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Abstract

The growth of relief in active tectonic areas is mainly controlled by the interactions
between tectonics and surface processes (erosion and sedimentation). The study of long-lived
morphologic markers formed by these interactions can help quantifying the competing effects
of tectonics, erosion and sedimentation. In regions experiencing active extension, river-long
profiles and faceted spurs (triangular facets) can help understanding the development of
mountainous topography along normal fault scarps. In this study, we developed analogue
experiments that simulate the morphologic evolution of a mountain range bounded by a
normal fault. This paper focuses on the effect of the fault slip rate on the morphologic
evolution of the footwall by performing three analogue experiments with different fault slip
rates under a constant rainfall rate. A morphometric analysis of the modelled catchments
allows comparing with a natural case (Tunka half-graben, Siberia). After a certain amount of

fault slip, the modelled footwall topographies of our models reaches a dynamic equilibrium



(i.e., erosion balances tectonic uplift relative to the baselevel) close to the fault, whereas the
topography farther from the fault is still being dissected due to regressive erosion. We show
that the rates of vertical erosion in the area where dynamic equilibrium is reached and the rate
of regressive erosion are linearly correlated with the fault throw rate. Facet morphology seems
to depend on the fault slip rate except for the fastest experiment where faceted spurs are
degraded due to mass wasting. A stream-power law is computed for the area wherein rivers
reach a topographic equilibrium. We show that the erosionnal capacity of the system depends
on the fault slip rate. Finally, our results demonstrate the possibility of preserving convex
river-long profiles on the long-term under steady external (tectonic uplift and rainfall)

conditions.

1. Introduction

In tectonically active settings, interactions between crustal deformation and surface
processes related to climate control the growth of relief in space and time (e.g., Beaumont et
al., 1992; Willett, 1999; Burbank and Anderson, 2001; Pelletier et al., 2010). As shown by
several studies (e.g., Hack, 1960; Avouac and Burov, 1996, Roe et al., 2006), after a
transitional phase of relief maturation, tectonic uplift and erosion tend to balance each other
and relief morphology reaches a topographic equilibrium. Despite the destructive effect of
erosion, some morphological markers, such as uplifted erosionnal or alluvial surfaces, are
preserved and reflect the competing effects of erosion and tectonics (e.g., Avouac, 2003; Roe
et al., 2006). However, most of these markers record the deformation over a few hundreds of
ka that does not allow assessing the long-term relief evolution (several Ma). The analysis of
long-lived topographic markers is therefore needed to provide quantitative data to better
constrain the competition between tectonics and erosion on the long-term. Amongst these

markers, faceted spurs (or triangular facets) are frequently observed along active faults and



are typically associated with normal fault scarps (e.g., Davis, 1903; Cotton, 1950; Birot, 1958;
Burbank and Anderson, 2001). More rarely, they can form also along active fold limbs where
they are associated with fold scarp formation (e.g., Hubert-Ferrari et al., 2007). In extensional
contexts, faceted spurs develop in response to progressive subsidence of the hanging-wall and
uplift of the footwall coeval with incision by fault-perpendicular drains (Figure 1). Their
shape seems controlled by the progressive exhumation of the fault plane which is then
submitted to surface erosion processes (e.g., Wallace, 1978; Petit et al., 2009a). Triangular
facets are observed all over the world throughout various lithologies, climates and fault slip
rates like in the Basin and Range (e.g., Davis, 1903; Hamblin, 1976; Wallace, 1978; Ellis et
al., 1999; Depolo and Anderson, 2000; Zuchiewicz and McCalpin, 2000; Densmore et al.,
2004), in the Baikal rift (e.g., San’kowv et al., 2000; Petit et al., 2009b), in the Aegean region
(e.g., Armijo et al., 1991, 1996; Meyer et al., 2002; Ganas et al., 2005), in Tibet (e.g., Armijo
et al., 1986; Mahéo et al., 2007), in New-Caledonia (e.g., Lagabrielle and Chauvet, 2008) and
in the Pyrenees (e.g., Carozza and Baize, 2004). Exceptions arise in very dry areas, like the
Afars, or for very low throw rates (e.g., DePolo and Anderson, 2000) where faceted spurs do
not develop or are not preserved. River-long profiles are other interesting markers of active
fault dynamics. Many studies have shown that in the case of a transient tectonic or eustatic
stage, river-long profiles evolve from a concave shape to a convex one with a more or less
pronounced knickpoint (e.g., Cowie et al., 2006; Loget et al., 2006; Harkins et al., 2007;
Whittaker et al., 2008; Valla et al., 2010). The evolution of river-long profiles is often
investigated by the analysis and the correlation of fluvial terrace levels (e.g., Merritts et al.,
1994). However, their poor preservation over more than hundred of ka makes difficult to
study the long-term relief.

Understanding how the morphological markers form, evolve, and record deformation

may nonetheless help constraining active deformation kinematics and climate variability (e.g.,



Burchfiel et al., 1999; Montgomery et al., 2001). In this perspective, numerical or
experimental approaches can be useful to study the evolution of the morphology. For
example, considering numerical models using common incision laws, Petit et al. (2009a and
2009b) demonstrate that, for a given rainfall, linear relationships can be established to link
facet slope, facet height and fault throw rate. However, the stream power law (e.g., Howard et
al., 1994; Whipple and Tucker, 1999) used in these models to generate river incision is more
adapted to large-scale reliefs than to small-scale active tectonic settings where other processes
like landslides, debris flow or hillslope processes contribute to the evolution of the relief
(Densmore et al., 1998).

Complementary insights on how active tectonics and erosion laws interact can be also
provided experimentally. In analogue models, erosion, transport and sedimentation processes
are triggered by spraying water micro-droplets on a specific water-saturated analogue
granular material. This approach has been extensively used to study the interactions between
tectonics, erosion and sedimentation (e.g., Hasbargen and Paola, 2000; Pelletier, 2003;
Bonnet and Crave, 2003, 2006; Lague et al., 2003; Babault et al., 2005; Niemann and
Hasbargen, 2005; Graveleau and Dominguez, 2008; Bonnet, 2009; Paola et al., 2009 for a
thorough review). In most studies, tectonics was simulated by an overall constant uplift rate
equivalent to long wavelength regional uplift or base level subsidence. Graveleau and
Dominguez (2008) introduced more realistic deformation mechanisms allowing for thrust
fault formation to study the evolution of active foreland morphology, hence allowing
differential uplift and deformation propagation.

In this paper, we present the results of explorative experimental modelling, based on
the experimental protocol of Graveleau and Dominguez (2008) applied to the study of active
normal faults. Our objectives are to document quantitatively the morphometric evolution of a

normal fault escarpment and investigate, for a given rainfall rate, the impact of different fault



slip rates on the morphologic evolution of the models as well as on the couplings between

erosion and tectonics.

2. Methodology
2.1. Experimental set-up and boundary conditions

The experimental set-up is adapted from Graveleau and Dominguez (2008). It is
composed of a deformation device, a rainfall system and a laser interferometer used to
monitor the topography of the model through time (Figure 2). The deformation device is
composed of two plates (total size 130 x 100 cm) representing the footwall and the hanging-
wall of a normal fault (size 100 x 60 cm and 100 x 70 cm, respectively). The footwall (upper
plate) is maintained fixed while the hanging-wall (lower plate) can move along a
predetermined normal fault plane that separates the two plates. Due to technical constrains,
the maximum fault slip is limited to 10 cm. This simple configuration has been tested and
improved to better simulate the hanging-wall subsidence and river base level drop.
Consequently, we adapt on the mobile plate a flexural tray to simulate the downward tectonic
flexure of the hanging-wall (e.g., Armijo et al., 1986; Figure 2). In terms of boundary
conditions, this configuration is more realistic than a simple horizontal plate subsiding
uniformly but requires an additional scaling to constrain the flexural deformation of the
hanging-wall basement through time (buckling/bending and wavelength, see section 2.3.).
The boundary that separates the two plates dips at 60° and controls the dip of the fault plane
where propagating throughout the analogue material toward the surface. The slip rate and
azimuth of slip are controlled using two computerised stepping motors linked to
perpendicular linear guideways ensuring an accurate control on the fault kinematics. In this
paper, we simulate a continuous dip slip normal fault displacement. The rainfall system is

made up of 4 sprinklers that diffuse water micro-droplets homogeneously (26 + 4 mm/h ) over



the footwall and the hanging-wall plate (the subsiding basin). The data acquisition system is
composed of a laser interferometer coupled to CCD cameras to measure the topography of the
model and to record morphology evolution. The laser interferometer provides Digital
Elevation Models (DEMs) at different key stages of the experiment with a spatial resolution
of 0.5 mm and a precision better than 1 mm rms. During data acquisition (about 15 minutes),

tectonics and rainfall are stopped.

2.2. Analogue material

The analogue material used in our experiments to model natural rocks is directly
derived from the wet granular mixture used by Graveleau and Dominguez (2008) and
Graveleau et al. (accepted) to model tectonic-erosion coupling in an active foreland.
However, to improve the modelled morphology and especially to enhance hillslope diffusion
versus river incision, slight modifications in material composition were made (Table 1),
resulting in slight modifications of its physical parameters. The new analogue material is
made of glass microbeads (40 %), silica powder (35 %), plastic (PVC) powder (23 %) and
graphite powder (2 %). The use of a PVC powder with a smaller grain size decreases the bulk
granulometry of the mixture and increases the distances for transport of river sediments. The
increase of the proportion of the PVC powder and the decrease of that of the silica powder
allow decreasing the cohesion of the material in order to better simulate the behaviour of
rivers at small scale. Indeed, a decrease in material cohesion yields an increase in the
transport capacity of rivers, in turn related to an increase of hillslope processes. The physical
parameters of this new granular mixture were measured using dedicated devices available at
Geosciences Montpellier laboratory. Amongst those, we used a modified Hubbert-type direct
shear apparatus (Graveleau et al., accepted; see their figure 5) to measure internal friction and

cohesion of dry and wet granular materials. Measurements were made using a water



saturation of 20+/-1 % which is the average water saturation of the analogue material under
the experimental conditions. Internal friction coefficient, cohesion, density and median grain
size of the analogue material are respectively: ¢ = 35+/-2°, C = 600+/-100 Pa, d = 1.6+/-0.1
g/em’, Dso = 80+/-5 um. Erodability properties of the analogue material are close to those of
the mixture used by Graveleau and Dominguez (2008), despite a slight increase of the

erodability due to the slight decrease in cohesion, as previously discussed.

2.3. Scaling of experiments

Previous works have shown that a reasonable scaling can be achieved considering
several proportionality ratios between model and nature parameters (e.g., Hubbert, 1937,
1951; Horsfield, 1977; Shemenda, 1983; Richard, 1991; Davy and Cobbold, 1991; Cobbold
and Jackson, 1992). Accordingly, an analogue model is properly scaled if it respects
geometric, kinematic and dynamic similarity criteria. Since inertial forces can be neglected in
nature and in our experiments, and considering that natural rocks and granular analogue
materials deform according to the Mohr-Coulomb failure criterion, the similarity criteria to be

considered are :

L= Lm/'Ln  for the geometric criterion (1)
F=C0r=0*g*L* {5 the dynamic criterion ).
L*, §*, C*, d*, g* are model to nature ratios for length, stress, cohesion, density and gravity
respectively. Lm and L7 are characteristic lengths in models and in nature, respectively. For
natural rocks, internal friction and cohesion values range between 20-40° and 5-180 MPa,
respectively (Byerlee, 1978; Lama and Vutukuri, 1978). Note that according to the scaling
theory, the internal friction coefficient of the analogue material should be equivalent to those
of natural rock. Considering the physical and mechanical properties of the analogue material

(see 2.2), a mean natural rock density of ~2500 kg/m®, a mean natural rock cohesion of ~40
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MPa and using equations 1 and 2, we estimate a mean length ratio of L*=2.10", so 1 cm in
the model represents 500 m in nature. This ratio is close to the value estimated by Graveleau
et al. (accepted) but should be nonetheless used with caution considering the limits of the
scaling theory and the uncertainties on natural rocks and analogue material physical
parameters. However, we consider that the scaling method described above allows for a first
order estimation of the model to nature spatial ratio good enough to extrapolate experimental
quantitative results to nature.

As mentioned by Paola et al. (2009), a fully dynamical scaling in morphodynamic
experiments is elusive. According to the dynamic criterion, the fluid used in the experiments
(i.e., water) has a too high kinematic viscosity to be compatible with the Reynolds
dimensionless variable. Indeed, Reynolds number measured in natural rivers is high (Re >
106; Malverti et al., 2008), indicating that turbulent behaviour is dominant whereas it is low in
analogue models (Re < 500; Graveleau et al., accepted), indicating a laminar behaviour.
However, the other dimensionless variable, the Froude number, is not affected by this
discrepancy and appears to be equivalent in nature and in analogue models (from 0.2 to 0.6
and from 0.01 to 1, respectively). This indicates that the ratio between gravitational forces and
viscous and inertial forces is respected (e.g., Niemann and Hasbargen, 2005). As noticed by
Malverti et al. (2008), laminar and turbulent flows in analogue experiments give river-long
profiles that are governed by identical dimensionless equations and therefore follow the same
dynamics. Thus, we consider that the long-term dynamics/behaviour of natural rivers is well
simulated in our analogue experiments.

Evaluating time scaling is a difficult task because the morpho-tectonic processes (e.g.,
fault slip, fluvial incision, sediment transport and hillslope processes) that shape natural and
modelled topographies occur over several orders of velocities. This feature complicates the

determination of dimensioning equations compatible with all these processes. Achievable



time scaling requires also to neglect inertial forces, which would not be possible if we aimed
at reproducing the short-term behaviour of natural fluid flows. In our experiments, fluid flows
locally produce small accelerations which can be neglected because their impact on the
topography is weak. Moreover, considering the large time span of landscape evolution which
we seek at reproducing and the spatial scaling of our models, we can assume that water and
eroded sediments in nature are routed down at an almost constant velocity in a laminar flow.
Therefore, accelerations are small enough to neglect inertial forces. Finally, model rheology
cannot help constraining the time scaling because the mechanical properties of the analogue
material (Mohr-Coulomb mechanical behaviour) can be considered as time-independent
under our experimental protocol.

Based on these considerations, we propose a simplified solution where time scaling
can be reasonably estimated by comparing long-term erosion rates in the models and in
nature. To achieve this goal, we use two similarity criteria that include time and velocity (e.g.,

Hubbert, 1937):

T*=1Tm/ Tn for the kinematic criterion

€)

Lm/ Tm:L*/T*

V*=Vm/ Vn=————
Ln/Tn for the similarity of velocities

4).

7* and I/* are model to nature ratios for time and velocity, respectively. Tm and 77 are

characteristic times in models and in nature, respectively. Vm and I/n1 are velocities in models

and in nature, respectively. In our experiments, we measure catchment-averaged denudation

rates ranging from 1.4 to 5.4 £ 0.5 mm/h. In nature, catchment-averaged denudation rates on

normal fault footwalls have been determined for the Weber and the Salt Lake City segments

of the Wasatch fault (e.g., Stock et al., 2009) using cosmogenic radionuclide analysis. Stock



et al. (2009) found a mean long-term denudation rate for all catchments of about 0.2 mm/yr,
consistent with those obtained by Densmore et al. (2009) in a similar study in the Basin and
Range and by Cowie et al. (2006) which use a numerical modelling approach scaled from an
Apennine natural case. They are also in the same order than the long-term hillslope erosion
rate found by Tucker et al. (2011) on facet slopes of the Magnola fault (Apennines). We use
then the mean denudation rates for the Wasatch fault of 0.2 mm/yr to compare with our
experiments. Considering the length scaling calculated previously (see 2.2) and using the
equation (4), we estimate that 1s in the model is equivalent to 65 to 375 years in nature.
Keeping in mind the difficulty of a fully dynamical scaling, we arbitrarily assume that 1s
equals 200 years. Thus, the topography of the experiments would approximate natural long-
term landscapes ranging between 1,5 Myr and 6 Myr well within the known ages of mature
normal fault systems. Finally, to constrain the geometry and the kinematics of the hanging-
wall flexure, we used both available numerical models and natural examples (e.g., King et al.,
1988; Stein et al., 1988) and the well-documented geometry of the flexure of the Xylokastro

fault in the Corinth Rift (see figure 23 in Armijo et al., 1996).

2.4. Experimental dataset

We performed three experiments with fault slip rates of 3, 6 and 12 pum/s (comparable
to about 0.75, 1.5 and 3 mm/yr in nature according to model scaling) and a constant rainfall
rate of 26 = 4 mm/h (in the lower range of rainfall rates used by Bonnet and Crave, 2003,
2006; Lague et al., 2003; Babault et al., 2005; Niemann and Hasbargen, 2005; Graveleau and
Dominguez, 2008). 8 DEMs were computed for the 3 and 6 pm/s experiments and 4 for the
12 um/s experiment. A DEM of the initial 1° tilted flat surface is also acquired before onset of
each experiment. The DEMs were acquired at similar values of fault slip (fault displacement)

to facilitate comparisons between the three experiments (Table 2). For each experiment we
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first describe qualitatively the morphological evolution of the topography, focusing on the
growth of the drainage network and faceted spurs. Second, we present a quantitative analysis
of the DEMs to extract morphometric characteristics and quantities (slope and height of
facets, local river slopes, drainage areas, amount of eroded material). We also attempt to
evaluate the effects of incision and diffusion processes by quantifying the amount of eroded
material along rivers and crests. For that purpose, instantaneous and finite erosion rates were
approximated as the difference in the amount of erosion between two successive DEMs and

between the initial and the final DEMs, divided by the corresponding time span, respectively.

3. Results

The modelled landscapes succeed in developing the main morphological features
commonly observed along normal fault scarps: faceted spurs, drainage basins and alluvial
fans. To evaluate the degree of morphological similarities between our models and natural
landscapes, we first analysed qualitatively relief evolution, then, we determined quantitatively

the geometric relationships that characterise the different morphological features.

3.1. Evolution of morphology

The three models share the same general morphological evolution. The hydrographic
network first develops along the fault trace as dense fault-perpendicular gullies. This incipient
drainage network rapidly connects to a main fault-parallel drainage running on the subsiding
hanging-wall (Figure 3 and 4). The position of the fault-parallel drainage is controlled by the
subsidence of the material overlying the flexural tray and by the position of the lateral outlets
of the model. This defines the local river base level which controls footwall river incision
during the experiment. On the footwall, regressive erosion associated to river incision digs

fault-perpendicular valleys separated by intervening parallel topographic ridges. Close to the

11



fault trace, each crest line splits into two oblique crests (i.e., the facet edges) trending a few
tens of degrees (20° on average) apart from the main crest line direction. They delimit a
triangular facet which geometry evolves during the experiment. The surface of the triangular
facets is progressively carved by hillslope processes inducing a rapid erosion of the exhumed
fault plane. Consequently, triangular facets in our models do not display a typical convex
shape but rather a concave one. Despite significant erosion of the facets, their edges are
sufficiently preserved during the experiments so the evolution of faceted spur geometries can
be tracked. The dissection of the initial flat topography spreads progressively upstream while
alluvial fans develop downstream in response to flexural subsidence (Figures 3 and 4). The
topography evolves from small and narrow catchments localised atop the fault scarp to wider
catchments propagating upstream on the initial flat surface (Figure 4). At the beginning of the
experiments, small trapezoidal facets grow in response to incision occurring in small
catchments. At the same time, sorted particles are deposited in growing alluvial fans
downstream the fault. The small drainage basins progressively merge in response to
regressive erosion, inducing a decrease in the number of facets, fault-perpendicular crest lines
and catchments. In the next stage, once a stable number of facets and catchments is reached
(typically 6 to 8), the evolution of the morphology is dominated by the elongation of the fault-
perpendicular drains and the subsequent incision of the upstream relief which becomes more
dissected. The alluvial fans prograde on the hanging-wall inducing the migration of the fault-
parallel river and defining the local base level away from the fault trace.

Comparing the final stages of the three experiments, several morphological differences
can be evidenced (Figure 5). First, for the 3 pum/s experiment, the length of the main drains is
significantly longer because regressive erosion has more time to propagate upfault when the
fault slip rate is slow. Mean values of headward erosion rates are 0.012, 0.022 and 0.04 mm/s

for the slowest to the fastest experiment. Thus, the higher the fault slip rate, the faster the
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headward erosion rate. This first-order difference indicates that tectonic and erosion rates are
closely coupled because the ratio between this migration retreat rate and the throw rate is
constant (4+/-0.25) whatever the slip rate. Second, the relief along the fault scarp is less well
preserved for the fastest experiment. For this experiment, the drainage network is not
sufficiently developed to provide enough sediment required to fill the hanging-wall basin, and
then to maintain reasonable slopes in the footwall. Consequently, mass wasting is enhanced at
the scarp front preventing a good preservation of faceted spurs. Third and by contrast, the
relief displays smaller details for the slowest experiment because for a given fault slip, the
amount of rainfall is more important. Finally, the regional slope (i.e., the model long

wavelength topographic gradient) is higher when the fault slip rate is faster.

3.2. Quantitative analysis

3.2.1. Measurements

For each experiment, fault-perpendicular topographic profiles were extracted from the
DEMs and compared to erosionless theoretical topographic profiles (Figure 6). We analysed
topographic profiles running either along river beds, along facet edges or cutting the facets in
the middle to extract facet heights (Hy) , averaged facet slopes (S¢) and local river slopes (S;)
(Figure 3c and 6). We also plotted fault-parallel topographic profiles at several distances from
the fault to quantify the amount of eroded material along rivers (HR;) and crests (HR.). We
also extracted the upstream drainage area (A), the upstream length (L) and the local slope
along the main channels (S;). We first studied footwall topographic evolution throughout
different morphological characteristics (i.e., hypsometry, river-long profiles, slope-area
relationship, morphometric characteristics of faceted spurs). Second, we investigated how
normal fault slip influences the rates of erosion in the footwall for the three experiments

performed with different fault slip rates.
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3.2.2. Drainage basins morphometric analysis

Similarities with natural field data are analysed using ASTER satellite DEMs of the
Tunka half-graben (South-west of the Baikal Rift) using the Rivertools ® software. ASTER
DEMs have a spatial resolution of 30 m and a vertical precision of about 15 m, good enough
to measure the geometry of the faceted spurs that develop along the North-Tunka active
normal fault. The cumulated throw is about 5000 to 5600 m and the average geological throw
rate of about 0.2 mm/yr (McCalpin and Khromovskikh, 1995; Larroque et al., 2001;
Arjannikova et al., 2004). We also compare our results with other natural cases available in
the literature (e.g., Hurtrez et al., 1999; Snyder et al., 2000) and with analogue models (Lague
et al., 2003; Bonnet and Crave, 20006).

Hack’s law (Hack, 1957) is a well known morphometric benchmark that defines the
relationship between main river length and upstream drainage area. For all the DEMs
extracted from the three experiments, the same power law fits the data stemming from all the
drainage basins (Figure 7). It is thus independent of the fault slip rate, as already proposed by
Montgomery and Dietrich (1992) and Hurtrez et al. (1999) using field data. In our
experiments, the Hack exponent is of 0.48, which is close to the value of 0.49 computed in
experiments by Lague et al. (2003). It is also in the range of values obtained for natural basins
(e.g., Hack, 1957; Montgomery and Dietrich, 1992), including the value of 0.52 for the Tunka
mountain range (Figure 7b). This analysis indicates that models are characterized by a
drainage network organisation comparable to nature.

We derived hypsometric curves for all the drainage basins of the modelled footwalls
using each extracted DEM (Figure 8a). The hypsometric curve represents the relative
proportion of the model surface situated above/below a given height (Strahler, 1952). It has

been shown that active reliefs typically display a S-shaped hypsometric curve with a high
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hypsometric integral (i.e., the area below the curve) whereas it is more concave with a lower
integral for reliefs in declining equilibrium (e.g., Willgoose, 1994; Hurtrez et al., 1999). All
our experiments display a convex hypsometric curve pointing to the large proportion of high
elevations due to the preservation of the initial plateau. Comparing with the footwall of the
Tunka mountain range, the hypsometric curve is more S-shaped and has a lower normalized
integral than that for the experiments. Through time, the experimental curves remain convex
for the 3, 6 and 12 um/s experiments up to 7200, 14400 and 21600 s respectively, because the
main river heads are continuously migrating toward the boundary of the sandbox, and are then
permanently rejuvenated. For the 3 pum/s experiment at a more advanced time (28800 s), the
hypsometric curve becomes more S-shaped and comparable to the Tunka natural case. This
indicates that the drainage network is more mature due to the entire dissection of the plateau.
For a given fault slip (45.6 and 91.3 mm) and consequently for three different times, the
longer the time the more dissected the topography (Figure 8b). As anticipated, an important
parameter that controls the dissection of the relief is the duration of rainfall. For a given time
(7200 and 14400 s) and consequently for three different fault slips, the faster the fault slip rate
the more dissected the topography (Figure 8c). Another important parameter that controls the
dissection of the relief is the fault slip rate. However, one can notice that the curves of the 3
and 6 pm/s experiments at 7200 s are very close while they diverge at 14400 s. These results
likely show a threshold effect of the topographic gradient, which becomes apparent between
the fault slips 45.6 and 91.3 mm.

In our analogue models, river-long profiles typically exhibit a convex shape (Figure
9). This is also the case for the main rivers of the Tunka mountain front (Figure 9c¢,d), except
at channel heads where the river-long profiles become concave. This slight difference with
nature is due to the initial planar surface and to the lack of a fault-parallel drainage divide on

the model footwall. Indeed, the main river heads are permanently migrating toward the
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boundary of the sandbox and thus, are permanently rejuvenating while in the field example,
they are fixed because they have reached the drainage divide. The evolution of river-parallel
topographic cross-sections displays a progressive base level fall when the altitude reference
point is on the top of the footwall (Figure 10a). The base level corresponds to the position of
the fault-parallel river in the hanging-wall (Figure 6). When the relative altitude of the base
level is fixed, the evolution of these profiles shows that a topographic equilibrium is reached
for the last DEMs up to about 10 cm upfault (Figure 10b). Therefore, in this area, erosion and
tectonics balance each other in riverbeds.

Finally, we analysed the relationship between local river slope and upstream drainage
area (e.g., Hack, 1957; Snyder et al, 2000; Montgomery, 2001; Lague et al., 2003). In our
experiments, this correlation is linear (Figure 11) due to the convexity of river-long profiles,
whereas a power-law relationship is observed in many different geologic settings (e.g., Hack,
1957; Snyder et al., 2000 and references therein) and in the experiments performed by Lague
et al. (2003) and Bonnet and Crave (2006). Moreover, the slope-area relationship computed
for our models is inverted (slope increases with upstream drainage area) compared to that
predicted with the stream power law (Montgomery, 2001). Comparing the slope-area
relationship between the three models, we observe that it is dependent on the fault slip rate.
Indeed, both slope and Y-intercept of the linear correlations increase with the fault slip rate.
This effect is also described in natural settings (Snyder et al., 2000) and in experimental
modelling (Lague et al., 2003). This observation that highlights the impact of the fault slip

rate on the river bed slope will be discussed further (3.2.5).

3.2.3. Faceted spurs morphometric evolution
To study the morphometric evolution of faceted spurs through time we analyze the

relationships between their geometry (slope and height) and the fault slip for the three
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experiments (Figure 12). Mean facet slope (Sy) increases at the beginning of the 6 um/s
experiment and remains stable (around 22°) after a cumulated fault slip of 45.6 mm (Figure
12a). For the two other experiments, the mean facet slope reaches equilibrium values of 17°
and 22° for the 3 um/s and 12 um/s experiments, respectively. Facet slope appears to scale
with fault slip rate for the 3 um/s and 6 pm/s experiments. This is not the case for the 12 um/s
experiment, which displays mean slopes close to that of the 6 um/s experiment. This is due
either to enhanced erosion (hillslope processes and mass wasting) possibly triggered under
such a rapid fault slip rate or to the threshold slope from which hillslope processes are
activated (Montgomery, 2001).

Mean facet height (Hy) appears to be proportional to the cumulated fault slip (Figure
12b). For the slowest experiment, facet height increases at the beginning of the experiment,
and stabilizes at about 18 mm. Facet height reaches 28 mm at the end of the 6 pum/s
experiment. The apparent stabilization of the facet height at the end of this experiment
suggests that the value of 28 mm is close to the steady-state value. Here again the 12 pm/s
experiment displays a different behaviour with smaller facets. For this experiment, because
the fault scarp undergoes strong erosion, it is difficult to seek for a precise relationship
between fault slip rate and facet height or slope. The stabilization of the facet height at the end
of the experiments indicates that, for a given distance from the fault, the erosion rate in the
rivers equals the erosion rate on the crests. Indeed, the height between the summit of a crest

and the riverbed remains constant and indicates that a local equilibrium is reached.

3.2.4. Effect of fault slip rate on erosion
We compute, for the mains drains and along the crests, the averaged erosion rates
cumulated over the whole experiment and the averaged erosion rates between two successive

DEMs. The former corresponds to the height of removed material since the beginning of the
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experiment (HR) divided by the total time T (Figure 6). It is equivalent to erosion rates
averaged over large time spans as often measured in the field. The latter is defined as the
height of removed material between two successive DEMs (AHR) divided by the
corresponding time span (At). It may be considered as an approximation of the instantaneous
erosion rate. We analyze these measurements at several distances from the fault trace along
the main drains and along the crests which correspond to the facets edges.

At the beginning of the experiments, at 20 mm upfault (Figure 13a,b), the erosion rate
increases rapidly in the drains to reach a constant value, while it appears to be delayed
upstream (up to 20-40 mm fault slip) due to the propagation of regressive erosion (Figure
13c,d). Erosion on the crests is delayed compared to erosion in the drains but once initiated, it
reaches rapidly a comparable value. This observation suggests that the river dynamics (river
bed incision) controls the hillslope processes, which in turn govern the evolution of the crests.
As already suggested by the stability of the facet height during the last stages of the 3 pm/s
experiment (right part of the green curve on Figure 12b), the erosion rates in the drains and on
the crests become identical up to 80 mm upstream from the fault (right part of the blue and
green curves on Figure 13b,d). We thus infer that, at this stage, the interactions between
tectonics, hillslope and river processes have reached dynamic equilibrium (or a steady state)
up to 80 mm upfault. This agrees with the equilibrium profile of rivers observed for the latest
stages of the experiments up to 100 mm (Figure 10). This equilibrium is reached for the 3
um/s and 6 pum/s experiments but it is less obvious for the 12 um/s one where AHR/At along
the crests is higher than AHR/At along the drains at the final stages (Figure 13b,d). This is
again related to the drastic erosion of the mountain front that characterizes this experiment.
Finally, the most outstanding result is that erosion increases with fault slip rate. This allows
determining a constant ratio of 0.35+/-0.02 between erosion rate (mm/s) and fault throw rate

(mm/s) 20 mm upstream from the fault. This reflects the relative height of the footwall
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submitted to erosion due to the dynamics of the sedimentary basin (i.e., due to the base-level
dynamics). When examining the relationship between the averaged erosion rate and the
distance upstream from the fault (Figure 14), a linear correlation is evidenced for the drains.
Both slope and Y-intercept of the linear correlations increase with the fault slip rate. The
slope of the linear correlations characterizes the long-term topographic gradient of the
footwall, which is higher when the fault slip rate is faster. The Y-intercept represents the
long-term erosion rate close to the fault, which is linked to the fault slip rate. Along the crests,
HR/T decreases rapidly upfault to zero where the crests merge with the pristine plateau
(Figure 14), progressively dissected in response to regressive erosion.

These results demonstrate that erosion rate in the drains depends closely on the fault

slip rate and influences hillslope processes and the overall morphology of the model.

3.2.5. Link between local slope, drainage area, erosion rate and fault slip rate

To evaluate the influence of the local slope and the drainage area on the incision rate,
we compute relationships between measured river erosion rates versus upstream drainage area
(4) and versus local river slope () respectively (Figures 15a,b). The variables can be adjusted
by a power law relationship.

Generic incision laws used in numerical models include local river slopes S and upstream
drainage area A, which are linked to the incision rate (e.g., Howard et al., 1994; Whipple and
Tucker, 1999). The incision rate law, also called stream power law is of the form:

E=K.A".S" (5)
where K is a dimensional coefficient of erosion and where the exponents m and n depend on
global climate parameters. We aim at examining this empirical relationship in the light of our
experimental results (Figure 15¢). We are aware that our models do not reach a global steady-

state everywhere, in particular for the 6 and 12 pm/s experiments where the pristine plateau is
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not entirely dissected. However, a local steady state is reached in the rivers for the three
experiments up to 10 cm upfault. By computing best fitting laws for relationships between
measured river erosion rates versus AxS (Figure 15¢), we observe that the stream power law
is respected with m=n=1. Indeed, in each experiment the incision rate is a linear function of
the stream power, with a linear coefficient linked to the fault slip rate (Figure 15c). As for the
slope-area relationship, the positive correlation between incision rate and fault slip rate is
related to a general increase in mean river slopes with increasing fault velocity. The slope
coefficient relating the incision rate to the 4xS product (K in equation 5) increases with the
fault slip rate (Figure 15d) following an empirically determined relationship such as:
K=alV.exp(b) (6)
Where ¥ is the fault slip rate, and a and b are equal to 2.10” and 128, respectively.
If sediments where not deposited in the piedmont, the ratio between incision and tectonic
uplift (throw) on the long-term would equal 1 close to the fault. In our experiments, the ratio
between the incision rate near the fault and the throw rate closes to 0.42+/-0.04. This is due to
the aggradation downfault (hanging-wall basin) which suggests that the sedimentation fills
approximately 3/5 of the vertical space created by the fault kinematics. This result suggests
that piedmont sedimentation plays a major role in the dynamic evolution of the footwall
because it reduces the tectonic uplift by modifying the elevation of the base level (Babault et

al., 2005).

4. Discussion
4.1. Couplings between slip rate and erosion rates
Our results evidence important couplings between the fault slip rate and the morpho-

dynamics of the model.
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We first highlight a linear relationship between the throw rate and the regressive erosion rate
(headward erosion rate, Figure 5), a point that could be tested in natural settings.

Moreover, our models indicate a strong control of the fault throw rate on the vertical erosion
rate (Figures 13 and 14). Rivers respond quickly to tectonic perturbations, dissecting the relief
until reaching a stable incision rate balancing the relative tectonic uplift. After some time,
river incision triggers the activation of hillslope processes which tend to equilibrate with the

river incision rate to maintain a constant slope (around 20° on average).

4.2. The preservation of long-term convex river-long profiles

An unexpected result is the preservation of the convex shape of experimental river-
long profiles (Figure 11). It is classically admitted that when river incision balances tectonic
uplift, river-long profiles exhibit a concave shape (e.g., Hack, 1957; Sklar and Dietrich, 1998;
Stock and Montgomery, 1999; Snyder et al., 2000; Whipple, 2001). This concavity can be
explained by derivating erosion-transport laws of current rivers and then introduced in
numerical models (e.g., Howard et al., 1994; Whipple and Tucker, 1999). However, some
natural rivers display a convex longitudinal profile either in relation with an acceleration of
the uplift rate or with a sudden drop of the base level (e.g., Cowie et al., 2006; Loget et al.,
2006; Harkins et al., 2007; Whittaker et al., 2008; Valla et al., 2010). In normal faulting
settings, many studies seem to indicate that this convex shape can persist over long time
periods (> 1 Ma; e.g., Cowie et al., 2006; Whittaker et al., 2008) whereas theoretical
landscape response times indicate that steady-state should be reached (e.g., Whipple, 2001).
This might be a key point to better understand whether convex river-long profiles document
changes in tectonic rate or a dynamic equilibrium between erosionnal and tectonic processes

at a constant uplift rate.
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Although our experimental protocol does not allow us to reach a global dynamic equilibrium
of the landscape, our results indicate that a constant fault throw rate can produce long-lived
convex river-long profiles. Several hypotheses could explain this observation:

- Experimental conditions may influence erosionnal processes that control river-long profiles.
In our experiments, self-sustaining rivers inducing local continuous incision do not develop
due to rivers avulsion. However, this is also the case in other morpho-dynamic experiments
(Lague et al., 2003; Paola et al., 2009 for a thorough review) where the concavity of the river-
long profiles is well simulated, which suggests that river avulsion is not the cause of observed
convex river-long profiles. Moreover, we can identify permanent channelized flows inside
valleys indicating that we do simulate river processes and not other gravitational processes
such as debris flows or mass wasting. The absence of any pre-existing topography or
topographic roughness precludes the early development of watersheds away from the fault
trace, slowing down the evolution of the model toward a global dynamic equilibrium.
However, this initial condition does not preclude the preservation of convex river-long
profiles in areas where dynamic equilibrium is reached. Therefore, we conclude that
regressive erosion can only partly explain the convex shape of river-long profiles away from
the equilibrium area.

- Erosionnal processes and in particular the capacity of rivers to transport sediments can
modify their longitudinal profile (e.g., Whipple and Tucker, 2002). We have shown that local
river erosionnal rates are driven by a classical stream power law. Unfortunately, it is not
possible to distinguish which erosion law model is best approached, i.e. detachment limited,
transport limited, or hybrid model including transport capacity of rivers (e.g., Howard et al.,
1994; Kooi and Beaumont, 1996; Whipple and Tucker, 2002; Loget et al., 2006; Cowie et al.,
2008). However, we suggest that the hybrid model is the better approximation of erosion law

in our experiments. Yet, investigating the role of erosionnal processes on the convex shape of
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river-long profiles requires accurate specific experiments that are currently difficult to
achieve.

- Sedimentation in the hanging-wall and at the base of the fault scarp plays a major role.
Indeed, sedimentation partly compensates the base level fall induced by the subsidence of the
hanging-wall, which decreases the fluvial incision in the footwall. Several studies have shown
that piedmont sedimentation controls partly the relief evolution in the uplifted domain (e.g.,
Babault et al., 2005; Carretier et al., 2005), and particularly the elevation of the topography
(e.g., Babault et al., 2005).

Based on these observations, we suggest that convex river-long profiles observed in
our experiments are formed initially by regressive fluvial erosion. Numerical models suggest
that piedmont sedimentation coupled with a stochasticity of the rainfall can allow a long-term
preservation of convex river-long profiles in the uplifted domain (Carretier et al., 2005). Our
results also suggest that preservation of long-term convex river-long profiles in the footwall
domain is favoured by piedmont sedimentation, but we do not have a physical explanation for

the moment.

4.3. Faceted spurs morphology

In nature, the typical height of faceted spurs varies between 200 m and 1000 m (up to
~1500 m for first-order generation of faceted spurs) and their mean slope ranges between 15°
and 35° (e.g., Depolo and Anderson, 2000; Zuchiewicz and McCalpin, 2000; Mahéo et al.,
2007; Petit et al., 2009a, 2009b). In our experiments, mean facet height varies between 10 and
28 mm, which considering the model to nature spatial ratio (1 cm=500 m; see 2.3) would be
equivalent to 500 m to 1400 m in nature, respectively. This indicates a good analogy between
model and nature. Modelled mean slopes range between 15° and 23°, which corresponds well

to field values except for steepest slopes which appear limited by a threshold (around 23°)
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lower than in nature (e.g., 35° in the North Baikal Rift System, Petit et al., 2009b). For the
slowest and the intermediate experiments, the morphometry of faceted spurs depends on the
throw rate as suggested by Petit et al. (2009a,b). For the fastest experiment, heights and slopes
are lower than expected due to the enhanced erosion of the escarpment in relation with
experimental conditions. This experiment represents an end-member case where the fast fault
slip rate may give high slopes on the escarpment, but these high slopes are rapidly
destabilized by mass wasting. The reason of this destabilization probably stems from the
empty space created in the hanging-wall basin, which is quickly filled by mass wasting of the
escarpment, rather than by the products of river incision. This behaviour is enhanced by the
lack of topographic roughness at the beginning of the experiments, which delays river
network development and produces drainage basins shorter than for the two others
experiments for a given fault displacement. In nature, the topographic profile of the facets is
often convex even if concave ones can also be observed (e.g., Mariolakos et al., 2010). Facet
profile may depend on the lithology (e.g., Mariolakos et al., 2010) and on the nature of
hillslope processes that shape their surface. Indeed, under appropriate climatic (i.e.,
alternation of glacial and interglacial cycles in periglacial environments) and lithological (i.e.,
porosity higher than 10%) conditions, it has been shown that solifluction processes favours
the development of concave hillslope topographic profiles (e.g., Font et al., 2002). In our
experiments, the rainfall is constant and mass wasting seems to be the main hillslope process
that explains the concavity of the facet profiles. The resemblance between facet profiles in the
experiments and in nature could be improved by inducing very short precipitation events
instead of a continuous rainfall. Indeed, the manner in which the analogue material is eroded
1s very sensitive to pluviometry variations like alternation of short wet and dry periods that
favour fluvial incision and decrease relatively the intensity of hillslope processes. In this case,

we may alternate periods of intense erosion (with mass wasting on hillslopes and large flows
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of rivers) and weak erosion (with more diffusive hillslope processes and more entrenched

rivers).

4.4. Analogies and limitations of the modelling

The spatial scaling has been evaluated by comparing the mechanical and physical
properties (internal friction, cohesion, density) of the analogue material and of natural rocks
(see section 2.3). Based on these parameters and the scaling theory, we determined that 1cm
in the model is equivalent to about 500 m in nature. However, because natural rocks exhibit a
wide range of strength parameters, the uncertainty on length scaling is most probably as large
as 50% (i.e., 1 cm = 250 m to 750 m). Nevertheless, this scaling value seems validated
regarding the sizes and geometries of the morphologic features (e.g., faceted spurs, drainage
basins, alluvial fans) that develop during model relief evolution. The time scaling (1 s = 200
yr) has been estimated by comparing mean erosion rates measured in our experiments and in
nature for normal fault footwalls (see section 2.3). Although this method is based on a crude
comparison, we believe that this is a reasonable approach regarding the difficulty to
dynamically scale down analogue models aimed at simulating erosion-transport processes.
Presently, a rigorous time scaling is not achievable mainly because some hydraulic processes,
like the river flow, cannot be scale-down properly using water and also because some
hillslope processes, like the landslides occur too rapidly in nature to be correctly time scaled
in models. Again, the evaluated time scaling should be considered as a first order estimation
with an uncertainty that we estimate as large as about 75% (i.e., 1 s = 50 to 350 yr). This
temporal scale makes the analogue modelling suited to the study of relief dynamics at the
scale of a few thousand years and during a period of a few millions years. By contrast, the
analysis of individual river evolution is out of reach because in nature rivers evolve at a much

shorter time scale (typically a few tens of years which correspond to a few hundred of
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milliseconds in the experiments) than that attainable in the analogue modelling.
Consequently, the flat-floored channels observable in the experiments should be considered as
equivalent to main flood plains of braided rivers in nature and not as individual rivers.

The initial 1° tilted planar surface facilitated performing series of experiments sharing
the same initial conditions but has some impact on the development of the river network. The
low dipping flat surface erode slowly because channelling process is limited by the lack of
topographic roughness and because the 1° slope is below the threshold slope from which
particles are detached by the water flow. In nature, river networks and watersheds often pre-
exist before fault inception favouring a rapid erosionnal response to ongoing uplift. The
analogue physical properties, in particular its thixotropic behaviour, make difficult the
simulation of a pre-existing drainage network or topographic roughness. New technical
developments to solve this problem are being tested. Using a constant rainfall during the
whole experiment is only compatible with wet natural climatic conditions. The experimental
results should not be compared, then, to morphologies developing under arid climatic
conditions or submitted to climatic fluctuations associated to glaciation cycles. These
limitations probably explain why the triangular facets of the experiments do not display a
typical convex shape as often observed in nature, but a concave one. In preliminary tests with
twice less rainfall, we observed the development of a fault escarpment with a high slope (70-
80°). Therefore, the erodibility behaviour of the analogue material would be probably
improved by changing the manner in which the rainfall is sprayed (see also section 4.3).

In our analogue experiments, erosion processes include river incision, hillslope
diffusion, mass wasting and landsliding depending on local rainfall/morphologic/tectonic
conditions. These processes are dynamically very similar to those that shape natural
landscapes but their relative efficiency can be slightly different. Indeed, analogue material

cohesion and permeability are two key parameters that determine the river incision capacity
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and the hillslope processes intensity (i.e., Graveleau et al., accepted). So varying these
parameters has a strong effect on the model morphology. If the cohesion is too high and the
permeability too low (Co > 2000 Pa and k < 107> m?), bad-land type morphologies develop.
On the opposite, if the cohesion is too low and the permeability too high (Co < 100 Pa and k >
102 m?), model reliefs are smoothed by intense hillslope processes including landsliding and
mass wasting (Graveleau et al., accepted). Based on the modelled morphologies we can
conclude that the cohesion (Co = 500-700 Pa) and permeability (k = 5.10"*m?) of our
analogue material are satisfactory. They could still be modified to increase the capacity of
river incision, hence decrease relatively the intensity of the hillslope processes. Although out
of reach of this first experimental study under a single and constant rainfall, such
modifications may favour the preservation of convex faceted spur surfaces and accelerate the
development of the drainage network. The erodibility behaviour of the analogue material is
sensitive to a balance between the rainfall simulation and the analogue material properties

(cohesion, permeability) but testing this sensibility is far beyond the scope of this paper.

5. Conclusion

We performed analogue experiments aimed at studying the morphologic evolution of a
mountain range bounded by a normal fault. We tested the role of the fault slip rate on
different morphologic and morphometric markers by performing three experiments with

different fault slip rates under a given uniform rainfall rate.
e Our results indicate a strong coupling between the throw rate and erosion rates
(headward erosion, incision and hillslope erosion rates). The ratio between the
incision rate and the throw rate is 0.42+/-0.4 at the fault scarp. The ratio

between the headward erosion rate and the throw rate is 4.00+/-0.25.
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e We cannot evidence, for this experimental setup, any clear relationship
between the throw rate and facet morphology.

e The analysis of faceted spurs morphometries shows a good analogy with nature
even if their surfaces are too carved by mass wasting processes.

e Our models do not exhibit a global steady-state, but a local equilibrium is
reached in rivers up to 10 cm upfault, allowing us to examine the stream-power
law in this area.

e The averaged erosion rate can be explained by a stream power law of rivers
with m and n exponents equal to 1 and A'is correlated to the fault slip rate.

e The preservation of convex experimental river-long profiles in this area
suggests that such a shape could exist in landscapes under a constant throw rate

and during long time periods (may be up to steady state conditions).
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Table 1: Physical properties of the granular elements forming the analogue material made of
a water-saturated paste of glass microbeads, silica powder and plastic powder.

Table 2: Time and fault slips for successive DEMs of three experiments achieved with fault
slip rates of 3.17, 6.34 and 12.68 pm/s. To simplify the presentation of the results in the text
and in the figures, we call these experiments the 3 pum/s, the 6 um/s and the 12 pm/s

experiment.
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Figure 1: (A) Synthetic block diagram showing typical morphologic and structural features
associated with a normal fault. (B) Corresponding cross section. Hy is the triangular facet
height. The dashed gray line is the theoretical profile without erosion (i.e., the profile of the
cumulated co-seismic and inter-seismic deformations) (C) and (D) Photographies of faceted
spurs along normal faults bounding lake Baikal (Pictures by C. Petit, approximate
geographical location: 51°57.54'N 105°15.50'E (top) and 53°23.30' N et 107°22.45'E (bottom)).
Figure 2: (A) Experimental set-up constituted by a deformation device, a rainfall system and
CCD cameras coupled with a laser interferometer used to monitor model topography. (B)
Schematic cross-sections of the model at initial and (C) final stages with typical fault-
perpendicular profiles along crests and rivers (red and blue lines, respectively).

Figure 3: (A) Picture of the final stage of the 6 um/s experiment and (B) morphological
interpretation. (C) Perspective view draped on the corresponding DEM with three fault
perpendicular profiles running along a river (blue line), along a crest and across a facet (red
line) and along a crest and a facet edge (green line).

Figure 4: Successive DEMs of the 6 um/s experiment. The corresponding fault slips are
indicated. The elevation is relative to the lowest point of the DEM.

Figure 5: DEMs of the final stage (i.e., corresponding to a fault slip of ~9 cm) for the 3 pm/s,
6 um/s and 12 pm/s experiments.

Figure 6: (A) Topographic profiles of the final stage of the 6 pm/s experiment and (B) close-
up view pointing to the measured quantities (see Figure 3C for legend). The gray triangle
upfault is the area where we could not measure eroded material (see corresponding area in
Figure 14).

Figure 7: (A) Relationship between main river length L and upstream drainage area A. The

data are acquired on all the drainage basins for each experiment. The solid line is the best
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fitting regression line which follows the power law described by Hack (1957). (B) Same
relationship for the Tunka half-graben in the Baikal Rift System.

Figure 8: (A) Hypsometric curves for the whole footwall at several stages of the three
experiments. The hypsometric curve for the Tunka mountain range is shown for comparison.
(B) Hypsometric curves for a given fault slip (45.6 mm, left and 91.3 mm, right). (C)
Hypsometric curves for a given time (7200 s, left and 14400 s, right).

Figure 9: (A) DEM superimposed on photography of the final stage of the 6 um/s experiment
with (B) corresponding along river and facet profiles. (C) gray-shaded DEM of the central
part of the mountain range of the Tunka half-graben with (D) representative examples of river
and facet profiles.

Figure 10: Evolution of the topography along rivers for the 6 pm/s experiment. The
referential for the elevations is (A) the top of the footwall (showing base level fall) and (B)
the base level (showing the length along which rivers reach equilibrium). F is the position of
the fault trace for the last stage (fault slip of 91.3 mm).

Figure 11: Relationship between local river slope and upstream drainage area for the last
stage of the three experiments.

Figure 12: (A) Facet slope and (B) facet height versus fault slip for the three experiments.
The thick lines correspond to the mean values. The dashed lines correspond to the minimal or
maximal values in order to give an estimate of the standard deviation.

Figure 13: Erosion rates at a given distance upfault versus fault slip for the three experiments.
(A, C) Finite erosion rates averaged since the beginning of the experiment (HR/T) and (B, D)
erosion rates averaged between two successive DEMs (AHR/At).

Figure 14: Averaged erosion rates along rivers and along crests (blue and green lines and
symbols, respectively. See Figure 3B for an example of location of profiles) since the

beginning of the experiment (HR/T) for a given fault slip of 6.85 cm versus distance upfault,
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for the three experiments. The gray rectangle corresponds to the area without meaningful
values of eroded material (see Figure 6B).

Figure 15: Averaged erosion rates (HR/T) measured along rivers for each experiment and for
the time span corresponding to the cumulated fault slip of 91.3 mm versus (A) upstream
drainage area, (B) local river slope and (C) AxS. The data presented correspond to the area

where river profile is at equilibrium. (D) A parameter versus the fault slip rate (equation 5).
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Fig 3
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fault slip rate = 3 ym/s
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Fig 6
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Fig 7
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Fig 8
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Fig 11
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Table 1

Intri App
Com Granu nsic arent Mass
Texture
ponent lometry (um) density density percentage
(g/cm3) (g/cm3)
Glas
S ——
s 40-70 25 1.55 40 %
50y )
microbeads
Silica 2.6
1-200 1.58 35 %
powder 5
Plasti D50= 1.3
0.65 23 %
¢ powder 50 8
Grap 90- 2.2
0.92 2%
hite powder 180 5
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Table 2

Fsi?i%n Time and fault slip for successive DEMs
(;m) 1 2 3 4 5 6 7 8

347 | 3600 | 114 | 7200 | 228 | 10800 | 34.2 | 14400 | 456 | 18000 | 571 | 21600 | 685 | 25200 | 79.9 | 28800 [ @13
6.34 1800 | 114 | 3600 | 228 | 5400 | 342 | 7200 | 456 | 9000 | 57.1 | 10800 | 685 | 12600 | 79.9 | 14400 | 1.3
1268 | 1800 | 228 | 3600 | 456 | 5400 | 685 | 7200 | 91.3

7 —1 DEM number

Time since the | —— Fault slip (mm
initial stage () T 200 | 2254 P (mm)
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Highlights

New experimental models allow to study relief evolution along active normal faults.

A quantitative analysis from DEMs of the models is performed.
We succeed in developing the main morphological features of the normal faults.
The fault slip rate controls the erosion rate in rivers and on the hillslopes.

We also evidence the possibility of maintain long-term convex river-long profiles.
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