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Abstract

We describe in detail the sedimentary facies, provenance and grain-size distributions of the 1993 tsunami deposits in the lower
reaches of Usubetsu River. Only two lithofacies were recognized, a gravel lobe facies (GLF) and a sand-sheet facies (SSF). The
gravel lobe facies was deposited rapidly by a hydraulic jump. In contrast, the sand-sheet facies, which contains both current ripples
and dunes, was deposited by a traction current under subcritical flow conditions. We identified four stratigraphic units: Unit 1, Unit
2, Unit 3, and Unit 4, in ascending order. We interpreted Units 1 and 2 as having been deposited by the inflow and outflow events
of the first run-up and Units 3 and 4 by the inflow and outflow events of the second run-up, respectively. Units 3 and 4 were more
widely distributed and coarser grained than Units 1 and 2 because the second run-up was larger than the first run-up. Furthermore,
Unit 4 was more widely distributed than Unit 3 because the outflow eroded the inflow deposits. Grain-size distributions of the
inflow and outflow deposits were clearly different. Unit 4 deposits had a peak at 2.5 phi (P-1 population). In contrast, Unit 3
deposits had a bimodal distribution with peaks at −0.5–1.5 phi (P-2 population) and at 2.5 phi (P-1 population). A comparison of
the tsunami deposits with other sedimentary deposits near the study area showed that the tsunami deposits were mainly derived
from the seabed at depths below 5.5 m in the offshore area, where the marine sands are about 2–2.5 phi in size and thus are the
source of the P-1 population. The P-2 population is derived from coarse (0.5–2 phi) fluvial materials eroded during the tsunami
run-up. According to our calculations, benthic foraminiferal tests were entrained from the comparatively deep seabed (at depths up
to 100 m) during the tsunami run-up and included in the tsunami deposits.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Following the 1960 Chile tsunami, many studies on
modern and ancient onshore tsunami deposits have been
undertaken worldwide. For example, research carried
out in Cascadia along the Pacific coast of North America
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(Atwater, 1987, 1992; Atwater and Moore, 1992;
Clague and Bobrowsky, 1994; Benson et al., 1997;
Hutchinson et al., 1997; Clague et al., 1999), Hawaii
(Moore and Moore, 1984; Moore, 2000), Chile (Wright
and Mella, 1963), Papua New Guinea (Gelfenbaum and
Jaffe, 2003), Indonesia (Shi et al., 1995; Dawson et al.,
1996; Minoura et al., 1997), northern Japan (Kon'no,
1961; Minoura and Nakaya, 1991; Minoura et al., 1994;
Sato et al., 1995; Nishimura and Miyaji, 1995;
Nanayama et al., 2000, 2003), Kamchatka (Minoura et
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al., 1996; Pinegina and Bourgeois, 2001), the Aegean
Sea area (Minoura et al., 2000), Scotland (Dawson et al.,
1988, 1991), and Norway (Bondevik et al., 1997) has
shown the significance of past tsunami in relation to
both hazard risk and coastal change.

Only with difficulty can past tsunami be inferred
from the examination of various geological features.
The difficulties in such investigations lie in distinguish-
ing sedimentological features attributable to tsunami
from similar features that may result from long-term sea-
level changes, storm surges, or river floods. Because of
these difficulties, investigations of sedimentary process-
es associated with modern tsunami such as the 1983
Nihonkai-chubu (Minoura and Nakaya, 1991), the 1992
Flores (Shi et al., 1995; Minoura et al., 1997), the 1993
Hokkaido–Nansei-oki (Sato et al., 1995; Shimamoto et
al., 1995; Nishimura and Miyaji, 1995; Nanayama et al.,
2000), and the 1994 Java (Dawson et al., 1996) tsunami
are of considerable importance. Their value depends in
Fig. 1. (a) Map showing the location of the study area in southwestern Hok
Nansei-oki earthquake, and the location of the study area at Taisei along the w
directions of the 1993 tsunami, modified after Shimamoto et al. (1995).
part on the extent to which they are supported by
eyewitness observations confirming that tsunami sedi-
ment deposition had in fact taken place in particular
locations.

According to Minoura and Nakaya (1991), seawater
that inundates the land as a result of a tsunami is
associated with distinctive sedimentation processes and
sediment deposition in marshes and coastal lagoons.
Past studies of the origin of such sediments have focused
on the grain-size distributions of sand layers. However,
the sedimentary features of deposits emplaced by
modern tsunami, such as sedimentary facies, sedimen-
tary structures, grain-size distributions, and grain
compositions, have not yet been well described and
thus are not well understood. Moreover, the processes of
preservation of event deposits created by huge tsunami
have not been described.

The earthquake tsunami in July 1993 in southwestern
Hokkaido, northern Japan, gave us an opportunity to
kaido. (b) The epicenter and aftershock area of the 1993 Hokkaido–
estern coast of Oshima Peninsula. White arrows show the propagation
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study in detail sediments known to have been deposited
by the tsunami. We therefore carefully examined and
described the 1993 tsunami deposits in the flooded area
of the Usubetsu River at Taisei, along the western side of
the Oshima Peninsula (Fig. 1).
Fig. 2. Map of the onshore and offshore areas near Taisei showing the area in
mouth of the Usubetsu River. Small arrows show run-inflow (white) and outfl
modern foraminifera in the Japan Sea are shown: E. crispum (Linne) (1a, b); L
c); A. beccarii (Linne) (4a–c and 6a, b); Rosalina bradyi (Cushman) (5a–c); P
UB: Usubetsu-bashi Bridge. ISZ: inner sublittoral zone (shallower than 45 m)
OSZ: outer sublittoral zone (between 80–90 m depth and 190–240 m depth
2. Geomorphic setting

The Usubetsu River, which has its mouth at
Taisei, is about 11 km long; its maximum width is 50
m at the Usubetsu-bashi Bridge (UB in Fig. 2). The
undated in 1993 (after Ganzawa et al., 1995) and the study area at the
ow (black) directions of the 1993 tsunami. Bathymetric distributions of
obatula lobatula (Walter and Jacob) (2a–c); C. refulgensMontfort (3a–
seudononion japonicum Asano (7a–c); H. elegans (d'Orbigny) (8a, b).
, MSZ: middle sublittoral zone (between 45 m and 80–90 m depth) and
) defined by Akimoto and Hasegawa (1989).
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river's gradient is 0.0097 in its lower reaches. It
flows along the northeastern side of an alluvial plain,
where its straight channel conforms to the local
geological lineaments. No delta has developed at the
river mouth (Fig. 2) because of strong wave action
and longitudinal currents, which have formed a river-
mouth bar (Fig. 3b). The river's banks are protected
by concrete levees between the Usubetsu-bashi
Bridge and the river mouth. The fluvial gravels and
sands of the riverbed are subrounded to subangular
and consist of mafic volcanic and granitic rocks (Fig.
3), derived from the geological formations in the
river's upper reaches. There is a large longitudinal
bar upstream of the Usubetsu-bashi Bridge (Fig. 4).
This longitudinal bar also consists of fluvial gravels
and is covered by modern soils and flood-plain
sediments.

Along this section of coast the seafloor along this
section of coast descends gradually (gradient 0.002) to a
depth of 40 m about 2 km from the shore. However, at
100 m depth, the slope gradient increases suddenly to
Fig. 3. Photographs showing (a) the mouth of the Usubetsu River, (b) the Miy
mouth. These photographs were taken 5 years after the 1993 tsunami. Ellips
0.02 at the head of Taisei Canyon (Fig. 2), which
descends into the Okushiri basin (Fig. 1b).

The bottom sediments of Taisei between the
shoreline and 200 m water depth are fine sands, and
those deeper than 200 m are mud. At 20 m depth,
coarse to medium sand bodies, formed by longshore
currents, parallel the shoreline (Sagayama et al.,
2000). The shorelines of the Miyano and Hirahama
coasts are arcuate (Fig. 2). The coastal gravels are
pebble- to cobble-sized, more rounded than the fluvial
gravels, and of basaltic, andesitic, or granitic compo-
sition, and the coastal sands are composed of medium
to coarse quartz sands derived from the Usubetsu
River.

3. The 1993 Hokkaido–Nansei-oki earthquake
tsunami at Taisei

At 10:17 p.m. on 12 July 1993, a magnitude 7.8
earthquake occurred with epicenter approximately
200 km northwest of Okushiri Island (42°46.8′N,
ano coast, and the seabed (c) at 0.5 m (d) and at 1 m depth off the river
es indicate wave ripples.



Fig. 4. An upper photograph, taken 5 years after the 1993 tsunami, looking upstream from the Usubetsu-bashi Bridge (UB in Fig. 2) along the
Usubetsu River. Annotations show study area and survey lines A and B, sampling site numbers (triangles) which are also distances from the shoreline,
and sites of measured heights above sea level (stars). Lower two topographic profiles, sampling site elevations and distances from the present
shoreline, and thickness of the tsunami deposits along survey lines A (left) and B (right), respectively.
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139°11.1′E) (Fig. 1). This Hokkaido–Nansei-oki earth-
quake caused a tsunami that flooded not only Okushiri
Island but also parts of the western side of Oshima
Peninsula in southwestern Hokkaido (Fig. 1), includ-
ing Taisei town. Afterwards it was found that 230
people had been killed or were unaccounted for (Tsuji
et al., 1994).

Since the tsunami arrived at night, only a few
residents could provide detailed descriptions of the
tsunami behavior at Taisei. According to these residents,
two or three tsunami flood waves struck the Taisei area
causing widespread destruction (Fig. 2). The first
tsunami wave arrived at ca. 10:28 p.m., and the second
wave arrived 3 min after the first, at ca. 10:31 p.m. It is
not clear whether there was a third wave. If so, this wave
was much smaller than the first two.
According to a post-tsunami survey, the tsunami
height near Taisei was 5.3–8.8 m (Tsuji et al., 1994;
Ganzawa et al., 1995; Shigeno et al., 2000). The alluvial
plain at Taisei is 3 to 7 m above mean sea level, and the
inundation area of the 1993 tsunami extended 300 m
from the shoreline across highway R229 (Fig. 2), and
400–450 m from the shoreline along the Usubetsu and
Ogawa rivers, because there were no breakwater
systems at the river mouths (Fig. 2).

The tsunami ran up onto the land from the west to
west–southwest (Fig. 2) at Taisei, as estimated from the
collapse directions of herbaceous plants and utility
poles, and from the displacement of tetrapods, observed
on aerial photographs taken after the tsunami (Shigeno
et al., 2000). The backwash waves converged along the
Ogawa and Usubetsu rivers.
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In the Usubetsu-bashi area, the first wave had a
maximum height of 7.0 m, and the second wave was
even higher, at 8.6 m. Observations based on aerial
photographs indicated that the tsunami invasion extend-
ed 450 to 460 m inland from the shoreline at the
Usubetsu River, as estimated by plant debris on the
flood plain (Fig. 4). The backwash waves were
channeled by the low watercourse and were also
controlled by the microtopography (Shigeno et al.,
2000). Nanayama et al. (2000) previously reported the
results of a trench survey of the 1993 tsunami deposit on
the Hirahama coast (Fig. 2).

4. Methods

During 1997–2001, we described and sampled the
tsunami deposits on the longitudinal bar along the
Usubetsu River from the Usubetsu-bashi Bridge to a
point 260 m upstream of the bridge (Fig. 4a).

4.1. Field surveys

Two survey lines (Lines A and B) were established
on the longitudinal bar at approximately right angles to
the recent shoreline (Fig. 4a). Altitudes and distances
from the shoreline were measured by a Total Station
DTM-500 (Nikon-Trimble Co., Ltd.) at all sampling
points (Fig. 4b, c). We attempted to trace the tsunami
deposits by collecting scoop samples every 5 m. Fifty
pits, b50 cm long×30 cm wide×30 cm deep, were dug,
and we collected 10 in situ peel samples (50 cm
high×30 cm wide) using spray-bond adhesive. Twenty-
two oriented lunchbox samples (15 cm high×20 cm
wide×3 cm deep) were collected from selected walls of
these pits. The gravel fabrics, clast sizes, and composi-
tions of three pit walls near the bridge were recorded.

4.2. Sediment descriptions

In the laboratory at the Geological Survey of Japan,
AIST, the lunchbox samples were opened and oriented
peels were made using the lunchbox method (Nanayama
and Shigeno, 1998). By this method, we easily and
quickly obtained thick oriented peels of the unconsol-
idated sediments, using only a plastic lunchbox and a
spray-bond adhesive. A three-dimensional analysis of
the sedimentary structures of the peels was carried out in
the same way as with lithified sedimentary rocks.

The sedimentary facies, sedimentary structures, grain
size, and colors of each sample were described. A
binocular microscope was used to determine the mineral
compositions of the sand grains.
4.3. Grain-size analyses and foraminiferal assemblage
analyses

After the peels were taken from the 22 lunchbox
samples, the remainder of each sample was sieved
through 2 mm (−1 phi) and 0.062 mm (4 phi) sieves
and weighed. All tests of benthic foraminifera in 10 g
of the N0.062 mm residuum of each sample were
picked out and identified. The mud (b0.062 mm)
content (%) was estimated as the difference between
the total sample weight and the weights of the sand
and gravel contents. The grain sizes of the air-dried
sand fractions were determined by an automatic grain-
size analyzer with a settling tube (Kumon and
Tateishi, 1998). The inner diameter of the settling
tube was 14 cm, and the height of the water column
was 150 cm. In this paper, grain size is reported as phi
values, determined as follows:

phi ð/Þ ¼ −log2d ð1Þ
where d is the grain size in millimeters.
5. Results

5.1. General characteristics of the tsunami deposits

The 1993 tsunami deposits were observed in many
pit walls between 200 m and 430 m from the present
shoreline (Fig. 4). The deposits, which were underlain
by the buried 1993 surface soil, were up to 36 cm thick
and some were covered by flood deposits (B420 in
Fig. 5).

At B210 (Figs. 4 and 5), the tsunami deposits reached
their maximum thickness of 36 cm. They consisted
mainly of cobbles and pebbles (maximum diameter,
20 cm) and pebbly coarse sands (Figs. 5 and 6). These
coarse deposits were found only near the Usubetsu-
bashi Bridge, and they have a clear lobe-shaped
distribution.

Between B216 and B250 (Fig. 4), sheeted sand layers
more than 10 cm thick were composed of a fine sand
with medium to coarse sand grains and gravel. Thin, fine
sand layers were found between B250 and B420.
Beyond B420, the deposits were lenticular, and they
pinched out at B430 (Fig. 5).

Generally, the thickness of the tsunami deposits
decreases away from the shoreline, but locally their
thickness reflected irregularities of the land surface (Fig.
4b, c). When the tsunami inundation area reported by
Ganzawa et al. (1995) is compared with the upstream
limit of the tsunami deposits in this study, the former



Fig. 5. Photographs showing two typical lithofacies of 1993 tsunami deposits and the locations where the five photographs were taken. The gravel lobe facies (GLF) is at the top left; the other photos
show the sand-sheet facies (SSF). Photo number also gives distance from shoreline in Fig. 4.
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extends 24 m further from the shoreline than the latter,
but the altitudinal difference in maximum run-up is only
58 cm (Fig. 4).

5.2. Stratigraphic units and their sedimentary
structures

In this study, we recognized many sedimentary
structures, including gravel fabrics, current ripples,
and dunes (Fig. 6). These sedimentary structures clearly
show that the 1993 tsunami deposits were deposited by
currents. In particular, these sedimentary structures
provide information about flow directions, allowing us
to distinguish inflow deposits from outflow deposits.

We have identified two sedimentary facies, a gravel
lobe facies (GLF) and a sand-sheet facies (SSF), in this
area. The gravel lobe facies, which has a gravel fabric,
was previously described in the trench on the Hirahama
Coast as having been deposited by the inflow of the
second wave (Nanayama et al., 2000). On the other
hand, the sand-sheet facies shows current ripples and
dunes, bed forms typically produced by a traction
current.

On the basis of the sedimentological characteristics,
we identified four stratigraphic units from their
sedimentary structures, Unit 1, Unit 2, Unit 3, and
Unit 4 in ascending order. The lower boundary of each
unit was clearly erosional (Figs. 6 and 7). Moreover, we
identified reworked sediments above the four units at
A260, B216, and B230 (Fig. 7). This reworking was
caused by river flooding just after the 1993 tsunami.

5.2.1. Unit 1
Unit 1 is found only at B210 and A225, near the

bridge. It overlies the 1993 soil with an erosional
boundary and fills small topographic depressions (Fig.
8). The upper boundary of the unit is also erosional.

The Unit 1 deposits consist of a gravel lobe facies,
comprising mainly thick-bedded, matrix-supported
pebbly sands containing cobbles (maximum diameter
16 cm) with graded or inverse graded structure and a
weak gravel fabric. Compositionally, the gravel
assemblage is similar to that of the fluvial gravels.
Gravel fabrics at A225 indicate a landward flow
direction.

5.2.2. Unit 2
Unit 2 is also found only at A225 and B210 near the

bridge (Fig. 7). This unit consists of a sand-sheet facies,
composed mainly of fine sands with a weakly graded
structure. The sediments of this unit fill small topo-
graphic depressions. Unit 2 overlies Unit 1 or the 1993
soil with an erosional boundary. No information on
current direction was obtained from this unit.

5.2.3. Unit 3
Unit 3 is distributed between B210 and B250 and

between A210 and A320 (Fig. 8). It overlies Unit 1 or
Unit 2 or the 1993 soil with an erosional boundary and
consist of two sedimentary facies, a gravel lobe facies
and a sand-sheet facies.

The gravel lobe facies is distributed between B210
and B216 and consists of matrix-supported conglom-
erates with graded or inverse graded structure and a
gravel fabric. The matrix is composed of coarse to
fine sands, which contain cobbles (maximum diameter
26 cm) and fragments of shells, such as Patinopecten
yessoensis, which inhabits the nearshore area at depths
of 50–60 m off Taisei. The composition of these
gravels is similar to that of the fluvial gravels. Gravel
fabrics at A225 clearly show a landward current
direction.

The sand-sheet facies is composed mainly of fine
sands with graded structure and current ripples indicat-
ing a landward flow direction (Figs. 7 and 8). It is
present at B250 and between A240 and A320. Layers of
silt with wood and plant fragments are found at the top
of the unit.

5.2.4. Unit 4
Unit 4 deposits are widely distributed between B210

and B430, overlying Units 1 to 3 and the 1993 soil with
an erosional boundary. This unit consists only of a sand-
sheet facies, composed mainly of fine sands with graded
structure and current ripples indicating a seaward flow
direction (Figs. 7 and 8).

5.3. Interpretation of the four stratigraphic units

We interpreted the four units in light of the two
known 1993 tsunami run-up processes in the Usubetsu
River and on the basis of the results reported by
Nanayama et al. (2000) and eyewitness observations of
the behavior of the 1993 tsunami at Taisei reported by
Tsuji et al. (1994), Ganzawa et al. (1995) and Shigeno et
al. (2000).

The gravel fabric of Unit 1 shows a landward flow
direction. We infer that Unit 1 was deposited during the
initial inflow because it is the lowest unit in the tsunami
sequence. Unit 3 consists of both a gravel lobe facies
and a sand-sheet facies. The fabric of the gravel lobe
facies shows a landward flow direction (Figs. 7 and 8).
Moreover, we identified dunes at B220, B230, and B245
and current ripples at A280 and A320 in the sand-sheet



Fig. 6. Interpreted examples of sedimentary structures in the tsunami deposits, showing current ripple, dune, and gravel fabrics. The photograph of the sample is shown in the left hand, and also those
interpretation charts are shown in the left hand. (a, b) Sample of the sand-sheet facies collected by the peel method at B245. (c, d) Samples of the sand-sheet facies collected by the lunch box method at
B216 and A260, respectively. (e) Typical gravel fabric in the gravel lobe facies at B210. Sedimentary unit boundaries are also shown; eb: erosional boundary.
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Fig. 7. Sedimentary columns along the two survey lines and correlations of the four sedimentary units betwee sampling locations.
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Fig. 8. Distribution maps of the four sedimentary units showing the inflow and outflow directions.
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facies. From its sedimentary characteristics, we inter-
preted this unit as clearly deposited during inflow (Figs.
7 and 8). Furthermore, Unit 3 is capped by a thin silt
layer containing many plant fragments, indicating that
the silt settled while the land was flooded. On the other
hand, the current ripples of Unit 4 indicate an outflow
direction (Figs. 7 and 8).

These observations enabled us to interpret Unit 1 as
deposits of the first inflow. There are no current data
from Unit 2, but we assume on the basis of its
stratigraphic position between Units 1 and 3 that Unit
2 is the first outflow deposit. Similarly, we interpret Unit
3 as having been deposited by the second inflow, and
Unit 4 by the second outflow (Fig. 8).

Units 3 and 4 are more widely distributed than Units
1 and 2, and they are coarser grained, because the
second run-up was larger than the first (Figs. 7 and 8).
Unit 4 is more widely distributed than Unit 3 because
the outflow eroded the inflow deposits of Unit 3 (Figs. 7
and 8).



Fig. 9. Grain-size distributions of the tsunami deposits at all sampling sites along the two survey lines. P-1 and P-2 indicate two populations of grain
sizes.
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5.4. Grain-size distributions

In this study, we carried out a grain-size analysis of
86 samples (Fig. 9). In general, the mud content of all
samples was 1–3%, and the gravel content was 0–50%.
Four sites (B210, B216, B230, and A225) had a high
gravel content of 30–50%. These sites were those
nearest the Usubetsu-bashi Bridge.

The grain-size distributions of the inflow and outflow
deposits were difficult to distinguish. The outflow
deposits (Units 2 and 4) consisted of a sand-sheet facies
with a peak size frequency at 2.5 phi (P-1 population).
However, the grain-size distribution of the inflow
deposits (Units 1 and 3), which comprised both a gravel
lobe facies and a sand-sheet facies, was bimodal, with
peaks at about −0.5–1.5 phi (coarse to very coarse sand,
P-2 population) and 2.5 phi (fine sand, P-1 population)
(Fig. 10a). Furthermore, the frequency of the P-1
population did not change with distance from the
shoreline, whereas that of the P-2 population decreased
with distance from the shoreline (Fig. 9). We concluded
that the sand grains of the P-1 and P-2 populations had
different provenances and were deposited by different
sedimentary processes.

Therefore, we compared the P-1 and P-2 populations
with the grain-size distributions of fluvial sands of the
Usubetsu River (7 samples), beach sands of the
Hirahama (11 samples) and Miyano (14 samples) coasts,
and offshore sands at 5.5 m depth (4 samples; Fig. 3c, d)
(Fig. 10b). Like the P-2 population, fluvial sands of the
Fig. 10. Grain-size distributions arranged by (a) sedimentary unit and (b) tho
the distributions of the P-1 and P-2 size modes.
Usubetsu River have a distribution peak at 0–1.5 phi
(medium to coarse sands). The grain-size distribution of
the river-mouth sand was bimodal, with peaks at 1.0–
2.5 phi (fine to medium sands) and 0.5–1.5 phi (medium
to coarse sands), similar to the sands in the tsunami
inflow deposits. However, the offshore sands had
different grain-size distributions, depending on depth.
At 5.5 m depth, they were fine sands, with a peak at
2–2.5 phi, similar to the P-1 population (Fig. 10). The
geological map of Taisei (Sagayama et al., 2000) shows
bands of fine to medium sand with a peak at 2 phi
between 15 m and 35 m depth and fine sands with a
peak at 2.5 phi, similar to P-1, between 35 m and 172 m
depth (Fig. 2).

Therefore, we inferred that the 1993 tsunami deposits
were derived mainly from fine offshore sands from
depths N5.5 m depth (peak 2–2.5 phi, P-1 population)
and from medium to coarse fluvial sands (peak 0.5–
2 phi, P-2 population) in the study area. Thus, the P-1
tsunami sands were mainly derived up from offshore
and then transported landwards by the tsunami inflows.
During the tsunami run-up process, these marine sands
became mixed with fluvial sands due to the turbulent
flow of the run-up wave. Where the flow velocity
decreased, the sands settled and were deposited.

5.5. Foraminiferal assemblages

Among the 22 lunchbox samples, we found forami-
niferal tests only in samples from Unit 3 at B216 and
se of fluvial, coastal, and offshore sands from below 5.5 m depth. Note
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Unit 4 at A300. We identified only 22 benthic species,
because the foraminiferal tests had suffered dissolution
by rain and flood waters. The assemblages were
characterized by calcareous benthic species with high
abundances of Cibicides refulgens, Ammonia beccarii,
and Elphidium crispum (Table 1).

According to Akimoto and Hasegawa (1989),
Hoeglundina elegans, which was rare in the samples,
lives from 80 to 240 m depth in the outer sublittoral zone
and C. refulgens lives from 45 to 90 m depth in the
middle sublittoral zone (Fig. 2). All of the other
identified species live at depths shallower than 45 m
in the inner sublittoral zone, and almost half of those are
epifauna, which live on rocky bottoms (Kitazato, 1981).
According to Sasaki and Nojo (2005), C. refulgens is
found on the modern coast in beach deposits; however,
Table 1
Species names of calcareous benthic foraminifera from 1993 tsunami
deposits at B216 and A300 (see Fig. 7) compared with modern beach
sediment at Hirahama coast (Sasaki and Nojo, 2005)

Species Sample
number

Modern
Hirahama
coast

B216 A300

Ammonia beccarii (Linne) ISZ 32 66
Bolivina seminuda Cushman ISZ 1
Cibicides refulgens Montfort MSZ 62 128 34
Cymbaloporetta bradyi (Cushman) ISZ 4
Discorbis subopercularis Asano ISZ 1 10
Elphidium cf. advenum (Cushman) ISZ 2
Elphidium crispum (Linne) ISZ 21 16 10
Elphidium jenseni (Cushman) ISZ 1
Glabratella subopercularis (Asano) ISZ 16
Guttulina sp. ISZ 2 2
Hanzawaia nipponica Asano ISZ 3 2
Hoeglundina elegans (d'Orbigny) OSZ 1 2
Lobatula lobatula (Walter and
Jacob)

ISZ 5 28

Pararotalia nipponica (Asano) ISZ 28
Porosorotalia makiyamae (Chiji) ISZ 2 8
Pseudononion japonicum Asano ISZ 4 16
Quinqueloculina vulgaris d'Orbigny ISZ 2 9
Quinqueloculina sp. ISZ 1 36
Rosalina australis (Parr) ISZ 4
Rosalina bradyi (Cushman) ISZ 4 14 1
Rosalina globularis d'Orbigny ISZ 2
Rosalina vilardeboana d'Orbigny ISZ 4 10
Rosalina sp. ISZ 10
Sigmoidella kagaensis Cushman and
Ozawa

ISZ 1 2 1

Calcareous miscellaneous genus 3 6
Total benthonic foraminifera
counted

150 366 101

ISZ: inner sublittoral zone (shallower than 45 m); MSZ: middle
sublittoral zone (between 45 m and 80–90 m depth); OSZ: outer
sublittoral zone (between 80–90 m depth and 190–240 m depth);
see Fig. 2.
H. elegans was not found in benthic foraminiferal
assemblages of the modern Hirahama coast collected in
August 2003 (Fig. 2). Therefore, H. elegans is not
carried onto the beach by annual storms or typhoons.
Moreover, it is notable that many of the species
observed in the tsunami deposits were found further
inland than the modern beach sediments (Table 1).

Therefore, on the basis of their preferred habitats, we
inferred that our foraminiferal assemblages came from
the seafloor at depths shallower than 90 m. Because the
most abundant species, C. refulgens, lives mainly at
45 m depth, the tsunami deposits were derived mainly
from seafloor deposits shallower than 45 m (Fig. 2).

6. Discussion

6.1. General characteristics of the 1993 tsunami
deposits

In general, sand layers can be deposited in intertidal
and marsh environments by channel migration, river
floods, and storms, as well as by tsunami waves, so
some criteria are needed to distinguish tsunami-
deposited sands from sands deposited by other process-
es. However, few descriptions are available of the
sedimentary structures and facies of onshore tsunami
deposits because the tsunami run-up process is very
complex and depends on the seabed and nearshore
topography.

During run-up, tsunami produce various sedimentary
structures, including fining-upward sequences or graded
beds (Nishimura and Miyaji, 1995; Benson et al., 1997;
Gelfenbaum and Jaffe, 2003), nongraded (massive) or
multiple graded sheet sands (Benson et al., 1997;
Gelfenbaum and Jaffe, 2003), sharp erosional bases
(Nanayama et al., 2000) or flame structures at the bases
of beds (Minoura and Nakata, 1994), and landward-
tapering wedges of marine material (Dawson et al.,
1996; Minoura et al., 1996). Gelfenbaum and Jaffe
(2003) reported that some deposits contain rip-up clasts
of muddy soil and, in some locations, mud caps. Current
ripples and dunes in onshore tsunami deposits, formed
by tsunami inflows and outflows, have been reported by
Sato et al. (1995) and Nanayama et al. (2000).

The 1993 onshore tsunami deposits consist mainly of
fine sand derived from the seafloor at depths shallower
than 50–60 m. Consistent with findings documented in
other tsunami studies, the seawards deposits are coarser,
being composed of coarse sands and gravels. Further-
more, the deposits thin landwards, finally pinching out
at the uppermost limit of the tsunami run-up, as was also
observed by Dawson et al. (1988, 1991).
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Sedimentary structures such as gravel fabrics, current
ripples, and dunes in the 1993 onshore tsunami deposits,
identified by the in situ peel and oriented lunchbox
methods, were produced by traction currents.

Benson et al. (1997) and Gelfenbaum and Jaffe
(2003) described multiple graded sand beds produced
by multiple tsunami waves in British Columbia and
Papua New Guinea. However, their descriptions are not
supported by eyewitness accounts of the tsunami waves.
In this study of the 1993 onshore tsunami deposits, we
identified four sedimentary units, Unit 1, Unit 2, Unit 3,
and Unit 4 in ascending order on the basis of the inferred
current directions. We interpreted Units 1 and 2 as
sediments deposited by the inflow and outflow events of
the first run-up, and Units 3 and 4 as those deposited by
the inflow and outflow events of the second run-up. This
multiple-wave interpretation is confirmed by eyewitness
accounts of two tsunami inundations given by the
residents of Taisei.

The results of our investigation of the 1993 tsunami
sediments suggest the following:

1. Units 3 and 4 were more widely distributed than
Units 1 and 2 because the second run-up was larger
than the first run-up. Thus, we suggest that, in
general, tsunami deposits can be expected to record
mainly the largest run-up during a single tsunami
event.

2. Unit 4 was more widely distributed than Unit 3
because the outflow eroded the inflow deposits.
Thus, we suggest that, in general, outflow can be
expected to erode inflow deposits, the sediments of
which are redeposited in the outflow deposits.

3. We suggest that further study of the sedimentary
structures of onshore tsunami deposits would lead to
better understanding of variations in flow regimes
and allow flow velocities to be calculated.

6.2. Estimated hydraulic conditions during tsunami
sedimentation

In this paper, we described two sedimentary facies:
a gravel lobe facies and a sand-sheet facies, which
must have been deposited in different sedimentary
environments.

Tsunami generally strikes the coastal zone as
supercritical flows. Tsutsumi et al. (2000) estimated
the run-up velocity of the 1993 tsunami, from an
intensity test of the constructions at Aonae on Okushiri
Island, as ca. 10–18 m/s. This value is the usual flow
velocity of tsunami run-up onto coasts (Shuto, 1993). In
general, the flow velocity is of a tsunami controlled by
coastal landforms. Although the flow velocity of the
tsunami at the mouth of the Usubetsu River is unknown,
a similar flow velocity to that reported by Tsutsumi et al.
(2000) at Aonae (Fig. 1) on Okushiri Island can be
inferred, because the Taisei site and the Aonae site have
almost similar 1993 tsunami wave heights, coastal
landforms, and lie at similar distances from the 1993
tsunami source area.

On this basis, we can calculate the Froude number,
Fr, by Eq. (2)

Fr ¼ v1=
ffiffiffiffiffiffiffi
gh1

p
ð2Þ

where g is gravitational acceleration, =9.8 m/s, h1 is
water depth at the Usubetsu-bashi Bridge (tsunami
height−altitude=6.1 m−2.0 m=4.1 m), and flow
velocity, v1=10–18 m/s. Thus, Fr=1.6–2.8. Therefore,
since FrN1, the flow was supercritical between the river
mouth and the Usubetsu-bashi Bridge. We infer a
strongly turbulent flow between the river mouth and the
Usubetsu-bashi Bridge.

The flow velocity of the run-up wave between the
Usubetsu-bashi Bridge and the tsunami inundation limit
is unknown. However, using Eq. (3), proposed by
Matsutomi and Shuto (1995), we calculated the flow
velocity from the difference in altitude (m) of the water
level between the upstream site and the downstream site.
Using the empirical equation based on Bernoulli's law,
the flow velocity can be calculated, because all of the
potential energy is converted into kinetic energy. This is
an effective method of the flow velocity, v2, over a
comparatively short interval.

v2 ¼
ffiffiffiffiffiffiffiffiffiffi
2gh2

p
ð3Þ

where h2 is 1.3 m as the difference in altitude (m) of the
water level between the upstream site (B200) and the
downstream site (B460) (Fig. 4). Thus, the flow
velocity, v2=5.0 m/s, which represents the maximum
velocity between the two sites. Therefore, we estimated
the flow velocity as 0–5.0 m/s in this interval. Then,
using Eq. (2), if h=0–4.1 m and v1=0–5.0 m/s, then
Fr=0–0.9. Therefore, since Frb1, the flow was
subcritical between B200 and B460 (Fig. 4). Subcritical
flow conditions generally indicate a traction current.

Therefore, the tsunami wave ran up the Usubetsu
River in a supercritical flow. After it reached the bridge,
the flow velocity rapidly decreased. Just under the
bridge, a hydraulic jump occurred, which rapidly
deposited the gravel lobe facies near the upstream side
of the Usubetsu-bashi Bridge. After the hydraulic jump,
the flow changed drastically from supercritical to
subcritical. It remained subcritical and the flow velocity
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gradually decreased until the tsunami inundation limit
was reached. The sand-sheet facies was deposited by
this traction current.

Matsutomi and Shuto (1995) estimated the outflow
velocity of 1993 tsunami at the Miyano coast by a
similar technique to be 2.34 m/s with a water depth of
0.28 cm. Thus, Fr=0.2b1. Therefore, similar subcrit-
ical flow conditions probably prevailed during the
outflow along the Usubetsu River.

In summary, the gravel lobe facies of the inflows
resulted from strong turbulent flow with a hydraulic
jump near the bridge. But, the sand-sheet facies of both
inflow and outflow deposits was produced by a traction
flow under subcritical flow conditions.

6.3. Origin of the 1993 tsunami deposits

Many investigators have studied the grain-size
distributions of tsunami deposits worldwide. Known
tsunami deposits generally consist of medium to fine
sand of marine origin with a single-mode grain-size
distribution (Minoura and Nakaya, 1991; Nishimura and
Miyaji, 1995; Shi et al., 1995; Dawson et al., 1996).
Nevertheless, Minoura et al. (1996, 1997) reported
bimodal grain distributions, determined by the settling
tube method, from the 1923 Kamchatka tsunami
deposits and the 1992 Flores tsunami deposits. They
suggested that the coarser populations had been
transported as bed load and the finer populations had
been transported as suspended load. These two papers
contributed significant insights into tsunami deposition
processes, but they did not compare sedimentary
structures between inflow and outflow deposits.

Our results showed that the grain-size distributions of
the inflow and outflow deposits were clearly different.
Unit 4 (outflow deposits) was composed of well-sorted
fine sands with a peak at 2.5 phi (P-1 population) and a
high sorting index (Fig. 10a). In contrast, Unit 3 (inflow)
deposits were composed of poorly sorted medium to
coarse sands with a bimodal grain-size distribution with
peaks at −0.5–1.5 phi (P-2 population) and 2.5 phi (P-1
population; Fig. 10a).

Comparison of the 1993 tsunami deposits with other
sand deposits in the vicinity of the study area–fluvial,
coastal, and offshore sands from below 5.5 m depth
(Fig. 10b)–suggests that the tsunami deposits were
mainly derived from the offshore area below 5.5 m
depth, where the grain size of the marine sands is 2–
2.5 phi, similar to the P-1 population in the tsunami
deposits. Sediments deposited during the tsunami run-
up also contained coarse fluvial materials (P-2 popula-
tion) (Fig. 10b).
The benthic foraminiferal assemblages also provided
important information on the tsunami (Fig. 2 and Table
1). The assemblages were derived from the seafloor at
depths shallower than 90 m (inner and middle sublittoral
zones; Fig. 2). The dominant species showed that the
main source area was depths shallower than 45 m depth.
In addition, tidal shell assemblages, Neptunea (Barbi-
tonia) arthritica (habitat, ca. 2 m depth), Omphalius
rusticum (rocky coast), Ostrea denselamellosa (tidal
area), and P. yessoensis (ca. 50 m depth) have been
previously identified in the 1993 tsunami deposits from
the Hirahama coast (Nanayama et al., 2000).

Therefore, we inferred that the P-1 population was
derived mainly from offshore sediments from between
90 and 45 m depth and that these sediments were mixed
with fluvial sediments (P-2 population) during the
tsunami run-up (Fig. 11).

6.4. Deep-marine benthic foraminiferal tests in the
tsunami deposits

In general, numerical tsunami simulations based on
shallow-water theory (Shuto et al., 1990; Imamura et al.,
1993) have shown that tsunami waves erode only the
nearshore area and not deeper areas. Moreover,
nearshore and intertidal species have previously been
reported from tsunami deposits (Kon'no, 1961; Clague
et al., 1999). In contrast, we found deep marine benthic
foraminiferal tests, as did Okahashi et al. (2002). It was
not clear, however, how benthic foraminifera from the
deep seabed became incorporated in the tsunami
deposits.

Therefore, we considered the threshold velocity of
benthic foraminifera living between 45 and 90 m depth
off Taisei. In shallow seas, the relation between tsunami
propagation speed v3 and water depth h3 is shown by
Eq. (4).

v3 ¼
ffiffiffiffiffiffiffi
gh3

p
ð4Þ

where g is gravitational acceleration, =9.8 m/s.
Furthermore, if a minute amplitude wave is assumed,
then the flow velocity u of an advancing wave is
expressed in terms of the water surface amplitude η as
follows.

u ¼
ffiffiffiffiffiffiffi
gh3

p g
h3

ð5Þ

If h3=45–90 m and the amplitude of the tsunami
wave η is assumed to be 2 m, then u=0.93 to 0.66 m/s.

The mean particle size of the foraminifera in our
study area was 0.35–0.45 mm. Because the specific



Fig. 11. Sedimentary process of the 1993 tsunami in the study area. (a) Offshore erosion by inflow, (b) erosion and transportation by inflow. (c)
Hydraulic jump at the Usubetsu-bashi Bridge (UB). (d) Sedimentation by decelerated inflow prior to outflow. (e) Re-sedimentation by a turbidity
current generated by the outflow. (e) Turbidity current generated by outflow. FWSL, fair weather sea level.
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gravity of calcite is 2.71, or only slightly higher than that
of quartz (2.65), we considered that the foraminiferal
tests would behave like medium-sized sand grains.
According to experimental results by Hjulstrom (1935;
Hjulstrom diagram), the threshold velocity for medium-
sized sand particles can be estimated as between 0.50
and 0.20 m/s. Thus, the usual flow velocity of tsunami
easily exceeds this value at depths shallower than about
100 m depth.

However, we should consider the following two
points. First, the threshold velocity in a tsunami, which
has rapid and unpredictable flow velocity changes,
would be larger than the value obtained by an
experiment performed under controlled conditions
such as that of Hjulstrom (1935). Second, on the actual
seabed, the threshold velocity of each particle must be
greater than the experimental value because under
natural conditions the particles are of mixed sizes
(Berg, 1986).
Therefore, benthic foraminiferal tests scattered over a
comparatively deep seafloor, for example, at water
depths between 45 and 90 m, can be picked up at the
time of the tsunami run-up. In other words, the presence
of benthic foraminiferal tests is an important criterion
that can be used to identify past tsunami deposits and
provides important information about the depth to which
the sea was agitated by the tsunami waves.

6.5. Tsunami sedimentation after the 1993 earthquake

From our results, we reconstructed the sedimentary
processes responsible for the 1993 tsunami deposits in
the mouth of the Usubetsu River as follows (Fig. 11):

(a) The 1993 tsunami originated at the earthquake
epicenter northwest of Okushiri Island, and then
propagated and struck and eroded the coastal shelf
slope off Taisei. The eroded marine sands were
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then transported onto the land by the turbulent
flow of the tsunami waves (Fig. 11a).

(b) From a hydrologic perspective, the flow became
highly turbulent during the tsunami run-up under
supercritical flow conditions in the lower course
of the Usubetsu River. Flow velocity and energy
decreased during the run-up process, but fluvial
coarse sands and gravels were eroded from the
riverbed and transported farther inland (Fig. 11b).

(c) As the hydrodynamic energy of the tsunami
decreased at the Usubetsu-bashi Bridge, a hy-
draulic jump occurred, resulting in the rapid
deposition of a gravel lobe facies near the bridge
(Fig. 11c).

(d) Beyond that point, extensive sand sheets carried
by traction currents were deposited to the run-up
limit of the tsunami under subcritical flow
conditions (Fig. 11d).

(e) After the run-up limit was reached, a thin silt layer
containing many plant fragments settled during
the flooding. When the influx of water flowed
back into the ocean, the outflow rearranged the
onshore sediments deposited during run-up,
creating sedimentary structures formed by traction
currents under subcritical flow conditions (Fig.
11e).

(f) As the outflow moved down the submarine slope
of the shelf off Taisei, it may have generated a
turbidity current that deposited a tsunamigenic
turbidite (Fig. 11f).

7. Conclusions

1. We recognized only two lithofacies, a gravel lobe
facies (GLF) and a sand-sheet facies (SSF), in the
1993 tsunami deposits. The gravel lobe facies was
rapidly deposited by a hydraulic jump. On the other
hand, the sand-sheet facies with current ripples and
dunes was deposited by a traction current under
subcritical flow conditions.

2. We identified four stratigraphic units: Units 1
through 4, in ascending order. We interpreted Units
1 and 2 as deposits from the inflow and outflow
events of the first run-up, and Units 3 and 4 as
deposits from the inflow and outflow events of the
second run-up.

3. Units 3 and 4 were more widely distributed and
coarser grained than Units 1 and 2 because the
second run-up was larger than the first run-up.
Furthermore, Unit 4 was more widely distributed
than Unit 3 because the outflow eroded the inflow
deposits.
4. Grain-size distributions of the inflow and outflow
deposits were clearly different. Unit 4 deposits had a
peak at 2.5 phi (P-1 population). In contrast, Unit 3
deposits had a bimodal distribution with peaks at
−0.5–1.5 phi (P-2 population) and at 2.5 phi (P-1
population). A comparison of the tsunami deposits
with other sedimentary deposits near the study area
showed that the tsunami deposits were mainly
derived from depths below 5.5 m depth in the off-
shore area, where marine sands were about 2–2.5 phi
in size, and from coarse (0.5–2 phi) fluvial materials
eroded during the tsunami run-up.

5. According to our calculations, benthic foraminiferal
tests from the comparatively deep seabed (up to
100 m depth) can be picked up during tsunami run-up
and included in tsunami deposits.
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