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Effect of Sea-Level Change on River Avulsions and
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Abstract Lowland deltas experience natural diversions in river course known as avulsions. River avulsions
pose catastrophic flood hazards and redistribute sediment that is vital for sustaining land in the face of sea-level
rise. Avulsions also affect deltaic stratigraphic architecture and the preservation of sea-level cycles in the
sedimentary record. Here, we present results from an experimental lowland delta with persistent backwater
effects and systematic changes in the rates of sea-level rise and fall. River avulsions repeatedly occurred

where and when the river aggraded to a height of nearly half the channel depth, giving rise to a preferential
avulsion node within the backwater zone regardless of sea-level change. As sea-level rise accelerated, the

river responded by avulsing more frequently until reaching a maximum frequency limited by the upstream
sediment supply. Experimental results support recent models, field observations, and experiments, and suggest
anthropogenic sea-level rise will introduce more frequent avulsion hazards farther inland than observed in
recent history. The experiment also demonstrated that avulsions can occur during sea-level fall—even within
the confines of an incised valley—provided the offshore basin is shallow enough to allow the shoreline to
prograde and the river to aggrade. Avulsions create erosional surfaces within stratigraphy that bound beds
reflecting the amount of deposition between avulsions. Avulsion-induced scours overprint erosional surfaces
from sea-level fall, except when the cumulative drop in sea-level is greater than the channel depth and less than
the basin depth. Results imply sea-level signals outside this range are removed or distorted in delta deposits.

Plain Language Summary Rivers on deltas are unstable and naturally change course every
~10-1,000 years through a process known as avulsion. Avulsions are responsible for some of the deadliest
natural disasters in human history and for depositing sediment that builds sedimentary records and sustains
coastal landscapes in the face of anthropogenic sea-level rise. Sea level can affect where and when channels
shift course, but understanding these effects is difficult because avulsions occur infrequently. Here, we present
findings from a laboratory experiment that produced avulsions on a delta in miniature. As sea level rises more
quickly, we found that avulsions occur more often and at locations farther upstream. The record of avulsions
is recorded in the pattern of sedimentary layers within the delta, but this pattern may be confused with erosion
during sea-level fall. Findings from this experiment support recent predictions and observations of deltas in
nature.

1. Introduction

River deltas are home to diverse ecosystems, valuable resources, and nearly half a billion of the human popula-
tion (Gleick, 2003; Olson & Dinerstein, 1998; Vorosmarty et al., 2009). Many deltas develop a triangular-shaped
planform morphology through natural diversions in channel course to the shoreline, known as river avulsions,
which occur periodically every ~10 — 1000 years depending on the delta (Figures 1a and 1b) (Slingerland &
Smith, 2004). Avulsions are a hazard to human life and property (Sinha, 2009; Syvitski & Brakenridge, 2013) and
have been responsible for some of the deadliest flood disasters in human history (Kidder & Liu, 2017; Soong &
Zhao, 1994). At the same time, avulsions are necessary to counter land lost by nourishing subsiding wetlands with
sediment, nutrients, and carbon (Figure 1b) (Edmonds et al., 2009; Richards et al., 2002). Anthropogenic inter-
ference and greenhouse effects are contributing to relative sea-level rise across the globe (Pachauri et al., 2014),
and engineered avulsions are important elements of billion-dollar coastal restoration plans to combat rise and
sustain coastal cities and ecosystems (Brakenridge et al., 2017; Coastal Protection and Restoration Authority of
Louisiana, 2007). To increase the success of such plans, we need to understand where and when river avulsions
naturally occur on deltas.
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Figure 1. (a) Huanghe delta, China, illustrating modern (solid line) and
abandoned (dotted line) channel pathways and avulsion node (yellow star).
(b) Mississippi River delta, USA. Thin dashed line indicates approximate
shoreline in 1900 A.D. (Gagliano et al., 1981). (c) Correlation between
measured avulsion length and computed backwater length-scale (Equation 1),
which approximates the length of the backwater zone where sea level

causes gradually varied flow (Chatanantavet et al., 2012; Jerolmack &

Swenson, 2007).

Interpreting ancient delta deposits depends in part on our ability to disentan-
gle stratigraphic patterns of sea-level change and river avulsions. Fluviodel-
taic deposits are major building blocks of the sedimentary record on Earth,
and are important reservoirs of hydrocarbon and freshwater resources
(Bohacs & Suter, 1997; Hariharan et al., 2021). On Mars, the Perseverance
rover has begun exploration of ancient deltaic deposits to unravel lake-level
history and assess conditions for ancient life (Farley et al., 2020). Repeat-
ing sequences in sedimentary strata are thought to generally reflect changes
in sea level over time, with deposition during sea-level rise and erosion
during sea-level fall (i.e., sequence stratigraphy) (Allen & Posamentier, 1993;
Van Wagoner, 1998). However, deciphering this record is not always clear:
avulsions and floods can create erosional surfaces, regardless of sea-level
change, which appear similar to scour generated during sea-level fall (Ganti
et al., 2019; Trower et al., 2018). In addition, deposition can occur during
sea-level fall if sediment supply and basin geometry allow for rapid shoreline
progradation (Bijkerk et al., 2016; Wang et al., 2019) or if the river is tempo-
rarily disconnected with the shelf edge (Van Heijst & Postma, 2001).

Global compilations of lowland river deltas show avulsions preferentially
occur at a relatively fixed location, termed the avulsion node (Figures la
and 1b). The avulsion node is found at a distance upstream of the shoreline
that scales with the backwater length-scale,

LA (XLb (1)

where L, is the avulsion length measured along the channel from the river
mouth to the avulsion location, and L, is the backwater length-scale, defined
as the ratio of channel depth, H., to average bed slope, S (i.e., L, = H./S;
Figure 1c) (Chatanantavet et al., 2012; Jerolmack & Swenson, 2007). The
backwater length-scale approximates the river reach where sea level influ-
ences river hydraulics—termed the backwater zone—which extends for
hundreds of kilometers for large, low-sloping rivers (Lamb et al., 2012;
Paola & Mohrig, 1996). Deltas exhibiting this scaling are referred to as
backwater-scaled deltas. In this study, we focus on backwater-scaled deltas
and the regional backwater effects that can span entire deltas, rather than
smaller scale backwater effects that can influence more local sedimentation
processes (Shaw & McElroy, 2016; Van Dijk et al., 2012).

Recent models have reproduced backwater-scaled deltas (cf. Chatanantavet
et al., 2012; Moodie et al., 2019; Wu & Nitterour, 2020). Simulations show
cycles of low flows and high flows in the backwater zone are responsible
for creating a spatial maximum in deposition that determines the avulsion
site (Chadwick et al., 2019; Chatanantavet et al., 2012). Models predict
sea-level rise does not affect the avulsion length (L,), but could induce
higher aggradation rates at the avulsion node, resulting in more frequent
avulsions (Chadwick et al., 2020; Ratliff et al., 2018). Avulsion frequency
is expected to increase when sea-level rise is comparable to the aggradation
rate; in this regime, sea-level rise facilitates faster delta-top aggradation and
stifles delta-front progradation. At slower rise rates, avulsion frequency is
unaffected because aggradation associated with progradation outpaces the
effect of sea-level rise. At much higher rise rates, there is simply not enough
sediment to keep pace with sea level; progradation ceases, channels aggrade
as fast as possible given the sediment input, and avulsion frequency reaches
a maximum. Avulsions may cease altogether if the delta drowns (Chadwick
et al., 2020; Wu & Nitterour, 2020) or if offshore basin geometry hinders
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aggradation (Bijkerk et al., 2016; Wang et al., 2019). Avulsions typically take decades to centuries or longer to
occur in nature, so direct observations that test these predictions are sparse.

Experimental studies offer an opportunity to observe repeated avulsions at reduced scale. Hypotheses can
be tested under controlled, simplified conditions, often reducing the complexity associated with vegetation,
cohesive floodplains, offshore waves and tides, and other factors capable of influencing individual avulsions
in nature (Finotello et al., 2019; Nicholas et al., 2018; Piliouras & Kim, 2019). Generally, experiments have
demonstrated that avulsions are associated with cycles of local shoreline progradation and lobe construction (de
Haas et al., 2016; Reitz et al., 2010; Van Dijk et al., 2012). However, until recently, most experiments featured
relatively steep surface slopes, braided rivers, and minimal backwater effects (cf. Muto & Steel, 2004; Reitz &
Jerolmack, 2012; Wickert et al., 2013), producing hydrodynamics and sediment transport more akin to alluvial
fans and fan deltas than they are to lowland, backwater-influenced deltas (Ganti et al., 2014). In a pioneering
experiment, Hoyal and Sheets (2009) utilized a constant input water discharge and cohesive sediment mixture
that naturally produced gentle slopes and single-thread channels. Avulsion in their experiment was caused by
shoreline progradation: as the shoreline advanced seaward, the river profile lengthened and its slope declined,
leading to a reduction in sediment transport capacity that promoted aggradation and avulsion. Later experiments
and models supported and expanded upon this finding, demonstrating that progradation—as well as relative
sea-level rise—ultimately set the pace of aggradation and avulsion on lowland deltas (Martin et al., 2009; Moodie
etal., 2019; Yu et al., 2017).

Although progradation may set the pace of avulsion, it does not necessarily control where avulsion takes place.
In the experiments of Hoyal and Sheets (2009), avulsion location coincided with weak points in the levee profile
that allowed for maximum fluid shear stress during overbank flows, which could manifest at the scale of the
backwater length (Edmonds et al., 2009; Hoyal & Sheets, 2009). Later models reproduced similar behavior
(Chadwick et al., 2019; Ratliff et al., 2021), showing that for deltas subjected to a constant water discharge, the
levee and floodplain topography is a dominant control on avulsion location. Levee and floodplain topography
are sensitive to basin boundary and initial conditions (Pierik et al., 2017); avulsions are prone to occur where
the basin enforces a downstream increase in levee and floodplain width or decrease in floodplain slope (Prasojo
et al., 2022; Ratliff et al., 2021). However, in the absence of external forces and with a constant water discharge,
levee and floodplain topography can equilibrate to a state where avulsions have a similar likelihood everywhere
along the river profile (Chadwick et al., 2019). In contrast, major avulsions on natural deltas tend to occur at or
near the delta-apex, which in turn tends to scale with the backwater length (Equation 1).

Avulsion location in nature is thought to originate from variable flow regimes that produce persistent sedimen-
tation patterns in the backwater zone (Chadwick et al., 2019; Chatanantavet et al., 2012), but few experiments
have been conducted under such conditions. Chatanantavet and Lamb (2014) conducted one such lowland river
experiment with subcritical flows and a variable flood regime; in their experiment, backwater effects caused a
downstream migrating wave of aggradation during low flows, and an upstream migrating wave of incision during
high flows. Over many flow events, this interplay resulted in a spatial maximum in aggradation in the upstream
part of the backwater zone. This finding was reproduced in a later experiment that utilized a larger facility allow-
ing for repeated river avulsions (Ganti, Chadwick, Hassenruck-Guidpati, Fuller, & Lamb, 2016; Ganti, Chadwick,
Hassenruck-Gudipati, & Lamb, 2016). Results demonstrated the spatial maximum in aggradation rate coincided
with the avulsion node, leading to the emergence of a backwater-scaled avulsion length (Equation 1; Figure 1c).
Importantly, backwater-scaled aggradation and avulsion were only reproduced in the presence of a variable flood
regime; in a comparison experiment without floods, backwater-scaled avulsions did not occur (Ganti, Chadwick,
Hassenruck-Guidpati, Fuller, & Lamb, 2016). These experimental investigations have supported numerical
modeling efforts of deltas in nature (Chatanantavet et al., 2012; Moodie et al., 2019), but did not explore the
effects of sea-level rise and fall on river avulsion patterns.

Here, we build on this recent experimental work (Chatanantavet & Lamb, 2014; Ganti, Chadwick, Hassenruck-
Gudipati, Fuller, & Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016) and present results from
a backwater-scaled lowland delta experiment subjected to systematic sea-level rise and fall. First, we provide
an overview of experimental design, scaling, and methods. Second, we present a walkthrough of experimental
results for different sea-level conditions. Third, we use experimental data to test models of river-delta avulsion
location and frequency, and compare the erosional signatures of avulsions and sea-level change preserved in
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pump
2.1. Experimental Design
We conducted a laboratory flume experiment called CROFI18 in the
Caltech River-Ocean Facility, the same facility used by Ganti, Chadwick,
% Hassenruck-Gudipati, Fuller, and Lamb (2016), Ganti, Chadwick,
End tank ‘ \ K Hassenruck-Gudipati, and Lamb (2016); their experiment is referred to as
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Figure 2. (a) Schematic of the Caltech River-Ocean Facility. The tank
coordinate system was defined such that the primary flow direction was
eastward. (b) Sea level as a function of run time over the course of the
experiment. Alternate background shading indicates Phases A through F, each

of which featured a different rate of sea-level change.

Table 1
Variable Flood Regime of the CROF18 Experiment

Low flow High flow

Water dischargefliters/min] 14.4 20.4
Sediment supply [g/min] 30.4 69.4
Normal-flow depth, H,[mm] 7.5 11.7
Flow duration, T/, [min] 22 8
Channel-adjustment timescale, 7,,4; [min] 45 20
Normal-flow transport slope, S[—] 0.0042 0.0042
Backwater length-scale*, L, = H,/S [m] 1.8 -
Froude number, Fr [-] 0.59 0.43
Reynolds number, Re [-] 1,200 1,700
Shields number, 7* [-] 0.18 0.28

“The backwater length-scale well approximates the length of the backwater
zone but can be more accurately constrained by accounting for Fr and

variable discharges (Equation 3) (Bresse, 1860; Lamb et al.,

2012).

CROF16. The experimental flume consisted of a 7-m-long, 14-cm-wide
fixed-width river section that flowed into a 5-m-long, 3-m-wide unconfined
ocean basin (Figure 2). Water and sediment were supplied at the upstream
end, and sea level was controlled using a programmable standpipe at the
downstream end. The basin was initially free of sediment, and over several
hours the flow naturally deposited sediment to form an alluvial river and
delta. We widened the width of the fixed walls in the river section (14 cm)
compared to CROF16 (7 cm) to match the width of naturally formed channels
on the delta top, in order to mitigate flow expansion and associated avulsion
at the river-basin boundary. Further details regarding the experimental facility
can be found in Ganti, Chadwick, Hassenruck-Gudipati, and Lamb (2016).

The CROF18 experiment was designed to simulate the simplest possible scenario
that could reproduce backwater-scaled avulsions under changing sea level. We
intentionally excluded complexities associated with cohesive sediment, flood-
plains, vegetation, waves, tides, and anthropogenic modification (Brakenridge
et al., 2017; Caldwell & Edmonds, 2014; Finotello et al., 2019; Nicholas
et al., 2018). These factors can influence avulsions in nature (cf. Piliouras &
Kim, 2019; Ratliffetal.,2021), but previous modeling and simplified experiments
suggest they are not necessary to reproduce backwater-scaled avulsion patterns
to first order (Chadwick et al., 2019, Ganti, Chadwick, Hassenruck-Gudipati,
Fuller, & Lamb, 2016) (Figure 1c). To produce a laboratory-scale river with
similarities to natural lowland rivers, we selected water discharges such that
flow was subcritical (Fr < 1) and turbulent (Re > 1000) (Table 1) (Kleinhans
et al., 2014, 2015; Paola et al., 2009). To achieve sediment transport at such
low discharges, we used low-density sediment: crushed, non-cohesive walnut
shells (1300 kg/m?) with near-uniform particle diameter (0.7 mm). This sedi-
ment mixture yielded a normal-flow Shields number that was similar to chan-
nels in nature (z* ~ 0.2; Table 1) and that was high enough to avoid current
ripples and associated scour holes in the laboratory (Kleinhans et al., 2017).
Non-cohesive sediment is sufficient to produce avulsions and stratigraphy simi-
lar to natural avulsive systems (Paola et al., 2009; Straub et al., 2012), though we
note that channel lateral migration and channel geometry can exhibit differences
compared to lowland river channels in nature with cohesive, vegetated banks
(Dunne & Jerolmack, 2020; Tal & Paola, 2007).

To reproduce laboratory-scale backwater zones, we implemented a varia-
ble flood regime following the example of CROF16. Water and sediment
supply oscillated between a low-flow and high-flow discharge (Table 1).
Water discharges associated with each flow were selected to produce signif-
icantly different normal flow depths (7.5 mm during low flows and 11.7 mm
during high flows, a ~40% difference) to facilitate significant changes in
water-surface slope as flow approached sea level in the backwater zone
(Chatanantavet et al., 2012). Furthermore, the durations for each flow
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Table 2
Phases of the CROF18 Experiment and Associated Sea-Level Change

Phase A Phase B Phase C Phase D Phase E Phase F

Dimensionless sea-level rise rate, c* [—] 0 0.08 0.33 1.33 —0.03 —0.67
Sea-level rise rate, o [%] 0 0.25 1 4 =0.1 -2
Run time [hr] 0-43.5 43.5-82 82-101 101-105 105-140  140-163.5
Duration, [hr] 43.5 38.5 19 4 35 23.5
Number of low flows [-] 87 77 38 8 70 47
Number of high flows [-] 87 77 38 8 70 47

(Tf10w = 22 min for low flows, Ty, = 8 min for high flows) were selected to be significantly shorter than the
time required to adjust the backwater zone to uniform-flow conditions (~45 min for low flow, ~20 min for high
flow) estimated using the channel-adjustment timescale, T,q; = L”Bgﬂ (1 — 4,) ,where L, is backwater length,
B, is channel width, 4, is sediment porosity, Q; is the sediment supbly for a given flow event, and AH is the
amplitude of bed-elevation adjustments in the backwater zone (estimated by the difference between the high-flow
and low-flow normal flow depths; Chatanantavet & Lamb, 2014). The channel-adjustment timescale is based on
the simplified scenario where the full sediment supply (Q;) is deposited within the backwater zone, representing
a shortest-possible adjustment time; for the more general case where part of the sediment supply is deposited
offshore or on the floodplain, channels should take longer to adjust. Because flow duration T, was shorter
than the adjustment time T,4; (Table 1), the backwater zone was kept in a state of perpetual adjustment similar
to natural deltaic rivers: riverbed elevation and slope oscillated relative to a mean, convex-upward profile that
reflected ongoing competition between low-flow deposition and high-flow erosion (Arkesteijn et al., 2019; Blom

Ttiow
. . o » Tady . .
backwater-scaled avulsions, and that dynamics are relatively insensitive to the flow duration so long as this condi-

et al., 2017). Previous numerical simulations have demonstrated that this condition ( < 1) is necessary for

tion is upheld (Chadwick et al., 2019). With this in mind, we designed the experiment to satisfy this condition,

Tf[uu'

and relaxed the precise ratio between flow duration and adjustment ( ~ 0.5; Table 1) compared to what is

adj

usually observed in nature (M ~0.0001 — 0.1; Chadwick & Lamb, 2021) to ensure the experiment was physi-

adj
cally and logistically feasible. ’
At the upstream end, we covaried sediment supply with water discharge to produce the same normal-flow bed
slope (S = 0.0042) for high flow and low flow, which was gentle enough to maintain subcritical flow (Fr < 1)

and a single-thread channel. The flow depth and slope resulted in a backwater length-scale of L, = ¢ = 1.8 m. It
was necessary that L, be much greater than the channel width (~0.2 m) to observe a significant backwater reach,
but also small enough to fit within the laboratory basin (Figure 2a). Water and sediment discharges in CROF18
were similar to CROF16, but were adjusted slightly to improve dynamic scaling with sea-level rise rates.

To isolate the effect of sea-level change on backwater-scaled delta dynamics, we systematically raised and lowered
sea level at six different speeds during six distinct phases of the experiment, lettered A—F (Table 2). Rise rate was
constant during each phase. Following previous work, we scaled laboratory sea-level rise and fall rates relative
to the characteristic rate of aggradation (Chadwick et al., 2020). The dimensionless sea-level rise rate is given by

% [

o = Hc/n’[‘c (2)

where T, is the channel-filling timescale approximated by T, ~ % (1 — 4,) (Chatanantavet & Lamb, 2014;
Reitz & Jerolmack, 2012), n = (N + 1)/2 is the number of avulsions before a given deltaic lobe is reoccupied,
and N is the average number of delta lobes, for simplicity here taken to be N =4 (Ganti et al., 2019). The
denominator of Equation 2 is a first-order estimate of the maximum possible aggradation rate, in the hypothetical
limit where all sediment is deposited uniformly across the backwater-scaled topset. Most modern deltas fall in
the range 0 < o* < 1 (Chadwick et al., 2020). Using estimates of Milankovich-scale sea-level cycles over the
Pleistocene and Miocene (~120 m of rise and fall over ~100ky for Pleistocene, and ~30 m of rise and fall over
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~40ky for Miocene; Li et al., 2016), we estimate many deltas fall in the range —1 < 6* < 1. CROF18 Phases A,
B, C, E, and F were selected to fall within this range, and correspond to rise rates of —3 mm/hr < ¢ < 3 mm/hr
(Table 2). Phase D was designed to explore the case where sea level rises faster than the maximum aggradation
rate (6* > 1), a possible scenario for many lowland deltas in the next century (Chadwick et al., 2020). While
we did not incorporate subsidence into the experiment, delta response to uniform subsidence is expected to be
mechanically similar to that of sea-level rise (Gonzalez & Tornqvist, 2006; Reitz et al., 2015). We allowed each
phase to continue long enough to allow for many avulsions. Phases were also kept brief enough that the offshore
basin depth did not change by more than a factor of two (Figure 2b); this allowed us to mitigate the effect of
changing basin depth on avulsion patterns (Carlson et al., 2018; Wang et al., 2019), and therefore better isolate
the effect of sea-level rise rate.

2.2. Data Collection

Overhead images of delta evolution were collected every minute using six mounted cameras that bordered the
experimental facility. Photos from each camera were concatenated to ensure a wide field of view that extended
beneath railings in the facility. The water was dyed using a fluorescent green dye, allowing for visual distinction
between subaerial and submerged surfaces even for shallow (~1cm) water depths under ultraviolet light fixtures.
Before starting a flow event, we inserted ~0.5 gallons of dye into the end tank. We ran the flow using a very low
discharge (Q = 0.002 L/min) with no sediment feed for ~12 hours of standby to allow the dye to disperse evenly
through the tank without mobilizing sediment or disturbing the delta.

An ultrasound distance meter (Massa M-5000/220, Massa, Hingham, MA) and laser displacement sensor
(Keyence LK-G5000, Keyence Corporation of America, Itasca, IL) measured water surface elevation at 1-mm
vertical resolution and bed topography at 0.1-mm resolution. Before each flow event, we adjusted the weir siphon
such that sea level followed the curve in Figure 2b; we verified sea level remained in equilibrium with the weir
within 0.1 mm by scanning a thin piece of floating wax paper at the downstream end using the laser sensor. At
the beginning of each flow event, we collected water surface elevation data, and after each event we switched off
the flow and measured bed surface elevation. Topographic scans included a long profile through the river section
and basin section along the flume centerline (3-mm horizontal resolution), as well as a series of cross sections
in the basin perpendicular to the flume axis (3-mm resolution in the cross-stream direction, spaced every 15 cm
in the downstream direction). The basin water level was maintained during bed topography scans, and data for
submerged parts of the delta were corrected for the refraction index of the laser beam through still water. The
green color of the fluorescent dye in the basin ensured transmission of the red laser signal. Summed errors asso-
ciated with vertical precision of the instrument and the refraction-index correction were +0.1 mm. Raw data from
topographic scans were denoised using a median filter of kernel size 1.5 cm.

2.3. Data Analysis

Concatenated overhead images were used to map channel avulsions and shoreline evolution in the experiment.
Following previous work, we identified avulsions as the establishment of a new channel (the daughter channel)
that captured the majority of flow through consecutive flow events, and the old channel (the parent channel) was
partially or completely abandoned (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016). Avulsion
location and time were measured as the location and time when the levee breach in the parent channel initiated.
Manual identification of avulsions involved a degree of subjectivity; still, our measurements for avulsion location
have an uncertainty of less than a channel width and much less than a backwater length-scale, and measurements
for avulsion time have an uncertainty of approximately 1 minute (Ganti, Chadwick, Hassenruck-Gudipati, Fuller,
& Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016). Avulsion length (L,) was computed
as the distance along the parent channel from the river mouth to the avulsion location. Avulsion frequency was
calculated using f4 = 1/T4, where T} is the time between the current avulsion event and the previous avulsion
event. We manually mapped the delta shoreline, following the boundary of fluorescent green water and the brown
sediment surface. We also independently mapped the location of the topset-foreset break; during sea-level rise the
shoreline sometimes retreated upstream from the topset-foreset break.

We measured channel aggradation and erosion using the time series of topographic scans collected by the laser
sensor at the end of each flow event. For cases when topographic scans were collected within 4 min of an avulsion
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Table 3
Field Data Used in This Study

o[mm/yr] Lalkm] L,[km] fa[l/kyr] Q,[Mtlyr] H.[m] B.[km] B[km] H,[m] NI[-] T.lkyrl o*[-1 Ly[-] f;[-] H*[]

Parana 3 210 295 0.6 79 11.8 1.3 50.8 40 4 3.6 23 07 22 0.3
Danube 0.2 95 125 0.5 67 6.3 1.3 50 50 4 0.9 0.1 038 0.5 0.9
Nile 4.5 210 254 = 120 16.2 0.2 9.6 120 4 0.5 04 038 = =
Mississippi 2.3 490 480 0.8 400 21 0.7 26 80 4 1 0.3 1 0.8 0.1
Rhine-Meuse 1.6 51 45.5 0.7 3.1 5 0.7 28 18 4 33 26 1.1 2.3 —
Magdalena 2.9 67 63.2 = 220 6 1.1 44 200 4 0.1 0.1 i1l = =
Orinoco 2.6 78 133.3 1 150 8 2 80 110 4 0.9 0.7 0.6 0.9 0.2
Mid Amazon 2.9 404 400 — 1,200 12 3 120 50 4 0.8 0.5 1 — —
Rhone 2.8 = 183.5 0.7 31 73 0.4 15.1 70 4 1 1 = 0.7 1.4
Yellow 1.7 31 35 142.9 1,100 3.5 0.5 20 30 4 0 0 0.9 0.5 0.1
Goose =3 — 0.9 3 0.3 2 0.1 4 10 4 0 —-0.1 = 0.1 —
Mitchell -0.3 = 23.3 16 29 7 0.1 4 15 4 0.4 0 = 5.7 =
Trinity 42 — 31.3 — 6.2 5 0.2 8 8 4 0.3 07 — = =

Note. Relative sea-level rise rates (o) are reported by Chadwick et al. (2020) and reflect the sum of eustatic sea-level change (Bintanja et al., 2005) and coastal
subsidence (Jelgersma, 1996; Milliman et al., 1989; Syvitski, 2008; Tornqvist et al., 2008; Yu et al., 2012) estimated over the time that avulsions occurred. Avulsions
occurred during the late Holocene period (last 7ky), with the exception of the Huanghe where pre-industrial historical avulsions are documented (Ganti et al., 2014).
Avulsion lengths (L ,) and backwater length-scales (L) are reported in Chatanantavet et al. (2012) and Ganti et al. (2014). Avulsion frequency (f,), channel depth (H..),
and channel width (B, ) are reported in Jerolmack & Mohrig (2007). Basin depths (H)) are reported in Syvitski & Saito (2007). Sediment supplies (Q;) are reported in
Milliman & Syvitski (1992), and are converted here to volumetric rates using a sediment density of 2650 kg/m? and 40% porosity (/1,, = 0.4). Channel filling timescales
are estimated as T, = H.B.L, (1 - Ap) /O following Chatanantavet & Lamb (2014) and Reitz & Jerolmack (2012). Data for the Danube, Goose, Mitchell, and Trinity
are compiled from site-specific studies (Giosan et al., 2006; Lane et al., 2017; Moran et al., 2017; Nijhuis et al., 2015). Deltas were assumed to be composed of four
lobes (N = 4) with width of forty times the channel width (B = 40B,), which are reasonable estimates (Coleman et al., 1998; Hayden et al., 2019; Pang & Si, 1979;
Parker et al., 2008). Avulsion thresholds (H*) are reported by Chadwick et al. (2020), dimensionless sea-level rise (¢*) is calculated using Eq. (2), dimensionless
avulsion length is calculated as L} = L,/ Ly, and dimensionless avulsion frequency is calculated as f = f,T.. Empty table entries indicate data were not available.

event, we measured the height of riverbed aggradation at the avulsion node since the previous avulsion, that is,
the avulsion threshold (H') (Ganti et al., 2014; Mohrig et al., 2000). When sea-level fall caused valley incision, we
calculated the incision depth from the riverbed to the uppermost abandoned fluvial surface.

We did not take stratigraphic cuts of the experiment, but instead constructed synthetic stratigraphy using the time
series of topographic scans (Ganti et al., 2011, 2013), which is a good approximation of physical stratigraphy
in experimental avulsion-dominated settings (Hajek & Straub, 2017; Straub et al., 2012). Synthetic set bounda-
ries were calculated from topographic scans collected at the end of each flow, and so represent alternating time
intervals of 22 min and 8 min. A constant time interval is ideal for constructing synthetic stratigraphy (Paola
et al., 2018), but we deemed the alternating intervals were a necessary concession for experimental logistics.
Furthermore, we found the alternating time intervals were sufficient to study the effect of floods, avulsions,
and sea-level rise on stratigraphy over the experiment: both intervals were relatively short, and the alternation
scheme remained constant throughout the entire experiment. Taking cross sections of the synthetic stratigraphy
perpendicular to the flume axis on the delta topset, we identified individual depositional beds between erosional
surfaces and measured the maximum preserved thickness of each bed (Ganti, Chadwick, Hassenruck-Gudipati,
& Lamb, 2016).

2.4. Comparison to Theory and Field Data

We compared experimental results to theoretical predictions and field data for avulsion location (L,) and
frequency (f4). Field data for avulsions on lowland deltas is reported by Chadwick et al. (2020) (Table 3),
compiled from previous work (Bintanja et al., 2005; Chatanantavet et al., 2012; Ganti et al., 2014; Giosan
et al., 2006; Jelgersma, 1996; Jerolmack & Mohrig, 2007; Milliman et al., 1989; Syvitski, 2008; Syvitski &
Saito, 2007; Tornqvist et al., 2008). For comparison to theory, we focused on the statistical averages of distri-
butions observed in experimental and field data, as well as systematic changes in these distributions. Autogenic
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variability is expected because avulsions are inherently stochastic in nature and subject to a variety of triggering
mechanisms (Hajek & Wolinsky, 2012; Kleinhans et al., 2013). Field data for avulsion frequency are single-value
estimates for each delta representing an average over measured Holocene or historic avulsion events (Chadwick
et al., 2020; Jerolmack & Mohrig, 2007). Field data for avulsion length are estimated by the modern streamwise
distance from the river mouth to the delta apex (Chatanantavet et al., 2012); this approximation is sufficient
for our study because delta apices generally originate from a preferential avulsion location, though we note
such estimates do not consider how autogenic and allogenic variations can prompt avulsions to occur upstream
or downstream of the preferential avulsion length (Chadwick & Lamb, 2021; Chamberlain et al., 2018; Ganti
et al., 2014). A comprehensive history of avulsion events and varying basin conditions is available for some of
these deltas, including the Rhine-Meuse (cf. Kleinhans, 2010; Stouthamer & Berendsen, 2000) and the Missis-
sippi (cf. Chamberlain et al., 2018; Coleman et al., 1998).

On average, avulsion length has been found to scale with the theoretical length of the backwater zone, which can
be approximated by the ratio of the channel depth to downstream slope, L, = H./S (Equation 1; Figure 1c).
However, backwater length is more accurately predicted using the Bresse solution, which accounts for how Froude
number, flood stage, and shoreline depth can influence the backwater length (Bresse, 1860; Lamb et al., 2012).
Under the assumption of steady flow, uniform channel width, and uniform river slope, the Bresse solution is
given by

H,
S

Lypresse = — [Ca = & — (1= Fr*) (Z (&) — Z ()] 3)
where Lj presse 1S Bresse backwater length, H, is normal flow depth, and { = H/H, is the ratio of the flow
depth H to the normal-flow depth evaluated at the shoreline (¢;) and at the upstream end of the backwater zone
(&,). Following Lamb et al. (2012), we used H, and Fr during low-flow conditions (H, = 7.5 mm; Fr = 0.43),
estimated ¢, using the high-flow depth as a proxy for shoreline depth (&, = L™ = 1.56), and identified the

7.5mm
upstream end of the backwater zone based on a <5% deviation from the normal-flow depth (£, = 0.95). The Z({)

Z(¢) = lln (%) - Larctan \/3_, 4
6\ -0/ 3 2+l

The Bresse solution also provides estimates of the length of water-surface drawdown and scour during high flows.

operator is defined by

We estimated scour length L, py.ss. using Equation 4 by conversely taking H, and Fr during high flow conditions
(H, = 11.7mm; Fr = 0.59) and using low-flow depth as a proxy for shoreline depth (¢, = -2 = (.64) (Lamb

11.7mm

et al., 2012). It has been hypothesized that avulsion lengths fall within the range Ly gresse < La < L, Bresse, COITE-
sponding to avulsion sites within the backwater zone and upstream of prominent scour during drawdown (Brooke
et al., 2020; Ganti et al., 2019). Equations 5 and 6 yield predicted values of Ly presse = 0.9 m and Lp presse = 1.8 m
for the CROF18 experiment.

Avulsions tend to occur through gradual channel aggradation that renders flow in the initial channel gravita-
tionally unstable—termed the setup period—followed by the triggering period that reroutes flow to the new
channel (Kleinhans et al., 2013; Slingerland & Smith, 2004). The triggering period can depend on site-specific
conditions involving bifurcations (Salter et al., 2018); overbank flooding (Edmonds et al., 2009); crevasse-splay
deposition and erosion (Slingerland & Smith, 1998); and channel migration and headward erosion of secondary
channels (Aslan et al., 2005). In contrast, the setup period is similar across settings: it is achieved through gradual
channel aggradation. We focus our experimental and theoretical analysis on the setup period, which is important
for determining when and where avulsions take place (Hajek & Wolinsky, 2012). In particular, the frequency of
avulsion f4 has been found to scale inversely with the time required for the riverbed to aggrade to a height of the
channel depth,

R )

where T, is the channel-filling timescale, here defined as the ratio of the channel depth H, and aggradation rate v,
(T. = H./v,) (Jerolmack & Mohrig, 2007; Reitz & Jerolmack, 2012). Over timescales of T, the river aggrades
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to a critical height comparable to the channel depth, rendering it gravitationally unstable and ready to transition
to the triggering period wherein avulsion occurs (Mohrig et al., 2000). The triggering period is not instantaneous
(Kleinhans et al., 2013), but for simplicity Equation 5 considers the duration of the triggering period to be negli-
gible compared to the duration of the setup period (Hajek & Wolinsky, 2012).

Predicting avulsion frequency using Equation 5 requires the knowledge of the average aggradation rate v, during
the setup period, which depends on sea-level rise, sediment supply, backwater effects, and progradation into
the offshore basin (Jerolmack, 2009; Reitz & Jerolmack, 2012). Chadwick et al. (2020) developed an analytical
model for v, that accounts for these processes by partitioning sediment between topset and foreset. Under the
simplifying assumptions that avulsion length (L,) is known a priori and topset slope (.S) is constant and much
gentler than the foreset slope, the model result is

1 Os

if D>0
fu=11=4 (Li~D)BH + DB(H; +z+ DS/2) 6
: if D<O0
1—4, LABH

H-z

where D =
inter-avulsion period, and H, is the basin depth (Figure 2). The term B is the width of deposition, which in the

is lobe-progradation distance, z = no f;' is the cumulative height of sea-level rise during an

absence of floodplain deposition is here approximated using the channel width (20 cm). The height of aggra-
dation between avulsions, H, and the avulsion length, L4, were measured during the experiment. For D > 0,
the first and second terms in the denominator describe sediment partitioned to the delta-lobe topset and foreset,
respectively. For D < 0, all sediment is partitioned to the topset.

2.5. Dimensionless Variables

Experimental and field data were placed in a nondimensional framework. First, the dimensionless avulsion
length, L%, was calculated as the ratio of the avulsion length to the backwater length-scale (L% = L4/ Ls)
(Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016), which is approximately equal to one for a
backwater-scaled delta (Equation 1; Figure 1c). Second, the dimensionless avulsion frequency, f, was defined
as the ratio of the avulsion frequency to the inverse of the channel-filling timescale (f = %; Equation 5), where

the channel-filling timescale was approximated by T, ~ % (1 — 4,) (Chatanantavet & Lamb, 2014; Reitz &
Jerolmack, 2012). Avulsion frequency scales inversely with the channel-filling timescale, so f7 is typically of
order unity (Chadwick et al., 2020; Ganti et al., 2014; Reitz & Jerolmack, 2012). Dimensionless sea-level rise
rate, ¢*, was calculated using Equation 2. Lastly, we calculated the dimensionless avulsion threshold, H* (Ganti
et al., 2014), defined as the ratio between the height of aggradation between avulsions and the channel depth
(H*=H/H,).

3. Results
3.1. Observations From Phases A-F

During experimental Phase A, a backwater-scaled delta formed under constant sea-level conditions (¢* = 0) simi-
lar to previous experiments (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Ganti, Chadwick,
Hassenruck-Gudipati, & Lamb, 2016) (Movie S1). After an initial period of sheet-flow (0-18 hr), flow chan-
nelized and the delta grew through repeated avulsions during run time 18-43.3 hr. An example avulsion cycle
is presented in Figures 3a and 3b for run time 33-38 hr. The river initially flowed northeastward (Figure 3a),
and over the course of 5 hr gradually migrated eastward before avulsing at 38 hr (Figure 3b). Foreset deposi-
tion occurred at the river mouth, resulting in localized progradation along the northern and eastern shoreline.
The avulsion occurred within the backwater zone, at a site 1.5 m upstream of the river mouth (L4 = 1.5m)
where channel aggradation was maximized (Figures 3c—3e), consistent with earlier backwater-scaled experi-
ments (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Ganti, Chadwick, Hassenruck-Gudipati,
& Lamb, 2016) and numerical models (Chadwick et al., 2019; Chatanantavet et al., 2012). Immediately before
the avulsion, the riverbed reached an aggradation height of ~5 mm at the avulsion site, approximately two-thirds
the average channel depth (7.5 mm) (Figure 3d). Low and high flows contributed to channel aggradation at the
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PHASE A: CONSTANT SEA LEVEL (o*=0)

Start of an avulsion cycle

~5 mm

-655|aggradation
(c) (d)

Elevation [mm]

-200 0 200 -200 0 200 -200 0 200
Distance across flume [mm]

10 avulsions
L,=1.3[0.9,1.7]m
f, =0.5[0.2, 1.0] 1/hr
L,*=0.7[0.5,0.9]
f,*=0.5[0.2,1.0]

y

Figure 3. Experimental results for constant sea-level conditions (CROF18 Phase A). (a) Overhead image taken at the
beginning of an avulsion cycle, highlighting the main channel (yellow dashed lines) and shoreline (white line). (b) Image of
the delta during an avulsion, where the flow was diverted to a new channel at the avulsion site (yellow star). Avulsion length
L, was measured as the distance between the shoreline and the avulsion site along the parent channel centerline (solid yellow
line). Yellow arrow highlights gradual channel migration, and white arrow indicates shoreline progradation since panel (a).
(c—e) Cross sections of channel aggradation along profiles labeled in (b). Channel aggradation associated with low flows and
high flows is color-coded blue and red, respectively. Yellow star indicates profile at the avulsion site. (f) Overhead image
showing the time series of avulsion sites (stars) and shorelines (lines) during Phase A, color-coded from light to dark with
increasing time. Arrows highlight long-term movement of the shoreline and avulsion node.

avulsion site (see blue-shaded and red-shaded deposits in Figure 3d). Upstream of the avulsion site, aggradation
was reduced (~2 mm) and primarily occurred during low flows (Figure 3c). Downstream of the avulsion site,
aggradation was similarly reduced (~3.5 mm) and was associated with predominantly high-flow deposits that
filled deep scours (Figure 3e). Bed scours were ~50 cm in length. Scours were associated with water-surface
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PHASE B: SLOW SEA-LEVEL RISE (¢*=0.08)

Channel
12

Elevation [mm]

-200 0 200 200 0 200 -200 0 200

Distance across flume [mm]

22 avulsions
L,=13[1.0,1.9]m

A

f,=0.91[0.2,1.8] 1/hr

L,*=0.7[05,1.0]
f*=090.2,1.8]

Figure 4. Experimental results for slow sea-level rise conditions (CROF18
Phase B). (a) Overhead image taken at the beginning of an avulsion cycle,
highlighting the main channel (yellow dashed lines), shoreline (white line),
and distalmost topset-foreset break (black line). (b) Image of the delta during
an avulsion, where the flow was diverted to a new channel at the avulsion
site (yellow star). Avulsion length L, was measured as the distance between
the shoreline and the avulsion site along the parent channel centerline (solid
yellow line) (c—e) Cross sections of channel aggradation along profiles
labeled in (b). Channel aggradation associated with low flows and high
flows is color-coded blue and red, respectively. Yellow star indicates profile
at the avulsion site. (f) Overhead image showing the time series of avulsion
sites (stars) and shorelines (lines) during Phase B, color-coded from light to
dark over time. Arrows highlight long-term movement of the shoreline and
avulsion node.

drawdown during high flows (Ganti et al., 2019; Trower et al., 2018), and
were filled in during subsequent flows. In the absence of sea-level rise and
subsidence, aggradation was primarily caused by shoreline progradation.

Results were similar for the rest of Phase A. A total of 10 avulsions occurred
(Figure 3f), with an average frequency of f, = 0.5hr™' and ranging from
0.2hr™' to 1.0hr™', hereafter abbreviated as f, = 0.5[0.2, 1.0 hr~". Avul-
sions were abrupt, usually initiating at the start of a high flow event and
completing within 1 min. Each avulsion was associated with localized
progradation near the active river mouth. Avulsions occurred between
0.3 and 0.5 m downstream of the basin inlet. Avulsion locations moved down-
stream on average in tandem with shoreline progradation, as expected (Ganti,
Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Ganti et al., 2014; Moodie
et al., 2019). Avulsion length was 1.3 m on average, with a minimum of 0.9 m
and a maximum of 1.7m (L4 = 1.3[0.9, 1.7] m). All avulsion lengths were
less than the backwater length (1.8 m) and greater than or equal to the draw-
down length (0.9 m) calculated using the Bresse approximation, consistent
with previous work (Ganti et al., 2019; Lamb et al., 2012). Nondimensionali-
zation yields L% = 0.7[0.5, 0.9]and f; = 0.5[0.2, 1.0] (Table S1; Figure S1
in Supporting Information S1).

Phase B featured slow sea-level rise (0.25 mm/hr; ¢* = 0.08) from 43.3 to
82 hr, resulting in more frequent avulsions and transient land loss between
avulsions. An exemplary avulsion cycle is shown for 59.4-61 hr (Figures 4a
and 4b). The river flowed from west to east, and sea-level rise caused
drowning of the delta topset such that the shoreline was decoupled from the
topset-foreset break (Figure 4a). River mouth deposition caused shoreline
progradation that locally counteracted land loss, reuniting the shoreline and
topset-foreset break along the eastern shoreline (Figure 4b). The northern
shoreline remained relatively stable and the southern shoreline experienced
further land loss. Similar to Phase A, the avulsion occurred where and when
the channel had aggraded by ~5 mm, approximately two-thirds the channel
depth (Figures 4c—4e). However, compared to Phase A the avulsion occurred
more rapidly (f4 = 0.6 hr=!) because sea-level rise caused higher aggradation
rates (Bryant et al., 1995; Martin et al., 2009). Aggradation was consistently
reduced upstream of the avulsion site (Figure 4c), as well as downstream of
the avulsion site where scour-and-fill features indicate intermittent erosion
during high flows (Figure 4e), similar to Phase A (Figures 3c—3e).

Results were similar for the rest of Phase B, during which we observed
22 avulsions. Sea-level rise caused avulsions to occur ~50% more
frequently than during constant sea-level conditions, at a pace of
fa=0.9[0.2, 1.8]hr™" (Figure 4f), corresponding to dimensionless avul-
sion frequency f; = 0.9[0.2, 1.8]. Avulsion length was relatively unchanged
(La=13[1.0, 1.9], L} =0.7[0.5, 1.0]), indicating that avulsions contin-
ued to occur in the upstream half of the backwater zone during sea-level
rise. Each avulsion featured localized progradation near the river mouth
and shoreline retreat along sediment-starved coastlines due to sea-level rise.
Progradation outpaced retreat on average, leading to net growth of the land
area during Phase B (Figure 4f), albeit at a slower pace than during Phase A
(Figure 3f) (Table S1; Figure S1 in Supporting Information S1).

During Phase C (82-101 hr), sea-level rise was increased fourfold to 1 mm/
hr (6* = 0.33), resulting in even more frequent avulsions and a gradual land-
ward shift of the shoreline and avulsion node. An exemplary avulsion cycle
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PHASE C: INTERMEDIATE SEA-LEVEL RISE (o*=0.

Shoreline

(o]
N
o

(2}
n
al

Channel
v

No significant

aggradation X
Scour

© @ @ e

-200 0 200 -200 0 200 -200 0 200
Distance across flume [mm]

Elevation [mm]
P .
@
o

(o]
()
o

&
X
o

Entire Phase

16 avulsions
L,=12[0.8,1.7]m
f, =1.0[0.6, 2.1] 1/hr
L,*=0.7[0.5,0.9]

f

n =

*=1.0[0.6, 2.1]

A

Figure 5. Experimental results for intermediate sea-level rise conditions
(CROF18 Phase C). (a) Overhead image taken at the beginning of an avulsion
cycle, highlighting the main channel (yellow dashed lines), shoreline (white
line), and distalmost topset-foreset break (black line). (b) Image of the delta
during an avulsion, where the flow was diverted to a new channel at the
avulsion site (yellow star). Avulsion length L, was measured as the distance
between the shoreline and the avulsion site along the parent channel centerline
(solid yellow line) (c—e) Cross sections of channel aggradation along profiles
labeled in (b). Channel aggradation associated with low flows and high

flows is color-coded blue and red, respectively. Yellow star indicates profile
at the avulsion site. (f) Overhead image showing the time series of avulsion
sites (stars) and shorelines (lines) during Phase C, color-coded from light to
dark over time. Arrows highlight long-term movement of the shoreline and
avulsion node.

is presented in Figures 5a and 5b. Sediment deposition at the river mouth
caused localized shoreline progradation, similar to Phases A-B. Unlike
earlier phases, this progradation was insufficient to fully counteract land loss
(Figure 5b); the shoreline did not reach the distal-most topset-foreset break
when avulsion occurred, and sea-level rise caused more extensive shoreline
retreat in sediment-starved areas. At the time of the avulsion, the channel bed
aggraded by ~5 mm at the avulsion site (Figure 5d), with reduced aggrada-
tion both upstream (Figure 5c) and downstream (Figure 5e), similar to earlier
phases. However, accelerated aggradation due to sea-level rise allowed the
avulsion to occur more quickly (f4 = 0.9) than earlier phases.

We observed similar behavior for the other 15 avulsions of Phase C.
Accelerated sea-level rise caused avulsions to occur at a frequency of
fa=10[0.6, 2.17hr™" (f; =1.0[0.6, 2.1]) (Figure 5f), on average 10%
faster than during slow sea-level rise of Phase B and 60% faster than during
constant sea-level conditions of Phase A. The shoreline shifted landward on
average (Figure 5f), and the avulsion node gradually migrated landward and
maintained a constant avulsion length to the river mouth, consistent with
model predictions (Chadwick et al., 2020; Ratliff et al., 2021). Avulsion
length scaled with backwater length and was statistically similar to earlier
phases (L4 = 1.2[0.8, 1.7]; L}, = 0.7[0.5, 0.9]) (Figure 5f; Table S1; Figure
S1 in Supporting Information S1).

Phase D (101-105 hr) featured another fourfold increase in sea-level rise
rate (4 mm/hr; 6* = 1.33), which caused the channel to avulse rapidly until
the delta topset drowned. The first avulsion occurred after only 24 min
(fa =2.5hr™") (Figures 6a and 6b), followed by a second avulsion 35 min
later (f4 = 1.6hr™") (Figure 6¢c). Averaging these two events yields an
avulsion frequency of f4 =2.0 (f; =2.0), approximately double the
frequency during the previous phase (Figure 4f) and four times that during
constant sea-level conditions (Figure 3f). Limited temporal resolution of
our scan data prohibits accurate quantification of channel aggradation
between avulsions, but avulsion length was comparable to earlier phases
(Lsa=1.1m, 0.8m; L’ = 0.6, 0.4), suggesting aggradation patterns were
similar. Unlike previous phases, however, there was no localized shoreline
progradation at the river mouth (Figures 6b and 6c¢). Instead, the active
river mouth retreated because nearly the entire sediment load was deposited
farther upstream, consistent with numerical predictions under ¢* > 1 condi-
tions (Chadwick et al., 2020). The limited sediment that reached the river
mouth was deposited in a series of upstream-dipping mouth-bar deposits
(Figure 6e). The shoreline retreated with each avulsion cycle, and by 102 hr
the delta was completely submerged save for intermittent levee deposits at the
river mouth (Figure 6d). From this point onward, sediment deposition was
primarily restricted to the confined river section where avulsions were not
possible (Table S1; Figure S1 in Supporting Information S1).

During Phase E (105-140 hr), sea level dropped at a rate of 0.1 mm/hr
(6* = —0.03), allowing for the resumption of shoreline progradation and
avulsions. An example avulsion cycle during 112-113.5 hr is provided in
Figures 7a and 7b. The river initially flowed northeastward (Figure 7a), and
over the course of 1.5 hr migrated eastward before avulsing at a site 1.1 m
upstream of the river mouth (Figure 7b). River-mouth deposition caused
localized shoreline progradation, with relatively stable shorelines elsewhere,
similar to behavior observed during constant sea-level conditions. Despite
sea-level fall, the channel continued to aggrade and avulse due to shoreline
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Figure 6. Experimental results for rapid sea-level rise conditions (CROF18 Phase D). (a) Overhead image taken at the beginning of Phase D, highlighting the main
channel (yellow dashed lines), shoreline (white line), and distalmost topset-foreset break (black line). (b) Image of the delta during the first avulsion, where the flow
was diverted to a new channel at the avulsion site (yellow star). (c) Image of the delta during the second avulsion. (d) Image of the delta at the time when it was fully
submerged by sea-level rise. (e) Long-profile evolution of the main channel along profile indicated in panel (d). Bed topography (black) is shown for the start (dashed
line) and end (solid line) of Phase D, with synthetic stratigraphy shown in gray. Solid blue line shows final water surface and dashed vertical line indicates the boundary
between the flume river section and basin section.

progradation (Figures 7c—7e), consistent with previous work (Bijkerk et al., 2016; Lane et al., 2017; Nijhuis
et al., 2015). The avulsion occurred when and where aggradation first reached a height of ~5mm (Figures 7c—7e)
similar to earlier phases (Figures 3d, 4d and 5d). Scour-and-fill deposits were deeper (Figure 7¢) and extended
farther upstream than in earlier phases, sometimes as far upstream as the avulsion site (Figure 7d). These auto-
genic scours may have been enhanced by sea-level fall that contributed to water-surface drawdown during high
flows (Trower et al., 2018).

Results were similar for the remainder of Phase E, during which we observed 22 avulsions. Avulsion length was
statistically similar to earlier phases (L, = 1.4[1.1, 1.8] m; L, =0.8[0.6, 1.0]), with avulsions occurring at a
persistent spatial node that migrated downstream with shoreline progradation (Figure 7f). Avulsions occurred
at a rate of f4 =0.8[0.2, 1.1] (f; = 0.8[0.2, 1.1]), more quickly than during constant sea-level conditions
(Figure 3f). Avulsions were frequent because water depths were shallow over the drowned topset from Phases C
and D (~1.5 cm), compared to deeper waters over the basin floor where earlier progradation occurred (~8 cm)
(Figure 7d). Shallow water depths allowed the river mouth to prograde rapidly, which in turn caused the channel
to aggrade and avulse more quickly (Carlson et al., 2018; Wang et al., 2019). As a result, we observed ~1.4 cm of
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Figure 7. Experimental results for slow sea-level fall conditions (CROF18 Phase E). (a) Overhead image taken at the
beginning of an avulsion cycle, highlighting the main channel (yellow dashed lines), shoreline (white line), and distalmost
topset-foreset break (black line). (b) Image of the delta during an avulsion, where the flow was diverted to a new channel at
the avulsion site (yellow star). (c—e) Cross sections of channel aggradation along profiles labeled in (b). Channel aggradation
associated with low flows and high flows is color-coded blue and red, respectively. Yellow star indicates profile at the
avulsion site. (f) Overhead image showing the time series of avulsion sites (stars) and shorelines (lines) during Phase E,
color-coded from light to dark over time. Arrows highlight long-term movement of the shoreline and avulsion node. (e)
Long-profile evolution of the main channel. Bed topography (black) is shown for the start (dashed line) and end (solid line)
of Phase E, with synthetic stratigraphy shown in gray. Dashed vertical line indicates the boundary between the flume river
section and basin section.
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Figure 8. Experimental results for rapid sea-level fall conditions (CROF18 Phase F). (a) Overhead image taken at the beginning of Phase F, highlighting the main
channel (yellow dashed lines), shoreline, and distalmost topset-foreset break (black line). (b) Image of the delta during incision of the first valley, Valley F1. White
dashed lines are valley walls. (c) Cross section showing valley incision along profile marked in panel (b), including the initial surface (dashed black line) and final

surface (solid black line). (d—e) Image and cross section of the delta during incision of the second valley, Valley F2. (f-g) Image and cross section of the delta after
aggradation and avulsions resumed. Yellow star indicates avulsion.

aggradation and 20 avulsions throughout Phase E, despite 0.35 cm of sea-level fall (Figures 7f and 7g; Table S1;
Figure S2 in Supporting Information S1).

Phase F (140-163.5 hr) featured rapid sea-level fall (2 mm/hr), which caused an initial period of channel incision
followed by the resumption of channel aggradation and avulsion. During the first 10 hours, channel incision
formed a valley, referred to as Valley F1, and the fluvial surface to the north and south of the valley was aban-
doned (Figures 8a and 8b). By 150 hr, Valley F1 was incised by ~20 mm, more than 2.5 times the channel depth
(Figure 8c). Valley F1 was as narrow as the channel at the flume inlet and widened to more than 10 channel
widths (~2m) at the shoreline because gradual channel migration eroded the valley walls (Figure 8b). Channel

migration was also associated with lateral accretion, causing intermittent deposition along channel banks within
Valley F1 (Figure 8c).

At 150 hr, the channel abandoned most of the Valley F1 surface and incised a new nested valley, Valley F2
(Figures 8d and 8e). Valley F2 formed because the river was unable to erode the full extent of Valley F1 at pace
with sea-level fall. Areas near the walls of Valley F1 were less frequented by the migrating channel. As a result,
these areas eroded more slowly, and were eventually abandoned when differential erosion left them perched
above the channel. The channel was entrenched; increased sediment yield from taller banks hindered lateral
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migration, and forced the channel to progressively narrow by a factor of three
(from ~150 mm to ~50 mm) and deepen by a factor of two (from ~9 mm to
~18 mm) (Figures 8c—8e¢). The deepened channel entrained more sediment
from the riverbed, resulting in a pulse of incision and further entrenchment.
This positive feedback between entrenchment and incision has been docu-
mented in earlier fan-delta experiments subjected to steady sea-level fall
(Muto & Steel, 2004), as well as alluvial fans in subsiding basins (Malatesta
et al., 2017; Pelletier & DeLong, 2004) and bedrock terraces in uplands
(Limaye & Lamb, 2016). Over the next 2.5 hr, Valley F2 incised ~25 mm,
rendering the channel entrenched by more than three channel depths rela-
tive to Valley F1 and six channel depths relative to the initial fluvial surface
(Figure 8e). Valley F2 was narrowest in the upstream ~2 m of the basin, and
gradually widened basinward to nearly seven times the width of the channel
(~1.4 m). Near the shoreline, the channel was free to migrate and rework
sediment on the valley floor similar to Valley F1.

Figure 9. Oblique view of an avulsion during rapid sea-level fall of Phase
F. Star is avulsion location, yellow dashed lines are banks of old and new
channel, and gray shading highlights valley walls dividing Valley F2, Valley

F1, and the abandoned fluvial surface.

At 152.5 hr, the channel resumed aggradation within Valley F2 and 4 hours
later the first avulsion occurred (Figure 8f). Aggradation and avulsion
occurred despite constant sea-level fall because progradation counteracted
incision as the offshore basin shallowed. By 156.5 hr, cumulative sea-level
fall had caused the basin depth to shallow to nearly half its depth at the start
of Phase F (from 8.6 to 5.2 cm). River-mouth progradation accelerated as
the basin shallowed (cf., Bijkerk et al., 2016; Carlson et al., 2018) and by
152.5 hr progradation reached a pace sufficient to cause aggradation during sea-level fall. The channel aggraded
by ~12 mm near the flume inlet (Figure 8g), although we expect aggradation was reduced downstream at the
avulsion site because the channel was wider and unconfined by valley walls. Two more avulsions occurred during
Phase F, at 158 and 160.45 hr, yielding an average avulsion frequency that was comparable to that during constant
sea-level conditions (f4 = 0.5[0.4, 0.7]). Avulsion length data is limited because overhead photos did not
extend to the distal-most river mouth, but handheld cameras captured oblique photos that show avulsion lengths
were comparable to earlier phases (L, ~ 0.9 m) (Figure 9). Avulsion length scaled with the backwater length
(Ls ~ 0.5 L) and avulsions occurred on the unconfined plain of Valley F2 (Figure 9), demonstrating that the
avulsion node originated from backwater effects similar to earlier phases, rather than changes in valley confine-
ment (Chadwick et al., 2019; Ganti et al., 2014). The experiment was concluded at 163.5 hr when the river mouth
had prograded to the downstream end of the ocean basin (Table S1; Figure S1 in Supporting Information S1).

3.2. Testing Models of Avulsion Location and Avulsion Frequency

We tested avulsion models in terms of the ratio of the avulsion length to the backwater length-scale (L}, = L/ Ls)
and the ratio of the avulsion frequency to the inverse of the channel-filling timescale (f} = J_;; Equation 5) using

a nondimensional framework (see Section 2.5). The distribution of avulsion lengths from CROF18 is approxi-
mately constant and scales with the backwater length during sea-level rise despite major changes in shoreline
position. Avulsion lengths reflect a preferential avulsion node within the backwater zone (L4 < Lp presse = 1.8
m) that is upstream of the zone of prominent scour during high flows (L4 > L resse = 0.9 m), consistent with
theory (Bresse, 1860; Brooke et al., 2020; Lamb et al., 2012). Dimensionless avulsion length values cluster in the
range of 0.5 < L* < I similar to field data and the CROF16 experiment (Figure 10a). Avulsion length does not
vary significantly with rise rate, suggesting that while sea-level rise affects the rate of channel aggradation, it does
not control where aggradation rate is maximized (Figures 3c—3e, Figures 5c—5e, Figures 6¢c—6e). The avulsion
location, to first order, moves landward or seaward in tandem with the shoreline.

Results show avulsions are more frequent during sea-level rise (phases B and C) compared to steady sea-level
conditions (Phase A; Figure 10b). This trend is consistent with field data, the earlier CROF16 experiment, and the
analytical model of Equation 6 within uncertainty (Equation 6; Text S1 in Supporting Information S1). Within the
regime 0.1 < ¢* < 1, referred to as the rise-dominated regime, sea-level rise rate is comparable to but less than
the maximum possible aggradation rate (Equation 2). Increasing rise rate within this regime causes the delta to
partition a greater fraction of its sediment supply to channel aggradation on the delta topset, at the expense of
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Figure 10. Results for dimensionless (a) avulsion length, (b) avulsion
frequency, and (c) avulsion threshold as a function of dimensionless sea-level
rise rate (Equation 2). Yellow box plots are CROF18 results for Phases

A-D, green box plots are CROF16 results (Ganti et al., 2016b), and yellow
diamonds are field data (Table 3). Blue shaded region in (a) is prediction for
backwater-scaled avulsions (Equation 1). Magenta line and shaded region

in (b) are model prediction from Equation 6 with propagated +1 standard
deviation uncertainty from variability of input parameters L4, H, and H,,
and black dashed line shows upper limit of avulsion frequency where all
sediment is deposited on the lobe topset (Equation 6 for D < 0). Shaded region
in (c) is expected range of avulsion threshold corresponding to aggradation
of the channel by 10%—100% of the channel depth between avulsions (Ganti
et al., 2014; Mohrig et al., 2000). Limited temporal resolution of scan

data prohibits measurement of avulsion threshold for Phase D. Simplified
visualization without shaded regions is provided in Figure S3 in Supporting
Information S1.

foreset progradation, allowing for more frequent avulsions. This behavior is
documented in CROF18, where we observed an increase in channel aggrada-
tion rate (Figures 3, 4 and 5d) and a decrease in progradation rate (Figures 3f,
4f and 5f) as sea-level rise accelerated.

At lower dimensionless rise rates (6* < 0.1; Phase A), experimental results
show avulsion frequency is insensitive to sea-level rise rate (Figure 10b).
Under these conditions, sea-level rise is slow compared to the pace of delta
aggradation (Equation 2), and channel aggradation rate is primarily controlled
by the rate of river mouth progradation. In this progradation-dominated
regime, avulsion frequency is especially sensitive to offshore basin depth,
which sets the rate that the sediment supply can prograde the shoreline. For
example, in CROF18, avulsions were more frequent during Phase E (Figure 7)
than during Phase A (Figure 3) because the shoreline prograded more
quickly across shallow waters overlying the drowned delta top (Figure 7).
Furthermore, avulsion frequency was reduced during CROF16 compared to
CROF18 Phase A (Figure 10b) because CROF16 featured a deeper offshore
basin (10 cm) compared to CROF18 Phase A (4.5 cm; Figure 2).

At higher dimensionless rise rates (¢* > 1), corresponding to Phase D, the
dimensionless avulsion frequency reaches a maximum value (Figure 10b).
This condition is termed the supply-limited regime and corresponds to sea
level rising faster than the maximum possible rate the delta can aggrade with
the input sediment supply (Equation 2) (Chadwick et al., 2020). Nearly the
entire sediment load is partitioned to delta-top aggradation, yielding a maxi-
mum aggradation rate and avulsion frequency limited by the sediment supply
and lobe dimensions (Equation 6 for D < 0; black dashed line in Figure 10b).
Shoreline retreat occurs across the delta—even at the active river mouth—
and the avulsion node shifts upstream to maintain a constant avulsion length
(Figure 6). During Phase D, avulsions ceased after 2 hr because the shore-
line retreated to the confined-width river section of the flume (Figure 6d).
However, Equation 6 suggests that had the river remained unconfined, avul-
sions would have continued and migrated farther upstream.

Experimental results show no significant change in the avulsion thresh-
old with rise rate (Figure 10c). The dimensionless avulsion threshold, H*,
is within 0.1 — 1 during Phase A (median H* = 0.5 with 25-75 percen-
tile range [0.38 —0.62]), Phase B (H* =0.30[0.21 —0.44]), Phase C
(H* =0.33[0.28 — 0.37]), and Phase E (H* = 0.21 [0.17 — 0.30]). Measure-
ments of avulsion threshold during phases D and F were not possible due to
limited temporal resolution and spatial coverage of scan data. Overall results
indicate that channels must aggrade to a height of 10 — 100% the channel
depth before avulsing regardless of sea-level conditions (Figure 10c). This
range is consistent with existing theory and field data (Ganti et al., 2014;
Jerolmack & Mohrig, 2007; Mohrig et al., 2000), with order-of-magnitude
variability that is expected in part because the channel-filling model does
not account for the avulsion trigger in each system (Kleinhans et al., 2013;
Slingerland & Smith, 2004). Scatter in field data can be attributed in part to

differing flood regimes: sites with more intense floods have a more pronounced triggering phase, and therefore
require less channel aggradation between avulsions (Ganti et al., 2014). Both CROF16 and CROF18 featured
the same amount of flood variability (the coefficient of variation of stage height is CV' = 1.62 for both exper-
iments), and both experiments featured a similar avulsion threshold (H* = 0.28 [0.2 — 0.36] for CROF16, and
H* =0.29[0.2 — 0.38] for CROF18 across all phases).
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Figure 11. Synthetic stratigraphy of CROF18 in dip section (a) and three strike sections (b—d), showing scour surfaces (black lines) and depositional beds color-coded
by experimental phase. Labels show elevation of the abandoned fluvial surface, Valley F1, Valley F2 and basin floor (dotted lines), approximate final water surface
(blue dashed line), and incision during Phase F (downward arrow). Due to the orientation of the channel at the end of the experiment (Figure 8f), riverbed and water
surface data are only available upstream of cross section (c).

3.3. Stratigraphic Signatures of Avulsions and Sea-Level Fall

Synthetic stratigraphy of CROF18 records distinct features associated with both avulsions and sea-level fall. A
dip-section down the flume centerline shows that topset deposits from constant-sea-level and sea-level-fall condi-
tions (phases A, E, and F) are primarily composed of foresets (Figure 11a). In contrast, deposits from sea-level-rise
conditions (phases B-D) are dominated by topsets, consistent with previous studies (Martin et al., 2009; Yu
et al., 2017). In the river section, individual beds are much thinner (Figure 11a) but show that deposition kept
pace with delta-top aggradation to maintain a constant riverbed slope of 0.0042 (Table 1) (cf. Bijkerk et al., 2016;
Mackin, 1948). By the end of Phase F, the channel incised more than 30 mm below the abandoned fluvial surface
at the river-basin boundary, roughly 2.5L; upstream of the river mouth (Figure 11a). Riverbed data downstream
of this point are limited due to the configuration of the channel at the end of the experiment (Figure 8f), but the
upstream riverbed featured a convex-up long profile characteristic of sea-level fall (Blum & Tornqvist, 2000;
Schumm, 1993). Incision depth decreased upstream, down to only ~ 15 mm below the abandoned fluvial surface
for reaches more than 3 m upstream the river-basin boundary (Figure 11a). Channel incision removed much of the
deposit along the flume centerline, but beds bounded by scour surfaces are preserved in strike sections oriented
perpendicular to the flume axis (Figures 11b—11d).

The thickness of preserved beds (Figures 11b—11d) primarily reflects the amount of aggradation between
avulsions (Figure 12a). Downstream of the avulsion node, floods caused erosion that reduced the preserved
bed thickness. Upstream of the avulsion node, avulsions caused scouring that reduce preserved bed thickness.
However, near the avulsion node, aggradation rate was maximized and there was minimal erosion even during
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Figure 12. Bed thickness as a function of distance downstream (a) and dimensionless sea-level rise rate (b), showing channel depth (black dashed line), grain size
(black dotted line), and avulsion threshold (gray line and shaded region corresponding to median and 25-75 percentile range of all avulsions). Box plots show median
(horizontal bar), mean (plus sign), 25-75 percentile range (box), and 5-95 percentile range (whiskers). Yellow horizontal box plot in (a) shows distribution of all
avulsion sites, and gray labels show location of cross sections in Figures 11b—11d. Bold labels in (b) denote experimental phases A-F. Visualization with logarithmic
axes is provided in Figure S4 in Supporting Information S1.

floods, leading to greater preservation potential and a spatial maximum in bed thickness. Near the avulsion
node (8,200-8,300 mm in Figure 12a), the average thickness of preserved beds (2.14 mm) reflects the amount of
aggradation that occurred between avulsions (H = 2.16 mm on average), consistent with previous work (Ganti,
Chadwick, Hassenruck-Gudipati, & Lamb, 2016; Mohrig et al., 2000). Greater preservation at the avulsion node
is further supported by the observed natural variations in channel depth: channels were generally shallower near
the avulsion node (e.g., Figure 3d) because scour there was minimal and aggradation was achieved through chan-
nel filling, which, in the absence of cohesive levee construction, necessarily reduced channel depths. Preserved
beds were rarely thicker than the normal flow depth (7.5 mm; Figure 12a).

The bed-thickness distribution is similar regardless of rise rate (Figure 12b). Average bed thickness near the
avulsion node reflects the same avulsion threshold under slow sea-level rise (Phase B), intermediate sea-level
rise (Phase C), and even rapid sea-level fall (Phase F). Phases D and E are notable exceptions due to limited pres-
ervation; during Phase F, the channel scoured most of the sediment deposited during phases D-E (Figure 11a),
resulting in thin beds. Thus, results indicate that bed-thickness distributions record the stratigraphic signature of
avulsions regardless of rise rate, barring subsequent effects on preservation.

We identified two regimes in which scour depth preserves either the signature of avulsions or the signature of
sea-level fall. If the height of cumulative sea-level drop Az is less than the channel depth (Az < H.), then scour
depth reflects incision during avulsions (Figure 13b). When the river changes course, it adjusts to its new, steeper
path to the shoreline by incising the riverbed at the avulsion node and immediately upstream (Ganti et al., 2019).
Avulsion-induced scour depths are highly variable and cluster around the avulsion threshold (H = 2.17 + 0.65
mm), with maximum values near the channel depth (H. = 7.5 mm). Phase E provides an example of this regime:
sea level fell slowly with a cumulative drop of only 3.5 mm (~50% of the channel depth; Figure 13a). As a result,
the river continued to aggrade, and scours reflected erosion associated with avulsions rather than sea-level fall.

If the cumulative sea-level drop exceeds the channel depth (Az > H.), then scour depths fall in the second
regime. In this regime the scour depth reflects the depth of sea-level fall, in agreement with sequence-stratigraphic
models (cf. Allen & Posamentier, 1993; Van Wagoner, 1998). We document this behavior during Phase F, when
sea level fell rapidly with a total drop of 47 mm (~630% of the channel depth), and the channel incised roughly
at pace with sea-level fall (Figure 13a). During the first 10 hours of Phase F (140 — 150 hr), incision was slightly
slower than sea-level fall because cumulative sea-level drop was not yet greater than the channel depth. Shortly
after 150 hr, a pulse of incision associated with the abandonment of Valley F1 (Figures 8b and 8d) rendered the
riverbed incision rate on par with sea level (Figure 13a). Thereafter, the channel continued to incise at pace with
sea-level fall on average. Autogenic pulses in incision, aggradation, and avulsion distort the signal in this regime,
but nevertheless we found H,.,,, ~ Az within a factor of two. We suspect the signal may grow further distorted
when sea level is allowed to fall further beyond the scale of the basin depth (Figure 13b), because shallowing
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Figure 13. (a) Time series of riverbed elevation (black) and sea level (blue)
during Phases E and F, showing avulsion events (yellow triangles), abandoned
fluvial surface (black dashed line), and valleys F1 and F2 (black dotted lines).
Riverbed is plotted as the spatial average (black) and range (gray shaded
region) of the thalweg between cross sections of Figures 10b and 10c where
data is available. (b) Scour depth H.,, as a function of sea-level drop Az for
phases E (orange) and F (red), showing trends of perfect agreement (black
line) and agreement within a factor of two (gray shaded region). Scale of

the channel depth (black dashed line) divides regimes where scour depth is
set by avulsions and floods (Az < H.) or by sea-level fall (Az > H.). Blue
shaded region shows range of basin depths during Phases E-F. Scour depth
was measured as the relief between the riverbed and abandoned fluvial surface
(for Phase F) or by the height of preserved sets between scour surfaces (for
Phase E).

basin depths should allow for more rapid aggradation and avulsion (Carlson
et al., 2018; Wang et al., 2019). Aggradation may also be facilitated by sedi-
ment redeposited from upstream incision (Blum & Tornqvist, 2000), but this
was not a major factor for CROF18; we estimated that the river section of the
flume would need to have been 10 times longer (50+ m, or 25+ backwater
lengths) to yield enough sediment during incision to significantly affect delta
aggradation rates.

4. Discussion
4.1. Comparison to Previous Work on Deltaic Avulsions

The the first documentation of a

backwater-scaled experimental delta subjected to sea-level changes.

CROF18 experiment provides

We reproduced backwater-scaled avulsions in the laboratory by incor-
porating subcritical Froude numbers and variable flood discharges,
similar to the earlier backwater-scaled experiment CROF16 (Ganti,
Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016; Ganti, Chadwick,
Hassenruck-Gudipati, & Lamb, 2016). Aggradation under constant sea-level
conditions was caused by backfilling due to progradation, similar to previous
experiments and models of low-sloping deltas (cf. Hoyal & Sheets, 2009;
Moodie et al., 2019). Sea-level rise enhanced delta-top aggradation, result-
ing in more frequent avulsions, consistent with laboratory experiments and
field observations (Martin et al., 2009; Stouthamer & Berendsen, 2001).
Unlike constant-discharge experiments, CROF18 featured a variable flood
regime that allowed persistent backwater effects to determine the avulsion
length, leading to a scaling relationship between L, and L, similar to natu-
ral lowland deltas (Figure 10a; Figure 1c; Equation 1) (Ganti, Chadwick,
Hassenruck-Gudipati, Fuller, & Lamb, 2016). In nature, many lowland deltas
also feature prominent vegetation, cohesive floodplain deposition, and sedi-
ment reworking by waves and tides (Caldwell & Edmonds, 2014; Finotello
et al., 2019; Nicholas et al., 2018). While these factors can influence avul-
sions (cf. Piliouras & Kim, 2019; Ratliff et al., 2021) in a manner not captured
in our simplified experiment, CROF18 results nevertheless shed insight upon
lowland delta avulsion dynamics. Subcritical flow conditions and a varia-
ble flood regime in CROF18 were sufficient to reproduce avulsion location
and frequency trends consistent with field data for large lowland deltas, and
show agreement with theoretical scaling relationships (Figure 10; Figure 1c).
Consistency between simplified experiments and field data demonstrates that
vegetation, cohesive sediment, and other factors are not necessary to repro-
duce backwater-scaled avulsion location and frequency patterns to first order.

CROF18 results support the notion that backwater-scaled avulsion nodes can originate from backwater hydro-
dynamics (Chadwick et al., 2019; Chatanantavet et al., 2012), even on deltas where backfilling is present (e.g.,
the Yellow River delta; Moodie et al., 2019; Zheng et al., 2019). Previously, backwater hydrodynamics and
backfilling—the latter termed “morphodynamic backwater” by Hoyal and Sheets (2009)—have been viewed
as competing hypotheses to explain how avulsions occur (cf. Brooke et al., 2020; Ratliff et al., 2021; Zheng
et al., 2019). On the contrary, we find that these ideas are not in competition. When sea-level rise was slow or
absent in CROF18, progradation and associated backfilling was the main driver of aggradation (Figures 3 and 4),
consistent with past delta and fan experiments (de Haas et al., 2016; Hoyal & Sheets, 2009). At the same time,
backwater hydrodynamics focused deposition in the upstream part of the backwater zone, leading to a preferential
avulsion location that scaled with the backwater length (Figure 10a), consistent with backwater theory (Chadwick
et al., 2019; Chatanantavet et al., 2012). When sea-level rise rate increased, aggradation was driven primarily by
sea-level rise rather than progradation, and backwater effects continued to set the spatial maximum in aggrada-
tion rate and the preferential avulsion location (Figures 5-6, 10a). If backwater effects had not been incorporated
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into the experiment, we expect that avulsion locations would have been random (Chadwick et al., 2019) or else
governed by variations in levee and floodplain slope similar to earlier constant-discharge experiments (Edmonds
et al., 2009; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016). A control experiment in the same
flume without backwater effects but under otherwise similar conditions to CROF18 was conducted by Ganti,
Chadwick, Hassenruck-Gudipati, Fuller, and Lamb (2016; Experiment A therein); their results showed that in
the absence of backwater effects avulsions occurred repeatedly at the river-basin boundary, where there was an
imposed abrupt increase in channel width that caused preferential deposition and avulsion. Modeling has shown
that imposed changes in the channel width or floodplain slope, for example, due to rapid progradation or the
arrangement of vegetation and biogenic sedimentation in coastal wetlands, can result in avulsion lengths that
scale with the backwater length for geometric reasons even in the absence of persistent backwater hydrodynamics
(Chadwick et al., 2019; Hoyal & Sheets, 2009; Prasojo et al., 2022; Ratliff et al., 2021). However, these geometric
controls were not observed in our experiment.

The CROF18 experiment demonstrates lowland-delta avulsion nodes move basinward and landward in tandem
with the shoreline during sea-level change. When shorelines prograded in CROF18, the avulsion node moved
downstream to maintain a constant length between avulsions and the shoreline (Figures 3f, 4f and 10a). This
behavior supports findings from the similarly scaled CROF16 experiment conducted under constant sea level
(Ganti, Chadwick, Hassenruck-Gudipati, Fuller & Lamb, 2016), and observations on the Yellow River delta (Ganti
et al., 2014). In CROF18, the avulsion node also moved landward during shoreline transgression, a behavior that
has been predicted by numerical models (Chadwick et al., 2020; Ratliff et al., 2021) and recently identified in the
Qaidam Basin, China (Li et al., 2022), but has never before been reproduced in the laboratory. In past experiments,
hydraulic conditions were more analogous to experimental fans and fan deltas resulting in a geographically fixed
avulsion location tied to flow expansion at the tank inlet (Ganti et al., 2014; Reitz & Jerolmack, 2012). In these
cases, the avulsion node remains fixed even when sea-level rise causes shorelines to retreat; thus, the avulsion
length (L ,) grows shorter and fan deltas and alluvial fans shrink in size (Jerolmack, 2009; Martin et al., 2009).
Our results indicate lowland deltas respond differently: hydraulic backwater effects cause the avulsion node to
move, resulting in a constant size (L,) that scales with the backwater length (L,), even during sea-level and
shoreline change (Figure 10a).

The sediment mass-balance model of Equation 6 accurately estimates avulsion frequency in our experiment within
uncertainty (Equation 6; Figure 10b). Based on reliable performance, we suggest this model could be applied to
forecast avulsion hazards and be incorporated into land-loss projections for densely populated deltas in the next
century. Experimental results also support Delft3D modeling of the Goose River delta (Nijhuis et al., 2015),
showing avulsions may continue to occur during sea-level fall. Nijhuis et al. (2015) report higher sea-level fall
rates are associated with more frequent avulsions, a trend observed in CROF18 due to shallow offshore basin
depths (Figures 3f and Figures 7f-7g). In shallow basins, the river mouth is able to prograde rapidly, driv-
ing aggradation that can counteract sea-level fall and drive more frequent avulsion (Bijkerk et al., 2016; Wang
et al., 2019). For deltas where the offshore basement is steep, progradation into deeper or shallower waters can
also affect avulsion frequency (Carlson et al., 2018). While we did not explore this effect in CROF18, it can be
incorporated into model predictions through the input basin-depth parameter H, in Equation 6, as explored in
Chadwick et al. (2020).

4.2. Implications for Predicting Avulsion Hazards

Our results indicate that the most likely site of future avulsion hazards is the location of maximum riverbed
aggradation within the backwater zone (Figures 3c—3e, Figures 4c—4e, Figures 5c—5e, Figures 7c—7e). This find-
ing supports the hypothesis of Chatanantavet et al. (2012) and is consistent with the earlier CROF16 experi-
ment (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, & Lamb, 2016) and estimates for natural deltas based on
remote sensing (Brooke et al., 2020). Across a wide range of sea-level rise and fall conditions, our experiment
produced a roughly constant avulsion length clustered within the backwater zone (L4 < Ly presse) and upstream
of the zone of prominent scour (L4 > Lgpresse) calculated using the Bresse solution (Equation 3). Thus, we
suggest that past avulsion lengths on natural deltas are a good indicator of future avulsion lengths despite modern
changes in relative sea level. To maintain a constant avulsion length during shoreline retreat, avulsion nodes are
expected to move upstream, thereby introducing avulsion hazards farther inland than observed in recent history.
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Avulsion-hazard-mitigation efforts may need to be expanded to new reaches upstream and should be prioritized
on deltas where shorelines are retreating rapidly.

Our results also warn of increased frequency of avulsion hazards in the face of relative sea-level rise. As rise rates
increase, so will aggradation rates. The avulsion threshold is expected to remain roughly constant for a given
delta over a range of rise rates (Figure 10c), such that changes in aggradation rate will cause systematic changes
in the avulsion frequency distribution (Figure 10b). On pristine deltas with limited anthropogenic modification,
this will directly lead to more frequent avulsions farther upstream. We expect that imminent avulsions can be
diagnosed based on a constant threshold amount of sedimentation, with a threshold between ~10% and 100% of
the channel depth (Figure 10c) that depends on flood regime (Ganti et al., 2014). Urbanized deltas are modified
with artificial banks and levees to prevent avulsion (Syvitski & Saito, 2007), but could face avulsion hazards if
this infrastructure is not maintained at pace with channel aggradation. More efforts, resources, and engineered
diversions will be necessary to prevent avulsion as channels aggrade more quickly and farther upstream during
sea-level rise (Kim et al., 2009; Moodie & Nittrouer, 2021; Temmerman & Kirwan, 2015). Modified deltas may
also be at risk of unexpected new avulsion sites if levee and dam infrastructure has sufficiently altered backwater
effects and aggradation patterns since the last avulsion (Carlson et al., 2021; Chadwick & Lamb, 2021; Moodie
& Nittrouer, 2021).

4.3. Implications for Delta Stratigraphy During Sea-Level Fall

In conventional sequence-stratigraphic models, sea-level fall causes incision on deltas and the creation of incised
valleys (Allen & Posamentier, 1993; Van Wagoner, 1998). Experimental results from CROF18 challenge this
model, showing that significant aggradation and avulsion can continue during sea-level fall (Figure 13a). We
found that aggradation and avulsions occur because rapid progradation counteracts incision if fall rates are rela-
tively slow (Phase E) or if basin depths are relatively shallow (end of Phase F), consistent with recent work
(Carlson et al., 2018; Chadwick et al., 2020; Wang et al., 2019). Other studies have proposed an alternative
mechanism, wherein aggradation continues during sea-level fall because passive emergence of the continental
shelf causes the shoreline to recede faster than the delta can prograde, thereby disconnecting the river system
from base level until headward erosion from the shelf restores the connection (Van Heijst et al., 2001; Van Heijst
& Postma, 2001). We did not observe this behavior in CROF18 because delta progradation was sufficient to keep
pace with passive shoreline recession across the shelf. The backwater length of lowland deltas is often so large
(often 100+ km; Table 3) that it rivals or surpasses the distance to the shelf edge (~100-200 km along passive
margins; Postma & Ziljstra, 1988). Because deltas typically prograde distances comparable to their backwater
length between avulsions (Ganti et al., 2014), deltas with large backwater lengths are more capable of maintain-
ing connection with base level as they prograde across the entire shelf edge. In sequence-stratigraphic terms, we
expect this connection is maintained regardless of whether the delta is experiencing normal regression and asso-
ciated topset aggradation (Phase E; Figure 7g) or forced regression and associated incision (Phase F; Figure 11a
and Figure S2 in Supporting Information S1).

Where rapid sea-level fall does cause incision, scour depth does not necessarily reflect the drop in sea level.
CROF18 results demonstrate scour depth accurately reflects sea-level fall only if the amount of sea-level drop is
greater than the channel depth and also less than the basin depth (H, < Az < H}) (Figure 13b). Any stratigraphic
signal of smaller sea-level fall (Az < H.) is overprinted by scour during avulsions and floods, as hypothesized
in earlier studies (Ganti et al., 2019; Trower et al., 2018). Even for higher rates of sea-level fall (Az > H,),
sea-level signals are distorted; deltaic rivers subject to steady sea-level fall cannot maintain a degradational
state as the offshore basin shallows (Bijkerk et al., 2016; Chadwick et al., 2020) and will eventually transition
to an aggradational state that reintroduces avulsions (Figure 13b). The window of sea-level-signal preservation
(H. < Az < Hjp) may be very narrow for large deltas, where channel depths (H,) can be comparable to the depth
of the continental shelf (Hj) (Edmonds et al., 2011).

Another interesting comparison between our experiment and sequence-stratigraphic models is in the formation of
incised valleys. Multiple inset incised valleys would traditionally be interpreted to represent two distinct cycles
of sea-level rise and fall, and channel infilling is commonly associated with episodes of sea-level rise (Allen
& Posamentier, 1993; Van Wagoner, 1998; Zaitlin et al., 1994). However, CROF18 shows how coastal rivers
can incise and fill nested valleys even under a constant rate of sea-level fall. During Phase F, two nested valleys
formed because the channel incised while migrating gradually across the fluvial surface (Valley F1 and F2;

CHADWICK ET AL.

22 of 27



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2021JF006422

Acknowledgments

‘We thank Brian Fuller, Tom Ulizio, and
Kirby Sikes for assistance in conducting
the experiment, and thank Maarten G.
Kleinhans, Wonsuck Kim, and Katherine
Ratliff for constructive reviews. We
acknowledge NSF Grant EAR 1427262
and the Resnick Sustainability Institute
at the California Institute of Technology
for support.

Figure 8; Figure 11). Fluvial surfaces less frequented by the channel eroded more slowly and were eventually
abandoned when differential erosion left them perched above channel banks, consistent with earlier models and
experiments of autogenic terrace formation (Limaye & Lamb, 2016; Muto & Steel, 2004). Valley F2 eventually
infilled during sea-level fall because the offshore basin shallowed to allow more rapid progradation. Thus, Phase
F demonstrates how the gradual migration of channels and shallowing of basin depth can significantly distort
the amount of sea-level fall—and even the apparent number of sea-level cycles—preserved in the stratigraphy of
incised valleys and valley fills.

5. Conclusions

We present results from a delta experiment scaled to incorporate backwater hydrodynamics and investigated river
avulsion patterns and delta stratigraphy across a range of sea-level rise and fall rates. Across all sea-level condi-
tions, avulsions occurred when and where the channel aggraded to a threshold height between 10% and 100%
the channel depth. Aggradation rate was maximized within the backwater zone and upstream of the location of
prominent scour during high flows, resulting in a preferential avulsion node set by the backwater length. Avulsion
length was constant regardless of sea-level rise and fall; as a result, the avulsion node moved basinward during
shoreline progradation, and moved landward during shoreline retreat. When sea level rose slowly (¢* < 0.1),
avulsion frequency was determined by the pace of delta progradation into the offshore basin. As sea-level rise rate
increased, the river responded by avulsing more frequently. Avulsion-frequency response occurred across a criti-
cal regime of dimensionless rise rates (0.1 < ¢* < 1), corresponding to sea-level rise at a pace similar to but less
than the maximum possible aggradation rate. When rise rate increased to exceed the maximum aggradation rate
(c* > 1), avulsion frequency reached an upper limit set by sediment supply. Experimental results support recent
model predictions for avulsion hazards on densely populated deltas in the next century (Figures 10a and 10b),
and highlight that anthropogenic sea-level rise may induce more frequent avulsions farther inland than recorded
previously.

Experimental results also demonstrate that sea-level fall does not necessarily inhibit river avulsions. River mouth
progradation can counteract incision and drive repeated avulsions, provided sea-level fall is slow or the offshore
basin is shallow. In the experimental delta stratigraphy, scour-bounded beds recorded the amount of aggradation
between avulsions, suggesting that similar beds in the rock record provide a means to estimate paleo-avulsion
thresholds (Mohrig et al., 2000). Channel avulsion and lateral migration drove pulses of autogenic incision, lead-
ing to the development of multiple incised valleys under steady sea-level fall. Preserved scour depths reflected
the amount of sea-level fall, in support of sequence-stratigraphic models, but only when the cumulative drop
in sea level is greater than the channel depth and also less than the basin depth (H. < Az < H,; Figure 13).
Outside of this window, sea-level signals are removed by avulsion-induced scours or distorted by progradation
that counteracts incision. Results suggest that delta size affects how sea-level change is encoded in stratigraphy;
sea-level-signal preservation may be especially limited for large deltas building into shallow basins.
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