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Figure 2.
constant material properties are derived from Miura er al. (2001, 2005). The velocity-weakening region (b = a > 0) starts updip at horizontal
distance W from the trench and ends downdip at depth D below sea level. The nucleation location for all simulations is indicated with the
black star. The inset shows the velocity structure near the trench axis, where the dip angle is 6° from horizontal and
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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

©Aftershock swarm  # Repeater in aftershock swarm & The 2003 M6.8 and 2008 M6.9 Fukushima-Oki earthquakes

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.
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Fig. 4. Schematic views
of the slow earthquake
activity and structural
heterogeneity in the
Japan Trench and
Nankai Trough. Red and
yellow squares denote
tectonic tremors and
VLFs, respectively. Green
stars and blue circles
indicate repeaters and
earthquake swarms.
respectively. The orange
regions are interpreted to
host or potentially host
SSEs accompanied by
tremors, VLFs, repeaters,
and/or earthquake
swarms. The green regions
denote geodetically
detected SSEs. The purple
region is the rupture
area of the 1896 Meiji
Sanriku tsunami
earthquake (22) in the
Japan Trench. The red
regions indicate the
coseismic rupture

area of the 2011 M,, 9.0
Tohoku-Ok earthquake

in the Japan Trench and
locked zones in the Nanka\
Trough. The pink regior
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).
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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

are VLFs 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.
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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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BRI H8AME, RPFORFN - BHMHMENSEEINSIITARY ZLESRIEDTARY ZEEL THEIEETILE
BRET D,
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AKgRY - BAITARYBDIANYEFE : AREAF (2012) ITRENDIIANYE, EELREZBFATHRET 5.

s KIARYEL - BRIANYED

v KTRYHE
v BRI YL

FERBBOERTNYED 218,
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BREICHSHMEBE—SA D FORBAE : 3 1MBRICETH2EHRHOHWIRFEEZEERT 5012,
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2REED 5 WIEE
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REERLL
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L= ETIL

SIMEICE T A EHEAOHIREEEER L-HFELETILDNS A —4
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L= REETIL [5#@1
[ETILEEDE] e
E-4UMY ZF1-F Mw 9.04 9.02
ERE S (km2) 107, 357 —
EHHHBETE Ao (MPa) 3.13 3
RItEzE g (N/m) 5.0x10" _
HET-AytMo (N - m) 4,52 x 102 4.33x10%2
FEHFAYE D (m) 8.43 8.07
HAKT Y 2 (m) 6. 21 6. 21
4 (EER U ERE L) (85, 165km?, 79. 3%) (85, 885km?, 80%)
~ AT RY 15 (m) 12.42 12.42
o) (EHEE UV ERLLER) (14, 114km?, 13. 2%) (16, 104km?, 15%)
= BRI RY & (m) 24. 83 24.83
(AR UVERLE) (8, 078km?, 7. 5%) (5, 368km?, 5%)
SARXBAL T (8) 60 —
KEI0QBEBESE ERI1-2 T4-2-2. 201 FEHIMAKRFE £ EIC L IFREEOFHREEDR) 5B
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SIVBMEICE T A EHME POWIEEEEZE L FHEETILESEICERELEESEEETIL (2/7)

RIARNYE - BRIANYEHDOE

F1023EEE
(EERRETLONS bERBRSHRUSTRALMOBAT Y HOBREHEH & #58) g%%P&m%ﬁQ

L5, Yamanaka and Kikuchi (2004)

| UELOWMBEFHIRMBERER, KTAYE - BRINYEHERET 5.

o FARYTADHDEBITANS, BEHRERAFRVEFEFLEOTARY T4 (TR : AEB) W55, 1968FNHEE
194FEDHMEDEBT7ARY T4 (TR : B) OHhy T UTRFKIFFI0%THDEESNTWS, -, EBROTAR
)T 4 DNEBTENFIEM7 VS ADME (=1994%F) %, EFHTHEM8 IS ADME (=1968%F) #5|=L_TEINT

. KFIFM (2001) [2&D

[BXIARNYEAT1 DO —RADRUEBEDEZRFEIZDLNT]

. GEORREEEEELEBERETTIL P.207) 2o0TE, BRTAYBA2D )

THAHESH, LBERMBOFEFTRARBIAMBATFAFDOEZRHERYEEREL, b
[CEXMT HBEICENTNEBRINYIEHERE L=,

« =7, SNBERICETIEREPOHWIRFEZER LEFEIELETILESSISREYT
SEFMHAEETIL (P.231) &, BRINVEMN1DOTHY, BEXREE - THBESIN
RAEHEBENTICRETHALDTHAH=8, LBERBRAFLFTRERALBREERZF
DRPHEBYDS S, BMICEZLEENREVARICERT AUEICEET 5,

- SRS, EEEOEEWMNORERADBEANNTNSIZEEEET DL,

Eﬁﬁﬂﬁﬂ%(%ﬁﬁﬂmwlUD)ﬁﬁﬁ?éﬁﬁ&ﬁCﬁﬁf%é%ﬁ%i%
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EZBHSELEE0, BHICRETERSORFET o -ER FRERMOE
#éEEﬁT&Uﬂ§EE(mEE)Lt#—x@x&OhwﬁEﬁﬁﬁéfwﬁ%
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RIARNYE - BRIRNVEDTARYE

(EERRETIVONS LERERAGRVEFRAILBDERT N YBOHRELH &£ H£LE)

(P. 2065518)

b (P.155, P.156ZH8) .

. LAL,
FEMNKEIND
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EERFA, RTERROB RN D
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—_— —=n = —
3. 11ihE L%HéE%%F@WE%EE%%LL%%&%Tﬂ%%%kmELtﬁﬁt%Tw(5/7)
-~y AN
FHEARTE (1./2) RIOEEERS
&#1-1 P.3.2.1-878H45
7 8 9 (Mw)
BEREAT—AETHAWNEETICK S EHIENBETEDEE
Earthquake Reference data MO (N m) M S(m2) o (MP) logl0( o) [HERIHAE | CE
2003 Tokachi-oki Tanioka et al. (2004) Tu 1.00E+21 8 9600 26 041 041 =< B
1946 Nankai Satake (1993) Tu. G 390E+21 83 53400 07 =015 b2 3
Kato and Ando (1997) Tu, G 400E+21 83 54000 08 -0.10 005 g
Tanioka and Satake (2001a) Tu 5.30E+21 84 52630 1.1 0.04 ' o
Baba et al. (2002) Tu 490E+21 84 52650 1 0.00 % 3
1944 Tonankai Satake (1993) Tu, G 200E+21 8.1 48600 05 =030 ]
Kato and Ando (1997) Tu.G 280E+21 82 43200 08 =010 022 3
Tanioka and Satake (2001b) Tu 200E+21 8.1 42525 06 =022 E
EAATINE |RER Tsunami+GPS 1206422 90| 12005 25 039 039 = 3
0108F )8 |Lorito et al(2011) GPS+TsunamitinSAR 1.55E+22 88 130000 08 -008 -008 8 S=1 34 x 10-10Mo2/3
2004FATMHE  |Lorito et al(2010) GPS+Tsunam+§ £ 6.63E+22 9.15 315000 09 =003
Fujii and Satake Tsunami+ 2 6.00E+22 9.12 220000 15 0.16 w7 10° : (ﬁ#@*ﬁ—%ﬁ% (S+ U) _1 54) —
MO: HIEEE—AUh, Mw: E—AVRRY ZFa—F, S WBEHE, o : SR TE DREDEYE 10'° 1020 1021 1022 1 023 1024
logl A0) 009
Ao 12 Mo (Nm)
BEiEsEE (S) &MoDREfR
+EERE Murotani et al. (2013) [Z—&RfNE
RRERF (2012) (C—ERmNE

EHE A TEAo=1.57MPa
S+ o B DRSS AT 8 A0=0. 82MPa
S— o B DG 11 T8 A0 =3. 00MPa |

/:m%ﬁ(mm)fm,réxm EDERMEETIIOFELABETEDOFHEIX.2WaThHY, FHEICIEEREZMAI-E
(F2.2PaTH S L FZBFARSTHNIC, EBF I IICETSERMMEDRKMEETILTRHVWAERICARTEL LT
3.0MPa] AT TS,

Murotani et al. (2013) IZ&k% &, BARMEAETRELIEM7~8 VS ADIEDTL— FMERMERVY 7 DOEKRMEX D
ERMBETIVERBAT AR — U JBIICENT, ABKRERZRE LA 7—) V705, S-NodBEHRXDTFHIED
BTEACZEETSHL1.0/MPaTHY, BHEDEERE St0) 2EETDHE, FHRNETEA0FHRKRTI. OMPafZE &

\_ %55,

—~

)

X1 2011 FERAL A KFEFDME, 2010 F ) #1E, 2004FRX 7 FIHIE, 1964FETF7ZRD - 7 a— v UHIE,
1960F F Y #R, 19577 ) a—L v VMR, 19928 HLF v Y AME

%2 : Mo=16/ (7- %2 - Ao - $/2
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BHU-EIRHS KR UBEEXRRED L8
Table 3

Self-Similar Scaling Relations, Regression Coefficients, and Standard Deviations

Moment Magnitude (M)
7.6 8.1

F1023EBEEEE
&H1-1 P.3.2.1-88F#8

My-Rupture Area (8) M-Average Slip (D) M-Total Asperity Area (S,) §-8, My — Dy
Cy o cy o Cy o Cy o 2 o
Present study L77x 107" 1498  1.23x 1077 1527  4.16x 107! 1613 024 140 500x107% 1508
Murotani ef al. (2013) 134x 10719 1540  1.66 x 1077 1640 2.81 x 1071 1.720 020 141 — —
Murotani ef al. (2008) 148x 1071 1610 148 x 1077 1720 2.89 % 107! 1.780 0.20 141 — —
Somerville ef al. (2002)  2.41 x 10710 — 1.14 x 1077 — 5.62x 1071 — 0.25 — — —
The equations used in the regressions are log(D) = log(cy) +1§lug(Mn}, log(S) = log(ca) +%lng(Mg).

6.6 7.1 B.6 9.1
10°
W "‘E
o e ®
10° : P
= i &
x o -
=, ¢ Ce
-
8 e %
<, Lie
@ 10 L 'ﬂ" V. ! e present study
é x gy present study non-ss
E: Wl Seaz2002
a4 Mea2008
10° ¥ =] Mea2013
==s== Teaz20l0
LR Bea2010
—— Pea2004
95% Conf-Lim
10? -
10" 10%° 10*! 10% 10%*
Seismic Moment (Nm)
Figure 6. Scaling relations of the rupture area from various
P

studies with respect to seismic moment (Sea2002, Somerville et al.,
2002; Mea2013, Murotani et al., 2013; Mea2008, Murotani et al.,
2008; Tea2010, Strasser et al., 2010; Bea2010, Blaser et al,, 2010;
and Pea2004, Papazachos et al., 2004). The shaded area indicates the
+1 standard deviation limits of this study’s self-similar model. The
color version of this figure is available only in the electronic edition.

miREE (S) &M DR
Skarlatoudis et al. (2016)

T ABTEA0=103MPa
S+o D IEYIEHETE A0=0.56MPa
S-oBDOFHEHE T EA0=1.90MPa |

-

RIR—SRULUEMND,

-

Skar latoudis et al. (2016) Tl&, tHRADKAHAAFTHERELI-TL— FEHEIE (Mwb. 75-9. 1) DR EHEBETIL
%5 \H?L, HMEBRTCEEDFAICHWNWDE=ODARTr—) VBB EEHINTILNS,
CCTHEONESMNERICAMKERZREL-Ay—) D JIXZEBHAT I E, BREDZERE (£0)

ICHETEACIFRKRTL. IMPafE2E L Y, Murotani et al.

(2013) TROGNIZICHBRTEX Y /NS (P.22958)

TN ABRTEX, RFHRE & LTI 0MPalZzRTE L=,

~

DELHT, T

% : Mo=16/ (7 m?%?)
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HRELEEEIEETIL (7./77)

3. 11hE SEX
F1023EBEERE
( o ‘ . ) FH-1 P.3.2.1-89718
« SNHMBICETSEREFOHWIEREZEZEL-FHELETILEZSBICRELZEREETILE &
DFEZEY - HFTHHAEN O BESNLITRYEZ LRSFAEDIRNRYEEZEETSLEL, KTARY
- BRIRYEBOREITHESHEE—2A 2 FOFRE, 3MMEBICETIEHENDOHEIEFEHEZEREL
ML ETILVESBICREEEEATER L THRET 5,
\_ J
SIMMERICE T A2 EWEHOHIERFEZTEZRE LT
BHEETILESEICRELEEBHEETILONT A—4 D
: B LK ETIL e m
R B SE% B LT L FRERERM [{;EEJE] "
[£F L& OE] 12 b6
AU ZF2-F Mw 9.04 Mw=(logMo-9.1) /1.5 9.04 6.30
= e e o o s wm R B HE AR
iﬁ)ﬁ%ﬂiﬁké ﬁ:ﬁiﬂl /Jﬁ’éGOkm (20176, 2019) —
) = EARERAMNRUEFE I
MrBERE S (kmd) 110, 472 S o - IR —
T4 = MR (2012) %
TS HETE Ao (WPa) 3.05 (=HE 3 IPa) 3
BItER o (N/m?) 5.0x 1010 TRES (2016) % —
EE-4yhMo (N - m) 4.59 x 102 Mo=16/(7 » 732 « Ao - $¥/2 4.52 x10%
- = _ ] NHBICHE T 2 EHE N ORIRE
FHFAYE D (m) 8.31 D=Mo/ (4 - §) 8.19 EEHLEBBIEETLESECRE
EXIARYEL (m) 6.30 6.30 LI-#tEEETIL
5 (EFERUVEELE) (87, 732km2, 79. 4%) SHHEIZETEEHEFD (88, 377km?, 80%)
=+ N = L2 9 0 - , =
é (AR UVERELR) (16, 438km2, 14. 9%) & EH -2 P 3118, P.3.2-21 (16, 571km?, 15%)
HBRXIANYEL (m) 25.19 ZH®) 25.19
(EERUVERELR) (6, 302km2, 5. 7%) (5, 524kn?, 5%)
s o EEITL— DT DM N
_g_/\l')ﬁ A ( ) %(:go“l’\_chE EPH&BEAKH% (2006) -_—
SARXBAL T (s) 60 RERF (2012) —
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UREFIFHN (2013) 25EI1C, ERAHOEOREEZERZEZEE L-EEREETILOZHRELT-,
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BB S TR E19209%2HEL BELVOT Y LR
” ' N
5 <“i;>

1 TN { -
BIMECHT SERRFORBHUEEELE  ZARETFILOH EERRET G
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- RERRETILQRK, SHORZEH - BfHHENBESNSIIANYEZLRLIBARDIANYEEZEREIT S L EL,
RIARYE - BRIANYEDHREICHESHEET—2 > FORZEE, REF (2012) Z2BFZ, FRMERTERL THE

95,
HAEFEETILQDI/INS A —4
HEAEFEETILE S % = 4Ry
" H (&7 /L& DfE] F 5B EMRAL (E5HE] w
32.75
-AUMY ZF1-F Mw 9.04 Mw=(logMo-9.1) /1.5 9.04 Hmm
£ 5.12
= ) Ny ~ T iﬂ%@ﬁﬁﬁﬁ%?ﬁﬁxﬁﬁ s
iﬁlﬁ%ﬂi/ﬂté ﬁ%iﬂl l*éﬁ()km (2017& 2019) —_
, . ) EHREEA PR UEFE L
WIEEE S (km?) 110, 472 I o - IR —
- = WEIRF (2012) =
EWEHBETE Ao (MPa) 3.07 (SEEHE 3 WPa) 3
BIEE 4 (N/m2) 5.0 1010 +R%S (2016) % —
#EE-4MMo (N - m) 4.62x10% Mo=16/(7 - 13/2) « Ao - $3/2 4.52x10%
FHTRYE D (m) 8.37 D=Mo/ (4 - S) 8.19 HEEEETLE
HEEE () 5.12 5.12
5 (EERUVEELEER) (87, 732km?2, 79. 4%) (88, 377km?, 80%)
R| KFRYE (m) 16. 37 16. 37
Y| (@R OEHLE) (16, 438K, 14, 9%) RRARF (2012) (16, 571k, 15%)
2
BAIRYE () 32.75 32.75
(AR UEELR) (6. 302km2, 5. 7%) (5, 524km’, 5%)
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