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Abstract

Geological evidence of recent tsunamis from sediment samples collected from Lake Toko-
tan, a coastal lagoon in eastern Hokkaido, northern Japan, was detected using computed
tomography (CT) and soft X-ray images, grain size, and radionuclide profiles. Initial field
observations revealed that sediments had no discernable sedimentary structures at the top
of the core. However, results of CT imaging, soft X-ray, and grain size analyses show evi-
dence for three invisible sand layers that are intercalated with mud layers. These sand layers
exhibit trends of landward fining and thinning. Furthermore, the distribution of sand layers
was limited to the center and seaward parts of the lake. Vertical profiles of cesium and lead
concentrations in combination with recent eyewitness accounts indicated that these sand
layers are correlated with the 1973 Nemuro-oki, 1960 Chilean, and 1952 Tokachi-oki tsu-
nami events. The deeper part of the sediment cores includes three volcanic ash layers and
three prehistoric coarse sand layers. The prehistoric layers are correlated with unusually
large tsunamis that were geologically identified in previous studies from eastern Hokkaido.
These findings suggest that nondestructive techniques, in combination with radionuclide
analysis, allow for detection of frequent but faint tsunami deposits. This technique allows
for an improved understanding of the history of tsunami inundation in Lake Tokotan and
of other locations for which stratigraphic evidence for faint tsunamis layers is not readily
apparent from field assessments.
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Abbreviations

CT Computed tomography
Ta-a Tarumai-a

Ko-c2 Komagatake-c2

Ta-b  Tarumai-b

1 Introduction

Tsunami waves erode, transport, and redeposit offshore sediments and coastal sediments
on land. The redeposited sediments (tsunami deposit) are often preserved in low-energy
coastal lowland areas such as lakes, marshes, and swamps (Goff et al. 2012). Buried tsu-
nami deposits are usually first recognized as coarse sedimentary layers that are intercalated
with muddy or organic-rich sediments (Cisternas et al. 2005; Jankaew et al. 2008; Fujino
et al. 2009; Sawai et al. 2012). However, tsunami events do not always leave a sedimentary
deposit behind because the wave action can be too weak to transport and leave clear and
visible sandy deposits on the coast (Goto et al. 2011). Weaker tsunamis often go unde-
tected in the stratigraphic record because they do not leave a thick enough deposit that can
be observed in field investigations. This study assesses whether faint event deposits that
are not stratigraphically recognizable by observation in field investigations can be detected
using a combination of computed tomography (CT), soft X-ray images, grain size and geo-
chemical analyses, and cesium and lead dating on lake bottom sediment of Lake Tokotan,
eastern Hokkaido.

The Pacific coast of eastern Hokkaido, northern Japan, has been struck frequently by
large tsunamis, both in prehistoric and historical times. Geological records have revealed
that, in prehistoric times, recurrent tsunami events generated by multi-segment earthquakes
rupturing the offshore segments of Tokachi (Tokachi-oki) and Nemuro (Nemuro-oki) along
the Kuril Trench left a series of extensive sand sheets on the coastal lowlands (e.g., Nanay-
ama et al. 2003; Sawai et al. 2009 and references therein). By contrast, in historical and
recent times (the last 100 years), tsunamis generated by single-segment earthquakes (e.g.,
1952 CE Tokachi-oki) damaged the Pacific coast of eastern Hokkaido (Central Meteoro-
logical Agency 1953) (Table 1). Damage and areas inundated by recent tsunamis have been
well recorded (details in Sect. 2.2), but no geological records of these events have previ-
ously been recognized.

2 Study area
2.1 Geomorphology

Lake Tokotan, a small coastal lake (about 600x450 m, 1.0-2.0 m water depth) located
in eastern Hokkaido, faces the Kuril Trench (Fig. 1). The lake, which is situated approxi-
mately 300 m inland from the shoreline (Fig. 1d), is isolated from the sea by a sand bar-
rier (max. 5 m high above the present sea level, Fig. le). It has narrow drainage (Tokotan
River), but it does not receive major river inflow (Fig. 1d). Lake Tokotan is character-
ized by freshwater with no marine inputs because of its isolation from the sea. Lowland
areas around the lake are surrounded by Pleistocene marine terraces that reach a height of
approximately 40—-60 m in height (Okumura 1996) (Fig. 1d).

@ Springer



715

Natural Hazards (2020) 103:713-730

(LOOT UmO], 1YsaYNV) [2A9] IS DAOQE W G’

(102
‘Te 10 LIeJeMNIRS) URJOMNO], pUNOIR SPIOJAI UOTRPUNUI OU ‘OINWAN JJO Passed

6L81 TI Pquaydeg OpIEYYOY uId)seq
¥10T ‘9T 1oquadag opreYyoH uIdseq
SuLIoIS

R AEEN|

payor)IR WI0)S JO e UONIRISLAD JO BAIY

(#861 1101H) WSOy TWEUns) w g—

(#S61 A1018AISSQQ [22130[0I09)9IN [eNUd)) 1OLSsI otoddes) 1ySoy rweuns) w g
UBJONO], PUNOIE SPIOJAI UOTJEPUNUT ON

(1961 Kouady 1801501010910\ Uede[ 9Y],) [OAS] [EPT) UBSW ) dAOQE W §'|
(#7161 Koualdy [eo130[0109N uedef oy ) yStoy dn-uni w ¢'z—

(00T ‘e 12 eYOIUR] ) 9ABM TWRUNS) W ['€—6'|

€p81 ‘sz Idy (0°8 ) DIO-TyoeyO],

TS61 ‘v YOI (1'8 MIAD) BjO-TydRO],
TS61 ‘v QAN (0°6-8'8 MIAD BISSIY ‘eyJRyPWEY
0961 ‘7T AeIN (S°6 MIND) A ‘uorddesuo)

(8°L M) Mo-oIwoN
(08 MIN) Mo-1yoeyO],
SIUPUNSJ

€L61 ‘L1 dunf
€00T ‘97 19quiaydeg

uejoyo], J8 JYSIoY Teuns],

(opmyruSew

uonEpUNUI MWRUNS) JO A A ‘OpMIUSEW JUSWOW M]A]) 90INOS TWEBUNS],

(6661) 151N PUB “($00T) ‘T8 19 BIRIH (0107) T8 19 SSUUIRIN (0661) PIeAy pue

sojuaLLeq ‘(y.6]1) Aouddy 8015307010910 uedef oy, ‘(£007) ‘e 12 BYOIUB], WOI} PALIdJol 21om sayenbyires Jo sopmiuSey YsOPy I8 A10)SIYy WLIO)S pue [ueuns], | djqer

pringer

As



716 Natural Hazards (2020) 103:713-730

@[ km 500 144° 146°e (B) (©) Cudazhy 1aaese| (@) 144952
— N N ; / N

40°N 2 & A & “:Lake Tokotan ’/@1 A
N 4
& 43°2'N faa™

E\B Zl 44°N Kti/.k\utaijiTemple 4o

357 ) = < Location'3 ’

o ) : Hokkaido Nemtiro “y‘ ) ! -

130 140°E Akkeshi . Location 2
Nemuro-oki Q

Kushiro 1973 43°1

Mt. Tarumai,
NS |
Tokachi-oki .
Mt.J@/maga\ake 1952 S % Pacific Ocean
P

A ge
o m 300 (Tokotan River)
0 _km 1 £ O

-
(L)
-

o

Legend in c and d

B A
7
. 5 Location 2 |:| Water m Lowland
Eq Location 3 Location 1
5 |:| Marine terrace Sand barrier
S3
1<
2
o 2 AN
o 1 Sl Lake bottom - Town
o - Sea-level on 24 February, 2015
900 600 300 0

Distance (m) from the present shoreline

Fig.1 Location map of the study area. a Map of Japan. b Map of Hokkaido, northern Japan, showing the
rupture area of the 1952 Tokachi-oki (Hirata et al. 2004) and 1973 Nemuro-oki (Nakanishi et al. 2004)
earthquakes. ¢ Southern part of Akkeshi Town, showing the location of Lake Tokotan and the Kokutaiji
Temple. d Close-up maps showing sampled locations. A-B is the leveled transect. e Topographic profile
and the location of sampled points along transect A—B

2.2 Tsunami inundation history
2.2.1 1843 Tokachi-oki earthquake

On April 25, 1843, an earthquake occurred offshore of Tokachi (1843 Tokachi-oki
earthquake) (Watanabe 1998). Nikkan-ki, a series of diaries by successive monks from
the Kokutaiji Temple (Fig. 1c) at Akkeshi Town, described the event as being character-
ized by an “unprecedentedly large earthquake and tsunami.” According to the written
records, stone lanterns and Buddhist statues collapsed outside of the temple gate. The
subsequent tsunami inundated areas close to an assembly hall (possibly near the tem-
ple), where it was described as appearing like the ocean. The tsunami height was esti-
mated to be 4-5 m (Watanabe 1998). All lodges and homes of the Ainu (native people
of Hokkaido) were washed away (Akkeshi Town 2015). These historical descriptions of
coastal damage are not from the Tokotan site but from the former central part of Akke-
shi (near Kokutaiji Temple; Fig. 1c).

2.2.2 1952 Tokachi-oki earthquake

On May 4, 1952, an earthquake occurred offshore of the Tokachi region (1952 Tokachi-
oki earthquake) (Central Meteorological Agency 1953; Inoue 1954) (Fig. 1b). During
the years following the earthquake, several research groups visited the Tokotan site and
described the damage associated with the earthquake and the ensuing tsunami.
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Sapporo District Central Meteorological Observatory (1954) reported that the first
tsunami wave arrived about 35 min after the main shock with heights of approximately
5 m above sea level. As the tsunami wave came ashore, its height was reduced to 2 m.
The resulting inundation reached approximately 400 m inland of the shoreline. Two
deaths, four severe injuries, and 37 collapsed houses were reported. In addition, approx-
imately 100 buildings experienced flooding reaching above/below floor level. Fishing
vessels were washed away. Tsunami inundation reported by Sapporo District Central
Meteorological Observatory (1954) does not include the area of Lake Tokotan.

A similar study by a group consisting of representatives from the Akkeshi Assembly
provided additional details related to coastal damage resulting from the 1952 Tokachi-oki
tsunami. The representatives’ group visited Tokotan one day after the earthquake and docu-
mented the tsunami effects through photographs and eyewitness interviews (Akkeshi Town
2015, Murosaki in personal communication). According to eyewitness accounts, approxi-
mately 30 min after the main shock, a tsunami wave tracking from the south reached the
village and increased water levels near a narrow inlet connecting Lake Tokotan with the
sea. The tsunami wave caused a strong current to flow into the lake along the inlet, caus-
ing houses near the inlet to be washed landward into the lake. Photographic evidence taken
by a member of the research group, Kyousuke Murosaki, showed that fishing vessels and
houses had been transported up to the southern part of the lake by tsunami waves (Fig. 1d).
As a direct result of the earthquake, three deaths, 18 severe injuries, and 44 collapsed
houses were reported.

2.2.3 1960 Chilean earthquake

In 1960, a tsunami originating from the Chilean subduction zone tracked across the Pacific
Ocean and damaged the northeastern Japanese coast. In Hokkaido, Kiritappu marsh, about
20 km east of Tokotan, was inundated by tsunami waves that reached a few hundred meters
inland from the shoreline. The tsunami heights in northern Kiritappu were 3.2-3.9 m on
the coast. In contrast, the tsunami waves in Tokotan were relatively small (The Japan Mete-
orological Agency 1961). The local sea level began to fall at approximately 4 AM local
time. The sea level then rose, but the highest level was almost equal to that of storms that
are typical of the area (The Committee for field investigation of the Chilean tsunami of
1960 1961). The highest wave was 1.8 m above the mean tidal level (The Japan Meteoro-
logical Agency 1961), but no record can be found reporting inundation damages to the vil-
lage (The Committee for field investigation of the Chilean tsunami of 1960 1961).

2.2.4 1973 Nemuro-oki earthquake

An earthquake occurred offshore of the Nemuro Peninsula on June 17, 1973 (Fig. 1b). The
first consequent tsunami wave struck the Tokotan site approximately 30 min later. Tsunami
waves reached almost to the top of the coastal breakwater (about 3 m higher than the sea
level at the time of tsunami arrival), but did not inundate the coastal village behind it. Nev-
ertheless, the tsunami waves were funneled into the Tokotan River, destroying coastal pil-
ings (Bureau for Ports and Harbours et al. 1973). The tsunami run-up height was estimated
as approximately 2-2.5 m based on watermarks preserved on coastal pilings (The Japan
Meteorological Agency 1974).
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2.2.5 2003 Tokachi-oki earthquake

On September 26, 2003, a large earthquake struck the Tokachi region (Yamanaka and
Kikuchi 2003). The resulting tsunami propagated along the Pacific coast not only toward
Hokkaido, but also toward Sanriku (Fig. 1a) (Hirata et al. 2004). Immediately after the
earthquake, tsunami heights along the coast were measured at various locations includ-
ing Lake Tokotan. At the Tokotan site, tsunami waves were 1.9-3.1 m high (Tanioka
et al. 2004).

2.3 Storm and flooding

The study area, located in eastern Hokkaido, is vulnerable to effects of severe typhoons
as a result of their attenuation by the time they reach to Hokkaido (Elsner and Liu 2003).
Historical archives in Akkeshi Town include 11 descriptions of “storm” or “flooding”
(including “typhoon” and “inundation”) that occurred in Akkeshi, Kushiro, or Nemuro
between 1808 and 1960 CE (Akkeshi Town 2007). Most notably, a marine inunda-
tion event that occurred in 1879 CE represents an extremely severe storms among the
recorded events. Although no description of an associated deposit has been found, writ-
ten records indicate that the storm inundated the Wangetsu area (near Kokutaiji Tem-
ple). It reached only about 1.5 m above sea level (Akkeshi Town 2007). In December
2014, a severe storm passed offshore of Nemuro, causing storm surge flooding around
the Nemuro area (Saruwatari et al. 2015), but no flooding or inundation was reported at
the study site.

3 Geological evidence of historical and prehistoric tsunamis

Along the Pacific coast of Hokkaido, coastal marsh deposits had previously provided
evidence for recurrent large tsunamis. Nanayama et al. (2003, 2007) found sand sheets
interbedded with peaty deposits beneath coastal marshes. They attributed the sand
sheets to large tsunamis based on sedimentary structures, micropaleontology, and the
lateral extent of the sand layers. They also proposed a fault model to explain the occur-
rence of the investigated tsunami deposits, which revealed that a Mw 8.5 earthquake had
struck the coastline earlier (Satake et al. 2008). The model was later reexamined and
upgraded to Mw 8.8 by Ioki and Tanioka (2016).

The recurrence interval of such a tsunami was first estimated, based mainly on
tephrochronology, as approximately 500 years over the past 2500 years (Nanayama et al.
2003). After studies conducted by Nanayama et al. (2003, 2007), Sawai et al. (2009)
constrained depositional ages of two historical and 15 prehistoric tsunami deposits from
Kiritappu and Mochirippu using dozens of radiocarbon ages. They concluded that the
intervals between the unusually large tsunamis average approximately 400 years but
range from approximately 100 to 800 years. In addition, Nishimura et al. (2000) found a
sand sheet above the Tarumai-a tephra (“Ta-a”; 1739 CE), which has been attributed to
a tsunami deposit generated by the 1843 CE Tokachi-oki earthquake.

Paleotsunami studies from Lake Tokotan have been conducted by Nanayama et al.
(2001), Sawai (2002), and Shigeno et al. (2007). These reports describe that tsunami
deposits generated by the seventeenth century and older earthquakes were confirmed in
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lake bottom cores. However, geological evidence for the nineteenth—twenty-first century
tsunami events was not described.

4 Materials and methods

In February 2015, sediment cores were collected at three locations from Lake Tokotan
when it was frozen (Fig. 1d). Holes that were approximately 10 cm in diameter were drilled
through the ice so that either a 3-m-long handy geoslicer, consisting of a sample tray and a
shutter plate driven by a weighted vibrator (Nakata and Shimazaki 1997), or a gravity corer
can sample the lake sediment. At location 1 (1.8 m water depth), samples were retrieved
using a handy geoslicer (3 m long and 10 cm wide) and a gravity core sampler (1 m long
and 8 cm diameter). Six geoslicer samples were collected for observation and analyses.
Short cores (about 20 cm long) were taken at locations 2 (1.5 m water depth) and 3 (1.5 m
water depth) so that correlations could be made among the three sites. Regarding the core
sediments, it was not possible to photograph the entire core or make a peel because the
core sample consisted of soft mud. Therefore, it could not lean. Core samples were stored
in a vertical position following extraction to prevent outflow of the soft surface mud.

Descriptions and analyses of the stratigraphic layers were conducted of two sliced sam-
ples (Slices 1A and 1B) that had been collected at the same location to avoid any chemical
contamination resulting from the glue used to create peels. Different analyses were con-
ducted between slice and core samples (Table 2). The sliced samples from location 1 were
first described stratigraphically in the field. Later, they were peeled using hydrophilic glue
(SAC-100) to observe detailed sedimentary structures by topographic relief, which high-
lights bedding defined by grain size differences. The sliced samples were also observed
using soft X-ray tomography. Other samples from locations 2 and 3 were observed using
3D imaging based on X-ray computed tomography (CT) (LightSpeed Ultra 16; GE Health-
care Japan) at the Center for Advanced Marine Core Research, Kochi University. Volcanic
ash layers within the slice were identified stratigraphically based on color and size (ash or
pumice) related to previous studies (Tokui 1989; Furukawa et al. 1997). Tephra samples
were rinsed with water for 30 min using an ultrasonic generator. The major elemental com-
position of volcanic glass was analyzed using energy-dispersive X-ray spectrometry.

For core sediment analysis, 0.5-1.0 cm intervals were subsampled. To calculate sand
content (weight %), subsamples were sieved at 63 pm (4 phi) to remove the mud fraction.
Grain size analysis was performed on the residual sand samples using an image analyzer
(Camsizer, Retsch Technology GmbH, Haan, Germany) with an effective measuring range

Table 2 Analyses conducted of Core sample Slice 1A Slice 1B

each sample

Photograph v

Peel v
Soft X-ray image v
CT v v

Cs and Pb radioisotopes v v

Grain size v

Tons v
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of -5.25 phi (pebble) to 6.25 phi (silt) at intervals of 0.25 phi. Before analysis, organic mat-
ter was removed from subsamples using a 30% hydrogen peroxide solution for 24 h. Then,
each sample was then dried at 60 °C for 24 h.

Measurements of radioactive cesium and lead were taken of 1.5-3.0 g samples using
a gamma spectrometer (GCW2022; Canberra Industries Inc., USA) at 2 cm resolution.
The '¥7Cs (T,,=30.2 years) or *!%Pb (T,,=22.2 years) data are used for dating the recent
deposit during the last several tens of years to one hundred years (e.g., He and Walling
1997; Wren and Davidson 2011). The excess 2!°Pb was calculated to exclude 2'*Pb that
is under radioactive equilibrium from 2!°Pb. The concentration of **Cs (T,,,=2.06 years)
was nearly below the limit of detection throughout the core samples. Water-leachable ions
were measured in sliced samples following the methods described by Chagué-Goft et al.
(2012). Water-leachable cations (Na*, Mg?*, Ca?*, K*, Mn?*, and Sr**) were elucidated
using inductively coupled plasma-atomic emission spectroscopy (ICP-AES, SPS3500DD;
Seiko Instruments Inc., Japan), while water-leachable anions (CI-, SO42’, Br, NO;, F,
and PO43’) were measured using ion chromatography (IC-2001; TOSOH CO., Japan).

5 Results
5.1 Lithostratigraphy and geochemistry
5.1.1 Location 1

A 75-cm-long sliced sample (Slice 1) was obtained at location 1 using a geoslicer (Fig. 1d).
The sediment consists mainly of black organic-rich mud, sand, and volcanic ash. Three
faint sandy layers (E1, E2, and E3) were observed within the black mud using soft X-ray
imaging (Fig. 2). Several centimeters below the faint sandy layers, a 1-cm-thick sand layer
(E4) was observed with a sharp lower stratigraphic contact by visual observation. Below
E4, three tephra layers (T1, T2, and T3) were intercalated with mud (Fig. 2). At 40 cm
deep from the top of the slice, another sand layer (ES) was present. The ES layer consists
of a lower sand and upper muddy sand subunits. The lower sand layer was visible by unas-
sisted visual observation, but it was thin. The upper muddy layer was difficult to recog-
nize using unassisted visual observation alone, but it was detected easily in the soft X-ray
image. At 46-67 cm deep, alternation of sand and peat layers was recognized. At this stage,
it is difficult to ascertain whether the sand layers represent a few small events that occurred
very close in time, or the repetition of large waves during one event. This study tentatively
interprets the sandy layers as a single event. The thick sandy unit (E6) has sharp lower and
upper stratigraphic contacts with organic mud. In the E6 sand layer, parallel laminations
were observed within the sand layers. Angular gravels were found in the lower part of the
unit (Fig. 2). Below E6, a 3-cm-thick sand layer (E7) was intercalated with a mud deposit.
In the 20-cm-long core sample obtained using the gravity corer at location 1, three
sand layers are also recognizable using CT image and grain size analyses (Figs. 3a and
4a). At the muddy layer, the sand content and mean grain size for the sand fraction were,
respectively, ca. 5% and ca. 3.0 phi, although they were 7-71% and 1.8-2.2 phi at the
three sand layers (Fig. 3a). The sand fraction within the muddy layer was well sorted.
The grain size range was about 2—4 phi (Fig. 4a). Within the uppermost and middle sand
layers, sands were poorly sorted. The ranges were 1-4 phi (Fig. 4a). At the lowermost
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Slice at Location 1

Photo CT Peel Soft-X ¥7Cs (Bg/kg)
Slice 1A (Slice 1A) (Slice 1A) (Slice 1B) (Slice 1B) (Slice 1A) Year (AD)
0 20 40 2000 1800 1600
T 1 Al T T T 1

- %1843 (Tokachi-oki)

1739 (Ta-a) ",

\

L 1694 (Ko-c2)%

v

)‘-

=3 1667 (Ta-b
S

£

=3 Year (AD)

a

2000 1980 1960 1940
T T T 1

a4l .. 1973 (Nemuro-oki)

€

s o

< 1960 (Chile)
% \\ o

o 8 1952

\n(Tokachi-oki)

1954
121 (First presense of '¥'Cs)

Sand 1 Tephra
|:| Peat Angular gravel
- Tr1r1r1Tn11
80 - pvffmcve - Mud

Fig.2 Lithologic profile at location 1 collected using a handy geoslicer. Stratigraphy, photography, CT
image, peel, soft X-ray image, profile of '*’Cs, and sedimentation curve are shown. Stratigraphy is based
on unassisted visual observation. In the CT image, the upper 5 cm is absent because the surface sediment of
the Slice 1A was sampled for the sample bag as a whole. A few tens of centimeters were lost during sample
retrieval. Therefore, the zero on the vertical axis does not represent the actual lake bottom

sand layer, although sand was poorly sorted (14 phi) at the upper part, it was relatively
well sorted (1-3 phi) at a lower part of the sand layer.

Three volcanic ash layers (T1, T2, and T3) were identified within the slice sample
(Fig. 2). Sawai (2002) reported that volcanic ash layers derived from the eruptions of
Mt. Tarumai (Fig. 1b) in 1739 and 1667 (Ta-a and Ta-b, respectively) and Mt. Komaga-
take (Fig. 1b) in 1694 (Ko-c2) are present within the Lake Tokotan stratigraphy. Major
elements, especially K,O and TiO,, are useful to discriminate these ash layers based on
their composition (Tokui 1989; Furukawa et al. 1997). The K,O and TiO, contents of
each sampled volcanic glass shard are presented in Fig. 5. Actually, T1 and T3 plotted
within the range of past Mt. Tarumai eruptions, whereas T2 plotted within the range of
past Mt. Komagatake eruptions. Based on their stratigraphic position and results from
major elements, T1, T2, and T3 were correlated, respectively, with Ta-a, Ko-c2, and
Ta-b.

The concentration of '37Cs (T,/,=30.1 years) varied throughout the core (Fig. 3a). It
was ca. 22 Bg/kg at 0-15 cm depth in Core 1, but it decreased gradually with depth, reach-
ing almost 0 Bg/kg at a depth of 20 cm. The variation in concentration of excess 2!°Pb and
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Fig.3 CT images and depth profiles of sand content, mean grain size, and cesium and lead concentrations
for cores collected at a location 1, b location 2, and ¢ location 3 using a gravity corer. Black squares denote
values below the detection limit
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Fig.4 CT images and vertical changes in grain size distribution for cores collected using a gravity corer at
a location 1, b location 2, and ¢ location 3
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Fig.5 K,O and TiO, content of each volcanic glass shard from the T1, T2, and T3 tephra layers in the slice
sample. Rectangles show the range in elemental concentration of known volcanic ash layer as documented
by Tokui (1989) and Furukawa et al. (1997)

210ph was almost equal to that of '3’Cs (Fig. 3a). However, 2'*Pb was approximately con-
stant (10-20 Bg/kg) at all core depths (Fig. 3a).

In Slice 1, the '*’Cs concentration was ca. 20 Bg/kg within the mud layer above E4,
but it decreased to almost 0 Bq/kg at the upper part of the sand layer (Fig. 2). The values
and curves were similar to those found from core samples collected at the same location
(Fig. 3a).

Water-leachable ions were measured at every 0.5 cm interval above E4 in Slice 1
(Fig. 6). Concentration profiles of sodium, magnesium, calcium, manganese, and strontium
showed similar variations. They were approximately constant within the mud layer but
decreased at ca. 10 cm deep. In addition, only manganese had a low peak at 4 cm deep. The
potassium concentration fluctuated. It had two peaks at 4 cm and 6 cm deep. The potas-
sium concentration was extremely low just above E4.

The chloride concentration remained mostly constant throughout the mud layer, except
for an interval of 7-8 cm deep (Fig. 6). The fluoride concentration increased with depth
with little fluctuation. The nitrogen dioxide concentration peaked at 1-2 cm deep at which
point it decreased with depth. The sulfate concentration showed little fluctuation between O
and 7 cm deep, but it fluctuated noticeably at 7-12 cm deep.

5.1.2 Location 2

Sediment samples from location 2 consist mainly of black organic-rich mud (Fig. 3b). The
black mud contains three faint sandy layers. The three layers are not easily discernable with
the naked eye, but they are recognizable by CT images and grain size analyses (Figs. 3b
and 4b). Within the muddy layer, the sand content and mean grain size for the sand frac-
tion were ca. 5% and ca. 3.0 phi, respectively, whereas they were 5-50% and 2.1-2.7 phi at
three sand layers (Fig. 3b). The sand fraction within the muddy layer was well sorted. The
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Slice at Location 1
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Fig.6 Soft X-ray image and depth profiles of water-leachable ions of the slice collected at location 1. Black
squares denote values below the detection limit
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range was about 2—4 phi, although the fractions were poorly sorted, with ranges of 1—4 phi
at three sand layers (Fig. 4b).

The '3’Cs concentration was ca. 22 Bg/kg at 0—12 cm depth. It decreased to almost
0 Bg/kg at 14 cm depth. It was below the detection limit at further deeper layers in Core 2
(Fig. 3b). The variations in concentration of excess 219pp and 2'Pb were almost identical
to that of 13’Cs (Fig. 3b). However, 2'“Pb was relatively constant (10-20 Bg/kg) at all core
depths (Fig. 3b).

5.1.3 Location 3

Sediment samples from location 3 consist of black organic-rich mud (Fig. 3c). The black
mud includes no significant layers that might be detected from CT images and grain size
analyses (Figs. 3c and 4c), with the sand content remaining at almost zero from the top to
the bottom of the core. The mean grain size for the sand fraction of the core was 2.9-3.2
phi. The grain size distribution was within the range of 2—4 phi. It sometimes showed
spikes (Fig. 4c).

The '3’Cs concentration was ca. 30 Bq/kg throughout Core 3. The variation in con-
centrations of excess 2!°Pb and 2!°Pb was almost identical to that of '*’Cs in every sam-
ple (Fig. 3c). However, 2'“Pb was constant (1020 Bq/kg) throughout all core samples
(Fig. 3c¢).
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6 Discussion
6.1 Stratigraphic correlation

The '*’Cs concentrations allow for stratigraphic correlations among the three sampled
locations. Depletion of the '3’Cs concentration was observed around the sand layers in both
locations 1 and 2 (Figs. 2 and 3). Variations within the '¥’Cs concentration throughout
each core reveal that the E3 sand layer from Slice 1 (Fig. 2) can be correlated to the basal
sand layer of the location 1 core (Fig. 3a) and to the middle sand layer of core at loca-
tion 2 (Fig. 3b). The upper two sand layers observed from the core at location 1 correlate
stratigraphically to the E1 and E2 layers. The E1 sand layer was not observed at location 2.
In all, four event sand layers (E1-E4) were distinguished from the collected core samples
(Fig. 3).

6.2 Origin of faint sand layers

No clear sedimentological structure exists for the faint sandy layers (E1-E3). Rather, this
study tested the use of geochemical analyses on water-leachable ions throughout the slice
samples from location 1. Marked peaks were observed only at the E3 sand layer (Fig. 6).
The concentrations decreased with depth in E3 and increased within the lower mud layer.
Similar trends were reported from recent studies conducted in terrestrial environments
(e.g., Chagué-Goff et al. 2012; Shinozaki et al. 2016). Although no significant peaks were
observed at E1 and E2 sand layers, the results obtained from the E3 sand layer suggest that
geochemical analysis might be able to detect faint layers within lake sediment.

Landward fining and thinning of the sand layers at locations 1-3 may suggest that E2
and E3 were likely to be transported from the sea to the lake. Although only three loca-
tions were sampled, horizontal profiles of mean grain size show that landward locations
have finer event deposits (E2 and E3). Moreover, the sand content decreased at the E2 and
E3 layers from locations 1 and 2 (Fig. 3). Grain size distributions also represent a trend
of landward fining in the E2 and E3 layers (Fig. 4). Although the range of grain size for
sand fractions at E2 layer was 1—4 phi at both in locations 1 and 2, the peaks were 2 phi
and 3 phi, respectively, at locations 1 and 2, suggesting that relatively finer fraction was
dominant at location 2. The E3 layer also represents that the peak was smaller at location 1
than at location 2. These changes show that the distribution of sands E2 and E3 is limited
to the seaward and central areas of the lake (Fig. 3). Grain size and thickness of the event
deposits are generally variable within a small sedimentary basin (2004 Sumatra tsunami,
Matsumoto et al. 2010; 2011 Tohoku tsunami, Szczuciriski et al. 2012), but results from
our analyses might reflect waning current velocities as fining and decreasing sand contents
in a landward direction.

6.3 Correlation with historical and prehistoric tsunami events

Variation within the radioactive concentrations plays a crucially important role in deter-
mining the depositional age of these sand layers. The first presence of '*’Cs is regarded as
1954 because measurable amounts of '*’Cs have generally been identified from sediment
(Longmore 1982; Ritchie and McHenry 1990; Appleby 2001). Other significant peaks are
those of 1963 and 1986, caused, respectively, by weapon fallout and the Chernobyl reac-
tor incident (Marshall et al. 2007). In the last decades, geology applied the occurrence and
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peaks of the radioactive cesium to estimate the recent depositional ages for lakes and coasts
(e.g., Simpson et al. 1976; Robbins et al. 1978; Kemp et al. 2013; Tamura et al. 2015;
Drexler et al. 2018).

The occurrence of cesium within sediment cores from Lake Tokotan represents the lim-
iting minimum age of the event E3. Profiles of vertical changes in cesium demonstrate
that the concentration of *’Cs decreases rapidly. It becomes almost zero within the E3
layer at location 2, whereas cesium was present within the uppermost part of the E3 layer
at location 1 (Fig. 3). The presence of cesium within the uppermost part of E3 is likely
to be attributable to the subsample inclusion of some portion of mud above the E3 layer.
However, the pronounced '*’Cs peaks of 1963 and 1986 were not observed at every loca-
tion (Fig. 3). Such ambiguous peaks in the cesium profile are producible by vertical mix-
ing of the deposits, mainly because of bioturbation. However, optical observations by CT
images revealed stratigraphic sharp contacts and no clear presence of biogenic disturbance.
A potential reason for the lack of clear cesium peaks might be the holomictic or dimictic
environments in the lake because it freezes during the winter months. If this is the case,
then freezing will cause vertical mixing of the '*’Cs within the lake water before settling of
137Cs with fine mud fractions. Consequently, the vertical distribution of the '*’Cs becomes
peakless. We were unable to identify the horizons associated with the two '’Cs peaks,
where '37Cs was first recognized as limiting minimum age.

Appearance of '*’Cs just above the E3 layer at locations 1 and 2 suggests that the E3
layer is predated to at least 1954 as the onset date of '3’Cs. Historical tsunamis reported
before 1954 were the 1952 Tokachi-oki tsunami and the 1843 Tokachi-oki tsunami
(Table 1). Considering the sedimentation rate, the E3 layer would be correlated with the
1952 Tokachi-oki tsunami.

Given the sedimentation rate and the history of tsunamis and storms at this location, the
candidate events for the two younger layers (E1 and E2) are probably the 1973 Nemuro-
oki and 1960 Chilean tsunamis. The E4 layer just below E3 might be correlated with the
1843 Tokachi-oki tsunami, shown as the youngest event deposit in Shigeno et al. (2007).
The 1879 storm recorded at Akkeshi Town is another potential candidate that might have
deposited the E4 layer. However, the 1879 storm is unlikely to leave a substantial sand
layer because the corresponding storm waves were smaller than the twentieth and twenty-
first century tsunamis.

We were not able to recognize the tsunami deposit associated with the 2003 event. In
the 2003 event, the tsunami waves were 1.9 m to 3.1 m high and might have run up along
the drainage river from the sea and might have intruded into the lake. A faint event deposit
could have been deposited toward the top of the core if this scenario were to happen. How-
ever, this study revealed no candidates for the 2003 event using CT and soft X-ray images.
The 2003 tsunami was apparently comparable in wave height to the other historical tsuna-
mis (Table 1). One reason for the absence of deposits from the 2003 tsunami is that the tide
was lower during the tsunami. In fact, the tide was decreasing at the time of the earthquake
occurred (Hirata et al. 2004), resulting in tsunami waves that were not sufficient to inundate
and transport sediment into the lake. Alternatively, the lack of a deposit associated with the
2003 tsunami might simply be the result of a disturbance of the lake floor during sample
collection.

The deeper event deposits are correlatable with prehistoric tsunami deposits described
by previous studies. The CT and soft X-ray images recognized a thin sand layer with over-
lying laminated mud (E5) immediately below the Ta-b tephra. Based on the sand layer
position relative to the Ta-b tephra (1667 CE), the event E5 is correlated with the latest
multi-segment earthquake, which is regarded as having occurred in the seventeenth century
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(KS3 in Nanayama et al. 2007, K2 and MP2 in Sawai et al. 2009). Events deeper than the
ES layer are likely to be correlated with older events (probably the thirteenth and tenth cen-
tury tsunamis; Nanayama et al. 2007), but the lack of radiocarbon ages limits any further
correlations.

As shown in previous studies, events older than the Ta-b tephra were unusually large
by comparison with recent tsunamis (Nanayama et al. 2003). According to documented
records by research groups, tsunami waves in 1973 reached more than approximately 2 m
above sea level and ran inland along the Tokotan River (see study area, Fig. 1d) (Bureau
for Ports and Harbours et al. 1973). The run-up current probably eroded the river bottom,
transporting the coarse particles, and redepositing them mainly around the river entrance.
Considering the height of the sand barrier along the coast as well as the wave heights
in 1960 (less than 2 m at Tokotan), the 1960 Chilean tsunami waves inundated the lake
through the floor of the Tokotan River and were accompanied by coarse sediments. In con-
trast, events older than Ta-b show widespread distribution within Lake Tokotan (Nanayama
et al. 1998; Sawai 2002; Shigeno et al. 2007). Although there might be topographic differ-
ence, such as the position of the shoreline or dune height, between thirteenth century and
today, event deposits older than Ta-b show that widespread distribution is likely because
the older tsunamis had high-energy currents with sufficient capacity to erode and transport
sand particles from the coast into the furthest reaches of the lake.

7 Conclusion

Evidence for small tsunamis can be lost easily or can be obscured by post-depositional
changes, making them difficult to detect using the naked eye. Nevertheless, nondestruc-
tive techniques and radionuclide analysis can facilitate the detection of heretofore invisible
tsunami deposits within unstructured sediment samples. Results of this study revealed a set
of three faint sand layers that can be correlated with the 1973 Nemuro-oki, 1960 Chilean,
and 1952 Tokachi-oki tsunamis that struck eastern Hokkaido. This combined analytical
technique is applicable to similar geological contexts for identifying smaller tsunamis that
have left only faint depositional evidence.
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