined cases with erodibility values (K) of 1 x 10™* (sce-
nario 4), 1 x 107 (scenario 5), and 1 x 1072 (scenario 8), which are within
the typical range of K, used in landscape evolution models (Lai and Anders,
2018; Barnhart et al., 2020). In addition, we tested different empirical values
accepted in the literature for m/n ratios (Lague, 2014; Harel et al., 2016;
Dulanya et al., 2022): 1:3/2:3 (scenario 7), 0.45/1 (scenario 8), and 0.7/2
(scenario 9). Every time we changed the value of these parameters (U, K; or
m/n), the rest kept the value used in scenario 1.

To compare the morphometric changes of the landscape in each scenario, a

9



Table 1: Landlab-HyLands parameters used for calibration.

Parameters Description Values
Rows Number of grid rows 4T
Columns Number of grid columns 1779
Cell spacing (m) Spatial grid resolution 30
Initial H (m) Initial soil-deposit height 0
U (m/yr) Tectonic uplift Change according
to scenario
K, (m™1) Rock erodibility constant 1.1x107°
K, (m™1) Soil erodibility constant Change according
to scenario
m (-) Exponent Change according
to scenario
n (-) Exponent Change according
to scenario
H* (m) Rock roughness 1
¢ sed (—) Soil/sediment porosity 0
Fro () Fraction of fine fluvial sediment re- 0.5
maining in suspension
Ve (myr™!) Sedimentation speed in non-flooded 2
cells
Ve Lake Sedimentation speed in flooded cells 10
(myr )
C (kPa) Rock cohesion 22
¢ (degree) Internal friction angle 30
trs (yr) Landslide return time 2100
J (o) Minimum angle for sediment depositing 0.01
derived from landslides on slopes
Fpu ) Fraction of fine sediment derived from 0.25
slopes
Prock (g/cm?) Rock density 2.7
Maximum land- Maximum number of pixels in m? 135.000

slide size (m?)

10
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set of topographic metrics was applied to both the current landscape and the
simulated landscape after 21,000 years. We use the drain density metric, Dy
[L7Y, calculated as the ratio of drain length to the area [m~']. We also apply
the normalized river steepness (kg,), which is the area-weighted upstream
channel gradient: k,, = SA™", where A is the area of upstream drainage,
S is the slope of the channel, and the ratio m/n is set to 0.45 (Whittaker,
2012; Campforts et al., 2022). To evaluate the areas of loss and gain of relief,
we calculate the difference in elevation between the final topography of the
simulation and the current topography. We evaluate the excess relief metric,
Z g, defined as the column of rocky material between the ground surface and
an idealized topography with slopes less than or equal to a certain threshold
slope angle, which in this case, we define as 30° (Blothe et al., 2015). Finally,
we developed a terrain classification to analyze the variability of landforms in
each experiment through calculating geomorphons (Jasiewicz and Stepinski,
2013), a pattern recognition approach to landform classification and mapping
available in SAGA GIS (Conrad et al., 2015).

4. Results

4.1. Post-earthquake sediment production and evacuation

We simulate the dynamics of sediments derived from co-seismic land-
slides over 21,000 years (Figure 3). Depending on the parameterization, the
scenarios show significant differences in sediment production and evacuation.
Landslides and their derived sediments are mainly concentrated in the moun-
tainous block to the north of the fjord (Figures 4, 5, 6). From here, they
are transported down the valleys towards the Aysen Fjord (Figures 4, 5, 6).
According to our results, landslides are an effective mechanism of sediment
production that increases river channel sediment load cyclically (Figure 3).
However, the total volume of sediment generated between each cycle and its
redistribution depends mainly on fluvial erosion (Figure 3). We observe the
deposits associated with landslides form clusters of sediment that profoundly
change the topography of the slopes and valleys (Figures 4, 5, 6).

We identified that increases in K produce quickly eroded deposits (sce-
narios 4, 5, and 6). This causes the sediment volume to be relatively constant
over time and spatially uniform (Figure 3). When the m/n ratio decreases
to a minimum (scenario 9), the volume of accumulated sediment increases
almost linearly (Figure 3), because of the increase in the fluvial incision and
the production of sediment by landslides. The change in the uplift rate does

11
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not seem to significantly impact the amount of volume of sediment generated
and its spatial distribution (Figure 3; scenarios 1-3)

According to our simulations, there are valleys where landslide-derived
sediments are spatially connected with the ability to block channels, causing
changes in drainage morphology (Figure A.9). We observed that channel
avulsion is a typical process (Figure A.10). However, increases in sediment
erodability can strongly limit this type of process (Figure A.10). Depend-
ing on the scenarios, regardless of the parameterization used, the sediment
may remain in the domain for thousands of years, grouping on the slopes
and in glacial morphologies (hanging valleys) disconnected from the main
fluvial networks. According to our results, sediment redistribution is mainly
regulated by erodability (Ky) and incision (n) (Figures 3, 5 and 6; scenarios
6 and 9). The strong coupling between the fluvial incision and landslides
causes a substantial increase in sediment production because the slopes are
continuously brought towards their threshold angle (Figures 6; scenario 9).

7.04 e Scenariol

® Scenario 6
® Scenario 7

Landslide Frequency
Landslide Volume, log!® (m?)

3.0 35 4.0 45 5.0 3.0 35 4.0 45 5.0
Landslide Area, log*? (m?) Landslide Area, log!® (m?)

Figure 2: Left: simulated landslide area frequency density curve. Right: area-volume
relationship of simulated landslides.

4.2. Geomorphological changes of the landscape

In this section, we detail the geomorphic response of the landscape at
different time scales of landslide erosion coupled with fluvial incisions in the
tectonically active landscape of the Aysen Fjord. We comparatively analyzed
in each scenario the effects of changes in tectonic uplift, sediment erodibility
and m/n ratios regarding the current landscape (Figure 7). We develop this
using topographic profiles, geomorphic metrics and a topographic classifica-
tion of the simulated final landscape (Figure 7).
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Figure 3: Left: volume of landslide deposits generated for each of the scenarios. Right:
sediment volume at the end of each scenario.

Landslides can widen or steepen the valley according to the type of re-
lief, recurrence, and incision conditions (Figure S1 in the supporting infor-
mation). We identified that valleys with straight slopes because of fluvial
incisions evolved into curved slopes once it triggered a landslide. Through-
out the valleys, landslides alternate stochastically between slopes because of
fluvial dynamics. At one end of the valley, the slopes affected by the incision
reach their threshold angle, which leads to collapse. At the other extreme,
deposits associated with old landslides reduce the incision, stabilizing the
slope. This dynamic, repeated over time, causes the incision’s mobilization
across the valley’s width and its widening. Landslides, when eroding prefer-
ential areas, induce an increase in incisions in areas with no deposits derived
from landslides, reflecting the importance of this sedimentary material in the
development of preferential erosion areas (Figure A.9).

The drainage density metric presents a notable increase compared to the
current landscape in all scenarios. The lowest sensitivity of this metric is
generated by the uplift scenarios (Figure 7). Comparatively, we found that
drainage density is more sensitive to changes in erodibility than uplift. We
note that increases of over two orders of magnitude in sediment erodibility do
not produce significant changes in drainage density during the simulated pe-
riod. The most significant impact on drainage density occurs when changing
m/n ratios, primarily when we perform modeling under non-linear incision
conditions (scenario 9).

The kg, metric shows a non-linear behavior with the uplift and sediment
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Figure 4: Left: Cumulative landslide erosion and cumulative deposition for scenarios with
different rates of tectonic uplift (scenarios 1-3). Center: Soil depth at 21,000 simulation
years for each scenario. Right: Region demarcated in the red box.

erodibility scenarios. However, it presents a downward trend compared to
the current landscape with increased erodibility. The variability of this met-
ric could be a consequence of the topography’s variable roughness and the
bedrock’s differential erosion. We identified that the decrease in the m/n
ratio induces the lowest kg, of the evaluated scenarios (scenario 9) because
of a non-linear incision that reduces the number of knickpoints regarding the
other scenarios.

The excess of average topography in the simulated scenarios decreases
regarding the current landscape. The average rock thickness in topographic
excess increases slightly with increasing uplift (Figure 6). For its part, the
increase in sediment erodibility triggers a general decrease in topographic
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excess. We highlight the impact of the decrease in the m/n ratio that ef-
fectively drives the slopes toward their threshold angle. According to our
analysis, average elevation changes increase proportionally to the uplift rate,
causing an average landscape growth of over 20 m (Figure 6; scenario 3).
The increase in the sediment’s erodibility and the decrease in the m/n ratio
induce an average loss of relief of up to 40 m (Figure 6; scenario 9). There is a
clear difference in the spatial distribution of topographic changes for the sim-
ulated scenarios (Figure 7). In general, the most significant topographic loss
arcas are linked to landslide erosion, while the highest topographic growth is
associated with landslide deposits that remain on the slopes. Likewise, the
valleys and plains show an increase in relief because of sedimentary filling
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due to landslides and fluvial dynamics.

According to our topographic classification, all the models have spatial
proportions of heterogeneous landforms, mainly highlighting the slope, ridge,
valley, and hollow types. We detected that the increase in the uplift rate
(scenarios 1-3) causes an increase in spur and slope landforms and a decrease
in valleys regarding the initial landscape (scenario 0). Variations in sediment
erodibility generate a minimal increase in ridge-like landforms (scenarios 4-
6). The decrease in m/n ratios reduces slope and increases ridge and valley-
type landforms (scenario 9). According to the results, we obtained essential
differences in terms of the variability of landforms in the uplift scenarios
and m/n ratios. The K, scenarios (scenarios 4-6) practically do not reflect
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3 5. Discussion

334 In this study, we analyzed the dynamics of sediments following a seis-
135 mic event using a hybrid model which considered erosion by landslides and
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to the current landscape.

subsequent fluvial transport. The study area was selected for different rea-
sons; 1) there is a spacial inventory of landslides associated with the Aysén
earthquake, 2) there is a historical record of earthquakes associated with the
LOFS in the Aysén Fjord, 3) we have information about the period of the
landslides induced by seismic activity, 4) this is an almost glacier-free area,
with only small isolated bodies of ice.

Our experiments indicate that landslide-derived sediments can remain in
mountains for centuries, this is consistent with observations made in epicen-
tral areas of large earthquakes that have helped improve understanding of
sediment permanence in mountain systems after of an earthquake (Francis
et al., 2022; Wang et al., 2015; Hovius et al., 2011; Wang et al., 2015; Dai
et al., 2021). According to our analysis, the permanence of landslide-derived
deposits is directly related to model parameterization. For example, we note
that high sediment erodibility conditions substantially reduce the volume of
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deposits throughout the region (Figure 3, 5; scenario 6). We identified that
the increase in the fluvial incision leads the slopes continuously towards their
threshold angle, demonstrating a strong coupling between incision and land-
slides that substantially increases sediment production and the sediment load
of the valleys (3, 5; scenario 9).

We identified that the landslides closest to the fluvial networks could
interrupt the channels, generating morphological changes such as the dis-
placement of the drainage incision zone or being evacuated by fluvial action
depending on the model’s parameterization. This dynamic has been docu-
mented in field observations (Hewitt, 2006). The landslides on the slopes are
less effective in transferring sediments toward the fluvial channels, remain-
ing on the slopes. Our results are consistent with analyzes carried out in
other mountainous regions, where the connection of landslides to the chan-
nel has been found to regulate sediment transport after large earthquakes.
Previous studies have observed that sediments on slopes farthest from the
fluvial network are not available for transport in the short term (Li et al.,
2016; Dai et al., 2021). In our simulations, we explicitly observe that chan-
nel avulsion is a standard process (Figure A.10), as it has been identified in
real cases (Korup, 2004) and also by natural experiments (Campforts et al.,
2022). However, increases in sediment erodibility strongly limit this type of
process (Figure S2 in the supporting information). Finally, we believe that
the tendency of the sediments to move towards the fjord is consistent with
the stratigraphic record of the last 12,000 years (Wils et al., 2018).

Regarding the changes in the landscape at the scale of millennia in re-
sponse to erosion by landslides and fluvial incisions, we identified that there
is an increase in drainage density in all the simulated scenarios compared to
the current landscape. Variations in the rate of uplift and erodibility have
practically no impact on the formation of new drainage networks (Figure
7). In previous experimental models, they have detected that the increase
in drainage density because of tectonic uplift is apparent (Campforts et al.,
2022). However, in our study, we could not identify these patterns. We be-
lieve this is possible because of the reduced simulation times we used in our
study that capture a limited dynamism of the landscape. We identified a
different trend when decreasing the m/n ratios (scenario 9), which causes a
substantial increase in drainage density. In this sense, our results are consis-
tent with the studies that describe the importance of a non-linear incision in
the evolution of landscapes (Lague, 2014).

The kg, index presents a non-linear behavior. We believe that high ki,
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values reflect the formation of knickpoints because of increased uplift and sed-
iment dynamics. The disappearance of knickpoints because of the increased
incision is apparent by reducing the m/n ratios. According to our results,
the final simulated landscape for each scenario shows a reduction in the av-
erage excess topography regarding the initial landscape. The increase in the
coefficient n causes the persistence of a more unstable landscape over time
since the development of drainage and incision leads the slopes permanently
to their threshold angle. For this reason, scenario 9 reaches an average relief
loss of up to 40 meters and has the highest excess relief values of the simu-
lated scenarios (Figure 6). The differences in elevation between the simulated
landscape and the current one is evidence of how erosion-deposition dynamics
determine the areas where the relief decreases or grows. In this sense, param-
eterization’s effects are notorious in each scenario’s final response (Figure 7).
It is important to note that, in our approach, we do not include the effect
of characteristic post-seismic uplift in shallow (Parker et al., 2011; Li et al.,
2018) earthquakes. We assume that the topographic changes associated with
the seismic cycle are linked to landslides and derived deposits.

According to our terrain classification, changes in the parameterization
influence the shapes of the final landscape of each scenario because of vari-
able erosion and deposition rates. For example, recent studies have analyzed
the role of deposits, and their impacts on the landscape (Ouimet et al., 2007;
Roback et al., 2018; Shobe et al., 2021) finding that boulders derived from
landslides can influence the transient fit and steady-state shape of the land-
scape (Shobe et al., 2021). Our results support the impact of these sediment
clusters on the evolution of the landscape, driving the formation of new land-
forms, mainly in forming lateral ridges on the slopes (spur-type landforms).
This reinforces that landslides are not only an erosion agent that regulates
the growth of the relief (Li et al., 2014), but also can drive constructive land-
forms and be considered a formation process (Crozier, 2010). The increase in
fluvial incisions combined with erosion by landslides favors the formation of
new valleys and the widening of existing valleys (Figure S1 in the supporting
information). According to our results, the geomorphological effects of land-
slides coupled with the incision can generate a noticeable impact at shorter
time scales than previously documented in natural experiments (Campforts
et al., 2022).

Our simulations show that the landslides are concentrated in preferen-
tial zones of the mountainous block, even sharing a common area of origin
in different periods of time (Figures 4-6). In previous studies, it has been
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identified that the reactivation of old landslides is frequent after earthquakes
(Guo et al., 2020; Wasowski et al., 2021).

In the Andes’ geological history, landslides’ role in landscape formation
is still poorly understood; we believe that landscape evolution models are
a fundamental tool to address this gap. Approaches of this style can com-
plement previous investigations that have evaluated the spatial patterns of
rock slides in Andean Patagonia (Panek et al., 2021, 2022). For example,
the reverse topographic construction (Barnhart et al., 2020) could broaden
the understanding of these processes in future analyses. In our study, lateral
fluvial erosion is not considered, although landslides seem to control this dy-
namic. In the future, it will be crucial to incorporate the impact of drainage,
as suggested by numerical experiments (Kwang et al., 2021). We also believe
that future studies should consider the geological domain heterogeneity asso-
ciated with rock type, as previously recommended (Campforts et al., 2020b).
According to our results, in this region there will be an important control of
the LOFS in the erosion of the landscape given its role in the superficial seis-
mic cycle. In future research, it will be crucial to work on the incorporation
of LOFS fault traces and thus represent the heterogeneity of cortical stress
in the modeling domain.

Finally, we propose using these models to help evaluate threats in moun-
tainous basins where landslides are predominantly geomorphological pro-
cesses. However, more developments are needed to have reference data to
establish the periodicity of the triggering events, the availability of geome-
chanical parameters, and the approximate rates of sediment transport, reduc-
ing the scenarios. In the same way, the landscape’s response in the different
scenarios suggests the need to restrict the values of the constants K, m, and
n in the Andes. Although there have been efforts to understand the behav-
ior of these parameters at a global level, unfortunately, the Andes lacks this
information (Harel et al., 2016).

6. Conclusions

We use the HyLands-Landlab landscape evolution model to understand
the role of earthquake-induced landslides and fluvial incisions in the land-
scape of northern Andean Patagonia through nine scenarios. We analyze the
long-term effects on the landscape under idealized conditions of ten 2100-year
seismic cycles based on the LOFS seismic history in the Aysen Fjord. Based
on our results, we believe that landslide erosion is a fundamental process in
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landscape evolution and sediment production. We identify that landslide-
derived deposits induce the formation of transient landscape forms that can
regulate fluvial incision at scales of thousands of years. Our results suggest
that the parameterization causes essential changes in the evolutionary tra-
jectory of the landscape in the evaluated time scale and is visible in multiple
topographic metrics. We highlight that low m/n ratios can generate a final
landscape response substantially different from the other scenarios since the
slopes are constantly driven towards their threshold angle, intensifying the
interaction between landslide erosion and fluvial incision. Based on our re-
sults and the historical record of the Aysén Fjord, we can infer an essential
control of LOFS on landscape erosion and sediment production that had not
been previously studied with this approach. Consistent with the results of
our analysis, we believe that landscape evolution models are a powerful tool
to explain sediment load contributions induced by large earthquakes on scales
of thousands of years. Similarly, they can help improve our understanding
of landslides’ role in the Andes’ evolutionary history. However, to limit the
number of scenarios, it is essential to advance the erodibility’s understand-
ing and incision parameters of the current power law in the Andes and local
geomechanical information. Finally, we believe that implementing landscape
evolution models can help to understand landslide dynamics in other Andean
basins exposed to these geomorphological processes.
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accessed on 15 October 2021), download platform of the U.S. Geological
Survey (USGS). Landlab is completely accessible from its official repos-
itory on GitHub, https://landlab.github.io (last access on 10 march
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march 2022). The Landlab implementation of the HyLands 1.0 landslide
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w5 component is accessible at https://github.com/landlab/landlab/tree/

w6 master/landlab/components/bedrock_landslider (last access on 10 march

47 2022). The SPACE 1.0 component used to model fluvial erosion is accessible

ws athttps://github.com/landlab/landlab/tree/master/landlab/components/
w9 space (last access on 10 march 2022).
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Figure A.9: Topographic and soil thickness profiles in two main rivers in the study area.
In the profiles, we compare the simulated final landscape for each of the scenarios with
the current one (S0). Solid lines represent the topography and the dashed lines represent
the thickness of the soil. The location of the profiles is shown in (a). Profiles reflect how
the coupling between landslides and fluvial incision change the morphology of the slopes
and the channel under different conditions of uplift, erodibility and m/n ratios (b-c).
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Figure A.10: Landslide-induced channel avulsion (a-c). High sediment erodibility limits
the avulsion process (d).
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