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Abstract. A procedure for evaluating fault parameters of asperity models for ground motion prediction from
intra-slab earthquakes was published by the Headquarters for Earthquake Research Promotion (HQERP), Japan,
in June 2016. This official procedure was validated for intra-slab earthquakes in Japan. The scaling laws of fault
parameters for intra-slab earthquakes that are adopted in this official procedure were established based on the
fault parameters of intra-slab earthquakes in Japan. This study aims at investigating the applicability of the
official procedure to ground motion prediction of intra-slab earthquakes outside Japan.

For that, at first, we collected the fault parameters of intra-slab earthquakes in and outside Japan, and examined
the locality of the parameters. The relationships between the seismic moment and short-period level, and
between the seismic moment and asperity area of the intra-slab earthquakes outside Japan are found to be
consistent with the scaling laws in the official procedure of Japan. Next, we evaluated fault parameters for the
1986 Vrancea, Romania, earthquake (M 7.1) according to the procedure, and carried out strong ground motion
simulation using the empirical Green’s function method. The results showed that the peak ground accelerations
and pseudo velocity response spectra of the synthesized motions agreed well with those of the observed records.
Therefore, we concluded that the official procedure of Japan can be applied to the Romanian intra-slab
earthquake.
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1. Introduction

The Headquarters for Earthquake Research Promotion (e.g. 2005, [1]), Japan, published
procedures for evaluating fault parameters of asperity models for prediction of strong ground
motions from crustal and subduction plate-boundary earthquakes. In June, 2016, the
procedure for intra-slab earthquakes was added to the existing procedures [2].

The scaling laws of fault parameters for intra-slab earthquakes which were used in this
official procedure were established based on Japan earthquake data only. Also, the official
procedure has been validated for intra-slab earthquakes in Japan only.

Therefore, this study aims at investigating the applicability of the official procedure to ground
motion prediction of intra-slab earthquakes outside Japan. For that, at first, we collected the
fault parameters of intra-slab earthquakes in and outside Japan, and examined the locality of
the parameters. Next, we evaluated fault parameters for the 1986 Vrancea, Romania,
earthquake (Mw 7.1) according to the procedure, and carried out strong ground motion
simulation using the empirical Green’s function method and compared them with the strong
motion recordings of the 1986 Vrancea earthquake.
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FIG. 1. Official procedure of evaluating fault parameters of intra-slab earthquakes for strong motion
prediction by the Headquarters for Earthquake Research Promotion (2016, [2])

2. Overview of the procedure for evaluating fault parameters for predicting strong
ground motions

The procedure to set up the asperity model in predicting strong ground motions for intra-slab
earthquakes published by HQERP (2016, [2]) is illustrated in a flowchart in Figure 1. The
asperity model for intra-slab earthquakes is described by six main parameters which include
source fault area S, averaged stress drop Ao, area of strong motions generation area (SMGA

hereafter) Ssmca, stress drop on SMGA Ao smca, seismic moment Mo, and short-period level
A.

Given the size of the target earthquake, which can also be expressed by the seismic moment
Mo, the short-period level 4 and the ratio of the SMGA area to the area of the entire fault
ysmc4 can be calculated using equations (1) to (3):

sasatam[N l’Il/S 1= 9.84X1010X(M0 ><107[N.m])1/3’ W
asasatam [ka] 1.25 X10_16 X (MO X107 [N . 1’1’1])2/3 5 (2)
VsmGa = SSMGA /S = (16Avamtam avaqamnz)/ (497 ,B4M 0 ). 3)

Here, equation (1) is an empirical relation between seismic moment and short-period level by
Sasatani et al. (2006, [3]). Equation (2) is an empirical relation between seismic moment and
asperity area by Sasatani et al. (2006, [3]). Finally, ysmc4 1s derived by equation (3) from
equation (1) and equation (2).

Once the seismic moment, the short-period level, and the SMGA area ratio are known, the
area of the entire fault S, the average stress drop Ao, the stress drop on SMGA Aosmca, and
the SMGA area Ssmca can be calculated using the following equations (4) to (6):

Ac=(7/16)M, /(S /)", (4)
Ao gyGa =S/ Ssyga)A0, (5)
A=47B*(Suia | " A0 0164 (6)

Here, equation (4) is a relation between fault area S, seismic moment Mo, and average stress
drop Ao, and it is derived from the circular crack equation by Eshelby (1957, [4]). Equation
(5) is a general formula for asperity models by Madariaga (1979, [5]). Although equation (6)
is an empirical formula by Brune (1970, [6]) for the circular crack model, Boatwright (1988,
[7]), using dynamic rupture simulations, demonstrated that the formula can be applied to
asperity models.
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FIG. 2. Locations of the epicenters and the focal mechanisms of the collected intra-slab earthquakes
in Japan examined in this study.

The short-period level A for the target earthquake can be calculated from the empirical
relation between seismic moment and short-period level expressed by equation (1), or can be
referred to the value of the short-period level estimated for past intra-slab earthquakes in the
region of interest.

3. Scaling Laws of Fault Parameters of Intra-Slab Earthquakes

3.1.Collection of fault parameters for intra-slab earthquakes in Japan

We collected the following fault parameters for intra-slab earthquakes in Japan to examine the
short-period levels and asperity areas: location of the hypocenter, moment magnitude, seismic
moment, short-period level, stress drop on the asperities, asperity area, and shear-wave
velocity.

Figure 2 shows the locations of the epicenters and the focal mechanisms of the collected intra-
slab earthquakes in Japan. The largest one is the 1994 Hokkaido Toho-oki earthquake of Mw
8.2, the second one is the 1993 Kushiro-oki earthquake of Mw 7.6. Both of them occurred in
the Pacific plate. There are also intra-slab earthquakes that occurred in Philippine Sea plate,
such as 2001 Geiyo earthquake of Mw 6.8. The collected fault parameters are listed in
Appendix 1.

3.2.Scaling laws of the fault parameters for intra-slab earthquakes in Japan

Figure 3 shows the relationship between the seismic moment Mo and the short-period level 4
of the collected intra-slab earthquakes in Japan. The open circles are the earthquakes in
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FIG. 5. Relationship between the focal depth D and
the ratio of the short-period level A/Asasatani.

the scaling law for the Philippine Sea plate.

For reference, the thick black line is the
empirical relationship between the seismic
moment Mo and the short-period level 4
proposed by Dan ef al. (2001, [8]) for crustal earthquakes:

Ay, IN-m/ 2] =2.46 10" x (M[N-m]x107)"3 -

This relationship is one fourth of the red line. The open circles seem to be consistent with the
red line by Sasatani et al. (2006, [3]), which is used in the official procedure as a scaling law
for the Pacific plate. The black circles are smaller than the red line around Mw 5.5, and seem
to be consistent with the thin black line, which is used in the official procedure as the scaling
law for the Philippine Sea plate, but the earthquakes of Mw lager than 6.0 seem to be
consistent with the red line.

Figure 4 shows the relationship between the seismic moment Mo and the asperity area S. of
the collected intra-slab earthquakes in Japan. The red line is the empirical relationship
between the seismic moment Mo and the area of asperities S, proposed by Sasatani et al.
(2006, [3]) for intra-slab earthquakes in Japan, which is given by equation (2).

For reference, the black line is the empirical relationship between the seismic moment Mo and
the area of asperities S. proposed by Somerville ef al. (1999, [9]) for crustal earthquakes:
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FIG. 6. Locations of the epicenters of the intra-slab earthquakes outside Japan examined in this
study.
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This relationship is four times the red line. All these circles seem to be consistent with the red
empirical relationship by Sasatani et al. (2006, [3]).

Figure 5 shows the relationship between the focal depth D and the normalized short-period
level A/Asasatani for intra-slab earthquakes in Japan. The red line is the empirical relationship
between focal depth D and the normalized short-period level proposed by Satoh (2013, [10])
for intra-slab earthquakes in Japan.

In shallow focal depths, the normalized short-period level A/Asasatani S€€ms to be proportional
to the focal depth, which is consistent with the red empirical relationship by Satoh (2013,
[10]). Most of the black circles, which are shallow earthquakes in Philippine Sea plate, are
smaller than or equal to 1. And most of the open circles, which are the deep earthquakes in
Pacific plate, are larger than or equal to 1. This may suggest the locality of the plate
characteristics.

3.3.Collection of fault parameters for intra-slab earthquakes outside Japan

We collected the following fault parameters for intra-slab earthquakes outside Japan to
examine the short-period levels and asperity areas: location of the hypocenter, moment
magnitude, seismic moment, short-period level, stress drop on the asperities, asperity area,
and shear-wave velocity.

Figure 6 shows the locations of the epicenters of the collected intra-slab earthquakes outside
Japan, such as Alasaka, Cascadia, Mexico, Peru, Chile, Romania, Sumatra, and Guam. The
largest one is the 2000 Sumatra earthquake of Mw 7.8. Because the analysis or strong ground
motion records of the intra-slab earthquake are rare, we couldn’t find many data on the short
period levels or sizes of the asperities. The collected fault parameters are listed in Appendix 2.

3.4.Scaling laws of the fault parameters for intra-slab earthquakes outside Japan

Figure 7 shows the relationship between the seismic moments Mo and the short-period levels
A of the collected intra-slab earthquakes outside Japan. Here we classified the data according
to the slab. For example the open circles are for Mexico earthquakes, and the black circles are
for Romania earthquakes. At Mw between 4 and 5, the open circles which are the Mexico
earthquakes are slightly smaller than the red line by Sasatani et al. (2006, [3]), and the black
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seismic moments Mo and the areas of
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FIG. 9. Relationship between the focal depth D and
the ratio of the short-period level A/Asasatani
of the collected intra-slab earthquakes

outside Japan.

Figure 9 shows the relationship between the
focal depth D and the normalized short-

period level A/Asasatani for intra-slab earthquakes outside Japan. In shallow focal depths, the
normalized short-period level 4/Asasatani Seems to be proportional to the focal depth. In deep
focal depths, it seems to be flat with constant level. This is consistent with the red empirical
relationship by Satoh (2013, [10]), although the data have large variations. The data form
clusters, which indicates that the focal depth can be specified when the slab is specified.

4. Strong Ground Motion Simulation

4.1.Target event: 1986 Vrancea, Romania, earthquake

We referred to the study by Oth ef al. (2007, [11]) on intra-slab earthquakes in the Vrancea
(Romania) seismogenic zone, and chose the 1986 Vrancea earthquake (Mw7.1) as our target
event and the 1999 earthquake (Mw 4.6) as our small event (EGF). Figure 10 shows the
locations of the target and small events and the recording stations discussed in this paper.
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FIG. 10. Locations of the target and EGF events and the recording stations (solid star: target event,
open star: EGF, solid triangles: recording stations)

4.2.Fault parameters

From Oth et al. (2007, [11]), we adopted four source parameters: the moment magnitude of
the target event Mwi=7.1, the corner frequency of the small event fes=4.0 Hz, subfault division
number for the target-event fault plane N=16, and stress drop ratio between the target and
small events C=2.0. Based on these four parameters, we determined the fault parameters for
the target and small events.

We started with calculating the seismic moment of the target event Mo from the moment
magnitude M using equation (9) by Kanamori (1977, [12]):

Then, from the seismic moment of the target event M o;, we calculated the remaining five of
the six main fault parameters, which were mentioned in the previous section, in accordance
with the official procedure for strong ground motion prediction for intra-slab earthquakes by
HQERP (2016, [2]).

It shall be mentioned here that the short-period level of the target event 4; was estimated not
from the empirical relation of equation (1) between seismic moment and short-period level
but from the four source parameters obtained by Oth et al. (2007, [11]) from the recordings.
For that, we determined the short-period level for the small event As;. Then, the seismic
moment of the small event Mos was calculated from C and N values adopted from Oth et al.
(2007, [11]) using equation (10):

My, | My, = CN? =8192. (10)

Assuming Brune’s (1970, [6]) ™ model, the total fault area Sy and the stress drop Ao of the
small event can be calculated from the corner frequency of equation (11) and the circular-
crack stress drop of equation (12):

Jos =PB\J(T/16)/ S, =4.0Hz, (11)
Ao, =(1/16)My, / (S, / 7)"°. (12)

Next, using the values of the fault area Ss and the stress drop Aos of the small event, the short-
period level of the small event As was calculated from equation (13):
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TABLE 1: FAULT PARAMETERS OF THE ASPERITY MODEL FOR THE TARGET EVENT:
THE 1986 VRANCEA, ROMANIA, EARTHQUAKE

fault parameters notes
moment magnitude: M y; 7.1 Table 1 in Oth ez al. (2007)
seismic moment: M (; S.62E+19 N°m (M ;[N -m]=10(1.5M y;+9.1)
short-period level: 4, 1.39E+20 N-m/s’ [4,=4,CN, C=2 and N=16 from Oth et al. (2007)
short-period level by Sasatani: A sasarani 8.12E+19 N-nv/s” [ sasaran [N * m/571=9.84%10"x(M o[N*m]*10")"
SMGA area by Sasatani: S asasasani 85 km’ | asasarans [km’]=1.25%10™ *x(M o[N *m]x107)"”
SMGA area ratio by Sasatani: ysyc4 0.12 ysmea=(164 Sm,am-zS asasatani 2)/(497[4,8 ‘M 02)
fault area: S; 403 km’ Si= (77r2ﬁ2M0)/(4A ¥ SMGA 0'5)
fault length: L, 20.1 km L=W;=sqrt(S;)
fault width: W, 20.1 km Li=W;=sqrt(S;)
averaged slip: D, 1.9 m D =M o /(1S1), u=7TE10 N/m’ from Oth et al. (2007)
averaged stress drop: 4o 17 MPa Acr/=(7/l6)[(M01/(S1/7t)1'5]
area of SMGA S sy 50 km® S smGa =S 1}Y smca
stress drop on SMGA: A0 sp64 137 MPa Ao smca=(S1401)/S smca
slip on SMGA: D syc4 4.0m D smca=2D
seismic moment of SMGA: M osyc4 L39E+19 Nem (M osmca=pS smca D smca, t=TE10 N/m” from Oth et al. (2007)
seismic moment of background: M opqcx 4.23E+19 Nem | M opack =M 01-M ospca
area of background: S pack 353 Sback=S1-Sa
slip on background: D pck .71 m D pack=(S1D1-S a D a)/S pack
effective stress on background: Gpack 21 MPa O back=(D back! W back )/ (D suaca! W smca ) AT smca
strike, dip, rake 240, 72, 97 Global CMT

TABLE 2: FAULT PARAMETERS OF THE CRACK MODEL FOR THE EGF EVENT:
THE 1999 VRANCEA, ROMANIA, EARTHQUAKE

fault parameters notes
moment magnitude: M y 4.5 M ws=(loglO(M os[N *m])-9.1)/1.5
seismic moment: M (s 6.86E+15 N*m (M o=Mo/(C 'N3)
stress drop: Ao 41 MPa Ao‘s#7/16)[(Mog/(55/n)1'5]
fault area: S 0.55 km® SS#7/16)(ﬁ/f()2, $=4.5knv/s from Oth et al. (2007)
fault length: L 0.74 km Ls=Ws=sqrt(Ss)
fault width: W 0.74 km Ls=Ws=sqrt(Ss)
averaged slip: D 0.18 m D=Mos/(uSs), u=TE10 N/m’ from Oth et al. (2007)
corner frequency: fcs 4.0 Hz Table 2 in Oth et al. (2007)
short-period level: A 4.34E+18 N+ s’ |4 =47p%(S s /m) P Ao
A, =4rp%(S, | )" Ao, (13)

Once the short-period level of the small event 4s was found, the short-period level of the
target event was computed by the following equation (14):
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FIG. 11. Asperity model for the target event: the 1986 Vrancea, Romania, earthquake (red star:
hypocenter)

A/ A =CN =32. (14)

From the seismic moment Mo and the short-period level Asasaani of the target event, we
calculated the SMGA area ratio (ratio of the SMGA area to the total fault area) ysmca, the

source area S, the average stress drop Ao, the stress drop on the SMGA Aosmca, and the
SMGA area SsmaGa.

Furthermore, the averaged slip of the target event D:; was calculated using the following
equation (15):

Dy =My, /(1S)). (15)
Here, the value for the shear modulus g is equal to 7x10'°N/m? (Oth et al., 2007, [11]).

The averaged slip on the SMGA Dsmaa is 2 times of averaged slip over the fault:

D4 =2xD;. (16)

Finally, the slip and the effective stress on the background area were calculated using
equations (17) and (18):

Dyuer = (DS = DspGaSsica) ! (S; = Ssyca)s (17)

Spack = Drack ' Whaek ) (Pspica ! Wsnica) - A0 spica- (18)

Here, we assumed that the width of the background area is equal to the width of the fault
Whrack=W1 and that the SMGA is square, i.e. Wsmca=sqrt (Ssmca).

All the fault parameters of the asperity model for the target event, which were determined
above, are compiled in Table 1. The fault parameters for the small event are compiled in
Table 2. The asperity model for the target event is illustrated in Figure 11.

4.3.Synthesizing method

The synthetic ground motions were generated by using the empirical Green’s function method
of Dan et al. (1989, [13]). The strong ground motions were calculated at two stations, CFR
and VRI. The locations of the stations with respect to the asperity model of the 1986 Vrancea
earthquake (the target event) are shown in Figure 10.
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FIG. 12. Comparison of the synthesized results with the recordings at CFR
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4.4.Synthesizing results

The synthetic ground motions and the pseudo-velocity spectra computed for CFR station are
plotted in Figure 12. In Figures 12(a) to (c), the black waveforms are the acceleration records
of the small event (EGFs), the red waveforms are the synthetics calculated in this study, and
the blue waveforms are the acceleration records of the target event. The peak values of the
synthetic acceleration waveforms in NS direction is larger than the records, whereas the peak
values of the synthetic acceleration waveforms in EW and UD directions are quite similar to
the records, and the durations of the preliminary ground motions are reproduced well. Figures
12(d) to (f) are the plots of pseudo-velocity response spectra with 5% damping. In the period
range between 0.3 to 2 seconds, the synthetic spectra underpredict the records, however, at
periods shorter than 0.3 seconds the synthetic spectra reproduce the records well. Overall, the
pseudo-velocity response spectra of the synthetics are very similar to those of the records.

5. Conclusions

We collected the fault parameters of the intra-slab earthquakes in and outside Japan and
investigated the applicability of the scaling laws used in the official procedure for prediction
of ground motions from intra-slab earthquakes by the Headquarters for Earthquake Research
Promotion of Japan to intra-slab earthquakes outside Japan. We also studied the applicability
of the official procedure to intra-slab earthquakes outside Japan on the example of Vrancea,
Romania, earthquake.

The following conclusions were derived:

1) Both the relationship between the seismic moment and short-period level and that between
the seismic moment and asperity area of the intra-slab earthquakes outside Japan, are
found to be consistent with the scaling laws by Sasatani et al. (2006, [3]), which are
adopted in the official procedure of Japan.

Also the relationship between the focal depth and short-period level can be modeled by
the empirical relationship by Satoh (2013, [10]).

2) The resultant synthetics waveforms by using the asperity model for the Vrancea
earthquake according to the Recipe reproduced the records well. Therefore, the official
procedure of Japan can be applied to the Romanian intra-slab earthquake.
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APPENDEX 1: FAULT PARAMETERS FOR INTRA-SLAB EARTHQUAKES IN JAPAN

(to be continued).

moment short-period | stress drop on S-wave
hypocenter seismic moment asperity arca
magnitude level asperity velocity
No. shab region date ; ; p references notes
long. lat. lep. R R
M M . 3 Ao, ) g
N 6] k] My Mo (Nm) AN+ mis’) o (MPa) Sq(km’) B (ka's)
SMGALS2 SMGAI:400 KK: Kikuchi and Kanamori (1995)
SMGA2: 82 :mgﬁ ﬁj H: Harvard CMT
4 -+ SMG; vl MS: Morikawa and Sasatani (2004
; 435 w74 | s60 go | ZOERZLEK) | LTERL ) SMGASIS2 |y g 46 |Sasatanier al. (2006) ) (2009
. Hokkaido- 3.0E421 (H) s) SMGA4: 300 12: Ikeda et al. (2004)
1 Pacific © | Oct. 4,199 SMGAS: 256 ot
Toho-Oki SMGAS: 137 e M0 (k) -4 in Figure2
otal:
™s) o) Mo (k) -5, in Figure3
. * 640 83 3.50E421 * 287 2640.0 * [iwata and Asano (2011) Shao ef al . (2006)
moment short-period | stress drop on S-wave
hypocenter seismic moment asperity arca
magnitude level asperity velocity
No. shab region date ; ; p references notes
long. lat. lep. R R
M M . 3 Ao, ) g
N 6] k] My Mo (Nm) AN+ mis’) o (MPa) Sa(km’) B (a's)
model A
model A SMGAL: 51.8
SMGAL: 109} SMGA2:720 MS: Morkawa and Sasatani (2004),
SMGA2:381 | SMGA3:34.6 ard OMT
SMGA3: 163 total: 158.6 oy
33E420(T) | 42B:20(M8) | ° o  Tkeda (2002)
30 1443 950 77 27E+20(H) | 2.0E+20 (11) 46 [Sasataniet al. (2006) T: Sasatani et al. (2006)
model B model B .

M0 (T) -4 (modelA) in Figurc2
2| Pacific Kushiro-Oki | Jan. 15, 1993 SMaAL: &2 SMGAL:92 Mo (T) -8, (modelA) in Figure3
2 acific ushiro-Oki | Jan. 15, SMGAZ 190 | SMGAD: 144 Ma(1)-S, iz

SMGA3: 109 SMGA3: 69
total: 305
28 | 14437 | 1030 75 23.E420 * . * 46 |Kikuchi (2003)
29 | 14436 | 1006 . . * . * * [Nom (2003)
* * 107.0 76 336420 * * * * |Takeoeral. (1993)
82 | 1419 | 659 71 4T4EH19 * . * 446 |Shiba and Noguchi (2012)
83 | 1416 | 490 7.1 554419 * * * * | Yamanaka (2011)
382 418 | sl 717 72.E+19 * * * *  |Oheral. (2011) logh o=1.5M 49,1
aspl: 10.2410.2
. . . . . aspl: 70.6 =104.04 s
66.0 LI0E+20 w106 | asp 1025102 39 |Harada and Kama (2011) =475 40, (S /)
=104.04
3| Pacific | Mivagken-Oki | Apr.7.2011 SMGAL: 10.2°102
SMGAL: 71 “104.04
. B B . . . 9 ot al. (2012
SMGA2:71 | SMGA2: 10.2%10.2 39 [Harada etal. (2012)
“104.04
SMGAL:237 | SMGAI:35.6
. * * . . SOIEHO | SMGA2:708 |  SMGA2:80.1 382 [Someiand Mivakoshi (2012a)
SMGA3:70.8 | SMGA3:35.6
* * 66.0 71 524419 . * * * |Someiand Miyakoshi (2012b)
. * 680 7.1 474E+19 217E420 . . * [satoh 2013) M4 in Figure2
SMGAIL: 105 | SMGAI:3%3=9 s: Satoh (2004)
LIEF20(S) | SMGA2:105 | SMGA2:4%4=16 - TS: Sasatanai et al. (2006
88 | 1417 | 720 70 309EH9 | DTS | SMoAs 108 | SMOAS 67636 398 [Sasatanieral. (2006) 72 Ao et ol (2004)
(A2) total: 61.0 (A2) M4 (S) in Figure2, M-S, in Figure3
. * * 70 380.E+9 * . * * |Hikima et al. (2003)
R R R . |Geospatial Information Authority of|
389 | 1418 | 520 70 40.EH19 oo (2003 logh o=1.5M 49,1
4| Pacific | Miyagken-Oki | May.26,2003 | 388 | 1417 | 750 70 38E+19 * . * * [ Yamanaka and Kikuchi (2003)
88 | 1417 | 720 72 7.6E+19 * * * * |Acieral. 2003) two planes
. * 680 7.1 S62E419 * . * *  |Okada and Hasegawa (2003)  [logho=1.5M +9.1
88 | 1417 | 700 69 3.00.E+19 . * * * [Yagi2003)
. * 720 70 6.20E+19 * 499 1080 * [1wata and Asano (2011) Aoiet al. (2005)
. * * 70 349E+19 120,420 . . * [sath(2013)
3 Yo, (Sum)"
39739 | 141670 | 1150 69 2826419 35LE+9 239 9% 36 |Iwata and Asano (2011) ; ~
Iwateken- M4 in Figure2, M-S, in Figure3
3 Pacific Nairikuengan- | Jul 24,2008 | 39739 | 141670 | 1150 6.9 2.82E+19 * 24 * * Suzuki et al.. (2009)
Hokubu
. * * 638 L72E+19 8.96E+19 * * * [satoh 2013)
H: Harvard
Hokkaido- 52E+9 624(TS) 563 (TS) Al: Asano et al. (2003)
acific ’ . . 2 . asatani e
6| Pacific Toon | Jan28.2000 59.0 68 2.00E+19 9 o1 (Al et Sasatani ef al. (2006) S-St o a1 (2006)
5., (TS) in Figure3
398419 “‘s"; :76 :“""; ;: MEF: Morikawa and Fujiwara (2002)
Iwateken * * 1220 64 5.6E+18 (H) ) e IR * [Sasatanier al. (2006) H: Harvard CMT
. atcken- asp asp i,
7 Pacific | S| Dee2.2000 P, Py M4 in Figure2
. * * 64 534E+18 421E+19 . * * [sath2013)
_— . aspl: 73 aspl:3.2 H: Harvard CMT
-shicho- +
8 Pacific | Kushiro-shicho- |3 1000 | 4204 11y [ 143.01 4| 109.0 62 24p8 ) | 2SEFOTS) aspl: 73 aspl: 4.9 * Sasatani e al . (2006) 12: Tkeda (2002)
Chuunanbu 23E19(11) i i
() (1) 4 (TS) in Figure2
9 | Pacific *“k“sg"lgm"' Jul. 31,2011 * * 56.0 64 41SEVI8 367E+19 * * * [satoh (2013)
10 Pacific F”k"’g‘::m"' Aug. 19,2011 B * 560 63 319E+18 3.05E+19 * * * Satoh (2013)
o L AL: Asano ef al. (2003)
3412 | 1327087 | 50 67 6.2E+19 el s o |Sstanierat. 006 M: Morikawa et al. (2002),
YK | (YK) | (YK) (YK) ™M) "s&” ‘"'::\” asatanief al. YK: Yagi and Kikuchi (2001)
M4 in Figure2, M-S, in Figure3
N N 46.46 68 21E+19 6.0E+19 . . N 1S: Sasatani et al. (2006)
11 | Philippine Sea Geiyo Mar. 24, 2001 (TS) (T8) (KH) (12) Sasatani et al . (2006) KH: Kakehi (2004),
12: Ikeda et al . (2004)
* * 460 638 L8SEH9 * 810 23 * [iwata and Asano (2011) Kakehi (2004)
. * 46.0 70 336E+19 . 1350 22 * [iwata and Asano (2011) Sckiguchi and Iwata (2002)
341 1327 | 465 638 LSLE+19 * * * * |Asanoeral. 2004) two asperities
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APPENDEX 1: FAULT PARAMETERS FOR INTRA-SLAB EARTHQUAKES IN JAPAN

ocene moment | ] shortperid [ sress drop on iy e 5w
hypocenter e | 5 momen e P asperity area oy
No. shab region date - | p references notes
ne. . op. R .
M A . A
N] [E] k] My Mo (Nm) AN+ m/s") o (MPa) S, (km’) B (kmv's)
SMGAL 3%26
175
. [ 216 62 2o5es | a7petg | SMOALTSL gy guaen * [satoh 2010)
SMGA
total: 18
SMGAT
N " o . N N SMGAL3S7 | 36%.6-13 . |Asanoand wata 2010) o s
SMGA2:27.5 SMGA2 o planes
484823
o e ’ . . P N P . wo planes
12 | Phiippine Sea | Sunuga-Wan | Aug 11,200 [ 348 | 1385 | 230 Nozu (2010) e poris
. * * 64 48E4IS * . * * |Uenoeral. 2009) iwo planes
o | asplisorso-2s
aspl: 15 i
7 | s | o . . * 3| asp2s50vs.0-25 * |Kawabe eral. 2010)
asp2: 15
total:50.0
. P . . . aspl: 167 aspl: 16.2 . ahe anes
20 i 150 Kurahashi et al. (2009) iwo planes
13 | Philippine Sea | Oitaken-Seibu | Jun. 12,2006 |  * * 1450 64 428418 270E419 . * * fikeda 2010) M =(ogM 9. 1/1.5
. 279 | 132342 | 393 ) 1 Harvard CMT
14 | Phiippine Sea | Hyuga-Nada | Apr. 25,2001 57 400EHT | 68EHS(2) | 19(AD) * [sasatanier al. (2006) Al Asano et al. (2003)
© © ©
12: Tkeda et al. (2004)
Wakayamaken H: Harvard CMT
15| Philppine sea | "I | s o1 1099 | [ 6.0 56 LIEHT(H) | 29B418(2) | 314(AD) L4 (A1) * |sasatanier al. (2006) AL Asano er al. (2003)
12: Tkeda et al . (2004)
H: Harvard CMT
16 | Philippine Sea | Aichiken-Tobu | Mar. 16,1997 [ * . 390 56 BIEHTE) | 12B00) | 2D 27(A1 * |sasatanier al. (2006) AL Asano et al. (2003)
12: Tkeda et . (2004)
H: Hi-net NIED
35089 | 138095 | 3001 311.7,748,1702
Shizuokaken- () () () Morikawa et al. (2002), F: Fressia
17 | phippine sea | MR Ay 32001 | (D A o 54 LSSEAT | 902E+18 3 32 46 [Noep ooy
(F) (F) (F)
18| Pacific | Miagken-Oki | Nov. 24,1998 [ * * 831 51 ST3EH6 LI6E+19 . * * [satoh (2004)
19| Pacific | Miyagken-Oki | May. 27,2003 [ * [ 7.5 47 L43E+16 1.02E+19 . . * [satoh 2004)

APPENDEX 2: FAULT PARAMETERS FOR INTRA-SLAB EARTHQUAKES OUTSIDE JAPAN

(to be continued).

moment | . short-period | stress drop on . S-wave
hypocenter . seismic moment asperity area
) magnitude level asperity velocity R
No, slab region date references notes
long. fat. dep. M Mo (Nm) 2 Ao (MPa) 2 B (kns)
™ E ] My Mo(Nm) | AN - mis?) o Sa(km) s
1298 | 14480 45 77 * * * * * [Seno and Yoshida (2004)
1| S Mariana Guam Aug. 8, 1993
1298 | 144801 50 77 3.5E420 * * * * Tanioka et al. (1995)
473 | 10094 4 78 * * * * * [Seno and Yoshida (2004)
2| sumatra Sumatra | Jun. 4,2000
47 | 1020 3 * L5E+21 * * * * |zhoueral. 002)
3| Vanuaw Vanuatu | Jul 13,1994 | -1650 | 16735 25 71 * * * * * [Seno and Yoshida (2004)
2567 | -70.79 60 70 * * * * * [Seno and Yoshida (2004)
4| N.Chie Taltal Feb. 23,1965
2567 | <7079 59 70 35419 * * * 45 [Malgrange and Madariaga (1983)
s @
* * 108 7.7 3.92E+20 1.71E+20 59.7 400 * Iwata and Asano (2011) \A=47p"Ac, (S )
5 N. Chile Tarapaca | Jun. 13,2005 3 is assumed 4.5 kms.
2001 | -69.24 108 78 5.47E420 * * * *  |Delouis and Legrand (2007)
918 | 782 43 79 * * * * * [Seno and Yoshida (2004)
6| Cperu Peru May. 31,1970
* * * * 1L0E+21 * * * * |Abe (1972
7 | ElSabador | ElSabador | Jun.19,1982 | 1265 | -88.97 52 73 * * * * * [Seno and Yoshida (2004)
1297 | -80.13 56 77 * * * * * [Seno and Yoshida (2004)
EP YT
8 | ElSavador | ElSalvador | Jan. 13,2001 | . 54 727 4576420 9.83E+19 253 733 * [iwata and Asano (2011) A=dnfi" 404 (Sa/x)
s assumed 4.5 ks
* * 54 77 * * * * * |Valke eral. (2003)
9| Mexico Oaxaca | Jan. 15,1931 | 1640 | -9630 40 71 * * * * * [Seno and Yoshida (2004)
10| Mexico Mexico | Jun. 16,2013 | 18.108 | 99230 | 55 591 9.1E+17 232E419 * * 468 |Singheral. (2014) 4=Qrf. M,
1| Mexico Mexico | JuL21,2000 | 1811 | -98.97 50 5.89 849E+IT 221E+19 * * 468 |Singheral. (2014) A=Qaf)'Mo
12| Mexico Mexico | Nov. 15,2012 | 18407 | -100.373 | 60.9 611 LS3EHS 304E+19 * * 468 |Singheral. (2014) 4=Qrf. M,
13| Mexico Mexico | May.22,2009 | 1810 | -98.43 46 571 4.60E+1T 204E+19 * * 468 |Singheral. (2014) A=Qaf)'Mo
14| Mexico Mexico | Dec. 11,2011 | 1782 | -99.94 57 648 6.71EHS 6.00E+19 * * 468 |Singheral. (2014) 4=Qrf. M,
1775 | 9727 75 58 6.28E+17 LSIE+19 * * 468 |Garcia e al. (2004) A=Qaf )Mo
15| Mexico Mexico | Feb. 23,1994
1775 | 9727 75 58 * * * * *  |Garcia e al. (2005)
1802 | -10057 50 62 277E+18 297E+19 * * 468 |Garcia e al. (2004) A=Qaf Mo
16| Mexico Mexico | May. 23, 1994
1802 | -10057 | 50 62 * * * * *  |Garcia e al. (2005)
1798 | -101.52 50 64 5.20E+18 4.85E+19 * * 468 |Garcia eral. (2004) A=Qaf Mo
17 [ Mexico Mexico | Dec. 10, 1994
1798 | -101.52 50 64 * * * * *  |Garcia er al. (2005)
18 Mexico Mexico | Jan. 1,196 | 17.04 | -99.51 41 4l 2.00E+15 1.76E+18 * * 468 |Garcia er al. (2004) U=Qaf.) Mo
19| Mexico Mexico | Jul19,1996 | 17.24 | -100.38 50 49 281E+16 625418 * * 468 |Garcia et al. (2004)
1834 | -10258 | 40 71 * * * * * [Seno and Yoshida (2004)
Mo-d in Figure6
1834 | <1028 | 40 71 6.06E+19 724E419 * * 468 |Garcia er al. (2004) .
A=Qxf )Mo
20| Mexico Mexico | Jan. 11,1997 M-S, in Figure
* * 35 70 4.54E+19 2.59E+19 10.1 320 * |iwata and Asano (2011) A=4nf Ao,
6 s assumed 4.5 ks
1806 | 10279 35 71 49E+19 * * 300 *  |santoyo eral. (2005)
2 Mexico Mexico | May. 19,1997 | 1728 | -10045 | 44 46 9.41E+S 2.58E+18 * * 468 |Garcia et al. (2004) a=@af M,
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APPENDEX 2: FAULT PARAMETERS FOR INTRA-SLAB EARTHQUAKES OUTSIDE JAPAN

‘moment short-period | stress drop on S-wave
hypocenter seismic moment asperity area
. ‘magnitude level asperity velocity
No. slab region date ; ; - references notes
long. at. cp. B I
: M . a0, s
N - (ko] My 1o (Nm) AN+ mis) 74 (MPa) S o (k) B (kmis)
18.37 -101.82 54 6.5 6.53E+18 3.07E+19 * * 4.68 Garcia et al. (2004) \A=(2xf. )JM‘,
2| Mexico Mexico | May. 22,1997
18.37 -101.82 54 6.5 * * * * * Garcia et al. (2005)
18.35 -101.19 64 59 LOIE+I8 1.5TE+19 * * 4.68 Garcia et al. (2004) _4:(2,7/‘)1.‘\/10
2| Mexico Mexico | Apr. 20, 1998
1835 [ -10019 | 64 59 * * * * *  |Garcia et al. (2005)
18.13 -97.54 61 6.9 3.10E+19 LISE+20 * * 4.68 Garcia et al. (2004) A=(27f. )1,11‘,
24 Mexico Mexico Jun. 15, 1999
1813 | o754 61 69 * * * * *  |Garcia er al. (2005)
18.15 -101.70 53 6.3 3.11E+18 2.95E+19 * * 4.68 Garcia et al. (2004) A=(27f. )1,11‘,
25 Mexico Mexico Jun. 21, 1999
1815 | 10070 |83 63 * * * * *  |Garcia et al. (2005)
15.70 -96.96 47 74 * * * * * Seno and Yoshida (2004)
M-A in Figure6
1603 | -96.96 a7 74 1L72E420 1.89E+20 * * 468 |Garcia er al. (2004) b
) A=Qaf )Mo
26 Mexico Oaxaca Sep. 30, 1999 T T
* * 40 75 1.79E+20 3.80E+19 98 731 * Iwata and Asano (2011) A=4nf 0 (Su/7)
s assumed 4.5 ks
16.00 -97.02 39.7 * 1.8E+20 * * * * Hernandez et al. (2001)
27 Mexico Mexico Dec. 29, 1999 18.00 -101.63 50 59 8.29E+17 1.07E+19 * * 4.68 Garcia et al. (2004) A=Q27f . ):M‘,
18.11 -98.97 50 59 TI4E+17 1.63E+19 * * 4.68 Garcia et al. (2004) \A=(2xf. )IM‘/
28| Mexico Mexico | Jul 21,2000
18.11 -98.97 50 59 * * * * * Garcia et al. (2005)
17.15 -100.11 35 53 1LOOE+17 S5.91E+18 * * 4.68 Garcia et al. (2004) A=(2xf. )IM‘/
29| Mexico Mexico | Mar. 52001
17.15 -100.11 35 53 * * * * * Garcia et al. (2005)
1714 | -100.11 38 52 830E+16 7.35E+18 * * 468 [Garcia er al. (2004) U=Qrfo M,
30 | Mexico Mexico | Mar. 6,2001
17.14 -100.11 38 52 * * * * * Garcia et al. (2005)
18.15 -95.98 18 59 9.43E+17 6.94E+19 * * 4.68 Garcia et al. (2004) |4 = (2af. ):M(,
31| Mexico Mexico | Jan. 30,2002
1815 | -95.98 118 59 * * * * *  |Garcia er al. (2005)
32 Alaska Kodiak Island | Dec. 6, 1999 57.35 -154.35 36 7.0 * * * * * Seno and Yoshida (2004)
* * 60 66 9.43E+18 3.96E+19 521 28 * |iwata and Asano (2011) 5 is assumed 4.5 kmis.
33 Cascadia Seattle-Tacoma| Apr. 29, 1965
47.38 -12231 60 6.6 9.43E+18 * * 28 * Ichinose et al. (2004)
a4 | a2ss | @ 68 * * * * * |Senoand Yoshida (2004)

M-S, in Figure?
* * 56 68 L66E+19 3.80E+19 404 3 * Iwata and Asano (2011) A=47p A0, (Suim)"”

34| Cascadia Nisqually | Feb. 28,2001 5 i assumed 4.5 ks,
a4 | 27 56 68 LG6E+9 * * s * |ichinose er al. (2004)
. . 0 6.67 LUE+HY . . * *  |ichinose er al. (2006).
a7 | 26 | 4 71 * * * * *  |Seno and Yoshida (2004)
* * 60 68 L9IE+I9 5.60E+19 65.0 36 * Iwata and Asano (2011) =sap’ a0, (8./7)'
35 | Cascadia Olympia | Apr. 13,1949 |/ is assumed 4.5 ks
. . 0 68 LOIE+Y . . 36 *  |ichinose er al. (2006).
4713 | 205 | 4 * 15E+19 * * * 45 |Baker and Langston (1987)
36 | Cascadia Satsop Jul. 3, 1999 . . 4 572 4.8E+17 * . . *  |ichinose er al. (2006).
37| Cascadia Jun. 10,2001 * * 40 460 14E+16 * * * * ichinose er al. (2006).
38 | Cascadia | Mt Olympus | Apr.25,2003 |  * * 46 449 68E+S . . * *  |ichinose er al. (2006).
39 | Romania Viancea | Mar.4,1977 | 4577 | 2676 9 74 . 140E+20 120 65.61 45 |Otheral. 2007) U-42p°40, (5/7)"
40 | Romania Vrancea | Sep.6,2002 | 4564 | 2643 105 4.1 * 4B4EHS * * 45 |Otheral. 2007) A=af )Mo
41| Romania Vrancea | Nov.3,2002 | 4574 | 2686 % 40 . S.80E+18 . . 45 |Otheral. 2007) A=Qaf )Mo
42| Romania Vrancea | Nov.8,199 | 4555 | 2635 138 46 * 632418 * * 45 |otheral. 2007) u=@xfM0
43| Romania Vrancea | Nov. 14,1999 | 4552 | 2627 132 46 . 9.48E+18 . . 45 |Otheral. 2007) A=Qaf )Mo
44 | Romania Vrancea | Apr.6,2000 | 4575 | 2664 143 50 * L51E+19 * * 45 |otheral. 2007) u=@xfo’M0
45 | Romania Vrancea | Aug 30,1986 | 4552 | 2649 132 71 . S93E+19 30 161.78 45 |Otheral. 2007) A=4np’ A0, (Sdm)®
46 |  Romania Vrancea | Oct. 27,2004 | 4578 | 2673 9 58 * 234E+19 90120 206 45 |otheral. 2007) =4z 40, (S4m)">
47 | Indo-Burman Imphal Jan. 3,2016 * * 55 67 1.56E+19 * * * * Parameswaran and Rajendran

(2016)
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