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Abstract

We investigated the mechanism of occurrence order of two adjacent great interplate earthquakes, the Tonankai and
the Nankai earthquakes, along the Nankai trough using a numerical simulation method. We set two asperities modeling
the Tonankai and the Nankai earthquakes on a plate interface that is assumed to be flat or 3D curved, and adopt a rate- and
state-dependent friction law to be applied to the interface. For the flat-plate interface, the occurrence order of two
earthquakes is determined by chance when asperities are equal in size and have the same value of the friction parameter
a-b. The smaller asperity slips first when the sizes of asperities differ, and the asperity having smaller absolute value of
a-b slips first when the values differ. For the 3D-shaped interface modeled for the actual plate configuration, the eastern
asperity (Tonankai) slips first and the western one (Nankai) follows when the size and the value of a-b for the two
asperities are set equal. However, when the absolute value of a-b for the two asperities is 10% smaller than the former
case, the western asperity slips first because the stress concentration rates at the eastern edges of the Tonankai and Nankai
areas change order of magnitude depending on the value of a-b.
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Table 1 Value of constants.

A constant Value
Subduction speed(Vr) 4 cm/year
Secondary wave speed(p) 3.27 km/sec
Rigidity(G) 30 GPa
Poisson Ratio 0.25
Rock density 2.8 g/lems3
Water density 1.0 g/lem3
Gravity acceleration 9.8 m/sec?
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Fig. 1 Distribution of a-b value. (a) Flat plate boundary. (b) 3D curved plate boundary. Black lines are contours of a subducting

plate surface.
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Fig. 2 Schematic representation of the depth variation of the
value of friction parameters a, b, and a-b. The area
where a-b is negative corresponds to a seismic zone.
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Fig. 3 Distribution of L value. (a) Flat plate boundary. (b) 3D curved plate boundary. Black lines are contours of a subducting plate

surface.
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Fig. 4 Simulation results for the model with flat plate boundary. The two asperities are equal in size and have the same a-b depth
distribution in Fig. 2. (a) Cumulative displacements on the Tonankai and Nankai asperities. Red line is for Tonankai asperity,
and blue line is for Nankai asperity. Red dots indicate the Tonankai earthquake slips first, and blue ones the Nankai earthquake.
(b) Distribution of displacement due to the Tonankai earthquake. (c) Same as (b) but due to the Nankai earthquake.
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Fig. 1. Plate boundary and cell division for
the simulation. (a) Those made from upper
limit of subducting plate seismicity. (b)
Those made from seismicity, seismic
reflectivity profile and tomography. (c)
Those for plane boundary with a dip angle
of 15 degrees.
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Fig. 3. u (shear stress normalized by effective
normal stress) distribution just before
earthquake initiation. (a), (b), and (c)
correspond to the plate boundaries in Figs.
1(a), 1(b), and 1(c), respectively.
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Fig. 4. p© (shear stress normalized by effective normal stress) distribution just before earthquake
initiation. (a) Calculated for the 3-D shaped plate boundary of Fig. 1(b) (the same figure as Fig. 3
(b)). (b) Calculated for the plane plate boundary dipping 15 degrees to the northwest, and having
the same friction parameter distribution as for (a) projected to the plane.
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~30 km I DEEFERE O %= ik 4 5 &, Fig. 1(b)
T3 Fig. 1(a) 1T HAERC UM & @ NI <A <
oTWA T LTk, MHERIEICREEF T A e D B
TR IT RO T & RIFRA WA IC 7 » TV A, X
DK 10 km LI, BEX, £ 30 km LIEOHEE TIlE%
ETRONMECTED, UL BEEHEADIEET
WFERRORIE OV IZERE L 5, HilFOHERMNTIE
B & EFERERRA NS, £ ORI 7 L — bR
bEWY, ZNEEIIEFIEREBSEV, L
7T, Fig. 1(b) IR, fthofEE L v JEicAETF#
METIEERRE L BT & &Y, =T h SiENE
BLicEEZEZ NS,

Fig. 1(b) ® 7 L — MERICH T 2455814, Hori et al.

(2004) IT X BAEREEREE 8 5 728, TDT ERBMLTL
L HAR C & TSV, Hori ef al. (2004) & AR D
EOWD 12, TROIEERMOFHEImIc X 25 3
UOTHIEIC K A0 CTh 5. TOEVIC K 35284 2005
McT 579, Fig. 1(b) D&+ V% Fig. 1(c) EE LA
[ TR 156 B TibA AL IR Licvicxt L
TR INEREH ISR L, B 52— L7k
FIBTTEHIRT 2 eV ERICEEAHVTY S ab—va
VST o fo, WRFSRERT OIS0 F % 3 ouHliE D
& (Fig. 4(a) & FHOES (Fig. 4(b) TH#&KT 3 &,
IBHOERE/RT ) v 7 OKRE &M 3 Kol &
HDISZEDIE S WhSWT EnATENE, niddD
VDT NDICK D, BT ST 2 AWIET]
A, BT 5 2 VE-—FELicd 5135 885
HECHZELED BREL YT, OFREFHE
DEPELS ) v I fEdT 270 EEZoNb. ik,
BORTHEZEOREY & Fig. 4(a) TR 2204ETH 20D
IZX L, Fig. 4(b) TI3H 200 F &4 1 &L 50, %
nicEw, HEDO € —x v b & Fig. 4(a) 13 3.0 X10%2
Nm T& 5 DIk, Fig. 4(b) (3 2.3X 1022 Nm T 2 #|
FENSL o7, Tk, skt %
NEFPHEHICEEZ LEEED Y I 2 L— v VEERIE,
BE—A v N ERERAICIAS A REND D, 3 KocH
HRIREOFEB /NS FR0», LirL, BRERRSIT-
WTRIEEICEDLY RBEr -1, T EMD, 3R
i o 40 NSRS ORNE I Fig. 1(b) 7L — ME
IRTAEERE U 7 BRI BE T 2[R0, HIROBIGS
AEZBRFETRIEN ENDbr5,
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BT DZAIZE AW DZA LI AR AT I/ E 0
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Dot THEOFMIESROFETH 5.
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FMEHIER (A B 2 S BEEASEARE L 7 & & 035
SNTHH A 1F Kanamori (1972), Baba et al.
(2002), Ichinose et al. (2003)], ZEPFEKDHER;
ORI A O BEESBE U 72 alReE RIS T
W3 [EA . #IH (2007)]. HEEEEE LSSV EE L
5h % Fig. 1(b) OFEIRITX 9 % Figs. 4(a), (b) DFLE
3, INoBEOHIEDIEF D HELEENTHS I &
5, 7V — MERORD T N0 INEBIE®E L TG
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LEEZOND.
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5.1.3 GPS T—AR ZRWV-ER/\S A—4 (a-b) DHE

51.3.1 [ELsIZ

VIal—va U THRIDEFENTGA—FDIY, T ORE « NEZENRD DEEEORERA A2 R BB N T A—
4 a-b DIERTR S TFAIOZERIZRIENN ) OHEEZ, folt 1 4FfH D GPS DOMESAEE) T — 2 1T#a$ 5 K 917o72, Ziuc
FEER T A—H a-b DIE L ZEEIIRIEDN 0 20 AT Z LN TE, RIBIORNE N 7 7 IO ERHEEOREREHS: (2009 4F)
D5 2040 FEL D RTREMED B HET VMG L= O THET 5,

5.1.3.2 GPS T—R RV EIR/T A —3 HEE

FAVE 7 7RV CRAET DERMEEZ VR 2 L—3a U THEBLT DI2H e T, BT A—F D% ED L HITRGET
DINTOUNT, IEEOHIFE TIE RN A T AR MR ORI - 21 8 (Table 5.1.1) & L THWTE 72, —7,
1990 AERHIGER & [E] HHEE )Y A AR 2ENC GPS BUHIRE (GEONET) Z%&(i L7-fkR, BiEH Az Ao B TE 5 &

IZ7potz (ETHEERE 2004), & 2 CABISETIE, GPS OHIEZEET — X lET 5 X 9, BRI A—4 a-b DG
SHMOZERIIIREDR Y ZHEE L, FFONTET ADNOIROFEE b T 71O E RO R E )7 ER 2 #E T 2 2 & &
AT,

PP AR 3 Yoot 7 L — R
RELFEL, 7 hEER TR 7676 O D4 List of the great earthquakes along the Nankai trough. Data are taken
BEZE 7 km O=AFEOE/LVTHEHIELL T I = from Ando (1999) for events before 1361, Tsuji (1999) for the 1498
s pam b (o e b Nankai earthquake, and the Earthquake Research Committee (2001)
L—a v &2To7z (Fig 5.1.1a), £7/UIHX T2 for other events. The date is expressed in the Gregorian calendar. The

7 L— MHGHEE T, Heki and Miyazaki (2001)17 45 broken lines denote less reliable data than those denoted by solid

) ] lines. Historical records may be incomplete before 1498.
SE, B T 7 T15 ecmiyear, fefRER~E4%

AGET 65 cmlyear & L7= (Fig, 5.1.1b). FEskhnk Time [y]  Nankai Tonankai  Tokai Interval [y] Mean [y]

608 —— _1129_ ______ -
Rl (B2 &30 o2 A BhadHiT 2 vER])
X, BN R B LRIEIR TS L 95
8/26
FERkHID 1 ->Td % Composite law (Kato and Tullis, 887 —— 203
2001) EMHIND HOZF, By AT HE (B
BT S AP OV VIS 2 ) iggg — 2 200
X108 m/s (K931.5 cmiyear) & L7z, 3T L—
NMZIRIZ, Hirose et al. (2008)% AV =, 1HE « J£7) 1361 8/3 6
REEDHHETE S A MR 3R2 S 10-30 km &
#HeE S5 (Blanpied ef al., 1991; Hyndman et al., 1498 =292 _. 920 ___. 137 A
1995), & Z CHRFASE R ER 8T A—4 |
a-b<0 OEEATEE 10-30km EFREL, a-b D% 1605 23 —_—— 107 i
-0.001~-0.0001 D TEZ Ty I al—Yark I
- 1707 10728 102 1115
1T-7= (Table5.12, Fig. 5.1.1c, Fig. 5.1.2a), K1) |
~U) 1T A — S, P R l
TR E (BERT A=D1 DT, 0 W e 12124 12/23 - |
DI > CEEBRODIRRE BT TR e~ T }
DIZHEF 5T~ &I A1) 138k T 1944 12/7 90 l

0.15m & L7z (Fig 5.1.1d), #@EEC N7 70 bk 1946 1221 i
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Fig. 5.1.1. Spatial distribution of (a) depth of the plate boundary and computational cells, (b) plate convergence rates
(Heki and Miyazaki, 2001), (c) friction parameter (a-b) in Case 7, and (d) characteristic distance L. The broken
blue lines denote the iso-depth contours of the Philippine Sea plate interface (Hirose et al., 2008). Areas
enclosed by blue or purple lines represent the expected source region of the Tokai, Tonankai, and Nankai
earthquake (Central Disaster Management Council, 2001; Earthquake Research Committee, 2001).

Table 5.1.2. Parameters (a-b) assumed in simulations, and simulation results.

Case a-b [10‘4] Period [y] Depth range [km] Starting Point

1 -1.0 - 10-30 Stable sliding

2 -2.0 - 10-30 Stable sliding

3 -3.0 - 10-30 Stable sliding

4 -4.0 89 10-30 Off the Kii Peninsula
5 -5.0 107 10-30 Off the Kii Peninsula
6 -6.0 125 10-30 Off the Kii Peninsula
7 -7.0 143 10-30 Off the Kii Peninsula
8 -8.0 - 10-30 The Bungo Channel
9 -9.0 - 10-30 The Bungo Channel
10 -10.0 - 10-30 The Bungo Channel
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Fig.5.1.2.  Depth distribution of (a) friction parameter (a-b) and (b) effective normal stress.

Table 5.1.3.

WAL A T 7 HS D BRGNS, IR - FEASRIHIAE Typical values of parameters chosen in simulations.

> TS T DB KREOKE T 5 Z L3 fEfi ST

Definition Value
% (Hacker ef al., 2003), ZDBi/AKSURNT X 0 s S dLiko Cell size 7.0 km
e, 7 L— MEROBMBUKES 58, ZAUTFmHC Plate configuration 3D
i Plate convergence rate 1.5-6.5 cm/y
ELAES L— MRS v T v TN R ABE 5T 5 LB Shear wave speed 3.75 km/s
R } - o Reference velocity 1 pm/s
R DIND, TDX D BRI X HOKDE X ISR, Reference friction coefficient 0.6
Fig.5.1.2b (7 L7 & 5 72 iR 7° /145 Rice (1992)12 & Deep effective normal stress ng%
Cut-off velocity 107" m/s
F e - i - NN
D THERSNTNGID, AT ST, =L Friction parameter (a) 0.001
— 3 ATHWZEDMD T A=K, Table5.13 D1y T Characteristic distance (L) 0.15m
»HD,

WEOELHEEOREE (Table5.1.1) 2725 &, 1944 FHFAWHIZE, 1946 FRAMHIEED 1 5 ICRHRZEZ 5\ v CHIED A
L7 0, S vE g -7 0 OB R ARER L 2o TG, UL, KRBNCIEHHME - SREHE - R4 — gl
S 2 ERHIEED R D IR LR AE L TN D L AD 2L TED, ARSETIE, %k g M HNEFIZIT S GPS @
HFAEE T — & & OHIEOZD G, TEHITHMAET ML BT XA —X a-b DHEEZRAH T2, KT A—
ZIIEEE N T 7 EMERETAETH L L Lie, ZORE, A —EITEE T D MEAE L7 ET L E o T
Do

VR 2 b— g VOFERMND, BEERT X —H g-h IZOWTLLFDZ N2 B, Table 5.1.2 @ Case 1 (a-b=-0.0001) &
Case 2 (-0.0002) DA, FEHRBARTLIET N OHIFEL, HEMET RV IIE Lieholzizh, ORI A—X
a-b DIEIHGAHN DA S D, Case3 (0.0003) DFE, HFEHE - FEIfFHUEANZE TRV L7e 0, BIFEL 3R 5720, 5l
MHASHLD, Case 8~10 (-0.0008~-0.001) DYy, HEEBHARS G RO RO SHELAGET & 72> Tz, ABZED T
2 b—ya T, FHREFEONIET R ZE 2 LTWD ERFERD 9 BIZIGE L TS 728, 7 L— MGGEEA K Z
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PERICI TS ER09 <, 2 2O HEA BRI LTV, FHEREIRE & DICHIICIERT U, SH&/KE CHERIIBIMA L
PRUNFTREMED 8 D, DT Case 8~10 DR T A — 4 WA TH 572 E 9 D> DRI IBBRE CIETE 220 3, Y
(R N 7 7RV TRAT HDE MR, ACPREEIMET 2B L LT\ (Bi21E, Kanamori, 1972 ; XA - #1H,
2007) 72, HE EZ Z T BANTZ L &35, FED O Case 4~7 (-0.0004~-0.0007) OEEOHIEERIAAAITAT:
B THh B2, ZIBIZONWT, GPS T—F L3 a2 b— a3 AT K D HEZEE B O 21 T 12,

HlIZ WD GPS BHAIT—4 1%, 2007 4= 4 H~2008 44 H D 1 FRIDOATEBE TH D, ZAUIAIEID 1946 R
IR 60 HEHL DT — 4 T D, Hyodo and Hirahara (2004)i%, Ko Z 558 LI AIREZREEA FAWCTHIE N 7 7V ER
RIS L DR~ OFBEHEE LTz, TORME, HIERTT O/ & OB THES R ICBEE L2866 LIED <k L,
RS IR RIE BN 2 < TR D DITH) 50 AFEIZ B 5 Z L AR Uiz, Box OFFRCITHBMEISBE L QU vRngs, 2
DZEEEEEZ DL, HilalD 1946 FRFHIEED DK 60 44D GPS 7—4% W ARV IZIWTE, AilEIOHIERIZ L Dk,
PRI L DB DT B2 HiIvD, £ 2 CLEREHIROD GPS 7—# &2 X 2 b— a U THELAVAHIEIDHIE)
S 60 FEL DHFASEN A L L, 75750 RMS AVENSWET VR RWET /L E Lz, 7k, P EARTIIERZ 11— k2
T L=V T L— Mpb kT L — MIGER L, 7 L— Tl E~ A 7 07 L— MO Lo CERUINERE CRfaAT
WELTND, &V T A A ER AR5 D BRI GPS BT — 2 1213E £ T 5 (Heki and Miyazaki, 2001) ,
—Ji, AWEDT I 2 b—a 43, HZBEO T L— M 1#E 7 4 U EA7 L— b 1 OO IREZ £ 57200
T, LROBHE IR EAAATE B D L 725 TR, DT, WEHDT OAOHEEEEET — X Z AV, [E
TERUTERIROTEBRALS BHLRE 940075) & Liz,

Fig. 5.1.3a,b |2 Case 7 (23517 5, RillEIOHEEFRERK) 60 A4%H L 7-Rerllis ) DA ED Y I 2 L—3 3 > LB1IIE
LD, Fig. 513¢ 123X 2 b— 3 o BIIEORAED “FeEEPEAIR. RMS) ORFZ LA, RlEIOHIER 60
FIZBIT DT 2 b—a UK DM E R & GPS BllIEOFZED RMS IR E <, 772D RMS M3grNe 722 D13, il
[IOHIFESAK) 130 FFEHTH D Z L 230705 (Fig. 5.1.3¢) . HIEER 60 FETIE, 32 =2 b— 3 U DHEE S0 A 73
GPS BIHIEIZ LA~ TIAWEIPH TRk & < (Fig. 5.13a), Ziudfied 7 1 U &7 L— bOREREDS, JAVWEPH TR LD
HIRTED Z LAVFIA EHERI S D, Case 4~6 (2 OV T HREIEIOHIEE) D 60 % DEFE T U TREWV &) [AERODOFER
PEOIT, ZOFERE LT, FL—MEK, 7'L— MUGHE, BEE/RT X —& OZEM A7 ED3BIFE L Bp > T Af
REMEDSZET DD, ZOHCHRHIAMEIEMEDO RO ERI L, HIFRTE A (a-b<0) 2WES 10-30km Td D &4 9 FiffE (Blanpied
et al, 1991; Hyndman et al., 1995) #H\=Z tickb EEZHND,

ZIT, BT A—% a-b=0.0007~-0.0004 (ZOV\T, ZOMERAES 1028 km, 1026km, 10-24km, 10-22km, 35K
V1020 km EEF L TCENTNY R 2 b— g & To7- (Table 5.14), Fig. 5.14 |3EEEVT X —H q-b<0 DREIETE S
10-20 km |ZE%E L7834 %777, Table 5.1.4 @ Fitness 23 Best ({8HNT) D4 —2A703, a-b DENFE U7 N—TWNTHEED
RMS 235/ N BTV, Better DR B CTdb 5, Fig. 5.1.5 12 Case 7-6 (ZBIT D32 o L—3 3 > EBHANE & DR
Rz, FilRlOHIEED 60 £4%12361T 557500 RMS 235/ MEFNT & 72> TRV, BRIV EEREZHRTETWDH &
Bz HILD, 78%3, Figs.1.5¢ 73 Fig. 5.1.3¢ (2B LA 2DV, R TXEASREAS T2 2 h) s SR 7RI ATE L,
[ B2 Lavauy GPS TIEEE ORDBSTIRDZA b SBIN S Db L& 2 bivd,

I L— MR L COFEBRIEICOWT, v 2 b—3a v OfERE GPS BHllF— 2 0 HHEE SHLARE R & 2 bl
L CHT=, GPS T — X )b DHETEIZ 872> T, ABF3E TRV =7 L— MR (Hirose et al., 2008) (25t L, Yabuki and Matsu’ura
(1992) DT T Back slip 70Afi Z2HEE L7z (Fig. 5.1.6), i L7=7—#1%, 2007 4=4 H~2008 4F4 H > GPS BlflfiE T, FEE
SUTEARE OIS AR5 940075) & L7z, Fig 5.1.6 745 &, HIED Back slip £23K &\ E koI LU E
W7 DK FELENFAT T, W E 1020 km £F3TIC Back slip DO K& 2 HEMN 2 DHFEEL TW5D, Fig
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Fig. 5.1.3. (@) Comparison of the horizontal crustal movement observed by GPS with that estimated by the Case 7
simulation 60 years after the previous great earthquake. (b) Residual crustal movement obtained by
subtracting simulated values from observed values. (c) Temporal change of RMS residuals for Case 7. The
solid diamond denotes residual at the time of (a) and (b). The fixed point is the Gotsu GPS station (940075)

in Shimane prefecture.

o
o

- 259 -



KEMFGeTEdfrmsE %5635 2011

Table 5.1.4. Parameters (a-b) assumed in simulations, and simulation results.

36°

B5?

33°

327

Fig. 5.1.4. Spatial distribution of the friction parameter (a-b) with (a-b) set negative at depths of 10 to 20 km.

Case a-b [10™"] Period [y] Depth range [km)| Starting Point Fitness
4.2 4.0 85 10-28 Off the Kii Peninsula

4-3 -4.0 81 10-26 Off the K11 Peninsula  Best
4-4 -4.0 75 10-24 Off the K11 Peninsula Better
4-5 -4.0 - 10-22 Stable sliding

4-6 -4.0 - 10-20 Stable sliding

5-2 -5.0 102 10-28 Off the K11 Peninsula

5-3 5.0 96 10-26 Off the Kii Peninsula

5-4 -5.0 90 10-24 Off the K11 Peninsula Better
5-5 -5.0 82 10-22 Off the K11 Peninsula  Best
5-6 -5.0 74 10-20 Off the K11 Peninsula

6-2 -6.0 119 10-28 Off the Kii Peninsula

6-3 -6.0 111 10-26 Off the K11 Peninsula

6-4 -6.0 104 10-24 Off the Ki1 Peninsula Better
6-5 -6.0 95 10-22 Off the K11 Peninsula  Best
6-6 -6.0 85 10-20 Off the K11 Peninsula Better
7-2 -7.0 136 10-28 Off the K11 Peninsula

7-3 -7.0 128 10-26 Off the Kii Peninsula

7-4 -7.0 119 10-24 Off the K11 Peninsula

7-5 -7.0 109 10-22 Off the Ki1 Peninsula Better
7-6 -7.0 98 10-20 Off the Kii Peninsula  Best

132°

133°

134° 135°

137° 138°

139°
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Fig.5.1.5. Similar to Fig. 5.1.3 but for Case 7-6, which holds the best combination of negative a-b values and depth
range. (a) Comparison of the horizontal crustal movement observed by GPS with that estimated by simulation
60 years after the previous great earthquake. (b) Residual crustal movement obtained by subtracting
simulated values from observed values. (c) Temporal change of RMS residuals. The solid diamond denotes
residual at the time of (a) and (b). The fixed point is the Gotsu GPS station (940075) in Shimane prefecture.
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Fig. 5.1.6. The back slip distribution on the upper surface of the subducting Philippine Sea slab estimated by applying

the method of Yabuki and Matsu'ura (1992) to GPS horizontal data from 2007.4 to 2008.4. The fixed point is
the Gotsu GPS station (940075) in Shimane prefecture.
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Fig. 5.1.7. The back slip distribution on the upper surface of the subducting Philippine Sea slab estimated by simulation
60 years after the previous great earthquake in Case 7. The fixed point is the Gotsu GPS station (940075) in
Shimane prefecture.
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Fig. 5.1.8. The back slip distribution on the upper surface of the subducting Philippine Sea slab estimated by simulation
60 years after the previous great earthquake in Case 7-6. The fixed point is the Gotsu GPS station (940075)
in Shimane prefecture.
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5.1.3.3 mifs b5 7RV EREDRERH & SEDRE

APECRLIZE OIS, GPS T—FZ M5 Z & °C, BflieeT VOBEDEEE T A—4 a-b DIl & 53R OBEAIHZAT 9
ZLEINTEIL, FIT, BETF/UCINLOMEE G, BRSEAEIRIOD 1946 FERTEHITEN S 62 FEF6E L CV1D LW ) FFEE
AWIUE, ETADLROKMEBEORARAZHEET 52 LN TE D, TOME, Bl LTHET N0 D9 DR EE
TNDYE, RO N7 7IROERHEEORAERSHES 2009 4) 725 2040 F4 LHEE SN D, 72720, AWETH:
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T7e<, 1944 FHFEHFHIFED 2 FH4IT 1946 FFRGIHIGED BN CRAET 57— AR, 2D & & ZE %> T 1854 LU=
L CORWHYEIEED L 5 70 — A B RIRFCHET 2 2 LIk 0, THIOREEZ M ESE 01D 5,

(GLEAHT - BT D)
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