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Table 1
Fault models and their parameters of the 17th century great earthquake.
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Fault Length Width Depth Strike Dip Rake Slip
model (km) (km) (km) (deg) (deg) (deg) (m)
T 100 100 14 228 15 90 10

N 200 100 14 228 15 90 5

S 300 30 6.7 228 15 90 0-35
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Fig. 12, Tsunami heights along the Pacific coast of Hokkaido (Satake ef al, 2008 Toki and Tanioka, 2016) from combined
model of interplate and tsunami earthquakes (brown), giant fault (green), inter plate earthguakes (red for T10NG, light blue
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Figure 15. Cut-away schematic characterization of the
megathrust frictional environment, related to domains A,
B, C and D defined in Figure 6. Regions of unstable fric-
tional sliding are dark regions labeled “seismic.” Regions
of aseismic stable or episodic sliding are white regions
labeled “aseismic.” Medium gray areas are conditional sta-
bility regions, which displace aseismically except when
accelerated by failure of adjacent seismic patches. Domain
A is at shallow depth where sediments and pore fluids cause
very slow rupture expansion even if large displacements
occur in tsunami earthquakes. Domain B has large, relatively
uniform regions of stable sliding that can have large slip, but
generate modest amounts of short-period radiation upon fail-
ure. Domain C has patchy, smaller scale regions of stable
sliding surrounded by conditionally stable arcas. When these
arcas fail, coherent short-period radiation is produced.
Small, isolated patches may behave as repeaters when
quasi-static sliding of surrounding regions regularly load
them to failure. Domain D is dominated by ascismic sliding,
but many small unstable patches can rupture in seismic
tremor when slow slip events occur or when dynamically
loaded by tides or shaking from passing seismic waves.
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Figure 11. (a) Influence of horizontal extent W of shallow
velocity-strengthening region on cumulative slip (plotted every
5 s). Shown for maximum effective normal stress Gy, = 40 MPa
and seismogenic depth D = 45 km. (b) Horizontal and (c) vertical
seafloor displacement compared with various observations (dashed
line). The color version of this figure is available only in the elec-
tronic edition.
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Fig. 4. V, graphy and ch of the 2011 Tohoku-oki ear . The colors in (A to C) show V, tomography along the UBP obtained by this study.
Black bold contour lines in (A) denote the back-slip rate (5). In (B), the yellow stars mark epicenters of very low frequency earthquakes (VLFEs) (24); the red rectangle
denotes a slow slip event (22) preceding the 2011 Tohoku-oki earthquake; the black rectangles show locations of coseismic strong ground motions (39); the magenta
contour line marks the site of coseismic high-frequency P-wave radiation with a relatively low seismic moment during the 2011 Tohoku-oki earthquake (40); and the
black short lines near the trench indicate seafloor traces of normal faults (34). The blue and red contour lines in (C) denote the coseismic slip (7) and the afterslip (43),
respectively. The other labeling is the same as that in Fig. 2.
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Fig. 5. Vertical cross sections of V, hy (left) and c¢ ding cartoons (right). The east-west vertical cross sections are along the three profiles shown in
Fig. 1C. The normalized residual topography (blue line) and gravity (green line) along each profile are shown atop each cross section. The red and blue colors in (A to C) denote low
and high V, perturbations, respectively, whose scale is shown beside (A). The white bold and dashed lines in (A) to (C) denote the UBP and the forearc Moho, respectively. The red
star denotes the mainshock hypocenter of the 2011 Tohoku-oki earthquake (M,, 9.0). The black and yellow stars indicate other megathrust earthquakes (M, 7.0 to 8.0) during 1917
02017 and the VLFEs (24) within a 40-km width of each profile, respectively. Note that the hypocenters of the VLFEs and the megathrust earthquakes are set on the UBP, because
their accurate focal depths are unclear for most of them. The reverse triangle denotes the Japan Trench axis. HF, high-frequency. In the right panels, the red, green, and blue lines
denote low-, normal-, and high-V, anomalies atop the subducting Pacific plate, respectively, according to the tomographic results of this study. The gray dashed line denotes the
forearc Moho.
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Fig. 1. World map showing general lack of correlation between rugged subducting seafloor and great megathrust earthquakes and showing locations of map areas of Fig. 2 through 10 ar
14. Rupture extents of giant (M,, = 9) events are indicated with pink lines. Epicentre locations of other great (M,, > 8) events are from the USGS/NOAA catalogue for the time period

1903-2012.
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Fig. 11. Scenarios of seamount subduction seen in the literature. (a) “Cutting off”: The top

(Wang and Bilek ( 20 1 4) ) partofor the entire seamount is sheared off. (b) “Sliding over”: The upper plate frictionally
slides over the seamount without severe internal damage. (¢) “Breaking through™: The
seamount forces its way through by severely damaging its surrounding and itself (modi-
fied from Wang and Bilek (2011)). We consider (a) unlikely and (b) mechanically impos-
sible. Scenario (c) is supported by field observations and sandbox experiments.

KA FBUETLU—MER D F1A
(Wang and Bilek (2014))

Dwitarn



1.

3 BHEIEETILORTE

1. 3. 3 LEOFEREFEEZERLI-FEILEETILHHIEETILO)

1. 3. 3. 4 REHTRYLNELHEERIFEH

$E1193EEFEEXH (R5.10.6)

ZE1-1 p177 BB 181

W3t ETHENEELE-ER: AD— i EFHE (FHFERAFARUVETFE
Nishikawa et al.(2019) [&, B KB EHMTHATATDS—netlZLHHMtE

WTHRALTWASHERR (TI=
R AR, XIWIR

Hot=EL TS,

2L AR

R, TDOMDOMEFHRD

i)
VA PR ERIRREEALT, BABIER

, RER - BB

VOME), BIERKME AO—RYyT, BEBE, NMEYBRLHE) OER I AN, AO—MES FEEH (=

1) £3.11HFR 0)6&1%7’3‘1~JJ:LT_1:E15E7’J\—¥51'§’6 AT, SIMHMBETREGIRYANLEL-EHE

Ffz, AD—1EASREL TV SRBE N, AR BUFORHETHERE

20125 [CORA)ATHRELI-ME
T3,

(Mw7.6) X°2016FEICTHUT7RILTHREL-E

Fig. 4. Schematic views
of the slow earthquake

A
AN

®

1992

activity and structural
heterogeneity in the
Japan Trench and
Nankai Trough. Red and
yellow squares denote

ultraslo

40°N

Sanriku-E ki

o em
o

tectonic tremors and
VLFs, respectively. Green
stars and blue circles
indicate repeaters and
earthquake swarms,

be °%

39°N

respectively. The orange
regions are interpreted to
host or potentially host
SSEs accompanied by
tremors, VLFs, repeaters,

«F @

38°N

o x

and/or earthquake
swarms. The green regions
denote geodetically

detected SSEs. The purple

37°N

i3 1]

region is the rupture
area of the 1896 Meiji
Sanriku tsunami
earthquake (22) in the
Japan Trench. The red

ke em 0l0 @0
L
ke

-% oo B

36°N

regions indicate the
coseismic rupture

area of the 2011 M,, 9.0
Tohoku-Oki earthquake
in the Japan Trench and

LT
Q

% @x

35°N

T T
140°E  141°E  142°E 143°E 144E  145°E

sTremor eBackground swarm srRepeater in background swarm ¥ The Tohoku-Oki earthquake and its foreshock
*Repeater in aftershock swarm ¢ The 2003 M6.8 and 2008 M6.9 Fukushima-Oki earthquakes

=VLF o Aftershock swarm

Fig. 3. Slow earthquake activity in the Japan Trench. (A) Epicenters of
the tectonic tremors, VLFs, and earthquake swarms containing repeaters.

Red squares indicate tremors with a duration of 80 s or longer. Yellow
squares denote VLFs. Blue circles represent events of background
swarms containing repeaters (orange stars). Cyan circles are events
of aftershock swarms containing repeaters (green stars). The green

square denotes the June 2017 SSE. Magenta diamonds indicate the 2003
M 6.8 and 2008 M 6.9 Fukushima-Oki earthquakes. Magenta large stars

BABEICBTHIAO0—ME

locked zones in the Nankai
Trough. The pink regions
indicate the asperities
(33). The brown regions
are subducting seamounts.
The dashed dark gray
lines denote the afterslip
areas of the Tohoku-Oki
earthquake in the Japan
Trench. The white dashed
line indicates the forearc
segment boundary (24) in
the Japan Trench. Note that
the slab geometries are
simplified. The schematic
view of the Nankai Trough
is adapted from (11).

1995 2000 2005 2010 2015

denote the epicenters of the Tohoku-Oki earthquake and its largest
foreshock (M,, 7.3). The solid and dashed black contours indicate the
coseismic slip (17) and afterslip (20) distributions of the Tohoku-Oki
earthquake at 10-m and 0.4-m intervals, respectively. The magenta
dashed line indicates the forearc segment boundary (24). (B and

C) Space-time distributions of the tectonic tremors, VLFs, and earthquake
swarms containing repeaters during the 1991-2010 and 2014-2018

time periods, respectively.

=EE)

(Nishikawa et al.(2019))

BHARBESIUVEBINIIZHEITARO—E

#iE

(Mw7.8) D L3I, MR DIKEZ (TSRO ATH

LR DRAO—EIEBN TR T

[SHISLTWAIEMD, RREIFEEEDERERFIENRLY,
EEAHDHEL

The Japan Trench

Tremor and VLF
/ 1896 Meiji Sanriku tsunami earthquake

Asperity
AN

Ultraslow earhguake

Afterslip of the Tohoku-Okt

Upper plate consisting of
granite batholiths.
(positive residual gravitiy)

/
Forearc segment boundary

Upper plate consisting of
accretionary complexes
(negative residual gravitiy)

Shallow episodic tremor and slip

The Nankai Trough

Nankai Trough

. ol
Kii channel
7
Long-term SSE

Subducting plate
Shallow tremor and VLF

/
Deep episodic tremér and slip Bungo channel

Q) The 1896 Meiji Sanriku tsunami earthquake
mTremor @ Earthquake swarm ) Areas hosting o potentially hosting SSEs

We  Nrepatr @ Geodeicall detected SSEs @ he Tohoku-Oki earthquake rupture or locked zones

Q@ Asperities

EiEEE
RO E 4 DR % (BEREED) (Nishikawa et al.(2019))



F1193EBERK A (R5.10.6)
B¥1-1 p178 Bi 182

1.3 BHIEETIDERTE 1.3. 3 LENFEEFEEZEBL-FHEETIILUFEIEETILD)

1. 3. 8. 4 RELTRYLNELHEERFEH (5234
B EED
SITMEBRICAZTHATRYNELEEH B AERENAELELERBE - BRMOTINIRANEERUHEFH RN D, KELTRYMN
ALEZTL—FERIFUTOHEENIEEEETHLDEEZLND,

> ATIADIEAERL, BB R T RS EEZD HIMBEADHT S,
> FU—MERBEE (L8, T8) INEGHBEZETHEELIC, AO—EFHIEATHD,

Trench
T

Coast
T

Oceanic

------------------ B Tsunami Earthquakes Plate =
Large Slip Earthquakes ~ With Low Short-Period —————
With Low Short-Period  Energy/Stable Sliding

Energy i

N
(%]
T
=
°
=
o
v

- Modest Slip Earthquake
With, High Short-Period Energy

Depth Below
Sea Level, km

W
(=]
T

Slow Slip, LFEs,
SE}IsmicTremor

L 1 1 L L

0 50 100 150 200 250
Distance From Coast, km

(IADIEA SRS, BB LAY
SR ESOSIMMBA DT D,

~
w

A'ccgctionary Wedge

Overriding Plate

TL—rERERE (LR T8 IXWEL
BEEETHLEEEC, RO—EFEIA
BRATHS,

Slow slip/Tremor

N\

KELFARYE R LS T L— R OHE HE o
X Lay et al.(2012) 12k 3T L— M ER O EE K RS O %j E"'?;]
=5



F1193EBERK A (R5.10.6)
B1-1 p179 B 183

1.3 BHEEETILORE 1.3. 3 LEOEREMHEZZEL-FEEETILEEILEETILO)
1.3.3.5 BERBE-TEBEENEEMICE TEIRELITARNYDFRELE MM 5234 |

BENELEHDTIN=IANESED
- TEEEREAWE BREBELOENMSEHICHEL, TOREE (EXF) TIX, BEWIRNM RSN TS (BE&EWLES)) (K41 (2002)),
- BEWUROTERICENT, FENMIETEHHBRNTLETIZHFTHEB(TIIR—23V)L, LEtmESH-EENITEESEEHLMEIC

FOTHEAIZEEL, EEIUMLEEDHETES T TELTWNS, =, BIBXRINE, ZOH8 (T33Rr—av)LEFEMORAD YD
KIZZEAL TS (R85 (2000) ) .

Collision

EERRE] hl 0 H Ak H A0 ole T B
IR , 3 - St E143° 00" | ENE
; BT ’ E:? HM] @i
v N <s w @ X
N43' 00 3 o [ries , F
//; N43' 00 Y "m /// _SL
ImZ; ﬁm z "
—X' |~ Foditied from SOEBANOCT Pom.,,,
\ Modified from H91-3NOC) I
" Mainly from (GSJ,1996) L 20
Wedge Delammatmn// |
D~ . L0
R ,,//// "
N.@ ‘
° 2, o 20km 30
96 T A V:H=l:1 (o]
) B2 HES#zEL o oichiig il - & LW o PR EETER,
Lo | BIHEAR O AT B 1 @ X—X'o BrRIR T ic B AR Lt BFRIZ 1 ifd]
o = Nz 0 Uo ltoetal. (1998) % kUMD (1999) ZZE,
(7 (2000) [C— &R HNZE)
apan National Oil Corporation seismic lines e ”
0 /]p Sﬂk(:n orporn 3 @ FERIAIOEE
S NS S S— —
| R 5 R - L LR IR £ R AR AN ..
B X—X' 13K 2 obfmiE%Rd, HlES (1999) 2&E,
Of'E] F& LT, MmEFHER (1982, 1996) itk %, Nk: fi)I[fE#, Hm: A ijtazﬁ% :F%m
EEBAE (), PoiEu vy A7 4AFA L (FEE), diAFyF 7 ~13Ma

W, Yoo WHEEH, Sr: ZAER, Km o MEEEZRSE Sn bHIIE—=

evE, Pg:HE=%, N1~N3: HEHEER (1982) 2R U. Qv : Hpasdkil -

=, [AMT ;. Ot FWE) WBT : P5&E FUE, WIT @ v = i
=il § T G J:ﬁﬂiﬂj,* @@]J’_

(5] 94 - 96 - 97 1 [ EZEAHSEICAH LR, S5NG - 86TK : &¥F5 (1990), Y A
ST 5 99, % DIBOWRIERAR 1o, 1997, 169, 190
(177 (2000) (= — &80 2E) L RO _
i FEAOTE LRI ARTEDOBHRIZES

BE WART BGEFE D R (SCERF 4 (2008a) )



$E1193EEFEEXH (R5.10.6)
BE1-1 p180 FHig 184

1.3 BHEEETILOERE 1.38. 3 LEOERFEEZZEEBLFELEETILUHELEETILD)
1.3. 3.5 BABE-TEBEENEEMICHEITEIRETLIARNYDFELETEEMN 5234 |

BENEEHDTIFN=IANERO
- FERIRYN—DOEEIZEYLARAATHFFOEIHEIE, ETOAEERST LEIZETELTLS (Kita et al.(2010)),
. EBINIEMN2012) 1%, KEFRSTHHRADO —EEZEREMEFBNS>SH LEDMENDZEMB A HETL—MEEIZIZRELXILEEZRAHDIEL, B

HIZHETERTFEERZTDELICELG>TRARLT(VEVBRSTOHELREKRIC, BMREMICHETHLAAABERTERZ TN E
I HEETIE, EDTIN=IRAWERA O LEAMEDOREFTNBAMISRAGE>TLSELTIVS,

Vs Vs
L —— 4

3700 3.925 4.150 4.375 4.600 4.825 5050 5275 5500 3700 3.925 4.150 4.375 4.600 4.825 5050 5275 5.500 44°

42 @
£
=
»
>

@ coﬁvtact
) _ 20" | z@ne with
Hidaka mountain range Hokkaido Hidaka mountain range 3 sllh/ercrus\
" e
*[@) Noreastern daFopear () crustal materie Paneast g
Japanarg: sliver* T i !
SR, o8 .
401 Marftle s, N 38 |

wédge*' .

i—E ; i . C'ontactzone ﬁ =
§ “ Contact zorie., - ° : N A E: g
b “ﬂ .°°':°?%ﬂ§f{;€"’%,, T~ | | A/ e E
1% i ;«"7/ 1 Pacific slab W"’ T }_/ i =
34 3

EBEAEIZE THEAHRAATFRERT EFRST DEMDET Lo o

(L BRI ST4—, T ERXE) RFFRFTTHBADIED I BRMIBHEIUEBRTT R
(Kita et al.(2010)) (R&NFA (2012)) ERFERST DEMOET

T I HERALTACO GaORBORE (L WERNESTI(—, T AR
Ey [} FEHES ..
B8 ATERST EHBRAOHA (Nakajima et al.(2009))
RAG AT HFRFINE LDIAIEVBASTRY
AIAIAY R EIEARL TL AR

B mitEn



FE1193EBEXK A (R5.10.6)
BH1-1 p181 HiB 185

1.3 BHEEETILOERE 1.38. 3 LEOERFEEZZEEBLFELEETILUHELEETILD)

1.3. 3.5 BABE- TEBEEINESEE

BICHFTERELGIT RNYDFELEAMEENE (5234 |

BENELEHDTIFNURANEREMT ~8ISADMME R EMEHDEF
X ERF} A (2008a) [, =REFILEAI SN -RENCESBEH TERL-EEMEERA T —RLMEREEHELN D, FEIMERILB A
DEEDFERRAEL:-THBRME TR T HEEZIONIBEEREEREFTHLRDOON, COBEREFELHFAOKFEFRST LIEMT HEEHE
BTEESCTL— It EDOEREMNLADEESIZ, 1968F bt EDILTEID 7 AR T4 492003F 5 L U2004F M7 D TL—HE 5 i
EEECL-EEX, ALMEREDFIINIIUMNLOETIZAET HELTLVS,

Ft=, FENBIIASRZEL-TEMBMELTL—FMEROEMBICET, IREAERLMMENFEELTIVRWNIELEDH S L, EilEEFDRE
B (X BB MEARLY, BBV THESR T RYIIIZEAERISGLOMNELALZNELTINS,

— TL—MEREDCOKNERR
O ElEENER

139° 140° 141° 142° 143° 144° 145° 146° 147°

45°

a4°

43°

47°

41°

40°

/V
19685 + i R e

DT ARYT4 60 70 80
Vp (km/s)

1973ERE HHE
DT ANYT4

20035+ it
DT ARNY T4

TL—MEREE L5kmIZHFBVpD N TET L —MERHE

DHIEE, HLMEDERDHHED LR
(X ERF 4 (2008a) —EZBANEE)

— L —ME R E D 60kmEE E iR
A BAS

139° 140° 141° 142° 143° 144° 145° 146° 147°

45°

44°

1973 R E F I E
DT ANYT4
43°

42°

20034 + R i R
DFARY T4

40°

/V
19684E + 5 it 7 ———

DT ARYTF4 6.0 70 80

Vp (kmf/s)

TL—rREREETKMIZETEVpDnHETL—MERHE
DR, HLUMEDERDODMED L

(X ERFI 24 (2008a) —ERANE)

Dwitarn



$E1193EEFEEXH (R5.10.6)
BE1-1 p182 Hig 186

1.3 BHEEETILOERE 1.38. 3 LEOERFEEZZEEBLFELEETILUHELEETILD)
1.3. 3.5 BABE-TEBEENEEMICHEITEIRETLIARNYDFELETEEMN 5234 |

BEZIRF D LAALEIL

- Yamazaki and Okamura(1989) &, BZE R4 D& EEHERCIIBREBUNEEL, ZTOEAME FIZK, HMEKEENSEFAALBILNEFE
9HELTLNS,

- KFIEMN(2002) (T, BEBURDERRELIZTILFFroRILREFE, BEMERARE -HES-EHEBEEEZERL, BEBER(T:
FRE), Z2E88LUEVEAHFATEILUE LZILA-FERICHEYIAMCSAUIEER R (T AR M5, iMAHRATBILEBRBEICA A= F LTWNVS,

T RAHRAATBILOEEETERD
(Yamazaki and Okamura (1989) (2% 3)
—— :MCSI# (HK103)

7 41730

M 2 ,’ ) 2 HK103 MCS time-migrated onboard profile

“Klﬂ]-(_: 5 t Ef%g‘;ﬂﬂﬁif] gy =) 9900 9000 8000 T000 ololi
] ‘ 4

| 0BS HIFR (KYOOBS)

—— MCSHIER (KRooa4)

4w

Time

=(a3s) awuyy

- 4171

=
2
8
k-3

c)

bl e = R R T S P R
|

= 41700

Time (se

2996

<— SSE  Onboard time-migrated profile : whole section of HK103 NNW —>

BESLURVEAAELELEDTOTI7SIL
(MCSALEE 5D £ GHI%R : HK103) )
MARAATZEILMEDEE /T (KREIFH (2002))
(KRB IFH (2002) [Z—ERNE)

B mitEn



F1193EBERK A (R5.10.6)
B¥1-1 p183 Hi 187

1.3 BHEEETILORE 1.3. 3 LEOEREMHEZZEL-FEEETILEEILEETILO)
1.3.3.5 BERBE-TEBEENEEMICE TEIRELITARNYDFRELE MM 5234 |

BEAATELE EBRTL—OEEER

Dominguez et al.(1998) [&, iBILUDEAAM L HIEAIME DB ERNFRICONT, BILDKAAAZEL-HFEREREIR S Dbt K EREA
MEDOEMBEDLEERND, ROEESYEELTIVD,

> IRFHFAATOGBILORTEICIE, BRICIERT S/ \VIRASAO RSN, BLUDETELLITHT=ITEAIICHRENDLEDIS, IEARATNSD
BUDTEEHENSEAID/NYIRSANFERLTOHET MEB ORI T—ID BRSNS,

> BUNTEZITEARAA, BLUOBRAITEURMEATEESNIED, A ALHEBYOEM TR TONEEICLEE, BLOERICIXREERIC
EMT SEMBRI AN D,

-85° 00" -84° 50' -84° 40" -84° 30°
9°30" Fm— -  9° 30
NN v}\\ iTECTONIC MAP
A S
E:,/l C:/5; =N “&_a Thrust
=S =~ L Normal fault
Sei=" == Strike-slip-fault
fzf‘ - == Main drainage
9°20' <= @) Basins ° 20"
- 20 km
5
—4
.
v
T
9 00’
~U
BN — l :E
8° 50 i < R 3 8° 50!
= = 2,
R S s
T R S ana i :
e e ] e e -85° 00" -84° 50' -84° 40" -84° 30'
BREEAWEERICEDCEAATBILICKZERAMEOEREE (£ E8, £ EXK) AR AR OBEMIPE (OMF EAHALBILLGE)

(Dominguez et al.(1998)) (Dominguez et al.(1998))



$E1193EEFEEXH (R5.10.6)
BE1-1 p184 HiE 188

1.3 BHEEETILOERE 1.38. 3 LEOERFEEZZEEBLFELEETILUHELEETILD)
1.3. 3.5 BABE-TEBEENEEMICHEITEIRETLIARNYDFELETEEMN 5234 |

BAZURHDEAAT BT EDHREE (1/2)

- Nishizawa et al.(2009) (¥, ZZBILUEVFE1EEBLUEZTORERISEAADBILEETIMERNES 70— 0, BEMNLTLU—MEROEE
CHELT, Z2EBLURUEI1EEBLME (XHFHRANELS BEHTEDRERDTL—HMIDNTIE, MiHFALBLOEE(ICKVIERERED Sl
BRI HELTLS,

ﬁ”][”zk (Vp=3~4km/sl;l-F) W=30km : EMI:%/EF*E i

Irllla:ﬁ:'g45km | | W=dkm SRR FRAR Y |

Profile ERr1

{a) . Low Q?
. ) - rimo Smt. 03527

=T ____

-

-]

H]

< !
.l'll____ -

-
=]

-
m

. IO

Depth, km
=4

5

low Pn velocity|

—l—II— thicker crust

3 | vszoz=an \l.uur.c.r'rrrrsz'\.r-.ans 90
[} 50 100 150 km
BS? )
b ", o F - Profile DKr1
( ) o - CI (b) E0 horizontal seafloor displacement (m)

60T Tio et al, + Sato et al.

ajichi-Kashima Smt.

5
£ = 40[|> Kido etal. © Ozawa etal.
E 10 20
=15 0 =
L
o . 4
o2 o] vertical seafloor displacement (m) &
[at 4 =
—— ) 25 A
100 =75 -60 -45 -30 -15 00 . | low Pn velol::ity 2 —
depth (ki .
opth (k) |NW thicker crust SE 0 ﬁz‘/—:-?/ —
0 50 100 150 km 2= . L L 4
0 50 100 150 200

Distance, km ) )
horizontal distance from coast (km)

@Eiﬁm (a) %—1 E%lﬁ”—l (b)&EFD B*ﬁ'l(-%c?% t:ﬁm% Figure 11. (a) Influence of horizontal extent W of shallow
£ — velocity-strengthening region on cumulative slip (plotted every

ﬁ ﬂéiﬂ '&F:Ea 724 ﬁ(Vp) 5 s). Shown 1%1‘ maximum effective normal stress ., = 40 MPa

(lehlzawa et al. (2009) [2— n[‘j]l]%) and seismogenic depth D = 45 km. (b) Horizontal and (c) vertical

seafloor displacement compared with various observations (dashed
line). The color version of this figure is available only in the elec-
tronic edition.
BB SaL—2avIc &bt IADIEE
MBI NYE, KE- L TEUDOEARK
(Kozdon and Dunham (2013) [Z—&BANEE)



$E1193EEFEEXH (R5.10.6)
BE1-1 p185 FHig 189

1.3 BHEEETILOERE 1.38. 3 LEOERFEEZZEEBLFELEETILUHELEETILD)
1.3. 3.5 BABE-TEBEENEEMICHEITEIRETLIARNYDFELETEEMN 5234 |

WAZIRHOIEA AL B LM EDHIRIEE (2/2)

- 2003FE+HAHEDOREDILBEMTEDREIkMOMET, FEHEERDERKMENRAELIZCEDNT, Obara et al.(2004) [F, EF KR
(LF1, LF2) DERME L, BILDEARAACE>TEEEZIH-TU—MERICHIET HEL TS,

- F, BRBE-TEBEAVFEBEEREANEBLAMAENRREZELLAHAHFTHA=H, FBINIICRONDISLMAMERED 5
BEETOIEEEINIKOD, AR BLOFEICKY, BBHERAOTL—MIME - #17EHEE (normal faulting system) 2T T 5718, ZD
M THRIREENEV S BREQERIRMENARELI-CENTEENDHELTNS,

- UEAD, BEIRDORBEEE, RAATBUDZEICKY, TR HEELTIHHEEMEREEHD HIMEAT T HEEZILND,

0 AR REORRAM
* {EEIRME(LF1, LF2) OFER i .
A RA&RGHOL | T T e o WEES o EERES

=10 : .‘ 5
& cce00 A g L A Q E
M23 456 Z20 -

]

y [l
<o
B

= My, 9.0
100 km 2 308 g ,7 Large coseismic slip
43N A 40 A 2011 My, 9.0
o B 38.1°N HF P-wave radiation  ("ucleation)
144 HF strong ground motions
° il
oo & Oj@&vﬁl
— OO [od _1 v
[ 8 ’
S o Japan Trench s m s
NsAMH g - . L , P
PP PN <y —~10 *‘*;-;gg-—w e q\aD Thicker sediments o g
" Le € o~ Okhotsk ‘ﬁﬁ' . ?'AC‘{\C : =R ,|_-|3 ,[P
5 o Very low frequency earthquake EE]
T — Pacific slab HF P-wave radiation (VLFE)
O 40 X - HF strong ground motions
C 365 Tohoku megathrust
) — —
Longitude (°) Low-V High-V
—_ =+ SRS 4\ —5
TU—MRERIZBITEPRBEESMELT DA A—
(Liu and Zhao (2018) [C—&BANEE)
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Depth [km]
o) ' ' ' ' o M‘z 55 ! Fig. 1. (top) Hypocentral distribution of the main shock and aftershocks of the 2003 Tokachi-Oki earthquake and low-frequency (LF) earthquakes. Solid
o~ D . S stars labeled LF1 and LF2 indicate the hypocentral location of LF events occurred at 3:37 am and 3:46 am, respectively. Aftershocks for the period
E olddfp O LF's® o6 of one month from the occurrence of the main shock are relocated by a homogeneous method with the fixed stations using stations of NIED Hi-net,
Ewl f ¢ 3 PY P JAMSTEC, Hokkaido University and JMA around the aftershock area. Well determined hypocenters with the horizontal error of less than 2 km and
e < the vertical error less than 4 km are plotted on the bathymetric topography map. Focal mechanisms of the LF events estimated by the moment tensor
= ™ | inversion analysis are shown in the lower left corner. Solid circles labeled with Refl and Ref2 are the normal aftershocks whose seismograms are
~ I | shown in Fig. 3 and Fig. 4 as references compared with the LF events. The solid square symbol is the location of the station N.SAMH where observed
9/26 9/27 9/28 9/29 9/30 101 10/2 10/3 10/4 ' 10/5 seismograms plotted in the Fig. 2 and Fig. 3. The triangle symbol labeled with SS indicates the swell produced by a subducted seamount in the

inner trench slope. The dashed line indicates the axis of the Kuril Trench and the Japan Trench. Along the profile of AB, the cross sectional view of
aftershocks is shown in the right side. Gray bold line is the plate boundary along the AB profile proposed by Earthquake Research Committee (2003).
(Bottom) Time sequence of aftershock activity for 2003 Tokachi-Oki earthquake and LF earthquakes. Earthquakes listed in JMA catalog located in the
rectangle area shown in top panel are plotted with the time duration of ten days. Circles indicate earthquakes, of which the magnitude is greater than

5.5. LF events are indicated by star symbols. Iy % 2 ~ 55 °
2003E+ BB KR, REOEES R UER KR O EIRALE f (Obara et al. (2004)) @ sBiItE|/A
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Nishikawa et al.(2019), Tanaka et al.(2019) [&, BFKFEHMHAEATDS—netIZ &S E
WAHHIERRZEEL, %Gm%éﬁ‘ﬁ{j‘ﬁl_&lfé%“ﬁnﬁw REF20kmLL%) IR O— BB ENE N FET HELTLVD,
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Fig. 1. Tremor activity in the Japan Trench. (A) Epicenters of the tectonic
tremors. Dots indicate the epicenters of the tremors, which are colored
according to their duration (see the color scale). Yellow and red stars
areVLFs and M > 4.5 ordinary earthquakes, respectively, with the ordinary
earthquake epicenters taken from the Japan Meteorological Agency
(JMA) catalog. Black triangles are S-net observatories. The green square
denotes the June 2017 SSE that was detected by our GNSS analysis.

(Nishikawa et al.(2019))
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Day in May-Jun. 2017

The orange shaded polygons indicate the 18 overlapping subregions used
for our tremor detection. The top of the Pacific Plate is indicated by the
black contours at 10-km depth intervals. (B) Space-time distribution of the
tectonic tremors. We used Japanese Standard Time (JST; UTC + 9 hours).
The vertical lines indicate 1 January 2017 and 1 January 2018. (C to E) Enlarged
views of (B). The green shaded region in (E) denotes the spatiotemporal
extent of the June 2017 SSE.
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Figure 3. Locations of tremor sources determined in this study (red circles). (a) Comparison with locations of very low
frequency earthquakes determined by an array signal processing method (blue crosses; Asano et al., 2008) and a cross-
correlation analysis (light green diamonds; Matsuzawa et al., 2015) using land-based stations. Broken lines indicate con-
tours of the depths to the plate interface at 10-km intervals defined by Kita et al. (2010) and Nakajima and Hasegawa
(2006). (b) Comparison with the epicenters (stars) and slip distributions (contours) of the 1968 Tokachi-Oki (light blue;
Yamanaka & Kikuchi, 2004), 1994 Sanriku-Oki (purple; Nagai et al., 2001), and 2003 Tokachi-Oki earthquakes (green;
Yamanaka & Kikuchi, 2003). Purple circles denote 7-day aftershocks (M > 3.0) of the 1994 Sanriku-Oki earthquake listed
in the Japan Meteorological Agency earthquake catalog. Plus signs indicate the stations used in the analysis.
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(Tanaka et al.(2019))
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Figure 5. Comparison of topography, geologic structure, earthquake and tsunami sources, and
geophysical data. (a) Bathymetric contour map, (b) depth contour map at the base of Pliocene sediments AN o—4
(contour interval of 0.2 s in two-way traveltime), (¢) and (d) seismic and tsunami sources defined as the 1952¢®i‘ﬂ‘1' ' H:jli'&'o)j- ) ﬁtxﬁ 'H_j, Egiﬁm Fﬁ{$
arcas with slip larger than | m for Yamanaka and Kikuchi [2003 ], Tanioka et al. [2004], and Satake et al. (Tanaka et al. (201 9) [Z— IUJIII%)

[2006] and 1.2 m for Yagi [2004]. (¢) magnetic anomaly [Joshima. 2005] (contour interval of 50 nT). and
() gravity anomaly [Joshima, 2005] (contour interval of 10 mGal).
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: Figure 4 | Comparison of slip-deficit zones and tsunami source regions.

The blue and red contours indicate, respectively, the slip-deficit and
slip-excess rates at intervals of 3 cmyr~'. The green stars and the green

Fonward-sli 15 10 5 6 5 10 15 Backslp ellipses indicate the epicentres and the tsunami source regions,
femyr) respectively, for the large interplate earthquakes (M,, = 7.5) that occurred
Figure 6. Annual slip distribution on the two plate boundaries. The thick rectangle on the Pacific side is the region of a model fault of the subducting in the past century. The green dotted ellipse indicates the tsunami source
Pacific Plate. Red and blue areas indicate the region of back-slip and forward-slip, respectively. Contour interval is 2 cm yr~!. Vectors represent motion of the region of the 2003 Tokachi-oki earthquake.
hangingwall relative to the footwall. The length of red bars right of the line in the sea of Japan means collision rates at the plate boundary modelled by the
virtual tensile fault. Stars are epicentres of large (M > 6) earthquakes near the plate boundaries. (a) 1995 April to 1996 March. (b) 1996 April to 1997 March. 1 QQGE ~20003§(:j:3 +5H 2&;’@5%75\ 5F %fﬁ;%o)

(¢) 1997 April to 1998 March. (d) 1998 April to 1999 March. (¢) 1999 April to 2000 March. (f) 2000 April to 2001 March. (g) 2001 April to 2002 March.
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Figure 2. Waveform comparison and slip distribution map. Left: Comparison of synthetic waveforms (red) with
the observation data (black): Right: Slip distribution inferred from the long-period seismic waves (<0.1Hz).
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Fig. 1. The relative hypocentral depth ¢ versus the seismic fw

coupling coeflicient o obtained for large interplate earth-
quakes at subduction zones (Table 1). Solid and open circles
stand for e values [rom Peterson and Seno [7] and [rom Pa-
al. [15], respectively. When « is estimated to be
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Figure 1. Large earthquakes used in this study (lines—plate boundaries from Bird (2003)).
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Figure 2 | Slip distribution of the 2010 Maule earthquake. Slip distribution
for the 2010 M,, 8.8 Maule earthquake obtained from the joint inversion of
tsunami and geodetic data, represented by colours according to the scale at
the bottom. White arrows represent the slip direction (rake). Thin black
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Figure 1. Plate-boundary earthquakes of M,,>8.5 (white
stars) that have occurred since 1950 from USGS and the
seven earthquakes compiled in this paper (black stars).
Solid lines indicate transform and spreading plate bound-
aries. Dashed lines represent subduction boundaries.
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