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The 2011 Tohoku-Oki Earthquake is a typical subduction-zone earthquake and is the 4th largest earthquake
after the beginning of instrumental observation of earthquakes in the 19th century. In fact, the 2011
Tohoku-Oki Earthquake displaced the northeast Japan island arc horizontally and vertically. The
displacement largely changed the tectonic situation of the arc from compressive to tensile. The 9th century
in Japan was a period of natural hazards caused by frequent large-scale earthquakes. The aseismic
tsunamis that inflicted damage on the Japan Sea coast in the 11th century were related to the occurrence
of massive earthquakes that represented the final stage of a period of high seismic activity. Anti-
compressive tectonics triggered by the subduction-zone earthquakes induced gravitational instability, which
resulted in the generation of tsunamis caused by slope failing at the arc-back-arc boundary. The crustal
displacement after the 2011 earthquake infers an increased risk of unexpected local tsunami flooding in the

Japan Sea coastal areas.
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Introduction

Authenticated chronicles that recorded daily events in
Japan refer to the occurrence of a highly destructive disaster
on the 26th of May in the 11th year of the Jogan Era (July
13, AD 869). The literary style describing the disaster is
very concise, consisting of 151 kanji characters; however,
the contents are quite surprising. According to the archives,
a great earthquake (the AD 869 Jogan Earthquake, moment
magnitude > 8.3-8.6) (Minoura et al. 2001; Namegaya and
Satake 2014) took place off the Pacific coast of northeast
Japan at midnight on May 26, destroying the strongly-built
walled town situated in the northern part of the Sendai
plain. The earthquake was followed by a gigantic tsunami,
which reached the coast after a while and washed away
everything. The description that seawater flooded the
whole surface of the earth, deeply submerging the land,
infers extensive sinking of the plain. The earthquake may
have triggered crustal subsidence.

On March 11, 2011, the gigantic earthquake with
moment magnitude of 9.0 took place in the offshore of the
Pacific side of Tohoku region. The earthquake is the 4th
largest one since the beginning of instrumental observation
of earthquakes. Although the seismic intensity reached 7 in

Tohoku region, damages to humans, buildings and other
infrastructures were relatively limited, comparing with the
tsunami damages (Ishigaki et al. 2013). The tsunami exten-
sively flooded the coastal plains in Sendai Bay, ran up steep
incised valleys in Sanriku Coast, caused nearly 19,000
deaths, most of reason was identified as drowning (Ishigaki
et al. 2013), total destruction of coastal communities and
infrastructures, and the fatal accident of the Fukushima
Daiichi Nuclear Power Plant.

The earthquake was caused by the huge slip (up to 27
m near the epicentral area; Ozawa et al. 2011) of the fault
that exists between the converging boundary of the oceanic
(Pacific) and continental (North American) plates (subduc-
tion zone) (Fig. 1A). The Geospatial Information Authority
of Japan operates GPS monitoring on the datum at 20 km
intervals, and it was observed at the time of the 2011 earth-
quake that the northeast Japan arc moved horizontally (max.
5.3 m to the east) and vertically (max. 1.2 m downward)
(Ozawa et al. 2011). The catastrophic lowering of stress
caused by the large-scale destruction of the fore-arc crust
resulted in gravitational deformation of the arc. The sub-
sidence has recovered regionally to some extent since the
2011 earthquake; however, an E-W extension still exists in
the arc. Given that the AD 869 Jogan Earthquake is a pre-
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decessor of the 2011 Tohoku-Oki Earthquake, we interpret
the Jogan event to have reduced the plate convergence, pos-
sibly weakening the tectonic coupling between the arc and
the back-arc.

Throughout the districts along the coast of Japan vari-
ous documents and legends that recall tsunami disasters
exist. Tradition has it that about 1,000 years ago an unex-
pected tsunami destroyed a small town facing the Japan
Sea. The stricken town was situated on the coast where the
present city of Masuda now stands in southwest Japan (Fig.
1A). On midnight of the 23th of May in the 3rd year of the
Manju Era (June 16, AD 1026) the tsunami invaded the
coast (but no earthquake was felt), causing devastating
damage and a great loss of life (Matsui 1995). Minoura and
Nakata (1994) discovered tsunami deposits in the coastal
sequence of the Masuda plain and the adjoining basin
(Shimotoda, Fig. 1A) and found that the deposits were
formed by the AD 1026 Manjyu Tsunami (139 years after
the AD 887 earthquake in the Nankai Trough). Water tank
experiment results suggest that the tsunami was not of seis-
mic origin but was generated by undersea slope failing.
The bathymetric chart shows a well-preserved collapsed
topography (Fig. 2A), indicating that the submarine slide
was a recent event. There are no historical records of tsu-
nami-genic earthquakes or eruptions that occurred in the
Far East at that time (Matsui 1995); thus, this seabed fea-
ture may be evidence of an undersea slope collapse that
caused the AD 1026 Manjyu Tsunami. Before entering to
this study, we carried out a preliminary numerical modeling
that takes into account the scale of the slope collapse and
the volume of sediment transfer. The numerical result dem-
onstrates that a tsunami generated in the area of the subma-
rine slide struck the coast of Masuda (Fig. 3A; see the sec-
tion “Numerical reconstruction of the tsunami events”
below for the details). The modeled inundated area is con-
sistent with the extent of flood damage estimated from
recounts of local tradition and documents (Matsui 1995).

It is probable that undersea slope failing was the
important mechanism of tsunami generation in the Japan
Sea. Unexpected tsunami flooding has caused serious dam-
ages on the coast (Watanabe 1998). The 2011 Tohoku-Oki
Earthquake largely changed the tectonic situation of the arc
from compressive to tensile. The tectonic situation proba-
bly induced gravitational instability, which might have trig-
gered slope collapse along the shelf break. Elucidating the
cause of unexpected tsunamis is the urgent requisite for
disaster prevention on the Japan Sea coast. We review the
recent geological findings of unexpected tsunamis on the
northern Japan Sea coast in the light of historical and tec-
tonic data and numerical modeling.

Historical tsunami flooding on the Japan Sea coast
The authenticated chronicle of the 16th of October in
the 3rd year of the Kasho Era (November 27 AD 850)
records the occurrence of a major earthquake and a tsunami
off the Japan Sea coast of Sakata (Fig. 1A). The tsunami

reached the coast immediately after the earthquake, causing
extensive damage to seaside villages (Usami et al. 2013).
In the Shonai region, sand hills of the largest scale in Japan
range north to south parallel to the coast (Fig. 1A), except
for the central area, where the meandering of the Mogami
River interrupts the growth of the hills (Fig. 1B). The hills
are formed by aeolian deposits, stratigraphically classified
into two formations based on the development of humic
soil: the Older Sand and the Younger Sand (Sumida 1975).
On the top of the paleosol layer above the Older Sand in the
northern sand-hills (Fig. 1B), Yamanoi et al. (2014) discov-
ered a 10 to 20 cm thick clayey-silt layer, which is overlain
by megaripple-bedded medium sand (Fig. 4A). The AD
915 Towada-A tephra (Aoki and Machida 2006; Table 1) is
intercalated in the sand, suggesting that the silt was depos-
ited just before the last eruption of the Towada volcano.
Lenticular lamination is formed by suspension or rolling
transport of ooze fragments by continuous water flows
(Schieber et al. 2010). The occurrence of saltwater diatoms
(Table 2) and the development of lenticular lamination (Fig.
4A) indicate that seawater currents caused clayey-silt trans-
port and deposition. The silt layer occurs as a thin carpet
covering the surface of troughs of the former landform that
was formed by erosion and soilification acting on the Older
Sand (Fig. 5A, B). The trough axis dips westward, suggest-
ing that the seawater currents came from the coast and run
up through valleys. The tephrochoronology (older than AD
915, Table 1) and the accelerator mass spectrometry (AMS)
dating (younger than AD 800; Yamanoi et al. 2014) indicate
that the layer was formed in the 9th or early in the 10th cen-
tury. The AD 850 Kasho Earthquake is the only tsunami-
genic earthquake generated off the coast of Shonai (Usami
et al. 2013). It follows therefore that the silt layer was
formed by the tsunami flooding in AD 850. The clayey silt
layer was found only in the northern sand-hills, suggesting
that the tsunami hit mostly the northern coast of Shonai.

Geological evidence of unexpected tsunami
flooding over the Shonai sand-hills

On the western hillside of the southern sand-hills, we
recognized the development of another 20 to 30 (partly 40)
cm thick clayey-silt layer, which is underlain by humic
sandy soils. The layer, consisting of massive gray clayey-
silt with unsorted brownish soil-rich silt at the base (Fig.
4C, D), is overlain by megaripple-laminated medium sand.
In Fig. 4E and F we show the vertical sequence observed at
the geological sites of SD06 and SDO7, respectively, in the
northern sand-hills. The elevation of the layer increases
toward the south and reaches up to 33.5 m in the southern
end of the hills (Fig. 1B). Lenticular fabric (e.g. Fig. 4A;
Schieber et al. 2010) is again visible in the clayey silt. In
some places, the soil-rich silt includes tephra flakes. At the
horizon 30 to 40 cm below the soil/silt interface, there is a
1-2 cm thick layer of volcanic fallout (Fig. 4F). Electron
probe microanalysis (EPMA) of volcanic grass shards
shows that the fallout layer and the tephra flakes are corre-
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Fig. 1. Historical tsunami
flooding on the Japan Sea
coast.

A: Tectonic division of
the Japanese Islands and
the locations of the study
areas (Masuda: South-
west Japan, Shonai: North-
east Japan). The Japanese
Islands are divided large-
ly into two zones, the
Northeast Japan arc and
the Southwest Japan arc,
by a tectonic line named
the Itoigawa-Shizuoka
Line (ISL), which is also

the boundary between the Eurasian Plate and the North American Plate. The geological traces of seawater flooding caused by the AD 1026
Manjyu Tsunami were found at Suko and Shimotoda in Masuda (Minoura and Nakata 1994). In AD 850 a major earthquake-tsunami took
place off the coast of Sakata, causing flood damage to seaside villages. The Shonai sand-hills extend from north to south along the coast. B:
Three-dimensional presentation of the Shonai sand-hills. The western slope of the hills was exploited for extracting sand used for construc-
tion. Meandering river channels impede the settlement of acolian deposits, restricting the development of sand-hills in the central area. The
sediment facies and the stratigraphy were studied in detail at the geological sites from SDO1 to SD11 and SKK (altitude of outcrops; SDO1:
17.4 m, SD02: 18.4 m, SD03: 14.6 m, SD04: 16.9 m, SD05: 19.2 m, SD06: 20.5 m, SD07: 12.8 m, SD08: 25.0 m, SD09: 27.5 m, SD10: 33.5
m, SD11: 31.1 m). The relief maps issued by the Geographical Survey Institute of Japan were utilized for displaying the areas and sites of
research. The digital elevation model (5-m mesh) provided by the Geospatial Information Authority of Japan (http://www.gsi.go.jp/kiban/)
and the Generic Mapping Tools (Wessel et al. 2013) was used to construct the three-dimensional relief map.
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Fig. 2. Offshore bathymetry and onshore topography of Masuda and

Shonai.

A: Perspective view of the offshore bathymetry and the onshore
topography of Masuda. The water depth increases from 200 m
to 1,500 m across the shelf slope, and the bathymetric features
associated with submarine slide and slope collapse are clearly
recognized outside the shelf break. B: Perspective view of the
offshore bathymetry and onshore topography of Shonai. The
water depth increases from 100 m to 500 m or more across the
shelf slope. The bathymetric features characteristic of slope col-
lapse and mass flow are identified. The topographic and bathy-
metric reliefs were generated using the data from the Digital
Bathymetric Chart (M7011 and M7013) provided by the Japan
Hydrographic Association and the Digital Elevation Model (50-
m mesh) produced by the Geospatial Information Authority of
Japan. The vertical scale factors are 30 (A) and 15 (B), respec-
tively.
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Fig. 3. Numerical reconstruction of the tsunami events.
A: Numerical model (A1) and simulation results (A2) of the AD 1026 Manjyu Tsunami. The tsunami invaded the Japan
Sea coast around Masuda with waves exceeding 15 m in height. B: Numerical model (B1) and simulation results (B2)
of the AD 850 Kasho Tsunami. The major tsunami flooding was concentrated along the coast north of Sakata.
C: Numerical model (C1) and simulation results (C2) of the tsunami that occurred offshore Shonai during the first half
of the 11th century. The tsunami reached the coast of the Southern sand-hills with waves up to 30 m high.
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Fig. 4. Tsunami flooding over the Shonai sand-hills.

A: Rising deposition of clayey silt over humic sandy soil observed at geological site SDO1 (Fig. 1B). The occurrence
of layer thinning toward the higher level of distribution infers the accumulation of silt over sandy soil from decreasing
water currents. The thin section of the sample from SDO1 shows the development of lenticular fabric in the clayey silt.
The lenticular structure is quite similar to the sediment pattern observed in the flume experiments of Schieber et al.
(2010). They showed that current-induced redeposition of water-rich mud flakes led to the formation of lenticular lami-
nation during burial dehydration. B: Flame structure found at the sand-mud interface exposed on the outcrop of SKK.
The structure is very similar in size and form to that caused by the AD 1026 Manju Tsunami (Minoura and Nakata
1994). Paleontological results indicate that the mud is comprised of deposits that filled the inter-dune ponds affected by
tidal changes (Yamanoi and Arakawa 1988) suggesting that surging currents rushed into the inter-dune ponds and accu-
mulated sand there. Deferential loading triggered by abrupt deposition of sand over organic mud formed syndepostional
deformation structure. The sudden accumulation of sand over the mud covering the bottom of the stagnant waters prob-
ably caused oozy flakes to become suspend in the water. Subsequently, currents transported the flakes toward the hill-
side in suspension or by rolling. C: Succession of sandy soil and clayey silt observed at site SD09 in the southern sand-
hills. The silt layer is rich in soil fractions at the basal part. D: Occurrence of tephra flakes in soilferous horizon of
clayey silt exposed at site SD11. Glass shards in the tephra correlate with those in the AD 915 Towada-A tephra (Table
1). E: Geological cross-section along line A-B shown in panel D. The vertical sequence observed at SD06 is shown in
Fig. 5A. F: Geological cross-section along line C-D shown in panel D. During the excavation of a canal along the Aka
River in the 1990s, Dr. Hideaki Matsumoto of Tohoku-Gakuin University confirmed the intercalation of a tephra layer
in the sandy humic soil (Matsumoto 1984). The columnar section of the geological occurrence observed at SDO8 (right
insert). The tephra flakes are rip-up clasts originating in the underlying tephra. The geological occurrence infers that
currents of water flowed up the hillside and eroded the soil surface covering the Older Sand. Relief maps issued by the
Geospatial Information Authority of Japan were utilized for displaying the areas and sites of research. Letters (a) to (c)
in panel A and letters (a) and (b) in panels B and D represent the horizons of the sediment samples submitted for the di-
atom analysis (Table 2). See the location of the geological sites in Fig. 1B.
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Table 1. Results of EPMA mineralogy on glass shards.

SiO, TiO, Al,Oq FeO* MnO MgO Ca0 Na,O K0 Total

SDO06 tephra layer (4 samples)

Average 77.37 0.39 12.29 1.73 0.07 0.39 1.95 4.38 1.44  100.00
St. dev. 0.23 0.04 0.28 0.04 0.03 0.01 0.05 0.60 0.12 0.00
SDO7 tephra layer (11 samples)

Average 76.89 0.40 12.42 1.78 0.10 0.44 2.07 4.41 1.50  100.00
St. dev. 0.23 0.03 0.20 0.10 0.04 0.05 0.11 0.11 0.10 0.00
SDO7 tephra layer (8 samples)

Average 77.0 0.4 12.4 1.7 0.1 0.4 2.0 4.5 1.4 100.00
St. dev. 0.30 0.03 0.29 0.10 0.06 0.05 0.07 0.11 0.05 0.00
SDO7 tephra patch from the lower part of the slump layer (7 samples)

Average 77.12 0.35 12.37 1.77 0.07 0.43 2.08 4.34 1.47  100.00
St. dev. 0.53 0.05 0.17 0.09 0.04 0.02 0.07 0.57 0.05 0.00
SDO07 tephra patch from the upper part of the slump layer (10 samples)

Average 76.82 0.38 12.56 1.68 0.09 0.42 2.03 4.60 1.41 100.00
St. dev. 0.28 0.07 0.14 0.10 0.05 0.04 0.09 0.08 0.11 0.00
SD09 tephra patch from the clayey silt layer (3 samples)

Average 78.42 0.21 12.64 1.81 0.09 0.44 0.91 4.53 0.96  100.00
St. dev. 0.28 0.02 0.12 0.09 0.04 0.03 0.04 0.13 0.07 0.00
SD10 tephra patch from the clayey silt layer (6 samples)

Average 76.86 0.37 12.48 1.77 0.08 0.41 1.99 4.55 1.48  100.00
St. dev. 0.15 0.06 0.15 0.09 0.01 0.03 0.08 0.16 0.07 0.00
SD11 tephra patch from the clayey silt layer (6 samples)

Average 76.786 0.358  12.425 1.79 0.116 0.399 2.117 4.549 1.46 100.00
St. dev. 0.301 0.099 0.15 0.136 0.051 0.043 0.078 0.153 0.029 0.00

Standard sample of the AD 915 Towada-A tephra (Aoki and Machida 2006)

Average 77.75 0.36 12.73 1.62 0.09 0.38 1.81 3.90 1.31 100.00

We analyzed the chemistry of glass shards from fallout tephra and tephra flakes
found at the geological sites of SD06, SD07, SD09, SD10, and SD11, using wave-
dispersive electron microprobing (EPMA). A microprobe (JEOL JXA-8800RL)
with 15 kV accelerating potential and 5x10% A beam current was used to deter-
mine the chemical composition. The chemistry of the Towada-A standard sample
(Aoki and Machida 20006) is listed at the bottom, showing that the tephra samples
are correlated to the AD 915 Towada-A tephra. Every sample includes babble-
wall type glass, plagioclase, clinopyroxene, orthopyroxene, quarts, and magnetite,
which are characteristic of the Towada-A tephra. FeO* = FeO + Fe,0,

Table 2. Paleontological results for the fossil diatoms.

Environment SDO01-1 SD01-2  SD01-3  SKK-1 SKK-2 SD10-1 SD10-2
Open sea (salinity: > 35%o) 7 2
Bay (salinity: 26-35%) 1 1 1 1 1
Tidal sandy flats (salinity: 26-35%o) 1
Uncertain saltwater (salinity: 26-35%o) 6 2 2
Uncertain brackish (salinity: 5-26%o) 1 1
Middle to lower reaches 20 56
Marsh (plankton) 2 1
Marsh (benthos) 1 1
Marsh (adhesive) 1 2 3
Terrestrial 13 12 4 26 9 3 21
Cosmopolitan 1 53 104 1
Uncertain fresh water 2 17 33
Others 1 3 9 1
Saltwater 5 1 2 13 6 3
Blackish water 1 1
Fresh water 14 13 6 121 207 3 22
Total 19 15 7 138 223 7 22
Perfect frustules (%) 211 6.7 0 27.6 443 28.6 54.5
Frustule numbers in 1g of a sediment sample 1.2E+03 1.1E+03 5.0E+02 1.0E+04  3.0E+05 15 1.0E+04

Diatoms in sediments provide information used to support inferences of sediment
source. Due to a wide range of niche segregations, diatoms are particularly useful for
interpreting the material origin. We analyzed samples of frustules from the horizons at
the geological sites of SDO1 (a and b from the lower and upper part of the laminated
mud, ¢ from the silty sand), SKK (a and b from the bottom and the middle of the sand
overlying the inter-dune mud), and SD10 (a and b from the respective layers of gray and
grayish-brown clayey silt) (Fig. 4A, B, D). The analytical results listed in the table. We
identified the environments of the preferred habitats by referring to Ando (freshwater)
(Ando 1990) and Kosugi (brackish water to seawater) (Kosugi 1988). Except for the
case of SD10-2, every sample includes perfect frustules of saltwater or brackish water
species, implying that the water currents relating to the deposition of mud were of
seawater origin.



Aftereffects of Subduction-Zone Earthquakes 97

lated to the AD 915 Towada-A tephra (Table 1). The teph-
rochoronology and the AMS dating on plant seeds and
stems (20 AMS ages AD 980-1041, Table 3) indicate that
the clayey-silt layer was formed in the period from the early
to middle 11th century. Similar to the northern sand-hills,
the silt layer occurs as a thin carpet covering the surface of
troughs of the former landform. The fossil diatom assem-
blage (Table 2) provides evidence of seawater transport of
sediments. The trough axis dips westward, suggesting that
the currents came from the seashore and climbed up
through valleys on the hillsides.

At a point 1.5 kilometers west of the central sand-hills
(Fig. 1B) 2-m-thick layers of dark-gray organic mud is
overlaid by ~20-cm-thick well-sorted felsic medium-grain
sand. Yamanoi and Arakawa (1988) interpreted the mud to
be a deposit filling inter-dune ponds. Fossil reed stems
growing from the mud were flattened by the sand deposi-
tion. The stems lie in a west to east orientation (N85°E)
(Yamanoi et al. 2014). The flame structure rising from the
underlying organic mud suggests an abrupt deposition of
sand in the pond (Fig. 4B). The stem orientation and the
sediment fabric (highly sorted and having a flame structure)
and the occurrence of saltwater frustules (Table 2) indicate
that seawater currents with suspended marine sand flowed
up the beach and rapidly entered the pond. The AMS age
of the plant stems (20 calendar age AD 1030-1154, Table 3)
overlaps that of the silt from the southern sand-hills, indi-
cating that the 11th century tsunami reached the coast of the
central sand-hills. Using a settling tube we extracted fine
fractions (< 1.0 um) from the organic mud samples (inter-
dune deposit) and the clayey sit (tsunami deposit from the
sand-hills). The X-ray mineralogy of the clayey silt agrees
well with that of the organic mud (major clay minerals:
illite and chlorite; accessory component: smectite). The
mineralogical results infer that the fine fractions in the
deposit of the AD 850 and the 11th century tsunamis origi-
nate from inter-dune lacustrine environments. Sand grains
characteristic of the foreshore or shoreface environments of
Shonai (0.3-0.8 mm diameter with a peak of 0.5 mm) are
the main component of the felsic medium sand but are pres-
ent in very small amounts or undetectable in the tsunami
deposit. This suggests that most of the marine sand
remained on the coast and was not reworked by succeeding
currents.

Geological structures in the area off
the coast of Shonai

An active uplift zone extends for more than 50 km
from north to south along the Japan Sea coast of Shonai
(Horikawa et al. 2011) (Fig. 6). To the west of the zone a
steep slope spreads out westward. The seabed features sug-
gest the occurrence of a slope collapse and the bathymetric
charts indicate mass flow (Fig. 2B); this evidence points to
extensive gravitational instability at the shelf margin. The
seismic reflection profiling data (Geological Survey of
Japan; GSJ, 2005, 2013) shows intra-layering of slump

structures in the vertical sequence under the slope (Fig. 6),
which is geophysical evidence of repeated gravity sliding.
Thus, the movement of the uplift zone is considered to have
exerted a great influence on the development of the slump
zone. The Headquarters for Earthquake Research Promotion
of Japan (2014) showed that the AD 850 Kasho Earthquake
magnitude (M) 7.0 took place in the center of the uplift
zone (Fig. 6). This earthquake was followed by a tsunami,
and the deposit brought in by this tsunami was found in the
northern sand-hills. The GSJ seismic reflection profiling
data suggests that the scale of the single fault-displacement
was several meters at the most. The water depth of the
focal region is too shallow (< 100 m) to produce a large-
scale tsunami generated solely by a submarine earthquake.
Therefore, we infer that the water mass oscillation created
by slope collapse and mass slide, which is triggered by the
earthquake, was the main tsunami generation mechanism.
The slope is narrow and steep (Fig. 2B), and extends for
about 40 km along the west side of the uplift zone (Fig. 6).

To the south of the slump zone, some remarkable fea-
tures of large-scale collapse and mass flow were observed
(Fig. 2B). The GSJ seismic reflection profiles crossing this
area from west to east show the gravitational pull-apart of
the westward dipping surface layer at the shelf break (Fig.
6). Small and irregular folding of the surface layer is rec-
ognized on the mid-slope. These bathymetric features
reflect the occurrence of recent submarine sliding.

Numerical reconstruction of the tsunami events

Assuming that large-scale collapse took place outside
the shelf break, and based on the bathymetric feature and
geometry of the slide and mass flow, we performed a
numerical modeling of tsunamis in the AD 1026 in Masuda
and the AD 850 and 11th century in Shonai. The submarine
slide identified in the bathymetric chart (Fig. 2) was set to
the generation region of the tsunamis. For past submarine
slides, the bathymetry prior to the slope collapse, the vol-
ume of mass failure, and the direction and duration of the
collapse are difficult to constrain. Thus, first-order approxi-
mations of the volume of the mass failure were computed
using the elastic model of normal faults; these were used to
simulate the change of bathymetry and water level caused
by the submarine slide.

The area of possible submarine collapse offshore of
the Masuda Plain can be divided into two segments based
on the slope inflection that appears around the center of the
lateral trend (Fig. 2A). Then, two rectangular normal faults,
with lengths of 25 and 42 km and a width of 15 km, were
placed to cover the area of the collapse (Fig. 3A1). Two
different types of undersea movements were identified in
the bathymetric chart of the area off the coast of Shonai
(Fig. 2B). One is surface slide, which is characteristic of
the Sakata-Oki slump zone. The other is slope collapse and
mass flow. To the south of the slump zone we recognized
extensive submarine relief, showing the occurrence of slope
failing with a relative height exceeding 800 m. We estab-
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Fig. 5. Vertical sequence observed at the geological sites.

Vertical sequence observed at the geological sites of SD06 (A) and SD07 (B) in the northern sand-hills. The aeolian
sedimentation (mega-ripple laminated medium sand deposition) was interrupted by the soilification, which resulted in
the formation of the Older Sand. The clayey silt layer occurs as a thin carpet covering the surface of troughs of the for-
mer landform disclosed by the development of a soil layer. The trough axis dips westward. Referring the hydrogeologi-
cal interpretation on the lenticular lamination (Fig. 4A), it is possible that water current reached to the former sand-hills
and then climbed up through valleys on hillside. The Younger Sand started to form just after the silt deposition, and it is
interpreted that the vegetational cover was removed by the effect of water run-up. The silt layer underlies the Towada-A
tephra, thus we suspect the aquatic sedimentation to have taken place before AD 915. A mixed layer consisting of silt
and soil brocks with medium sand filling is found to cover the central part of the troughs. The occurrence shows that
sand avalanche took place before and after the volcanic eruption.
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Fig. 6. Tectonic structures in the area off the coast of Shonai.

The geological terrain off the coast of Shonai belongs to the active fault zone that extends parallel to the arc. We inter-
preted the tectonic situation of the area with reference to the geostructural interpretation (Horikawa et al. 2011) and the
bathymetric charts (Fig. 2B). The seismic reflection profiling along the lines of T38-1b, T40-1, and T43-1 (GSJ data-
base) indicates the development of a slump zone to the west of the Sakata-Oki uplift. The GSJ seismic reflection
records the gravitational pull-apart zone of the surface layer (a black arrow in the profile of T-38-1b). Irregular surface
topography on the mid-slop (white arrows) reflects the plastic deformation of the bottom layer, showing the occurrence
of recent surface sliding. Intra-layering of slump structures in the vertical sequence shows the repeated occurrence of
submarine slide. The shelf receives feldspathic sand through the Mogami River (Ikehara et al. 1994).
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Table 3. AMS radiocarbon ages.

Locality Material §°C ""Cage (yr BP+10) 20 calender age

SKK-1 Leed stem -13.00+0.32 940£20 1030AD(95.4%)1154AD
SD09-1 Plant seed -28.84+0.25 101020 986AD(95.4%)1041AD
SD10-1 Leed stem -27.20+0.26 101020 985AD(95.4%)1040AD
SD10-2 Leed stem -25.93+0.31 1030+20 980AD(95.4%)1029AD

AMS radiocarbon ages were obtained by the use of the compact AMS facility of the Yamagata University in Yamagata,
Japan (Yamanoi et al. 2014). Of the reported data, the radiocarbon ages of the reed stems and plant seeds from the geolog-
ical sites of SKK, SD09, and SD10 are listed. The 20 AMS ages support the interpretation that the clayey silt layer found in
the southern sand-hills was formed in the late 10th to early 11th centuries or as late as the early 12th century. The clayey silt
layers found in the northern sand-hills were dated to the 10th to 11th century.

Table 4. Fault parameters for the approximation of the submarine slide.

Event Longitude Latitude Depth  Length  Width  Strike Dip Rake Slip

(°N) (°E) (km) (km) (km) ) ) ) (m)

1 3573813  131.00182 0.2 25 15 227 10 270 100

AD 10Tzsinam'iv'am“ 3502152 13141575 0.2 42 15 2415 10 270 100

35.92417  131.69353 0.2 25 15 270 10 270 100

AD 850 3922747  139.77181 0.1 18 6 221 10 270 300

Kasho Tsunami 39.10265 139.63464 0.1 18 6 203 10 270 300

Mtheentury % 5895369  139.55334 0.1 18 20 191 10 270 300
Shonai Tsunami

lished a model area in the slump zone, which is divided into
two segments by the slope inflection that appears around
the center of the lateral trend. The two rectangular normal
faults, each 18 km long and 6 km wide, were placed to
cover the area of the surface slide (Fig. 3B1). The area of
slope collapse and mass flow was covered by a single rect-
angular normal fault, 18 km long and 20 km wide (Fig.
3C1). The dimensions (length and width) of the displace-
ment were determined based on the distribution of charac-
teristic reflectors recorded in the GSJ bottom-profiling data
(Fig. 6).

The fault parameters used to compute the sea-floor
deformation caused by the simulated submarine slide are
shown in Table 4. The sea-floor deformation and the water-
level change were computed using the elastic model of
finite rectangular fault (Okada 1985), considering the addi-
tional uplift or subsidence of the water surface due to the
horizontal displacement of the seafloor (Tanioka and Satake
1996). Since the tsunami source models (fault parameters)
share the dip angle and slip amount, the resulting seafloor
deformation by each model is almost identical in terms of
the range of the bathymetric change; the subsidence of the
water level by the submarine slide reaches 10-50 m,
whereas the uplift of water level is up to 10-60 m. The total
volume of mass failure offshore of Shonai is estimated to
have been 5.7 km® for the AD 850 tsunami and 8.5 km® for
the 11th century tsunami. We calculated the volume of
mass failure for the AD 1026 tsunami as 8.6 km’.

The tsunami propagation from the wave source to the
nearshore and the coast inundation were numerically solved
using the conventional depth-averaged nonlinear shallow-

water model discretized by the staggered leap-frog scheme
(TUNAMI-N2) (Goto et al. 1997). This numerical code
was extensively utilized in numerous studies and validated
through analysis of modern tsunamis (e.g. Sugawara et al.
2014).

The computational domain for the model of the AD
1026 Manju Tsunami covers an area of 245 km in the east-
west direction and 256 km in the south-north direction, with
a spatial resolution of 135 m. The tsunami inundation of
the Masuda Plain was calculated using bathymetry/topogra-
phy data with a resolution of 45 m (Fig. 3A2). Both com-
putational domains were coupled to compose a nesting grid
system. The computational domain for the model of the
tsunamis generated offshore of Shonai covers an area of 72
km in the east-west direction and 108 km in the south-north
direction, with a resolution of 45 m (Fig. 3B2, C2). A uni-
form Manning’s roughness n = 0.025, which is typical for
seafloor or bare ground (Kotani et al. 1998), was applied
throughout the computational domains. The tsunami propa-
gation and inundation/run-up were computed for three
hours from the initiation of the undersea displacement.

Although the duration of the slope collapse and slide is
unknown, an instantaneous change of bathymetry and water
level ranging from —60 m to +50 m is unrealistic. In addi-
tion, the momentary setup of initial tsunami waveform with
high amplitude may cause numerical oscillation. In this
study, we introduced the rise time of the water level to
avoid numerical oscillation. The iterative computations of
the tsunami generation and propagation were carried out to
find the suitable rise time for the initial waveform. Based
on the result, we applied a rise time of 5 min to the numeri-
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cal model of the AD 850 Kasho and the AD 1026 Manju
tsunamis. A rise time of 7 min was estimated for the 11th-
century tsunami that occurred offshore of Shonai.

The simulation of the AD 850 Kasho tsunami demon-
strated that the waves generated by a series of undersea dis-
turbances will strike the coast of the northern sand-hills
with waves more than 16 m high (Fig. 3B). The modeled
inundation area is consistent with the distribution (extent
and elevation) of the tsunami deposit. The simulation of
the tsunami in the 11th century show that the wave height
increases toward the south and reaches a height of more
than 30 m on the coast of the southernmost part of the hills
(Fig. 3C). The extent and the elevation of the tsunami
flooding agree well with the distribution of the 11th century
tsunami deposit.

Discussion

The numerical results relating to the origin of the AD
850 tsunami emphasize the importance of assessing tsunami
hazards from undersea mass movement in the Japan Sea.
Although there are no records of a tsunami-genic earth-
quake in the Japan Sea in the 11th century (Usami et al.
2013), the numerical modeling infers that the tsunami was
non-seismic and caused by slope failure. The failure
occurred approximately 150 years after the AD 869 Jogan
Earthquake. There is a time difference of about 200 years
between the AD 850 and the 11th century tsunamis; how-
ever, in both cases seawater flooding extended over thickly
vegetated hills. The Younger Sand started to develop just
after the AD 850 tsunami in the northern sand-hills. Full-
scale planting to prevent sand drift began in AD 1721
(Sumida 1975); hence, the northern sand-hills were barren
of vegetation for about 900 years. The shelf off the coast of
Shonai receives large amounts of sand through the Mogami
River (Ikehara et al. 1994); the AD 850 and 11th century
tsunamis may have shifted this sand to the coast across the
beach. There has been no notable sea-level change along
the coast of Northeast Japan during the last 2,000 years
(Matsumoto 1984), and the supply of aeolian grains arising
from shoreline emergence is insignificant on the Shonai
coast. It can therefore be argued that the aeolian deposit
originates mostly in the marine sand transported to the coast
by surging currents. The 2011 tsunami brought foreshore
sand to the coast (Minoura 2011), where it accumulated and
then drifted inland with wind blowing from the sea. Thus,
the sand was probably transported inland by seasonal
winds. The volume of the tsunami-genic deposits may have
regulated the size of the acolian formations. If that is the
case, tsunamis were the most important factor for the devel-
opment of sand-hills along the Japan Sea coast.

We do not have a sufficient understanding of natural
catastrophes; therefore the danger of natural events must be
inspected in the context of history. Here, we return to the
subject on the history of earthquakes in Japan. Eighteen
years after the occurrence of the AD 869 Jogan event, a
massive earthquake occurred in the Nankai Trough (the AD

887 Ninna Earthquake) (Usami et al. 2013). Seismic
shocks and a tsunami caused extensive damage along the
Philippines Sea coast of southwest Japan. Following these
earthquakes, the Japanese islands experienced a period of
low seismic activity for 200 years, until the end of the 11th
century when another massive earthquake occurred in the
Nankai Trough (Usami et al. 2013). Thus it follows that the
aseismic tsunamis took place toward the end of this period.
In view of the stretching and sinking of the northeast Japan
arc due to the 2011 earthquake, we would expect neutral to
extensional tectonic conditions throughout the Japanese
islands immediately after the massive earthquakes of the
9th century. The eastern margin of the Japan Sea crust is
bordered by a series of large-scale cliffs and steep slopes
rising from the sea floor. These topographic features,
formed during the opening of the Japan Sea in the Miocene
(e.g. Minoura and Hasegawa 1992), were preserved as a
result of the tectonic coupling between the arc and the back-
arc. The seismic destruction of the forearc lowered the
E-W compressive stress on the arc, leading to a decrease in
the stability of those cliffs and slopes. The sediment supply
probably led to top-heavy conditions at the shelf margin,
and we assume that tectonic instability caused by subduc-
tion-zone earthquakes is the main cause of the aseismic tsu-
namis in the Japan Sea. This raises the question of what
caused the slope failing about 150 years after the 9th-cen-
tury earthquakes.

During the 9th century Japan experienced a series of
large-scale earthquakes exceeding M 7, and the Jogan and
Ninna Earthquakes were the final seismic events (Table 5).
Seismic shocks trigger soft-sediment liquefaction, which
leads to fluidization of bottom deposits (Singh and Jain
2007). If the fluidized beds shift across the shelf to the
deeper regions at every earthquake, the shelf margins may
have avoid overloading until the occurrence of the massive
earthquakes in the 9th century. During the long period of
low seismicity after the earthquakes (Table 5) a consider-
able amount of sediment might have been accumulated.
Finally, after 150 years of accumulation of sediment deposit
gravitational instability developed at the shelf margin in the
Japan Sea causing the tsunami events.

Concluding remarks

The 9th century in Japan was a period of natural haz-
ards caused by frequent large-scale earthquakes. The larg-
est-scale subduction-zone earthquakes took place in the
final stage of a period of high seismic activity. The aseis-
mic tsunamis that inflicted damage on the Japan Sea coast
in the 11th century were aftereffects of the subduction-zone
earthquakes. Extensional tectonics resulting from the earth-
quakes induced gravitational instability, which led to the
generation of tsunamis caused by slope failing at the arc-
back-arc boundary.

An earthquake of M 7.5 was observed off the coast of
Niigata in 1964. Two shallow earthquakes exceeding M 7.0
took place to the north of Masuda (the 1872 Hamada
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Table 5. List of known historical earthquakes in the Japan Sea coast.

Century Earthqauke Magnitude Location Date
6 Suiko M7 Southwest Japan 26 May 599
7 Tsukushi M 6.5~7.5 Southwest Japan early in 679
Hakuhou >M8 Southwest Japan 26 January 684
Wadou M 6.5~7.5 Southwest Japan 30 June & 1 July 715
8 Kinai M7.0 Southwest Japan 14 May 734
Tenpyo M7.9 Southwest Japan 1 June 745
Tenpyo-Hoji >M7.0 Southwest Japan 5 June 762
Konin M7.9 Northeast Japan August 818
Tencho M 6.5~7.5 Southwest Japan 7 August 827
Dewa M 7.0~7.5 Northeast Japan 30 January 830
Izu M7.0 Southwest Japan early half of 841
9 kasho M7.0 Northeast Japan 23 November 850
Harimakoku M7.0 Southwest Japan 30 July 868
Jogan M 8.3~8.6 Northeast Japan 9 July 869
Gangyo-Sagami M7.4 Northeast Japan 28 October 878
Gangyo-lzumo M7.0 Southwest Japan 19 November 880
Ninna M 8~8.5 Southwest Japan 22 August 887
10 Shohei M7.0 Southwest Japan 17 May 938
1 Eicho M 8~8.5 Southwest Japan 11 December 1096
Kowa M 8~8.5 Southwest Japan 16 February 1099
12 Bunji M7.4 Southwest Japan 6 August 1185
Kamakura M7.0 Southwest Japan 15 May 1241
13 ishoka M 7~7.5 Northeast Japan 2 October 1257
Einin M 8.0 Southwest Japan 20 May 1293
Genko-Kii >M7.0 Southwest Japan 7 August 1331
14 Genko-Tokai M7.0 Southwest Japan 11 August 1331
Kii-Settsu M 7.5~8.0 Southwest Japan 13&14 November 1360
Shohei M 8.0~8.5 Southwest Japan 26 July 1361
Oei M 7.0~8.0 Southwest Japan 12 January 1408
15 Eikyo-Sagami >M7.0 Northeast Japan 26 October 1433
Hyuga M7~7.5 Southwest Japan 30 June 1498
Meio M 8.2~8.4 Southwest Japan 11 September 1498
Echigo M 6.5~7.0 Northeast Japan 18 January 1502
Settsu-Kawauchi M 6.5~7.0 Southwest Japan 11 September 1510
Eisho M 7.0~7.5 Southwest Japan 25 March 1520
16 Tensho M 7.8~8.1 Southwest Japan 18 January 1586
Keicho-lyo M7.0 Southwest Japan 1 September 1596
Keicho-Bunngo M7.0~7.8 Southwest Japan 4 September 1596
Keicho-Fushimi M7.5 Southwest Japan 5 September 1596

The listed earthquakes in the Japan Sea coast occurred during 6th to 16th centuries (Usami et al. 2013).

Earthquake and 2000 Tottori Earthquake). Additionally, an
inland local earthquake of M 7.0 occurred in Shonai in
1894. Except for these cases, no earthquakes over M 7.0
were recorded in and around Shonai and Masuda during the
last 150 years (Usami et al. 2013). A considerable amount
of sediment that was supplied during this time interval has
accumulated on the continental shelves. Noting the arc
subsidence after the 2011 subduction-zone earthquake, we
emphasize the high probability of unexpected flooding
caused by slope-failure tsunamis in the Japan Sea.
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