
Hislorical rcvicw of seismic sludies 

00 slruclure of Volcaoocs (*) 

J{.. PrnRMA'ITEI - ,,'o )1. -,'l.DX:IIS (U) 

Rel"eivell ou June 20th, 1073 

RIASSUl>'l'O. - )Te/olli sismil"i Ili inYl'sti~il7.ione in wnl' Y\I!l"anil'1w 
possono esserc eonsil1eI'i1ti Ili tipo attivo, in e\li la sOI'w'n/c ili enCI',gia è l'ono 
frollata Ilall'iuvestigatore (e8plosioui), o ]Iassivo, iu cui la sorg-ente Ili CIH'I'· 
,gia è natu!'illl' (SI'OSSI' SiSlllil'1w), QUl'sto layoro intelll!e Ilare un IllUlIlrO Ilelle 
ri('('l'I']w più sig-nilkative l'Ile sono state fatte iu Giappoue, Liuione Sovietica, 
Stati Uniti e altl'ove, 

SU~D!,\I(Y, - Sl'ismil" stllllil's of voleanÌe HI'eaR l'an be cOlisiller('l! dther 
(1.("tiVl', iu whieh thc sO\ll'ee is controll('ll hy t.11I' inYl'stigat.o!', o!' pasHiVl', iu 
whil'h /he uatnrnl sourees are \l8ell. 'l'his JlilJ)ll)' reYieWR soml' of tlw morI' 
signifiennt wo!'\;: that has heeu Iloue iu .Japau, Russia, tile l'uitell Stat.l's, 
anll elst'whcl'C, 

IN'l'RODUC'l'lON 

VolcanocH and volcallological Illtellolllcna have becll studied far 
lllan}' years ming Iwt1'ology, lllineralog~r, ~eismo!og;y, and ot.ltf'1' disci­
lliines of geolog-y anll gcoJlhysics, Direct. eXI)!ora1:ioll of the Eal'th 
beneath act.ive volf'anocR is not ;yet feasible, hencc, gcne1'alizat.iolls malIe 
on t.he meehallif\lll of eJ'UI)1:ion aIHl int.erna! strnct.ure ltave ltllll lo be 
lllOSt.1y of a qualitative or speculative natlll'c. 11: iH only in the pa.st. 
decade t.hat. qultntitat.ive shtdies 011 t.ltc st1'ucture of volcanoes lllulthe 
meehanies of yolcanic phenolllena have sta.rted to aJlJlellr in thc lit.era­
tu1'c, awl t.he Jmlk of t.hClll have apJlea1'(l(l in the lm8t th1'ee or fOllI' 

(*) Hawaii InstHnte of Ueojlhysil's Coutributiou ~o. 5!l(;. 
(U) Hawaii Jnstitute of Geophysks, l -nive!'sity of Hawaii, 1I0nolnlll 

%822 (l'.B.A.) 
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.n'f\l'~. )Io~t or 1111' kllowlpdgl' :wquin'd Ihning Ihis "grcat Icap for­
Wf\l'I["' \\"a.~ o])lainell fl'olll f!cif!mic- Ilata l'N'ol'llell pal'tI.l· b~- fltaIHlal'l1 
llNIWlIIl'1I1 .~laliom Imt lllostJ:," h.,- telll}l()]'ar~- statiolls equip}ll'd with 
high-heqllC'IW;'", high-gain in;.;tnm1C'lItH. 

[II OH' stilli;." or YO]('anoes Wl' are fneell with tlll' ;.;itllalioll that 
tlle gcoph.,"~i("isl uSllall.," enl'olllltC'l'S in llloi;1 of Idfl wOl'k, nnmely, Ile 
hnf! n set or Ilntn ob~('l"I'l'd on the fl\Urn("e anll ca uscII h;." }lhellOlllelw 
IW('lInillg nt Ilepth. 'l'hl' n}l]Jl'oneh i;.; thell hasien!ly olle of COIlf!tnH't­
illg 1II0delH to lit, thl' ohHelTatioll.~ alld Ihis Ils1l1dl:r Il'IU[f; to a 1l01l-lllliqllC 
f;olllliOlI. Thl' lise of Hl1 Illl' tools of gl'oph.n!ies if; l'equil'ed to relllJ('c 
lhl' nlllllhl'l' of al'l'l'plahll' lllodl'lf! lo a minimllill. 

:-;('i~mi(' sll1dief; of voleanie an':u! l'an hc gl'OupC'11 into two entego­
l'jes; (1) ac-livC' sei;';lllic- cX}lC'l'illlcnlf;, i.e., !'efl'ndion :\1](1 l'etledioll Hm­
VI'.v;.;; al](1 (:·n lJaKsiye .~eismi(· eX}leJ'illlellts, i.e., allaIYf;if; of enrthqu:lke 
01' llli("I'Ol'al"thqllake dnln fl'OIll 111'1'lIIallellt 01' telllponlry f!tatiollf;. 'Ve 
will l'pvipw lhp 1'1'1'1'111 li1eratme to ohtain a gC'neral pietlll'C' or the 

Pl'0I!I'C'f;S IlIade f;O far. 

"1<'01' .~evel":d l'eaHolI;';, l'erm(·tion nIHI l"elieetioll seif!lIIology hnve 1I0t 
hpl'll elllployl'd VCI'}" fl'equelltl:r iII yo!enllo f!tudief!. 'l'hl' 1II0f!t illlp0l'­
lanL or thC'f!C' l'easons arC': (1) thC' hC'rC'toforC' lal'k or C('onomil' lllOtiv­
nlioll - wl]j("\j ilO\\" exiKtfl in l'elalion to the ne'\' illlpOl"tnnee aSflulllel1 
h:r VOII'HIIOpS nH pOH~ible ~oureeH or tlwnunl ellel'gy; (2) the high attell­
lIal ion of f!C'ismil' l'IIC'I'K\" h.\" t11e highl~- fmetul'cd anll llOl'ou.~ vok:\llic 
malel'ialf! aIH[ loo;';t, depof!ilf;, slll·h nH n;.;h alld PYl'OelHstie Ilepof;its; 
(:~) thl' lligh noiKe h'\'elf!; and (-1) the IOl!if!tie diffiellltief; dul' to lhe 
rllggl'dnl'sf! or yo!enllic: termin. 

,LII',\:\" - The re\\" attC'lllplf; Llmt IIH\'e hl'plI mndC' to 1lf!C' adive 
1lll'lhodf! havl' llll't \\"itll VH1·.\"ing Ilegl"C'cs or St](,l'esf! in Japan. :-;ollle 
01' thl' l'arlieK(. flei;';lllie slll'\'eyf! Oli To!ealloes \l'('l"e enniell out 011 Sho\l'a 
:-lhilllmn (I") alld Oli .\.~o voleano (""). 

[L\W.III - Sl'yeml f!eiflmil' slll'\'eys have [)peli enlTied out iII the 
IIa\\"aiian blandf!. Olll', uHillg refrnetion lnn'ersef;, holh on lalld nlld 
ojTshOl'l', l'('.~llltl'l[ in a stl'llctlll"al 1lI001el (;.;ll()\\"n in J<'igul"c l) of thc 
Koolau volcani(' mngc (H'), whidl if! tile yOllngeKt or the two lIIajOl' 
l'alll!l'f! l'OIll}ll'isillg mOflt or thc islalld of O:dlU. 'l'he in.~tnlluC'ntation 
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med in thif! st1H1y ('ollHiHt('(1 of HR ·1.5 qJ.~ g"eophol1es, VOl'I1l1H' BIeC'­

Ironici'! ll1()(le] '1'_1 h'Hllf!i~tol"iz('a amplilìcl'H, Hlld SIE (),~(·ill()~!·:llJhi(' 

tmneras. One of l Ile Ìnj{,l'CstillA" !1iseovel'ies of fllis f!tlJ(l~' W:lS tlle })J'C'­

sellel' of high yeloeity, 7.1)-7.7 km!sll(', material at shallm\" (]elJ1h, ;) to 
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'·'ig-. I. _ A ~tnldural ('roSR sedioll of j()olau Yoknno on ihe islalul of 

Oah1l, llawaiian lsli1ll<ls [frolli !·'nnllllo!o (·t al. (lO)). 

ti km 111111('1' tlw rifl ZOlle, ana in thc }lInA" of thc yo!C'nllo at abont 2 km 

depth. J)1ll'ing" thc ('onn;e of !;lw flHIlH' slndy, thc dimC'nsions and tll{' 
appth of tlle high-velority plng lIll<lerl,\'ing thc f'alaera '\"erc obtained 
from l'efrnetion data; the lJO~sible pl'eHenee of a Il1Hgll1a l'hall1bl'r (shown 
in Figure:!) a,t a de}lth of het.wl'en 3 ana 4 km waH infeJ'I'{'·d frOIl1 rcf!c('.­

tion alTiyals ("). 
The islalHl or Ilawaii, l1w onl.\' i,~lana or t.he Il~n\'aiian lslands 

ehain with acti"n:, yol('an(w~, was the site of a l'efraetion Slll'yey l'ardea 
Ollt with lhe same instTUll1enhttion lIsed in lh!' pl'cyiollsly mentionea 
Koolau survey (11), This Slll'V!'y, ealTiea Ollt on a ciIHler eone at an 
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elpvatioll of on~l' l:),()OO fpet on the tOll of :\[anlla Kea vo1ea])o, was 
j.))(~ fil'sl on 11l1' inll'J'I)al Hlj'uplul'c of a ('il)(ll'l' COlle. H faileli to show 
the })\'('SI']1I'l' oI a hiaacn la \'a VIul{ or any solia Iayel'H. The intel']ll'e­
tatiOll of tll(' travel-time data usel1 t,he metho(\ oI apla.JIat.ic sul'faccs (l~) 
lweilu~1' eOll\'pliliOllill illt('rln'('f,atioll teehlliques eould 1l0t he used (lue 
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1·'ig,:!. lnt(,l'pn'tation or I,he l'l'fmdilill tlata ohtaill(,(l 011 Koolau Vo!eallo , 
Uahu, !!awaii~jl Islantls ![1'O1ll AIla1ll8 :lIli! l'UI'Ullloto (' l]. 

to t1le gl'eat seatter in t1le (lata }loints. 'l'his llwt,hod, ]1l'e\'iomIy 
alllilied ollly to o\lUilie t,hl' st,ruetm'e of salt, domes, ]ll'o\'ell Lo be quite 
ptTi(~iclll ill lhi~ s(11(ly, :l1ld ]1l'ohabIy couId be advilnt.ageously u~e(l in 
seismic in\'est,ignliolls of othel' \'ole:l1lic fm.tures suc1l as ea!deras, 
cmtcrs , allll so IOl'lh. 

ltyall allll Hennet.t. e7 ) published t.1Ie results of a 115-1011 long, 
pal'tly l'e\,(~l'sea, l'efnwt.ioll }ll'ofile eaniCl! (111f, ill HH):) Oli n~.w~.ii, Il'om 
Hilo on the caHtc<1'1l seahoill'll, ael'OSS Ki!auea vo!m.no, Lo Kabe on 
t.he southel'll seaboal'a (see Pigmc 3). R:Hlial al'mys oI six vel'tieal 
2 eps seismonwters s}Kl,eell 0.5 km a]lal'l, l'eceivea t he signa! produee(l 
by IlxVIosiolls of ehal'ges l'anging in size from 48 U}l t.o 2GO llOlllHls 
oI nitro-ea l'bo-llit,]'alc l]etollatlld ol1'shol'e at f,wo }lositiOllS, nt Il<wh end 
of t.he }lrolile. One aaait.ionallOO-j)()l1)l(l ehal'ge was act..olmted onland 
lle:l1' the Hawaii ,"o!cano Xa,tional Pal'k lo obtain aaaitional (lat.a Ior 
lllC }lortion of llw Vl'ofile eovel'ing t.1Ic summit. of Kibuea. 'l'he reeol'll­
illg was aceomplis1lell VllOl,ogravhically by a 10w-heqlWIH'y ]'efmetion 
f\y~I,c1Il (\'1;1<'-1, '['exas Inst.rumenti'l). AIlllil,iollnl Ibb. WCI'C ])]'oyillea 
by t.he I-L.waii Voh'allO ObsPl'vHt.ory Kilauea network, whose stat.ioll8 
llse shol't.-llerio(ll ClIS scismomelcl'S a1ll1ll(mk rnagllilleat.iolls of 20,000 
t.o ,10,000 at 0.2 sec, an(1 by a syslcm, ponsistillg of rnillehPIl shol't-
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peri()(l ~eismometers, amplifìcl's, :\Jul a mnltiehannel }lhotographie 
l'eeOl'<lillg oseillograpl1, nsel1 by a team of vif\itillg .Tnpallese seienti~ls. 

Thc composite tl'>tvel time curves shown in Figmc -la, consisting 
o[ the Hilo alHl Kala.c pl'ofiles plotted together, show evil1ence of the 
difficnJt,ies eneollntered in the intel'llI'e1:Jt.ion <hw to Uw follo\\"ing 
l'ensollS: (1) the Pn bl':lneh of the lIilo profilc has t\\"o bl'caks in f\lope 
l'ather than being a. f\tmight line a.JHl overlaps thc Kalae line [or onl~­
~5 km; (2) the lack of revcl'snl fol' the other two lmmehes of the tn.vel 

, 
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Fig-. 3. - A tOI)ogTaphie IlWp of tltc isl~u\(l of lInwaiÌ ill the llawaiian Jslal\(l~. 
Elcvatiolls arc in feet. Rift ZOIl('S are ,!enoted 1).)' sltort-daHhed lilH'S; fault 
SySLl'IIIS, by long--dashed lincI". ('il'f'l('d dots show IOl'ation of the sho1points; 
soli,! tl'ianglcs show loeations of tlte fix,'d stntionH. ~oli,! dots are tcmpol'al'.)' 
stations for tho lIilo shots; opell l'Ìrdcs are telliporal'y statiolls for t.he Knlac 
sltots. Cheles that are half-dose,! show locations of temporary statiolls 

used for hQth sltot series [from Ryall all'! Bellnet ('1)J. 
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tinI(' ('IlITt'~; alld r{) tlll' gross di~parity !wt\\"('('ll the ajl]Hu'(,llt Y('loC'it~· 

allil 1111' illll'I'C'C'pt tinI(' or t Il{' inlNlllediat(' hnlll('hes. I)\le to theHe 

dit1i('nltit'~, Keisllli(' y('h)('itil'~ 1'01' lh(' YHl'iom In:n'l'~ had to 1)(' nSH\lllled 

Hlld 1hl' illlt'I'pl'e1atioll or tlll' tmYPI-tillll' data IlHd lo 1)1' ('alTied Oli! 

h:\ nppro-"illlation~ baHI'd Oll theHe illitiall,l' aS,~llllll'd Yallies. Fl'olll 

all!h(' a('(,l'jltahle sll'\lelUl'nllllodeis obtailH'd in thiH lllanlll'r, an a\'(')'· 
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Fig; . ..f- - {a} 'l'rnY('J-tillll' l'\UYP~ d('(IU('pd frolli tlle llilo-Kalm' Ilata. (h) .:Ilo,jP) 

of l'ruHlal sI J'\U'1UI'I' aloug lhe llilo·I\alae ]il'o1ile, as '\(o']Ul'(',j frOlli lll(~ data 
\\"illi J'('klri\'lillg' a.~slllllptioIlS. (l') llollglll'r illlOlllal,Y aloll!-( (hl' Ililo-Kalill' 
pl'ldilp, nH lnkpll frOJII Killo~lli ln 1'1 al. e'l. 'l'he ,ja.',jj(',]liIlPH lln' 111(' 13oll.glll'r 

alloJllal,\" ad.iu~Il',j for assuIIOI"] Hllallo\\" hig-h.,jl'lIkily IIla rl'l'ial [frolli Ryall 
allli HPlllld (, l )], 

n)..!."l' I·l'u.~tal K!l"u<'1Ul'(, l'OIlHi~tillP; of thn'e laYI'l"s was obt.ailll·d (Hee Fip;-
1ll·('Jb). 'l'lliH lIlod('1 HIIOWS 1111' pl'e~l'll('e of a lIol'lIlal fanlt with a !o!al 

Tt'l'ti('a] OlrHI·t )l('I'OS~ it of 'i,51'1Il. 'l'his falilt ('ould 1)(' l"elated !o eithel" 

tlw lIorll1l'ast, )'ift or l\laulln !,oa Ol' the eHsi. lift or Kilanea, 01' both 
(.~e(' Fip;Ill·(' :{) tlll'IJllg'h obsen'atilJlI~ Illade at two of t1w lix('d Htatioll,~ 



oI Ihe IL\\miiali Yolcano ()h~l'lTatOl'~' at \yhiph a d('hl~' of (]w alTiYHb 

wa~ obNel'YI'(! - a~ l'X}leet{'(! if Ihl' fanIt PI"O~RC'R !lll' l'l'fnl('liou liue iu a 
nOl'thwl'~h'rly Ilil'l'('tion, 

Thl' inh'l']Jl"da1:ioll of ]~~'an aud Bl'lllleti" Sl'l'm~ to r(,pl'iyl' snpport 
fl'om tll(' gnl1'ity ]Jl'Otile shown in Figul'(' .j(' nf1:I'I' l'{'moyal of thl' t,\"O 

ltigh~ aho1'e tll(' IlaRllI'd ]Jol'lioll oI i"hl' linI', iI lhlw' highs al'p a~~nml'll to 

lw dlle lo IWHI'-surfa('e lI01l1'S of dense matel'i,l] - ,I ,~I];\llow llIa)!llla 
('halllhl'l' lInd{'1' llle snmmit oI Kil:UII'H :md I1l'llS(, mat('rial at tlle sonth­
w('~t, !'ift lIon{' of )I:l\l1la 1.oa. 

~"'dl1itional Hl'iRlllil' l'l'fl'Hd ion S\ll'\'l'~-H ,\lon)!" t hC' nOl'!lj('aRt, ,~ont h­

wl'sl-, alll1 \\"l'st ('oaHl-s of I-Iaw,lii, panil'd onl in EH)·j b~- r. S, GI'ologien1 

SHl"Yl'y, \\C'l'(' l"(']JOl'Il'd hy lIill (17), Fiye rcfra('hon I1nih, l'ae]1 pon­

HiHling or six yertim] Hl'i,~1lI01lj('Il'l'~ (l ('llS) ill a linl'H!' mTa~- 2,iJ km 101lg, 
hoth llmglletic alllI phologl'a]lhic lllnHi-{·halllll'l l"('{'Ol'dl'l',~, \H'I'I' ]llnl'l'd 

Ht 25 km illll'l'1':d~ Hlong l'a('h ('oast to monitol' shot~ (,ollSistilig of ~~OO 

to ·100 ]lonnds oI nitl'alllOll lil'l'd olr~h{)]'1' aL 10-km ill1:el'1':d~. 
AdlliLiona] l'l'pordingH \\1'1'C' ]ll'01'id{'(! hy lhl' Jixl't! slalions oI lhl' 

II:\\nliian Yokallo ObSNyatory lll'tWOI'k, which al~o re('o]'(ll'd thl' 

Il:IhI rrom thnw 500-tou dll'mieal ('hal'gl's ddollall'd hy thl' U. S. 

~H1'y ili 1!lH5 ou Lhe i~hllld of KnllOolawe as }l,\l't or Lhe 8ailol' lIat 
pl'o)!"I':11l1. ThC' hltter Wl'I"l' also ]'l'ponled by two mobile nlli1:s. Figme 

:) giYl's thl' lo('atioll of statiolls :\11(1 shotpoiuls HS welI as lhl' lo(~alion 

oI two Sl'ismic 1'l'fnldiolll)]'ofilt's shol hy S(~l'i]l]ls Imtitnhon of ()('('auo­

graphy ili 1!lH2. 
11'1'01ll Illis \yol'k 1"hl' ('rustal stl'lll'tl1l'e WHS fOll1ld to be pOlllpoHel1 

of ,\Il ll}lp(,l"most layel' f{)]'llll'd hr tll(' a{'('nllllllation or ]aya -i to .'\ km 
tlti('k, with P y('I{){'i!iI'R ilH'l'easing ,,"ithin ii" fl'olll 1.H lo 3.3 klll/se('. 
'['his I:ly{'l' O\'l'l'!i('S whai" i~ pl'olmhl~- lhe origina] o('ealli(' (,l'l1st, also 

having ,I thi('kness l'anl-.dllg 1wL\yC'{'n 1 and 8 km, with r 1'elo('itil'H oI 

7,0·/,2 km/sl'c \yhil'h in tnrn oYl'l'!ies thl' 1111])('1' lllantle \yilh a l' y('lo­

city of 8,2 k11l /~{'(~ lI]HIN most. of t Il{' isb IId ,\lld S.l km /~e(' UlHIl'l' E ilanl'a. 

'['hl' sll'llPLme nndel' thl' uOl'1:hl'a~1 alllI sontln\"l'~t llank of Kila\1l'a is 
also ('omposl'd of two layl'l'~, of whil'h Ihe ll]Jper IIHS P Yl'lo('itips l'HU­
gin)!" frollll.8 to 5,1 km/H{'(', alllI the 10,,"l'l', /,1 klll/,~I'{'. Thl'il' eOlllhinl'll 

tlti('kness is.11 to l:! klll, Figure li sll()\\H ,\Il il1l'aliz('ll C'l'mtHI sll'He!l1l'l' 
of n [-hI\nliian 1'o]('ano, hasl'd on J\:ilanl'H mo~tly. '['!tI' Hll'n('(lIl"C' lI]Hll'l' 

the centraI pal't of tlil' 1'o]('al1o i~ vmfOl'{'1' !al'ge]y liypotheti('nl, :\111[ 

mon, I1ntn Hl'{' uel'llel1, 

~"'I,ASK,\ - Lamont Gl'ologi{'al ()h.~I'l"Y'ltOl'y's sl'ismologi{'al lll"O­
gl'am in ~\hlska's J\:nLlllai l'enin~nla ine!nlled l'l'fnll'lion Il'a\'C'l"~l'S in 
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Fig. il - ']'opogmphie map of Hawaii il! [he llawaiiall lslaIHls. Elt'vuliolls 
an' in fcct. L,,,,<lfiolls of shot]loints, mollilp. ]"c('o]',!ing ll11its, IltHl pCl"mlltwnt 
s{'i.~!llngrajJh ~j.atioIlH are ShOWlI, aB ,1(>lil1('\\ ili t.he lcgC!HI. Lillcs 32·33 all,l 
8A-I:!B an', ilpproximate loeatiollS of ti\(' scisIllie-rl'fradioll pro/H!'!; sllol by 

~cl"ijJjJ~ Jllslitllti"ll or OCCflllOgrUl'hy in 1!lti2. ~laim l'ift, WtH'S are itHlieatp,j 
h.v short (la8hl'<\ liu('s. 'l'he Eu!'!; or allcmatiug (lols alul (Jnshcs separate 
t.1U' li,,('. voleallocs aeconlillg to Hurfm'c geology. 
Al,l,!"pviatiol\iI fo]' spiSlllog"l'aph stat.ion l,watinnH a]'p; 
A, Ahua; D, Ih'serl; Ka, Kanl1lpla; Ke, 1\cala1\cl,ll<1; MI., Mfl1Ina j.na; 
MP, ~lakanl'lIhi; NB. X"rlh Ba,)'; NP. Xorth l'it; Pa, l'ah"lI; U, lJwcl,ahllllfl; 
W, \\'l's1; Pit [[rolll llill (")]. 
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Fi,!!;. (i, - ('l'oss-S('«jiOll of a typi<'al Ha\\"aiiau vokauo (basco! lal'gcly Oll 

data frolli Kilallea). Dashc!l liw'l! iudieat.l' lt'HH deliuih' hO\ludal'iPH ])1'(W('('l1 
l'-wavl' vp!o('itieH, l!:ivP!l in klll/~(,(·. 'l'III' RPdioll j,o tll(' 1'ight of 111(' V('11t SiLOW8 
tll(' st.nH'tlll'e lludl']' a IlIajor l'in. Y,"Il('; t.!w ~('dioll lo thc leH, thl' stl'11«j,lln' 
\lllder a t~'pieal Ilank. 'l'hc Htrlldl\l'!' Ilnd('!' tlw Sllllllllit l'C'pn'Hcllts Ih\' 
811allow maglila (,1mm])l'1' amI mai]) ('()Wlllit of tll!' vol('mlO Hllgg!'sted hy 
Ealo11 ;\11([ l\rurata (~) allo! a p08siblc !'ollfiglll'atioll of tlle !'llllllllah'-fill!'d 
fOI!Hil lnnglllH dWlIllJl'1' Slll!g"('sh·(1 hy ,Ja('k~"ll (l"). 'l'hl' dcel'ea~(' in p·W1I\'(' 

V!'lot'ity Rlll!!!psh>l! al 00 km i8 hY]lotheiil'al [f!'01I! Jlill (17)J . 

the Kai,mai )\at,ioual MOllllllJelll . 'l'he insLrumentation [or thc tra­
vel'SC repOl't.ed by ìYanl amI ::-'btUlllOt.O (30), who;;e int~)l'pl'phlj-jon is 
shmyn in Figure 7, eOllsistl'd of a Lamont shol't-period alllpliliel', a 
ch~ut l'eeonIel' with 5 llllll/Sc(' speed, and a geo}lhoue ,yith 4.3 t'p;; 
natura] heqllency. Thl'ee 1ll0l'e l'efraetioll tl'avel'sPs (.~ce i ni.cr}ll'cta­
tion in :Figlll'e 8) ,,'ere caITi(·d oui. hy Shal' and Matumoto (~B) USillg 
foul' I-IS-I -1-.3 Cl)S g'l'o}lhoncs, a S. L E. ::-.rOd81 G'I' H.-2()o fOlll'-ehannel 
lI111}lliJlel', and a Cl'lltlll'y OliO sb:.elmnnel oseillogl'a}lh USillg [[il'c(·t 
wl'itillg papl'l'. '1'hc IoeatiollS of 1-1wse pl'Ofiks aTI' shown in Figlue !L 

Even though dlW i() Xational l'al'ks l"egulations explosives eOllld 
IlOt be used alld t.ho onIr enel'gy SOUl'ce WlI .. ,) a 1 ()-poIllHl sIeagc hallllllCl' 
stl'iking an alulllinulll '"ed gl', 1-1lCse i.m"cl'scs }ll'ovided iufOl'lnatiou OlI 
1-l1e thiekness aud extellt o[ the 191:! pYl'oelastic depositi'! ill the Yalley 
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l·'il-(. H. -- 'l'lll'l't' rdl'a("tioll l'rotill'R tal,ell iII thl' Valley of 'l'l'Il 'l'hon~'llid 

SmOkI'R, Katmai, Alaska. \'l'rtil'al pxal-(I-(I']'alioll of 2; vl"!odtil' s iu km/see. 
:O;o!itl liu\' iutlit'atps a ]'('''l'r~p,l llIt'aSlll't'm{,llt; tla~hco! !illU, all 1ll1l'1'\'t'r~l'd 

mpaSnn'IlH'IIt. 'l'ht , doHl'd lille is t hc assulIlPo! Rtrnetun'. Thc ~urfal'e is 
d,'IIOtl'ol 11,Y il, solid liul'. 'l'hl' i!oill( s OU tll(' Rll1'fal'(' liup an' llIt"1~1l1'l',1 topo-

gral'hy frOlli Kiuulu (l') [frOlli Sila], ,111l1 :ì\Iatllllloto ("")]. 
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oI Tcn Thousand Smokcs ami rcvcalcd the l)resenee of mor,lines in 
t.he tutl'. Two or t.hree layers found, depcnding on Ioeat.ion in t.he 
ma·in body were interpreted as diffcrent. phases or erllpt.ioni t.he in­
creasing t.hickness oI t.lHl del)Osit. near :Novarupta suggcst.ed it al'! t.he 
cent.cr oI erul)tion. 
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Fig. O - ~Iap 01 the Valley of Ten Thousallil Smokes, Katmai, Alaska, 
~howing thc location of the seismil\ rdraetioll profìles of '\'anl and ~latu· 
moto (~O), denoted by W, und of Sbar allil ~ratumoto (1072), Ilenotell 
by ·-oll ·d, =11=2, =11= 3. The hrokl'l1 lines indioate topographie belloltcs secn 
along the slopes of t,lte surrouwling ranges ltrom Sbar anll 7IlutulIloto ('~)). 

KA~IcnATKA - A seismic refract.ion survey in a 'lel'y fwt.ive vol­
canic area is t.hc onc report.ed by Balest.a and Parberov Pl oI Piip Crat.er 
on the 11ank of the K1illdwyskoi Volcano in Kamehatka·. Those authors 
were abIe to determine t.he st.ructure amI t.he siztl of t.he injection area 
oI magma in t.he Ul)ptlr part. oi t.he condllit fceding the Cl'ater. l<'iglll'cs 
]0, 11, and 12 show t.hc loca,tions oi the profiles and int.crpret.at.ions of 
the data. 'l'his is a first 8tep t.ow:uds underst.anding t.he meclmni8m 
oI t.hc formation oi advent.ive crat.crs on this 'lolcano. 

In their study, Balesta a·nd I<'arbel'Ov cal'ricd out measurement.s 
oI t.hc vclocity of seismic w:wcs through fiuid hva in the area· oi magma 
injecf.ion. Their observcd P-velocities, l'anging between 750 and 
850 m/sec, secm low compared t.o laborat.ory st.udies. 



536 IL l'IEn~[ATTEI - ,,-o ~L ADA~[S 

• • 

~'-------' 

Pig. IO. - ~ral) of spismi(' jl1"OfiICS a1"011IHI Piip yolr'ano in Kallleltatka. 
Solill l'oints il1(lieate tlte sllOtl'oints; hollow rireles, the loralion of the in­
St.1"1111lcnts; anll flOlil1 lillefl , the jlmfile anangClllcnts [n'll1"awn aH('!" Halesta 

a!HI Parberov (3)]. 

V ' LLOO MI " , 

V - lIOo .. I, ", 
V , 1 000 MI,", 

Fig. II. - ::Il()(lel for sl'isillic section along- the Inwcr pmfile, =:1- l, of Fig-ure lO. 
The hrcak-through fra!'l-ure is at thc eente1" [1"{'dmwll after Ilalcsta allli 

Farherov (3)]. 

Fig-. 12. SdICmatil' s(wtioll a('mss tltc break.tlmJUgh fr:Wt11!"C of Piip 
Yo\eallo. Thc eentral llInl.crial (I) is injc('h~11 lava. S11lT011111Iell on botli 
si(lcs by l'.rro("la~(i(" material (2) [rellraW11 after Balesta al1(l Jo'al'herov (,)J. 



Since the work of Um01'i and others in the Hlth centm)", th(' stillI." 
of ea\'thquakes {rom yo1eanie aTP:tS IIHS 11l'Oypd yalnahle in p]'oYi<ling 
inIol'maiion on the illtel'llal st\'llf'tlll'eoIyol('alloe,~, llep('luling on the 

amollllt aIH1 qllality oI the available <la,la" two ma.ior <1il'c('liollS of 
inycstigation can be ('onsi<lc\'('<Jj thcsc a\'c (A) scismicity slndil's, alld 
(H) st.wlies to det.el'lninc the 1)1'cscnce alHl sir,e oI WIlCS oI melting 
below 1:he su\'fnee by allal~;sillg the at.telluat·ion of seismie body WayeR 
t\'lwclling th\'ongh thCIll, 01' thc se\'ef'ning ptfed of sn('h zolles Oll tlw 
shea\' wayes, 

Althongh the fil'sl: l'el101'Ìs O)) thc attenuatioll of spislllk Wll,yPS by 
mo!ten magma bo<1ics \\"('l'P basf'd on spismogl'allls ohtaillpd from 
stalHlar<l scismograph statiolls, mosl of thc work ill \'N'Cllt yl'a\'s nSl'<J 
VOl'table miel'oPlu'Ìhguake recording-systcms, The latteI' haye tlH' 
advan1:age of sllp]llyillg a great amount. of data in a shOl't lW]'io<1 of 
tinw, and in a\'eas fal' from st.alldal'd seismograph stations, 

KA31CHATKA - POl'table stations nscd in ('onjllnclion with con­
ventional seismie statiollS gaye goo<l resu!ts in locating magma elwm­
bel's unde\' some of 1:hp l"::amchatka volcanoes, consi<lel'ing the sho1't­
eomillgs of stalu1a\'d statiolls, Le, llw {'onstraint. of the wayf' paths (OYf'\' 
which thcre is no control), thc sf':ll'('ity of statiom at snitablc loealions, 
and the fad t.hat stalH1a1'<1 seismogra}lhs haye too low a Irequellc." 
l'es}lonse to deteet. t.he shadow caused by magma chamlw\'s less 1:han a 
few kilonwtel's ill dinnlC1f'l', 

'l'hc Jìrst obsf'\'vational wo\'k Oll lo('atillg magma ('lwmlw]'s was 
\'f'portc<l by Gorshkov (l~). ne estimatc<J the <Jcpth oI the ma)..!."llla 
rcscrvoir lwlow the l"::liucheyskaya volcanic group at a dPlllh 01 50 
t.o 70 km, based on thp nt.iellnat.ion of {) wav('s from distallt l'arlhqnakes. 
"\ftc\' theRt~ lll'omising rcsnlts, the stlllly of thc attennation oI tl'Hllsve\'M' 
seismic waycs I!IH1er thc l"::amchatka yo!canoes was intpllsi!il'<1. Fe<lo­
t.OY amI Farberov (8), using seismogl'Hllls from frve stations, discoYGl'(\d 
thc lll'cf:\ellf'e of a zone whcrc S wavcs arc sf'recne<J at. a <lcp1:h of :W to 
80 km lInder Ihe Ayachinskaya g1'OUp of l"::am{'hatka yo]('anocs, 'l'hc 
diamet.e1' oI t.his wne is ahout. 2;) km alld t he nbsol'}Jt,ion o[ S wayf'S 
the\'e is fOlll' t.iIllN\ higl){'l' than lhat [or the entire l'(''!:don, Lp., 0.0:39 _L 

0.01:! km- 1 ai 1 to :!.5 Hr.. 
Ut.her zones oI low viseosity at :HI to l-Hl km de}lth whc\'e high 

attmmation oI S wavcs o('('m's, intcrprctc<l as magma ehaml){'l's, havc 
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becn reported by Gorshkov (14) t.o have been ident.ified belov.' eertain 
voleanoes of east.ern Kamelmtka and in the Kliuchevskaya group, 
3..'\ a result of the work of l<'arherov and Gorelehik (0) amI t,hat of Fir­
fltov and Shirolwv (~). 'rhe latt.er authors investigated the screening 
of both P and S wavefl from intermediate focus event,s near the KIiu· 
ehevslmya voleanie regiOlI. The anomalous zone.~ where the seismie 
energy of hoth P and S waves ifl scaUercd a,mI attenuated lie at depths 
of 35 to 110 km. The met.hod oI a nalYflis med in thifl study involvefl 
the use oI seismograms fl'om two st,at,ions whose locat,ions are such 
that, thc paths oI the seismic waves from t.he foci oI t.he event.s con­
sidered Venetrate the chamber volume Ior one station and lie outside it 
for the other st.ation, as sllQ"wn in Figure 13. The mtios of amplit.udes 
at the two stations are ealeulated for bot,h P and S ... vaves for all events 
considered; aft.er reduct.ion to a single hyvocentral dist.anee and eor­
rcction for conditions at t,he stations they should be elosc to 1.0 if thc 
attenuat,ion eharacteristies along thc t.wo IJa,t.hs a,rc similm·, sincc the 
other fact.or tha,t eould pOflsibly alIect these ratio, - thc eITect of 
focal meehaniflm - conld be negleet.ed because of a solid angle of less 
t,lmn 20° from focus to stations. The value oI the amplitude rat,ios was 
Iound to deviat.e considerably from 1.0 for deep earthquakes, and the 
ratios oI periods at, the two st.at.ions for both P and S waves eorres­
ponding t.o maximum amplitudes were also fonnd to bc greatcr t.han 
expected, indicating tlmt- the station for whieh the wave pat,hs pass 
thl'Ough the volcanic region records great.er periods for anomalous 
event-s. 

The values of amvlit,ude and veriod ratios indicate the presence 
oI anomalous features aeting a..'l obstaclefl along thc pa,t.h of t.he waves, 
possibly magma ehambcrs whieh seatter and absorb the seismic energy. 
For first arriva.ls of about ;)·km waveIength, it, can be assumcd that. the 
wave front propagates along t,he short.est, time path. P amI S veloci­
ties are praeticf~lly consf,(tnt- bcf.ween 35 and 200 km depth in the "Ka.m· 
chatka region, and a, flcismic ray is thcrefore a stmight li ne and can be 
determined by a,zimuth and angle oI incidence on the 1t1ohorovicic 
diflcontinuity. 

A Vlot of t,he anomalous carthqnakes in t.erms of these anglcs 
dcfines the m·eas of possible melting, shown in Figure 14, as vrojeeted 
on t.he Eart.h's surface. These zones are eonecntra,t.ed a,t. depths of 
35 t.o 40 km, 40 to 45 km, and 110 km with port.ions reaching 60 to 80 km 
and are entirely aseiflmie a.s wouId be expected if they reprcflcnt poeket.s 
of low viscosit,y materia!. A different avpl'Oach was nsed by Farbe-
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Fig. 13. - ?lIap of thc cpiccntcrs of dccp-foCU8 cal'thquakcs in thc vicinity 
of thc KlilLchevskaya gruup of volcanoe!'!, Kamchatka, fur thc timo interval 
1964 tu 1968 [from Fil'stov and Shirokov (i)). 

'l'hc diamctcl' of thc opcn dI'cles is proportional to thc cncrgy of thc 
carthqunkc. Specifically, ,lefine Il = log cncrgy (joulcs), then, 

Gircle 2 3 4 5 lì 7 

l( 13 12 11 lO 9 8 7 

Thc llcpth of the fucus i8 codcd in the intcl'ior of thc circlc. 

s 9 lO Il 12 13 l4 Syml)()! 

Depili (km.) 0-20 7El 100 IOI-12!'i 126·150 151·175 176-200 Illoro than 200 

ami thc othcl' symbols: 

" scismic statiollS 
Hl active volcanoc!'! 
17 rillgcs 
18 thc main tectonic fractures 
19 lino through thc ilctivc volcanocs 
20 projectiun of anomalous zoncs on thc sUl'facc 
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Fil-(. 1-1-. - Pl'ojedion of tlle !'Hl'tlH[1Jake rays Oll tlle nnit sJlhcrc ah,ml 
]\07.1li'C\'sk statioll in I\nmdwtka. l'rojedi'lll (A) i8 fOI 1:3-'\\"iW(\H; pro­
jPdioll (B) for l'-\Ul\'('H. 'l'hl' mealliIl!-( of (ile ~~'lllllOls i8 ohtaine,j by ,Ic­
finin!-( K il.li 111(' Hmplil\l']p rati" of t I Il) r!'sjllwtin\ W:WI' nt an)' Htatioll 1.0 tile 
"tlllll' W;l\',' Oh8el'\'\',] al ]\07.11I'\'\'sk Ifrom Firsto" al101 Shirok"" (")]. 

Tlwll, followill).!, t Ile leg(,ll'!, 

l:iy/li/iO! 

Opl'li eire/Ii 
1:31111111 IiI/eri .'irdt'C 

1,lIr!J(' /il/nl e/l'cII' 
'l'rial/lfle 

']'I"III1('(//r<1 Iril/lllfir 
(1101/ Il! wlid "110/'; 

.l! ea li i /III 

XOl'lllal (h'p/h Clll'l,!l(!uakes with j( lllOre tlwn O,t)(i, 
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rov amI GOl'ekhik (I.) to locate the zones of allomalous atLmmation of 
seismic waves in the regi011 of Avacha-KOl'yak~lmya group or yolcanoGS. 
'l'hose allt.hors made use of seismograms from five st.ations whose in" 
stnunents have a tlllL fr(~qllency response in the 1 to 5 Hr. range a,1lI111 
magnification of 7,000 Lo 10,000. Une of t.he stations WllS used as ref­
erence sinee i,he paths from t. he foci to the station lie ouL~ide t.he Tol­
canic regi01I. The paramet.er consiaerell for analysis is the abso]llt.e 
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l>'ig. 15. - Denute thc rat.iu uf t.he amplitude lu t.hc perìod fOl" the HIl Kave 
110Y (A/'l')SH. Tlulll fOl"m t.lw ratio of a paÌl' of theRt' ratius, the tlenominat.ol" 
being the rcfel'enee station, Petl"opav!ovsk. Depìdetl are diag-rams of Uw 
raliu of ralios vcrsus azimuths t rom the statiulls Lu the eart.hqllake t'picellh·T8. 
On t.lw left iR t.lw diag-ram fOi' eart htjuakeR havinl-( focal tlepth from 25 to 
55 km; un t.hc righi, from GO t o 120 km. The meallR are plotlctl HS upcn 
circles, with ihc number uf tlata puints wl'iUen ncarhy. T1w 70~o eOllfit!t'llCt' 

limitH have lwen includet! [fl'Olll Parbel'ov and (;o)'ckhik (' )). 
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value of the maximum aml)litude-to·period ratio of SE waves, a.i'! oh­

tained from both horizonta! component.s for each of the JOO eventR 
Rtudied at eaeh station. This rat.io is t.hen eompared t.o the eorrespand­
ing one for the referenee station. Ali the otiler fadors afIect.ing the 
attenuatimI of the wave are correrted for in the same manner aR des­
eribed for the previously diseuRSea WOl'k of FirRtov and Shirokov (9). 

The reRults of the analysis fol' one station are Rhown in Figure 15, 
where t-he event-s stmlied are divided into two groups on the basis af 
foeal del)t.h; ana in Figure 16 for t-wo more stationR. The minima in 
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li'ig. Ilj, - The notation is silldlal' tu that of Figul'c 15. On the left is thc ratio 
of ratios vcrsus azimuth from station to (ile epicenter for tCill]HIl'1Wy station 
l; on thc right, for tcmpOl'lIry sbtion [from l<'arbcrov and Gorclchik (6)]. 
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thef!c eurvcs eorrespond to the azimuths from the stations to the voI" 
canoes. The pa,rameters neeessa,ry for the determination of the mini­
mum size of the obf!taclcf! causing the a,ttcnllation of t.he SR waves 
are the source-t.o-obsta.c.Ie distance Xo, the obstaclc-to-station dif!tanee 
X, ana t,he ratio bet."ween the 'wavelength and the cross dimcnf!ions of 
thc obstaele. 

)Iinimllm a imensions of t,he obstaeles were ealculatcd and found 
to be 8 to 30 km across, and Uteir aept.h ra,ngea between ;,0 amI 1 00 km. 
A contmlr mal) is ShOW11 in Figurc 17. Thc bOllndaries of thc obf!t-aclcs 
also delimit fl.'Jeismic areas, as eXl)eeted if these zones contain materials 
of viscosity low enough to l)revent the buiId-up of strcsses large enough 
to generate carthquakes. 

The map shown in Figure 18 is a Sllmmary compiled by Feaot-ov n 
of t,he magmatie chambers discovcrca to datc under thc Kamchatka 
volcanoes by st,llIlying the attenuation of seismie "\vaves. 

Refcrcnccf! to many ot,her Russian st.udies on the subjed are 
list,ed in the works diseuf!f!ed above. 

ALASKA - Thc cffcct of the allOma.!oUf! zoncs on thc period was 
also observed by Matumoto and 'VanI (2~) for r waves whose llat.hs 
intersed the Alaska volcanic belt. The onIy volcanic area in t,hc 
U.S.A. where seismic wave attenuation studies have been aimcd at 
detecting magma reservoirs is t,he Kat.mai Peninsula, of Alaf!ka,. In a 
l)rogram started in 1965, fom stations were established (.1) and cquipped 
with instrumentation capa,blc 01 rccording microcarthquakes of Riehter 
magnitlllles down to ranges below zero and frequcncies between 1 ana 
lO IIz. Two of t,he stations had three components and t,he ot.her two 
had vcrtiea.I COmI)Onent, seismometers. The reeording was a,ceomplish­
ed by a char't reeoraer and slow-speea magnetie-kl.l)e reeorder. Using 
a met.hod basea on P and S arrivals, a, high vaille 01 Pois80n's rat,io 
of 0.3 was found 101' thc llppcr mantlc, indicating the possibilit.y of thc 
exist,ence of low-rigidity material, possibly magma. This eviaence 
was corroborated by negative Bouguer gravity anoma.!y values, also 
indicating Ute I)ossible presence of low density matelial. A st,llIly on 
t.he loeation of magma ehambers in the regiOlI, based on the screening 
of S waves, wa.'! rcportca by Kubota and Bcrg (~l). A mal) wit.h t,he 
stations and el)iccnters locat,ed by using a structural model for thc 
rcgiOlI aerived by Berg et al. (4) is shown in Figure 19. It. was obscrvcd 
t.hat the amplitude of thc rccorded SV wavcs waf! always very small 
eomlJarea to that of the BH, amI the t,heory shows that this ShOllld 
indeed bc t,he case, if t,he magma, poekets a,re assumed to have the 
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Fig. 17. - 'l'wu IlIaps or clIrtlHl'l1lkt· ('pi('cllt.en; i!l thc Av[tl'ha KOl'yakskaya 
gl'Oli]! or vo!ca!l()('H, in Kall1chat.ka, for llHil-1UH8. Thc nppel' map (A) 
is fol' t!Josc with 11Ol'mal focal llepth (O to 70 klll); thc luw\\l", (Il), [fol' lhoHlJ 
with illtCl'llIClliatc foeal llepth (70 tu 2i:;o kll1). 
l. Htatio!l;lr,Y sci~lI!ie statiu!ls, 2. 'J'eIl!Jl0l"Hl'y Rl'ismie Rtat.ioIlH; 3. Activc 
yo!ca!locs: I, .'Ilt. Avaeha; Il, .'IL KOl'yaksky; VI, .\It. Zhnpalloysk; VH, .\It. 
])ZPllZIll'Rky, 4-. Extind yokanoes: 1 IL .\11. Kuzchsk'y; T\', ,'lL Ari!:'; V, 
.\It. Aag. 5. nJHl li. l'ontou]';; ur tho Ilisc()\'('I'l'1i HeiHmk oIJStade(s). 7. Lilllit 
or t1w n1'<.'a with cmthllllllkt·;; having" ('IJeI'g-y g-l'l'flkl' than lO' jouh:s. 8. The 
cstimateil (,cllter of the ohsiadcs [frOlli Fal'bcl'ov alHl GOl'('1ehik (~)]. 



F iJ.!, 1 ~, - ?lap o[ t,lle )'('j.( io!l& whkh 81'!'l'I'U P ,111 1\ I:i \\'IIV'~~ Hi. I!,,!) t ll~ of 
:J() t n 100 km iII 1111' UP!H'I' IlIallt le ht')wal-h KllLlll' lwt,k u, 1,I'j.(I'n,l : (I) silt's 
t,h rnu/.: h w hidl l' W:IVCII pHS8 Jlllll rl.r lo i hn"i' or lIIure IlI'a r 6 lal ioll8; (2) Ri h '8 

fOI" ", hidl S wavcs ]J:ti:lS pool"ly t o I hn ',' o r nwre nCll!' f>l 1:LI-i"ns; (3) Rill'" thruu:.:h 
w hid, (' W:I\'C8 Ila&< p .... dr I.u I,WII IIcar ,; t.:t lio Il8; (4) s ih's I hrou/.: II whid • .'i 
W,I\'1'8 P;LSS poorly to two n" ,L1' s t n tio ll8; (5) hOllllll:lL'ies u! lhc 1'1111.1 wit hi ll 
wh ich loul!ihHlina l w ,(ve vl,lo<"iIi(;S l'" iII t ho IIppl'r 1lI1lulh' layl'r~ an' lCf!s 
1111111 7,S klll /sc,,; t U) isoli(I\'S s llowill;!' thl' llU 'llll po!\il ion nf !',ll'lhq\l akc [ol'i 
hnviul; Il''pthH () to 5~) knl (nO!llin1l11y 20), 01' 50 tu 1 5 ~1 l, m (l1ollliuall,y lHI), 

() l' 150 to 250 \;:11\ (nOlll inall ,Y HW), as ILcnotCl1 011 tlll' l'()Sl ll~t'fivl! Ì!lOlhll'; 
(i) adivI' vokalloes; (8) 8oiB mic. statiollH, lR,',hawlJ fl'(!! 1( 1·'I'tlnto\' eJ1, 
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l~ ig. 19. - Map or cJlkentcrs lot!ntcd nenr Shcli kof St"ui t, "Iask{~. Scc legend 
rOI" mct\ninl;" of symbols . 

Seismic sì.atin n nl)l)rc\' il~tioll nr(\ : BMH , Bakoli Moun tn.in ; DRO, B" uo kli; 
K OD, KO!liak ; SVN, S~wu no.sk i LfwlII Rerg- l't nl. (l)). 
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shape of oblate spheroidR. Figure 20 Rhows the behavior of the ratio 
oi sc1'cening C1'OSS section for SH to that of SI' waveH (a) as a function 
of the 1'atio of the vertical t.o horizont.al axii3 of a sphcroid (u) and a 
factor Cu) which is inve1'sely pl'Oport.ional to the wavelengt,h. 

• 

p :::0.7 

0.6 
0.6 
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O., 
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0.2 0.1 

oOL-------5L-------ILo-------,L5------~20 

" 
Fig. 20. - 'l'he oJ'(linate is thc ratio of the ureas of ~hl\(low cross sections 
l'h/P,; thc ubsci8Sa is 2n timcs the rutiu of thc horizontal axis to thc wuvc· 
lcngth; and Q is the ratiu of the vertieal to the hori7.ontal uxis uf the oh· 
stacle. To use this figurc: entcr un the horizontal uxis at thc ajljll'opriate 
valuc, pl'Ocee<! uJlwunl to thc <!esire<! vahw of Q, amI then !eft to the vcrtieal 
axis to realI off thc ratio of screecning cross·scctiun of 8JJ to that of 81-'. 

[from Kubutu uw! Berg (~l}J. 

The absence of an S wave at. a i!t.at.ion only inùicates thai- a magma 
ehambel' m ay be present somewhere along t.hc ray ])ath from the foeus 
t.o t.he station. For two stations amI two events, t.he lack oi S waves 
can indicate eithe1' t.he p1'esence oi onc ma.gma. chamber a.t the int.er­
i!cction betwcen the two l'ay pa.ths, or two separa.te magma chambe1's, 
a.s shown in Figure 21, hence thc a.nalysis consists in ealeulating lIS many 
wave paths as possible to alI stations through the va,rioui! layel'i! of t.he 
crustal modcl for t.hc rcgiml amI mapping as many intersections as 
pORsible, thus minimizing the uncertaint.y inhcrent t.o t.hc mct.hod. The 
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resuns of f:lnl'h an analYflifl are flhown in Figure 22. 'l'he reliabilit.y of 
the Il]{'thotl ae])eIHls on I.he number of t.hese inl·erfwetiOIlf:I. 'l'he lI~e of 
Ihifl lnethotlleil lo the ident·ilicntioll of len maglna ehambel'f! shown in 
Fignres 23 nlHl 2-1-. 

'l'he nccul'ney of the nwthml i.~ l'e~lriet,ea by the fndurs dis" 
eussel! below: 

(1) Bize al\(l ~ha]le of the (·hnmbel's as compnl'ed to seiflmic 
wavelengt.llfl. \Yith regal'll 1'0 this problem J.lallllnoio ("") pointed 
out that, if the assmnption is mnde that the flille of magma chnlnbpl'fI 

., 

M- __ .... 

.. ,,,.W, 

Fig. 21. - Diugl'uill showing the UIIIIJiguit,y inhe!'l'nt in the intl'l'])l'(.'tation 
of utt.l'llIHl1('llsdsmk I\'uvl'~. l~it.ht'r A 01" H t'un t'unsc thl' salllc ol,scl'I'utiollaI 

Ila1-a. :-)(,l' Allal1ls (l ) fol' fUl'thl'1" Iletaill!. 

is eOlnlmrnble to thnt, of ealderaf:l, nlll! the valnpf:I given b~- \Villinms 
amI J.lcBirney ("l) for the averag-e tliameler of ealtlerafl of baflaltic nnd 
flilif'ioufI volc-anoes are tnken a-s l'epresentnt,ive, 0.8 alHl13.9 km refl]we­
tively, tlten HUJf:lt fll,alularll f:leiSlllie-shttion s!lort-perioll inst.J'luuent-s 
f:llIeh af:l t.lw Benio11' (T" c--= 1 ~ee, T o = 0.2 f:le(') lurve I,heil' ]leali: l'esponse 
al frequeneies so low that the normalil\Ctl aJU1)litlHle ratio tloes not­
ehnnge etlollgh lo be eaf:lily dif:lcel'llible. 

Figure 25 givefi I,he relat.ive am])lilll(le of dillractm! wnves behilId 
a spherieal obstncle. 'l'he dinlnet-el's of the magma ehamberf:l in I,he 
Katlnai volcanic regimI are ill genentl compnmble to or smaller than 
Ihe wavelengt-hs eOlTe~pOlHling to tliC freqnency l'anges fol' which t-he 
Sh~H!OW boundnl'Y is sharp, therefore making the nse of flhorl'-]lel'iOtl 
high -freqnen('y res])onfle illfll'l'Ulnent-s criticai in such work. 



I . '" 

, 

1 ~T[~ ~f C TlO "' Sor PATMS " 
LAvUt Cl( lR UN(LE_II , , , 

2 • , , " 
IoIAH fL E " 

, " , 
, 

8~O .. 

, 
0 ' 

.' 
" " 

,. 
" ,,' , 

" 

, 

" " , 

'AI. , , , 
, .. 

., , ., ., 
" 

, , 
"n ., " 

" " 
,. , , 

" 

, , 
" .. 

" 

", 

" 

, 
, 
, 

,," " , " 
" ' , 
" , 
d' 

..• 1' '' 
'Il" ,," , 

.,' o.n " 
, 

" 
, 
, 

, 
, 

". ' 
~ 

., ~ 

,,* .. 
" 

.. , 
L. ' \ -"" 0 1 U~ 0' ~, , , 

, , " 
• 
• 
" 

, , 
• 

\ 

" 

o 

" 
" 100 "., 

r 
, 

'li f) 

l'i;.!:. 22. 'la]) of ]lat ll i!lh!l'~l·(·til"lll '; fo!' (,1w S.\\'IIV(!~. i'\ Cl' lcgellOL 
KOl'th is vC'l'beal. i'('i~II,j(' ~ tl1ti rl11 al11mwiatiolls an'; Bl! ~!, Bill,!',l \lollutnin ; 
BRn, Brooh; I\:OD, Kwl i:t k; SY:\' .. ":a\·"!l".~ki Iflnll' Knh"tn IIn,] B"rg (ZI)J. 
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Fig. 23. _ Locatioll8 (}rduccd fOI' thc trlagllla l'CSCI'VOiJ'8. SciSlllic ~tat.ion 

o 

> IO 
r 
· 20 r 

r 
" 30 
~ 

40 

'O 

SW A A 

~ 
l-E l-D 

ahhrcviations are thc ~mlllC a8 in Figure 22 (n ). 

VERTICAL DISTRIBUTION 
r O 
> • • • 

ag. R. 
l-A 

o'? 
l-C! , 

'" 2-0 

• 
z 
> • , • • , • • • NE 

STATION 
VOLCANO 
MAGt.1A CHAt.1BER 
PQSSIBLE CONDUIT 

Fig-. 24. - Cross scction (lf thc mugma chulllbcrs lIol'thwcst of Shelikof 
Stmit, Jll'Ojcded onto a COllllllon vCl'tical plune. Ree legclllL. Seismic statioll 

ahhnwiations are thc same as in Figure 22 (21). 
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(2) ACClll'acy of t,he ray-pat,h plo1t.ing-Hj whieh in t.urn re~l~ on 
the aeclIl'Hcy of the foeal determination and on the avaiIahilit:-.· of a 
g-ood ernHtal Hll'lletllre model fol' t he l'cgion. 

1<'urther wOl'k in t.he l';:atmai rej{ion ·was cal'l'iell onl u:-.- i\latumoto 
and ''''anI (~3) followillg the installation or three stations, ea('h ('ollsisl­
ing of a tl'ipartite alTay of J-l8-1 O (~ eps) vert.iraI geO}lIlOneS and arn-

0 6 

,"04 

o 

o 

A· 5 o ~m 
• • 20 km 
Vs ' 35 kmluc 

06 OA 
Y! Y. 

o 

Fi~. 25. - Dist.l'ilmtion of amplitllde in the ~ha\low l'e~ion o[ an 01Istae!,,, 
a~ li fUlldioll of [l'equclle)'. Thc ,listmH'e frOlli tilc g"('olllcirk ~ha(low lJOlln­
\lary (tile high-fn'(I\leIH'Y limit) i8 dellote,I Il.\" .II; th" \liRtance [l'OIll tlle slw· 
\low axis to thc sila\low bOlll11lary hy .Ilo. 1'he frp,!uenej' of tlw illd,tellt 
eontinl101l8 wave is f allli tilc amplit.Ulle is tile FrcslH'1 illt"~nll, D(f)) [fI'OIll 

:\latlllllolO (01)). 

}llifiel's. The l'ecording ·was ac('om}llishetl by a 7 -channel F)l tape 
l'ecol'(Iel' o}Jerated at slow speml. 'l'he l'esponse of the high-gaill, 
high-freqnency systern was 107 al ~ 80 Hz all!l ~j" • 10~ al ~ 5 J-lz 
decl'easing linearly in t.he range with a 6 db slope all!l ·with a 12 db Hlope 
fol' ]owel' fl'equencies. 'l'he locatiolls of the stations are givell in 1<'ig-ul'e 
26. Det.ectioll of magma ehamber~ in the Katmai area waH l'eported 
by Matnmoto (~~) after analysis of reconIs from t.his net.wOl'k showeli 
B-wave sCl'eening allli attelluation of t.he higllCll' freqlleIwieH of P waves. 
The seiHmic activity was fOUlll1 to be concentrated in zones or active 
volcanism and most. of t.he e}licentel's to 1)(, at shallow lie}lth. mually 
]es~ than 10 km. 'l'he liisap}wal'ance of ~heal' ,nrves, at.tribnt.ed t.o a 
shallow effect uy magma chambel'H, iH cOlltT'ollml b;r the liitTractioll of 

, 
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t 'ig. '!O, - 1trl]} 01 K n IHl U! N:lt.inn:J! -'fOnlL1I1~m t in Almlkn s how !nl( tllI'­

location of lhe n'('onliug i>itCi>, the \'o!cnl\UCS, :l.il!l thc micl'(lcnrt luJ1l:l.1iC 
<'jJiCC!1tCl'S fo r Rllmlll cr i9G,i. 8ee !eg'l'll(l; tJw llll').;'l'l' the s.Ylllbol, tlll' more 
III'cciso II, c hypoccntral ,l c t.(ll'millat.iOll , baR!',1 OH t.he lime r('~ol1\t;joll of t he 
fhl!t· a!'1'iY n l ~ and (che elnri i y or tlil' 8 wnVCi> riw lII Mal umolu alll\ \\'anl (")). 

l·ln ~ t,i c wnves, t;he gcollleh .y of t.}\C sit ull,tioll bcing st,rongly dCl)Cm)ent, 
on the shape of t.he obstHcle. Theoretical stmlies by Tcng and R.i­
chal'll s (2D) amI by Phinncy amI Cathers (2~) show t,ha.t, fol' a hollow 
eylil1tlcl' with a hOl'izontally ol'icnt.crl o.:x i8 , 1\.'1 t.hc wavc1cl1gth of an 
incit1ent wave i ncl'ea~el), the lOne in whic·h t·lle amlllitutlc or rl. wave 
becomcs half tl lat or n lc incidel1t w:we becomes largcl·. !\Iso, t he 
shallow l'.olle is 1m'gcl' for i llC.iflclIt P a·ml S l' Wlwes :ìnd 8mallcI' fm' 
in cìde ll t ,S'H waves, as seen in Figure 27. Thc t.hcory thercfo l'C points 
out th n.1. the dincrcnec in amplitudc or .91' Hml SH"waves ca,n he a,ccount­
ed for without having to assume Ho fIat sphcI'oidilo1 ShallC for th c Clhambcrs, 

• " ... 
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Fig-. 27. - J)CllC[J(\{'nee on (n'ljueney o( tile efTed.iyc .~In!(low hOll[J(lar.y shift. 
for wayes (liffrade(l fl'Olll an hollow (';diIHlpl". Calcllla!PI! for tilrpc tYlleR o( 
wnvcs (see leg-eIHI) fol' slweifif' v<1lues of tllP f'ylilHlel' radius, a; lhe Ilistanee 
hehilHI tlte ohstade of the ollHPrvation ]fOilll, f; ami the sile<1l'-wuve \'('lol'il,Y, 
l' ,. ~otc tilnt tilcre is sig-nifie<1nt 8i1ift (or tll<' slluI!"w hnulldar~' only for 
lhe Br aIHI 811 wayes :lI relatively lo\\" lre(IllelH'ies. 'l'he ,,; I wav('s han' 
a ]losilive shift. or tlw Hlnulow hOlllHlary, IH'IWP an pnlal'gClllClll of tilc "had,,\\" 
7.0Ile, hllt tile STl waves, whil'll llse tlw l'ig-ilt-halHl senle, ha ve n Ileg-at.in'. 
illwanl silift of tile shadow bOlllHlury, :lctu<111y u Ill'erense or the slwdow 
:wne. 'l'hc shiH ill lhc Hh:Hlow hOlllHlary of J' wa,,!' iH no! Hig-Ilili.cant. fOi' 
ihe rang-e of fn~qllPneies silo\\'n, lFI'Olll ),Iatllllloto, 1!l71, a8 lIIo,liliPI! af(pr 

'l'l'llg alld Riehanls (""l]. 

~~~ dill Kllbota and Berg- (2'). For event.s (rolll Hperiiìe a]'e~~H, high­
frequeney (lO to 20 ('11S) l' ,yaves al'e stl'Ongly attenuated wllell tlle 
'<;-wa"e is s('l'eeJ1(,d olI. Using a el'llst~~lmodel of :r-.Jatllll1ot{) aJl(l Paf(e (21) 

the ray paths for the best.-loeat.ed events were plotted ~md al'e sho\\"l1 
in Figure 28_ 'rhe di1feTences in travel tillw to the elemellt~ of all alTay 
lll'ovide azinlllth~ of wave paths amI apIJll.rent velocitieH; for a horizon­
tally h~ye]'ed mediulll, using 

where VI 

r)1 

D, 

h 

wave "plorit.y in layer i 

angle of emel'gen('y of wa"e in layer i 

aistanee, 
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l~ig . 28. - !\Iap or lIw !\ ntmai P cnillsula, Alaska, sllOwing t hc cpicclltm's 
of ear thquakes having l'ay paths with a distind cont.rast in S ·wavc :1111]llitUiles. 
Tl'iangles denot.e the active volcunocs. The epicent.ml area 01 an cal'th(l1.wke 
swunll l'ccul'dcd in ]\)05, is Hhown northen.st of thc Katmai Canyun scisillic 

statiun, cncil'clcd by a broken line. [.'Ilodificd Il'olll JlIatumoto (")]. 
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t.lte <leptlt h can be uniqueIy r!etrmniner! a.t. a given r!istance D for a 
crustal mQ(leI witlt incl'easing r!ownwal'(1 velocity, so that. a l)Iot of 
azimut.h vcrsus apparcnt. vcIoeity is equivalcnt to one of a.zimuth 
versus depth. A comparison of suclt plot.s fol' evcnt.s with a.nd without 

. 
> 
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'" r-c---~--~ct-----i'---~ ,;.' . . .. . . : 
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~llHUTH (I~ OE~~E(SI 

Fig. 2U. - 'l'hl'(\(! n,!l.'Ul'es showing data on gnt!Jhs or appal'cnt vclocity (FA) 
at Ovcrlook Hill SCiSlllic stntion (see l<'igl1\'c 28 fol' loeation) VCl'SUS azimuth. 
(A) shows thosc evcnts having a c1cal' S llhase; (B) t hose with a VCl'.y weak 
01' not idcntinahlc S phase. 'l'he ùiITCl'cncc in thc sllatiaI llistribution of 
thc cvcnts in (A) and (E) is eonsidel'cd signiflcant. (C) shows spcdfie IIoIllains 
in which distinctivc diffCl'cuees in thc Ilistl'ibution arc obscl'vcd Lfl'om :'Ila· 

t llmoto (22)]. 



Il. PIJlH\L\l'l'EI -- ''ì. \1. Aj)A\!~ 

il' W;lVeH allows delim'alioll of ZOIlCS of IIH'llinl,;, Lp.) magma ehambel"s, 
aH showlI in 1<'ig-lll"l' :!U. 'rhc kcy la('lor ili 1,1!C prcl'ision wit,h whieh 

lhmw ZOIll'S ('ali be (lel('1'millcll is thc IInmhcr of {'vt'nls alonf:i tllt' mal'­
ginal ~neas and t1le aeeunley ili alTa}' measlirelllclll,s, wllieh in tUl'1l 
dt'Pl'I1ds on its siZl', (1t'lails of lhl' enlstnl sl,1'uetme availahle, alld PI'('­

('i~ioll of phase 1'('Hding~, FoH!' ehamht'l's, t.111'1't' shallo\\' (Iess tll<1,n lO km) 
anll om' d('('TH'I' (:,:!O Io 30 km) \H'l'l' lo('at('d a,nd :Ire sho\\'n in t1lc map 
of Figurl' 30, 

® DEP TH< 10 MM 

® 20~M<DEPTH< 30MM 

~" '"'~I'" 
NOVARIJP1A (4) 

KA1MAI 
TRIO(NT 

//.::W'...&: - 6l KC~ 
~MAG['M 

MAR HN 

o IO 20KM 
~,~,-, 

Fig, :10, .\la]) of KatllLai 1'~'lIill~nla, .-\la~ka, sllowing" tJw RlIrfaec l,roj~eHoll 
o( 1111' Im,j of lIIag-llIa ('ltalllhl'r~ u,~ dl'll'I'lIlil)('d hy lite ~hado\\" l'ffl'd Oli lhl' 
,'-I wan', 'l'!u','" of Iltl'llI (I, 2, alld 3) UI'l' ul :-;halloll dl'plh. prllllahb- Il'HR 
Iltall IO 1>111; alld Olll' U) il< prohahly lH'IWl'l'lI :W lo :{O 1>111. I)l'])tll~ arI' ,\,,11']'­

Tllilll'd h," 1111' appa]'('lIl \,,,!(I('iti('K ('O]']'('HIH,lltlillg- lo tllO,~1' ili 1-'ig-u('(, 2!l (C), 

[frolli c\lulnlllillo ("')J. 

IIINC,TNNION 

From tllt' HusHian 1I'01'k, llla~'1natie ehalllbl'1's are inf('lTe(1 al, 

delllhs ranging l)('l,we('11 3:) and 110 km, while fl'Olll llw w01'k :11 Kalmai 
thc)' al'e found at Hhal!o\\'l'l' ~Ieplhs, from il'ss thall.10 1,{) 35 klll. The 
,~tHdy of the Kahnai ]'('g-ion was ea1'l'it'(\ out on the hasis 01 thc cumpll'te 
,~('l'e('lIing 01 t,he N wavcs, while lhat ofKHllldmtk:l wai; has('d on the 
rmomalouH amlllitlHleH ur hot,h P alld li wavcs, IIiHappearalH'C 01 B 
wav{'s was not ohsery('d in Kamehat1.:a, possihly heC'rmse 01 1,he l'eqnirc­
ment t,lmt for a slwllow zone 1.0 hl" elhwtive tll(' (limensions of tlle mag-­
ma ehamhel's must. hl' C'ompa1'ahle lo or lal'g-er thall thc wavl'lengths; 
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01', altel'l1ativeIy, beeame at.telllmtioll is more ell'l'diyp at high fl'PqlH'Il­
('ies; 01', pos~ibIy became of t.1Ie aiJIel'ellee ill magma \"ifi('osilieR in lIle 
lwo a1'eas. 

It is also illte1'ml1iIlg lo Ilole from the~e two ca~es 110\\' tlw nlllgl' 
of depth of t1le llmgmatie cIlamhe1',~ ailIers, raising l11e quefitioll, if 
hoth stnd ies are t'orl'ect in tIlei1'l'esult.~, oft Ile p08sibilit.y of t1le exi~ten('e 
\llH!el' a single voleallic elli/ice of deep chambel'H feedill!; more Huprl'fi­
('ial olles, or alternHtiveIy, of theù' permaneIlt'e ill time. 1,'ul'I11el' wOI'k 
in t.1Iis lìela seems l'equil'ea ill view of llw ])oSRihility of linlling: an amwer 
t.o thi~ type of question t.1Iat is llireetIy l'elatell t.o the meehaniRm of 
voleanism, alld al.~o becanse determillalioll of magma elmmbel' Ioca­
hOIlfi - so far lInat.temptell fol' the great. majol'ity of t1le WOl'lIl's vol­
eanoes - eoull1 be impOl't.aIlt ill lhe t!evelopment of )lrogl'ams aimed al 

obtaining the geot.1Iel'maI pOWC'l' neet!ea to satisfy tIle WOI'iII'~ int'l'eaKing 
pnel'g}' needs. \Yit.h l'egarll to the IaHt point, lhe delillealion of magma­
Iillet! eavities eOllll1 be exlTemeIy lIsefliI sillee lle\\- tecIlniques fol' tlw 
exlTaet.ioIl of geolhel'mal mWl'gy from hot ary roek Ilavp IlOW hN'Il 
proposet! e') alli! t1leoretical anaIyses t.lwt. support. lhe new te('hniqlles 
have been made (15). 
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