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ABSTRACT

A three-dimensional numerical model of sediment transport, erosion and
deposition within a network of channel belts and associated floodplain is
described. Sediment and water supply are defined at the upstream entry point,
and base level is defined at the downstream edge of the model. Sediment and
water are transported through a network of channels according to the diffusion
equation, and each channel has a channel belt with a width that increases in
time. The network of channels evolves as a result of channel bifurcation and
abandonment (avulsion). The timing and location of channel bifurcation is
controlled stochastically as a function of the cross-valley slope of the floodplain
adjacent to the channel belt relative to the down-valley slope, and of annual
flood discharge. A bifurcation develops into an avulsion when the discharge of
one of the distributaries falls below a threshold value. The floodplain
aggradation rate decreases with distance from the nearest active channel belt.
Channel-belt degradation results in floodplain incision. Extrinsic (extrabasinal,
allogenic) and intrinsic (intrabasinal, autogenic) controls on floodplain
dynamics and alluvial architecture were modelled, and sequence stratigraphy
models were assessed. Input parameters were chosen based on data from the
Rhine-Meuse delta. To examine how the model responds to extrinsic controls,
the model was run under conditions of changing base level and increasing
sediment supply. Rises and falls in base level and increases in sediment supply
occurred over 10 000 years. Rising base level caused a wave of aggradation to
move up-valley, until aggradation occurred over the entire valley. Frequency of
bifurcations and avulsions increased with rate of base-level rise and aggradation
rate. Channel-belt width varied with water discharge and the lifespan of the
channel belt. Wide, connected channel belts (and high channel-deposit
proportion) occurred around the upstream inflow point because of their high
discharge and longevity. Less connected, smaller channel belts occurred further
down-valley. Such alluvial behaviour and architecture is also found in the
Rhine-Meuse delta. During base-level fall, valley erosion occurred, and the
incised valley contained a single wide channel belt. During subsequent base-
level rise, a wave of aggradation moved up-valley, filling the incised valley.
Bifurcation and avulsion sites progressively moved upstream. Relatively thin,
narrow channel belts bordered and cut into the valley fill. These results differ
substantially from existing sequence stratigraphy models. The increase in
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sediment supply from upstream resulted in an alluvial fan. Most bifurcations
and avulsions occurred at the fan apex (nodal avulsion), and channel belts were
the widest and the thickest here (giving high channel-deposit proportion) due to
their high discharge and longevity. The width and thickness of channel belts
decreased down-valley due to decreased discharge, longevity and aggradation
rate. This behaviour occurs in modern alluvial fans. Intrinsic controls also affect
floodplain dynamics and alluvial architecture. Variation of aggradation rate,
bifurcation frequency and number of coexisting channel belts occurred over
periods of 500 to 2000 years, compared with 10 000 years for extrinsic controls.
This variation is partly related to local aggradation and degradation of channel
belts around bifurcation points. Channel belts were preferentially clustered near
floodplain margins, because of low floodplain aggradation rate and topography
there.

Keywords Alluvial architecture, alluvial fan, bifurcation, floodplain evolu-

tion, numerical modelling, process-based modelling.

INTRODUCTION

Alluvial architecture is defined (Allen, 1978) as
the geometry, proportion and spatial arrangement
of channel-belt deposits within floodplain depos-
its. It has a fundamental control on the amount
and movement of pore fluids (e.g. water and oil)
in alluvial sedimentary successions. Quantitative,
process-based (or process-imitating) models have
been used since the late 1970s to help explain the
influence of floodplain and channel geometry and
dynamics on alluvial architecture, particularly
variables such as channel-belt size relative to
floodplain size, deposition rate, frequency and
location of channel-belt avulsions (diversions),
intrabasinal tectonic subsidence and compaction-
al subsidence. The earliest quantitative models
were two-dimensional, and considered alluvial
architecture in vertical sections across flood-
plains normal to flow direction (Allen, 1978,
1979; Leeder, 1978; Bridge & Leeder, 1979; Bridge
& Mackey, 1993a; Heller & Paola, 1996). The
principles of these 2D models have also been
used in fluvial sequence stratigraphy models to
predict changes in near-coastal alluvial architec-
ture in response to relative falls and rises in
sea-level (Shanley & McCabe, 1993; Wright &
Marriott, 1993). Despite the value of these early
2D models, they are too simplistic to apply
confidently to a 3D alluvial succession.

The first 3D, quantitative, process-based model
of alluvial architecture (Mackey & Bridge, 1995)
allowed channel-belt avulsion to be treated as a
function of flood discharge and the spatial and
temporal distributions of floodplain topography,
as controlled by the spatial and temporal distri-
butions of channel-belt and floodplain deposition

rate, intrabasinal tectonic subsidence and comp-
actional subsidence. Although this model
explained qualitatively many aspects of the
dynamics of modern floodplains, it shared some
important shortcomings of the 2D models, e.g.: (i)
only one channel belt was active on the flood-
plain at a time; (ii) channel-belt geometry did not
evolve through time; (iii) old channel belts could
not be reoccupied by a later channel belt; (iv)
sediment deposition and erosion in channel belts
and across floodplains were not based on a mass
balance of sediment input and output; (v) long-
term channel-belt degradation and floodplain
incision was not accounted for. These shortcom-
ings make comparison of the models with
real-world examples difficult and, in particular,
establishment of the relative roles of extrinsic
(extrabasinal, allogenic) and intrinsic (intra-
basinal, autogenic) factors in controlling flood-
plain dynamics and 3D alluvial architecture.
Extrinsic controlling factors originate outside
the alluvial plain, and include regional climate,
extrabasinal tectonic activity (both of which
control water and sediment supply to the alluvial
plain) and base-level change. Extrinsic factors
therefore control the boundary conditions of a
model that influence floodplain dynamics and
alluvial architecture. Extrinsic controlling factors
can vary over periods of up to millions of years
and cause variations in alluvial architecture over
sediment thicknesses of metres to kilometres
(Bridge, 2003). Intrinsic controlling factors origi-
nate within the alluvial plain, and result from the
floodplain processes and their interaction (such
as floods and avulsion). Intrinsic controlling
factors cause random or cyclic variation in
floodplain dynamics and alluvial architecture.
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Intrinsic cyclic variations in floodplain dynamics
can have periods of hundreds to thousands of
years and cause variations in alluvial architecture
over sediment thicknesses of metres to hundreds
of metres (Bridge, 2003). Extrinsic and intrinsic
factors are difficult to differentiate because they
have overlapping periods, and because extrinsic
factors influence intrinsic factors (Bridge, 2003;
Stouthamer & Berendsen, 2007).

Driven by the shortcomings of pre-existing
models, Karssenberg et al. (2003) and Karssenberg
& Bridge (2005) have substantially modified and
developed the Mackey—Bridge approach, particu-
larly the component models for aggradation and
degradation, avulsion, and the development of
channel belts following avulsion. Such develop-
ment has been made possible, in part, by the
availability of new data from modern floodplains,
especially the Holocene Rhine—Meuse delta. Chan-
nel-belt aggradation and degradation are calcu-
lated using the sediment continuity equation, and
are therefore controlled by input and output of
sediment to the alluvial system. Floodplain aggra-
dation is a function of channel-belt aggradation
rate and distance from channel belts, and flood-
plain degradation is treated using a sediment
diffusion—advection approach. Depending on
flood discharge and the ratio between channel-belt
slope and transverse floodplain slope, new chan-
nel belts are formed by channel bifurcation, and
multiple channel belts may develop and coexist
(forming distributive and anastomosing rivers). In
some cases, a pre-existing channel belt is aban-
doned in favour of another one, and an avulsion
occurs. Following bifurcation and avulsion, the
width of a new channel belt increases progres-
sively as channel migration proceeds in the chan-
nel belt. During degradation, upstream migration
of knick points and formation of incised channels
and terraces can be simulated. The effect of cyclic
variation in degradation and aggradation on flood-
plain dynamics and alluvial architecture can be
simulated, allowing a link to sequence strati-
graphic models.

The purpose of this paper was to: (i) present the
details of the new model; (ii) explore how intrin-
sic and extrinsic factors affect floodplain dynam-
ics (e.g. aggradation, degradation, evolution of the
channel network by bifurcation and avulsion) and
alluvial architecture; (iii) qualitatively compare
model outputs with real-world data, especially
from the Holocene Rhine—Meuse delta; and (iv)
evaluate model behaviour for a wide range
of parameter values by executing a sensitivity
analysis.

MODEL DESCRIPTION

Modelling area and time period

The rectangular modelling area has down-valley
length I (m) and width w (m), and is discretized
by square raster cells with constant cell length ¢
(m). The cell centre coordinates x, y (m) have an
origin at the bottom left corner of the modelling
area, and represent the lateral and downstream
directions respectively. Each cell has surface
elevation h (m). The initial floodplain surface is
assumed in the scenarios presented here to have a
constant slope with additional small random
noise, calculated as:

h = sy +u(0,e) (1)

in which s; is the initial downstream flood-
plain slope, u(0,e) (m) is a realization of a
stochastic variable having a uniform distribu-
tion between zero and e. The model discretizes
time (¢) in time steps with duration At (years),
with a start time £y (years) and end time fonq
(years). The time-step duration used here is
At = 1 year.

Network of channels, water discharge and
transport of sediment

Water flow and sediment transport occur
through a network of channels, where each
channel represents aggregated water flow and
sediment transport of a channel belt. This
channel network consists of lines (channels)
connected to each other at bifurcation or
convergence points (Fig. 1). Each channel con-
sists of a set of arcs connecting centres of
neighbouring raster cells. The channel network
is fed with water and sediment by a single
channel that enters the modelling area at a
fixed position at the upstream edge, referred to
as the inflow point (Fig. 1). A variable amount
of water (Q,, m®year ') enters the channel
network at the inflow point and flows in a
down-slope direction through the channel
network, assuming zero addition or subtraction
of water in the modelling area. The amount
of water discharge for each channel in the
network is g, (m®year™). As the time step
is much larger than the travel time of
water through the modelling area, all water
that enters the modelling area at a certain time
step leaves the modelling area at the same
time step.
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in which a is a dimensionless parameter, x. is
downstream distance (m) along the channel,
calculated as the length of the arcs connecting
channel cells (Fig. 1), h is elevation (m) of the
bank of the channel which equals the floodplain
surface elevation. Sediment transport in Eq. 2
includes bedload and suspended load. This equa-
tion applies to a single mean grain-size, dependent
on the parameter a. Equation 2 does not include
an entrainment threshold term because it is
assumed that most sediment transport occurs at
flood stage when stream power is orders of magni-
tude greater than the threshold stream power.
Other sediment transport laws could be used, but
this was not carried out here, for simplicity. The
sediment transport g, refers to solid sediment plus
pore space, just like all other sediment transport
terms and sediment inputs referred to in this
paper. The mass balance for the channel system is
aggregated over the channel-belt width:
h

oy = i+gzz 3)
in which wg, (m) is the width of the channel belt,
calculated with equations provided below, and i

Cells with a channel
Cells with a channel belt  bifurcation of a channel to the right
I:] Floodplain or hillslope

Bifurcation cell

— Arc

Fig. 1. Cellular representation of
channels, channel belts and
floodplain or hill slope areas in the
model. Only the upper part of

the modelling area is shown. The
situation is shown just after a

on the figure. In this case, the
bifurcating channel rejoins the other
channel down-valley, but it may
also flow downbhill to the lower edge
of the modelling area.

(m?* year ') is the sediment input from hill slopes
to the channel (m? year™'), calculated using the
hill slope degradation module described in a later
section. The width of the channel belt and the
sediment and water supply to the channel belt
also vary with time; however, their derivatives
with respect to time are so small that they can be
ignored. Combining Eqs 2 and 3 gives:

%W =1— 4 a @ (4)
ot VP T ok \ 9 ok,

Equation 4 is solved with two boundary condi-
tions. At the inflow point at the top of the channel
network, gs equals Qs which is the variable
channel-belt sediment input to the modelling
area. At the bottom of the modelling area, h of the
channel network is set to H, which is the variable
base level (m). Equation 4 is solved numerically
for each time step for all channel arcs on the
channel network using an explicit solution. For
each arc, this solution uses its associated channel-
belt width (wg,) calculated according to the
equations below.

Channel and channel-belt geometry

As purely physically based equations for channel
and channel-belt geometry do not yet exist,
equations are used that are derived from
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quasi-physically based approaches with para-
meters estimated from a large data set of geome-
tries of channels from various rivers. The
following variables are calculated for each arc of
the channel network and for each time step.
Bankfull channel width (w,, m) is (from Singh
et al., 2003a,b):

(]-qw)(]<462
50-231 (5)

par

we, = 0-50z

in which j is a conversion constant m® year™" to

m® sec™", Spar is the topographical slope of the arc
and z is the channel side slope, which is assumed
to be constant and the same for all channel cells.
Bankfull mean flow depth (d, m) is (from Singh
et al., 2003a,b):

1 06 (]-qw)0~323
in which n is Manning’s n (s m~*/?). For each arc,

the maximum width (m, m) of the associated
channel belt at that location is (Bridge & Mackey,
1993b; Bridge, 2003):

m = 59-86d"*® (7)

For arcs of a newly formed channel (with a zero
age), the associated channel-belt width (w,,, m)
is:

Wep = We (8)

For arcs of channels with an age greater than zero
years, the change in the channel-belt width is:

owg
T = olm - way) (9)

in which c is the bank erodibility (year '). For
reasons of simplicity, and because of the difficul-
ties in estimating values of ¢ as a function of bank
material (Gouw & Berendsen, 2007; Makaske
et al., 2007), ¢ is assumed to be constant. Equa-
tion 9 is solved for each arc and each time step
using an explicit numerical solution. Although
the channel-belt width increases through time,
the channel belt does not gradually migrate
laterally by bank erosion.

For each time step, the area containing a
channel belt is calculated as the area consisting
of all cells with a distance to the nearest arc less
than the wy, value of that arc. For each time step,
the topographical height (h, m) of these channel-

belt cells equals the topographical height of the
nearest arc, as calculated by Eq. 4. In addition, the
level of the erosional surface of the channel belt
for these channel-belt cells is calculated using the
value of the flow depth (d, Eq. 6) of the nearest
arc.

Bifurcation and avulsion

Comprehensive, physically based models for
channel-belt bifurcations and avulsions do not
exist at present. The models adopted here build
upon the previous work of Mackey & Bridge
(1995), Slingerland & Smith (1998) and Sun et al.
(2002). Meijer (2002) and Overeem et al. (2005)
have also attempted to numerically model avul-
sions in fluvial-coastal cellular models, but
details of these avulsion models were not pro-
vided. The possibility of the occurrence of a
bifurcation is simulated for each time step as a
random function of super-elevation of the chan-
nel belt, under the condition that a high flood
discharge occurred during that time step. This
flood discharge condition is evaluated first. For
each time step, the event D of a maximum yearly
flood discharge possibly leading to a bifurcation
occurs with a constant probability P(D). A reali-
zation D is drawn for each time step. If D is
FALSE for a certain time step, the flood discharge
was too low and no bifurcation occurred during
that time step. If D is TRUE, flood discharge was
sufficiently high for a bifurcation to occur, but
only when super-elevation of the channel belt is
sufficiently high. The effect of super-elevation is
represented by calculating the probability of a
bifurcation given a high flood discharge P(B) for
each cell at the edge of a channel belt, for each
current time step:

P(B) = min((xr;)", 1) (10)

in which ry is the slope ratio, x and u are
parameters, and the function min((xrs)",1) is
evaluated to the minimum value of (krs)" and 1.
The value of r, is calculated as:

max(Sper, 0
I = MaX(Sper; 0) (11)
Spar

where sy, is the slope in the direction perpen-
dicular away from the channel belt, s, is the
slope of the channel in the nearest cell containing
the channel associated with the channel belt and

the function max(spe, 0) is evaluated to the
maximum value of s, and 0. The value of s,
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is calculated from the topographical height (h) of
cells in a 3 x 3 window of cells centred around
the cell under consideration neighbouring a
channel belt, using the third-order finite-differ-
ence method of Horn (1981).

If Dis TRUE, a realization of B is drawn for each
cell at the edge of a channel belt. If B at a cell is
TRUE also, a bifurcation occurs at the correspond-
ing cell, referred to as the bifurcation cell (Fig. 1). If
Bis FALSE no bifurcation occurs. If Dis TRUE and
B is TRUE at more than one cell in the same time
step, a bifurcation occurs at the cell with the
highest value of P(B) only, to prevent the occur-
rence of more than one bifurcation at a single time
step. As shown in Fig. 1, the new channel consists
of two segments. The first segment, upstream of the
bifurcation cell, connects the bifurcation cell with
the older channel, resulting in the bifurcation
point, which is the actual location of the bifurca-
tion (Fig. 1). The second segment, downstream of
the bifurcation cell, consists of a set of arcs
extending from the bifurcation cell and connecting
cells in the direction of the locus of maximum
downhill topographical slope calculated with the
eight-point pour algorithm (Moore, 1996; Bur-
rough & McDonnell, 1998). The end of the new
channel is either the bottom of the modelling area
or a location where it meets and flows into another
channel.

At bifurcations, water is distributed over the
two bifurcating channels (following Murray &
Paola, 1994; Sun et al., 2002) according to:

@ s1n1(1, 02)
q2 Sznz(l,()'z) (12)
Qo =Gq1+ Q2

in which ¢, and s, are, respectively, the discharge
(m® year ') and gradient of the first bifurcating
channel, g, and s, are the same variables for the
second bifurcating channel, and g, is the dis-
charge (m® year ") of the channel upstream of the
bifurcation point. The gradient s; is calculated
from the surface elevation (h) at the cell corre-
sponding to the bifurcation point and the surface
elevation (h) at the cell directly downstream of
the bifurcation point, on the first bifurcating
channel. s, is calculated in the same way for the
second bifurcating channel. Each of the values
n,(1, ¢*) and n,(1, ¢°) are independent realiza-
tions of a random variable with a normal distri-
bution with mean zero and variance ¢* and are
drawn at each time step. These noise terms are
included to represent local random effects on
channel gradients at the bifurcation point.

After a bifurcation has formed, the model
determines for each time step what happens with
the bifurcation, either: (i) the bifurcation contin-
ues to exist; (ii) the bifurcation develops into an
avulsion, whereby the older channel downstream
of the bifurcation point is removed, while the
new channel downstream of the bifurcation point
continues to exist; or (iii) the more recent channel
downstream of the bifurcation point is removed,
while the older channel downstream of the
bifurcation point remains, referred to as an
unsuccessful bifurcation. To decide which of
the three options applies for a specific bifurca-
tion, the model calculates the discharge ratios u4
and u, for each time step and for each bifurcation:

=2 (13)

do

for i equals 1 and 2, respectively, the first and
second bifurcating channel downstream of the
bifurcation point. When u; or u, drops below u;,
the critical discharge ratio, the channel down-
stream of the bifurcation point with the lowest
discharge is removed, corresponding to an avul-
sion or unsuccessful bifurcation, depending on
which channel is removed. For u; values above
Ugpit, the bifurcation remains. Note that the removal
of one of the two channels downstream of a
bifurcation implies the removal of all channels
and bifurcations downstream of this point receiv-
ing discharge from this channel only. A down-
stream bifurcation removed in this way is referred
to as a removed inflow channel bifurcation.

Factors other than the maximum flood dis-
charge and super-elevation of the channel belt
(i.e. slope ratio), such as bank erodibility and the
proximity of pre-existing channels, can also
influence the probability of avulsion (e.g. Aslan
et al., 2005). These factors are not considered
explicitly here, but can partly be accounted for by
the probabilistic nature of Eq. 10. The depen-
dence of avulsion probability on super-elevation
of the channel belt (i.e. slope ratio) means that the
frequency of avulsion depends on the channel-
belt aggradation rate, as has been found in
experimental studies (Bryant ef al., 1995; Ash-
worth et al., 2004, 2007).

Floodplain aggradation and hill slope
degradation

Floodplain aggradation is not incorporated in the
mass balance of the channel belt. The amount of
floodplain aggradation is modelled to be
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dependent on the aggradation rate of the channel
belt, under the assumption that sufficient sedi-
ment is available. For a cell not belonging to the
channel belt, floodplain aggradation occurs only
when its topographical elevation (h) is less than
the topographical elevation (h) of the nearest
channel-belt cell. If this is the case, floodplain
aggradation rate (g, m year ') of the cell is
calculated for each time step as (from Karssenberg
et al., 2001):

g=g:C+go(1—Ce */" (14)

in which g, is the aggradation rate (m year ') at
the nearest channel-belt cell, C is a fraction of g,
that gives the aggradation rate at an infinite
distance from the channel belt, d. is the distance
(m) to the nearest channel-belt cell and b is the
floodplain aggradation exponent (m). Equation 14
is similar to that of Mackey & Bridge (1995) and
Tornqvist & Bridge (2002) and describes the
commonly observed exponentially decreasing
floodplain aggradation rate with increasing dis-
tance from the channel belt. However, in Eq. 14,
exponent b is dimensional (the Mackey—Bridge
exponent is dimensionless), and is the reciprocal
of the floodplain aggradation exponent used by
Mackey and Bridge. Furthermore, the introduc-
tion of C (not in the Mackey-Bridge model)
allows a finite-deposition rate at long distances
from the channel belt. Downstream fining of
sediment cannot be simulated in this model,
because the grain-size of transported sediment is
not described explicitly.

Hill slope degradation is simulated for the
floodplain area simultaneously with aggradation,
using a local drain direction network calculated
for each time step. In the local drain direction
network, each cell is assigned a single direction of
the locus of maximum topographical slope cal-
culated with the eight-point pour algorithm
(Moore, 1996; Burrough & McDonnell, 1998).
For a cell on this local drain direction network,
hill slope degradation (4, m year ') is calculated
for each time step with the familiar transport
limited erosion model (Prosser & Rustomji, 2000;
Hancock et al., 2002; Tucker & Whipple, 2002;
Whipple & Tucker, 2002):

= qs” (15)

in which gy, is the surface run-off from the cell
(m year‘l), s is the slope of the cell and «, f and y
are parameters. As o and f are normally assumed
to equal unity, parameter y is dimensionless. gy, is

calculated as the sum of all net precipitation (P,
m year ') values of cells uphill of the cell under
consideration, over the local drain direction
network. The slope s is calculated as the topo-
graphical gradient between the cell itself and its
direct downhill neighbour over the local drain
direction network. The net aggradation of a cell
outside the channel belts equals g (Eq. 14)
minus /.

During incision of a channel belt, leading to a
channel-belt elevation below the adjacent flood-
plain, the cells on the edge of the channel belt
receive sediment from the adjoining hill slopes,
which is transported over the local drain direc-
tion network towards the channel belt. This
sediment is added as input i (Eq. 3) to the nearest
arc of the channel network. The surface run-off
(gn) from the hill slope reaching the channel belt
is not added to the channel network as discharge
because, in these simulations, it is negligible
compared with the amount of water (Q,) that
enters the channel network at the inflow point.

The model includes modules for compaction
according to the approach followed by Mackey &
Bridge (1995), but these are not used here because
the thickness of the deposit in the scenarios
presented is very thin. In addition, tectonic tilting
and faulting are possible in the model but not
used here. The model is written using PCRaster
functions operating on 2D and 3D entities embed-
ded in the Python programming language
(cf. Karssenberg & De Jong, 2005; Karssenberg
et al., 2007).

MODEL OUTPUTS

The model stores a set of variables as a time series
of raster maps, representing the positions of
channel belts, water and sediment discharge for
each channel belt, and surface topography. In
addition, the resulting alluvial architecture is
stored in three dimensions, using voxels of
variable thickness (Karssenberg & De Jong,
2005), resulting in an exact representation of the
geometry of depositional layers in the vertical
direction. In addition to these model outputs, the
following variables and statistics are calculated
by the model. A bifurcation initiation is the
addition of a new bifurcation to the channel
network. The bifurcation initiation time is t (year)
at the time step a bifurcation is created. The
bifurcation duration (year) is t (year) at the time
step the bifurcation is removed minus the bifur-
cation initiation time. The bifurcation frequency
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is the number of bifurcation initiations per year,
calculated as the average over a time interval of
500 years. Some statistics are calculated for
bifurcations of avulsion type only, excluding
unsuccessful and removed inflow channel bifur-
cations, these are avulsion duration and avulsion
frequency, calculated in the same way as bifur-
cation duration and frequency. The number of
channels on the floodplain is the total number of
channels at time t on the floodplain.

The average aggradation rate (m year ') is cal-
culated over a time window of 50 years. The total
probability for a bifurcation given a high flood
discharge (P,) at a time step is:

fori=1ton:
pi = (1 — pi_1)Pi(B), (16)
Pyt = Di

in which n is the number of cells at the edge of
channel belts and P{B) is the probability calcu-
lated from Eq. 10 for a cell i at the edge of a channel
belt. Note that Py, is the total probability for a
bifurcation given a high flood discharge (Eq. 10).

ESTIMATING MODEL PARAMETERS

Although a detailed comparison of the model
with real-world data is not the aim here, values of
parameters and input variables (Table 1) are
chosen to create a model run that approximately
represents the Holocene Rhine-Meuse delta
(Tornqvist, 1993, 1994; Stouthamer & Berendsen,
2000, 2001, 2007; Berendsen & Stouthamer, 2001;
Makaske, 2001; Gouw & Berendsen, 2007). The
values of s; and e (Table 1) result in a channel at
the start of the model run with a slope of 0-0001.
Under the assumption of zero aggradation or
degradation when input variables, particularly
base level (H, Eq. 4), sediment supply (Q;) and
water supply (Q.), are kept constant, the para-
meter a related to the diffusion of sediment
through the streams is calculated by solving Eq.
2 for a using values for Q; and Q,, (Table 1) esti-
mated to be representative of the Rhine—-Meuse
delta with the initial channel gradient 0h/0x. of
0-0001. The bank erodibility (c) is determined by
a visual comparison between the width of chan-
nel belts in the Rhine—-Meuse delta (Berendsen &
Stouthamer, 2001; Cohen, 2003; Gouw & Erkens,
2007) and the width of those modelled. The
parameters related to hill slope degradation (Eq.
15) are chosen from a visual interpretation of the
geometry of the incised valley under base-level

fall keeping parameter values in the order of
magnitude of those given in the literature (Prosser
& Rustomji, 2000; Hancock et al., 2002; Tucker &
Whipple, 2002; Whipple & Tucker, 2002). The
floodplain aggradation exponent (b) is chosen
based upon the values given by Bridge (1999),
Mackey & Bridge (1995) and Toérnqvist & Bridge
(2002). The fraction C is given a value of 0-2, such
that the floodplain sedimentation rate at infinite
distance from the channel belt is 02 g.. The
Manning’s n roughness value of 0:04 (s m~'®) is
representative of natural stream channels (Chow
et al., 1988). An amount of net precipitation (P) is
used which occurs in temperate climates.

The parameters used to calculate the bifurca-
tion probability (x, u in Eq. 10), and those related
to discharge and stability of bifurcations (62, t1¢),
are chosen such that the modelled avulsion
frequency and the number of co-existing channels
on the floodplain are in the order of magnitude of
those observed in the Rhine—-Meuse delta over the
past 9000 years (Tornqvist, 1993; Berendsen &
Stouthamer, 2001; Stouthamer & Berendsen,
2001; Gouw & Erkens, 2007). During this period,
base level rose by about 20 m (Van de Plassche,
1995; Cohen, 2005), avulsion frequency was
0-009 year ', the number of co-existing channels
was two to five (Stouthamer & Berendsen, 2001).
The set of parameter values used can be consid-
ered to be realistic, but not unique. The sensitiv-
ity of the model to changes in parameter values is
discussed at the end of the paper.

EFFECTS OF EXTRINSIC FACTORS ON
SYSTEM BEHAVIOUR AND ALLUVIAL
ARCHITECTURE

Running the model and keeping the parameter
values and input variables constant at the values
given in Table 1 produces a fluvial system in
dynamic equilibrium with negligible aggradation
or degradation and no bifurcations. When input
variables are changed, the fluvial system starts to
evolve. This effect was studied for three scenarios
whereby each scenario considers the sinuous
change of a single input variable keeping all
other input variables and parameters constant at
values given in Table 1. The base-level rise
scenario and the base-level fall then rise scenario
use a change in base level (H, m) of 10 m over
10 000 years. In the sediment supply scenario,
the channel-belt sediment supply quadruples
over 10 000 years. The scenarios are discussed
in detail below. Although model parameters have
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Table 1. Nomenclature.
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a 0-:0127
o 0-2

b 2000

B 15

a 200

c 0-:0003
C 02

d

d.

D

e 0-:02

g

8c

Y 14

h

H

i

j 32 x 10°
K 0-055

1 6 x 10*
A

m

u 5

n 0-04

P 05
P(B)

P(D)

Ptot

qo

qi

Gn

qs

Qs 1 x 10°
qw

Quw 7:9 x 10*°
rS

s

St 0-:00011
Si

Spar

Sger

g 0-:0036
t

fond 10 000
to 0

At 1
u(0,e)

u;

Ucrit 04

w 2 x 10*
W

Web

X

Xo

v

zZ 1-0

Parameter in slope-dependent sediment transport equation
Parameter in hill slope degradation equation

Floodplain aggradation exponent (m)

Parameter in hill slope degradation equation

Cell length (m)

The bank erodibility (year‘l)

Sedimentation rate at infinite distance from the channel belt

Flow depth (m) at a specific arc

Distance (m) to nearest channel-belt cell

The event (FALSE or TRUE) of a yearly flood discharge possibly leading to a bifurcation
Upper bound of uniform distribution used for noise term in initial topography (m)
Overbank aggradation rate (m year )

Aggradation rate (m year ') at nearest channel belt

Parameter in hill slope degradation equation

Land surface elevation (m)

Base level (m)

Sediment input from hill slopes to an arc (m? year ")

Conversion constant m® year * to m® sec™*

Slope ratio proportionality constant

Down-valley length of modelling area (m)

Hill slope degradation (m year ")

Maximum channel-belt width (m) of an arc

Slope ratio exponent

Manning’s n (s m~"/%)

Net precipitation (m year ')

Probability of a bifurcation given a high flood discharge

Probability of a yearly flood discharge possibly leading to a bifurcation
Total probability of a bifurcation given a high flood discharge

Water discharge (m year ') upstream of bifurcation

Water discharge (m year ") of a bifurcating channel i

The surface run-off (m water slice spread over the cell per year) on hill slope
Sediment transport (m® year ") through a specific channel

Sediment supply (m® year ') at the inflow point

Water discharge (m® year™") through a specific channel

Water discharge (m® year™") at inflow point

Slope ratio

Slope on hill slope

Initial slope of floodplain

Slope of a bifurcating channel i directly downstream of bifurcation point
The slope in the direction parallel to the channel belt

The slope in the direction perpendicular away from the channel belt
Variance of noise term in slope calculation of bifurcating streams
Time (year)

Time at end of model run (year)

Time at start of model run (year)

Duration of one time step (year)

Uniform noise term (m) for initial floodplain topography

Discharge ratio of bifurcating channel i

Critical discharge ratio

Cross-valley width of modelling area (m)

Width (m) of the channel at a specific arc

Width (m) of a channel belt at a specific arc

Cell centre x coordinate (m), origin at bottom left corner
Downstream distance along a channel (m)

Cell centre y coordinate (m), origin at bottom left corner

Channel side slope

The second column provides values of parameters and input variables used for the base scenarios. Note that Q; is
constant for all runs except the scenario with increasing sediment input, f.,q is 20 000 for the scenario with base-

level fall and rise.
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been selected to resemble the Holocene Rhine—
Meuse delta, close comparison between the
model and this real-world example is not
attempted because many extrinsic factors, such
as base-level change, sediment supply, water
supply and tectonism, were not varied simulta-
neously in the model, as happened in the Rhine—
Meuse delta during the Holocene (Stouthamer &
Berendsen, 2000, 2001, 2007; Cohen, 2003, 2005).
The scenarios in the present study aim to describe
the effects of single extrinsic factors.

Effect of base-level rise on floodplain dynamics
and alluvial architecture

The base-level rise scenario (Figs 2 to 5, Anima-
tion S1 in Supplementary material) had aggrada-
tion in the whole modelling area. Although
aggradation started downstream, average aggra-
dation rates became approximately equal up-
stream and downstream after t = 1 x 10° years,
as a result of a fast upstream migration of a wave
of aggradation to the upstream part of the mod-
elling area at the start of the model run. The total
aggradation at the end of the model run was
everywhere approximately equal to total base-
level rise (10 m), apart from a larger amount of
aggradation close to the inflow point as can be
seen in Fig. 5. A network of channels and channel
belts was almost continuously changing due to
bifurcations and avulsions. As can be seen in
Fig. 3, new channels followed the steepest down-
stream path over the floodplain topography at the
moment of bifurcation. For each channel, chan-
nel-belt width increased through time resulting in
channel belts of various widths (Figs 3 to 5).
The total probability of bifurcations and the
frequency of bifurcations and avulsions (and hence
the number of co-existing channel belts on the
floodplain) increased with the floodplain slope
ratio, which increased with aggradation rate. Dur-
ing the initial 1000 to 2000 years of low rate of sea-
level rise, when aggradation rate was low and
decreased up-valley, a few bifurcations occurred
down-valley (Fig. 2B and C). After about
2000 years, bifurcations and avulsions started to
occur along the whole length of the floodplain
(Figs 2B, C and 3), in response to average aggrada-
tion rates that did not vary along the floodplain
length. After about 2000 years, the results did not
show a marked relationship between the rate of
base-level rise and bifurcation frequency. Instead,
variation occurred in bifurcation frequency and
number of co-existing channel belts over periods of
between 05 x 10° and 2 x 10° years (Fig. 2D

and F). In addition, there were similar shorter-
period variations in average aggradation rate
(Fig. 2G). This variation has a random character
because other realizations of the same scenario
show different patterns during aggradation, as
shown in the example of Fig. 6. The random
character of this variation and the short period of
the variation compared with the period of the base-
level change (2 x 10* years) indicate that it is
caused by intrinsic system dynamics (i.e. it is
autogenic) as will be discussed in the next section.

The avulsion frequency of the Holocene Rhine—
Meuse delta also shows variation with periods of
hundreds of years to about a thousand years
(Stouthamer & Berendsen, 2001) and the avulsion
frequency is in the same order of magnitude as
modelled here, although it should be noted that
model parameters have been adjusted until a
comparable average avulsion frequency occurred
as found in the Rhine-Meuse delta. Avulsions
also move upstream at the start of base-level rise
and after that occur along the whole length of the
floodplain of the Rhine—Meuse delta, as they do
in the model. The increasing number of coexis-
ting channels with increasing frequency of bifur-
cations, as observed in the model results, was
recognized in the Rhine—Meuse delta by Stouth-
amer & Berendsen (2001) and is probably also
associated with an increased degree of anastomo-
sing (Toérnqvist, 1994). In the Rhine-Meuse delta,
different channels can coexist for centuries, as
simulated in the model.

The width of channel-belt deposits ranges
between 200 and 4000 m (e.g. Fig. 4), and the
variation in width (wy, at the moment of aban-
donment) between different channel-belt deposits
is relatively large compared with the variation in
width along an individual channel belt (with a
constant duration of existence). The variation in
width between different channel belts is a func-
tion of differences in channel gradient (s.), water
discharge (qw) and duration of existence of a
channel belt (Eqs 6, 7 and 9). Table 2 shows that
the contribution of variation in channel gradient
(s¢) to variation of the maximum channel-belt
width (m) is small compared with the contribu-
tion of variation in water discharge (q.) to the
variation in m. In addition, only a small fraction
of channel-belt deposits reached a channel-belt
width (wg,) that is close to the maximum width
m, such that most channel belts were still
increasing in width when they were abandoned.
Therefore, it can be concluded that differences in
width between channel belts are mainly caused
by differences in discharge and duration of
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Fig. 2. Base-level rise scenario, base realization. The horizontal axis is time, t (kyr). (A) H, base level (m). (B) The
location of bifurcation initiations (dots) is given as the distance away from the bottom of the modelling area.
Bifurcation initiations along the same channel belt are connected by a dashed line. (C) The location of bifurcation
initiations is given as the distance away from the bottom of the modelling area (dots, squares and crosses). Horizontal
lines represent the period of existence of each bifurcation. (D) Floodplain-averaged bifurcation frequency calculated
over a moving window of 500 years. (E) Number of channels on the floodplain. (F) Py, the total probability for a
bifurcation given a high flood discharge (Eq. 16). (G) Floodplain-averaged aggradation rate (m year *).
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Fig. 3. Base-level rise scenario, base realization. Time series of water discharge (g, m® year ™) for each channel belt,
area of channel belts and surface topography (h, m). The base-level curve indicates the time slices shown.

Inflow point
Inflow point

(g}

Channel belt
number

I 110 (last)

60 km

1 (first)

Fig. 4. Base-level rise scenario, base realization. Individual channel belts, perspective views.

existence, whereas differences in channel gradi- belts downstream (Figs 4 and 5) is caused mainly
ent play a minor role. The pattern of wider by the fact that channels upstream generally have
channel belts upstream and narrower channel a larger discharge and a longer duration of
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Fig. 5. Base-level rise scenario, base realization. Cross-sections at locations indicated in Fig. 4. Left: individual

channel belts. Right: time (¢, years) of deposition.

existence than channels downstream. The effect
of a decrease in channel gradient in the down-
stream direction, which occurs for most of the
time during base-level rise, is small compared
with these effects. A downstream decrease in
channel-belt widths can also be due to the nature
of bank materials (Gouw & Berendsen, 2007;
Makaske et al., 2007), but this effect is not
simulated with the current model. The variation
in the channel-belt thickness is caused by varia-
tion in flow depth (d, Table 2) and differences in
total aggradation over the period of existence of a
channel belt.

Wide, connected channel belts are concentrated
around the inflow point (Figs 4 and 5), because
they are long-lived and fixed in position; this
produces a high channel-deposit proportion.

Narrower, and less connected, channel belts occur
downstream, giving a lower channel-deposit pro-
portion. As a result of the decrease in overbank
aggradation away from channel belts, overbank
aggradation and topography are relatively low at
the floodplain margins; this results in a preferen-
tial clustering of channel belts at the margins.
This clustering at the margins is particularly
clear in Fig. 5, transect A—A’. Such channel-belt
clustering was also simulated by Bridge & Leeder
(1979) and Mackey & Bridge (1995).

Effect of base-level fall then rise on floodplain
dynamics and alluvial architecture

The falling base level in the base-level fall then
rise scenario (Figs 7 to 10, Animation S2 in
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Fig. 6. Base-level rise scenario, two other realizations (represented by thin and thick lines). Horizontal axis is time, ¢
(years). (A) Bifurcation frequency calculated over a moving window of 500 years. (B) Number of channels on the

floodplain.

Supplementary material) caused erosion and
development of an incised valley which was
deepest and widest at the downstream part of
the modelling area (Fig. 8, t = 1-3 x 10° years).
This incised valley contained a single channel
belt that increased in width up to close to its
maximum width (m, Eq. 7, Fig. 8). During base-
level rise, aggradation occurred, starting in the
downstream area, and the incised valley was
completely filled up with channel belts and
overbank deposits (e.g. Fig. 10). Bifurcation loca-
tions were initially down-valley where aggrada-
tion began, but they gradually moved upstream
(Figs 7B, C and 8). Bifurcation frequency and
aggradation showed short-period variations
(Fig. 7D and G), as in the case for the previous
sea-level rise scenario.

The upstream part of the floodplain contained
multiple, superimposed channel belts that were

Table 2. Flow depth (d, m) and maximum channel-
belt width (m, m) for different combinations of topo-
graphical slope (s) and discharge (q.,, m® year™*) of the
channel as calculated from Eqs 6 and 7. The values of s,
and g, represent the range of values occurring in the
scenarios.

S¢
0-00005 0-0002
Qw d m d m
7-9 x 101° 14 65 x 10° 11 43 x 10°
0-79 x 10'° 6 17 x 10° 5 11 x 10°

wide and thick, due to the fixed location of the
inflow point and the incision of the valley during
falling sea-level (Fig. 10). Here, a few narrow
channel belts occurred near the floodplain mar-
gins. Most of the floodplain contained a wide and
thick, central channel belt near the base, which
represented the incised valley fill. This valley fill
was bordered and cut into by much narrower and
thinner channel belts that formed during rising
sea-level (Figs 9 and 10). The most recent channel
belts were more numerous, narrower and thinner
than the older ones. Channel belts were not
concentrated near floodplain margins, as in the
previous sea-level rise scenario.

Field and experimental studies and numerical
modelling (Blum & Térnqvist, 2000; van Heijst &
Postma, 2001; Swenson & Muto, 2007) indicate
that aggradation can be going on upstream of
floodplains, while degradation associated with
sea-level fall is going on nearer the coast. This
effect did not happen in this model scenario
because the only variable extrinsic parameter was
base level. However, upstream aggradation would
have occurred in this model scenario if upstream
sediment supply was increased simultaneously
with base-level fall (see below).

The sequence stratigraphy models of Shanley &
McCabe (1993) and Wright & Marriott (1993)
show an incised valley bounded by river terraces,
and filled with ‘amalgamated’ channel deposits,
produced during base-level fall and early sea-
level rise. These deposits are overlain by a wider
sequence produced in the mid to late stages
of sea-level rise containing individual channel
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 Bifurcation
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Unsuccessful bifurcation
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Fig. 7. Base-level fall-rise scenario, base realization. Horizontal axis is time, t (kyr). (A) H, base level (m). (B) The
location of bifurcation initiations (dots) is given as the distance away from the bottom of the modelling area.
Bifurcation initiations along the same channel belt are connected by a dashed line. (C) The location of bifurcation
initiations is given as the distance away from the bottom of the modelling area (dots, squares and crosses). Horizontal
lines represent period of existence of each bifurcation. (D) Floodplain-averaged bifurcation frequency calculated
over a moving window of 500 years. (E) Number of channels on the floodplain. (F) Py, the total probability for a
bifurcation given a high flood discharge (Eq. 16). (G) Floodplain-averaged aggradation rate (m year ).
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Fig. 8. Base-level fall-rise scenario, base realization. Time series of water discharge (q,, m® year ") for each channel
belt, area of channel belts and surface topography (h, m). Base-level curve indicates the time slices shown.
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Fig. 9. Base-level fall-rise scenario, base realization. Individual channel belts, perspective views.

along-valley variation in alluvial architecture and
substantial overlap of incised valley-fill deposits
by deposits formed during sea-level rise. These

deposits encased in floodplain deposits, with
a low channel-deposit proportion. The model
results of the present study show considerable
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Fig. 10. Base-level fall-rise scenario, base realization. Cross-sections at locations indicated in Fig. 9. Left: individual

channel belts. Right: time (¢, years) of deposition.

results differ substantially from the sequence
stratigraphy models. However, further analysis
is desirable because model results do not include
net aggradation associated with increases in
sediment supply upstream.

Effect of increasing sediment supply on
floodplain dynamics and alluvial architecture

The sediment supply scenario (Figs 11 to 14,
Animation S3 in Supplementary material) has an
increasing sediment supply, as shown in
Fig. 11A, starting with a value that would result
in an equilibrium system (without net aggrada-
tion or degradation) under the given floodplain
slope and water input. As a result of the increased
sediment supply, the system increased its chan-
nel gradient resulting in aggradation upstream,

while net aggradation downstream was zero due
to the constant base level (Figs 12 and 14). As a
result, an alluvial fan developed which increased
in size through time, covering the upper part of
the area at the end of the model run (Figs 12
and 13). A nodal avulsion site developed at the
upstream inlet that produced a radial pattern of
channel belts. The area downstream was less
affected by the development of the fan, and the
radial pattern in channel belts changed down-
stream to a pattern of approximately parallel
channel belts.

Almost all bifurcations and avulsions occurred
at the apex of the fan due to the highest aggrada-
tion rate in this area (Fig. 11B). The bifurcation
frequency, number of coexisting channel belts
and aggradation rate varied periodically with
periods of hundreds of years (Fig. 11D, E and G),
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Fig. 11. Sediment supply scenario, base realization. Horizontal axis is time, t (kyr). (A) Qs sediment supply
(m® year™!). (B) The location of bifurcation initiations (dots) is given as the distance away from the bottom of the
modelling area. Bifurcation initiations along the same channel belt are connected by a dashed line. (C) The location of
bifurcation initiations is given as the distance away from the bottom of the modelling area (dots, squares and crosses).
Horizontal lines represent period of existence of each bifurcation. (D) Floodplain-averaged bifurcation frequency cal-
culated over a moving window of 500 years. (E) Number of channels on the floodplain. (F) P, the total probability for a
bifurcation given a high flood discharge (Eq. 16). (G) Floodplain-averaged aggradation rate (m year ').
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Fig. 12. Sediment supply scenario, base realization. Time series of water discharge (q.,, m® year ") for each channel
belt, area of channel belts and surface topography (h, m). Sediment supply curve indicates time slices shown.
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Fig. 13. Base-level fall-rise scenario, base realization. Individual channel belts, perspective views.

in a way similar to the base-level rise scenario. quency, but the aggradation rate periods were
The periods of high aggradation rate generally shorter in duration. Fan-head entrenchment fol-
coincided with periods of high bifurcation fre- lowing avulsion, and deposition of a sediment

© 2008 The Authors. Journal compilation © 2008 International Association of Sedimentologists, Sedimentology, 55, 1717-1745



1736  D. Karssenberg and ]. S. Bridge

D

Lisubu B

f*j ..

I Overbank  Channel belt number

deosts [

Substrate 1 (fjrst) 75 (last)

Om
I s
-10
Years (x 103)

Il T ___ L

0 5 10

Fig. 14. Base-level fall-rise scenario, base realization. Cross-sections at locations indicated in Fig. 9. Left: individual

channel belts. Right: time (¢, years) of deposition.

lobe associated with the new channel (as de-
scribed for experimental alluvial fans by Schumm
et al., 1987), were simulated by the model.

Near the fan apex, the channel belts were
widest and thickest (Figs 13 and 14), due to
the longevity and discharge of the channels.
These channel belts were located near the inflow
point (fan apex) and were, therefore, connected
and formed a zone of high channel-deposit pro-
portion. In this location, some smaller channel
belts occurred at the margin of the fan apex. The
width and thickness of channel belts decreased
downstream, due to reduced discharge, longevity
and aggradation rate.

The geometry of the alluvial fan produced by
the model, the spatial distribution of channel
belts, and the alluvial architecture is qualitatively
comparable with modern, fluvial-dominated allu-
vial fans, and specifically the Kosi fan as
described by Wells & Dorr (1987), Singh et al.

(1993) and simulated by Mackey & Bridge (1995).
However, the model did not simulate the pro-
gressive movement of channel belts in one direc-
tion across the fan, as happened in the Kosi fan.

EFFECTS OF INTRINSIC FACTORS ON
SYSTEM BEHAVIOUR AND ALLUVIAL
ARCHITECTURE

Although changes in extrinsic factors (sediment
supply and base level) over a period of
10 000 years or more controlled variation in
aggradation rate, bifurcation frequency and bifur-
cation location at these timescales, variation in
these output variables over shorter timescales
(hundreds to 2000 years) cannot be explained by
variation in extrinsic factors. This shorter-term
variation was due to intrinsic factors related to
inter-related processes and feedback within the
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complex channel network. Two intrinsic pro-
cesses are most important, as discussed below: (i)
aggradation and degradation around new bifurca-
tion points; and (ii) processes at bifurcation
points that determine the duration and type of
bifurcation.

Aggradation and degradation around new
bifurcation points

Figure 15 shows the effect of aggradation and
degradation around a new bifurcation point. At
the bifurcation initiation time, the new channel
flowed into the overbank area with a relatively
low topography. As a result, the new channel had
a high slope (s.) compared with that of the main
channel. Two processes occurred in response to
this high slope. Firstly, the old channel belt
showed a period of degradation which extended
upstream and downstream from the bifurcation
point. Although this degradation extended over
almost the whole length of the floodplain, it was
greatest around the bifurcation point (Fig. 15C);
as a result of this, the old channel belt was incised
in its own levée for a period of ca 50 years.
Secondly, the new channel belt filled up the
lower overbank area, forming an elevated channel
belt in this area (compare the topography on
Fig. 15A with that on Fig. 15B). This process was
associated with relatively high aggradation rates
along most of the length of the new channel
(Fig. 15D). Figure 15E shows the effect of these
two processes on the total probability for a
bifurcation given a high flood discharge (Pi)-
Directly after the bifurcation initiation time, Py
fell due to the zero slope ratios (rs) along the old,
incised, channel belt. After ca 40 years, aggrada-
tion of the new channel belt resulted in increas-
ing slope ratios there and P, increased gradually.

An analysis of all bifurcations in the base-level
rise scenario showed that the aggradation and
degradation processes described above occurred
for 90% of the bifurcations, and had at least three
different effects on model behaviour. Firstly, the
period between two consecutive bifurcation initi-
ations was generally greater than several decades,
due to the reduced probability of a new bifur-
cation occurring after a bifurcation. Secondly,
after a bifurcation initiation at a certain location,
the probability of occurrence of the next bifurca-
tion was approximately equal for all of the
channel reaches on the floodplain. Although the
old channel belt potentially had higher slope
ratios due to its longer period of aggradation
compared with the new channel belt, slope ratios

along the old channel belt were reduced for
several decades as a result of incision of the old
channel belt in its levées. After several decades,
incision of the old channel belt changed to
aggradation and slope ratios increased, but slope
ratios also increased along the new channel belt
due to the high aggradation rates there. As a
result, the pattern of upstream shift of bifurcation
points along individual channel belts, referred to
as avulsion sequences by Mackey & Bridge (1995),
did not occur. Figures 2B, 7B and 11B show that
this pattern did not occur significantly more often
compared with downstream shifts or random
patterns. Mackey & Bridge (1995) over-estimated
the slope ratios upstream of bifurcation points
because their model was not capable of simulat-
ing the incision associated with bifurcation.

The third effect of a bifurcation was increased
aggradation rate in the area containing the new
channel belt and its associated floodplain depos-
its, as shown by the difference in topography on
Fig. 15A and B. Although this was mainly a local
effect, it had a major impact on the aggradation
rate, as shown by the peaks in the aggradation
rate, averaged over the whole floodplain (Figs 2G,
7G and 11G). An analysis of bifurcations and
average aggradation rates for the base-level rise
scenario showed that increased aggradation rate
may occur for 2 x 10” years after the bifurcation
initiation time. This process could be considered
comparable with that which occurred in the
Cumberland Marshes of Saskatchewan following
an avulsion (Smith et al., 1989, 1998). The high
aggradation rate associated with the movement of
the new channel into the adjacent flood basin
produced frequent bifurcations, an anasto-
mosing river system, and distinctive ‘avulsion
deposits’. Furthermore, this process may be
analogous to the formation of depositional lobes
on alluvial fans following avulsion (Schumm
et al., 1987).

Processes at a bifurcation point determining
bifurcation duration and type

An exploratory analysis of model outputs, includ-
ing scatter plots of slope ratio against bifurcation
duration for different model runs, showed that
the slope ratio at the bifurcation point at the
bifurcation initiation time affected the evolution
of the bifurcation. A bifurcation initiated at a high
slope ratio resulted in a new channel with a large
gradient advantage over the old channel. As a
result, the discharge ratio (Eq. 13) dropped within
one to five years to a value below u.,, and the
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Fig. 15. Aggradation and degradation upstream and downstream of a bifurcation point. (A) Surface topography and
channel belts directly after the bifurcation initiation time. Channel belt on the right-hand side of the figure is the new
channel belt. (B) Surface topography and channel belts 88 years after the bifurcation. (C) Surface topography at
positions along the old channel belt. (D) Surface topography at positions along the new channel belt. (E) P, the total
probability for a bifurcation given a high flood discharge (Eq. 16). Vertical dashed line in (C), (D) and (E) indicates the
bifurcation initiation time.
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bifurcation changed into an avulsion. Most of the
bifurcations of type avulsion in Figs 2C, 7C and
11C were such instant avulsions with a short
period of existence. However, bifurcations cre-
ated at lower values of the slope ratio reached a
situation with almost equal gradients (s; and s, in
Eq. 12) for both bifurcating channels within a few
decades. As a result, these bifurcations could
remain stable for longer periods of time, as shown
by the bifurcations with a longer period of
existence in Figs 2C, 7C and 11C, because the
critical discharge ratio (uc, described below;
Eq. 13) was not reached. These bifurcations
became a removed inflow channel bifurcation
due to changes upstream, or changed into an
avulsion or an unsuccessful bifurcation as a result
of either: (i) new channels connecting close to
the bifurcation point of existing channels, having
effects on channel gradients at the bifurcation
point; or (ii) local variations in channel gradient
at the bifurcation point modelled using the noise
terms n, and n, (Eq. 12). These processes may
result in one of the two distributaries downstream
of the bifurcation point becoming inactive
(Eq. 13).

Interaction between intrinsic processes

Figure 16A is a causal loop diagram (Ford, 1999)
describing the interaction between the most
important intrinsic factors in the evolution of
the channel network. The magnitude of each of
the factors, for instance the bifurcation frequency,
changes over time as a result of three interacting
feedback loops. The diagram shows two positive
feedback loops and one negative feedback loop. A
change in a factor in a positive feedback loop will
amplify the impact of the change; a change in a
factor in a negative feedback loop will reduce the
impact of the change. Below, the relationships
within each feedback loop are explained, starting
at the total probability for a bifurcation (P,
Eq. 16).

The first relationship in the large positive
feedback loop is the effect of the total probability
for a bifurcation given a high flood discharge on
bifurcation frequency, which is obviously posi-
tive because the frequency of bifurcations in-
creases when the probability for a bifurcation
increases. In turn, the bifurcation frequency has a
negative effect on the average slope ratio because
high bifurcation frequencies are associated with
the short duration of the existence of channel
belts and low channel-belt ridges. At a high
average slope ratio, bifurcations will occur at
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for a bifurcation slope
given a high ratio

flood discharge

¥ \

Slope
Number of ratio at
channels bifurcation
location
'R /l'
Fraction of
Average duration bifurcations
of a bifurcation transformed
— to avulsion
B Bifurcation
frequency
/ \
Slope
Number of - ratio at
channels <€ > bifurcation
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+ +
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Average duration bifurcations
of a bifurcation transformed
-— '
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Fig. 16. Causal effects on model variables. Black
arrows indicate positive (+) and negative (-) effects of
one variable on another variable. (A) Direct effects. The
network of effects contains two positive (+) and one
negative () feedback loop, shown in grey. (B) Indirect
effects derived from direct effects for variables
included in the sensitivity analysis. Note that two
negative effects have a net positive effect.

higher slope ratios. At higher slope ratios at the
bifurcation locations, a larger fraction of bifurca-
tions will turn into (instant) avulsions, as ex-
plained in the previous section. When a larger
fraction of bifurcations is transformed to avul-
sions, the average duration of bifurcations be-
comes smaller, which is a negative effect as
indicated in Fig. 16A. A large average duration
of bifurcations implies that many bifurcations are
stable for a long time, resulting in a relatively
stable channel network consisting of many chan-
nel belts. With an increasing number of channels,
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the number of cells at the edge of channel belts (n
in Eq. 16) increases, resulting in an increase in the
total probability for a bifurcation, given a high
flood discharge.

The second positive feedback loop is shorter.
The number of channels increases when a bifur-
cation occurs; so, bifurcation frequency has a
positive effect on the number of channels. With
an increasing number of channels, the number of
cells at the edge of channel belts (n in Eq. 16)
increases, resulting in an increase in the total
probability for a bifurcation. Finally, the total
probability for a bifurcation has a positive effect
on the bifurcation frequency, as explained above.

If these two positive feedback loops were the
only feedback loops in place, a small initial
increase in one factor, for instance average slope
ratio, would result in a continuous increase or
decrease in all other factors. There are two
mechanisms that counteract this situation. The
first mechanism is a negative feedback loop
(Fig. 11). This loop consists of the positive effect
of the total probability for a bifurcation on
bifurcation frequency, the negative effect of bifur-
cation frequency on the average slope ratio and a
positive effect of average slope ratio on the total
probability for a bifurcation given a high flood
discharge, explained by Egqs 10 and 16. These
effects create the negative feedback loop which
dampens the effect of the two positive feedback
loops. The second mechanism that counteracts a
continuous increase or decrease in factors in
Fig. 16A is the removal of bifurcations that have
been stable for a reasonable number of years. As
discussed in the previous section, a bifurcation
may be transformed into an unsuccessful bifur-
cation, or an avulsion, or a removed inflow
channel bifurcation as a result of a large number
of processes not shown in Fig. 16A. The result of
such a removal is always a decrease in the
number of channels.

An interesting question is how the effects in
Fig. 16A can explain the variation in model
outputs over periods between 05 x 10° and
2 x 10° years (Figs 2, 7 and 11)? Firstly, the
positive effect of the total probability for a
bifurcation on bifurcation frequency is also
observed in the model outputs: an increase in
the total probability for a bifurcation given a high
flood discharge is generally associated with an
increase in the bifurcation frequency, which can
be seen by comparing the D and F panels in
Figs 2, 7 and 11. This positive effect is not always
expressed in the model output because the rela-
tionship contains a probabilistic rule described

above in the text that explains how Eq. 10 is used.
Secondly, when the model output shows a longer
duration of bifurcations, the number of channel
belts on the floodplain also gets higher; this is, for
instance, the case between t = 2 x 10* and 4 x 10*
in Fig. 2, representing a period with both a large
duration of existence and a high bifurcation
frequency compared with the rest of the model
run. This relationship is explained by the positive
effect of the average duration of a bifurcation on
the number of channels (Fig. 16A). Finally, there
is a strong positive relationship between the
number of channels on the floodplain and the
total probability for a bifurcation in the model,
represented by a positive effect in Fig. 16A. Both
variables show a marked cyclic variation over
time, which is especially clear in the sediment
supply scenario (Fig. 11). One cycle consists of a
gradual increase in both variables, followed by an
abrupt fall. This gradual increase is caused by the
gradual increase in the number of channels on the
floodplain, as a result of bifurcations. The abrupt
fall is caused by the removal of a bifurcation that
contains a large network of channels downstream
of the branch of the bifurcation that is removed;
this results in an abrupt fall in the number of
channels, and an associated fall in the total
probability for a bifurcation. This pattern repeats
itself approximately five times in the realization
of the sediment supply scenario shown in Fig. 11.

Other effects shown in Fig. 16A are less obvi-
ous in the model outputs. In addition, the dura-
tion between 05 x 10° and 2 x 10° years of the
period of variation in model output variables is
hard to explain. It should be noted that the rates
of change caused by each of the effects in
Fig. 16A are important here, because each of
these rates has an effect on how the system
develops as a whole.

SENSITIVITY ANALYSIS

Methods

To study the effect of changes in parameters on
floodplain dynamics, a sensitivity analysis was
performed using the base-level rise scenario on
the key input parameters of the model: floodplain
aggradation exponent (b), critical discharge ratio
(uerit), slope ratio exponent (u), probability of a
yearly flood discharge possibly leading to a
bifurcation (P(D)). Model outputs considered
were those that represent the floodplain dynam-
ics: avulsion and bifurcation duration, avulsion
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and bifurcation frequency, fraction of bifurcations
that turns into an avulsion, number of coexisting
channels and slope ratio at the bifurcation loca-
tion. To estimate the probability distribution of
these model outputs, 10 realizations of the model
were created for each set of input parameter
values. A larger number of realizations was not
possible due to the long run time of the model.
First, 10 realizations were created using input
parameter values of the base scenario (Table 1).
For each input parameter, the results of this base
scenario acted as a reference for two other sets of
runs, each consisting of 10 realizations, whereby
the input parameter was decreased and increased
in value, respectively. For each input parameter
and for each output variable, this resulted in 10
realizations for each of the three different values
of the input parameter, as shown in Fig. 17. The
significance of changes in an output variable
when an input parameter was changed was tested
using a statistical test. For each pair of values of
an input parameter, the null hypothesis that the
mean values of the output variable are equal was
tested. This procedure used a two-tailed bootstrap
procedure with o = 0-2 (following Efron & Tibsh-
irani, 1998).

RESULTS

As could be expected due to the large difference
in bifurcation frequency between two realizations
(shown in Fig. 6), Fig. 17 shows that the range in
the values of an output variable at a given input
parameter value is large. In most cases, this range
is larger than the change in the mean value of the
output variable when the input parameter is
increased or decreased. So, intrinsic controls
cause a large range of possible model outcomes,
even when input parameters are not changed.
Figure 17 shows that, for most of the input
parameters, the applied change in the value of the
input parameters has a significant effect on most
output variables. Some effects of input parameter
changes can be easily understood from know-
ledge of floodplain processes. At higher values of
the overbank aggradation exponent (b), more
aggradation of a channel belt is required to reach
a super-elevation resulting in a high slope ratio
and high probabilities for a bifurcation. As a
result, an increase in b results in a lower bifur-
cation and avulsion frequency. An increase in the
critical discharge ratio uq; causes bifurcations to
become less stable, resulting in a shorter bifurca-
tion duration and, consequently, a smaller

number of co-existing channels on the floodplain.
An increase in the slope ratio exponent (u) results
in an increase in the range of the values of the
probability for a bifurcation because the slope
ratio becomes either very low or very high. Due to
the absence of intermediate values of the proba-
bility for a bifurcation when the slope ratio
exponent is high, most bifurcations occur at high
values of the slope ratio. Finally, increasing the
probability for a high flood discharge P(D)
increases the bifurcation frequency.

The changes in the remaining output variables
cannot directly be explained from knowledge of
floodplain processes because these are due to
indirect effects between output variables. These
indirect effects can be derived from the direct
effects in the causal loop diagram (Fig. 16A),
resulting in a diagram (Fig. 16B) that shows
positive and negative effects between most of the
model output variables that are also shown in
Fig. 17. When an input parameter value is chan-
ged, as shown in Fig. 17, the direction of change in
an output variable relative to another output
variable always corresponds to the sign of the
indirect effect (Fig. 16B) between the two output
variables: a positive indirect effect means that both
output variables change in the same direction (both
increase or decrease), and a negative effect means
that they change in the opposite direction. This
correspondence between the causal loop diagrams
in Fig. 16 and the results of the sensitivity analysis
confirms that the causal loop diagram (Fig. 16A)
represents the main inter-relations between pro-
cesses on the floodplain.

CONCLUSIONS

A three-dimensional numerical model of sedi-
ment transport, erosion and deposition within
a network of channel belts and an associated
floodplain and hill slope is described. The
model represents a substantial development of
the Mackey & Bridge (1995) approach (the first
numerical, 3D alluvial stratigraphy model), with
completely new models for channel-belt and flood-
plain aggradation and degradation, channel-belt
bifurcation and avulsion and the development
of channel belts following avulsion. These model
developments make it possible to investigate
extrinsic (extrabasinal) controls on floodplain
dynamics and alluvial architecture, and to assess
fluvial sequence stratigraphy models.

Model input parameters were chosen based on
data from the Rhine-Meuse delta. To examine
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Fig. 17. Results of the sensitivity
analysis. Each column provides the
results of changing one parameter.
Results are calculated for three
parameter values: the value
corresponding to the base scenario
(Table 1), and one higher and one
lower value. Each dot represents
one realization. Horizontal bars
connecting two parameter values
indicate populations of outcomes
that are significantly different
(bootstrap procedure at « = 0-2). b is
the overbank aggradation exponent,
ui the critical discharge ratio, u the
slope ratio exponent, Py, the total
probability for a bifurcation given a
high flood discharge (Eq. 16).
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how the model responds to extrinsic controls, the
model was run under conditions of: (i) rising base
level; (ii) falling then rising base level; and (iii)
increasing sediment supply. Rises and falls in
sea-level and increases in sediment supply
occurred over 10 000 years. In scenario 1, a wave
of aggradation moved up-valley in response to
base-level rise, until aggradation occurred over
the entire valley. The probability and frequency
of bifurcations and avulsions (hence the number
of coexisting channel belts) increased with the
rate of sea-level rise and aggradation rate. Chan-
nel-belt width varied greatly due to differences in
their water discharge and duration of existence.
Wide, connected channel belts (and high chan-
nel-deposit proportion) occurred around the in-
flow point because of their high discharge and
longevity. Less connected and smaller channel
belts occurred further down-valley. This pattern
of alluvial behaviour and architecture is also
found in the Rhine-Meuse delta. During base-
level fall (scenario 2), erosion and valley incision
occurred, and the incised valley contained a
single wide channel belt. During subsequent
base-level rise, a wave of aggradation moved up-
valley, and the incised valley was filled. Bifurca-
tion and avulsion sites progressively moved
upstream as in scenario 1. Relatively thin and
narrow channel belts bordered and cut into the
incised valley fill. These results differ substan-
tially from existing sequence stratigraphy models.
An increase in sediment supply from upstream
(scenario 3) resulted in the development of an
alluvial fan. Most bifurcations and avulsions
occurred at the fan apex (nodal avulsion), and
channel belts were widest and thickest here due
to their high discharge and longevity. The fan
apex is therefore a zone of high channel-deposit
proportion. Width and thickness of channel
belts decreased down-valley due to decreased
discharge, longevity and aggradation rate. This
behaviour occurs in modern alluvial fans.

Intrinsic controls also affect floodplain dynam-
ics and alluvial architecture. Variation of aggra-
dation rate, bifurcation frequency and number of
coexisting channel belts occurred over periods of
500 to 2000 years. This variation is related to
local aggradation and degradation of channel
belts around bifurcation points, and complicated
feedback among model variables. In addition,
channel belts were preferentially clustered near
floodplain margins, because of persistent low
aggradation rate and topography there.

A sensitivity analysis was undertaken to show
how model behaviour changes in response to

changing key model input parameters. The next
step is to simulate specific real-world examples in
detail, by careful choice of input parameters, and
allowing more input parameters to vary concur-
rently (e.g. base level, water and sediment supply,
tectonic subsidence and uplift). This study rep-
resents the first attempt to examine the effects of
both extrinsic and intrinsic controls on alluvial
architecture using a numerical model. Although
the numerical model represents a major improve-
ment over the Mackey—Bridge approach, and
explains many features of alluvial architecture
observed in modern floodplains and alluvial fans,
there is still room for improvement in the com-
ponent mathematical models. Such improvement
will only be achieved with further studies of the
erosion and deposition, avulsion and alluvial
architecture in modern fluvial environments. The
effects on alluvial architecture of sediment com-
paction and syndepositional tectonism, consid-
ered in the Mackey—Bridge model, were not
included here, but could easily be included in
future.
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SUPPLEMENTARY MATERIAL

The following supplementary material is avail-
able for this article:

Animation S1. Base-level rise scenario, anima-
tion. Water discharge (q,, m® year ) for each
channel belt, area of channel belts and surface
topography (h, m). Drag the slider to move
backwards and forwards. (Right) click on anima-
tion for options.

Animation S2. Base-level fall-rise scenario, ani-
mation. Water discharge (q,,, m® year™") for each
channel belt, area of channel belts and surface
topography (h, m). Drag the slider to move
backwards and forwards. (Right) click on anima-
tion for options.

Animation S3. Sediment supply scenario, anima-
tion. Water discharge (q,, m® year™') for each
channel belt, area of channel belts and surface
topography (h, m). Drag the slider to move
backwards and forwards. (Right) click on anima-
tion for options.

This material is available as part of the online
article from http://www.blackwell-synergy.com/
doi/abs/10.1111/j.1365-3091.2008.00965.x.

(This link will take you to the article abstract).

The animations are Flash files that can be
viewed in a web browser with the Flash Player
plugin installed. Click on the file name to open in
a web browser. To open Flash files from hard
disk, use the ‘open file’ dialogue of your web
browser. Filenames:

Animation S1: S1BaseLevelRise.swf

Animation S2: S2BaseLevelFallRise.swf

Animation S3: S3SedimentSupply.swf

Please note: Blackwell Publishing is not res-
ponsible for the content or functionality of any
supplementary materials supplied by the authors.
Any queries (other than missing material) should
be directed to the corresponding author for the
article.
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