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Abstract

Development of suitable algorithms and an increase in computational capability have enabled
dynamic earthquake cycle simulations (ECS) to be conducted in which both coseismic rapid
slip associated with inertial effects and interseismic quasistatic processes are simulated in a
single framework. The rate- and state-dependent friction (RSF) law is a very useful tool in ECS,
because it is able to reproduce a spectrum of fault behaviors including steady slip, aseismic tran-
sient, and earthquakes when coupled with an elastic medium. The RSF law has, however, been
developed with a rather narrow range of experimental conditions where cataclasis dominates.
Recent experimental and theoretical studies have developed fault constitutive laws that are ap-
plicable to different conditions where different deformation mechanisms are important. The ECS
is useful for realizing and quantifying fault motions based on different hypotheses of fault slip
deformation mechanisms, such as brittle-plastic transition at a deeper extent of a seismogenic
fault, pressure solution creep, and remarkable weakening at a coseismic high slip rate. In the
field of structural geology, conceptual fault models, which represents distribution of dominant
deformation mechanisms and strength along the depth of a major fault, have been proposed and
updated since the 1970s on a basis of field observations of fault rocks and laboratory experi-
ments. Since the development of ECS, it has become possible to build them as objective numeri-
cal models once fault constitutive laws are formulated, and to compare behaviors under different
hypotheses. Recent studies on the significance of changes in deformation mechanisms of a fault
slip for fault behavior and reviewed and perspectives are discussed.
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Fig. 1 Conceptual fault model by Scholz (1988). In this model, earthquake nucleation is possible above the depth of
onset of quartz crystalline plasticity and earthquake rupture can penetrate to several kilometers below it. The

figure is simplified from Scholz (1988).
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Fig. 2 Strength profile by Bos and Spiers (2002) for a
strike-slip fault. Smaller strain rate is assumed
in the plastic regime accounting for a wider shear
zone than in the brittle regime. The figure is
simplified from Bos and Spiers (2002).
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Fig. 3 Example of two-dimensional ECS for a strike-slip fault with an RSF law by Lapusta et al. (2000). The case re-
ported in their Figure 5 was re-calculated. The left three panels represent distribution of effective normal stress
and frictional parameters. In the right panel, solid and dashed lines represent slip distribution every 10 years

and 1 sec during earthquakes.
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Fig. 4 Friction-to-flow law used by Shimamoto and Noda (2014). (a) End-member behaviors on a velocity step for a

friction law (Eq. (2), top) and a flow law (Eq. (5), bottom). w is shear zone thickness, y, is characteristic shear
strain, n and m are power exponents for steady-state and transient rate-dependency. (b) Experimental data by
Kawamoto and Shimamoto (1997) and the best fit model for all data reported by them. Note, plotted here is only
a subset of the data used in the optimization. The figure is modified from Shimamoto and Noda (2014).
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5b), Shimamoto and Noda (2014) TIlZ, 7 <
0.99 min (t4, Tp,,) TEBFHAER SN T VS,
Z OBBENNCAAET 2 HEFHLO T & Y &
km WIS T, BHFIIKE WIEO B AS
BN s, ZAUZFRENR] O AR E DRI TR R
T5ZEIGENL TV,
FEBRIZECS % %t L 728 BAK 5e TH %o
EMEMIZIZ RSF IO A Z MR L2458 (K 3)
EELABTV B2, KIERO KR Y 23F 1T
ERE RV IT BBV, BRI & i) IR
DRI OB & Rl Wi 2
T, W0 HE R LR DD E RIS ELLA
VETHLILEERLTWS, DL LT,

L OIRNEE» DA L b, BN »S
HIEVWOHEEPILLL Vv YIalb—va vy
ToOSMEDA XY (K5 DM TRLAH
) ARG E &R D E, SRIS SRR
WZBALT %75, BB L W2EE LT
WL ENDbRSLE (Wb5d). 2, ZZTHW
7oA T ) AT TE D S 5 & b B
EOMHIHMEARZI EZILL 2w (f,<a,b) »
5THhL (K1vo [mEl o [#ryl & [RY
1] D). F7-MEEBIEIL 19 km 1K T
L TEoEmIIn NER 2R L, TOFH O
W TR km ISz THADA LA FE Y
T % BT B TOETIVCIE, B
IANF—DRECTHGHN) T ERDOTIE R
{, BOA NV A ROy FZ&EL LSBT AN
F—RPRZET S THRIEZEILEE TV,
ANV A By ZHEOESE, MBI XYk
EIANF -2 CTIE e ERTH720, Bl
DEEFEE BT 5 &9 1@ <

X 5e 12iE, ECSOfROF LHETREINS
Wi a DA 2R L TWAD, KHEOHIER D %
DTH, YA RIv 7 - Ay ) vy (HEEE
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5 Shimamoto and Noda (2014) 2 X % fifg P-4
BB EEZBELZECS. (a) WM (V=10"m/s)
TORESA. HEIEOEEIST, HKIE OB
WARE Z Mg, (b) BEIEOD (@ — b)o, ML T 5
WA D54, (o) W H OFM. I 50
E L, RBUTHER (0.1 m/s 28 2 2 B0 0°
HHWHN) 01T E o5t (d) HMEREO
SIS D54, (e) EF VAL THEN B
J& DZEFHE & Wi o 44, X1 Shimamoto
and Noda (2014) Zn4E.

Fig. 5 Example of ECS accounting for brittle-plastic
transition by Shimamoto and Noda (2014). (a)
Strength profile at a steady-state solution (V =
10° m/s). (b) Rate-dependency comparable to
(@ — b)o, in the RSF law. (c) Slip distribution
every 50 years (blue) and 1 sec during earth-
quakes (red) defined by a threshold of 0.1 m/s.
(d) Shear stress distributions just before (blue)
and after (red) the earthquake indicated in
yellow in (c). (e) Interpretation of the ECS in
terms of mode of fault slip and the distribution
of fault rocks. The figure is modified from Shima-
moto and Noda (2014).

THRAELTWS, 2ZTlESC~Afuar A ba4E
L% &9 %%} (Hiraga and Shimamoto, 1987)
EHEROEE S LHEE2H D ET (B 213,
Sibson, 1980; Lin et al., 2005) Z & »HfF s
%o

RE TN L72BNE, 8D 2B ekE T T
VDI HETE S - L HMO Sibson (1977)
EFLEBBELLZDDOTHY, TOEFIH5E
EWZELWETRT 203 D IEFEH IRV B
PRSI HAAET 8 (Bl 213, Strehlau,
1986) %, LD TR BLIEMR 2 ) — 7,
FREEIEIC X 2B LB L, FETNE
BRZ I CDEREZOND, TLETVEE
& LTIE, HT o BBKE O (B 213,
Rice, 1992) O REMER, RHIMWE ) HEDH 2
Vil &, EBOWBAOEH T L&
BORVEDNLGEHET S, LELIORETES
AR L7z &, TRz &S T3
CLENTENIFECSANEETLILNTE, A
BN REE L7242 1 0 ARk & BB o
2R~ OFREDS, FBFHE (R e
KOBARD) 1CkoTTZA] LI ETH
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bo COMTECSIZIERIEMNLZY —VTH S,
DTFOETHNT L L &, SF ST L
DOHFET A 7 VEBNOREIT WD, 4
BRBTHOTIE V2 EHFEL TV 5,

V. EHBE@mgo -7

HIE TR L7z ECS 1%, EBi% 33 %85
HNZHED W22 BT EE s 2 v T ), #silo
WP 72 T VAIAFAE L e o 720 WER 7275,
W - BT - BREEO AL S TLFA S~ &
D7z TR WEBRSE A H 15 5 N REERAITH
W, FTRERMWIEEFIVIZEISORERI L D
SIEfEZE b b, Lo LEBRICTRE R IS
HERENTEY, WMWIE TN E - ERE
TN DRI DIMF, A —1) v I EEE %
bo F-WWHET VORI, FHAKD [H
] LIPRZAIENZRIGEE) TH o T, FREMYMMHE
MRV, RETIE, JENERS ) —T %2tk Wikg
TV OMPEE TN & ECSIZHE L7261 %
T %,

Wil 777 1% U DI S R IR MR R S5
S, ENERICEIVERT L2 I X ek
HRRESEY 2 S5 OCEHOREY DN FENEEIC
BILC, A& RRERRESEREY (B 213,
Bos and Spiers, 2000; Niemeijer and Spiers,
2005) RAKE A T4 MEEW (B 21, den
Hartog et al., 2013) % H\: 7 SEERIIIFZED T H
NTE e THITFTLTHRWIE T IVIRE
ENTE7 (Bz2IX, Bos and Spiers, 2002; Nie-
meijer and Spiers, 2007). 7% 7> T® den Hartog
and Spiers (2014) ICX W IR_EIN/ZETFTNVT
&, EJIEDTICE Ty A MR 228
DR WHEE S, 75 A AL OF) EIFAE
LW ZERRERTERAELT T A I E DER &
Rl 2 &M TE 7, £ 2T Noda (2016) (&
COWPBET N EIFEL LT, RFEOME - IR
REARAF BRI I & X X2 Wi H %2 2 b L
ECS ~3% L7z,

6a |2 den Hartog and Spiers (2014) 2 X
235 O TV O SR Z R, NAYHE
Mz 72D D 5E 4 72 FRalk 13 & 2Tk 5 25,

Noda, 2016 @ Figure 5 {
b=0.014 DT—X
-4

0.2

8

-6
log, (V) [m/s]

6 (a) den Hartog et al. (2014) 2 X 2 W B €5
VOWERN. Ak SA MBI UHTEEED
BT &, AT o 2SR oMY LIFER
WEREINTWA. den Hartog et al. (2014) |2
MEEBIE. (b) Noda (2016) (2 X & W g 4 1 HI
DO—HBl. F728F X — ¥ 13 [E#H L Table 1 2%
8. 1 300°C %2 LCT\w5. Noda (2016)
WZImEE.

Fig. 6 (a) Schematic diagram of micro-physical model
by den Hartog et al. (2014). Dilatant deforma-
tion due to slip on wavy slip planes is considered
in addition to shear deformation of both quartz
crust and clayey matrix. The figure is corrected
and modified from den Hartog et al. (2014). (b)
Example of the steady-state rate-dependency
presented by Noda (2016). The figure is modified
from Noda (2016).

ECS IZFEZEIN/2H DIZE L Tld Noda (2016)
EBRENTZV. 75 A ORI EORY
RS AEE SN TEY, (1) 279X
FARIKDEENEE L 25— (B zone ; 5
WIS JT g, WD BE VL), (2) 77 A ML
F—=N—=F v FLTWwAEY—" (O zone ; I§é,

—500—



SIWTIE T 7o, WD EEV,), B) VIR Mrik
WL TR LW > 720 0 1 YW g,
DHE V) D3DODOEREENEZEZLON T
b0 TNOHEREENIEHZAL, ThEho
WOHEZELADEL I LIZL s TakELT
D) EEP R HN5

T=1Tp="T0=Ta (7)
V= VB + Vo + Vdil (8)

Ty Tos T4gi =e74 7 A I\G)Ejjigﬁg@gﬁﬁik%g
DEEOREPHMAGDL S o B THRI SN, €
NZIUIRIET B ) B X IR %o

15 = Fp(&)fpo. + ns(&)V3 9)
70 = Fo(E)foo. + 106V, (10)
Tar = Fgy &, fu) fan o (11)

WedT - 72100 A S 2 L1k > TRBAET R
EMVWAT B, —HT, BHHrTMEH < SIS
$B7 X NDOENEHZ ) — T2 &) 2B2RERIT
WAL, £ 3HINY %,

i 1
57 F‘g(é)Vdil_‘—ng(é)Ge (12)

ZZTIA TN & O FIATHERIT TIE DR 21
WHTHY, nidkERICHRT 28, FIZIEE
DR DT OBEBBRBTH D, FRni37 7
A b ORI Bo TOEFIVTIRE—RE
APGE EN T B0, KRS A% ZBICANT:
ETFNVOREIISBHOEELRRESZS 9, Noda
(2016) &IN5 OEEEARICHEKAE L AN
BTN X o CIRFDREE - IREEARAFHE R 2 4%
L7z &I, Bl BIC r KB 5
Fun VOB LTIl H O M SHIK TR V7. S L7z RSF
Hl% v 7z 44 5 7z 58 H AR O Wi kg v g o — 1
[ 6bIZRT, ) FIFICLBEHIZZOHIT
210" m/s RELSHFEICR D, Tk b KHE
WTIRENER 2 U — T2 X BRI ASE
N, X0 EEITIIHEFE RS, LI, F
D EUANET T B ZRERDOZELAR E VBT,
Fua VO U CARE L 72 BEHSIL & 0 b 2l e s
5L BN 5,

ECS O RO —FI 2K TITRT . 2D —A
Tld Lapusta et al. (2000) & F#kIZ, o, 2350
MPa CTHITH & % 2K IS 504 (K13 D
Lo b EOK) #HE L. K Ta ik B
DEOSAIZRLTWAED, Wltk-MrEk s %
ML7ZETI (M5e) &L BTwE, LI
RSF HIOAE V2 —2 (JM3) LHEKLT,
KIBEHOKNFY BHEVFENLEV, DL
AL, WS 2 AR A BT A B & 4
BB LT ZEDPEETHS ), 7b B X
Wellld, Ve (MBIt e ICHBETTEE) DRz
W30 % 7R Uizo I £0 1322 A 522 & -
EEDOEDMTH B, RLABITIEIKRIED
20 T LW, HRIEBG AT W 5 < DIFD
DARY FAFEELTVE, TOREB XY, ¥
BOBWFEIZIBNT, Fh RIFOLRIZ & 2 HRT
DOWMAFED 5N b, F/oRKHFETIE, BHEOF
¥ D 14 km WL F TEWHEIPHIZ D72 0 R
DEINT 55, WERIEE % T HBRIL 2SR
T 5B AR SN

INFTOETHA L RSFHIOARZ w7z
ECS %, Matk-Bv &R ¥ 2 8Bl %2 w7z
ECS ICHN7IREE L, BeEmER (@)=
(5)) FiEo XY LTV, ZoWHERE
LLHBNFENTHo T —H, RETHAN LM
W EFIVICH| 572 ECS T3, IREEZRE 3B
R (MBRk, ZBRRE) L RS s
RETh b, THUL, BILWREZL AA O & e
HKTE WM EZREL, GAEROALDL
FTRIROWIEH DB L OBATOIFZEIZES 5]
REPEDSE Ve F 72, ZRRRER ORI S BIBRKE
DEAL BIZIZFA LY VY — - N—F=v
(f# 212, Scholz et al., 1973; Segall and Rice,
1995)) RWIEISIR - 72 R E) (B 2 (LW N
V7 EF NV (Sibson, 1992)) &\ o7z, il
7O ADEANLBENES T2 5 EBbR
%o

JEDWEms ) — 7B LTI, 22 THlALE
PE T VPSS, Y LITETEA RN %
S FEFTH A N—LmmHEET NV (CNSEF
)V (Chen et al., 2017)) %, FN%MEBHIHE
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Eilline

(a) WY DFH
. BMIESETE, FHIEHER (0.1 m/s %
Wz AW H HHEEN) O 1T L 05
(b) Y MIE, (c) IRMEEKe & MPBRILOREZERH
i, g o RS e Ak 1 (a) 12 8 TR L
HWEICHIET 5. HREOBMIZEE. Noda
(2016) & b Jn&e.

Example of ECS by Noda (2016). (a) Distribu-
tion of slip every five years (blue) and every 1 sec
during earthquakes defined by a threshold of 0.1
m/s (red). (b-c¢) Spatio-temporal distributions
of (b) V and (¢) & or void ratio. The horizontal
discontinuity in the middle corresponds with the
earthquake indicated by yellow in (a). Dashed
ellipses indicate nucleation of earthquakes. The
figure is modified from Noda (2016).

YAV Ial—Ta IZEBALLL)RED
172 (van den Ende et al., 2018) 25FAES 5o
W HDETITIRIERFE AR ALY S 5 PR S 43
b7z THEFICRELFRWOIEL L2 L,
HEZ# ) BRI REOET V& LTIZL IR
EW 7RI B, T RRAEVZ I ).

VL. SEEEEFOMED 2845551t

INFTITHALAETVE, BHIC1 mm/s
BEE X D IGH TOENEBEBRIEBR O RIZIEDNT
HEE S N7 REEWTE () 21X, Sibson, 1977; Bos
and Spiers, 2002) (ZFAL T, ZOEMEE T IV
DEARMEE AT 5 72 TH o 720 —J5T 1990 448
%A 5, 0.1 m/s PLEOHEMN Y KO WE O
TIEWHEE AR AZIZE S L (B 213, Tsutsumi
and Shimamoto, 1997; Rice, 2006), W& 150
DEICRERERA VN7 V2527, BlZ2E
Di Toro et al. (2011) 12X > T% { DENEED
FERMPT LV ENT WS, ) HEE 1 mm/s
LLF T Byerlee Al 2 & 740 & 11 5 B4R 5K
(0.6-0.85) & /RT3 lF2Y, 0.1 m/s BLETIE 0.4
F, L& 0.1 T oL THIERV BEERK A
AT o 2K BN GTLOBEE LT, FEh
SR B OB FRE IS U CTHEE DM B 7 o
TAPRBEN TV D, £D% Il L CHEHE
FEZ L DIRE FANEEL ST S (B 21T,
Rice, 2006), CZOFETIE [HH] %55 %%,
BEBSEIC L 5 S F SE R A7 — LV TOIRE L5
PWEEE L) EEOERTHO TV, EH#ll
FEIC X AW OFYILICBI L T, 3 TIZIREED
Meian e (A1E 20, 2008; 32, 2009) 2SFFAET
HDT, #HLLRZELELEZBRMLTWAZE 20w,
RIETIX, ECS NEASINHIE LT, BEEFEE
12X BIEBRKED 5 (thermal pressurization;
TP) (#)Z1Z, Sibson, 1973; Lachenbruch, 1980;
Mase and Smith, 1987; Rice, 2006; Noda and
Lapusta, 2010) (Z2WWTHNNT %,

8a |2 TP ORENIX 2R § o BEIEFERIZ LD
Wi B DIRED LA§ 5 & &, Wi a 2 ks
B GERF- & BIBRAR O ) DR EDS FA-5 5
HRL T OBREBBIRFIL 10K DL — 5 —T
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Fig. 8

=T D78y FHOBBKEDERBR R 0 ZEL SR, ROWBHECEFARLZ, (cd) 2 =0 TOWH Y OEM.
KEIF 104 T L, Bk ER (0.1 m/s # B2 250 H 2 KT 018 L0554 (ef) z =0 TOIFHIL
NOWEZER 54, (¢, @) TRy FTTPAHE V2T, (d, HTRAD/SY FTTPARICHE {. Noda
and Lapusta (2010) & ) Jil4E.

(a) Schematic diagram of TP. (b) Problem setting investigated by Noda and Lapusta (2010). They examined
system behavior for cases with different hydraulic diffusivity @, in the red and blue patches. (c-d) Slip distribu-
tion on z = 0. Gray and black lines are plotted every 10 years and 1 sec during earthquakes defined by a thresh-
old of 0.1 m/s. (e-f) Spatio-temporal distribution of shear stress on z = 0. TP is not efficient in both patches in
the case shown in (c¢) and (e), and efficient in the right patch in the case shown in (d) and (f).
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HBDOIK L (B 21E, Fei, 1995), KO fH
BWIRFIIBBLRI0KERETH L5720, B
iR L7z AKR DRI~ 2 20, & L IIKED
ERAPKR B, BB X OHBRRAIEEMICIE 1
WICOPHTRRRE, BIRERIED S 7~k
#$ % (Lachenbruch, 1980)

or_, 0T v

ot ™ oy? " pe

dp_, Pp, 0T
at"ah’ay2+_A’at (14)

o(y) (13)

T TIFIREE, p 3MBUKIE, pe & AL ARE
B OB, o IS MED1 & % 2 BEESE
Bogsie £, AZRAEABHRZWEED
AR EE LS 72 ) OMBRKEZL, a, B I
oy, (RSB X OB BKIE IR TH 5, 5
(13) BX 0 (14) THAEDHE 1 HITIEFHZ R LT
BY, 82 HIIBEEREHARLIRE LACKSE Y — 2
Y=L ThHb, ffHDO0, YWHEEOZRZMELR
WARIZ X o THEITN 2 202 % Lo IEHILIH
(Mase and Smith, 1987) (Z#EH L TW 5, KA
JEAPANLET S Z DS TETHBRKEN LA T5E,
BRI % A RhIs I HI

T =(0—p)f (15)

A D VOB, ANE D RS RE R EEASEN Y 12
BFda2&ethb, 2 ToldWEICIMDS
EREIST], po (EETEETIIT BT 5 BBKIE
Thbo

Mo B2 TS A B B B TS ) AR E O 55 W )
T, MBERREOERRE ) ARET S L, B
HHNZ L) HADOBEMPSHIESNL, L LIE
BHIZB W CTEBEROMTH L v 2 - F 5 %
A4 M GEEREHEFHEZ T 50%) KK
FiTd Y, Sibson (1973) & TP IC & » TEEESE
BOPIHI I ND ZEDBZFDORNTH S LB L7
L) EM AN 53, W T OB
12X 0 WP R A B T HLER T o B R S EE
TH5ETTHbS, L2L, 21 San Andreas
W IRWTIZZFD L) BRI T FANRE 572 1%5
N (s ss K7 A (Bl 21E, Lachen-

bruch and Sass, 1980)). Lachenbruch (1980)
X, BEESDTICHIMETHAILDL, B
W23 D A3 U % ®as ) RELC TP I X > THE 23
Bz e b L, BN 2 EREROREIHZ S
NbZerIRL,

TPOENEEZEZ D LTEEL 525 0N,
IR PE D O KR (o), A) ThHbo &
FAOMBIEE (ay, pe) \EaA O/ E IS
X o THICTEAL S 5 2 L3724, KB 1)
NWHOH R R, BOREIZX > TRER
ECEALT 5. WiBsEEE D O A3 B (B 21T,
Wibberley, 2002; Noda and Shimamoto, 2005)
Wi % B2 2 7 © Rk (Tanikawa and
Shimamoto, 2009; Sawai et al., 2017) 2 D
T, BHE T TOBEKERIERS N, AT ER
&7 D% b OWE L 72 Wi IS DWW Tk TP 234
AN < WTREPEAVR S 7z,

PR R % BRI IR < 56y, B 203 B
TBEOBNERETIE, ENLBHAT Y TOE
IZHI B (Courant-Friedrichs-Lewy 5 ) 2%
5o ZTD72%, BINHBHELH THYEIL (Andrews,
2002; Rice, 2006), IR A XK T 5
(Schmitt et al., 2011), HiEH% O M FRAKE R IRE
DPLFINT & 2 W EE b 755 O B IR VIR R A
FVIIb B2 G OHEY A 7 VICHYS
BCiE, BUEEHRIC TR EE 2 b, Bz
X, BRSSP (Bizzari and Cocco, 2006) % J
WTHERI MRS A 7 VY I 2L —3 g VITHEA
L7261 (Mitsui et al., 2012) »3% %, Noda and
Lapusta (2010) &%, R (13) B L 0°(14) & p ok
BIZBWTHEA 77—V CHEEit L, Exponen-
tial time differencing %% H\v T3 5 C
LIZXY, HEMICET R AT v 71T L
TRAND % CRERGNREEZREK L, ECS
NFEFE LT, Ok, BiiEgzEH w0 o 712
L CHEMS W%\ 726] (Noda and
Lapusta, 2013; Noda et al., 2017) %, & i
1t - S9ALANRAE 3 2 SHIR A OB W E#E & K
R OZE BT 2078 (Jiang and Lapusta,
2016) R EIBH SN TS, 2 CIEWikEmE
o5 EHEO RIS 2, Noda and
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Lapusta (2010) 12X » THRAXSN-F%HEAT
5o

X 8b IZ#BAS B BIOMIEFRE Z R 7l %
PMA% 12, Noda and Lapusta (2010) % Zli
LCW7z72 & 72wy, 3 Kt o BRGHEPE fA i o0 S 1
Wik mic, #HEFHILORFEHEREZIKET %,
TP D327 { & b RSF HIo#E LIz X v,
CORFH/Sy FTHYBLHENEET 5, &
OWNIIZ 2 oD IEHBHBEZKEL, ThETh
Do, BEALSELZLICLD, TP AR %Y
& 29 TRV L OMEAERIZOWTIRZ,
K8 BIUNAIZIEM/ty FOH.L % @AM E
TOWY iR LTW5h, My FBLEUIZFD
MIZE LT TP AR TRWIGE, HIEY A 2L
YU INTHY, 10O0F 4 XOHEH—ERM
BT PZTIEER D, — T, WDy F
T TP PHERNANER S 53956, HERIZZ 05
TRERWVVPELHSS, ZOLIBA R MHS
FIETHE, ZORHIITRTDOAXRY FTIHSH
ZEEHVEEV, #MRELT, TPOVHRATE
WERGT D B FE BT B RN S I A RV Rk
WEZEHD TP AENLHAICRERIEY 2L
HBRAXRY P 2ELRWY Iy M A 2 u08ih
HrZlERD,

X8 BLUFIZX 8 BLUdd ERUMEICE
BB OG5 R LT, MR LER
LA RAESIIIELZ R L TBY, BN
7 WA O A R TE S 7 1 AKH T BRI AR L
~fo BT ME (R T o BEEER ) 3 -RE
THEEND, W8y FI2BWT TP BSERNZE A
Wipe, HERM ORGSO LV RETO
FEHRFE B W E 2 Do — T, TP BSHIC
B <M LTI, MEROBERNS O L)LY
PR 2 b0 TR L7z TP 2SA R TR WER
DOREIET LS R HEL, [TP AR %
FIRITIEHOERNEATE ST, BHALD
D/NE VIR TR b 5 72| LIRIRTE 5,

HH F TR L7 REEIRTIRN X, 450 E
BB MEE & RE L7285 & E B S 2 BTG
HDOBATH o720 K 8-fIZmLAFITIE, K
W VICBIILBEIZ2DOD/8Yy FTHLETH

bo =Dy FTEMEMNFOMEL TIFz L
25, PRI BEO N HFEFI 31T 5 BTk
ISR & Ze VAN Tz DL TEAYE W 1K
Wk I LT, R T O R NERR RS
P HHEE SN D W REEABIWIL ) & 13133
LEZTENESLD, LarL, W2y KL
BETHHELHEEHE BB RTEFICH LT
W&, TREES AT DSRS0 oA & L CTHESL
ENDLEIPFIHPETIE RV, WiESLZO™Y
TEESNDLINN5AEE 25 LTI, HEYA
IVERERBLCHERPEEE 25 LB bh
ECSRRED-DDHEELFETHD L VR 5,
IR, ShOmE, SRAS), MM OIE)IER
HOMPENXICEZ YA, FREOMS
Rz omoBEOMREE LTh2Z bbb, 2O
BCRLZBNE, CNOREZEERA 7 — VOl
B2 WIS C BRI MEICENZD
DEVZ LI,

VIL. #EREBE

Meth- MY ER 2 o 2 I HRLENIEM %
o 72 IVETE, KETOEREBRTRONS
BIENTHA BB/ ECS THH I/, &M
EEIEO TP IC X 2 99fL &2 EA L7 VETI,
T oM@ IEA IS )54 & L TN h o
720 VEOHIIZ—H, MIFEBLFIVEDOET
VEBELTWAEHIIIAZDED, ThEHIY
KM R TH B HEPICHIERZ ORI S
S (B 213 8b D%y FNER) 2B LTI,
i ) EECEFIREBIOEWER S EH SN
ZEFRE% L, TOFMT ToOWRBMERAIZ
fICEEALL £ 9 &b ECS O i TITHE
WHEWTHHAH. AL, HEEROERELE~Y A1
FA AL LEROMYEL (B 213, Sibson,
1980; Lin et al., 2005) X, JENEMHS BT 2
WRA 5 7 V=31 b (Bl 2L, Jefferies et al.,
2006) IHHFHBELLHOL NI R-oTW S
HETH Y, Walk-BUERLIENBRIEZ &
2\ ECS IS MBS ICIS L CEY 2T
W EIZVR Vv KIBEOMEE FIRMAET, &
B E 2N OERBEENE O L 5 ICHEEH
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LT, 5HOBEELREETH A,

INFEFTOETHIRLZEIIC, WO &
SUWTIS S DRI % R FE DB - IRFEAKATRE A T
(B ThhEThh) XL TENIXECS
NOBAXBBLRWTETH b, ATtz
B, RBUER, EER, TP 2 &) biT7:
A, EICD L S OEEHEHECHE L T oEE
PRE SN T L, WRHICINSEZMNT S
LIEL WA, ZORiZT CIEREATE
HHoTBY, LN E X ZIETECS ~NE
FWRELBEEODDOB KD D L) ITERIIKL
TWwWh, SH#N L7z ECSIEE Vv 2 o0%
TEREOROEREZ LV HIF-bDT, %72
KPBETNEVZ L0 LN, HEOER
R Z B L7- ECS oEEISH— kD =
LRI NS,

—F, TDOL9 7% ECSOFEEIZ T 2 —%
KOBIMIERT 5. fl2E, RO takipa
FHBINAHHT A L2 HWE LA,
B OS2I T A= BHPMETH A 9o EB, ¥
¥ 77z RSF HIT A= 10 7— 7 OFHH D
LEETRETHSL I LERL, RSFHID/$F X —
5w L7IWFE0SEAES % (B 213, Perfettini
and Avouac, 2004, 2007; Chang et al., 2013;
Kano et al., 2015), Z® X 9 R THH £
T, WERTOBM O b DRKEE L HMERED S, It
B EB T DA ) O X 5 7tk FE T o %%
RS EERN GRS wE b b, Htk-1
PEBRIRD X O REEHIZOWTIE, AR B
T=FNHINT A—F T 5 L IZEEEND
L, 72, RSF I &AL 5 % 2RI
RFESTLBEHEHHRTE 0T, EEICEMME
ST DA BRI DI D IS AR DS LY 72 4 N
b (BT ERE) IS LT, RSFHIO
INFGRA—F % Fa— U735 ETHPTET
LEIND LN,

I HECHRRz L 912, Wil D IcB 3 2800 -
Bigel LCid, MiEaeny, ey, gs,
BN, WEPRERE Vo 7z, IRV - 22
AT —WIChIz2 8005 4 TOT— 5 DHFTE
T 5o HRHTOHEFWBILE, M, 1k

SRR, SRR, fEE, BEoRiREG, Thso
B SAS, SFTEFRIATVHEEL, %<
DOYFEWHFBEE A r — v TOMEDOEROF
BThd, TNSHEED LD D ODEHIZ
iR METIE R L, B2 ISERITEE 7L
RESER, EELEEHEORE, L\vo2BT—
WAL FRE LATNTE 2 [LWET
WV bk, B s8R0 M5 BEATREIEDS,
BB BEOMGEOBEASTHE, TXD
L DA TOTF =5 #HHTELETIV] LD
EFDURETH A 9 o MANIIREE 7V OHEE
FNAL, BT 2R O B O W REHEB I~
BAIL, COBRTOEFTVORERE VR B,
WEH A ZIVETIVH LT, LENMEDD -
EDWF I N TV BRI, HERMESN T — 5
PO ORROFH (F 2 1F, Hori et al., 2014) X
1) 2 7 #-ili (81212, Shaw et al., 2018) TH 5
Vo AT LS T ST LA EEEL
72EF N, RSFHIO A% H V7= ZS 1 7 L
Ialb—Yay, ML Ay TR
b L7z 8§ % € 7 v (Mitsui and Hirahara,
2004) Y, 2FEEFLET VIS TEER €
TLAOBEME L TEZLNED, FFROFHNIH
LCTEDE ) BEFTANLEREE T D, 4%
DEELNFRRETH S 5o Wikde OWEFRHENY
WCBLEM R E R 2 B8R L2702 OBk
TEWVETNVELLEEFBEL WA, Dt
ISR 2l H 5 DT BV L EFIIEST
Wb,

VIIL. ¥ & &

W7k & RT3 2 KW o )RR L C,
BLLZ2DOOWAT VD b, —FHIAWEiHEH D
LICRERE, Wil e & SR D5 & % 2 5 ik i
AP BIT LMW EHBETVTHD, I
— 5 R - REBARAE BEERE CH) (RSF HI) @
FREEARATE 2> S WG O 0 B Gl - JRHE
P, %) ZWmLAETFNVTHS (B 21X, Scholz,
1988). RSF HNI IR WA S F 12 B 1) 5 B
AR DOV AERIAN TH - 7275, BPEA & M A
bbb EMETA 7V EEABRTHRMEET IV
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EWEET S LT E 2 1990 SEMRICE L E
AL 7 NVYIalb—Y a3y (ECS) MWL &
5L, RSFHID /ST X — ¥ 53k & Wi @ i v K
RICHET 2L OMEIfTTbRTE L (B2,
Lapusta et al., 2000), T4, X D IEWEMICH
VF % Wi R BERR B S B RS HE A, T D 0%
ToREHE 0 ERS % Z I L - W R 25488 S T
Wbk, TOTEILD, RERHL CWzlEE
DIEETEHERE &9 0 KNI B %828, ECS %
WLETHTE22H 5,

KEETIE, BB OB OB ZE L
72 ECS oflE LT, Watk-¥1%E#% (Shimamoto
and Noda, 2014), TJJ### (Noda, 2016), &
BRI X HRIBEAKED A (TP) (Noda and
Lapusta, 2010) Z#A L7z, M- EE %
BMALZECSIZEL T, Mo ERED
W&k E € 7V (F1 2.1F, Sibson, 1977) A3
fcfE TV E LCHARILTE 2052/ L
720 ENEMEEZE LT NVIZELTIE, den
Hartog et al. (2014) 2 X 2 W € 7123k
DWW 2 iz, S OMALE 7 Ovh
OWRBERIIRSFAIO L 0 L1387 ) =HFE L
EEHETRECTH 5 720, Mo FEMEEE L O A
KHTHAH, TP #H 72 ECS T, Wi
RN % FHE U 7250 EE & BB OIS 555 DD
B Tholoo INWVEREMIZBT 2 M O F¢#L
L, WETAIZVOREAT—VE—BH LT Z
LOBEFEWAERL TV 5,

LA L7 DA D % < OB TERREICBI L T
EEURH I TwE, Tho BTV e
LCEBL, WEaiy R4 W2y 28
HHOTWL ) AT, ECSIEHEERY—NVTH 5D,
Lt%ZF D XD HRITIMET, HERY PSR BT 2E
L WTRETE ) OZETEREAE B S A AFZEHS A L Cw
CZEzMfFEL TS,

i

KX e BLEEE TS o 25 offER D)«
WWE#ZH L P2, BilidsAds b9 1 Ao&XHEE O
T, BLUMEEOERMEECE, AardhEd sk
DICHWEZRT A Y MW ZWiz, ARTHA LB

eI R TE B i B 4 - SRR 5 26109007 D) &
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