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Abstract The experimental study of interactions between tectonics and surface processes is an ambitious
challenge, requiring the development of specific analog materials capable of jointly simulating geomorpholog-
ical and crustal deformation processes. In this work, we refined the physical and mechanical properties of the
MAT-IV analog material to improve morphological rendering and extend its range of application. We halved the
average particle size (Dso) of the granular mixture and added a fifth component (pumice powder), which in-
creased the material’s erodibility and allowed the precipitation rate controlling exogenous surface processes to
be reduced by a factor of three. We performed a dozen experiments to explore different compositions and de-
termine a standard formula through morphometric analyses. The new material, MAT-V, allows for reproducing
better-scaled morphologies and represents a significant upgrade over MAT-IV. Scaling analysis and morpho-
metric measurements lead to the recommended composition: 37.5% silica microbeads (1-50 pm grain size),
37.5% silica powder (1-80 pm grain size), 15% PVC powder (5-85 pm grain size), 10% pumice powder (1-150
um grain size), < 1% anthracite (0-200 pm grain size). Using an average cyclic rainfall rate of 5-10 mm/h, a
spatial scaling of 1 cm =100 m and 1 s =5 years are considered relevant to model relief dynamics under tem-
perate to sub-tropical climatic conditions. To constrain the key parameters governing model surface dynamics,
we implemented a joint modeling approach combining experimental and numerical modeling. This allowed
us to quantify geomorphological parameters, including the slope (n) and discharge (m) exponents, hillslope
erodibility (K hn), critical slope (S¢), and effective settling velocity (V).
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1 Introduction

1.1 Scientificissue

Relief dynamics is controlled by strongly coupled in-
teractions between lithospheric to crustal deformation
mechanisms and geomorphic processes acting on large
time and space scales (e.g., Burbank and Pinter, 1999;
Bonnet et al., 2007; Tucker and Hancock, 2010; Schein-
gross et al., 2020). While tectonics and volcanism play
the main role in the creation of new landforms or the re-
juvenation of pre-existing ones, their actions are coun-
terbalanced by surface processes that level the Earth’s
surface: erosion and sedimentation (e.g., Willett et al.,
1993, 2006; Montgomery and Brandon, 2002; Bishop,
2007). By transferring large volumes of material from
rising relief to adjacent basins, surface processes mod-
ify the state of stress in the shallow crust, and thus, the
dynamic equilibria controlling mechanical couplings
between deep tectonic processes and surface deforma-
tion. Erosion, by reducing normal stress, partly con-
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trols tectonic activity including fault kinematics and the
propagation of the deformation (e.g., Beaumont et al.,
1992; Willett, 1999; Malavieille, 2010; Steer et al., 2014).
Sedimentation has a comparable effect, modifying the
stress state of the crust by increasing the vertical load,
leading to elastic flexure or isostatic readjustments (e.g.,
Beaumont, 1978; Watts et al., 1982; Garcia-Castellanos
and Cloetingh, 2012). It also raises river base levels, re-
ducing their incision and transport capacities and thus
affecting large-scale erosion rates (e.g., Babault et al.,
2005b,a). Finally, climate, in the broadest sense of the
term, is a key factor to consider as it governs the in-
tensity and cyclicity of surface geomorphological pro-
cesses (e.g., Bonnet and Crave, 2003; Whipple et al.,
1999; Whipple and Tucker, 1999; Whipple, 2009; East
and Sankey, 2020).

1.2 Contributions and insights from analog
modeling

Studying these complex couplings is therefore of ma-
jor interest for understanding the morphological evo-
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lution of natural landforms, determining the impact of
tectonics and climate on relief dynamics, and assess-
ing associated natural hazards. Given the large vari-
ety of temporal and spatial scales involved in tectonic
and morphogenetic processes, experimental modeling
has long been recognized as a valuable complement
to field investigations. However, simulating the inter-
actions between crustal deformation and geomorphic
processes remains an ambitious challenge, implying
the development of analog materials capable of jointly
simulating geomorphological and geological deforma-
tion processes. For more than a decade, Graveleau
and Dominguez (2008) developed a promising analog
material (MAT-IV) that meets the required criteria to
study Tectonic-Erosion-Sedimentation couplings in ac-
tive mountain forelands (Fig. 1). This material has since
been used for several PhD theses and post-doctoral
studies, revealing its strengths and limitations (Grav-
eleau, 2008; Strak, 2012; Viaplana-Muzas et al., 2015;
Guerit et al., 2016; Strzerzynski et al., 2021). Recently,
several international teams from Italy (Reitano et al.,
2020, 2022, 2023; Conrad et al., 2023) and China (Mao
et al., 2021; Yan et al., 2023) have begun using analog
materials based on MAT-IV-type compositions. These
works confirmed previous results and also provided
new data on the properties of MAT-IV as well as new ap-
plications for the study of natural cases.

The MAT-IV composition and properties were ini-
tially designed to satisfy several physical and mechan-
ical criteria known to drive natural relief dynamics. As
stated in Graveleau et al. (2011):

+ The material rheology should be dominated by
the Mohr-Coulomb failure criterion to replicate the
brittle deformation of the upper crust and generate
associated tectonic features and processes such as
faults, fractures, frictional slip, and folding.

« It should erode through diffusive and gravity-driven
processes on hillslopes (sheetwash, soil creep, de-
bris flow, landslide) and advection in valleys (ver-
tical and lateral channel incision) to simulate the
main erosion and transport processes that shape
natural relief morphologies and form geomorphic
features such as drainage basins, crests, hillslopes,
and riverbeds.

+ The grain-size distribution should be small enough
and range over several orders of magnitude to en-
sure varying transport distances of particles and
grain sorting.

» Erosion rates, which control model time scaling,
should be high enough to keep the experiment du-
ration manageable.

+ Rainfall rates should be kept as low as possi-
ble to avoid excessive runoff flows on the model
surface which could locally generate out-of-scale
morphologies (overhanging cliffs, extensive debris
flows, etc.).

+ Syntectonic sedimentary deposits should be strati-
fied to record tectonic activity and stratigraphic fea-

tures such as lateral facies changes, unconformity,
cut-off, and down-lap.

The original MAT-IV standard composition was made
up of glass microbeads (Mb 40%), silica powder (PSi
40%), polyvinyl chloride plastic powder (PVC 20%), and
some graphite (Gr 1-2%), by weight of dry material
(Fig. 1). Graphite particles were added to enhance the
material texture, improving the accuracy of photogram-
metric DEM acquisition and model surface measure-
ments. The MAT-IV was mixed with 20 + 1% of wa-
ter in weight to obtain a cohesive paste (saturation rate
around 25%). Over the years (Fig. 1), its initial compo-
sition has evolved slightly to adapt to the different geo-
logical contexts investigated

- Graveleau et al. (2011): PSi 40%, Mb 40%, PVC 20%,
Gr <1%,

« Strak et al. (2011) and Strzerzynski et al. (2021): PSi
35%, Mb 40%, PVC 23%, Gr 2%,

« Viaplana-Muzas et al. (2015, 2018) and Guerit et al.
(2016): PSi 30%, Mb 46%, PVC 24%, Gr <1%.

1.3 Objectives

In recent years, we started modifying the MAT-IV ana-
log material composition to overcome some of its iden-
tified weaknesses through improvements in its physical
and mechanical properties. The present study reports
on the work carried out to this end and the results ob-
tained. Our main objectives were to increase analog ma-
terial erodibility while decreasing water runoff on the
model surface to:

+ Densify the drainage network by enhancing chan-
nel incision and limiting mass wasting.

+ Refine the fine-scale details of the modeled mor-
phologies, including geomorphic and tectonic fea-
tures (fluvial terraces, knick-points, fault scarps,
etc.).

+ Limit the impact of inertial forces of water flows on
model morphology to avoid sapping processes.

These enhancements also intended to expand its fields
of application to smaller spatial and temporal scales up
to1lcm =100 m and 1 s = a few years, respectively.

2 Methodology

To achieve our objectives, we implemented a multidisci-
plinary approach to test new analog material composi-
tions. We combined geomorphic analog modeling (Sec-
tion 2.1), measurements of the physical and mechanical
properties of MAT-V (Section 2.2), and joint analog/nu-
merical modeling to constrain the material’s key geo-
morphological parameters (Sections 2.3 and 2.4).
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Figure1 Inthe 2010s, an experimental set-up and a water-saturated analog material mixture composed of four components (MAT-1V) were developed to
investigate Tectonics-Erosion-Sedimentation couplings in active mountain foreland contexts (Graveleau, 2008; Graveleau et al., 2011). Since then, MAT-IV
has been used to explore many other geological settings (see Graveleau et al., 2012, 2015, for a review). a) References to PhD theses that used the MAT-IV
analog material. b) Microscopic photographs of the MAT-IV components and their relative proportions in the standard composition. Psi: Silica powder, Mb:
microbeads, PVC: Polyvinyl Chloride powder, Gr: Graphite powder. c) Typical granulometry of MAT-IV.

2.1 Analog modeling : MAT-IV to MAT-V prop-
erties evolution

2.1.1 Experimental set-up

We developed specific analog experiments to test vari-
ants of the MAT-IV formulae. The experiments were
conducted at the Geosciences Analog Modeling Labo-
ratory at the University of Montpellier (France), in the
same facility where geomorphic experiments published
in Graveleau (2008); Graveleau et al. (2015); Strak et al.
(2011); Viaplana-Muzas et al. (2015, 2018); Guerit et al.
(2016); Henriquet et al. (2019); Strzerzynski et al. (2021)
were carried out. The experimental assembly is made
of a reinforced aluminum frame fitted with fixed and
rigid mobile plates (Figs. 2a and 2b). The model sur-
face area measures 1.5 m x 1 m. Thrust faulting is simu-
lated by moving the mobile plate toward the fixed ones
with imposed strike and dip angles (45 £ 1°). Slip mode is
controlled by a computerized mechanical device, allow-
ing for nearly continuous micrometric to millimetric
stick-slip type displacements. During the experiment,
a Sony Alpha 7R2 camera (42 Mpix) captures images ev-

3

ery 30 s to create a time-lapse movie of the experiment
and to measure model surface kinematics using the
sub-pixel spectral correlation method Van Puymbroeck
et al. (2000). Two Panasonic Gx80 cameras, located on
both sides of the model, record the morphologic evo-
lution of the fault scarp with a 30-second time inter-
val. To simulate climate forcing and associated erosion
and sedimentation processes, four sprinklers located
above the fixed plateau spray water microdroplets over
the model surface. The water delivery systems have
been upgraded by connecting the sprinkler’s support to
a motorized oscillating system to homogenize the rain-
fall distribution on the models.

To quantify the morphologic evolution of the ex-
perimental landscapes, stereo-photogrammetric Digi-
tal Elevation Models (DEMs) are acquired from 15 high-
resolution photos (7952 x 5304 pixels, Sony Alpha 7R2
camera) covering the whole model surface (Fig. 2c)
for every 5 mm of displacement along the fault plane.
DEMs are processed using the MicMac software Rupnik
et al. (2017) at a horizontal spatial resolution of 250 mi-
crometers. The vertical precision depends on the local
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Figure 2 Experimental set-up used to test different MAT-V compositions. a) Schematic view of the set-up and monitoring devices. b) Photograph of the
experimental laboratory. ¢) Examples of model morphology and the associated Digital Elevation Model (map view).

texture of the model surface, and it is estimated to be
200-300 micrometers. The experimental device is also
equipped with low-angle halogen lighting and reference
frames to facilitate model observation and quantitative
monitoring. To enable cross-comparisons between the
analog experiments, all the experiments share a similar
initial topography consisting of two asymmetric water-
sheds extending over the whole hanging wall (mobile
plateau) and a gently (2°) dipping plain extending over
the footwall (fixed plateau).

2.1.2 Exploring new material compositions

We tested several combinations of material composi-
tion and climatic conditions (introducing cyclic rainfall
with 4-5 s wet and 22-60 s dry periods). Based on our
prior experience designing MAT-IV, we focused exclu-
sively on ranges of analog material properties and com-
pound proportions that yield realistic landscapes, delib-
erately excluding those known to produce out-of-scale
morphologies (e.g., Graveleau et al., 2011; Huggett,
2016). A total of 10 successful experiments were car-
ried out (Fig. 3). In the first experiment (EXP 1), we
introduced pumice powder and reduced the grain size
of the glass microbeads from 75-150 pm to 0-50 um.
Smaller microbead grain sizes make it possible to bet-
ter resolve fine-scale geomorphological features, par-
ticularly the drainage network, and potentially increase
transport distances. The addition of pumice powder
(Pp) had a qualitative effect during the mixing of the ma-
terial. Less water (-2%) was needed to reach saturation

4

than with MAT-IV. Pp, therefore, has a water-capturing
effect due to its intrinsic high porosity. This first exper-
iment showed the influence of Pp on the material. We
also replaced the graphite powder with anthracite pow-
der (0-200 um and D5y = 75 um).

Indeed, graphite disperses freely as finer particles
in contact with the water, rendering the analog mate-
rial mixture darker, which locally degrades the reso-
lution of stereophotogrammetric DEMs and sub-pixel
spectral correlation. The composition of the mixture
in the following experiments (EXP 2-4) remained un-
changed. In these experiments, we improved the rain-
fall distribution over the model by making the sprin-
Kklers oscillate (Fig. 2). The dry period of the rainfall
cycles was doubled for EXP 4 to lengthen the low wa-
ter stage (from 30 s to 60 s). This modification was con-
strained by the time it takes for the last water flows to
reach the fixed plateau (foreland basin). Thus, the wet
period begins just as the low-water period ends. This
configuration increased river incision but was not to-
tally satisfactory since the overall erodibility of the ma-
terial still appeared too low (determined qualitatively at
this stage). EXP 5 is based on the same composition and
climate forcings as EXP 3. We used it to assess the re-
producibility of our experiments and sensitivity to slight
changes in precipitation distribution. In subsequent ex-
periments (EXP 6-9), the proportion of pumice powder
was doubled (from 5% to 10%) significantly increasing
the material’s erodibility. Increased erosion has led to
the appearance of grainy patches formed by the concen-
tration of PVC grains, roughening the model surface. In
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the EXP 7, we replaced the original PVC powder (60-250
um, Ref: 257RF) with finer PVC (45-90 um, Ref: 266SF).
The change in PVC powder reduced the proportion of
incision in favor of diffusion processes. In this experi-
ment, the model slopes appeared smoother, and few in-
cision markers, such as fluvial terraces, formed (Fig. 3).

After this last experiment, the main objective was to
adjust the component proportions in the mixture to pro-
mote fluvial incision. Based on the behavior of MAT-1V,
we knew that by decreasing the Mb/PSi mass ratio, river
incision could be enhanced. In the EXP 8 experiment,
we subsequently reduced the ratio of microbeads to sil-
ica powder to less than one (Mb/PSi < 1). The model
exhibits steeper maximum slopes (>75°), and its over-
all morphology shows some similarities with bad-land-
type morphologies, only observed in specific settings in
nature. For the last experiment (EXP 9), we used equal
proportions of Mb and Psi (Mb/PSi ratio = 1), similar to
MAT-IV.

2.1.3 MAT-V best formula and key achievements

We determined that the composition giving the best re-
sults was that of experiment 9: where Mb was at 37.5%);
Si, 37.5%; PVC, 14%; PP, 10%; and A, 1%). This choice
was guided by the previous qualitative observations we
made and first-order morphometric measurements, in-
cluding topography metrics and material flow analysis.
As shown in Figs. 4 and 5, erosion maps and slope dis-
tributions reflect quantitative differences in general and
local model morphologies. In the first sets of models
(from EXP 3 to 6), the high-frequency distribution of
preserved surfaces indicated that the material erodibil-
ity was too low (Figs. 4 and 5). In these models, erosion
appeared essentially dominated by channel incision,
and the efficiency of diffusion processes was too lim-
ited. For EXP 7 and 8, the imbalance between incision
and diffusion processes was much less pronounced, and
a generalized erosion affected the whole model surface.
However, these models often feature steep slopes (verti-
cal cliffs) at the head of the catchment area and rounded
crest lines, indicating that slope erosion was mainly
driven by gravity instabilities. Debris flows were also of-
ten observed in this set of experiments. In EXP 9, over
the whole model and along the fault zone (Figs. 4 and
5), fluvial incision was also well-expressed but less dom-
inant. Alluvial fans appeared slightly incised, and flu-
vial/alluvial terraces were preserved without develop-
ing a badlands-type morphology. Remnants of the ini-
tial surfaces in EXP 9 were much less abundant than in
EXP 3, 4, 5, and 6, while sharp slopes were less frequent
than in EXP 7 and 8.

At this stage, we concluded that the main objectives
were reached:

+ The erodibility of the materials was increased while
reducing the rainfall rate.

» Drainage networks appeared denser, and slope
morphologies, including crest lines, were im-
proved. The distribution of erosive processes (dif-
fusion, incision) was well-balanced.

« Model topography appeared more detailed with
finer morphologic and tectonic markers.

+ No abnormal, out-of-scale morphologies caused by
the inertial forces of water flows or by an overly-
cohesive material were observed.

The choice of the standard composition is based on a
limited set of experiments (x10) as this type of analog
model is always challenging to conduct, and the model
monitoring processing is time-consuming. Further ex-
periments might have refined this standard composi-
tion by a few percent, but with limited practical signif-
icance. Indeed, natural landscapes develop on a wide
range of lithologies and climatic conditions that cannot
be accurately simulated using a single analog material
composition. Future modelers will need to adapt the
MATV composition to suit their scientific objectives and
experimental setups.

2.2 Characterization of MAT-V physical and
mechanical properties

The properties of the standard MAT-V composition,
identified as the most suitable for investigating relief
dynamics (section 2.3), were analyzed in detail. Phys-
ical (3.1) and mechanical properties (section 3.2) were
determined using specific laboratory equipment and
protocols, including electronic microscopy, direct shear
test, micro-penetrometer, and permeameter measure-
ments. Additionally, MAT-V morphological parameters
were constrained through a combined analog and nu-
merical modeling approach (section 3.3).

2.2.1 Physical properties

The various components of the the MAT-V, and the MAT-
V mixture were imaged using an FEI Quanta 200 FEG
electronic microscope at the MEA of Montpellier Uni-
versity (France). Results are summarized in Fig. 6a.
Notably, the particles exhibit a wide range of shapes
(rounded, flat, irregular), sizes, and densities. This vari-
ety promotes particle sorting within channels, resulting
in variable particle transport distances, and stratified
syn-kinematic deposits. We measured the Bulk MAT-V
and individual components’ grain size distributions at
the Laboratoire d’Analyse des Sols (LAS, UNISTRA-EOS,
Strasbourg, France) using a Beckman Coulter LS230
laser granulometer (Fig. 6b). The MAT-V granulome-
try extends from a few microns up to about 200 pm
with a Dsqy close to 45-50 um. It is more than twice as
fine as MAT-IV with a Dsy of 110-120 pm (see Fig. 1c).
We calculated the MAT-V apparent density by weigh-
ing successive known volumes of material under dry,
water-saturated, compacted, and uncompacted condi-
tions (Fig. 6¢, bottom left). When dry and uncompacted,
the MAT-V has a low volumetric mass, close to 1 + 0.1
g/cm®. When compacted, dry MAT-V volumetric mass
increasesto 1.2+0.075 g/cm®. When mixed with approx-
imately 21-22% water by weight, which corresponds to
the stable water content where water loss occurs only
by natural evaporation, its volumetric mass is 1.7 + 0.05
g/cm?.
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Figure 3 Selection of different final model morphologies, obtained with variable MAT-V compositions and rainfall conditions, giving relevant results. The
EXP 9 model, and the associated MAT-V composition, has been considered the most similar to natural landscapes.

We quantified the MAT-V intrinsic permeability using
a custom-built Darcy’s pipe permeameter (Fig. 6d, bot-
tom right). The protocol involves measuring the pres-
sure gradient at the inlet and outlet of a cylindrical
PVC cell filled with MAT-V material and subjected to in-
creased water flow. Water is injected into the PVC cell
using a precision discharge pump, crosses the material,
and goes out freely at ambient pressure. Strainers, pres-
sure equalizers, and filter paper are placed at both ends
of the PVC cell to stabilize the flow line across the sam-

ple. Two pressure gauges record fluid pressure at the in-
letand outlet. The observed linear relationship between
discharge velocity and pressure gradient indicates that
permeability follows Darcy’s law. MAT-V exhibits very
low permeability of ~50 mDarcy, approximately an or-
der of magnitude lower than MAT-IV (~500 mDarcy).

2.2.2 Mechanical properties

The mechanical properties of the MAT-V are of primary
importance. They not only control how it deforms un-
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Figure4 Example of morphometric measurements used to quantitatively determine the optimal MAT-V composition. a) General 2D view of the final stage
of EXP 9. MAT-V composition and experiment parameters are indicated. b and ¢) Comparison of model surface slope distributions for EXP 3, 4, 5, 6, 7, 8, and

9 for the entire model (Fig. 4b) and within the fault zone only (Figs. 4c).

der imposed tectonic forces but also how it erodes un-
der water runoff and, finally, how it scales with natural
systems (see section 4.1). To mechanically characterize
dry granular materials or natural rocks in the brittle do-
main, key parameters are cohesion and angle of inter-
nal friction (e.g., Byerlee, 1978; Krantz, 1991).

The properties of wet granular mixtures are inher-

ently difficult to measure, making strict control over
material placement in the test cell and precise quantifi-
cation of water content essential. We used a laboratory-
built direct shear device (Fig. 7) to determine the Mohr-
Coulomb failure envelope of MAT-V. We followed a clas-
sical approach by conducting successive shear tests un-
der increasing normal loads. Cohesion and angle of
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Figure 5 Model erosion (left) and slope (right) maps for different MAT-V compositions. The selected standard MAT-V composition (EXP 9) is centered for

easier of comparison.

internal friction measurements were determined for a
range of water contents, ranging from 20% to 23% by
weight. We focused on this specific range because MAT-
V becomes significantly weaker above 23% water and
excessively strong below 20%. We also know that when

the material is left to rest, its water content stabilizes to
about 21-22%. This behavior is systematically observed
when freshly mixed material is deposited in the exper-
imental device: it initially flows viscously and solidifies
once the excess water has been expelled. Once stabi-
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Figure 6 Physical properties of the MAT-V analog material: a) Particle shapes, as observed at microscopic scale (SEM). b) MAT-V granulometry. c) Bulk
densities of MAT-V under wet (at 22% by mass of water) and dry (compacted and uncompacted) conditions. d) MAT-V permeability measured using Darcy’s

pipe permeameter.

lized, the material exhibits very low permeability (3.1).
For each measurement, the dry MAT-V mixture is
mixed with the targeted water content plus an addi-
tional 0.5%. The sample is placed in the test cell and
left to rest for 20 to 30 minutes. During this phase,
the excess water is collected from the top and through
a drainage system at the bottom of the test cell. It is
weighed using a +0.1 g precision scale, to calculate the
water content of the sample just before the shear test.
Over 35 measurements were performed using this pro-
tocol. To complete the shear test measurements, we
used a lab-made micro-penetrometer (Fig. 8) to char-
acterize the rheology of the thin layer (critical zone) at
the model surface where the MAT-V becomes water sat-
urated due to water run-off. In this state, the material
loses its cohesion and transitions from a solid state to a
fluidized one, enabling particle erosion and transport.
Due to the difficulty of accurately measuring the wa-
ter content of each tested sample, the results are sub-
ject to some uncertainty. Water content in the material

9

is estimated to be known within +0.25%. However, re-
liable failure envelopes can be derived from the Mohr-
Coulomb diagram (Fig. 7). Between just over 20% and
around 22.5% water content, MAT-V cohesion decreases
significantly from approximately 2000 Pa to 200 Pa, re-
spectively. Over the same range, its internal angle of
friction appears to decrease from 24° to 33°. Under ex-
perimental conditions involving active water run-off,
MAT-V water content stabilizes to about 22%, and its
bulk cohesion and angle of internal friction can be esti-
mated to ~600 Pa, and ~30° respectively.

Micro-penetrometer measurements (Fig. 8) show
that the MAT-V cohesion drops dramatically in the top
mm, reaching only a few tens of Pa for water con-
tents between 23-25%. This explains the high sensitiv-
ity of MAT-V to surface water run-off: water saturation
is rapidly reached, and mechanical erosion is triggered,
even by very small drainage or on low slopes.

GEOMORPHICA | volume 2 | issue 2
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Figure 7 MAT-V mechanical properties. MAT-V cohesion and angle of internal friction were determined from direct shear test measurements, conducted
at water contents ranging from 20.2% to 22.4%. MAT-V cohesion decreases by approximately an order of magnitude between ~20% to 22.5% water content.
a) Principle of the direct shear apparatus. b) Photo of the test cell showing the drains. ¢) Mohr-Coulomb failure envelope diagram. d) Estimation of MAT-V

mechanical properties vs water content.

2.3 Characterization of MAT-V geomorphic
properties

2.3.1 Experimental protocol

To characterize the geomorphic properties of MAT-
V, we conducted dedicated experiments following the
method proposed by Graveleau et al. (2011). The pro-
tocol involved a 35 x 35 x 5 cm® PVC box filled with
MAT-V and precisely tilted to an angle (Fig. 9a). As de-
tailed in section 2.1, the rainfall system delivered water
micro-droplets for 5 seconds every 12.5 seconds, result-
ing in an average precipitation rate of 7.6 mm/h (Table
1). Above the box, the photographic system described in
section 2.1 captured images every 30 seconds (Fig. 9b) to
monitor topography evolution and generate stereopho-
togrammetric DEMs at the beginning and end of each
experiments. Underneath the box, two tanks collected
water and eroded material. The first tank, filled with the
incoming water and sediment, had a constant volume
maintained using an overflow device. Asthe eroded ma-
terial settled at the bottom of the first tank, displaced
water flowed into the second tank. Both tanks were
weighed every minute using high-precision scales (+0.1
g). The first mass balance tracked the cumulative mass
of eroded and transported sediment out of the erosion
box, while the second monitored the amount of wa-
ter delivered by the rainfall system and released dur-
ing MAT-V erosion. Assuming a water-saturated ma-

10

terial density of 1.7 g/cm3, these mass measurements
were converted into a curve representing the cumula-
tive volume of eroded material. The time derivative of
this curve provided an estimate of the instantaneous
erosion rate across the entire box surface (Fig. 9¢c). All
experiments were conducted following an identical pro-
cedure:

« The material was saturated with water and then
poured into the box. Excess material was delicately
scraped off and leveled with a ruler.

« The material was left to settle overnight to allow
partial evaporation of water, allowing the water
content of the material to stabilize.

« Atthe beginning of the experiment, the erosion box
was tilted by a fixed angle, and rainfall precipita-
tion was initiated.

During each experiment, we initiated a 30-35 minute
calibration of the rainfall system, involving measuring
the amount of water delivered every 5 minutes, averag-
ing the mass, and converting it into a rainfall rate (see
Table 1). After calibration, we reset both scales. De-
pending on the tilt angle, the experiments lasted be-
tween 0.9 and 5.4 hours (Table 1). In all experiments,
the erosion rate was initially high, then decreased and
stabilized after about 30 minutes. To account for these
variations, we calculated both the mean erosion rate
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Figure 8 Micro-penetrometer. a) Water runoff saturates the MAT-V within the first millimeter of depth (critical zone). b) Principle of the experimental
device. c) Example measurements for two MAT-V samples with high water content (23% and 25%).

over the entire duration of the experiment and a steady-
state erosion rate during the phase when the accu-
mulated mass of eroded sediment increased linearly
(Fig. 9¢).

2.3.2 Erosional properties

The erosion-slope relationship was analysed using 17
experiments. By tilting the erosion box, we varied the
initial surface slope a between 2.6-21.3° (see Table 1).
The experimental results are in agreement with natu-
ral observations (e.g., Roering et al., 1999; Montgomery
and Brandon, 2002), which show a linear erosion-slope
relationship at low slope (<10°) and a non-linear ero-
sion increase as the slope approaches a critical value
(Fig. 10).

Compared to MAT-IV erodibility, measured using the
same protocol (Graveleau et al., 2011), the MAT-V erodes
at a rate three to four times higher for the same surface
slope (Fig. 10). This substantial increase in erodibility
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was one of the key objectives in upgrading the MAT-IV.
Notably, this result was achieved using a much lower
rainfall rate (~7 mm/h) compared to that used for MAT-
IV (~25 mm/h). This improvement also impacts water
run-off on the model surface by reducing water flows,
which is crucial for hydrodynamic scaling. Addition-
ally, our results highlight another significant difference
between MAT-IV and MAT-V regarding the slope thresh-
old marking the erosion/deposition transition: about
5-6° for MAT-IV and about 2-3° for MAT-V. This value
aligns more closely with natural datasets acquired in ac-
tive mountain ranges (e.g., Montgomery and Brandon,
2002). Finally, both MAT-IV and MAT-V materials start
triggering episodic mass-wasting processes for slopes
greater than ~15° and ~13°, respectively. Such erosional
processes become dominant on slopes steeper than ~20°
in MAT-IV and ~17° in MAT-V.
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Table 1 Variation of erosion rate associated with erosion-box experiments tilted between 2.6° and 21.8°. The slope refers to the mean surface slope of
the model. The experiments involved cyclic rainfall applied during alternating wet and dry periods. Here, only the average rainfall rate and the cumulative
eroded volume over the total duration of experiments are indicated. The mean and steady erosion rates refer to the average rates estimated throughout the

experiment and at the end of the experiment, respectively.

Model Ref.

Name/Date " ) ) ) Mean erosion St'eady
(Day/Mon- Box() Initial Final Duration  Rainfall rate Eroded , rate (mm/h) erosion rate
thyYear) tilt (°) slopf (£ slopeo‘ (£ (£0.1h) (mm/h) volume (cm”) (0.1 mm/h)
0.1° 0.1°

%Zgozzfd 26 26 27 54 8.1+0.1 58+20 0.47+0.2 0.06
= Z";;);f 33 31 32 32 80+0.1 72420 059402 01
(E)i%izgz 4 39 41 13 7.6+02 63+20 051402 0.25
2‘;51‘;‘2%21 5 49 49 3 8.7+0.1 160+ 25 131402 0.19
fi(ﬁ(/)zaoii 6 54 58 13 76402 125+25 102402 0.25
fg /Pl‘f/‘;gl 7 72 72 23 77401 220+ 30 1.80+0.15 0.34
f;( /211}36326d 86 8.4 83 11 72402 154+ 30 126+0.15 0.63
Eg/ii?zég? 10 10.1 9.7 18 78+0.1 311430 254+0.15 11
f;‘ /leg’é;zd 112 113 105 12 72402 287+30 234+0.1 146
fg‘ E’;;;fd 125 126 113 23 78+40.1 683 + 30 558+0.1 16
= /Plg/ég;f 135 13 9.6 26 78401 1202 20 387401 2.04
'lzg/"li'/’zégi' 15 142 131 14 75+02 747 +30 6.10+0.1 2.05
fi‘;ﬁ%’éid 16 157 14 18 69+0.2 1166 +30 9.51+0.1 18
gi%?zég 17 17 145 09 76+0.1 521+ 30 425401 5.5
g;‘/’:}lz“;zgg 18 17.7 17.1 12 73+02 1003+ 30 819+0.1 4.86
5;‘/"15172%2? 20 182 194 15 78402 1324+ 30 1081+0.1 236
(E)g /%12‘/‘;12? 218 213 313 09 70402 790+ 25 6.45+0.1 9.19

2.4 Combined experimental-numerical ap-
proach

In the previous section, MAT-V was shown to accurately
simulate the main surface processes. To further com-
pare the dynamics of erosion, sediment transport, and
deposition in MAT-V models with those observed in na-
ture, we developed a joint modeling approach combin-
ing experimental and numerical modeling.

2.4.1 Numerical modeling procedure

For numerical landscape modeling, we used the Land-
lab software (Hobley et al., 2017; Barnhart et al., 2020),
a Python-based modeling environment. We used a
length-scaling ratio of 10 (1 cm in the model represents
100 m in nature) and a time-scaling ratio of 108 (1 s rep-
resented 3 years), (see discussion on the model scaling
in section 4.1). The numerical modeling was conducted
on a 3.5 x 3.5 km? area, meshed with a resolution dx of
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35 m, over time spans ranging from 9,720-58,320 years
using a time step of 5 years, aligning with the 17 experi-
mental models. The initial topography of the numerical
model was based on DEMs measured at the beginning of
the analog experiments. We set the model’s top, right,
and left edges as closed boundaries. As in the experi-
mental model, we imposed cyclic climatic forcing with
alternating dry and wet periods of 35 and 15 years, re-
sulting in an average precipitation rate of 0.3 m/yr.

We considered two erosion laws to simulate surface
dynamics related to erosion, transport, and deposition
(Barnhart et al., 2019). Fluvial processes were modeled
using a mass balance approach that accounts for the to-
tal sediment mass in the channel bed and its transport.
This approach was coupled with an explicit represen-
tation of the sediment transport length scale, allowing
us to derive a range of erosional and depositional re-
sponses in river channels (Davy and Lague, 2009). The
topographic evolution, 9z/dt, depends on the water and
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Figure9 Erosion-boxexperiment. a) Experimental set-up is a tilted box filled with MAT-V, a four sprinklers rainfall system, and two collector tanks. The mass
of the tanks is recorded every minute to monitor water and sediment discharge. Cyclic rainfall is applied, alternating between dry and wet periods of 12.5
and 5 seconds, respectively. Photographs are captured every 30 seconds to document changes in surface morphology. b) Photograph showing the erosion
box for a 15° tilted experiment after 1.4 hours. ¢) Example of erosion rates assessment (green line) based on cumulative sediment mass measurements
(orange line). Two successive experiments were conducted at tilt angles of 10° and 15°. A calibration phase quantifies the mass of water delivered to the
box surface. The mean erosion rate is determined from the cumulative eroded mass over the full experiment duration. The steady erosion rate is calculated
considering the part of the experiment where the accumulated mass of eroded sediment increases linearly.

sediment discharges g and ¢, and the topographic slope
S, given by Equation 1:

(%) =vexaa-wrsw
rver

where V is an effective settling velocity, & is a sub-
strate erodibility, n and m are slope and discharge expo-
nents (Table S1). We assumed no critical stream power
to erode the river substrate in our computation (see 4.3).
Following the same approach, we also considered a hill-
slope diffusion law controlled by sediment discharge
and local topographic slope (Carretier et al., 2016):

(%) —axO-s2)demas @
hillslope

where xy;; is a hillslope erodibility, and S, is a critical
slope controlling landslide and mass wasting events.

Assessing erosion law parameters such as Vg, k, n,
m, Kpjl, and S. from natural landscapes requires test-
ing a wide range of values for these erosion law pa-
rameters (Table S1). To calibrate these parameters for
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MAT-V, we used a stochastic approach, comparing out-
comes from both experimental and numerical models.
This approach is challenging because if two models dis-
play similar morphological patterns but have slightly
shifted drainage networks, a direct comparison of their
final topographies may incorrectly suggest that they are
morphologically different. To address this issue, we de-
fined three dimensionless parameters - slope distribu-
tion, drainage density, and erosion rate - to compare
results from both approaches. The slope distribution
was estimated from the detrended surface topography
by subtracting the final topography from the initial to-
pography. We assumed a log-normal distribution with a
mean, u, and standard deviation, o, for which the den-
sity function of slopes pdf is given by Equation 3:

pdf = 1/(Sov2r) x exp (—(InS — p)?/(20%))  (3)

The slope distribution associated with the experi-
mental and numerical models was then defined by the
median mgjepe= exp(u) and the geometric standard devi-
ation Ogqpe = V(exp(0?)-1)xexp(2u+o?). We also used the
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Figure 10 Comparison between MAT-IV and MAT-V erodibility as a function of mean slope. a) Stabilized erosion rates versus mean topographic slope. b)
Examples of erosion box morphologies for different initial slopes (standard MAT-V composition) during steady-state erosion phases.

drainage density function available in Landlab, which
calculates the distance from every node to the nearest
channel node, L, along the flow line of the steepest de-
scent. The dimensionless drainage density is then cal-
culated (after Tucker et al., 2001):

Dd = dI/Qi (4)

where L is the mean L for the model domain meshed
with a resolution dx. The erosion rate was further pro-
cessed to ensure comparability. We normalized the ero-
sion to the maximum rate, using the mean erosion rate
measured over the total duration of the experiment and
the difference between the initial and final topography
of the numerical model. Finally, the agreement be-
tween experimental and numerical results, Lyormalized,
was calculated as the product of the normalized likeli-
hoods associated with slope distribution, drainage den-
sity, and erosion rate as defined in Equations 5 and 6:

4
L= H Li/(llmax) and  Lyormalized = L/Lmax (5)
=1

where

17
I'=exp | —,|1/17 Z(Pexp}; — Pnum})? (6)
k=1

with Pexpy and Pnumy were the parameter vectors
[Msiopes Tsiope, D, Erosion] associated with the erosion-
box tilt .

Our research involved a significant computational
effort, as we stochastically explored 33,928 combina-
tions of geomorphic parameter values within the ranges
given in Table S1 and calculated their associated nor-
malized likelihoods. For each model, the 17 tilted ex-
periments were considered, leading to 576,776 simula-
tions. The greater the number of simulations, the bet-
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ter the model space will be explored. Here, the num-
ber of simulations performed allows us to define a con-
fidence interval corresponding to approximately 1/6 of
the parameter’s explored range. We took advantage of
the Python multiprocessing module to reduce the com-
putation time, which took approximately two months,
on a high-performance workstation equipped with a In-
tel® Xeon® Gold5220R processor (96 cores).

2.4.2 Hillslope diffusion and river incision prop-
erties

The best agreement between the experimental and nu-
merical models (associated with the best likelihood
model, i.e Lyormalizeg=1) Was obtained for V210.7 m
yrl, k=8x10° m014 yr04 n=1.61, m=0.57, kyinr9.6x10™*
m yrl, and S.%29.7°. Using these values, the numer-
ical model effectively replicates the main geomorphic
features of the experimental model, regardless of the
erosion-box tilt and experiment duration (Figs. 11 and
12). For both approaches, the median slope (1mgqpe),
geometric standared deviation of the slope distribution
(0slope), and the mean erosion rate increase with the
erosion-box tilt while the drainage density remains con-
stant. In addition, despite the exponent n=1.61, our
results suggest a linear relationship between the me-
dian slope (1ms)ope) and the erosion rate, highlighting the
combined effect of river and hillslope processes. The
main discrepancy lies in the river’s entrenchment, with
channels more deeply incised in the numerical model
because lateral erosion processes were not included in
the simulation (see 4.2).

In the previous paragraph, we presented the results
that best matched the experimental and numerical out-
comes. The 33,928 calculated models also allow us to
characterize the distribution of erosion law parameters
associated with the most likely models and to examine
their interdependence. Since the tested combinations

GEOMORPHICA | volume 2 | issue 2



GEOMORPHICA | RESEARCH ARTICLE | Dominguez et al. 2026

Figure 11 Comparison between the final topographies of experimental and numerical erosion-box models tilted by an angle a between 2.6° and 21.8°.
This comparison is based on the best agreement between the experimental and numerical model outcomes, as defined by the slope distribution, drainage
density, and erosion rate. Note that different spatial and color scales are used for the two datasets.

were randomly chosen with equal probability, studying
the 10% of models with the highest likelihood yields a
probability density function (pdf) for each model pa-
rameter (Fig. 13). The pdf s of variables obtained for the
top 5% and 10% best-fit models are similar, showing that
our results are robust. Hence, in the following, we focus
on their common features and do not discuss their mi-
nor differences.

The slope exponent n exhibits a flat distribution and
remains poorly constrained in the range between 1 and
3 (Fig. 13). In contrast, our approach provides infor-
mation for the other parameters. The MAT-V effective
settling velocity ranges between 0.1 and 10 m.yr™, indi-
cating equal contributions from transport and erosion
and a hybrid response between detachment-limited and
transport-limited behavior (Davy and Lague, 2009). The
discharge exponent m has a normal distribution with a
mean of 0.5 and a standard deviation of 0.15 (Fig. 13).
Our result suggests a fairly flat distribution for the river
substrate erodibility with a slight increase for high k.
The dependency between k and the discharge exponent
explains this result. The units of k depend on m, and a
trade-off can be observed between these two parame-
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ters with an exponential relationship (Figure S1). Con-
cerning the hillslope processes, our approach provides
strong constraints, suggesting a hillslope erodibility ky;
between 10* m.yr! and 102 m.yr! and a critical slope
S¢224° associated with the MAT-V (Fig. 13). Lastly, ex-
cept for the trade-off between m and k, our results sug-
gest no interdependency among the other erosion law
parameters (Figure S1).

Our combined approach shows that MAT-V is well-
suited to replicate the evolution of natural landscapes
governed by hillslope and river dynamics. The new
material represents a significant enhancement by ad-
dressing the main limitations of the MAT-IV, such as
low erodibility, high values for erosion/sedimentation
transition slope angle, and critical slope. Addition-
ally, our findings indicate that the m/n ratio ranges be-
tween 0.14 and 0.65, in agreement with the proposed
values inferred in nature of 0.35 to 0.63 (e.g., Whipple
and Tucker, 1999; Harel et al., 2016), whereas MAT-IV
yielded m/n = 1 (Graveleau et al., 2011).
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Figure12 Relationship between geomorphologicalfeatures characterizingthe best agreement between experimental (circles) and numerical (red squares)
models. All proxies are dimensionless. The tilt angle of the erosion box is a . The geometric standard deviation and median of the slope change distribution
observed at the surface are ogjppe and my|ope, respectively. Drainage density is estimated at each node based on the mean distance to the nearest channel
node (Tucker et al., 2001). Erosion rates are normalized to the maximum observed rate. The color scale indicates the duration of each experiment.

3 Results

The MAT-V analog material displays morphologies and
tectonic features that show significant enhancements
compared to MAT-IV material.

3.1 MAT-V model geomorphology

As for the MAT-IV analog material (Graveleau et al.,
2011, 2012), erosion and transport processes, triggered
by water run-off, entail diffusive mechanisms on hill-
slopes, incision, and lateral erosion in channels. More
energetic erosion processes, such as debris flow and
landslides, are also observed on steeper slopes (>30°).
The combination of these morphogenetic processes
generates topography characterized by entrenched val-
leys separated by ridge divides along with realistic mor-
phological features such as alluvial fans, alluvial and
erosional terraces, knickpoints, and more. When using
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the MAT-V, the local anomalous topographies observed
with the MAT-IV, such as overhangs, convex crests, flat-
bed channels, and features linked to excessive capillary
cohesion and hydraulic forces, are only rarely observed.

3.1.1 Catchments

In nature (e.g., Hovius, 1996), drainage basins in moun-
tain forelands display similar sub-parallel drainage net-
works, channel patterns (e.g., width vs length ratio),
and landforms (e.g., crests) compared to MAT-V based
models. This similarity indicates that the erosion and
transport processes in the model align with those shap-
ing natural landscapes, i.e., diffusive processes on hill-
slopes and advective transport in channels. (Fig. 14a).
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Figure13 Numerical erosion model parameters and their associated probability density functions, as obtained from the 10% (red line) and 5% (green line)
best-fitting models. The vertical dashed line represents the parameter values obtained for the best-fit model (model with Lyormalized = 1) out of the 33,928
stochastically explored. Parameters include: Vs: effective settling velocity, k: substrate erodibility, n: slope exponent, m: discharge exponent, kp;;: hillslope

erodibility, and S: critical slope.

3.1.2 Drainage network

The drainage network displays a dense and arbores-
cent geometry that compares well to natural hydro-
graphic systems when assessed using standard topolog-
ical and geometric metrics (e.g., stream order and fre-
quency, drainage density) (Fig. 14b). Natural hydrody-
namic phenomena such as antecedence, superimposi-
tion, stream piracy, and headcut erosion are also ob-
served in the model.

3.1.3 Alluvial fans

Several fan-shaped sedimentary bodies form at the out-
lets of drainage basins along the deformation front
(Fig. 14c). They develop in response to the break in
slope and drop in the transport capacity of channels that
suddenly widen when reaching the foreland basin. As
in nature, their fan shape is controlled by the sweep-
ing and divagation of distributary channels on their sur-
faces. The experimental alluvial fan slopes (1-5°) fall
within the range of values measured in mountain fore-
lands (e.g., Blair and McPherson, 2009).

3.1.4 Alluvial surfaces

Both channel and alluvial fan dynamics lead to the co-
existence of preserved alluvial surfaces intersected by
active channels (Fig. 14c). In the model, these alluvial
surfaces range from a few cm? up to a few hundred cm?,
and their thicknesses generally do not exceed a few mm
(equivalent in nature to approximately 0.05-5 km? and
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<100 m, respectively).

3.1.5 Knickpoint

Knickpoints, about 1-2 mm in amplitude (equivalent
to 10-20 m in nature), are observed along the main
channels. These features form in response to chan-
nel incision and upstream erosion driven by internal
catchment uplift and tectonically controlled base-level
changes. Knickpoints originate near the active fault
zone and migrate upstream at rates that gradually de-
crease from a few centimeter per hours to a few mil-
limeters per hour (equivalent to 1 cm to 1 mm per
year in natural settings). This retreat velocity lies in
the lower end of the spectrum compared to those ob-
served in rapidly uplifting or actively eroding land-
scapes (e.g., Crosby and Whipple, 2006; Whittaker and
Boulton, 2012).

3.1.6 Fluvial terraces

Sets of stair-step surfaces are often observed where
channels cross active faults but also in the internal parts
of drainage basins (Fig. 14c). These surfaces form in re-
sponse to localized tectonic surface deformation such
as faulting, folding, and to drainage network dynamics,
such as channel divagation, stream piracy, river bed in-
cision, that entail variations in hydraulic flows. Eleva-
tion differences between these surfaces vary from 1 to
a few mm. (i.e., 10-50 m in nature). The amplitude and
morphology of these stair-step surfaces compare well
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with uplifted fluvial terraces in active mountain fore-
land settings (e.g., Charreau et al., 2018).

3.1.7 Lake

Long-lasting or temporary lakes, along with associated
specific deposits (prograding sedimentary bodies, pa-
leo shorelines) can also be observed. Lakes develop pri-
marily in the foreland basin, but also occur in regions
with more contrasting topography, such as piggyback
basins. Occasionally, lake-drying episodes occur in re-
sponse to channel network reorganization or surface
deformation triggered by nearby tectonic activity.

3.2 MAT-V Deformation mechanisms and tec-
tonic styles

The MAT-V material develops a wide range of morpho-
tectonic structures depending on the studied geologi-
cal context and imposed boundary conditions. Under
a compressive tectonic regime, equivalent to horizon-
tal crustal shortening, MAT-V deforms through the de-
velopment of reverse faults and low-angle thrusts, often
associated with steeper conjugated back-thrusts. Extra-
dos deformation, expressed by steep, low amplitude,
normal faults network, also develops in response to
generalized folding caused by tectonic compression or
to localized folding associated with variations in fault
plane geometry.

3.2.1 Fault zone deformation

Major reverse faults appear associated with a zone of
distributed deformation extending along their surface
trace (Fig. 15a). Including folding, these zones can ex-
tend up to several tens of centimeters (equivalent to sev-
eral kilometers in nature). Different types of faults can
be observed: thrusts, conjugated reverse faults, and ex-
trados normal faults. Not all of these faults are pre-
served over a long period, and the processes of erosion
and sedimentation can mask or erase them in whole or
in part.

3.2.2 Internal model structure

Cross-sections, performed at the end of the experiment,
reveal the model’s internal deformation and illustrate
how interactions between tectonics and surface process
are recorded in the sedimentation (Fig. 15b). Distinct
units, differentiated by color (white, gray, or black) can
be identified. These are gently folded upstream and off-
set by the main reverse fault (thrust). In most sections,
secondary faults can also be observed, including extra-
dos faulting and conjugated low dipping reverse faults.
The ante-tectonic layers, deposited in a coarse, unor-
ganized manner before the experiment, appear as ho-
mogeneous gray units, textured by anthracite grains,
whereas syntectonic deposits appear lighter and display
clear stratification. Using heterogeneous grains in the
MAT-V formula (varying in size, shape, and density) fa-
vors particle sorting during transport and deposition.
Sorting occurs both vertically (lamination) and horizon-
tally (proximal to distal facies changes). This syntec-
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tonic stratification underlines key sedimentary struc-
tures, such as cut-off and downlap, which can be investi-
gated to gain insights into the evolution of sedimentary
rates, tectonic activity, and erosive phases, as previously
demonstrated by Viaplana-Muzas et al. (2015, 2018) us-
ing MAT-IV.

3.2.3 Morphological expression of the fault trace

The surface expression of faults, and other tectonic fea-
tures, depends on local erosion and sedimentation con-
ditions (Fig. 15c). At the deformation front, the fault
trace propagates through active alluvial fans, interact-
ing with these highly dynamic geomorphic features. As
observed in natural settings, the fault trace is barely
discernible within the main active drains meandering
across the fan surface, except during a short period fol-
lowing an incremental slip event (ie., an earthquake).

The co-seismic surface rupture is rapidly erased,
within a few seconds of experimental time, equivalent
to a few years or decades. In less active regions of the al-
luvial fans, a cumulative fault scarp, several millimeters
high (equivalent to tens of meters in nature), forms over
time. As in natural settings, its topographic expression
is most pronounced on uplifted alluvial and fluvial ter-
races. Their flat topographies combined with their iso-
lation from the active drainage network constitute opti-
mal conditions for fault scarp preservation.

4 Discussion

Analog modeling of landscape evolution provides a
unique tool for investigating the complex interactions
between endogenic forces (tectonic and volcanic) and
exogenic processes (erosion and sedimentation). When
analogous processes and scalings are achieved, this ap-
proach represents the most advanced methodology cur-
rently available for the simultaneous simulation of com-
plex three-dimensional geomorphic systems. Because
analog modeling can handle across both short and long
temporal and spatial scales, it opens the way to a better
understanding of how landscapes evolve and respond to
tectonic and climatic forcings. The relevance of the ex-
perimental approach is strongly dependent on the prop-
erties of the analog material, the imposed boundary
conditions, and the model monitoring techniques, and
can be further enhanced by integrating it with numeri-
cal modeling.

MAT-V represents a significant upgrade of the ear-
lier MAT-IV analog material developed to for investi-
gating relief dynamics in active tectonic settings. Its
improved geomorphological properties and rheological
characterization open new fields of application for the
study of landform dynamics. To support future studies
research using MAT-V, we address key issues related to
model scaling, as well as the strengths and inherent lim-
itations of the material.

4.1 Scaling

The primary objective of analog modeling is to study
geological processes at reduced spatial and temporal
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Figure 14 Selection of experimental morphologies obtained with the MAT-V standard composition. a) 3D view of the upper portion of a main watershed
showing crest lines and drainage divide morphologies. b) Map view of a main channel situated in the lower portion of a large catchment. Note the diversity
of sedimentary bodies distributed along the channel. c) 3D view of a large alluvial fan developing at the front of the relief area, and spreading over the
foreland basin. Several alluvial surfaces of different abandonment ages can be observed.

scales. To achieve this goal, scaling relationships are
essential for defining model parameters and extrapo-
lating modeling results to natural systems. In most
published studies on tectonic analog experiments (e.g.,
Davy and Cobbold, 1991; Mugnier et al., 1997; Graveleau
etal., 2015; Schellart and Strak, 2016; Reber et al., 2020),
the approach to constrain scaling follows a general
methodology first established by Hubbert (1937) and
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later refined by Ramberg (1981). These scaling rules,
derived from similarity theory and the fundamental
equation of dynamics for continuum medium in non-
dimensional form, are applied to define the model’s ge-
ometric, kinematic, mechanical properties, and bound-
ary conditions. When properly applied, these rules en-
sure that the model will reproduce, to a meaningful
extent, the dynamic behavior of the targeted geolog-
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Figure 15 Examples of tectonic structures and related morphologies developing during experiments using the standard MAT-V composition. a) Extensive
extrados deformation induced by reverse faulting and folding, compared to the El Asnam seismogenic fault surface morphology (Philip and Meghraoui,
1983). b) Cross-section, performed at the end of the experiment, showing the interactions between reverse faulting and syn-tectonic sedimentation. c) Side
view of a large alluvial fan crossing the thrust front, showing the morphological relationship between the fault trace generated by the last fault slip event
and the cumulative fault scarp, along with active and abandoned alluvial surfaces.

ical process (e.g., Paola et al., 2009; Weijermars and
Schmeling, 1986; Reber et al., 2020). In practice, how-
ever, rigorous scaling is rarely achieved for several rea-
sons. First, key parameters, controlling both natural
and model rheologies are often constrained with signif-
icant uncertainties. Second, our understanding of the
physical laws that govern natural processes remains in-
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complete. Third, geological processes operate over a
wide range of spatial and temporal scales, each with
distinct response times, making it virtually impossible
to replicate them all simultaneously in a single exper-
iment. Nonetheless, recent advances in analog tec-
tonic modeling (e.g., Caniven etal., 2015; Rosenau etal.,
2017), have demonstrated that reliable model scalings
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can be achieved. This raises the question: Can geomor-
phic analog models be scaled with similar rigor? And
specifically, how should MAT-V-based analog models be
scaled to accurately simulate landscape evolution pro-
cesses?

4.1.1 Spatial, mechanical and temporal scaling

The length scaling ratio (L"), which defines the ratio
between a length measured on the model and the cor-
responding distance in nature, is generally to be de-
termined first. Analog experiments investigate natural
processes and geological structures with characteristic
spatial dimensions ranging from several hundred me-
ters to hundreds of kilometers. Because experimental
devices are hosted in laboratories and rarely exceed a
few meters in length, L" is typically confined to a nar-
row range. In classical sandbox experiments investi-
gating mountain building processes, the " commonly
ranges between 10° and 10, meaning that 1 cm in the
model corresponds to 1-10 km in nature. This scaling
makes it possible to model a portion of the crust, sev-
eral hundred kilometers long within a 1 to 2 m long ex-
perimental set-up (e.g., Davy and Cobbold, 1991; Kon-
stantinovskaia and Malavieille, 2005, see Schellart and
Strak (2016) for a review). In contrast, geomorphic ex-
periments focus on smaller-scale natural features, with
characteristic lengths typically ranging from tens of me-
ters to a few kilometers. As a result, L" usually falls be-
tween 10 and 10° (1 cm in the model corresponds to
10-1000 m in nature). As detailed below, MAT-V was de-
signed to target a spatial scaling ratio of 1-2x10* (1 cm =
50-100 m), enabling the modeling a 5-10 km wide land-
scape on a 1-m long experimental device.

To constrain the rheology of the model and scale its
mechanical properties to natural conditions, Hubbert
(1937) defined a dimensionless relationship that links
the ratio of surface-to-body forces, incorporating the
previously defined length scaling factor (L"): (C”) =
p.g".L",where C", p, ¢" and L represent the model-to-
nature ratios for cohesion, density, gravity, and length,
respectively. Assuming that p" is about 0.75 (wet MAT-V
has a density of 1.7 g/cm?® and consolidated sedimentary
rocks, an average density of 2.3 g/cm?; Grant and West
(1965), g" =1 (experiments are performed in the Earth’s
gravity field), and L" = 1.3x10* in average, led to a C" of
about 10 (1 MPa in nature corresponds to 100 Pa in the
model). To determine appropriate model mechanical
properties (specifically, cohesion and angle of internal
friction for rocks in the brittle domain), it is essential to
identify relevant values for natural rock cohesion. Ge-
omechanical tests on intact consolidated sedimentary
rock indicate that cohesion values extend over a range
of a few tens of Megapascals (e.g., Krantz, 1991). These
cohesion values should not be used without some cor-
rections as bedding planes, fractures, and the presence
of weak horizons significantly reduce the effective co-
hesion of rock masses at length scales exceeding a few
tens of meters (Hoek and Brown, 1988, 1997). There-
fore, we find it more relevant to consider sedimentary
rock cohesion values in the range of 5-15 MPa when cal-
culating the corresponding scaled cohesion for the ana-
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log model. Applying the previously calculated cohesion
ratio (C" = 10™*) yields an average model cohesion of ap-
proximately 750 Pa. Finally, since the angle of internal
friction is a dimensionless parameter, scaling rules dic-
tate that it should remain the same in both the model
and nature. For sedimentary rocks, this angle typically
ranges around 30 * 5°, (e.g., Byerlee, 1978; Al-Hashemi
and Al-Amoudi, 2018). As shown in Fig. 7, the mechani-
cal properties of the MAT-V material satisfy the require-
ments mentioned above.

Depending on the material water contents (21-22%
under the experimental conditions), its cohesion ranges
from 500 to 1000 Pa and its angle of internal friction
from 24° to 33° (Fig. 7). If a different length scaling ratio
(p") is needed, such as to model a kilometer-scale land-
form using a 1 cm = 10-20 m spatial scaling, the MAT-
V cohesion should be increased to more than 3000 Pa.
Conversely, to model a 100 km long mountain front us-
ing a 1 cm = 1000 m spatial scaling, the MAT-V cohe-
sion should be reduced to below 100 Pa. Such modifi-
cations to MAT-V cohesion could be achieved primarily
by modifying the relative proportions of Silica Powder
and Microbeads and, if necessary, by adjusting those of
the other MAT-V components. However, the cohesion
of wet granular materials is inherently constrained by
physical laws, and achieving such extreme spatial scal-
ing will inevitably compromise the morphological ren-
dering of the model.

In geomorphic experiments, constraining temporal
scaling of the model is often the most challenging as-
pect. Various semi-empirical methods have been em-
ployed to address this issue (e.g., Graveleau, 2008; Grav-
eleau et al., 2012; Reitano et al., 2020, 2022, 2023; Mao
et al., 2021; Conrad et al., 2023). To estimate 7", the ra-
tio between a time interval in the analog model (T',) and
the corresponding time in nature (7',), we use the fol-
lowing equation:

V' =Vm/Vn=Lo/Tm/Lo/Tn=L'[T"
where V" is the model-to-nature velocity ratio, inferred
from average erosion and sedimentation rates mea-
sured under the imposed tectonic and rainfall condi-
tions.

Using the erosion maps, obtained from precise verti-
cal differencing measurements during the MAT-V test-
ing phase, we quantified minimum and maximum
erosion and sedimentation rates of about 1-10 mm/h
(Figs. 16a and 16b). In natural mountain foreland set-
tings, they typically range between 1-10 mm/yr (e.g., Jo-
livet et al., 2014). These values yield a velocity ratio V" of
approximately 10*. Applying this value, along with the
previously defined length scaling factor L" = 1.3x10%,
results in a time ratio 7" of approximately 10%, mean-
ing that one second in the model is equivalent to a few
years (3-5 yr) in nature.

4.1.2 Fluid dynamics

The Reynolds (Re) and Froude (Fr) numbers are dimen-
sionless parameters used to characterize the contribu-
tion of water flows to landscape dynamics and should
ideally be similar between the models and natural sys-
tems. The Reynolds number describes the ratio of in-
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Figure16 Examplesof model monitoring. a) Model morphologiesillustrating specific morphogenetic processes. b) Erosion map used to quantify local and
mean erosion and sedimentation rates. ¢) Kinematic analysis (via image correlation) used to quantify sediment transport velocities within active channels.
d) Morphometric analysis: Chi-map used to investigate watershed interactions and channel morphometric characterizations.

ertial forces to viscous forces while the Froude num- ber represents the ratio of inertial forces to gravitational
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forces. In open channels (Chaudhry, 2008), when Re
is in the range of 500-2000, the flow regime is consid-
ered transitional (inertial forces ~viscous forces), and
below 500, laminar. When Re > 5000, the flow is con-
sidered turbulent (inertial forces » viscous forces). Sim-
ilarly, when Fr < 1 (gravity-dominated inertial forces),
the regime is sub-critical or fluvial, and when Fr > 1
(Inertial forces dominate gravity), it is super-critical
or torrential (Chaudhry, 2008). Previous experimental
studies have compared these numbers in models and
in natural systems (Lague et al., 2003; Niemann and
Hasbargen, 2005; Rohais et al., 2012). In our experi-
ments, based on kinematic and topographic measure-
ments on active channels, water flow velocity, «, is 0.005
to 0.01 m/s and water flow thickness, D, is 0.001 to
0.005 m (Fig. 16c), yielding Re of ~20 and Fr of ~0.04
(using a kinematic water viscosity of 10 m?/s at 20°C).
These results show, firstly, that while Froude numbers
are broadly comparable between the model and natural
rivers (Fr < 1), this is not the case for Reynolds numbers.
Experimental Reynolds numbers consistently indicate
laminar regimes, while their natural counterparts cor-
respond to turbulent regimes (Re > 10000). This is all
the more true at small scales, where water viscosity
(and thus viscous forces) is greatly surpassed by grav-
itational forces (Niemann and Hasbargen, 2005). Ac-
cording to these criteria, the model is not perfectly dy-
namically scaled compared to natural systems. Never-
theless, the balance among the different forces in na-
ture appears to be preserved in the model: gravitational
forces dominate, while inertial forces typically exceed
viscous forces. Moreover, the morphometric character-
ization of the channels in our experiments (Fig. 16d)
closely resembles that of natural rivers in comparable
tectonic and climatic settings (e.g., Guerit et al., 2018).

4.2 Strengths and limitations of the experi-
mental approach

Analog modeling cannot fully replicate the complexity
of all natural processes and associated complex inter-
actions that govern relief dynamics. That said, mean-
ingful and relevant results, validated by morphome-
tric comparisons between the model and natural to-
pographies, can be obtained using this experimental
approach. Despite the semi-empirical basis and un-
certainties of constitutive parameters (discussed in sec-
tion 2.4), geomorphic model scaling yields consistent
results. The concept of auto-similarity is often evoked
to explain the striking analogy between experimen-
tal morphologies and their natural counterparts (e.g.,
Paola et al., 2009; Reber et al., 2020). However, as with
any modeling approach, limitations exist and must be
carefully considered when extrapolating model results
to natural systems.

4.2.1 Simulate long-term evolution

Natural landscapes result from morpho-tectonic evo-
lution spanning several million years, during which
slow and fast morphogenetic processes interact and
shape the landscapes. Based on the previously evalu-
ated time scaling, simulating such long-term evolution
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would require experiment duration of a week or more,
which is technically feasible, but logistically challeng-
ing. Setting up an initial topography based on a natural
DEM reference only partially compensates for this is-
sue. First, it is technically challenging to reproduce nat-
ural morphologies with a high level of detail manually.
Second, it is unlikely that the model would maintain the
same state of dynamic equilibrium that has shaped the
initial topography over the past million years.

4.2.2 Diffusion/incision competition

Despite significant improvements in erodibility and
morphological fineness, the geomorphic properties of
MAT-V still show some areas for improvement. One
commonly observed issue is that hillslopes deliver a
large amount of non-channelized sediments to the
drainage network, saturating the river’s transport ca-
pacity and, consequently, promoting lateral erosion
over river incision. The competition between slope dif-
fusion and river incision appears to be a key parameter
controlling the morphological evolution of both natural
and experimental landscapes. Several strategies can be
used to adjust this balance:

+ Increasing the cohesion of MAT-V by raising the
proportion of silica powder relative to microbeads
(EXP 8, where Psi/Mb=1.5; see Fig. 3) increases the
critical slope, thereby reducing the effectiveness of
slope diffusion processes and enhancing river inci-
sion. Because a stronger material is harder to erode
by non-channelized water flows, this typically re-
sults in the formation of dissected plateau evolving
into badlands-like morphologies (preserved sur-
faces dissected by deep incised channels). How-
ever, increasing material cohesion also alters the
tectonic style, making the material excessively brit-
tle.

+ Using rainfall cycles rather than continuous rain-
fall is an efficient way to enhance river inci-
sion. During the wet period, water runoffs spreads
across the whole model surface, triggering both
slope diffusion and river transport, incision, or
aggradation. At the onset of the dry period, slope
diffusion processes ceases almost instantaneously
while water continues to flow in the drainage net-
work for several seconds (up to 10 s for large mod-
els). With less sediment coming from the slopes,
the transport and incision capacity of the rivers
increases, leading to more entrenched channels.
Notably, in the model presented, water flows in
the drainage network don’t stop totally, even when
rainfall cycles include a dry period of 20 s.

4.2,.3 Transport distance

Despite the presence of low-density (<1.5) grains, such
as PVC powder, pumice powder, and anthracite, the
MAT-V composition is dominated by high intrinsic
density (~2.5) silica particles (silica powder and mi-
crobeads). These denser particles tend to reduce the
transport distance of eroded material by a factor of
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about 2, as inferred from the length/thickness ratio of
natural alluvial fans. This discrepancy is difficult to
compensate for, except maybe by using saline water in
the rainfall system to increase the buoyancy of MAT-V
particles.

4.2.4 Time of response

All these limitations can impact the dynamic equilib-
rium of the model’s topography by disrupting the re-
sponse times of some surface processes to autogenic
or allogenic forcing. For example, while knickpoints
formation is well-simulated, knickpoints migrate up-
stream rather slowly considering the model’s time scal-
ing.

4.2.5 Material stratification

To date, most geomorphic experiments performed with
the MAT-IV and MAT-V analog materials have been done
without reproducing the layering characterizing natu-
ral sedimentary formations. This certainly has an im-
pact on the morphology of the model’s surface, but
more importantly on its mechanical behavior. In Grav-
eleau (2008, Figure I11.40), Graveleau et al. (2011, repro-
duced here in Fig. 17), we demonstrated that alternat-
ing centimetric layers of MAT-IV with millimetric lay-
ers of low internal friction microbeads reduces bulk ma-
terial strength, enhances plastic strain (folding), while
promoting the propagation of the brittle deformation
(faulting).

All these observations are helpful not only for adapt-
ing the tectonic style but also for refining the mor-
phology. As previously mentioned, the MAT-V standard
composition (37.5% PSi, 37.5% Mb, 15% PVC, 10% Pp,
and 1% A) may have a diffusion coefficient that is too
high, which limits river incision capacitiy. Using a more
cohesive formulation (40% PSi, 35% Mb, 15% PVC, 10%
Pp, and 1% A) improved this issue but made the analog
material too brittle, degrading the overall tectonic de-
formation style. One solution would be to interstratify
layers of this more cohesive MAT-V formulation with a
weaker material such as silica microbeads or even PVC
powder (as previously tested with MAT-1V, Fig. 17) to im-
prove the interplay between slope diffusion and river in-
cision and decrease the bulk material resistance.

4.3 Strengths and limitations of the numeri-
cal modeling approach

The numerical approach developed using the Landlab
Python library successfully replicated the slope distri-
bution, drainage density, and erosion rate observed in
the experimental models (Figs. 11 and 12) and offers
a powerful tool for advancing our understanding of
erosive processes, in particular for assessing parame-
ters such as the substrate erodibility, the discharge ex-
ponent, the hillslope erodibility or the critical slope.
However, computation time remains the main techni-
cal limitation. The numerical models are discretized
into 101x101 grid (10,201 nodes) and launched with
2,000-12,000 time steps, resulting in computation times
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of 5-30 minutes per simulation. Running tens or hun-
dreds of thousands of models takes several weeks or
months and requires substantial computing resources,
even using Python multiprocessing modules.

Landlab’s open-source nature provides considerable
flexibility. Users can combine pre-existing process
components or implement custom formulations to de-
velop specific geomorphic laws. Numerical model we
employed uses existing laws for fluvial incision (Davy
and Lague, 2009) and hillslope processes (Carretier
et al., 2016). To reduce model complexity and asso-
ciated computing time, we made two main simplifica-
tions. First, we considered end-member models assum-
ing no critical stream power threshold to erode sub-
strate. While Ferguson (2005, 2012) proposed a method
to estimate this threshold based on grain size and hy-
draulic roughness, its value varies widely across nat-
ural environments. Second, we decided not to inte-
grate a law for lateral erosion. This law is available
in Landlab via the “LateralEroder” function (Langston
and Tucker, 2018) but requires setting additional pa-
rameters describing the potential for deposition and the
lateral-to-vertical bedrock erodibility ratio that are, to
date, difficult to assess. As a result, our models can-
not simulate channel widening beyond the mesh resolu-
tion; valley widening occurs only indirectly through the
convergence of nearby drainages. The numerical ap-
proach described in section 3.3 focused on modeling an
erosion box without tectonic forcing. However, to make
the approach more widely applicable, numerical mod-
els should be capable of simulating surface processes
and tectonic deformation. The current version of Land-
lab only allows for vertical and normal faulting and as-
sociated block uplift or subsidence. It does not yet in-
clude tectonically-induced surface deformation result-
ing from folding or reverse faulting. Future numerical
developments are needed to reproduce the complexity
of tectonic forcing and integrate natural morphogenetic
processes and couplings.

4.4 Joint analog/numerical modeling ap-
proach

Analog and numerical approaches are highly comple-
mentary, each offering unique advantages and limita-
tions. Analog models take a long time to set up and re-
quire robust scaling to relate experimental outcomes to
real-world observations. Thanks to the use of granular
materials with very fine particle sizes, analog models
allow for highly detailed morphometric analyses over
large spatial scales, often at meter resolution. Con-
versely, numerical models can be conducted directly
at natural scale and permit rapid testing of variations
in boundary conditions. Yet, they are constrained by
computational limits on mesh resolution, which re-
strict the modeling of morphological structures smaller
than several tens of meters. The joint analog-numeri-
cal approach developed in this study is innovative and
highly promising. On the one hand, numerical mod-
eling enables us to characterize parameters associated
with MAT-V that are difficult to assess in the lab, such
as the settling velocity, the discharge exponent, the hill-
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Figure17 Example of tectonic style obtained using stratified MAT-IV material (cross-section). The model deforms through faulting, folding, bedding-plane
slip, underthrusting, and the activation of out-of-sequence thrusts. Modified from Graveleau (2008).

slope erodibility, and the critical slope. On the other
hand, analog modeling enables us to test the relevance
of the erosion laws used in numerical models by provid-
ing a framework with known initial geometry, boundary
conditions, and climatic and tectonic forcings. This in-
tegrated strategy offers a powerful tool for improving
our understanding of tectonic-erosion couplings and
enhances the interpretation of natural landform evolu-
tion by bridging the gap between detailed physical pro-
cesses and large-scale landscape dynamics.

5 Conclusions

MAT-V is a promising analog material that could advan-
tageously replace MAT-1V, developed over a decade ago,
to perform geomorphic experiments investigating relief
dynamics in a wide range of tectonic contexts. Modifi-
cations made to its composition resulted in physical and
mechanical properties that have improved the morpho-
logical rendering and extended its field of applications,
notably to the short time scale of the seismic cycle.

Reducing the grain size of MAT-V components led to
a significant shift in bulk granulometry compared with
MAT-IV (Dsp reduced from 105 um to 50 ym). This
change enhanced slope diffusion, channel incision, and
material transport. It has also improved the fineness
of the modeled morphologies (drainage network, crest
lines, alluvial deposits, and tectonic structures). The
addition of pumice powder (Pp) also contributed to in-
creasing MAT-V erodibility. The microporosity of the
Pp grains promotes water retention within the material,
enhancing the loss of material cohesion induced by wa-
ter runoff.

By generating rainfall cycles, it becomes possible to
simulate specific climatic boundary conditions and ad-
just erosion rates. Alternating wet and dry periods in-
fluence the competition between slope diffusion and
fluvial incision processes, promoting deeper stream
entrenchment compared to continuous rainfall condi-
tions. Notably, MAT-V erodes 3 to 4 times faster than
MAT-1V, under rainfall rates that are 3 to 4 times lower.
This allows for daily experiments representing longer
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geological spans than MAT-1V, while using smaller and
better-scaled water flows.

Qualitative and quantitative comparisons between
model and natural morphologies, based on morphome-
tric criteria, led to the following recommended stan-
dard MAT-V composition: Mb: 37.5%, Si: 37.5%, PVC:
15%, Pp: 10%, Anthracite: <1%. Using this recipe and
an average cyclic rainfall rate of about 5-10 mm/h, a
spatial scaling of 1 cm = 100 m and 1 s = 3-5 years can
be considered relevant to model relief dynamics in tem-
perate to sub-tropical climatic conditions. Spatial and
temporal scaling are strongly influenced by the physi-
cal and mechanical properties of the analog material,
as well as by the applied boundary conditions, such as
imposed deformation kinematics and rainfall rate. Due
to the variable particle densities and cohesion values
of wet granular mixtures, typically ranging from 1.2 to
2.7 g/cm? and 500 to 5000 Pa, respectively, such analog
materials are best suited for simulating natural systems
at kilometric scales over timescales of a few million
years. Taking this information into account, model scal-
ing could easily be adapted to specific morpho-tectonic
settings by 1) changing the relative proportions of the
MAT-V components to modify its mechanical and geo-
morphic properties and/or 2) adjusting the rainfall rate
and cycle parameters.

Finally, the methodological approach of combin-
ing experimental and numerical modeling has proven
highly effective for constraining parameters that are dif-
ficult to assess experimentally. Using this approach,
the MAT-V geomorphic parameters related to river in-
cision and hillslope processes were well constrained,
thereby providing key parameters for further adapta-
tion of the MAT-V scaling to specific tectono-climatic
settings. Concurrently, some issues related to the nu-
merical simulation of morphotectonic processes, such
as lateral river erosion and the surface expression of
faulting, have been identified and are currently being
addressed. This mutually beneficial approach is cer-
tainly expected to develop further in the coming years,
supported by continuous improvements in computa-
tional performance and advances in our understanding
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of geomorphic process dynamics.
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