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ABSTRACT
Crevasse-splay deposits play an important role in the reconstruction of the magnitude of past flood
events and in understanding the behavior of river systems. Despite the extensive studies conducted
on the geometry and facies of crevasse-splay deposits, their spatiotemporal developmental processes

have remained insufficiently understood. In this study, scaled flume experiments were conducted to
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study the relationship between the developmental processes of crevasse splays and their

characteristics. An experimental flume was set up in a tank to simulate the 2019 Chikuma River

flood, Central Japan event. To model the overbank flow, an opening was created on the side of the

flume’s wall through which the flow flooded onto a horizontal acrylic plate. The sediment used in

the experiments consisted of particles with grain sizes of approximately 0.3 and 0.1 mm, which were

determined to be equivalent to bedload gravel and suspended sand in a real-scale river using

dimensional analysis. The results of the experiments revealed three important findings: (1) Crevasse-

splay deposits initially developed an asymmetric shape extending downstream of the main river

channel but gradually showed a symmetric geometry. The river mainstream initially influenced the

direction of the inundation flow, but channel bifurcations after the deposition of the sediment piles

later changed the geometry of splays into a more symmetric shape. (2) Crevasse-splay deposits

developed in two distinct regions (proximal and distal splay), corresponding to sediment transport by

bedload and suspended load, respectively. These two regions are commonly observed in the actual

field scale. (3) The original overbank flow was a sheet flow without channels, which caused coarse-

grained sediments to be spread over a wide area. Subsequently, the accumulation of coarse sands in

the developed channel interiors resulted in the buildup of finer-grained sediments upstream of the

proximal splay. Thus, the proximal splay deposits became slightly coarse downstream, whereas they

rapidly became fine at the boundary with the distal splay. These findings indicate that the

B

Kyoto

KEFHHRY KS b Y

URENAI

i

University Research Information Repositor



K 5

KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

characteristics of crevasse-splay deposits vary with the landform’s development stage, thus

providing a basis for interpreting their depositional facies.

INTRODUCTION

Crevasse channels and splays play an important role in river systems, such as overbank

deposition and channel avulsion (e.g., Smith et al. 1989; Aalto et al. 2002; Hajek and Edmonds

2014; Rahman et al. 2022). Earlier studies have described modern crevasse-splay deposits (e.g.,

Bristow et al. 1999; Florsheim and Mount 2002; Arnaud-Fassetta 2013; Matsumoto et al. 2016) and

have also recognized different facies of crevasse-splay deposits in ancient deposits (e.g., Fielding

1984; Gugliotta et al. 2015; Gulliford et al. 2017; Chomiak 2020; Widera et al. 2023). For example,

Rahman et al. (2022) examined and summarized the characteristics of a total of 1556 crevasse-splay

deposits identified using satellite imagery from 1984 to 2020. Colombera and Mountney (2021)

verified the influence of crevasse-splay deposits on sandbody connectivity using the combined data

from ancient and modern crevasse-splay deposits. Toonen et al. (2016) described how a crevasse

splay developed with an asymmetric morphology downstream of the main channel in the initial stage

of its formation, and that the crevasse-channel orientation varied perpendicular to the main channel

several decades later. Florsheim and Mount (2002) also observed a similar development of the

crevasse splay from asymmetric to symmetric.
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However, these studies were all based on observations of the geomorphological or sedimentary

features that resulted from landform development and not direct observations of the spatiotemporal

development of the landform itself. Toonen et al. (2016) described the asymmetric morphology of

the crevasse-splay deposits in the initial stage of formation and the change of the crevasse-channel

orientation using decades as the time scale. Therefore, their temporal development may occur

progressively over a time period of several decades, making it challenging to clarify the process only

from observations of modern or ancient deposits. Therefore, investigations employing numerical or

physical experiments of crevasse splays are needed to reveal the governing factors on the

development process of facies and topographic features.

Only a few studies have investigated in detail the flooding flow behavior on crevasse splays with

depositional processes of mixed-grain-size sediment during a levee breach. Although many flume

experiments associated with levee breaches have been conducted, most of them were performed

without sediment supply, so the formative process and depositional features of crevasse-splay

deposits were not recorded by those experiments (e.g., Yu et al. 2013; Satter et al. 2019; Ozer et al.

2020). Some earlier studies conducted flume experiments of flooding flows that involved a sediment

supply to understand the geomorphic features of the resultant deposits, but the formative processes

of the crevasse-splay deposits were not described (e.g., Takahashi et al. 1984; Fujita et al. 1987,

Takahashi and Nakagawa 1987; Tobita et al. 2015). Numerical modelings of the deposition involving
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a levee breach have also been conducted (e.g., Takahashi and Nakagawa 1989; Yuill et al. 2016;

Millard et al. 2017; Nienhuis et al. 2018; Li et al. 2023). For example, Millard et al. (2017) examined

how channel-sediment size and flood-basin hydrology influence sediment transportation to the

floodplain through crevasse splays. Li et al. (2023) reported that increases in discharge lead to more

rapid splay sedimentation, and increases in floodplain water level result in shorter but wider splays.

Yuill et al. (2016) demonstrated an erosional and depositional process during a levee breach using a

coupled field observation and numerical modeling of crevasse-splay deposits at West Bay, Lousiana,

USA. However, these studies did not examine the development process of the geomorphology and

facies. Variation in grain-size distribution contributes to the interpretation of crevasse-splay facies in

ancient deposits (Burns et al. 2017), which has not been explored in existing experimental or

numerical studies of river flooding flows.

In this study, we aimed to understand the spatiotemporal development process of crevasse-splay

facies. To this end, flume experiments were conducted to reproduce the distribution and sedimentary

characteristics of crevasse-splay deposits formed when a levee is breached. The asymmetric-to-

symmetric developments of the crevasse-splay geometry have already been reported in various

studies (Florsheim and Mount 2002; Toonen et al. 2016). Here, our experiments verified whether this

mode of development is a common feature for all crevasse splays. In the experiments, the focus was

also on the relationship between the transition of facies and process change. Burns et al. (2017,
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2019) suggested that crevasse-splay facies could be divided into proximal, medial, and distal splays.

They implied that bedload-induced sedimentary structures characterize the proximal splays. By

contrast, the distal splay deposits are mainly formed by suspension fallout. However, since these

estimations have not yet been examined through direct observations, it is necessary to confirm this

by the experiments.

For the experimental conditions, the nondimensionalized hydraulic and sedimentary conditions

of the October 2019 flooding of the Chikuma River in Nagano Prefecture, central Japan (Yamada et

al. 2023) was used. The gauging stations recorded the hydraulic conditions of the flooding event,

whereas the field surveys revealed significant variations in the thickness and grain-size distributions

of gravelly and sandy crevasse-splay deposits formed in the area of the breached levee (Yamada et

al., 2023). Therefore, the conditions of this flooding event are suitable for constraining the flume

experiments to better understand the processes involved in the transport and deposition of sediments

during a flooding event. This study set the experimental conditions based on the dimensional

analysis of the flooding so that the experimental crevasse splays were expected to have fluid

properties similar to field-scale topography. However, the purpose of this study is not necessarily to

reproduce the phenomena that occurred in a particular region. The experimental conditions

mimicked a specific disaster because the flooding was a well-documented and common scale (Ozer

et al. 2020). In this paper, we interpret the experimental results as representing the universal features
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of the developmental process of crevasse splays.

GEOMORPHOLOGIC SETTING AND 2019 FLOOD EVENT

Crevasse-splay deposits were studied near the breached levee of the Chikuma River in the

Hoyasu area, Nagano Prefecture, central Japan, by Yamada et al. (2023) (Fig. 1). The 30-m-wide

levee revetment of the left bank of the river was breached for over a length of 70 m. As a result,

crevasse-splay deposits were formed on both sides of the crevasse channel. The thickness of the

upstream gravel-prone sediment pile was estimated to be a maximum of 2.5 m and 1.3 m on average.

It consisted mainly of deposits ranging from cobbles to boulders, and covered an area of about 6630

m’. The thickness of the downstream sand-prone sediment pile was estimated to be a maximum of

1.1 m and 0.6 m on average, which included deposits ranging from pebbles to cobbles, and covering

an area of about 4340 m>.

The Chikuma River in the study area has a width of about 920 m and a flow depth of about 5 m

at the full bank discharge (Investigation Committee on the Chikuma River Levee, 2020). The

average river slope in the study area is 0.1%, and the floodplain is approximately 2160 m wide. The

time of overtopping and levee breach was caclulated through a closed-circuit television camera

placed on the levee and from the water-level records at the upstream and downstream gauging

stations (Investigation Committee on the Chikuma River Levee 2020; Yamada et al. 2023). The river
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water overflowed the levee revetment at 0:55 AM on October 13. The levee was then estimated to

have been breached from 2:15 AM to 5:30 AM on October 13. The water level of the river gradually

dropped over approximately 3 h after the initial levee breach happened.

METHODS

Experimental Setting

An experimental tank at Kyoto University was used to conduct flume experiments to model the

crevasse channel and associated deposits at the study site. The experimental setup was designed to

be an approximately 1/200 scale for the measured values of the river width and depth at the study

site of Yamada et al. (2023). The flume was made of acrylic boards 8 cm wide and 20 cm high (Fig.

2). A 35-cm-wide sluice gate was placed on the right side of the middle part of the flume. This sluice

gate modeled the broken part of the levee in the Chikuma River. The 35-cm-wide and a 20-cm-high

acrylic plate or multiple 2-cm-high plates were placed inside the sluice gate. The floodplain was

modeled using an acrylic board (150 cm wide and 100 cm long) and was placed outside the flume. It

was painted in blue and then white-colored grid lines (10 cm grid in Runs 1-3 and 5 cm grid in Runs

4-6) were marked on it to measure and to collect samples at regular intervals. The slope of the

floodplain board was changed from —1.4% to 0% away from the flume.

A pipe was installed upstream of the flume as the inlet for a mixture of water and sand. Two
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types of colored sand (green and red) were used in the experiments. The grain sizes of the green and

red sands were 297 and 102 pm in geometric mean diameter, respectively. Considering the similarity

law, these sands are determined to reproduce the behavior of gravel and sand, respectively, at natural

scales (described later). The board was installed perpendicular to the bottom at the downstream end

to control the flow depth by narrowing the flow.

Experimental Flow Conditions

Water and the colored siliciclastic sand were mixed in the external tanks and injected at a

constant flow discharge through the inlet to the flume. After the flow in the flume achieved a steady

state, the acrylic plates at the sluice gate were removed to simulate the levee breach. The

reproduction of the levee breach process was changed by the type of acrylic boards installed in the

sluice gate. A single large board (35 cm wide and 20 ¢cm high) was used to reproduce an immediate

breach (Fig. 3A), whereas 2-cm-high boards (hereinafter referred to as small board) were used to

reproduce a gradual breach (Fig. 3B, C). The experiment times (start of overflow and levee breach)

were also changed in addition to the breach patterns.

Six experiments (Runs 1-6) were conducted, and the hydrograph of the overflowing current was

changed by removing the acrylic plates of the sluice gate. Levee breach occurred following three

patterns: (A) removing the large board to cause an instantaneous breaching of the levee (Fig. 3A),
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(B) removing three small boards sequentially to cause gradual breaching (Fig. 3B), and (C)

removing the first small board, and then removing second and third boards at the same time to

simulate the breaching process in the Chikuma River (Fig. 3C). In patterns B and C, the first board

was removed to reproduce the overflowing stage of the flooding, and the remaining small boards

were removed to reproduce the levee breach (Fig. 3B, C). The last small board remained in the

bottom of the sluice gate. Other conditions, such as time of the experiment and the slope of the

floodplain, were changed in each experiment (Table 1).

A mixture of water and sediment (red and green sands) were sampled from the external mixing

tank and the downstream end of the flume to determine the sediment concentration in the flow. The

concentration in the mixing tank and downstream edge were measured (Table 1). The quantity of

flow per unit time was 925.7 cm?/s (9.26 x 10™* m%/s).

Measurements and Sampling

The surface velocity of flood flow at the time of overflow, immediately after the levee breach,

and 60 s after the levee breach was measured by letting styrene foams float on the flood flow during

the experiments (see Supplement 1). After each of the experiments in Runs 2—6, approximately 20

photographs were taken by a camera (Nikon D7000) to cover and overlap the entire formed deposit

for image analysis measuring the sediment thickness. The image analysis was conducted by the
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software, Agisoft Metashape Professional, using the Structure from Motion-Multi View Stereo

method (Remondino et al. 2014). The digital elevation models (DEMs) and orthophotos were

produced with georeferencing points at the grids of the white lines on the acrylic board. In addition,

the formation process of deposits during all runs was observed using video images taken by two

fixed-point cameras (Nikon D7000) (Supplement 1). One was placed approximately 1 m above the

floodplain board to take a video from above. The other one was placed approximately 3.5 m from the

flume to capture panoramic video.

After experimental Runs 4 and 6, sediment samples were collected at every 5-cm grid. The

collected samples were sieved to separate the fine (red) and the coarse (green) sands, and the dry

weights of these sands were measured. The volume per unit area of the sediment was calculated from

the dry weight in the total and density (using 2.7 g/cm?® of common quartz). The ratio of green sand

in the total was also calculated to understand the trends of grain-size distribution.

Scaling for the 2019 Chikuma River Flooding

This study compares the experimental conditions to the hydraulic conditions in the 2019 Chikuma

River flooding through the Froude number and Shields dimensionless stress.

The Froude number is defined as

11
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e U 0

B V gh
where [ and f denote the depth-averaged velocity and the flow depth, respectively, and g is the
acceleration of gravity. Under turbulent conditions, where the Reynolds number Re= Uh/1 (v
denotes the kinematic viscosity of water) is sufficiently large (Re >2000), if the Froude number
is equivalent, the fluid in the experimental conditions is expected to exhibit behavior similar to the

actual flood.

To determine the behavior of the transported sediment, the Shields dimensionless stress is used to

examine the similarity between the experimental and natural phenomena. This parameter takes the

form
i,
* 2
e @)
RgD
where and are the density of the sediment and water, respectively) is the
R:(ps—p)/p(ps R p y)

submerged specific density of the sediment. ) denotes the representative grain size of the sediment,

and u indicates the friction velocity, estimated by the following equation:

*

u,=C,U° 3)

where C is the bed friction coefficient, which can be estimated using the following relation:
t
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1 Al
C=|=logll— “4)
R 8 k

S

The parameter ( 4)and k denote the von Kérman constant and the bed roughness height,
K |é .

respectively. In this study, the bed roughness height, k- is obtained by

S

k =aD )

S

where ¢y is an empirical parameter that is set to 6.6 following Hammond et al. (1984).

Another dimensionless number of interest with respect to the mode of sediment transport is the

suspension index, I’ which is defined as

S

% (6)

w
s

I=

S

where - is the settling velocity of the sediment particle (Ferguson and Church 2004). It is known
S

that suspended sand transport is dominant when , is approximately greater than 1 (Nifio et al.

I

S

2003).
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RESULTS

Similarity in the Hydraulic Parameters

This study conducted six experiments in total (Runs 1-6; Fig. 4). In all experiments, the model

Froude number Fr and the model Shields number : in the flume were comparable to those in

*

m m

the Chikuma River during the actual flooding event (Table 2).

In all runs, the Froude number in the flume, Fr was 0.29 during the experiment, whereas the

m

Froude number in the Chikuma River, , during the actual flood was 0.29 (Table 2), which is

Fr
r

equal to the experimental value. As for the values of Shields dimensionless stress, the value in the

flume, _ was 0.0505 and 0.147, when the representative grain size during the experiment was 297

*m

um (green sand) and 102 um (red sand), respectively. Although it is not easy to accurately estimate
the representative grain size during flooding in the Chikuma River, Yamada et al. (2023) reported

that the approximate median gravel size consistent with a crevasse splay was about 5.0 cm. Using

this diameter, the value of Shields dimensionless stress, _ in Chikuma River is estimated to be
*p

14
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0.0566, which is close to that for the green sand in the experimental flume.

The suspension index, I’ for the green and red sands were 0.321 and 1.89, respectively. Thus,
S

the latter exceeded the suspension threshold, indicating that the fine-grained red sand was

transported as a suspended load in the flume.

Behavior of Flooding Flows

The behavior of flooding flows on the experimental overbank varied through three stages:
overflowing, breaching, and branching. In all experimental runs, except for Runs 1 and 2, the
overflow current from the flume initially happened by removing the first plate in the sluice gate (the
overflowing stage). In this stage, the overflowing current was almost perpendicular to the main
flume flows. After this stage, the levee breach was simulated by removing the remaining plates, and
the direction of the flood flow shifted downstream as the levee breach progressed (the breaching
stage). After the crevasse splay developed from the flood flow, the crevasse channels branched (the
branching stage), and the radial-shaped crevasse splays were formed from the flows except for Runs

1 and 2.

The deposition of fine-grained sediment characterizes the initial stage of the overflowing current.
Figure 5 shows the behavior of the flood flows in Run 4. The first plate in the sluice gate was

removed to commence the overflowing current at 59 s after the experiment started. At this early

15
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stage of flooding, the overflowing current was oriented toward 65° downstream with a velocity of 35

cm/s (Figs. 5A, 6). Here, the flow direction is expressed by the clockwise angle from downstream of

the main flume (Fig. 5). The fine-grained particles (red sand) were deposited on both sides of the

overflowing current in this stage, establishing the crevasse channel on the overbank region (Fig. 5A).

Then, the levee breach caused an intense flood flow on the overbank. The second and third plates

were removed simultaneously at 87 s after Run 4 started, and thus the discharge of the flood flow

suddenly increased (Pattern C). The flow velocity in the crevasse channel increased to 81 cm/s as a

result (Fig. 6). The coarser-grained sediment (mixture of green and red sands) was then deposited in

broad regions on the upstream side of the crevasse channel (Fig. 5B).

The direction of the crevasse channel migrated downstream as a result of the development of the

sediment pile in the upstream region. The crevasse channel oriented 56° from the downstream

direction at around 117 s after the experiment commenced (Fig. 5C). The flow velocity was then

slightly reduced (67 cm/s at 177 s after the experiment started; Fig. 6), and the upstream pile

continued to grow toward the downstream side (Fig. 5D). Because of the development of the

upstream sediment pile, the channel direction further migrated toward the downstream side. The

crevasse channel was oriented at 40° from the downstream direction at 207 s after the experiment

started (Fig. 5D). The sediment pile on the downstream side of the crevasse channel also developed

gradually after the upstream pile grew. However, as the channel gradually shifted downstream, the

16
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downstream sediment pile was partially eroded, and the overall development of the pile was lesser

than that in the upstream region (Fig. 5D).

Along with the main crevasse channel described earlier, a minor branched channel also developed

in the upstream direction (103°), and a small pile was formed from this minor channel (Fig. 5C, D).

From around 143 s after the experiment commenced, the third branch crevasse channel began to

form between the piles of the minor and main channels, resulting in the development of thin piles.

These piles constituted the resultant radial shape of the crevasse splay (Fig. 5D). At this stage, the

finer-grained sediment, which was composed mainly of red sand, was deposited above the coarser-

grained sediment formed in the breaching stage.

The behavior of the overflowing current resembled Run 4 in all runs, whereas the mode of the

downstream pile development varied depending on the pattern of the experimental conditions (Figs.

7-9). The downstream pile was eroded once in Runs 1 and 2. The overflowing current and the levee

breach progressed instantaneously in these runs (Pattern A). The flume-channel floor in the

downstream region from the sluice gate was entirely exposed due to the degradation of the bottom

sediment. Unlike other runs, the channel branching on the crevasse splay did not occur in Runs 1 and

2 (Fig. 7A). The flooding flow of Runs 1 and 2 decelerated within a shorter time than the other runs,

and the downstream sediment pile was redeveloped in the final stage of the decay of the flooding

flow in these runs. The patterns of the levee breach in Runs 3, 5, and 6 were mostly the same as in

17
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Run 4. However, in Runs 3 and 5, the experiment duration after the levee breach was about 1 min

shorter than in Runs 4 and 6 (Table 1). The development of the downstream pile was much weaker

than in other runs.

Depositional Features of the Crevasse-Splay Deposit

Two major regions were discovered in the crevasse splay: the proximal and the distal splays. The

proximal splays were composed of coarse-grained green and fine-grained red sands (Figs. 7-9).

They were relatively thick (about 10-15 mm maximum), and consisted of more than one sediment

piles (Figs. 7-9). The distal splays were very thin (< 1 mm) and exhibited a sheet-like geometry

(Figs. 7-9). The boundary between the proximal- and distal-splay regions was clearly defined, where

the deposit thickness abruptly changed (Fig. 10).

Each sediment pile in the proximal splays exhibited lobate geometry that elongated downstream

in all runs. The long axis of the sediment piles ranged from 25° to 46° from the downstream

direction. The peaks of piles located in the region from the upstream end to the center of the

sediment piles gradually thinned downstream. Image analysis of the topography indicated that the

maximum thickness of the crevasse splay was below 15 mm.

In the proximal splays, two prominent sediment piles along both sides of the crevasse channel

were revealed after the experimental runs. The upstream pile tended to be thicker than the

18
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downstream pile in all the runs (Figs. 7-10). Also, several minor piles developed in Runs 3—6. The

maximum volumes per unit area of the upstream and downstream piles ranged from 5.9 to 6.7 mm

and 4.5 to 5.7 mm, respectively. The total area of both piles ranged from about 2650 to 2670 cm?* and

about 874 to 1150 cm?® (Figs. 7-9), respectively. The volume per unit area along transect P—P'

parallel to the main channel decreased away from the center of the pile. It also decreased distinctly

as a function of distance from the main channel (Fig. 10).

Smaller piles also developed in the upstream direction around the branched minor crevasse

channels. A single small pile was observed in Run 3, and two small piles extended perpendicular to

the main flume flows were recognizable in Runs 4—6. The area of these small piles ranged from

about 481 to 794 cm? (Figs. 7B, C, 8, 9).

The weight ratios of the coarse-grained green sand to fine-grained red sand were examined to

determine the grain-size distribution in the experimental deposits of Runs 4 and 6 (Figs. 8D, 9D).

The ratio of the coarse-grained green sand to the fine-grained red sand generally increases from the

center toward the edges of the piles in the crevasse splay, indicating a coarsening trend toward the

crevasse channels and the terminal ends of the piles. As described earlier, the deposit thickness

becomes abruptly thin, and a lower green-sand ratio was observed on the left and right edges of the

splays on the floodplain.

A video recording indicated that the migration of the depocenter on the floodplain caused a
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coarsening trend downstream in the proximal crevasse splay described earlier. In the levee-breaching

stage, the unconfined intense flooding flows distributed the coarse-grained sediment on the broad

regions of the floodplain, forming the basal part of the proximal splay. Then, in the branching stage,

the relatively finer-grained sediment was accumulated in the upstream regions of the sediment piles

by the flow overflowing from the established crevasse channel. As a result, the proximal splay

deposit exhibited a fining-upward trend in the vertical sections. In plan views, the deposits became

coarse downstream toward the fringes of the splay where the basal part of the splay deposits was

exposed.

Comparing the grain sizes of the upstream and downstream sediment piles, the spatially averaged

ratios of the coarse green sand were 38.4% and 38.2% for the upstream and downstream piles in Run

4, respectively. In the case of Run 6, these values were 47.2% and 43.0%, respectively. Thus, the

upstream pile was coarser than the downstream pile in Run 6, while they were identical in grain size

in Run 4. In this comparison, the data obtained from the grid point where the bed thickness was less

than 1 mm was ignored.

DISCUSSIONS

Formative Process of Crevasse Splay

As a result of Runs 3—6 in this study, the sediment piles in the crevasse splays were initially
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oriented perpendicular to the main channel in the overflowing stage, and subsequently, the crevasse

channel and the sediment pile shifted to the downstream side in the levee breaching stage (Fig. 5).

Finally, the crevasse channel branched to form the radial shape of the crevasse splay. Although it was

not explicitly described, the deposition of the sediment pile on the upstream side of the overbank and

the change in the flood flow direction were also observed in the levee-breaching experiment of

Yamasaka and Kubota (2002). The initial sediment pile in the overflowing stage was formed due to

the lateral expansion of the flows that reduces the flow velocity. Later, the direction of the crevasse

channel shifted because the sediment pile developed enough to block the flood flow. This migration

of the crevasse channel direction initially becomes oriented downstream in response to the flow

direction of the main channel. Subsequently, the sediment pile is breached where the flood flow is

bent so that the bifurcation of the crevasse channel occurs in the final branching stage.

The formative processes in this study exhibit similarity to those of the mouth bars in delta

systems in other studies (e.g., Edmonds and Slingerland 2007; Ahmed et al. 2014). Feng et al. (2019)

described that river mouth bars were formed at the ends of the channels. In the latter stage of their

experiment, the channel branched because the river flow was blocked by the mound of the mouth bar

formed in the early stage. Similar processes can also be observed in modern deltaic systems (e.g.,

Wright 1973; Fan et al. 2006). The formative process observed in this study is similar to the example

of the mouth bar (Toonen et al. 2016). The crevasse channel shifted downstream because of the
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blockage by the pile formed on the upstream side. Yamasaka and Kubota (2002) also described the

deposition on the upstream side and the change in the flooding flow direction in the flume

experiment.

However, the crevasse-splay features differ from the mouth bars with respect to the symmetry

between the upstream and downstream sides. In the case of crevasse splays, the branched crevasse

channels develop earlier on the downstream side and are more prominent than the channels oriented

upstream. In contrast, the branched channels in the river mouth bars in delta systems are nearly

symmetric. This difference is because the flows in the main channels affect the direction of the flood

flows. Rahman et al. (2022) reported similar asymmetric features of crevasse splays. They described

that the crevasse-splay orientation to the flow direction in the parent channel was 75° on average in a

total of 1556 measurements. The direction of crevasse splays ranged from 10° to 140°, and 64% of

the data were less than 90°. The direction of crevasse-splay deposits observed in the experiments in

this study were oriented mainly downstream, the features of those deposits correspond to that of

general crevasse-splay deposits.

The development processes of experimental deposits in this study were also observed in modern

crevasse-splay deposits. Toonen et al. (2016) indicated that the modern crevasse channel in the

Cumberland Marshes in Canada was initially bent downstream under the influence of the main river

flow, while becoming oriented downstream after the slope of the splay fully developed. They
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reported that the crevasse splay develops through three stages: the initial levee breach, the crevasse-

splay formation, and the splay termination. In the crevasse-splay formation stage, the crevasse

channel initially oriented downstream of the main channel. This asymmetric development of the

splay was due to the obstruction of the developed sand sheets. Later, the angle between the main

river channel and the elongation direction of the splay increased to 90° at maximum because of the

blockage caused by the previously deposited splay sand sheets. These transitions of the crevasse-

channel orientation are similar to those observed in the experimental results of this study. Thus, in

the experiments, we concluded that the asymmetric-to-symmetric development is typical of crevasse

channels and splay developments.

Characteristic Features of the Crevasse-Splay Deposit

The experimental deposits in this study can be divided into two regions: the thick coarse-grained

proximal splay and the thin fine-grained distal splay (Figs. 7-9). The abrupt change in thickness and

grain size of deposits occurred between these two regions. Similar topographic changes in the

crevasse splays have been recognized in other field observation studies (e.g., Burns et al. 2017;

Gulliford et al. 2017). Burns et al. (2017) investigated ancient crevasse-splay deposits at 35 locations

in the Cretaceous Castlegate Sandstone and Nelson Formation of the Mesaverde Group, eastern

Utah, USA, and characterized proximal splays as a wedge-shaped geometry with thick and coarse-
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grained deposits. They exhibit a sedimentary structure induced by the bedload sediment transport. In

contrast, the distal splay is characterized by a planar-shaped geometry with thin fine-grained

deposits. Burns et al. (2017) reported that distal splay deposits rarely contain sedimentary structures,

such as ripples or dune cross-lamination. It was inferred that the bedload transport process is

dominant in the proximal splay, whereas deposits in the distal splay are predominantly formed by

suspension fallout (Burns et al. 2017).

We infer that the transition of the sediment transport process from the proximal to the distal splay

also occurred in our experiments. The video recording of the experiments as well as the suspension

indices calculated from the flume hydraulic conditions showed that the bedload layer carried the

coarser green sand, while the finer red sand was carried mainly as the suspended load. Therefore, it

is implied that the transition between the two splay regions occurred where the shear stress of the

flooding flow reached below the threshold of the bedload sediment motion (Ikeda 1982). The change

in the sedimentary facies observed in the field also occurred in this study, although the bedload

sedimentary structure was not observed in our experiments due to the scaling issue.

Inside the proximal splay deposits, a coarsening trend toward the crevasse channels and the

terminal end of the piles was observed in this study, resulting from the gradual development of the

channel architectural element. The same trend was also observed in other studies on modern and

experimental deposits (e.g., Takahashi et al. 1984; Bristow et al. 1999; Tobita et al. 2015). The
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experimental observations imply that this trend is caused by the initial dispersal of the coarse-

grained sediment because the confinement of the crevasse channel was not fully developed at this

stage. Later, the flood flows were confined to the developed channels, so the finer sediment

accumulated above the coarse-grained deposits in the upstream region of the proximal splay. As a

result, they did not always become finer downstream inside the proximal splay region because of the

transition from the unconfined flooding to the confined channel flows. Thus, the change in the

depositional processes in succession needs to be carefully studied to interpret the proximity of facies

from the grain-size trends in ancient crevasse-splay deposits.

Finally, it should be noted that the asymmetric development of the crevasse splay described

previously affects the depositional features of the splay deposits. The deposits of the upstream pile

were thicker than those of the downstream pile because they were eroded by the crevasse channel

shifting toward the downstream side. In addition, the upstream pile was coarse grained because

initial unconfined flooding formed the central part of this pile, while the downstream pile was

formed from the overflowing current from the confined crevasse-channel flows. The same feature

was observed in the Hoyasu area (Yamada et al. 2023). Other studies also described the same feature

(e.g., Florsheim and Mount 2002; Arnaud-Fassetta 2013). Thus, the experimental and field

observations revealed that crevasse splays develop from asymmetric-to-symmetric plan shapes in

their geometry, suggesting that the three-dimensional reconstruction of the facies of ancient
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crevasse-splay deposits could imply the development stage of the splays.

Although the experiments in this study considered the general features of the development

process of crevasse splays on flat basin plains, the actual splays are affected by geomorphological

conditions, such as the slope of basins or local obstacles, including artificial structures. Several

studies have suggested that the basin slope influences the mode of the splays. For example, Ggbica

and Sokotowski (2001) determined that the shapes of crevasse splays vary due to surface

morphology. In addition, local obstacles may fundamentally change the development process of

crevasse channels. For example, the crevasse channel observed in the 2019 flooding of the Chikuma

River was oriented perpendicular to the main channel, whereas the channels generally are oriented

downstream in the basins, as observed in the flume experiment of this study (Takahashi et al. 1984;

Yamasaka and Kubota 2002; Tobita et al. 2015; Matsumoto et al. 2016; Rahman et al. 2022; Fig. 5).

In the case of the Chikuma River, the direction of the crevasse channel was forced by an artificial

structure near the breached location. Other studies have also implied that local topography and

obstacles are not negligible factors in the entire development modes of the crevasse splays (e.g.,

Gebica and Sokotowski 2001; Toonen et al. 2016). Thus, additional experiments with various

topographic conditions, including gradients of the main river channel and floodplains, are expected

to reveal the diversity and general understanding of the formative process of crevasse-splay deposits.
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Implications for Analyses of Geologic Records

Here, we discuss the contribution of our experimental results to the analysis of ancient deposits.

To identify crevasse-splay facies from strata with a high degree of certainty, their architectural

elements and developmental stages must be inferred from sedimentary structures (e.g., Hornung and

Aigner 1999; Burns et al. 2017).

The distribution of paleocurrent direction can be the key to identifying the developmental stages

of crevasse splays in ancient deposits (Burns et al. 2017). Judging from the experimental results, the

directions of flows that deposited them have a uniform directional distribution preferentially oriented

downstream if the crevasse sprays are in the early stages of development. On the other hand, the

distribution of paleocurrent directions of the flooding flows over the crevasse splay, which has

acquired a radial shape in the later stages, is expected to be diverse and to show a wide range of

directional distribution.

Identifying the developmental stage of the crevasse splay is related to estimating the stability of

fluvial landforms (Li and Bristow 2015; Nienhuis et al. 2018). In the case of rivers with

insufficiently developed natural levees, overflows occur at many locations, so crevasse splays should

be repeatedly abandoned in the early stages of their development. In contrast, in rivers with muddy

and stable natural levees that occasionally flood heavily, crevasse splays should be maintained for an

extended period, and the late-stage splays with radially distributed crevasses channels should
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develop because the levee failures occur repeatedly in the same location.

In addition to the above, the experimental results of this study also have implications for

estimating the spatial scale of crevasse splays. The experimental results confirm that the two

previously proposed architectural elements of crevasse splay, proximal and distal splay (Burns et al.

2017), can be associated with transitioning processes from bedload to suspended-load sedimentation.

This observation implies that the spatial scale of the distal splay, where only sedimentation from the

suspended load dominates, is determined by the advection length. The distance that the flow travels

before all the suspended load has settled is called the advection length, defined as the flow discharge

divided by the settling velocity (e.g., Ganti et al. 2014). Thus, the spread of the distal splay can be

predicted if the inundation flow can be estimated. Estimating the scale of sandy deposits such as

crevasse sprays is not only for evaluating the past scale of flood events but also essential for

exploration of hydrocarbon reservoir rocks (Anderson, 2005).

CONCLUSIONS

In this study, scaled flume experiments were conducted to investigate the relationship between

the developmental processes of crevasse splays and their characteristics. The results of the

experiments can be summarized in the following three key findings:

(1) The crevasse-splay deposits in this study transformed from an asymmetric shape extending
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downstream of the main river channel into a radial, symmetric geometry through the branching of

the crevasse channels. During the initial overflowing stage, the fine-grained sand was uniformly

spread on the floodplain, but this symmetry was disrupted in the breaching stage of the levee when

the mainstream flow of the river altered the direction of the inundation flow, causing the crevasse

splay to become asymmetric. As sediment piles accumulated and channel bifurcations occurred, the

splay’s geometry gradually evolved into a more symmetric shape.

(2) The experimental crevasse-splay deposits can be divided into two distinct regions (proximal and

distal splays), which correspond to sediment transport by bedload and suspended load, respectively.

The proximal splay consisted of several crevasse channels and intervening sediment piles. In

contrast, the distal splay was relatively smooth and consisted of thin suspended-load deposits.

(3) The proximal splay deposits exhibited a slight coarsening downstream, while they became

rapidly fine at the boundary with the distal splay. During the original overbank flow, the absence of

channels resulted in a sheet flow that distributed coarse-grained sediments over a broad region;

however, as channels formed and accumulated the coarse sand in their interiors, slightly finer-

grained sediment accumulated upstream of the proximal splay.

The findings in this study indicate that the characteristics of crevasse-splay deposits vary with

time and space. The geomorphological development stage should be fully considered when

interpreting the crevasse splay’s sedimentary facies and paleocurrent directions.
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SUPPLEMENTAL MATERIAL

Supplemental files (experiment videos) are available from the SEPM Data Archive:
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THE CAPTIONS OF FIGURES AND TABLES

Fig. 1.— Drone image showing the breached levee, crevasse channel, and crevasse-splay deposit

associated with the October 2019 flooding of the Chikuma River in Nagano Prefecture, central Japan

(provided by the Geospatial Information Authority of Japan). The house with black roof in the

bottom left corner of the image is approximately 6—7 m high.

Fig. 2.— Experimental facilities. The grid interval of the floodplain is 10 cm (Runs 1-3) and 5 cm

(Runs 4-6).

Fig. 3.— The experimental procedures of three breach patterns A—C. The acrylic board controlled

the water level in the flume at the downstream edge.
Fig. 4 — Experimental deposits in Runs 1-6.

Fig. 5.— The formation process of the crevasse-splay deposits with the shift in the crevasse

channel direction in Run 4. A) 20 s after the flow overflowing started. B) 5 s, C) 30 s, and D) 120 s

after the levee breach.
Fig. 6.— Variation in flow velocity in the crevasse channel in Runs 4 and 6.

Fig. 7.— Orthophotos of experimental deposits and digital elevation model of the crevasse-splay
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deposit measured by image analysis in A) Run 2, B) Run 3, and C) Run 5.

Fig. 8.— Experimental deposit in Run 4. A) Orthophoto. B) Digital elevation model of the

crevasse-splay deposit measured by image analysis. C) Volume per unit area (5 cm grid) measured

by sampling. The variation along the transect is shown in Fig. 10. D) Ratio of green sand in the total.

Fig. 9.— Experimental deposit in Run 6. A) Orthophoto. B) Digital elevation model of the

crevasse-splay deposit measured by image analysis. C) Volume per unit area (5 cm grid) measured

by sampling. The variation along the transect is shown in Fig. 10. D) Ratio of green sand in the total.

Fig. 10.— Volume per unit area variation along the transects parallel (P—P') and perpendicular (T—

T") to the main channel in Runs 4 and 6.

Table 1.— Experiment conditions. Breaching patterns A—C are explained in the main text and Fig.

3. Times indicate the elapsed time after the experiment started.

Table 2.— Comparison of hydraulic conditions in the experiments and in the actual river

(Chikuma River); grain size of fine sediment in the Chikuma River is not given here because the

fine-grained material in the Chikuma River exhibited a broad grain size distribution and

flocculation may have occurred.
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Table 1
Experiment Water temperature  Breach Floodplain Water depth at Water depth just
name [°C] pattern tilt [%] overflow [cm] before breach [cm]
Run 1 21.5 A Flat -
Run 2 20.2 A Flat - 4
Run 3 21.3 B Flat 6+ 6 (1st), 6 (2nd)
Run 4 22.4 C —1.4t0—-1.0 6+ 6
Run 5 23.0 C Flat 6+ 6
Run 6 22.0 C Flat 6+
Start of Start of Stop of Concentration dc(?vtiesrtlrtézgqog dme Grid interval [cm]
overflow [s] levee breach [s] water flow [s] in tank [%] [%] &
- 52 126 2.21 - 10
- 52 220 1.90 - 10
105 116 (1st), 124 (2nd) 223 2.33 - 10
39 66 226 1.20 - 5
33 62 174 2.28 0.47 5

58 86 228 1.33 1.33 5






