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Abstract

River deltas are under external stress from sea-level rise, subsidence, and decreases in sediment and water discharges caused by

anthropogenic activity. Naturally, delta channels respond to these stressors by avulsing and bifurcating. Avulsion involves an

abrupt change of channel course that changes the locus of sediment deposition. Bifurcation occurs in the most seaward parts of

river deltas where channels divide due to mouth bar deposition. However, how avulsion (top-down) and bifurcation (bottom-up)

processes interact in river deltas is poorly understood. We conducted a suite of morphodynamic numerical model experiments

using six scenarios with different slopes, selected within the range observed in natural deltas, upstream from the delta apex. The

experiments allow us to understand the internal (autogenic) interaction of avulsion and bifurcation in the absence of external

(allogenic) forcing. We find that topset slope (Stopset) primarily controls the avulsion timescale (Ta) with Ta = 0.3Stopset
-1.18

(R2 = 69%; p < 0.05). Avulsion and bifurcation are shown to occur simultaneously based on the non-unimodal distribution

of dimensionless island sizes created in our model, even though these are mechanistically different processes. Comparing our

findings to natural deltas, we find consistent avulsion timescale-topset slope (Ta-Stopset) relationships. Our findings show how

the delta topset slope serves as the first order control of the avulsion timescale, and how avulsion and bifurcation interact

throughout delta building processes. This interaction is significant due to their direct impact on coastal and inland hazards

that arise from rapid geomorphic change and flooding on densely populated deltas.
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Highlights
• Autogenic interaction of avulsions and bifurcations in delta building pro-

cesses are investigated through a numerical model

• Delta topset slope serves as the first-order control of autogenic avulsion

• Avulsion and bifurcation can occur simultaneously in river deltas even
though they are mechanistically different processes

• Integration with natural system topset slope-avulsion timescales show con-
sistency with our model

Abstract
River deltas are under external stress from sea-level rise, subsidence, and de-
creases in sediment and water discharges caused by anthropogenic activity. Nat-
urally, delta channels respond to these stressors by avulsing and bifurcating.
Avulsion involves an abrupt change of channel course that changes the locus
of sediment deposition. Bifurcation occurs in the most seaward parts of river
deltas where channels divide due to mouth bar deposition. However, how avul-
sion (top-down) and bifurcation (bottom-up) processes interact in river deltas is
poorly understood. We conducted a suite of morphodynamic numerical model
experiments using six scenarios with different slopes, selected within the range
observed in natural deltas, upstream from the delta apex. The experiments
allow us to understand the internal (autogenic) interaction of avulsion and bi-
furcation in the absence of external (allogenic) forcing. We find that topset slope
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(Stopset) primarily controls the avulsion timescale (Ta) with Ta = 0.3Stopset
-1.18

(R2 = 69%; p < 0.05). Avulsion and bifurcation are shown to occur simulta-
neously based on the non-unimodal distribution of dimensionless island sizes
created in our model, even though these are mechanistically different processes.
Comparing our findings to natural deltas, we find consistent avulsion timescale-
topset slope (Ta -Stopset) relationships. Our findings show how the delta topset
slope serves as the first order control of the avulsion timescale, and how avulsion
and bifurcation interact throughout delta building processes. This interaction
is significant due to their direct impact on coastal and inland hazards that arise
from rapid geomorphic change and flooding on densely populated deltas.

Plain Language Summary
River deltas grow by distributing sediments along their channel courses. When
channels become blocked with sediment, they can abruptly change course, which
can cause devastating floods to people, infrastructure and landscapes. The
timing and the processes associated with this channel course “switching” are
currently less known. Using a computer model, we create virtual river deltas
to understand how their networks of channels develop and switch during delta
growth over a 400-year period. We find that the steeper the delta plain, the
faster this abrupt change of channel course occurs. We also find that whilst a
river delta grows, channels may change course both close to the delta’s shoreline
and along the delta plain at the same time. Our model predictions of channel
course timings are very consistent with those observed from natural river deltas.
We now more fully understand the timing and the interactions of abrupt channel
changes on deltas, a finding that could potentially reduce flood risk.

Introduction
River deltas are home for ~339 million people worldwide, are hotspots for bio-
diversity, and crucial carbon sinks (Ericson et al., 2006; Hackney et al., 2020;
Loucks, 2019; Shields et al., 2017; Syvitski & Saito, 2007). However, the geomor-
phic dynamism of river deltas in the modern era has been altered by growing
stressors such as change in hydrologic regimes, sea-level rise, and accelerated
subsidence (Giosan et al., 2014; Syvitski et al., 2009; Tessler et al., 2015; Wal-
lace et al., 2014), putting human and other systems that rely on river deltas at
considerable risk. To anticipate how river deltas may respond to these growing
pressures, we need to understand how deltas internally (i.e. autogenically) build
and evolve through time.

River delta growth depends on upstream catchment properties as inputs of wa-
ter and sediment, and also as the (external) cause of the gradient of the input
river to the delta plain. The growth of a river delta is initiated through re-
peated mouth bar deposition due to sudden expansion and deceleration of a
sediment-laden jet of water entering relatively still water, usually the sea or a
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lake (Bates, 1953; Edmonds et al., 2011; Kleinhans et al., 2013; Wright, 1977).
Mouth bars grow in both upstream and downstream directions from the point
of initiation, reach a height of around 0.4-0.6 of the initial flow depth, and stop
growing once the sediment flux is advected around the mouth bar rather than
accelerated over the bar (Edmonds & Slingerland, 2007; Fagherazzi et al., 2015;
Kleinhans et al., 2013). Simultaneously, avulsion takes place in more upstream
parts of a delta plain when mouth-bar deposition and stagnation induce parent
channel backfilling, triggering an avulsion to create a smaller channel by breach-
ing the channel levee in the upstream part of a mouth bar (Ganti, Chadwick,
Hassenruck-Gudipati, & Lamb, 2016). Another type of avulsion involves block-
ing of a channel by sediment advected from upstream, promoted by in channel
aggradation that is independent from the distal process (Kleinhans et al., 2013).
Overall, the combination of bifurcation and avulsion creates a distributary chan-
nel network that merges upstream at the delta apex (Edmonds & Slingerland,
2007).

Many studies have shown that different processes are involved in the mechan-
ics of avulsion and bifurcation in river deltas (Chatanantavet et al., 2012; Ed-
monds et al., 2009; Edmonds & Slingerland, 2007; Ganti, Chadwick, Hassenruck-
Gudipati, Fuller, et al., 2016; Jerolmack & Swenson, 2007; Kleinhans & Hardy,
2013). Based on different processes that dominate within each, a river delta may
be divided into bedslope-mediated and backwater-mediated zones (Ganti et al.,
2014; Prasojo et al., 2022). The bedslope-mediated zone consists of the river
environment downstream as far as the first avulsion point, initiating the onset
of delta building and avulsion-driven stratigraphy. In contrast, the backwater-
mediated zone consists of delta distributary channels down to the delta shoreline,
with backwater-triggered avulsion or bifurcation dominating the stratigraphy.

The bedslope-mediated zone is controlled by in-channel aggradation (Prasojo et
al., 2022), demonstrated by the strong correlation between the upstream slope
and the location of avulsion nodes based on the study of 105 natural deltas.
In-channel aggradation can then trigger avulsion by incision (Slingerland &
Smith, 2004), partial avulsion (Kleinhans et al., 2013) or full avulsion (Prasojo
et al., 2022). In contrast, bifurcation in the backwater-mediated zone of a delta
is caused by channel splitting around the mouth bar due to flow deceleration
when entering a relatively still body of water (Edmonds & Slingerland, 2007;
Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Olariu & Bhattacharya,
2006). This phenomenon can then induce channel backfilling that can also act
as an avulsion trigger in the backwater-mediated zone. Hence, we may have
bifurcation-triggered avulsion located within the backwater-mediated zone, as
also found in Huanghe (Yellow) delta by Ganti et al. (2014).

However, our knowledge about the internal interdependency between avulsion
and bifurcation is limited, despite their direct influence on coastal and inland
flood risk on river deltas. Hypothetically, catchment properties have varying
slope gradients located upstream of a deltas first avulsion point. These catch-
ment properties control transport capacity and the sediment flux feeding into
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a delta. Consequently, these top-down properties also play an important role
in controlling the avulsion length of a delta. With homogeneous sediment size
and constant input of water and sediment discharge, steeper upstream slopes
will lead to larger deltas and more frequent avulsion and bifurcation. Con-
versely, lower upstream slopes lead to smaller river deltas and slower avulsion
and bifurcation processes. If this hypothesis is true, upstream slope may ex-
ert an important role in defining the frequencies of both avulsion and bifur-
cation in river deltas. Since our understanding of the internal controls trig-
gering avulsion-bifurcation response is currently underdeveloped (Ganti et al.,
2014; Kleinhans et al., 2010), this investigation aims to: (1) identify the first
order controls of avulsion and bifurcation timescales from a suite of numeri-
cal model experiments that have various upstream slopes; (2) understand the
avulsion-bifurcation causalities through investigation of each step of the delta
building process; and, (3) assess the implications from this numerical model for
understanding the dynamics of contemporary and ancient deltas. Further, a
robust understanding of these processes has practical implications due to their
direct impact on coastal and inland flood risk on highly populated river deltas.
We created a suite of numerical simulations with six different scenarios repre-
senting different upstream slopes, based on natural river deltas, to understand
autogenically-controlled avulsion and bifurcation.

Methods
We designed a set of numerical experiments to model a natural scale river
delta (7.5 x 7.5 km) where we control the slope upstream of the delta avulsion
node (SUS) while keeping other physical parameters constant. We adopted the
Delft3D river delta models from Edmonds & Slingerland (2010) and Caldwell
& Edmonds (2014), with bathymetry modified as necessary to accommodate
our various upstream slopes. The physical parameters set in the model were
based on real deltas and we measured the avulsion timescale (Ta) based on the
analytical approach by Chadwick et al. (2020) and the bifurcation timescale
(Tb) using the scaling approach of Coleman & Wright (1971) .

Scenario
The model uses various slopes upstream of the slope break location (Fig. 1a),
with slopes chosen to be representative of natural river deltas. The slopes up-
stream (SUS) and downstream (SDS) of slope breaks identified from 105 globally
distributed river deltas from Prasojo et al. (2022) were used to calculate the
ratio of upstream:downstream slopes, from which we determine representative
percentiles of this ratio (Fig. 1b; Table 1). These representative percentiles were
then used to calculate upstream slope values in the model assuming constant
initial downstream slope (SDS=0.000375) from the Mississippi delta (Edmonds
& Slingerland, 2010).
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Figure 1. (a) Schematic diagram of model design. The upstream slopes are from 6 representative percentiles from the upstream-downstream slope ratios of modern river deltas shown in Fig. 1b. Initial downstream slope, SDS is kept constant at 0.000375, the downstream slope of the modern Mississippi delta (Edmonds & Slingerland, 2010). (b) Distribution of the upstream (US) – downstream (DS) slope ratio from 105 modern river deltas distributed across five climate regions. Median (solid vertical) and mean (dashed vertical) values are indicated. (c) Plan view of the model design. La and Ls are avulsion length and slope break length, respectively. The non-erodible bed at 5m above sea level represents non-erodible bedrock. (d) Schematic diagram of a river delta showing avulsion and bifurcation locations, inlet sediment load (Qs), lobe width of each avulsion (B), avulsion length (La), and channel widths measured at avulsion (Bc) and bifurcation (Bb) nodes. Modified from Chadwick et al. (2020). Numbers near the shoreline represent the number of delta lobes that were used to measure B; e.g. B4 on (d) represents the width of the fourth lobe built. Schematic cross-section showing basin depth (Hb) and topset slope (Stopset). Parameters in Fig. 1d-e are measured in each timestep during the delta building process.
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Table 1. Numerical modelling scenarios. IDs refer to ratio of the upstream slope (US) to the downstream (DS) slope (i.e. US2.7 means upstream slope is 2.7 times the downstream slope).
Run ID Percentile from US/DS ratio Upstream slope Downstream slope
US0.3 2.5 1.13 x 10-4 3.75 x 10-4

US0.68 10 2.55 x 10-4 3.75 x 10-4

US1.4 25 5.25 x 10-4 3.75 x 10-4

US2.7 50 1.01 x 10-3 3.75 x 10-4

US6 71 2.25 x 10-3 3.75 x 10-4

US8.1 75 3.04 x 10-3 3.75 x 10-4

Model setup
We use Delft3D (4.04.02) software (Deltares, https://oss.deltares.nl/web/delft3d)
to model six different scenarios. Delft3D is a physics-based model that sim-
ulates the hydrodynamics and morphodynamics of environments including
rivers, estuaries and river deltas (Edmonds & Slingerland, 2010; Caldwell &
Edmonds, 2014; Nienhuis et al., 2018a;b). The software has been validated for
a wide range of environments, including self-formed river deltas (Edmonds &
Slingerland, 2007, 2008; Geleynse et al., 2011; Morgan et al., 2020; Nienhuis,
Törnqvist, et al., 2018; Nijhuis et al., 2015; Rossi et al., 2016; Williams et al.,
2016). Flow is computed using the depth-averaged, nonlinear, shallow-water
equations, obtained from three-dimensional Reynolds-averaged Navier-Stokes
equations (Edmonds & Slingerland, 2010). The velocity distribution in the
model is then used to compute sediment transport (only suspended load
is applied in our model) and to update the bed elevation (or bathymetry)
according to divergence in sediment transport (Caldwell & Edmonds, 2014).

We adopted the geometry and physical parameters from a synthetic self-formed
river delta model (‘scenario o’) from Edmonds & Slingerland (2010) and Cald-
well & Edmonds (2014) (Fig. 1c). The model is rectangular with four bound-
aries, the incoming river discharge being located at the ‘South’ boundary of the
model and the other three boundaries set to 0 m elevation above sea level. The
incoming river discharge, uniformly spreads across the 250 m wide inlet chan-
nel, is constant at 1050 m3/s, a representative value for global river discharge
(Caldwell & Edmonds, 2014; Edmonds & Slingerland, 2010), and sediment dis-
charge was in equilibrium with transport capacity at this inlet. The model was
enlarged to 7.5 km x 7.5 km to avoid the delta plain extending across the model
boundaries. We modified the upstream part of the model domain by intro-
ducing a slope break and slope-avulsion length scaling (La:Ls = 6:10) that we
determined from modern systems (Fig. 1c, Table 1) to accommodate different
upstream slope scenarios. Modification of the upstream part of the model do-
main involves changing the bathymetry to introduce this slope break - avulsion
length scaling. We maintained other physical (e.g. grain sizes, critical bed shear
stress for erosion and deposition) and numerical parameters constant across all
scenarios (Table 2). Moreover, we ran additional sensitivity analyses using 25
subsurface layers instead of one to see its impact on the stratigraphy produced
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in each scenario.

Table 2. User-defined model parameters (adopted from Edmonds & Slingerland (2010); Caldwell & Edmonds (2014)).
Parameter Value Units
Grid size 300 x 300 cells
Cell size 25 x 25 m
Run duration 17 days
Downstream basin bed slope 0.000375 (-)
Initial channel dimension (width x depth) 250 x 2.5 m
Upstream non-erodible bed elevation 5 m
Initial upstream length 1000 m
Initial avulsion length from the expected shoreline 1800 m
Initial slope break length from the expected shoreline 3000 m
Inlet open boundary: water discharge 1050 m3/s
Downstream open boundary: constant water surface elevation 0 m
Initial sediment layer thickness at bed 5 m
Number of subsurface stratigraphy bed layers 1 (-)
Time step 0.2 min
Morphological scale factor 175 (-)
Spin-up interval 720 min

Surface metrics
We define avulsion and bifurcation timescales as the times needed for the delta
distributary channel to create one avulsion or bifurcation, respectively. The
analytical model for calculating avulsion timescales assumes switching of flow
and sediment partitioning between multiple lobes in a delta plain, and considers
the influence of backwater hydrodynamics in calculating the avulsion timescale
(Chadwick et al., 2020).

Chadwick et al. (2020) derived the avulsion frequency as:

𝑓𝑎 = 1
(1−𝜆𝑝)

𝑄𝑠
(𝐿𝑎−𝐷)𝐵𝐻+𝐷𝐵(𝐻𝑏+𝑧+ 𝐷𝑆topset

2 )
𝑖𝑓 𝐷 ≥ 0 (1)

𝑓𝑎 = 1
(1−𝜆𝑝)

𝑄𝑠
𝐿𝑎BH 𝑖𝑓 𝐷 < 0 (2)

𝐷 = (𝐻 − 𝑧)/𝑆topset (3)
𝐻 = 𝐻∗ℎ𝑐 (4)

with the bankfull depth calculated using Parker et al.’s (2007) method:

ℎ𝑐 = ( 𝐶𝑓𝑄𝑐
2

𝑔𝐵𝑐
2𝑆topset

)
1
3

(5)
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with fa = avulsion frequency [year], Qs = sediment load [km3/year], B = lobe
width of each avulsion [km], La = avulsion length [km], �p = sediment porosity
[-], H = aggradation thickness necessary for avulsion [m], Hb = basin depth [m],
H* = avulsion threshold [-] = 0.2-1.4 in lowland deltas (Ganti et al., 2019), hc
= bankfull depth [m], Cf = bed friction coefficient [-], Qc = bankfull discharge
[m3/s], Bc = channel width at avulsion node [m], Stopset = topset slope [-], D
= lobe-progradation distance [km] and z = magnitude of sea level rise [m].

We assume the avulsion threshold (H*) to be 0.5, which is realistic for lowland
deltas (Ganti et al., 2019), and D > 0 since there is no allogenic forcing that
would make the delta regress. Since sea-level is constant in this investigation, sea
level rise z = 0. Sediment porosity (�p) is assumed to be 0.4 (Jerolmack, 2009),
bed friction coefficient (Cf ) = 0.002 for lowland rivers (Parker et al., 2007),
and bankfull discharge (Qc) = 1050 m3/s. The upstream sediment boundary
condition is for the inlet to be in equilibrium so that sediment load changes every
timestep to match the sediment transport capacity at the inlet. We use equation
(1) to calculate avulsion timescale (Ta = 1/avulsion frequency) throughout the
model run.

To calculate the bifurcation timescale, we adopted the approach of Coleman &
Wright (1971) (also used by Swenson (2005) and Jerolmack & Swenson (2007)).
Coleman & Wright (1971) discovered that the length of distributary channels
(LD) in between adjacent bifurcation nodes in a delta plain scales with the
channel width upstream of the bifurcation (Bb) (LD � 10 Bb). For a river delta
without any wave or tide influence, delta progradation rate (vp) can be written
as:

𝑣𝑝 = 𝑄𝑠
𝐵𝑏𝐻𝑏

(6).

Consequently, the bifurcation timescale is

𝑇𝑏 = 𝐿𝐷
𝑣𝑝

= 𝛼𝐵𝑏
𝑄𝑠

.𝐵𝑏𝐻𝑏 = 𝛼𝐵𝑏
2𝐻𝑏

𝑄𝑠
(7)

with � = dimensionless parameter � 10 (Coleman & Wright, 1971), Qs = sedi-
ment load (km3/year), and Hb = basin depth (m) (Jerolmack & Swenson, 2007;
Swenson, 2005). The basin depth (Hb) is kept constant at 7.5 m since we do
not introduce sea-level rise in any scenario (Edmonds & Slingerland, 2010).

All the surface metrics are measured once the model has reached a dynamic
equilibrium state in which the sediment load (Qs) that a channel must transport
is balanced by the water discharge (Q) supplied to the channel and the channel
slope (S) (Lane, 1954). The lobe width of each avulsion (B), channel width at
avulsion nodes (Bc), channel width upstream of a bifurcation (Bb) and avulsion
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length (La) were measured in QGIS from the georeferenced images produced
by Delft3D at every timestep. Topset slope (Stopset) for every timestep was
measured from a longitudinal cross-section located through the centre of the
model by conducting linear regression through topset elevation points. Lobe
progradation distance (D) and bankfull depth (hc) were calculated using Eq. 3
and 5 consecutively to obtain the avulsion timescale at each timestep during
delta building. The model produces 52 computational timesteps in total, which
equals ~400 years.

The calculated avulsion and bifurcation timescales are related to the measured
topset slopes (Stopset) to assess the role of topset slope in affecting avulsion
and bifurcation mechanisms. We recorded the stratigraphy produced during
each run using representative transverse (E-W) and longitudinal (S-N) cross
sections at every timestep. Transverse profiles are located at: proximal (2.38
km downstream of the model South boundary); medial (4.5 km); and distal
(5.25 km) locations on the delta plain. The model results are then compared to
avulsion and bifurcation timescales obtained from 19 modern river deltas, two
fan deltas and one physical model that cover similar topset slope magnitudes
to our model. Avulsion timescales from the natural and physical deltas are
calculated using Eq. 1, with the dataset available from Chadwick et al. (2020)
(Table S1). Bifurcation timescale is calculated using Eq. 7, using Qs from
Chadwick et al. (2020) and assuming the channel width at avulsion nodes (Bc)
� the channel width upstream of a bifurcation (Bb). Finally, we discuss our
model’s implications for natural systems by drawing on Jerolmack & Mohrig’s
(2007) and Chadwick et al’s (2020) results.

Results
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Figure 2. (a-f) Terrain models at the final time step of each scenario.

Delta plain morphology
Fig. 2 shows the morphology of the deltas in each scenario at the final timestep.
Overall, the different upstream slopes produce variable topset slopes, and the
resulting delta plains show different shoreline configurations, different numbers
of active distributary channels and slightly different delta plain sizes. One delta
plain reached the model boundary (US8.1) and this scenario was repeated with
a larger domain size (see Supporting Information Fig. S1) and the avulsion and
bifurcation timescales were calculated from this larger domain.

Steeper upstream slopes are associated with longer avulsion lengths (La) (Fig.
S2a) and larger lobe widths created by each avulsion (B) (Fig. S2b). However,
steeper upstream slopes produce slightly narrower channel widths upstream of
a bifurcation (Bb) (Fig. S2c) with no impact on the channel width at the
avulsion node (Bc) (Fig. S2d). Statistical significance tests (one-way ANOVA
and Kruskal-Wallis tests applied to normally- and non-normally distributed
data, respectively) show that upstream slopes significantly control the geometry

11



variables of the river deltas measured in this study (p < 0.05).

Figure 3 shows the distribution of avulsion and bifurcation timescales, noting
that these can be examined at different times during each run. The range
of avulsion and bifurcation timescales span different orders of magnitude from
both between-scenario and within-scenario variability. Avulsion period ranges
from 1.2 x 103 - 1.9 x 105 year (median = 1.2 x 104 year; N = 229) (Fig.
3a). Bifurcation timescales are in the range of 2 x 10-2 - 5.7 years (median
= 4 x 10-1 year; N = 201) (Fig. 3b; Fig. S3). The different magnitudes in
response times for avulsion and bifurcation processes may be caused by the
different compensation scale, the tendency for sediment to preferentially fill
lower topography, and also by different channel depths and aggradation rates
between the upstream (i.e. bedslope-mediated) and downstream (i.e. backwater-
mediated) parts of deltas (Jerolmack & Paola, 2010; Li et al., 2016, 2018; Straub
et al., 2020).

Across all the scenarios, the distributions of the avulsion and bifurcation
timescales remain constant (Fig. 3a,b). One-way ANOVA shows that the
scenario (upstream slope) does not significantly influence (p > 0.05) the
avulsion timescale. However, there is a significant influence of the upstream
slope on the bifurcation timescale (ANOVA; p < 0.05). Correlations between
the other independent variables (B, Bc, and La) and the avulsion and bi-
furcation timescales (Fig. S4) are generally not significant, although some
do have significant (e.g. Ta-B, Ta-La), although weaker than the avulsion
timescale-topset slope (Fig. 3c), correlations.

To understand the first order control of these avulsion and bifurcation timescales,
we examine the independent variables used in their calculation. The topset
slopes (Stopset) play a significant role in defining the avulsion timescale (Fig.
3c) but not in the bifurcation timescale (Fig. 3d). The avulsion timescale (Ta)
has a statistically significant negative power law relationship with the topset
slope (Ta = 0.3Stopset

-1.18; R2 = 69%, p < 0.05) (Fig. 3c).
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Figure 3. (a-b) Distributions of avulsion and bifurcation timescales for all model and individual scenarios. (c-d) Correlations between avulsion and bifurcation timescale and topset slopes. Shaded zone is the 95% confidence interval about the ordinary least square (OLS) regression line.

Stratigraphy during delta growth
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Figure 4. (a). Longitudinal cross section (S-N on Figure 1) showing the stratigraphy produced for each timestep from the US0.3 scenario. Vertical lines represent the locations of the initial slope break and the limit between the depositional offshore and the onshore non-erodible bed (Figure 1) from where the river delta starts to develop. Lines on top of the stratigraphy represent the location of topset, foreset and bottomset. (b) Transverse cross section located within the proximal part (2.38 km downstream from the model upstream boundary) of a river delta showing consistent depth of distributary channels across all timesteps in the US0.3 scenario.

Fig. 4a shows the evolution of the delta including both foreset progradation
and topset aggradation. These elevation data enable examination of changes to
bathymetry during each timestep. Sedimentation occurs simultaneously offshore
and within the input channel within the valley at the head of the delta. The
transverse proximal cross section shows that distributary channels reach similar
depths across all timesteps (Fig. 4b). Note that the deep channel erosion located
at 2.2 - 3.6 km on Fig. 4a is caused by a full depth erosion mixing of a five-metre-
thick subsurface layer. Sensitivity analyses using 25 subsurface layers produced
similar topography (Fig. S5).

The elevations from transverse cross-sections of the delta plain at representative
proximal, medial and distal sections are summarised as boxplots (Fig. 5). The
elevations are consistent in all cases, although US6 has slightly higher topog-
raphy due to a longer and straight distributary channel developing (Fig. 2e).
Overall, the down-dip longitudinal section and the transverse cross sections all
produced elevations that are statistically similar across all scenarios and all
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timesteps (Table 3).

Table 3. Summary elevations from topographic profiles at all timesteps in
all model scenarios. Data from longitudinal (S-N on Figure 1) and transverse
(proximal, medial and distal) cross sections are shown. SL = sea-level.

Longitudinal Transverse1

Proximal Medial Distal
Above SL Below SL Above SL Below SL Above SL Below SL Above SL Below SL

Max 1.30 11.45 1.35 10.25 0.81 11.05 0.62 11.31
Mean 0.35 5.65 0.17 3.64 0.13 4.93 0.11 5.47
Median 0.33 6.18 0.09 4.57 0.10 5.53 0.05 5.99
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N 10346 98802 42097 108703 5463 145337 879 149921

1Transverse profiles located at: proximal node 95 (2.38 km downstream of the
model boundary); medial node 180 (4.5 km); distal node 210 (5.25 km).
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Figure 5. Boxplots of topographic elevation for each scenario from: (a) longitudinal cross section; (b) proximal transverse cross section; (c) medial transverse cross section; and (d) distal transverse cross section from all 52 timesteps. Each timestep represents 8.72 years, or ~400 years in total.
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Discussion
The six scenarios used in this study provide details of avulsion and bifurcation
processes from the inception of delta building. Since avulsion is infrequent,
by calculating the avulsion and bifurcation timescales of each timestep we can
estimate the range of possible magnitudes of these processes (assuming that the
equations we used are accurate). Correlation with the independent parameters
that we control during the modelling suggests that topset slope provides the
first order control of avulsion timescales. The avulsion-bifurcation causalities
and their implications for the contemporary and ancient deltas are also discussed
in the following sections.

First-order control of avulsion and bifurcation timescales
The avulsion timescale is strongly correlated with the topset slope at each
timestep (Fig. 3c). The topset slope is partly a function of the scenario (which
determines upstream slope). However, when being compared across scenarios,
none of the scenarios show a strong correlation with the avulsion timescale (Fig.
3a) and the topset slope produced. Correlations between avulsion and bifurca-
tion timescales and other independent variables (Fig. S4) also show weak to
no correlations. Moreover, correlating the bifurcation timescale to the width
upstream of a bifurcation (Bb), the only varied independent variable in this
experiment, shows exponential relationship as expected from the Eq. 7.

The independent variables that we correlate with the avulsion and bifurcation
timescales are all geometrical (avulsion length, lobe size, channel widths). Im-
portantly, none of these variables are well-correlated with the avulsion or bifur-
cation timescales. These results imply that avulsion and bifurcation timescales
may not be dependent on the geometry of the delta or the size of the delta.
Rather, topset slope may be the variable that controls the avulsion timescale
(Fig. 3c). The topset slope controls the avulsion timescale due to stream power
increasing with steeper topsets and hence avulsion occurs more frequent in a
steeper delta plain. The topset slope itself is mainly controlled by the top-down
forcing of in-channel vertical aggradation. While the bifurcation timescale is
controlled by the width upstream of a bifurcation (Bb) as shown in the Eq. 7
and directly related to the sediment load (Qs), which we do not vary in this
study. Significant correlation between scenario and bifurcation timescale shown
in Fig. 3b may be caused by statistical artefacts. Further statistical analysis
shows that bifurcation timescale does not correlate with the upstream slopes
used to define the scenarios, with R2 = 7.6%.

In river deltas, fine-grain and cohesive sediment frequently dominate the system
since sediment loads fine downstream. With finer and more cohesive sediments
and possibly more vegetation, channel bars are stifled, promoting overbank
floodplain deposition (Ielpi & Lapôtre, 2019; Kleinhans et al., 2018). With
sinuous delta distributary channels and more stable riverbanks due to cohesive
sediments, vertical aggradation is a more important geomorphic mechanism
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than the lateral migration of distributary channels. Because of this, avulsion in
river deltas is more likely to be progradational, in which the avulsion disturbs
the surrounding delta plain rather than reoccupying pre-existing channels, in
contrast to braided rivers (Supplementary Movie 1). This avulsion style is sim-
ilar to the avulsion style of a meandering river investigated by Valenza et al.
(2020); slope also serves as the important control of the avulsion in this channel
type. In this avulsion style, top-down forcing of in-channel vertical aggradation,
in which topset slope is its direct product, controls the likelihood for superele-
vated channel to discharge or avulse most of its water and sediment on to the
surrounding water in the form of mouth bar deposition.

Although the topset slope controls avulsion timescale in this model, other po-
tentially significant variables are held constant in our model (e.g. dz/dt, Hb,
�p, Qs). Hence, further sensitivity studies on the effects of varying these other
independent variables could be undertaken. As an example, since we set Qs as
a constant, we are excluding the influence of changes in Qs on avulsion and bi-
furcation timescales that directly impacts in-channel aggradation rates and the
avulsion or bifurcation thresholds (H or H*). Chadwick et al. (2020) considered
the influence of sea-level rise on the avulsion timescale. By integrating theory,
numerical model and field datasets, they found that avulsion timescale is con-
trolled by the balance between relative sea-level rise (z) and sediment supply
(Qs), where sea-level rise promotes a more frequent avulsion.

Stratigraphically, as shown in the consistency between delta size and shape and
the proximal, medial, distal and parallel cross sections, changing the upstream
slope in our scenario did not greatly influence the deposit thickness (Fig. 4a-
d). This result is similar to the homogeneous thicknesses of stratigraphy from
the Mississippi delta (Chamberlain et al., 2018). Comparing scenarios with a
steeper slope (US6) with a gentler slope (US0.3) does not show deeper erosion
(i.e. deeper autogenic reworking depth) or a thicker autogenic signal (i.e. thicker
sediment deposited on foresets and topsets) (Fig. S5). The statistics in Table 3
corroborate that all the upstream slope scenarios maintain the autogenic signal
and autogenic reworking depth in the model. Further statistical significance
tests also show that topset slope significantly controls the avulsion length (La)
and channel width at the avulsion node (Bc) but not the lobe width of each
avulsion (B) or the channel width at bifurcation (Bb). Consequently, we hy-
pothesize that the upstream slope may not control the magnitude of autogenic
signals and hence that the topset slope only partly controls this magnitude.

We show in this study that neither the autogenic thickness nor the autogenic
reworking depth (Ganti et al., 2020) are controlled by the upstream slope, shown
by the similar topographic patterns in Fig. 4a-d and Table 3. The different
upstream slopes may not influence the autogenic reworking depths due to the
equilibrium sediment load and constant water discharge defined at the inlet
boundary of the model. Autogenic reworking depths may be controlled either
by sediment load and water discharge variability (Jerolmack & Paola, 2010; Li
et al., 2016; Simpson & Castelltort, 2012) or by a non-equilibrium flow (Leary
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& Ganti, 2020). Leary & Ganti (2020) found that the preservation of cross
strata (i.e. autogenic signal) is higher under unsteady or non-equilibrium flow
than under the equilibrium flow conditions used in this study. Consequently,
varying discharge and/or sediment loads in further modelling work will provide
a framework to assess how autogenic parameters could control the magnitude
and/or timescale of avulsion.

The independence of the timescale and the magnitude of autogenic signals in our
study may be influenced by the dynamic equilibrium upstream boundary condi-
tion. In the equilibrium state, the model keeps adjusting its sediment load (Qs)
to match its transport capacity in the prior timestep. We show that upstream
slopes across an order of magnitude (Table 1) do not significantly influence the
sediment load carried by the channel once the model has reached dynamic equi-
librium. Consequently, similar volumes of sediment are being input to the delta
across all scenarios, as shown by the relatively similar delta plain sizes (Fig.
2a-f). Although different upstream slopes may produce significantly different
morphologies (avulsion length, delta lobe size, channel width at avulsion node
and bifurcation node (Fig. S2)), the geomorphology of the delta plains does not
significantly affect the bifurcation timescale, except that the avulsion timescale
is determined by the topset slope (Fig. S4; Fig. 3c).

Avulsion and bifurcation causalities
In this section, we investigate the causalities between the avulsion and bifur-
cation processes in river deltas to assess whether bifurcation leads to avul-
sion through backward sedimentation processes (Ganti, Chadwick, Hassenruck-
Gudipati, & Lamb, 2016; Hoyal & Sheets, 2009; Kleinhans, 2010; Reitz &
Jerolmack, 2012), or vice versa. Visual observation of the model runs showed
that avulsion and bifurcation may occur within the same timestep (Supple-
mentary Movie 1). Jerolmack & Swenson (2007) hypothesized that bifurcation
processes will dominate early in a delta’s development. As bifurcation contin-
ues, a landward-shift in aggradation or channel backward sedimentation will
trigger avulsion by in-channel deposition in more upstream reaches (Edmonds
et al., 2009; Slingerland & Smith, 2004). Consequently, more established (or
larger) deltas will be more avulsion-dominated or bedslope-mediated rather than
bifurcation-dominated. Through time, the change in surface water slope induces
a decrease in sediment transport capacity, triggering bedslope-mediated avul-
sion, particularly in proximal reaches, in more established or larger deltas (Ganti,
Chadwick, Hassenruck-Gudipati, & Lamb, 2016).

Edmonds et al. (2011) modelled a theoretical delta by parameterising their
model to enable bifurcation processes but prevent avulsion. When the island
areas normalised by the total delta plain areas were measured, this theoretical
delta has a unimodal distribution of normalised island area, as also found in
the recent delta numerical models (Hariharan et al., 2021). Through time, a
relatively older delta will deviate from this unimodality due to avulsion triggered
by in-channel aggradation (Jerolmack & Swenson, 2007; Mohrig et al., 2000;
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Slingerland & Smith, 2004) or due to the exposure of bedrock on the delta
plain, as found in The Mossy delta (Edmonds et al., 2011).

By measuring the island size in all model runs, we produced distributions of
normalised island area at each timestep (Fig. 6). There is no unimodality of
the normalised island areas at any timestep in any of the model runs, which
corroborates the interpretation of our data that bifurcation and avulsion oc-
cur simultaneously throughout the delta building process, as also suggested by
model stratigraphy for all scenarios. Bifurcation never dominates the early
delta building process, nor does avulsion dominate the later stage of the delta
building process with both avulsion and bifurcation occurring throughout each
simulation.

Figure 6. Distribution of normalised island area measured from US6 scenario showing multi-modality across different timesteps. Each line represents island area measured at each timestep in the model. We measured island size using pixel counting method from Otsu’s binarized image in Google Colab (Cao et al., 2021).

Implication for natural deltas
Data from natural deltas show a similar avulsion timescale-topset slope rela-
tionship to our model results, even though the natural and laboratory delta
avulsion timescales are 1.5 orders of magnitude lower than in our models (Fig.
7a). Similarly, the relationships between bifurcation timescale to topset slope
in natural deltas shows no correlation, consistent with our model results (Fig.
7b).
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The lower order of magnitude of avulsion timescales in natural and laboratory
deltas may be caused by allogenic forcings that we did not incorporate in our
model. Sea-level rise rate, subsidence, variable sediment load, channel engi-
neering and human-made avulsion can directly influence the avulsion timescales
found in modern deltas (Heyvaert & Walstra, 2016; Pierik et al., 2018). Even
though we show that there is no correlation between Ta-Stopset and the sea-level
rise rate (dz/dt) as shown on Fig. 7, sea-level rise rate does play an important
role in affecting the avulsion timescale in other studies (Chadwick et al., 2022;
Li et al., 2022). Consequently, our models could imply that anthropogenic and
allogenic forcing may reduce avulsion timescales, increasing the risk of avulsion
for populations living on delta plains.

Figure 7. Relationships between: (a) avulsion timescale and topset slope; and (b) bifurcation timescale and topset slope, from our study (grey points) along with natural deltas gathered from the literature (colored diamonds) (Chadwick et al., 2020; Jerolmack & Mohrig, 2007; Prasojo et al., 2022). Color code represents relative sea-level rise (dz/dt). The equation on Fig. 7a refers to avulsion timescale-topset slope relationship from our model results. Delta avulsion and bifurcation timescale are calculated using Eq. 1 and Eq. 7, respectively, by assuming the channel width at avulsion nodes (Bc) � the channel width upstream of a bifurcation (Bb). Data from natural deltas and the laboratory experiment are available in Table S1.

The avulsion timescales in our model span 101-105 years, whereas previous stud-
ies reported timescales of 101-103 years (Ganti et al., 2020). These avulsion
timescales are sufficiently long that they overlap with the timescales of, and re-
sponses to, allogenic forcings that contribute to avulsion (e.g. base-level change)
(Fig. 8). Hence, separating autogenic signals based on their timescales may not
be effective due to the major overlap between these timescales. Consequently,
a more careful examination of the preservation of allogenic base-level signal to
the preserved stratigraphy is needed due to this long overlap. As an example,
early investigation of spatial and temporal thresholds as the balance of input
allogenic signal versus the system’s autogenic signal suggest that a relatively
smaller delta, in which the compensation time scale is smaller, will be more
likely to preserve base-level change signal (Jerolmack & Paola, 2010; Li et al.,
2016). Conversely, a relatively larger delta will be more likely to smear the
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base-level change signal. However, in this study, we show that the autogenic
timescale does not depend on delta geometry or sizes (Fig. S4). We imply that
defining one dimensional temporal or spatial threshold is more complex than
previously suggested (Toby et al., 2019, 2022). We suggest that disentangling
autogenic and allogenic forcing in the rock record may need a more comprehen-
sive perspective, adding data on sedimentary structures, fossil assemblages and
other sedimentary features to morphological information.

Figure 8. Autogenic and allogenic timescales from terrestrial environments (adopted from Ganti et al. (2020)).

Avulsions also affect preserved stratigraphy. Steeper delta topset slopes lead
to more frequent avulsion and so may produce more avulsions in a given time
interval (Fig. 3c). With more avulsions, increased abundance of paleosols, aban-
doned channel plugs, and floodplain sedimentary assemblages could be expected
in the rock records. However, the preservation of evidence of autogenic signals is
a function of both the timescale of this signal and the preservation potential of
its stratigraphic products (Li et al., 2016; Straub et al., 2020). Evidence of au-
togenic signals will be preserved if either the autogenic signal timescale exceeds
that of the allogenic signal (Straub et al., 2020) or the autogenically generated
stratigraphic products are smaller than the autogenic reworking depth (Li et
al., 2016).

In our model, the autogenic signal produced by avulsion may be autogenically
reworked in the following timesteps, as shown by consistent and deep channel
incisions in the upstream part of the delta (Fig. 4a). Here, the channel incised
from 0-400 years during the simulation as shown in the down-dip cross section
(Fig. 4a). The timescale of this autogenic reworking (0-400 years) is less than
that of autogenic avulsion timescale (103 - 105 years) and hence the incision and
reworking may have shredded the signal of autogenic avulsion in the preserved
stratigraphy.
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Future work
Our model results advance understanding about how delta topset slope con-
trols autogenic timescale. We vary a single factor (upstream slope), although
this drives and is closely correlated with upstream sediment input. The mutual
adjustment of water and sediment discharge produces complex morphological
and sedimentary responses. If these responses scale similarly to our results
for topset slope and avulsion timescale, applying the approach used here to
other autogenic forcings will reveal how deltas internally respond to these con-
trols. Hence, our ability to disentangle autogenic and allogenic drivers will be
enhanced in both modern systems and the rock record. An important exten-
sion of this work is to vary input discharge and sediment load as variability in
these may affect the geomorphic processes controlling avulsion and bifurcation
timescales. Multi-temporal observation of well-studied natural river deltas, such
as the Yellow (Moodie et al., 2019), Mississippi (Chamberlain et al., 2018) or
Rhine-Meuse (Pierik et al., 2018; Stouthamer et al., 2015), could then be used
to quantify the interactions between avulsion and bifurcation that we found in
our investigation.

The results from this study suggest the following areas of future study: (a)
How does the autogenic forcing studied here (i.e. upstream, and the consequent
topset slopes) interact with a combination of allogenic forcings (e.g. sea-level,
different wave, tides, and anthropogenic effects)? (b) How do the other au-
togenic controls (e.g. Qs, Q, riverbank material, vegetation) in river deltas
influence avulsion timescale? How are these signals preserved or shredded in
the rock record? And lastly, (c) How do seasonal or longer-term changes in
input flow autogenically impact avulsion and bifurcation timescales and their
interaction?

5. Conclusion
We conducted a suite of numerical modelling experiments with upstream slopes
ranging from 10-4 to 10-3 to understand autogenically-controlled avulsion and
bifurcation in river deltas. There is a statistically significant correlation be-
tween the topset slope produced in the model and the avulsion timescale with
Ta = 0.3Stopset

-1.18; R2 = 69%, p < 0.05. Topset slope appears to be the dom-
inant control of the timescale of autogenic signals, but it does not control the
stratigraphy produced in the models which is remarkably consistent. Avulsion
timescales span from 1.2 x 103 - 1.9 x 105 years with a median value of 1.2 x 104

years (N = 229). Bifurcation timescales are in the range of 2 x 10-2 - 5.7 x 101

years with a median value of 4 x 10-1 years (N = 201). Our findings advance
understanding of how the delta topset slope serves as the first order control on
autogenic timescales and how avulsion and bifurcation are not well correlated
throughout the delta building process. Avulsion and bifurcation can occur at
the same time during delta building, as shown by the non-unimodal distribu-
tion of dimensionless island sizes created in our model. Avulsion and bifurcation
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timescale from 22 river deltas from the literature are consistent with the avul-
sion timescale-topset slope and bifurcation timescale-topset slope relationships
proposed from our model. These findings contribute to progressing our under-
standing of autogenically controlled avulsion and bifurcation processes, before
taking into account the influence of allogenic variables. A robust understand-
ing of these processes has important implications due to their direct impact on
coastal and inland hazards that arise from geomorphic change and flooding on
highly populated river deltas.
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