
Patterns of earthqllake swarm adivi t\" 

(f.;urlh(/lJu/w ~w(/rm,.) 

S, J, (j-mowlc,,; (*) 

:->U\I)I,\lIY, - EXHmillHtioll "f tpll eartll<[llnke A,\"ar!!l ~ ill ,[iHprl'lll 
SI'i~lIlotedoni(' sl'1tin!-(~ All!-(W'St that SWal'lltH ('alt 1)(' daHl;ifi(',[ holh hy lhe 
pattl'l'll or variation ill th(' lrequl'lJl'Y-lllu!-(llitud(' l'('!alioll, nlld hy lhat iu the 
!'ilt" of O('('U!TCIH'e, 'l'hl' POptlil'Ì!'llt I, yaries in onl' or thre(' difh'I'l'lll WH,VH: 
(l) a stl'ad,Y iUI']'('a~(', (2) a Hh·Hd.v dl'I'rl'aHI', (::I) H dper('asp follO\H'd hy an 
im'rl'aHI' Hftl'r nll' IHl'!-(l'Ht H[UW[,S. T[u' nlte of O('('lllTPl)('(' ('an yary in lour 
\Vays: (A) hypl'l'holil' d(Ta,·, as in an nfterAhol'k Sl'quelll'l'; (13) a~ iu H('(11ll'U('(' 
with fOrl'shol'ks and aft('r~lwl'k~; (C) ('olllpll'x, ,,-ith Hp,"pnd sl'!-(Illl'lllH of 
lype A; (D) t'olllplt'x,_with HP,"pnd sP!-(llIPlllH ot tq'p H. 

HIA.~SUXTO . - nopo nv('l' ('Hamillnlo tI! s"iallii di h'!T('llwti aVY\'ullti 
lUllgo di"PI'se ,lil'('l\ioui si.~llIotdtonil'he, l'A. All!-(geri~('(' l'id('a l,hl' (llll'sti 
POHl;OUO ('HHP!'e ,.)HH.~ifil'ati Hia lIlediaute la ,' aria~ione di " Il!,!la rpla~iOlJl' 

fH'(luPll~a-llIaglliludo Hia attnn"prHO il rkorHo d(·!-(Ii e'"('llti HiHllli('i. Il ('ol'lIi­
l'ientt''' varia ill llllO ,Id ~q::-\lenli tl'e llIocli: (t) alllllPlllo "o~lan1t·: (2) di, 
lIlillll~ioue ('oHtHllte; (8) dimiullzionl' se!-(uita dn nUllI('lllo dopo le Sl'o~se 

più forli. Il l'i('ol'sO ,lpll'l'v('lIl0 Hil;llIi('o l'llìl vHriHre ill (J1wttro !!lodi: (A) d(" 
('adilll('nto ipl'rholit·o, l'ome ayy;ellp ill llllH HPrip di l'l'plkh('; (H) ('ome 
si verifi ca ill Ulla ~pril' ,li Sl'osse 1)J'('lIlonitol'Ì,' p l'el'lidw; (C) ('olll]JI('sso, 
comI'H'II<]Plllp pnl'l'(ochi trHtti di tipo A: (D) l:olllpl('Hl;O, ('Ollljll'Plldpllh' 
]J:II'p('('hi tratti ,li tipo 13, 

Ii\"TRUDUC'l'lU:'\ 

Eal't.hqunke s\,'aJ'IllS a,l'e f'OllllllOnly def\('l'i1wd a~ fWq1HllH'I'S () f sho('ks 
d08ely I-(J"ouped ill time Hl}(! 8]l[U'f', hnt with ilO ~i1l1-(18 outHt:llldilll-( 

{'"l :-;pil;llloIo!-(il'al ()b~('rvatoQ' (;eoph~'sil'S 1li,' isiou 1lepar1mellt of 
S"ientiJì(' and In,IIlHtl'ÌnI HPHI"II'l'h, \\' .. llhl!-(tlm, X('w ;/'''Hlalld. 
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evento }\Iogi (17), who has perfOrllle(! expcrilllentR on llliel"Ofrl1,et.millg 
of roek~, fonlld that. a ~,n1l"m-like ~equence of fradUl'es oce111'S ,\'hen 
materiaI of vcry het.Cl"ogelleons f'omJlo~it.ion is vIa('ed um!er highIy 
('oll('ellLl"at.e<l ext.el"nl1,1 sLl"('~~. 

Many eart.hqnake SWl1.rm~ are kllOWll t.o oe('·IlI· in 1'okanie re­
gions (3, 12.18. ~8, 02), which are }Jrohably regions of highly conccnt.rat.c<l 

Rt.reSR. 'l'her aI~o ('ommollIy oecur lleal' the fnwtUl"e 7.0lleS of oeean 
rillges (~. 2~, ~", :)~). Few swanns aTe revorLed from IlOn-1'oleallie al'eas, 
01' from l'egions ,dlCl'e no reecnL 1'o!eanism i~ ObRel"ved (H'. 21, 2~l. 

The observe<l pat.t.crn of aft.crshoek scquenecR has been deS('l"ih­
e(! (1~. ~O), hut.lit.t.le i8 known about. the }Jattem of swarm aetiYit.,)-,. Tcn 
earthquake 8warm~ fOI' wllieh sutficient. (lata have becn llubIishe(1 
('l'ahIe Il will he f'on~i<lered. 'l'he vattem of t.hese swarms wilI be 
eonsi(leretl in t.crlllf\ of Lhe frcqucnf';r-magniLmle relat.iollshi}J am! of 
t.he l'ate of oceurrencc aJl(l t.he variation of t.hese ,,-it.h Lime. 

TABLE I - tlELECTED EAHTllQl:AIi:E SWAlnlS 

Evpnj, 
J.o('atioll 

(·o,1c 
Dale 

I 
Rdm'ellec 

IOlR K:l1'lIl:Hkf1 Ri,lg-c 1\J61 All!"· 18 Gibowiel': (8) 
:\IK[ :'Iliyakc hlall(l, Jal'f11l 19132 Ang-. 2:; Oike ('B). .J~IA Bnlletills 
'l'PII Tnnpo, ~e\\" lIenlnn,] 1!)(ì4- Dm'. , G-ibo\\"i,'l': (') 
KIlR KCI'II!il,]ce Rirlge ID65 Jall. 8 Gibowiel': (S) 
~l [le ~[on!tl Bay, l'allada 1 [)(L; ~[ar. 2D Rmil,h et al ("') 
mm ~[atsn~hi]'(), Jnpnn lD65 A ug. 7 Ilagiwara anrl Twa-ta (' "), 

[{"hikawn (Il ), nlA 
Bnlletins 

{}('I (llwpn, ('hnrloj,!". 
JHl:lIlll~, ('nn:ula 1\167 Ang 27 \Vestmiller e~), I~(' Bnl. 

letins 
RI'J R!'ykjalles Pnninsnla, 

J("elallil IH67 Hé·p. 28 TryggVi\~Oll ('S) 
(; l' I UalapagoK Islall(]s I [)(ìH J nll. lO Iwata(I'), I~C 13nlletills 
n\-'c Dallville, l'alifol"llin 1!J7() ~[ay 2:; Lee et nl (l') 

DA'l'A 

The nmin ('.hal"a1't,el"i~Lies of t.he seIeek(l swn-nllS are list.c(l in 'l'a­
hIe n. Thc scq\lPll('e~ Iaste(l fl'om 2 (htyf\ to O1'er 2 ;rel1.l'S, t.lle magni­
tu(les of t.he htl'gest. shof'kf! \l'ere from 3 t.o ti, all(l t.he number oi obsel"-
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yatiollS yaries hom about. 200 1;0 over UO,OOO. In Iour eases there 
are not sllffidcllt dat.a to studr the frequelll'y-magnitude vnriation. 

The ThIatflUHhiro SWal'lll has been extellSiyc!~' s1;ndicd (IO. Il. H. lO) 

bnt. no list. aI maguitlHIes hns beeu }lnblished, eXCejlt for I.he largest. 
shoeks (IO). On the o1:her hand, Uw J}IA Bullet.ills list. the t illle of 0('­
elllTClu'·e aud felt int.ensitr at l\Ia1;s l1Hhiro Obseryatory IO!' over iiO,OOO 

shoeks. An att.em}lt is made here 1.0 UHe I.heRe illtcusity re}lorts t.o 
derive a Irequencr-lllagilit.ude l·elntiollShijl. 

VAIUA'l'lO.1\ 01" I"HEQUE!'iCY-:!IT.\G7\ITlIDE HEL\'l'lO!'i 

The Ireqnencr·nmgllit,w!c rela1;ion is eommonly written 

10R" N ,1f = (/. - b..:1I, [1] 

whcrc 11'.11 iR the Ilulllber of eart.hquakes within a given magllihù!e 
inl,erval J1I ± !J..J.1I/2, and a anl1 11 are eonstant.s (9). The numerieal 
yalue aI (! de}lends U}lon the ot.llCr terlllS in the cX]lression. 'l'he eou­
s1:aul, /J cau be f0l111d by t.hc maximum 1ikelihood llletholl oI GtH11 ('la) 

log C 

J.lI - ..:110 

N 
whel'e J.1I }.' J1I I !N is t.he mean magllitnde of the grou}l oI earth· 

qnakes, J1Io is t.hc snmllest. mngnitude eonsidered, and li' is the number 
of eycnts larger t.hall J.1Io. \Vhen l,Ile magnihù!c intcrval !J..M is InrR"e, 
fnrther eorrect;iolls to I,he \'alue oI b llln.~t be ajl]lliell (31). 

The eoeHicient, /J de}lends u}lon t.he lH'O}lortion aI larR"e 1.0 small 
shoeks in a R" iven gronp of earthqnakcs. VVhen /J is large, smnll shoeks 
prcdominat,e, am1 converflc!r. 

Seycral magllit.w1e flcales were used Ior b 11eterlllination (Table II). 
These seales are Bot identical and t.he /J vnlues obtained Irom t.hem nre 
not, neeessarily eom}lamble, even whcu thc seales are liuenrly related. 
This is due t,o the difTerenl, magllitlHIe intCl'\'aIH involycd whcn lliffcrcnt. 
seales arc uscd. IToweyer, yalues oI b based on ~ijIL amI 111 are cloRe 
enongh l,o be llireetly eom}larable (~). 'l'he dift"el'ence between t.he 
oriR"inal magnitude sealc J.1I,. and thc Ioeal scalcfl J.l!.,,,, .. 1 alll1 J1I/ll:Y, 
althollp,·h noi, jlrceiKClr known , is believed to be smnll as these s0ales 
were intelHIed to a}lproxima1:c 1.0 J.1I,. yalnes. 'l'his llleans t.hal, /J yalnes 
based on t.helll are alHo aJljlroxilllat.c!y comparablc. 
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Heyeral nllmel'il'aI tef!tf! were applielI to the list of int,engitie~ al 
t.he Jrat~mhil'O Ohservatol'Y U.lfAT p l on 1Im,J ,1Li illtl'llf!ity f!('ale), 
to ~ee whether Cfjllatioll [lJ was valid WhPll illtcmity was sllbf!titllt.ed 
for magllitlldB, Tlwse tef!ts \\"(~1'l' aPlllied to grollpg of from 2,IlOO to 
nO,ooll f!hoekf!, all(I f!howed LimI. the sllb~litlltion wa~ legitimate, but 
thc yaIllc (Icrived will bc designated h'. JfagnitlHle and intensit,y are 
Lhcrcfore linca,rly rclatell in thi~ ('a~e, as has been fOllml in othel' re­
Idong [see review by Ka1'11ik (13)J. 

'l'ile f!iope l'(w!lieient of tlw magllitmlB-illt.emity l'BlaLioll is in mOf!t 
eaf!Cf! elof!c lo IU; (H), fO!" intemiticf! gh'cn on a 12 degrec gealc (lIs11ally 
t.he mOllilicd ~\Iercalli M'alc). 'l'ile,J ilLl inten~it,y gea,le eontaing only 
'i degTee~, whiC'h may imllly a, Hlo}le coef1kient elose t,o one, If w, 
/l' /I, al1(1 dil'ect ('om}lal'ison bet,'veen tllelll for tlle whole f!eqnenee 
pn)"vides fllrtilpl' Byidmwe that. this is fIO. 'l'ile ·valllc of b obtainpd 
hom 301l eart,ilquakes, {or wiliell l('hika.wa (li) giyef! magnit,mlcs 

(JL.\fol > 3.8), if! b = Il.UO ± IUIl, whieh if! illcntieal with the vaille 
or b' (Tablc II). 

'l'he intensitie.~ re}lOrt,cII by t,he ,] ilL-l al'e those felt at t,Ile .\iHt~u­
silil'O Obsm'ya1:,ol'Y ~\l1(lnot those expm't,B(1 at 11m epil'entI'P. I-jowe·vm·, 
dllring tilc year rO!' whil'h t.he lirf!t two f!t,ag-es or the f!w~u'm la~ted, t.ilc 
Ohservatory wag ~ituatellncar it-f! eenlTc, a,nd the adivity wag concen­
trateli within a dI'de of nulillf! 5-6 km (1"). }'ol' that lleriOlI at least 
tile ObS('1'yatOl'y l'e}lOl't,s may be assumed to be com}llete fOl' tlm al'eu 
inyoh'B(!. J)ll1'ing- lat.el' f!tagef!, in tile f!eeolld yeal', t:.hp al't.i·vity spreall 
in hHJ Ilircctions and bceiuue elliplieai. Bllt tile Yalllef! of b' continue 
to diH}llay a regul<lol' pattcl'll or eilangc wit.h time, 

\'alues of /) for t,he whole of eaeh sequence al'e listell in Table n, 
The (Ii)%, ('olllid('1\('e limi/s haye been ealelllated by tile met.il()(1 of 
Aki (1). Thc vahlcf! lie in t,ilc !"angc 0,0 _ l.fI, Swarms frolll fraetllreg 
zoneg of oeeanie rillgcf! are C'haraeterif!('o(1 by thc vahlcf! or b grea,ter 
t.llan 1. Thi~ I1my illl}lly tilat, the gb'e~g-tiehl in the~e ('ase~ iH }ll'imal'ily 
of t.ilCl"lllal O!'igin amI dirpdly l'elatell to yolcanie adiYi1y, Imt the ya­
llles olJsel'yel\ there are not, ag high a,f! tho~c olJgervcd in thel'mally 
indlH'ed lllicl'ofral'1.111'ing of l'Oeks (33). lJmillg the (-}abl}Jagos IRlallds 
~Wal'lll, voleanie cl'llpLioll O('('111Ted a·lUI eollapse of thp cal(h~l'a Hoor wa~ 
obsel'Vell (12), 

'l'hcrc if! now stl'ong- (n'iden('e from the eX}lerimellt~ on miel'ofnH'­
tming of roek~ ("") and frolll carj,]u!1mkcf! (7,35) timi; tllc ('ocffieicnt- /I 

if! illY('I'sely conelatell ,dth tbe ~tre~g, During ~ome :New Zea!;llu! 
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ellrt,hqllake fleqllelH'efl b was fonntl to vaJ·~". This was interpret.ed in 
t.erms of fltress f'hanges tluring- t.he seqnence (0). 

A ven" simple teclmique, aplllying formula [~] to a fixed ll11mher 
of eart.hqnakes N, has beell nsetl t.o st.ndy t.he variation of b dnring Uw 
Sf'qIWIlCP. This prol'edUl'e establishes a ('Ollflt.ant stat,istiNtI Ullf'ert.ainty 
alld a variable time-wilHlow. The result.s for t.he six s'nlrms arf' shown 
in FigureH J -G. 

The variat.ion of b is regular antl call be allpl'Oximatf'tl by 

b = (1 + /1 log t, [3] 

where t ifl t.he time from the beginlling of the Sf'qaence in (lays, ami 
a antl .8 llre ('onflt,ants (i;). Vaillef\ of ~ are given in Figures l-H, antl 
valnes of a can be re~Hlil'y foantl from t.he sameligurf's. 

Statistical signi1icanee oI the tlilIerence in b-vahw ean hl' te~t.e(1 
by the P-test (31). The (1ifl'erence between t.he highf'st antl the hm'est 
values of b is f\tatistically signiJicant. at. 9D% l'olllitlenf'e level tlllring 
the TauIIO swarm, t.he l\Latsnshiro swal'ln, t.lw Galapagos Islallds swarm, 
ami the Danville swarm; at !J5~~ tlllring t.he Kernu\(lec Hidge swarm 
of 10H1; and a t i5i}~ (luring t.he Kermatlec Hitlge swarm of 10G5. 
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~ER""'AOEC RIOGE, 1961 l' 
lIN • 75 (2 51 

" ~~~I I~I _I _I __ --;,,--'1 
liME mAYS) 

Fig". l - Val'ialiun uI b ILlll'ing lite Kel'lll:.lILllC HilLgo SW:UIII 
oI lUGI. \'ahw~ am !'llknlat(·(] fol' a fixml l\nml)('l' of ~ho('kR 
tJ.N = 71; al, illtel'vlllR oI 2:) ~ltQ(\ ks, alHl llssigl\('(l to tlw mean 
of ('aelt tim!\ il\t(,l'val inyolv('(l. Thc :lI'I'OWS shuw tlw t.imc 
oI 'WClll"rCllee oI l'arlhqllakc wit.h J1 L ~ 4N~. 
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Fig. 2 - ViI\'ialioll of Il 
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,larillg 1l1P l'all]lu swanll. VllhU'!\ 
11m ilt intprVIlI.~ nf ,';1) !\llUcks. Tlw 

a rru\\'S sho\\" eal'tll(jl!ak('~ \\"ith .l/L ~"' 4.4. 

Fig. il - Varilltion of Il dllling" the Kerllllldee Hidgù ~\nlrm 
of IOG;;. Va]lles a\'e ellklllilted [ur t:..N _ 51) at inlpl"vals 
of 2;; shocks. l'he aJTU\\"S shuw earihqllake!\ Wi!ll Jft. ~ 5. 
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Fi~. 4 - Va1'Ìation of li' tluriug t.hc Mntsushiru SWUl'lll. Vnluo:s are ealeulaktl fuI' !::J.N = 2000 at inl.eI'vuls of 1000 shucks. 
The illiUal vnlne, 811011'11 by nn opeu squHl'e, is fUI'!::.N = 1000. Thc arrows Hhow eal'thquakes with .lInlA ~i5.0. 
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Fig. il - Variation of b ILurillg· Uw (;alH]l:lg"os TslHnlLs 8\HII"II1. 
Vahws Hrc calcllLatell for f..N = 75 ai illterl'al.~ of 2:; ~hoeks. 
The Ihst l'ahw is for !:l.Y = 50. 'l"lw HlTOWS show carthl[llakcs 
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DANVILLE.1970 

o.N=50 (25) 

0.5 5 \O \8 5 

TIME WAYS) - FIRST SEQUENCE TIME WAYS) - SECQND SEQUENCE 

Vigo fi. - Variatioll of b ,lllring" th, ' Tlanyi1Jc swanll, cOllsistillg· of hyo ilistinet 
~C'lllcnecs. The l'crtienL lillc llliHks thc hegillnin.!! of Uw S('COlll] ~pqHcnec. 

Va!JJ('S arc e.-.lelll."ttcll for ;:'I.V = 50 at intervnls of 2:) shoeks. 'l'hc t.wo se­
Ijuclle(~~ an'· plottell on Iliff(~nmt t.iml' se:lh~s. Thc ojJcn sqHnrc lIlnr]'8 thc 
yalllp of li enlcllbtclL u8ing" 25 shoeks frOllt cach SCljlWlIel'. 'l'hc HlTUWS 
show carthqllakus with .11/. ? 3 .. 5. 

l 



(HG ,~, ,T, GlBOWICZ 

'['he variation oi b du1'ing the Danvi!le swa-l'm has been studied 
by Buie (2), who Iom111 that periods oi maximum elastie-stmin rC'lease 
wel'e pl'eceded and al'('ompanied by a mal'kea l1eer.,ase ill b. Similal' 
eonelUHiOlls ('all be lhawn hom :Fig. 6, wlwrn the lal'gcst shol'ks (ill. 
aieating maximum Ht.l'ain l'eleaHe) al'e mal'kel1 by arl'Ows. IL Hccms, 
however, on comllaring the b-variation Ila.t.tel'n Il'om various swarms, 
Lhat this HWfH'm consists oI two aistincL sequences closely Iollowing 
onc anot,her, and sClJamtcd by thc onset oI the Iall in b. 

Thcl'e are three types oI b val'iat,ion with t,ime. nUl'ing the Gala­
lJagos fslancIs alld the Da-nyille swa-rms b increased smoothly from thc 
beginllillg oi the sequellce until the S"w,u'm fillished; (Lmillg thc Taupo 
and the Kermadec 1tidge swal'm oI 190;:; b decl'eased, am[ the lal'ger 
shoeks oecUl'rea l1uring the final stages; lU111 aUl'ing tJw Kcrmadec 
1tidg., swal'm of l\Wl aJl(l the l\latsushil'o Hwal'm li ae('l'ea,~ea Irom the 
beginning until the OCCUlTenee oI the lal'gest shoeks, in thc middle of 
t,he swal'm, and then increased until the earthquakes stollped, 'l'lwsc 
lJat,tel'lls imply tha-t the stl'ess changes ill the diiTerellt sequelll'.,s have 
l1iffel'ent cltaraetel's. 

HATE 01' EARTIIQUAKE OOCT:RHENOE 

The rate oI emthqua-ke OCCUl'rellee n is the number of shoeks per 
unit time (usuaJly one day), above some given magnitllde thrcshola. 
If b.N is a fixea numbcl' of ,~hockH, and iii. t.he variable Limc illterval 
during whif'h they oecur 

" -

The rat,e oI OCCUl'l'elWe oI aItershocks is usually expressed as 

[5J 

where 11 1 is the rate of oceurl'enc" one aay aU.,r Lhe bcginllillg of t.lte 
sequence, p is a constant" and t is the time Il'om Lhe bcginning in aays. 
'l'he v alue oi p is l1suaJly elose to -], which means that the aetivity 
aceays hYIlerbolieally wiLh Lime (2V). 



l'ATTI';l!:-;~ ()j! I, ARTIIQUAK1, SW ,IR.Il ACTl\'ITY 

l'Jal'tllquake fiwarlll.~ nfinally OC('ll!' in fieVl'Tal fitag"e.~, dUl'ing whi('h 
t.lle l'ah' of O('CIll'l'elH'e in('l'eafieS and ,l!wJ'easefi altel'natel,\'. 'l'o study 
j.hi.~ VaUel'll a lllodified [ormula iR nel'ded. Jf lo i~ the beginning of a 
given fitagc o[ !.1m f\Warlll, lInd t iH t·lle time hOlll t.he lwginning o[ thc 
seqncnce, 

[O] 

The (')wnp;e in the rate 01 O('CUln'Il('l'_ dUl'illg ten sl'hwtcd earthquakt· 
SWllrlll.~ iR .~lIown in FigUl'efi 7-10. Tllc vallle.~ haye lwen obtailH'([ 
using l'qnat,ion [-IJ. AVVl'oxilllaf,ions to the ('IWllgCfi, cal('nlat'Bd f!'(llll 
cquation [O], havc be(']1 fit.t'Bd by Il'ast.-squllre$. The mtcR Imve hC('1l 
vlottc(l logaritlnni('ally, buj. a lincal' .~(·all' has lwcn used [o]' timc, so 

tlwt tlte whole .~equence can he shown on a ('ommOll M'lIle. Yalue.~ 01 
]l and lo are alRo giyClI. 

Fol' t.lle :.\Iould Bar, Queen C'lwrlott-c IfilandR and H-e,\'kjalms 
f\l'quenecf\ tlw da1:a wel'e given in tlle fOl'm o[ diagmlllfi Hhowing the 
freqnelH~,V-time (liRtrihnt.ion. Tlw lllllllbel'R of eVl'nb per ullit till1(' 
wel'c obtainc([ hom t.hCRC ([iagl'alllf! alld ('OIlVBI'1:ed into intBI"·al.~ con­
taining- an approximatelr 1iXC([ nnmbel' o[ fihoekfi. 

Seveml types of ellrt.hquake swann can hl' (liRtinguiRII('d. A 
sillg"le stage t'vVe wit.h tllc mte of Oeelll'l'elH'l' de('re~\.~ing in li mannel' 
VCI',V f\illlilal' to that [01' an a[tcl'fiho('k Rl'qnm]('e, is f\l'en dul'Ìng tll(' 
KCl'made(' Hi(lgc fiwarm 01 HW5 (Fig. 10) aJ](l dUl'illg the llallvil1e 
seqncnee (Fig-, 10). Two st.ag-eH o[ aet.ivity, the l'ate lil'f!t, in(']'('afiing" 
1I1\([ t.hen deeJ'eu.~illg", 1I1'e dif\vla yed dming tlle Kermadee Hi(1g-e s\l'ann 
of lfltil (Fig. 7), tllc Qnl'ell C'harlot,j.e If\lands SW~ll'lll (Vig. 1:3) lInd the 
Gahl]mgos Ifilandfi fiwarm (Fig. 15). Thesc a]'e fiilllilal' to tlrc fOI'eshMk­

aften,llOck lnt-ltl'Tll, Illlt t,llc HfOl'esho('k" f\!.age if\ mlH·h lllonl vigorous 
dn]'ing tlm f\wal'm, t,Iran dnl'ing- nonnal [orcsllOek R('qU{'IH'C. A eom­
plcx ]lat,tcl'n, ('ontaining- severa l st.ages of fOl'esho('k ami afte]'~lloek­

type a('tivity, oc(,ul'l'ed in tlm ot,llcl' ('afiefi. 'l'hef\l' ('olllvlex ]lat tel'llS 
a]'e of 1:wo kin,1.~: one containing- onlr lIft(']'~hock-like f\cgmcntR (Mi,\'akc 
Island swann - :Fig. 8, and 'l'anpo SWlll'lll - Fig". fl) lInd the otlle]' wHh 
.~eglll('nt.~ of botll fo]'c.~lro('k al]([ afte]'sho('k typc plould Bay f\wal'm -
Fig. 11, ~latf\nf\lri]'() swann - Fig. 1~, ~lIld Heykjanes SWlll'lll - :Fig. H). 

In ali cases th(' deea,V eoefti('iclll.ll ifi VCI',V dOf\e to -1 dl!l'ing 1,llc 
linal f\tage of a SWlll'1ll (Tahle II). 
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Severa 1 tYIJit-al vattel"lIH of ear1hquake ~warm iwt,ivj(y have been 
found, in wltidl the v;t.riation of b wit.h t.ime i.~ regular. 'j'he three 
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Fi).(. Ii Typ .. ", "f .. arlhqnak .. swnrJII, ("laHsitil'll nCI"IIl"IliIlI-( tI! 

11(1) allii II(/) nlriatillIlH. 'l'hl' al"l"OIl">I Hlark thp O(·(~lU"l"I'Il(·(·· 

of tll .. lar).(('8t. 8hm·kH. 

typeH t.hat. ean he e1ear1y dist.inguiHhe(l are Hhown He1wmat.i('ally in 
Fig. 17. Since t.lte value of b iH Iwlieved 1.0 be inversdy ('orrdat,ed \\"it.h 
t,he ~tre~s in the ~~ !"ea, t,lw v~Hiou~ t,ype~ of ~warIll IllUSI, have diJTel"ent 
meehaniHmH. fn a Hwarm of t.Ylle l the sI,l"eHS (leel"cascH after the 



PATTllH~S Uf' EAHTI!Q.lIAI;:g "W.\H~l .\CT1\'I1'1: (ii;,; 

lH\'ge~t shoekK, \\-hith o{'('llt' at tll(' \H'j!illllinj! of thl' SNJl\('-n('e. In a 
SWH\'m of t~'l)e:! it in('reaSI'S, jJl'odn('ing Iht' lal'g(!sl l'"venl.s in the fina I 
slHge,~, \\'hen enough stl'eKS ha~ bet'n J'PleaHed, the carthqnakt!s ~lojJ. 
In a ,~WH\'1ll or l.nw ,'3, tlw stl'e~s inel'eases unti I the l'eleaKe of Ihe la\'· 
gest Hhu('ks in Ihc lllidd](! of ~eqnl'll{'e, Hnd thl'll dt'('l'{'aSI'H nntil stabilil,\' 
iH aehievl'll lllld the f\wal'lll P1HI~. 

A llOHsible t~'lle 4, in whi('h Ihe wle or HlreHS \'l·least' is {'OIlStlwt, 
haH Ilot hl'en ObHE'l'VCII, but the C'hangeH in b during Ihc Kl'l'llladc(' 
nidgc HWH\'m of Hlti5 al'{' vl'ry Hmall, allli tll{' di!IerenC'e belwecn the 
initial and fÌllal vHlne~ or b is statistieHlly sigllifi(,Hnt only at tlle j";)'\, 

eonlidcnC'e lc\·e1. TllP ]'(mlit~, of tlw dwnges is the\'efo]'(' in donht, allli 
thi~ ('oul!l pO~Hibly hl.' HIl examplc of tYjJe .i, 

'l'~'lJe 1 eoneKjJonds lo tll(' dislo('ation lllOdcl of eal'thquakl' 
S\\-H\'ms (~r,), In thiH mOllel Ihc l'elativc lllllnhl'\' o[ largl' sho('k.~ de('\'I'a~cH 
with time, imjllying that thc I!-valuc ill('l'CaKeK, 'l'eisseyrl' ajJjJlicl1 this 
lyjJC 1 model j:o thl' :\latsusIJll'o swal'm, whieh WHS shown ahu\'(' to IIP o[ 
IYI1C 3, The dp('l'{'ase ill b WHS oh~t'\'vl'd, howl'vel', olll~' dnrlng lìrst 
100 days o[ the f\wann, and il ha,~ ~ill('p \WP11 ill{,l'easing fol' at leHsI 

700 da~·s. 

'l'ablc II lisls 11l(' tY]les of bit) vH\'ialion [o\, Ihe Hwanns ~tlJ(lied· 
I<'ul] dat.a were available fol' only six o[ Ihc sequenC'CH, l''ur Ihe Hc~'­
kjall('s swal'm b-values arc known [or t\\'u slageH (~S) , 'l'hl'Y are Higni­
fi(,Hlltly ditrel'ent anà illdiC'lltl' that the swanll is or tnJe~. VOl' flll' 

:\liyakt! IsIHlld, ::\!onld BH~' alH! Qnel'll CllHrloHl' IslHllds s\\-a\'m~ uni,\' 
tI](' lime of (l('('Ill'l'l'll('p of tllP IH\'gp~1 (!al'lhqnHkps i~ known, awl Ihc 

alloeatio!lH arc t.1'lllativc, 
The C'hanges 01 rat.c u[ o('('urrenee wilh bmc also di~l)lay sevl'l'al 

paHel'tls (Fig, 17), ~\ Hingle Htage, shuwing a l]l'C'l'ease in \'Hle lih timi 
ill all aftel'shoC'k Heqm'Jl('e (tyjJe c\), WHS found àUl'ing lwo st'qnmH'es' 
Challges of rate l'l'miniS('l'nt or H fOl'{'sll(wk-Hftm'sho{'k lJat1l'l'll (t.nJe H) 

Imi with mo\'e vigOl'OnH fo\'l'~ho('k SIHgP Ihall Ihat l)l'('(,t'ding a nonna] 
la\'ge cal'thqnakt·, \n'rc ohsen·ed (lul'ing Ihrl'c sequelH'CH. ..:, ('omjJ]!'x 

lwttel'll (t~' jJC C) sllUwing' Hcvcral stageK l'a('h ha\'ing a Ileerease in mi!' 
Himilal' to t.hat 01 afteJ'K]lOeks, was founà àurlng h\'o swal'ms. c\ slill 
mOl'e (,OI11jllex jlattel'tl (t~'pe D), ('onlaillill!! StHj!I'S or holh [orcHhuC'k 
all(1 aftl'\'sllo{'k tnw, ('hal'a('lerizes 111\'ce ftl\'lher Kwanns. 'l'hese al'{' 
also lisl(!d in 'l'ahl(' II. 

In ali Ihe sequenC'e~ stndil'd tlH' de(,\'l'ase ill rale or o('('nn'cnC'e 
àUl'ing t hl' lina] stage WHS Vl'l'r similHr lo I hai in an aft eJ'Klloek ,~eq Uel1('(', 
\l'Uh a dl'('HY ('opffici(\lll ('luHC to -1. 
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'l'he pl'e~ent data pl'ovide uo evillen('E' or all)' ('Ol'mIH(-101l !whH'cn 
(he VHI'ion~ (ype~ or vmiatiml of b(l) Hnd (-,he tyP(\~ of ('h:lllge~ ln 11(1), 

.\ll ]JOKKihle ('omhinHtiom of typeK seem to !w ]JOHsible. _:\ ('nrio11f; 
combination oc(,I1I's in tlle GalHllago~ Isl:llld~ f;WHl'm, whel'e the b-vmia­
tlon '\'Hf; or tYlle.1 and the lH1'I!e~t sho('ks IUl"e O('('lllTed llming' the jjr~t 
3,i) dHYs, but the i/-('!JHnl!efl W(\l'(\ of type B with lo eqnal (o 7-S daYf;. 
Furthcl' ohsel'vatiOlls of eHr!-hquHke~ anll fnrt]wr mi('rofradul'lng 
expel'iments Oll l'o{'k~ Hl'e hoth Ileeded if a ]Jh,\'~i('al exphumtion of the 
JJHtUl'e of YHl'ionf; TIH(tel'lIS i~ (o be founll, 
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