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D˛È}Ó� Ê¤eìË5êÞÑ�*š«}Óíõ¬˙� …dlÿì
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ÕÕìË5$lû˝ �øı é�

�øı é�

A©ËË.cúAéí�¸=1¨AÃ½íú;, yúÞ·�VÃ

½ín/, ¨Aª"í§�� â¡�VêÞÊ«ÉíËË, ÿªJnjw

F�VíÃ½aï� 87�7~17n12v51}, Á2Ë–êÞd_ M =

6.2 íËË, ËÛP0Ê¯¼˙aj�14.5t¼í:¼Ë– (‰% 120.67◦�

”ï 23.51◦ ), ËÄ¿�� 5 ∼ 6t¼� ¢88�9~21n01v47}, Ê2

¶Ë–êÞd_ M = 7.3 íËË, ËÛP0Ên~ßaRœ�12.5t¼

íÕÕË– (‰% 120.78◦� ”ï 23.85◦) , ËÄ¿��7 ∼ 8t¼� ¤ù

Ÿ»µËË¨Aíìâa�}�Ñ:¼ËË5§27aDÕÕËË2,333

§10,002a� Î7ìâa�Õ, rÖ�Ó`ƒ˙�.øí¸;, −˜£›

a?§	àßÞË±£ú;� ¢ËË¨AË”�, J%ÇÙ, ùêí˙

Ä� Éù¼, †}�V�ùŸíaï�

ÄAéúËËí'd, _‰kËË5û˝*ÌÈi� ÛDËËº�ì

¾û˝í’e�ËËd_� ËÛP0� ËÄ¿�¸êËvÈ� ËË×_ª

}Ñ‡Ë� 3Ë¸ìË� ÄÑÊËË’eñ“2, ìË27"×¶M, ]

f$,‚à3Ë¸#ìË�$lç,íõ¬˙_�, }&/–�íË

Ëº�8$� ËËû˝íd.2%�J Gutenberg-Richer (1954) É[

�, n�ìËd_¸ä0íÉ[; 6%�;W^£ Omori’s ¶† (Utsu,

1961) ·HìËívÈ}Ó� Reasenberg and Jones (1989) †¯9,H

_�n�ìËívÈ¸d_í:¯}Ó� ¤Õ,Ogata (1988, 1989) @à

�1Ü



ÕÕìË5$lû˝ �øı é�

¼Wèç–1, ‚àAé (self-exciting) õ¬˙·H#ËABùêíÛ

ï� ˜¸À (1994) †�“¤ø¬˙, cq#Ë5êÞÉD|¡øŸËË

�É, }&I}Ë–5ËË�

âkË”¸�Ó!ZÊ3ËêÞv˛¨Aú;, ìËíêÞ†øª

ø¥íú;óÉ!Z¸/FÞ·, 1/	à¼^¸a¶íªW, Ä¤…d

@à$lj¶}&ÕÕìËêÞ0ívÈ� d_D˛È}Ó, �ø_

ÕÕìËís8ã¿_�, W¤l�/øË–5#ìËÊ„V/øv¨

êÞ5œ0, �JÇ,Dã¿ÕÕìË5·Ô4�

…dÊ�ùı�èd.2�ÜóÉíËËø…¸�ÉËËíû˝!

‹� �úıÿìË_�25¡b�Ü,lj¶� �ûıÿÕÕìËå�

º__�� |(Ê�üıT|!�, 1/�‡ª?í(/û˝�

�2Ü



ÕÕìË5$lû˝ �ùı ËËóÉø…¸d.�è

�ùı ËËóÉø…¸d.�è

2.1 ËËíóÉø…

ËËí$A

;W$)çz, 'ñqéBb7j, «ÉíËËÑSµóäõ� «É

Pkr=×Ð$)Dp�½$)>}T, ¥s_$)©�×�Jþ� ÿ

t}í§�ó�íÅ� wíÅíQ¾P0Ê‰¶íI}B«‰Ë–, I

‰óë («ÉíËñZ¨}–ªJI‰óëÑä, ‰Ñ‰¶½º˙0: ˘

kp�½$)Ûˆ¿C, aÑ2Û˙0£a¶í˙�: ˘kr=×Ð

ií) \wÑuvs$)íñ¯�� ¤s$)ÎíÅTàÕ, Ê«É‰”

¶£œ¶}��²”D²‰í$)¿³Tà� âk¥s$)ííÅD¿

³, «ÉË–íËµw§O×Ë@‰, U)Ëµñq‰$ª7i±˜�ù

êËË, Ä¤ËËóçäõéË� J0äËË�í}Ó7k, «ÉËË–

Pk|×, 6u|º&í=Ø�¸ËË�, ¤øiµ�¹Ñ�kn…¸p

�5Èíiµ��

ËËd_

ËËd_ (earthquake magnitude) àJ[ýËË5×ü� øOUà

íËËd_h1uâ C. F. Richter `¤Ê1935�FT|í, ]˚ÑÔ«

ËËd_ (Richter magnitude) � Ô«ËËd_uJËËiFp“ƒí Ë

�3Ü
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ËšPÙÑ!�� çËËËÄøìv, �×ËÄB±ËšíPÙÿBü;

çDËÄí�×øìv, †Ëš íPÙDËÄí×üA£óÉ� wt�

Ñ:

ML = log(A/A0) = logA− logA0 (2.1)

w2 ML ÑÔ«ËËd_

A Ñ',-é)Þ (Wood-Andersion) ËËiÊ¿¦h¿í|×PÙ, A0

†Ñ™ÄËË (ML = 0) v, °�ËËiÊvh¿¦p“5|×PÙ�

â¤ªø, ËËd_uø_$øíbM, [ýËË…™í×ü, wD

h¿¦íP0ÌÉ�

ÕÕËË

ÕÕËËêÞÊšÁ�iµ,, óÉíËÄœ„, 0äæí’eéý,

w3bú±Þ�Ñœ”•², bi²‰ �Ñ 26◦ , �˛ÑÓLiµœ„,

?¾„[� 2.23× 1027 ®Ä-t}� ú±û˝}&, ¤ËË ú±,Å�

øìt¼,  �®�û�t¼� |×˜�PkËÛ%”�ú�üt¼T

(îŸø�) �6.5�, Í( ./%‰ 45◦ �~�ú�t¼, %œú±�ú

�t¼� %”ú±ÊËÜP0,ÑîŸø�, %œ ú±íP0†Ñ �

7~17n7¼ËË5ËÛË¡� 7œ×ìË, �˛¨ˇ×3Ëú±�, Ä

¤, îÊš Á�iµ‰j£ËÛœjø��

�4Ü



ÕÕìË5$lû˝ �ùı ËËóÉø…¸d.�è

2.2 d.�è

vÈ}Ó_�

ìËêÞ0ívÈ}Óªâ^£ Omori’s ¶† (Utsa, 1961) ‹J·

H:

λ (t) =
K

(t + c)p
(2.2)

w2 λ (t) ÑìË5êÞ0, K , c ¸ p Ñ�b� ¡b p H[<2ÑìË

5«¢0� ÿd_ M J,5ìËn�, p MB×[ýìË«¢B0, ¹

û˝25ìËÊ„V‚ÈêÞíóúª?4œü� øO p M5¸ˇ�k

0.4 ∼ 1.4 � óÉíû˝N| p MDiµíÁÓÏ (frictional heat) �

É, Å�Bò5Ë–, wóú@5 p M?Bò (Stenfan,Wiemeradkei and

Katsumuta, 1999) �

d_-ä0_�

ìËíd_ä0}Ó, ªâ Gutenberg-Richer(1954) É[�‹J[

ý:

logN(M) = a−bM (2.3)

w2 a,b Ñ�b, N(M) Ñ×kC�k M 5ìË_b� ¡b b u¥@#ì

ËêÞíóú·Ô4 (Bernice Bender, 1982) � øO b M5¸ˇ�k 0.4

∼ 1.8 � ;WóÉû˝!‹)ø, b Mª?DË�}Ó (slip distribution) ,

�5Ü



ÕÕìË5$lû˝ �ùı ËËóÉø…¸d.�è

‘‰ (shear stress) , ±ñò� (crack density) , ¸}9‰ (pore pressure)

�É (Stenfan, Wiemer and Keikatsumata, 1999) � ¤Õ, À˘Ö¾òí

Ë– (increased meterical heterogeneity) , ª?x�œòí b M (Mogi,

1962) �

vÈ-d__�

Reasenberg and Jones(1989) ø_� (2.2) ¸ (2.3) ¯9, ·HìË

êÞ0ívÈ-d_}Ó:

λ (t,M) = 10a+b(M0−M)× (t + c)−p (2.4)

w2 λ (t,M) ud_BýÑ M 5ìËÊvÈ t 5êÞ0, M0 Ñ3Ëd_,

a,b,c ¸ p †Ñ�b� W¤_�ª°|Êv¨ (s, t) 5qêÞd_×kC

�k M #ìË5œ0, ªTXã†5¡5�

�6Ü



ÕÕìË5$lû˝ �úı ¡b5,l

�úı ¡b5,l

3.1 ^£ Omori _�

âk‡HìËvÈ}Ó_�, [ýìËuø_êÞ0Ñ λ (t) 5ÝÌ

”íš«¬˙ (non-homogeneous Poisson process) � FJÊvÈ (t, t +

4t) , ìËêÞ5œ0Ñ

Prob{Ê (t, t +4t) êÞø_ìË} = λ (t)×4t +o(4t)

w2ç 4t → 0 v, o(4t)/4t → 0 , ?¹

λ (t) = lim
4t→0

Prob{ Ê (t, t +4t) êÞø_ìË} /4t

âš«¬˙ (Poisson process) )ø, Ê�½–È (disjoint interval) qì

Ë5êÞuÖí� FJ˛øÊvÈõ ti−1 êÞìË‘K-, ÊvÈõ ti

êÞìË5‘Kœ0ò�ƒb (p.d.f) ªŸA:

f (ti|ti−1) = λ (ti)× exp{−
∫ ti

ti−1

λ (s)ds} (3.1)

w2 λ (ti) ¹ÑÊ (ti, ti +4t) mÈêÞìËíª?4, exp{−
∫ ti

ti−1
λ (s)ds}

†ÑÊ (ti−1, ti) ³�êÞìË (CìËŸbÑ0) íœ0�

Ä¤, ×ø N _ìËêÞvÈ t = (t1, t2, . . . , tN) 5(, _� (2.2) 2

�7Ü



ÕÕìË5$lû˝ �úı ¡b5,l

¡b K,c ¸ p í–Nƒb (likelihood function) Ñ

L(K,c, p | t) = {
N

∏
i−1

λ (ti)}exp{−
∫ tN

0
λ (t)dt}

wúb–Nƒb (log likelihood function) †Ñ

lnL(K,c, p | t) =
N

∑
i=1

lnλ (ti)−
∫ tN

0
λ (t)dt (3.2)

= N× lnK− p
N

∑
i=1

ln(ti + c)−K×A(c, p)

w2

A(c, p) =











ln(tN + c)− ln(c) ç p = 1

{(tN + c)1−p− c1−p}/(1− p) ç p 6= 1

Uúb–NƒbßÞ|×Mí θ̂ = (K̂, ĉ, p̂) ¹Ñ¡b θ = (K,c, p) í|

×–N,l¾ (maximum likelihood estimator , MLE) � ª�â°-H

j˙�5:¯j°|θ̂:

∂ L/∂ K = N/K−A(c, p) = 0 (3.3)

∂ L/∂ c =−p

tN

∑
i=1

(ti + c)−1−K[(tN + c)−p− c−p] = 0 (3.4)

∂ L/∂ p =−
N

∑
i=1

ln(ti + c)−K[(tN + c)1−p− c1−p]/(1− p)2+ (3.5)

K[(tN + c)1−pln(tN + c)− c1−pln(c)]/(1− p) = 0

;W|×–N,l�5Ú¡}Ó4”)ø,(θ̂ − θ ) 5¡N}Óu�

ÌMÑ ~O = (0,0,0) , u‰æbä³Ñ I−1(θ ) 5ú&�G}º, w2 I(θ )

�8Ü



ÕÕìË5$lû˝ �úı ¡b5,l

˚Ñ8Ñä³ (information matrix) :

I(θ ) =

∫ tN

0

1

λ (t;θ )

∂ λ (t;θ )

∂ θ ′
∂ λ (t;θ )

∂ θ
dt (3.6)

=
∫ tN

0















K−1(t + c)−p −p(t + c)−1−p −(t + c)−pln(t + c)

? K p2(t + c)−2−p K p(t + c)−1−pln(t + c)

? ? K(t + c)−p{ln(t + c)}2















dt

† I(θ̂ ) Ñhô58Ñä³� I I−1(θ̂ ) Ñ I(θ̂ ) 5¥ä³ (inverse matrix)

, † I−1(θ̂ ) úi(M5j; ¹ªàk,l K̂, ĉ ¸ p̂ 5™ÄÏ�

3.2 Gutenberg-Richter _�

I Mc Ñû˝2ìË’eí|üd_, â (2.3) 5É[� )øìËd

_Ñ¡b (bln10) 5Nb}Ó� Ä¤)w–NƒbÑ:

L(b|(M1,M2, . . . ,MN)) = (bln10)Nexp{−(bln10)
N

∑
i=1

(Mi−Mc)}

úb–Nƒb†Ñ

lnL(b|(M1,M2, . . . ,MN)) = Nln(bln10)− (bln10)
N

∑
i=1

(Mi−Mc) (3.7)

]) b 5,l¾

b̂ =
N× ln10

N

∑
i=0

(Mi−Mc)

(3.8)

/w¡N™ÄÏ sd(b̂) = b̂/
√

N�

�9Ü



ÕÕìË5$lû˝ �úı ¡b5,l

3.3 Reasenberg and Jones _�

ÄÑ (2.4) �uâ (2.2) ¸ (2.3) ¯97A, Ä¤ªŸA

λ (ti,Mi) = q(Mi)×g(ti) (3.9)

w2 q(Mi) = eα+β (M0−Mi) , g(ti) = (ti + c)−p , α = aln10 , β = bln10 � ú

@í–NƒbÑ

L(α ,β , p,c|((t1,M1),(t2,M2), . . . ,(tN ,MN)))

= {
N

∏
i−1

λ (ti,Mi)}exp{−
N

∑
i=0

∫ ti

ti−1

λ (ti,Mi)dt} (3.10)

Y3.1�j�, ¹ª°)óÉ¡b5|×–N,l��

�10Ü



ÕÕìË5$lû˝ �ûı ÕÕìËå�_�º_

�ûı ÕÕìËå�_�º_

;W2Û−ï�TXêÞÊ¬Å 88 � 9 ~ 21 nB¬Å 88 � 11

~ 21 n/d_ M ≥ 3 5ÕÕìËå�’e‹J}&� d_ M = 7.3 í

3ÕÕ3ËêÞk‰% 120.81◦ , ”ï 23.85◦ � û˝2íìË_b 587,

w}Ó¸ˇPk‰% 120.36◦ ∼ 121.46◦, ”ï 23.16◦ ∼ 24.53◦ 5È (Ç

1) � ¤øìËå�5d_-vÈ}ÓàÇ 2 Fý� Ç 3 �ýiµ}Ó�

4.1 vÈ}Ó

;Wû˝2d_Bý Mc = 3 5ÕÕìË, º¯^£ Omori _� (2.2)

°) p̂ = 0.65(std(p̂) = 0.023) , ĉ = 0.02(std(ĉ) = 0.023) ,K̂ = 51.65

(std(K̂) = 3.107) � ¤øìËå�’eDº__�íä0-vÈÉ[, †

úkÇ 4�

Ñ7jû˝2í Mc ú p Mí	à, ÿ Mc = 3∼ 5 (©½ 0.1 ¦M) í

ìËå�º__� (2.2), F)óÉ¡bí|×–N,lM�k[ 1, 1

�ýkÇ 5, w2 p M�k 0.65 ¸ 1.2 5È, D¡5M (0.4 ∼ 1.4) ªœ,

1Ìæ�ÛïêÞ� )ød_	à p M, d_B×, p MB×, ¹B×d_

íìËwêÞ5«¢B0� âkSà.°d_-Ì, ßÞ�æí p M, F

J_�º_vÎ5?vÈÄÖÕ, d_6u½bíÄÖ�

ÿ Mc = 3,4,5 úwä0-vÈÉ[kÇ 6� Ç 6 éý_ýDhô’e

�11Ü



ÕÕìË5$lû˝ �ûı ÕÕìËå�_�º_

x�Gßíº_� ¤Õ, AÇ 6 ?ªõ| Mc = 5 5ìË, óúk Mc = 3

¸ 4 íìË, w«¢0œ×�

4.2 d_-ä0É[

;Wd_-Ì Mc = 3 5ìË’e, º_ Guterberg-Richter É[�

(2.3), °)|×–NMD™ÄÏÑ b̂ = 0.62 (std(b̂) = 0.02) , â = 4.93

(std(â) = 0.11) � º_5_�D’e�ýkÇ 7 � ,lí b MD¡5M

(0.4 ∼ 1.8) ªœ, š�RQ, éýÕÕËË5(êÞœ×d_ìËíª?

4œ×, ¹êÞœ×d_ìËíêÔœò�

Ñ7û˝¡b b MDvÈíÉ[, ;WêÞvÈÊ3Ë( t Ùqí

ìË’e, }�°w b Mí|×–N,lM£™ÄÏ, à[ 2 Fý� Ç 8

†�ý b MDvÈíÉ[� âÇ 8 )ø, b MD5?2ívÈ�É� vÈ

BÅ, † b MB×, ¥uÄÑ×d_5ìËÖš¹êÞÊ3Ë5(� ]

vÈœsv, }ò,×d_ìËêÔ� ÄÑvÈ	à b M, FJ_�º_

vÎd_Õ, ´.â5?vÈÄÖ�

4.3 vÈ-d_}Ó

4.1 ¸ 4.2 �í!‹éý, º_ìËå�.â°v5?vÈ¸d_Ä

Ö� FJ, ;Wd_ M ≥ 3 5ìËå�’eº_ Reasenberg and Jones

_� (2.4) , °)óÉí|×–N,lM£w™ÄÏà-:

â=-0.43, sd(â)=0.089
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ÕÕìË5$lû˝ �ûı ÕÕìËå�_�º_

b̂=0.63, sd(b̂)=0.051

ĉ=0.01, sd(ĉ)=0.007

p̂=0.77, sd(p̂)=0.029

Ñ)øFº__�í_¯�, ;W,Hº_5_��, °)Ê3Ëê

Þ(í/ÙJ(, d_ M ≥ 3 5‚�ìË_bDõÒhô M ≥ 3 ìË_

b‹Jªœ, àÇ 9 Fý� Ç 9 éý Reasenberg and Jones _��'ß

º_!‹� y6, ¦3ËêÞ( t Ùq5ìËå�’eº__�, °)Ê

t Ù( 10 Ùq, d_ M ≥ 4 5‚�ìË_bDõÒhô M ≥ 4 ìË_b

‹Jªœ, àÇ 10 Fý� wéýÊs‚vÈq�'ßº_!‹� FJ¤

_�ªTXø_s‚ã¿ìËêÞ5j¶�

¤_�?ªTXBbl�/øv¨ (s, t) , êÞd_×kC�k M

5œ0� w°¶à-

P = 1− exp{−
∫ t

s

λ (t,M)dt} (4.1)

y¤TXÊ-�®v¨ (60,60 + T ) êÞd_ M ≥ 5 C M ≥ 6 5œ0,

à[ 3 � â[ 3 )ø„Vø_~qêÞd_ M ≥ 5 5ª?4, EÍ'ò�

4.4 ˛È}Ó

ÊvÈ-d_íû˝2, Stenfan, Wiemer and Keikatsumata (1999)

{‡úû_.°íiµ–dû˝� û˝2N|, Ê®.°íiµ–Ë¡

®�¡N	ìí b M, 1/ b MDË�0 (slip release) �É, ÄË�0
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(slip release) 5.°, b M6�FZ‰, Ë�0B×, b MBQ, ?ÑB·

Ô, 7 p MDiµíÁÓÏ (frictional heat) �É, Å�Bò5Ë–, w

óú@5 p M?Bò� âkÕÕËË¨AšÁ�iµ˜�, Å®100t¼

(œ”²) ,  ®40t¼ (‰a²) , J‹pI‰ËË, w	ày×� Ê¤, …

d6‚à˛Èò�–� (density grid) , J3ËÑŸõ, dW©10t¼Ñ

øÀP, óW©10t¼ÑøÀP, �äõÑ2-õ, ¦|¡550_ìËº

_ Reasenberg and Jones _�, 1‚à��e¢j¶«n.°˛È2_

�½b¡b p ¸ b í‰“�

@à,Hj¶, F)5 p M�k 0.45 ∼ 1.29 5È, àÇ 11 Fý; b

M�k 0.18 ∼ 0.78 5È, àÇ 12 Fý� ÿ p M7k, 3ËË¡�œ×í

p M, wM×_�k 0.8 ∼ 1.0 5È, Bk b M, †Ê3ËË¡ b M|ü,

wM×_�k 0.18 ∼ 0.4 5È, J,F)5!‹Ìéýœ×ìË× ·ê

ÞÊ3ËË¡í–C� 1âÇ 11 £Ç 12 Fý, ?ªõ|«Éa¶ËË

�DI‰ËË�, wËË5Ô��F.°, Ä¤ª}Aù_.°íìË–

�n�, šÁ�iµ–D‰¶ËË–, °)óÉí|×–N,lM£w™

ÄÏ}�à-:

â=-0.41, sd(â)=0.141

b̂=0.57, sd(b̂)=0.061

ĉ=0.03, sd(ĉ)=0.014

p̂=0.89, sd(p̂)=0.041

¸
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â=-1.63, sd(â)=0.139

b̂=0.67, sd(b̂)=0.119

ĉ=0.34, sd(ĉ)=0.259

p̂=0.65, sd(p̂)=0.159

l�d_ M ≥ 5.0,M ≥ 6.0 íœ0, à[ 4 � 5 , éýšÁ�iµ–

�œòíœ0êÞd_œ×5ìË� ¤Õ, }�l�d_ M ≥ 4 5‚�

_bDõÒhô_bdªœ, àÇ 13 � 14 , wéý�'ßº_!‹�
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�üı !�

…d;WÕÕìËíêËvÈ£d_, �ÝÌ”š«õ¬˙_��

ÿvÈ¸d_£˛È}�n�ÕÕìËíÔ�� ÄvÈDd_Ì}	à

p D b M5‰“, FJ¯9ù6º__�, ¤_�ªl�Ê/v¨ (s, t)

qêÞd_ ≥ M 5œ0; Bk˛È}Ó, .°íìË–�w.°íÔ�,

…dø˛È}Ñù_–�: šÁ�iµ–DI‰ËË–, «n.°ËË

–w¡b5Ïæ4�

…dÉ‡úvÈDd_Vn�ÕÕìËå�˛È}Ó5Ô�, wP

05ÄÖþ„‹p_�2n�� Ä¤, Ê„Víû˝ªøP05Z‰‹

p_�2, ¯9vÈ� d_D˛Èú6º__�, «nìËÊvÈ� d_

D˛È,5Ô��
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-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

log(time)
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)

data(M>3.0)
model

Ç 4. d_ M ≥ 3 ìËå�Dwº_^£ Omori ¶†_�

(K = 51.65, p = 0.65,c = 0.02) íä0-vÈÉ[

[ 1. ^£ Omori ¶†2¡b p,c,K 5
|×–N,lMDw™ÄÏ

p̂ s.d.(p̂) ĉ s.d.(ĉ) K̂ s.d.(K̂) Mc

0.65 0.023 0.02 0.006 51.65 3.107 3.0

0.69 0.024 0.02 0.008 51.40 3.170 3.1

0.73 0.025 0.03 0.009 51.46 3.247 3.2

0.76 0.026 0.04 0.010 51.74 3.334 3.3

0.79 0.027 0.04 0.011 51.91 3.416 3.4

0.82 0.028 0.05 0.013 52.39 3.510 3.5

0.85 0.029 0.06 0.014 52.75 3.637 3.6

0.88 0.030 0.07 0.015 52.88 3.727 3.7

0.91 0.032 0.08 0.017 53.19 3.842 3.8

0.94 0.033 0.09 0.017 52.88 3.890 3.9

0.98 0.034 0.10 0.019 52.34 3.976 4.0

1.01 0.036 0.10 0.020 51.84 4.040 4.1

1.04 0.038 0.11 0.020 49.30 3.936 4.2

1.05 0.039 0.10 0.019 45.98 3.722 4.3

1.07 0.040 0.09 0.017 41.99 3.434 4.4

1.13 0.044 0.09 0.017 37.41 3.241 4.5

1.13 0.045 0.07 0.015 31.10 2.750 4.6

1.13 0.047 0.06 0.012 24.56 2.254 4.7

1.14 0.051 0.05 0.011 19.54 1.936 4.8

1.14 0.052 0.04 0.010 16.62 1.728 4.9

1.20 0.061 0.04 0.010 12.85 1.507 5.0
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Ç 5. ^£ Omori ¶†2¡b p MDìËd_-ÌíÉ[

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
log(time)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

lo
g(

ra
te

)

Mc=3
Mc=4
Mc=5

Ç 6. ^£ Omori ¶†º_d_ M ≥ Mc ìËå�5d_-vÈÉ[
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Ç 7. d_ M ≥ 3 ìËå�Dwº_ Gutenberg-Richter _�5ä0-d

_É[
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[ 2. 3ËêÞ( t (Ù) vÈqêÞ5ìËå�, º_ Gutenberg-Richter

_�, w2 b M5,lMDw™ÄÏ

t b̂ s.d.(b̂)

3 0.23 0.017

6 0.24 0.016

9 0.24 0.015

12 0.24 0.015

15 0.27 0.015

18 0.27 0.015

21 0.30 0.015

24 0.31 0.015

27 0.31 0.015

30 0.32 0.015

33 0.32 0.015

36 0.34 0.015

39 0.34 0.015

42 0.34 0.015

45 0.35 0.015

48 0.36 0.015

51 0.35 0.015

54 0.35 0.015

56 0.36 0.015

60 0.36 0.015

Ç 8. Guterberg-Richter É[�2 b MDvÈ5É[
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Ç 9. ;Wd_ M ≥ 3 ìË’eº_ Reasenberg and Jones _�5_¯

�: ;Wº_

_�°) t (Ù) vÈ(d_ M ≥ 3 5‚�b (-) DõÒd_ M ≥ 3 5ì

Ë_b (◦)

[ 3: d_ Mc Ê (60,60+T ) 5œ0,Reasenberg and Jones _�
(a =−0.43,b = 0.63, p = 0.77,c = 0.01)

T

Mc 1 7 15 30 60 120

5.0 0.30 0.91 0.99 1.00 1.00 1.00

6.0 0.09 0.46 0.72 0.90 0.98 1.00

0 1 2 3 4 5 6 7 8 9 10
time (days)

0

40

80

120

no
. o

f a
fte
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ho

ck
s

(a)
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(c)

Ç 10. ;W3ËêÞ( t vÈ (Ù) qìË’eº_ Reasenberg and

Jones

_�5_¯�: w2øÙqõÒd_ M ≥ 4 5ìË_b (◦)

(a) ;W t = 1 º__� (-) °)5d_ M ≥ 4 5‚�b (· · · ), _�¡b
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a = 0.28(0.10),b = 0.44(0.08), p = 0.92(0.37),c = 0.08(0.04)

(b) ;W t = 5 º__� (-) °)5d_ M ≥ 4 5‚�b (· · · ), _�¡b

a = 0.30(0.08),b = 0.42(0.09), p = 0.79(0.06),c = 0.03(0.02)

(c) ;W t = 10 º__� (-) °)5d_ M ≥ 4 5‚�b (· · · ), _�¡b

a = 0.27(0.11),b = 0.43(0.09), p = 0.92(0.11),c = 0.06(0.04)

�25Ü



ÕÕìË5$lû˝ Ë “ø

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

118.5 119 119.5 120 120.5 121 121.5 122 122.5 123 123.5
21.5

22

22.5

23

23.5

24

24.5

25

25.5

la
tit

ud
e°

longitude°

Ç 11. ˛È}Ó p-M5‰“
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Ç 13: ;Wd_ M ≥ 3 ìË’eº_ Reasenberg and Jones _�5_¯�: ;Wº
_

_�°) t (Ù) vÈ(d_ M ≥ 4 5‚�b (-) DõÒd_ M ≥ 4 5ìË_b
(◦)

Ç 12. ˛È}Ó b-M5‰“

[ 4: d_ Mc Ê (60,60+T ) 5œ0,Reasenberg and Jones _�
(a =−0.41,b = 0.57, p = 0.89,c = 0.03)

T

Mc 1 7 15 30 60 120

5.0 0.19 0.75 0.94 0.99 1.00 1.00

6.0 0.05 0.31 0.53 0.75 0.91 0.98
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Ç 14: ;Wd_ M ≥ 3 ìË’eº_ Reasenberg and Jones _�5_¯�: ;Wº
_

_�°) t (Ù) vÈ(d_ M ≥ 4 5‚�b (-) DõÒd_ M ≥ 4 5ìË_b
(◦)

[ 5: d_ Mc Ê (60,60+T ) 5œ0,Reasenberg and Jones _�
(a =−1.63,b = 0.67, p = 0.65,c = 0.34)

T

Mc 1 7 15 30 60 120

5.0 0.06 0.32 0.55 0.77 0.93 0.99

6.0 0.01 0.08 0.16 0.27 0.44 0.62
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� � � � � � �
 �  �
	 �� �� (ML)������� � ��� � ��� ������� �����! #" �$��%&�'�& �&�'%�� �&�(�

������� � ��� � ")� �*�+� � �����'��� �$���,�'%)� ���'��% ���(�
������� � ��� � "� "��-�. �����'��� �$���,�'%�� ���/��% "��! 
������� � ��� � � �����0� �)�1�(��� �$���,�(��" �1 ��'��% "��! 
������� � ��� � � �2�#�0� �����'�& �$��%&�! 3� "��'%�% ���(�
������� � ��� � �4� �4�-� � �����! 3� �$���,�'%)� �&�'%�% ���! 
������� � ��� � ��� ����� � �����'��� �$���,�'%& ���&�(�)% "��(�
������� � ��� � �)� "�"-��� �����! 3� �$���,�'%�� �&�'��% "��'�
������� � ��� � ��� �-�-��� �����! � �$��%&�'�& �&�'%�% "��'�
������� � ��� � ")% �����. �����'��� �$���,�'%�% �,�'%�% "��/�
������� � ��� � "�� �)%�� � �����'��� �$���,�'%��  ��'��% "��'%
������� � ��� � ")� �1�'� �)�1�/��� �$��%&�! 3% �&�'%�% "��(�
������� � ��� � "� ",�+� � �����! 4� �$��%&�'��� %&�'��% "��'%
������� � ��� � ��� �����. �)�1�(")% �$��%&�'�& ��� ��% "��/�
������� � ��� � �& �2�#� � �����! � �$��%&�'��� �,�'��% "�� �
������� � ��� � ��% �1�#� � �����(",� �$��%&�'��� �,�/��% "��'�
������� � ��� � � �4"-��� �����'��� �$��%&�'��� �&�'��% "��(�
������� � ��� � ��� "� �� � �)�1�/��% �$���,�'%�� ��� ��% "��(�
������� � ��� � �-� �1 �� � �����'��� �$���,�(���  ��(�)% "�� �
������� � ��� � �-� �1 �� � �����'��� �$���,�(���  ��(�)% "�� �
������� � ��� " ��� ������� ����� �-" �$��%&�! #� �&�(")% "��(�
������� � ��� " �-� �)����� �����(�1� �$��%&�! #� "��'%�% ��� �
������� � ��� � ��� �-"-��� �����("1� �$��%&�'��� �&�(")% "��("
������� � ��� � "�� ����� � �����! � �$��%&�'���  ��(")% "��'�
������� � ��� � �, ������� ����� ��� �$��%&�'��� �&�(")% "��'�
������� � ���  �-" ����� � �����! � �$��%&�'�& ��%&�(�)% "��'�
������� � ��� � �)� �&�'% �����'��� �$��%&�'��" �&�(")% "��'�
������� � ��� ��� �1� ������� �����'��� �$���,�'%�� ���/��% "��/�
������� � ��� �4" � ���'� �����'��� �$���,� ��� �4���/��% "��'�
������� � ��� �4" �-� �1�! �)�1�'%�� �$���,�/��� ���'��% "��'�
������� � ��� �4� � �, �� � �����(��" �$��%&�(�,� ���,�'%�% "��'%
������� � ��� ��� � ����� % �����(�)� �$��%&�! 4� "��'��% "��/�
������� � ��� ��� �)� �*�+�0� �)�1�'%�� �$���,�(�� ���,� ��% "��'%
������� � ��� ��� ��% �1�(� �)�1�(�)� �$��%&�! #� �&�(")% "��'%
������� � ��� ��� �& ��%�� � �����(�1� �$��%&�! #" �&�(")% "��/�
������� � ��� � �� ���-�. �����! -� �$���,�(�)� �4���'��% "��'�
������� � ��� � �, �)����" �)�1�/��� �$���,�'%�� �&�(")% "��'%
������� � ��� � ��� ���! �����'��" �$���,�(�)� �&�'��% "��/�
������� � ���  �*� ��%�� � �����! 4� �$���,�'%)� �&�(")% ���! 
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L MN OP (ML)Q�R�R�R R S�S R S&T U)V�W X S�Y�W'X�R Q$S�V&W'R&T Q4Z�W'S�V U�W(Y

Q�R�R�R R S�S Q�V Q�R Y�Y-W V S�Y�W'X&T Q$S�Q,W [2Q Q�Q,W(Z)V U�W'S
Q�R�R�R R S�S S�V Q�X S�S�W X S�Y�W'X)[ Q$S�Q,W'V�V S�V&W'R�V Z�W'V
Q�R�R�R R S�S S�V Y�U [1T�W�Y S�Y�W(Z�U Q$S�V&W(Z)R Q,W'V�V U�W'V
Q�R�R�R R S�Y T [-Z [1W(Y S)[1W'S�Q Q$S�Q,W'S�Q S�V&W [�V U�W'S
Q�R�R�R R S�Y Q4Y [�S [�R�W�U S�Y�W'R�X Q$S�V&W'R�R S�Q,W/Q�V U�W(Y
Q�R�R�R R S�Y Q4Y [�S [�R�W�U S�Y�W'R�X Q$S�V&W'R�R S�Q,W/Q�V U�W(Y
Q�R�R�R R S)[ S U)V Y)R�W�Y S�Y�W(Z)S Q$S�V&W!T3V S&W(U)V U�W/Q
Q�R�R�R R S)[ U Y)R Y�W'V S�Y�W'R&T Q$S�Q,W(Y�T Q4Z�W'R&T U�W'V
Q�R�R�R R S)[ Q�S Q�R Q�S�W [ S)[1W'S�X Q$S�Q,W'S)[ Z�W(Y)V U�W/Q
Q�R�R�R R S)[ Q4Z [-Y Y)V�W�Y S�Y�W(Z�T Q$S�V&W'R�X U�W'X�V U�W(Z
Q�R�R�R R S)[ S�S S�S S�S�W S S�Y�W(Z�Y Q$S�V&W'R�V U�W'V�V U�W/Q
Q�R�R�R R S�Z Q S�Z Q,W'S S�Y�W'X)[ Q$S�V&W'R�X S�S&W'V�V U�W'V
Q�R�R�R R S�Z X U)S U)V�W V S�Y�W!T#Z Q$S�Q,W'V�V X&W(U)V Z�W!T
Q�R�R�R R S�X Q�S Y S)[+W S S)[1W'S�X Q$S�Q,W'S�S [1W'X�V U�W'S
Q�R�R�R R S�X Q�S Q�Q [�X�W X S)[1W'S&T Q$S�Q,W/Q�R Q�Q,W(Z)V U�W(Y
Q�R�R�R R S�X Q4U V [2Q#W�Z S)[1W'S�V Q$S�Q,W'S�U Q4U�W/Q�V U�W'V
Q�R�R�R R S�X Q4U S&T S�S�W V S)[1W/Q,T Q$S�Q,W'S�U Z�W [�V U�W/Q
Q�R�R�R R S�X Q�R U�U T�W [ S�Y�W'X�S Q$S�Q,W(Y�U Q4Y�W'R�V U�W [
Q�R�R�R R S&T S Q�V Y�W'S S�Y�W'R�Y Q$S�Q,W'S)[ [1W [�V U�W/Q
Q�R�R�R R S&T Q4Y U�Y U)S�W X S�Y�W'R�R Q$S�V&W(Z�U Q�V&W'X�V U�W(Y
Q�R�R�R R S�R Q Q4Z Y)V�W�Y S)[1W/Q�V Q$S�Q,W'V)[ Y�W'R�V U�W'V
Q�R�R�R R S�R X Q S�Z-W.T S�Y�W(Z)X Q$S�V&W'X�U Q�Q,W!T3V U�W/Q
Q�R�R�R R Y)V R [ [1W(Z S)[1W'S�U Q$S�Q,W/Q�V U�W [�V U�W'V
Q�R�R�R R Y)V Q�X [�R [-Z-W.T S)[1W'X�V Q$S�Q,W'R)[ Z�Y�W(Z)V U�W(U
Q�R�R�R Q�V Q S�V U,[ Q�V�W X S�Y�W(Z�T Q$S�V&W'R�Y Y�W(U)V U�W(Y
Q�R�R�R Q�V S Q U�Y Y,[+W X S�Y�W(Z)R Q$S�V&W'R�Y S&W'R�V U�W'V
Q�R�R�R Q�V Y Q Q*[ Q�X�W�Z S�Y�W!T3S Q$S�S&W(U�T Y�U�W'V�V U�W'R
Q�R�R�R Q�V [ S�V S�Z S�S�W�Z S�Y�W'X�R Q$S�V&W'R)[ T�W(U)V U�W'S
Q�R�R�R Q�V U S�V Q,T S�Z-W�U S�Y�W!T4[ Q$S�Q,W'V�Q T�W(U)V U�W'S
Q�R�R�R Q�V X Q Y,[ S�Y-W�Y S)[1W(Z�U Q$S�Q,W'V�X Q�Q,W'V�V U�W'V
Q�R�R�R Q�V T S S&T Y1Q#W R S�Y�W'X�V Q$S�Q,W(Y�Z S�V&W(U)V U�W/Q
Q�R�R�R Q�V Q4Y R Y)R U)V�W�Z S�Y�W'R�R Q$S�Q,W(Y�U Q�V&W'S�V U�W(Y
Q�R�R�R Q�V Q,T S�Y Y1Q Y)V�W V S�Y�W'R�X Q$S�Q,W(Y,[ Q*[1W(Z)V U�W'V
Q�R�R�R Q�V Q�R V V [�X�W R S�Y�W'X�Q Q$S�Q,W'V�U Q4Y�W(U)V U�W(U
Q�R�R�R Q�V Q�R Q U�U Y�U-W�Z S�Y�W(Z�Y Q$S�V&W!T#Z Z�W'S�V U�W'V
Q�R�R�R Q�V S�S Q�V Q�R Q,W(Y S�Y�W(U1Q Q$S�V&W [�V Q�S&W/Q�V Z�W [
Q�R�R�R Q�V S�S Q�V S�X Y)V�W X S�Y�W [1T Q$S�V&W [�X X&W!T3V U�W/Q
Q�R�R�R Q�V S�S Q�Q Q�V Q�X�W V S�Y�W(U,[ Q$S�V&W [�S X&W'S�V Z�W'V
Q�R�R�R Q�V S�S Q4Z Y,[ Q4U-W R S�Y�W(U�Y Q$S�V&W [-Z Q*[1W/Q�V U�W/Q
Q�R�R�R Q�V S�Y Q U)X U�W(U S�Y�W(U�Y Q$S�V&W [-Z Q4Y�W(Z)V U�W(Y
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x�y�y�y x�z {)| � x�z |-�-~.} {���~(�)y x�{�z�~ ��x {&~(�)z �-~0x
x�y�y�y x�z �)z x4� {�� �1x#~ z {���~'z�� x�{�x#~���z ��~(�)z �-~ {
x�y�y�y x�z �)z {�x x ��~'{ {)|1~'z�� x�{�x#~��+x x�{&~'��z �-~ z
x�y�y�y x�x { x ��� ��~(� {���~ |-� x�{�x#~���� �)z&~ |�z �-~ y
x�y�y�y x�x | � �,| x�z�~�� {���~(�){ x�{�z�~���� {&~(�)z �-~ z
x�y�y�y x�x x4� x4� {�� {��-~ � {���~ |�y x�{�z�~��+x ��~'��z �-~ {
x�y�y�y x�x x�� x4� ��� x�{�~�� {)|1~'z�{ x�{�z�~���� }�~'y�z �-~ {
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