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that these can be used for decoding history. In fact, the past 
earthquake occurrence history is being studied by comparing 
the tsunami deposit records on land with the sediment records 
in the -apan 7rench floor.[ 7]

On the other hand, the areas from the shore to the offshore 
are closely intertwined with human activities, such as being 
used for constructions, ¿shing, and leisure. Moreover, ¿shing 
activities are conducted in the deepwater area from the shelf 
to the upper slopes further off the coast, and to know how 
the submarine environment from the shore to the offshore 
changes by earthquakes and tsunamis is important in 
predicting how earthquakes and tsunamis may affect human 
activities. However, there are very few cases that speci¿cally 
show how the submarine environment changed due to certain 
earthquake and tsunami events or how the environment 
recovered.

Here, based on the current status of research after the 2011 
off Tohoku Earthquake and Tsunami, we shall summarize the 
disturbance of the sea floor due to earthquakes and tsunamis 
and the process of resuspension and redeposition of marine 
sediment due to such events. After outlining the current 
situation of earthquake recurrence history research using the 
deposits produced during the earthquake (hereinafter, will be 
called earthquake event deposits), we wish to emphasize the 
importance of organizing marine sediment information as 
fundamental information that allows accurate understanding 
of the process. Also, we discuss what should be done for the 
future of paleoseimological research using earthquake and 
tsunami records left in marine sediment.

1  Introduction

The 2011 off the Pacif ic coast of Tohoku Earthquake 
(hereinafter, will be called 2011 off Tohoku Earthquake) 
that occurred on March ��, ���� and the giant tsunamis that 
followed caused serious damage to the coastal areas from 
(ast -apan to Hokkaido, with the worst damage on the 3aci¿c 
coast of the Tohoku region. This earthquake and tsunamis 
were initially labeled “beyond expectation,” but it is now 
known that the tsunami deposits on land show that there 
were previous cases observed in stratigraphic records,[ 1]  
and it was recognized that analysis of records is important 
in understanding the history of giant earthquakes and 
tsunamis. On the other hand, it was revealed that the results of 
analy]ed records had not been utili]ed suf¿ciently in disaster 
prevention plans.[ 2]  Some of the tsunami deposits on land 
may contain particles originating from deep water regions 
from which they cannot be transported by ordinary or stormy 
waves,[ 3]  and it is thought that there are incidences where 
marine sediment is disturbed by tsunamis and washed ashore. 
In fact, according to the results of surveys of the Tohoku coast 
and offshore regions after 2011 that will be mentioned later, 
the phenomena of resuspension, reworking, and redeposition 
of the marine sediments have been reported in wide-ranging 
areas from the Sanriku coast forearc slopes to the Japan 
Trench f loor, including the coasts and the shelf regions 
from the Sendai Bay, Sanriku, and off Hachinohe.[ 4] – [ 9]  This 
indicates that in places where such redeposition phenomena 
remain, the evidences of past giant earthquakes and tsunamis 
may remain in the geological record on the sea f loor, just 
like the tsunami deposits on land, and there is a possibility 

-  'isturbance of the sea Àoor by huge earthTuaNes and their related tsunamis� 
and the use of disturbance records in marine sediments for the history of past 
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2 ReZorNing� resuspension� and redeposition of 
marine sediment by earthTuaNes and tsunamis 
and the changes in marine environment

The occurrence of large-scale transport of sediments on 
the sea floor due to an earthquake became apparent during 
the *rand %anks (arthquake �M�.�� that occurred on 
the $tlantic coast of 1orth $merica in ����. &oncerning 
this earthquake, several ocean cables that were installed 
in the submarine slope were severed, and the occurrence 
of turbidity currents was assumed due to the collapse of 
submarine slopes.[ 10]  A turbidity current is a gravity current 
that f lows down a slope due to the force of gravity while 
the particles are maintained in the turbulence of seawater 
mixed with sediment particles[ 11]  (F ig. 1A). The speed of the 
turbidity currents of the G rand Banks Earthquake was the 
fastest in the slope region at 28.4 m/s, calculated from the 
distance between the ocean cables and the disconnect time, 
and was estimated to be about 8.3– 6 .2 m/s at the deep sea 
basin floor further off the coast.[ 10]  Later, turbidites (deposits 
of the turbidity currents, F ig. 1B) were found in areas where 
the turbidity currents flowed, and it was found that a series 
of events occurred: collapse of submarine slopes due to the 
earthquake ĺ occurrence and f low of turbidity currents 
ĺ deposition of turbidites.[ 12]  Similar sequential severance 
of ocean cables during earthquakes have been reported in 
several cases,[ 13] [ 14]  and this also occurred during the 2011 off 

Tohoku Earthquake.[ 15]  There are many reports of turbidite 
depositions on sea f loors around epicenters in submarine 
surveys immediately after earthquakes,[ 16 ] – [ 18]  and it is 
clear that earthquakes are one of the generative factors of 
turbidites.

It has become clear from several reports that the 2011 off 
Tohoku Earthquake and Tsunami had major effect on the 
sea floor. F irst, the changes in the coastline due to crustal 
movements following the earthquake and tsunamis could 
be seen easily by the naked eye, aerial photos, and satellite 
images. Many reports were provided by the mass media and 
others immediately after the earthquake. The topographical 
change of the coastal region adjoining the seashore was 
estimated from the bathymetric survey in the Sendai Bay, and 
the geographical distribution of the deposition and erosion 
of deposits, along with the data for seashore areas, were 
estimated.[ 19]  The sampling of marine sediments showed that 
the deposits thought to originate from the 2011 off Tohoku 
Earthquake and Tsunami were thick in places estimated to 
be deposition areas and thin in places estimated to be erosion 
areas, and it was found that the results of the bathymetric 
survey and sediment sampling basically matched well.[ 20]  In 
the southern part of the Sendai Bay, the presence of tsunami 
deposits on the sea floor was reported through high-resolution 
seismic surveys and sediment cores.[ 21]  On the other hand, in the 
inland bay that comprises the Sanriku ria coast, the formation of 
landform due to tsunami deposits is reported at the sea floor of 
the mouth of the Kesennuma Bay.[ 22]  It is also known that the 
formation of tsunami deposits occurred in the Hirota Bay, the 
Okirai Bay, the Touni Bay, and others.[ 23]  In places such as the 
Onagawa Bay that is comprised of muddy sediments, tsunami 
deposits exist as clear sand layers, and their disruption by the 
activities of benthic organisms after deposition have been 
observed.[ 24]  Sand layers that are intercalated in similar mud 
layers had been reported before the 2011 earthquake in the 
northern part of the Sendai Bay, and had been thought to be 
storm sand layers.[ 25]  However, considering the survey results 
after 2011, it is highly possible that part of the sand layers 
might originate from tsunamis. In the shelf beyond the Sendai 
Bay, a deposit layer formed by repeated turbidity currents 
has been reported.[ 6 ]  The series of fine-grained turbidites 
observed here are composed of a two-story structure of ¿ne-
grained turbidites that do not contain cesium 134 in the 
lower unit, but fine-grained turbidites containing cesium 
134 in the upper unit (F ig. 2A, B). It is thought that the lower 
unit was deposited immediately after the earthquake and 
tsunamis, while the upper unit was deposited at least a few 
days after the earthquake and tsunamis, after the F ukushima 
'aiichi 1uclear 3ower 3lant accident. 7hese indicate that the 
interior of the Sendai Bay was under a condition in which 
sediment was suspended for several days or several dozens 
of days after the earthquake and tsunamis, although details 
remain unclear, and turbidity currents occurred during the 
aftershocks following the main quake. The phenomena of 

Fig. 1 7urbidity current �A� created in a Zater tanN� and 
turbidite �B� that is a deposit from turbidity current as 
seen in a marine sediment core
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transport and redeposition of sediment in the shallow sea 
were not limited to the Sendai Bay or off Sanriku that are 
close to the epicenter. Toyofuku et al. [ 8]  reported that the 
reworking of sediments occurred down to about a depth of 
200 m off Hachinohe. Since the tsunami affects a wide area, 
it can be assumed that the affected area of the sea floor is also 
wide. In off Sanriku, it was shown that the shelf sediments 
were transported to the deep sea area of a depth of about 900 
m, from the analysis of benthic foraminifera.[ 26 ]  Interestingly, 
the turbidites here also had a two-story structure, and the 
lower turbidites originated from almost the same depth zone 
in the proximal area while only the topmost upper turbidites 
contained the shallow water benthic foraminifera. This was 
interpreted as meaning that the lower turbidites were formed 
through earthquake disturbance while the upper turbidites 
were formed by the disturbance in the shallow sea region by 
the following tsunamis. That is, although the deposit layer 
seems contiguous, they may have been formed from several 
different depositional processes by the earthquake and the 
following tsunamis. The turbidity currents washed away the 
observation devices set on the sea floor, and caused trouble 
by clogging the devices with mud.[ 5] [ 27]  As it can be seen, 
the characteristic of a giant tsunami is that it causes wide-
ranging disturbance in the shallow sea offshore of the land 
where the tsunami strikes.

The effect of 2011 off Tohoku Earthquake and Tsunami is 
not limited to the shallow sea. 1oguchi et al. [ 28]  reported the 
occurrence of highly turbid bottom water in the forearc slope 
region. Arai et al. [ 5]  reported the flow of turbidity currents 
originating from the tsunamis at about a depth of 1000 m 
in the forearc slope region, and Ikehara et al. [ 29]  showed that 

an event deposit was present in wide-ranging submarine 
surfaces down to a depth of 5500 m from the outer shelf 
to the mid slope. McHugh et al. [ 9]  reported that there was 
wide distribution of an event layer originating from the 2011 
earthquake and tsunamis on the flat area at a depth of ����±
���� m called the mid-slope terrace off 6anriku. Moreover, 
Oguri et al. [ 4]  reported suspension at the bottom water in the 
Japan Trench, and reported the deposition of event deposits 
containing cesium 137 and excess lead 210. Ikehara et al. [ 7]  
confirmed similar deposits from several points nearby, and 
concluded from its deposition structure that it was a deposit 
of ¿ne-grained turbidites.

The suspension phenomena of the bottom water during an 
earthquake reported for the ���� earthquake by 1oguchi 
et al . [ 28]  and Oguri et al . [ 4]  have been observed in other 
earthquakes. Ashi et al. [ 30]  reported the suspension of the 
bottom water in the sea basin on the landside of the 1ankai 
Trough slope after the 2004 off the Kii Peninsula earthquake 
�M�.��, and the presence of muddy water with e[tremely high 
concentration of suspended material immediately above the 
sea floor, and the thickness of this material was estimated 
to be about 2 m. This result raises speculation of a process 
in which a pond of mud water (mud pond) with a thickness 
of about 2 m might have been formed in the depression of 
the sea floor, and mud might have accumulated to form the 
earthquake event deposit. Moreover, $shi et al. [ 31]  postulated 
that such a mud pond can be formed by resuspension of a few 
cm of unconsolidated deposits that cover a slope, estimated 
from the surface area of the depression, the thickness of 
the mud pond, and the surface area of the slope that could 
supply the mud to the depression. The presence of such a 

Fig. 2 6ediment formed by the tsunamis in 
the 2�11 off 7ohoNu EarthTuaNe� collected 
off 6endai �A� soft ;-ray radiograph� B� 
;-ray C7 image of upper layer� C� ;-ray C7 
image of loZer layer�
The sediment is composed of two units. The upper 
unit (upper portion above the arrows) is composed 
of fine-grained turbidites that become finer in the 
upper part. This is composed of two turbidite layers 
that are separated by an internal erosion surface (a 
surface formed in a series of sediment that cuts the 
lower sediment;  shown in black dotted line). The upper 
and lower turbidites also become finer on upward 
(corresponding to the grain-size change from sand to 
mud, the change is from white to black in F ig. 2A, and 
from orange-yellow to blue in F ig. 2B). The lower unit 
is composed of hemipelagic mud that shows abundant 
disturbance by benthic organisms, but the deformation 
st ructure (white dot ted l ine) caused by seismic 
movement can be seen at the upper part of the lower 
unit. Although the X -ray CT device allows obtaining 
3D data nondestructively and the deformation structure 
due to seismic movement can be observed easily, the 
resolution is rather low for observing details of the 
deposition structure.
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process, in which turbidites are formed by the generation 
of turbidity currents as unconsolidated sediment in the 
uppermost surface layer of the sea floor is resuspended by 
seismic movement (F ig. 3B), has been suggested from the 
sediment color measurement results and organic matter 
contents of the turbidites of the lakes in Chile,[ 32]  and the 
radioactivity measurement on the landside slope of the Japan 
Trench.[ 9]  Concerning actual occurrence of resuspension 
of marine sediment by seismic movement, Oguri et al. [ 33]  
conducted continuous submarine observations off Sanriku, 
and observed the resuspension and the deposition of surface 
sediments during an aftershock �M�.�� of the ���� off 
Tohoku Earthquake. Perhaps the deposition of turbidites 
at the tip of submarine landslides and submarine debris 
avalanches, as shown in F ig. 3A, along with the presence of 
horseshoe landforms that seemed to be submarine landslides 
as seen on the bathymetric maps, might have provided an 
assumption to the researchers that the collapse of submarine 
slopes during an earthquake is essential in the formation 
of seismo-turbidites. However, in the resuspension process 
of surface sediments, the occurrence of large submarine 
landslides is not necessary for the formation of seismo-
turbidites. Moreover, if the sedimentation rate is suf¿ciently 
large against the frequency of earthquake occurrence, 
sediment that comprises the turbidites that is resuspended 
during earthquakes is stored on the slopes during intervals 
of earthquakes, and it will be possible for turbidites to be 
formed at each earthquake. F or example, in a place where 
the sedimentation rate at the landside slope is 50 cm/1000 
year, and the average earthquake occurrence interval is 200 
years, 10 cm of sediment is formed on the slopes between 
earthquakes, and surface sediment of several cm can be 
supplied suff iciently enough to form turbidites in the 
next earthquake. On the other hand, in a place where the 
sedimentation rate is 10 cm/1000 years, there will be 2 cm 
of sediment deposited between earthquakes, and when the 
deposits are resuspended during an earthquake, slopes are 

eroded and old sediment with low water content is exposed. 
Therefore, it is estimated that turbidites are not formed at 
each earthquake at such locations.

Deformation structures by seismic motion is another seismic 
record in marine sediments. There are several structures 
that are reported as deformation structures by seismic 
movement.[ 34]  Sakaguchi et al . [ 35 ]  reported a structure 
where surface sediment breaks in a breccia pattern due 
to seismic movements at the topmost part of a drill core 
from the landside slopes of the 1ankai 7rough, and stated 
it was formed in the 1944 Tonankai Earthquake, from the 
measurement of excess lead 210. Ikehara et al. [ 6 ]  reported 
a linear structure arranged vertically (F ig. 2C) at the outer 
shelf off Sendai, and showed that it had a different size 
and interval compared to the vein structure observed in 
the mudstone of Kazusa G roup that was formed by seismic 
movement,[ 36 ] [ 37]  but had the same form and length/interval 
ratio. Moreover, since this deformation structure was 
covered by event deposits formed by the 2011 tsunami, it was 
thought to be formed by the seismic movement of 2011. Such 
estimation of earthquake recurrence history using sediment 
with deformation structures caused by seismic movements 
has been used to study the lake sediments in Switzerland.[ 34]

� 6tatus of investigation of earthTuaNe recurrence 
history using seismo-turbidites

Investigation of earthquake recurrence history using turbidites 
that are intercalated in the sediment of sea and lake floors 
are being conducted around the world.[ 7] [ 18] [ 34] [ 38] – [ 40]  Many 
papers have been published in the last few years. Other 
than the aforementioned disturbance and resuspension by 
seismic movements and tsunamis, turbidity currents can 
be caused by surge currents during storms, hyperpycnal 
f lows that f low out of rivers during flooding, liquefaction 
of sediment due to repeated load of strong waves during 

Fig. � 7Zo deposition models of seismo-turbidites
(A) Origin from submarine landslide in which a submarine slope failure occurs due to seismic movement, and (B) origin from resuspended surface 
sediments where the unconsolidated surface sediments are agitated due to seismic movement.
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storms, increased pore pressure due to rapid deposition of 
deposits, groundwater outf low on the sea f loor, volcanic 
eruptions, fall of extraterrestrial objects, and others.[ 39] [ 41] [ 42]  
Therefore, it is important to identify the cause of formation 
of the turbidites found in sediments, but it is not easy to 
discern the cause of formation from the characteristics of the 
turbidites themselves. In the turbidity currents originating 
from rivers and shallow sea regions, particles originating 
from land or shallow sea can be expected, and these can be 
used to identify the cause of formation.[ 43]  F or example, if an 
underwater delta front at a river mouth collapses during an 
earthquake, the particles that flow out have almost the same 
composition as the river sediments, and it will be difficult 
to identify the cause of formation from grain composition 
only. Therefore, in current practice, obtained turbidites 
are often considered seismic, based on the geographical 
and sedimentological settings that receive little effect of 
the shallow sea, such as if the sampling point of sediment 
is distant from a submarine canyon that continues from a 
river, or is within an independent depression without any 
submarine canyons. Therefore, depression formed along 
a fault movement on a landward slope of a trench (slope 
basin) is considered as one of the optimal places for studying 
earthquake occurrence history using turbidites.[ 44]  Also, the 
formation of turbidites during an earthquake of a certain 
magnitude or larger and their accumulation as a deposit 
record are important factors. It is hardly known what kind 

of earthquake event deposit was formed by an earthquake of 
what magnitude in a particular place. However, as mentioned 
earlier, in places where turbidites are formed by resuspension 
and redeposition of surface sediments, it is necessary for 
sufficiently larger amount of sediment to deposit on the 
slopes between earthquakes, compared to the amount of 
sediment that become resuspended. Also, for an earthquake 
event deposit to escape from the disturbance by benthic 
organism activities and the physical erosion of the sea floor so 
it could be used accurately as deposit records, it should have 
plenty of volume that accumulates between earthquakes, and 
should be away from sea floor surfaces that are easily subMect 
to erosion and benthic organism disturbance. In practice, it is 
extremely important to select such locations from submarine 
topography and sedimentation to gather high quality samples 
for analysis.[ 39] [ 44] [ 45]  1ot all samples collected can be used to 
investigate earthquake recurrence history.

In the estimation of earthquake recurrence history using 
earthquake event deposits such as turbidites, the samples 
collected from appropriate places are used to identify the 
horizon of earthquake event layers intercalated in the samples, 
and the age of past earthquake occurrences are determined by 
studying the depositional ages of earthquake event deposits 
(F ig. 4).[ 39]  Also, the epicenter and the size of rupture areas 
are estimated from the spatial distribution of earthquake 
event deposits formed at the same time. For the identi¿cation 

Fig. � Method for estimating earthTuaNe recurrence history using seismo-turbidites
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of the horizon of the event layer, sedimentary structures that 
could be observed by the naked eye, X -ray images, or X -ray 
CT images, and change in sediment color, grain-size, bulk 
density, susceptibility, mineral and chemical compositions, 
and others are used (F ig. 4).[ 39]  In some cases, microfossils 
and organic compositions in the deposits may be used as 
indices. 7he identi¿cation of the earthquake event deposit by 
combining these techniques is essential.

The most common method for determining the depositional 
age of marine sediments is the radiocarbon dating method 
using planktonic foraminifera tests. Other methods include 
identification and correlation of obtained volcanic ash with 
age-known volcanic ash, correlation with geomagnetic 
paleosecular variation and paleomagnetic intensity variation 
curves, microfossil biostratigraphy, oxygen isotope stratigraphy 
of planktonic and benthic foraminifera, and radiocarbon dating 
using organic matters in the sediments. Of these, the method 
with the highest dating accuracy is the volcanic ash of historic 
eruption for which the eruption date has been determined. The 
radiocarbon dating of planktonic foraminifera that is most 
regularly used has errors of several dozen years (up to several 
thousand years ago) to several hundred years (several 10,000 
years ago�. 5ecently, there are attempts to calculate the event 
dates by considering the error using the Bayesian statistics 
for the probability distribution of individual date values, but 
needless to say, it is better to have as many datings as possible 
to obtain the reliable event date.

F or the more reliable correlation of event layers between 
samples, it is desirable to compare from a position on the 
continuous data �pro¿le� such as the geomagnetic paleosecular 
variation curve, color value, physical property value, or 
element concentration, while referencing radiocarbon dating 
and using the absolute isochronous surface such as mutually 
correlative volcanic ash as the standard. It is also preferable 
to obtain numerical data with high resolution as much as 
possible. To achieve this, nondestructive measurement is 
advantageous. Since there are many types of nondestructive 
analyzing devices, events can be compared by combining the 
pro¿les of multiple items with high resolution, and by adding 
many dates, it is expected to increase the accuracy of dating 
and earthquake event correlation.

If it becomes possible to compare ear thquake events 
among the samples, it becomes possible to estimate the 
spatial distribution of turbidite deposition of a particular 
earthquake. F rom the results of submarine surveys conducted 
immediately after an earthquake, as the spatial distribution of 
seismo-turbidites is often limited to the earthquake rupture 
area and its proximity,[ 17] [ 18]  it is expected that estimation of 
earthquake magnitude and location of the rupture area will 
become possible from the distribution of seismo-turbidites. 
Some seismic movement deformation structures are thought 
to be related to the magnitude of seismic movement.[ 46 ]  There 

are attempts to estimate the earthquake magnitude from 
the spatial distribution of seismic movement deformation 
structures and seismo-turbidites.[ 34]  If this becomes possible, 
the estimations of earthquake occurrence location and 
magnitude become possible as well as the time of earthquake 
occurrence. But in the current situation, the establishment of 
an accurate comparison method for seismic deposits is the 
major issue.

� Importance of bacNground data to better 
understand the phenomena that occur on the 
sea Àoor during earthTuaNes

W e have already shown that in the survey after the 2011 
off Tohoku Earthquake, resuspension, reworking, and 
redeposition of the sediments occur on the sea f loor due 
to earthquakes or tsunamis. However, it is rather difficult 
to clearly show that such sediment was formed by the 
earthquake or tsunamis of 2011. It is also diff icult to 
quantitatively measure the amount of transported sediment 
on the sea floor. One of the reasons is because most of the 
surveys of marine sediments are done after geological or 
climatic events such as giant earthquakes and tsunamis or 
floods, while very few surveys are conducted to observe the 
sea floor during normal times. 'ata before an event that can 
be compared with survey results after an event is important 
for quantitative understanding of the phenomena that occur 
on the sea floor during an event.

AIST has been engaging in surveys for marine geological 
maps of the seas around Japan since the 1970s, and it 
has been working on sedimentological maps ( F ig. 5). A 
sedimentological map is a geoscience map that presents the 
transport and deposition processes of sediments over the past 
tens of thousands of years, rather than a bottom sediment 
map that merely shows the distribution of sediments. It 
adds the analysis results of submarine photographs and sub-
bottom profiling records to the analysis of grain size and 
composition of marine sediments collected from sampling 
points/ arranged in lattice at intervals of 4– 7 nautical miles 
(7.4 – 13 km), although the intervals may change according 
to the sea area of the map segment, depth, and duration 
of survey cruise. F or one sheet of sedimentological map 
that is compiled at the scale of 1:200,000, about 100 mud 
sampling points are set. W hile sediment sampling in an 
ordinary marine geological survey is conducted for a speci¿c 
objective, the sediment sampling for sedimentological maps 
is done by arranging the sampling points at even intervals 
of the map area, to obtain even and uniform information 
of marine sediment. If necessary, samples are collected to 
clarify a specific objective, and supplementary sampling 
is conducted. AIST is the only organization in Japan that 
systematically collects marine sediment information.

The data for sedimentological maps can be used to evaluate 
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effects on the sea f loor in events such as earthquakes and 
tsunamis or f loods. In the case of the 2011 off Tohoku 
Earthquake and Tsunami, the sea floor photos obtained by 
AIST for the sedimentological map from Sanriku to off 
Sendai Bay were used to analyze the changes in benthic 
organisms before and after the earthquake and tsunamis, and 
it was shown that there were changes in the distribution of 
brittle star (Ophiurida), the major benthic organism of this 
area.[ 47]  Also, the comparison of sediments in the Sendai 
Bay before and after the 2011 off Tohoku Earthquake and 
Tsunami showed that the disturbance and redeposition 
of sediment occurred throughout the Sendai Bay due to 
tsunamis.[ 48]  Considering the later analysis results, maximum 
of about 10 cm of surface sediment was resuspended, and the 
state of sediment suspension continued for several days or 
more. Comparison of the surface sediment before and after 
an earthquake and tsunami clearly indicates what happened 
or did not happen during the events. The accumulation of 
these facts is expected to be useful for estimating what may 
happen and where on the sea f loor it may happen during 
future giant earthquakes and tsunamis.

Comprehensively gathered sea floor sediment samples and 
information can be used for estimating the origin of turbidity 

currents arising from earthquakes and tsunamis. To know 
where a turbidity current occurred due to the disturbance on 
the sea floor by an earthquake and tsunami, how it flowed, 
and where it formed turbidites is important in accurately 
investigating earthquake recurrence history using turbidites. 
But at this point, there are few cases where the origins 
and flow routes are accurately estimated. In the process of 
f lowing, a turbidity current deposits part of sedimentary 
particles contained in the turbidity current, while on the 
other hand, particles of surface sediments are entrained in the 
current at the head of the fl ow.[ 11]  Therefore, not all particles 
that comprise turbidites indicate the origin of the current. 
On the other hand, it has not lost all of the particles of the 
place of origin. F or example, this is shown in the fact that the 
turbidites at the bottom of the 1ankai 7rough off 6hikoku 
contain particles of the FuMi 5iver that is over ��� km away 
that is thought to be their origin.[ 49]  Therefore, information 
on the sediment samples and their compositions at the 
origin or along the fl ow route is important in estimating the 
origin and fl ow route of a turbidity current. For the surface 
sediment samples collected comprehensively to create the 
sedimentological maps, the grain size distribution, particle 
composition, and chemical composition are analyzed and 
published.[ 50]  F or the recent estimation of particle sources, 

Fig. 5 3ublication of marine geological maps by AI67
F rames containing red numerals are areas where 1:200,000 sedimentological maps have 
been published. F rames containing blue numerals are areas with published 1:200,000 marine 
geological maps, and grey frames are places with published 1:1,000,000 marine geological 
maps. F rom the homepage of G eological Survey of Japan, AIST.
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other than the major element composition, various minor and 
trace elements and isotope ratio are used.[ 51]  The information 
of the geographical distribution of such chemical composition 
before earthquakes or tsunamis is expected to be useful in 
estimating the origin and flow route of turbidity currents.

5 6ummary and future prospects

Deep sea sediments are less likely to be affected by sea 
level f luctuations, compared to the tsunami deposits on 
land that are affected by the changes in coastal landforms, 
including the changes of position of coastlines due to supply 
of sediment from the land as well as the rising sea level 
after the last glacial period. Marine sediments are e[pected 
to serve as recording media of the history of recurrence 
of earthquakes and tsunamis over long periods of time.[ 50]  
Therefore, attempts are made around the world to decode 
earthquake recurrence history using submarine earthquake 
event deposits. However, it is not easy to understand the 
situation of the deep sea floor where one must collect samples 
from depth of several thousand meters or more, and to 
obtain high quality samples from appropriate locations. As 
mentioned earlier, it is necessary to select the appropriate 
place from the geological cross-section and submarine 
topographic data with high accuracy and high resolution. 
AIST’s marine geological map and the data and samples on 
which they are based are the basic data for selecting such 
locations. Therefore, it is necessary to further conduct the 
surveys for compiling marine geological maps and to quickly 
publish the results. Also, surveys of the main four islands of 
Japan have been completed for the marine geological maps, 
but the survey regions (F ig. 5) tend to be on the landside 
compared to the sites of earthquake occurrence around 
Japan. Preparation of basic marine geological information for 
the offshore area in which giant earthquakes are expected to 
occur is necessary in the future.

After high quality samples are collected, it is necessary 
to conduct analysis at high resolution as much as possible. 
As mentioned earlier, the identification of event layers is 
possible from quick and high-resolution data, by combining 
several nondestructive measurement devices that are being 
developed recently. Such quick analysis enables analysis 
of several samples, and contributes to the construction of 
more reliable data. It is desirable to build such an analysis 
system at AIST. On the other hand, an event deposit that 
is comprised from different deposition processes than 
ordinary sediment is thought to have different grain size, 
grain composition, and structure compared to ordinary 
sediments. Such a difference probably makes the appearance 
of the sediment different. It is important to nurture “eyes to 
read sediment” to understand the difference in appearance, 
without relying solely on analysis data. The “eyes to read 
sediment” is nurtured by looking consciously at various and 
numerous sediment samples. Also, the experience increases 

by repeatedly observing samples and comparing them with 
abnormal values and change patterns in nondestructive 
measurement. It is important to constantly be aware of what 
creates the differences and changes in the sediment, not 
just to observe the event deposit through nondestructive 
measurement data. Moreover, in the interpretation of the 
nondestructive measurement results, there were many 
instances in which knowledge gained in places that may be 
irrelevant to earthquake history research such as the paleo-
environmental change was useful. To nurture the “eyes to 
read sediment,” the effort to widen the horizon, not just 
gain experience in one thing, is important. W e think it is 
particularly important for young researchers to gain as much 
experience as possible.

In Japan, which is an earthquake-prone nation located in 
the plate boundaries of the W est Pacific, the knowledge of 
recurrence history of past earthquakes and tsunamis is basic 
information for safe and secure living. W e hope to collect 
and analyze marine geological information to contribute to 
the safety and security of society.
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'iscussions Zith RevieZers

1 Overall
Comment (Masahiko Makino, AIST)

This paper discusses new scientific usefulness that may 
contribute to earthquake disaster prevention through clari¿ cation 
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of the history of occurrence of past earthquakes and tsunamis, by 
capturing geological evidences in the submarine earthquake and 
tsunami deposits. The authors have yielded many results through 
active research by collaborating with other institutions since the 
���� off the 3aci¿c coast of 7ohoku (arthquake.

6peci¿cally, the paper discusses the following topics� �� the 
process of turbidite formation, 2) the deposits collected in the 
Sendai Bay that were formed by the tsunamis in the 2011 off 
Tohoku Earthquake, and 3) the estimation method for earthquake 
occurrence history using turbidites. It also states that the 
organization of intellectual infrastructure of marine geological 
information is important, because high-precision and high-
resolution submarine topographic data and geological cross-
section records are necessary to advance this study further.

This research is important from the perspective of earthquake 
disaster prevention, and I think it is appropriate for publication in 
Synthesiology.
Answer (Ken Ikehara)

In the 2011 off the Pacific coast of Tohoku Earthquake, the 
earthquake and tsunamis caused major damage in wide-ranging 
areas, as well as in the Tohoku region. The research of earthquake 
recurrence history using marine sediment presented in this paper 
had been conducted before the earthquake and tsunamis in 2011, 
but I think the advancement of research after 2011 is remarkable. 
'etails of what happened on the sea floor during the earthquake 
and tsunamis were observed and recorded. Although there is 
much that is still unknown, I hope we can continue our survey and 
research, to contribute to society through our marine geological 
research.
Comment (Masanori G oto, AIST)

This paper is about the strategy for clarifying the history 
of giant earthquakes and tsunamis by analyzing the turbidites 
in marine sediment, while considering contributing to safe 
and secure living. It addresses the importance of regular data 
collection and the role of AIST as well as the state-of-the-art 
survey and analysis. It is arranged so that it is useful for readers 
outside the field, and I think it has value to be published in 
Synthesiology.
Answer (Ken Ikehara)

I wrote with contribution of survey and research to society in 
mind. I also wrote about how the assets of research conducted at 
AIST can be utilized, and how they should be utilized.

2 E[planation of turbidite
Comment (Masahiko Makino)

Is the water tank experiment for a turbidity current running 
down a slope in F ig. 1A cited from another paper?  The text 
indicates 5eference >��@. If it is a citation, please indicate that in 
the caption of the ¿gure.
Answer (Ken Ikehara)

The photograph of the turbidity current produced in the water 
tank was taken by the principal author, and was not cited from 
another paper. The citation in the text is a part from another paper 
that explains the turbidity current. To avoid confusion, I moved 
the indicator of the citation to the appropriate place.

Comment (Masahiko Makino)
F or F ig. 2, in this paper, the text explains the “two-story 

structure” of turbidites, while the figure caption refers to the 
“interior erosion plane.” I think the formation process will be 
more easily understood if you explain the “interior erosion plane.”
Answer (Ken Ikehara)

I added and revised the explanatory text based on your 
comment.

� 7echnological issue
Comment (Masahiko Makino)

W ere there any technological issues that were solved that 
allowed the dramatic advancement of the submarine earthquake 
and tsunami deposit research in recent years?

You mention it in Chapter 3, but can you organize it a bit more 
and make it more understandable?
Answer (Ken Ikehara)

As a technological factor, I think there is the advancement 
of nondestructive measurement for the physical and chemical 
compositions of core samples, as described in Chapter 5. This 
provides quick, high-resolution data.

In Chapter 3, we explain the research method, so for the 
point that you indicated, I added in Chapter 5 the fact that 
nondestructive measurement technology has been advancing 
recently. However, in practice, there are many researchers who do 
not look at the actual core, relying completely on measurement 
data. I believe “eyes to read sediment” are nurtured by looking 
and comparing data against the actual core, and I added this point 
to the paper.
Comment (Masahiko Makino)

In F ig. 4, you list the elemental technologies, but the arrows 
that join the elements are short, and I think it will be more 
understandable if you work a bit more on the overall layout. Can 
you enclose the technology clusters in blocks?
Answer (Ken Ikehara)

I revised the ¿gure based on your comment.
Q uestion (Masanori G oto)

In the “Summary and future prospects,” you address the 
importance of nurturing the “eyes to read sediment.” You write 
that it is important to look with awareness and to gain experience, 
but can you be more specific about this?  I think this is also 
applicable to researchers in other ¿elds.
Answer (Ken Ikehara)

This is rather diff icult to express in words, but I have 
experienced several times that things that seem to be irrelevant 
at a first glance are actually mutually related. It is, of course, 
important to gain experience, but I think it is more important 
to gain experience by tackling each topic seriously, and I added 
descriptions on this point to the text. Also, I think to understand 
properly how data change at what characteristic par ts by 
comparing the results (data) of nondestructive measurement, 
which is advancing dramatically in recent years, and the 
actual material (core) is essential in nurturing the “eyes to read 
sediment.” I also added this point to the text.




