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Absolute strain release in the 2011 Tohoku-oki Earthquake: Waveform inversion and dynamic fault
weakening

Abstract

FEH=SET JUOREER™ =™ The 2011 Tohoku-oki earthquake resulted in substantial slip rela-
tively near the coast from Miyagi to Ibaraki prefectures as well as
extremely large slip near the trench. The moment-rate function has a

Yukitoshi Fukahata”, Yuji Yagi"™ and shoulder around 35 s and a large peak about 70 s. The former corre-
Yuta Mitsui™ sponds to a significant moment release in the source area of the 1978

Miyagi-oki earthquake, and the latter was caused by extremely large
2011 48 12 A 15 H=AL slip near the trench. The main rupture process is characterized was
201245 A 5 HZH. by large maximum slip (50 m), long slip duration in the large slip
T SRR RBTSET area (90 s), and a relatively large stress drop in the up-dip source re-

Dis,aSter,Prevenlt(iOI;lReseﬁrCI}é InStitgtlel’ Ié(})lcl)tlo gion (10 MPa). These characteristics mean that dislocation across the
University, Gokasho, Uji, Kyoto 611-0011, 556 interface continued to release elastic stress and strain during

- J:)%I;;rjl:?i B th-e e.earthquake, which strongly suggests s-igni-ﬁcant weakening of
Faculty of Life and Environmental Sciences, frictional strength due to thermal pressurization or other mecha-
University of Tsukuba, Japan nisms on the fault plane. A drastic change in earthquake mechanisms

R (/3T By e 23 il 291 2 from compression to extension above the large-slip area together
Department of Natural History Sciences, with the occurrence of low-angle normal-fault aftershocks at ap-
Hokkaido University, Japan proximately the depth of the plate interface also supports the idea

that the earthquake did release roughly all of the accumulated strain
Corresponding author; Y. Fukahata, on the plate interface owing to dynamic weakening of the fault. The

fukahata@rcep.dpri.kyoto-u.ac.jp stress accumulated on the plate interface before the earthquake is es-

timated to have been about 10 MPa from the hypocenter to the
trench. If dynamic weakening on a fault plane plays an essential role
in large earthquakes, then the periodicity of large earthquakes is
questioned, as fault weakening mechanisms are non-linear in nature.
Pseudo-cyclical records of the occurrence of large interplate earth-
quakes can be understood by constant accumulation of elastic strain
due to steady plate motion and accidental release of elastic strain due
to dynamic fault weakening that strongly depends on the conditions
immediately prior to the earthquake.

Keywords: 2011 Tohoku-oki earthquake, absolute strain, absolute stress,
waveform inversion, thermal pressurization
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DHIE TE D K D 12 i /2 FEEERE DK T A =X LN EE
R ZRELUZEND ZEIE, BRADFEREHNWTNWSEE
KB D FEIFE A & W D BIAICE RS 2 R & M1 5.

A N—=2 3 VEBRFE

FALR R IR DO BIELEFE 2 F0 X 5 72 O G FARE D1 >
IN—2 3 UfEMT 1T 7= (Yagi and Fukahata, 2011a). %
MRS O—NVVRBRIC L > TIRASNTNS D
T, BIRDHUETHAE L= KHEMOHEIZEL TWa.
AT, WRIBEEEESAROERZ FITHFELEUOEE
WRERREERT 5 OICEN, FHCHIEZRE CRE U2t
WHNCIINL U CRET 272D S MO SREENE N E N D
RHEEED.

IO TlE, KHEOFEARICEIR O S BFEET T
IR INDRE, BFEEREOHEEIIEHEFDLDITHK
DDDBH5. ZO—F, FAEOT—FZEZHEAL TN2ITHH
5T, MIEHFICL> TLITULITHENKRES BRI &
(#1213, Beresnev, 2003; Vallée and Bouchon, 2004) 13,
WA DT FIEICER2MEN H S Z L E2RLTVD. 20
BIEE R T 272012, AT IR OREICERL
T, fRMTFEDOEE %M > T &7z (Fukahata and Wright,
2008; Yagi and Fukahata, 2008, 2011b).

—RICEEIIENRRE L BT IREL VD, BTIVEE
13, 7V — BB OBREREETIIAZETH S0t
UB#HA%T, T—YRICKERMEZIEDHT EWS K2
D, 1EROMHTTIY, 1FEAEDHATTIViRE LR
EERET D &L, FRETEMHBETHY Z0MEITHDS &
WKELTER. 727 ARBRERENTHTREVHAEIC
13, ZHUTEWNMEETIERWN. LA LES, HEStORER
EHICE L, BEELD BETIEENDLAKRENEE
A6ND0, HEEEMEBEOT I Z0MERET DI &I
IZEENH S, Tz, BEFINEEELUL, UKD
AHEEMEICHR T 2 B DARRITH S &5 X 51 % (Yagi
and Fukahata, 2008, 2011b). %= ZC, Yagi and Fukaha-
ta(2011b) 1%, ZDFIREED ANA > IN—2 a Utk
DOERMLE T 2. —MRIC, MBI T—4 (B0 u (x,
O 7 =BG K, & O &I L CHiERE L0 D&
B DE, 1) EREOMIT 5NN, Tied&dIT7 ) — Bk
DFRFE 3G ZIHRICD AN/ZEZAMMRA 2 R TH S ¢

ux, ) =[ (Gx,& 1) 3G (x, & 1) *DE D& +e,,

BlHREEZ R T e, &7 ) — 2 BIBOEE G ITHKT HIH
7Y, BHAGRE DRRA MR T 5. *IIRRAICRE T2 a2 R
U :L’:f/ 3> (BHFABFTEM ZRLTHBD, B[ESGMHED
HWEDEIALRY 12— a>INTNEIEND, EEN
T — & [ TTHRUWAHES G 8R) 2FFD 2 &EDVmnsd. 2D
HFEITED, BIAISER BRI N B RHIERO%A D
FHDT—5 DEAEBIETT2REEVNS I ENHRITKR
IND LFERIT, FERDOHIESEM (RE L2 R0 A&k
[MEDOH|DZHFIRNEHDOZ L) Z2#HI<Edbbo LD
5L WO IS NDEDICRo . FEDOLRAERE
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IBNZ EITRD, NEYSHRE TR L L ZIEBn L
BERMFOND T ENMIEIND LFIFC, FHERERTAEIT
IZHIKI T & 2 DT DIREEZ KR E < LTS Z EhtnaEE
2oz, ZOJY — CEROBREEIIRINTED AN R
DFEERWILHRMEBOBHE T — Y ICHEMA L& 250
Yagi and Fukahata (2011a) DfET DFHETH 5.

QL BHEEHEN S 51 fE2T—5 OB A%
HEITEY, BHREIEIC 0.001-0.38 Hz DN B)NZ 7 ¢
V& —Z T 7. MGG T Miura et al. (2005) IZHEHLL,
7)) — > B8%03 Kikuchi and Kanamori (1991) D AEIC &
DEMEAL TV, BEMBIIZASTOHDESEICILE
38.103°, FH#¥ 142.860°, X 22km &L, WiEDEMZ
200°, fEAMAZ 12° & Lz Wigmiddedb s A mic 500
km, HEHIFANT 200 km OHFIFEZED, WG 20 km
MR T—ROR T T B2 LB & U CllE L7z, R
AN, &2y FEIC 102 BRZET V2R E L
THD, 12BHEBET—ROZT 51 B ZELERKE L
THIE L7z, #2201y F O RE KB O BIIAREX 2 5 2
SRS IB RS 2.8 km/s & L7z, £/, W04
MIIRD SN TH D EWD RIS EERAL, Z0HE
B2 ARl D XA X IEHREHIE(ABIC) Z W TED TN 5
(Akaike, 1980; Yabuki and Matsu'ura, 1992). - >//\—
Va VT ORRE, SRERBEBOEREOERENE SN,
FNEEELADESZEICLD, 1D OEFREIS
5N %.

BONARETOW D B fiE K EICH W 5D % Fig. 1
IZ, WONRY MVEEREDO% Fig. 2a 1R, Higd7z
WIZ, 7V — B OREZTD ARV TR L7z %
Fig. 2b 12789 Fig. 2b O CId, $atiiciE s an
% ABIC B/MREZEBHT 2 L0 o AnEwIC#H L < &N
TLEDD, TNLDBNRDBEBNZAL =D T ENTT
W5, Fiz, FEAERTOEEA 2 N— a SfEhT & [Fkk
ICIEE DS (NNLS: non-negative least squares) Z#f L
THO, FHERMOHRIN SRR A OETIVAERE 72 7,
KK OMEE 7.2 % & L. Fig. 2b Tld#E@ERVOKR
ERWONEEETHMT 21FH, ETIVEBOM Fimic b
IR ERIGOABRE S TD. KETTHAND KD IO
A1 > N—2a URITTH LIFUITEBIOR#AR S NS
n, TNSRPBPESERBDEAS. RS, EA
DEMFEZEZDBLBAVIRNE, B HMMIE Fig. 2c D& DT
3. ARHZEDT) —VBEROBREEZEHTLE, ZOX
DI BNLUIRIFENSDTHS. ZLT, A
DEMZERT ENDDIZ, REYHEICBD) LN TSN
ZOMNEDRKNERHT 200, W\OHHN—Rbo &
BH5 LS AXDEDMEINTEHRIEL TWBH T EITHYT S, &
DI O DHEERAFFHICAD XD/ d O SITREIS RN
2570, Fig. 2¢ DEIITNE IBFBRWHEFITTETIN D%
EISNDEMR CTEIRNVRENH DI EEERLTHD,
BN 0 DEEMZRENTH D EEA S5 %5
W,
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Fig. 1. Total slip distribution of the 2011 Tohoku-oki
earthquake. The large star represents the epicenter deter-
mined by Japan Meteorological Agency (JMA). The first
three-days aftershocks are also shown by small stars (> M
6.5) and open circles (< M 6.5). Triangles represent the lo-
cations of the GPS stations at Miyako, Kamaishi, Kesen-
numa and Oshika from north to south. The open squares
and the hypocenter are used as source locations in culating
the displacements shown in Fig. 9b.
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(a) New Formulation
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(b) Conventional Formulation with NNLS
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Fig. 2. Comparison between total slip distributions invert-
ed with the new (a) and the conventional formulations
with (b) and without (¢) NNLS (non-negative least
squares). The arrow shows the direction of slip, which can
deviate by no more than + 45° from pure dip slip in (b) be-
cause of the non-negative condition. In the conventional
formulation, we neglect the data covariance components
originating from uncertainty of Green's function (Yagi and
Fukahata, 2011b), and the number of model parameters is
reduced by using longer basis functions (from 1.2 s to 7.2
s) for a shorter model space (from 102 s to 72 s) due to re-
striction of computational time (see the text). The star rep-
resents the hypocenter.
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Fig. 3. Moment-rate function of the 2011 Tohoku-oki
earthquake.
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Fig. 4. Snapshots of slip distribution for each time period. Time after the initiation of the earthquake is shown on each pan-
el. The star represents the hypocenter. The closed curves annotated with 1897, 1978, and 1896 correspond to the tsunami
source regions of the 1897 far off Miyagi (M 7.7), 1978 off Miyagi (M 7.4), and 1896 Sanriku (M 8.2) earthquakes, respec-
tively. Tsunami source regions of other large historical earthquakes in this area are also shown as thin closed curves (modi-
fied from Headquarters for Earthquake Research Promotion [http://www.jishin.go.jp/main/index-e.html]).

SHE TS, FHEHM_EOREN S EiE Tl < —kRi
PRI ZE L CNB 7280, NIRD DINA T Ao T
LE>TW5, FIT, f2N—2 3 f@#thoriEEsin
WO pMiE—BE— A MERESMITEHRLZLT, 20
E— A 2 MERED SHIMEER 54 MPa O— k752 MR
WEREL TITRNDEERD, BIETREREZFHEUEL 2
A3 Fig. 6b Th 5. 2FEDHIECTEE L 2SS PRI
EOMER IS T A MPRENZ EEKIL T, NaD
RELHELZHOTLEO TS, ZDDHL, BEANSEWEET
X (@ 2593 EE(70/54 £5) Li=b D3 (b) &iZiE—8 L

THD, (b) DFEETHRIELWL., BRI OBIEMEICD
WL, ZEMEHIEEE Ok 5% (Fukahata and Ma-
tsu'ura, 2005) BSEITERLZE T A, EffZ@ &L D
BT, WEFVICHDEHEZLND. FHETICBVTIX Q)
MO DREEDSRE V. FERHDETS, HEHENSEREDR
T TEIL, BBIZTI0MPalBELHESINS. WEE
EROEHDINIME T &EIE 6 MPa ThH 5.

Fig. 4 £ 0, HBFRERIFITHEDNICER O R &
BB I FEE ISBIENMERE L T B, BEJITIE 20 BAi%
M5 1978 FEEHEIE M HIE O EIFAEE (Umino et al., 2006)
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Fig. 5. Slip-rate function at each subfault. The origin of the horizontal axis at each subfault is taken to be the initiation of
the earthquake. The subfault that includes the hypocenter at the center of the fault patch is hatched. The rigidity of each lay-
er used in the inversion analysis is shown at the right of the figure. Poisson’s ratio is 0.25 in every layer.
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average slip direction, calculated
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from the slip distribution (a) and
the moment release distribution
(b), under the condition of a ho-
mogeneous elastic half-space.
Because of the rigidity contrast,
the stress drop distributions (a)
and (b) are quite different. The
true stress drop estimated from
the inversion result is considered
to be close to (b) in the down-dip
source region and intermediate
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10 MPa) from around the hypo-
center to near the trench (see the
text for further discussion). The
average stress drop over the fault
plane is 6 MPa. The star repre-
sents the hypocenter. Also shown
are locations of the low-angle
normal fault aftershocks (black
circles) at approximately the
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I L7z

PAE73, Yagi and Fukahata (2011a) T 5N/EERTH
3. BonBdERETE IV, BRI S EEMRS IS

depth of the plate interface.

HET, BHllShHEEREER<HATS Fig. 7). Lx
L, Bll—%EEL<EIMNEENDT, 1 2N—=a i
MTHELNZREENFEETE D E WD R 70 (G,
2009). LAFARHETTIIMMOMNTHE RO — 4 L D iz
1o, HEE I NZB 0 oMm SHEREOZ AT DN TER
T 5.
2. BYUNHICDOVWTOER

BRI DIHEFVITHDOE— 256, RAEODEN
Bt A—-FIVITET S WS 0N, diE (B2, Fujii et
al., 201 D) BEBEH F DL < O > N— 3 VENTRERIC
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Fig. 7. Comparison between the observed (top) and synthetic (bottom) waveforms with the station distribution. The station
code, maximum amplitude, azimuth, and distance from the epicenter are given at the upper left of each waveform.

LHELTRONAFEHTH D, K TOHFRE B ISR
(Sato et al., 201D & HFAMNTHS. Lnl, THUIKRS
WONTOREEIRD &, BATHER Z IR ERENNARS
N5, FEGHEST WEDOICHEILICE S K\ O 805
9 %M (Lay et al., 2011; Lee et al., 2011; Shao et al.,
2011; Suzuki et al., 2011; Yoshida, K. et al., 2011; Yo-
shida, Y. et al., 2011 GIZ#h)), =4k - 85 - K ET
REIZIE W EIIC B R E 78I D DEEEY 570 (Yagi and Fuka-
hata, 2011a; Yoshida, Y. et al., 2011 G&}) ; Yue and Lay,
201D TH 5.

£, 2EMNRE 00O SERFET 572912, Fig.
1 D0 5Aan 5 atHE U2 gz E R O GPS
7 —2% (Miyazaki et al., 2011) B X N LR T D IfFIE M
WAB)T—4 (Sato et al., 2011) &tz L 7= (Fig. 8). &
FEREERT— 1 IMRESL THD, Fig. 13b-E&D
5L 0B SMOBESREEMEZL TWDSEERS. 2
L, EETHESN/ZEERDFES O EIFHH S NITKE
<, EEEMOBVENBRICAME ENTLE-> TS
Rl Tn5.

FE0IR U BRI HE 25 Z 5 2 U TW 2SN SR O K
HE T - 2 ENIESH OMERAETFHNCEZNICED 2
HARBRMELED, FIMRBAEREROHTE (X1 - AH,
2011) % 0 U HiEE Ot GRILR 22 R B B A 55 Ft,
201D 72 ENSITHFERBONAELCZZ EARBIN TN
%. GEONET I2# FRLT OEMBREE T —5 b Eb
W EBOfENT CNR, 2011) TH, D ANFIFREEIC
RO TELTHEY, ZOHE EOEIREHMED) N F Tl
ISHBEOMNEUZET2EA LT THS. ah, &0
#iA< R% &, Yagi and Fukahata 2011a) OfFHT Tin /7%

Calculation

Fig. 8. Comparison between the synthetic (top) and ob-
served (bottom) displacement vectors at the GPS stations.
Horizontal (left panel) and vertical (right panel) synthetic
displacements are calculated from the total slip distribu-
tion shown in Fig. 1. Observed data on land (solid arrow)
and in the sea (open arrow) are from Miyazaki et al. (2011)
and Sato et al. (2011), respectively.
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HMU 72 & 25 (Fig. 6) TRENVAEDIKE <725 TS {EM
bHRHEoND. £z, #ikdT5L512 1 Hz GPS 7—% Off
Fim & & ERIEMHIE O )Ny F B0 CHERET— A > MBI
MEZSZENHEESINS. UEOZEE2EZEZADLES
L, ZOEENSEOMEBETRELS B LITIFIFHET
HAD. 2B, WHERVICESKERBO ZHE LR T
b, EWEIPHED /)Ny FIIIRERE O 2RO DL
< (Lay et al., 2011; Lee et al., 2011; Shao et al., 2011;
Suzuki et al., 2011), & Z TODHE D H/NS WBRHTHE R34
BCThs.

&S - RIBIIE, HEEREE LITS < LT STRENER
BUI7=, WEEIEA > N—2 a3 > OFFTE I —iRIC
<Iz%. —J, BEIIHERELD BERHENT > LN
W, S KW ON, 1RSI OEE DI R
T BT EAN— a3 VL7 Fujii et al.
Q01D Iz&NTE, BE - K 50-100 km 13 E DFTIC
B RERIBOATRD 5N TS, #E0RUHEIZZ DR
RO BT X DI040 L TH 0 (FHILKRFAR AR FATLR,
2011), WHFDOBHTIFANTH 2. REBEDANZ X LfE
(Asano et al., 201D 5H, T — MERAHTICE %
WEZLOMEEA Z ORI TR S EE < ITE <M T %
—77, W& 50-100 km < 5V OHIFIIZIE o N D LI %E
WL DA< TWa, WEEOMHTHER GRE - &
H, 201D, ZZTHEE - KIGHFICHEER 4R %
ROTND. HERERT SORE Fig. 1) biEIRICIZW.
WEWROEZA, B - R CHEBRWICULORERIFON
BNETDHERBERIENEL, BESLITREVIRL HIE
DFWERHE DM TIRNENT NS E A TRERIED
RHo R EHEREIND. FE - KB O VIR < Kl
DIFARE > TSR NDIR< W DIE, Fig. 2T
RUTER DT — B ORAEE B L 27224 U=
L2 HDTH S,

BB, BWENS ZFERRICNT T, GPS &L =R
P (Fig. 8) DSRMINICKELIZ>TLESTWBA, Zh
137 — MERDBIRDEINT WS A S, B TR
TR 12° @ 1 KOV HEWTE 2 E L2, EEO T
L— MERIZIREELS Tld b > L EAE T OETITIEY
5. ZDRD, WODHANSZTDEETMELMZEZFET D
&, B RRCER) DR RELIEO>TLED LS
DD, O R D bISELEREITOITE, BN
T — MEFIBIREEAT 2 Z EDARARIZESD.

3. HEBEICOVWTDER

T— A2 bEEREEK (Fig. 3) 2, 35 B HaICEZ2R5,
IO TE—=22IT> T, BLE 150 BRI OIIRS &
WO DI, ITHIRESE S S (Suzuki et al., 2011; Yoshi-
da, Y., 2011, 1FiFE2E TOHEMTH R (Ammon et al.,
2011; Hayes, 2011; Lay et al., 2011; Shao et al., 2011;
Yagi and Fukahata, 2011a; Yue and Lay, 201 1) {ZH@ g
LHEMTHD. DFED, T—AL MNEERMEDOEE3I DO
BMIIIERICEEENEVWEZ A S NS, 60-80 BICHEE
FO OHUIR TIEFICRKERIBONFEEL TNDH T EH, [k

2012—7

IZHBEL TWAB. LEN>T, BE—A2 MNEEBEKDK 70
BOE—713, ZOWEFDORKBONKELFELEZDHOD
7259,

—%, WIHIOBENE DX DITHEEL =0, HEHEICX
DFERMAE L BinD., JIHOBEBLENEDL D Tho 7=
ML, ZOMBEZIERET S ETIREMICEERRA > KT,
R RHEZHERL LS &9 28fE 221 —2a> T
b, ZOMBELERRICZ D ETIUENRELEAIN
5%, UL, BEERED SRICRAD 3040 B OHED
13, BTHERMOERNKENDT, UFRO0ELRZDN,
ZOREIC DWW RS 5.

BAID 3040 R, W< DO TIET RO ASEIRA
T THERE L TV % (Shao et al., 2011; Yoshida, K., 2011;
Yoshida, Y., 2011 (i #t)). — 74, Yagi and Fukahata
(2011a) Ti3HE#EZF 0 EEMIOM S TE— X > MEATKE
{72->THD, EETEWEE (de et al., 2011; Koketsu et
al., 2011, ® LU <IFMHEISEWEE (Lee et al., 2011) @
BMRKRELTRBEENIA N=V g UEERBHINTY
5. BAFHIA IR S N7z MeSO-net D7 —% % /=
back projection f##T (Honda et al., 2011) Ti3, [Fefll &ifF
IO DT ONDEEL TNWB ZENRTENS. MeSO-
net D7 — 413, ZEMEISALERI R 5, along-arc T7&<
across-arc DS AN FREEM BN E WD Kt 5. TR
7 — & O TIE, ) OB T2 RSN O 4 R AR R
K0 BREM], 1978 FE IR HIE O BFEAHTICIFIZ S
LTk 5N T oS - %A, 2011; Suzuki et al.,
2011; Yoshida, Y., 2011). 7=7zL, THus&EET—%13,
across-arc D WD REENIR 5N 5 E, 4T LHKRER
WONAELKRS ED, B0 ONGEE S A KETFIUTIRIESA
ELBBENDFEND S.

ELHEEE I K> TRl E N/ 1 Hz GPS 0T —% 13 2
ORREICEE A% 5 2 % (Fukahata et al., 2011). 7=&
ZEEETYH T 7L TWTSH GPS T—F 34 %7
BT 20T ERESNT, IEERW UILEE 2idE), #Eic
KBE—A2 MERE, DE0IEREOEELVERENICEEG
FensnsThH5. Fig. 9a lZ=RENRED 1 Hz GPS
RN EZ T 2 HMI(INT10°E) O 7 —% &2~ G
WAIEANE). ZORMNS, HEETIIHERAR 30-55 D
MIZ 1.5 mIZEEM U728 20 i< L, BHU3581F
EMTTRREMD 6 mIELTWDZ ENGND. —F
BT HEBRAE 100 <& Th 6 g BEE 72 2 AL
BHED, BXE2HTEMBE—I %D, KIIEEE
A, HENSEEHANOEBWRIRSENWERL TS,
ZTHEINEE, HETIE 1 2ai% IR 2 O
MRS5ND (BEh T ZIUTKHRT DA OERATRN) 2 &
&, HEEEEHOBEMORHZENE — 712D T 10 f3E
TH5—F, WHEREMBIKZOWTIZRK 25 EIE->E0
ERENWZETHD. ZNHDZ &L, HEORIID 1.5m
DENLEZ DO DIREA, FIOH/ATIRD izt
R 5BNZ EEEKT D, HEORYEOREME, ko
WS, TOERIIWBHETOOKRBO EELENE. —
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Fig. 9. (a) Time series of surface displacements observed
at GPS stations in Sanriku sampled at 1 Hz. The displace-
ment component vertical to the trench axis (N110°E) is
shown. (b) Computed displacements at Oshika (bold lines)
and Miyako (thin lines) caused by dislocation sources near
the coast (solid line), at the hypocenter (broken line), and
near the trench (chain line) on the fault plane. The surface
projection of the source locations is shown in Fig. 1.

7%, HEORREOEMIEHIIIFEAEFTOFEE KT
TWRNWZEMNS, BRLDBE S EREITNEZ S, filZ
13 1978 FE IR B O BFEMTICH 5 Z EoHEE S N
5.

INSOHER, > > DIVISBIIENLDFTE D & B ERHT
515 (Fig. 9b). FHETIE, MHEOEZD, —HEH R
MR ZEREL, PHEEE 7.0km/s, "7V 025 &0
7z. U, Fig 1R BEEZED 3 EHIC, 10 BRE—
EOEETHMTLIHBE-ANOED, Ry 7 ZHO
E— A2 MEERER 2EE, HECKED B I OE N G
TOBWEMZFRE L. BIWAMOE T, mEHIHIZE
U, iTHiIE & o[ 3E(AKD and Richards, 1980; A7,
1996) DAFEM L 7=, FERICE S HIET— A > MIKiHs
HWER (N0 BN NIIOE) & U, Z O 4128
BALL TS, 72720, 5ZX25F—X> MOIZEANSE
WEHFOICEMoT1:2:4&0L7

STERERN S, BIRMHL BHD THE- 256, B Cldst

2011 FRALITT AT ERIT & 2 HE A DRI 403

BENSH 10 BN TEORGD 1 OEMBEL H—F, kB
] CE IR DNy F 5 FE) TOW/DITH L Tl & A
EEMAE LTSN, AT, BEMITOMR DI UL T3
EISEMOTRERDINAEL 508, Bilididzamniinisn, L
7emio T, DY OZAII BRI Tl7s < SR
BONy FFREE SO TH D, T— A2 MEEREKOD
S BHEOES, BEMETIRAR<EHTOE—A > ME
WMBERLEEZ 5N D, TN 513, Yagi and Fukahata
Q011a) DA > N—2 a »fE TS S N 7= = IR IR O
I\ FITHBT B E— A > MEERE OIS K U (Fig.
5 EUVSEOFET S, bR, BUNPERD T 501,

BEICIAEICKET 2 H00, BN TERET S SHkof
ITE AT HITE R P I O Hh BTN et U AR 5 7] D 2B A7 % ff
DO THO, A2 MEERENSZBICED TS LS
ZOEMOMFRD NPEFICENS. Fig. 9a lZHB W TEEN
MCEMDRREZI - 2 BICRESHRO LTS ONRE,
5N5M, IN5D SWOHHEDOLD EEZ LN,

7238, 1Hz GPS 5¥—% @ & 0 ## L \WiEHT (Fukahata et
al., 201 DIC&kAUE, #EREET 0 CEEE/RT— A > MRS
FoDIFISBLETH D, EiED SRR & HEER O
(ZHHEDMERE L 7= &1 S £UTIE Yagi and Fukahata (2011a)
DIERE—BLTVDHDOD, ¥4I 2TIZDNTI 10
REZOMNTHERE D BBV, HEHER 2 FV 72 R R
E (HEP, 201 DI RAUTRIEALE L[S T ORD =D DK
D%H 10 km ZEBEICE DT (Z D), W OBIBELEREN
BEND), —DITFZDHEIINTNDEAS. £k, £
FTHEMTRELSTND, ROTHHZTO TRERBOMNED
5ENSDIF, Ideetal. Q01D DFREAHTS. 72201,
15 DRERTIIHITHO DI A I U TITHEN TS X DI
A5%.

WHEH DR EZTDERE

HIEORSOAKRELE LT, MEREEZT—5 &L THIED
BB EIBERE 2RO D1 2 N—2 3 VETIE, Bazns
AABICKDHYES RERDBESNTND2ONERTH
5. LU, HffiCErcmlEB0, FU—BEo#
72 B W RINICELD AN % B8 O F1E TR L 72 Yagi and
Fukahata (2011a) D#53R1E, EEWOEOPEBKTH-> 72
DR D D9 RO BLED 10 BEERWE WS MBI H
500, WOHMOEERIRPLE— A > MEERE W%
BOLGRRREREN, OB —7Fic k02 E<
BTSN TWBEZEN Mo THTZERD. 22T, H
P KHBO EHIEORFHMELD TE LD D L, HHETFDIC
BIF2EKRZEO GAS50m) - BT RO ERHEK 90
) - R E /U TIBE T (K 10 MPa) &5 Z &1T78 5.

A TR, HEERMEIC DWW TIZ K 3 MPa & &
#1CH Y0 (Kanamori and Anderson, 1975), 1 > /\— =
SRR DAEFRAF S N BT 2R DT 6 MPa, EED
SHEEMETHEELZ 10 MPa E WS DI, =z LE5.
F, HAHHTITRIT DD OREERFRIE, R&ERHI (Geller,
1970 I2E NIRRT =ZFa—ROM I DHETHBLZ
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30 THD, 90 ENS DI EROFEFTOARIEMRS 258
WANTHAEREICEW. FlZ2E 2010 FF7 U #iE (M 8.8)
13, WY 3SR KRR SRR E7S, SR DE D
DB R IT R K T H 24 #12i# =72 W (Delouis et al.,
2010). HOBEEIIOWTIIEE OME EREEDSIRND
DD, WiEHEEY XD DN EVKTRDETS &0
ST &I, BEXOBTS ELDEADINEMT 5L
WHZETHO, ZDDITIIWIEME OB A R
WCELLIKFTBIENBETHAD. DWW EERE
DR TIXEBRICZEEHE SN TH O (F1 213, Tsutsumi
and Shimamoto, 1997), TN 5D Wz H LMK HIE
OHEHNIZET L BB A 531 TV 5 (Shibazaki et
al.,, 2011). EESREETORKEL T WET DI
5 A )V & @ 4 sk (McKenzie and Brune, 1972) % flash
heating (Rice, 2006) /2 ENVW DND AN Z A LNEZ 5N
B, W E oD BRI AR O BEHE FE 21T K B IR (thermal
pressurization, LA~ TP &MER0) 132 DH N2 B/ TH %
(Sibson, 1973; Bizzari and Cocco, 2006; Mitsui et al.,
2012). BAEBROHEENLT — 5 05 HILHIABTRLD
DEETFTTIPHANCEHS ZENRBINTNVDS
(Faulkner et al., 2011; Yamaguchi et al., 2011). TP %
W&o THBDEEEBRENE LK TFT 52 &Ik, EX
IRIBOMAEL, ZNNG1ER 78> TRRBRFEHRNKE <
WoDTHAD. MBI EIRIEMED/)N Y FT, —
BIROFEENRE KN UARICHOHEML, EWHEEET
57 (Fig. 5). B0 0 2AEE B IR HIEE O £ 2 fif
BWL7Z60, B¥OWE0IHRET0OREBOIZEETLENT
HECEBHDEEZIUL, TOFWRIREDEENIE /s < HfE

FEESRE DR T L2 2 &1, HIBO A W= X AMROD
AN 5 BEMF 5% (Asano et al., 2011; Hasegawa et
al.,, 2011). AL, FEOHERHERNTL, FIEHEE
FMEDIRITHT, AL AR B0 ZOHATH > /-
(Terakawa and Matsu'ura, 2010). L 2L, Fig. 10 IZR
T RO, HEAMRHERL, FETIHED AN X LM
MFIICZME L 7z, EEERETIRENERE EEL, E
BRI TRA LU RIS, DIl & N 450 1% EERE IS
TEIAEEEL TW5, AETRE B ZMEERO ETI3£<
DIEWEHFENFEAL, S5ITFig. 6 ICHRLZELDITIE
7L — MEROBES TRADIEBTEMES WL < DMEHIX
N T 5 de et al., 2011). Yagi and Fukahata (2011a)
WEZDHERDHD (M 6.6)\TDWTEIBA > /)N— a @t
170, HEREAOHIEE TIZ/AR<, BT — MR
LIFF T A EAOWIER CENEOHE D REZHDT
HBHELEMRLT.

TL— MERTIIHEE T L — b OYEARAFITLENEARRIR
IEEIN TV, LRI DIHERMER, F0OELD
B ERINT 5 bOTH% (Fig. 11). LnL, e, &
BRI DR L X)), RISt AR 22 Z &
WEAES T, RIHEBRN S HEE S 12 DIZES DHEHET
W32 Z0BTHD, MEBET—FEMITTEHZEICE>T

2012—7

km B

138" 139" 140" 141° 142° 143" 144°

Fig. 10. Distribution of focal mechanisms of shallow after-
shocks (< 10 km) during one month after the mainshock
determined by National Research Institute for Earth Sci-
ence and Disaster Prevention (NIED) with the inverted to-
tal slip distribution of the mainshock. Open stars show the
locations of the low-angle normal fault aftershocks at ap-
proximately the depth of the plate interface derived from
the Global CMT catalog [http://www.globalcmt.org].
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Fig. 11. Schematic image of temporal strain change on the
plate interface. In the beginning of plate subduction, elas-
tic strain accumulates linearly. After the initial stage, elas-
tic strain is released from time to time (usual seismic cy-
cles), but it is difficult to estimate its absolute level. The
2011 Tohoku-oki earthquake appears to have exceptionally
released roughly all accumulated elastic strain.

Bons0b, MEICXZIEHTOEITRELRNWNSTH
5. Yo7 RLT7 ZMEEERIROILNToNTERLN
DRl 2 < Dimd (B Z1E, Scholz, 2000) 1, Z DR
DHMLIZRLTNVWS. MRV IREEFDIFEALEDOHE
T, FEIOK D ITHIE ORI CEEZE TN TN T 5 2
i, EEIC B B HBA N =L LDIEHA 2 N—
D a VR OREFRIE, 2000 FERICAS TWLSDNEZ > &
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(a)

[Compression]

Tohoku-oki
earthquake

(b)

[Tension & Compression]

Progress of
subduction

COHIRD M 77 FADOHEICE ST, IWHENFEALE
L FEBEZTIRN oI &R LTS (Hasegawa et
al., 2011). BT 212, @ OMERIMEIC X 2 ISR
BEIN TR NTO—HICEES. (—DDFIFME 1968
FETBHEM 8.2). < OEMBROKENFKEL
(Kanamori, 1971). 2010 £7 1 5 (M 8.8) THILHD
RF OO LBRHEIT, 2HROEMBHURBBNFEEL TVWD
(Lange et al., 2012).)

L, fwEERRFECRERILTZH0 &7 2/R8IChk
LHEBA N Z A LROREAE, T —MERTEASNT
E AR EAB LRSI DT < E O D DR IR
W2 EEB®RLTWS, T — MERFhIORES T
L — NER SFIEETEA QTR ERIESERFE L Ty
% Z & (Fig. 6)13, D7a< LB RN SE OMEE THE D i

\ﬁfiUfclt’ETb’Cbié I, AETREHE-L
fEID 1T < OIEWEHE i)@éib“(lﬂé &y, TL—
MERTEEIN TEFFR TOEARRISIRKI S N7z
ZEEMARET S (Fig. 11). EEBIZ, HBOANZXA
fRET—5 ELUTSHA N—=D a VN ETo 2k
(Hasegawa et al., 2011 ®, 1ZFL2TORHDMEMRE N/
ERERT WA, 2O & D I KRB R OB
BEEHRE OMEZE FICE > THESs INEZDDLEEZEZS
N, A 2N=2 a VI ORERG S N2 BA OBIEET )L &
KREFFITH 5.

2B, —DEBEINEILELT, EHiEMENZ <T84
LTWansE0noT, TL— MERDIEWHEHHTHDEE
MEZD, ZOHBORIIENS ER< EWENICE> &
WBRSRNWENS ZENHD. TOHBEELT, £T-DI
SRS B B, ILAROBERRT < 113 UIE UIEHE R
i (CHILER) AFEL TWBH, FTAUIILIROBEEIZE > T

[Neutral]

[Neutral]

2011 4FH b5 RSP R 1T K 2 Hkd 7 A DR L 405

Fig. 12. (a) Schematic image of the
occurrence of tensile earthquakes in a
neutral stress regime. Compressional
stress had prevailed in the fore-arc of
the Tohoku district until the 2011 To-
hoku-oki earthquake, and the com-
pressional stress had of locally re-
leased by inelastic processes (left).
After the 2011 Tohoku-oki earthquake
the compressional stress has almost
completely vanished, and the stress
regime may be nearly neutral. How-
ever, the stress can be locally tensile
in places where inelastic processes
had already released the compression-
al stress (right). (b) Similar situation
for the double-planed deep seismic
zone. Tensile and compressional
stresses in the oceanic plate around
the trench may be locally released by
inelastic processes (left). Seismic ac-
tivity can occur in a neutral stress re-
gime at depth, where the oceanic slab
recovers an almost straight shape

(right).

A U7 MR IR S 2 EREESICE 25D TH S (I
H, 2006). TNEFRBEROIEBICED, HIlTHE < % T
WEWSHIBINEIRICE D, T — MER TR DR EINE
5B THMRDINNFEET 2. BENSNNERE S —
DOMREL TR, HBOIEFMEAMEEITER T 2B DhH
5. gD EBD, ZoHEIES <E%‘T5ﬁi}%7’fjf: a
29 %, ZTOEMINZMRITT 2 72O HIEE 72 EIETHIER)
IRBHFEAEL, ST J{?ﬁ’&ﬁ#ﬁk@‘éc‘:b) ZEMED
5. LML, SEOHBIZE > TRAEMIC I NE<7R3
&, FORFMNIS I ERIRL Tz & 2 A1, #ic<A
ADEMIEI(DED, HEEI) £755 (Fig. 12a). ZOX
D72 T EIFEBICRAADIHE L — N TR I > Tnwb
EEZ 5% (Fig. 12b). FALHAZFID ET 0 DRD
2T 7 TR TEEREMBERABNEN TS, EANIE
i, THENIMEE D A 1 = X L% KD (Hasegawa et al.,
1978). ZORKRELT, AT THEER - T~ > MUK
TRIZMZET N2 2D ENDEZNH D0, Tl
LIRS ETHPFERMEBNE I > TWAESITIIRERHEN
HO, ZOBAIERENHS. LA, T — MI2E
ISR D2 5 720, MR CHEERRIIC AT 5N
7= M3, HEEELIR TIRERRZ (DE D PR
IISTRIB) TR A5 35600, [FTNIE#IATS 72k
IR UATLE >R NH> T, ZOHINTL— 3
FEOBESIIRSEEIZ, EROAHZXLOMBEEZT DR
& Z 501% (Engdahl and Scholz, 1977; &5, 2012).
IT, BLBAYHIZT L — MERICEA SN TWZELN
COHIEIC K> TRIFE TSN SIE, 20 EI3E
KIEZBERERFD. £9-DI01F, ZOHBEORIKE FEOMRF
Wi et ) 2 BAES 5 2 EVATREE 72D, ZHUT, EH
OHBETIIRL TUTARNWIETH S, o, HkHnIOHE



406 W =& UK BiR - ZH X

—_
2

Distance along dip [km]

L 0 50 100 (b)

50

Nucleation area

P

Shear stress
[MPa]

Middle area

Distance along strike [km]
o

-100 :
Trench

2012—7
(c) * M8.9
O M7.2-7.4
= Nucleation area 0.6 T
== Middle area * * 0
w 04 * O O A
o
= * O O
>
“ o2 fF O (0] o A
> Slip [m]
0.0 :
0 1 2
Dx [m]

Fig. 13. (a) Fault model for a dynamic rupture simulation with thermal pressurization (TP). The rupture starts at the nucle-
ation area and propagates through the middle area, reaching the TP area. (b) Evolution of shear stress in each area. In the
nucleation area, the stress drop starts instantaneously following the linear slip-weakening friction (the residual friction is
fixed). In the middle area and the TP area, the stress drop starts when the shear stress reaches the yield strength (24 MPa).
The friction law in the middle area is also linear slip-weakening, but that in the TP area is a combination of TP and slip-
strengthening, which can cause a nearly complete stress drop. (¢) Computed results for the final moment magnitude as a
function of initial stress Sx and the characteristic slip-weakening distance Dx.

TEE— RIS TR, PRI CHEER R TH D
ZEHHD, FILARMIBNTHHI AL, HRERET—
% (Furukawa and Uyeda, 1989), EilMu&DID/INT >
A (Seno, 2009), FiRD 1968 4F+ B eE D RE DM@
(Magee and Zoback, 1993) /s Em B AFib 5N TE .
ENS OHEEREFIZNEIZ, 20 MPa LA, #20MPa, 5
MPa LA FTH D, Fig. 6 TREND WAL KHIE DG I8
TEROREDD, B S HREAHETH 10 MPa, WiEH©
TR 6 MPa E X< —8T 5. B, W12 N—T 3
> %17 > 7= Hasegawa et al. 2011) i3#xt s DfE % 21—
22 MPa ERES S THY, HADMFTELD BPRLRENN
BBLZHLOHRESZADEAD.
BAMZFETHRINZETDHE, BICXDERRIE
ELUT, RMBOBEIMEICEMGENRA< END ZENH 2.
aEins, £HEFIFTETHRINT 21T TP ZOHRICED
W7 7 V2 1) < R DM I K RS ETH D EE A S
N, TP ZHOFITRNIERIBIE  BIS B FIHME R 2
RO Z &R EN5M5THS. Fig. 13I1ICTP 2D A
NIMHREHES I 2L —2 3 > ORRERT. Wil OB
BB O RITIE, AP BV 2 5 R IE (Day
et al., 2005) iZ TP €5 ) (Bizzarri and Cocco, 2006; Mi-
tsui and Hirahara, 2009) ZfAAAZFEE AWK, Fig.
13a DX D ITHEERWIC TP 2V <2 < iz iV, R
T R fEI (nucleation area) &4 UL CHEIE U7z, £l
S al—a rTIR—HAERFEREZRKEL THD®D
HHEI I BE R 2 B D TR B IR R4 (U?JEEOD
TR A AN B IR E S 2SI E D) 2 52 Th 5.
BHEHN TR ST T —E & L (Fig. 13b), &
IZ Nucleation area TIZ#IHIG I 2IEARTREE & 55 U v (EE
i, BADDITNCERET D) LDICHEL, BAUHLE
EANBCHESES. WiE LOSRICBNT, BAMIKRY)

DEERIREZ B A S 2 & T RO A UBEEERE O T A%k
2%, BRI AR P EEE (middle area) Tl D IC
e EERSS LR 2 S S M COEFE L TWb—7, TP i

T TPIC K D ERBIREEFLNE Z S & L& (Fig.
13b). ZDK, Fig. 13ciTREND K DI, PHITEEICSH
355 &> & L7100 kPa A —4 —0) #FIHIEI O#ENR
HTOBEEINT AY DEVWICZEST, BINBERM TS
ATHROS7ZO MO VRIS 10T 5. 2B, K

DEFETIE, TP M E TEEBHENRET 2 &, TP
DOREBMBOICHIETOENTERE LZWBERAIHIET 2 &

21Z/E> TS, TP ZHD AN d 5D UBERHRED
5 E LTI, Mitsui et al. 2011, 2012) 22 R LU CHEE
7z,

i 7 EnE LT, WREROKRMIEIIR DR LUIEA
LTCEREZEMHISNTNVSY, EZZOEEMIRL TR
<z, RBESASNTWSEENT 7IZDONTE AL
BREDOEDERLUMEIZI0OET, HRETIZ264FETH D
(Ando, 1975). AtiEE O KR 7 ClIERHEREY AR E
INTNDD, ZOFERMRIIFEEA50FETHLHDD,
BHWIRFIZIZ 100 F, EWRFIZIE 800 & I FEziFs D&
MKRZEREW (Sawai et al., 2009). FALHARDOKEER I+
THEERT, FERMEEE 450 F05 800 FL72> TS (R
BAlEn, 2010). EILFMKHZEOFRE AR ERMEDO X —
IN—=HA ZIIVOEER 7 O —XT v TEINTE7= (Hori and
Miyazaki, 2011; A - F, 2011). #enic, FoAMER
BOBRLFEAELTELTHASD. L, WEEOBIERIC
iabj”éél?fﬁﬁ/ﬂ’ﬂiﬁ’&%xé L, HiE 75> [ ICFEAT S

EMZEE- 22580, TPICHEEZ5X5K
IE?—E!’J Ti’%i b, tti’xﬁ’]ﬁ%kﬂ#ﬁﬁxﬂﬁ@_é ZENEREN
5. FUTHERIZ, INETOREBRENS LTS, FEAHN
CIERDIFEHL <, FVEVIERINEIERIREDBDTH
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.ﬁﬁ&mw%m@#§7%mﬁ% =D IR 5 5%
IWHEEL, EEMENEAEEELE. 2L, #ERIIE
kﬂ‘i”tiﬂ(’_ﬂ T UIRICEED, BED RTh SN
TN T3z,
i3, FEINZELZERFMETHRIT 2BETH 5.
T — MR TIIEAOERI T L — NEFIEOED TE
WHNTE Z 5. —F, BAHOMHGERIES £> & L2
BWZEORESEBTIDEASDS. FOLDITEZDE,
WEERIE R E DR A IR TR AE L CE 2 2 &V < M
fECc&Es. ZL T, BLEITHHETDE, MOU TR
ODERMBOREZTIT S &1L, MDD TH L.

£ & B

2011 FHRALH A R FEHEHHBICDOW T, REBEEDNS
B2 < OBSEERFET VMR ENTWD., Th50ETIV
DRI, BREOWHEFVICKERBODE—I 2D
&, B—AX NEERROME Fig. )R EDRT—HET
275, E’Tiiﬂi tEE, KIREEOBEMNTEWEROI D Of
I, HERBHLE 5 B D 3040 PR DfikE h%ﬁ&ﬁtk
iﬁ%f;%ﬂﬁ\%é ARTIiE, 1Hz GPS 57— ICBE Y
BT T IVE R OR UIMEO SR EMNS, R
PTWEIRIZ B IR i O D3 > 7= 2 &, FRCHUERL
#%20-35 < 5WITIE, 1978 45 F I e O BT
IETCHERE—AS MERNH -T2 LE2mU. TU—2
RIS DRAZE 2 BRIICILD AN S EFTOFIETHEN L 2
Yagi and Fukahata 2011a) DFE5IS, (EEATOHE D 5Kk
THDZERMWHEZTD DT ROBED 10 BPEEREWEND
FEIZH D DD, 2ERMITEETEZLEZI5N2.

FALARHEO FHHEL, BB GAS50m), EW
TAROKEE (AR, HEr K E 725 Ik T (810
MPa) E WD F#ZERED. N5 ORIT, BT DR
FEDTHEERH IR R L2 & B 25 &5 <HBHNML.
REDANZZLRIHERTERESBM LT &S, ILH
ADT L — MEREICB W TR HIE TIZIFE TOES
ﬁWﬂ%”%Wéht:té%b@ng,@@ﬁﬁ@@

U K N2 5. KHUERHC B 2 i X R 3%
2olE, TOIRERRENS, KHE O EIRFEE D SR
HINnsd L &ns. RELRHED, R TN TR
<, DUARREHMIZREL TWA Z &R, Z0EX EHM
HTh5.

#t [

1 Hz GPS 7 — ¥ I EIRE—K & O f2HLTHW /2. i
KEDFRMIARTHD, ZIRLEREAD S I13A 7R %ﬂi%
[EWz. FENEMEOR S, BRGNS O A M H S
5. IR T — & 1 3OKE @T—ﬁﬁﬁt/

% —(IRIS-DMC) & D BifF L 7. BEMEIZRSRT, E—
A2 b T 2 IV IR KB O F-net B & U Global
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