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Tsunami behavior using spatial analysis of onshore tsunami deposits

from the 2011 Tohoku-oki Earthquake, Fukushima prefecture, Japan
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The recent Mw7.8 Kaikoura earthquake cluster which occurred at 12:02 am on 14t November, 2016
local time, was one of the largest and most complex in New Zealand’ s history. The first earthquake
epicentre was located inland in the Marlborough fault system at coordinates 173.02°E, 42.69°S, with the
rupture then spreading across 13 northeast propagating faults. At least three major faults ruptured
offshore and caused complex seafloor displacement that resulted in a tsunami. The only known damaging
inundation was recorded at Little Pigeon Bay in Banks Peninsula “160 km south of the tsunami source
area. The first wave arrived at "1 am local time, with the largest wave arriving close to high tide
approximately "4 hours after the initial rupture. The bay has a distinctly north-facing, funnel-shaped
geomorphology which focussed the tsunami and resulted in severe damage to a 100 year old
timber-framed cottage located “10 m from the shore at the site. Fortunately there were no casualties.

We report on post-tsunami survey observations made at Little Pigeon Bay during four successive field
campaigns on the 16", 19" and 30" November 2016, and on 15" January 2017. This includes
preliminary results and interpretations of electrical conductivity (EC) analysis data obtained from
tsunami-related sediment sampled during the campaigns. Two distinct tsunami debris-inundation lines
were observed. The upper debris-inundation line was "140 m inland and "4.0 m above mean sea level -
about 2.9 m above the tide level at the time of the inferred maximum tsunami arrival. Depositional
evidence included: 1) fine greyish sand and organic marine and terrestrial debris deposited in the cottage
and up to the inferred inland extent of inundation; 2) flood marks on the cottage walls indicating the
tsunami depth above land level at the cottage location; 3) upstream imbrication of gravels/cobbles in the
dry creek bed; 4) salt crusts at sheltered locations initially observed only on the third field campaign with
much reduced levels observed on the fourth campaign. Salinity data, obtained from EC measurements of
surface sediment samples collected up to about 230 m inland, corroborate the extent of inundation
inferred through the observed debris-inundation lines. Pending ITRAX elemental profiles and sedimentary
(grain size) analyses will provide a better understanding of the characteristics of the sediments left by the
tsunami. We discuss the implications of using depositional tsunami evidence at this site to identify and
potentially hindcast older events associated with a similar source. Further, we highlight the role that
localised geomorphology plays in influencing the nature and extent of inundation and damage associated
with locally-sourced tsunami events.
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Sedimentary process of a small sandy event deposit due to the storm
surge and storm wave of a typhoon.
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Fluvial flooding is among the most destructive natural disasters comparable to tsunamis. An accurate
identification between flood and tsunami deposits still remains controversial, which complicates
appropriate future risk assessments for these disasters. Enhancing descriptive data on modern flood and
tsunami deposits is one of the basic approach to the problem. In this study, we describe the patterns of
erosional scour and sedimentary deposition generated by the September 2015 flooding of the Kinu River
in Joso City, Ibaraki Prefecture, central Japan. During the flooding event, water levels in the Kinu River
rose rapidly due to heavy rain that ultimately overtopped, and subsequently breached a levee, causing
destructive flooding on the surrounding floodplain. Distinctive erosional features are found near the
breached levee, with sandy crevasse-spray deposit distributed adjacent to them. Based on the
observation in conjunction with grain-size and diatom analyses, the deposit can be divided into three
sedimentary units. The vertical and lateral changes of these sedimentary features might be the result of
temporal and spatial changes associated with flow during the single flooding event. These observations
and quantitative data provide information that can be used to reveal the palaohydrology of flood deposits
in the stratigraphic records, leading to improved mitigation of future flooding disasters.
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We conducted flume experiments to examine the effects of grain size on tsunami deposit distribution. In
the present experiments, tsunami-like bore of three different magnitudes passed through a fixed slope of
1/20 and 4-m-long flat terrestrial area, and transported sand from the upper part of the slope onto the
terrestrial area. As the sediment source, we prepared well-sorted quartz sands in different grain sizes
(median diameter: 0.20 mm, 0.15 mm, 0.10 mm, and 0.06 mm).

The results suggested that distribution pattern of tsunami deposits depends on sediment grain size. In the
cases of coarser sands (0.20 mm and 0.15 mm), tsunami deposits tended to decrease landward across
the whole terrestrial area as previous laboratory studies have reported. The amount of the deposit at a
given site also decreased with the weakening of tsunami magnitude. By contrast, in the cases of finer
sands (0.10 mm and 0.06 mm), tsunami deposits tended to be approximately constant or gradually
increase to landward on the terrestrial area. The amount of the deposit at a given site did not always
depend on tsunami magnitude on the terrestrial area.

Distribution patterns of tsunami deposits were completely different in each grain size although these
experiment were conducted with same hydraulic condition of the tsunami flow. It suggests that grain size
is a crucial factor to determine the distribution of tsunami deposit, and effect of grain size should be
considered when we estimate tsunami magnitude from distribution of paleotsunami deposits.
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Basic hydraulic experiment on tsunami sand deposits related with
sand grain size and bore wave
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A massive tsunami occurred with the earthquake in Tohoku district on March 11th, 2011. This tsunami
attacked coastal areas and caused serious damage. Tsunami measures must be reconsidered to prepare
for the Nankai Trough tsunami. Many of the tsunami measures are based on historical records of
earthquake and tsunami. Amount of the records are limited, because these disasters are low frequency.
Tsunami sand deposits are left many of tsunami records and are expected to analyze paleotsunamis.
However, tsunami sand deposits are only used to show the fact of tsunamis and to determine the relative
magnitudes. The thickness of sand layer and grain size are considered to relate with tsunami force. These
relations could clarify the tsunami source. This study focused on the relationship between the grain size
and tsunami force. The objective of this study is investigation on the formation mechanism of tsunami
sand deposit by hydraulic experiment.

A two dimensional water channel consisted of a wave maker, a flat section and a slope section. A movable
bed section with various grain sizes of sand was set at the end of flat section. The condition of sand used
three uniforms and three mixed grain sizes in this experiment. Bore waves of several heights transported
the sand to the slope section by run-up. Sand deposit distribution were measured when run-up reached
at the highest or after the return flow. The former condition assumed that water permeated in the ground.
Water surface elevation and velocity were also measured at several points.

The grain size of sand deposits and the magnitude of incident waves were related distance of run-up. The
distances from the shoreline of run-up (DW) and sand deposits (DS) were different. In the case of the
smaller grain size, DS/DW became higher and the amount of sand deposits increased. Further, in the case
of the plural incident waves inputted, DS/DW became higher in all cases. The sand deposit increased
clearly on the halfway of slope area. The distance from shoreline of this position became longer, when the
magnitude of incident waves was large. However, the position did not move by the difference of grain size.
In the case of mixed sand with three grain sizes, the mixed ratio in sand bed section corresponded with
the composition ratio of the sand deposit near the shoreline. However, they were different near the front
of run-up. By the condition of the any mixed sand, the total amount of sand deposits was similar. The
relation with the number and magnitude of incident waves showed two patterns. In the case of same
magnitude waves inputted, the sand deposit increased by each wave near the front of run-up. On the
other hand, the sand deposit did not increase by each wave near the shoreline. In the case of decreasing
magnitude waves inputted, the sand deposits increased clearly by the lower incident wave near the front
of run-up. As in the case of same magnitude waves inputted, the sand deposit did not increase by each
wave near the shoreline. The amount of sand deposit related with or without return flow. The type of flow
without return preserved the much of sand deposit. On the other hand, return flow took away the most of
sand deposits on the slope area. However, when the wall was installed to reflect the wave in the slop
section, the sand deposits remained there. Because the wall increased water depth and reduced velocity
rapidly, tractive force near the wall became small. The distribution of sand deposits repeatedly increased
and decreased on the slope because of limited return flow. On the other hand, when the wall was
installed near the front of run-up, the most of sand deposits took away on the slope area by the large
return flow.
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Tsunami deposits can imperfectly record the hydraulic conditions of devastating extreme events.
Quantitative models relating sediment characteristics to flow hydraulics hold the potential to improve
coastal hazard assessments. However, data from recent natural tsunamis have rarely been accurate
enough, over a range of parameter space, to quantitatively test proposed inverse models for predicting
flow characteristics. To better understand how to “read” flow depth and velocity from deposits, we
conducted controlled and repeatable laboratory flume experiments in which different grain size
distributions (GSDs) of sand were entrained, transported and deposited by hydraulic bores. The bores
were created by impounding and instantaneously releasing "6 m? of water with a computer-controlled lift
gate. The experiments represent 1/10 to 1/100 scale physical models of large events. Both flow
characteristics (including Froude numbers) and suspended sediment transport characteristics (including
Rouse numbers and grain size trends) scale consistently with documented natural tsunamis.

We use the experimental data to interpret how entrainment, transport and mixing influence deposit GSDs
along the flume, and to evaluate an advection-settling model for predicting flow depth and velocity.
Suspension-dominated deposits get finer and thinner in the direction of transport. The data show that two
key controls on GSDs along the flume are (a) the size distribution of the sediment source, and (b)
turbulent dispersion of grains. First, we find that the influence of source GSDs on deposit GSDs is
strongest near the sediment source. Size-dependent suspension and settling become increasingly
important farther down the flume. Transport distances of 1-2 advection length scales are required for
deposit GSDs to be sensitive to flow hydraulics. Second, by looking at the spatial distribution of grains of a
given size class along the flume, we show that turbulent dispersion strongly influences local deposit GSDs.
By comparing different grain size classes, we interpret that dispersion is more important than
resuspension for transporting some grains farther distances than expected based on mean advection and
settling rates. Importantly, intermediate deposit grain size percentiles (e.g. D50) are less sensitive to
dispersive transport than either the fine or coarse tails of local deposit GSDs. Using deposit GSDs along
the flume, an advection-settling model best predicts flow depths and velocities when calculated for
intermediate percentiles (e.g. D50), rather than for coarse size fractions (e.g. D95) as has been assumed
in previous works. Overall, well-controlled experimental data should be used to improve inverse models
for predicting tsunami characteristics from deposits, and to rigorously evaluate the accuracy and
uncertainty of model-based hazard assessments.
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Magnetic fabric (MF) and rock magnetic measurements were applied to sediments deposited by the 2011
Tohoku-oki tsunami to reveal the dynamics of the tsunami run-up and the character of the sedimentation
along the Misawa coast, Aomori Prefecture, northern Japan. Two main types of sedimentary environment
are described: a higher energy, tangential stress-dominated environment with imbrication and
traction/rolling transportation and a calmer, post-peak wave environment ruled by gravitational stress.
Rapid characteristic changes in the tsunami dynamics are also described. The tsunami began with erosion
of the pre-tsunami surface caused by rapidly increasing energy. Bedload features such as ripple
stratification were developed by the repeated accelerations and decelerations of the tsunami wave during
run-up. The arrival of the peak wave was indicated by high-density flow, “slurry-like” sediments.
Following the peak wave, the decreasing energy was marked by a change in MF.
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Spatial distribution of tsunami deposits of the 1993 Hokkaido
Nansei-oki Earthquake at a lowland along the Valentine Bay, Primorye
coast, Russia
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Arslanov, K. A, Chernov, S. B. and Naumoy, Y. A,, 2015, Deposits of Historical and Paleotsunamis on the
Coast of Eastern Primorye. Russian Journal of Pacific Geology, 9, 64-709.
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Crustal movements inferred from fossil diatom assemblages during the
last 1000 years, in the lower reaches of Toberi river area, Taiki,
iHokkaido, Japan
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ERHBYPHBRESOETE WO L EZMARICE Y, TEBETITBEARME (M9V S R) A
400~500FFERTCREL TWAEZ ENTBEIN TS (Nanayama et al. 2003, Sawai et al. 2004) . Z®
HBERMENAZRICEZ ZOF17HEDORIF THS. LBERRE, KEETO LG TRIRICLED,ZERIC
&, 17RO XKUEXICE Z2EHY (&) - ©1L2006) ROERHEBEM N BKEBICHKET 2 TR FRES
nTWwa (BliEF»2003) . AAERTIE, 1T7HIEOERMEICHES HBREHE+MHETEEEBHE L
T, ZOEFITRBEZREL, BRICEEFNZ2EZCADODWNEEICHBEE D/ —V ERE L.

AEMIFDOESIEHT.3M~75mTHS. 17HIEDREHERYEALINZHEEONS1.4 kmAREX
TEWHT DI ENTE, REEELENERICOERI RO ok, BENST.2kmAEOHMITRLRS
83 cmiFREABHC D WTERD M Z T o 124ER, BRBHICIERKEBR KK [KEBIEHL TWEZ
&, WBICITRK-BKEREBERIESEND Z &b o7z, FEWBOHBINIRKERIR LK
K-B[KEBHIEMT ZIERAHED SN, WEBOHRBRRICITKKERNSENT Z2ERAIRDONE. INLDE
A, WEDOHRBRIICZ OMIEAIRA ISERE L THEEMICIESN LR L2 ERU, WEDHBERICITMICEE
ELTESNMETLAEZCEERMLTWS EHAIINS., ZOMB TREINZHBEFH/ I -2, I5I(C
ROEFENOREICSEWTHLMIS N1 7HIEEBERAMEICH D ZE) (Sawai et al. 2004) &FELL TV
3. 17tHCOBERMEICEE L AR EH AL VEHETIEET 22 &1E, ZOMEDOHBETILARETT 2
LTTEEETHS.

F—— K HBFI, EEHEEY. ERCAESE

Keywords: Toberi river, Tsunami deposit, Fossil diatom assemblage
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Investigation of tsunami disasters using lake kitagata sediments
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201 TR ICRAE LRI A RIEEAMEICH D BRKELHIC. BASMTERIIT T 2EREH I D
Folz, BERICHBITZABREREKXEDOLZ L, BELARRETI2RAEFEAMICERLTVEA, BEDER
BRECERP B EOMERERFICL &, BREBHTE BN ARELEREIRELTWVWD I ENDL>TL
%, TITAMBETIKEREBAN R S, ZOhTHEICIEMSICE T2 ZEXBICEREH T, BEDE
RS AEBETT BT & & Lic, —MRAAERHBYICIZ. EEDMHEE, B (rip up clast) & W\ > 7= HTEE
BERFDOIENMASNTWVWB(EH2012), LHL. BERBEICE T Z2ERITKEFAELERZOEAFNE
(. SHITERPEELTVDR I END, DL RHBEEBENBEZICROSNDGMIIRENTHD, 22T
AR TITERDOFEZEL TULAL, BEOEGENAFEETT 2HMOMEBBMERA WL, ILHICOMAEE L THRE
BEDRIRE T TR, MEBEESMPCHETRON. ERSARASAV. BEEBMOERTEIT o7

HEHIIE, RARHLDLOSTHICHZIBHOMBHBEY % AWz, LiRME. BREBE OERHEEZFFS. BK
HEEDEWHIFEAERWZD, BERBHIODEEEZZ TP T WHTHEEEA S, /. HAHEBEYWEZRAV
X))y hELT, ZOERDPBEOHINEITF LN S,

BAMDER, BRARYMNEEZONDE2DDE (170-203cm,344-352cm) ICHIA. 16594 ICIE N L 7=
ALEERE$T257T73E(79-85cm) &, HREN—ZELEEZONBERE(244cm) &AL =,

2 DDHEFEE TIFIMP FROMBALPEKEDRED. KEBAILS IV LEDEMAR bz, LERHR
T3, AIEB AR, BEEOSEEN D, 170-203cmE T3 BKIED Nitzschia lanceola. 344-352cmfE
TldActinocyclus gallicusDEIE D, KK - RKEL U ZWEIERI N,

DEDHREERBERZR. BLUBEEXHEEN S XY MMl Z T o 2R, SFZ170-203cmnDE X
EERLUBEWLD, 1450FEICHBLABERERICEELRAVHARARY N THBEERLE, BS
344-352ecmDEBIF700FBICHB LA EEZ 5N, 701FEICARBTRE LEZRERKRDEIFTH B AEMN

=LY

F—U— R HBHREY. R HE

Keywords: lake sediment, tsunami, diatom
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Recurrence intervals of large earthquake inferred from tsunami
deposit at Idagawa lowland, Minami-Soma city in Fukushima
Prefecture.
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Large interplate earthquakes and tsunamis repeatedly occur along the Japan Trench as inferred from
historical documents and geological surveys (e.g. Usami, 1996; Utsu, 1999; Tsuji, 2000; Watanabe,
2000). The central Fukushima Prefecture is the southern limit of the distributions of tsunami deposits of
the AD 869 Jogan earthquake. Previous studies in Idagawa lowland, Minami-Soma city reported that there
were at least three tsunami deposits with normal grading structures and erosional contacts during the
recent 2,800 years (Goto and Aoyama, 2005, JpGU; Oikawa et al., 2011, JpGU; Oota and Hoyanagi, 2014,
GSJ). Our study site is a polder located about 12 km north of the Fukushima Daiichi Nuclear Power
Station.

In this study, we estimate the depositional ages and average recurrence intervals of tsunamis using
radiocarbon dating and Bayesian analysis. We analyzed two cores (IDG-02 and IDG-06) of the 13 core
samples obtained using the 3 m handy geo-slicer. We found seven tsunami deposits (EV1-EV7) with
multiple normal and reverse grading structures, laminas and rip-up clasts (Kusumoto et al., 2016, JpGU;
Kusumoto et al., 2016, AGU). The top sand unit (EV1) is distributed on the ground surface and is
considered as the 2011 Tohoku tsunami deposit. For the second sand unit (EV2), we distinguished EV2n
in IDG-02 core sampled on the north side of Miyata River and EV2s in IDG-06 core sampled on the south
side. For AMS "C dating, we selected terrestrial plant fragments, seeds, woods and charcoals from
ordinary deposit and measured 11 samples for IDG-02 core and 14 samples for IDG-06 core. The
measured C age were calibrated to calendar year using terrestrial calibrated curves IntCal13 of the
OxCal version 4.2 program (Bronk Ramsey, 2009; Reimer et al., 2013). The age-depth model was
constructed using individual radiocarbon dates, the Poisson-process deposition model and Event Free
Depth scale (Fig. 1; Bronk Ramsey, 2008; Ramsey et al., 2012).

For IDG-06 core, the depositional age of EV2s is constrained as 790-1120 calAD based on the 2011
Tohoku tsunami deposit (EV1) and a total of 4 samples between EV2s-EV3. For IDG-02 core, the age of
EV2n also ranges from 1100 calAD to 1665 calAD based on the age of EV1 and a plant fragment between
EV2n-EV3. The time interval between EV1-EV2s is about 820-1220 years while the interval between
EV1-EV2n is about 350-910 years.

The depositional ages of EV3 and EV4 are constrained as 380-530 calAD and 320-470 calAD based on a
total of 6 samples between EV2-EV3, a charcoal between EV3-EV4 and 5 samples between EV4-EV5. The
time interval between EV2-EV3 is about 350-760 years.

The depositional ages of EV5 and EV6 are constrained as 400-240 calBC and 560-370 calBC based on 2
samples between EV4-EV5, 3 samples between EV5-EV6, respectively. The age of EV7 is estimated as
1210-820 calBC from a total of 5 samples above and below EV7. The time interval between EV5-EV6 is
about 330-810 years.
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The above results show that the time intervals of tsunami deposits are variable. Time intervals for EV3-EV4
and EV5-EV6 are relatively short, suggesting frequent occurrence, while the intervals for EV1-EV2,
EV2-EV3, EV4-EV5 and EV6-EV7 are about 350-820 years, suggesting infrequent occurrence of large
earthquakes. The deposit EV2s may correspond to the 869 Jogan earthquake. If that is the case, the time
intervals between EV1 and EV2s (1142 years) is much longer than the other intervals.

F—U— R ERHEEY). 869FHEIRK. MAMRFFNNE, FIIBKER

Keywords: tsunami deposit, AD 869 Jogan tsunami, radiocarbon dating, average recurrence intervals
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Figure 1. Age-depth relationships for IDG-06 and IDG-02 cores. (a) Topography and sampling sites.
(b) The age-depth models for IDG-06 and IDG-02 cores. The circles and bars show the mean values
and 2 sigma ranges, respectively. (¢) The depositional ages of tsunami deposits and recurrence
intervals between tsunami events. Blue color and red color show the results for IDG-06 and for
IDG-02 cores, respectively.
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Possibility of the interdisciplinary historical tsunami research based on
various historical records - Example of 1611 Keicho Oshu Earthquake

and Tsunami -
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BAICIZ. 1,000F LU ERID SRS N2 BAEXENFEEL TWS, FICT7HEBLAREIE, STRRFRICIE
RRO#BFEOALICLY ., SBEHD DERBERERNNFEELTVWS, AARTIE. INOHDSKRRER
DOELERICEDVWT, ZEMAETEREMROFEEZEZI TV, TOEHICTGTTEICREOBADREIL
MARFFAFTHRE LAHERE (AMRTREREMBERREMESR) 2FHle LTEITV

EE, R AKXTFARTIE, 15HBUBICRELZFERICLZ2EDEAONIHBBENZHOMEANS
HEREINTWS, ZOHBMEELZS LIZARY & LTI, 1454F5 & 1611 EHRETMA DN T W
%, INERIETIEREROERD SDHTT B, 1454FDEFA XY MROBRWERZERNELT
&, BEBRFERICERII L7 TEREEI EITFOND, LHAL., FROMKM (BMN=IRFEDERILHA) HEH&EWEG
FRICHILL-ERTHZEEHIC, CEAEEZEDLERTHD, /o, UROBMAEIFATIXELDNT
&, TOWHMKEHEITHOE0KME 213400KmE HRIRT 2 EMNFRETH Y. ZDERENDHAYITL W, —
H. 161TEHORMWE R ZBERER L. REFERIEVERICER SN ERPEFICEEI N mRA Y
DEREFEELTVD, ZORBABRESNT 2. OAFEEHHD/NEAROEHFICE DI ER, QFFEIL
HETD TREEAEEMAENXE] MOMRELZER. QA OAEREFICHET 25K, OEREDLE
FICEELEBE, OREEREAEHOREBPEICERLAZER, IC9BET2IENTES, 25 LEERO
BRBDEFEEN S, 15HEMEICEFENSBERICNT THERICHEEZ L5 LIERIF161TEDER
EEZDDHEYTH D,

¥z, BRERNSEOMEAETTEHI LT, BREEOKEE & WUFEMICARRT 22 &AM ATEEICA
%5, aFREEHICIE. 16TTFEOBREMNBERRICHS T IHEEDOERZFPEEADS VN DHNKINTL
%, MEEESEI SV ERICKEK,. BEREMNMEZRROR,. BAEFER)IIEZM)IME LRSS/ NMNUBICE)RE
L. BRICK>TINEB LI EMED S, I5IC. SHHEHOMICIFTI98FICHEINL [—FHD
Bl EWOIBEHHY., IFERICRELEERICEYDN D TCZOEMICEE LA—FRINICAEET LD EW
IEEDEBINTWSE, INSOFERENMAIE. 201 TEDERICLZZKEERLY I SICHREICMEL T
W2, TIHNHEZZE16TTEOERIF201TFEDEFLY EHEAKREN > EICRD, LML, BHMY
BMEEETLTEZD S, ZOFHRIEHRILL ARV, EEEMASMAERLE 57211 26 &I1C#H
100D A2ETT 2 &, EHTORREFRNTWBEFPIIZ/NMNUBOILAEL RN TWS, £/, &F
AHEBARZILONSRNTWAEZ EOPHRTZ 2, TAabh5. BRENMEREORRENKIEIBA)I
DREEICEELTHY., Lk - GEROABEZZRDOM)IM LETERBET 22 EAAREE RS,

ZDEIIC, BEEROKEICEAT 2L RDATIEAL, FHOKRIERY. BEEXBICEKLARVERSE
REZTCOMETHIET. BREKELFMICHEAT I ENTREE RS,

F—O—F 161 EBRREMBEIRK. BLER, FREOESRZRMR. BRHOQMF ORI

Keywords: 1611 Keicho Oshu Earthquake and Tsunami, historical records, interdisciplinary historical
tsunami research, Visualization of historical geographical feature
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