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Abstract

The 2011 Tohoku-oki tsunami caused severe damage to the coastal regions of

eastern Japan and left a sediment veneer over affected areas. We discuss differences in

depositional characteristics of the 2011 Tohoku-oki tsunami from the viewpoint of the

sediment source, coastal topography and flow height. The study area on the Misawa

coast, northern Tohoku, includes a 20 km long coastline with sandy beaches, coastal

dunes and a gently sloping lowland. This landscape assemblage provides an

opportunity to examine the effects of topography on the characteristics of the tsunami

deposit. During field surveys conducted from April 10 to May 2, 2011, we described the

thickness, facies, and structure of the tsunami deposit. We also collected sand samples

at approximately 20 m intervals along 13 shore-perpendicular transects extending up

to 550 m inland, for grain size and mineral assemblage analysis. The tsunami flow

height was estimated by measuring the elevation of debris found in trees, broken tree

limbs, or water marks on buildings.

The nature of the coastal lowland affected the flow height and inundation

distance. In the southern part of the study area, where there is a narrow, 100 m wide

low-lying coastal strip, the run-up height reached 10 m on the landward terrace slopes.

To the north, the maximum inundation reached 550 m with a run-up height of 3.2 m on



the wider, low-lying coastal topography. The average flow height was 4-5 m.

The tsunami eroded coastal dunes and formed small scarps along the coast.

Immediately landward of the coastal dunes the tsunami deposit was more than 20 cm

thick, but thinned markedly inland from this point. Close to the dunes the deposit was

composed largely of medium sand (1-2 ®) with planar and parallel bedding, but with

no apparent upward fining or coarsening. The particle size was similar to that of the

coastal dune and we infer that the dunes were the local source material for the

tsunami deposit at this point. The mineral assemblage of the tsunami deposit was

dominated by orthopyroxene and clinopyroxene and was also similar to the dune and

beach sand. At sites more than half the inundation distance inland, the thinner

tsunami deposit consisted mainly of fine sand (2.375 ®) with some upward fining. The

difference in particle size and sedimentary characteristics was probably caused by

differences in sediment transportation and depositional processes. We infer that the

well-sorted, finer sediments were deposited out of suspension, whereas the relatively

coarse sands were laid down from traction flows. The depositional characteristics of the

2011 Tohoku-oki tsunami deposit appeared to have been affected mainly by the coastal

topography and the extent of erosion at any one point, as opposed to flow height.



Keywords: 2011 Tohoku-oki tsunami deposit; grain size; mineral composition;

run-up height; transportation modes; topography

1. Introduction

The magnitude 9.0 earthquake on March 11, 2011, off the Pacific coast of Tohoku,

Japan, was followed by a tsunami that devastated the Japan’s eastern coast. The 2011

Tohoku-oki tsunami reached maximum tsunami run-up heights of 35-40 m between

38°N and 40°N, with a maximum inundation distance of 10 km inland (The 2011

Tohoku Earthquake Tsunami Joint Survey Group, 2011; Mori et al., 2012). The

tsunami resulted in nearly 19,000 dead and/or missing and caused extensive and

severe structural damage to much of the built environment of eastern Japan. Sandy

sediments were deposited on coastal lowlands over wide areas as a result of tsunami

inundation.

The distribution, composition, and sedimentary structures of several modern

tsunami deposits have been studied, including the 1992 Flores (Minoura et al., 1997;

Shi et al., 1995), 1993 Okushiri (Nishimura and Miyaji, 1995; Sato et al., 1995), 1994

Java (e.g. Dawson et al., 1996), 1998 Papua New Guinea (e.g. Gelfenbaum and Jaffe,



2003), 2004 Indian Ocean (e.g. Moore et al., 2006; Bahlburg and Weiss, 2007; Hori et

al., 2007; Morton et al., 2008; Paris et al., 2009), 2006 Java (e.g. Moore et al., 2011) and

2009 South Pacific (e.g. Chagué-Goff et al., 2011) tsunamis.

Many studies report that the thickness and grain size of the tsunami deposit

generally decrease with increasing distance from the sea. Morton et al. (2007) studied

deposits of the 1998 Papua New Guinea tsunami, the 2001 Peru tsunami, and coastal

storms, and concluded that the typical tsunami deposits have a mud cap, lamina sets

separated by thin mud or heavy mineral laminae, rip-up clasts, and are usually

normally graded. The normal grading (upward fining) of tsunami deposit has been

discussed in detail (e.g. Shi et al., 1995; Gelfenbaum and Jaffe, 2003; Smith et al.,

2004; Hori et al., 2007; Srinivasalu et al., 2007 ; Morton et al., 2008), and sedimentary

structures have also been extensively studied (e.g. Nanayama and Shigeno, 2006;,

Choowong et al., 2008; Fujiwara, 2008). Some studies have concluded that the

distribution and thickness of tsunami deposits were strongly affected by the local

topography of depositional areas (e.g. Nishimura and Miyaji, 1995; Minoura et al.,

1997; Hori et al., 2007). Tsunami flow heights and amount of tsunami erosion also

affected deposition (e.g. Gelfenbaum and Jaffe, 2003; Richmond et al., 2011).

Furthermore, the composition, grain size, thickness, and sedimentary structures of



tsunami deposits vary widely with the nature of the source material (e.g. Sato et al.,

1995; Goff et al., 2012). The source of many recent tsunami sediments has been

variously assigned to offshore (e.g. Gelfenbaum and Jaffe, 2003; Bahlburg and Weiss,

2007; Paris et al., 2009) or nearshore (e.g. Chagué-Goff et al., 2011) zones, while few

tsunami deposits are considered to be derived from inland or beach areas (e.g.

Nishimura and Miyaji, 1995; Sato et al., 1995; Shi et al., 1995; Goto et al., 2011).

Sediment sources and flow conditions of tsunamis are often estimated mainly based on

internal structure, grain size (e.g. Shi et al., 1995; Dawson et al., 1996; Moore et al.,

2007; Narayana et al., 2007; Choowong et al., 2008), microfossils (e.g. Sawai, 2002;

Sawali et al., 2009; Uchida et al., 2010; Goff et al., 2011), and mineral assemblages (e.g.

Szczucinski et al., 2006 Jagodzinski et al., 2009). Recently, Moore et al. (2011)

discussed two modes of sediment transportation (traction and suspension) identified in

the 2006 western Java tsunami deposit on the basis of grain size analysis. These event

layers, however, were affected by complex local topography and did not represent

typical aspects of erosion and sedimentation by large tsunamis.

We conducted field surveys focusing on the distribution, facies, and sedimentary

structures of the 2011 tsunami deposits, as well as on tsunami flow height and

inundation distance. The Misawa coast, northern Tohoku (Fig. 1), is characterized by a



20 km long coastline with sandy beaches, coastal dunes and a gently sloping lowland.

It provides an opportunity to investigate the effects of topography on tsunami

sediment characteristics. The purpose of the present study is: (1) to document the

general characteristics of onshore tsunami flow behavior and sedimentation in an area

with a gently sloping topography, (2) to examine the effects of topography on features

of tsunami deposits, and (3) to determine the sediment sources and transportation

modes based on granulometric and mineral analyses.

2. Methodology

2.1. Field surveys

Field surveys were conducted from April 10 to May 2, 2011. Detailed

investigations were made along 13 shore-perpendicular transects extending up to 550

m inland (Fig. 1). The elevation and distance of study points were surveyed using a

total station (Nikon Total Station Nivo5SC). Flow height was estimated by measuring

the height of broken tree limbs, debris in trees, and water marks on buildings. The

inundation limit was determined by debris found piled up on the ground and the



run-up height is estimated by its elevation. We described the thickness, facies, and

structures of the tsunami deposits at 140 sites, at approximately 20 m intervals along

the transects. Sand samples were collected for grain size and mineral assemblage

analyses at 20 sites along five transects (Transect 1, 3, 6, 7, and 10. Fig. 1), which

represented a general thinning inland trend. Thirty three tsunami sand samples were

taken from sites behind coastal dunes, about halfway of the inundation area, and near

the inundation limit, and these tsunami deposits seemed not to be weathered or

disturbed. Bulk samples of the deposit were collected, but, at locations where the thick

deposit showed internal structures (e.g. laminations or significant variation of grain

size and mineral composition), samples were taken from each subunit. Coastal dune

sediments and beach sand were also collected along each transect.

2.2. Grain size and mineral assemblage analysis

Each sample collected from the field was washed several times by hand using tap

water to remove mud and organic matter, and dried at 80 °C. The tsunami deposit in

Misawa contained hardly any mud fraction. The mud contents of the relatively fine

samples (A6, B, F, M4, and T) were less than 1%, except for one sample (1.7%).



Therefore the processed sample was representative of the 2011 deposit. In order to

determine the grain size distribution, 10-30 g of dry sample was sieved using a set of

21 sieves with mesh sizes ranging from 0.062 mm to 2 mm (-1 ® to 4 ®) with 1/4 ®

intervals. Basic statistics for grain size analysis, such as mode, mean, standard

deviation, skewness, and kurtosis, were calculated following the method outlined in

Dawson et al. (1996). At least 200 grains in the 1.75-2.00 ® fraction were examined

under a stereo microscope for the purposes of describing the mineral assemblage.

3. Study area

The Misawa coast study area is located 320 km north-northwest of the epicenter

of the 2011 Tohoku earthquake and is characterized by a virtually straight 20 km long

coastline. In the southern part of the study area (around Transects 11-13), the coastal

lowland is around 100-200 m wide and its landward extent is marked by a 10-15 m

high terrace scarp. The coastal lowland widens up to 580 m in the northern part of the

study area. There is a single coastal dune ridge parallel to the shoreline in the

southern part (Fig. 2 A, B), and two or three lines of dune in the northern part of the

study area. Each coastal dune is 30-100 m wide and 2-3 m high (from the base of the



dune). The dune bordering the beach is covered by herbaceous plants and shrubs,

while the dunes more than 200 m inland from the coast are covered by conifer forest.

These dunes are presumed to have formed in the Holocene based on the analogy of the

coastal dunes 50 km north of Misawa, which formed 6,000 yrs BP or later (Chigama et

al., 1998; Okamoto et al., 2000). Areas behind the coastal dunes are covered with sandy

soil or dune sand as opposed to marsh or wetland. About 100 m long breakwaters

perpendicular to the shoreline are located at intervals of 1 km along the coast while the

area south of Transect 10 also has a series of seawalls (Figs. 1c and 2 C) along the

shoreline. Coastal forests of Black Pine (Pinus thunbergii, Fig. 2 D) cover the area

between the dunes and the main road (Route 338). These forests were destroyed by the

1896 and 1933 tsunamis, but sustained little damage from the 2011 event.

4. Flow height and flow direction of the 2011 tsunami on the Misawa coast

We measured run-up and flow heights of the 2011 Tohoku-oki tsunami along 13

shore-perpendicular transects. Fig. 1 shows the location of transects and Fig. 3A the

topographic profiles from the shore to run-up limits with flow heights obtained from

damaged trees. The average run-up height of the 2011 tsunami on the Misawa coast
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was 5.8 m above sea level (masl). The spatial distribution of run-up heights however

was distinctly different between the northern and southern sections of the study area.

To the south the tsunami ran up to 7.7-10.4 m with flow heights of 6.9-8.8 masl on a

terrace scarp between Transects 11-13. At the northern end of the study area however,

the run-up height was only 3.5 m with a flow height of 3.2 masl on the gentle slope of

Transect 1. While the run-up height may have been lower at Transect 1, the tsunami

reached further inland, up to 551 m as opposed to what was observed in the southern

sections of the study area.

According to an eyewitness (a 40 year-old man), three tsunami waves inundated

the area around Transect 10 with the last one hitting just before dusk being the largest.

He reported a sand sheet covering the lowlands following the tsunami.

The average tsunami flow direction on land (Fig. 1), estimated from damaged

trees and grasses, was N74°W. These indicated an incoming flow while no evidence for

return flow was noted.

5. Onshore erosion by the tsunami

On Transects 3-11, the tsunami eroded the landward face of sand dunes (Fig. 2A)
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and formed up to 100 ecm high scarps with channels at their base. On Transect 1,

50-100 cm of the surface were eroded across an area up to 120 m wide landward of the

dunes. The tsunami also eroded along scarps on the dunes surface where paths and

river channels cut across on Transects 1, 3, 4, 7, 8, 9, 10, and 11 (Fig. 2B). However,

most dune top surfaces were still covered with grass, suggesting that they were not

eroded or overtopped.

6. Description of depositional characteristics

6.1. Distribution and thickness of the tsunami deposit

The 2011 tsunami deposit in Misawa comprised sand grains without gravels and

was underlain by a dark colored forest soil or fresh litter layer. The contrast between

the tsunami deposit and the underlying soil layer was sharp and it made the

identification of the deposit easy. In the forest, the 2011 deposit was not only covered

with freshly fallen leaves but it also contained some that had been stripped off the

trees by seawater at the time of inundation. The humic soil layer beneath the 2011

deposit was thin (less than 7 cm) and was underlain by a sandy layer of old dune.
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Fig. 3B shows the thickness distribution of the 2011 tsunami deposit in Misawa

and Fig. 4 shows schematic plan views along typical transects. The maximum

thickness in the study area was 56 cm and was observed behind the coastal dune 87 m

landward from the shore on Transect 5. Along eight of the transects (Transects 1, 2, 3,

5,7, 8, 10, and 11) the deposit reached a maximum thickness just behind the dune and

decreased rapidly inland, although thin sand sheets were still visible almost as far

inland as the run-up limit as shown in Fig. 4A. The deposit thickness increased

slightly in local depressions in the middle of Transects 9 and 13. Along Transects 12

and 13, where concrete seawalls (Fig.2 C) faced the shore, the deposit was relatively

thin (Iess than 5 cm) and sometimes patchy (Fig. 4B). Although the seaward side of the

dune is covered with concrete on Transect 11, the tsunami eroded the landward surface

and deposited a sand layer up to 16 cm thick behind the dune.

6.2. Sedimentary structures

We observed sedimentary structures of the 2011 tsunami deposit at 140 sites on

the 13 transects. The deposit appeared massive at most sites, and showed lamination

and bedding only at those near the sea (Fig. 3B). These sedimentary features were
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observed between 180 m and 272 m from the sea on Transect 1, 126 m and 207 m on

Transect 2, 87 m and 159 m on Transect 5, 120 m and 210 m on Transect 6, 59 m and

97 m on Transect 7, 131 m and 189 m on Transect 8, 109 m and 204 m on Transect 9, 87

m and 130 m on Transect 10, and 118 m and 134 m on Transect 11. Only planar and

parallel laminations were observed, except for the thick deposits 195 m from the

shoreline on Transect 1, 69 m on Transect 7, and 168 m on Transect 8 that showed

cross laminations. Fig. 2E shows typical laminations as observed at 180 m on Transect

1, where the pale colored sandy deposit includes several mm thin dark colored laminae

comprising heavy minerals. The 2011 deposit thinned inland and contained

considerably more organic debris. No apparent laminae or grading were observed at

the sites more than half the inundation distance inland (Fig.2F).

7. Particle size and mineral composition of the 2011 tsunami deposit

7.1. Particle size distributions

Particle size analyses were carried out on 33 tsunami sand samples from 20 sites

(Locations A-T, Fig. 3A) and 10 beach and dune sand samples along Transects 1, 3, 6, 7,
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and 10. Results (Fig. 5) show that the 2011 tsunami deposit on the Misawa coast

comprises sand grains from 1-3 ®@. The mean grain size of all samples from Transect 1

is around 2.5 @ (Table 1), indicating that sediments on this transect are finer than

those on the others (1.5-2.0 @).

Results from the five transects show that tsunami sediments generally fine

inland (Fig. 5). As shown in Fig. 5 and Table 1, 18 tsunami sand samples have a mode

of 2.375 ® and seven have two different modes (1-2 ® and 2.375 ®@). Sediments at sites

more than half the inundation distance inland (Samples-C, F, G, K, L, N, O, R, S, and

T) have a mode of 2.375 ®. The only exception to this is Sample B. On Transect 1, the

mean at Location A (Samples A1-A6) is 2.53-2.75 ®@: it is finer than those of beach and

dune sand but coarser than the Location B sediment (2.75 ®). A similar trend is

observed on other transects with the sediments at sites more than half the inundation

distance inland being 0.5-0.6 ® finer than those from other sites near the coast. The

samples from Locations C and G are coarser than other tsunami sediments, beach

sand, and dune sand on each transect.

Standard deviations of most samples show little variation, ranging between

0.5-0.7 (Table 1), indicating a well to moderately sorted sand. Samples A1-A6 and the

beach sand of Transect 1 are better sorted (standard deviations of 0.4-0.5). On the
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other hand, samples from near the inundation limits on Transects 1, 6, and 7 are more

poorly sorted. The skewness of most samples is less than zero and shows coarse-tailed

distributions. The skewness of sand layers from Transect 7 though is greater than that

of samples from other transects. Near the inundation limit, skewness tends to be low

(Transect 6, 7, and 10), while kurtosis tends to be high (Transects 1, 3, 7, and 10) (Table

1.

7.2. Vertical variations

The 2011 deposit does not exhibit any obvious grading but the results of particle

size analyses show vertical size variations. At Location A (Transect 1) and Location M

(Transect 7), samples from each sub-unit (Fig. 6) were analyzed for grain size. The

results from Location A (Samples A1-A6, Fig. 5) reveal that the mean grain size of the

lower (Sample A6) and middle (Sample A3) parts are 2.75 ®@ and 2.53 @, respectively

(Table 1). This represents an upward coarsening in the lower two thirds of the layer.

The top part (Al) is relatively finer at 2.64 ®. On the other hand, Location M on

Transect 7 shows a general upward coarsening from 1.80 @ at the bottom to 1.56 @ at

the M3 horizon (Fig. 5, Table 1). This upward coarsening, however, is interrupted by
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three separate horizons of finer material (Samples M4, M6, and M8) where mean grain

sizes are between 2.06 and 2.15 ®@. The surface sample at Location M (Sample M1) has

a mean grain size of 1.62 ® indicating that there is a slight upward fining. The trend of

vertical variations at Location M is therefore similar to that at Location A. Samples

M1-M3 show a relatively higher skewness than that of others (Table 1), while standard

deviation and kurtosis reveal little variation throughout the sequence of A1-A6 and

M1-M9.

7.3. Mineral composition

Tsunami sediments on the Misawa coast contain abundant heavy minerals,

ranging from 31% (Sample C) to 89% (Sample M1), as shown in Fig. 5. The heavy

mineral assemblage consists mainly of orthopyroxene, clinopyroxene, and magnetite

associated with minor amounts of olivine and hornblende while the light minerals are

mainly plagioclase and quartz. Sand grains coarser than 1 @ contain shell fragments,

while those in the 1.75-2.00 @ fraction common for the mineral assemblages have

none.

The heavy mineral content tends to decrease inland. For example, on Transect 6,
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the heavy mineral content is 76% at Location H, and 39% at Location L. Although this

decreasing trend is variable on Transect 10, it ranges from 69% to 43%, whereas on

Transect 3, it decreases from 58% to 36%, but increases again to 52% near the

inundation limit (Location G).

8. Discussion

8.1. Tsunami flow height, run-up height, and coastal topography

As shown in Fig. 3A, tsunami flow and run-up height increased in the southern

parts of the Misawa coast. The study area is 320 km north of the epicenter and

therefore the differences in run-up height are presumed to be related to the local

topography rather than distance from the epicenter. The flow heights at the shoreline

were greater than the run-up heights on Transects 1, 5, and 6, where the topography is

relatively gentle and the inundation distance is long. On the other hand, the run-up

heights were notably greater on Transects 11, 12, and 13, where steep slopes are

located only 200-300 m from the sea. Scatter diagrams (Fig. 7) showing the correlation

between run-up height, slope gradient, and inundation distance indicate that the
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run-up height and slope gradient show a strong positive correlation whereas the

run-up height and distance are negatively correlated. Such positive correlation

between run-up height and slope gradient was also reported by Szczucinski et al.

(2006), who studied 2004 Indian Ocean Tsunami (2004 IOT) deposits in Thailand.

Furthermore, a negative correlation between run-up height and inundation distance

was found in the case of the 1992 Nicaragua tsunami by Higman and Bourgeois (2008).

This implies that the onshore tsunami flow linearly loses its energy with distance and

slope elevation. Thus, the tsunami run-up height is presumed to be strongly affected

by onshore topography. The tsunami flow energy markedly decreases while the

tsunami runs up the land surface, even if the topography is gentle.

8.2. Behavior of the onshore tsunami and sedimentary characteristics

The onshore tsunami flow direction is estimated to be N74°W and indicates the

run-up flow. We could not find any evidence of return flow in damaged trees and

grasses. A part of the thick sand layers immediately landward of the coastal dunes was

possibly deposited by the return flow. However, these sand layers did not exhibit

apparent depositional features of return flow as reported in previous studies (e.g.
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Nanayama et al., 2000; Fujino et al., 2006; Nanayama and Shigeno, 2006; Fujiwara

and Kamataki, 2007, 2008; Fujiwara 2008). This suggests that return flow was gentle

in comparison with run-up and did not transport much sediment. Furthermore, the

flat topography and coastal forests perhaps caused the weakening of run-up and return

flow velocities. The energy of onshore tsunami flow is often reduced by forest

vegetation, as reported following the 1998 Papua New Guinea tsunami (Hiraishi and

Harada, 2003) or the 2004 IOT (Cochard et al., 2008; Tanaka et al., 2007).

Although eyewitness reported three tsunami waves, the sedimentary structures

did not provide any apparent evidence of multiple inundations. The largest (third)

wave most likely removed or disturbed the sedimentary structures formed by the first

and second flows. The erosion of earlier tsunami deposits by later flow has indeed been

reported by Fujino et al. (2006) and Choowong et al. (2008).

8.3. Deposit thickness and topography

As mentioned above, the 2011 deposit is thick on the landward sides of the

coastal dunes and adjacent eroded areas with a marked inland thinning to only a few

cm. In addition, the deposit distribution is thin and sparse along transects associated
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with concrete seawalls (Transects 11-13). Thus, the thickness of the 2011 deposit in the

Misawa area seems unrelated to flow height, but rather is affected by onshore

topography and the extent of potential sediment sources and eroded areas. Similar

relationships between sediment thickness and topography have been reported by many

(e.g. Kitamura et al., 1961; Sato et al., 1995; Phipps et al., 2001, Goff et al., 2008; 2009;

Paris et al., 2009).

8.4. Transportation modes

The grain size distributions of samples D, E, I, J, P, and Q are similar to that of

dune sand. It implies that these sediments were not sorted by the transportation

process. We therefore consider these sediments to be traction sediments. Moore et al.

(2011) discussed formation of traction sediments in tsunami deposits, and pointed out

that the material shows a trend of upward coarsening and predominantly thick

deposition. On the Misawa coast, the sediments at Locations A and M show upward

coarsening in the middle and lower part of the 2011 deposit. In addition, the deposit at

Locations A, D, I, M, P, and Q is remarkably thick (Fig. 3 right). Therefore, the

sediments shown by samples A3-A6, D, E, H, I, J, M3-M9, P, and Q are presumed to be

21



formed by traction flow. High percentages of heavy minerals in these samples (Fig. 5)

also support this assumption. The thick deposits immediately landward of the dunes

on Transects 1, 3, 5, 7, 8, 9, 10, and 11 (Fig. 3B) are also thought to be traction

sediments. A tsunami deposit with upward coarsening was also identified in the 1992

Nicaragua tsunami deposit (Higman and Bourgeois, 2008) and interpreted to be

traction flow sediment. Paris et al. (2009) also reported bed load sediment formed by

the 2004 IOT in Sumatra.

On the other hand, sand grains around 2.375 @ are included in the tsunami

deposits near the run-up limit. These finer grained sediments are observed in many

samples from the inundation area and we infer that they have been deposited out of

suspension. Such sediment forms thin layers (Iess than 7 cm, Fig. 3) but is widely

distributed. Suspension is a very common process of sediment transportation by

tsunami flow and such suspension deposit has been often identified in

tsunami-affected areas (e.g. Hindson and Andrade, 1999; Dawson and Smith, 2000;

Gelfenbaum and Jaffe, 2003; Jaffe and Gelfenbaum, 2007; Morton et al., 2007; Peters

at al., 2007; Jagodzinski et al., 2009; Jaffe et al., 2011).

8.5. Source area of the tsunami deposit
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A >20 cm thick tsunami deposit occurs only within 100 m of the coastal dunes,

suggesting that the sediment source is either dune or beach sand. This assumption is

supported by the observation of erosion of the dune surface along many transects.

Grain size distribution provides important evidence for estimating the tsunami

sediment source area. Grain size distributions from Transects 3, 6, and 10 (Fig. 5)

suggest that the tsunami deposit is classified into two categories: one comprising

mainly 1-2 @ sand grains (Samples D, E, H, I, J, P, and Q) and the other around 2.375

® (Samples F, K, L, R, S, and T). The former category has the same grain size as the

local dune sand and therefore the deposit was most likely from this source (Transects 6

and 10). The mean grain sizes of samples F, K, L, R, S, and T are smaller than those of

beach and dune sand. However, sand grains around 2.375 ® are also included in the

beach sand (Transects 3 and 6) and dune sand (Transects 3, 6, and 10), as shown in Fig.

5 and Table 1. We could infer that the fine sediment is from an offshore source.

However, we consider that the differences in grain size distribution are due to

sediment transportation modes, as mentioned above. The fine sediment was

presumably separated from the dune material in the course of transportation and

deposition, as discussed by Shi et al. (1995). In addition, the original beach sediment
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before the 2011 tsunami is likely to be finer than our study samples collected after the

event. Beach sediments before the 2004 IOT in Sumatra, Thailand, and India were

reported to be finer than those after the event (Babu et al., 2007; Choowong et al.,

2009; Paris et al., 2010). The mineral composition of the tsunami sediments is similar

to that of the dune and beach sand on the Misawa coast and it supports this

presumption that the tsunami sediment originated from a local source. As mentioned

above, the source of many recent tsunami deposits is inferred to be from offshore

materials as shown by Gelfenbaum and Jaffe (2003), Bahlburg and Weiss (2007), Paris

et al. (2009), amongst others, thus the 2011 deposit on the Misawa coast is somewhat

rare. However, studies of the 2011 Tohoku-oki deposit on the Sendai Plain 300 km from

our study area have revealed that the tsunami deposit was mostly derived from local

onshore sources (eg. Goto et al., 2011).

Relatively coarse tsunami sediment was observed at Location C on Transect 1

(Fig. 5). Transect 3 also presented coarser sediment at an inland site (Location G).

These transects are across an older dune system which probably provided the coarser

source material in these cases. Tsunami sediments at Location L (Transect 6) contain

coarse particles greater than -1 ®@. When viewed under a microscope these consisted of

artificial gravels and fragments of building material. This anthropogenic material was
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most likely entrained during tsunami flow across the land and deposited along the

transect. Samples from locations near the inundation limit tend to be relatively poorly

sorted (Table 1, Samples C, L, and O), and have a low skewness (Samples B, C, L, O,

and T) and high kurtosis (Samples B, C, G, O, and T), suggesting that these sediments

contains local soil or older dune material.

8.6. Characteristics of heavy mineral composition

The tsunami deposit on the Misawa coast shows a lateral change of heavy

mineral content, which generally tends to decrease inland. In particular, the magnetite

content decreases inland markedly on Transects 1 and 3, as shown in Fig. 5. In

addition, the thick deposit at Locations A and M contains abundant heavy minerals

within the whole bed of sediment. These facts imply that a larger amount of heavy

minerals is characteristic of traction sediment. On the other hand, relatively light

materials are transported further inland as suspended sediments. A lateral and

vertical change of heavy mineral assemblage was discussed by Jagodzinski et al.

(2009), who studied the 2004 IOT deposit in Thailand and reported an upward as well

as a landward increase in flake-shaped micas in the tsunami deposit. They concluded
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that the heavy mineral assemblage reflected tsunami flow conditions and the mode of

sediment transportation and deposition. We infer this is applicable to the 2011

tsunami deposit on the Misawa coast.

The tsunami deposit on the Misawa coast contains abundant heavy minerals

throughout as shown in the mineralogical composition of samples A1-A6 and M1-M9

(Fig. 5). Furthermore, magnetite content increases slightly upwards from sample M9

to M1 (Fig. 5). These heavy minerals are often represented by thin laminae (Fig. 2E).

Tsunami deposits generally contain heavy minerals in the lower part of the layer (eg.

Morton et al., 2007; Switzer and Jones, 2008; Jagodzinski et al., 2009), although in a

few cases heavy minerals are found throughout (e.g. Higman and Bourgeois, 2008;

Morton et al., 2008). The presence of heavy mineral laminae is presumed to be

controlled by the sediment transportation modes. Jagodzinski et al. (2009) concluded

that the relatively light minerals settle slowly from suspension. On the other hand, the

thick 2011 deposit on the Misawa coast is attributed to sedimentation by traction flow.

Therefore, the distribution of heavy minerals is different from that reported in many

cases (eg. Morton et al., 2007; Switzer and Jones, 2008; Jagodzinski et al., 2009).

Field observations of the deposit facies at locations A and M (Fig. 6) revealed five

thin laminae with abundant fine grained heavy minerals (horizons A3, A6, M4, M6,
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and MS8). However, as the analysis of the heavy mineral assemblage was carried out on

a coarser fraction (1.75-2.00 @), the fine grained heavy minerals were not taken into

account, resulting in the apparent discrepancy between field observations (Fig. 6) and

results of heavy mineral analysis (Fig. 5). The difference of mineral composition among

grain size classes will be investigated in future work.

The 2011 tsunami deposit on the Misawa coast contains large amounts of heavy

minerals (Fig. 5), compared with previous studies such as that of Jagodzinski et al.

(2009). This might be due to the presence of coastal sediments containing abundant

heavy minerals and a geological substrate acting as a source of abundant heavy

minerals from the adjacent regions, such as volcanics found in northern Tohoku

(Editorial Committee of Tohoku, Part 2 of Regional Geology of Japan, 1989).

8.7. Application to paleotsunami research

In studies of paleotsunamis, the run-up height is often estimated from the

elevation of the highest outcrop or excavation site where the deposit is observed (e.g.

Dawson and Smith, 2000; Satake et al., 2005; Nanayama et al., 2007). However, as

mentioned above, the tsunami run-up height is often affected by local topography and
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is different from the inundation height near the coast. In addition, the distribution

area and thickness of tsunami deposits are markedly small if the coastal region lacks

dune, sandy beach, or eroded surfaces. The 2011 deposit on this stretch of the Misawa

coast had preserved its original thickness and sedimentary structures at least one

month after the event, but was already undergoing soil formation processes, such as

weathering and leaf litter accumulation. Thin tsunami deposits from the 2011 event

are therefore unlikely to be distinguishable from soil layers within a few years. Little is

known about the process of weathering and preservation potential of tsunami deposits,

despite pioneering works by researchers such as Szczucinski et al. (2006), Nichol and

Kench (2008) and Szczucinhski (2012). Therefore, the paleotsunami run-up height must

be estimated after careful geological, geochemical, and paleontological examination of

tsunami deposits (e.g. Goff et al., 2012).

The Pacific coast of Tohoku, Japan experienced tsunamis in AD869, AD1611 and

AD1896. These tsunamis may also have affected the Misawa coast, but we were unable

to find any paleotsunami layers beneath the 2011 deposit along the 13 studied

transects on the Misawa coast. Paleotsunami deposits therefore appear difficult to

identify on the Misawa coast, probably because of the sandy environment and local

topographic characteristics.
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8. Conclusions

The run-up height of the 2011 Tohoku-oki tsunami on the Misawa coast was

approximately 5.8 masl. The spatial distribution of run-up heights however was

distinctly different between the northern sections of the study area, with a run-up

height of 7.7-10.4 masl, and southern ones with a run-up of 3.5 masl. The run-up

height and slope gradient show a positive correlation whereas the run-up height and

distance are negatively correlated. The tsunami run-up height is presumed to be

strongly affected by onshore topography.

The tsunami eroded coastal dunes and small scarps along the Misawa coast. The

tsunami deposit reached a maximum thickness immediately landward of these eroded

areas and thinned rapidly inland up to the run-up limit. In areas where there were no

eroded surfaces near the coast, the tsunami deposit was thin and sparse. Deposit

thickness and grain size seemed unrelated to flow height. The tsunami deposit had a

similar grain size and mineral composition to the coastal dune sand, thus suggesting it

originated from this source. Effects of return flow on the depositional process are

presumed to be minor.
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The tsunami deposit comprised sand grains from 1-3 @ and fines inland with the

heavy mineral content decreasing at inland sites. At study sites behind the coastal

dunes the sediment was more than 10 cm thick, comprised relatively coarse grains,

and showed planar and parallel laminae. The lower and middle part of the sediment

showed upward coarsening as shown at Location A (Transect 1) and Location M

(Transect 7). This sediment is thus presumed to have been deposited out of traction

flow. On the other hand, at sites more than half the inundation distance inland the

sediment was thinner (less than seven cm) and comprised mainly fine sand grains,

suggesting it was deposited out of suspension.

Our future work will include a detailed investigation of the tsunami deposit

source and transportation mode, based on microfossil analyses such as foraminifera,

ostracoda, and diatoms. Furthermore, the differences between depositional

characteristics along the Misawa coast and other affected areas and those between the

2011 tsunami and paleotsunamis will be discussed based on further field work and

analysis.
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Captions

Fig. 1. Location of study area and transects: (A) Japan coast and epicenter of the March

11, 2011 magnitude 9.0 earthquake, (B) Study area, (C) Transects and land use of study

area (Transects extend from shoreline to tsunami run-up limit. Tsunami flow direction

was estimated from damaged trees and flattened grass).

Fig. 2. Photographs showing different landscapes of the Misawa coast and features of

the 2011 Tohoku-oki tsunami deposit. (A) Erosion on the coastal dune (Transect 5), (B)

Erosion of the coastal dune (Transect 10), (C) The concrete seawall (Transect 12), (D)

Coastal forests of Black Pine (Pinus thunbergii, Transect 6), (E) The 2011 tsunami

deposit showing typical laminations 180 m from the sea (Transect 1), (F) Thin tsunami

deposit 270 m from the sea (Loc. J, Transect 6)

Fig. 3. (A) Land surface profile, run-up height (masl), and flow height (masl) on 13

transects, (B) thickness of the 2011 tsunami deposit along the transects. Locations A-T

are sediment sample sites.



Fig. 4. Schematic plan views showing distribution of the 2011 tsunami sand sheets,

inundation limits, and geographic features along, (A) Transect 10 and (B) Transects 12

and 13.

Fig. 5. Grain size distribution (®), mineralogical composition, and heavy mineral

assemblage (the latter in the 1.75-2.00 ® fraction) of the 2011 tsunami deposits, beach

and dune sand.

Fig. 6. Stratigraphy of the 2011 tsunami deposit at Location A (Transect 1) and Location

M (Transect 7). Six samples (A1 — A6) were taken from Location A, and nine (M1 — M9)

from Location M. Locations of the two sites are shown in Fig. 3 A. Five horizons

described as “sand grains with heavy minerals” (A3, A6, M4, M6, and M8) are not shown

as dominated by heavy minerals in Fig. 5, because the heavy mineral grains in these

units are finer than the 1.75-2.00 ®@ fraction, which has been used for heavy mineral

analysis.

Fig. 7. Scatter diagrams showing (A) the correlation between run-up height and run-up

distance, and (B) the correlation between run-up height and slope gradient. The slope



gradient is expressed as a ratio of the vertical interval to its horizontal equivalent along

the transects. Numbers beside dots show the transect numbers.

Table 1. Basic statistics (in @) for grain size of the 2001 Tohoku-oki tsunami sediment

on the Misawa coast. Basic statistics (mode, mean, standard deviation, skewness, and

kurtosis) were calculated following the method outlined in Dawson et al. (1996).
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standard

Transect Sample mode mean - skewness  kurtosis
deviation
1 Beach 2.375 2.40 0.41 -0.07 2.77
Dune 2.375 2.23 0.60 -0.22 2.89
Al (0-2cm) 2.375 2.64 0.45 -0.36 3.27
A2 (2-4cm) 2.375 2.55 0.47 -0.28 3.03
A3 (4-45cm) 2.375 2.53 0.48 -0.32 311
A4 (45-6.5cm) 2.375 2.57 0.46 -0.28 3.08
A5 (6.5 - 8.5 cm) 2.625 2.71 0.43 -0.38 3.63
A6 (8.5-9.5cm) 2.875 2.75 0.40 -0.34 3.64
B 2.875 2.75 0.47 -0.98 5.59
C 2.375,1.875 2.01 0.73 -0.71 4.75
3 Beach 2.375,1.875 1.93 0.62 -0.66 4.10
Dune 2.375,1.875 1.90 0.67 -0.23 2.88
D 2.375,1.875 1.95 0.68 -0.18 2.78
E 2.375,1.875 2.17 0.63 -0.20 2.71
F 2.375 2.57 0.53 -0.47 3.45
G 1.375, 2.375 1.85 0.63 -0.18 3.84
6 Beach 1.375, 0.875 1.18 0.86 -0.01 2.56
Dune 1.375, 0.875 1.52 0.74 0.34 2.80
H 2.375,1.875 1.96 0.58 -0.03 2.96
| 1.375, 2.375 1.63 0.70 -0.44 4.22
J 1.625, 2.375 1.88 0.67 -0.28 3.77
K 2.375,1.875 2.13 0.66 -0.36 3.50
L* 2.375 2.24 1.15 -0.93 3.49
7 Beach 1.625 1.68 0.50 -0.09 3.86
Dune 1.375, 2.375 1.77 0.61 0.18 2.90
M1 (0-10cm) 1.375 1.62 0.60 0.09 3.28
M2 (10 - 19 cm) 1.375 1.60 0.62 0.04 3.00
M3 (19 - 27 cm) 1.375 1.56 0.62 0.04 2.92
M4 (27 - 28.5 cm) 2.375,1.875 2.10 0.59 -0.40 3.79
M5 (28.5 - 33 cm) 1.375, 2.375 1.63 0.68 -0.08 3.02
M6 (33 -34cm) 1.875, 2.375 2.06 0.63 -0.15 3.10
M7 (34 - 39.5 cm) 1.375, 2.375 1.80 0.65 -0.05 3.25
M8 (39.5-40.5cm)  2.375,1.875 2.15 0.59 -0.08 291
M9 (40.5-50.5cm)  1.375,2.375 1.80 0.64 -0.08 3.44
N 2.375,1.875 2.16 0.55 0.02 2.81
0] 2.375,1.875 2.08 0.79 -1.16 5.91
10 Beach 0.875, 1.375 0.95 0.68 0.27 3.43
Dune 1.875, 2.375 1.88 0.56 -0.06 3.15
P 1.875 1.87 0.61 -0.15 3.15
Q 1.875 1.84 0.64 -0.27 3.50
R 2.375 2.29 0.60 -0.24 2.95
S 2.375 2.22 0.65 -0.26 2.82
T 2.375 2.38 0.62 -0.52 3.40

* Statistics without coarse (>-1.0 phi) grains.

Sample depths (cm) for Al - A6 and M1 - M9 are shown with sample names.



