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ABSTRACT 19 

Field investigations and analyses of modern crevasse splay deposits can both elucidate 20 

the processes of levee breaching and help to identify past crevasse splay deposits from 21 

geologic strata, thereby estimating the magnitudes of ancient river floods. In this study, 22 

we studied levee breach processes and crevasse splay deposits in order to determine the 23 

distribution characteristics of the inundation area associated with the 2019 flooding of 24 

the Chikuma River, Central Japan. The crevasse splay formed by this event can be 25 

divided into three regions: proximal, medial, and distal splays. Behind the breached 26 

levee, sandy and gravelly sediment piles (proximal splay) formed at both sides of the 27 

crevasse channel, whereas sand and mud layers (medial and distal splays) were 28 

observed over a wide area within the inundation area, extending beyond the sediment 29 

piles. The upstream gravelly sediment pile (proximal splay) was characterized by 30 

clearly bounded lower sand and upper gravel layers, reflecting the process of levee 31 

breaching: the outer sandy soil of the artificial levee began to be scoured by external 32 

erosion, followed by the erosion of the inner gravelly soil. The sedimentary 33 
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characteristics of the proximal splay deposits appear to have been strongly controlled by 34 

the local environment but are useful for inverse analysis of the progressive process of 35 

past and future levee breaches. Sandy crevasse splay deposits (medial splay) thinned 36 

rapidly away from the breached levee, whereas muddy crevasse splay deposits (distal 37 

splay) were thicker at lower elevations, indicating that they formed during the levee 38 

breach and stagnant stages, respectively. The distribution of the medial splay (35.7% of 39 

the inundation area) was restricted relative to that of the distal splay (~81.7% of the 40 

inundation area). This study indicates that it is important to determine the extent of 41 

muddy crevasse splay deposits from geologic strata in order to determine the inundation 42 

areas of past levee breaches. 43 

 44 
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 46 

1. Introduction 47 

Natural disasters created by flooded rivers can cause enormous damage. In recent 48 

years, large-scale river floods have occurred almost every year worldwide, causing 49 

extensive damage across river basins (e.g., Shakti et al., 2020; Fekete and Sandholz, 50 

2021). Typhoon No. 19 (Hagibis) on October 6–13, 2019, was one of the strongest 51 

typhoons witnessed in Japan for several decades, and led to widespread damage across 52 

mainland Japan (e.g., Yamamoto et al., 2020; Tinh et al., 2021; Tsuchiya, 2021). Heavy 53 

rainfall associated with this typhoon resulted in at least 135 levee breaches across 71 54 

rivers (Tinh et al., 2021), including the 367 km long Chikuma River (Nagano 55 

Prefecture) and Shinano River (Niigata Prefecture), located in Central Japan, the region 56 

of interest for this study (Fig. 1A). 57 

River flooding inundates adjacent floodplains and deposits large amounts of 58 

sediment, forming a volumetrically significant part of alluvial and deltaic overbank 59 

deposits (e.g., Allen, 1965; Hughes and Lewin, 1982; O’brien and Wells, 1986; Nanson 60 

and Croke, 1992; Bristow et al., 1999; Colombera et al., 2013; Burns et al., 2017). River 61 

flooding events can be divided into two major types: levee overflows and levee 62 

breaches, with the latter generally being larger in magnitude. Deposits formed by levee 63 

breaching events are termed crevasse splays, and typically form fan- or lobe-shaped 64 

sediment mounds (Smith et al., 1989; Burns et al., 2017; Rahman et al., 2022a). Many 65 

studies have been conducted on the structure, size, and morphology of the crevasse 66 
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splays in order to understand the causes and effects of modern floods and similar 67 

ancient deposits preserved in geologic strata (e.g., O’brien and Wells, 1986; Mjøs  et al., 68 

1993; Bristow et al., 1999; Pérez-Arlucea and Smith, 1999; Jones and Hajek, 2007; 69 

Arnaud-Fassetta, 2013; Burns et al., 2017; Colombera and Mountney, 2021; Rahman et 70 

al., 2022a, b; Widera et al., 2023). Although many studies of modern crevasse splays 71 

have been conducted in areas where large meandering rivers have developed, most have 72 

investigated morphological changes on a scale of several years to several decades (e.g., 73 

Bristow et al., 1999; Pérez-Arlucea and Smith, 1999; Farrell, 2001; Buehler et al., 2011; 74 

Cahoon et al., 2011; Li and Bristow, 2015; Toonen et al., 2016). Hence, studies 75 

detailing the crevasse splay deposits formed by individual levee breaching events and 76 

discussing their formation process have typically been quite limited (Gębica and 77 

Sokołowski, 2001; Nelson and Leclair, 2006; Hori and Hirouchi, 2011; Arnaud-78 

Fassetta, 2013; Matsumoto et al., 2016; Sato et al., 2017). Additionally, engineering 79 

studies based on field investigations and numerical calculations have been conducted to 80 

clarify the mechanism of levee breaches (e.g., Viero et al., 2013; Orlandini et al., 2015; 81 

Özer et al., 2020), but few studies have reconstructed the levee breaching process based 82 

on the sedimentary facies of crevasse splay deposits (Matsumoto et al., 2016; Sato et al., 83 

2017). 84 

Matsumoto et al. (2016) and Sato et al. (2017) investigated crevasse splay deposits 85 

formed by the 2015 flood of the Kinu River, Central Japan, but focused only on the 86 

main crevasse splay bodies and did not examine the distribution and sedimentary 87 

characteristics of deposits throughout the inundation area. Accumulating data on the 88 

distribution characteristics of crevasse splay deposits covering the entire inundation area 89 

should enable the origin and magnitude of extreme event deposits recorded in geologic 90 

strata to be accurately identified (Burns et al., 2017). 91 

This study uses river water level data and drone images, in addition to 92 

sedimentological and hydrological surveys, covering the entire inundation area of a 93 

levee breach in order to elucidate the processes of levee breaching and sedimentation 94 

with heretofore unprecedented detail. For the 2019 flood of the Chikuma River, 95 

sedimentological studies on crevasse splay deposits have not been reported, although 96 

surveys of damage to levee revetments and floodplains have been conducted 97 

(Investigation Committee on the Chikuma River Levee, 2020; Yamamoto et al., 2020; 98 

Ohtsuka et al., 2021; Tsuchiya, 2021). In addition, gravelly crevasse splay deposits were 99 
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formed in this study site; these have not been observed in previous cases (Hori and 100 

Hirouchi, 2011). Most reported crevasse splay deposits, both modern and ancient, are 101 

sandy (e.g., Gębica and Sokołowski, 2001; Nelson and Leclair, 2006; Arnaud-Fassetta, 102 

2013; Matsumoto et al., 2016; Sato et al., 2017). Thus, determining the sources and 103 

depositional processes of gravelly crevasse splay deposits will enhance our 104 

understanding of levee breaches and their resulting deposits. 105 

 106 

2. Study area 107 

2.1. Geomorphological setting  108 

The Chikuma River originates in eastern Nagano Prefecture and flows northward 109 

into the Sea of Japan, running southwest to northeast through the study area (Fig. 1A). 110 

The channel width at the study site is approximately 230 m during low-water conditions 111 

and 900 m during high-water conditions (Fig. 2). The high-water channel was mainly 112 

used for apple orchards prior to the flooding event. Residential dwellings, cultivated 113 

areas, and apple orchards are located on the floodplain developed between the river and 114 

the highlands. National Route 18, an elevated railway, and two branch streams cut 115 

across the floodplain (Fig. 3A). 116 

 117 

2.2. October 2019 flooding event 118 

Heavy rainfall on October 12, 2019, associated with Typhoon No. 19 (Hagibis), 119 

caused overflows in many places, including along the Chikuma River (Fig. 1A). 120 

Typhoon No. 19 developed around Minamitorishima Island in the Pacific Ocean 121 

(15.1°N, 158.2°E) at 3:00 am on October 6 and reached Izu Peninsula at 7:00 pm on 122 

October 12, 2019, with a central pressure of 955 hectopascals (Fig. 1A; Japan 123 

Meteorological Agency, 2019). The total amount of rainfall exceeded 500 mm in the 124 

upstream region of the Chikuma River. 125 

On the midstream left bank of the Chikuma River (the study area), closed-circuit 126 

Television (CCTV) camera installed on the breached levee (Fig. 2A and B) indicated 127 

that river water overflowed the levee at 0:55 am on October 13 (Investigation 128 

Committee on the Chikuma River Levee, 2020) (Fig. 4). The last image acquired by the 129 

CCTV camera was taken at 2:15 am, and the Chikuma River Office made an urgent 130 

announcement about the levee breach at 5:30 am, i.e., the levee breach occurred 131 

between 2:15 am and 5:30 am on October 13 (Fig. 4). The 30 m wide left bank levee 132 
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revetment was breached over a length of 70 m (Figs. 2B, 5A, and 6A), resulting in 133 

inundation of the 6 km wide floodplain up to a distance of 2.23 km from the breached 134 

levee (Fig. 3B). The area of the overflow is estimated to have reached up to 400 m 135 

upstream and up to 900 m downstream from the breached levee (Fig. 3B; Investigation 136 

Committee on the Chikuma River Levee, 2020). 137 

 138 

2.3. Internal structure of the levee revetment 139 

The Investigation Committee on the Chikuma River Levee (2020) and Ohtsuka et 140 

al. (2021) estimated the composition of the levee revetment based on the breached 141 

upstream and downstream sections. The lower and middle parts of the levee consisted 142 

of sandy soil (1–2 m thick) and gravel (~2.5 m thick), respectively, whereas the upper 143 

part of the levee was composed of cohesive soil (~2 m thick) (Fig. 6B; Investigation 144 

Committee on the Chikuma River Levee, 2020). The landside along the levee flank led 145 

to a 2–3 m thick cover of sandy soil through an area planted with cherry trees. The 146 

surface of the levee was paved with asphalt concrete (Fig. 6C and D). Based on the 147 

observation of the breached sections, the upstream section contained large amounts of 148 

gravelly soil, whereas the main constituent of the downstream section is sandy soil, i.e., 149 

the composition of the levee revetment differs between the breached upstream and 150 

downstream sections (Investigation Committee on the Chikuma River Levee, 2020; 151 

Ohtsuka et al., 2021). 152 

The Investigation Committee on the Chikuma River Levee (2020) also estimated 153 

the volume of sediments released from the breached levee on the basis of cross-154 

sectional levee observations. The total volume of released sediments was approximately 155 

20,560 m3, of which 3,400 m3, 12,180 m3, and 4,980 m3 were gravelly, sandy, and 156 

cohesive soils, respectively. 157 

 158 

3. Methods 159 

3.1. Field surveys 160 

We conducted a comprehensive field survey covering the entirety of the inundation 161 

area (Fig. 3); detailed investigations were also conducted around the area of the 162 

breached levee (Fig. 5). 163 

 164 

3.1.1. Survey covering the entire inundation area 165 
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Field surveys covering the entire inundation area were conducted in order to 166 

establish the thickness and grain size distribution of the crevasse splay deposit for 14 167 

days between October 18 and November 28, 2019. We set up a 2.23 km long central 168 

transect starting at the breached levee and perpendicular to the river channel (A–A' in 169 

Fig. 3A). Complementary transects B–B' and C–C' were located approximately 1 km 170 

north (downstream) and south (upstream) from transect A–A', and were 1.85 and 1.40 171 

km long, respectively. Transects D–D' and E–E' were located between three river-172 

perpendicular transects. A hand-held GPS (Garmin International, Inc., Olathe, USA) 173 

was used to record the locations of the trenches and the sites at which we measured 174 

water depth and current direction. Using a shovel and a 30 cm long geoslicer (Takada et 175 

al., 2002), 59 trenches spaced ≈100 m apart were dug along the transects. The 176 

thicknesses, grain sizes, and sedimentary structures of the crevasse splay deposits were 177 

described at each trench. Water depth and current direction were measured using 178 

watermarks preserved on structures and the orientation of grass bent by the current, 179 

respectively. A global navigation satellite system receiver (ProMark 120; Ashtech, 180 

Santa Clara, USA) was used to measure the topographic profile along each transect, 181 

including the elevation of each trench and the watermarks. 182 

 183 

3.1.2. Survey around the breached levee and estimation of pile thickness and volume 184 

Field surveys around the breached levee were conducted over a period of five days 185 

between October 18 and November 26, 2019. The hand-held GPS was used to record 186 

the locations of the trenches and outcrops; trenches were dug at three locations at the 187 

south (upstream) gravelly pile along transect GP (GP-1–3) and nine locations at the 188 

north (downstream) sandy pile along transect SP (SP-1–9) (Fig. 5A and Table 1). The 189 

thickness, grain size, and sedimentary structures of the crevasse splay deposits were 190 

described at each trench and outcrop. At the gravelly pile, sediment samples were 191 

collected only at GP-3. We collected gravel samples at 20 cm2 square over 10 cm 192 

vertical intervals at depths of 0–70 cm, and sand samples were collected over 2 cm 193 

vertical intervals at depths of 70–110 cm. In the sandy pile, trenches were dug using a 194 

shovel and the 30 cm long geoslicer. Samples taken by the geoslicer (at SP-3–9) were 195 

moved to another acrylic case at the field in order to return them to the laboratory. 196 

Sandy crevasse splay deposits were divided into 2 cm vertical intervals to conduct grain 197 

size and mud content analyses. No samples were collected at SP-1 and SP-2. 198 
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The thickness of the piles was estimated from the difference in elevation between 199 

the pile surface and pre-flood ground surface around the piles. The ProMark 120 was 200 

used to measure the elevation of the crevasse piles and pre-flood ground surface (Fig. 201 

5B). We obtained the surface elevations of the piles by walking through them with the 202 

ProMark 120, which recorded the location, and elevation every second. Pre-flood 203 

surface elevations were measured based on the averages of thirteen points for the 204 

gravelly pile and two points for the sandy pile (Fig. 5B). 205 

The areas of the piles were calculated using a software capable of analyzing 206 

particle size and shape in high-resolution photographs (Ishimura and Yamada, 2019). 207 

Then, the volumes of the piles were estimated from the calculated area, and the average 208 

thickness was obtained from the elevation survey. 209 

 210 

3.2. Grain size analysis 211 

In trenches along transects A–A', B–B', and C–C', sediment samples of several 212 

grams were collected for grain size analysis at 2 cm intervals from the top to the bottom 213 

of the sequence using a small spoon. Proximal splay deposits around the breached levee 214 

were sampled along transects GP and SP and the long-axis lengths of gravels at 0–70 215 

cm depth in GP-3 were measured using a ruler. 216 

Two approaches were used for grain size analysis. The grain sizes of the muddy 217 

samples from transects A–A', B–B', and C–C' were measured using a laser-diffraction 218 

particle size analyzer (LS 13 320; Beckman Coulter, Inc., Brea, USA) whereas those of 219 

the sandy and gravelly samples taken from transects GP and SP were measured using a 220 

Retch Technology CAMSIZER (Haan, Germany). The mud content of the proximal 221 

splay deposits at SP-3–9 were calculated based on the dry weight of the samples before 222 

and after mud removal. Organic matter was removed prior to the measurements using a 223 

30% hydrogen peroxide solution applied for 24 hours. 224 

Descriptive statistic values of the grain size distributions on the phi scale were 225 

calculated following the procedures of Folk and Ward (1957) and Folk (1966). Depth-226 

averaged grain size distributions and mean grain sizes for each trench along the three 227 

river-perpendicular transects were then calculated by averaging the measurements. 228 

 229 

3.3. Sedimentary structures 230 
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Sedimentary structures were described based on observations of the trenches or 231 

outcrops at survey sites. Furthermore, computed tomography (CT) images of samples at 232 

SP-3–9 were acquired using an Aquilion PRIME/Focus Edition (Canon Medical 233 

Systems Corporation, Tochigi, Japan) instrument at the Kochi Core Center, Japan. 234 

Sediment samples were imaged according to X-ray absorption such that high-density 235 

materials were identifiable by their relatively light colors (Falvard and Paris, 2017). 236 

 237 

4. Geomorphological change and flood conditions 238 

The 30 m wide and 5.0–5.5 m high levee revetment in the study site was fully 239 

breached over a distance of 70 m (Figs. 2, 5A, and 6A). Erosion was observed in the 240 

landside region around the breached levee up to 300 m upstream and 150 m 241 

downstream (Figs. 5A and 6C, D), whereas significant erosion was not observed in the 242 

riverside region (Investigation Committee on the Chikuma River Levee, 2020; Ohtsuka 243 

et al., 2021). Crevasse channels developed from the breached levee toward the 244 

floodplain and floodwater flowed mainly in three directions, influenced by the presence 245 

of artificial barricades, such as dwellings and a gymnastics hall (Figs. 5A, 6A, and 7A, 246 

B). These buildings were eventually destroyed by the floodwater (Figs. 6D and 7B). 247 

The channel eroded up to 3 m of pre-flood soil within 50 m of the breached levee 248 

(Investigation Committee on the Chikuma River Levee, 2020) such that only a 0.5 cm 249 

thick sandy deposit was present on the eroded surface at A-1 (34 m from the breached 250 

levee; Fig. 8A). 251 

Sand and gravel sediment piles were observed at the outer side of the crevasse 252 

channel in aerial photographs acquired after the flooding (Figs. 2B, 5A, and 6A). 253 

Restoration work started immediately after the event and created the road and draining 254 

channel in the southern gravelly sediment pile (Figs. 5B and 7C), enabling observations 255 

of cross sections through the sediment pile at GP-1–3. On the other hand, the high-water 256 

channel on the river side of the levee was covered with muddy sediment, and cracks 257 

were observed only at the surface (Fig. 7D). 258 

Along each transect, the measured elevation of the left bank levee revetment 259 

ranged from 338.0 to 338.5 m (Fig. 8A, C, and D). The height of the levee was 260 

approximately 5.0–5.5 m based on elevations determined immediately behind it, which 261 

ranged from 332.5 to 333.5 m. The elevation along each river-perpendicular transect 262 

descended at distances up to 1.1–1.4 km from the levee, such that the surface of the 263 
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floodplain ascended at greater distances from the study area. The elevations of the 264 

lowermost areas in transects perpendicular to the river were approximately 330.5 m 265 

along transect A–A', 329.9 m along transect B–B', and 331.7 m along transect C–C', 266 

indicating that the elevation of the floodplain was lower in the northern downstream 267 

direction. Transect D–D' was almost flat, whereas the elevation of transect E–E' 268 

increased with distance from transect A–A' (Fig. 8B). 269 

During the flooding event, flood currents spread out in a fan shape from the 270 

breached levee flowing toward the north–northwest around transects A–A' and B–B', 271 

and to the south–southwest around transect C–C' (Fig. 3B). The northward current 272 

predominated due to the gentle northward slope of the floodplain. Flood currents near 273 

the levee revetment flowed parallel to the levee. 274 

The water depth, reconstructed from watermarks, was observed to correlate 275 

strongly with the elevation of the measured locations (r = −0.76; Fig. 9A) such that it 276 

increased from south to north: 0.6–2.0 m along transect C–C', 1.3–2.8 m along transect 277 

A–A', and 1.6–4.0 m along transect B–B' (Fig. 3A). This trend was attributed to the 278 

gentle northward slope of the floodplain. In contrast, water depths showed little change 279 

with distance from the levee in the studied transects (Figs. 8 and 9B), indicating that the 280 

river floodwater depth was only affected by elevation and not distance from the river. 281 

 282 

5. Characteristics of crevasse splay deposits 283 

The crevasse splay deposits studied herein were divided into three regions: 284 

proximal, medial, and distal splays based on the definition by Burns et al. (2017). The 285 

proximal splay was distributed around the breached levee, and was observed in transects 286 

GP and SP. The medial and distal splays were observed in transects A–A', B–B', C–C', 287 

D–D', and E–E'. Their characteristics are described in detail below. 288 

 289 

5.1. Proximal crevasse splay deposits 290 

5.1.1. Distribution and volume of sediment piles in the proximal splay deposits 291 

Proximal crevasse splay deposits observed in the study area included gravelly or 292 

sandy sediment piles, and were distributed both to the south (upstream) and north 293 

(downstream) of the breached levee (Fig. 5A). The upstream gravelly pile was 294 

preserved on apple orchards and cultivated areas south of the breached levee and was 295 

estimated to cover an area of 6,630 m2 according to image analysis. The downstream 296 
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sandy pile was deposited in a park to the north of the breached levee and was estimated 297 

to cover an area of 4,340 m2. 298 

The volume of the upstream gravelly pile was estimated to be 8,020 m3 based on 299 

its area and average thickness. The measured elevations of the gravelly pile ranged from 300 

332.16 m (−0.23 m in thickness) to 334.73 m (2.34 m in thickness) whereas those of the 301 

pre-flood surface were 331.82–332.98 m (averaging 332.39 m; Fig. 5B). The average 302 

thickness of the gravelly pile inferred from elevation difference was 1.21 m when 303 

excluding results with negative thickness values. The Investigation Committee on the 304 

Chikuma River Levee (2020) estimated the volume of the gravelly pile to be 7,200 m3, 305 

which is not significantly different from the results obtained herein. The measured 306 

elevation on the downstream sandy pile ranged from 331.86 m (−1.38 m) to 335.40 m 307 

(2.16 m) with an average thickness of 0.42 m calculated from the elevation of the pre-308 

flood surface (averaging 333.24 m), similarly excluding results with negative thickness 309 

values. The volume of the downstream sandy pile was estimated to be 1,820 m3. 310 

 311 

5.1.2. Stratigraphy and sedimentary characteristics of sediment piles 312 

The crevasse splay deposits in the gravelly pile consisted of lower sand layer 313 

(LSL) and upper gravel layer (UGL) bounded by a sharp interface (Figs. 10 and 11A). 314 

The interface between pre-flood soils and the lower sand layer was observed at GP-3, 315 

but could not be confirmed at localities GP-1 and GP-2 due to the high-water level in 316 

the artificial channel. Artificial materials and mud clasts were sometimes observed in 317 

the crevasse splay deposits, especially around the interface between lower sand and 318 

upper gravel layers. The thickness of the crevasse splay deposits ranged from 110 to 319 

200 cm at GP-1–3, of which the lower sand layer accounted for 40–130 cm and the 320 

upper gravel layer for 70–130 cm (Fig. 11A). Although these data were obtained from 321 

only three sites, the average thickness of 150 cm did not differ significantly from that 322 

estimated from the elevation data (Fig. 5B). The thickness estimated from the elevation 323 

survey clearly decreased away from the breached levee (Fig. 5B). 324 

The lower sand and upper gravel layers exhibited inverse and normal grading 325 

structures, respectively (Fig. 11). The crevasse splay deposit at 86–110 cm depth at GP-326 

3 was mainly composed of medium to very coarse sand with rare gravels (Fig. 11B). In 327 

contrast, the gravel content increased, and the sand content decreased at 70–86 cm 328 

depth. In the upper gravel layer, at depths of 0–70 cm, the size of the gravels decreased 329 
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toward the top (Fig. 11C). At GP-1 and GP-2, where a wide cross section could be 330 

observed, concave and trough cross-stratification was observed (Fig. 10A and B). 331 

Crevasse splay deposits in the downstream sandy pile, the thickness of which 332 

ranged from 6.5 to 110 cm, exhibited various sedimentary facies (Figs. 12 and 13). At 333 

SP-1, SP-2, and SP-5, thicker gravelly deposits, and multiple inversely graded structures 334 

were observed. Cross-laminated sand layers were observed at SP-3, SP-4, and SP-8. An 335 

overlap of the finer sand layer and the mud cap at the surface was common to most sites 336 

studied herein (Figs. 13 and 14). 337 

 338 

5.2. Characteristics of the medial and distal crevasse splay deposits 339 

The medial crevasse splay deposits distributed within 800 m of the breached levee 340 

were composed of lower sandy (muddy sand or sandy mud) layers and the upper mud 341 

layers (Fig. 8A). These deposits were observed along transects A–A' (A-2–6), D–D', 342 

and E–E' (Fig. 15A and B); they were relatively thicker along transect E–E' (south and 343 

upstream) than at transect D–D' (north and downstream) (Fig. 8B). The thickness of the 344 

sandy layer of the medial crevasse splay deposit decreased with distance from the 345 

breached levee (Figs. 8A, B, and 9D). 346 

At distance from the levee, distal crevasse splay deposits composed of massive 347 

mud were observed at A-7–13 along the central transect A–A' (Figs. 8A and 15C). 348 

These distal deposits were also observed along transects B–B' and C–C' 1 km north and 349 

south of the central transect A–A' (Figs. 8C, D, and 15D). The deposits were not 350 

observed to thin away from the levee in either transect (Figs. 8 and 9C, D) and no 351 

deposit was observed near the limit of the inundation area along transects A–A' and B–352 

B' (Fig. 8A and C). 353 

Regarding grain size distribution, both the medial and distal crevasse splay 354 

deposits were observed to fine away from the levee (Figs. 8 and 16). The medial 355 

crevasse splay deposit was mainly composed of upward-fining very fine sand and silt 356 

(3–5 phi; Fig. 17). The top of the medial and distal crevasse splay deposits mainly 357 

consisted of silt (4–8 phi) and were finer than the lower deposits. 358 

The maximum extents of the sandy (medial splay) and muddy (distal splay) 359 

deposits differed significantly as a function of inundation distance. Along the 2.23 km 360 

long central transect A–A', these layers of the medial splay extended up to 0.80 km 361 

away from the levee, whereas the mud layer of the distal splay prevailed up to a 362 
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distance of 1.60 km (Fig. 8A). Their maximum extents were 35.7% and 71.8% of the 363 

inundation distance (2.23 km), respectively. Along the 1.85 km long transect B–B' and 364 

the 1.40 km long transect C–C', the mud layer was present up to 1.51 and 1.35 km away 365 

from the levee, respectively (Fig. 8C and D). The maximum limits of the mud layer of 366 

the distal splay were 81.7% and 70.8% of the inundation distances of transects B–B' 367 

(1.85 km) and C–C' (1.91 km), respectively. The ratio of the extent of the sand layer of 368 

the medial splay to that of the mud layer of the distal splay was 49.7% along transect 369 

A–A', the only transect in which the sandy layer was observed. 370 

 371 

6. Discussion 372 

6.1. Influences on the distribution of the crevasse splay deposits 373 

Field surveys revealed that the sandy layer in the medial crevasse splay deposits 374 

varied as a function of distance from the breached levee. In contrast, the muddy layer of 375 

the distal splay is distributed as a function of the elevation of the floodplain in addition 376 

to the distance (Figs. 8 and 9C, D). The inundation water depth was almost constant 377 

irrespective of distance from the levee (Fig. 9B). The thickness of the sandy layer in the 378 

medial crevasse splay deposit decreased with distance, indicating that water depth was 379 

not a deterministic factor for the deposition of sandy sediment. The sandy layer was 380 

observed to have an inland-thinning trend, probably due to rapid deceleration of the 381 

flood flow, implying that the bedload played a primary role in transporting sandy 382 

sediments. The flow velocity would have rapidly decreased when the flood flow 383 

reached the wider floodplain through the breached levee. As such, it can be expected 384 

that artificial barricades, including dwellings, and the gymnastic hall near the breached 385 

levee (Fig. 5A), also reduced the flow velocity such that the flood flows were unable to 386 

transport sand grains significant distances from the breached levee (< 800 m). 387 

In contrast, the muddy layer of the medial and distal crevasse splay deposits 388 

became thicker as the elevation decreased, in addition to the distance from the breached 389 

levee (Figs. 8 and 9C, D). The strong negative correlation between elevation and 390 

inundation water depth indicates that the water depth influenced the thickness of the 391 

mud layer, implying that muddy sediments settled from a suspended load in stagnant 392 

water. The upward-fining trend of the muddy layer also suggests suspension fallout 393 

from the water column (Fig. 17). 394 

 395 
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6.2. Importance of the maximum extent of crevasse splay deposits for evaluating past 396 

river flooding events 397 

The maximum extents of the medial and distal crevasse splay deposits were 0–398 

35.7% and 70.8–81.7% of the inundation distance, respectively. The distal crevasse 399 

splay deposits composed of muddy sediment dominated the entirety of the inundation 400 

area. Therefore, identifying the distribution of muddy deposits is necessary for 401 

reconstructing the inundation area of past river flood events. 402 

Observed trends in the extent of sandy (proximal and medial) and muddy (distal) 403 

crevasse splay deposits in the study area show good agreement with those reported in 404 

previous studies on modern crevasse splay deposits (Smith et al., 1989; Farrell, 2001; 405 

Fisher et al., 2008; Arnaud-Fassetta, 2013; Matsumoto et al., 2016; Toonen et al., 2016; 406 

Sato et al., 2017; Rahman et al., 2022a). Matsumoto et al. (2016) determined the limits 407 

of the inundation area (2.90 km) and sandy deposits (0.62 km) from a levee breached by 408 

the September 2015 flooding of the Kinu River, Central Japan. Sato et al. (2017) also 409 

investigated flood deposits caused by this flooding event, showing that a change from 410 

sandy to muddy deposits occurred approximately 0.6–0.7 km from the breached levee. 411 

The maximum extent of the sandy crevasse splay deposit was calculated to be 21.4% of 412 

the inundation distance, implying that the sandy sediment was deposited within a 413 

limited distance of the flood inundation. Arnaud-Fassetta (2013) investigated 414 

sedimentary sequences of single crevasse splays at two localities caused by the 2003 415 

flooding in the Rhône Delta, France, finding that the sandy and sandy silt proximal 416 

splays are distributed only up to 1570 m from the breached levee, whereas muddy distal 417 

splays are distributed up to 20 km. Rahman et al. (2022a) identified a single crevasse 418 

splay in Google Earth imagery along the Magdalena River, Colombia. Although the 419 

extent of inundation is unknown, they confirmed that distal splay is distributed about 420 

twice as far as proximal–medial splays. 421 

A similar trend has been observed in ancient crevasse splay deposits. Burns et al. 422 

(2017) investigated ancient crevasse splay deposits at 35 locations in the Cretaceous 423 

Castlegate Sandstone and Nelson Formation of the Mesaverde Group, eastern Utah, 424 

USA, finding that these deposits exhibit thinning and fining trends with distance from 425 

their source river. In the proximal parts of splays near the river (129 m in mean lateral 426 

extent from a crevasse channel), the deposits include cross-laminated sandstones, but 427 

they thin and fine gradationally into the medial and distal parts of splays far from the 428 
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river (333 m and 562 m in mean lateral extent, respectively); our own observations are 429 

consistent with this model. 430 

The ratio of the extent of the sandy layer (medial splay) to that of the muddy layer 431 

(distal splay) in this study was 49.7% and could be an important metric for determining 432 

the scale of a levee breach. The mean lateral extents of proximal and medial splays 433 

relative to distal splay are 23.0% and 59.3%, respectively (Burns et al., 2017). Since it is 434 

difficult to accurately reconstruct the inundation distance of past river floods from 435 

geological records, differences in the ratio between sandy and muddy deposits can 436 

facilitate evaluation of the magnitude of past river floodings. Although this is difficult 437 

to examine due to the lack of other modern single crevasse splay studies that consider 438 

the distributions of both muddy and sandy crevasse splay deposits, this ratio may 439 

nonetheless be an indicator for the scale of a levee breach when the size and 440 

morphology of the crevasse splay deposit can be observed to change with the size of the 441 

breach. 442 

 443 

6.3. Source of sediment piles (crevasse splay deposits) 444 

The sediment piles of the proximal splay deposit at the breached levee likely 445 

represent a redeposition of the interior components of the breached levee. The volume 446 

of these sediment piles is less than the amount of levee erosion; the volumes of the 447 

upstream gravelly pile and downstream sandy pile were estimated to be 8,020 m3 and 448 

4,340 m3, respectively. Considering that the total volume of released sediments was 449 

estimated to be 20,560 m3 (Investigation Committee on the Chikuma River Levee, 450 

2020), the internal components of the levee alone are sufficient to account for the 451 

volumes of both sediment piles. Additionally, only mud was deposited on the river side 452 

of the levee (Fig. 7D). If the large amounts of gravel and coarser sand particles in the 453 

sediment piles we sourced from the river, they would also be expected to be deposited 454 

on the river side of the levee; however, since only thick muddy deposits were observed 455 

in that location, gravel, and coarser sand particles are unlikely to have been supplied by 456 

the river. Thus, gravel and coarser sand particles transported as bedload through the low 457 

water channel were not brought to the higher elevation high-water channel (Fig. 2C). 458 

Furthermore, gravelly material has rarely been identified in both modern and ancient 459 

crevasse splay deposits (e.g., Bristow et al., 1999; Arnaud-Fassetta, 2013; Matsumoto et 460 

al., 2016; Burns et al., 2017; Widera et al., 2023) because natural levees comprise sandy 461 
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sediments, and the crevasse splay deposits formed by their breach are also sandy. 462 

Actually, in the 2015 flooding of the Kinu River, where sandy crevasse splay deposits 463 

were observed (Matsumoto et al., 2016; Sato et al., 2017), the interior of the breached 464 

levee was composed of sandy sediments (Investigation Committee on the Kinu River 465 

Levee, 2016). 466 

It is thus concluded that the gravelly sediment piles formed were rare as crevasse 467 

splay deposits. Hori and Hirouchi (2011) also reported gravelly crevasse splay deposits 468 

caused by the 2004 flooding of the Asuwa River, Central Japan. They have not 469 

confirmed the internal structure of the levee revetment, but they infer that gravelly 470 

sediments were likely used in the levee and supplied during the flooding event. 471 

Although gravelly crevasse splay deposits such as those studied herein have not been 472 

observed in natural rivers, where most known crevasse splays have been studied (e.g., 473 

Smith et al., 1989; Farrell, 2001), such deposits may form at more sites in the future, 474 

especially in artificially embanked rivers. 475 

 476 

6.4. Levee breaching and sedimentation processes 477 

In the example studied herein, features of crevasse splay deposits strongly reflect 478 

the internal structure of the breached levee; therefore, the process of levee breaching can 479 

be expected to be inferred from the crevasse splay deposits. By virtue of the CCTV 480 

camera installed on the breached levee, a time series record of the overflow and levee 481 

breaching processes is available (Figs. 2, 4, and 18A).  482 

The following subsections describe levee breaching and sedimentation processes in 483 

four stages (Fig. 18) which are correlated to the formation of the crevasse splay deposit. 484 

The sedimentary facies of the downstream sandy piles are found to be more complex 485 

than those of the upstream gravelly pile due to the influence of obstacles, such as the 486 

gymnastic hall and houses (Figs. 5A and 6A). Thus, the reconstruction of the levee 487 

breaching process is mainly based on the sedimentary facies of the upstream gravelly 488 

pile. 489 

 490 

6.4.1. Overflow stage 491 

The video recorded by the CCTV camera installed on the breached levee revealed 492 

that river water overflow occurred at 0:55 am (Fig. 4; Investigation Committee on the 493 

Chikuma River Levee, 2020). The camera collapsed at the end of the 2:15 am video; 494 
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thus, the overflow continued for at least 80 minutes. It is presumed that the landside 495 

caused by erosion of the levee also began during this time (Figs. 5A, 6C, D, and 18A). 496 

Of the factors contributing to the levee breach, external (landside) erosion due to 497 

overflowing has been found to be the most frequent (Özer et al., 2020). 498 

During the overflow stage, mud and finer sand particles transported in suspension 499 

from upstream would have been brought to the floodplain (Fig. 18A); however, most of 500 

these particles were likely eroded during the subsequent levee breach stages. Fine-501 

grained sediment transported in the suspended load of the overflowing current cannot be 502 

observed in the lowest part of the gravelly pile, which is instead composed of coarser 503 

sand sourced from the levee (Figs. 10 and 11). The lowest part of the sandy pile exhibits 504 

low mud content (Fig. 14); thus, all sediment in the piles was deposited during the later 505 

levee breaching stage. 506 

 507 

6.4.2. Early stage of levee breach (partial breach) 508 

The levee breach is estimated to have occurred around 2:15 am (Fig. 4; 509 

Investigation Committee on the Chikuma River Levee, 2020), although the total time of 510 

the breach is not known. Given that the levee was confirmed to have fully breached at 511 

5:00 am, the breaching may have lasted for almost three hours. According to the report 512 

of the breached levee investigation, the levee breach is attributed to external erosion by 513 

overflow and structural weakness of the levee revetment, and it is assumed that the 514 

levee breach started from the downstream side of the levee (Investigation Committee on 515 

the Chikuma River Levee, 2020; Ohtsuka et al., 2021). 516 

The upstream gravelly pile is characterized by lower sand and upper gravel layers 517 

with a clear boundary (Fig. 10), implying that the levee breach can be divided into two 518 

phases. As noted above, macroscopic changes in the thickness of the sand layer indicate 519 

that the lower layer did not form during the overflow stage but during this early 520 

breaching stage. The presence of destroyed artificial materials in the sand layer at GP-1 521 

further supports this (Fig. 10A). The presence of sandy soil on the outer side of the 522 

levee revetment structure suggests the eroded sand particles were transported during this 523 

stage (Figs. 6B and 18B). In the lower sand layer at GP-3, the content rate of granules is 524 

larger above 86 cm depth (Fig. 11B), suggesting either that the flow strength increased 525 

around this depth, allowing coarser-grained granules to reach this area, or that bank 526 

erosion partly reached the inner gravel layer and began to supply granules. Lateral 527 
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changes in the grain size distribution of the lower sand layer could have been used to 528 

resolve this, but the limited number of locations at which such deposits could be 529 

observed renders it impossible to determine which was the primary factor. 530 

The majority of the downstream sandy pile is sand particles (Fig. 13), suggesting 531 

that it formed during this stage. This is supported by the fact that the levee breach began 532 

at the downstream side of the levee, which is composed of sandy soil (Investigation 533 

Committee on the Chikuma River Levee, 2020; Ohtsuka et al., 2021). 534 

 535 

6.4.3. Later stage of levee breach (full breach) 536 

During this stage, river water began to erode the gravelly soil in the central and 537 

upstream parts of the levee revetment such that the majority of material supplied to the 538 

floodplain was of gravel grade (Figs. 6A and 18C). The upper gravel layer in GP-3 539 

shows clear grading (Fig. 11A and C), suggesting a gradual decrease in the flow shear 540 

stress causing fining of gravel size. Thus, the flow strength was at its maximum when 541 

the gravel layer began to deposit, then, and gradually weakened toward the top of the 542 

sequence. The presence of artificial materials and large mud clasts near the boundary 543 

between the lower sand and upper gravel layers also indicates a peak in flow strength 544 

during this phase (Figs. 10 and 11). 545 

Since gravels were also common in SP-1 and SP-2 at the downstream sediment 546 

pile, it is assumed to have been deposited during this stage, when active flooding flow 547 

discharged from the breached levee. They exhibited several three inverse grading layers, 548 

implying that the flow intensity fluctuated at least three times. These velocity 549 

fluctuations may correspond to small-scale avulsions during this stage. 550 

 551 

6.4.4. Stagnant stage 552 

During the stagnant stage, sandy and gravelly sediments had already settled out of 553 

the flooding flow, and mud was depositing primarily in the lower elevation regions of 554 

the inundation area (Fig. 18D). Here, the stagnant stage refers to the period after the 555 

cessation of the flood flow, when the entire floodplain was submerged. Since the water 556 

level at the upstream Kuiseke gauging station began to reduce before the levee breach 557 

whereas that at the downstream Tategahana gauging station reduced after the breach 558 

(Fig. 4), it is presumed that the water level in the study site began to lower soon after 559 

the levee breach. No mud layers were observed on the surface of the upstream gravelly 560 
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pile (Figs. 7A, 10, and 11), suggesting that the stagnant water level was below the 561 

surface of the gravelly pile. The finer sand layer and mud cap observed at the surface of 562 

the downstream sandy pile were probably deposited during this stage (Figs. 12–14). The 563 

absence of deposits near the inundation limit implies that the stagnant water stood for 564 

only a short period of time in this area before receding, since the elevation of this area is 565 

higher than that at which the thick mud was observed (Fig. 8). 566 

 567 

7. Conclusion 568 

This study investigated three regions of crevasse splay deposits (proximal, medial, 569 

and distal splays) caused by the October 2019 flooding event of the Chikuma River in 570 

Central Japan. The levee breaching process was reconstructed based on the sedimentary 571 

characteristics of the sediment piles (proximal splay) formed behind the breached levee 572 

based on comparisons with the internal structure of the levee. In addition, 573 

sedimentological and hydraulic investigations covering the entire inundation area 574 

immediately after flooding revealed the wide-scale distribution characteristics of the 575 

crevasse splay deposits (medial and distal splays) and the hydraulic factors that 576 

contribute to their distribution. The data and findings in this study should be useful for 577 

similar facies analysis of ancient crevasse splay deposits. 578 

The proximal splay (sediment pile) was distributed around the breached levee. The 579 

upstream gravelly sediment pile was characterized by lower sandy and upper gravelly 580 

layers bounded by a sharp contact. These sedimentary facies reflect a levee breaching 581 

process in which the outer sandy soil of the artificial levee began to be scoured by 582 

external erosion, after which the erosion of the inner gravelly soil occurred. During the 583 

following stagnant stage, little sand and gravel deposition would have occurred, and 584 

mud would have been deposited at lower elevations within the inundation area. Within 585 

the study area, a gravelly crevasse splay deposit, unknown from previous studies of 586 

similar sequences, was observed, which was attributed to the internal structure of the 587 

artificial levee revetment. This study suggests that the sedimentary characteristics of 588 

proximal splay deposits are strongly controlled by the local environment but are 589 

nonetheless useful for inverse analysis of progressive process in both past and future 590 

levee breach events. 591 

Outside the proximal splay, sandy crevasse splay deposits (the medial splay) was 592 

distributed within 800 m of the breached levee within a total inundation distance of 2.23 593 
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km, thinning away from the breached levee. In contrast, muddy crevasse splay deposits 594 

(the distal splay) were relatively thick in topographic lows where higher water depths 595 

were recorded, but did not correlate with the distance from the river. These results imply 596 

that sand deposition was influenced by distance from the breached levee and that the 597 

deposition of mud was affected by water depth in addition to the distance from the 598 

breached levee. The maximum limit of sandy deposits (the medial splay) was 35.7% of 599 

the inundation distance, whereas muddy deposits (the distal splay) extended to 70.8–600 

81.7% of the total inundation distance. This suggests that it is important to determine 601 

the extent of muddy crevasse splay deposits (distal splay) from the geologic strata to 602 

determine the total inundation area of past levee breaches.  603 

 604 
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Table 1. Location and thickness of crevasse splay deposits at each trench and outcrop 613 

sampled or observed. 614 

  615 



This is a non-peer reviewed EarthArXiv preprint 

 21 

 616 
Fig. 1. Location map of the study area. (A) Location of the Chikuma River (Nagano 617 

Prefecture)/Shinano River (Niigata Prefecture), Central Japan. The path of the typhoon 618 

is also shown (Japan Meteorological Agency, 2019). (B) Digital elevation model 619 

showing the study area around the Chikuma River (Geospatial Information Authority of 620 

Japan, 2015). The extent of the October 2019 flooding, estimated from aerial 621 

photographs taken immediately after the event by the Geospatial Information Authority 622 

of Japan (2019), is also shown.  623 
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 624 

Fig. 2. Aerial photographs around the study site. (A) Before the flooding (photograph 625 

taken in 2010). (B) After the flooding (photograph taken on October 16, 2019) 626 

(Geospatial Information Authority of Japan, 2019). Locations of low-water (pink line) 627 

and high-water (blue line) channels, CCTV camera, and the levee breach are shown. (C) 628 

Channel cross-section and width during low water and high water stages (created from 629 

DEM data provided by the Geospatial Information Authority of Japan).  630 
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 631 
Fig. 3. (A) Locations of the breached levee, transects A–A' to E–E', trenches, and the 632 

route of the elevation survey (white line). (B) Measured water depth and current 633 

direction of flooding along and around the transects. Aerial photograph of the study site 634 

after the flooding was provided by the Geospatial Information Authority of Japan 635 

(2019).  636 
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 637 
Fig. 4. Water level change from October 12 to October 14 recorded at the Kuiseke 638 

(upstream) and Tategahana (downstream) gouging stations (see Fig. 1 for locations). 639 

Dangerous water levels for river flooding at each gauging station set by the Chikuma 640 

River Office are also shown. Overflowing and breaching of the levee at the study site 641 

are assumed to have occurred 0:55 am and 2:15–5:30 am, October 13, respectively 642 

(Investigation Committee on the Chikuma River Levee, 2020).  643 
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 644 

Fig. 5. (A) Aerial photograph around the breached levee (Geospatial Information 645 

Authority of Japan, 2019), showing the locations of the gravelly pile (GP), sandy pile 646 

(SP), transects GP and SP, and the surveyed trenches and outcrops. Yellow, pink, and 647 

blue arrows represent photograph directions in Figs. 6, 7, and 10, respectively. (B) 648 

Estimated thickness of the gravelly and sandy piles. Pre-flood surface elevation was 649 

measured at the points indicated with stars.  650 
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 651 

Fig. 6. (A) Drone image taken at approximately 5 pm on October 13 by the Geospatial 652 

Information Authority of Japan. (B) Upstream cross section of the breached levee. (C) 653 

Photograph of the upstream side of the breached levee. (D) Photograph of the 654 

downstream side of the breached levee. Photograph locations and directions are 655 

indicated in Fig. 5. Photographs were taken on (B) February 8, 2020, and (C and D) 656 

October 13, 2019, by the Investigation Committee on the Chikuma River Levee (2020).  657 
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 658 
Fig. 7. Photographs of (A) crevasse channel and gravelly pile (proximal splay), (B) 659 

crevasse channel and sandy pile (proximal splay), (C) artificial road in the gravelly pile 660 

(proximal splay) created after the flooding, and (D) muddy deposit preserved in the 661 

high-water channel. Photograph locations and directions are indicated in Fig. 5.  662 
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 663 
Fig. 8. Measured elevation, water depth, and thickness, and mean grain size of crevasse 664 

splay deposits. (A) transect A–A' with trench locations (A-1 to A-19), (B) transects D–665 

D' and E–E' with trench locations (D-1 to D-6 and E-1 to E-6), (C) transect B–B' with 666 

trench locations (B-1 to B-15), and (D) transect C–C' with trench locations (C-1 to C-667 

13).  668 
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 669 
Fig. 8. (continued).  670 
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 671 
Fig. 9. Comparison between water depth and deposit thickness with elevation and 672 

distance from the levee. Relationships between (A) water depth and elevation, (B) water 673 

depth and distance from the levee, (C) thickness and elevation, and (D) thickness and 674 

distance from the levee. Note that (C) shows all data, including transects D–D' and E–675 

E', whereas (D) shows data only for the river-perpendicular transects A–A', B–B', and 676 

C–C'.  677 
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 678 

Fig. 10. Photographs showing crevasse splay deposits at (A) GP-1, (B) GP-2, and (C) 679 

GP-3 in the gravelly pile (proximal splay). Photograph locations and directions are 680 

indicated in Fig. 5.  681 
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 682 

Fig. 11. (A) Columnar section of crevasse splay deposits at GP-1–3 in the upstream 683 

gravelly pile (proximal splay). (B) Vertical change in grain size distribution of the 684 

crevasse splays deposit at 70–110 cm depth at GP-3. (C) Distribution and average (gray 685 

circle) long-axis length of gravels in the crevasse splay deposit at 0–70 cm depth at GP-686 

3.  687 
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 688 
Fig. 12. Photographs showing crevasse splay deposits at (A) SP-1, (B) SP-2, (C) SP-3, 689 

and (D) SP-8 in the sandy pile (proximal splay).  690 
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 691 

Fig. 13. Columnar section of crevasse splay deposits in the downstream sandy pile 692 

(proximal splay).  693 
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 694 

Fig. 14. Photograph (geoslicer sample), CT image, grain size distribution, and mud 695 

content (yellow) of crevasse splay deposits in the sandy pile (proximal splay).  696 
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 697 

Fig. 15. Photographs of crevasse splay deposits at (A) trench A-2 (medial splay), (B) 698 

trench E-2 (medial splay), (C) trench A-9 (distal splay), and (D) trench C-4 (distal 699 

splay).  700 
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 701 

Fig. 16. Grain size distribution of crevasse splay deposits along transects A–A', B–B', 702 

and C–C'.  703 
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 704 

Fig. 17. Vertical change in grain size distribution of the crevasse splay deposits at 705 

trenches A-2 (22 cm thick; medial splay) and A-6 (23 cm thick; distal splay).  706 
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 707 

Fig. 18. Reconstruction of sediment transport and deposition processes associated with 708 

the levee breaching event: (A) overflow stage, (B) early stage of levee breach (partial 709 

breach), (C) later stage of levee breach (full breach), and (D) stagnant stage.  710 
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