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Nonlinear Frequency-Magnitude Relationships in the Seismicity
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Frequency-magnitude relationships are determined for a source region defined by a
circular epicentral area of 50 km radius centered on the Carnegie broadband seismograph at
KMU in the southeast corner of Hokkaido Island, Japan. Within this region, bounded by a
maximum depth of 125 km, more than 11,100 earthquakes were detected and cataloged by the
Hokkaido University network during the period July 1976 through January 1987. The
seismicity is divided into two effectively decoupled suites : crustal (Eurasian plate) and
subduction (Pacific plate). The frequency-magnitude recurrence distributions exhibit depar-
tures from linearity which are statistically significant below m_=2.5 for the crustal data
suite and m, =3.5 for the subduction data suite. Three independent tests show the nonlinear-
ity is not caused by incompleteness ; the catalog is complete down to magnitude 2.0 or less
for both data suites. These observations are therefore inconsistent with the linear Guten-
berg-Richter relationship, which is assumed to be valid over any magnitude range for which

* ENSCO, Inc. 445 Pineda Court, Melbourne, Florida 32940, USA
# % Department of Geological Sciences, Virginia Polytechnic Institute and State University, Blacksburg,
Virginia 24061, USA
% % % Department of Terrestrial Magnetism, Carnegie Institute of Washington, 5241 Broad Branch Road
NW, Washington, DC 20015, USA



14 =t A S NS4

the data are complete.

There are relatively more large events and fewer small events in the subduction suite.
The logarithm of the ratio of the number of crustal events to the number of subduction events
versus magnitude is monoctonically decreasing and remarkably linear over the magnitude
range 1.0 to 5.0. This suggests that, the observed nonlinearity of these two frequency-
magnitude relationships has a common origin.
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B

HIRONTHB TORENRERE L Z0HE (7 =F2—F) LNBERIZ, Gutenberg

and Richter (1941) I & » T#H T,

logN =a— bm, (1)
ORTEHTEZZ s, 20 (1) RIS EHLMBEEHORETL (HLNB, &4
WKkE&L=7=F 12— FORECHTI (1) KRB ICHERENZOPHMEN TS (BT,
Gutenberg and Richter (1954)). Z (1) KNFHAH N L, b2 KREENDVIT=Fa2a—Fm
N KELHMBEOBOEEME No(m), F72dmE056mNL )b b=/ =F2— FORIE—E
RN TOMBENHE N(m) OWFHICLERTES, ZLTa, bREHTHE, o (1) R
13, R LB, 2L ThHLHMNTOMEBRAER N (m) OFESREICHEAS L (B2,
Bollinger - it (1989)), F#a b IIWAEZ IR EIRETRH S Z LHHKSL, —KiCiE
EH ¢ THBEEHOLV~NNVORELRL, EHOIIT1NER EZO0LCHLNTVS, 2
nHNEHIL, FTHXTZWTRON THLRLEE 25,

WENEREOFARTIE, 4T Ne(m) HFVHNT w54, L L, Herrmann (1977) #*
RLTwad &9z, Ei3RX (1) o Ne(m) Mg N(m) b H8»n58RICH 5. ez N,
(m) HEHCIZHERNCE THB0ICERL, 22T N(m) 220 THREHKRELRT.

X (1) OFEMEIZOWT, WEDREDTDM: & BIRDBTHEIC ED W2 & A DR
7% (5213, Kanamori and Anderson, 1975 ; Hirata, 1989 ; Rundle, 1989, 7c &) 2k -» T
ALN T3, HFEOMBENERIZ, HI2FE L I EEBRN CHARMNICRET 2 ENE
BHENT A XD RFENTRESN, bLMBORMIBE L BRI > THET—X> +h
LRAMONZ G LA LR - Fay TIEHENY A ICEBERTHY), FLHEE— 42 Foxd
BIIHEN2 7 =F 2 — FERELBRICH DL, XETHS,

BOWROT—212BILT, R (1) ORAMERIZS B HRO>7 =F 2 — FORET—
FOARMBTHEINTHEEEZLN, ZOLEBRN 7 =F 2 — FIBEMNENFEAOHEN= T
=Fa—FINNELETHAS5, % 5IE, BEMZBENMBORR, &5icEimcid
HIBR X L2 (51212, Anderson and Luko, 1983 ; Youngs and Coppersmith, 1986) # ¥
HEBEZTTWBEEEZ LN, LTHDE, TN =/ =F2— FORKER ) ITILHE
BlFELE D BELEVBA TSN TIOMEICEWTCL ZoRLEFRS L, 2o T
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DF LV EEZ, Bender (1983), Z7:i% Bollinger - i (1989) #ZHI 172\,

—H7 7 2F 2 - FOTRIZMES S THi~12RELH I 0 FORN kv T =F2— FOER
EBDH—MIITH B, L L ZORNDOHMEDKRIHEES HBEH & HICE S L ) LBIENOEE,
HBHEEIZIL, Stepp (1972) iIc & » BB SN2 & ) e FE2 AV TRFTNETH S ). Hizd
BEENI =F 2 — FIIHT 2 HERIIHIANICERE TH 5, LIEL, BENZELICNT S
TEHEREL TS, 2OEDE DR TIE, L )/hEVWiEn$ logh I3, L) XKEDHOME
PLROIRELER» AN 0550, ZOBAZ/NEVWHEDH F 0 VA RELTH
AhbE, BEICERB T T3 (HlziE, Chinnery and Rogers, 1973), L L, #1213 Aki
(1987) ZZOBBICEL L WBEEEZHREL T3, LEINEANLT 4 V=T DK,
Newport-Inglewood D ELTHRAEL 72 1 EDHEIZ DWW TEHMICANER, L Tim=1
FTCEEIEATY P LTWET—=F 2y Db, m=3 LY KRELHEICHEASL ZERICM=
LENWNRBOCHEBRVREASTEL VDY, T TIIm=3NA»LBMIRBDLNTNTHS,. %
feFE (1967) (2T TS logN, s LICEMT 2EEE LT, HENRESFHEMC (1) RNns
FFEAPSIETN TN ED, FRE 7oy P ENLT—IHANELLRHTHA ) LIBIEL T
5,

FHETIE, v7=F2—FINTrMEBENRABENE G, HMEBIMEIR EMHS N,
POREBEFEHOEHEEBL, LBLNLZ 2207 =% vy b EHAVWTCHRELR, BHDT—5 -
vy bEblogN e=r=Fa—FmbnBRI, BRTECBRLZGHEZRL, £LTIN
B7T—DTE£I BRI 2LNTEIHNEL Y, LEIBRIEIHINS, 2L TENF

NEL -G ERLTwTL, ZOFERBEZELICE—LDATHE LW, EEH) I L LI
RAENT,
I, & - o

ZBORR E Lo, EEERo—AT, £ IICELHIRERBET (KMU) 25 0E
SRR EE AT 50 km DAEWN, 2 DR EH 15 kmUTAEENICREEL 2wE %2 k-7 (Figure
1), W& ZOBBIFNIIE A — & X —HRMOILF BB /R BEEN TS, ZOMHBHORIE
HBAPERELROIIRRBEL LA I 721G 02HTH- T, ol 5HEMPER &L
BEfR e\, ZOMEBNTIE, KFEE7L— o k%34T 30 km DR CIRBEH I ILARAE
b, FOIKEEIEA 100 km i2EL T b (JEKEFER, 1987). T 72 ZOHBOMENIEEK
121313 45 km T# % (Shimamura, 1981 ; Miyamachi and Moriya, 1984),

o T DN RIS, 2HEAHET—F - 2y bbb -TWhbEEZLS, 120F
Flic ) FFCw22—527 - 7LV — FADOHEENMETH D, L9 123 F0TRICIEA
RAATOBREFETL —F NDRABALFENETH S, RITENLLHIIZIN2HODT—2F -
oy MIBRLZ 72T 7 =7 v ZADRETFICH» CERENFNOBRERSMHILER L Tl v,
ZZTIITIIRE 45km & DRV HELHFZEANL 0, 60 km A 5 125 km £ THOR S DHE
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Figure 1. Map of Hokkaido Island. The small circular area on the southeast corner
of Hokkaido is the 50 km radius study area centered on station KMU. Dashed
lines are approximate depths to the subducting slab in kilometers, while the solid
lines indicate the volcanic front.
BIEAABFRANL DL RANTEZEI2 L0, kb, LIl VWHENTEEZT->TLI0ME
DFERFERICIT L THETENHRH LN Ty (Taylor - 451987 ; Taylor, 1988),

S I THRE L 2 RIESEBN T, 1976 £ 6 AA 5 1987 4 1 A 2 ToHOHMIC 11,103 N XES R
BHESN, #Fu7d3NTwD, ZoMIC, 220KELHEIFRELL. 1003, 198243
A 21 Bo@EmigieE JMA=7 =F2—F 7.1, BENEZ 36 km, FMEBNA (KMU)
b OEILIEEE 35 km) NMFENMETH Y, b 120, 1987F 1A 14 BORAARFHNM
B (IMA=7=F2—F7.0, BENEX 123km, KMU 45 nEAHERE32km) THB,

COHERFIZIE 1976 EOHMBBIMFT LN, SEBEENBRAZERL Tw72o, BIFAL
&, L NIV HEORE, MENC=Fa— FORE) 2 lfiniuE L VBERCITANT
W3 EEZ DL, EEE L FEH 2 Ichikawa and Mochizuki (1971) ¢ PiERIRICA ) &
L TKOLENTZLDTH B,

11,103 8 & W) BRLBNOMEN 9 L, #5400 ADOMEH 1982 FIZ A I a7 INLNDT
bo, £LTENREOHENZNEN 3 AISE S 2T HHEORETHS. Z L TINHE

THRIFLI A S0 SANDEBREFDFICLETRON TS, K€% b IOHESHFIZKITT LD
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LR NRIRIGEE D 7 <, F2AEHRN 200 BRRE M2 2 DHENREDE AN TICR - 72 (b
RIAER, 1983) 226 THh D, F L2HBRPIMEE & ILAAL PR & DEIRG AT O ERE 2 - -
T2E B2 BHDIF, 1982 FICARE 2 HENBEIF 60% % SH TR bbb T, ZOFIR
ELRARAAENOHENEES I LT BRICEEL L 72, EVIEELL LERIND,
1987 £ 1 A 14 BOWEORIBEESHLER TE BT TH-72, FZTIOKREL 2 ODMEIC
E2RY ERANCT B IS, T2 TIE 1977 F 1981 £ & 1983 4£—1986 4 & 9 9 FH DR S
FaJICREL 2. TORER, HENHES 3306 & thAAAARFNOHMEA T46 B L 5% 5 2
ODWEH S0 T o7, (RAIZ 1982 FDMERNMBEZINZ TLH, H203HRICLTLS
BOPEVGFEICE->TLE ) &) R/ L2 o7))

WENL 7 =Fa—Fi, IMA= 7 =F2—FicA ) L)l TRDZHERHH~ 7 =
Fa—FTHE, ZOBHRRIL, m=3.151108(Tauration) —=2.92 TH 5, 2 Taurarion I3IRENIK
R R TH LD TH B, ZDRIC Mrevisea=0.87 my+0.31 2 HRRSTREN
feHTINERWEZRLTAEE2RAZD, DU ELSANF2OFHEIZEHL TEZn 250
J=Fa2— FROBWEESH SN o7, -T2 2T m 72TIC L 28R %2R 2.

fgH 1 A, Taylor (1988) 3 ZOHEH I 7L E O 0 NDHBEL R, A7 FLDZ
=) v TEROAEETL > T b, ZND12F 2 DDME I N—7 (3N, KA ARAERN)
BT, log(F— 2> M) M=o/ =Fo—FEoBFRIC VTR, i3 KMU o078 E
Sttt AT, 21 BOHEAME & 24 BOKLZIAZTFROME (Z0W, mu=2 2 OMEZ
FNFNI3MEE 20FETHL) EOBMBREARZ LA LE—A2 P ERDTVDE, TNDE—
A2 M3, RESE EEOGEE LTRS84 BLIcHIEL 72 SHORIER 7

FUDIREE 2 —F— 2 S E I . BllE ToOBENHIEIZ, Dysart - fil (1988) AsHv 72
72 P INECL ST T b, EREBOBEL LT, ZoMEB Ko b O ik
(Sacks, 1975) » A S, 72 Q:&EIZ L CHVLN TV KRR, Q=Q/2.20 LREL
okl 7 ey b SEBEAIZ S THEETAEBAT £/ 27 2 TR Q i#iEl: Hasegawa-
f (1979), - # (1981), % L € Matsuzawa-fii (1989) izt - Tk LN T35, %
DAFIZ L B LHEILBERTD Q, NEIZ 500—900 NEFIZ & - T, AL#EERHE T Sacks (1975)
ﬁﬁmtﬁb@m:wﬁﬁmQﬁ@ﬁ@uﬁéﬁtthix—?uu%Eﬁﬁﬁé6&8@
TR TH D, TRYHBIIKINEL LN TEDTREY Low—QEZRT & 5 4ot
IERTE B LB bdb (Figure 1),

Figuer 21227 =F2—F2 m2 2 DHMBHME L KAAAHENOME L D log (£— 4>
b)) e r=Fa— FOBRERT. ok 2 MENIE L ILAAATNOME & DREEKH R
o THWADFHALEATHBIZLWLT, ZN200F—A w7 =F2—FEnBRIZH
BRI ZECHEDH LN, TORER, 12NDE—AV -2 =F2— FOBRERNLHIES
BOMBEIZIFL TETRHLNEZ E2ERLTw5, LirL, Taylor (1988) b EEL < &
Twb tHiz, m=2L 0B FNE&dNel=Fo—FTlog (F—A>}) W=l =Fa—F
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Figure 2, Log moment versus duration magnitude for crustal earthquakes (+) and
subduction earthquakes (O). The short dashed line represents the best fit through
the crustal data points, the long dashed line the subduction data points. The solid
line is the best fit through all the data points.

o
o

DIEMEHIIRETE 2o,

Figure 312 3%, LARAAFENTHENFNLOMEIZH T 5 log(V) xFikfErEHE~ 7 =
Fa—FOBRERLL, F=o7=Fa— FRIZ b5 HENKIT 1 FR4 D DM TEH
L TORLTH S, b/ =Fa—FRAMIZO5THE, MNP 2EKNERIIKRELT =
Fa—FEELELETKHERBERTHY, 2L THzO=7=F 2 — Fioxtd 5 FHME
DHET LHEHEEZ BRHEBERRTRLTH 5.

mn. e BE

B, SRKOLNIMEE—< 7 =F 22— Nl (Figure 3) 2ERNBRTRS &, KAAA
HNOMEIZ DWW TIE m,=3.5 LT, HWERNEBIZOWTIR m =25 LTORES 7 0 7 HH
sEerid, HHLERIIRETWINECHEBELRMTELr > 2 72HZBHL Tnd EHAE
N3, L ZHPKICHENRD W OrORENC L UL, MHFOMEA S0 713 P4 (T m=2X
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Figure 3. Log of the number of events per year as a function of magnitude for the crustal data
suite (a) and the subduction data suite (b) for the years 1977—1981, 1983—1986. Solid lines
are the maximum liklihood fits, straight dashed lines are the projections of those lines to
lower magnitudes. Also included are dashed lines indicating the 9594 confidence limits based
on the predicted values of individual observations. The crustal events are fit by the equation
logN,=(3.82+0.08)—(0.81+£0.02) m, over the magnitude range 2.5—5.0 and the subduction

events are fit by the equation logN,=(3.31+0.2)—(0.61 +0.05) m, over the magnitude range 3.
5 to 6.0.
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Figure 4. Five small events recorded on the vertical component of the Carnegie
broadband seismograph at KMU. Magnitudes, depths, epicentral distances and
the maximum trace amplitude are included for each event.

BENLUTETHOMES I 7 3L LbDTHL, EHEEN S, - THAISA Bl T—
INDREEMENETH v, ZOBAIIUTORE,» LEZ LML,

¥ 95 112, Figure 4122 KMU o) FTFE)EF BB REE N2 5 DD/ E WHIE D
FEITRENTVE, 522 TCOMBRPRESEENEIFEIHALLTHY, OIS i
MEBIR L AIGER s DB TR RL b L 72 idd N %%, ZOFEME TR,
1982 £ %2R TAHB L, BEREINA I 0 7SN MED 1 HE D OFH L 28, iz ZnLL
TThHd, 2D L, ZOMEH I 7 HIREICECDHE» LR -> T3 binsh THIED
BHRHIEL->TLE) &) wHMBIIFEC B2 THE, AT/ 4 ZOMEIZH>NTH, HE
BT ANBBENZBITTH - 72 ), BE» BN S T TORBREMIIKERS & ) BEXS S
SNELEDDBLERLLTINED /A X2 & » THDFEEL H DHES BT 2 L) 4 s
DEBIZTEE B D G\,

KT, Rydelek and Sacks (1989) (3¢ TICHIEY ¥ S DLty Bigs 50BN Fik
EHRAL, RETL T b, SIS BRI~ AT Z, 525 WIEEOBEL
EWRREk B0 77T R 2 A XDl kBEMICE(, L LHER 1 B IC 38R
BOBE2 TR EE 2, EORMOBRES 1 BORMOBKE L CH~NE, IR2EmT 2
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Figure5. Rydelek and Sacks test for crustal events (including 1982). The magnitude
range and the total number of events are included with each plot. Events in
excess of two per hour were rejected. The circle represents a 24 hour clock with
the top corresponding to local midnight and 6 a.m. to the right. Phasor walkouts
which cross the solid circle have exceeded the 95% confidence limit.

Bz, HEHEIHELIME 1HE2EUEIOI P ATERL, X7 A FRIZ 1 3% 24 B
ReEt TR, MENRE:HNLZ 2O BT HETERL:. 2L IEENw/=F 2 —
FIBOHFIZH 2 ETHOMEBIIHIET 27 P L EFNFNDRBIIRABELSE, VL bbb

FToh 74— 7DBBFEBLETHE, LL, o2 lE23KRMICEBRMING VR
THENGZERZNHA I 0 TEIRELTH > T, OIS CHELRBLL 28X 2 Lo
MRS S TR LD S BN FANE S D 2 00 HFEE NS, 2L TIOXR7 F LHOE
BRI AR, F7zid “walkout” (IHMIBENBMOFEHFRIIHMT 250 54 (BT w V) BE,
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SEIERI N A E BT 22 KRS, 20T FLENOREDEE I MWBEOBRENFEHIRIC
KAEL T3, Blb 95%DEFEENE, 10,000 BOMES S0 7R T3 %(T—2 b -4—2)
DRELEWERET 52 L2k S, 1,000 HOMES 20 ID3BE13 9 %Iz, 100 BOMEH 5
O DAL 0% E TIOTRELMENI 2 5, KEIRLRE) & LT, HHRPu{Tbhso
7' H* 300 — 400 HOMES & % » TOIUE Z DOREIMEETE 3 LBRT W5, LAd'> THED
REICOWTAD L, RARAAFEHNTREZNELHBENES, TR SETERLZDICIZD
HOREIIRURTH 5,

Figure 5i2 m.=1.0 *5 2.5 £ TOMBEAMEBICHT 5 ZOBORENFERERLL, 20
MEICELTI982 ENMBELZIN TS, ZOREIRMENLIHMEBENEREL AL 251
TFHONTHY, WEOREHEOERLEANL 2HOLOTIE LWL, ELICHBENHDSITH
FEWIEZOBMORERBRANICWEENDL EEZLND, 2 LERL TEX 2EREENH
BICL B AT AEMZ B2, 1RMEPMISERLT2HE282 52L& ) BT HRLZ, 2
DREIC & B EHBNHBNTL LT —2 & L TRD LN EFEIE me=1.5—2.0 DI FIE
TEDIZHE N, LEZ 5.

ELICBBMEEEC, HEVEIHEEILVRABFICTTICHENDEBEI RO NG, &
FEBFERELOMELZATHWIHEAL A L LTATEEIC»TLE). LAd->TRE
DENR, BRI =Fa— FIEOECL SICEB L THENER> v 7, BIEMEOKHEX
PRS- TENLDOFM I —2 2o TAHASDZ L LT~ 72, Figure 6 12 B8 & — 412k
B, m=2 DHMBNBR> .y 7ERLA. FHUCE UL, BENBEEEIC /272 1 DM
LAAWEIZTRE) Y IO LNDE, ZOERIIE TN/ =F 2 — FOREICHLTLE
Bz 7280)r IhBanbits, - TERREDMBII L WEZEZLNE,

IV. #ZAME L LA AABRHE & &

Figure 3 # 3 BE T2 &, 24 L IOMBIZ W TIE L D K XDHOMBEIZIECT (4
HALHN) TERES, FOAr BN TRENDEDOBEIECRELS Y, LEI 4
WA EENTIENMKD, ORI, BROF ) AMoOERNE TRBEEINEREMUT
Vw2 (Suyehiro, 1967), % Z T3S 500 km LU L TRBEHBEHLIBECRETWBIZL 22 b5
T, WAMERREMIZ LrREThwEWn, TS ) LERLIBTHMOMEL LT, ~L—
FI CHMBEEEFEEIC D RSN S (Schneider-fh, 1988), # 2 TI3EE2 ~100 km THME
N bAEA ~150 km TOMEN ZN L NV EHBICHBEIC K> Twb I 2RLE,

2ONHES Z 0 IO RKI LB ERITT B 2000, HBNOMER & b ARAFROH
BEEOBORNI N E -7 =F 2~ FoB# & L T Figure 7I1CXURL 72, 2 DHUEH O
WofEn~7=F2—~F1 L5 FTRETLLXERLIC 7o FENTwS, BLAIZID
T—=F RN 2 HETRKOLBERND T x— 213, HEH—0.5620.01, L9 1 DDEHH 1.
91+0.04 Xk -7, BOHELRECHEL D2 O0OBBE I/ N —7DH5EEEIC ML S TidH v
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Figure 6. Epicenter map of crustal events with m,=2+0.25. Also shown are

Hokkaido University network stations, with KMU at the center.
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Figure 7. The log of the ratio of the number of crustal events per year to the number
of subduction events per year vs magnitude. The ratios are calculated from the
data points in Figure 3. The linear regression line has the equation log (Ratio)=
(1.91+0.04)—(0.56+0.01) m, over the magnitude range 1.0 to 5.0 with a coefficient
of determination of 0.997.

B

V. &

LAABENDMES S ZICRbnl, HE-<7=F 12— FoEihL 728 (Figure 3b)
BT —FOREEMIIL D LD Tid%w, LR RENT, #FulnEettill 7%
Bl MR N HENSH A, BHMOF LN/ =F 22— L OB 055 & we s/ =Fa—FT
Bo12nDT, ZHH I TICIEREOE L BAESE I LEIEro 22 L v, L2 L, Fig-
ureda 7o v FENAEN 1A, 1 EORESKIHNCIIERELES2 LD, LV KELH
BB TTHSBMARHLNZZ EICERTRETH S, 22007~ F#E—BISHBITL
& =5, Figure 7 TR LN L S ICBOMELN 7w FATREESIC TER MCEAZ, 2
BEE -/ =F2— FORBEBERLZTEL 2LDTH Y, ZOIERTOBEIZILAALTA
DHEEHMFBEANHEL CRILTHSE, V) I EERLTWS,

BOLDIEGRIEMD m=1 F TREEZ AT B, V) BETERREN, 8% 5 Z0fHEiE 7
Fu S NEEMNHBEREETEL /= F2a—FOR/MEL EL D LELITNAENETH
5, EWIOBEIILD, TR TR 2ONOHEFHEB THENRNGEN Y =F 21— F -
ET— A FREFEMIZRL TH B, &Nz, Figure JICR LN L 2 >0 7 ay O
=@, Figure 7 T8&H 5 172 non—zero D E e 8 b 2D 2 DOMBIESHB COEE—~ 7



ERELHE—— 7 =F 2 — FBIfR 25

=F2— FOBMRICECHOTFET DI L 2RL TS, TTIZlNLE IS, ZOEVEIH LG
BLBRTETLNEEZ DI EMKRLY, L LIOWRLTTIZZ0OWBENERE TERT
I XidlikZL v, BIZIE, RAZBICRIICLZHEPEINEL2ODERTHT 7 = 7
ADBNNZEDN 2~ G EEDECNC LD LDh, FNEZAHBAINTE L, ZORMER
12DICIE DO BB DB VOMIKTLERL TAULEIH L),

B I THAWHENERT — 23t E KRR E T MBS ¥ — 0 BRI
BEDMER L WENIZ L > THEREINZLDOTH), TLHWESF o JEARREROLE T 0
T7LTHELNIZLDTHD, WAOWRLIEL CEBEL, oOWEORPICLARELI A}
*B1E % T & » 72 Rick Davison, Matt Sibol, Gil Bollinger, # L T Paul Rydelek MK 2 x¢
Lobodr & RE#HR L BT E 7,

X [

Aki, K., 1987. Magnitude-frequency relation for small earthquakes : a clue to the origin of f,,. of large
earthquakes. J. Geophys. Res., 92, 1349—1355.

Anderson, J. G. and J. E. Luco, 1983. Consequences of slip rate constraints on earthquake occurrence
relations. Bull. Seism. Soc. Am., 73, 471—496.

Bender, B., 1983. Maximum likelihood estimation of b values for magnitude grouped data. Bull. Seism. Soc.
Am., 73, 831—-851.

Bollinger, G. A., F. C. Davison, M. S. Sibol, and J. S. Birch, 1989. Magnitude recurrence relations for the
southeastern U. S. and its subdivisions. J. Geophys. Res., 94, 2857 —2873.

Chinnery, M. A. and D. A. Rogers, 1973. Earthquake statistics in southern New England. Farthquake Notes,
XLIV, 89—-103.

Dysart, P. S,, J. A. Snoke, and 1. S. Sacks, 1988. Source parameters and scaling relations for small earth-
quakes in the Matsushiro region, southwest Honshu, Japan. Bull. Seism. Soc. Am., 78, 571 —589.

o B A H A, 1983, Ll & 20 EOBENMEFES (19824F 6 A—11 A). HMETMEESSH, 29,
1-3.

b E KBRS, 1987, ALl & Z O IO FEOEESE) (1986 £ 12 A —1987 £ 5 ). METMELZ LR,
38, 6 —10,

Gutenberg, B. and C. F. Richter, 1941. Seismicity of the Earth. Geol. Soc. Am., Spec. Pap. 34, 1—133.

Gutenberg, B. and C. F. Richter, 1954. Seismicity of the Earth and Associated Phenomena, 2nd ed., Princeton
University Press, Princeton, New Jersey, 310 pp.

Hasegawa, A., N. Umino, A. Takagi, and Z. Suzuki, 1979. Double-planed deep seismic zone and anomalous
structure in the upper mantle beneath Northeastern Honshu (Japan). Tectonophysics, 57, 1—6.

Herrmann, R. B., 1977. Recurrence relations. Earthquake Notes, 48, 47 —49.

Hirata, T., 1989. A correlation between the b-value and the fractal dimension of earthquakes. J. Geophys.
Res., 94, 7507—7514.

Ichikawa, M. and E. Mochizuki, 1971. Travel time tables for local earthquakes in and near Japan. Pap.
Meteorol. Geophys., 22, 229—290.

Kanamori, H. and D. Anderson, 1975. Theoretical basis of some empirical relations in seismology. Bull.
Seism. Soc. Am., 65, 1073—1095.



26 S BRI

Matsuzawa, T., A. Hasegawa, and A. Takagi, 1989. Qe structure beneath the northeastern Japan arc
estimated from twofold spectral ratio method. Tohoku Geophysical Journal, 32, 21—33.

Miyamachi, H. and T. Moriya, 1984. Velocity structure beneath the Hidaka Mountains in Hokkaido, Japan,
J. Phys. Earth, 32, 12—42.

Rundle, J. B, 1989. Derivation of the complete Gutenberg-Richter magnitude-frequency relation using the
principle of scale invariance. Jour. Geophys. Res., 94, 12,337 —12,342.

Rydelek, P. A. and 1. S. Sacks, 1989. A test for completeness of earthquake catalogs. Nature, 337, 251 —254.

Sacks, 1. S., 1975. Anomalous island arc asthenosphere and continental growth. Carnegie Inst. Wash. Year
Book, 74, 256—266.

Schneider, J. F., I. S. Sacks, D. Huaco, L. Ocola, E. Norabuena and A. Flores, 1988. Spatial distribution and
b value of intermediate-depth earthquakes beneath central Peru. Geophys. Res. Let., 15, 1421 —1424.

Shimamura, H., 1981. A travel time study from a “source” of the Usu volcano earthquake swarm. J. Phys.
FEarth, 29, 131—144.

Stepp, J. C., 1972. Analysis of the completeness of the earthquake hazard sample in the Puget Sound Area
and its effect on statistical estimates of earthquake hazard. in Proc. Internat. Conf. on Microzonation
for Safer Constr. Res. Appl., 2, Seattle, WA, 887—909.

Suyehiro, S., 1967. A search of small, deep earthquakes using quadrapartite stations in the Andes. Bull.
Seism. Soc., Am., 57, 447—461.

Taylor, D. W. A., 1988. Source studies over a wide range in earthquake magnitude. Ph. D. Dissertation,
Virginia Polytechnic Institute and State University, Blacksburg, Virginia, 98 pp.

Taylor, D. W. A., Snoke, J. A, Sacks, L. S. and T. Takanami, 1987. Frequency and energy comparisons
between shallow and subduction earthquakes near the Hokkaido corner, Japan : Preliminary results.
Seis. Res. Let., 58, 105 (abstract).

EEHEC - BEENINE - BREHE, 1981, HALMEHQ —HEE. W 56 FHKEAS, WMEFSHETHE, p.28.

G, 1967, MEOREN oA ICEET 23ME (11), dLiBE A RERYEENTRS, 18, 53—69.

Youngs, R. R. and K. J. Coppersmith, 1985. Implications of fault slip rates and earthquake recurrence models
to probabilistic seismic hazard estimates. Bull. Seism. Soc. Am., 75, 939—964.



