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A B S T R A C T

Understanding the process of sediment transport under tsunami inundation is essential to providing credible
information about potential tsunamis from tsunami deposits. In this study, a super-large wave flume 205 m long
and 3.4 m wide was used to investigate the hydraulic process of tsunami inundation and sedimentary features of
the resulting tsunami deposit. A uniformly sloping topography (1/50) with a sand dune 0.2 m high was built in
the flume and the topography change induced by a solitary wave was measured. The maximum wave height at
the shoreline was 0.6 m and the horizontal velocity reached up to 3.5 m/s, resulting in a sediment concentration
of up to 5% by volume. The inundation and return flow completely eroded the dune and caused deposition,
which showed landward and seaward thinning and fining. The vertical distribution of grain size and density in
the inundation flow indicated upward fining and an upward decrease in density, and the deposits showed inverse
grading at the base in addition to normal grading. Therefore, the inverse grading was attributed to the de-
positional process instead of the vertical distribution of grain size in the flow, such as via a traction carpet. The
inundation flow was classified into two phases. The first phase flow, which appeared at the front of the in-
undation flow, was governed by the wave speed at the shoreline. The second phase flow, which occurred near
the dune, was controlled by the difference in wave levels in front of and behind the dune. The deposits caused by
the first phase flow (near the inundation limit) were constant regardless of the presence of the dune, indicating
that the effect of the dune on the deposits was limited in the nearshore region. The deposits near the inundation
limit, showing rapid fining and different chemical compositions, were carried by muddy foam floating on the
water surface. The sediment supply from offshore to onshore over the dune was small and the erosion of the sand
dune accounted for 36% of the onshore deposits. The offshore deposits were mainly caused by wave motion and
the contribution of the onshore sediment brought by the return flow was small (24%). However, the return flow
had a large effect on the sedimentary structure of the offshore deposits, such as seaward fining. Our results will
help to examine the physical processes resulting in the empirically established common sedimentary char-
acteristics of tsunami deposits and will provide a detailed data set to validate sediment transport models used in
numerical simulations.

1. Introduction

Tsunami deposits, ranging from mud to huge boulders, are a fasci-
nating tool for geology and seismology because they allow under-
standing of the history of ancient tsunamis over the past few thousand
years. After several megathrust earthquakes and resulting catastrophic
tsunamis in recent decades, information on ancient tsunamis has been
growing in importance for engineering applications, including urban
policy, evacuation planning, and nuclear hazard assessment (e.g.
González et al., 2007; Japan Nuclear Energy Safety Organization,
2014).

The accumulation of geological information about tsunami deposits
in the field, mainly since the 1990s, empirically revealed the char-
acteristics of present (e.g. Peters and Jaffe, 2010) and ancient (e.g. Goff
et al., 2010) tsunami deposits. The commonly observed characteristics
are objective, reliable identification criteria for tsunami deposits (e.g.
Chagué-Goff et al., 2011; Chagué-Goff et al., 2012b). Recent studies
reconstructed the hydraulic parameters of tsunamis from tsunami de-
posits by using inverse analyses (e.g. Jaffe and Gelfenbuam, 2007;
Soulsby et al., 2007; Furusato and Tanaka, 2014; Tang and Weiss,
2015).

Despite the progress in geological studies, hydrodynamic studies on
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the processes of tsunami inundation, sediment transport, and deposition
are still limited. Geological studies are usually conducted in places
likely to preserve deposits, such as shallow lakes, marshes, and gently
sloping topography. In particular, sand dunes near the shoreline are
expected to be suitable places, mainly because of the undisturbed en-
vironments behind the dune and the ease of identification (e.g.
Nanayama et al., 2003; Monecke et al., 2008; Prendergast et al., 2012).
In these topographies, topography change, sediment transport, and
deposition contribute greatly to the complexity of hydrodynamics be-
hind dunes.

Experimental investigation is a promising method for unearthing
sediment transport during tsunamis (Jaffe et al., 2016). However, la-
boratory experiments for tsunami sediment transport face problems
with scaling. The settling velocity of particles can violate the theoretical
scale ratio. The scaling rule based on the Froude number, which is
commonly used for similarity criteria to scale down the hydraulic
parameters, requires the settling velocity to follow the square root of
the physical scale ratio. However, the settling velocity of particles<
62.5 μm is proportional to the square of grain size according Stokes'
law, which violates the scaling rule.

Therefore, most experimental approaches to sand transport during
tsunamis have increased the horizontal velocity instead of scaling down
particle size (e.g. Takahashi et al., 2000; Yoshii et al., 2009; Yamaguchi
and Sekiguchi, 2015; Johnson et al., 2016). These approaches have
contributed to understanding the local sediment transport under high
horizontal velocity. Because the topography from offshore to the in-
undation limit has not been reproduced in small-scale experiments, the
source of tsunami deposits, erosion and deposition processes, and to-
pography change remains unclear.

In this study, we tackled the scaling problem in laboratory experi-
ments by using one of the largest wave flumes in the world. The
Tsunami Sand Transport Laboratory Experiment (TSTLE) project was
launched in the Central Research Institute of Electric Power Industry
(CRIEPI) to study hydrodynamics of tsunami inundation, sediment
transport, and consequent deposits at a high Shields number. This en-
ormous flume enabled us to reproduce the topography from offshore to
the inundation limit with a reasonable land slope of 1/50. We focused
on the inundation process, sediment transport, and deposition on to-
pography with a sand dune.

2. Methods

We conducted laboratory experiments with a super-large wave
flume at CRIEPI (CLWF) (Fig. 1). In the movable-bed channel, a sand
bed covered the floor from the start of the channel to 10 m behind the
shoreline. A sand dune (0.2 m height, 0.2 m crest width, 0.8 m total
width) was located 0.4 m behind the shoreline. The grain size dis-
tribution of the sand had a bimodal distribution with peaks at 0.2 and

1–2 mm (Fig. 2). The sand consisted of iron sand (D50 ≈ 0.12 mm) and
a small amount of silt and mud (1.3%). Although the sand was silica-
dominant, it contained Al2O3 (10.9%) and Fe2O3 (7.3%).

We examined five experimental cases with different wave para-
meters, topography, and gate operation (Table 1). The bore waves (C1
and C2) did not overflow at the end of the channel, whereas the peaked
wave (C3–C5) overflowed at the end (Fig. 3). Turbidity (x = 36 and
44 m) and water level (x = 40 and 50 m) were measured in the mo-
vable-bed channel, whereas the velocity and water level were measured
in the fixed-bed channel. The return flow was blocked by the second
gate in C4. The vertical distribution of sediment transport was mea-
sured by using the sediment trap in C5.

We obtained sediment samples before and after the experiments and
measured the chemical composition and grain size. Hereafter, the
weight fraction of grains of≥1 mm is referred to as Dvcs and the median
diameter of grains with< 1 mm is referred to as D50.

The model setup, experiments, and analysis are described in full in
Supplementary information A.

3. Results

3.1. Hydrodynamics of tsunami inundation

3.1.1. Inundation flow and return flow
The wave collapsed offshore and changed into a bore waveform at

the shoreline, and then inundated landward causing a high horizontal
velocity at the front of the bore (a detailed description is given in
Supplementary information B.1). The wave speed increased as it
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Fig. 2. Grain size distribution of the bed material.

Table 1
Conditions for experimental cases.

Case Waveform Dune Overflow 2nd gate Trap

C1 Bore × × × ×
C2 Bore ✓ × × ×
C3 Peaked ✓ ✓ × ×
C4 Peaked ✓ ✓ ✓ ×
C5 Peaked ✓ ✓ × ✓
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Fig. 3. (a) Input waves for the wave generator and (b) the progressing waves observed at
x = 0.5 m.

T. Yoshii et al. Marine Geology 391 (2017) 98–107

99



approached the shore and reached 2.6–2.7 m/s (C1, C2) or 3.8–3.9 m/s
(C3, C4) (Fig. 4). The inundation speed was consistent with the wave
speed at the shoreline and decreased with the distance from the
shoreline. The gradient of the approximated lines in C1 and C2 (−0.11
to −0.12 /s) was larger than that in C3 and C4 (−0.08 to −0.09 /s).
The return flow increased with the distance from the inundation limit
or the end of the channel and became a supercritical flow. The slope of
the approximated lines was 0.08–0.10 (/s), and there was no significant
difference between experimental cases.

We compared the deceleration of the inundation flow with the
gravity component parallel to the slope (g ⋅ sinθ). The deceleration in
C1 and C2 corresponded to that attributed to the gravitational effect.
However, the deceleration in experimental cases with larger waves (C3
and C4) was slightly larger than that expected from the gravitational
effect (ratios of 1.3–1.5).

3.1.2. Flow around the dune
When the dune caused the superposition of the reflected wave on

the incoming wave, the water level in front of the dune increased ra-
pidly (Supplementary information B.1). The large difference in water
level in front of and behind the dune induced a strong, steady landward
current behind the dune. The Froude number of this flow was stable at
1.65 (C2) and 1.72 (C3), except for the initial phase of the inundation
flow with an instantaneous strong current (Fig. 5). The flow volume
calculated by using Honma's formula (Honma, 1940) corresponded well
to the observed flow in C2 and C3, except during the initial inundation.

This result indicated that the flow behind the dune was controlled by
the water level in front of the dune and the shape of the dune.

3.2. Sediment transport and deposition

The inundation flow produced suspended sediment and many
muddy bubbles around the shoreline or behind the dune (see video
images in Appendix A). The Shields number of the inundation flow was
estimated to have reached 8 for the peak waves (C3, C4) and 4 for the
bore waves (C1, C2) at the front of the wave (a detailed description is
given in Supplementary information B.3). The turbidity at x = 44 m
increased rapidly to 15% at the front of the inundation flow in all ex-
perimental cases. The floating bubbles were brought to the inundation
limit by the inundation flow in C1 and C2. Most of the bubbles were
carried back offshore by the return flow, except near the limit where the
muddy foam remained (approximately x > 58 m) (Fig. 6).

The time-stack images (Fig. 7) also showed the dense sediment
transport at the front of the inundation flow (video images also
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available in Appendix A). The image at x = 44 m in C1 showed that
dense landward sediment transport caused the deposition with height
of 4 cm deposition at t = 46–49 s, and that the return flow eroded this
deposition completely at t = 74–79 s. In experiments with the dune,
major erosion of more than 10 cm (C2) and 20 cm (C3) occurred in the
first 3–4 s of the inundation flow. Rapid, significant deposition occurred
at 10–15 s, and then the deposition became gradual.

3.3. Spatial distribution of deposits

The dune was completely eroded and the topography became nearly
flat (see Supplementary information B.4 for further explanation). The
cross-shore distribution of the amount of deposits showed landward and
seaward thinning (Fig. 8). The spatial distribution of the amount of
deposits was represented well by exponential curves (R > 0.92). The
slope in the nearshore region in C2 was larger than that in C1; however,
the amount of deposits and the deposit distribution at x ≥ 50 m in C2
were similar to those in C1, despite the presence of the dune. The grain
size distribution also showed landward and seaward fining. The de-
posits near the inundation limit showed a rapid change in grain size and
chemical composition and we confirmed that this change was caused by
the increase of iron sand, mica flakes, and clay minerals in the deposits
(Fig. 9). Although the experiments without the return flow produced
offshore deposits (Fig. 10), the offshore thinning and fining was not
significant.

The total amount of deposits in C2 was larger than that in C1, and
the difference was larger than the size of the dune (Fig. 10). The
scouring behind the dune in C2 increased the onshore erosion, which
accounted for 18% of the total amount of deposits. The ratios of the
amount of erosion and deposition in the offshore region to those in the

onshore region in C1 were 2.0 and 3.9, respectively, indicating that the
waves eroded the onshore region. In contrast, the ratios of erosion and
deposition in C2 were 0.86 (erosion) and 1.2 (deposition). Therefore,
the dune contributed to the uniform distribution of erosion and de-
position.

3.4. Source of deposits

The onshore deposits came from the onshore erosion (64%) and the
dune (36%), indicating that the sediment supply from the offshore re-
gion was small (Fig. 11). The inundation flow eroded 46% of the dune,
whereas the rest of the dune was eroded by the return flow and brought
offshore. The offshore deposits in C3 arose from offshore erosion (44%),
the dune (32%), and the onshore region (24%). Because the onshore
sediment contained the sediment supplied from the dune (36%), the
proportion of sediment that originated in the onshore region in the
offshore deposits was less than this estimate (24%).

3.5. Vertical distribution of suspended sediment

The vertical distribution of the amount of sediment caught in the
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Fig. 9. Microphotograph of deposits near the inundation limit in C1 (x = 61.75 m).
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trap showed an upward decrease except for the upward increase near
the bed (Fig. 12). The amount of sediment from the bottom to a height
of 0.09 m was more than 90% of the total sediment volume, and the
amount up to a height of 0.21 m was more than 99%. The grain size
distribution showed clear upward fining for Dvcs and D50. Dvcs values
for the two traps from the bottom were 21.8% and 13.7% and the
fraction rapidly decreased to< 1% at a height of 0.05 m. In contrast,
the vertical distribution of D50 showed nearly uniform upward fining,
except for rapid fining near the bottom. The grain density and Fe2O3

content showed an upward decrease, whereas the Al2O3 content
showed upward increase and reached 16%.

3.6. Sedimentary structures of the deposits

The deposits on the fixed-bed section in C4 showed clear inverse
grading near the bed and normal grading in the upper part (Fig. 13 (a)).
The fraction of coarse sand was small near the bottom and reached its
maximum at 4.5 mm from the bed. Similarly, D50 reached its maximum
1.3 mm from the bed and gradually decreased upward. The Fe2O3

content showed an upward decrease and the Al2O3 content showed an
upward increase near the surface of the deposits. These characteristics
were also observed in the deposits obtained at x = 50.25 and 52.25 m,
although the maximum D50 was at a slightly different height (up to
5 mm) and the maximum Dvcs was higher (up to 40%).

In contrast to the measurements, the vertical distribution of the
deposit, calculated from the vertical distribution of the suspended se-
diment, showed normal grading throughout the deposit (Fig. 13 (b)).
The greatest difference between the distributions was that Dvcs in the

calculated deposit was concentrated near the bed and disappeared at a
height of 1.5 mm. Correspondingly, the calculated maximum D50 value
was smaller than the measured value and showed normal grading, ex-
cept the near the bed. The Fe2O3 content reached a maximum near a
height of 1.5 mm above the bed, which corresponded to the height
where the coarse sand disappeared, and showed a uniform upward
decrease. This result was different from the measurement results, which
showed an iron-dominant layer on the bed.

3.7. Sediment concentration in the inundation flow

The time-averaged sediment concentration showed a landward de-
crease (Fig. 14). The concentration obtained from the deposits in C2,
C3, and C4 reached 12–14% and decreased rapidly at x < 44 m. The
concentration at x = 44 m in C2 was comparable to those in the ex-
periments with the larger wave, although the velocity was smaller than
those in C3 and C4. However, the concentration obtained from the
turbidity at x = 44 m in C1 was 46% of that in C2.

3.8. Offshore sediment transport by return flow

The amount of sediment return to offshore at x = 51 m in C3 was
calculated to be 8.6–17.7% of the sediment in the inundation flow. The
proportions of sediment in the return flow to sediment in the inunda-
tion flow at x = 44 m were calculated to be 28% (C1), 23% (C2), 9%
(C3), and 2% (C4). The flow volumes of the return flow measured in the
fixed-bed channel in C2 and C3 were smaller than those in the movable-
bed channel, because the dune was completely eroded by return cur-
rent. However, the proportion at x = 44 m in C2 and C3 was consistent
with the difference in the time-averaged concentration of inundation
flow estimated from the turbidity and the amount of sediment (21% in
C2, 10% in C3). This result indicated that a considerable part of the
dune was not eroded by the landward inundation flow, which was
consistent with 54% of the dune being eroded by the return flow (see

0.0

0.1

0.2

0.3

0.4

H
ei

gh
t (

m
)

0 100 200
Volume (g/cm2)

MWL 

0 10 20
Dvcs (%)

MWL 

pre exp.

200 300
D50 (μm)

MWL 

2.7 2.8 2.9
ρs (g/cm3)

MWL 

2 6 10
Fe2O3 (%)

MWL 

10 20
Al2O3 (%)

MWL 
Fig. 12. Vertical distributions of sediment vo-
lume, grain size, density, and chemical composi-
tion of the landward sediment transport at
x = 51.0 m. The broken lines indicate the initial
value of the bed. The black triangles in the density
and chemical composition distributions show the
values for grains of> 1 mm. The standard error is
indicated by horizontal lines.

0 10
Dvcs (%)

0

2

4

6

8

D
ep

th
 (

m
m

)

100 300
D50 (μm)

D50 

Dvcs

0 10 20
(%)

(a)

Fe Al 

0 20 40
Dvcs (%)

100 300
D50 (μm)

Dvcs

D50 

0 5 10
Fe (%)

(b) 

Fig. 13. Vertical distribution of D50, Dvcs, Fe2O3, and Al2O3 of (a) the deposits measured
at x = 51.25 m in C4 and (b) calculated from the sediment trap results.

0

4

8

12

16

C
on

ce
nt

ra
tio

n 
(%

)

40 45 50 55 60 65
x (m)

Inundation flow 
of C3, C4 

C1   
C2   
C3   
C4   

Fig. 14. Time-averaged sediment concentration in the landward inundation flow. The
points were estimated from the amount of deposits and neglected the effect of the return
flow. The star at x = 65 m indicates the concentration estimated by the overflow sedi-
ment in C3 and C4. The vertical bar at x = 51 m shows the concentration estimated from
the amount of sediment in the sediment trap. The filled symbols at x = 44 m are the
concentration estimated by using turbidity measurements.

T. Yoshii et al. Marine Geology 391 (2017) 98–107

102



Section 3.4). The proportion in C3 was smaller than the estimate ob-
tained from the amount of topography change (24%), indicating the
majority of the offshore sediment supply from the onshore region ori-
ginated behind the dune.

4. Discussion

4.1. Inundation process of a tsunami on topography with a dune

4.1.1. Inundation flow
The inundation process of a tsunami over a sand dune consisted of

two different phases: the initial phase appeared at the front of the in-
undation flow with an instantaneous strong current and the second
phase appeared near the dune with a steady current. In contrast, the
inundation on a uniform sloping plane topography only showed the
initial phase. The flow in the initial phase was determined from the
launch of the water mass from the shoreline (Fig. 15 (a)). This flow is
referred to as the initial phase flow. The initial phase flow at the
shoreline had similar velocity to the wave speed and the deceleration of
the current depended on the land slope (Fig. 4). These results indicated
that the inundation process of the first phase flow was governed by the
law of conservation of momentum. Therefore, the maximum inundation
height (distance) was determined by the wave speed at the shoreline, as
shown by shallow-water theory (Shen and Meyer, 1963).

The effect of the dune on the first phase flow was small (< 22%, see
Supplementary information B.1). Because the response angle of natural
sand ranges from 30° to 40°, the rate of decrease ranges from 13% to

23%. Thus, the dune did not severely affect the first phase flow when
the incident wave height was not considerably smaller than the dune.

The flow in the second phase, referred to as the second phase flow,
was determined from the difference in the water levels in front of and
behind the dune (Fig. 15 (b-1)). There was no major current in front of
the dune because of the superposition of the incident wave and the
refection wave from the dune. Thus, the energy of the inundation flow
was only supplied from the potential energy of the water in front of the
dune. Consequently, the second phase flow could not reach an inland
elevation higher than the water level in front of the dune (H1 in
Fig. 15). Because the second phase flow was a supercritical flow and
usually accompanied by a hydraulic jump at the end of the flow, the
extent of this flow was expected to be smaller than that predicted from
its potential energy.

These inundation processes were hydrodynamically reasonable.
However, for interpreting the deposits, it was important that the second
phase flow was not directly related to the first phase flow (for detailed
discussion, see Section 4.3). Because the first and second phase flows
remained supercritical until they stopped, hydraulic information about
the first phase flow did not propagate seaward beyond this supercritical
flow (Fig. 15 (b-1)). Conversely, hydraulic information about the
second phase flow did not reach the first phase flow. Thus, the in-
undation flow was divided into the second phase flow region, the first
phase flow region, and the transition region depending on the dominant
hydraulic parameters.

4.1.2. Inundation limit
The experiments indicated that the inundation limit is determined

by the initial phase flow because the waveform leans forward with
decreasing water depth (Fig. 15 (b-1)). If the wave is large and long
enough to create a second phase flow that overtakes the maximum
inundation distance of the initial phase, the inundation limit moves
landward again (Fig. 15 (b-2)). In particular, if the wave does not create
a large initial phase flow, the inundation limit is determined by the
second phase flow. If the wave level continues to increase after the
second phase flow reaches its potential maximum height, the water
surface becomes nearly flat and the inundation limit moves landward,
reflecting the increase of depth (Fig. 15 (b-3)). In this case, however,
the horizontal velocity is much smaller than that caused by the first
inundation processes because the horizontal velocity depends on the
volume of water pooled behind the dune. The volume of water behind
the dune is much larger than the water supply from offshore, resulting
in the slow movement of the inundation limit and less sediment
transport. Therefore, the first and second phase flows are the dominant
processes in sediment transport and sedimentation.

4.1.3. Return flow
The maximum velocity of the return flow is assumed to be de-

termined by the land slope and the wave surface slope. If the initial
phase flow decides the inundation limit, then the slope of the water
surface is consistent with the land slope. Therefore, the return flow is
determined only by the land slope and the distance from the inundation
limit, as observed in the experiments (Fig. 4). This uncomplicated re-
lationship allows us to evaluate the magnitude of return flow and its
effect on the deposits in the field.

The pseudo second wave induced by the return flow was important
for interpreting the deposits. The return flow on a land slope of 1/50
became supercritical and made the hydraulic jump where it stopped
(Fig. 15 (c)). The hydraulic jump behaves like the breaking waves,
propagating shoreward with strong turbulence, especially in the near-
shore region. Because this turbulence causes a large amount of sedi-
ment suspension (see Supplementary information B.3), the wave mo-
tion can produce an additional sedimentary structure on the deposits,
which can confound the interpretation of inundation cycles. Therefore,
it is important to assess whether the return flow at the measurement
points can become supercritical.
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Fig. 15. Schematics of tsunami inundation. (a) Initial stage of inundation, (b-1) the first
and second phase flows, (b-2) the second phase flow is stronger than the first phase flow,
(b-3) the wave level increases, (c) return flow, and (d) the resulting deposits.
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4.2. Sediment transport and deposits

4.2.1. Reproducibility of sediment transport
Large-scale experiments enabled us to reproduce the sedimentary

structure of deposits. The flow with a very high Shields number, which
was similar to that in actual tsunamis, caused dense sediment flow. The
spatial distribution of the resulting deposits was similar to those ob-
served in the field, showing landward thinning and fining (e.g. Peters
and Jaffe, 2010) and muddy deposits near the inundation limit (e.g.
Chagué-Goff et al., 2012a). Furthermore, the deposits showed normal
grading and inverse grading, which are also typical characteristics of
tsunami deposits (e.g. Peters and Jaffe, 2010). In addition, our ongoing
research is revealing that the deposits mostly consist of two subunits,
and that the top of the deposits is covered by finer materials (partly
observed in Fig. 13). Thus, the deposits in this study had almost all the
sedimentary characteristics observed in the field, except for rip-up
clasts and loading structures, the formation of which depends on the
underlying substrate.

Considering these similarities in hydraulic parameters and sedi-
mentary characteristics, our experiments reproduced the sediment
transport and the process of formation of deposits during tsunamis. The
reproducibility of sediment transport in laboratory experiments has not
been fully discussed although it is important for discussing the ex-
perimental results. Because small-scale laboratory experiments re-
produce only a part of the tsunami propagation or inundation, these
experiments lack information about sedimentary characteristics re-
quired for judging whether the reproducibility is sufficient. For ex-
ample, some small-scale laboratory experiments have already re-
produced the spatial deposition distribution (e.g. Harada et al., 2011;
Johnson et al., 2016); however, the sedimentary structure of the de-
posits was not investigated, probably because they were not thick en-
ough for observation. The hydraulic parameters measured in the pre-
sent experiments could serve as standard values to produce the
sediment transport of tsunamis in laboratory experiments because these
parameters were confirmed to reproduce sand transport similar to that
in the field.

4.2.2. Maximum sediment concentration
The upper threshold of sediment concentration is a critical para-

meter in the numerical simulation of tsunami sediment transport and
strongly affects the result. In the present experiments, the concentration
instantly reached 15% (5.3% by volume). The time-averaged sediment
concentration behind the dune was estimated to be 11–13% (3.9–4.6%
by volume). These concentrations were near the upper threshold of
suspended sediment used in 2D numerical simulations (5% by volume)
(e.g. Yoshii et al., 2011). Some numerical studies (e.g. Gusman et al.,
2012; Sugawara et al., 2014) used a lower sediment concentration as
the threshold value. Although the estimation method differs, Goto et al.
(2014) reported that the average concentration in Sendai Plain is 2%
(5% at 90% maximum) from the vast amounts of measurements. Our
experiments illustrated that the sediment concentration was not

saturated up to 15% (5.3% by volume) at least. Thus, a threshold
of< 5% should not be used for sandy sediment.

4.2.3. Onshore tsunami deposits
The sand dune near the shoreline was the sediment source and

created many deposits compared with the uniform sloping beach with
no dune (Fig. 10). Thus, sand dunes should help the field investigation
of tsunami deposits through providing an environment for preserving
deposits and the easily recognizable thickness of the deposits. However,
because the sediment supplied by the dune could not reach beyond the
extent of the second phase flow, the dune did not increase the thickness
of deposits near the inundation limit. Therefore, the advantages of in-
vestigating the deposits for the topography with the dune were limited
to the nearshore region.

Furthermore, the rapid change in grain size and chemical compo-
sition of deposits near the inundation limit indicated that the dominant
sediment transport mechanisms changed from the suspended and bed
load mechanism to the floating load mechanism near the inundation
limit (Fig. 16). We could not evaluate the quantitative effect of foam on
the resulting deposits because the formation and transportation of
muddy foam do not follow the scaling laws. However, the floating load
may be dominant near the inundation limit in the field; some field in-
vestigations have reported that the constituents of deposits change from
sandy to muddy near the inundation limit (e.g. Chagué-Goff et al.,
2012a). In contrast to the suspended and bed loads, the floating load
was not affected by flow speed and volume once foam formed on the
surface. Thus, the floating load can transport sediment and form de-
posits far inland even by the shallow and slow inundation flow near the
limit.

Understanding the effect of the floating load on deposits near the
inundation limit in the field is important for discussing controversy
around the extent of tsunami deposits and the inundation limit. Because
we can only investigate the extent of ancient tsunami deposits, we need
to relate the extent of deposits to the inundation limit. Thus, the seismic
scale estimated from tsunami deposits increases when we assume there
is a difference between deposits (e.g. Namegaya and Satake, 2014). It is
important to investigate how much sediment floating load can carry
and how large materials can be entrained in foam in the field. Con-
sidering the sediment density affects the suspension, some quite large
particles with low density (e.g. pumice and coral) may float and move
inland.

4.2.4. Vertical distributions of grain size and chemical composition
The landward and seaward fining were attributed to the difference

in settling velocity because the vertical distribution of the grain size and
density showed an upward decrease (Fig. 16). This mechanism of spa-
tial distribution arises from particles with higher settling velocity ac-
cumulating faster than those with lower settling velocity because par-
ticles with high settling velocity are more concentrated near the bed.
Because the vertical distribution of grain size depends on the shear
velocity, the spatial distribution of grain size would be affected by flow
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Fig. 16. Schematics of sediment transport and deposition under tsunami inundation. The inset in (b) shows the sedimentary structure of the deposits indicated by the rectangle in (a).
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speed.
However, there were two results that were not consistent with this

mechanism. The first is the iron sand distribution. The Fe2O3 content in
the deposits in C1 and C2 showed no major decrease at x > 50 m. The
Fe2O3 content near the inundation limit (≈20%) was larger than that in
the upper part of the inundation flow (4.4%). Because the flow speeds
in C1 and C2 were lower than those in the experiments in which vertical
distribution was measured, the upward decreases in C1 and C2 were
steep compared with the measurements. Thus, the deposition of iron
sand contradicted that predicted by the settling velocity and vertical
distribution. The second contradictory result was that in C4; Dvcs in the
onshore deposits did not change after it dropped rapidly to near 1%. If
the coarse sand settled faster than the finer sand, the coarse sand should
disappear near x = 55 m. Similar to Dvcs, the Fe2O3 content also showed
no correlation with the distance from the shoreline.

These contradictory results could be explained by the vertical
mixing in the first phase flow being strong enough to disrupt the ver-
tical sediment distribution (Fig. 16). The first phase flows in C3 and C4
showed a rapid decrease compared with the flow expected from grav-
itational effects. This rapid decrease may indicate energy loss caused by
the strong turbulence at the bore front. The strong mixing at the bore
front can also produce a uniform vertical grain size distribution in the
sediment transport.

4.2.5. Sedimentary structure of the deposits
The sediment transport measured in this study showed ordinary

vertical distributions of sediment volume, grain size, and density, in-
dicating upward thinning, fining, and decrease in density (Figs. 12 and
16). Several field studies assumed that there was a traction carpet in the
sediment transport to explain the inverse grading located at the base of
tsunami deposits (e.g. Moore et al., 2011). The inverse grading in the
traction carpet was attributed to the grain collision in the high sediment
concentration lifting large grains above the smaller ones (e.g. Sohn,
1997). If there were a traction carpet in the sediment transport, the
grain size would show upward coarsening near the bed. The sediment
concentration near the bottom, where Dvcs was dominant, reached 30%
(10% by volume). At these high concentrations, the grains should col-
lide. However, our results showed upward fining in D50 and Dvcs, not
upward coarsening. This result casts doubt on the existence of a traction
carpet in sediment transport induced by tsunamis.

The deposits near the trap showed inverse grading at the base
(Figs. 13 and 16(b)). The calculated deposits did not show inverse
grading; thus, the inverse grading in the deposits did not arise from the
vertical grain size distribution in the sediment transport. The infiltra-
tion of fine sand into the pore space of coarse sand may create the finer
bed layer; however, this process cannot explain the uplift of the coarse
sand. Thus, the presence of coarse sand in the upper part of the deposits
implies that the coarse sand moved during the depositional process.
Based on these results, mechanisms that attribute the inverse grading to
a depositional process, such as kinetic sieving (e.g. Middleton, 1970),
geometrical sieving (Dasgupta and Manna, 2011), and spatial difference
in flow speed (Kneller and Branney, 1995), are more plausible for ex-
plaining inverse grading in tsunami deposits.

Because the formation of inverse grading was not recorded clearly
in the video images, we cannot judge which process was most plausible.
We are investigating detailed sedimentary structures in an ongoing
study, which will supply information about the erosional and deposi-
tional processes.

4.2.6. Sources of deposits
The sediment source is crucial in establishing the identification

criteria for tsunami deposits based on shell fragments, diatoms, and
other materials. Our experiments showed that the amount of sediment
from the offshore region was smaller than that from the dune erosion
and scouring behind the dune because the horizontal velocity in front of
the dune decreased immediately after the wave reflection

(Supplementary information B.1). Recent field and numerical studies
have also drawn the same conclusion. Szczuciński et al. (2012) found
that on the Sendai Plain, which has a 3-m-high sand dune at the
shoreline, only a very small marine sediment component was trans-
ported onshore by the 2011 Tohoku-oki earthquake tsunami based on
the diatom assemblages in the deposits. Sugawara and Goto (2012)
conducted numerical experiments for the same site and found that the
reflection of the wave may have resulted in the accretion of a con-
siderable amount of sediment on the beach face.

The offshore deposits contained 24% of sediment from the in-
undation flow. Because the experimental case with a larger wave un-
derestimated the return flow owing to the overflow at the end of
channel, the actual percentage would be larger than this estimate. Some
of the onshore sediment was entrained in the seaward sediment trans-
port because the onshore sediment mixed with sediment from scouring
behind the dune. However, the amount of sediment brought back off-
shore was consistent with that of the dune erosion during the inunda-
tion; thus, the major source of seaward sediment transport was the
dune.

These results showed that the applicability of deposit identification
based on marine or land species can depend on nearshore topography.
The lack of marine sediment in the onshore deposits indicated that
these identification techniques are unlikely to be effective on topo-
graphy with dunes, as observed by Szczuciński et al. (2012). Submarine
deposits can contain species originating from the land, even for topo-
graphies with dunes, because the sediment originating from land ac-
counts for no more than 30% of the offshore deposits. Dunes separate
marine and onshore sediment by preventing inundation and return
flow, and these identification techniques may more effective on a uni-
form sloping topography.

Because the topography and incident waves affect the sediment
source ratio, we need to gather more data on different topographies and
waves for quantitative evaluation. Moreover, the behavior of fine ma-
terials may differ from that of sand and their low settling velocity may
allow them to be entrained in the second phase flow. Therefore, the
effect of particle size on sediment source should be investigated further.

4.2.7. Offshore tsunami deposits
Our experiments provide an overview of the spatial distributions of

offshore deposits not available from field studies. The offshore deposits
showed seaward thinning and fining from the most eroded point re-
gardless of the presence of the dune. The majority of offshore deposits
arose from the wave motion, because the sediment supply from the
onshore region accounted for< 30% of the offshore deposits. Thus, the
sediment supply from the onshore region was not the main factor in the
formation of offshore deposits.

The seaward thinning and fining trend disappeared when we
blocked the return flow. This result strongly suggests that spatial dis-
tributions of deposition and grain size arose from the horizontal ad-
vection. Because the sediment supply from the onshore region was not
significant, these sedimentary structures were caused by the seaward
return flow reworking the sediment. Therefore, the return flow plays a
crucial role not in sediment supply but in construction of sedimentary
structures.

There are few studies of offshore tsunami deposits in field compared
with the vast number of studies of onshore deposits (e.g. Haraguchi
et al., 2013; Ikehara et al., 2014; Tamura et al., 2015; Yoshikawa et al.,
2015). Although the offshore deposits do not suffer from artificial post-
tsunami alteration, the reworking caused by the post-tsunami waves
can make it difficult to identify tsunami deposits, especially in the
nearshore region (Tamura et al., 2015). Yoshikawa et al. (2015) used a
seismic survey technique to demonstrate that the offshore deposits
caused by the 2011 Tohoku-oki tsunami showed a seaward thinning
trend.

Our experiments reproduced a typical characteristic of offshore
deposits; however, it is only one aspect of these deposits. Because the
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return flow can change the sedimentary structures of the offshore de-
posits, the land slope should affect the characteristics of the offshore
deposits. In addition, the seabed slope should change the erosion and
deposition distributions. Therefore, further investigation of the topo-
graphy with different slopes in field studies, and in laboratory and
numerical experiments are needed to improve our understanding of
offshore tsunami deposits.

4.3. Reconstruction of tsunami hydraulic parameters

The onshore deposits could be divided into two areas reflecting the
dominant flow phases that induced the deposits and each flow phase
was governed by the wave parameters at specific times and places
(Fig. 15 (d)). Thus, there was no direct relationship between the sub-
stantial erosion and deposition near the dune caused by the second
phase flow and the inundation limit determined by the initial phase
flow. Therefore, it was impossible to measure hydraulic parameters
beyond these governing parameters without assuming the waveform.

If the inundation limit is determined by the initial phase flow, as
observed in this study, the only way to reconstruct the inundation limit
(height) is to investigate the deposits near the limit. These deposits
should contain information about the inundation speed of the water
mass that reached the limit. However, this approach would encounter
the paradoxical problem that we would have to know that the deposits
used for reconstruction are the deposits formed near the inundation
limit. Therefore, a better way would be to investigate the limit of de-
posits, as has been attempted in many studies of ancient tsunamis (e.g.
Shishikura et al., 2007; Sawai et al., 2007). Thus, the rapid change in
grain size and mineral composition observed near the inundation limit
in this study and field studies (e.g. Goto et al., 2011; Chagué-Goff et al.,
2012a) is an important criterion for identifying deposits near the limit.

The deposits from the return flow, which formed the upper part of
nearshore deposits, can contain sediment carried by the initial phase
flow (Fig. 15 (d)). These deposits could be used to estimate the in-
undation limit. For example, because the speed of return flow is de-
termined by the distance from the inundation limit and the land slope,
the amount of deposits carried by the return flow should reflect how far
the inundation flow reached. However, interpreting the deposits caused
by the return flow would be more complex owing to sediment from
different phase flows mixing.

The deposits from the second phase flow would enable us to esti-
mate the wave level in front of the dune (Fig. 15 (b-1)). This nearshore
deposit could be sufficiently thick to observe sedimentary structures.
Theoretical inverse analysis of deposits has been used to estimate the
flow speed caused by the inundation flow (e.g. Jaffe and Gelfenbuam,
2007; Spiske et al., 2010; Jaffe et al., 2011, 2012). The water depth and
flow velocity estimated from the inverse analysis would eventually give
the water level in front of the dune. This information is not related
directly to the onshore maximum inundation depth, but would con-
tribute to estimating the maximum tsunami height around the shore-
line.

The simplest and most robust method for reconstructing the in-
undation depth may be to obtain information about offshore erosion,
especially near dunes. Because the seaward current over dunes is de-
termined by the difference in water levels in front of and behind the
dune, the erosion in front of the dune should reflect the inundation
depth behind the dune. In particular, the maximum depth and the shape
of scouring are expected to reflect the offshore current over the dune.
Moreover, the substantial deposition that fills eroded areas would
protect the erosion surface from post-tsunami erosion from storm waves
and surges. The greatest advantage in using erosion information is that
the complicated and poorly understood process of sediment transport
does not need to be considered. Currently, it is difficult to assess
whether this approach is feasible in the field owing to inadequate field
research on offshore deposition and erosion distribution. The spatial
distribution of the bottom of the offshore deposits has been

demonstrated by using the seismic survey technique (Yoshikawa et al.,
2015); thus, it may be technically possible to investigate offshore
scouring. In addition to field investigations, further experimental and
numerical investigations are needed to underpin this approach.

5. Conclusion

Large-scale experiments, which were conducted as part of the TSTLE
project, enabled us to investigate the processes of tsunami propagation,
inundation, sediment transport, and subsequent deposits on topography
with a 1/50 slope at Shields numbers of up to 8. The inundation process
on topography with a dune was categorized into first and second phase
flows. The first phase flow was governed by the wave speed at the
shoreline and the land slope, whereas the second phase flow was gov-
erned by the difference in water level at the dune.

The vertical distribution of grain size and density in the inundation
flow showed upward fining and upward lightening, and there was no
evidence of a traction carpet. The deposits showed inverse grading at
the base in addition to normal grading, and they showed landward
thinning and fining and seaward thinning and fining from the place
where erosion reached its maximum. Furthermore, the deposits near
the limit showed a rapid change in grain size and chemical component,
which was attributed to the sediment carried in the muddy foam on the
water surface.

The sediment from the dune was estimated to reach up to 36% of
the onshore deposits, and there was little sediment from offshore. In
contrast, 32% and 24% of offshore deposits were estimated to have
come from the dune and the onshore region, respectively. We con-
firmed that the offshore deposits formed without the return flow, al-
though the return flow substantially affected the formation of sedi-
mentary structures, such as seaward thinning and fining.

The understanding of deposits obtained in this study will contribute
considerably to the interpretation of tsunami deposits in the field. An
overall understanding of sediment transport and deposition will help
establish the physical background that exemplifies the empirically de-
veloped identification criteria for tsunami deposits. Moreover, the de-
tailed data set of hydraulic and sedimentary characteristics obtained in
this study can be used to evaluate the accuracy and physical basis of
numerical simulations. To generalize the sediment transport, topo-
graphy change, and sedimentary structures observed in this study,
further studies using different topography and incident waves are
needed.
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