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Abstract
Paleotsunami studies along the southern part of Japan Trench are scarce. Additional geological evidence
must be collected. This study conducted �eld survey and multi-proxy analysis for drilling cores taken
from a pond of Choshi City, Chiba prefecture, Japan, where the 1677 Enpo tsunami deposit was reported
earlier. The pond is suitable for detection of sedimentary evidence of low-frequency but large tsunamis
only because it is located at a high elevation (11 m). Three event deposits are intercalated in the three
thousand year long continuous mud and peat sequences. Based on multi-proxy analyses conducted of
grain size distributions, diatom assemblages, and geochemical markers, these event deposits were
identi�ed as tsunami deposits; the most recent was the AD 1677 Enpo tsunami. The estimated recurrence
interval of the tsunami is approximately 700 years, which is comparable to those of the central part of the
Japan Trench. It is noteworthy that the timing of these tsunami events along the southern part of the
Japan Trench seems to have been close (few tens of years intervals) before or after the occurrence of
large earthquakes and tsunamis along the central part of the Japan Trench. Therefore, a spatial-temporal
relation of earthquake and tsunami generations might exist between central and southern parts of the
Japan Trench, which might be explained by drastic changes of stress �elds surrounding the rupture area
of a huge earthquake. Considering the current situation, by which the Mw=9.0 2011 Tohoku-oki
earthquake had occurred at central part of the Japan Trench, this possibility should be investigated
carefully from perspectives of seismology and history because risks of future occurrence of large
earthquake and tsunami events along the southern part of Japan Trench might be extremely high.

Introduction
The 2011 Tohoku-oki earthquake and tsunami, which occurred on March 11, 2011, caused severe
damage to the Paci�c coast, extending from Tohoku to Kanto region (Toda 2012). As a result of this
earthquake and tsunami, efforts to elucidate the paleotsunami events using tsunami deposits and to
make use of that knowledge for the long-term risk assessment of huge tsunami events, became attractive
to society (Sugawara et al. 2012). The tsunami deposits are useful to identify tsunami events having time
scales of more than the past hundreds of thousand years. Therefore, they are effective for detecting huge
tsunami events with a long recurrence interval (Sawai 2012). However, areas where su�cient
investigations are conducted are limited along the Japanese coast (Goto et al. 2012). Further
comprehensive paleotsunami research is necessary.

Since the 2011 Tohoku-oki event, many researchers have studied paleotsunami deposits along the Paci�c
coasts facing the Japan Trench to reevaluate paleotsunami histories along the central to northern parts
of the Japan Trench (e.g., Goto et al. 2015, 2019; Inoue et al. 2017; Ishimura and Miyauchi 2015; Ishizawa
et al. 2018, 2019; Kusumoto et al. 2018; Minoura et al. 2013; Sawai et al. 2012; Sawai et al. 2015; Takada
et al. 2016; Takeda et al. 2018; Tanigawa et al. 2014a; Tanigawa et al. 2014b; Watanabe et al. 2014, see
also Sawai 2017, accepted). For instance, two event layers for the past 6000 years were reported in a
meadow of Misawa city, Shimokita Peninsula, Aomori prefecture (Fig. 1, Tanigawa et al. 2014b). In the
Sanriku region, the recurrence interval of the huge tsunamis was estimated as 290–390 years (Ishimura
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and Miyauchi 2015), 500–750 years (Takada et al. 2016) or 400–600 years (Inoue et al. 2017). Around
the Sendai and Ishinomaki plains near the central part of Japan Trench, the paleotsunami history for the
past 3000 years was obtained, including historically well-known tsunamis such as the 869 Jogan, the
1611 Keicho and the 1454 Kyotoku tsunamis (Sawai et al. 2012). Others also reported a prehistoric
tsunami occurring approximately 2,000 years ago in the Sendai and Ishinomaki plains (Matsumoto et al.
2013).

In contrast to the many paleotsunami studies at the coast facing the northern and central part of Japan
Trench, very few reports describe historical and prehistoric tsunami deposits in the area facing to the
southern part of the Japan Trench (i.e., Ibaraki to Chiba prefectures) because it was believed that few
locations there are suitable for research as a result of urbanization of the coastal regions. Sawai et al.
(2012) reported three event layers for the past approx. 1,000 years at northern Ibaraki at Juo Town (Fig.
1a, Sawai et al. 2012). Yanagisawa et al. (2016) conducted historical and geological studies of the 1677
Enpo Boso-oki tsunami at Kobatake-ike pond in Choshi city. Moreover, they identi�ed the deposits formed
by the 1677 Enpo earthquake tsunami. Nevertheless, no uni�ed explanation of paleotsunami history in
the southern part of Japan Trench has been reported to date.

Simons et al. (2011) and Toda et al. (2011) reported from seismological studies that the strain balance
has changed at the southern part of Japan Trench as a result of the 2011 Tohoku-oki earthquake and
also indecated the possibility that future occurrence of large earthquakes in this region has increased. In
fact, historical records show that large tsunamigenic earthquakes in the southern part of Japan Trench
occurred in the past; the 1677 Enpo Boso-oki earthquake and tsunami is one such event (Hatori 2003).
The area affected by this tsunami extended over 600 km, with maximum run up height of approximately
13 m in Choshi city (Hatori 2003; Takeuchi et al. 2007; Tsuji et al. 2012). Although no predecessor of this
event is known, local tradition at the Tokai shrine (located in Takagaminishimachi) in the city indicates
that the shrine was affected by a tsunami occurring in AD 976, after which the shrine was relocated from
Hiyoriyama in Tokawamachi (Fig. 1) to the Takagami area (Choshi Geopark Promotion Council o�ce
2016).

Considering the background presented above, the pursuit of further paleotsunami research at Kobatake-
ike pond in Choshi city is undoubtedly important because this pond is located 500 m inland from the
shoreline at a high elevation (11 m), so that not only storm waves but also small and medium-scale
tsunamis cannot inundate it (Yanagisawa et al. 2016). Therefore, evidence of seawater invasion in the
pond can directly indicate the occurrence of a past tsunami as large as the AD 1677 event. For this study
a geological survey and sedimentological and geochemical analyses were conducted at Kobatake-ike
pond to elucidate the paleotsunami history in the southern part of Japan Trench until a few thousand
years ago.

Study area
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Coastal lakes and marshes are regarded as suitable locations for paloetsunami research because
sediment is not disturbed by human activity, even in urbanized areas (Sawai 2012). Kobatake-ike pond is
one such coastal lakes that also happens to be located at high elevation (Fig. 1b), which offers great
bene�ts for estimating the histories and sizes of large tsunamis.

   Choshi Peninsula, which includes Kobatake-ike pond, is located at the eastern edge of the Kanto Plain.
Late Pleistocene marine terraces consisting of upper and lower Shimousa surfaces are distributed in the
southern part of the peninsula and surrounding Mt. Atago, where a Mesozoic formation is exposed
(Kashima 1985). Kobatake-ike pond is located at the valley plain, called the Takagami lowland, which
developed along these terraces (Fig. 1b). The Takagami lowland is approximately 500 m wide and 3 km
long with a sharply bent shape (Kashima 1985); the eastern margin of the lowland is closed by beach
ridges. Ota et al. (1985) reported that the Takagami lowland had emerged above sea level by approx.
5000 yrBP and that marine terraces were formed. Thereafter, Takagami lowland continued to rise to its
present elevation. The average uplift rate is estimated as approx. 0.4 m/kyr (Ota et al. 1985). Kashima et
al. (1990) showed, based on results of diatom analysis, that the marine transgression started at 10000
yrBP; a drowned valley began to form. They also reported that sea level had probably reached almost
present-day levels at about 7000 yrBP and that temporary desalination occurred at 7000–6000 yrBP in
the Takagami lowland. About 3000 yrBP, desalination had �nished across the Takagami lowland. No
evidence of transgression since then has been con�rmed (Kashima 1985).

According to the summary of study area by Yanagisawa et al. (2016), at the east side of the coast are
13–20 m high beach ridges. No historical or measurement records indicate that the pond was inundated
by storm surges and waves over 400 years (Yanagisawa et al. 2016). The water of this pond is provided
from a spring of Mt. Atago-yama located southwest of the pond. This pond is a freshwater environment
used as an agricultural reservoir with 0.03 m2 area and 0.5 m average water depth. Yanagisawa et al.
(2016) obtained drilling cores from the pond and identi�ed two sand layers from the cores; the upper
sand layer is interpreted as the AD 1677 Enpo tsunami deposit, although the origin and the age of the
lower sand layer are uncertain. They also demonstrated that the magnitude of the AD 1677 earthquake is
inferred as Mw=8.34–8.63, which is similar to the AD 1896 Sanriku earthquake (Mw 8.3–8.6) which
occurred along the northern Japan Trench (Fig. 1a).

Methods/experimental

Field survey
In August 2016, 11 drilling cores were taken from the pond �oor (Fig. 1). To retrieve the cores, a 100-cm-
long Russian peat sampler was used (Jowsey 1966). After measuring the water depth, we obtained a �rst
core with 100 cm depth from the pond �oor. The sediment was soft. The digging aperture of the �rst hole
was buried immediately. Therefore, to take undisturbed sediments deeper than 100 cm, we inserted the
corer next to the �rst hole (within 100 cm). To secure continuity of the sediment, we dug the second core
from 20 cm shallower than the bottom of the previous core (i.e., 80–180 cm). We repeated this work until
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the corer did not penetrate the ground. Then we obtained up to 400 cm cores from each point to produce
a composite columnar section. Additionally, we used a P-14 core that was taken by Yanagisawa et al.
(2016) because the core is long. Some preliminary radiocarbon dating, which is useful for our discussion,
was performed.

Laboratory analyses
Upper and lower boundaries of the tsunami deposits are well known to be ambiguous to visual
observation sometimes (Bondevik et al. 1997). To ascertain appropriate boundaries, we adopted X-ray
computed tomography (CT) scanning, the brightness of which re�ects the density or changes of the
chemical composition of the sample (Boesp�ug et al. 1995). We used CT scanning for all core samples
that we took plus the P-14 core. Then we de�ned the sand layer thickness. Analyses were performed
using a CT scanner (LightSpeed Ultra 16; GE Healthcare Japan Company, and Aquilion NEW PRIME;
Toshiba Medical Systems Corp.) of the Center for Advanced Marine Core Research at Kochi University.

   Diatom assemblages were investigated to estimate the origins of the event deposits. The presumed
1677 Enpo tsunami deposit had already been studied by Yanagisawa et al. (2016). The presence of
marine diatoms was reported in this deposit. Therefore, we emphasized our analysis of older event
deposits. Samples were collected from the mud and peat sediments above and below the event deposits.
Diatom shells were categorized into marine, marine-brackish, brackish, and freshwater taxa based on
descriptions reported by Kosugi (1988) and Ando (1990).

   The P-14 core is representative. Therefore, we used it for additional high-resolution radiocarbon (14C)
dating to construct an age–depth model. We picked seven organic materials (e.g., seeds and plant
fragments) from the P-14 core. Following methods described by Ishizawa et al. (2017), bulk samples
were also collected at 12 horizons of P-14 core and 1 horizon of KBT4 core, the latter of which was used
for correlation of the cores. Then 14C dating was conducted using accelerator mass spectrometry (AMS)
measurements. The 14C ages were calibrated to the calendar ages using the OxCal 4.3.2 program (Bronk
Ramsey 2009a) and the IntCal13 dataset (Reimer et al. 2013). For the P-14 core, we constrained dating
results based on stratigraphic order using a sequence model (Bronk Ramsey 2008) and a general outlier
model (Bronk Ramsey 2009b) in the OxCal program; then we constructed an age–depth model.

Geochemical signatures are useful as evidence of inland seawater invasion for paleotsunami research
(Chagué-Goff et al. 2017). High resolution (1 mm interval) non-destructive X-ray �uorescence (XRF)
analysis was conducted using an ITRAX core scanner (e.g., Croudace et al. 2006) (ITRAX; COX Analytical
Systems) of the Center for Advanced Marine Core Research at Kochi University to examine the chemical
characteristics of event deposits. The Mo tube was used. The voltage and current were set respectively as
30 kV and 55 mA. The exposure time was 10 s. The ITRAX elemental data are semi-quantitative and
affected by core properties such as minerals, grain size, and moisture (Croudace et al. 2006). Therefore,
we normalized the measurement values by over total counts (kcps) following procedures described by
Bouchard et al. (2011) and by Judd et al. (2017).



Page 6/29

Results

Sedimentary facies and stratigraphy
In the lower half of the core, the stratigraphy consists mainly of black humic peat that includes many
plant fragments (Fig. 2). Then, a 100–200-cm-thick black mud layer covers the peat layer to the pond
�oor. Because this boundary at mud and peat layers is expected to indicate major environmental change
at this pond, we call this boundary the “mud–peat boundary” hereinafter. At some coring sites, 1–3 sand
layers consisting of �ne to medium sand and locally showing normal grading and inverse grading, were
interbedded within humic peat and the mud layer (Table 1). These sand layers have clear upper and lower
boundaries. The thickness of all sand layers was measured carefully using CT images (see Appendix).
The sand layer thickness varies among the cores. In fact, KBT3, KBT7, and KBT9 have no sand layer
(Table 1). KBT4 core exhibits slightly different lithology because there seem to be three sand layers (Fig.
2). Therefore, we separately performed some more analyses for this core and �nally con�rmed that the
middle sand layer was probably formed simultaneously with the lower sand layer (see Appendix).
Therefore, we identify that two sand layers exist in the pond, as reported by Yanagisawa et al. (2016).

CT image further shows that the whitish layer with high CT numbers are observed at the mud–peat
boundary (see Appendix). This result suggests that a sandy deposit exists at the mud–peat boundary,
although they are invisible as a layer.

Diatom analysis
We �rstly measured the diatom assemblage at the mud–peat boundary in the P-14 core, because this
boundary may indicate important local environmental changes. At this boundary, the main species are
generally freshwater species, whereas minor marine and marine-brackish species (<5%) are observed just
below the mud–peat boundary at 165 cm depth (Fig. 3). The percentage of marine, marine-brackish and
brackish species becomes drastically higher immediately above the mud–peat boundary (Fig. 3). At 155
cm depth, although the percentage of brackish species is decreasing, the percentage of the marine
species is increasing. The total percentage of the marine and brackish species exceeds 20% (Fig. 3).

 At 272–292 cm depth, the vertical distribution of diatom assemblages shows that the freshwater species
are generally dominant (Fig. 3). At 284 cm depth in the lower part of the sand layer, however, the
percentage of marine, marine-brackish, and brackish species are, respectively, approximately 0.5%, 0.5%,
and 3%. Below the sand layer 292 cm depth, marine and brackish species percentages are, respectively,
approximately 0.5% and 2%. Above the sand layer at depth of 272 cm, marine, marine-brackish, and
brackish species percentages were approximately 1%, 0.5%, and 6%, respectively (Fig. 3).

Radiocarbon dating
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Radiocarbon dating revealed that the P-14 core presents the geological record since B.C. 1129 (Table 2,
Fig. 4). The depositional ages of the sand layer at depth of 80–86 cm, and the mud–peat boundary and
the sand layer at depth of 278–287 cm can be constrained respectively to AD 947–1909, AD 896–966,
and AD 234–330, respectively (2σ, Table 2).

Geochemical signatures
The elemental pro�les of the P-14 core obtained with the ITRAX core scanner are shown in Figure 5.
Scattering ratio (Mo inc/Coh) is regarded as a proxy for organic matter (Guyard et al. 2007). The Mo
inc/Coh ratio of the mud layer is lower than the underlying peat, suggesting that sediments in the mud
layer are poor in organic matter.

   Although each elemental pro�le exhibits subtle variations with the mud and peat layer, the Si, K, Fe, and
Ti pro�les show a trend by which their concentration in peaty sediment is lower than those in muddy
sediment. The elemental pro�les for Ca and Sr exhibit a distinct and sharp increase in counts/kcps
around mud–peat boundary at 165 cm depth.

   Unlike the mud and the peat layers, the lower Mo inc/Coh ratios of the sand layers at depth of 80–86
cm and 278–287 cm indicate that these sand layers are poor in organic matter. By contrast, Si and K
pro�les show a distinct increase in counts/kcps at both sand layers. Furthermore, slight peaks of Ca and
Sr in counts/kcps occur at 80–86 cm and 278–287 cm depth. Although the concentrations of Fe and Ti
show no remarkable change at 80–86 cm depth, a distinct increase is apparent at 278–287 cm depth.
However, the Mn pro�le has few apparent changes at both sand layers compared with the mud and peat
deposits. The S pro�le shows no characteristic peak in counts/kcps at 80–86 cm or 278–287 cm depth,
but it exhibits a sharp increase in counts/kcps at 275 cm depth immediately above the sand layer.

Discussion
Correlation of event deposits

This study revealed that mud and peat layers were deposited continually in the Kobatake-ike pond during
last 3000 years. Among them, we identi�ed two distinct sandy deposits interbedded within black mud
and peat layers. These sandy deposits have clear upper and lower boundaries. Some sandy deposits
show normal grading and inverse grading (see also grain size results presented separately in the
Appendix).

Considering the depositional environment of this pond, the presence of sand layers is unusual because
there is no source of sand exists. Therefore, we identi�ed them as event layers. In addition, although no
visible sand layer exists at the mud–peat boundary, CT images suggest that there are minor sands.
Geochemical signatures show other evidence that Ca and S pro�les exhibit a distinct increase in
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counts/kcps compared to normal sediment (Fig. 5). Therefore, we infer that a depositional event might
have occurred at this boundary.

Based on the stratigraphy and 14C ages, these event layers were correlated among cores. These event
layers were named event layers 1–3 in descending order. Figure 2 shows the correlation of event layers
among cores.

Identi�cation of tsunami deposits

The present Kobatake-ike pond is located on a hill 11 m above the present sea level, but one must
consider its past elevation and sea level when discussing the source of event layers. In Choshi peninsula,
even if considering uplift and sea level changes, this pond is regarded as having been located on a hill far
from the sea for the last 3000 years (Ota et al., 1985; Kashima et al., 1990). Therefore, it is very unlikely
that Kobatake-ike pond was changed into marine-brackish environment by the relative sea level change.
Furthermore, Yanagisawa et al. (2016) performed numerical simulation of the 1677 Enpo tsunami
inundation for Kobatake-ike pond, which revealed that an earthquake with intensity greater than Mw=8.3
is necessary for tsunami waves to reach Kobatake-ike pond. They also indicated that no historical or
measurement record suggests pond inundation by storm surges or waves over the last 400 years and
excluded possibility of storm wave deposition in the pond. Therefore, we inferred that only tsunamis can
inundate the Kobatake-ike pond.

Based on analyses of tephra, macrofossil and historical documents as well as 14C dating by Yanagisawa
et al. (2016), event layer 1 was already identi�ed as originating from the 1677 Enpo tsunami deposit. We
agree with their interpretation.

Given that event layer 3 is a far more distinct sand layer than event layer 2, we �rst discuss the origin of
event layer 3. Lithostratigraphical observations and CT image revealed that the KBT4 core shows normal
grading and inverse grading. A similar sedimentary structure is typically reported for deposits formed by
the recent large tsunamis such as the 2011 Tohoku-oki tsunami (Nakamura et al. 2012; Naruse et al.
2012) and the 2004 Indian Ocean tsunami (Naruse et al. 2010). Naruse et al. (2010) proposed that
inverse grading occurs during the waxing stage of oscillatory �ows, such as tsunami run up or backwash
�ows; then the graded part is formed during the waning stage. Sawai (2012) also reported that inverse
grading can be interpreted as grain coarsening because of the passage of suspended sediment with
acceleration of �ow. Therefore, these structures can be regarded as the characteristic features of the
tsunami deposits.

Results of diatom analyses further provided direct evidence of seawater inundation. A few marine and
brackish species were observed in event layer 3 (Fig. 3), which suggests that an in�ow of seawater to
Kobatake-ike pond coincided with event layer 3 deposition. It is noteworthy that marine and brackish
species were also observed in normal sediments above and below event layer 3 (Fig. 3). Geochemical
signatures indicating seawater such as salinity reportedly do not remain in the porous sand layers and
�ow down to the bottom soil by rainwater (e.g., Chagué-Goff et al. 2015). These indicators are also
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known as tending to be preserved in organic or �ne sediments (e.g., Chagué-Goff 2010). Yanagisawa et
al. (2016) showed that a similar in�ltration process might occur for diatoms because they are su�ciently
small to behave like mud to silt particles. Therefore, our result can also be considered that diatoms might
�ow down through the pores below the sand layer. Presence of marine-brackish diatoms in the muddy
sediment above event layer 3 indicates that the part of the mud layer above the sand layer is an extension
of event layer 3, as the grain size distribution and CT images indicated (see also Fig. S1).

Geochemical signatures also show some characteristics of event layer 3 (Fig. 5). Ca and Sr pro�les
exhibit a distinct increase in event layer 3. Because Ca and Sr concentrations in seawater are generally
known to be higher than in freshwater (Wedepohl 1971), Ca and Sr pro�les and the presence of marine
diatoms indicate that seawater �owed into the Kobatake-ike pond. In addition, a sulfur (S) peak in
count/kcps is recognized in event layer 3, which is higher in seawater than in freshwater (Casagrande et
al. 1977; Chagué-Goff 2010; Goff et al. 2012). Si and K are mainly contained in rock-forming minerals.
Their pro�les show a distinct increase in event layer 3, similarly to other seawater indicators (Fig. 5); Si is
a main element of silicate minerals such as quartz and feldspar (Chagué-Goff 2012). Feldspar, pyroxene,
and amphibole also contain K or Ca (Chagué-Goff 2012). Furthermore, these minerals are commonly
found in beach sand in the area (Sudo 2006). Therefore, it can be considered that tsunami waves eroded
and transported beach sand into Kobatake-ike pond. By contrast, Fe and Ti are main elements of heavy
minerals. These elements are therefore regarded as signature materials of terrestrial sources (Chagué-
Goff 2012; Hadler et al. 2015; Ramírez-Herrera et al. 2012; Williams et al. 2011). Therefore, increasing Fe
and Ti in event layer 3 can also be interpreted as a result of erosion and transportation of the beach sand
with heavy minerals by tsunami waves. Based on these sedimentological, geochemical, and
paleontological results, we identi�ed event layer 3 as a tsunami deposit.

Although no visible sand deposit is observed, the bottom of event layer 2 is de�ned at the mud–peat
boundary. Indeed, a whitish layer with high CT numbers exists at the bottom of mud layer (see Appendix),
suggesting that relatively coarse grains were contaminated in this part. In case of the 2011 Tohoku-oki
tsunami, thick sandy deposits were usually reported near the coast but no sand layer is visible near the
inundation limit (e.g. Goto et al. 2011; Takai et al. 2013). In addition, very thin or no sand deposits were
sometimes left in case of small tsunamis (Judd et al. 2017). It is pointed out that geochemical signatures
are effective to identify such subtle evidence of minor tsunami events (Chagué-Goff 2010; Judd et al.
2017; Minoura and Nakaya 1991).

ITRAX analysis revealed higher counts of Ca/kcps, S/kcps, and Sr/kcps around the mud–peat boundary
at 165 cm depth (Fig. 5). Diatom analysis also shows that marine, marine-blackish and brackish species
are all contained (Fig. 3). These results suggest that the seawater inundation probably occurred at this
timing. Therefore, although the tsunami left no sand layer, event layer 2 can be regarded as having been
formed by tsunami waves, probably because the tsunami supplied less sediment than event 1 or 3.

Radiocarbon dating revealed the depositional age of event layer 2 is AD 896–966 (2σ). Actually, this age
range is close to the tradition of the tsunami that might have struck the Choshi area in AD 976 (Choshi
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Geopark Promotion Council O�ce 2016). Therefore, it is reasonable to conclude that AD 976 tsunami is
the one which formed event layer 2.

The change of lithology from peat to mud also occurs simultaneously to the formation of event layer 2.
The formation of mud and peat layer is generally regulated by the balance of plant production and
decomposition (Sakaguchi 1974). The peat layer is formed mainly by deposition of the plant residue that
is broken down imperfectly when the plant production is superior to decomposition (Sakaguchi 1974). In
the present environment of the pond, no plants grow in the central part and hence, mud is deposited,
while the outer rim of the pond is covered by reeds, although there is no marked difference in water depth.
Hence, a chance exists that peat is developed in some parts of the present pond. Therefore, it is likely that
a slight change of water depth might markedly affect the mud or peat layer formation. If this is the case,
then the water depth might have been increased simultaneously to the deposition of event layer 2 to
change the depositional environment from peat to mud. Although slight co-seismic subsidence is one
possibility, one cannot exclude other possibilities that must be examined carefully.

Sedimentation rate of Kobatake-ike pond

It might be readily apparent from the age–depth model (Fig. 4) that the sedimentation rate changes
suddenly near the mud–peat boundary. The rate is about 1 m/kyr below the boundary, but it is higher
above the boundary. If this sedimentation rate is re�ective of actual conditions, then the mud sediment
deposited between event layers 1 and 2 about 100 years (Fig. 4). Furthermore, a large time gap separates
layers below and above that marking the 1677 tsunami deposit (event 1). As reported for the 2011
Tohoku-oki tsunami, a tsunami can erode the original sediment in the coastal pond. Such signi�cant
erosion can result in the large time gap that occurred below and above the tsunami deposit (Shinozaki et
al. 2015). However, approx. 4 m thick sediment is expected to have been eroded by the tsunami
associated with event 1 (=1677 Enpo tsunami) if one considers the sedimentation rate between events 1
and 2. Such signi�cant erosion is unlikely to have occured at the high elevation of Kobatake-ike pond
together with a historical account of the 1677 Enpo tsunami. Indeed, Yanagisawa et al. (2016) reported
that radiocarbon dating of plant materials obtained from the muddy sediment below event layer 1 in the
other core (P-7) was cal year AD 1405–1445. Therefore, erosion of the pond �oor sediment by the 1677
tsunami should have been limited. Alternatively, the following two hypotheses can be regarded as
explaining this change in sedimentation rate and time gap beneath event layer 1.

Tsunami mixing model: The possibility exists that the age–depth model was affected by the tsunami
inundation to mix the soft muddy sediment. Shinozaki et al. (2015) reported for Suijin-numa pond in
Sendai Plain that the original muddy sediment was eroded and suspended by the 2011 tsunami to form
an approximately 50-cm-thick reworked mud layer above sandy tsunami deposits. They also applied
radiocarbon dating to this reworked mud layer and demonstrated that the age is almost homogenized.
Shinozaki et al. (2015) reported that the muddy tsunami deposits contained a mixture of organic
materials of various ages during the last 1100 years by tsunami erosion.
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These homogenized dating results are similar to our dating results obtained between event layers 1 and 2
(Fig. 4), so that erosion and deposition of reworked mud might have occurred by the tsunami related to
event 2 (Fig. 6). If tsunami reworking of mud took place in association with event 2, then the mud layer
above event layer 2 might represent an older age than the actual tsunami age. Similarly to the Suijin-
numa case (Shinozaki et al. 2015), this phenomenon might only occur in a soft mud layer: it might not
occur in a hard peat layer because mud is more erodible than peat. Actually, homogenized dating results
cannot be ascertained above and below event layer 3 (Fig. 4), which is intercalated within the hard peat
layer. Therefore, it is unlikely that this phenomenon occurred in association with event 3. It does not
affect the sedimentation age of event layer 3.

If this model is correct, then it is di�cult to restrict the limiting minimum age of event 2 using
homogenized radiocarbon dating results, although the limiting maximum age of event 2 as AD 896–954
is unaffected because the dating result obtained from the hard peat layer below event layer 2 is regarded
as having not been reworked. This homogenized mud deposit should have been terminated well below
event layer 1 (1677 Enpo tsunami deposit) because radiocarbon dating of plant materials obtained from
muddy sediment below event layer 1 in the other core (P-7) was cal year AD 1405-1445 (Yanagisawa et
al. 2016), which is well younger than the homogenized age. This radiocarbon dating result can also be
used as a reliable limiting minimum age of event 2 and also as a limiting maximum age of event 1.

Reservoir effect model: The dissolved inorganic carbon in water used for photosynthesis by aquatic
plants has lower 14C concentration than in the atmosphere because of seawater and freshwater reservoir
effects. Therefore, the radiocarbon dating values of aquatic plant fossils are known to tend to be older
than the actual age (Watanabe et al. 2010). For example, Kilian et al. (1995) performed radiocarbon
dating using aquatic plants in raised bog deposits. They reported that these results were affected
strongly by local reservoir effects and reported dates hundreds of years older than the actual age. In
addition, the δ13C values of approximately zero to -10‰ were reported in the case of aquatic plants in
the lake (Watanabe et al. 2010). These values are heavier than the range of δ13C values (approximately
-20 to -32‰, Schwarz and Redman 1978; Watanabe et al. 2010) reported for terrestrial C3 plants.

At Kobatake-ike pond, dating materials obtained from the peat layer and the top of the mud layer have the
δ13C values of approximately -22 to -28‰ (Table 2), corresponding to the isotopic compositions of
terrestrial plants. However, the plants obtained at 76–151 cm depth show δ13C values of approximately
-15 to -19‰, with slightly heavier isotope compositions than those of terrestrial plants (Table 2). These
heavy isotope compositions suggest that these plant materials might be aquatic plant fossils.
Considering the historical maps and the current landscape in the study area, the Kobatake River �owing
from Kobatake-ike pond to Na’arai might have been dammed for some reason such as human activities.
If so, then the sedimentary environment might have changed from wetland to pond and leaded to the
vegetation change from terrestrial plants to aquatic plants which have heavier isotope compositions. If
this is the case, then radiocarbon ages obtained from mud layer between event layers 1 and 2 might be



Page 12/29

affected by local reservoir effects and might represent hundreds of years older age than the actual
tsunami age.

However, even considering the older radiocarbon ages affected by the local reservoir effects, the
sedimentation rate in the mud layer is markedly faster than that of the underlying peat, which indicates
that the reservoir effect model failed to satisfactorily explain the homogenized dating results obtained
between event layers 1 and 2. Therefore, although the possibility of the reservoir effect model cannot be
fully excluded, the tsunami mixing model is necessary to explain the homogenized ages. In this way,
although the age of event 2 cannot be constrained well, it is still plausible that the event corresponds to
the historically known AD 976 tsunami event because no other historical large tsunami was recorded
during the 10–15 Centuries.

Paleotsunami history along the southern and central part of Japan Trench

Our results demonstrated that three large tsunamis struck the studied area: in AD 1677, around AD 976
and around AD 300. The approximate recurrence interval of tsunami events inferred from this result is
constant: about 700 years.

In the central part of the Japan Trench, Sawai et al. (2012) conducted a comprehensive survey along the
Paci�c coast from Miyagi prefecture to northern Ibaraki prefecture. They mainly identi�ed �ve large
tsunami events from the historical and geological evidence in Tohoku region and inferred them as formed
by the AD 1611 Keicho tsunami, AD 1454 Kyotoku tsunami, AD 869 Jogan tsunami and tsunami events
at AD 400–500 and BC 500–400. Saino (2012) and Matsumoto et al. (2013) reported that a tsunami
struck to the Sendai Plain around 2050 yrBP, which was not reported by Sawai et al. (2012) (see also
discussion by Sawai accepted). Among them, AD 869 Jogan tsunami (Sawai et al. 2012) and a tsunami
occurred at about 2050 yrBP (Matsumoto et al. 2013; Saino 2012) were likely generated at the central
part of Japan Trench because tsunami deposits extended far inland, as they did during the 2011 Tohoku-
oki tsunami. However, it remains controversial whether the AD 1611 Keicho tsunami was generated by the
earthquake along the Japan Trench (Hatori 1975) or Kuril Trench (Hirakawa et al. 2000; Okamura and
Namegaya 2011) (Tetsuka et al. in press). Moreover, although Sawai et al. (2015) assumed the source of
the AD 1454 Kyotoku tsunami as the Japan Trench, evaluating its source is di�cult because historical
description and identi�cation of tsunami deposits of the tsunami are both scarce (Goto et al. submitted).
Nevertheless, it is noteworthy that the paleotsunami history along the southern part of Japan Trench
inferred from our study is well consistent with that of the central part of the Japan Trench (Fig. 7).

The AD 1677 Enpo tsunami occurred in the southern part of Japan Trench approximately 60 years after
the AD 1611 Keicho tsunami (Fig. 7). In addition, if event 2 can be correlated to the AD 976 tsunami, our
results suggest that a large tsunamigenic earthquake struck the Choshi region about one hundred years
after the AD 869 Jogan earthquake (Fig. 7). Furthermore, radiocarbon dating results show that event layer
3 was deposited between AD 234 and 330. This age seems close either to the event in 2050 yrBP
(Matsumoto et al. 2013; Saino 2012) or in AD 400–500 (Sawai et al. 2012) along the central part of
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Japan Trench, although the error ranges of both tsunami deposits at southern and central parts of Japan
Trench are large. Additional careful research must be conducted.

No visible event deposit that can be correlated with the AD 1454 Kyotoku tsunami or the BC 400–500
tsunami event reported in the central part of Japan Trench (Sawai et al. 2012) was identi�ed in the cores
obtained from Kobatake-ike pond (Fig. 7). The ITRAX result also shows no geochemical evidence
indicating seawater invasion and even suggests that the event layer without a sandy deposit is less likely
to exist (Fig. 5). Therefore, possibly, no large tsunami was generated during this period in the southern
part of Japan Trench. Or, if it had occurred, then the tsunami was unable to reach the elevation of
Kobatake-ike pond (11 m). Regarding this result, however, because of the lack of historical documents
and the lack of su�cient quantitative estimation of inundation processes and sources (Sawai 2017,
accepted), it is still disputable whether the AD 1454 Kyotoku tsunami and the BC 400–500 tsunami
occurred in the central part of the Japan Trench.

The discussion presented above related to correlation of paleotsunami histories between the central and
southern parts of Japan Trench might indicate important temporal–spatial relations of the causative
large earthquakes between these areas. A large earthquake may have been triggered by the occurrence of
a large earthquake at an adjacent area. Occurrence of large earthquakes in different seismic sources
during a short term of a few days to a few tens of years, is historically well known from the Nankai
Trough (Ando 1975; Sugino et al. 2011). In the case of the Japan Trench, strain accumulation after the
2011 Tohoku earthquake was inferred and reported (Simons et al. 2011; Toda et al. 2011). Our results
may constitute important direct geological evidence to support such concerns.

Conclusions
We identi�ed three tsunami events occurring during the past three thousand years from drilling cores
obtained at Kobatake-ike pond. The uppermost tsunami deposit can be correlated with the AD 1677 Enpo
tsunami. Radiocarbon dating results further indicated that the older tsunamis might have occurred
respectively at AD 976 and AD 234–330. The approximate recurrence interval of the tsunami events is
700 years. This interval is comparable to those estimated around the coasts facing the central part of the
Japan Trench. Additionally, results show that the paleotsunami histories, at least the recent two events, in
the central and southern parts of the Japan Trench closely occur in a short time interval of a few tens of
years. This result implies that a spatial–temporal relation of large earthquake generations (strain
accumulation and release) might exist between central and southern part of Japan Trench areas. This
possibility should be considered in tsunami hazard assessment.
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Figure 1

(a) Locations of Choshi City and survey points of paleotsunami deposits along the Japan Trench. (b)
Surface elevation based on 5 m resolution DEM (Geospatial Information Authority of Japan) showing the
Kobatake-ike pond location. (c) Survey points (red dots) in the Kobatake-ike pond. KBT1 to KBT11 are
core numbers in this study. A black cross mark shows the location of P-14 core sampled by Yanagisawa
et al. (2016).
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Figure 2

Stratigraphic comparisons in the sea-land direction based on sedimentary facies and radiocarbon dating.
Note that sedimentary facies of the KBT4 core seem different from others, and a detailed explanation is
presented in the Appendix.
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Figure 3

Relative abundance of diatom assemblages (%) classi�ed into four salinity groups: freshwater,
freshwater-brackish, brackish-marine, and marine; upper, mud–peat boundary (event layer 2); lower, sand
(event layer 3).
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Figure 4

14C dating results for a 2σ probability range. Probability densities of the respective dating results are
shown in light gray; the black ones show probability density distributions constrained using the sequence
model. Marks (red diamond, black diamond, and dot) show sampling points; red, results reported by
Yanagisawa et al. (2016); black, samples measured for this study; diamond, plant materials; circle,
organic sediments. The vertical red line represents the AD 1677 tsunami.



Page 27/29

Figure 5

Normalized ITRAX XRF data of P-14 core (55-380 cm depth).

Figure 6
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Depositional and erosional processes with depositional curve of tsunami mix model to explain the
sedimentation rate change and age gap of the Kobatake-ike pond.

Figure 7

Paleotsunami histories in the Paci�c coasts from Miyagi to Chiba prefecture, which faces to the central
and southern parts of Japan Trench.
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