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INTRODUCTION

Meandering rivers form by interactions between flow, sediment, bed
topology and channel curvature and migrate across their floodplains
where they form a distinct morphology through meander initiation,

Steven A. H. Weisscher? | Maarten G. Kleinhans?

Ronald T. van Balen!?

Abstract

The meandering of alluvial rivers may be forced by normal faulting due to tectonically
altered topographic gradients of the river valley and channel at and near the fault
zone. Normal faulting can affect river meandering by either instantaneous
(e.g. surface-rupturing earthquakes) or gradual displacement. To enhance our under-
standing of river channel response to tectonic faulting at the fault zone scale we used
the physics-based, two-dimensional morphodynamic model Nays2D to simulate the
responses of a laboratory-scale alluvial river with vegetated floodplain to various
faulting and offset scenarios. The results of a model with normal fault downstepping
in the downstream direction show that channel sinuosity and bend radius increase
up to a maximum as a result of the faulting-enhanced valley gradient. Hereafter, a
chute cutoff reduces channel sinuosity to a new dynamic equilibrium value that is
generally higher than the pre-faulting sinuosity. A scenario where a normal fault
downsteps in the upstream direction leads to reduced morphological change
upstream of the fault due to a backwater effect induced by the faulting. The position
within a meander bend at which faulting occurs has a profound influence on the evo-
lution of sinuosity; fault locations that enhance flow velocities over the point bar dur-
ing floods result in a faster sinuosity increase and subsequent chute cutoff than
locations that enhance flow velocity directed towards the floodplain. This upward
causation from the bend scale to the reach and floodplain scale arises from the com-
plex interactions between meandering and floodplain and the nonlinearities of the
sediment transport and chute cutoff processes. Our model results provide a guideline
to include process-based reasoning in the interpretation of geomorphological and
sedimentological observations of fluvial response to faulting. The combination of
these approaches leads to better predictions of possible effects of faulting on alluvial

river meandering.
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expansion and cutoff (Hickin & Nanson, 1975; Hooke, 2007a,b;
Weiss, 2016; Weisscher et al., 2019). Meandering rivers and their
dynamics have been studied extensively, based on geomorphology,
theoretical analyses, laboratory experiments and numerical modelling
(Crosato, 2007, 2009; Friedkin, 1945; Hickin & Nanson, 1975;
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Hooke, 2007a,b; Howard & Knutson, 1984; Leopold &
Wolman, 1957, 1960; Mosselman, 1995; Parker et al., 2011;
Schumm, 1973; Sun et al, 1996; Sylvester et al., 2019; van Dijk
et al,, 2012).

Many meandering rivers flow through tectonically active regions
and it is critical to understand their responses to tectonic deformation
to recognize and predict resulting changes in river dynamics and mor-
phology. Faulting forces the morphodynamics of rivers by causing
local changes to the topographic gradient of the river valley and chan-
nel (Holbrook & Schumm, 1999). Depending on the fault configura-
tion, faulting can markedly impact the gradient of the riverbed and
floodplain at the fault zone (Figure 1). Such changes in the topography
of the river valley trigger a morphodynamic response of the river in
order to restore the altered gradient. This morphodynamic response
can be in the form of a longitudinal (bed) profile adjustment or in com-
bination with a planform change of the river channel
(Jorgensen, 1990; Schumm et al., 2002; Timar, 2003; Woolderink
et al., 2021). A normal fault with the hanging wall in the downstream
direction (i.e. downstepping in the downstream direction) enhances
the fluvial gradient and hence degradation of the riverbed will occur
upstream of the fault and aggradation downstream (Figure 1;
Holbrook & Schumm, 1999). The opposite is expected for a fault that
is downstepping in the upstream direction, which leads to aggradation
of the riverbed in front of the fault and degradation downstream of a
fault (Figure 1). Because of the transient nature (i.e. later erosion and
sedimentation), the preservation of longitudinal riverbed deformations
of alluvial rivers by faulting is rare in the sedimentary record
(Holbrook & Schumm, 1999).

Channel adjustment patterns in response to faulting may range
from a (local) shift in channel pattern (e.g. from scroll bar-dominated
to chute-dominated meandering) to an intra-pattern adjustment such
as a change in sinuosity of a meandering river channel (Holbrook &
Schumm, 1999; Ouchi, 1985; Timar, 2003). Moreover, faulting can
alter the cross-section (e.g. width-to-depth ratio) of a river via a
change in gradient (Holbrook & Schumm, 1999). Such changes in
channel width result in a changing bar pattern which might, in turn,
alter floodplain morphology and channel migration (Kleinhans, 2010;

Kleinhans et al., 2013). Hence, alluvial meandering rivers respond in

FIGURE 1 Potential effects of normal faulting
on riverbed and flow deformation. (A) Normal
fault downstepping in downstream direction
(increases gradient). (B) Normal fault
downstepping in upstream direction (reduces
gradient). FW = footwall, HW = hanging wall,
blue lines indicate water level. The lower two
subfigures are later in time. Figure based on
Holbrook and Schumm (1999) [Color figure can be
viewed at wileyonlinelibrary.com] (a)
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various ways to faulting. However, each of these morphodynamic

responses can also be the result of other causes (Holbrook &
Schumm, 1999; Kleinhans, 2010; Ouchi, 1985), complicating derived
relationships between faulting and river dynamics from the sedimen-
tary and geomorphological records.

Normal faulting can affect river morphodynamics by either instan-
taneous (e.g. surface-rupturing earthquakes) or gradual displacement.
Both have a different effect on river morphodynamics, based on the
ratio of vertical displacement and sediment transport capacity of the
river. The reoccurrence interval of large surface-rupturing earth-
quakes, that are able to produce co-seismic vertical displacements of
the earth'’s surface, is often relatively large. This hampers the possibil-
ity of collecting observational data of river response to co-seismic ver-
tical displacements. Slow tectonic deformation such as creep forces
river morphodynamics on a timescale of thousands of years,
obstructing the collection of observational data as well.

Over the last decades numerical modelling has provided the
opportunity to study the effects of both intrinsic and extrinsic forcing
factors on meandering river and floodplain dynamics (Crosato,
2007, 2009; Howard, 1992; Howard & Knutson, 1984; Iwasaki
et al, 2016; Lancaster & Bras, 2002; Mosselman, 1995; Parker
et al., 2011; Seminara, 2006; Stglum, 1996; Sun et al., 1996). Numeri-
cal modelling allows the isolation of effects of faulting, and many
numeric modelling studies of alluvial river response so far focused on
the long-term basin-scale effects of tectonics on alluvial architecture
(Alexander & Leeder, 1987; Allen, 1978; Bridge & Leeder, 1979;
Bryant et al., 1995; Mackey & Bridge, 1995). In contrast, model stud-
ies on the effects of faulting on more local alluvial meandering river
morphodynamics (e.g. on the scale of multiple meander bends) are
currently lacking.

Hence, our understanding of the morphodynamic and morpholog-
ical responses of meandering rivers to various faulting scenarios on
the scale of multiple meander bends around a fault zone is still limited.
Therefore, the objective of this study is to determine the effects of
both instantaneous and gradual faulting scenarios on meandering riv-
ers at the scale of multiple meander bends along a normal fault.

To achieve this objective, we subject a river and its floodplain in a

physics-based, two-dimensional morphodynamic model Nays2D
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(Shimizu et al., 2013) to faulting and compare the results to control
runs to isolate observable effects of faulting to meandering river
morphodynamics and morphology. Our study focuses on the sinuosity
and longitudinal response of a laboratory-scale alluvial river to various
faulting and offset scenarios. This ‘landscape experiment’ is a simula-
tion of an alluvial landscape that applies relaxed scaling (Kleinhans
et al, 2014) and produces comparable sediment mobility, mor-
phodynamic processes and complexity as that of a natural system
(Kleinhans et al., 2014; Weisscher et al., 2019). Moreover, the advan-
tage of numerical modelling a laboratory-scale experiment is that the
results of the model can be compared to past flume experiments
(e.g. Jin & Schumm, 1987; Ouchi, 1985) and future experiments. This
provides the opportunity to also study the effects of faulting on
meandering river stratigraphy as well as transient responses as time is
very much condensed. The dynamic system of an alluvial landscape in
this study is subjected to instantaneous faulting over varying fractions
of water depth and to gradual faulting on a timescale over which the
river shows significant morphological change.

METHODS
Model description

Nays2D solves both depth-averaged, nonlinear shallow water equa-
tions and the equations for bed load transport and bed level change
(Shimizu et al., 2013). Bank erosion is incorporated in the model by a
slope collapse module that corrects the bed elevation in case of over-
steepening of the bank slope (lwasaki et al, 2016). Weisscher
et al. (2019) added colonization and mortality of vegetation to
Nays2D. In this submodel, vegetation colonizes dry cells and is
removed from drowned cells and from cells in which the erosion
depth exceeds the rooting depth (Table 1). The settlement of (riparian)
vegetation is used as a bar-floodplain conversion agent (Weisscher
etal, 2019).

In this study, a model setup after Weisscher et al. (2019), who
modelled a dynamic meandering river on a laboratory scale, was used.
The focus of our study is on meandering rivers with downstream
migrating meander bends.

Although the modelling of a laboratory-scale alluvial river has the
disadvantage that timescales of morphodynamic change may not
accurately represent those of a real-world meandering river, the key
strengths of such a setup are that it can accurately model the river
pattern and dynamics of a chute cutoff-dominated meandering river
with a self-formed floodplain in terms of morphodynamic processes,
complexity and sediment mobility as that of a natural system
(Kleinhans et al., 2014; Weisscher et al., 2019). As the primary focus
of our study is on modelling the general behaviour and mor-
phodynamic responses of a meandering river to faulting in terms of
sediment mobility and planform change, we choose to adopt the well-
established and validated model of a laboratory-scale alluvial river
which is based on real-world river and experiment parameters instead
of studying a specific (single) real-world river.

The adopted model is based on the Allier River (France), the
Otofuke River (Japan), the upstream part of the Meuse River in the
Netherlands (Figure 2) and on past landscape laboratory experiments

(van Dijk et al., 2012). All these rivers and the experiments are

TABLE 1 Model settings for the scenarios in this study (after
Weisscher et al., 2019)

Parameter Value Unit
Discharge Q (low-high) 1-6.4 L/s
Time step hydrodynamics/bed level 0.02 s
change
Time step vegetation settling 3000 s
Channel width 0.5 m
Channel depth 0.04 m
Channel length 60 m
Aspect ratio (width/depth) 12.5 -
Grain size 0.76 x 103 m
Valley slope 2 x 1073 mm~?t

Inflow migration period T 1.53 x 10° s
Inflow migration amplitude 0.75 m
Drag coefficient vegetation Cp 1

Vegetation stem thickness D 0.5 x 1078 m

Rooting depth 0.03

Manning’s n 0.02 sm'/®
Shields number 0.07 =
Froude number 0.4 -

examples of gravel-bed rivers, dominated by chute cutoffs and with
similar morphological characteristics.

The model consists of a fixed rectilinear computational grid with
0.1 m square grid cells, representing a domain of 4.5 m wide and 60 m
long. The initial straight channel was 0.5 m wide and 0.04 m deep. An
initial lateral offset of +0.4 m was used for the 0.5 m fixed-width inlet
to steer morphological change. The slopes of the banks were 45°. The
model setup applies bedload transport only (Meyer-Peter &
Miuiller, 1948), which is appropriate for low-mobility gravel rivers. A
sustained periodic inflow perturbation (e.g. movement of the inlet)
was applied as a fraction of the width over a period in which signifi-
cant meander migration occurred to ensure the initiation and persis-
tence of dynamic meandering. This periodic perturbation was found
to be a necessary condition for dynamic meandering in theory corrob-
orated by numerical models and experiments, without acting as a forc-
ing on the direction and rate of meandering (Lanzoni &
Seminara, 2006; van Dijk et al., 2012; Weiss, 2016; Weisscher
et al., 2019). Vegetation colonization is applied every 50 min, after
which significant morphological change had happened, similar to
changes during larger floods in natural rivers.

For our study, a normal fault was added to Nays2D. Grid cells
downstream of the fault were displaced vertically to mimic fault
movement as a fraction of the channel depth. In this way both the
upstream and downstream boundary conditions remained unaltered.
The amount of vertical displacement and the rate of deformation
were varied to enable modelling of both instant and gradual faulting.
To reduce computing time, we used the topographic output of an
original model run after 167 h as the initial meandering planform for
our faulting scenarios. At this time the (lateral) morphodynamic
change of the meandering channel reached a dynamic equilibrium.

For all model scenarios we applied a minimum of 100 hydrological

cycles of a 50 min hydrograph (83.3 h). The hydrograph varied
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FIGURE 2 Top panel: Meandering reach with
chutes and scrolls of the Allier River (France),
upstream of Moulins. Middle panel: Historic map
(Tranchot 1803-1820) showing the upstream part
of the Meuse River in the southern Netherlands,
dominated by scrolls and chutes. Bottom panel:
Digital elevation model of the same stretch of the
Meuse River (red is maximum elevation of ~41 m,
blue is minimum elevation of ~20 m above Dutch
ordnance level). Flow is from left to right [Color
figure can be viewed at wileyonlinelibrary.com]

between 1 and 6.4 L/s. The initial topography was run for 2.5 h to re-
establish hydrodynamics and vegetation cover on the loaded initial

planform before a faulting perturbation was applied to the model.

Data analysis

The bathymetry of the model scenarios was used for both qualitative
and quantitative map comparison and was detrended with the initial
valley gradient before the comparisons. The main channel is identified
as the maximum value in each cross-section of the detrended bed ele-
vation times flow velocity to the power of three (Weisscher
et al., 2019). This was empirically found to be the best indicator of
channel position that excludes deep but abandoned channels and fast
overbank flow (Weisscher et al., 2019). In order to exclude potential
boundary effects, sinuosity of the main channel was determined in a
zone extending from 10 m upstream to 10 m downstream of the fault.
Sinuosity was computed by dividing the length of the main channel by
the valley length. The initial and maximum meander amplitude and

wavelength were measured using the main channel across the fault

IEHI WILEY] 2

zone. Longitudinal profiles were determined along the main channel

line. They show a smoothed profile of the detrended bed elevation.

Model scenarios

Depending on the dip direction of the fault, normal faulting results in
a relatively subsiding and uplifting riverbed in the part of the model
downstream of the fault (Figure 1). In the description of the model
scenarios, we therefore apply the terms ‘subsidence’ and ‘uplift’. A
scenario without any faulting was conducted as a reference (LO). The
subsidence scenarios represent a footwall to hanging wall transition
(L3, L4, L7, L8, RC1-RC6; Table 2, Figure 1). The uplift scenarios
model a hanging wall to footwall transition (L1, L2, L5, L6; Table 2,
Figure 1). Both instantaneous and gradual faulting scenarios are simu-
lated for the different fault configurations to study their effects on
river morphodynamics (Table 2). Moreover, in both the subsidence
and uplift scenarios the effects of a small (0.005 m or 1/8th channel
depth of the model) and a large offset (0.015 m or 3/8th channel
depth of the model) along the fault are studied (Table 2). In order to
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TABLE 2 Overview of deformation style, rate and fault location for the different scenarios in this study

Deformation Instant or Deformation rate (m/cycle or
style gradual instant)
No deformation - -
Subsidence Gradual —0.00005
Subsidence Abrupt —0.005
Subsidence Gradual —0.00015
Subsidence Abrupt -0.015
Subsidence Abrupt -0.010
Subsidence Abrupt -0.020
Subsidence Abrupt -0.025
Subsidence Abrupt —0.030
Subsidence Abrupt —-0.015
Subsidence Abrupt -0.015
Uplift Gradual 0.00015
Uplift Abrupt 0.015
Uplift Gradual 0.00005
Uplift Abrupt 0.005

test the effects of the amount of vertical displacement we increased
the fault throw for the subsidence scenarios incrementally by 0.005 m
(or 1/8th channel depth of the model) to a maximum of 0.030 m
(or 6/8th of the channel depth of the model; Table 2). Finally, the
effect of the position of a fault along a meander bend is investigated
for the subsidence scenarios to study the differential morphodynamic
response (Table 2, FO-F2).

The applied fault offsets are inspired on the reconstructed maxi-
mum vertical surface deformation along fault zones in the Lower
Rhine Embayment (LRE) rift system (Camelbeeck et al., 2007;
Houtgast et al., 2005; Kemna, 2005; van Balen et al., 2005, 2019;
Westerhoff et al., 2008). Therefore, offsets of 0.4 and 1.2 m were
used for the instant scenarios, which correspond to an approximate
earthquake magnitude of ~6.5 to 6.8 (Wells & Coppersmith, 1994).
The offsets correspond to approximately 1/8th and 3/8th of the
channel depth of the Meuse River, respectively. Therefore, the same
relative offsets of 1/8th and 3/8th of the channel depth of the initial
model channel were used in the model simulations. The same total rel-
ative offsets were imposed for the gradual faulting scenarios, although
these exceed the displacement rates of gradual faulting rates in the
LRE, in order to compare the morphodynamic responses. The fault
was positioned at the same location (32 m) in all scenarios, with the

exemption of runs F1 and F2 (Table 2).

RESULTS

The results of the faulting scenarios are presented and subsequently
interpreted and discussed below (Figure 3). First, the subsidence sce-
narios (normal faulting, downstream downstepping) are presented,
followed by the scenarios that show the effects of increasing fault off-
set in the subsidence situation. Hereafter, the uplifting scenarios (nor-
mal faulting, upstream downstepping) are discussed. Finally, the
effects of fault location within a meander on subsequent river

morphodynamics are presented.

Total offset Total offset channel Fault location

(m) depth (m) Scenario
- - - LO
—0.005 1/8th 320 L8
—0.005 1/8th 32.0 L7/RC1
—0.015 3/8th 320 L4
—-0.015 3/8th 320 L3/Fo/
RC3
—-0.010 2/8th 320 RC2
—0.020 4/8th 320 RC4
—0.025 5/8th 320 RC5
—0.030 6/8th 320 RC6
—-0.015 3/8th 31.0 F1
—-0.015 3/8th 31.6 F2
0.015 3/8th 320 L2
0.015 3/8th 320 L1
0.005 1/8th 320 L6
0.005 1/8th 320 L5

Subsidence scenarios

Longitudinal profiles (normal faulting, downstream
downstepping)

The subsidence scenarios show incision of the riverbed at and just
upstream of the fault, which increases the channel depth relative to
the floodplain (Table 2, Figure 4). The lowering of the bed level is
larger near the fault zone compared to more upstream (Figure 4). The
pools at the meander apexes show vertical erosion. The eroded sedi-
ment is deposited downstream of the fault, which increases the eleva-
tion of the channel bed and the channel width (Figures 4 and 5).

There is a difference in how the bed level changes between the
abrupt and gradual displacement scenarios. Where the gradual subsi-
dence scenarios show a slight lowering of the bed level at the riffle
just downstream of the fault (i.e. at around 33 m), the abrupt scenar-
ios show aggradation at this position. For the first outer bend down-
stream of the fault zone (i.e. at about 34 m), all subsidence scenarios
show an increase in bed level and reduced channel depth over time
compared to those immediately after the faulting perturbation
(Figure 4). Aggradation of the bed level occurs to ~3 m (0.7 meander
wavelength) downstream of the fault for the gradual subsidence sce-
narios. For the abrupt subsidence scenarios, this aggradation con-
tinues to ~6.5 m (1.5 meander wavelengths) downstream of the fault
(Figure 4). Thus, the longitudinal bed profile responds to the faulting
in the subsidence scenarios by incision upstream and aggradation
downstream of the fault (Figure 4).

Incision of the riverbed upstream of the fault is the result of the
locally increasing fluvial gradient and, hence, increased flow velocity
and sediment transport capacity. Deposition downstream of the fault
is the result of the change in gradient to the original gradient outside
the fault zone. The extent of the adaption of the longitudinal profile is
dependent on the rate of fault movement (Figure 4), which can be
explained by the increase in gradient per unit time and the non-

linearity of sediment transport. The sudden increase in gradient, and
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Subsidence Gradual (-0.015 m)

Cununa

Subsidence Abrupt (-0.015 m)

—

Subsidence Gradual (-0.005 m)

Elevation (m)

FIGURE 3 Morphology of the (detrended) riverbeds and floodplains for the model scenarios, at the end of the model run (t = 83.3 h). Arrows
show the relative amount of uplift/subsidence for each scenario. Solid arrows are abrupt scenarios while dashed lines indicate gradual vertical
displacement. Length of the arrows indicates the vertical displacement of either 1/8th or 3/8th of the channel depth. Black solid line represents

the fault zone [Color figure can be viewed at wileyonlinelibrary.com]

thus flow velocity, leads to a larger amount of eroded sediment, and
therefore also deposited volume, and hence downstream extent of
channel bed aggradation, than in the continuous faulting scenarios.

Morphology and sinuosity

The control scenario without any faulting (LO) shows an 11% increase
in meander amplitude during the model run (Figures 3 and 6, Table 3).
This increase in meander amplitude is most probably the result of
intrinsic meander dynamics over time of the chute-dominated
meandering channel. The scenarios with relatively small subsidence
(i.e. 0.005 m or 1/8th channel depth of the model) show that the
meander amplitude increases ~20-30% at the fault zone due to lat-
eral migration. The same is observed for the large gradual offset
(0.015 m or 3/8th channel depth of the model), although here the
amount of the meander amplitude change is higher (i.e. 52%; Figures 3
and 6, Table 3).

The results of the large instant offset simulations show a different
pattern. In these results, the meander amplitude increases with a max-
imum of 87% of its original size, and the location shifts downstream
till 62.5 h. Hereafter, a chute cutoff occurs and the main channel is

straightened just downstream of the fault zone, which reduces the

meander amplitude ~20% and doubles the wavelength of the mean-
der (Figures 3 and 6, Table 3). The sinuosity at the fault zone increases
from ~1.17 to 1.3 for all subsidence runs, except for the large gradual
subsidence. In that simulation, sinuosity increases to 1.35 (Figure 7) at
the location mainly centred around the fault zone (Figures 3 and 6).

Enhanced bank erosion occurs in response to the erosion and
scouring at the pools in the outer part of the meander bends, which
increases the outer bank slope and leads to mass failure when the
angle of bed slope exceeds a critical angle (Figure 8B). The enhanced
erosion of the outer banks leads to enhanced lateral bend migration
and an increase of meander amplitude. This increases the sinuosity of
the river channel. For the gradual subsidence scenarios, bank erosion
and point bar accretion result in a more or less linear adaption of the
sinuosity of the river channel (Figure 7). However, for the instant sub-
sidence scenarios, sinuosity change shows a relatively fast increase in
sinuosity after which a new (dynamic) equilibrium is reached
(Figure 7). This difference in sinuosity response can be explained by
the amount of gradient increase, which is much larger (100x) in the
abrupt scenarios compared to the gradual scenarios.

Over time, erosion and sedimentation around the fault zone
reduce the gradient over the fault. In turn, this reduces the lateral dis-
placement rate and change in channel sinuosity (Figure 7). Moreover,

by lengthening of the river channel by a sinuosity increase, the
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FIGURE 4 Longitudinal bed profiles over time of the faulting
scenarios. Note that the subsidence scenarios show a clear
adjustment of the riverbed to the faulting perturbation where erosion
takes place upstream of the fault and sedimentation downstream of
the fault. The uplift scenarios show a less clear adjustment to faulting.
Arrows show the relative amount of uplift/subsidence for each
scenario. Solid arrows are abrupt scenarios while dashed lines indicate
gradual vertical displacement. Length of the arrows indicates the
vertical displacement of either 1/8th or 3/8th of the channel depth.
Black solid line represents the fault zone [Color figure can be viewed
at wileyonlinelibrary.com]

channel gradient is also reduced, complementing the in-channel ero-
sion and sedimentation. These processes can explain the limitation of
further sinuosity increase of the river channel beyond the threshold of
~1.3 for the presented model runs.

As the sinuosity of the river channel increases due to outer bank
erosion and lateral migration of the channel, sedimentation occurs in
the channel (Figure 8). In addition, overbank flow occurs over the
point bar during floods because of a gradient advantage compared to
the main channel. As a result, a chute channel develops over the point
bar, forming a bifurcation. The division of flow and sediment at this
bifurcation results in sedimentation in the main channel, which is
eventually closed, and a transformation of the chute channel to the
new main channel occurs. This chute cutoff reduces the sinuosity of

the river channel over the fault instantly (Figures 6 and 7).

Fault offset

The abrupt subsidence scenario is used to test the effect of different
amounts of fault offset as this scenario results in the most obvious
sinuosity change (Figure 9). The amount of offset is incrementally
increased 0.005 m (1/8th channel depth of the model) to a maximum
offset of 0.03 m (6/8th channel depth). Figure 10 shows that the fault
offsets of 0.005 and 0.010 m have a relatively constant sinuosity
increase to ~50 and 66.7 h, respectively, before sinuosity stabilizes.
The throw of the fault influences the rate of sinuosity increase, where
larger offsets result in faster increase of sinuosity (Figure 10). The crit-
ical value of river sinuosity of our model runs lies, with the exception
of the 0.030 m scenario, around 1.3 (Figure 10). Further increase of
the channel sinuosity is associated with more variability of channel
sinuosity. As discussed above, this leads to a chute cutoff and hence
sinuosity decrease on a somewhat longer timescale.

The rate of sinuosity increase with increasing fault offsets can be
explained by the fact that a larger offset results in a higher gradient
and, therefore, a larger flow velocity. In turn, this leads to increased
bank erosion, lateral displacement and thus a sinuosity increase of the
channel.

The exception of the 0.030 m model run is probably the result of
the large amount of sediment that is deposited downstream, at the
foot of the fault (Figures 9 and 11). This sedimentation forms a fluvial
fan, which forces the flow of the channel towards the side of the
model domain. In an unconfined setting, this process might lead to a
channel avulsion because the gradient towards the floodplain is signif-

icantly higher than of the fluvial fan.

Uplift scenarios (normal faulting, downstepping in the
upstream direction)

Longitudinal profiles

The effects of the uplift scenarios on the bed topography are inferred
from longitudinal and perpendicular cross-sections (Figures 4 and 13).
Almost no change in bed level occurs just upstream of the fault on the
hanging wall (Figure 4, Table 3). Moderate vertical erosion occurs in
the outer meander bends on the footwall. On this relatively uplifted
block the width of the channel does not change and, hence, the
width-to-depth ratio decreases slightly (Figure 13). In general, the
amount of vertical erosion increases further downstream of the fault
location (i.e. within several metres of the fault; Figure 13).

The consistency in bed topography on the hanging wall can be
attributed to the development of a backwater in front of the fault in
these scenarios, which is caused by the obstruction to flow posed by
the uplifted downstream footwall. The backwater effect reduces flow
velocities in the channel on the hanging wall and, during floods, over
the point bar and floodplain (Figure 12). The decrease in flow velocity
reduces morphodynamics of the river channel in this reach. This pro-
cess of decreasing flow velocity is most pronounced for the abrupt
faulting scenarios, as this results in the most pronounced obstruction
to flow in the river channel (Figure 12). The upstream length to which
the backwater reaches depends on the amount of fault offset. For the
relatively large instant faulting scenario (0.015m or 3/8th model

channel depth), this is ~8 m upstream of the fault, which is
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FIGURE 5 Cross-sections over the floodplain at different distances to the fault for all of the subsidence scenarios. Panels show erosion
upstream of the fault (transects 1 and 2) and sedimentation downstream (transects 3 and 4). Transects were placed at the nearest pool and riffle
both upstream and downstream of the fault [Color figure can be viewed at wileyonlinelibrary.com]

approximately 2 meander wavelengths (Figure 12). On the footwall,
not affected by a backwater effect, flow velocities are not altered,
resulting in moderate vertical erosion in the outer meander bends on
this block.

Morphology and sinuosity

The scenarios with relative uplift show that the main channel remains
at a fixed position around the fault (Figure 6). An exception is the
meander at ~27.5 m, which experiences a minor downstream dis-
placement (Figure 6). Compared to the control run, the uplift scenarios
show a smaller amplitude change (Table 3). As in the control run, the
meander wavelength remains constant (Figure 6).

The sinuosity of the channel remains fairly constant over time
(i.e. between ~1.17 and 1.20; Figure 7), especially for the first 33.3 h.
After 41.6 h, the sinuosity of the reference run increases from 1.19 to
1.24. The uplift scenarios, however, show sinuosity values that remain
more or less stable (Figure 7).

The lack of sinuosity increase in the uplift scenarios can partly be
attributed to the backwater effect, which reduces flow velocity and
hence decreases the amount of bank erosion and thus lateral migra-
tion rate of the channel. On the footwall, sediment concentrations are
less than the transport capacity due to the reduced flow velocities in
the backwater on the hanging wall. This leads to erosion in the chan-
nel and hence to slight channel straightening (Figure 6). The fault dis-

placement makes the backwater reach on the relatively subsiding

hanging wall more prone to flooding. In extreme cases even a lake

develops, as in the abrupt large offset scenario (Figure 12).

Fault location

The effect of fault location was studied by using two additional sce-
narios (i.e. fault location at 31.0 and 31.6 m; Figure 14) with an instant
fault offset of 0.015 m (3/8th channel depth of the model) using the
subsidence setup. The first 41.7 h of both scenarios show a similar
increase in sinuosity from ~1.18 to 1.33. However, hereafter the sinu-
osity changes of the different scenarios start to deviate (Figure 14).
The scenario with a fault at 31.0 m shows a chute cutoff of the chan-
nel occurring at 45.8 h, which reduces the sinuosity to 1.27 within
8.33 h. Subsequently, sinuosity increases again to 1.31 at the end of
the model run. The scenario with the fault at 31.6 m predicts sinuosity
to increase for 58.3 h, and then the change in sinuosity decreases and
sinuosity stabilizes around 1.39. However, at 76.7 h a chute cutoff
reduces the sinuosity of the channel to 1.31. The standard fault loca-
tion at 32.0 m shows a relatively stable sinuosity of 1.33 up to 60 h,
after which it decreases to 1.29 to return to a sinuosity of ~1.33 at
the end of the run. Overall, the different positions of the fault loca-
tions lead to a similar end result (i.e. a chute cutoff and sinuosity of
~1.33). However, substantial differences are observed for the time-
progressive evolution.

The cause for the observed differences in sinuosity response is

best explained by the velocity maps of the flow after the fault
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displacement (Figure 15). The local increase in velocity at the fault
location (left panels, Figure 15) is the result of an increased gradient.
The location of 31.0 m positions the fault at the downstream end of
the bend apex. Subsidence of the right-hand side of the model domain
therefore leads to a superposition of the upstream meander compared
to the meander bend downstream of the fault (Figure 15). The combi-
nation of these factors makes the flow after fault displacement largely
directed over the point bar downstream of the fault (right panels,
Figure 15). This overbank flow, which has an increased velocity due to
the increased gradient, leads to erosion of the point bar and chute
channel development. Therefore, the sinuosity profile of the fault
location at 31.0 m shows a relatively fast chute cutoff development
(i.e. after 45.8 h; Figure 14, bottom panel).

The fault position at 31.6 m is located at the inflection point of
the meandering channel. Although the same response as for the fault
location at 31.0 m is partially observed for this fault position, a large
part of the flow is directed into the main channel towards the next

meander bend (Figure 15). This results in a longer period of bank

erosion, lateral migration and hence meander curvature before the
gradient advantage over the point bar becomes high enough for a
chute cutoff to occur.

The fault location at 32.0 m positions the fault near the outer
bend of the meander (Figure 15). In this case the fault offset results in
a direction of the flow (with increased flow velocity) towards the
outer bank of the meander. Here, scouring takes places which eventu-
ally leads to a sinuosity increase (Figure 14, bottom panel). However,
the flow direction towards the outer bend is towards the vegetated,
erosion-resistant floodplain instead of the point bar and therefore
does not contribute to the development of a chute channel. The fact
that such a chute cutoff does eventually develop for the scenario with
the fault location at 32.0 m can be attributed to the increased gradient
advantage over the point bar which forms as a result of increased

bend curvature and downstream bar formation.

DISCUSSION
Comparison to field and flume studies

The model results show that a changing valley gradient over a fault
leads to both longitudinal erosion and aggradation of the riverbed
(Figure 16). Erosion of the footwall and aggradation on the hanging
wall of a fault are commonly observed responses to a gradient
increase (i.e. a normal fault downstepping in the downstream direc-
tion) (Gasparini et al, 2016; Holbrook & Schumm, 1999;
Parker, 2004). The shallowing and widening of the channel in our
model results just downstream of the fault were also observed in both
experimental and field studies for zones of relative subsidence and
lowered slopes (Holbrook & Schumm, 1999; Jin & Schumm, 1987,
Jorgensen, 1990; Ouchi, 1985).

An increase in sinuosity in response to a faulting-induced steep-
ening of the valley floor, as shown for the subsidence scenarios
(Figures 3, 6 and 16), is observed frequently in the geomorphological
record as well (Gomez & Marron, 1991; Ouchi, 1985; Petrovszki
et al.,, 2012; Schumm et al., 2002; Timar, 2003). However, the model
shows that a continued increase in sinuosity leads to a chute cutoff
which reduces channel sinuosity (Figure 14). Therefore, the posed
relationship between gradient and river channel sinuosity increase of
a meandering river with downstream migrating meander bends is only
valid up to a maximum threshold of bend sharpness (cf. Holbrook &
Schumm, 1999; Schumm & Khan, 1972; Woolderink et al., 2021).
Moreover, if faulting rates become too high relative to the sediment
transport capacity of the river, excess sedimentation on the hanging
wall leads to channel avulsion (Figure 11). These results are in agree-
ment with Schumm et al. (2002), showing that the rate of deformation
(i.e. faulting) influences the river response.

Flooding of the backwater reach was observed as a response to a
normal fault downstepping in the upstream direction, as observed in
field studies (Holbrook & Schumm, 1999). Such flooding or lake devel-
opment often results in increased accumulation of (fine) sediments
(Figure 16), due to the reduced flow and sediment transport capacity,
at the riverbed and floodplain in the backwater reach (Holbrook &
Schumm, 1999).

Increased incision and decreased width-to-depth ratios, such as

in the predictions for the uplift scenarios, are frequently observed
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TABLE 3 Changes in meander amplitude for the model scenarios at the end of the run (83.3 h)

Scenario Vertical displacement Amplitude (m)

LO No faulting 0.72 0.07
LO8 Subsidence gradual (—0.005 m) 0.77 0.12
LO7 Subsidence abrupt (—0.005 m) 0.85 0.21
LO4 Subsidence gradual (—0.015 m) 0.98 0.34
LO3 Subsidence abrupt (—0.015 m) 1.21 0.56
RC1 Subsidence abrupt (—0.005 m) 0.85 0.21
RC2 Subsidence abrupt (—0.01 m) 1.20 0.55
RC3 Subsidence abrupt (—0.015 m) 1.21 0.56
RC4 Subsidence abrupt (—0.02 m) 1.13 0.48
RC5 Subsidence abrupt (—0.025 m) 1.88 1.23
RC6 Subsidence abrupt (—0.03 m) 2.33 1.68
L02 Uplift gradual (0.015 m) 0.66 0.01
LO1 Uplift abrupt (0.015 m) 0.60 -0.05
LO6 Uplift gradual (0.005 m) 0.68 0.04
LO5 Uplift abrupt (0.005 m) 0.66 0.02

Change amplitude (m)

Change amplitude (%) Normalized change amplitude

11.2 1.0
18.6 1.7
324 29
52.0 4.6
874 7.8
324 29
85.7 7.7
874 7.8
74.7 6.7
191.3 171
261.1 233
1.6 0.1
-7.8 -0.7
5.4 0.5
23 0.2

FIGURE 7 Sinuosity of the
main channel over time for the
model scenarios. Top panel shows
the sinuosity profiles of model
runs. Bottom panel shows the
sinuosity profiles normalized to
the reference run (LO) [Color
figure can be viewed at
wileyonlinelibrary.com]
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responses of river channels that transverse zones of uplift
(Holbrook & Schumm, 1999; 1990; Woolderink
et al., 2018). A decreased channel sinuosity over a zone of relative

Jorgensen,

uplift was, for example, observed in the geomorphological record of
the Meuse River in the LRE rift system (Woolderink et al., 2018).
However, anomalies in channel width, depth and width-to-depth
ratio alone are not sufficient indicators for tectonic perturbation in
field studies as these characteristics are also dependent on variables
such as bankfull discharge, sediment load and type, vegetation pat-
terns, floodplain and bank material and confluences or bifurcations
(Holbrook & Schumm, 1999; Schumm, 1977). It should be noted

that variability in these factors was not included in our model,

33.3
time (h)

— — —Gradual Subsidence Large

although they may influence the way a meandering river responds
to faulting.

Finally, our model does not include all processes that influence
the response of a river to a faulting perturbation. For instance, co-
seismic displacement may lead to bank failure or sand wells in the
river channel (Fuller, 1912; Schumm et al., 2002). These perturbations
influence morphodynamics and morphology by the local increase of
sediment input to the river channel, or in the form of a temporary
blockage of the flow. It was, for instance, shown for the Baghmati
River in India that faulting leads to the formation of compressed
meanders upstream of the fault (Jain & Sinha, 2005). These com-

pressed meanders were subsequently abandoned as a result of
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FIGURE 8 Schematic model of the effects of the subsidence faulting scenarios on the longitudinal riverbed profile and sinuosity increase.
(A) Pre-faulting scenario with riffle-pool morphology in the river channel. (B) Adaption of the longitudinal bed profile just after faulting with
erosion of the bed upstream of the fault and sedimentation downstream. Scouring in the outer bend increases the height of the riverbank at
these locations. (C) Further erosion and sedimentation in the longitudinal bed profile. The increase in bank height due to scouring in the outer
bend leads to bank collapse and lateral migration of the river channel, which increases sinuosity of the channel. FW = footwall,

HW = hanging wall [Color figure can be viewed at wileyonlinelibrary.com]

channel straightening due to hydrological adjustments of the river
channel (Jain & Sinha, 2005). Moreover, vertical displacement along a
fault can lead to juxtaposition of different lithologies, causing variabil-
ity in erosion resistance of the riverbed and banks over a fault (zone).
Jin and Schumm (1987) showed, based on an experiment with a resis-
tant clay block in the middle of the flume, that the presence of litho-
logical differences leads to compression of meander bends, in this
case upstream of the clay plug. Although differential erodibility due to
juxtaposition was not included in our model setup, it can provide valu-

able opportunities for future modelling studies.

Tectonic deformation rates

The faulting offsets that were used for the modelling scenarios are rel-
atively large. The vertical displacements of 1/8th and 3/8th channel
depth of the model correspond to offsets of 0.4 and 1.2 m for the
model river. These offsets relate to a moment magnitude of ~6.5-6.8
(Wells & Coppersmith, 1994). These vertical displacements and earth-
quake magnitudes form, for example, the upper limit of the earth-
quakes in the LRE (Camelbeeck et al., 2007), which is the area on
which our modelling scenarios are inspired. The displacement rates of
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FIGURE 9 Morphology of the detrended bed elevation at the end of the model run for the scenarios that simulate incremental increase of
subsidence. Morphodynamic change of the river channel increases with vertical offset [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Sinuosity of the 1.5 T T T T T T T T T
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4 and 12 mm/(flood) year for the gradual displacement scenarios are
very high compared to natural deformation rates at intraplate fault
systems. Long-term vertical displacement rates in the LRE did, for
example, not exceed 0.1 mm/year (Vanneste et al., 2013). Neverthe-
less, the offset rates in this model study are within the range of sum-
marized worldwide rates of Quaternary vertical deformation, which lie
between 0.1 and 10 mm/year (Kaizuka, 1967; Ouchi, 1985; Schumm
et al., 2000). Therefore, the gradual offset rates can be regarded as a
reasonable upper estimation for active aseismic deformation to study
the effects on river morphodynamics.

333 50.0 66.6 83.3

Time (h)

Our model results suggest that a vertical displacement of 1/8th
of the river channel depth is sufficient to cause a morphodynamic
response that is traceable in the geomorphological record compared
to a reach that is not affected by faulting (Table 3). Similar relative off-
sets of river channel depth in an analogue experiment by Ouchi (1985)
resulted in a response of the meandering channel as well. Their results
show that an increase in slope results in an increased sinuosity of the
experimental river compared to the control. However, scaling issues
may complicate direct comparison between model results and natural

river responses concerning deformation rates and the amount of
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vertical displacement. For example, observations of geomorphological
records show that natural river systems already respond to deforma-
tion rates of ~1 mm/year (Zamolyi et al., 2010). Hence, although our
model runs (faulting vs. control) give a solid indication of the mor-
phodynamic responses of a river with downstream migrating mean-
ders to faulting, direct comparison to natural rivers and deformation

rates should be regarded carefully.

Relative timescales

Our model results show that the vertical adaption of the riverbed
occurs relatively fast (within 4.17 h after the displacement; Figure 17)

compared to the lateral adaption process (between 16.7 and 75 h).

FIGURE 11 Change of morphology and bed
elevation over the course of the model runs for
the incrementally increasing subsidence scenarios
(i.e. t = 83.3 - T = 0). Note that the largest
subsidence scenarios result in a fluvial fan forming
downstream of the fault that forces the channel
to the side of the model domain, and thus affects

40 42
the transverse channel location upstream of the
fault [Color figure can be viewed at
wileyonlinelibrary.com]
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This discrepancy is best explained by the relations between the char-
acteristic spatial scale and formative timescale of the morphological
2015),
morphodynamics are an order of magnitude faster than bend migra-

phenomena (Kleinhans et al, where in-channel
tion and planform changes. For example, Ten Brinke (2004) showed
that erosion of the IJssel River (NL) bed of ~0.5 to 1.5 m occurred
within a few years after channel canalization that cut off several
meander bends.

For the subsidence scenarios, it was shown that lateral channel
migration rates increased by 1.5 to 23 times compared to the refer-
ence scenario without faulting (Table 3). This increase in lateral
dynamics is the result of an enhanced fluvial gradient, caused by the
fault offset, which causes higher flow-velocity conditions, increased

bank erosion and, hence, more lateral displacement and a sinuosity
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FIGURE 13 Cross-sections over the floodplain at different distances to the fault for all of the uplift scenarios. Note the lack of change,
especially for the abrupt scenarios, in front of the fault. Transects were placed at the nearest pool and riffle both upstream and downstream of

the fault [Color figure can be viewed at wileyonlinelibrary.com]

increase (Figure 16). Relatively reduced vertical and lateral displace-
ment rates are linked to the uplift scenarios (Table 3), where fluvial
gradient is reduced due to a developing backwater in front of the dis-
placed fault (Figure 16).

Thus, our study shows that faulting increases or decreases both
the vertical and lateral dynamics of a river channel by an order of mag-
nitude compared to a non-affected river reach. However, comparison
of modeling results to natural river systems should be done with cau-
tion because of uncertainties related to temporal scaling. Moreover,
the interaction between bar formation, bank erosion, overbank depo-
sition and (riparian) vegetation is crucial in the morphodynamics of
meandering rivers. Hence, different model settings may have affected
the outcome of our model runs significantly, which should be taken
into account when comparing our model results to natural river sys-
tems. This does not affect, however, conclusions derived from com-

parisons between the model runs.

Transient response, fault location and preservation
potential

Our model results, compared with the controls, show that a fault dis-
placement of an alluvial meandering river with downstream migrating
meander bends results in multiple, time-dependent, morphological
adjustments of the river channel such as erosion and sedimentation
along the longitudinal river profile, sinuosity increase and (chute) cut-
off of the channel (Figures 4, 7, 14, and 16). Therefore, the response
is transient. This time-dependent river response is important when
deriving relationships between faulting and river dynamics from mor-
phological and sedimentological records. It is crucial to understand if
an observed morphological response is the final outcome of the mor-
phodynamic adaption or part of an ongoing transient response. For
example, sediment aggradation at the hanging wall normally leads to a

locally increased preservation potential. However, only the lower
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FIGURE 15 Velocity magnitude and direction of flow in the model during high discharge for the different fault location scenarios [Color
figure can be viewed at wileyonlinelibrary.com]

parts of the sedimentary succession will be preserved if aggradation
occurs alongside lateral migration (Lewin & Macklin, 2003; Toonen
et al., 2012). This process can hence lead to a burial and masking of

the geomorphology of the initial part of the sequence of responses to
faulting. Alternatively, if a chute cutoff leads to incision of the new

chute channel, the initial sinuosity increase may be partially preserved
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in the sedimentological and morphological record (Figure 16). How-
ever, the preservation of geomorphological and sedimentological
responses to faulting also depends on the difference in relative time-
scales of river dynamics and faulting. A highly dynamic river is more
likely to rework potential geomorphic indicators between successive
faulting events than a river that is less dynamic. Moreover, the relative
position at which a meander bend crosses a fault influences the river
response to faulting (Figures 14-16). This is important to consider

when analysing the geomorphological record for possible fault

presence and evidence of faulting, as the timing of faulting is critical
for the morphodynamic response of a downstream migrating
meandering river.

The above indicates that without a detailed reconstruction of
the response of a meandering channel, our abductive inferences
from the morphological or sedimentological records might lead to
erroneous conceptual models of the relation between faulting and
alluvial river response. Our model results provide guideline to
reasoning in the interpretation of

include process-based
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geomorphological and sedimentological observations of fluvial
response to faulting. The combination of these approaches will help
to understand the natural processes involved in more detail and
might therefore lead to better predictions of possible effects of

faulting on river morphodynamics.

CONCLUSIONS

The numerical modelling of the morphodynamic response of an allu-
vial meandering river to various faulting scenarios in this study
showed longitudinal and lateral adaptions of the channel. After an ini-
tial longitudinal riverbed adaption, sinuosity of the river channel
increases as a result of the faulting-enhanced valley gradient at the
fault, which causes enhanced bank erosion and lateral displacement.
This upward causation from the bend scale to the reach and floodplain
scale arises from the complex interactions between meandering and
floodplain and the nonlinearities of the sediment transport and chute
cutoff processes.

Both the longitudinal and lateral adaptions are restricted to a
zone of approximately 2 meander wavelengths around the fault for
the applied offsets and diminish both upstream and downstream of
the fault. The effects of fault-bounded vertical deformation on
meandering rivers are, hence, relatively local around the fault zone.

The transient response to faulting should be considered in the
interpretation of morphological and sedimentological observations as
it is crucial to understand if an observed morphological response is
the final outcome of the morphodynamic adaption or part of an ongo-
ing transient response.

Channel sinuosity and the pacing of morphological responses are
highly sensitive to the relative position within a meander bend at
which faulting occurs. Fault locations that enhance flow velocities
over the point bar result in a faster sinuosity increase and subsequent
chute cutoff than locations that enhance flow velocity towards the

floodplain. As a result, in a meandering river system with downstream

migrating bends, the timing of faulting is decisive for the mor-
phodynamic response of the river to faulting.
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