Doctorate Dissertation

BLHX

Reexamination of Great Earthquakes along the Japan
Trench Based on Geological Analysis and Numerical
Modeling for Tsunami Deposits
GRREEYMOMBEZHNTRUVBEET) VI
EO\W=BXREBEAVOEXRMEDERET)

A Dissertation Submitted for Degree of Doctor of Philosophy
October 2018

FR30FI0AE L () BEF
Department of Earth and Planetary Science, Graduate School of Science,
The University of Tokyo
RERFREREZRARM MR ERFER
Satoshi Kusumoto

7






Abstract

In this thesis, the M9-class great earthquakes that have occurred along the Japan Trench,
especially the 869 Jogan earthquake, are reexamined using a geological analysis of
tsunami deposits and numerical modeling of tsunami sediment transportation.

Chapter 1 summarizes the world’s earthquakes that have caused large tsunamis, as well
as the history, current status, limitations of tsunami deposit studies, and tsunami sediment
transport modeling. Chapter 2 summarizes the great earthquakes along the Japan Trench,
previous studies of them, and the sedimentary environment and previous studies of three
study sites (Idagawa lowland, Minami-Soma City in Fukushima Prefecture, the Sendai
plain in Miyagi Prefecture, and the Numanohama marsh, Miyako City in Iwate
Prefecture). In this study, both a geological survey and sediment transport modeling were
performed for at the Idagawa lowland, and the modeling results were compared with
previous geological surveys for the Sendai plain and Numanohama marsh.

Chapter 3 summarizes the methods (i.e., sedimentological analysis, microfossil and
diatom analysis, radiocarbon dating, Bayesian age-depth model for depositional ages, and
recurrence intervals of event deposits) for the tsunami deposit surveys. After that, the
methodology for the hydrodynamic sediment transport modeling is described in detail.
The sediment transport modeling is a method of solving the equations of continuity in the
suspended load and bedload layers and the exchange rate between these layers. This
method considers a single grain size, but the present study applied it to multiple-sized
sand particles. Three representative diameters were selected based on a grain size
distribution measured from tsunami deposits and modeling performed after estimating
model parameters. Tsunami reduction due to the effect of coastal forest is also modeled
and verified.

Chapter 4 summarizes the results of tsunami deposit surveys at the ldagawa lowland.

1



Seven sandy event layers from the past 3800 years were identified. Based on the
sedimentological structure of the event deposits and diatom assemblages above and below
event deposits, five of them were judged as being caused by tsunamis, and the others by
storm surges. The average recurrence interval for the tsunamis was 560-950 years, and
the depositional age of the second event layer was constrained between AD 800 and AD
1310. Thus it might correspond to the 869 Jogan tsunami deposits. Two storm deposits
were also formed just after the tsunami events (<200 years) and the sediment environment
inferred from diatom assemblages was a marine to brackish inner bay or lagoon.
Therefore the large tsunamis might have collapsed a sand dune and the lagoon or mudflats
were more susceptible to storm impacts before the redevelopment of the dune.

Chapter 5 summarizes the results of the two-dimensional tsunami inundation
simulation and the one-dimensional sediment transport modeling applied to the 2011
Tohoku tsunami deposits at the Idagawa lowland, Sendai plain, and Numanohama marsh.
Eleven scenarios with variable slip amounts and distributions based on previous models
were prepared and the results were compared with the observations. Regarding the
Idagawa lowland and Sendai plain, the results from previous model well matched with
the observations by considering tsunami reduction due to coastal forest. Conversely, the
results were not able to reproduce the observations of the Numanohama marsh, probably
because the tsunami deposit was coarser than those of the Idagwa lowland and the Sendai
plain. In addition to the effects of coastal forest, the effects of duration of the sediment
transport modeling, water depth at the offshore boundary and model parameters (i.e.,
coefficients of bedload and pick-up rates) are also examined and the model validity,
sensitivity, and accuracy of estimating the source model of an earthquake from tsunami
deposit data is discussed.

Chapter 6 summarizes the estimated magnitude and source location of the 869 Jogan
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earthquake derived from the tsunami inundation simulation and sediment transport
modeling to the tsunami deposits at the Idagawa lowland and the Sendai plain. The results
from models with a large slip area off Miyagi Prefecture reproduced the observations.
Thus, it is concluded that the 869 Jogan earthquake was an M9-class giant earthquake,
but the magnitude and fault length was slightly smaller than the 2011 Tohoku earthquake.

Chapter 7 presents the conclusions for this thesis. The recurrence interval for giant
earthquakes along the Japan Trench and the limitations of evaluating earthquakes from

tsunami deposits and numerical simulation are discussed.
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CHAPTER 1. Introduction
1-1. Background

Tsunamis can be generated by earthquakes, volcanic eruptions, landslides, glacier
calvings, and meteorite impacts. Large earthquakes with tsunamis occur most frequently
in the Pacific Ocean because of seismic and volcanic activity associated with tectonic

plate boundaries along the Pacific Ring of Fire (Fig. 1-1).

P

52 Kamchatka'EQ 25
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Figure 1-1. Tsunami events with M>8 earthquakes since 1990 (NGDC/WDS Global

Historical Tsunami Database: http://www.ngdc.noaa.gov/hazard/tsu db.shtml). The red

and yellow stars show the hypocenters of M9-class and M8-class earthquakes,

respectively.

Particularly, the 1952 Kamchatka earthquake (Mw 9.0) at 16:58:30 UTC on 4 November,
the 1960 Chile earthquake (Mw 9.5) at 19:11:14 UTC on 22 May, the 1964 Alaska

earthquake (Mw 9.2) at 03:36 UTC on 28 March, the 2004 Sumatra-Andaman earthquake
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(Mw 9.1-9.3) at 00:58:53 UTC on 26 December, and the 2011 Tohoku earthquake (Mw
9.0) at 05:46:24 UTC on 11 March caused huge tsunamis that resulted in catastrophic
damage to coastal areas. Onshore and offshore sediment deposits, generally called
“tsunami deposits”, were formed by these tsunamis. Tsunami deposits generally consist
of sand or mud and contain a significant amount of information. For example, the
distribution may enable for an estimation of the tsunami inundation distance. The biggest
advantage of tsunami deposits is that they enable us to be able to quantitatively evaluate
paleo-tsunamis where no instrument observations or historical records exist. Therefore,
this study investigates paleo-tsunami deposits to trace the history of prehistorical

tsunamis.

1-2. History of Tsunami Deposit Study

The study of tsunami deposits started after the 1960 Chile earthquake. The sediment
transport (sand deposition and erosion) due to the tsunami was first observed between
Hachinohe and Kuji cities, between Taro and Kamaishi cities, and between Ofunato and
Shigawa cities in the Sanriku coastal region by Kon'no (1961), Iwai et al. (1961), Onuki
et al. (1961), and Kitamura et al. (1961). They concluded that the sediment can be
classified as either crumble deposits, over-flow-scour deposits, passage-spread deposits,
deposits of suspended materials, adhesive materials, deposits of graded beddings of
mono- and multicycle, deposits of drifted materials, or deposits of evaporates. The
sediment might have also originated from the seafloor of a harbor on the basis of
nannofossil assemblages. After the 1983 Sea of Japan earthquake, Minoura et al. (1987)
proposed that traces of prehistoric earthquakes with huge tsunamis are recorded in the
sediments of coastal regions. In the same year, tsunami deposits were also confirmed in

wetlands in the northwestern part of the United States and southwestern part of Canada
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(Atwater, 1987), and paleo-tsunami deposit studies began globally. At the same time,
numerical modeling of sediment transport due to tsunamis was performed by coastal
engineers (e.g., van Rijn, 1984a; van Rijn, 1984b; Watanabe et al., 1984; van Rijn, 1993;
Soulsby, 1997; Takahashi et al., 1992; 1993; 1999).

Sixteen major tsunamis occurred in the 1990s. The characteristics of the tsunami
deposits have been analyzed in many field surveys (e.g., Clague and Bobrowsky, 1994;
Benson et al., 1997; Gelfenbaum and Jaffe, 2003). In Japan, tsunami deposit surveys were
conducted around the Sagami Trough (Fujiwara et al., 1997; 1999; 2000), on the Pacific
coast of the Tohoku region (Minoura and Nakaya, 1991; Minoura et al., 1994), and the
eastern Pacific coast of Hokkaido (e.g., Hirakawa et al., 2000; Nanayama et al., 2003a;
2003b), and prehistoric tsunami deposits were identified in the alluvial plains and lake
sediments. The tsunami deposit with the A.D. 869 Jogan earthquake, which is considered
as a predecessor of the 2011 Tohoku-Oki earthquake, was first confirmed in the
Ishinomaki and Sendai plains (Abe et al., 1990; Minoura and Nakaya, 1991).

By the time of the 2004 Indian Ocean tsunami, the importance of tsunami deposits for
earthquake evaluation was widely accepted and as a result detailed surveys were
performed after the event. The results have been used to clarify the recurrence interval of
megathrust earthquakes occurring in the Nankai, Suruga, Sagami Troughs (e.g., Usami,
2003; Fujiwara, 2004; Nanayama and Shigeno, 2006; Komatsubara and Fujiwara, 2007),
and Japan Trench (e.g., Sawai et al., 2007; Shishikura et al., 2007). In addition, tsunami
hazard risks and historical earthquakes have been quantitatively evaluated using tsunami
deposits and numerical simulation (e.g., Satake et al., 2008; Namegaya et al., 2010).
Various models of forward tsunami sediment transport (Delft3D, XBeach, C-HYDRO3D,
STM, TsuSedMod, and TSUFLIND) have been published and applied to a number of case

studies of the 2004 Indian Ocean and 2009 Samoa tsunamis (e.g., Gelfenbaum et al.,
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2007; Takahashi et al., 2008; Apotsos et al., 2011a; 2011b; 2011c; Li et al., 2012; Gusman
et al., 2012; Tang and Weiss, 2015).

Tsunami science developed massively following the 2011 Tohoku earthquake because
the tsunami run-up heights and flow speeds were obtained from the digital photographs
and aerial videos taken by residents (e.g., Fritz et al., 2012; Foytong et al., 2013;
Koshimura and Hayashi, 2012; Hayashi and Koshimura, 2013). Studies combining
modern tsunami deposits and the sediment transport modeling have also been presented
(e.g., Jaffe et al., 2012; Sugawara et al., 2014a; 2014b Gusman et al., 2018). Since the
2011 Tohoku earthquake, tsunami deposits have been recognized as one of the most

important factors in enabling a quantitative understanding of past tsunamis.

1-3. Current Issues of Tsunami Deposit Study

Generally, it is essential to perform the quantitative surveys on the sub-regional scale
(10s or 100s of kilometers in scale) in order to estimate past tsunamis using prehistorical
tsunami deposits. It is also useful to distinguish between tsunamis and the other causative
events (e.g., storm surges caused by typhoons). However, the spatial distribution of
survey locations are biased, in the case of northeast Japan. The Pacific coasts of Miyagi
and Iwate Prefectures have been investigated, while Aomori, Fukushima, and Ibaraki
Prefectures have hardly been studied. By ignoring this problem, past tsunamis may be
underestimated or overlooked. The need for a geological survey in Fukushima and Ibaraki
Prefectures was pointed out before the 2011 Tohoku earthquake (e.g., Satake et al., 2008;
The Headquarters for Earthquake Research Promotion, 2006; 2007; 2008; 2009; 2010;
Sugawara et al., 2012; Kusumoto et al., 2018).

Recently, researchers attempted to reproduce the sediment thickness and spatial

distribution of tsunami deposits from forward sediment transport modeling using tsunami
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source models which is known by tsunami waveform and teleseismic body-wave
inversion (e.g., Jaffe et al., 2012; Sugawara et al., 2014a; 2014b; Gusman et al., 2018).
The results are in good agreement with the observations, but the technique may not be
applicable to prehistoric tsunamis because the tsunami source and inundation distance are
usually unknown. Hence, the model validity, sensitivity, accuracy, and response to model

parameters should be evaluated in advance.

1-4. Purpose of This Study

In this study, in order to reexamine the great earthquakes, especially the 2011 Tohoku
and 869 Jogan earthquakes, along the Japan Trench, I aim to propose a new approach for
estimating the magnitude of historical earthquakes and tsunamis using a combination of
modern and historical tsunami deposits and sediment transport simulation for the 2011
Tohoku and 869 Jogan tsunamis.

First, the tsunami history is investigated from geological records at a coastal lowland
in the central Fukushima Prefecture. In order to estimate the depositional ages and
recurrence intervals of large tsunamis, the age-depth models incorporated in the OxCal
program are used. These results and discussions are presented in chapter 4.

Next, the simulated results and the observations of the 2011 Tohoku tsunami deposits
at the Idagawa lowland in Fukushima Prefecture, the Sendai plain in Miyagi Prefecture,
and the Numanohama marsh in Iwate Prefecture are compared to assess the model validity,
sensitivity, and the accuracy, and response of the model parameters used in the sediment
transport modeling developed by Takahashi et al. (1999; 2011) and Gusman et al. (2012;
2018). The results and discussions are presented in chapter 5.

Finally, the tsunami source model for the 869 Jogan earthquake is investigated using

tsunami inundation and sediment transport modeling and paleo-tsunami deposits in the
5



Idagawa lowland, Sendai plain, and Numanohama marsh. The results are discussed in

chapter 6.



CHAPTER 2. Study Sites
2-1. Overview

The Pacific coast of the Tohoku region along the Japan Trench was selected for this
study. This is because the following four conditions must be satisfied in order to test the
performance of the sediment transport modeling: (1): M9-class earthquake with a large
tsunami, (2): known tsunami source parameters, (3): Both modern and historical tsunami
deposits can be investigated, (4): High-resolution topographic data before and after the

megathrust earthquake are available.

2-2. Earthquake and Tsunami History of Japan Trench

Large interplate earthquakes and tsunamis occur repeatedly along the Japan Trench
(e.g., Utsu, 1990; Usami, 2003). Especially, the 9 July 869 (Jogan) Tohoku, 12 December
1454 (Kyotoku) Tohoku, 2 December 1611 (Keicho) Tohoku, 15 June 1896 (Meiji)
Sanriku, 3 March 1933 (Showa) Sanriku, and 11 March 2011 Tohoku earthquakes are
associated with large tsunamis (Fig. 2-1).

The 869 Jogan earthquake occurred in the night of 9 July. The tsunami damage is
described in “The Nihon Sandai Jitsuroku” (e.g., Watanabe, 2000; 2001; Sawai et al.,
2007). According to the descriptions, the tsunami quickly reached the center of Tagajo
town, spread thousands of miles from the beach, and killing approximately 1,000 people.
Tsunami deposits have been also identified in Iwate, Miyagi, and Fukushima Prefectures
(e.g., Minoura and Nakaya, 1991; Minoura et al., 2001; Sugawara et al., 2001; Shishikura
et al., 2007; Sawai et al., 2007; 2012; Ishimura and Miyauchi, 2015; Takada et al., 2016;
Inoue et al., 2016; Kusumoto et al., 2018). The estimated moment magnitude was at least
8.6 from a comparison of the distribution of tsunami deposits with tsunami inundation

simulation (Satake et al., 2008; Namegaya et al., 2010; Namegaya and Satake, 2014).
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Figure 2-1. Rupture zones for major historical earthquakes and slip distribution of the
2011 Tohoku earthquake (Satake et al., 2013) along the northeastern Honshu Coast.
The white star is the epicenter of the 2011 Tohoku earthquake. The black, green, light
blue, and purple rectangles show source areas for the 869 Jogan (Namegaya et al.,
2010), 1611 Keicho (Hatori, 1987), 1896 Meiji (Satake et al., 2017), and 1933 Syowa

(Kanamori, 1971) earthquakes, respectively. The dashed curve indicates the trench

axis.

The 1454 Kyotoku earthquake occurred in the midnight of 12 December. The damage
is documented in several historical records (Namegaya and Yata, 2014), but the
hypocenter and magnitude are still unknown because of the limited amount of information
about the earthquake. The 1611 Keicho earthquake occurred in the early afternoon of 2
December. The damages due to the earthquake and tsunami are recorded in Vizcaino’s
report and other historical documents (Ebina and Takahashi, 2014; Ebina and Imai, 2014).

According to the literatures, the tsunami height was up to 30 m and there was over 5,000
8



casualties. Tsunami deposits were confirmed in Miyako, Kirikiri, and Koyadori in Iwate
Prefecture (Ishimura and Miyauchi 2015; Takada et al., 2016; Ishimura, 2017). Although
15-16™ century event deposit was also identified at the Ishinomaki and Sendai plains in
Miyagi Prefecture, there are several opinions on whether they should be attributed to the
1454 Kyotoku or 1611 Keicho tsunamis (e.g., Abe et al., 1990; Sawai et al., 2006; 2015).
The magnitude of the 1611 Keicho earthquake was estimated as 8.1 (Hatori, 1975), but it
may have been an M9-class earthquake according to recent studies (e.g., Koketsu et al.,
2012; Ebina, 2017; Fukuhara and Tanioka, 2017).

The 15 July 1896 Meiji tsunami was one of the most destructive seismic events in
Japanese history, with approximately 22,000 casualties (Shuto et al., 2007). This
earthquake was a typical example of a “tsunami earthquake” which is defined as a seismic
event from which the magnitude of the resultant tsunamis is significantly larger than that
expected from surface waves (Kanamori, 1972; Tanioka and Satake, 1996a). The seismic
magnitude (M=6.8) was estimated from Japanese seismological data (Utsu, 1979). The
surface wave magnitude (Ms=7.2) was assigned from global data (Abe, 1994). The
moment magnitude (Mw) was estimated as 8.0-8.2 from a comparison of aftershock
activity for other large earthquakes (Utsu, 1994). The tsunami magnitude (M) was
determined as 8.6 from global data (Abe, 1979) and 8.2 from Japanese data (Abe, 1981).
The tsunami struck the Pacific coast between Hokkaido and Miyagi Prefecture and a
maximum tsunami height of 38.2 m was recorded at the Ryori in lwate Prefecture (Matsuo,
1933; Miyoshi, 1987). The 3 March 1933 Showa earthquake was a normal fault
earthquake in the outer-trench slope regions (Kanamori, 1971). The moment magnitude
was estimated as 8.4 (Kanamori, 1977). The tsunami associated with the earthquake
struck the Sanriku coast, destroyed over 7,000 homes, and led to over 3,000 deaths

(Central Meteorological Observatory, 1933). The maximum tsunami height of 28.7 m was
9



recorded at the Ryori in Iwate Prefecture (Kunitomi, 1933; Usami, 1966). However, there
have been few studies of the 1896 Meiji and 1933 Showa tsunami deposits. This is
because the tsunami deposits were not preserved as sand sheets due to human activity.

The 2011 Tohoku earthquake was the largest interplate earthquake in Japanese history.
The tsunami generated by the earthquake, with heights of 11.5-15.5 m above mean sea
level, caused catastrophic damage to the Fukushima Daiichi Nuclear Power Station (NPS).
The damage to the emergency diesel generator resulted in a core melt-down and hydrogen
explosions. The tsunami also killed almost 16,000 people and completely destroyed
83,000 homes in Japan (National Police Agency of Japan, 2018). A maximum tsunami
height of 40.1 m was measured at the Ofunato in Iwate Prefecture. The 2011 tsunami
deposits were observed by survey teams on the Pacific coast from Aomori to Chiba
Prefecture (e.g., Fujiwara et al., 2012; Goto et al., 2011; 2012; Okazaki and Ooki, 2012;
Sawai et al., 2012b; Szczucinski et al., 2012; Jaffe et al., 2012; Richmond et al., 2012;
Yamada and Fujino, 2013; Ishimura and Miyauchi, 2015; Goto et al., 2015; 2017;
Shinozaki et al., 2015; Ishimura, 2017; Kusumoto et al., 2018).

To test, assess, and apply the sediment transport modeling, it is necessary to select
study sites where both the 2011 Tohoku and 869 Jogan tsunami deposits have been
identified. In this study, the Idagawa lowland, Sendai plain, and Numanohama marsh
were selected as study sites representing in Fukushima, Miyagi, and Iwate Prefectures,

respectively.

2-3. ldagawa Lowland, Fukushima Prefecture

The Idagawa lowland is a polder located about 12 km north of the Fukushima Daiichi
NPS in Fukushima Prefecture and about 75 km south of Sendai City (Fig. 2-2). The polder

extends 4.5 km east-west and 1.3 km north-south. It has an area of approximately 5.8 km?
10



and is located behind a 3-4 m high beach ridge that is covered with concrete blocks
(Minami-soma City Education Committee, 2010). Although some trees were planted
behind the ridge before the 2011 earthquake, they were mostly swept away by the tsunami.
The elevation of most of the polder is below mean sea level (-1 to -2 m) extending to
within about 2 km from the shore.

Relative sea level changes during the Holocene, estimated from lowland sediments
between coastal ridges on the Sendai plain (Matsumoto, 1984; Matsumoto and Ito, 1998),
indicate periods of high sea level (<3 m above mean sea level) about 700, 2000, and 5000
years ago, separated by periods of low sea level (<-2.5 m below mean sea level).

Holocene estuary fill sediments for the last about 10,000 years in this lowland are well
preserved (Kakubari et al., 2017). The sedimentary environment has been inferred to be
characteristic of a lagoon or an inner bay from historical topographic maps drawn in the
19th and 20th centuries (Fig. 2-3; Minami-soma City Education Committee, 2009). Land
was reclaimed between 1919 and 1925, before the Miyata and Idagawa River channels
were artificially constructed in the center of the lowland. The lowland was used to grow

rice until the 2011 Tohoku earthquake (Minami-soma City Education Committee, 2009).
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Figure 2-2. Location and topographic profiles of the Idagawa lowland in Fukushima Prefecture.

(a) Overview of northeastern Japan along the Japan Trench. The red dot shows the location of

the Idagawa lowland. (b) Detailed map of the Idagawa lowland, (c) Topography of the Idagawa

lowland. The solid lines indicate transects (A-A’ and B-B”) for tsunami deposit surveys. (d), (e)

Topographic profiles along transects A-A’ and B-B’, respectively.
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Figure 2-3. Historical topographic maps and aerial photographs of the Idagawa lowland
from (a) AD 1821, (b) AD 1893, (c) AD 1910, (d) AD 1947, (e) AD 2012, and (f) AD

2016. These were provided by the Geospatial Information Authority of Japan.

According to documents from AD 1540 and the 19th century, six large storms have
attacked in Miyagi and Fukushima Prefectures (Sawai et al., 2007), and modern data

record 64 typhoons since 195, indicating that a large storm occurs 1-2 times/year
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(Kitamoto, 2018). River flooding also occurred in 1966, 1969, 1980, 1986, 1989, and
1992 along the Miyata River (Fukushima Prefecture River Council, 2004). The maximum
tidal range between high and low tides is 100-150 cm, and the highest tidal level in history

was 132 cm above mean sea level (Japan Meteorological Agency, 2017).
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Figure 2-4. The 2011 Tohoku tsunami heights and inundation limit in the Idagawa
lowland. The dotted line shows the tsunami inundation limit. The squares indicate the

observed wave heights for the 2011 Tohoku tsunami (Mori et al., 2012; Sato et al., 2014).

The 2011 tsunami reached heights of 11-13 m around the Idagawa lowland (Mori et al.,
2012; Sato et al., 2014). Aerial photographs indicate that the tsunami inundated an area
of about 4.7 km? up to about 3.7 km from the coast (Fig. 2-4; Association of Japanese
Geographers, 2011). Oota and Hoyanagi (2014) and Oota et al. (2017) have discussed in
detail the sedimentary patterns, depositional processes and sedimentary thickness
associated with the 2011 Tohoku tsunami deposit in the lowland. The tsunami completely

destroyed houses, coastal structures and a drainage pump facility near the shoreline (Fig.
14



2-5). Because of the damage to the drainage facility, which pumped water from the
lowland, the lowland was submerged between 2011 and 2014 until the facility was

repaired. The current environment is a wetland.
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Figure 2-5. Tsunami damages to the Idagawa lowland. The photographs show (a) the
center of the lowland, (b) the transverse road along the ldagawa River, and (c) coastal

protection.

Several studies have investigated the tsunami deposits in this lowland both before and
after the 2011 tsunami, and the tsunami recurrence interval has been estimated to be
approximately 600 years (Goto and Aoyama, 2005a, 2005b; Oikawa et al., 2011;
Kakubari et al., 2017). However, these studies relied on a small number of cores and

samples.
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2-4. Sendai plain, Miyagi Prefecture
The Sendai plain is an alluvial plain with sandy beach ridges between Sendai and

Natori Cities in Miyagi Prefecture (Fig. 2-6).
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Figure 2-6. Location and topographic profiles of the Sendai plain in Miyagi Prefecture.
(a) Overview of northeastern Japan along the Japan Trench. Red dot shows the location of
the Sendai plain. (b) Detailed map around the Sendai plain, (c) Topography of the Sendai
plain. Solid lines indicate transect for tsunami deposit surveys (e.g., Sawai et al., 2007,
2008; Goto et al., 2011; Richmond et al., 2012; Szczucinski et al., 2012). (d) Topographic
profiles along transect.
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The plain was formed by rapid shoreline progradation marked by six complex beach
ridges (I, I’, 11, IIIa, I1Ib, and IIlc) of 0.8-3.1 m high, which developed around 5000-4500
years BP, 3100-3000 years BP, 2800—1600 years BP, 1300-1100 years BP, 1100 years BP,
and 350 years BP, and the present, respectively (Matsumoto, 1984; Ito, 2005). Among
them, the youngest beach ridges are covered with pine forests artificially planted since
the 1600s (e.g., Goto et al., 2013). The elevation is nearly 0 m or lower behind the
youngest beach ridge and increases gradually landward. The Sendai Tobu Highway, the
embankment of which is approximately 8 m high, runs north-south at approximately 4.5
km from the shoreline.

The 2011 Tohoku tsunami inundated up to about 5.2 km inland. The observed tsunami
flow depth was over 10 m near the coastal dune ridges and decreased landward to less

than 3 m close to the inundation limit (Fig. 2-7; Mori et al., 2012).
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Figure 2-7. The observed 2011 Tohoku tsunami run-up heights and inundation limit
on the Sendai plain. The dotted curve shows the inundation limit for the 2011
tsunami. The dashed line indicates the Hachikenbori River.
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The tsunami was almost stopped by the Sendai Tobu Highway, although it further
inundated the underpasses of the highway in some locations. The tsunami deposits were
described and sampled for facies analysis, geochemistry and micropaleontology at more
than 120 pits (Goto et al., 2011; Richmond et al., 2012; Szczucinski et al., 2012). They

generally became thin inland with a maximum thickness of around 30 cm (Fig. 2-8).
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Figure 2-8. Sampling locations and sediment thicknesses for the 2011 and 869 Jogan
tsunami deposits along the Sendai airport transect (e.g., Sawai et al., 2007; 2008; Goto et
al., 2011; Richmond et al., 2012; Szczucinski et al., 2012). The red and blue lines show the

sediment thicknesses for the 2011 Tohoku and 869 Jogan tsunami deposits, respectively.

Up to 1.0 and 1.2 km inland from the shore, the deposit is composed of sand of variable
grain size and thickness. The sand is massive, graded or laminated, often with soil rip-up
clasts at or near the base. Between 1.2 and 2.8 km inland, the deposit is sand-dominated
with mud laminae and rip-up clasts. Further inland (2.8-4.5 km), the deposit is mud-
dominated (<3.5 cm in thick) with a thin and patchy sand lamina (one to a few grains

thick) at the base and, rarely, within the mud itself (Fig. 2-9). The tsunami deposit with a
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thicker than 0.5 cm-thick sand layer extended approximately 2.8 km inland (about 62%

of the inundation distance), although the layer was not continuous.
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Figure 2-9. Grain size distributions for the 2011 Tohoku tsunami deposits in the Sendai

plain (e.g., Jaffe et al., 2012; Szczucinski et al., 2012).

The 869 Jogan tsunami deposits were also identified just below a volcanic ash (AD

915 To-a tephra) in a total of 26 geological core samples collected by Abe et al. (1990),

Minoura and Nakaya (1991), and Sawai et al. (2006; 2007; 2008). They conclude that the

tsunami deposits were distributed 3.2-5.0 km distance from the current shoreline, and the

coastline in AD 869 was about 1 km inland from the present one. The thickness varies

from 1 to 33 cm and becomes thinner landward (Fig. 2-8). Additionally, the grain size

also became finer toward inland.
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2-5. Numanohama marsh, Iwate Prefecture

The Numanohama marsh is a lowland back marsh surrounded by high and steep cliffs,
which is located about 13 km north of Miyako City in Ilwate Prefecture (Fig. 2-10). The
marsh extends about 1000 m east-west and 250 m north-south and is isolated from the
Pacific Ocean by a beach ridge with a height of about 4.5 m. A small narrow river with a
presumed water catchment area of approximately 2 km x 1 km streams in the central part
of the study site.

45ed38° 140" 142° 144" 146" 141.5° 42 142.5°

(2)
4

139.9°

139.8°
43°

139.7°

pography (km)

139.6°
41°

10 km

39.5"

i Nignanohama

Iwate Pref.

39°

37

—_
[T}

Beach ridge
L —

Elevation (m)

[TV ]

?200 1100 1000 900 800 700 600 500 400 300 200 100 O -100 -200
Distance from the shoreline (m)

Figure 2-10. Location and topographic profiles of the Numanohama marsh in lwate
Prefecture. (a) Overview of northeastern Japan along the Japan Trench. The red dot shows
the location of the Numanohama marsh. (b) Detailed map around the Numanohama marsh,
(c) Topography of the Numanohama marsh. The solid line indicates transect for tsunami

deposit surveys (Goto et al., 2015; 2017; 2019). (d) Topographic profiles along transect.
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The 2011 Tohoku tsunami inundated up to about 1 km inland. The tsunami height was

from 16.5 to 30.1 m (Fig. 2-11; Tsuji et al., 2011, 2014). In addition to the 2011 tsunami,

several historical tsunamis have also struck according to reports and previous studies. For

example, the tsunami heights were about 24.2 m for the 1896 Meiji Sanriku-OKki

earthquake (Yamana, 1896; Unohana and Ota, 1988), 7.2 m for the 1933 Syowa Sanriku-

Oki earthquake (Earthquake Research Institute, 1934), and 2.2 m for the 1960 Chile

earthquake (Committee for Field Investigation of the Chilean Tsunami, 1960-1961),

respectively.
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Figure 2-11. The observed 2011 Tohoku tsunami run-up heights and inundation limit in

the Numanohama marsh. The dotted curve shows the inundation limit of the 2011 tsunami.

In this marsh, tsunami deposit surveys have already been conducted (Goto et al., 2015;

2017; 2019). According to the results, the 2011 Tohoku tsunami deposits were collected

in a total of 20 core samples between 140 and 990 m from the coast. The sediment



thickness varies from 4 to 23 cm (Fig. 2-12). It is composed of medium and coarse sand
with angular, sub-angular, and round gravels/pebbles (Fig. 2-13). The 2011 tsunami
deposit obtained at sampling location P5, which is the most inland location, contains
abundant angular gravels. This P5 site is very close to a slope and river valley, therefore
that the gravels were probably introduced by other mechanisms (e.g., the strong motion
of the mainshock and aftershock).

The 869 Jogan tsunami deposits are confirmed in six core samples. The thickness is
about 15 cm or more (Fig. 2-12). It is composed mainly of medium sand to granules

containing round pebbles and very angular gravels (Fig. 2-13).
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Figure 2-12. Sampling locations and sediment thicknesses for the 2011 Tohoku and
869 Jogan tsunami deposits along the Numanohama marsh transect (Goto et al., 2015;
2017; 2019). The red and blue lines show the sediment thicknesses for the 2011 Tohoku

and 869 Jogan tsunami deposits, respectively.
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CHAPTER 3. Methods and Data
3-1. Geological Analysis
3-1-1. Field Survey and Geological Core Sampling

To obtain geological core samples in the ldagawa lowland, two transects, A-A’ and B-
B’, were established perpendicular and parallel to the current shoreline, respectively. The
elevation along the transects was measured with a Global Navigation Satellite System
receiver (ProMark Field 120, Ashtech). A total of 16 cores (A01-A09, B01-B07) were
obtained at distances of 600-1900 m from the coast using a Handy Geoslicer with lengths

of either 1.5 m or 3.0 m length (Fig. 3-1 and Table 3-1).
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Figure 3-1. Sampling locations and topographic profiles for the Idagawa lowland.
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Table 3-1. Sampling locations for the Idagawa lowland.

Core No. Latitude (deg) Longitude (deg) Elevation (m) Length (m) Distance from the coast (m)
A0l 37.52339167 141.01165830 -1.32 2.35 1916
A02 37.52413611 141.01379444 -1.55 2.41 1711
A03 37.52460000 141.01489440 -1.66 1.66 1601
A4 37.52557777 141.01649444 -1.62 1.27 1425
ADS 37.52630278 141.01810280 -1.45 1.66 1262
A06 37.52705833 141.01913333 -1.46 1.18 1141
A07 37.52778611 141.02116390 -1.43 2.14 945
A0S 37.52809166 141.02243055 -1.33 2.35 832
A09 37.52810833 141.02499720 -1.51 2.86 635
B0l 37.53320555 141.01875277 -0.88 2.15 1584
B0O2 37.53300833 141.01878330 -0.87 2.66 1563
B03 37.53244553 141.01936845 -1.10 2.02 1486
B04 37.53211752 141.01964610 -1.09 2.47 1443
B05 37.53111111 141.01966940 -1.07 1.70 1338
Bo6 37.52917773 141.02046253 -1.10 2.58 1112
B07 37.52665327 141.02212895 -1.35 1.82 1093

3-1-2. Sedimentological Analysis

Photographs were firstly taken of each core sample, and then the sedimentary facies,
patterns, and structures, such as bedforms, laminae, erosional basal contact, color, and
grain size were described. Computed Tomography (CT) scanning was used to examine
the three-dimensional sedimentological structures of five cores (A02, A04, A06, A0S,
and BO1). The CT image scanning was performed using a CT scanner (Aquilion PRIME,
Toshiba Medical Systems Corporation) at the Kochi Core Center. Grain size analysis was
performed on seven representative cores (A01, A02, A07, B02, B03, B06, and BO7).
Subsamples were taken at about 1 cm vertical intervals from the core sediments. They
were immersed in a dispersion solution (aqueous solution of sodium hexametaphosphate)
and stirred until the particle density became constant. The grain size was then measured

with a laser granulometer (SALD-3000S, Shimadzu Corporation) at the Graduate School
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of Frontier Science, the University of Tokyo. The sediment was classified into seven
categories (silt, very fine, fine, medium, coarse, very coarse sand, and gravel) according
to the Wentworth grain size classification scheme (Wentworth, 1922). Statistical

parameters were calculated using the phi scale (Krumbein, 1938; Folk and Ward, 1957).

3-1-3. Nannofossil Analysis

To estimate the sedimentary environment change before and after events, the number
of nannofossils (i.e., diatoms, coccoliths, Silicoflagellates, and Sponge spicles) contained
in the sediment was detected. The subsamples were collected at 5 or 10 cm vertical
intervals from the core A02, and smear slides were prepared for counting. Diatom analysis
was performed by the Paleoenvironment Research Institute Co.,Ltd, and nannofossil
analysis was performed by Dr. Tomoko Goto (the University of Tokyo).

At least 200 diatoms were identified and counted using a biological microscope with a
magnification of 600x to 1500x. The diatom identification was based on Lowe (1974) for
environmental requirements and pollution tolerance of diatoms, Kosugi (1986) for
terrestrial diatoms, Ando (1986) for fresh-water diatoms, and Kosugi (1988) for brackish-
water and marine-water diatoms.

Coccoliths, Sponge spicules, and Silicoflagellates were counted under a polarizing
microscope with a magnification of 400x. The total number of coccoliths producing
individuals in 10 visual fields for each sample was classified into 15 appearance groups;
level 0 (no appearance), level 1 (1-10 counts), level 11 (11-20 counts), level 111 (21-30
counts), level 1V (31-40 counts), level V (41-50 counts), level VI (51-100 counts), level
VI1 (101-200 counts), level VIII (201-300 counts), level 1X (301-400 counts), level X
(401-500 counts), level X1 (501-600 counts), level XII (601-700 counts), level XIllII

(701-800 counts), level X1V (801-900 counts).
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3-1-4. Radiocarbon Dating

Organic samples (e.g., seeds, charcoals, plant fragments, wood, and shells) were
collected above and below event deposits for radiocarbon dating using Accelerator Mass
Spectrometry (AMS) measurements. A total of 33 samples from the cores A01, A05, AQ07,
A09, and B02 were measured; 14 samples by the Institute of Accelerator Analysis Ltd.,
Japan (IAA), and the other 19 samples by the Laboratory of Radiocarbon Dating at the
University Museum, the University of Tokyo (UMUT). Isotope fractionation effects were
corrected with 813C values to estimate radiocarbon ages. Corrected radiocarbon (**C) ages
were calibrated to calendar ages with the OxCal 4.3 program and the IntCall3 and
Marinel3 calibration curves (Bronk Ramsey, 2009; Reimer et al., 2013). The uncertainty
of the 1*C ages was taken to be 2o, where o is the standard deviation. For marine or
brackish shell samples, it is necessary to correct the global and local marine reservoir
effects. The local marine reservoir effect (AR) has been reported as 82+33 years in the
southern Kanto district closest to the Idagawa lowland (Shishikura et al., 2007) and
393+32 years on the east coast of Hokkaido and Sakhalin (Yoneda et al., 2007). The AR
value depends on the ocean current; hence it is hard to estimate the values for the Idagawa
lowland because the Kuroshio and Oyashio Currents converge off the Sanriku coast. Thus,

the local effect was not corrected for brackish shell samples in this study.

3-1-5. Age-Depth Models

Age-depth models were constructed for the cores A0l and B02 based on individual
dating data and the Poisson process-deposition model incorporated in the OxCal program
(Bronk Ramsey, 2008). The following assumption were also made; (1) the law of
superposition is established, (2) the sedimentary rate is always positive, (3) the

depositional ages of event deposits are the same for both cores, and (4) the arrival times
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of the increments N = k(d;,; — d;) occurring at an arbitrary depth (from d; to d;;;)
form a Poisson process. Here, k is the Poisson parameter which is the increment per unit
length and depends on grain size. The value of k is likely to be around 1 cm™ if a coarse
sediment with gravels is considered, whereas a fine sediment might have a value of up to
10 cm? (Bronk Ramsey, 2008). To estimate an appropriate k value from direct
measurement, Bronk Ramsey (2008) proposed that it was determined from the distance
between stratigraphic marker layers. In this study, event deposits were used as the marker

layers (Table 3-2).

Table 3-2. Distances between stratigraphic marker layers (units are cm).

Core No. EVI-EV2 EV2-EV3 EV3-EV4 EV4-EV5 EV5-EV6 EV6-EV7

AO1 36 26 6 50 12

A02 37 42 19 67 -

A03 44 28 4 28 2

A04 33 35 3 ; .

A05 40 36 14 30 -

A06 13 50 4 - .

A07 21 37 2 44 4

A0S 10 48 14 22 18

BO1 29 8 0 44 15 48
B02 21 25 9 31 9 34
B03 42 6 4 5 4 50
B04 26 23 0 39 9 48
BOS 26 39 0 24 15 29
B06 22 17 4 42 7

B07 8 20 7 8 17

By measuring the distance (u, v, w, X, and z) between event deposits in multiple cores,
the ratios (U, V, W, X, and Z) of the distance and total thickness excepting event deposits

were firstly calculated from the distances at each core i;
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Next, the following relations hold between increment N and mean (uy, py, Uw, Hx,and
Uz), standard deviation (oy, oy, oy, oy, and ay);

1
OyOyOwOx0z = UyHyvHUwHxHz N
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OyOyOw0Ox0z

N

Substituting into N = k(d;+; — d;), an estimate for the best Poisson parameter for each

core i can be found:;

ki = HylvUwlx Uz 1
Y ooyoyoyoxoy (U + v +wp +x; + z;)

The calculated values of k ranged from 9 to 26 cm™ (Table 3-3).
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Table 3-3. Poisson parameter for each core.

CoreNo. U, v, W, X, Y, z, K
A0l 0.28 0.20 0.05 0.38 0.09 - 12
AQ02 0.22 0.25 0.12 0.41 - - 9

A03 0.42 0.26 0.04 0.26 0.02 - 15
A04 0.46 0.49 0.04 - - 22
A05 0.33 0.30 0.12 0.25 - - 13
Al6 0.19 0.75 0.06 - - 23
AQ7 0.19 0.34 0.02 0.41 0.04 - 14
A08 0.09 0.43 0.13 0.20 0.16 - 14
B01 0.20 0.06 0.00 0.31 0.10 0.33 11
B02 0.16 0.19 0.07 0.24 0.07 0.26 12
B03 0.38 0.05 0.04 0.05 0.04 0.45 14
B04 0.18 0.16 0.00 0.27 0.06 0.33 11
BO5 0.20 0.29 0.00 0.18 0.11 0.22 12
Bo6 0.24 0.18 0.04 0.46 0.08 - 17
BO7 0.13 0.33 0.12 0.13 0.28 - 26
aver. 0.26 0.29 0.07 0.28 0.10 0.35 18
stdev. 0.11 0.18 0.05 0.12 0.08 0.09 -

Additionally, in order to evaluate the variances of depositional ages and recurrence
intervals with the values of k, the age-depth models constrained from different values
(k=5, 10, 15, 20, 40, 60, 80, and 100 cm™) are compared. The models were constrained
for only terrestrial samples because no corrections for the reservoir effect of marine and
brackish samples were conducted. The Event Free Depth (EFD) scale was applied after
excluding the thickness of event deposits from the total depth (Table 3-4), because the
sedimentation rates of sand and silt were significantly different (Bronk Ramsey et al.,

2012). The depositional ages and recurrence intervals were calculated from the

constructed models.
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Table 3-4. Event-Free Depth scale for the cores A01 and B02.

core A0l core B02
From [cm]  To [em] EFD [cm] Seismite From [em]  To [em] EFD [cm] Seismite
0 6 d 0 5 d
6 24 6 EVI 3 19 5 EVI
24 60 d-18 - 19 40 d-14
60 78 42 EV2 40 45 26 EV2
78 104 d-36 - 45 70 d-19
104 116 68 LV3 70 82 51 V3
116 122 d-48 - 82 91 d-31
122 125 74 EV4 91 92 60 Ev4
125 175 d-51 - 92 123 d-32
175 205 124 EVS 123 146 91 EV35
205 217 d-81 - 146 155 d-35
217 235 136 EV6e 155 169 100 EV6
169 203 d-69
203 209 134 EV7
209 252 d-75

3-2. Numerical Model of Tsunami Sediment Transport

3-2-1. Tsunami Hydrodynamics

Tsunami propagation and inundation are expressed by non-linear shallow water theory,
which consists of the equations of the conservation of mass and momentum using the
Finite Difference Method (FDM) in the Cartesian coordinate system (e.g., Satake, 1995;

Baba et al., 2015). The two-dimensional equations are as follows;

Oh M ON_
at  ox dy
6M+6 M +a<MN)+ Dah+gn2M MZ+N2=0 (2)
ot " 9x\D ) ay\D /)" T ox " ] -
aN+6(MN)+a N + Dah+gn2N M2 + N2 =0 3
ot “ox\D ) ay\D) T ay" ] - ®)
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where t is time, h is water level, D is total water depth (D=h+d), M and N are discharge
fluxes along the x- and y-axes, g is gravitational acceleration (=9.8 m/s?), and n is
Manning’s roughness coefficient (=0.025 m™?/s). In this study, the two-dimensional

numerical simulation is adopted for tsunami propagation and inundation.

3-2-2. Sediment Transport

The movement of sand by water flow can be classified as either bedload or suspension
movement. The bedload represents a movement type in which the sediment is transported
by sliding, rolling and saltation, and the suspension refers to a movement in which the
sediment is held in the water and carried with the flow. The regions where the sand is
carried by the bedload and suspension are generally called the bedload layer and
suspended load layers, respectively. For the numerical modeling of tsunami sediment
transport, it is conceptually separated from the suspended load and bedload layers (Fig.
3-2; e.g., Takahashi et al., 1999; 2000; Gusman et al., 2012; Sugawara et al., 2014a;
2014b). The one-dimensional sediment transport simulation is basically carried out for

the sediment transport modeling.

Flow direction —>

| Suspended load
layer

v acC.M
he| p,CMdt p,(C‘M - ; d:c) dt

Exchange rate

De (qg + %dx) dt - Bedload Iayer

Figure 3-2. Diagram of sediment transport modeling due to tsunami.
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3-2-2-1. Continuity Equation in the Bedload Layer

First, the mass conservation in the bedload layer is considered. In this layer, the
following four terms (i to iv) are balanced for the incoming and outgoing sand;
(i) The exchange rate between the bedload layer and the bed

ps(1 —A)8Zgbx

where pg is the density of sand particles, A is the porosity, and Z is the bed level
change. The difference between the simulated pre- and post-tsunami elevations is the
apparent erosion and deposition for erodible beds. The net erosion and net deposition can
be calculated from the difference between the initial elevation and the lowest elevation
and the difference between the final elevation and the lowest elevation, respectively (Li
etal., 2012).

(ii) The sediment moved in the downward direction in the bedload layer

dqs dqs
Ps (qB + W(Sx) o0t — psqgdt = psﬁ&c&

where qp is the bedload rate. As described by Watanabe et al. (1984) and Tanaka et al.,

(1989), the bedload rate affects the bed slope in bedload transport and can be written as;

0Zg
Qs =qp — Iqung
where Qp is the bedload rate with the effect of bed slope. The vertical diffusion
coefficient for the sediment (&,) is assumed to be 2.0. This formula indicates that the
bedload rate is higher if the flow is moving down, and smaller if the flow is climbing up

the slope.

(iii) The sediment of rising-up to the suspension due to diffusion

aC
psezgdxdt
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where C is the mean concentration of sediment in the suspended load layer.
(iv) The sediment settling down from the suspended load layer
pswoCOxSt
where w, is the settling velocity of sand particles.
Summarizing the above terms, the equation of mass conservation for the bedload layer

Is given as follows;

0Zg 1 (6QB

ot T1-71\ax +We")=0 )

where,

aC _ _
Weyx = gzg_ WoC = Qrise — WoC

Here, W,, is the exchange rate, which is a balance between sediment settling from the

suspended load layer and the sediment rising-up to the suspension and the pick-up rate

(Qrise)-

3-2-2-2. Continuity Equation in the Suspended Load Layer

Next, the mass conservation in the suspended load layer is considered. In this layer, the
following four terms (v to viii) are balanced,;
(v) The sediment moved downward direction in the suspended load layer

C_MS ot
0x x

CM - ]
o 6x | 6t — psCM6t = pg

_ d
ps| CM +
The mean concentration of sediment in the suspended load layer is limited to 1% for each

grain size (Takahashi et al., 1999; Gusman et al., 2018).

(vi) The sediment of rising-up to the suspension caused by diffusion
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aC
psezgchSt

(vii) The sediment settling down from the suspended load layer
psWoCox6t

(viii) Total balance of sediment in the suspended load

Summarizing the above terms, the equation of mass conservation for the suspended

load layer is expressed as the following;

aC'D+aC'M We=0 ()
ot dx ex

The discharge fluxes (M) and total depth (D) are calculated from the numerical simulation.
The bedload and exchange rates are also determined from tsunami hydraulic experiments

(Takahashi et al., 1999; Takahashi et al., 2011).

3-2-3. Pick-up Rate
The pick-up rate (g,;5¢) from the hydraulic experiment results is expressed by
rise = Way/5gdT?

where w, is a coefficient for pick-up rate as a function of grain size, s is the submerged
specific gravity of sand (=1.65), and d is mean diameter of sand particles. The Shields
parameter (t,) is defined as 7, = u?/sgd, in which u, is the shear velocity calculated
by the Manning formula (u? = gn® M|M|/D’/?). The non-dimensional pick-up function
(Yrise = W,T2) Was determined from tsunami hydraulic experiments by Takahashi et al.
(2011). The coefficients (w,) with three grain sizes (0.166, 0.267, and 0.394 mm) are

expressed by
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7.0x 10~° (d = 0.166 mm)
W, =14.4%x107° (d =0.267 mm)
1.6 x 107°  (d = 0.394 mm)

To simulate the sediment transport for various grain sizes, the following equation
interpolated/extrapolated from hydraulic experiment results is used (Fig. 3-3 and Tables
3-5, 3-6, and 3-7; Gusman et al., 2018).

w, = 19.193 x 1075 X exp(—6.058d)  (6)

3-2-4. Bedload Rate
The bedload rate (qp) is experimentally expressed by
3
qp = wp/sgd3t?

where wg is a coefficient for the bedload rate as a function of grain size. The

3

dimensionless bedload rate (Ypeq = wﬁrf) was also determined from tsunami hydraulic

experiments by Takahashi et al. (2011). The coefficients (wg) with three grain sizes (0.166,

0.267, and 0.394 mm) are expressed by

56 (d=0.166 mm)
wg =140 (d=0.267 mm)
2.6 (d =0.394 mm)

As with the coefficient of pick-up rates, the following equation interpolated/extrapolated
from hydraulic experiments is used (Fig. 3-3 and Tables 3-5, 3-6, and 3-7; Gusman et al.,
2018).

wg = 9.8044 X exp(—3.366d) (7)

3-2-5. Settling Velocity
The sand particles have a different settling velocity (w,) for each grain size (Rubey,

1933; Ponce, 1989). The settling velocity in oscillating water is given as follows;
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o = 4gdps —p
36 b

(8)

where pg isthe sediment density, p isthe water density, and Cj is the drag coefficient.
Morrison (2013) reported a relationship between the drag coefficient and Reynolds

number (R,) that was derived from experimental results,

-7.94
R,

R,
P +O411(263000) L R
PR, 1+(Re) ( R 00t 261000
5
where
wod
=

In the above equation, v is the kinematic viscosity (0.8296x10® m?/s). The calculation
of the settling velocity for each grain size was done by iterating these equations until the

values of w, and Cp converged (Fig. 3-3 and Tables 3-5, 3-6, and 3-7).

3-2-6. Critical Shear Velocity

The critical shear velocity (z.-), which is the flow velocity required for the sand
particles to start moving, also differs for each grain size (Fig. 3-3 and Tables 3-5, 3-6, and
3-7). Shields (1936) formulated a dimensionless parameter that is equal to the ratio of the
critical shear stress to the gravitational weight of the grain. As a criterion for incipient
motion, the following critical dimensionless parameter is used as the Shield parameter

from Soulsby and Whitehouse (1997);

Ter = m + 0. 055[1 - exp( 0.02D )] (9)
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where the dimensionless grain size (D,) is expressed by

1
o [2G),
v

Both the pick-up and bedload rates are zero when the simulated Shields parameter is

smaller than the critical Shields parameter.
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Figure 3-3. Model parameters (Pick-up coefficient, Bedload rate coefficient, settling
velocity, and critical shear velocity) for different grain size. The red, blue, and green arrows
show grain sizes of the 2011 tsunami deposits at the Idagawa lowland, Sendai plain, and

Numanohama marsh, respectively.

Table 3-5. Model parameters for the 2011 Tohoku tsunami deposits for a single grain size.

Study sites diameter (mm) Pick-up ratc Bedload rate Settling velocity  Critical shear velocity
Idagawa 0.408 1.62E-05 2.48 6.461E-02 3.187E-02
Sendai 0.455 1.22E-05 213 7.307E-02 3.096E-02
Numanohama 0.582 5.650-06 1.39 9.538T-02 2.992F-02
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Table 3-6. Model parameters for the 2011 Tohoku tsunami deposits for multiple grain sizes.

Study sites diameter {mm) Pick-up rate Bedload rate Settling velocity  Critical shear velocity
Idagawa 0.032 1.58E-04 8.84 9.868E-04 1.475E-01
0.374 1.99E-05 2.80 5.846E-02 3.280E-02
0.442 1.32E-05 222 7.074E-02 3.118E-02
Sendai 0.017 1.73E-04 9.295 2.805E-04 1.930E-01
0.412 1.58E-05 2,460 6.534E-02 3.178E-02
0.526 7.92E-06 1.675 8.571E-02 3.018E-02
Numanohama 0.316 2.84E-05 3.395 4.798E-02 3.515E-02
0.496 9.53E-06 1.854 8.038E-02 3.044E-02
0.600 5.05E-06 1.304 0.845E-02 2.989E-02
3.922 9.24E-15 1.86E-05 4.300E-01 5.085E-02

Table 3-7. Model parameters for the 869 Jogan tsunami deposits for multiple grain sizes.

Study sites diameter (mm) Pick-up rate  Bedload rate Settling velocity  Critical shear velocity
Idagawa 0.053 1.42E-04 9.57 2.703E-03 1.112E-01

0.341 2.63E-03 312 5.249E-02 3.400E-02

0.359 2.31B-05 2.94 5.574E-02 3.331E-02
Sendai 0.017 1.73E-04 9.295 2.805E-04 1.930E-01

0.412 1.58E-05 2.460 6.534E-02 3.178E-02

0.526 7.92E-06 1.675 8.571E-02 3.018E-02

3-2-7. Approach for Multiple-sized Sand Particles

The above method assumes a single grain size (Gaussian distribution with an arbitrary
median diameter), and hence additional theory is necessary if it is to be applied to tsunami
deposits composed of grains with multiple sizes. In this study, the multiple grain sizes in
actual tsunami deposits are first represented as the sum of several Gaussian distributions
(Fig. 3-4). The number of Gaussian distribution (N) is determined by a minimum value
when the residual between the observation and the sum of Gaussian distributions is closest

to zero. Furthermore, if the interference between different sand particles could be ignored,
39



the complex problem of multiple grain sizes can be considered as the monotonic problem
of a single grain size which corresponds to mean values of each Gaussian distribution.
This approach is applied to actual tsunami deposits. For the 2011 Tohoku tsunami
deposits, the smallest N value is 3 at the Idagawa lowland and Sendai plain, and 4 at the
Numanohama marsh (Table 3-6). The coarsest single grain size for the Numanohama
marsh is 3.922 mm, which is presumed to be gravels supplied from a riverbed or a slope.
The sediment with a particle size of 3.922 mm is not considered in this study because
such gravels might be transported by an event other than a tsunami. For the 869 Jogan

tsunami deposits, the values of N are 3 at all study sites (Table 3-7).

£
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Figure 3-4. Approach for sediment transport modeling of multiple grain sizes.

3-3. Bathymetry and Topography

Different resolution bathymetric and topographic data are used for calculating tsunami
propagation, inundation, and sediment transport. A nesting grid of five computational
domains covers the offshore areas with lower resolution grids (135 and 405 m in grid
intervals) and the nearshore areas with higher resolution grids (5, 15, and 45 m in grid

intervals). For the Pacific Ocean, 135 and 405 m interval grids are resampled from the
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General Bathymetry Chart of the Oceans (GEBCO) provided by the British
Oceanographic Data Centre (BODC). For the nearshore, 5, 15, and 45 m interval grids
resampled from digital bathymetry charts (M7000 series) provided by the Marine
Information Research Institute (MIRC) and the Digital Elevation Model (DEM) provided
by the Geospatial Information Authority of Japan (GSI) are used. In the Idagawa lowland
and Sendai plain, topographic data with and without the coastal pine forest is used for
sediment transport modeling. The offshore boundary of the computation domain of
sediment transport modeling is set at a water depth of 500 m. The results with varying

water depth at the offshore boundary are shown in chapter 5-5.

3-4. Coastal Forest

Since coastal forest can reduce flow speed and wave height when a tsunami passes
through it (e.g., Shuto, 1985; Harada et al., 2000; Harada and Imamura, 2003a; 2003b;
Harada and Kawata, 2004; 2005; Imai et al., 2013; Hayashi et al., 2014), the sediment
transport is strongly influenced by such forest because the amount of sand in the
suspended load layer depends on the tsunami flow speed. In this study, in order to
reproduce tsunami reduction due to a coastal forest, poles with a height of 10 m were
placed in grid patterns along the coastline (Fig. 3-5). These poles are set to unmovable
and non-destructive. The two-dimensional sediment transport modeling is used for

calculations using the topographic data with a coastal forest.
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Figure 3-5. Diagram of the simulated coastal forest.

3-5. Initial Parameters and Boundary Conditions

A computational time step of 0.1 sec was used to satisfy the computational stability for
the FDM in the finest grid, and the simulation time was 12 hours after the earthquake.
Boundary conditions for tsunami run-up computation were determined from a judgment
of a cell being wet or dry. Discharge fluxes across the boundary between two grids were
calculated if the ground height in the dry cell was lower than the water level in the
submerged; otherwise, the discharge fluxes were considered to be zero. The sediment
supply beneath the seafloor and at the beach was not limited, whereas the dikes, levees,

roads, and coastal protections were set as the non-erosional surface.

3-6. Tsunami Source Models

In order to assess the validity, sensitivity, and accuracy of the sediment transport
modeling, 11 scenarios (Models 1-11) from the 55-subfaults model of the 2011 tsunami
estimated from tsunami waveform inversion (Satake et al., 2013) by using the 2011

Tohoku tsunami deposit were considered (Fig. 3-6 and Table 3-8). Models 1 to 11 were
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all variable-slip models. Rupture propagation was considered only Models 1 and 7, and
the rupture was considered to be instantaneous for the other models. In Models 3, 4, and
5, the slip amounts of the subfaults in Model 2 were multiplied by 0.5, 1.5, and 2.0,
respectively. The slip distributions for Models 6 and 7 were interchanged with the north
and south of the slip distributions of Models 1 and 2, respectively. Models 8 and 9 were
ruptures in the only deep/shallow part of the plate interface in Model 2. Models 10 and
11 were also ruptures of only the north/south sides of all subfaults in Model 2.

Next, assuming that the 869 Jogan earthquake ruptured a part or all subfaults of the
2011 Tohoku earthquake, a total of 13 scenarios including the 11 models above plus the
previously estimated two models for the 869 Jogan tsunami (Models 12 and 13) inferred
from the distribution of historical tsunami deposits in the Sendai plain were considered
(Fig. 3-6 and Table 3-8; Namegaya et al., 2010; Namegaya and Satake, 2014). Models 12
and 13 were uniform-slip models with depths of 15 and 31 km. The statistical seafloor
displacement was calculated using a rectangular fault model assuming an elastic half-
space (Okada, 1985). The effects of horizontal displacement in regions of a steep

bathymetric slope were also considered (Tanioka and Satake, 1996b).

Table 3-8. Tsunami source models examined in this study

Models Mw Name Slip distribution Fault rupture Reference
1 9.0 55subf_multirup variable delayed slip Satake ef al. (2013)
2 9.0 55subf variable instantaneous Satake e al. (2013)
3 8.8 slipx0.5 variable instantaneous Satake et al. (2013)
4 9.0 slipx1.5 variable instantaneous Satake et al. (2013)
5 9.1 slipx2.0 variable instantaneous Satake et al. (2013)
6 9.0 opposite variable instantaneous Satake ei al. (2013)
7 9.0 opposite_multirup variable delayed slip Satake ef al. (2013)
8 8.8 deep variable instantaneous Satake et al. (2013)
9 8.8 shallow variable instantaneous Satake et al. (2013)
10 8.9 north variable instantaneous Satake ef al. (2013)
11 8.8 south variable instantaneous Satake ef al. (2013)
12 8.4 86%Jogan-Model 10 uniform instantancous Namegaya et al. (2010)
13 8.4 8§69Jogan-Model11 uniform instantaneous Namegaya et al. (2010)
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Figure 3-6. Fault models for initial tsunami source based on Satake et al. (2013) and
Namegaya et al. (2010). Rupture propagation was considered only in Models 1 and 7,

and the rupture was assumed to be instantaneous for the other models.

3-7. Model Accuracy

To assess the performance between the observations and simulations, statistical
parameters (geometric mean: K, standard deviation: x) were evaluated using the ratio of

observed (O;) and simulated (S;) thickness at point i (Aida, 1978). The parameters were

calculated by

: - 1 il (Oi)
°8 _N. °8 S;
i=1
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2

logk = %ZN: ((log (%)) — (logK)2>

i=1

Here, N is the total number of observations. The simulated results are better if the K and
k values are close to 1. The result indicates an underestimation of the observation result
if the K value is larger than 1, whereas it shows an overestimation if the K value is smaller
than 1. In this study, the numerical modeling is satisfactory if the K value is between 0.8
and 1.2 and roughly matches the observation if the value of K is from 0.6 to 1.4. In the
same way, the tsunami inundation simulation agrees with the observations if the ratio of

the observed and computed inundation areas ranges from 80 to 120 %.
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CHAPTER 4. Tsunami Deposit Survey at the
Idagawa Lowland
4-1. Sedimentary Facies and Stratigraphy

The sediment samples with a core length of 118-286 cm were collected (Table 3-1).
The core sediments were mainly composed of sand with modern debris and terrestrial
plants, agricultural soil containing many roots of terrestrial plants, gray to olive-gray silt,
and six sand layers with shell fragments and heavy material laminae (Fig. 4-1). The seven

sand layer units in the sediment were numbered from EV1 to EV7 in order from the top.
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80+ 180

100~ 200 -

Figure 4-1. Photograph, CT image, and simple sketch with sedimentary structures of the

sediment at the cores A02, A04, A06, A08, and BO1.
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Figure 4-1. (continued)

The first event unit (EV1) mainly consisted of well-sorted and rounded medium to

coarse sand (Fig. 4-2 and 4-9; mean: 1.3-2.9 phi, sorting: 0.6-1.3) that contained modern

debris and terrestrial plants. The thickness of the EV1 unit was 15 cm in the core AO8.
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This sand unit had finer upward, parallel laminae, and erosional basal contacts (Table 4-
1). Rip-up clasts of 3-4 cm in diameter were also found in the core B06 collected from
the south side of the levee of the Miyata River. The EV1 unit was considered to be the
2011 Tohoku tsunami deposit because it covered the agricultural soil and contained

modern debris.
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Figure 4-2. Vertical variation in grain size distributions of the EV1 unit.

About 10-15 cm below the EV1 unit was agricultural soil containing the roots of
terrestrial plants. The sediment below the agricultural soil consisted mostly of gray to
olive-gray silt (Fig. 4-9; mean: 5.1-6.0 phi, sorting: 1.7-2.1). This sediment is an ordinary
deposit derived from the lagoon or inner bay. The boundary between the agricultural soil
and inner bay silt was ambiguous in all cores.

The second event unit (EV2) consisted of fine to coarse sand (Fig. 4-3 and 4-9; mean:
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1.5-5.1 phi, sorting: 0.4-2.2) with shell fragments. The thickness of this unit was 8 cm in
the core A08. The EV2 unit had single normal graded bedding, rip-up clasts, erosional
basal contact, and weak parallel laminae that were disturbed by bioturbation caused by
terrestrial plants (Table 4-1). It was a massive sand layer on transect A-A’, whereas it was

thin or patches of sand on the north side of the Miyata River in transect B-B’.
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Figure 4-3. Vertical variation in grain size distributions of the EV2 unit.

The third event unit (EV3) consisted of fine to medium sand (Fig. 4-4 and 4-9; mean:
1.5-3.9 phi, sorting: 0.5-1.6) with an erosional contact and multiple normal/reverse
grading structures. The EV3 unit was the thickest (41 cm) event deposit in the core A08.
It had numerous parallel and trough-cross beddings and mud drapes inside the sand unit,
climbing ripples, a humid layer at the top, and many shell fossils (e.g., Corbicula japonica,
Cyclina sinensis, or Macoma incongrua) at the base (Table 4-1). The fourth event unit
(EV4) was composed mainly of fine to coarse sand (Fig. 4-5 and 4-9; mean: 1.1-4.1 phi,

sorting: 0.5-2.2). The EV4 unit was 11 cm thick in the core A08 and exhibited single
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normal graded bedding, erosional basal contact, and weak parallel laminae (Table 4-1).
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Figure 4-4. Vertical variation in grain size distributions of the EV3 unit.
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>

The fifth event unit (EV5) consisted of fine to medium sand (Fig. 4-6 and 4-9; mean:

2.2-3.7 phi, sorting: 0.8-1.8) with shell fragments. The EV5 unit was 33 cm thick in the

core A08 and contained many rip-up clasts at the top, numerous parallel and trough-cross
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beddings, and multiple normal/reverse graded beddings (Table 4-1). The sixth event unit
(EV6) was also composed of fine to medium sand (Fig. 4-7 and 4-9; mean: 1.5-4.3 phi,
sorting: 0.4-1.7). The EV6 unit was more than 10 cm thick in the core A08 and also had

parallel laminae and a single normal grading structure at the top (Table 4-1).
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Figure 4-6. Vertical variation in grain size distributions of the EV5 unit.
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Figure 4-7. Vertical variation in grain size distributions of the EV6 unit.

The seventh event unit (EV7) consisted of fine to coarse sand (Fig. 4-8 and 4-9; mean:
2.6-3.7 phi, sorting: 1.5-1.8) with several rip-up clasts and an erosional basal contact
(Table 4-1). The EV7 unit was 2-6 cm thick and the thickness increased to the north. The
reason for this may be that the EV7 unit was selectively deposited so as to fill a depression,

and that the water depth increased to the north.
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4-2. Lateral Continuity of Event Deposits

Since the EV3 and EV5 units were much thicker than the other event deposits and
contained numerous parallel and trough-cross beddings, they could be clearly identified
in all of the cores. In this study, therefore, the EV1, EV3, and EV5 units were used as
stratigraphic marker layers for comparing event deposits.

The EV1 unit covered the ground surface and the sediment thickness varied from 3 to
36 cm (Fig. 4-10 and 4-11). It became thinner in the cores A04, A05, and A06 which were
sampled in the center of the lowland. Conversely, it became thicker and clearer inland

and backshore.
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Figure 4-10. Stratigraphic comparison and distribution of sediment thickness for event
deposits along transect A-A’ based on sedimentary facies, grain size distribution, and

radiocarbon dating. The location of transect A-A’ is shown in Figure 3-1.
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The EV2 unit was laterally identified between the EVV1 and EV3 units on transect A-
A’. The thickness varied from 3 to 23 cm (Fig. 4-10 and 4-11). The EV2 unit was almost
invisible in the cores A06 and AQ7 sampled in the center of the lowland and the cores
collected on transect B-B’ without the results of CT image or grain size analysis.
Conversely, it became thicker and clearer inland and backshore.

The EV4 unit was identified about 5-19 cm below the EV3 unit. The thickness ranged
from 2 to 11 cm (Fig. 4-10 and 4-11), and it became thinner further inland. The EV3 and
EV4 units could be distinguished in the cores sampled from the south side of the Miyata
River, but they could not be separated on the north side.

The EV6 unit was identified about 2-18 cm below the EV5 unit. It was usually thicker
than 10 cm on the south side of the Miyata River (Fig. 4-10) and 2-3 cm thick on the north
side (Fig. 4-11). The EV5 and EV6 units could be distinguished in the cores collected on
the south side of the Miyata River, but they could not be separated on the north side,
similar to the EV3 and EV4 units.

Event deposits (EV1-EV6) extended about 2 km from the coast and typically became
thinner landward. Only the EV7 unit could not be identified on the south side of the
Miyata River, probably because the sedimentation rate on transect B-B’ was slower than
that on transect A-A’. It might be possible to identify the EV7 unit on the south side of

the Miyata River if longer cores could be obtained along transect A-A’.
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Figure 4-11. Stratigraphic comparison and distribution of sediment thickness for event
deposits along transect B-B’ based on sedimentary facies, grain size distribution, and

radiocarbon dating. The location of transect B-B’ is shown in Figure 3-1.

4-3. Diatom and Foraminiferal Assemblages

The sediment in the core A02 can be divided into three main diatom zones (zones I, 11,
and I11) from the change of diatom components and dominate species of counted total
diatoms (Fig. 4-12 and Fig. 4-13). Additionally, zone Il can be separated into four
subunits (zones lla, 11b, llc, and I1d) for each sediment between event deposits. In diatom
zone | (195-220 cm depth), brackish to marine diatoms (e.g., Cocconeis scutellum,
Cyclotella striata-stylorum and Mastogloia spp.) occupied 28-32 % of the total, although

the limobiontic diatoms in the freshwater (e.g., Cocconeis placentula, Aulacoseira
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alpigena-distans, and Fragilaria exigua) also appeared (18-23 %). In diatom zone 11 (40-
190 cm depth), marine, marine to brackish, and brackish diatoms dominantly appeared.
In diatom zone Ila (165-190 cm depth), marine diatoms (Chaetoceros spp. and Nitzschia
lanceola) and species inhabiting inner bays (Paralia sulcate and Cyclotella striata-
stylorum) were most dominant at the base, whereas species inhabiting brackish mudflats
(Melosira sp. n.) increased upward. Between the EV3 and EV4 units (diatom zone 1lb;
140-150 cm depth), species inhabiting inner bays (Paralia sulcata) and marine seaweed
beds (Cocconeis scutellum) were dominant at the base, and decreased upward.
Rheobiontic diatoms (Cocconeis placentula) and species inhabiting brackish mudflats
(Melosira sp. n.) were also abundant just below the EV4 unit. Between the EV2 and EV3
(diatom zone llc; 80-115 cm depth), species inhabiting inner bays (Paralia sulcate and
Cyclotella striata-stylorum), marine seaweed beds (Cocconeis scutellum), and brackish
mudflat (Melosira sp. n.) dominantly appeared, and decreased upward. The brackish to
marine, brackish to freshwater, and freshwater diatoms increased upward. In diatom zone
I1d (40-55 cm depth), species inhabiting inner bays (Paralia sulcata) and marine seaweed
beds (Cocconeis scutellum) were abundant at the base, and decreased upward. Species of
brackish mudflats (Melosira sp. n.) were also dominant below the EV2 unit. In diatom
zone 111 (0-40 cm depth), freshwater diatoms occupied more than 50 % of the total and
the limobiontic diatoms (Fragilaria exigua) were dominant. The rheobiontic diatoms also

appeared in the sediment, but they were not abundant.
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Figure 4-12. Diatom assemblages in the core A02.
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Figure 4-13. Micrographs of typical diatoms in the core A02.

Coccoliths and Sponge spicules appeared everywhere in the core A02 except between
the EV3 and EV4 units, but few silicoflagellates were detected (Fig. 4-14). Coccoliths in
silt usually had an average of 7-12 counts (level I to Il in appearance level) per sample,
although there was a gradual peak (level IV to VI in appearance level) at 180-210 cm in
depth. The appearance levels of Coccoliths in event deposits were much higher than that
in silt; 8-26 counts (I to I11) in the EV1 unit, 168-830 counts (V11 to X1V) in the EV2 unit,

474-702 counts (X to XII) in the EV3 unit, 81-186 counts (VI to VII) in the EV4 unit,
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and 4-224 counts (I to VI11) in the EV5 unit. In contrast, it seems that the peaks of Sponge

spicules were not correlated with the event deposits.
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Figure 4-14. \ertical changes in appearance levels and count number for Coccoliths,

Sponge spicules, and Slicoflagellates in the core A02.

4-4. ldentification of Tsunami Deposits

Event deposits commonly became thinner landward and had normal grading structures
and parallel laminae. These characteristics indicate that the direction of the flow which
transported sand particles was landward and that the speed of the flow decreased landward.
It can also be inferred that the source of the sand was a sand beach or shallow seafloor
because the sand units contained brackish or marine shell fossils and fragments. In

addition, load marks and erosional contacts suggested that the flow caused significant
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scouring. Therefore, the events were transported from the ocean to the land by either
storms or tsunamis.

Criteria for distinguishing between storm and tsunami deposits have been reported
widely (e.g., Nanayama et al., 2000, Morton et al., 2007; Komatsubara et al., 2008; Peters
and Jaffe, 2010; Richmond et al., 2011; Engel and Briickner, 2011). A tsunami deposit is
formed by the collapse of sand dunes due to very long waves. It exhibits sedimentological
characteristics that include strong erosion, microfossils and marine diatoms that inhabit
waters deeper than the level of the wave base and the sedimentary environment changes
before and after the events due to coseismic subsidence/uplift. Typical tsunami deposits
often have a single normal grading structure, and monotonic parallel laminae because
sand particles are transported mostly in suspension (Morton et al., 2007; Bryant, 2014).
Tsunamis contain more energy than storm surges and therefore their deposits are typically
distributed far from the shore. In contrast, a typical storm deposit is formed by the collapse
of sand dunes due to a gradual sea-level rise and many short waves. It has many parallel,
cross laminations, and climbing ripples because the sand is transported by traction
(Morton et al., 2007; Bryant, 2014). In addition, the depositional distribution and the
distance from the shore of storm deposits are generally narrower and shorter than those
of tsunami deposits because storm wavelengths are relatively short (e.g., Tuttle et al.,
2004; Kortekaas and Dawson, 2007; Morton et al., 2007; Nishimura, 2009;
Komatsubara, 2012).

Among the seven event deposits in the study area, the sketches and CT images
indicated that only the EV3 and EV5 units contained more than 30 parallel and cross
beddings formed by multiple short period waves and they were thicker than the other
event deposits (Fig. 4-15 and Table 4-1). Their sedimentary characteristics were

significantly different from the other event deposits (EV2, EV4, EV6, and EV7) formed
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in the same subaqueous environment and similar to those of storm deposits (Nanayama
et al., 2000; Morton et al., 2007; Chaumillon et al., 2017). Thus, it is possible that the
EV3 and EV5 units were not caused by a tsunami but some other event (such as storm
surges due to typhoons and/or environmental changes by earthquakes and tsunamis).
Storm events occur more frequently than tsunami events, but the sand is not transported
inland by storm surges because sand dunes act as a barrier. If a sand dune is collapsed by
larger tsunami events, there is nothing to prevent a wave before redevelopment of the
dune. During this period, storm surges can easily transport sand to the inner part of the
bay. Event deposits corresponding to storm deposits (EV3 and EV5) were only identified
just above tsunami deposits (EV4 and EV6), suggesting that the above hypothesis is

consistent with the observations.
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Figure 4-15. Photographs, CT images, and sketches of the EV2 and EV3 units.
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The other five event deposits (EV1, EV2, EV4, EV6, and EV7) exhibited a single
normal structure, parallel laminae, and rip-up clasts (Fig. 4-15 and Table 4-1). The
sedimentary features revealed the following series of depositional processes: (1) the
ordinary deposits were eroded by the flow and suspended in the water as rip-up clasts;
then, as the speed of the flow decreased, (2) the deposited sand particles decreased in size
sequentially from coarse to fine sand. These characteristics are similar to those of typical
tsunami deposits (e.g., Fujiwara and Kamataki, 2007; Morton et al., 2007; Komatsubara
etal., 2008; Fujiwara et al., 2013). Therefore, it is concluded that the deposits (EV2, EV4,

EV6, and EV7) were derived from paleo-tsunamis.

4-5. Depositional Ages and Recurrence Intervals

Radiocarbon ages measured from wood and plant fragments at the base of cores A01,
AO07, and B02 were 2180-2360, 2370-2710 and 3580-3820 cal. yrBP (Table 4-2). These
results show that the cores sampled from the south and north sides of the Miyata River
recorded geological events during the past 2700 and 3800 years, respectively. The 4C
ages of three samples just below the EV1 unit in core A0l ranged from 1060-2690 cal.
yrBP, unusually old ages at shallow depths (Fig. 4-16). These data were not used for
subsequent analysis because the ground surface may have been covered with agricultural
soil that included old organic matter after land reclamation. The data were also removed
if the agreement indices between the models and measurements were less than 60% (Fig.

4-16).
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Table 4-2. Detailed results of radiocarbon dating®.

Serial No, Site Depth (cm) Materials 8C (%0) "C age (yr BP) 26 Calendar age (BC/AD)  Lab Number
1 A09 45 shell 1.81£0.8 1157=25 1180 cal AD-1300 cal AD  TAAA-143674
2 A09 130 shell 1.82£0.5 260025 400 cal BC-230 cal BC IAAA-143675
3 A09 165 shell 3.07+0.3 2686+26 520 cal BC-350 cal BC TAAA-143676
4 A09 252 shell 1.1540.53 2659425 490 cal BC-340 cal BC TAAA-143677
5 A07 128 shells 1.34=0.41 2368+26 150 cal BC-50 cal AD TAAA-143678
6 A07 131 plant fragments -26.54+0.23 1948+24 1 cal AD-130 cal AD TAAA-143679
7 A07 198 wood -22.7940.53 2461426 760 cal BC-430 cal BC TAAA-143680
8 A0S 77 shells -5.93+0.31 843425 14530 cal AD-1530 cal AD  [AAA-143682
9 BO2 225 seeds -31.52+0.28 -924+30 modern TKA-16943
10 BO2 525 plant fragments -19.86+0.29 886431 1030 cal AD-1220 cal AD TKA-16944
11 B02 92.5 seeds -18.08+0.3 1718+31 240 cal AD-400 cal AD TKA-16945
12 B02 102.5 charcoals -20.07+0.3 216632 360 cal BC-110 cal BC TKA-16946
13 B0O2 147.5 seeds -14.2£0.29 2281£32 410 cal BC-210 cal BC TKA-16947
14 B02 152.5 charcoals -11.12+0.35 2313431 420 cal BC-230 cal BC TKA-16948
15 B0O2 177.5 charcoals -23.31+0.28 275132 980 cal BC-820 cal BC TKA-16949
16 B0O2 187.5 charcoals -26.5+0.28 256332 810 cal BC-550 cal BC TKA-16950
17 B0O2 197.5 charcoals -22.32+0.28 268632 910 cal BC-800 cal BC TKA-16951
18 B02 218 plant fragments -29.56+0.43 260326 820 cal BC-770 cal BC IAAA-143681
19 BO2 240 wood -26.75+0.51 3415+26 1870 cal BC-1630 cal BC  1AAA-142311
20 A0l 275 charcoal -23.57+0.31 1217=30 690 cal AD-890 cal AD TKA-16933
21 A0l 29 charcoal -27.58+0.31 2402+32 740 cal BC-390 cal BC TKA-16934
22 A0l 325 charcoal -28.15=0.3 1529=31 420 cal AD-600 cal AD TKA-16935
23 A01 78 shell -3.1420.57 100324 1310 cal AD-1420 cal AD  TAAA-142312
24 A0l 82.5 charcoals -22.5£0.3 117631 760 cal AD-970 cal AD TKA-16936
25 A0l 87.5 seeds -19.2210.32 1273431 660 cal AD-860 cal AD TKA-16937
20 A01 92.5 plant fragments -29.79+0.29 131431 650 cal AD-770 cal AD TKA-16938
27 A0l 100 charcoals -25.77+0.56 1658+25 260 cal AD-530 cal AD TAAA-142313
28 A0l 117.5 seeds -21.7910.36 1618+32 350 cal AD-540 cal AD TKA-16939
29 A0l 137.5 seeds -29.88+0.31 1754+32 170 cal AD-390 cal AD TKA-16940
30 A0L 1525 plant fragments -30+0.34 185732 70 cal AD-240 cal AD TKA-16941
31 A0l 167.5 plant fragments -25.07+0.3 2480432 780 cal BC-430 cal BC TKA-16942
32 A0l 183 charcoals -30.54+0.55 1961+24 30 cal BC-90 cal AD TAAA-142314
33 A0l 230 wood -25.07+0.62 2312+27 420 cal BC-230 cal BC TAAA-142315

a Radiocarbon ages are corrected for isotope fractionation effect by §'3C values.
Laboratory numbers (TKA and IAAA) show the Laboratory of Radiocarbon Dating
at the University Museum, the University of Tokyo and Institute of Accelerator

Analysis Institute, respectively.
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Figure 4-16. Age-depth models with different k values. Circles and bars indicate
individual mean and 2c error, respectively. The black symbols indicate data used to
constrain the models; data indicated by gray symbols were not used. The solid line and

shading show the modeled mean value and the 2c range, respectively.

The depositional ages and recurrence intervals of events estimated from the age-depth
models were slightly different with a Poisson parameter k (Fig. 4-16, Tables 4-3 and 4-4).
For example, the depositional age of the EV2 unit was AD 770 to AD 1340 (k=5), AD
770 to AD 1340 (k=10), AD 780 to AD 1290 (k=15), AD 800 to AD 1290 (k=20), AD
830 to AD 1200 (k=40), AD 850 to AD 1170 (k=60), AD 860 to AD 1160 (k=80), and AD
880 to AD 1150 (k=100). In this study, the optimum k value was 18 cm™, which is the
average for all cores (Table 3-3).

The models showed a continuous deposition of ordinary deposits because the age-gaps
above and below the event deposits and a rapid change in the sedimentary rate were not

identified. The average sedimentation rate was slightly higher in the core A0l than in the
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core B02. The average sedimentation rate for both cores between the EV3 and EV5 units
was about 1.4-2.0 mm/year, but it decreased to about 0.3-0.6 mm/year after the deposition
of the EV3 unit. The depositional ages of event deposits constrained in the models of both
cores are: EV2, AD 800 to AD 1310; EV3, AD 360 to AD 530; EV4, AD 270 to AD 440;
EV5, 400 BC to 180 BC; EV6, 460 BC to 370 BC; and EV7, 1210 BC to 810 BC (Fig.
4-16 and Table 4-3). The time intervals between the event deposits can be grouped into
longer and shorter intervals (Fig. 4-16 and Table 4-4). The shorter intervals are less than
230 years (EV3-EV4 and EV5-EV6), and the longer intervals are about 510-900 years
(EV1-EV2, EV2-EV3, EV4-EV5, and EV6-EV7).

The model certainty was also examined by comparing the above results with those from
another Bayesian age-depth model (e.g., Bacon, CLAM, Bchron). For the Bacon software
(Blaauw and Christen, 2011), the depositional ages of event deposits were constrained as
follows; EV2, AD 790 to AD 1650; EV3, AD 340 to AD 880; EV4, AD 180 to AD 450;
EV5, 410 BC to AD 20; EV6, 560 BC to 130 BC; EV7, 1050 BC to 830 BC. The results
were in good agreement with the results constrained from the OxCal program, therefore

the age-depth models for the cores AO1 and BO2 were compared with general models.

Table 4-3. Depositional ages for different k values

k

EV2

EV3

EV4

EV5

EV6

EV7

AD 770 — AD 1340
AD 770 - AD 1340
AD 780 — AD 1290
AD 800 — AD 1290
AD 830 - AD 1200
AD 850 - AD 1170
AD 860 - AD 1160
AD 880 - AD 1150

AD 340 - AD 520
AD 340—-AD 510
AD 350 - AD 520
AD 360 — AD 530
AD 370 - AD 530
AD 390 — AD 520
AD 400 - AD 530
AD 400 - AD 530

AD 250 — AD 420
AD 250 — AD 420
AD 250 — AD 420
AD 270 — AD 430
AD 290 — AD 450
AD 310 — AD 450
AD 320 - AD 460
AD 320 — AD 460

400 BC -230 BC
400 BC -230 BC
400 BC —220 BC
390 BC - 210 BC
380 BC —200 BC
360 BC - 190 BC
390 BC - 180 BC
400 BC - 190 BC

440 BC - 370 BC
450 BC - 370 BC
610 BC-370 BC
560 BC - 370 BC
460 BC — 370 BC
460 BC - 370 BC
480 BC - 370 BC
580 BC — 360 BC

1260 BC - 800 BC
1260 BC — 800 BC
1260 BC - 800 BC
1210 BC - 810 BC
1250 BC — 800 BC
1250 BC - 800 BC
1250 BC - 800 BC
1250 BC - 800 BC
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Table 4-4. Recurrence intervals of event deposits for different k values

k EVI-EV2 EV2-EV3 EV2-EV4 EV3-EV4 EV4-EV5 EV4-EV6 EV5-EV6 EV6-EV7
5 780-1230 290-800 400-900 <230 490-780 640-820 <230 400-880
10 780-1230 290-800 400-900 <230 490-780 640-830 <230 400-880
15 780-1230 290-800 400-900 <220 490-780 650-860 <250 390-900
20 780-1230 290-800 400-890 <210 510-780 670-890 <270 380-830
40 780-1230 290-800 380-880 <190 520-800 690-870 <240 400-870
60 780-1230 290-800 380-870 <180 530-800 710-870 <240 390-910
80 780-1230 290-800 380-870 <180 540-800 710-880 <260 380-910
100 780-1230 290-800 370-860 <170 540-810 710-940 <310 330-910
Depositional ages Recurrence intervals
& EV2 % EVI-EV2
: ; EV2-EV3
L EV3
Yy - EV2-EV4
A EV4
- AN EV3-EV4
b EVS — EV4-EVS
n A EV4-EV6
= EV6
A EV5-EV6
EV7 A EV6-EV7
2001 1001 l 1001 2001 500 0 500 1000 1500 2000
Calibrated calendar age (BC/AD) Interval (year)

Figure 4-17. Depositional ages of event deposits and time intervals between event deposits
estimated from the cores AO1 and B02. The dark and light gray shading show probability
densities and time intervals between tsunamis, and those between tsunamis and storms,

respectively.
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4-6. Sedimentary Environment Changes Inferred from
Nannofossil Assemblages

The high appearances of Coccoliths in event deposits support the hypothesis that the
sand deposits originated from the ocean. Coccoliths and diatoms inhabiting the inner bay,
seaweed beds, and river were also detected in silt, indicating that the ordinary sedimentary
environment is usually a mudflat mixed with seawater and freshwater by each tide.

The sedimentary environment inferred from diatoms and Coccolith assemblages at a
depth of 200-220 cm (diatom zone 1) in the core AO2 is an inner bay connected to the
ocean with a narrow channel. At 190-200 cm depth (between diatom zones | and I1a), the
appearances of Coccoliths, marine, and brackish diatoms are abundant without event
deposits, suggesting that inflow of the seawater temporarily increased between the EV4
and EV5 units. Since a relative sea-level change around the beginning of the first century
is not globally recognized, it is considered that the relative sea-level rise is a local event.
The sedimentary environment gradually changed from marine-brackish to brackish at
165-190 cm depth (diatom zone Ila) in the core A02, because the species inhabiting
mudflats in brackish water (Melosira sp. n) are more abundant towards the top while the
Coccoliths decrease upwards. The finding is also consistent with the conclusion that the
change in the number of appearances is gradual due to relative sea-level fall.

After the deposition of the EV4 unit (diatom zones 11b), marine and marine to brackish
diatoms are abundant again, showing that the environment returns back to an inner bay
due to coseismic subsidence or the collapse of a sand dune. Besides, marine diatoms
decrease toward the top between EV3 and EV4 units, whereas the diatoms inhabiting
brackish mudflats and rivers are dominant again in the top of zone 11b (140-150 cm depth).
The results may be associated with sedimentary environment changes due to a post-

seismic uplift or the redevelopment of a sand dune. The sedimentary environment is
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marine to brackish inner bay before and after the EV3 units (between diatom zones b
and llc) and diatom assemblage change is also insignificant above and below the EV3
units, supporting the theory that the EV3 unit was caused by a storm surge without
coseismic subsidence. Between the EV2 and EV3 units (diatom zone lic), the freshwater
diatoms increase upwards, showing that the influx of seawater decreases with the further
growth of sand dunes. After the deposition of the EV2 unit (diatom zone 11d), marine and
marine-brackish diatoms are also abundant again, while the freshwater diatoms are scarce.
Since the diatoms inhabiting inner bay and seaweed beds decrease upwards and the
species inhabiting brackish mudflats increase toward the top of diatom zone lid, the
results can also be explained by the collapse and growth of a sand dune caused by a
tsunami or coseismic/postseismic crustal deformation with an earthquake.

In diatom zone Il (30-35 cm depth in the core A02), marine and marine-brackish
diatoms are rare, whereas the freshwater diatoms are abundant. This suggests that the
sedimentary environment changes from brackish mudflats to a lagoon by artificially
closing the mouth of the bay for the purpose of land reclamation. This result is also

consistent with old topographic maps drawn from the 1800s.

4-7. Comparison with Historical Earthquakes
The age of the EV2 unit (AD 800-1310) may correspond to the AD 869 Jogan Tohoku

tsunami. However, no tsunami deposits corresponding to the 1454 Kyotoku or 1611
Keicho Tohoku tsunami were identified (Fig. 4-10, 4-11, and 4-16; Sawai et al., 2012;
Namegaya and Yata, 2014; Sawai et al., 2015). Because of the indefinable boundary
between inner bay silt and agricultural soils, the implication of this is that these tsunamis
did not reach the coast of Fukushima Prefecture or that they were not strong enough to

transport sand to the study site.
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The EV4, EV6, and EV7 units correspond to paleo-tsunami events between the second
and fourth centuries AD, between the sixth and fourth centuries BC, and between the
twelfth and ninth centuries BC, respectively (Fig. 4-17). These time intervals are
consistent with the results of previous studies along the Pacific coast of the southern
Miyagi and Fukushima Prefectures (e.g., Oikawa et al., 2011; Sawai et al., 2012; Takada
et al., 2016), although those studies did not identify event deposits corresponding to the
EV3 and EV5 units. The possible paleo-storm deposits (EV3 and EV5 unit) were
identified only just above the tsunami events (EV4 and EV6 units) in the study area used
for this thesis. Large tsunamis might have collapsed a sand dune and as a result the lagoon
or mudflat was more susceptible to storm impacts before redevelopment of the dune.

Whereas the time intervals between all event deposits have both, long (510-900 years)
and short (<230 years) periods, the time intervals between paleo-tsunami deposits were
all long (Fig. 4-17). The recurrence intervals for EV1-EV2, EV2-EV4, EV4-EV6, and
EV6-EV7 were 780-1230, 390-890, 670-850, and 410-820 years, respectively. The
average time interval ranged from 560 to 950 years. These intervals are also consistent
with the findings of previous studies in southern Miyagi and Fukushima Prefectures (Fig.
4-18; Minoura and Nakaya, 1991; Sawai et al., 2007, 2008, 2012, 2015; Shishikura et al.,
2007; The Headquarters for Earthquake Research Promotion, 2010; Oikawa et al., 2011).

Tsunami deposits in the study area were distributed over an area 2 km inland from the
current shoreline, revealing that the inundation area of the paleo-tsunamis is equivalent
to that of the 2011 Tohoku tsunami. Prehistorical tsunami data were not considered in the
tsunami risk assessment of Fukushima Daiichi NPS prior to the 2011 Tohoku-OKi
earthquake (Tokyo Electric Power Company, 2012), but if this research had been carried
out before the earthquake occurs, the design tsunami heights could have been sufficiently

updated. Furthermore, the 2011 Fukushima accident could also have been prevented if
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the emergency diesel generator was moved to a higher location according to the updated

tsunami assessment.
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Figure 4-18. Summary of reported tsunami deposits and historical earthquakes in
northern Fukushima and southern Miyagi Prefectures (Minoura and Nakaya, 1991;
Sawai et al., 2007, 2008, 2012, 2015; Shishikura et al., 2007; The Headquarters for
Earthquake Research Promotion, 2010; Oikawa et al., 2011). The circles and star

indicate previous sites and the current study site, respectively.
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CHAPTER 5. Numerical Modeling of Tsunami
Inundation and Sediment Transport for the 2011
Tohoku Tsunami

5-1. Tsunami Inundation

The distributions of the maximum height of the 2011 Tohoku tsunami were calculated
from each source model (Fig. 5-1). A high tsunami (>8 m) calculated from Model 1
reached a wide area of the coast between Fukushima and Iwate Prefectures. The tsunami
height of Model 2 was nearly 3 m lower than that for Model 1 and the difference was
remarkable in the northern part of lwate Prefecture. The maximum tsunami height of
Model 3 was much lower than those of Models 1 and 2, whereas higher tsunamis were
generated from Models 4 and 5. Large tsunamis concentrated on the coast of the southern
Miyagi and Fukushima Prefectures from Model 6 and 7 because these models had a very
large slip in the offshore Fukushima Prefecture. High tsunamis generated by Models 8
and 9 were limited to Sendai Bay and gradually decreased to the north and south. The
tsunami waveforms simulated from Model 9 were characterized by shorter period waves
compared to other models. A high tsunami of Model 9 was also limited to the southern
Iwate Prefecture, whereas a high tsunami generated by Model 10 reached Miyagi and the
northern Fukushima Prefectures. There was no significant difference in the tsunami
heights simulated from Models 10 and 11 reaching in the nearshore Fukushima Prefecture.
The tsunamis computed from previously estimated models of the 869 Jogan earthquake
(Models 12 and 13) were the highest in the southern part of Miyagi Prefecture and the
northern part of Fukushima Prefecture, but small tsunamis (<1 m) reached lwate

Prefecture.
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Figure 5-2. The calculated tsunami waveforms of each model incident from the offshore
boundary of the computational domain in the Idagawa lowland, Sendai plain, and

Numanohama marsh.

Figure 5-2 shows the incident tsunami waveforms calculated from each model at the
offshore boundary of the computational domain in the sediment transport modeling. The

simulated maximum tsunamis were nearly ~6.0 m high at a depth of 500 m offshore of
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the ldagawa lowland. The heights increased to ~13.3 m across the shore, and suddenly
decreased at the rear of the existing coastal dike and forest (Fig. 5-3). The tsunami height
was nearly constant over the range 0.2 to 2.5 km from the beach. Between 2.5 and 4.5 km
from the coast, it slightly increased with tsunami run-up. The tsunamis from Models 3, 9,
and 11 inundated up to about 2.1-2.2 km and 3.2 km from the coast and were much shorter
than the observed inundation limit. The tsunami inundations calculated from the other
models roughly matched the observations, but the tsunamis calculated from Models 4 and
5 inundated much farther than the observations. Thus, Models 3, 4, 5, 9, and 11 are not
appropriate for the comparison of inundation distance. The same comparison was also
made for the areas of tsunami inundation (Fig. 5-4). The computed inundation areas of
Models 1, 2, 4, 6, 7, 8, 9, 10, and 11 were about 100-120 % of the observations, but those

of Models 3 and 5were 66 % and 127 %, respectively (Table 5-1).
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Table 5-1. The 2011 tsunami inundation heights and inundation areas computed from

each model in the Idagawa lowland.

Models K kappa Inundation area (m?) Ratio to the observation
1 0.90 1.96 12,500,000 111%
2 1.13 1.96 11,850,800 105%
3 5.98 1.62 7,447,700 66%
4 0.70 2.02 13,486,000 119%
5 0.53 1.98 14,364,700 127%
6 0.83 1.84 12,782,900 113%
7 0.63 1.83 13,623,900 120%
8 1.31 1.93 11,364,000 100%
9 2.60 1.65 9,139,300 81%
10 1.17 1.78 11,489,500 102%
11 1.63 1.81 10,745,100 95%
obs, 11,311,700

Footnote: The K and « values are a statistical comparison of the computed and

observed tsunami inundation heights.
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Figure 5-3. Topographic profile and maximum water surface for each model along
transect in the Idagawa lowland. The sampling sites of the 2011 Tohoku tsunami deposits

are also represented by the red circles (Oota et al., 2017; Kusumoto et al., 2018).
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Figure 5-4. Maximum flow depth computed from Model 1 and distributions of tsunami
deposits in the Idagawa lowland. The red and blue circles are the sampling locations where
only the 2011 Tohoku deposits were detecte, and sampling locations where both the 2011
Tohoku and 869 Jogan tsunami deposits were detected, respectively. The green bars and

black squares show the simulated and observed 2011 tsunami inundation heights.

The computed maximum tsunami heights at a depth of 500 m offshore of the Sendai
plain were ~7.6 m and gradually increased to ~15.6 m near the coastline. They decreased
abruptly in the coastal pine forest extending between about 100 and 400 m from the shore
and further decreased in the second narrow coastal forest at 810-850 m from the coast
(Fig. 5-5). It was nearly constant or slightly decreased between 0.9 and 4.7 km from the
beach. The tsunamis simulated from Models 3, 9, and 11 inundated up to about 2.3 to 2.4
km and 4.5 km, and the inundation distances were significantly shorter than the
observations. Conversely, the inundation distance calculated from the other models were

similar to the observations. Excepting Models 3, 4, 5, and 7, the areas of inundation also
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ranged from 89 to 113% of the observations (Fig. 5-6 and Table 5-2). For calculations

using the topographic data without the coastal pine forest, the tsunamis reached farther

inland than the results of the topographic data with a coastal forest.

Table 5-2. The 2011 tsunami inundation heights and inundation areas computed from

each model in the Sendai plain.

Models K kappa [nundation area (m?) Ratio to the observation
1 0.56 2.36 48,799,600 113%
2 0.64 2.33 46,227,900 107%
3 1.65 2.07 22,855,100 53%
4 0.42 2.38 54,401,400 126%
5 0.30 2.36 57,213,000 133%
6 0.56 240 48,836,600 113%
7 0.50 241 51,952,800 121%
8 0.66 2.30 45,566,400 106%
9 1.17 2.04 36,485,000 85%
10 0.98 243 38,159,300 89%
11 0.87 251 40,469,400 94%
obs. 43,068,600

Footnote: The K and « values are a statistical comparison of the computed and

observed tsunami inundation heights.
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The maximum tsunami heights at a depth of 500 m offshore of the Numanohama marsh
were ~7.8 m and rapidly increased to ~14.9 m across the coastline. The tsunami heights
suddenly ran up to an altitude of about 20 to 25 m (Fig. 5-7). By comparing with the
calculation results, Models 1, 2, 4, 5, and 10 could reproduce both the observed tsunami
inundation distance and inundation area (81-98 % of the observations). Conversely, the
agreements of Models 3, 6, 7, 8, 9, and 11 were less than 80% (Fig. 5-8 and Table 5-3).

Summarizing the above results, it appears that Models 3, 9, and 11 are not appropriate
as an initial source of the 2011 Tohoku tsunami from the comparison of the maximum
extent of tsunami deposit with tsunami inundation distance (Table 5-4). Additionally,
Models 1, 2, and 10 are suitable as initial source models from the tsunami heights,

inundation distance, and the ratio of the observed and calculated inundation area.

Table 5-3. The 2011 tsunami inundation heights and inundation areas computed

from each model in the Numanohama marsh.

Models K kappa [nundation area (m?) Ratio to the observation
1 1.27 1.17 4,601,500 99%
2 - 3,763,400 81%
3 - 3,216,300 69%
4 1.65 1.29 4,206,700 90%
5 1.29 1.19 4,568,200 98%
6 - 3,139,800 67%
7 - 3,653,500 78%
8 - 3,144,100 68%
9 - 3,532,900 76%
10 - - 3,770,300 81%
11 - - 3,637,100 78%
obs. 4,657,300

Footnote: The K and « values are a statistical comparison of the computed and

observed tsunami inundation heights.
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Figure 5-7. Topographic profile and maximum water surface for each model along transect
in the Numanohama marsh. The distributions of the 2011 Tohoku tsunami deposits are also

shown by red circles (Goto et al., 2015; 2017; 2019).
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Figure 5-8. Maximum flow depth computed from Model 1 and distributions of tsunami
deposits in the Numanohama marsh. The red and blue circles are the sampling locations
where only the 2011 Tohoku deposits were detected, and sampling locations where both the
2011 Tohoku and 869 Jogan tsunami deposits were detected, respectively. The green bars

and black squares show the simulated and observed 2011 tsunami heights.
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Table. 5-4. Comparison of the simulated tsunami heights, inundation distance, and
inundation area with the observations of the 2011 Tohoku tsunami deposits in the

Idagawa lowland, Sendai plain, and Numanohama marsh.

Models Idagawa Sendai Numanohama
height distance area height distance area height distance area
1 © O O X O O O O O
2 © O O O O O - O O
3 X X X X X X — QO X
4 O X O X O X X © O
5 X X X X @) X O © @)
6 © O O X O O — O X
7 @, O O X O X - O X
8 O O O O O O — O X
9 X X @) © X @] — O X
10 © O O © O O - O O
11 X X O © X O - O X

Footnote: The double circles, circles, and crosses indicate good agreement, rough

agreement, and no agreement with the observations, respectively.

5-2. Erosion and Deposition

The topographic changes of the Idagawa lowland 12 hours after the earthquake were
characterized by weak erosion of the lowland and thick deposition of the shallow seafloor.
The total amounts of net erosion and net deposition were 4,090 m® and 3,220 m? for
Model 1, respectively. The total net deposition on land was about 840 m?, which was
equivalent to about 26 % of the total volume (Table 5-5). Significant erosion was caused
by the scouring of tsunami behind non-erosional structures (e.g., coastal levees, ridges,

and transverse roads). Weak erosion of up to 5 cm was calculated in the lowland between
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300 and 2100 m from the shore, but the total net erosion on land was only 3 % (120 m?)
of the total volume. The finding showed that the 2011 Tohoku tsunami deposit of the
Idagawa lowland mostly originated from seafloor sand.

In the Sendai plain, the total net deposition was 4,550 m® for Model 1 and among them,
the amount of the deposition on land was about 30 % (1,370 m®) of the total volume
(Table 5-5). Particularly, a thick sand deposit was confirmed within and behind a costal
forest (between 60-700 m from the beach). This is because the speed of the tsunami
significantly decreased when passing though the pine forest, hence the sand contained in
the seawater was deposited in the forest. For calculation using the topographic data
without a coastal forest, the total amount of sand deposition on land was lower than that
with the forest. More sand was carried throughout the plain instead of having thick
sediments around the forest.

In the Numanohama marsh, the total net deposition was about 2,680 m? calculated from
Model 1 (Table 5-5). The total net deposition on land was about 1,390 mS3, which was
equivalent to 52 % of the total volume. Additionally, the amount of net erosion on land
(54 % of the total volume) was almost equivalent to the amount of that on the seafloor.
The results showed that the 2011 Tohoku tsunami deposit of the Numanohama marsh
consisted of terrestrial and seafloor sand. The 2011 tsunami deposit contains the many
sand and gravels originated from the beach, riverbed, and slope (Goto et al., 2017), which

is consistent with the observations.
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Table 5-5. Total net deposition and erosion for Model 1.

Erosion (m?) Deposition (m?)
Study sites DJ/E,
E; E, E, Dy D, D,
Idagawa 3970 120 4090 2380 840 3220 0.79
Sendai 4270 80 4350 3180 1370 4550 1.05
Numanohama 550 640 1190 1290 1390 2680 2.25

Footnote: Es, E., and ET are total volumes of net erosion on seafloor, land and entire
computational domain, respectively. Ds, Di, and Dt are total volumes of net deposition

on seafloor, land and entire computation domain, respectively.

5-3. Sediment Thickness

The model validity, sensitivity, and accuracy of the sediment transport simulation was
evaluated by comparing the simulated sediment thickness with the observations of the
2011 Tohoku tsunami deposits at the Idagawa lowland, Sendai plain, and Numanohama
marsh. The K and « values for eleven scenarios are shown in Tables 5-6, 5-7, and 5-8.

In the Idagawa lowland, the observed sediment thicknesses at a total of 22 sampling
locations between 285 and 3230 m from the shore obtained from the geological survey
by Oota et al. (2017) and Kusumoto et al. (2018) were compared with the simulation
results. The thickness of sediment with a single grain size were much thinner than the
observations (Fig. 5-9 and Table 5-6). However, the K values for the simulated tsunami
deposit for Models 1 and 2 were 1.00 and 1.01 by considering multiple grain sizes
proposed in this study. Hence it is evident that these models are very suitable as an initial
tsunami source. The computed sediment thickness of Model 8 was also in good agreement
with the observations (K = 1.19), meanwhile the other models underpredicted or

overpredicted (Fig. 5-10 and Table 5-6).
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Table 5-6. Statistical comparison of the observed and computed sediment thickness in the

Idagawa lowland.

single grain size multiple grain sizes  multiple grain sizes
Models with coastal forest with coastal forest  without coastal forest
K K K K K K
1 413 4.26 1.00  2.15 053 241
2 398 391 1.01 2.23 0.64 245
3 0.59 2.09 508 225 5.79 1.99
4 281 342 0.66 237 0.39 1.95
5 1.08 232 039 220 0.28 1.94
6 269 324 076 2.14 0.32 1.98
7 1.89  3.40 0.67 2.27 0.30 2.01
8 356 339 1.19  2.06 0.65 2.53
9 6.99 237 284 271 254 254
10 454 382 1.14 1.99 0.81 2.50
11 502 292 1.95 2.86 1.05  2.08
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Figure 5-9. Comparison of the observed (black circles) and simulated (red bars) sediment
thickness with a single grain size of the 2011 Tohoku tsunami deposits in the Idagawa

lowland. The values of K and « are shown in Table 5-6.
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Figure 5-10. Comparison of the observed (black circles) and simulated (red and blue bars)
sediment thickness with multiple grain sizes of the 2011 Tohoku tsunami deposits in the
Idagawa lowland. The distance between the red and blue bars show the effects of the coastal

forest. The values of K and x are shown in Table 5-6.

In the Sendai plain, the observed sediment thickness was compared with the simulation
at 37 sampling locations between 550 and 4350 m from the beach reported by Goto et al.
(2011), Richmond et al. (2012), and Szczucinski et al. (2012). The sediment thicknesses
with a single grain size were much thinner than the observations, similar to the Idagawa
lowland (Fig. 5-11 and Table 5-7). By considering multiple grain sizes, the simulated
thicknesses of Models 1, 2, 6, 7, and 8 for calculations using the topographic data with a
coastal forest were in good agreement with the observations (K = 0.98, 1.24, 0.98, 0.94,
and 0.89). Models 3 and 9 underestimated the thickness because the wave height of Model
3 (<2 m) is smaller than the beach ridge, and because the inundation distance is also short
due to the short wavelength of the tsunami computed from Model 9. When the
topographic data without the forest were used, the simulated thicknesses of other models

except Models 3, 9, and 11 were much thicker than the observations (Fig. 5-12 and Table
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5-7). The findings suggest that a coastal forest greatly contributed to preventing the

transport of sand inland.

Table 5-7. Statistical comparison of the observed and computed sediment thickness in

the Sendai plain.

single grain size multiple grain sizes  multiple grain sizes
Models with coastal forest with coastal forest  without coastal forest
K K K K K K
1 1.78 445 098 3.08 025 3.00
2 1.79 4.44 .24 290 034  3.00
3 338 382 2.88 332 1.93  2.80
4 1.57  4.93 0.77  3.08 0.18 3.16
5 084 3.23 024 3.11 0.11 337
6 1.69 439 098 2.79 026 290
7 .75 4.30 0.94 2381 023 294
8 174 412 0.89 341 038 284
9 269 347 251 312 1.58  2.67
10 201 442 141 2.8 041 325
11 255 4.02 1.86 271 .12 259
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Figure 5-11. Comparison of the observed (black circles) and simulated (red and blue
bars) sediment thickness with a single grain size of the 2011 Tohoku tsunami deposits

in the Sendai plain. The values of K and « are shown in Table 5-7.
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Figure 5-12. Comparison of the observed (black circles) and simulated (red and blue
bars) sediment thickness with multiple grain sizes of the 2011 Tohoku tsunami deposits
in the Sendai plain. The distance between the red and blue bars show the effects of

coastal forest. The values of K and x are shown in Table 5-7.

In the Numanohama marsh, the sediment thickness was observed at 20 sampling
locations between 140 and 990 m from the coast collected by Goto et al. (2015; 2017,
2019). The sediment thickness of Models 1, 4, and 5 when calculated with a single grain
size was roughly in agreement with the observations (Fig. 5-13 and Table 5-8). However,
when calculated with multiple grain sizes, a much thicker sand layer (>1 m thick) than
the observations was deposited in the back marsh, and hence the result was an
overprediction (K = 0.21). The other models except Model 3 also overestimated the result
(Fig. 5-14 and Table 5-8). The following two possible hypotheses are conceivable as the
cause of all models producing thicker sediments than the observations; (1) The
Numanohama marsh is located in a steep V-shaped valley, therefore tsunami amplification
due to the two-dimensional topography and bathymetry is greater than on the lowland and
alluvial plain. However, this is not reflected in the one-dimensional sediment transport

modeling. (2) The 2011 Tohoku tsunami deposit of the Numanohama marsh consists
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mostly of gravel-rich sand. The main target of the sediment transport modeling by
Takahashi et al. (1999) is sand, hence it may not be suitable for this gravel-rich study area.
To test the first hypothesis, the amplification of tsunami heights due to the topography
and bathymetry was assessed by the two-dimensional sediment transport modeling (Fig.
5-15 and Table 5-8). Comparing the one-dimensional and two-dimensional modeling has
no significant influence on the simulated thickness, suggesting that another hypothesis is
required. Finally, except for the calculation with a single grain-size, the simulated results
do not reproduce the observations in the Numanohama marsh. Thus, the comparison of
the maximum extent of the tsunami deposit with the inundation distance is used for
reexamining the tsunami source of the 869 Jogan earthquake, but the comparison between

the observed and computed sediment thickness is not used.

Table 5-8. Statistical comparison of the observed and computed sediment thickness in

the Numanohama marsh.

single grain size multiple grain sizes  multiple grain sizes
Models with 1D modeling with 1D modeling with 2D modeling
K K K K K K
1 130 3.46 021 3.88 0.08 3.83
2 207  3.06 032 418 025 7.66
3 574 240 123 4.69 0.99 3.65
4 133  3.14 0.16  3.69 0.11  5.28
S 1.00  3.01 0.10 242 0.07 395
6 288 286 038 3.66 .10 431
7 254  3.01 0.31 3.80 0.41 5.85
8 237 299 0.41 4.98 1.27  4.11
9 348 277 056 5.1 028 7.67
10 205 307 036 4.89 0.18 7352
11 213 3.6 029 398 039 4.69
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Figure 5-13. Comparison of the observed (black circles) and simulated (red bars)

sediment thickness with a single grain size of the 2011 Tohoku tsunami deposits in the

Numanohama marsh. The values of K and x are shown in Table 5-8.
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Figure 5-14. Comparison of the observed (black circles) and simulated (red bars)

sediment thickness with multiple grain sizes of the 2011 Tohoku tsunami deposits in

the Numanohama marsh. The values of K and x are shown in Table 5-8.
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Figure 5-15. Comparison of the observed (black circles) and simulated (red bars)
sediment thickness with the two-dimensional modeling of the 2011 Tohoku tsunami

deposits in the Numanohama marsh. The values of K and « are shown in Table 5-8.

5-4. Time Duration

Here, the effects of computational time duration on the sediment thickness and the K
value are evaluated for each study site. For the Idagawa lowland, at least three massive
sand depositions are shown in Figure 5-16. The first one is at about 1 hour after the
earthquake, which corresponds to the sand deposition caused by the first and second
waves of tsunami. The second one is at about 3 hours from the origin time. Hence it is
considered that these are the reflected waves from the coast of Iwate and Miyagi
Prefectures. The third one is at about 4 hours after the earthquake, and the amount of the
deposition is about 20-30% of the final sediment thickness. At 6 hours after earthquake
occurrence, 90% or more of the final results are deposited, and the K value approaches
1.0. Considering these results, it seems that a computation time of 6 hours for the sediment

transport modeling is sufficient at the Idagawa lowland.
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Figure 5-16. Time series of the simulated sediment thickness with distances from the

coast in the ldagawa lowland and Sendai plain.

The depositional process of the 2011 Tohoku tsunami deposit in the Sendai plain can
be divided into three sub-regions; the seaward side of the Hachikenbori River at about
2500 m from the beach, between Hachikenbori River and the Sendai Tobu Highway at
about 4500 m from the coast, and the landward side of the Sendai Tobu Highway (Fig. 5-
16). On the ocean side of the Hachikenbori River, there was a sand deposition due to the
first and second waves of tsunami at about 1-2 hours after the earthquake occurred. In
this region, >80% of the final results were deposited in the 4 hours after the earthquake
and it is almost constant after that. Between the Hachikenbori River and Sendai Tobu
Highway, the sand deposition is characterized by at least four peaks of sand deposition at
about 3.5 hours, 6 hours, 8 hours, and 10.5 hours after the earthquake. Particularly, the
first sand deposition accounts for roughly 20-30% of the total. On the inland side of the
Sendai Tobu Highway, gradual sand deposition continued until about 10 hours from the

origin time. The value of K gradually decreases with time, and converges to K=0.98 at
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about 10 hours from when the earthquake started. From the above results, it is necessary
to perform the calculations using a 10 hours periods in order to reproduce the sediment
thickness of the Sendai plain. The reason for requiring a longer calculation time than the
Idagawa lowland is considered to be that the tsunami inundation was blocked by roads,

coastal protection, and coastal pine forests.

5-5. Water Depths at the Offshore Boundary

The maximum water depth at the boundary of the computational domain has a
significant influence on the tsunami sediment transport modeling process. This is because
the sediment flux transported from outside the computational domain could not be
reproduced. In this section, the change in sediment thickness and the K values with
varying maximum water depth (D,,,,) at the offshore boundary of the computational
domain for each study site is examined. Figure 5-17 shows the change in the value of K
when the maximum water depth was changed using Model 1 as the initial tsunami source.
For the Idagawa lowland and Sendai plain, the computed sediment thicknesses were
overpredicted (K<0.8) when the maximum water depth was set at 25, 50, and 75 m. The
value of K was closest to 1 when the maximum water depth was set at 500 m and it
gradually increased with the water depth in the Idagawa lowland and Sendai plain.
Regarding the Numanohama marsh, the results were always overestimated (K<0.4) even

if a waveform entered from any depth.
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5-6. Model Parameters —Bedload and Pick-up Rates—
The coefficients of bedload and pick-up rates of 0.167, 0.267, and 0.394 mm in

diameter have been determined from tsunami hydraulic experiments by Takahashi et al.
(2011), but the coefficients of the silt diameter have not been studied. The regression
relationships of these coefficients proposed by Gusman et al. (2018) may not be accurate.
In this section, the relationship between the total sediment thickness and the coefficients
of bedload and pick-up rates in silt diameter are investigated for the ldagawa lowland
(Fig. 5-19). The reference model used the values (w, =1.58x10* and wy; =8.84)
estimated from Gusman et al. (2018) when sand particles are 0.032 mm in diameter.
Figures 5-20 and 5-21 show the comparison of the calculated results with varying
coefficients. The value of K ranged from 0.92 to 1.02, indicating that neither model was
significantly different to the reference model (K=1.00). This suggests that the effect on
sediment thickness by varying these coefficients is negligible. This is because most of silt
was transported by the suspension and the mean concentration reached the upper limit
(1%) immediately. Therefore, the estimated values by Gusman et al. (2018) were used as

the coefficients in this study.
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Figure 5-19. Different coefficients of bedload and pick-up rates. The circles show
the experiment results (Takahashi et al., 2011). The coefficients that are used in the

sediment transport model are marked by the black dotted lines.
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Figure 5-21. The simulated sediment thickness for different coefficients of bedload and
pick-up rates. The reference model used model parameters proposed by Gusman et al.

(2018)

5-7. Model Validity, Sensitivity, and Accuracy

Here, model validity, sensitivity, and accuracy are defined as whether the observations
can be well reproduced from Model 1, whether Model 1 and the others can be
distinguished by comparing the calculated and observed sediment thickness, and whether
the computations and observations match, respectively.

For comparison with the observed sediment thickness, the simulation results for
multiple grain sizes with a coastal forest are used (Fig. 5-22). Comparing the computed
and observed sediment thicknesses, the results of Models 1 and 2 agree with the
observations, suggesting that the sediment transport modeling has validity.

Next, tsunamis generated from Models 1, 2, and 8 are necessary to explain the observed
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2011 Tohoku tsunami deposits in the Idagawa lowland and Sendai plain (Table 5-6 and
5-7). As noted in section 5-1, Models 1, 2, and 10 are suitable as an initial source model
from the comparison between the maximum extent of tsunami deposit and inundation
area in the ldagawa lowland, Sendai plain, and Numanohama marsh. Accordingly, it can
be concluded that tsunamis associated with an M9-class earthquake (Models 1 and 2) are
appropriate as an initial tsunami source of the 2011 Tohoku earthquake. Conversely,
comparison of the observed maximum extent of the tsunami deposits with the computed
inundation distance suggest that Models 3, 9, and 11 are invalid. Thus, the findings
suggest that the sediment transport modeling is more effective and exhibits a higher
sensitivity than the conventional method. Additionally, the results of Models 1 and 2
matched the observations, whereas the observed sediment thickness could not be
reproduced by Models 6 and 7, indicating that they may also be sensitive to the location
of large slip areas.

Regarding model accuracy, a detailed sand deposition cannot be reproduced. For
example, excessive sand deposition occurs behind a coastal forest in the computations,
but the phenomenon was not observed in the Sendai plain (e.g., Goto et al., 2011;
Richmond et al., 2012; Szczucinski et al., 2012). The reason for this is probably the
microtopography and the reproducibility of the behavior of both the sand particles and a
coastal forest. The former has a significant influence on sediment thickness because the
sediment is selectively deposited so as to fill depressions. In this study, a mesh size of 5
or 10 m was used, but it may be necessary to reduce these values. The latter can be
confirmed by comparing the results of hydraulic experiments with the calculated results
(e.g., Kansai University, 2016). According to this study, the behavior of sand particles is
difficult to reproduce because the deposition and erosion of the sediment due to turbulent

flow is complicated. Regarding a coastal forest, the deposition and erosion should be also
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calculated using the equivalent roughness coefficient model (e.g., Imai et al. 2013).
Additionally, this study assumed that the interaction between different grain sizes is
negligible, but this may not be appropriate. Therefore, the effects of such an interaction
will be investigated in future studyies by comparing the results of this study with tsunami
hydrulic experiments with multiple grain sizes and a non-uniform particle moveable bed

model.
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7 9.0 0.67 227 0.94 2.81 0.31 3.80
8 8.8 1.19 2.06 0.89 3.41 0.41 4.98
9 8.8 2.84 2.71 2.51 3.12 0.56 5.11
10 8.9 1.14 1.99 1.41 2.58 0.36 4.89
11 8.8 1.95 2.86 1.86 2.71 0.29 3.98

Figure 5-22. Summary of results for model validity, sensitivity, and accuracy of sediment
transport modeling using the 2011 Tohoku tsunami deposits. The upper panels show the
observed and simulated sediment thickness of Model 1. The lower table shows a

comparison of K and « for sediment thickness.
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CHAPTER 6. Application to the 869 Jogan

Tsunami Deposit
6-1. Model Uncertainties

Finally, the tsunami source model of the 869 Jogan earthquake is reexamined using
paleo-tsunami deposits in the Idagawa lowland, Sendai plain, and Numanohama marsh.
However, it is necessary to consider several uncertainties to apply the sediment transport
modeling to historical tsunami deposits, unlike the case of the 2011 Tohoku tsunami
deposit. Model parameters were adjusted to the corresponding values for grain size
distribution estimated from the 869 Jogan tsunami deposit at each study site (Fig. 4-9 and
Table 3-7).

The first uncertainty is the source models. Therefore, 13 source scenarios were
prepared based on previous source models (Fig. 3-6 and Table 3-8). The second
uncertainty is the fact that the inundation distance and area are unknown. Here, it was
confirmed that the computed tsunamis for each model inundate farther inland than the
most inland sampling location, as with Satake et al. (2008), Namegaya et al. (2010), and
Namegaya and Satake (2014). The third uncertainty is topography. The terrain conditions
in AD 869 (e.g., ground surface, land utilization, the presence/absence of coastal forest,
and the altitude of beach ridge) were significantly different to the current conditions.
Therefore, the ground surface is firstly determined from the base depth of the 869 tsunami
deposit and the sedimentary environments inferred from diatom and nannofossil analysis,
assuming that crustal deformation (uplift or subsidence) between AD 2011 and AD 869
is negligible (Fig. 6-1, 6-2, and 6-3). The sedimentary environment inferred from the
sedimentary facies and historical documents was also a wetland without a coastal forest
for the Sendai plain, a mudflat with/without a coastal forest for the Idagawa lowland, and

a V-shaped valley for the Numanohama marsh. Regarding the beach ridge elevation, the
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effects were examined by preparing multiple scenarios (T.P. -1 m, +0 m, +1 m, +2 m for
the Idagawa lowland, T.P. +0 m, +0.5 m, +1 m, +2 m for the Sendai plain, and T.P. +0 m,

+1 m, +2 m, +3 m for the Numanohama marsh) on the basis of current altitude.
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Figure 6-1. Ground surface in the Idagawa lowland in AD 869 estimated from the
distribution of base depth of paleo-tsunami deposits and the sedimentary environment

inferred from diatom and nannofossil analysis ( Kusumoto et al., 2018).
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Figure 6-2. Ground surface in the Sendai plain in AD 869 inferred from the distribution of

base depth of paleo-tsunami deposits and To-a tephra (Sawai et al., 2007; 2008).
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distribution of base depth of paleo-tsunami deposits (Goto et al., 2015; 2017; 2019).
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6-2. Comparison Between Tsunami Inundation Distances and
the Maximum Extents of the 869 Jogan Tsunami Deposits

Figure 6-4 shows the maximum tsunami flow depths of the 869 Jogan tsunami
calculated from 13 scenarios along topographic profiles in the Idagawa lowland, Sendai
plain, and Numanohama marsh. For the Idagawa lowland and Sendai plain, the maximum
tsunami heights were about 5-13 m at 1 km offshore, and they suddenly decreased at the
back of a coastal forest or beach ridge. However, even if the ridge was the highest, the
simulated tsunamis of all models inundated beyond the maximum extents of the 869
tsunami deposits. For the Numanohama marsh, the maximum inundation distances of
Models 12 and 13 were shorter than the most inland sampling location. Therefore, it could

be concluded that these models are not appropriate as the source of the 869 Jogan tsunami.
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lowland, (b) Sendai plain, and (c) Numanohama marsh. The red dots are sampling

locations where the 869 Jogan tsunami deposits were detected in the sediment.
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6-3. Uncertainty for Beach Ridge Elevations

The results of multiple scenarios with varying beach ridge elevations but without a
coastal forest were compared with the observations (Fig. 6-5). For the Idagawa lowland,
the sediment thickness closest to the shoreline could not be reproduced only when the
topographic data without a beach ridge was used (Fig. 6-6 and Table 6-1). This is because
sand particles carried by the backwash flow deposited behind sand dunes if there was a
beach ridge, but they were transported back out to the ocean if there was no beach ridge.
As the elevation of the beach ridge became higher, the sediment thickness became thinner.
For the Sendai plain, the sediment thickness was thicker landward (Fig. 6-7 and Table 6-

2). As the elevation of the beach ridge also became higher, the sediment thickness became

thinner.
2.0
Idagawa
1.0 Bl TP.-1.0m
Hl T.P.+0.0m
I TP.+1.0m

[ TP.+2.0m

Mo
o

Sendai

—
=

B T.P. 0.0 m
Hl T.P.+05m
B TP.+1.0m
] TP.+2.0m

The values of geometric mean (K)

Models
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and Sendai plain.
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Figure 6-1. Statistical comparison of the observed and simulated sediment thickness

for different beach ridge elevations in the Idagawa lowland.

Voqay | Nobechidge  Behides Behide et ides
K K K K K K K K
1 0.44 233 038 226 039 234 045 252
2 0.54 235 047 247 051  2.63 0.67 291
3 427 239 571 231 797 195 924 205
4 046 577 024 240 022 232 022 230
5 0.57 7.58 030 605 022 385 0.18 276
6 036 242 029 214 028 212 029 215
7 0.34 256 026 218 025 217 026 220
8 0.53  2.19 050 226 0.56 238 0.79 260
9 253 273 336 276 485  2.60 740  2.10
10 .01 2.09 095 232 .02 252 .14 2.84
11 0.77  2.17 070 238 0.84 257 1.35 278
12 236 237 277 274 432 2.67 7.28 212
13 0.63  2.33 0.67 254 0.80 2.74 141 3.10

Table. 6-2. Statistical comparison of the observed and simulated sediment thickness

for different beach ridge elevations in the Sendai plain.

Beach ridge Beach ridge Beach ridge Beach ridge

Models (T.P.+ 0.0 m) (T.P.+0.5m) (T.P.+1.0m) (T.P.+2.0m)
K K K K K K K K

1 0.14  4.00 0.15 3.88 0.16  3.71 0.18 342
2 0.15  4.06 0.16 398 0.17  3.89 0.19  3.57
3 0.62 492 047 442 042 348 0.54 327
4 0.10  3.99 011 392 012 3.84 0.13  3.64
5 0.08  4.07 0.08 4.02 008 394 0.09 3.87
6 0.16  3.91 0.16  3.85 0.17  3.68 0.19 337
7 0.15  3.77 0.15  3.66 0.16  3.52 0.18 335
8 0.17 397 0.18 397 0.18  3.81 020 3.62
9 0.51 330 051 332 052 326 .03 2.98
10 0.43 534 033 4.88 022 431 020 3.58
11 034 460 033 433 029 399 028 334
12 0.44 329 0.44  3.35 045  3.28 081 291
13 0.44  3.86 038 357 039 339 048  3.08
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6-4. Comparison with the Observations

Figure 6-8 and Table 6-3 show a comparison of the observed and computed results
when the topographic data of a 1 m high beach ridge with/without a coastal forest were
used in the ldagawa lowland. The result from Model 1 using topography with a coastal
forest was in good agreement with the observations, and the results from Models 2 and 7
roughly match. When the topographic data without a coastal forest was used, the results
from Models 10, 11, and 13 were well matched with the observations, and the result from
Models 2 and 8 with a 2 m high beach ridge roughly matched (Fig. 6-6 and 6-8, Tables 6-
1 and 6-3). This suggests that the presence/absence of a coastal forest has a greater
influence on the sediment thickness than the uncertainty of beach ridge elevation. For the
Sendai plain, the sediment thickness calculated from Models 1 and 2 were too thick
compared with the observations. The results from Models 9 and 12 with a 2 m high beach
ridge well reproduced the observations and the result of Model 3 with a 0 m high beach
ridge roughly matched (Fig. 6-7 and Table 6-2). However, Models 12 and 13 are judged
not to be appropriate based on the comparison between the maximum extent of tsunami
deposits and inundation distance in the Numanohama marsh

Summarizing the above results, it can be concluded that no model that satisfies the
observations of two study sites is suitable as the 869 Jogan tsunami model, whereas the
results of Models 9, 10, and 11 well matched the observations at each study site. In these
models, there is a large slip area in the shallow part of the plate interface off Miyagi
Prefecture. Thus, the 869 Jogan earthquake may be an earthquake with a major tsunami

source off Miyagi Prefecture (Fig. 6-9).
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Figure 6-8. Comparison of the observed (black circles) and simulated (red and blue bars)
sediment thickness of the 869 Jogan tsunami deposits when the topographic data of a 1 m
high beach ridge with/without a coastal forest are used in the ldagawa lowland. The values of

K and x are shown in Table 6-3.

Table 6-3. Statistical comparison of the observed and simulated sediment thickness

with/without a coastal forest in the Idagawa lowland

with coastal forest  without coastal forest

Models
K K K K

1 0.86  2.46 039 234
2 077  2.80 051 263
3 10,05 297 797 195
4 034 266 022 232
5 023 218 022 385
6 0.54 245 028 212
7 0.64 241 025 217
8 142 217 0.56 238
9 1331 224 4.85 2.60
10 231 326 102 252
11 173 232 0.84 257
12 927 282 432 267
13 229 230 0.80 274
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CHAPTER 7. Conclusions

In this study, | developed a new approach to estimate the magnitude of earthquakes and
tsunamis using a combination of modern and historical tsunami deposits and sediment
transport simulation to reexamine the great earthquakes along the Japan Trench.

Five tsunami deposits and two storm deposits from the past 3800 years were identified
from the tsunami deposit survey of the Idagawa lowland in Fukushima Prefecture. The
results of a diatom and nannofossil analysis provide the sedimentary environment at the
depositional time of event deposits as well as an indicator to distinguish between tsunami
and storm deposits.

The sediment transport modeling with multiple grain sizes adopted in this study
provides a more effective and higher sensitivity to constrain initial tsunami source models,
compared with the sediment transport modeling with a single grain size and the
comparison the maximum extent of tsunami deposit with the computed tsunami
inundation distance. The results will also help in the understanding of earthquakes when
tsunami deposits have been identified but the magnitude and source location are unknown.
However, it should be noted that there is a possibility that this method cannot be applied
to tsunami deposits composed of coarse sand particles, like the 2011 Tohoku tsunami
deposit of the Numanohama marsh.

The results of analysis of the Idagawa lowland and Sendai plain revealed that sediment
transport modeling strongly depends on the presence of a coastal forest. Changes in the
sediment thickness due to the presence/absence of a coastal forest were much larger than
those due to the uncertainties of beach ridge elevation. Therefore it is necessary to fully
consider land use conditions and the vegetation environment at the time of the deposition
in order to estimate the magnitude of the earthquake from tsunami deposits.

It is concluded that the 869 Jogan earthquake was an M9-class giant earthquake from
114



the combination of paleo-tsunami deposits and sediment transport modeling, although the
magnitude and fault length were slightly smaller and shorter than those of the 2011
Tohoku earthquake. As a predecessor of the 2011 Tohoku earthquake based on geological
evidence in the ldagawa lowland, the 869 Jogan earthquake suggests that the recurrence
interval of giant earthquakes is about 1000 years. This finding is not consistent with the
evaluation (600 years) previously estimated by the Headquarters for Earthquake Research
Promotion. Further studies will be required in order to understand the supercycle of great

earthquakes along the Japan Trench.
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