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Abstract

Drainage networks link erosional landscapes and sedimentary basins in a source-to-sink system,
controlling the spatial and temporal distribution of sediment flux at the outlets. Variations of
accumulation rates in a sedimentary basin have been classically interpreted as changes in erosion
rates driven by tectonics and/or climate. We studied the interactions between deformation, rainfall
rate and the intrinsic dynamics of drainage basins in an experimental fold-and-thrust belt subjected
to erosion and sedimentation under constant rainfall and shortening rates. The emergence of thrust
sheets at the front of a prism may divert antecedent transverse channels (perpendicular to the
structural grain) leading to the formation of longitudinal reaches, later uplifted and incorporated in
the prism by the ongoing deformation. In the experiments, transverse incisions appear in the
external slopes of the emerging thrust sheets. Headward erosion in these transverse channels
results in divide migration and capture of the uplifted longitudinal channels located in the inner
parts of the prism, leading to drainage network reorganization and modification of the sediment
routing system. We show that the rate of drainage reorganization increases with the rainfall rate. It
also increases in a non-linear way with the rate of uplift. We explain this behavior by an exponent >1
on the slope variable in the framework of the stream power erosion model. Our results confirm the
view that early longitudinal-dominated networks are progressively replaced by transverse-
dominated rivers during mountain building. We show that drainage network dynamics modulate the
distribution of sedimentary fluxes at the outlets of experimental wedges. We propose that under
constant shortening and rainfall rates the drainage network reorganization can also modulate the
composition and the spatial distribution of clastic fluxes in foreland basins.

Keywords: drainage network dynamics, source-to-sink system, sedimentary flux, sediment
accumulation rates, experimental modeling, fold-and-thrust belt, headward erosion, capture, divide
migration, foreland basins.

Introduction

The main agent responsible for erosion and transport of sediment is the drainage network which
links erosional and depositional landscapes in a source-to-sink system (Meade, 1982; Leeder, 1997).
The flux of sediments transported by rivers is controlled by erosion rates in the source areas and
determines sedimentation rates in fluvial outlets feeding the sink. Fluvial erosion in mountain ranges
is often approximated by the stream power law (Howard & Kerby, 1983) stating that erosion is
proportional to discharge and river slope, hence governed by climate and tectonics (Howard, 1967;
Peizhen et al., 2001; Whipple, 2001). Tectonics also controls the drainage network organization
which, by the location of its main outlets, rules the spatial distribution of the clastic bodies and the
patterns of sedimentation in the basins (Gupta, 1997; Horton & DeCelles, 2001; Viaplana-Muzas et
al., 2015). The best examples are in fold-and-thrust belts where rivers may be deviated by emerging
thrusts, causing trellis drainage patterns to form where longitudinal rivers flow parallel to the
structural grain (Jackson et al., 1996; Gupta, 1997; van der Beek et al., 2002; Viaplana-Muzas et al.,
2015). The erosion capacity of antecedent transverse channels to overcome the uplift on a thrust
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sheet depends on its discharge (e.g., Burbank et al., 1999; Tomkin & Braun, 1999) and experiments
suggest that the minimum discharge needed increases non-linearly with uplift rate (Viaplana-Muzas
et al., 2015). However, the drainage organization within a mountain range is traditionally assumed to
follow the regional slope with rivers flowing from the main divide toward the front of deformation
(Hovius, 1996; Talling et al., 1997) resulting in a transverse-dominated drainage network,
perpendicular to the structural grain, with drainage boundaries considered to be static. This view
was reinforced by numerical modeling of erosion in uplifting landscapes (Tucker & Slingerland, 1994;
Crave & Davy, 2001; Willett et al., 2001) and by experimental modeling (Bonnet & Crave, 2003;
Babault et al., 2005). Therefore changes in clastic sedimentary flux, grain size and provenance in
clastic sediments are classically interpreted as variations of erosion rates driven by tectonics and/or
climate (e.g., Leeder et al., 1998; Peizhen et al., 2001; Armitage et al., 2011).

However, recent works show that the boundaries of the drainage basins are modified by drainage
divide migration and river capture during mountain building (Bishop, 1995; Willett et al., 2001;
Pelletier, 2004; Bonnet, 2009; Babault et al., 2012; Perron et al., 2012; Goren et al., 2014) and by
deformation of the lithosphere (e.g., Hallet & Molnar, 2001; Castelltort et al., 2012). The impact of
drainage dynamics on erosion rates and river longitudinal profile evolution may be of second order
when compared to rock uplift, because rivers adapt faster to drainage reorganization-induced
changes in downstream slopes than divide migration rates (Whipple et al., 2017). In two sided
orogens eroded by transverse rivers, captures involve small low-order streams and reorganization is
dominated by continuous divide migration during tens of millions of years (e.g., Willett et al., 2001;
Fox et al., 2014; Goren et al., 2014; Willett et al., 2014; Whipple et al., 2017). However, numerical
models show that in cases where rivers flowing in one direction are replaced by rivers perpendicular
to them, captures of larger rivers can occur (Whipple et al., 2017). During mountain building, a
drainage network may evolve from an early stage characterized by the presence of thrust controlled,
longitudinal dominant channels parallel to the main structures, to transverse dominant channels
perpendicular to the main structures (e.g., Babault et al., 2018, and references therein). This
macroscale reorganization of drainage network, triggered by a systematic process of drainage divide
migration, potentially implies capture events of large drainage areas which in turn may modify the
sediment routing system, the spatial distribution of erosion, and the amounts and provenance of
clastic sediments (Bishop, 1995). Consequently, drainage networks, combined with tectonics and
climate, may control the sedimentary architecture in foreland basins. The dynamics of topography
during the building of accretionary wedges has recently been reproduced in 3D numerical models
(Ueda et al., 2015). But to date there is no systematic analysis in accretionary prisms of drainage
network dynamics and its related patterns of sedimentation.

In this study, we investigate experimentally the impact of drainage reorganization from longitudinal-
to transverse-dominated network on sedimentation by a detailed geomorphic and stratigraphic
analysis of experimental accretionary prisms. We perform new analyses of the models previously
presented in Viaplana-Muzas et al. (2015), who focused on how shortening, uplift and rainfall rates
control the early development of longitudinal channels during the emergence of thrust sheets (early
drainage organization). Here, we investigate under temporally constant shortening and rainfall rates
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the factors controlling drainage divide dynamics, between early longitudinal channels and expanding
transverse channels, by varying systematically the shortening and rainfall rates. We further
document the relationships between drainage divide migration, captures, intensity of erosion and
sediment supply in front of the experimental wedges. We finally compare our experimental results
to natural systems.

1. Method

1.1. Setup

The experiments run in a sand-box type 3D experimental device (0.8 m x 2.4 m) which allows the
study of the interactions between tectonics, erosion and sedimentation in accretionary prisms
subjected to rainfall (Graveleau & Dominguez, 2008; Graveleau et al., 2012; Graveleau et al., 2015;
Viaplana-Muzas et al., 2015). Deformation is induced by pulling a basal film beneath a static buttress
(backstop), resulting in a wedge created by imbricate thrust sheets that emerge at the forefront (Fig.
1). Deformation propagates in sequence with minor thrust reactivation (Animation 3 in
Supplementary data, lateral view of exp. A2). Surface processes are modeled by delivering micro-
droplets (diameter <100 © m), in sequences of 10 seconds with rain and 3 seconds without rain,
over the model. The sequence rain/no rain is implemented to limit channel widening induced by
high channel flow dynamics (Viaplana-Muzas et al., 2015). We use two different analogue materials:
material IV and material 50-50 (“Mat. IV” and “Mat. 50-50” in Fig.1A). The upper layer consists of
glass microbeads, 46%, silica powder, 30% and plastic powder (PVC), 24% (material IV). The lower
layer consists of glass microbeads and PVC in equal proportion (material 50-50). We add a basal 5
mm layer of glass microbeads as a décollement layer. Another thin layer of glass microbeads is
deposited in the middle of the material IV in order to allow the slip between “Mat. IV” layers
resulting in folding above thrust ramps. The total thickness is set at 55 mm in order to produce ~14
cm spaced thrust sheets. This spacing avoids the burial of the frontal emerging thrust sheet by the
sedimentary fans allowing the formation of longitudinal reaches. We reduce the friction on the walls
for folds to be cylindrical and thrust sheets to be linear. This is achieved by applying a lubricant on
the walls of the sandbox before filling up with the erosion material.

The erosion law in the models can be approximated by the stream power law of the form (e.g.,
Howard & Kerby, 1983; Whittaker et al., 2007):
Am

E=K-W-Sn eq. 1,

where the exponents m and n are 0.8+0.2 and 1.5+0.2, respectively (Viaplana-Muzas et al., 2015), A
is drainage area (as a proxy for catchment discharge), W is channel width, and S is downstream
channel slope.
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In this work, we analyze five experiments run under a rainfall rate of 9 mm/h and under shortening
rates ranging between 8 cm/h to 100 cm/h (series A, Table 1), and two experiments run under a
two-fold higher rainfall rate of 18 mm/h, and at shortening rates of 8 cm/h and 18 cm/h (series B,
Table 1). In all the experiments shortening rate and rainfall rate are held constant.

Digital Elevation Models (DEM) of the experiments are acquired using an optical measurement
device composed by high resolution cameras coupled to a laser interferometer. The DEM resolution
is close to 0.2 mm. The acquisition of each DEM requires to stop both shortening and rainfall
systems (during 30-45 min) in order to dry the uppermost 1-2 mm of the model surface and avoid
distortions in the brightness of the laser that could affect DEM resolution. In order to study the
evolution of the relief three photograph cameras are situated in the lateral, bottom and oblique to
the experiment (Graveleau & Dominguez, 2008). Finally, when the experiment is partially dried (one
week after the end of the experiment), we cut the model in serial cross-sections in order to study
the geometry of thrusts and syntectonic deposits.

1.2. Quantification of the celerity of headward erosion and drainage reorganization
response time

In order to measure the rate of drainage network reorganization triggered by the transverse
channels, we calculate the celerity of headward erosion in the headwaters of the expanding
transverse channels incising the external part of the emerging thrust sheets. We first measure the
distance between the trace of a thrust sheet and the headwater of a transverse channel. We divide
these measures by the time of activity of a thrust sheet, i.e. the time between its emergence and the
emergence of a new one. Distances are measured using the tool “Point Distance” of the software
ArcGis. The algorithm extracts the shorter distance between the points that define the headwaters
of the transverse channels and the trace of the frontal thrust. The values of celerity of the divide
migration and their standard deviations are calculated using the mean and standard deviation of the
distances measured with the “Point Distance” tool. We study the headward erosion of all the
transverse channels developing in the external limb of all the thrust sheets that appear in each
experiment. We use the average distance of headward erosion and its duration to calculate the
mean celerity of divide migration above each thrust sheet in each experiment. We calculate the
drainage reorganization response time above each thrust sheet dividing the distance between
longitudinal channels located in the hanging walls and the trace of the thrusts by the divide
migration celerity measured in the experiments. The values of drainage reorganization response
time and their standard deviations are the result of averaging these distances. We limit our analysis
to thrust sheets large enough to prevent drainage network reorganization (longitudinal to transverse
channels) by sedimentary overfilling of the back limbs of the thrust sheets. We therefore discard
thrust sheets which present several sub-thrust sheets. We also discard thrust sheets where landslide
processes are responsible for erosion and drainage expansion in the external part of the emerging
thrust sheets to focus on fluvial erosion.
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1.3. Quantification of eroded volumes, and incision, erosion and uplift rates

The amounts of erosion, incision and uplift in the experiments are estimated by subtracting the
incised topography from the uplifted and uneroded topographies, which are reconstructed using a
rectangular-moving window (1x80 mm). The width of the window, perpendicular to the transverse-
channel, is determined by the widest valleys. The 1 mm length side of the moving window, parallel
to the transverse channels, is set to take into account the folding of the deformed topography. The
reconstructed topographies are derived by extracting the highest values of the rectangular-moving
window (Viaplana-Muzas et al., 2015). For each thrust sheet, we calculate the average incision from
the depth of incision below the reconstructed topographies along the downstream profiles of all the
transverse channels but the antecedent transverse channels. Sub-thrust sheets are not included in
this analysis.

1.4. Quantification of the slope of the transverse channels

We measure downstream slopes along the expanding transverse channels using the GridVisual
program (P. Davy, University of Rennes 1, http://terrasse.geosciences.univrennesl. fr/?p=1) and
they are averaged for each analyzed thrust sheet. We use the mean downstream slopes and
standard deviations.

1.5. Quantification of sedimentation rates

We calculate the accumulation rates in the sedimentary fans located in front of the external thrusts
at the outlet of transverse channels using colored layers made by tinted analogue material sprinkled
on the sedimentary fans. We sprinkle dry material tinted in green before any capture and in red
after. Markers are systematically added after phases of digitalization of the topographic surfaces.
After drying of the experiments, we cut the experiments and the colored layers are used as
“timelines”, allowing us to calculate sedimentation rates. The thickness of sediments is measured in
between the colored layers. These values are maximum values of sedimentation rate because the
cross-sections pass through the middle of the fans where the fan thicknesses are the highest.

1.6. Dimensionless time (T*)

In order to allow a time extrapolation of the surface processes in our models to nature, we calculate
a dimensionless time, T'. We normalize the time in models by a reference time, defined as the time
needed to shorten the system by the same amount as the thickness of the undeformed material that
enters into the accretionary wedge (55 mm). We later refer to both, the time in the models and the
dimensionless time, and the timing of captures is given by the difference between the T of the
emergence of a thrust sheet and the T at which a capture occurs above that thrust (AT’).
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2. Results

2.1. Erosive processes near the divides

Small transverse channels incise into the external part of a thrust sheet as it emerges (e.g., the trace
of the thrust sheets in experiments A3 and B1, Figs. 2A and 2C and Animation 1 in Supplementary
data). These small transverse channels are the downstream parts of preexisting transverse flows
that are separated from their upstream channel by diversion in response to uplift. In Figs. 2B and 2D
we see that ongoing erosion in these small transverse channels leads to the migration of their
headwaters towards the inner part of the thrust sheets, above which flow longitudinal reaches that
gather the upstream areas from the beheaded catchments. Headward erosion in the external
transverse channels occurs in amphitheater-headed channels. For example, we observe water
emergence in the shallower layer of the experimental material, in the first millimeter below the
topographic surface, indicating some water infiltration. However, channels in the headwaters incise
several millimeters into the uplifting thrust sheets in series A experiments (Figs. 2A and 2B),
indicating that even if headward erosion is the result of the combination of both sapping and
channelized flows, seepage erosion is not the dominant process for headward erosion (Figs. 2A and
2B). In the experiments of series B subjected to a higher rainfall rate, amphitheater-headed channels
are larger and deeper suggesting a higher influence of seepage erosion on headward erosion (Fig.
2D). In the experiment run under the highest shortening rates, high local slopes develop in front of
the thrusts and liquefaction of the material occurs, producing landslides and debris flows. Headward
erosion resulting from landslide events has been discarded in our analysis to focus on channels
erosion by fluvial processes.

2.2. Divide migration and captures

We observe drainage reorganization by captures of longitudinal channels by transverse 1 in two of
the experiments of series A, run under a rainfall rate of 9 mm/h and at shortening rates of 8 cm/h
(A2, Table 1, Fig. 3, from A to F, and Fig. SD1) and 9 cm/h (A3, Table 1, Fig. 4, from A to F and Fig.
SD2), respectively, and in one of series B, run under a rainfall rate of 18 mm/h and at a shortening
rate of 8 cm/h (B1, Table 1, Fig. 5, from A to H and Fig. SD3). In the experiments A3 and B1, 60 cm
and 30 cm respectively of shortening occurs after the captures. Post depositional deformation of the
eroded products fed by the captured and captor channels prevents any detailed study of the
influence of drainage reorganization on sedimentary fluxes in these two experiments (e.g., Fig. 5H).
In the case of the experiment A2, we stop the experiment after a few centimeters of shortening
following the capture to study the influence of drainage reorganization from a longitudinal- to a
transverse-dominated drainage on sedimentary fluxes.

In these three experiments, we observe a similar pattern of evolution of the drainage network that
we divide into four main stages. First, when a new thrust sheet starts to emerge the preexisting
transverse channels start to incise the uplifting topography (Fig. 3A at T = 8.1, Fig. 4Aat T = 5.0 and
Figs. 5A and 5E at T =36andT =5.2, respectively). Second, ongoing uplift deflects the smallest
transverse channels resulting in the formation of longitudinal reaches in the backlimb of the thrust
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sheet. The longitudinal reaches gather the upstream areas from the beheaded transverse channels
(Fig. 3Bat T =8.7, Fig. 4B at T = 5.3 and Fig. 5B at T = 4.1). Some of the preexisting transverse
channels integrate the drainage areas gathered by the longitudinal reaches, therefore increasing
sufficiently their discharge to cross-cut the uplifting thrust sheets (persistent transverse channels in
Viaplana-Muzas et al., 2015). The products of erosion of the persistent transverse channels
accumulate at the front of the thrust sheets forming sedimentary fans (F1 and F3 in Fig. 3B, F1 in Fig.
4B and F1 and F4 in Figs. 5B and 5F, respectively). Sedimentation is almost negligible where the
thrusts act as topographic barriers, in the zone located between the outlets of the persistent
transverse channels and their associated sedimentary fans. Third, the increase of local slopes related
to uplift on the frontal thrusts triggers (i) the incision of transverse channels in the forelimb of the
thrust sheet and (ii) the divide migration by headward erosion towards the inner part of the wedge,
where the longitudinal reaches are located (Fig. 3B at T = 8.7, Fig. 4Cat T = 5.6 and and Figs. 5C and
5FatT =4.3andT =6.2, respectively). Fourth, as soon as the headwaters of a transverse channel
reach the bed of a longitudinal channel, it causes the capture of the latter and of its source area,
resulting in an elbow of capture over the thrust sheet. Post capture incision waves migrate upstream
in the transverse captor reaches (ex., Fig. 3E at T = 10.4). In the experiment A2, a first capture
occurs at AT = 1.6 (Fig. 3C) followed by two captures at AT = 1.9 (Fig. 3D) and AT = 2.9 (Fig. 3F),
respectively, in response to the propagation of a wave of incision triggered by the first capture. In
the experiment A3, a capture occurs at AT =1.4 (Fig. 4D). In the experiment B1, two captures
occurred simultaneously at AT =1.0 (Fig. 5D) on the thrust sheet n2 3, and another one on the
thrust sheet n%4 at AT = 2.1 (Fig. 5G). Captures result in the formation of new sedimentary fans at
the front of the accretionary wedges, in areas of low sedimentation rates before the capture events.
In the experiment A2, we observe an increase of the size of the fan F2 following each capture. The
fans fed by the captors can reach sizes comparable to those of the fans fed by the persistent
transverse channels (ex. Figs. 3E and 5E).

2.3. Divide migration celerity

For all experiments, we measure the celerity of channel head propagation in the transverse channels
located in the external limb of the thrust sheet (as in Fig. 2) to monitor dynamics of the drainage
divides that separate the external transverse channels from the longitudinal reaches confined above
the thrust sheets. Fig. 6 shows the mean celerity of divide migration in each thrust sheet as a
function of the corresponding mean uplift rate (U). In the experiments run under a rainfall rate of 9
mm/h (series A experiments), the divide migration velocity increases with uplift rate from 0.3

%3) 'In the models run

mm/min in the experiment A2 to 3.7 mm/min in the model A6 (C,=1.47 x U
under a rainfall rate of 18 mm/h (series B experiments), the divide migration celerity also increases
with uplift rate, from 0.7 mm/min in the experiment B1 to 1.2 mm/min in the model B2. In series B
experiments, divide migration velocities are almost two-fold higher with respect to that of series A
models (Cs = 2.31 x U%®). In this later regression analysis, we fix the value of the exponent on U at
0.85, following the better constrained exponent on U obtained for series A in which uplift rates

cover one order of magnitude (Fig. 6).
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2.4. Controls on the celerity of divide migration

We have shown that a positive relationship relates the celerity of divide migration (C) with relative
uplift rate (U) of the growing thrust sheets. Analytical and numerical analyses of divide migration
rate in the framework of the stream power law also predict a positive relationship between divide
migration and relative uplift rate when the exponent n on slope in the stream power erosion law
(eq. 1) is >1 (Whipple et al., 2017). This is consistent with our experiments where n = 1.5 (Viaplana-
Muzas et al., 2015). Our results also indicate that drainage reorganization is faster in more humid
conditions (Fig. 6). This is consistent with analytical and numerical analyses which also show a
positive correlation between divide migration rate and material erodibility, K, in in the stream power
erosion law (Whipple et al., 2017). We can explain this relation by expressing C as a simple function
of the mean vertical incision (</>) into the uplifting thrust sheet resulting from the expansion of the
transverse channels of mean downstream gradient (<S>). Let us assume that (i) uplift rate is constant
and spatially homogenous above the thrust ramp, (ii) the small transverse channels that incise the
uplift have a constant downstream gradient along their long profile, and (iii) erosion is negligible in
the longitudinal reach passively transported on top of the hanging wall of a thrust. We determine
from the geometry of Fig. 7A that the predicted celerity of divide migration has the form:

_2<I>

=— .2
Cpred <S> eq. £,

The second assumption is justified by the very low concavity in the transverse channels. The third
assumption is satisfied in the experiments where we observe smooth surfaces preserved from
incision (Fig. 2). The mean incision rate (</>) in the uplifting thrust sheet and the mean downstream
slopes (<S>) in the expanding transverse channels are both measurable in the experiments.

For series A, we calculated the function linking Cp..q and uplift rate by examining the relationships
between </> and U, and <S> and U. We observed that the mean incision rate increases almost
linearly with uplift rate (Fig. 7B):

<I>=0.29U"11*0% eq. 3,

Channel gradients are dynamically controlled by the competition between uplift and erosion and we
observe a concave down increase of mean channel slopes S with uplift rate U (Fig. 7C):

<S>=( 45 (/0292005 eq. 4,

This behavior is expected to depend on the exponent n on slope in the erosion law (eg. 1), the higher
the value of n, the smaller the exponent in eq. 4 (Whipple & Tucker, 1999; Snyder et al., 2000; Lague,
2014). Values of n > 1 can explain the weak dependence of channel gradients on the uplift rate. We
replaced the equations 3 and 4 in 2 to obtain:

Corea = a UP eq.5,

with @ =1.27 and b = 0.82 in series A (Fig. 6). Only 5 thrust sheets have been studied in series B and
the regression of </>and <S> versus uplift rate (red lines in Figs. 7D and 7E) predict values of Cyreq
different than those we observe. More experiments with a wider range of uplift rate would be
required to better constrain these relations as observed in series A. Instead, we propose two
acceptable regressions within 95% confidence envelops (dashed lines in Figs. 7D and 7E) that predict
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a good fit of Cpreq VS. Copserves When replaced in eq. 5, with a = 2.16 and b = 0.85 (Fig. 6). In series A,
the predicted divide migration velocities Caprq slightly underestimate the observed divide migration
celerity. The uneven spatial distribution of uplift above the slightly concave-up ramps of the thrust
sheets (Figs. 1, 8A and 8B) implies that the spatially homogenous uplift hypothesis underlying eq. 2 is
only partially fulfilled. This may explain the small differences between predicted and measured
divide migration celerity. However, over one order of magnitude of variation of the uplift rate, the
divide migration velocities measured in series A experiments follow the values predicted by the
approximation of eq. 2, within the 95% confidence envelop (Fig. 6). The divide migration velocities
measured in series B experiments are also closely reproduced by eq. 2 within the range of standard
deviation of the measured celerity.

2.5. Influence of the drainage network reorganization on the source areas and
sedimentary fluxes: example from the experiment A2

Each one of the three captures observed in the experiment A2, above the thrust sheet n24, involves
an increase of the size of the upstream drainage area contributing to the channel ch2 (Fig. 8). Before
the captures, its drainage area is only 20 cm” and it increases from 90 cm? after the first capture, to
800 cm?after the second and up to 1100 cm? after the third at t = 450 min. As a result, the size of the
drainage area of channel ch2 increases by 55 folds its original size, while the drainage areas of
adjacent channels chl and ch3 are divided by 2 and 20, respectively. A consequence of drainage
reorganization triggered by divide migration and captures is a modification of the sediment routing
system. Before the capture events, channels draining the entire accretionary prism feed the fans F1
and F3, and after captures they feed mainly the fan F2 and in minor proportion the fans F1 and F3.

Before the capture events, the headwaters of the captor channel ch2 migrate towards the inner part
of the wedge (red profiles in Fig. 9A). After the first capture, a wave of incision propagates towards
the inner part of the wedge (green profiles in the Fig. 9A), causing a sudden increase in the eroded
volume and in the erosion rate of the captor channel (Figs. 9B and 9C).

To monitor sedimentation rate changes associated with drainage network reorganization we
measure the thickness of sediments deposited before the captures and laying below the green layer
of tinted material, and the thickness of the sediments deposited after the captures and laying above
the first green layer (Fig. 10). Cross sections of fans F1, F2 and F3 fed by channels ch1, ch2 (captor
channel) and ch3, respectively, are orientated perpendicular to the trace of the thrust sheet n24 and
pass through the apex of each fan.

From the areas of sediment accumulation measured in cross-sections between the base of the fans
and the different tinted layers, we derive a 2D estimate of the mean sedimentation rates before and
after the captures 1 and 2. Before the first capture the rates of sedimentation in the fans F1 and F3
(At in Fig. 10) is 0.2 and 0.5 mm?/min respectively (Fig. 11). In the fan F2 fed by channel ch2 (future
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captor) the sedimentation rate (At, in Fig. 10) is one order of magnitude lower, 0.01 mm?*/min (Fig.
11). After the captures 1 and 2, the sedimentation rates in fans F1 and F3 (At + Aty in Fig. 10)
decrease to 0.16 and 0.3 mm?/min, respectively (Fig. 11), i.e., about 20% and 40% of decrease in
sedimentation rates, respectively. During the same interval the rate of sedimentation in the fan F2
(Ats + Aty in Fig. 10) increases to 0.4 mm?/min (Fig. 11), i.e. a 40 fold increase. This value is similar to
the rates of sedimentation in the fans F1 and F3 before the capture events (At,). Therefore, while
the rate of sedimentation in the fan F2 is increasing the rate of sedimentation in the adjacent fans,
F1 and F3, decreases. These results show that drainage reorganization can modify the sediment
supply in front of an accretionary prism without any change in shortening rate or rainfall rate.

3. Discussion

3.1. Limitations of the models

Although rigorous mechanical and temporal scaling is not feasible for these types of experiments, at
first order similarity criteria between models and nature in regard to dynamics, kinematics and
geometry are respected, as well as the similarity in the erosion law. Then, morphodynamic analogue
models are suitable to study geological processes that operate during hundreds of thousands to tens
of millions of years, and at the scale of an alluvial fan up to a mountain range (Schumm et al., 1987;
Peakall et al., 1996; Lague et al., 2003; Babault et al., 2005; Niemann & Hasbargen, 2005; Bonnet &
Crave, 2006; Malverti et al., 2008; Bonnet, 2009; Paola et al., 2009; Graveleau et al., 2011; Strak et
al., 2011; Graveleau et al., 2015; Viaplana-Muzas et al., 2015; Guerit et al., 2016). In our experiments
the length ratio L* between models and nature ranges from 10” to 10, 1 cm in the model is
equivalent to hundreds of meters in nature, (Viaplana-Muzas et al., 2015). The accretionary wedges
we modelled would be equivalent to a mountain range of several tens of kilometers in length (strike)
and width (dip). In the models, incision rates by persistent transverse channels range from ~0.07
mm/min (Imin_moa) t0 =22 mm/mMin (Imex moa) (Viaplana-Muzas et al., 2015). Incision rates in rivers
incising thrust sheets where rock uplift rate is slow as in the Middle Atlas of Morocco (Pastor et al.,
2015), or rapid as along the Main Frontal Thrust of the Himalaya (Lavé & Avouac, 2000) range
between 0.3 mm/a (Imin nat) @and 15 mm/a (Imax nat), respectively. Using these values and following
Graveleau et al. (2011) and Strak et al. (2011), we deduce an incision rate ratio R,,,* between models
and nature ranging between 7 x 10* (Imin_moa/Imin_nat) @and 1.2 x 10° (Imax_mod/Imax_nat). The celerity of
divide migration in our models ranges from 0.2 mm/min to 3 mm/min (Fig. 6). Using R, *, the
equivalent rate of divide migration in nature would range between 8.6 x 10* m/a and 2.3 x 10 m/a.
Analytical and numerical modeling predict divide migration rates in nature to range between 10™
m/a and 10 m/a (Whipple et al., 2017). Under spatially uniform rock uplift rate and rock erodibility,
motion of a divide depends on the contrasts of erosion rates across a divide. In our models, incision
rates are negligible in the hanging wall of the thrust sheets where the longitudinal channels have
very low downstream slope. Then differential erosion is maximal across the divide enhancing divide
migration rate, likely explaining the higher rates in our models. We consider that despite differences
in model setup, our estimates agree with those of Whipple et al. (2017).
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In the Central Range of the island of New Guinea, the rapidly eroding southern flank (Epgy cr= 1.7
mmy/a) contrasts with the slowly eroding central high plateau (Enin cr < 0.7 mm/a) (Weiland & Cloos,
1996), in a similar way as seen in our experiments. Considering the rate of differential erosion and
the mean slope of the south flank, the main drainage divide would migrate toward the center of the
Central Range at ~10 m/a (Babault et al., 2018). Using the minimum and maximum erosion rates in
the Central Range to calculate the incision rate ratio R..*, we obtain values ranging from 5 x 10*
(Imin_moa/Emin_cr) to 6 x 10° (Imax_moa/Emax_cr) (very close to the R, * ratio previously calculated using
the Atlas of Morocco and Himalaya cases). Using R..*, the equivalent divide migration rate would be
~2 x 10° m/a. This value is five times smaller than that predicted for the Central Range (~10 m/a).
Equation 2 shows that Cp.q is an inverse function of mean channel downstream slope. In our
experiments, channel downstream slopes are about two (0.2 m/m) to six (0.6 m/m) times higher
than the mean slope of the southern flank of the Central Range (~0.09 m/m), which explains the
difference in divide migration rates. The comparison to the drainage dynamics in the Central Range
shows that differences in mean downstream channel slopes between our models and nature imply
that divide migration rates may be underestimated by our physical models.

As underlined in other experimental modeling studies using similar setup and materials (e.g., Guerit
et al., 2016), model erosion is mainly driven by fluvial processes and slope processes (slope diffusion,
landslides and sapping) being controlled by vertical and lateral channel erosion. We quantified the
extent to which drainage divide migration is controlled by channel incision in equation 2. We
obtained a C,.q close to, yet slightly smaller than (~10%), the mean measured celerity of divide
migration (C,) (Fig. 6). It means that the rate of divide migration is primarily controlled (90%) by
channel incision. Because we ruled out the thrust sheets where erosion was driven by landslides,
sapping may be responsible for this difference, therefore sapping would only accelerate divide
migration rates by 10% in the models. Even if the contributing processes for divide migration in our
models may not be fully similar to what occurs in nature, the similar divide migration rates between
analytical/numerical models, natural examples, and our physical models support the applicability of
our experimental results to study the effect of drainage network dynamics on erosion and
sedimentation in nature.

3.2. Timing for captures to occur in the models

We only observe capture events in some of the thrust sheets of the three experiments run under the
lowest shortening rate, and where longitudinal reaches have previously developed (A2, A3 and B1).
We do not observe drainage reorganization in the experiments done at faster rates of shortening
and dominated by larger longitudinal reaches (A4, A5, A6 and B2). In our experiments, a high
threshold for erosion is imposed by material erodibility, resulting in the persistence of non-eroded
areas on top of the thrust sheets where local slopes are too small for erosion to initiate. The
successive accretion of new thrust sheets results in the back tilt of the older thrust sheets toward
the inner part of the accretionary prism, inducing a decrease of the local slopes in their external
limbs and the inhibition of erosion (Viaplana-Muzas et al., 2015). Therefore the expansion of
transverse channels in the experiments occurs only while a thrust sheet is active at the front of the
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experimental prism and we refer to this time as the period of uplift and incision for that thrust. For a
capture to occur, this period of time needs to be long enough for headwaters of the expanding
transverse channels to reach the longitudinal channels; otherwise the tilt-induced inhibition of
erosion freezes the onset of divide migration and drainage reorganization. We calculated the time
needed for a capture to occur in the experiments, i.e., the drainage reorganization response time,
dividing the distance between a longitudinal channel and the trace of a thrust, by the divide
migration celerity measured in the experiments. In our experiments the spacing between thrust
sheets is mostly independent from uplift rate (Viaplana-Muzas et al., 2015) but we observe some
variability (Figs. 3A, 4A and F and 5A and E). This variability is responsible for the different distances
between a longitudinal channel and the trace of a thrust. These distances vary from 36 mm to 75
mm (mean is 54 mm 11 mm, 1c), with values slightly higher in experiments run under higher uplift
rate (A4, A5 and A6, B2).

Even if the drainage migration celerity increases with uplift rate, it does not compensate for the
slight increase of distances between a longitudinal channel and the trace of a thrust with uplift rate.
In the experiments in which captures occur (A2, A3 and B1), the duration of uplift and incision in the
external limb of the thrust sheets equates or is higher than the time needed for a capture to occur
(supplementary data Fig. SD4). In the other experiments (A4, A5, A6 and B2), the period of uplift and
incision before the emergence of a new thrust sheet is too small for drainage reorganization to
occur. Channel gradient decrease, below the threshold for erosion, and inhibition of erosion during
back-tilting of the former thrust sheets when a new thrust sheet emerges, prevent transverse
drainage expansion and reorganization to propagate into the inner part of the accretionary wedges.

3.3. Dynamics of drainage network during building of a fold-and-thrust belt

The experiments show that the longitudinal channels that developed in the early stages of thrust
sheet emergence tend to disappear as they are uplifted at a higher elevation than their
surroundings. Increasing incision rates in steep frontal transverse channels induce headward erosion
and catchment expansion into the growing thrust sheets (Figs. 9A, 9B and 9C). As a result, drainage
network reorganizes from longitudinal- to transverse-dominated through drainage divide migration
and captures (Figs. 3, 4 and 5). Divide migration in our experiments is not linked to catchment
shrinkage in response to tectonic shortening and shear deformation (e.g., Yang et al., 2015), but is
controlled by the increasing downstream slope and erosion rates of the expanding transverse rivers
(Equation 2).

Drainage network evolution from longitudinal- to transverse-dominated is a dynamic process
observable in some orogenic wedges submitted to very different shortening and precipitation rates,
as the High Atlas of Morocco, the Andes and the Central Range of New Guinea (Babault et al., 2012;
Babault et al., 2013; Babault et al., 2018). In these mountain ranges, main divides propagate into the
inner part of the orogenic wedges, and we can expect eventually a complete drainage reorganization
to a more stable transverse-dominated drainage network, in which transverse catchments probably

This article is protected by copyright. All rights reserved.



reach a fixed geometry as proposed by Hovius (1996). Equation 2 gives a simple way to calculate
from incision rates and mean slopes the velocity of divide migration into a slowly eroding and highly-
elevated smooth erosional surface subjected to a constant uplift rate. This equation has been
applied to the Central Range of New Guinea (Babault et al., 2018). When corrected for a non-null
erosion rate in the longitudinal-dominated drainage network, the mean celerity of divide migration
(Coreq) in equation 2 becomes (Babault et al., 2018):

AE
tan 6

Corea = , eq. (6)

Cored depends on the mean differential erosion rate (AE) between the expanding transverse-
dominated catchments and the shrinking longitudinal-dominated catchments, and the mean
regional slope of the expanding catchments (tan 6). The mean differential erosion rate between the
south flank of the Central Range of New Guinea and the inner Kemabu high plateau is >1 mm/a, and
the mean regional slope of the south flank is &= 5.72 (Fig. 12). Assuming uniform rock uplift,
equation 6 predicts a mean rate of divide migration Cpeq 2 102 m/a in the Central Range of New
Guinea. Given the uncertainties of incision rate ratios and differences in mean channel slopes, divide
migration rates in our physical models are similar to those predicted for nature.

In our experimental study, hillslope processes may not be as important as they are in forcing divide
migration in natural landscapes. In the Finisterre Range, a high plateau capped by karstified planar
limestones is progressively removed (Hovius et al., 1998). There, channel heads retreat and
catchments expand by seepage-triggered landslides which are rooted at the base of the permeable
limestones. It led Hovius (1998) to propose that during the initial stage of mountain building the
mode and rate of drainage divide migration are governed by hillslope mass wasting, not by fluvial
incision. In the western Central Range of the island of Papua New Guinea, the Kemabu plateau is
also capped by limestones and seepage may also help failures to occur. However, like in other fold-
and-thrust belts geologic contacts are seldom planar, and the role of seepage might be very limited
in driving divide motion at the spatial scale of the Central Range, and by extension in any fold-thrust
belts. A recent study shows that a minimum of 15% of divide migration is controlled by typhoon-
triggered landslides in the Central Range of Taiwan (Dahlquist et al., 2018). Other processes like
earthquake-triggered landslides, a common process in tectonically active mountain belts, may
increase this value. Landslides triggered by earthquakes or storms are also a dominant process of
erosion in the steep hillslopes of the rapidly uplifting the Central Range of the island of Papua New
Guinea which is subjected to heavy rainfalls (Simonett, 1967; Pain & F.Bowler, 1973; Keefer, 1994;
Hovius et al., 1998; Robbins & Petterson, 2015; Robbins, 2016), and it certainly contributes to divide
mobility. All these types of landslide, triggered by different forcings, together probably govern
drainage divide migration in active orogens. But it is generally accepted that landslides are coupled
to the fluvial drainage network, which controls their occurrence and magnitude and their associated
erosion rates and sediment fluxes (e.g., Burbank et al., 1996; Montgomery, 2001; Montgomery &
Brandon, 2002; Larsen & Montgomery, 2012). Then, over millions of years, i.e. at the timescale of
fold-and-thrust belts growth, rates of divide migration are most likely controlled by fluvial erosion
adjustment to rock uplift, i.e. to tectonics. Even if differences in hillslope processes exist between
our analogue models and nature, drainage reorganization from early longitudinal rivers to transverse
ones is most likely triggered by fluvial incision in natural landscapes, as in our models.
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Lithologic variability in fold-thrust belts can influence the spatial and temporal pattern of erodibility
and potentially influence landscape erosional response to external factors (e.g., Yanites et al., 2017).
In post-orogenic landscapes, where geologic contacts are horizontals or slightly dipping, spatial
variations of substrate erodibility can alone trigger divide motion and river captures (Gallen, 2018).
Numerical modeling also suggest that steady state divide position achieved in actively uplifting
settings could even experience motions from one side to the opposite during exhumation of near
planar harder layers (Forte & Whipple, 2018). Following these works, the rate of divide migration
toward the interior of an accretionary wedge as described in our experiments may be modulated by
lithologic variability. However, in the interior of an orogenic wedge, where the sedimentary cover
has started to be removed by erosion and where horizontal contacts are minimal, the influence of
lithology on divide motion may be of second order, tectonics being the main forcing (Forte &
Whipple, 2018; Gallen, 2018). Hence, ongoing deformation should lead eventually to a
reorganization from early longitudinal rivers to transverse ones, and rock-type related erodibility
may only either temporally accelerate or delay drainage divide motion but probably not drainage
reorganization pattern over millions of years. This is evidenced by the occurrence of such pattern of
drainage reorganization in orogens with contrasting lithologies.

As the drainage network reorganization process from longitudinal- to transverse-dominated
channels (i) is observed at all spatial scales (from model centimeters to nature kilometers scales), (ii)
is mainly triggered by fluvial erosion, and (iii) occurs under steady shortening and precipitation rates,
it can be considered as a generic process independent of any external forcing.

3.4. Implications of drainage dynamics on the sediment routing system

The varying sedimentary flux entering a foreland basin has traditionally been ascribed to tectonic
pulses or climate variations. Ubiquitous and synchronous increases in sediment flux at global scale
could be interpreted as a climatically-driven increase of erosion (Molnar & England, 1990; Molnar &
Houseman, 2004). The corollary, a diachronous increase of sedimentation rate over a basin and a
diachronous increase of erosion rate over an orogen, has been interpreted as evidence for
sedimentation and erosion rate variations linked to tectonics such as thrusting (e.g., Charreau et al.,
2009). At the scale of an orogenic wedge, surface uplift related to thrust activity and crustal
thickening is considered to result in increasing sediment accumulation in foreland basins during
mountain building (Price, 1973; Beaumont, 1981; Puigdefabregas & Souquet, 1986; Molnar &
England, 1990; Jordan & Flemings, 1991; DeCelles & Giles, 1996; Kuhlemann et al., 2002; Allen,
2008). Beside its control on sediment flux, the capacity of tectonics to control the drainage
organization during mountain building implies that tectonics also controls the stratigraphic
architecture in foreland basins (Heller et al., 1988; Tucker & Slingerland, 1996; Gupta, 1997; Horton
& DeCelles, 2001). In the case of a mountain front drained by transverse rivers, the high density of
rivers that enter into a foreland basin leads to line-depositional systems. Conversely, the low density
of transverse rivers in longitudinal-dominated drainage networks implies a limited number of outlets
that feed the sedimentary basins and the routing system leads to point-source dispersal system
pattern. These two end-member patterns of source-to-sink systems have been reproduced
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experimentally (Viaplana-Muzas et al., 2015). Here we show that under constant shortening and
rainfall rates, tectonically-induced early drainage organization and later reorganization by captures
decrease the spacing of outlets that feed a basin. These processes and the resulting changes also
modify the contributing drainage areas, erosion rates and eventually local sedimentation rates at
mountain outlets (Fig. 11). We show that an increase in upstream area results in an increase of the
sedimentation rate in the captor outlet, while in the adjacent outlets the sedimentation rate
decreases in response to upstream area loss (Fig. 11). Tectonics increases the potential energy for
erosion in transverse channels, drainage divide migration and eventually capture, especially of
longitudinal drainage. Hence, tectonics is responsible for capture-driven modulation of the
sedimentary flux at the front of accretionary prisms.

In addition to modifying the sedimentation rate, drainage reorganization during mountain building
should also influence the composition of the sediments and the grain size of the bed load that feed
alluvial fans at mountain fronts. In the experiments, the material for erosion is spatially uniform so
that changes in source area do not modify the composition and the grain size of the erosion
products accumulated in the fans. In nature, a modification in drainage area is expected to result in
different proportions of the eroded lithologies and in the consequent variable composition of
erosion products, supporting an alternative explanation for provenance signals (e.g., Babault et al.,
2013; Babault et al., 2018). Clastic grain size is also expected to be modified downstream of a
capture point. A capture involves a sudden lowering of the base level in the captured channel,
inducing a wave of erosion and the incision of a deep valley downstream of a knickpoint (e.g., Fig
9A). Landslide-derived boulders from the steep slopes of a valley are expected to increase the bed
load grain size as seen in canyons that cut uplifting topographies (e.g., Whittaker et al., 2010). On
the other hand, the grain size in the fans fed by beheaded rivers is expected to decrease as the
sediment transport capacity of rivers decreases (e.g., Maher et al., 2007). Hence, the variation of
sediment characteristics in foreland basin commonly used to infer sudden tectonic uplift or climate
variations may lead to misinterpretations if its modulation by the drainage dynamics is not
considered. The comparison of synchronous sedimentation variations in adjacent fans should serve
as a diagnostic for a capture-driven origin. Inverse variation in sedimentary flux in adjacent fans,
together with drastic change in clastic composition, is diagnostic of upstream capture. Finally, the
intrinsic process of drainage reorganization during mountain building is ultimately expected to lead
to a modification of the sedimentary architecture from point source dispersal system to line-
depositional system.

4. Conclusions

The experiments show that in active fold-and-thrust belts divide migration and captures can occur
under steady shortening and rainfall rate. These processes result in the reorganization of early
drainage network inherited from thrust emergence, evolving from a longitudinal drainage to a
transverse drainage, and in the drastic change of the size of drainage basins.
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Experimental modeling shows that the rate of divide migration in transverse channel headwaters
increases in a non-linear way with uplift rate. In the framework of the stream power erosion model,
the experiments suggest that the exponent on the slope variable controls this non-linearity.
Experiments also show that under similar uplift rates, an increase of the rainfall rate results in an
increase of the velocity of divide migration.

Under steady tectonic and climate conditions, drainage reorganization driven by the interactions
between tectonics and erosion eventually modulates the distribution of sedimentary fluxes at the
outlets of experimental wedges. We show that simultaneous and opposite variations in
sedimentation rates in adjacent fans are a diagnostic criterion for drainage network reorganization
in the source areas.

We propose that this sedimentary response to drainage reorganization is also recorded in foreland
basins. In such settings, variations in sedimentation rates are usually attributed to variations of
erosion in response to perturbation of tectonic uplift rate and/or climate. These interpretations
assume that the drainage areas of the rivers entering a sedimentary basin do not change during
mountain building. Modifications of catchment size in the source areas, as well as transport
distances and slopes, triggered by the divide migration and capture processes, may additionally
modify clastic sediment composition and sediment grain size.
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Table 1. Boundary conditions of the experimental thrust wedges analyzed in this work.

Shortening Thrust sheets®* Numbering of the

. Rainfall rate  Shortening rate +
Experiment (mm/h) (cm/h) (em) thrust sheets
A2 9 8 60 5 2,3and4
A3 9 9 91 8 2,3and 4
A4 SeriesA 9 20 94 7 2and3
A5 9 50 96 8 3,4and 6
A6 9 100 95 7 3and 4
B1 Series B 18 8 55 5 3and 4
B2 18 18 57 5 2,3and 4

" Counted at the end of the experiments
1 Analyzed in this work
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