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Abstract. The feedback between tectonic events and surface processes fundamentally shapes landscapes and lithospheric
deformation. However, the quantitative interaction remains poorly constrained. While numerical simulations offer powerful
insights, 3D numerical models that couple thermo-mechanical processes with landscape processes remain uncommon due to
the mismatches in temporal and spatial scales. Here, we present a 3D coupling module, LaScape, to integrate the thermo-
mechanical code LaMEM with the landscape evolution code FastScape. A finite-difference marker-in-cell technique solves
the thermo-mechanical processes, and a sticky air layer at the top boundary, combined with an internal mesh, effectively and
stably simulates the free surface. Each timestep is synchronized with a finite-difference landscape evolution model. The
timesteps of LaMEM are read by FastScape, which then subdivides them into smaller, iterative intervals to simulate surface
processes. We demonstrate that the coupled model operates efficiently and stably. We validate our couple model by applying
it to three classical tectonic regimes: oceanic subduction, continental collision, and continental extension. These cases converge
quickly and align well with geologically realistic results. This approach provides a powerful, quantitative tool for exploring
the bidirectional feedback mechanisms between the deep Earth and its surface, offering insights into the genesis of complex

geological structures and landscapes.

1 Introduction

The dynamic interplay between tectonic events, climate, and surface processes fundamentally shapes Earth’s topography
(Molnar et al., 1993; Beaumont et al., 2001; Whipple, 2009). Crustal deformation via subduction, collision, and mantle
dynamics shapes the surface topography, which in turn influences the climate, erosion-deposition processes, and river systems

(Clark et al., 2004; Braun, 2010; Castelltort et al., 2012; Sacek et al., 2012; Cloetingh and Willett, 2013; Burov and Gerya,
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2014; Replumaz et al., 2020; Yang et al., 2020a; Yuan et al., 2024; Borgohain et al., 2025; Xue et al., 2025). Surface processes
may alter the crustal stress field through sedimentary loading and erosional unloading, thereby influencing the dynamics of
the orogenic wedge, rifts, and fold-thrust belts (Burov and Cloetingh, 1997; Willett, 1999; Simpson, 2006; Bishop, 2007;
Braun and Yamato, 2010; Wolf et al., 2022a; Wolf et al., 2022b; Li et al., 2025). Furthermore, weak and hot materials beneath
the surface may move laterally or vertically due to isostasy. Areas experiencing rapid erosion can lead to the upwelling of
warmer crustal materials, causing partial melting of rocks due to decompression and weakening of the crust, which may create
tectonic weak zones (Beaumont et al, 2001; Zeitler et al., 2001; Koons et al., 2013; Yang et al., 2023). Besides, materials (e.g.,
rock, snow, water) loading and unloading can also cause spatio-temporal variations in Coulomb stress, which may accelerate
or slow the rate of stress loading on active faults and further affect the time intervals between seismic events (Gao et al., 2000;

Heki, 2003; Bettinelli et al., 2008; Liu et al., 2009).

There are increasing reports of interactions among tectonic, climate, and landscape systems; however, our quantitative
understanding of these interactions remains limited. Numerical models have played a pivotal role in quantifying these
couplings. Previous studies integrate surface processes and tectonics have been conducted to examine the evolution of
convergent systems (Burov, 2007; Braun and Yamato, 2010), folding (Simpson, 2006; Collignon et al., 2014), rifting and
faulting systems (Sacek et al., 2012; Andrés-Martinez et al., 2019; Theunissen and Huismans, 2019; Wolf et al., 2022a),
subduction processes (Munch et al., 2022), and mountain belts (Willett, 1999; Thieulot et al., 2014; Ueda et al., 2015; Wolf et
al., 2022b) through both 2D and 3D models. While numerical simulations offer powerful insights, fully 3D numerical models
that couple thermo-mechanical processes with landscape processes in a self-consistent manner remain uncommon due to
mismatches in spatial and temporal scales between the thermo-mechanical model and the landscape evolution model. On the
spatial scale, most landscape evolution models are designed for length scales ranging from a few meters to several kilometers
and require high resolution (Stock and Dietrich, 2006; Braun and Willett, 2013; Olive et al., 2014; Thieulot et al., 2014; Willett
et al., 2014). In contrast, thermo-mechanical models are suited to much larger scales, spanning hundreds to thousands of
kilometers, and typically operate at lower resolution than landscape models (Pusok and Kaus, 2015; Yang et al., 2020b;
Stankovi¢ et al., 2023; Maiti et al., 2024). This characteristic necessitates the inclusion of horizontal advection in landscape
models and may require the use of interpolation schemes. On the temporal scale, thermo-mechanical models usually adopt
larger timesteps, ranging from a thousand to ten thousand years, while landscape evolution models use much smaller timesteps,

which may require resetting timesteps in coupled models (Ueda et al., 2015).

The evolution of river systems is significantly influenced by variations in lateral tectonic structure and events, which 2D
models cannot accurately capture. In contrast, 3D models offer a more realistic tectonic and river evolution events. More three-

dimensional coupling methods need to be developed.
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Our study presents a new coupling module that integrates the 3D thermo-mechanical code LaMEM with the landscape
evolution code FastScape. This module operates stably and efficiently across various thermo-mechanical and surface processes.
We evaluate the sensitivity of the coupling module in subduction-collision processes and continental extension scenarios. Next,

we demonstrate how this coupling module can be applied to large-scale geodynamic problems.

2 Method

We integrated the 3D parallel thermo-mechanical numerical code LaMEM (Kaus et al., 2016; version 2.1.4) with the landscape
evolution code FastScape (Braun and Willett, 2013; Yuan et al., 2019; version 2.8.4). This integrated module, LaScape 1.0,
operates stably and efficiently across various spatial and temporal scales. It incorporates various grid schemes, including
uniform, non-uniform, and dynamic grids (in which the grid spacing changes due to compression or extension). This module

achieves a more realistic interaction between surface processes and tectonic events.

2.1 Thermo-mechanical model

LaMEM (Kaus et al., 2016) is a 3D thermo-mechanical numerical code that employs a finite difference staggered grid
combined with the marker-in-cell technique. It solves the governing equations of momentum, mass, and energy conservation

(1-3) using a multigrid approach:

e oy

ox; T ox, TP9=0, )

1DP DT | dv; _

P a—xi—O, 2)
DT\ _ 0 (9T

pCp (E) - dx; (A axl’) +H, (3)

where g; are components of gravitational acceleration, P is pressure, p is density, 7;; are components of deviatoric stress

tensor, K is the bulk modulus, « is the thermal expansion coefficient, v; are components of velocity, Cj, is the effective isobaric

. . . . . D . _ o
heat capacity, 4 is thermal conductivity, H is volumetric heat source, and o 18 the substantial time derivative.

The code incorporates the visco-elasto-plastic rheology, where the deviatoric strain rate consists of the following components:

3
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where sfjl, e{jj‘ff , sidj‘Sl, 85. are the elastic, diffusion, dislocation, and plastic strain rate, respectively. G is the elastic shear
dulus, 2;; = 224 4 - is the J bjective st t =22 _ %y is the spin t d

modulus, £;; = —= + Ty wx; — Wi Tx; is the Jaumann objective stress rate, w;; = - ox, axi) is the spin tensor. 7g;¢ an

Nais1 are diffusion and dislocation constants, respectively. n is the power-law exponent for dislocation creep. 7y; is the square
root of the second invariant of the deviatoric stress tensor. A is the magnitude of the plastic strain rate, and Q is the plastic flow

potential.

The creep flow law follows:

©)

E+PV)
b

1, 28 -1
Naiftdist = 5 (€)™ (By) mexp ( —

vis

where & = O.Sélf’jiss'i 7* 1s the second invariant of the viscous strain rate tensor, By, E, V, n are experimentally determined

flow law parameters, which represent pre-factor, stress exponent of dislocation creep, activation energy, and activation volume,

respectively. R is the gas constant, P is the pressure, and T is the temperature.

Rock fails when the stress exceeds the yield stress (i.e., 7y; > 7y), which follows the Drucker-Prager yielding criterion:
7, = Psin(8) + Ccos(0) , (6)
where 7, is the yield stress, C is the cohesion, 6 is the effective friction angle, and P is the pressure.

Within each computational cell, the effective viscosity (7.¢) for nonlinear visco-elasto creep rheology is computed by

numerically solving the scalar equation r(7.¢) using a bisection method (Popov and Sobolev, 2008):

I 711
r(Mer) = €1 — 55,7 — NaiftTn — Nais1 (7)™ 5 (7
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T = 2Nefell » 3

The effective strain rate (¢;;) incorporates a term resulting from advected and rotated deviatoric history stress from the previous

time step (z;;) as follows:

Tk
% ij

2GAt’

History stresses are advected via markers, followed by distance-based averaging of stress components within the control
volumes of the staggered grid. Stress rotation is implemented through numerical integration of the Jaumann objective stress

rate, ensuring asymptotically correct results for large finite time steps (Thielmann et al., 2015; Gerya, 2019).

When plastic failure occurs, the effective viscosity is directly computed through:

T

Neff = T (10)

2¢1
2.2 Landscape evolution model

Based on the special node ordering method and implicit solve structure, FastScape can efficiently and stably solve the equation
governing long-term fluvial erosion and sediment deposition (Braun and Willett, 2013; Yuan et al., 2019). The equation is

described as:

on _

—KF i _on 2
= KfpmAm5n+ﬁAfA(u at)dA+KdV h, (11)

where h is topography, U is the rock uplift rate, A is the upstream catchment area (drainage area), S is the slope, m and n are
the stream power exponents, K is the bedrock erodibility, Kq is the transport coefficient for hillslope diffusion, and D is a non-
dimensional continental deposition coefficient. The dimensionless p parameter represents any spatial or temporal variation in

precipitation p relative to the mean precipitation rate. G is a non-dimensional deposition coefficient.
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2.3 The coupling module

LaMEM and FastScape are coupled via a coupling module that exchanges information and stores necessary geomorphic data
(Fig. 1). Due to the complexity of the thermo-mechanical equations, LaMEM utilizes a parallel approach based on PETSc to
efficiently solve them across parallel computing clusters. In contrast, FastScape operates in a serial computation mode. We
have included an information transceiver part that collects data from each parallel processor in LaMEM and integrates it for
transmission to the primary processor (Fig. 1b). This primary processor handles surface processes and runs FastScape. The
velocity and topography parameters (vx, vy, vz, h) are exchanged between LaMEM and FastScape at the surface grid nodes
without any loss of information. The landscape evolution model receives topography from the thermo-mechanical model at
the first timestep and uses the previous topography field stored in the FastScape grid for iteration without re-receiving the
topography data from LaMEM at every timestep during the landscape evolution. However, the velocity fields are received
from LaMEM at every timestep in FastScape. After the calculation of landscape evolution, the updated topography field will
be passed to LaMEM. We include horizontal advection in surface processes to simulate plate movement. A bilinear
interpolation algorithm is used to produce more refined surface processes. Assuming the refined factor is n. Then, n-1 points
are inserted at equal intervals between the two grid nodes of LaMEM, and their values are determined through bilinear
interpolation. As a result, the grid resolution is increased by the refined factor n in both the x and y directions. Additionally,
because of the mismatch between thermo-mechanical and geomorphic timesteps, the timesteps for calculating surface
processes will be updated based on the initial step value set in the input file. When the user-defined maximum timestep in the
landscape evolution model exceeds the final timestep of the thermo-mechanical model, the thermo-mechanical timestep will

be applied for landscape evolution. Otherwise, the user-defined landscape evolution timestep will be utilized for iteration.

Due to the flexibility in selecting grid types in LaMEM, corresponding adjustments are required in FastScape. When using a
non-uniform grid in LaMEM, the minimum grid spacing in LaMEM is used to create a higher resolution rectangular grid in
FastScape. When there is a mismatch between the grids in FastScape and LaMEM, a bilinear interpolation scheme that uses
the nearest 4 grid nodes is included to transfer values from LaMEM to FastScape, and vice versa. For a 2D thermo-mechanical
model, an extended length is introduced to form an x-y surface in FastScape, in contrast to the original line along the x-direction
or y-direction in LaMEM (Fig. 1¢). All values used to initialize the model in FastScape are set according to this same principle:
Each value on a line perpendicular to the original line in LaMEM is assigned the value of the corresponding point on the
original line in LaMEM. After completing the geomorphic evolution at this time step, the average value along the extended

line is calculated and returned to the corresponding grid in LaMEM.

No absolute conservation of rock mass is maintained during the evolution of the coupling model due to varying surface

boundary conditions. Eroded mass can be potentially lost through the lateral boundaries without impacting the internal thermo-

6
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mechanical mass. A fixed boundary results in a loss of all mass considered as sediment discharge, while a reflective boundary

ensures strict conservation of mass.
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Figure 1: The operation process of the coupling module. (a) Flow chart for coupled computation with synchronous stepping.
Steps with yellow background: thermo-mechanical calculation; green: surface processes calculation; blue: coupling module
calculation. (b) The cartoon of the data collection and distribution module. The data collection and distribution module operates
on rank 0. It collects data from other ranks to rank 0, then calls FastScape for calculation in rank 0. After the landscape
155 evolution is calculated, the topography field is passed to LaMEM. (c) The cartoon of the grid processing module. Due to the
diversity of LaMEM grid settings, the interpolation scheme is included to generate the uniform rectangular grid required for

FastScape calculations, which are refined according to user requirements to achieve higher-precision geomorphic evolution.
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3 Model implementation and examples

We construct different tectonic regimes to demonstrate our fully coupled model. Specifically, we design two sets of models:
subduction-collision models and continental extension models. The subduction-collision models are designed on large spatial
and temporal scales to investigate whether surface processes can influence long-term thermo-mechanical processes (e.g.,
subduction, collision, plume) at the mantle scale. In contrast, the continental extension focuses on a smaller spatial and
temporal scale to determine whether the surface processes can affect short-term thermos-mechanical processes (e.g.,
earthquakes, faulting) at the crustal scale. The models with and without surface processes are shown for comparison.
Additionally, we systematically test both thermo-mechanical and surface parameters to evaluate the stability and efficiency of

the method across different tectonic configurations.

3.1 Oceanic subduction and continental collision

3.1.1 Initial model setting

Oceanic subduction and continental collision are fundamental processes in plate tectonics. These two processes significantly
shape Earth’s surface and interior (Gutscher et al., 2000; Martin-Short et al., 2016; Gordeev and Bergal-Kuvikas, 2022; Maiti
et al., 2024). In this section, we establish a simple 3D thermo-mechanical-geomorphological model to investigate the evolution
of subduction and collision processes both with and without surface processes. The model domain is 1,800 km X 600 km X
675 km (Fig. 2), resolved by the Eulerian mesh of 576 X 192 x 192 cells. The model is composed of a 650-km-long left
continent, a 350-km-long ocean, and an 800-km-long right continent. The continents comprise a 20-km-thick upper crust, a
20-km-thick lower crust, and an 80-km-thick lithospheric mantle. The ocean comprises an 8-km-thick crust and a 90-km-thick
lithospheric mantle. All rheological parameters are listed in Tables 1 and 2. The model is free-slip for all boundaries except
the free-surface top boundary. A 15-km-thick “sticky-air” layer is used to mimic the internal free-surface condition in the finite
difference scheme. We apply a constant pushing velocity on the subducting plate (5 cm yr!). A 15-km-thick weak zone
between the subducting and overriding plate is used to initiate the subduction. The side boundaries have zero flux, and a linear
temperature profile is employed with a fixed temperature of 0°C at the surface and 1630°C at the bottom. A linear strain
weakening of the internal friction angle is used in the model, which linearly decreases by 90% between a strain of 0.01 and

0.05.

FastScape has the same domain as the tectonic model’s plane (1,800 km X 600 km), and the resolution is finer than the thermo-
mechanical (1152 X 384 cells) model. The stream power exponents are set to m = 0.4 and » = 1.0 (Yuan et al., 2019; 2022).

All boundaries are open, where flux is allowed to pass.
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Table 1: The rheological parameters used in numerical models.

EGUsphere\

Notation Rheology E (k] mol™") V (cm® mol™") n By (Pa™s™)
A Isoviscous 0 0 1 5x10°"°
B Wet Quartzite? 154 0 2.3 1.55x1077
C An7s— plagioclase® 238 0 3.2 1.05%x1022
530 15 3.5 6.22x1016
D Dry olivine®
375 5 1 1.5x10°
E Isoviscous 0 0 1 5x10%0

Flow laws used in numerical models are from experimental data: *Ranalli (1995), *Hirth and Kohlstedt (2003).

Table 2: Main material parameters in subduction-collision models.

Materials p (kg m?) C(MPa) ¢() KMWm!K? H-(Wkg?h) Rheology
Upper crust of
_ 2700 10 10 2.5 3x10°10 B
continents
Lower crust of
2900 10 20 3.0 3x10 1 C

continents
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Oceanic crust 2900 1
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For all rock types, the thermal expansivity @ = 3x107° K'!, compressibility § = 1x107!! Pa’!, heat capacity C, = 1200 J kg'!
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Figure 2: Initial model setup for subduction-collision models. (a) 3D view of the compositional field. (b) The vertical

profile at y = 0 km. 1-sticky air; 2-weak zone; 3-sublithospheric mantle; 4-upper crust of left continent; 5-lower crust of left

continent; 6-lithospheric mantle of left continent; 7-oceanic crust; 8-oceanic lithospheric mantle; 9-upper crust of right

continent; 10-lower crust of right continent; 11-lithospheric mantle of right continent.

3.1.2 The evolution of the reference model

We ran two sets of models: with and without surface processes. Two stages could be reorganized in the evolution of the

reference model (Fig. 3). Stage 1: Oceanic subduction. The subducting oceanic slab bends and subducts under the continuous

convergence force, which causes a negative topography above the subducting oceanic slab. Some portions of oceanic crust

enter the subducting channel, while others accumulate in the trench. Combined with a slight crustal shortening in the overriding

slab near the trench, a small-scale positive topography forms on the overriding slab near the trench (Fig. 3a, b, d, and e). Stage

2: Continental collision. During continental collision, much of the crust accumulates near the convergence boundary. In

contrast, the remaining continental lithosphere subducts due to the combined forces of convergence and slab pull from the

oceanic slab. An orogenic wedge forms and extends, reaching a maximum elevation of ~5 km and an extensive range of ~300

km (Fig. 3c and f) because of crustal shortening and folding in both the subducting and overriding slabs. Compared to the

11
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model without surface processes, the erosion and deposition processes do not significantly affect deep geodynamic processes
but result in a slight topographic change. The topographic difference (equal to the elevation in the reference model without
surface processes minus that in the model with surface processes) reveals a large-scale higher positive value at the edge of the
subducting continent (~400-600 km), indicating a large-scale river erosional effect (Fig. 4c). Additionally, there are localized
higher positive topographic differences near the rivers, specifically around 1300-1400 km, highlighting the small-scale
roughness due to the fluvial erosion. While rivers play a role in tectonically stable zones, they do not significantly shape the
orogenic wedge due to a balance between erosion processes and bedrock uplift. The middle bedrock erodibility used in the

reference model results in a steeper slope in the orogenic wedge (Fig. 4).

(b) 5.58 Myr (c) 10.14 Myr

with surface
processes
(d) 3.58 Myr (e) 5.54 Myr
without surface fl*#n . -
processes S =R oy ey
AR 28 e, DR .
-020 -0.15 -0.10 -0.05 0.0 0.05 0.10 0.15 0.20 1000 1500 2000 2500 3000 3500 4000 4500 5000 -5 -4 -3 -2 -1 0 1 2 3 4 5
Erosion rate (mm yr) Drainage area (km?) Topography (km)

Figure 3: The evolution of the reference model for subduction-collision models with (a—c) /without (d—f) surface
processes. For each panel, from top to bottom: erosion rate, drainage area, and composition field overlies with topographic
elevation. The density difference between the lithospheric mantle and sublithosphere (Ap) is 0 kg m™. The convergence rate
is 0 cm yr''. The flow laws of rocks are shown in Tables 1 and 2. The bedrock erodibility (K7) is 1x10° m®2 yr'!. The transport
coefficient (Kq) is 1x102 m? yr'!. The olive-green arrows show the velocity field. The colors of rock types are the same as in

Fig. 2.
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Figure 4: Comparison of reference model without/with surface processes for subduction-collision models. (a) The

evolution of the reference model without surface processes. (b) The evolution of the reference model with surface processes.

(c) The topographic difference in the reference model. The topographic difference is defined as the elevation in the reference

model without surface processes minus that in the model with surface processes.
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3.1.3 Parameter variations

We investigate the effects of thermo-mechanical parameters (density difference between the lithospheric mantle and
sublithosphere (Ap) and convergence rate (Vc)) and surface parameters (bedrock erodibility Krand transport coefficient Ks) on

subduction-collision processes.

The Ap affects the slab pull and further influences the subduction angle. When Ap is less than 0, flat subduction occurs and
causes a larger and higher orogenic wedge. There is a wide basin on the overriding slab that forms a large river system.
Conversely, when Ap increases to 0, steep subduction appears, leading to a smaller and lower orogenic wedge. A small basin
forms on the overriding slab, leading to a smaller river system. When Ap is larger than 0, the high slab pull causes the oceanic
slab to break off, resulting in a relatively low basin situated between two orogenic wedges. An inland river forms within this

basin. Besides, there is no obvious basin on the overriding slab (Fig. 5a—c).

The convergence rate determines the time required to achieve a certain convergence distance. A lower convergence rate allows
more time for the subducting slab to adapt to the mantle flow and bend more, which results in a lower and smaller orogenic

wedge due to longer erosional processes (Fig. 5d—f). However, the geometry of river systems has not changed significantly.

Although the bedrock erodibility does not significantly influence the geometry of the subducting slab, it primarily impacts the
landscape. An increased bedrock erodibility leads to a lower and smaller orogenic wedge with steeper local slopes over long
geological timescales. Additionally, higher bedrock erodibility leads to less positive topography and more tributaries of rivers

due to the rapid erosion processes (Fig. 5g—i).

The transport coefficient does not largely affect the geometry of the subducting slab, but it changes the river systems and the
scale of the orogenic wedge. A higher diffusion coefficient leads to a larger orogenic wedge. Besides, there are relatively larger

river systems due to the smoother topography in the higher diffusion coefficient (Fig. 5j-1).
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Figure 5: Parameters sensitive test of subduction-collision models. (a—c) Different Ap from -30 kg m™ to 30 kg m™. (d—f)
Different convergence rates from 3 ¢m yr! to 7 cm yr'!. (g—i) Different bedrock erodibilities from 1x107 m®2 yr! to 5x10°¢
m®2 yrl, (j-1) Different diffusion coefficients vary from 1x10* m? yr! to 1 m? yr'!. The olive-green arrows show the velocity
field. The colors of rock types are the same as in Fig. 2. For each panel, from top to bottom: erosion rate, drainage area, and

composition field overlies with topographic elevation.

3.2 Continental extension

3.2.1 Initial model setup

Continental extension directly impacts the lithosphere-asthenosphere system, resulting in increased rifting and volcanic activity
(Corti et al., 2003; Corti, 2012). In this section, a small-scale 3D thermo-mechanics-geomorphological model is set to
investigate the evolution of continental extension with and without surface processes. The model domain is 200 km X 100 km
x 68 km (Fig. 6), resolved by the Eulerian mesh of 128 X 64 X 32 cells. A dynamic grid is used to adapt to the background
strain rate. A 20-km-thick upper crust and a 20-km-thick lower crust are included in this model. All the rheological parameters
are presented in Tables 1 and 3. The model is free-slip for all boundaries except the free-surface top boundary. An 8-km-thick
“sticky-air” layer is used to mimic the free-surface condition in the finite difference scheme. An extensional strain rate
(7.92x107'¢ 57!, corresponding to 0.25 cm yr!) is applied. The side boundaries have zero flux, and a linear temperature profile
is employed with a fixed temperature of 0°C at the surface and 650°C at the bottom. A linear strain weakening of the friction

angle is also applied as the subduction-collision model.

FastScape has the same domain as the tectonic model (200 km X 100 km) but employs a finer resolution than the thermo-
mechanical (256 X 128 cells) model. The stream power exponents are set to m = 0.4 and n = 1.0 (Yuan et al., 2019, 2022). All
the boundaries are open, where flux is allowed to pass. To eliminate the influence of random noise when comparing the
influence of the surface processes, neither the thermos-mechanical model nor the landscape evolution model includes random

noise.

Table 3: Main material parameters in continental extension models.

Materials p (kg m3) C(MPa) ¢(°) KMWm'K") H (W kg'h) Rheology

Upper crust 2700 10 10 2.5 3x10°10 B
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Figure 6: Initial model setup for continental extension models. A force is applied perpendicular to the z-y face at the left
and right sides to stretch the rocks, resulting in a background strain rate of 7.92x107'¢ s'! (corresponding to 0.25 cm yr'!). 1-

sticky air; 2-upper crust; 3-upper crust; 4-lower crust; 5-lower crust; 6-sediment.

3.2.2 The evolution of continental extension model with/without surface processes with high bedrock erodibility

A similar thermos-mechanical evolution occurs under extensional forces, both with/without surface processes with high
bedrock erodibility. Initially, there are no significant shear zones within the crust and no significant topography (Fig. 7a and
¢). However, some conjugate faults form as strain accumulates while the upper and lower crust flows to accommodate the
extension. Due to variations in density and rheology, parts of the lower crust rise while the upper crust thins in the same area,
resulting in a fold-like structure. When there doesn’t include surface processes, positive topography develops where the crust
uplifts, while negative topography develops where the crust sinks downward (Fig. 7d). However, when there include surface
processes with very high bedrock erodibility equals to 1x10* m®2 yr!, very rapid erosion processes has led to an overall

negative topography lower than -3 km (Fig. 7b). The surface processes slightly change the crustal stress distribution and local
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crustal flow, and there is a slower crustal flow in the left part and a faster crustal flow in the right part. These changes in

topography further alter the distribution of shear zones (Fig. 7b and d).

(a) 0.25 Myr (b) 2.59 Myr

with surface
processes

without surface
processes
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Erosion rate (mm yr') Drainage area (km?) Topography (km)

Figure 7: The evolution of models for continental extension with (a—b) /without (c—d) surface processes. (a—b) The
evolution of the model with surface processes with bedrock erodibility equals to 1x10* m®2 yr'!. (c—d) The evolution of the
model without surface processes. For each panel, from top to bottom: erosion rate, drainage area, and composition field overlies
with topographic elevation. The white arrows show the movement of the crust. The black lines indicate where the strain rate

is greater than 3x10°1 s”!. The colors of rock types are the same as in Fig. 6.

3.2.3 Parameter studies

We investigate how thermos-mechanical parameters, specifically the background strain rate (¥.) and the rheology of the lower
crust, as well as surface parameters like the bedrock erodibility (Kr) and the transport coefticient (Kad), affect the evolution of

continental extension.

The background strain rate plays a significant role in forming shear zones and influencing the rate of rock deformation. A

higher half extensional rate results in a larger scale of shear zones and greater crustal deformation at similar extension distances.
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Additionally, increased velocity of crustal movement leads to greater amplitudes and higher variations in topography (Fig. 8a—

c).

The rheology of the lower crust reflects its ability to resist deformation. With a weak lower crust, the deformation caused by
extensional forces can be absorbed more effectively, leading to a lower topography. Conversely, as the strength of the lower
crust increases, the number of shear zones decreases, resulting in more deformation concentrated in the upper crust. This

concentration causes a greater variation in height (Fig. 8d—f).

The bedrock erodibility primarily affects surface processes and alters shear zones due to gravitational isostasy. An increased
bedrock erodibility results in less positive topography due to the rapid erosion processes (Fig. 8g—i), therefore slightly changes

the crustal flow and stress distribution.

The transport coefficient affects the smoothness of the topography. A higher diffusion coefficient results in a smoother

topography (Fig. 8j-1).

Model results show that thermos-mechanical parameters and the bedrock erodibility affect the distribution of shear zones and
topography. The river systems mainly develop around the transition zones between positive and negative topography. More

discrete positive terrain has led to the development of more rivers.
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Figure 8: Parameters sensitive test of continental extension models. (a—c) Different half extensional rates from 0.125 cm
yr'! to 0.5 cm yr''. (d—f) Different rheology of the lower crust. The rheology flow used in this test: weak lower crust — quartz
diorite (Carter and Tsenn, 1987), middle lower crust — Anss— plagioclase (Ranalli, 1995), strong lower crust — mafic granulite
315 (Ranalli, 1995). (g-i) Different bedrock erodibilities from 1x10° m®? yr! to 1x10* m®? yr'. (j-1) Different diffusion

coefficient from 1x10* m? yr'! to 1 m? yr''. The white arrows show the movement of the crust. The black lines indicate where
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the strain rate is greater than 3x1071 5™, The colors of rock types are the same as in Fig. 6. For each panel, from top to bottom:

erosion rate, drainage area, and composition filed overlies with topographic elevation.

4 Discussion

The proposed approach effectively captures the interaction between tectonic deformation and surface processes,
accommodating various underlying forcing mechanisms, grid settings, and deformation processes. The influence of fully
coupled models on landscape and geodynamic evolution is demonstrated by comparing the reference model with and without
surface processes (Figs. 3, 4, and 7). The most pronounced differences between models with and without surface processes are
observed when comparing the no-erosion reference model with high erodibility cases, which leads to changes in topography,
the distribution of shear zones and the crustal flow. Our full-scale coupling module further demonstrates the advantages of
using fully coupled 3D models, as lateral variations in uplift and erosion occur along the strike of the main structure, which

cannot be captured in 2D coupling models.

The tectonic events significantly shape the landscape, while the landscape also changes the stress field, crustal flow, and fault
and seismic activity through gravitational isostasy (Zeitler et al., 2001; Liu et al., 2009; Wolf et al., 2022a; Wolf et al., 2022b;

Liet al., 2025). Increasing attention is being given to the interaction between tectonic activity and surface processes.

We design two models for different temporal and spatial scales. Subduction-collision models are designed for a large temporal
scale (>1 Myr) and large spatial scale (reaching the depth of the mantle transition zone). In contrast, continental extension
models are designed for a relatively small temporal scale (faulting activity) and small spatial scale (crustal depth). Model
results indicate that the impact of surface processes on geodynamic processes is limited to relatively small spatial scales. For
instance, erosion and deposition affect crustal flow and further alter the distribution of shear zones (Figs. 7 and 8), which is
also recognized in the previous research. Yang et al. (2023) demonstrate that rapid erosion causes the lower crust to flow
upward. Wolf et al. (2022a) suggest that efficient surface processes lead to changes in fault propagation and segmentation.
However, although surface processes significantly affect the topography, they do not notably impact deeper geodynamic
processes, such as the geometry of subducting plates and mantle flow, even at high bedrock erodibility. The surface processes
only change the geometry of the orogenic wedge and the appearance of basins (Figs. 3 and 5). Besides, rapid erosion may
cause a higher height variation over a short time (compare Fig. 8g with 8h) unless the erosion process has removed all the
positive topography. However, rapid erosion will cause a relatively lower height variation in the long term due to the balance

of tectonic uplift and the gravitational isostasy caused by erosion-deposition processes (compare Fig. 5g with 51).
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5 Conclusions

Our new coupling module couples the thermo-mechanical code LaMEM with the landscape evolution code FastScape and
could operate efficiently and stably. Various tectonic regimes, such as continental extension, oceanic subduction, and
continental collision, can converge quickly and produce results. Model results show the influence of surface processes on
geodynamic processes at different temporal and spatial scales. Our approach provides robust, quantitative support for the

significant connection between deep tectonics and surface processes.

Code availability. The scripts and model inputs reported in this paper are available from Zenodo
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